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ABSTRACT

Campylobacter fetus is an emerging pathogen and causative agent in veterinary
disease. N-linked protein glycosylation by the Pgl system in Campylobacter jejuni is important
for host colonization and adherence to intestinal cells. Interestingly, the Pgl system in C. fetus
produces two distinct N-glycans in a ratio of 4:1. Production of multiple N-glycans is consistent
in all non-thermotolerant Campylobacters, but the mechanism facilitating this differentiation is
unknown. Annotation of the C. fetus pgl locus indicated the presence of two unannotated pgl
glycosyltransferases and a putative bacteriophage three-component glucosylation system. Here,
we characterized these genes and their physiological functions.

Mutations in C. fetus pglJ and pglX glycosyltransferases provided insight into the
biosynthesis of N-acetyl glucosamine (GIcNACc) termini, versus the N-acetyl galactosamine
terminus of C. jejuni. Functional transfer of these genes into Escherichia coli produced only the
minor N-glycan, indicating a need for further studies into this biochemical pathway. Proteomic
analysis of the pgl mutants indicated effects consistent with C. jejuni, including decreased

motility and increased antibiotic sensitivity. In addition, we discovered a novel connection



between protein N-glycosylation, H>-uptake hydrogenase complex HynABC, and metal
homeostasis.

The three-component glucosylation system showed similarity with the putative
bacteriophage gtr glucosylation system, canonically involved in adding glucose to the O-antigen
of host lipopolysaccharide (LPS). N-glycan analysis of a gtr-negative strain indicated that it
plays no role in N-glycosylation. In vitro analysis of C. fetus GtrB indicated that it solely
transfers glucose (Glc); however, mutagenesis of the gtr operon resulted in the loss of a -
GIcNACc-3--GIcNAc- cap. It is currently unclear how Glc is modified into a GICNACc residue.
Moreover, the mutant had no detectable S-layer and decreased serum resistance. Binding
between S-layer protein (sap) and LPS occurs via the N-terminus and is dependent on sap-type
and LPS serotype. Strikingly, the gtr operon correlates exclusively with all sequenced type A
sap-/sero-type strains. Further work will assess whether Sap-LPS binding occurs through the gtr-
dependent -GIcNAc-3--GIcNAc-LPS cap.

This body of work connects glycosylation to important mechanisms of pathogenesis and
host survival in a non-model Campylobacter species. Additionally, it provides novel insights into

a system for studying N-glycan diversity.

INDEX WORDS: Campylobacter fetus, N-glycosylation, protein glycosylation, proteomics,

lipopolysaccharide, S-layer, glycosyltransferase
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Bacterial glycosylation

Carbohydrates are a highly abundant molecule and are found in all domains of life. They
are oftentimes linked to other types of macromolecules through the process of glycosylation.
Microbial glycobiology was once an understudied field with research focus on only a few model
organisms. Focus has historically involved the structures associated with the glycan rich surface
of bacteria such as lipopolysaccharide (LPS), lipooligosaccharides (LOS), capsular
polysaccharide (CPS), peptidoglycan (PG), glycosylated teichoic acids (TAS),
exopolysaccharides (EPS), glycoproteins, and other surface associated glycoconjugates (Figure
1.1). These glycan structures have revealed a vast amount of diversity and heterogeneity. The
surface carbohydrate macromolecules vary in glycan composition, stereochemistry, and linkage
(Gagneux et al. 2015). Studying these systems can be difficult due to the inability to accurately
determine glycan composition by genetic analysis. However, recent improvements in mass
spectrometry, lectin arrays, and bioinformatics have led to further advancements in microbial

glycobiology (Wuhrer 2013).
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Figure 1.1. Bacterial surface glycans (Tytgat and Lebeer 2014). Lipopolysaccharide (LPS) and
lipooligosaccharide (LOS) are glycans characteristic of gram-negative bacteria. While teichoic
acids such as lipoteichoic acid (LTA) and wall teichoic acid (WTA) have only been found in
gram-positive bacteria. While glycoproteins such as glycosylated flagella, S-layer, pili, fimbriae,
and other surface glycoproteins have been found in various bacterial species. In addition,
peptidoglycan, capsular polysaccharide (CPS), and exopolysaccharide (EPS) can be found in
both Gram-negative and -positive bacteria. Circles represent proteins, sugars are denoted by a
hexagon, and triangles are ribitol/glycerol phosphate groups.

These glycans are synthesized through a non-template dependent process that requires
multiple enzymes, called glycosyltransferases (GTs) that, sequentially assemble the glycans like
an assembly line. The mechanism involves the transfer of a glycosyl donor to an acceptor
resulting the formation of a glycosidic bond (Rini and Esko 2015). Leloir GTs can use sugar
nucleotide donors and non-Leloir GTs use non-sugar nucleotide donor, like isoprenoid-
phosphate lipid-linked sugars, (Luis F. Leloir Biosynth. Saccharides 2005). This donor
specificity can be derived from three main GT folds, GT-A, GT-B, and GT-C (Figure 1.2 Top).
Currently, all Leloir or nucleotide-dependent GTs contain either a GT-A or GT-B catalytic fold.

While both folds use sugar nucleotides, unlike GT-A, the GT-B fold consists of two Rossmann

binding folds and is metal-independent (Liu and Mushegian 2003; Rosén et al. 2004). The non-



Leloir GTs primarily contain the GT-C fold, which consist of hydrophobic integral membrane

loops (Oriol et al. 2002).
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Figure 1.2. Glycosyltransferase (GT) folds and linkage stereochemistry mechanisms (Taujale et
al. 2020). Top: The GT-A and GT-B folds both contain nucleotide-binding Rossmann folds,
which consist of a a-helix (red), B-sheet (blue), and another a-helix. Unlike GT-A fold enzymes,
GT-B enzymes contain two Rossmann folds in addition to being metal-independent. GT-C fold
enzymes consist of multiple hydrophobic transmembrane helices and generally use lipid-donors.
Bottom: Inverting and retaining mechanisms of GTs. Inverting enzymes use an Sn-2-like
mechanism resulting in an inversion in stereochemistry at the anomeric carbon. While retaining
mechanism is still unknow, it is believed that a Sni-like reaction occurs. The donor phosphate
oxygen acts as a base catalyzing the removal of a proton from the acceptor’s hydroxyl. Orange
oxygen atoms represent the catalytic base in each reaction.

A wide array of GT acceptors have been identified such as carbohydrates, proteins, lipids,
DNA, and small molecules (Rini and Esko 2015). A monosaccharide has multiple hydroxyls,
sites at which a glycosidic bond can form. The formation of glycosidic bonds can occur through
inverting (a—p) or retaining (a—a)) mechanisms, which can alter the stereochemistry at the
anomeric center of the glycosyl donor (Figure 1.2 Bottom). To date, very few GTs have been

found to use more than one substrate or form multiple linkages (Kukowska-Latallo et al. 1990;
3



Kitagawa et al. 1999; Senay et al. 2000; Schmid et al. 2016). In addition to variations in
stereochemistry and composition, glycans can be post-glycosylationally modified by acetylation,
sulfation, methylation, phosphorylation, and lactylation, which further increases glycan diversity
(Yu and Chen 2007). Together these mechanisms lead to remarkable glycan diversity compared
to other macromolecules like proteins, nucleic acids, and lipids. Notably, bacterial glycans have
a ten-fold greater diversity at a monosaccharide level compared to eukaryotic glycans (Herget et
al. 2008). This is important in bacterial physiology; for example these glycans are typically
displayed at the surface where they can play important roles in specific recognition events
dictating host-microbe interactions (Schaffer and Messner 2017).

Discovery of bacterial N-linked protein glycosylation

Bacteria were once thought to be unable to glycosylate proteins. However, in 1999,
Campylobacter jejuni was shown to possess a N-linked protein glycosylation system, located on
the 17-Kb protein glycosylation locus, or pgl locus (Szymanski et al. 1999). Since then, four
types of protein glycosylation systems have now been identified, O, N, C, and S-linked, all four
having been identified in bacteria. To date most studies have focused on N- and O-linked
glycosylation which are ubiquitous in prokaryotes and eukaryotes.

N-linked protein glycosylation has been found in all domains of life and consists of
largely conserved biosynthesis mechanisms and biological roles. This process involves the
covalent attachment of an oligosaccharide or glycan to the asparagine residue of a protein. It was
discovered by Szymanski et al. in 1999, where the authors demonstrated that C. jejuni may
produce glycoproteins with associated potential functions (Szymanski et al. 1999). Subsequent

studies provided deeper insight into the mechanisms and functions of the pgl loci in C. jejuni.



Additional orthologous pgl systems have been found in all Campylobacter species in
addition to other &- and &-Proteobacteria such as select Helicobacter spp., Desulfovibrio
desulfuricans, Wolinella succinogenes, Deferribacter desulfuricans, Sulfurovum sp.,
Nitratiruptor sp., (Figure 1.3) (Nakagawa et al. 2007; Jervis et al. 2010; lelmini and Feldman
2011; Nothaft et al. 2012; Mills et al. 2016). It is worth noting that two alternative N-
glycosylation systems have now been discovered in bacteria, which perform all glycosylation
and conjugations in the cytoplasm (Gross et al. 2008; Naegeli et al. 2014). The pgl gene
nomenclature also applies to the O-linked protein glycosylation system in Neisseria meningitidis
(Faridmoayer et al. 2007; Schulz et al. 2013; Harding et al. 2015). For the purposes of this work,
N-glycosylation and pgl are represent the N-glycosylation system in Campylobacter and other

select species in 8- and e- Proteobacteria family.
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Figure 1.3. Orthologous pgl N-glycan structures (Nothaft and Szymanski 2013). The
numbers in parentheses next to strain designation represent the works associated with the
structure. Additionally, number in parentheses appearing next to the N-glycan represent
differences in reported structures. 1, (Nothaft et al. 2012); 2 (Jervis et al. 2010); 3, (Jervis et al.
2012); 4, (Santos-Silva et al. 2007); 5, (Young et al. 2002); 6, (Szymanski et al. 2003); 7,
(lelmini and Feldman 2011).



Initially the pgl locus, specifically pglA to pglG, was believed to be involved in LPS
biosynthesis due to high gene homology with LPS machinery and that expression of the pgl
locus in E. coli resulted in modifications in the LPS structure (Korolik et al. 1997; Fry et al.
1998). However, mutagenesis of pgl genes in C. jejuni did not yield LPS or LOS alterations
(Szymanski et al. 1999). Instead, disruption of these genes resulted in a significant decrease in
the immunoreactivity of several C. jejuni proteins (Szymanski et al. 1999). This observation led
to the conclusion that this locus is involved in protein glycosylation and not in the LPS
biosynthesis pathway. This discovery led to advances in both basic and applied glycobiology, the
latter being in bioengineered vaccines and glycoconjugates (Lizak et al. 2011; Nothaft and
Szymanski 2013; Perez et al. 2017).

N-glycosylation biosynthesis

The C. jejuni pgl, N-glycosylation system, is the best characterized and the modern
model for studying N-linked protein glycosylation in bacteria. In general, cytoplasmic
nucleotide-linked sugars are assembled on the lipid carrier, undecaprenyl-phosphate (Und-P), via
pgl GTs. The result is a conserved heptasaccharide structure, which is translocated into the
periplasm and transferred to Asn of a protein or released as free oligosaccharide (fOS) by the
oligosaccharyl transferase PgIB (Figure 1.4) (Szymanski et al. 2003; Kelly et al. 2006). This
process is initiated by the transfer of 2,4-diamino-2,4,6-trideoxy-D-glucose (diNAcBac) to Und-
P via PgIC. Prior to this, diNAcBac is synthesized by the sequential action of three Pgl enzymes,
PglIF (dehydratase), PgIE (amino transferase) and PgID (acetyltransferase) on the uridine di-
phosphate (UDP)-HexNAc (Glover et al. 2005; Linton et al. 2005; Morrison and Imperiali 2013).
Subsequently, a1—3-linked GalNAc is added to Und-P-diNAcBac by PglA. After PglJ adds the

required al—4-linked GalNAc residue PglH is able extend the glycan by three GalNAc residues



forming a hexasaccharide (Glover et al. 2005; Glover et al. 2006). Interestingly, PglH controls
glycan additions through a ruler helix, which limits the addition to three GalNAc residues
(Ramirez et al. 2018). Addition of the final branching 1—3-glucose residue is carried out by the
Pgll enzyme, which completes the heptasaccharide lipid-linked oligosaccharide (LLO) (Glover
et al. 2005; Troutman and Imperiali 2009). After the heptasaccharide is assembled the LLO is
translocated into the periplasm via the ATP-driven flippase, PgIK (Kelly et al. 2006; Alaimo et
al. 2006; Perez et al. 2017). Through a high-resolution structure and simulations, PgIK has been
shown to accumulate a higher concentration of LLO, likely to facilitate translocation across the

inner membrane into the periplasm (Perez et al. 2017; Perez et al. 2019).
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Figure 1.4. The pgl biosynthesis pathway in C. jejuni (Modified without permission
(Nothaft and Szymanski 2010). Various pgl glycosyltransferases utilize nucleotide-linked
sugars to synthesize the N-glycan, prior to the transfer of the initiating sugar diNAcBac
to the lipid-carrier. The completed glycan is then flipped into the periplasm by PgIK
where it can be released as free oligosaccharide (fOS) or transferred to the Asn by the
OST, PgIB.

The key enzyme involved in the transfer of the N-glycan from the LLO onto a protein’s
Asn in a consensus sequence is the oligosaccharyltransferase (OST) PgIB (Wacker et al. 2002;

Nothaft and Szymanski 2010). It was further demonstrated that PgIB has promiscuous substrate

7



specificity with the exception that the reducing end monosaccharide contains an acetamido group
(Wacker et al. 2006; Jervis et al. 2012; Nothaft et al. 2012). In E. coli, PgIB’s has been shown to
transfer various LPS structures, eukaryotic glycans, and monosaccharides to various protein
acceptors (Wacker et al. 2002; Feldman et al. 2005; Kowarik et al. 2006; Wacker et al. 2006;
Valderrama-Rincon et al. 2012; Wetter et al. 2012). However the acceptor protein requires an
extended consensus sequon, (D/E)-X-N-X-(S/T), where X is any amino acid except proline and
N is the site of glycosylation (Kowarik et al. 2006; Nothaft and Szymanski 2010; Yates et al.
2018). Only sequons found on exposed flexible loops are accessible for glycosylation
(Rangarajan et al. 2007). This system only glycosylates folded proteins in C. jejuni; however it
has been shown that PgIB is also capable of glycosylating unfolded proteins (Wacker et al.
2006).

In addition to transferring the N-glycan to proteins, PglIB can also release the N-glycan
into the periplasm, through hydrolytic activity, as free oligosaccharides (fOS) (Nothaft et al.
2009; Nothaft and Szymanski 2010; Dwivedi et al. 2013). It is believed that fOS is important for
osmoregulation in C. jejuni (Nothaft et al. 2009; Dwivedi et al. 2013). Interestingly, PgIB shares
similar mechanisms and structural homology to the eukaryotic STT3 N-glycosylation
oligosaccharyltransferase (Maita et al. 2010; Lizak et al. 2011). In addition to being able to use
PglB for glycoengineering, the C. jejuni N-glycosylation system represents a well-studied model
for prokaryotic protein glycosylation.

Biological function of N-glycosylation in C. jejuni

All studies on the biological function of N-glycosylation in bacteria were only performed
in C. jejuni (Figure 1.5). The first assessment of the N-glycosylation system indicated that N-

glycosylated proteins were immunoreactive (Szymanski et al. 1999). This was further confirmed



through pgl mutants and N-glycan based vaccine studies indicating that the N-glycan is
recognized by immune sera in mice, chickens, rabbits, and humans (Szymanski et al. 2002;
Ketley and Konkel 2005; Nothaft et al. 2012; Nothaft et al. 2016; Nothaft et al. 2017).
Furthermore the C. jejuni N-glycan was also recognized by the innate immune system through a
C-type lectin, MGL (macrophage galactose lectin), which recognizes N-acetylgalactosamine
(van Sorge et al. 2009). This indicated that the C. jejuni N-glycan is recognized by the innate and

adaptive immune system.
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Figure 1.5. Function of C. jejuni N-glycosylation (Nothaft and Szymanski 2013). Studies in C.
jejuni N-glycosylation indicate that it is important in intestinal cell adhesion, host colonization,
recognition of the immune system, and is essential in protein complexes, such as the CmeABC
multidrug efflux pump and the type IV secretion system.

C. jejuni is a major foodborne pathogen, and is predominantly found in chickens as
commensal (Humphrey et al. 2014). Multiple studies have connected N-glycosylation-deficient

strains to decreased colonization in mice and chickens (Szymanski et al. 2002; Hendrixson and

DiRita 2004; Szymanski and Wren 2005; Abouelhadid et al. 2019). This decreased colonization



may be due to the N-glycan protecting exposed loop regions of glycoproteins from self and
endogenous proteases (Alemka et al. 2013; Cain et al. 2019). N-glycosylation was also found to
influence bacterial invasion and adherence to cultured intestinal cells (Szymanski et al. 2002;
Hendrixson and DiRita 2004; Szymanski and Wren 2005). Together these studies indicate that
N-glycosylation plays a role in C. jejuni colonization. These findings were essential in
developing a C. jejuni vaccine targeting the N-glycan; these trials showed a significant reduction
in C. jejuni colonization of chickens (Nothaft et al. 2016; Nothaft et al. 2017).

Prior proteomics studies have indicated that the pgl system can N-glycosylate ~80
proteins in C. jejuni, most of which have no known function (Young et al. 2002; Kowarik et al.
2006; Houliston et al. 2011; Scott et al. 2011; Nothaft et al. 2012; Scott et al. 2012; Scott et al.
2014; Cain et al. 2019). These proteins can be found in the periplasm, associated with the inner
or outer membrane, or are surface-exposed lipoproteins. The considerable number of N-
glycosylated proteins among the C. jejuni glycoprotein pool reflects the importance of this
pathway, but also presents difficulty in uncovering the biological role of N-glycosylation due to
multiple and pleiotropic effects.

Glycoproteins mutated so as to be unglycosylated resulted in no cell impairment or
altered protein function (Larsen et al. 2004; Kakuda and DiRita 2006; Davis et al. 2009;
Flanagan et al. 2009; Scott et al. 2009; Kakuda et al. 2012). However in 2004, Larsen et al.
showed that the N-glycans added to the VirB10 periplasmic protein of the type IV secretion
system resulted in decreases in DNA uptake and natural transformation (Larsen et al. 2004).
Another study found that the removal of two N-glycosylation sites in CmeA resulted in a
phenotype similar to a cmeA mutant (Dubb et al. 2019). This protein is part of the CmeABC

multidrug efflux pump, which consists of three N-glycosylated proteins, which are essential to
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the removal of antibiotics and bile salts in C. jejuni (Nita-Lazar et al. 2005; Kowarik et al. 2006;
Scott et al. 2011; Dubb et al. 2019). Molecular dynamic stimulations and in vitro models of
CmeA indicate that glycosylation plays no role in complex formation or association with
peptidoglycan (Dubb et al. 2019). Efflux assays of cells expressing non-glycosylated forms of
CmeA and CmeB had the lowest efflux activity compared to wild-type and cmeA or cmeB
mutants (Abouelhadid et al. 2019). This would suggest that N-glycosylation has a larger role in
maintaining molecule trafficking. E. coli expressing glycosylated CmeABC showed enhanced
efflux and increased antibiotic sensitivity compared to unglycosylated CmeABC (Dubb et al.
2019). Numerous studies have noted decreases in antibiotic resistance in N-glycosylation-
deficient strains, which may be due to deficiencies in the CmeABC complex (Abouelhadid et al.
2019; Cain et al. 2019; Dubb et al. 2019).

Mutations in pglB, N-glycosylation-deficient, resulted in considerably changes cell
physiology (Abouelhadid et al. 2019; Cain et al. 2019). Proteomics studies found decreased
activity in the NapAB, a nitrate reductase system (Abouelhadid et al. 2019; Cain et al. 2019).
This decrease in activity is likely due to NapB being N-glycosylated at *°N (Pittman et al. 2007;
Scott et al. 2011). In general, pglB mutants had decreases in enzymes involved in the synthesis of
the lipid carrier Und-P (Abouelhadid et al. 2019). These cells lacked the traditional helical shape
associated with pathogenicity and instead were rod shaped with sporadic cell lengths
(Abouelhadid et al. 2019). Although the C. jejuni flagella is O-glycosylated and not N-, pglB
mutants have decreased motility, which could be attributed to decreased proton motive force
through pleiotropic effects (Scott et al. 2012; Cain et al. 2019). Furthermore these mutants did
not chemotactically respond to a-ketoglutarate or Glu, and they had reduced chemotaxis to Asp

and succinate (Cain et al. 2019). This correlated with alterations in Tlp chemoreceptor-like
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protein levels, which is necessary for chemoattractant sensing (Cain et al. 2019). All pgIB
mutants had altered cell stress factor proteins leading to reduced survival due to temperature
changes (4°C and 46°C), or to osmotic shock, and they show enhanced biofilm formation (Cain
et al. 2019). In conjunction, these mutants also had increases in predominantly periplasmically-
localized chaperones and proteases, suggesting that there may be increased misfolding and
aggregation of proteins (Abouelhadid et al. 2019; Cain et al. 2019). Together these studies
indicate that N-linked protein glycosylation plays an important role in C. jejuni physiology and
pathogenesis.

Campylobacter fetus pathogenesis

Campylobacter fetus is a microaerophilic, gram-negative, spiral-shaped, non-
thermotolerant Campylobacter that can grow between 25°C and 37°C. Thermotolerant
Campylobacters like C. jejuni and C. lari are able to grow at a higher temperature (42 °C) which
is consistent with their host body temperature (Nothaft and Szymanski 2010; Nothaft et al.
2012). Campylobacter fetus is an emerging pathogen that is generally associated with venereal
disease, infertility or abortions in cattle and sheep, or systemic infections in humans (Thompson
2005; Wagenaar et al. 2014). This species consists of three subspecies, C. fetus subsp. fetus (Cff),
C. fetus subsp. venerealis (Cfv) and C. fetus subsp. testudinum (Cft), which have been assigned
due to their niche. Cfv is almost exclusively found in bovine genital tracts where it can cause
BGC (Bovine genital Campylobacteriosis) or BVC (bovine venereal Campylobacteriosis)
leading to venereal disease and abortions in cattle (Mshelia et al. 2010). In contrast, C. fetus
subsp. fetus can colonize a broader host range including sheep, humans, cattle and birds (Gilbert

et al. 2016; Van Der Graaf-Van Bloois et al. 2016). C. fetus subsp. testudinum is a newly
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sequenced isolate found in reptiles, predominantly turtles, and has also been found to colonize
humans (Fitzgerald et al. 2014; Wang et al. 2015).

In 1947 and 1957, cases of C. fetus (previously called Vibrio fetus) causing systemic
infections and an abortion in humans was documented (Spink 1957; Franklin and Ulmer 1974).
The majority of human C. fetus infections occur in men indicating either increased exposure or a
predisposition to C. fetus colonization (Tremblay et al. 2003; Patrick et al. 2013). Most patients
are older than 60, immunocompromised, or have some other underlying condition (Patrick et al.
2013; Wagenaar et al. 2014). Until the discovery of Cft, Cff has been the reported cause of nearly
all C. fetus infections (Wagenaar et al. 2014). Although human C. fetus infections are rare there
have been documented outbreaks in small communities (1981; Morooka et al. 1992; Wagenaar et
al. 2014). The majority of human cases may be lower due to inadequate culturing methods and
diagnostic limitations (Wagenaar et al. 2014).

The majority of C. fetus infections result in septicemia, which represent the majority of
Campylobacter-mediated septicemia (Maertzdorf and Mouton 1974; Guerrant et al. 1978;
Pacanowski et al. 2008; Fernandez-Cruz et al. 2010; Marchand-Senécal et al. 2017). Most
septicemia cases involve fever with no signs of localized infection (Gazaigne et al. 2008;
Pacanowski et al. 2008). In addition to septicemia, C. fetus has caused neurological infections,
bone and genital infections, arthritis, and lung abscesses (Man 2011; Wagenaar et al. 2014).
Approximately 30% of all cases develop acute diarrhea similar to C. jejuni infections (Blaser
1988; Skirrow et al. 1993; Gazaigne et al. 2008). In some rare circumstances, C. fetus has
caused spontaneous abortions or fetal sepsis in humans, similar to infection outcomes in cattle

and sheep (Fujihara et al. 2006). In infants, subsequent infections usually result in meningitis
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(Fujihara et al. 2006). Although limited on data, one study determined that C. fetus has a fatality
rate of 14% of in humans (Gazaigne et al. 2008).

The route of C. fetus transmission into humans remains unclear, but is likely due to
exposure from host animals or consuming uncooked meat (Patrick et al. 2013; Wagenaar et al.
2014). In China, the majority of cases Cft infections are likely due to consumption of dishes
consisting of turtles or reptiles (Patrick et al. 2013). In contrast, a new study proposed that C.
fetus is a human pathobiont with it being found in 8% of healthy human stool metagenomes
(Iraola et al. 2017). Furthermore, using sequence comparisons they proposed that all cattle-based
C. fetus, Cfv, was acquired from humans during cattle domestication (Iraola et al. 2017). This is
supported by the absence of Cfv in humans; conversely human-associated strains have caused
infections in cattle (Marcel A.P. Van Bergen et al. 2005; M. A.P. Van Bergen et al. 2005; Iraola

etal. 2017).

Original Genotype

Figure 1.6. Mechanism of surface array protein (sapA/B) genetic inversion (Thompson 2002).
The black square represents the 5’ conserved region in the sapA/B genes. The shaded boxes
represent genetic variability in the sapA/B genes. These sapA/B copies can be expressed once
inverted into the promoter region, bent arrow, leading to the expression of antigenically different
SapA/B proteins.
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C. fetus infections can persist for as long as 7 years through multiple relapses (Neuzil et
al. 1994; Ganeshram et al. 2000; Tu et al. 2005). This persistence is likely due to its surface layer
(S-layer) proteins, which provide evasion from the immune system. This S-layer coating is a
paracrystalline capsule-like protein coat that covers the exterior of the bacteria. The S-layer in C.
fetus can confer serum and phagocytosis resistance through prevention of complement and
antibody binding to the bacteria (Blaser et al. 1988). S-layer also obscures LPS from the LPS
recognizing epitopes of the immune system (McCoy et al. 1975; Fogg et al. 1990).

The C. fetus S-layer can also alter the bacterium’s surface antigen repertoire by
switching its surface array protein (sapA/B) with up to 8 different protein variants (Dworkin and
Blaser 1997; Thompson 2002). This likely occurs through genetic inversion of a sapA/B variant
into the sap promoter through recombination of the conserved 5’ region of the sap genes (Figure
1.6)(Tummuru and Blaser 1993; Thompson 2002). S-layer protein and LPS can consist of two
associating sap-/sero-types (type), called type A and B (Yang et al. 1992; Dworkin et al. 1995b;
Casadémont et al. 1998; Thompson 2002). Interestingly, type A is most commonly associated
with pathogenesis suggesting a potential mechanism of pathogenesis (Kienesberger et al. 2014).

In addition to S-layer, C. fetus can contain up to 4 different type IV secretion systems,
which are essential for adapting to host environments (Gorkiewicz et al. 2010; Kienesberger et
al. 2014; Van Der Graaf-Van Bloois et al. 2016). It is currently believed that the type IV
secretion system is used for intraspecies horizontal gene transfer. These type IV encoding
regions correlate with subspecies and not strain type (Van Der Graaf-Van Bloois et al. 2016). In
some of these encoding regions are fic (filamentation induced by cAMP) genes, which can alter
host cell processes for survival (Van Der Graaf-Van Bloois et al. 2016). Together these

mechanisms may explain the broad host range and increased septicemia of C. fetus.
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C. fetus N-glycosylation

A glycomics analysis of all Campylobacter N-glycans revealed that non-thermophilic
Campylobacter species were able to produce more than one N-glycan structure (Nothaft et al.
2012). In contrast, C. jejuni consistently produce the same heptasaccharide N-glycan (Scott et al.
2011). Analysis of C. fetus fOS and N-glycans showed that it was able to produce two
hexasaccharide structures (Nothaft et al. 2012; Dwivedi et al. 2013). These structures were found
in a ratio of 4:1, where the major N-glycan consists of a terminal branching N-acetylglucosamine
and the minor hexasaccharide substituted with a glucose (Figure 1.7) (Nothaft et al. 2012). Both

major and minor N-glycans share the same branching linkage of a1—6 to the backbone of the N-

glycan.
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Figure 1.7. Campylobacter pgl loci and subsequent N-glycan and fOS structure (Nothaft et al.
2012). Campylobacter species were arranged in a dendrogram based on their AtpA protein.
Within this tree two groups were defined group I, the thermotolerant Campylobacters, and group
I1, the non-thermotolerant species. N-glycan diversity appears to only be a feature found in group
Il Campylobacter species, which correlates with changes in pgl genes. GT, represents undefined
pgl genes and their associated CAZy family number. Single letters represent the previously
defined pgl locus genes.
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Changes in the N-glycan terminus is likely attributed to unannotated GTs in the C. fetus
locus (Figure 1.8). Previously this locus was annotated as having a PgIH GT and two PgIK
flippases (Nothaft and Szymanski 2010; Jervis et al. 2012; Nothaft et al. 2012). However, C.
fetus lacks the three terminal GalNAc residues indicative of PglH activity and recent
improvements in bioinformatics indicates that there is only one PgIK (Ramirez et al. 2018).
Interestingly, when the C. fetus pgl GTs were expressed in a E. coli/C. jejuni hybrid expression
system only fragments of the minor N-glycan was observed (Jervis et al. 2012). In between gne
(encoding UDP-glucose 4-epimerase) and ugd (encoding UDP-glucose 6-dehydrogenase), there
is an additional three gene hypothetical glucosylation operon. This operon is similar to three-
component systems, that can transfer a monosaccharide to a carbohydrate structure in the
periplasm (Mann and Whitfield 2016). The C. fetus locus also shares homologs with other

unannotated pgl GT in other non-thermotolerant Campylobacter species.
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Figure 1.8. Campylobacter fetus N-glycosylation locus and N-glycan compared to C. jejuni.
Annotated pgl locus from C. fetus subsp. fetus strain 82-40. Individual letters represent the
annotated pgl genes in C. jejuni. The C. fetus N-glycan consists of predicted pgl enzyme function
based on the C. jejuni pgl enzymes and homology. GT, represents predicted CAZy glycosylation
families. The region nusA22 represents 22 ORF’s between pglD and pglEFG.

Changes in the terminal monosaccharide in Campylobacter N-glycans may be due to
recognition by the immune system. In the case of C. jejuni, only the chicken C-type lectin has

been shown to bind GIcNAc, while human C-type lectin binds the GalNAc residues on the C.
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jejuni heptasaccharide (Burrows et al. 1997; van Sorge et al. 2009). Bovine lectins preferentially
bind B-linked GIcNAc over a-linked GIcNAc, which is found on the C. fetus N-glycan (Nothaft
et al. 2012; Jégouzo et al. 2020). Suggesting that N-glycan termini may play a role in host
recognition.

The benefit of using C. fetus as a model for studying N-glycan diversity in prokaryotes is
that it has the potential to be genetically manipulated (Kienesberger et al. 2007). C. fetus also
represents a known veterinary and human pathogen. Therefore, understanding the C. fetus N-
glycan biosynthesis in molecular detail could be a useful for bioengineering a N-glycan
conjugate, such as a vaccine or diagnostic tool (Nothaft et al. 2012; Nothaft et al. 2016; Nothaft

etal. 2017).
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CHAPTER 2
INFLUENCE OF PROTEIN GLYCOSYLATION ON CAMPYLOBACTER FETUS

PHYSIOLOGY!

'Duma, J., Nothaft, H., Weaver, D., Fodor, C., Beadle, B., Linton, D., Benoit, S., Scott, N. E.,
Maier, R., Szymanski, C.M., June 7, 2020. Frontiers of Microbiology. (Special Issue). Reprinted
here with permission.
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Abstract

Campylobacter fetus is commonly associated with venereal disease and abortions in
cattle and sheep and can also cause intestinal or systemic infections in humans that are
immunocompromised, elderly, or exposed to infected livestock. It is also believed that C. fetus
infection can result from the consumption or handling of contaminated food products, but C.
fetus is rarely detected in food since isolation methods are not suited for its detection and the
physiology of the organism makes culturing difficult. In the related species, Campylobacter
jejuni, the ability to colonize the host has been linked to N-linked protein glycosylation and a
label-free quantitative (LFQ) proteomics approach demonstrated that N-glycosylation is
interconnected with cell physiology. Using LFQ, we found more than 100 proteins significantly
altered in expression in two C. fetus subsp. fetus protein glycosylation (pgl) mutants (pglX and
pgld) compared to the wildtype. Significant increases in the expression of the [NiFe]-
hydrogenase HynABC, catalyzing H-oxidation for energy harvesting, correlated with
significantly increased levels of cellular nickel, improved growth in Hz, and increased
hydrogenase activity, suggesting that N-glycosylation in C. fetus is involved in regulating the
HynABC hydrogenase and nickel homeostasis. To further elucidate the function of the C. fetus
pgl pathway and its enzymes, heterologous expression in E. coli followed by mutational and
functional analyses revealed that PglX and PglY are novel glycosyltransferases involved in
extending the C. fetus hexasaccharide beyond the conserved core, while PglJ and PglA have
similar activities to their homologues in C. jejuni. In addition, the pgl mutants displayed a
decreased motility and ability to efflux ethidium bromide and showed an increased sensitivity to

antibiotics. This work not only provides insight into the unique protein N-glycosylation pathway
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of C. fetus, it also expands our knowledge on the influence of protein N-glycosylation on

Campylobacter cell physiology.
Introduction

Asparagine-linked protein glycosylation is a post-translational modification present in
species from all three domains of life. The prototypical bacterial protein N-glycosylation system
(referred to as pgl) was first identified in Campylobacter jejuni over two decades ago
(Szymanski et al. 1999). This system utilizes five glycosyltransferases (pglA, pglC, pglH, pgll,
pgld) to produce the heptasaccharide GalNAc-al,4-GalNAc-al,4-[Glc-B1,3-]GalNAc-al,4-
GalNAc-al,4-GalNAc-al1,3-diNAcBac-B1,N-Asn  (diNAcBac is  2,4-diacetamido-2,4,6-
trideoxyglucopyranose) which is attached to protein (Figure 2.1) (Glover et al. 2005; Linton et
al. 2005; Glover et al. 2006). The assembly of the full-length glycan occurs on the cytoplasmic
side of the inner membrane through the sequential transfer of nucleotide-activated sugars onto
the lipid carrier undecaprenyl-phosphate. The lipid-linked heptasaccharide is then flipped into
the periplasm by the flippase PgIK (Kelly et al. 2006; Alaimo et al. 2006) and transferred to the
asparagine residue within the consensus sequon D/E-X1-N-X»-S/T (where Xz, X2 can be any
amino acid except proline) by the oligosaccharyltransferase PgIB (Kowarik et al. 2006; Chen et
al. 2007; Scott et al. 2011), or is released as free oligosaccharide (Nothaft et al. 2009), a process
that is conserved among Campylobacter species (Nothaft et al. 2012). In C. jejuni, the conserved
heptasaccharide has been found on more than 80 periplasmic and membrane-bound proteins
(Scott et al. 2011; Cain et al. 2019). Mutagenesis of the pgl genes indicates that this
glycosylation system impacts multiple cell functions including: (i) colonization of chickens and
mice; (ii) adherence and invasion of epithelial cells; (iii) functionality of the multidrug efflux

complex CmeABC; (iv) stability of the type IV secretion system; and (v) interactions with the
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immune system (Nothaft and Szymanski 2013; Dubb et al. 2019). More specifically, two recent
proteomics studies of C. jejuni pglB mutants have revealed multiple physiological functions
associated with N-glycosylation (Abouelhadid et al. 2019; Cain et al. 2019). These include
increased expression of stress response proteins, decreased survival in high temperature and
osmolarity, altered metabolic activities, decreased chemotaxis, impaired efflux, and decreased
nitrate reductase activity (Abouelhadid et al. 2019; Cain et al. 2019).

Orthologues of the pgl pathway have been found in all Campylobacter spp., select
Helicobacter spp. Desulfovibrio desulfuricans, Wolinella succinogenes, Deferribacter
desulfuricans, Sulfurovum sp., Nitratiruptor sp., and some less characterized 8- and e-
Proteobacteria (Nakagawa et al. 2007; Jervis et al. 2010; lelmini and Feldman 2011; Nothaft et
al. 2012; Mills et al. 2016). Despite the conservation of the pgl pathway per se, different
Campylobacter species produce N-glycans that vary in structure and composition (Jervis et al.
2012; Nothaft et al. 2012). This is particularly evident among the non-thermotolerant
Campylobacter species which produce multiple N-linked glycoforms (Jervis et al. 2012; Nothaft
et al. 2012). For instance, Campylobacter fetus synthesizes two distinct N-linked
hexasaccharides: the  major  GIcNAc-al-6-[GIcNAc-B1-3]-GIcNAc-al1-4-GalNAc-al-4-
GalNAc-a1-3-diNAcBac-p1,N-Asn and the minor GIcNAc-al-6-[Glc-f1-3] -GlcNAc-al-4-
GalNAc-al-4- GalNAc-al-3-diNAcBac-p1,N-Asn at a 4:1 ratio, respectively (Nothaft et al.
2012).

C. fetus grows best between 25°C and 37°C and consists of three subspecies: C. fetus
subsp. fetus (Cff), C. fetus subsp. venerealis (Cfv), and the more recently described subspecies C.
fetus subsp. testudinum (Cft) thought to originate from reptiles, but also has been associated with

human infections (Patrick et al. 2013; Fitzgerald et al. 2014). Cff has the broadest host range and
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is found in cattle, sheep, reptiles, and humans (Tu et al. 2004; Wagenaar et al. 2014). In
livestock, both Cfv and Cff are known to cause reproductive failure and infertility (Duncan et al.
2014), and although Cfv has been isolated from humans, it only causes disease in cattle (Holst et
al. 1987). The majorities of human C. fetus infections are attributed to Cff and are associated
with meningitis, acute diarrhea and most commonly bacteremia (Wagenaar et al. 2014). Human
infections are generally sporadic, with only a few reported outbreaks (Klein et al. 1986;
Marchand-Seneécal et al. 2017). Recent metagenomic analysis found C. fetus in 8% of feces from
healthy humans, suggesting it is a possible pathobiont (Iraola et al. 2017).

In this study, we examined the role of several C. fetus pgl-encoded glycosyltransferases
through mutagenesis and functional transfer into Escherichia coli. We demonstrate that the Cff-
PglA and Cff-PglJ homologues have the same function as their counterparts in C. jejuni building
the conserved GalNAc-al,4-GalNAc-al,3-diNAcBac reducing-end core. PglX (previously
annotated as PglH1) and PglY (previously annotated as PglH2) are associated with the
biosynthesis of the structurally variable region at the non-reducing end of the Cff-
hexasaccharides. To assess the potential impact of the N-glycan truncations on other cellular
functions, a label-free quantitative proteomics approach was used to examine the Cff-pglJ and
pglX mutants. Proteomics demonstrated widespread changes in protein abundance with a notable
impact on metal transport proteins, several [NiFe] hydrogenase subunits, and oxidative response
proteins compared to the wildtype. The results presented in this study provide new insights into

the assembly and roles of N-linked glycoproteins in C. fetus.
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Results

Characterization of Cff pgl cluster
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Figure 2.1. Model for the function of the components of the N-linked protein glycosylation (pgl)
pathway in C. fetus (Cf) in comparison to C. jejuni (Cj). Similar to Cj, we propose that in Cf
PgIC transfers diNAcBAc which is synthesized by PgIDEF (not shown) to undecaprenyl-
phosphate (Nothaft and Szymanski 2010). Subsequently, PglA transfers the first GalNAc
followed by a second GalNAc residue added by PglJ. To this trisaccharide, PglH transfers three
GalNAc residues and Pgll subsequently transfers the Glc branch (Kelly et al. 2006).

The C. fetus (Cf) pgl cluster is syntenic with the C. jejuni (Cj) pgl gene cluster (Jervis et
al. 2012; Nothaft et al. 2012) apart from lacking pgll and possessing two homologues of pglH
(Figure 2.1). The similarities between the two loci are reflected in their N-glycan structures, with
both sharing the same three reducing end sugars. In C. jejuni, pglC, pglA and pglJ are
responsible for the formation of this initial DiINAcBac-GalNAc2 trisaccharide that is conserved
across nearly all Campylobacter species (Jervis et al. 2012; Nothaft et al. 2012). Previously, Cf

was annotated to possess two pglH homologues; however, compositional and structural analyses

of the Cf-pgl pathway products showed that it does not contain the three GalNAc residues added
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by the Cj-pglH gene product (Nothaft et al. 2012). Since it is the non-reducing end of the C.
jejuni and C. fetus N-glycans that varies in structure, the pgl genes in the “variable”
glycosyltransferase (GTase) region upstream of pglB most likely differ in function. We therefore
named the two pglH homologues, pglX and pglY (Figure 2.1). Interestingly, both proteins contain
the catalytic EX7E motif previously annotated in PglH (Cid et al. 2000; Troutman and Imperiali
2009) (Figure 2.2). In addition to this catalytic EX7E, PglY and PglX contain one and two
additional EX7E motifs, respectively. K68 of Cj-PglH, which is believed to be involved in lipid-
linked oligosaccharide (LLO) association, is altered to N67 and T70 in PglX and PglY,
respectively. In addition, the binding site of the Cj-PglH catalytic EX7E motif that involves L269
and P270 was found to be altered in PglX and PglY. Both enzymes possess a G instead of a P at
position P270; however, only PglY possesses an F at position 267 that corresponds to L269 in C.
jejuni. These minor changes in the amino acid residues may explain the differences in enzyme

specificity and the formation of the shorter glycans when compared to C. jejuni.

Pyl v/1-356 1MVEFDKRSSKLNI IFFISALRNGGAERVLQVLSS VVYFEEDKKHYEFLVKT 60

Pglx/1-350 L MKVLF I ISTLRAGGAEIRVASLLASEFAIGNDVSLARFDNEKPFYEMHDKV 50
PglH/1-359 Toeeennnnn MMKISF I IATLNSGGAEIRALVTLANALCKEHEVS | I KFHAG v 51

Pyglx/1-350 51 KLLSLDLGTGDCGFFOUIF KKIRIF SI{I FTIRKLIKNGEFDCVISFMDSTNLLVLLAALFLKT 110
Pyl Y/1-356 81 THLNIYHNT - -« .o bl' LSKFKIFFTIRNF IKSKKPDL I ISFMDQTNINLI ISTMFMSR 113
Pgli/1-359 52 KVTSLEQFR-FDTLYH[JI ASRIF KIJF FALRKALKESKSDVF ISFLDTTNIACIAAKIGLKT 110

Pyl v/1-356 M TLIITEHVSHTLLKSKIWRF IRDFSYRFASGLTVLTKEDFEYYK-FVKNRAIMHNPIFH- 171

Pglx/1-350 M KIIISEHSYHKFLS-FKWRVLKRF IYPFADGLSVLTKEDFEYYK-FVKNRSVIYNPMFFN 168
PglH1-359 111 PL I | SEHISNEAYLKPKIWRFLRRVSYPFCDALSVLGSSDKVYYERFVKRVKLLLNPCHFS 170

Pglx/1-350 160 VD | - DASKPEKENI! | IFVORIL | KAKIGCDVF L - LKDWKILVLGDGDEILNLK 226
Pglv/1-356 172 - KP-KNTKYYKES | ILSVORILETVIHGYENYFKALSLIDKNILDKWD I | IAGNGSLENSLQ 220
Pygli/1-359 1710 KENLVLF IGRILDHNKINPVMF LKAIAHLDKNLQENYKFVIAGDGQLRQELE 230
Pglx/1-350 227 NLAKNRNLNIEFCOMVINNI SNYYKKAIKILVLSSRS| LG AIFYNILRVSTPTS-G 285
Pyl v/1-356 230 NLAINLNLKINFVGHRIKD IGSLYERAIILALPSMN| F G ALFYECARVSTPTS-G 288
PglH/1-359 231 YKVKSLG I KVDFLGRMENVKALYEKAKvVLCLCSF V] [H3 SLYFEVCRISSSYYNG 200
Pglx/1-350 286 AKEL IKDGFDGL | SEDFSAESLSKKIKMSLSG- - -CDSLV FEIKNIYNRWL 342
PglY/1-356 280 AKEL I KDGFDGLISEDFSAESYAITLEKLLKNDGMCQNLVQNANLKKSKFEIENI | DKWY 348
Pyli/1-359 201 AKDLIKDNHDGLLVGCDD LVLNDENFRKELVNNAKQRCKDFEISHIK 350
Pglx/1-350 343 NL I KEAAN - 350

Pyl v/1-356 340 KF IKECEQ - 356
PglH/1-359 351 VKNA 350

Figure 2.2. Sequence alignment of C. fetus (Cf) PglX, PglY and C. jejuni (Cj) PglH. Black boxes
indicate specific amino acids associated with activity in PglH (Troutman and Imperiali 2009;
Ramirez et al. 2018). Black and dark grey amino acids represent functional residues that show
non-conserved substitutions in PglX and PglY. Light grey highlighted sequences indicate EX7E
motifs commonly found in glycosyltransferases (Cid et al. 2000; Coutinho et al. 2003; Troutman
and Imperiali 2009). The catalytic EX7E motif of Cj PglH is located at residues E266 to E274. Cf
PglX CFF8240_ 1386, Cf PglY CFF8240_1385 and Cj DDV78_00080 sequences were analyzed
by Jalview (Waterhouse et al. 2009).
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N-glycan analysis of Cff pgl mutants

To assess the functions of the “variable” GTases, we constructed mutants by insertion of
a kanamycin resistance cassette (referred to as “kan”) into the respective gene loci. Both pglX
(pglX::kan, further referred to as pglX-) and pglJ (pglJ::kan, further referred to as pglJ-) were
constructed in the Cff strain ATCC 27374 (Figure S1), however multiple attempts at generating

mutants in pglY were unsuccessful.
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Figure 2.3. Insertional mutagenesis of pglX and pglJ in C. fetus subsp. fetus ATCC 27374. (A)
The pgl genes were inactivated by insertion of the kanamycin resistance gene (kan) into the
chromosome of C. fetus subsp. fetus ATCC 27374. PCR products were introduced by
electroporation and double-crossover events resulted in the formation of pglX- and pglJ-. Primer
sets CS392/CS393 and CS394/395, were used to confirm the correct insertion of the antibiotic
cassette. (B) Agarose gel with PCR products amplified to verify the insertion of the cassette.
Genomic DNA from WT or the respective pgl mutant strain that was used as template is
indicated above each lane. The primer set used for each PCR reaction is indicated below the gel.
Insertion of the kan cassette in the pglJ and pglX genes was verified by PCR with
oligonucleotides hybridizing outside of the recombination event (Figure 2.3). When compared to
the PCR product size obtained with chromosomal DNA isolated from Cff-wildtype, an increase
in size by approximately 1.8 kb was observed when the kan cassette was present on the
respective PCR product, clearly indicating insertion at the correct position within the Cff

chromosome. To further investigate the effect of the mutations on N-glycan biosynthesis,
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western blot analysis of whole cell lysates probed with Cff-N-glycan specific serum was
performed. Complete loss of serum reactivity in pglX- and pglJ- was observed when compared to
the wildtype (Figure 2.4A). Lectin blotting with WGA confirmed those results, i.e. loss of
reactivity in whole cell lysates of the pgld mutant and strongly reduced reactivity (with only one
signal present) in lysates of the pglX mutant (Figure 2.4B, Figure 2.5). Similarly, no free
oligosaccharides (fOS) could be detected in the two pgl mutants when analyzed by thin layer
chromatography (TLC) (Figure 2.4C). Here, two spots for the Cff-fOS variants could be seen
when a fOS preparation of the wildtype was applied, confirming previous observations (Dwivedi

et al. 2013) and these spots were absent in similar preparations from the pglX- and pglJ- strains.
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Figure 2.4. Pgl pathway product analysis of Cf WT and pglX- and pglJ- strains. (A) Western blot
of whole-cell lysates with Cff-N-glycan-specific antiserum, and (B) Wheat germ agglutinin
reactivity of whole cell lysates of the WT and the pglX- and pglJ- strains. (C) Thin-layer
chromatography (TLC)-free oligosaccharide (fOS) analysis of WT, pglX- and pglJ- strains.
Molecular weight (MW) markers for the western blots (in kDa) are indicated on the right; arrows
indicate the migration of WT fOS on the TLC plate.
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Figure 2.5. Pgl pathway product analysis of Cf WT and pglX- and pglJ- strains. Full scans (top to
bottom) of the original western blots shown in Figure 3A and B are provided. (A) Western blot
of whole-cell lysates with Cff-N-glycan-specific antiserum, and (B) wheat germ agglutinin
reactivity of whole cell lysates of the WT and the pglJ- and pglX- strains are shown.

To investigate the N-glycan in the two Cff-pgl mutants in more detail, proteomics
analysis of Cff-wildtype (WT) and the pgl mutants was performed. As the disruption of Cff pgl
was predicted to truncate the N-linked glycan, we examined whole cell lysates to avoid potential
biases in the detection of glycoforms which can result from glycopeptide enrichment (Alagesan
et al. 2017). Consistent with our previous work (Nothaft et al. 2012), we observed both GIcNAc-
al-6-[GIcNAc-B1-3]-GlcNAc-al-4-GalNAc-al-4- GalNAc-al-3-diNAcBac and GIcNAc-al-6-
[Glc-B1-3]-GIcNAc-al-4-GalNAc-al-4- GalNAc-al-3-diNAcBac glycans on multiple protein
substrates within the WT (Figure 2.6A and B) which were absent within pglX- and pglJ-
(Supplementary MS data, not shown here). Consistent with our western and lectin blotting
assays, multiple truncated N-linked glycans were observed within pglX- and pglJ- including
diNAcBac-HexNAc, glycans, diNAcBac-HexNAc glycans (Figure 2.6C and D) as well as
diNAcBac alone. Within pglX-, the diNAcBac-HexNAc: glycan was the predominant glycoform

(not shown here) and is consistent with the Cff N-glycan core structure, diNAcBac-GalNAc:

(Nothaft et al. 2012). In contrast, multiple glycoforms were identified in pglJ- including
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diNAcBac-HexNAc.-, diNAcBac-HexNAc, and diNAcBac glycans (not shown here). Taken
together these results confirm the involvement of PglJ in the formation of the conserved reducing

end trisaccharide and that PglX functions in extension of the non-conserved N-linked glycan
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Figure 2.6. Mass-spectrometric analysis of Cff WT, pglJ- and pglX- glycspeptides.

Fragmentation of characteristic ions obtained by precursor ion scanning of digested Cff lysate
samples using liquid chromatography-mass spectrometry. Red lettering indicates possible
glycosylation site. Spectra of WT Cff have two glycans: (A) HexNAc5-diNAcBac and (B)
HexNAc-[Hex]-HexNAcs-diNAcBac. (C) The peptide from the pglJ- mutant only shows the
presence of a mass consistent with HexNAc-diNAcBac. (D) The peptide from the pglX- mutant
indicates that it is modified with HexNAc-HexNac-diNAcBac.
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Mutations in pglX and pglJ have no effect on growth and the expression of down-stream
genes but reduces motility
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Figure 2.7. In vitro growth of Cff. Cff wildtype (circles), the pglX (squares) and the pglJ mutant
(triangles) were grown in BHI broth under microaerobic conditions with shaking at 37°C.
Growth curves were recorded at ODeoo Over a time frame of 32 h. Results shown represent the
average values from three independent biological replicates. The standard deviation for each data
point is indicated by an error bar.

Growth curves were performed to investigate influence the influence of pgl mutation.
Although the pgl mutants reached a slightly higher optical density in the late logarithmic phase
when compared to the WT, the final optical densities, as well as the growth rates in the early and
mid-exponential phases, were similar among the three strains (Figure 2.7). In addition, we did
not observe a significant difference in pgl gene transcript levels after the insertion of the kan
cassette in either pglX or pgld (Figure 2.8). This indicates that expression of the antibiotic
cassette has no effect or that other transcriptional start sites in the Cff-pgl operon are
compensating, as observed in the C. jejuni pgl operon (Dwivedi et al., personal communication,
(Szymanski et al. 1999)). A downstream effect would influence expression of pglB but we see
similar abundance of the PgIB protein in WT when compared to either mutant (not shown here).
In addition, we still observe different forms of glycans on each mutant whereas in the absence of
PgIB we would not expect any glycans at all. However, we observed a significantly reduced

swimming behavior in pglX- and pglJ- when compared to Cff-wild-type (Figure 2.9) indicating

that N-glycosylation either directly or indirectly affects motility.
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Target gene 16S pglX pglY
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Figure 2.8. RT-PCR analyses of pgl genes. Pgl gene-specific PCR products obtained after
reverse transcription of purified RNA of the Cff wild-type (WT), the pglX (pglX-) and the pglJ
(pglJ-) mutant strains were analyzed by 0.8% agarose gel electrophoresis. (+) indicates RNA
reverse transcribed with SuperScript (-) indicates the no-SuperScript RT control. No polar effects
were observed on the transcription of the genes downstream (target, as indicated) after
integration of the kan cassette in either pglX- or pglJ-. Significant bands of the DNA standard (in
base pairs, bp) are indicated on the left. The obtained gene-specific PCR products were in
agreement with the expected sizes for 16S (421 bp), pglJd (330 bp), pglY (443 bp), pglX (371 bp),
pglB (399 bp) and pglAC (609 bp).

pglX pgl
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WT pglX™ pgll”™

Figure 2.9. Mutation of pglX or pglJ resulted in reduced motility. (A) Triplicates of 0.3% BHI
swarm agar plates (a, b, c) are shown at 60% of their original size. The low percentage of the
agar allows the bacteria to swim and form a ring of growth around the point of inoculation. All
three strains (Cff-wildtype (WT), the pglX (pglX-) and the pglJ (pglJ-) mutant) were analyzed in
parallel (as depicted in (B)) on each plate to exclude plate-to-plate variations. (C) The average
diameter (in cm) of the halo for each strain is depicted, standard deviations are indicated by error
bars, statistically significant differences (p-value < 0.001 analyzed by a two-tailed t- test) are
indicated by an asterisk.
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Characterization of PglJ and PglA in E. coli

Since the N-glycan phenotype observed in the pglJ mutant was somewhat unexpected,
the function of Cff-PglJ and Cff-PglA was further investigated by using a modified heterologous
E. coli Cj/Cff hybrid glycosylation system (Wacker et al. 2002). Within this system, Cff-Pgl
proteins are expressed in the presence of a mutant Cj-pgl operon (lacking select Cj-pgl genes).
The glycans produced are then transferred to Cj-CmeA-Hiss (N-glycosylation acceptor protein)
via Cj-PglB. Western blotting of whole cell lysates of E. coli CLM24 prepared after co-
expression of Cj-CmeA-Hise and Cj-pglA or Cj-pglJ in the presence of ppgl operon derivatives
lacking either pglA or pglJ were probed with anti-Hiss and anti-Cj-N-glycan antibodies (Figure
2.10). The three Cj-Cme-Hiss-specific signals with anti-His (Figure 2.10) and two N-glycans
specific signals with the Cj-N-glycan specific R1 antiserum (Figure 2.10A, lower panel) clearly
identified the bands as non-(ON), mono-(1N), and di-(2N) glycosylated CmeA-Hiss. A similar
Cj-CmeA-Hisg pattern was produced in cells harboring the native Cj-pgl operon (from ppgl) and
upon expression of Cff-pglA or Cff-pglJ (although with lower glycosylation efficiency) only
when the Cj-homologous gene was knocked-out. In addition, no cross-complementation could be
observed when Cj or Cff pglA or pglJ were expressed in the presence of the ppgl plasmid lacking
pgld or pglA, respectively. These results confirm that Cff-PglA and Cff-PglJ fulfill the same
functions as the homologous Cj-Pgl proteins, i.e. the addition of the second and third
monosaccharide building blocks, respectively, to Und-diNAcBac, to form the diNAcBac-
GalNAc;- trisaccharide. As expected, no Cj-CmeA-Hiss glycosylation was observed in the
absence of ppgl resulting in only non-glycosylated (ON) acceptor protein represented by a single
band in the anti-Hise western blot and further confirmed by the absence of the N-glycan-specific

signals in the anti-N-glycan (R1) blot (Figure 2.10A lower panel). Mass spectrometric analysis
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of isolated Cj-CmeA confirmed the modification of CmeA glycopeptides with the expected
glycoforms supporting these western blot results (Figure 2.10). Here, the full length Cj-
heptasaccharide was produced only when the Cj-pgl operon plasmids with mutations in pglA or

pglJ were co-expressed with plasmids containing the corresponding pglA or pglJ from Cj or Cff
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Figure 2.10. Functional analysis of Cff-Pgl pathway glycosyltransferases (GTases) in the
heterologous E. coli glycosylation system. The GTase-activities of (A) PglA and PglJ were
analyzed in western blots of CmeA-His6 with His6-tag (upper panel) and Cj-N-glycan specific
(lower panel), R1) antibodies (B) PglX and PglY activities were analyzed with His6-tag specific
antibodies in western blots of CmeA-His6 used as the glycan acceptor to determine N-
glycosylation activities. Whole cell extracts (5 pg) of E. coli CLM24 expressing the indicated
gene/plasmid combinations are indicated above each lane. None, mono, and di-glycosylated

CmeA-His6 proteins are labelled as ON, 1N and 2N, respectively. Molecular weight markers
(MW) in kDa are indicated on the left.
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Characterization of Cff-pglX and pglY using the E. coli heterologous glycosylation system
Since we could not obtain a mutant in Cff-pglY and therefore could not assign the
functions of the two remaining GTases in the “variable” pgl region, we decided to analyze PglX
and PglY using the heterologous E. coli glycosylation system (Wacker et al. 2002). In this case
we employed the Cj-pgl operon lacking pglH that produces a trisaccharide (diNABacGalNAC,)
identical to that found in Cff, potentially providing a substrate for PglX or PglY activity. In
addition, we constructed and analyzed the complementation of a ppgl-pglHI::kan mutant plasmid
(lacking Cj-pglH and Cj-pgll) to rule out the possibility of the Cj-Pgll GTase adding or
competing with the potential addition of a glucose residue to the N-glycan chain by either Cff-
PglX or Cff-PglY. To do so, plasmid pCE111/28 derivatives expressing Cj-pglH (positive
control), Cff-pglX, Cff-pglY or Cff-pgIXY served as complementation vectors. Western blots of
whole cell lysates probed with anti-Hise antibodies were performed to investigate the Cj-CmeA-
Hiss glycosylation pattern in the underlying strains (Figure 2.10B). Expression of ppgl in
combination with CmeA-Hiss and CmeA-Hiss alone served as positive and negative
glycosylation controls, respectively. First, we demonstrated that expression of Cj-pglH in
combination with the pgl operon lacking pglH resulted in a glycosylation pattern similar to the
strain co-expressing CmeA-Hiss and the Cj-wildtype pgl operon (on ppgl) i.e. production of non-
(ON), mono-(IN) and di-(2N) glycosylated CmeA-Hiss, whereas in the absence the
complementation plasmid, glycobands were migrating slightly faster due to the addition of only
the trisaccharide N-glycan (missing the GalNAcs-Hex that is added by PglH and Pgll in the full
length Cj-heptasaccharide). Expression of Cff-pglY with ppgl-pglH::kan did not alter the
migration behaviour of the glycobands when compared to ppgl-pglH::kan alone, whereas

transformation of Cff-pglX resulted in a slight mass increase compared to ppgl-pglH::kan/Cff-
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palY, indicating that PglX, but not PglY, might be responsible for the addition of a sugar residue
to the ppgl-pglH::kan glycan (Figure 2.10B). A slight increase in mass of the Cj-CmeA-Hise
glycoprotein was also observed upon expression of the two Cff-pglXY constructs, however a
difference in the running behavior compared to ppgl-pglH::kan/Cff-pglY could not be resolved by
SDS-PAGE and western blotting analysis alone (Figure 2.10B).

Similar results were obtained upon introduction of Cj-pglH and Cff pglX, Cff-pglY and
Cff-pglXY into CLM24 expressing ppgl-pglHI::kan and Cj-CmeA-Hiss. Here, the glycobands in
the Cj-pglH complements were expected to display a slightly faster running behavior when
compared to the full length heptasaccharide due to the loss of the Glc residue, however, similar
to the complementation analysis of the ppglH::kan strains, an obvious difference in the running
behavior of the CmeA-Hiss glycobands upon introduction of Cff-pglX, and Cff-pgIXY could not
be resolved (Figure 2.10B).

To further investigate the N-glycans produced upon expression of the different Cj-pgl
operon mutants in combination with the Cff-pglX and pglY complementation plasmids, mass-
spectrometric analyses of trypsinized CmeA was undertaken. While N-glycan structures
observed upon complementation with the Cj-control (ppgl-pglH mutant expressing Cj-pglH)
resulted in the formation of the expected full length Cj-N-glycan, only one plasmid combination,
the expression of Cff-pglXY in the ppgl-pglH mutant background resulted in the formation of a
structure that was similar in composition and sequence to the minor form of the native Cff-N-
glycan, diNAcBac-HexNAcs-Hex (not shown here).

Mutations in pglX and pglJ have an impact on multiple cellular functions in Cff
To further understand the role of N-glycosylation in Cff, label-free quantitative (LFQ)

proteomics analysis of whole cell lysates of Cff-wildtype (WT), and the pglX- and pglJ- was
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done. Across five biological replicates of each sample type (Figure 2.11), 914 proteins were
identified representing ~ 77% of the Cff ATCC 27374 predicted proteome of 1190 proteins (not
shown here). Quantitative proteome analyses revealed more than 100 proteins with significantly
different abundance across various biological groups as shown in heat maps of the most
prominent differences in abundance comparing WT to pglX- and pglJ- strains (Figure 2.12A-B).
These results indicate that mutating glycosyltransferases involved in assembly of the N-linked

glycan has a significant effect on abundance of numerous cellular proteins.

®

PC2

Figure 2.11. Principal component analysis (PCA) of LFQ proteome analysis of C. fetus subsp.
fetus ATCC 27374 WT, pglJ and pglX mutants. PCA analysis reveals segregation of each sample
group (5 replicates (B1-5) for WT, pglX- and pglJ-) as indicated by the colour scheme.
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Figure 2.12. Label-free quantification of proteins in Cff pglJ- and pglX- strains compared to WT.
(A-B) Heat maps of specific proteins with significant decreases (A) or increases (B) in pglJ- and
pglX- mutants compared to WT (labeled ATCC). Values are gray where MS did not identify
fragments. This data represents samples from five biological replicates (B1-B5).
Expression of the Hz-uptake hydrogenase complex HynABC is significantly induced in both
pgld and pglX N-glycosylation mutants

Among the proteins with increased abundance in both the pglJ and pglX mutants
(compared to WT), were the three subunits (HynABC) of a putative nickel-iron [NiFe] Ho-uptake
hydrogenase complex (Benoit et al. 2020). In both pgl mutants, the expression levels of all three
hydrogenase subunits, HynA, HynB and HynC were significantly higher compared to the WT
(means of 29.3-fold, 21.5-fold, and 7.8-fold, respectively) (Figure 2.13A). This complex, found
in a number of bacterial pathogens, enables the microbes to use the electron donor Hz as an
energy source, thus providing an alternative respiratory pathway that is important for in vivo

survival (Olson and Maier 2002; Benoit and Maier 2018). HynABC-associated proteins, such as

hydrogenase accessory/maturation proteins (e.g. HypABCDEF) or the nickel specific
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transcriptional regulator (NikR) also showed moderate increases in protein levels in both mutants

compared to WT (Figure 2.13A).
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Figure 2.13. (A) Relative protein abundance, as determined by proteomics, of hydrogenase
associated genes in Cff pgl mutants. Gene arrangements of hyn and hyp clusters in Cff ATCC
27374 with LFQ proteomic protein abundance vs WT are shown. Protein fold changes of pglJ-
and pglX- with respect to WT is indicated above and below each gene respectively. Genes with
no values associated had no coverage in our proteomics data. Genes with a * indicate significant
protein level increases compared to WT. (B) Effect of H> on microaerobic growth of Cff WT,
pglJ- and pglX- strains. The data set is derived from three biological replicates (with two
technical replicates each) of cells grown under the indicated condition. Number of cells obtained
after 48 h of growth is represented by Logio colony forming units per mL (CFU/mL). The error
bars represent the standard error within each group. **p-value < 0.05 analyzed by a two-tailed t
test are shown for each data set comparison (C-D) Whole cell Hz-uptake of Cff WT, pglX- and
pglJ- strains. Cff was grown on BHI agar in microaerophilic conditions for 24 h at 37 °C in 10%
H> (+H2) or absence of hydrogen (-Hz). *Whole cell Hz-uptake activity is expressed as
nanomoles of Hz used per min per 10° cells. Results in (C) represent the mean + SD of four
independent assays; results in (D) represent the mean + SD of two independent assays.

Since H: increases growth of various g-proteobacteria species, including Helicobacter
pylori and Campylobacter concisus (Kuhns et al. 2016; Benoit and Maier 2018), we determined
whether higher hydrogenase expression in the C. fetus N-glycosylation mutants correlates with
elevated Ho-supported microaerobic growth. To do so, the cell yield (CFU/mL) of the WT and
the pglJd and pglX mutants was assessed after 48 h of growth under microaerobic conditions in
the presence or absence of 20% H. (Figure 2.13B). We only determined the end point of growth
due to the extended lag phase of Cff cultures grown under these conditions. With no added H,

Cff WT had a significantly higher growth yield compared to both mutants. However, in Ha-
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enriched conditions, WT cells showed growth levels comparable to both pgl mutants. Although
the addition of Hx> was originally predicted to be beneficial for WT growth, we observed
decreased growth in Hz for other Cf strains, Cft 03-427 and Cff 82-40 (data not shown). In
contrast, we observed a significant increase in pglJ- growth compared to the other strains in the
presence of Ha. A slight increase in pglX- growth was also observed in the presence of Hy, but it
was not significant compared to WT. These results indicate that the pgl mutants have increased
growth yield in H> opposed to WT where H> is deleterious.

H»-uptake in whole cells was examined to determine whether increased HynABC levels
in the mutants correlate with increased Ho-uptake activity. Cells were grown in microaerobic
conditions in the presence or absence of supplemental H, and hydrogenase activity was
determined using a previously described amperometric method (Maier et al. 1996). The
hydrogenase activity (expressed in nmoles of H oxidized per min per 10° cells) was 0.3 + 0.07,
1.7 £ 0.04, and 11.4 £ 1.2 for WT pglJ-, and pglX, respectively, when cells where grown under
microaerobic conditions in the absence of supplemental H, (Figure 2.13C). This represented
almost a 6-fold (for pglJ-) to 39-fold (for pglX-) increase in activity compared to WT. When
cells were grown in the presence of 10% H., we observed a 122- and 65-fold increase in
hydrogenase activity in pglJ- and pglX- respectively, and a 20-fold increase in WT (Figure 7D).
The remarkable Ha-uptake levels measured for pgld- (204 + 7 nmoles Hz/min/10° cells) and
pglX- (738 + 82 nmoles Ha/min/10° cells) mutants grown with Ha, were the highest recorded
values to date for a bacterial pathogen. Taken together, these results indicate an inverse
correlation between N-glycosylation and H> usage (i.e. hydrogenase synthesis and activity) in

Cff.
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N-glycosylation influences transition metal profiles

Proteomics data indicate that multiple proteins associated with transition metals were
significantly altered in both pgl mutants. These include ModA, involved in molybdenum
transport, (-49.9-fold in pglX- and -71.8-fold in pglJ-,); the ZinT/AdcA family protein involved
in zinc binding (-12.2-fold in pglX- and -6.5-fold in pglJ-); CfrA, a ferric receptor (-118.4-fold
and -3.3-fold), and an iron ABC transporter (-5.1-fold and -7.6-fold) (not shown here). Also, a
copper/cadmium-translocating P-type ATPase protein was found to be significantly increased

(51.9-fold) in pglX-; however, the increase was not significant (1.4-fold) in pglJ-.
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Figure 2.14. Cellular iron and nickel content of Cff WT, pglX- and pglJ- strains. Atomic
absorption spectroscopy (AAS) was employed for the detection of (A) iron (Fe) and (B) nickel
(Ni) in lysed cells of the indicated strain. Data are presented as the mean of at least three
replicates, error bars depict the standard deviations. Statistically significant differences
determined by a two-tailed t test are indicated.

The increased levels, especially of the HynABC (Ni-Fe) hydrogenase observed in both
pgl mutants led us to further investigate nickel and iron levels in these strains. Using atomic
absorption spectrometry (AAS) of lysed cells, we found that iron levels were dramatically
decreased in pglX- (125.1 ng/mg protein), that is almost 6-fold lower when compared to WT

(683.2 ng/mg protein) whereas iron levels in pglJ- were modestly, but statistically decreased

(Figure 2.14A). In addition, the pgl mutants had significantly higher levels of cellular nickel
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content compared to WT (Figure 2.14B); pglX- had a nickel content of 33.2 ng/mg protein that
was almost 10-times higher than in the WT (3.5 ng/mg protein). Although still significantly
higher when compared to the WT, pglJ- (5.2 ng/mg protein) had almost 6-fold less nickel than
pglX-. These results indicate that N-glycosylation might be vital in regulation of nickel
homeostasis, iron, or both.

Antibiotic sensitivity and increased membrane efflux

Antibiotic WT pglJ- pglX-
Amoxicillin/ Clavulanate 2 <=1 <=1
Ampicillin 4 <=1 <=1
Azithromycin 0.5 0.25 0.5
Cefoxitin (2nd gen.) 32 >32 32
Ceftiofur (3rd gen.) >8 >8 >8
Chloramphenicol 8 4 4
Ciprofloxacin 0.5 0.5 0.5
Gentamicin 2 1 1
Sulfisoxazole 256 128 256
Tetracycline <=4 <=4 <=4
Trimethoprim / >4 4 >4
Sulfamethoxazole

Table 2.1. Antibiotic resistance of Cff WT, pglX- and pglJ- strains. Sensititre™ was used to
assess the minimum inhibitory concentration (MIC) of the indicated Cff strains. The data (in
ng/ml?) represent one assay done at the Athens Veterinary Diagnostic Facility.

Our previous study showed that C. jejuni N-glycosylation was required for optimal
activity of the CmeABC multidrug efflux pump necessary for antibiotic resistance (Dubb et al.
2019). In Cff, albeit not statistically significant, we found increased levels of CmeA, CmeB and
CmeC in pglX- and pglJ-, (mean of both mutants: 2.0-fold CmeA, 1.9-fold CmeB, and 2.0-fold
CmeC). Therefore, we examined the antibiotic sensitivity profiles of both Cff N-glycosylation
mutants. As shown in Table 2.1, the pglX- and pglJ- strains showed 2-fold increase in
sensitivities to chloramphenicol, gentamicin, azithromycin and sulfisoxazole, and a 4-fold
increase in sensitivity to ampicillin suggesting a correlation between N-glycosylation and

antibiotic resistance in C. fetus, similar to previously observed in C. jejuni (Abouelhadid et al.
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2019; Dubb et al. 2019). To explore this further, we used ethidium bromide (EtBr), a DNA
intercalating agent, to quantitatively assess efflux pump activity over time. Both pglJ and pgIX
mutant strains showed significantly higher levels of EtBr accumulation compared to WT (Figure
2.15), however, accumulation was less pronounced in the pglX mutant. Taken together, these
results suggest that N-glycosylation in C. fetus may be important for efflux pump activity and

antibiotic sensitivity.
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Figure 2.15. Mutations in N-linked protein glycosylation decreased efflux in pglX- and pglJ-
strains. (A) Accumulation of ethidium bromide in cultures of Cff WT (diamond), Cff pglJ-
(square), and Cff pglX- (triangle) over a time frame of 20 minutes, relative fluorescent units
(RFU) are indicated on the y-axis (B) Bar graph depicting the relative fluorescence at t=20
minutes. The error bars represent the standard error for each data set consisting of four biological
replicates with three technical replicates each. ***p-value <0.001, *p-value < 0.05 as determined
by a two-tailed t test.
Discussion

N-glycosylation is a conserved mechanism in all domains of life. The prototypical pgl N-
glycosylation system, originally characterized in C. jejuni (Cj), has orthologues in many 6- and
e-Proteobacteria (Nakagawa et al. 2007; Jervis et al. 2010; lelmini and Feldman 2011; Nothaft et
al. 2012; Mills et al. 2016). Non-thermotolerant Campylobacter species, like C. fetus (Cf),

including C. fetus fetus (Cff) and C. fetus venerealis (Cfv) have been found to produce more than
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one N-glycan, unlike Cj which expresses one distinct heptasaccharide (Scott et al. 2011; Nothaft
et al. 2012; Cain et al. 2019). In our study, we generated mutants in PglX and PglJ in Cff strain
ATCC 27374. Glycopeptides from the pglX- mutant showed fragmentation patterns consistent
with the conserved diNAcBac-GalNAc, (Nothaft et al. 2012) suggesting that PglX is responsible
for the addition of the first GICNAc residue to the Cf N-glycan structure (Figure 2.1). The loss of
Cf N-glycan-specific serum reactivity and WGA lectin binding to lysates from the pglX- strain
support this claim. Proteomics of the pglJ- strain resulted in a mixture of glycopeptides,
primarily consisting of diNAcBac and a few fragments of diNAcBac-HexNAc, typically more
characteristic of a Cj PglA mutant. To investigate this further, we used an E. coli expression
system followed by MS-analyses and were able to show that the Cff-PglJ and Cff-PglA had
similar transferase activities onto recombinantly expressed Cj-CmeA as the Cj homologues.
However, we did not see reactivity with WGA or the Cff-N-glycan specific antiserum, except for
a single band in the WGA blot. These results suggest possible WGA interaction with another
glycan, such as LPS, however the reason behind the absence of specific binding in the pglJ
mutant strain has yet to be explained. Nevertheless our results suggest that the formation of the
diNAcBac-GalNAc; trisaccharide is conserved between Cj and Cff and that the observed
differences in antigenicity (Jervis et al. 2010; Nothaft et al. 2012) stem from the non-reducing
end.

Expression of Cff-PglX in E. coli showed a CmeA mass shift consistent with transfer of
an additional sugar, consistent with our MS-analysis of glycopeptides from the native host (i.e.
diNAcBac-GalNAc2-GIcNACc). Since we were unable to generate a Cff mutant in PglY, we also
used the E. coli system to investigate Cff PglY activity and detected a major glycoform with an

additional sugar only when both PglX and PglY were co-expressed, suggesting that PglY’s
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activity is dependent on the initial modification by PglX. Based on our MS results, an N-linked
glycan with a composition resembling the minor Cff N-glycan (i.e. GIcNAc-al-6-[Glc-B1-3]-
GIcNAc-al-4-GalNAc-al-4-GalNAc-al-3-diNAcBac) was also observed in E. coli ppgl-
pglH::kan expressing pglX in combination with pglY, although the addition of the Glc residue by
Cj-Pgll could not be ruled out since we observed less peptides containing the minor Cff-N-glycan
in the ppgl-pglHI background, and also observed Glc addition in a ppgl-pglHI::kan mutant
demonstrating that an E. coli enzyme could be contributing this residue. Thus, the GIcTF
reaction requires further investigation either in Cff or in vitro. No N-glycan that resembles the
major form of the Cff N-glycan could be detected with any Cj-pgl mutant/Cff-pgl gene
combinations. Nevertheless, these data suggest that pglX and pglY can mediate the construction
of a partial C. fetus N-linked glycan using the C. jejuni diNAcBac-GalNAc; trisaccharide as a
substrate. C. jejuni PgIB does not have strict substrate specificity and can transfer full-length and
truncated N-glycans and diverse O-antigen structures in E. coli and to a lesser extent, in the
native host (Feldman et al. 2005; Linton et al. 2005). Therefore, we did not expect preferential
transfer of certain Cj-Cff hybrid N-glycans to CmeA. However, since we only generated one
potential variant of the Cff-N-glycan, this suggests that the GTase involved in the formation of
the second Cff-N-glycan structure is either not fully functional in E. coli or is not part of the pgl
locus, similar to the lack of pgl gene clustering in Helicobacter species and Desulfovibrio
desulfuricans (Jervis et al. 2010; Nothaft and Szymanski 2010).

To better understand the role of N-glycosylation in Cff, we utilized LFQ proteomics
comparing Cff ATCC 27374 with two isogenic pgl mutants, pglX- and pglJ-. Through this
approach, we were able to detect almost 77% of the (genome-inferred) total proteins. Analysis of

proteins that were significantly up- or down -regulated indicated that more than 100 proteins
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were altered in the Cff pgl mutants in comparison to WT. It is worth noting that differences
between pgl mutants may be due to differences in glycan length (diNAcBac-GalNAc in pglJ-
and diNAcBac-GalNAc: in pglX-) or differential feedback regulation in these two backgrounds.
Although N-glycosylation was not completely eliminated, we observed a decrease in NapB (-6.7-
fold in pglX- and -8.4-fold in pglJ-, Table S1), similar to that previously seen in a Cj-pglB
mutant (Cain et al. 2019). In C. jejuni, the nitrate reductase NapAB has been shown to be a two-
subunit enzyme, with both subunits being N-glycosylated (Scott et al. 2011; Mintmier et al.
2018; Abouelhadid et al. 2019; Cain et al. 2019). In contrast, in Cff ATCC 27374, NapA lacks an
N-glycosylation sequon, while at the same time NapB has two potential sequons. This may
explain why we only observed a decrease in NapB (see above), while the difference in NapA
protein levels was not significant (1.1- fold in both pgl mutants).

No effect on growth or on the expression of downstream genes was observed, but the pgl
mutants were impaired in motility. Similarly, loss of pglB (and therefore complete loss of N-
glycosylation) in C. jejuni JHH1 and C. jejuni 11168 also resulted in decreased motility when
compared to wildtype cells (Scott et al. 2012; Cain et al. 2019). In addition, Cain and colleagues
demonstrated that levels of specific proteins required for motility were expressed at significantly
lower levels in the C. jejuni 11168 pglB mutant; among them MotA, MotB and FlgP (Cain et al.
2019). We also observed lower levels of MotA and MotB (significantly lower in pglX- (94- and
8.6-fold, respectively), but not in pglJ- (Table S1); FIiG (significantly lower in pglX- (5.7-fold)
and pglJ- (4.7-fold) (data not shown), as well as the Cj-FlaA homologue flagellin protein
(significantly lower in pglX- (9.7-fold) and pglJ- (7.1-fold) (Table S1). This could imply that
motility may be correlated with N-glycosylation changes in some Campylobacters. However,

pglB, pglE, pglF and pglH mutants in C. jejuni 81-178 were described to display wildtype levels
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of motility (Szymanski et al. 1999; Hendrixson and DiRita 2004), therefore it seems that this
regulatory network varies even among strains.

We did not observe a reduction in CmeABC in either the Cff pglX or pglY mutant. In
contrast, we observed a slight, but not statistically-significant increase in these efflux proteins in
both mutants. Despite that discrepancy, our pgl mutants still displayed decreased EtBr efflux
activity compared to wildtype when cells were grown under the same conditions that were used
to prepare whole cell lysates for proteomic analysis. This suggests that Cf N-glycosylation
directly influences the activity of the efflux pump, an effect that has previously been described
for C. jejuni. However, the increased sensitivity to various classes of antibiotics observed in both
Cff-pgl mutants is most likely indirect since not all of those antibiotics are substrates for the
efflux pump in other Campylobacter species; however, variations in CmeABC substrate
specificities have been observed even between strains (Lin et al. 2002; Akiba et al. 2006; Guo et
al. 2010). One might speculate that membrane permeability increases due to lower abundance of
certain periplasmic and/or membrane proteins or that loss of periplasmic fOS could result in a
higher influx of those antibiotics and therefore lead to the observed decrease in MICs. It is worth
noting that the observed effects were less pronounced in pglX- compared to pglJ-. This could be
due to the fact that glycoproteins contain a longer N-glycan chain in pglX- compared to pglJ.
Together these results indicate that N-glycosylation in Cf plays a role in efflux, although the
mechanism is currently unknown.

Our proteomics data indicate that all three components (HynABC) of the [NiFe]-
containing Hz-uptake hydrogenase were significantly upregulated in both pgl mutants,
suggesting that protein glycosylation plays a role in H utilization. Based on homology with

hydrogenase complexes found in related e-proteobacteria, such as H. pylori, C. jejuni and C.
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concisus(Olson and Maier 2002; Weerakoon et al. 2009; Benoit and Maier 2018), the Cff
HynABC complex is likely to be involved in Hz oxidation. Consistent with the proteomics data,
higher H>-mediated growth rates were observed in both pgl mutants compared to WT, with the
highest growth rate seen in the pglJ- strain grown under Hz rich conditions. Surprisingly, Hz-
enriched conditions seemed to have a deleterious effect on WT growth. Nevertheless, we infer
from these results that the improved growth observed in the mutants could be due to enhanced
utilization of H» from the drastically increased expression levels of the HynABC complex. In
correlation with higher HynABC protein levels, Ho-uptake activities were higher in both pglJ-
and pglX mutants compared to WT in the absence and in the presence of H,. The increased
[NiFe] hydrogenase synthesis (and activity) observed in the mutants might be linked to changes
in metal homeostasis, particularly that pertaining to Fe and Ni. Studies conducted in the related
organism H. pylori can provide insight into the respective roles of Fe and Ni with respect to
transcriptional regulation of hydrogenase genes, through Fur and NikR regulators, respectively.
For instance, H. pylori apo-Fur has been shown to repress hynABC (Ernst et al. 2005).
Furthermore, addition of Ni to the medium leads to decreased hynABC expression; however this
repression was not observed in a nikR mutant background (Ernst et al. 2005) suggesting that
either Ni-bound NikR represses or apo-NikR activates hydrogenase expression in H. pylori; in
addition Ni-NikR has been shown to repress fur (Dosanjh et al. 2009). Taken together, these sets
of results suggest the possible following mechanism in Cff: if Ni-bound NikR represses fur and
(apo-) Fur represses hynABC, then elevated Ni levels (as observed in both pgl mutants) would be
expected to de-repress Fur-controlled hynABC. The final outcome would be increased HynABC
levels and increased hydrogenase activity, and indeed protein activities correlated well in cells

and whole cell lysates grown under the same conditions. Obviously, the mechanism at play in Cff
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has yet to be elucidated. Nevertheless, taken together, our results indicate a clear link between N-
glycosylation (or the lack thereof) and [NiFe] HynABC hydrogenase expression and/or
enzymatic activity.

It is worth noting that Cff contains two additional hydrogenase complexes: a [FeFe]
hydrogenase (HydA), hypothesized to be a Hi-uptake type, and a [NiFe] H2-evolving complex
(HycBCDEFG) predicted to be part of a formate hydrogen lyase (FHL) complex that links
formate oxidation to hydrogen production (Benoit et al. 2020). Based on our proteomic study,
neither HydA nor HycBCDEFG hydrogenase subunits were found to be expressed at different
levels between WT and the N-glycosylation mutants.

The increase in [NiFe] HynABC and decrease in certain metal-related proteins prompted
us to quantify Ni and Fe levels. In both pgl mutants we saw a significant decrease in iron;
however, the decrease in iron for pglX- was 5-fold lower than pglJ- and 6-fold lower than WT.
This may be because pglX- has a 118.4-fold decrease, and only 3.3-fold decrease in pglJ-, in the
CfrA ferric enterobactin receptor present in Cj, which is responsible for high-affinity iron
acquisition (Miller et al. 2009).

Although nickel is essential for both nickel containing hydrogenases in Cf, it is also toxic
in excessive amounts, potentially causing oxidative stress and perturbing enzyme activities
(MacOmber and Hausinger 2011). One mechanism of modulating nickel levels that was
previously identified in E. coli is the nickel defense system (RcnA), which utilizes a proton
gradient to translocate nickel to the periplasm where it can either be bound by sequestering
proteins or effluxed from the cell (MacOmber and Hausinger 2011). We observed a 50-fold
increase in a metal P-type ATPase in pglX- (AORQS6), annotated as copper/cadmium-

translocating P-type ATPase with similarly predicted activities. These metal P-type ATPase
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translocators are involved in detoxification of metals by transporting metals across the inner
membrane (Ma et al. 2009). It is possible that this P-type metal translocator may be deficient at
translocating; however, there is no clear link to N-glycosylation. These data are consistent with
the cellular nickel levels of the pglX- strain, which were 6-times higher than the pglJ- strain.
These increased nickel levels may be responsible for the higher hydrogenase activity levels
measured in pglX- compared to the other two strains, while nickel toxicity could explain the
decreased growth in Hz growth assays. Our data indicate that N-glycosylation regulates [NiFe]-
hydrogenases HynABC, correlating with cellular nickel levels. Taken together, this suggests a
possible link between our findings; however, their specific interaction with N-glycosylation is
still unknown.

Our research connects N-glycosylation to HynABC hydrogenase regulation and
nickel/iron homeostasis, two cellular processes which have been associated with pathogenicity in
other bacteria(Palyada et al. 2004; Maier and Benoit 2019; Benoit et al. 2020). The presented
results deepen our understanding of the role of N-glycosylation in C. fetus cell physiology. In
addition, the Cf-N-glycosylation system provides glycan diversity through PglX and PglY, which
may further impact the biology of the microbe and warrants further investigation.

Materials and Methods

Bacterial strains, plasmids, oligonucleotides and growth conditions

Oligonucleotides used in this study are listed in Table S4. Bacterial strains and plasmids
are listed in Table S5 C. fetus was grown using Brain-Heart Infusion (BHI) medium (BHI-Hardy
Diagnostics) and Columbia agar (CBA-Hardy Diagnostics) with 5% defibrinated horse blood
(Hemostat, Dixon, CA) under microaerobic conditions (10% CO2, 5% O, 85% N) at 37 °C. E.

coli was grown on 2xYT at 37 °C or as indicated. If required, antibiotics were added to the
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following working concentrations: 100 pg/mL ampicillin, 25 pg/mL chloramphenicol, 50 pg/mL
kanamycin and 100 pg/mL spectinomycin.
Preparation of whole cell lysates and western blotting

Whole cell lysates of bacterial cells were prepared as described previously (Liu et al.
2006). Protein concentrations were determined using either the NanoVue Plus
Spectrophotometer (GE) at A2g or by the BioRad DC Bradford assay kit with bovine serum
albumin as a protein standard. Samples were either analyzed immediately or were frozen at -
20°C until further use. Western blot analyzes was carried out as described (Nothaft et al. 2010)
with anti-His (1:2000) (Rockland), anti-Cff-N-glycan (1:5000) (Nothaft et al. 2012) anti-Cj-N-
glycan (R1, 1:7500) (Nothaft et al. 2012) or anti-CmeA (1:5000) (Wacker et al. 2002) as the
primary, and anti-rabbit 1gG (1:2000) (Santa Cruz Biotechnology) as the secondary antibody or
with alkaline phosphatase labelled wheat germ agglutinin (WGA, 1:500) (EY Labs). Antibody
and WGA-lectin reactive bands were visualized directly on the membrane with nitro-blue
tetrazolium chloride (NBT) and 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP)
alkaline phosphatase substrate solution (Roche) according to the protocol of the manufacturer.
Free oligosaccharides (fOS) preparation and analysis

Free oligosaccharides were obtained by ethanol extraction as described previously
(Dwivedi et al. 2013) from 1 g of wet cell pellets. fOS preparations were further purified using
porous graphite carbon (PGC) columns as described (Liu et al. 2006). After elution and
lyophilization fOS were dissolved in 100 ul of milliQ water and either stored at -20°C or directly

analyzed by thin layer chromatography (TLC) as described (Dwivedi et al. 2013).
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Generation of Cff pgl gene mutant constructs

First, a PCR product containing Cff-pglKXYJ (4868 nt) was generated with oligo CS469
and CS470 using chromosomal DNA from Cff as a template and inserted into the EcCoRYV site of
plasmid pPCR-Script Amp SK(+). After transforming E. coli DH5a, plasmid-containing cells
were isolated on plates supplemented with Amp and X-gal (40 pg/ml) and plasmids isolated
from white colonies were analyzed by restriction digestion. One positive candidate (pPCR-
Script-Cffpgl) that had the PCR product with the Cff pgl genes inserted in opposite direction to
the lacZ gene was processed further. Next, plasmid pPCR-Script-Cffpgl was digested with either
EcoRV (1 site within pglX), Accl (1 site within pglY) or Spel (1 site within pglJ). The linearized
plasmid backbones were isolated and in the case of the Accl and Spel digests, T4 DNA
polymerase was used to generate blunt ends before the DNA fragments were purified by agarose
gel extraction. The kanamycin (kan) resistance cassette obtained and isolated after Smal
digestion of plasmid pMW2 was ligated with each vector backbone preparation. Amp and Kan
resistant colonies obtained after ligation and transformation were screened and verified by
restriction analyzes. One positive clone in which the kan cassette is transcribed in the same
orientation as the corresponding reading frame (pgl gene) was used to generate the gene-specific
insertions by double homologous recombination into the chromosome of Cff.
Transformation and insertion mutagenesis of Cff

Natural transformation (on a BHI agar surface) (Wang and Taylor 1990) and
electroporation (Baillon et al. 1999) protocols were employed to introduce Cff-pgl gene::kan
plasmid DNA for double homologous integration of the kan cassette into Cff. To do so, the
corresponding suicide plasmids (pPCR-Script-CffpglX::kan, pPCR-Script-CffpglY::kan and

pPCR-Script-CffpglJ::kan) were isolated from either E. coli DH5a. or E. coli JM110. The latter
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strain was used to generate non-methylated DNA to circumvent the Campylobacter restriction
modification system. Transformants were selected on BHI plates for kanamycin resistance and
individual colonies were isolated, streaked on fresh agar plates and used to isolate chromosomal
DNA. Candidate colonies were analyzed and verified by PCR with oligonucleotides hybridizing
outside of the recombination event (Figure S1) to confirm integration of the kan cassette at the
correct position on the chromosome. One positive candidate (for pglX- and pglJ-) was used for
further phenotypical analyzes, whereas (even after multiple attempts) no positive candidate could
be obtained for the integration of the kan cassette into the Cff-pglY gene locus.
Growth curves and motility assays

Growth comparison was performed in BHI broth and growth curves were recorded as
described (Dubb et al. 2019). Motility assays were carried out as outlined previously (Golden
and Acheson 2002) with slight modifications. Briefly, Cff-wildtype and pgl mutant strains were
grown for 18 h on BHI agar. Cells were harvested from the plates with 2 ml of BHI broth and
cell suspensions were diluted to an ODeoo 0f 0.05. Then, 1 pl of each cell suspension was spotted
onto a BHI 0.3% agar plate and after 24 h of incubation, images were taken and the diameter of
the motility zone was measured horizontally and vertically.

Reverse transcriptase (RT) PCR

RT-PCR was performed according to Muraoka and Zhang (Muraoka and Zhang 2011)
with RNA extracted from cells grown on BHI agar for 18 h using the RNeasy Kit following the
instructions of the manufacturer (Qiagen). PCR conditions after the RT-step were identical for
each primer pair and were carried out as follows: 35 cycles with 30 sec, 95°C; 30 sec, 52°C and
20 sec, 72°C followed by a 72°C finalizing step for 3 min. Samples were stored at 4°C before 15

pl of each 50 pl reaction were analyzed by 0.8% agarose gel electrophoresis.
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Pgl gene expressing plasmids

Gene-specific oligonucleotides were used to amplify Cj-pglH, Cj-pglA, Cj-pglJ, Cff-pglA,
Cff-pglJ, Cff-pglX and Cff-pglY as well as Cff-pgIXY for expression in E. coli. To do so, PCR
products obtained with specific template DNA (plasmid ppgl for the C. jejuni pgl genes or
chromosomal DNA from Cff) were purified, treated with restriction enzymes and inserted into
plasmid pCE111/28 digested with the same enzymes. To generate the Cff-pgIXY expression
plasmid, a PCR product encompassing both open reading frames was generated; in addition, a
second plasmid was generated by inserting the Cff-pglY PCR product into the pCE111/28 (Cff-
pglX) product via Pstl (introduced by PCR during the cloning of pglX) and Xhol simultaneously
introducing an optimized RBS site upstream of the Cff-pglY start codon, as was done for all the
other pgl genes. After ligation, transformation and screening on selective (Cm) plates, plasmids
isolated from candidate colonies were analyzed by restriction analyzes and verified by DNA
sequencing. One positive candidate for each construct was used for further analysis.
Pgl operon expression plasmids

To generate ppgl operon mutant plasmids that are compatible with the generated Cj and
Cff-pgl gene expression plasmids (pCE111/28-derivatives, CmR), the cat cassette from all pgl
operon plasmids with a kan cassette insertion in the various pgl genes (Linton et al. 2005) was
deleted. To do so, plasmids ppgl-pglH::kan, ppgl-pgll::kan, ppgl-pgld::kan and ppgl-pglA::kan
were treated with BsaAl excising the cat gene but leaving the rest of the plasmid intact. The
complete DNA digest reactions were purified and directly re-ligated. To generate the pgl operon
plasmid lacking pglH and pgll (ppgl-pglHI::kan), two PCR products were generated: the first
reaction was performed with plasmid ppgl-pglH::kan as a template and with oligonucleotides

pglHI-kan-R and pglHI-pACYC-F amplifying the 5-prime half of the kan cassette in pglH and

53



the upstream part of the Cj-pgl operon. The second reaction was performed with plasmid ppgl-
pgll::kan as template and with oligonucleotides pglHI-aph-FR and pglHI-pACYC-R amplifying
the 3-prime half of the kan cassette in pgll, the pgll downstream region of the pgl operon, as well
as the origin of replication. The obtained PCR products were purified and ligated without further
treatment.

After transformation of DH5a. candidate colonies for each ligation reaction were pre-
screened on LB agar for Kan® and CmS. The loss of the cat cassette and the correct gene
organization on plasmids isolated form those colonies were further verified by restriction digest
analyzes and DNA sequencing. One positive candidate for each construct (ppglop pgl-gene::kan,
cat- derivative) was used for further analyzes.

Expression of CmeA-His6 in glycosylation competent E. coli cells

Functional analysis of certain Cff-pgl proteins was performed in the heterologous E. coli
glycosylation system. E. coli CLM24 was sequentially transformed with the individual pgl gene
expression plasmids (pCE11/28 derivatives), the CmeA-Hiss expression plasmid (pIH18,
pPEXT21-derivative) and either the plasmid carrying the wildtype Cj-pgl operon on ppgl or the
compatible pgl operon mutant plasmids (cat- derivatives) with a kan cassette inserted into pglA,
pgld, pglH and pglHI (double mutant). Cells stably maintaining the plasmid combinations were
grown as 4 ml cultures over night before inoculating 100 ml of fresh medium to a starting ODeoo
of 0.1. Cells were further grown until an ODeo of 0.5-0.7 was reached and CmeA-Hise
expression (constitutively low expressed from the tetracycline promoter on pIH18) was further
induced by the addition of IPTG to a final concentration of 0.5 mM. After growth for an
additional 4 h, cells were cooled on ice for 10-15 min, pelleted by centrifugation (10 min, 12,000

rpm, 4 °C) and washed twice with ice-cold 1 x PBS buffer. Then, 1/10 of the pellet
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(corresponding to 10 ml of culture volume) was used to produce whole cell lysates using
Bacterial Protein Extraction Reagent B-PER (Thermo Scientific) according to the instructions of
the manufacturer and the remainder of cells was used to generate whole cell lysates (as
described, (Liu et al. 2006) for the purification of the corresponding CmeA-Hiss proteins by Ni-
NTA affinity chromatography. To do so, whole cell extracts were filtered (0.22 pum), and loaded
onto a 10 ml gravity-flow cartridge (Amersham Pharmacia Biosciences) pre-loaded with 0.5 ml
Ni-NTA agarose and pre-equilibrated with 1 column volume 1 x PBS. The column was
subsequently washed with at least 5 column volumes of 1 x PBS containing 20 mM imidazole
and bound CmeA-Hiss protein was eluted with 0.5 — 1.5 ml of PBS containing 0.5 M imidazole.
Purified proteins were stored at 4 °C until further use or immediately analyzed by 12.5%
PAGE/mass spectrometry and/or western blotting.
Hydrogen growth conditions

Growth of Cff under hydrogen was performed according to the following protocol (Benoit
and Maier 2018) with the following changes. Cff cells were grown for 48 h then streaked on BHI
plates and further incubated for 12 h at 37°C under microaerobic conditions. Cells were
resuspended in BHI broth and standardized to the same optical density at 600 nm (ODeoo), 3.0 to
4.0. Sealed 165 mL bottles containing 10 mL BHI were flushed with N2 gas for 10 min, then
CO2 (10% headspace partial pressure, h.p.p.) and Oz (5% h.p.p.) were injected in every bottle. Ho
(20% h.p.p.) was added as indicated. Cells were inoculated (1:100) and grown at 37 °C while
shaking at 200 rpm. Growth yields from 3 biological replicates (each performed in duplicate)
were determined after 48 h by serially diluting in BHI and plating on CBA. Plates were

incubated at 37 °C in microaerobic conditions for three days before being counted.
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Whole-cell Hz-uptake hydrogenase assays

H»>-uptake was performed as previously described (Maier et al. 1996). Cff cells were
grown at 37 °C for 24 h on BHI plates under microaerobic conditions either with 10% H2 or
without. Cells were harvested and resuspended in phosphate buffered saline (PBS) to an optical
density (ODsoo) of 1 which corresponds to ~2.3 x 10° cells/mL. A 2 mL chamber was filled with
cells followed by an injection with PBS saturated with Hz. H-uptake was monitored as
previously described (Maier et al. 1996). Values are reported as nanomoles of Hz used per min
per 10° cells and represent 4 independent measurements for cells grown in microaerobic
conditions (and no Hz) and 2 measurements for cells grown in microaerobic conditions with the
addition of 10% Ho..
Determination of iron and nickel content

Cff cells grown at 37 °C for 24 h on two BHI plates under microaerobic conditions and
harvested with a loop in 1 mL metal-free double distilled water. Samples were centrifuged at
10,000 g for 5 min, washed once with water, resuspended and lysed by sonication A portion of
lysed sample was used to determine the protein concentration using the bicinchoninic acid assay
(BCA, Thermo Scientific Pierce) assay. Samples were centrifuged at 15, 000 x g for 5 min and
the supernatant was analyzed for iron and nickel. The remaining sample portion was used for
metal (Fe or Ni) content analysis. Briefly, Fe and Ni concentrations were measured by atomic
absorption, using a Shimadzu AA-6701F spectrophotometer. All samples were diluted (in 1%
HNO3) to be in the range of the standard curve (0 to 0.4 uM of either Fe or Ni) generated using
atomic absorption-grade standard Fe or Ni solutions (Sigma). Results shown are means and

standard deviations for 3 to 5 measurements.
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Ethidium bromide accumulation assay

Accumulation of ethidium bromide (EtBr) was performed using the following protocol
(Lin et al. 2002) with the following changes. Cff strains were grown overnight on BHI agar at
37°C in microaerobic conditions and harvested with MEM (Gibco). Cultures were adjusted to
ODgoo of 0.2 and then incubated at 37 °C for 30 min in microaerobic conditions. EtBr was added
to a final concentration of 2 pg/mL. Fluorescence was measured, with an excitation of 530 nm
and emission of 600 nm, every 2 min over a 20 min time using a Bio Tek Synergy H1 plate
reader. This was performed in three biological replicates, which included three technical
replicates. Background fluorescence of MEM with EtBr was subtracted from these values.
Antibiotic MIC assay

Cff cells were grown for 24 h at 37 °C in microaerobic conditions on CBA plates.
Antibiotic MIC was assessed using the Sensititre (Trek Diagnostic Systems) platform. Sensititre
plate EQUINIF was used, following manufacturer’s instructions.
Preparation of bacterial whole cell proteome samples

Cff cells were grown for 24 h at 37 °C under microaerobic conditions on BHI agar. Cells
were harvested with ice-cold PBS and inactivated with PBS, 10% sodium azide for 30 min at
4°C. Cell pellets obtained after centrifugation (4,000 x g for 15 min) were lyophilized and stored
at -20°C until further use. Cell lysates for proteomic analyses were prepared as follows: cells
were solubilized in 4% SDS, 100 mM Tris pH 8.0, and 20 mM DTT and boiled at 95°C with
shaking at 2000 rpm for 10 min. Insoluble material was removed by centrifugation at 17,000 x g
for 10 min at room temperature and the supernatant was collected. Protein concentrations were
determined using the bicinchoninic acid assay (Thermo Scientific Pierce) and 200 pg of protein

from each sample was acetone-precipitated overnight at -20 °C by mixing 4 volumes of ice-cold
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acetone with one volume of sample. Samples were then spun down at 16,000 X g for 10 min at
4°C. The precipitated protein pellets were resuspended with 80% ice-cold acetone and
precipitated for an additional 4 hours at -20 °C. Samples were spun down at 17,000 X g for 10
min at 4 °C to collect the precipitated protein.
Digestion of complex protein lysates

Dried protein pellets were resuspended in 6 M urea, 2 M thiourea, 40 mM NH4HCO3 and
reduced / alkylated prior to digestion with Lys-C (1/200 w/w) and then trypsin (1/50 w/w)
overnight as previously described (Scott et al. 2011). Digested samples were acidified to a final
concentration of 0.5% formic acid and desalted with home-made high-capacity StageTips
composed on 5mg Empore™ C18 material (3M, Maplewood, Minnesota) and 5 mg of OLIGO
R3 reverse phase resin (Thermo Fisher Scientific) according to the protocol of Ishihama and
Rappsilber (Ishihama et al. 2006; Rappsilber et al. 2007). Bound peptides were eluted with

buffer B, dried and stored at -20 °C.

Reversed phase liquid chromatography- mass spectrometry (LC-MS)

Purified peptides were resuspended in Buffer A* and separated using a two-column
chromatography set up comprising a PepMap100 C18 20 mm x 75 um trap and a PepMap C18
500 mm x 75 pm analytical column (Thermo Scientific). Samples were concentrated onto the
trap column at 5 pl/min for 5 min and infused into an Orbitrap Elite™ Mass Spectrometer
(Thermo Scientific) at 300 nl/min via the analytical column using a Dionex Ultimate 3000 UPLC
(Thermo Scientific). Then, 180 min gradients were run altering the buffer composition from 3%
buffer B to 28% B over 150 min, then from 28% B to 40% B over 10 min, then from 40% B to
100% B over 2 min, followed by the composition held at 100% B for 3 min, and then dropped to

3% B over 5 min and held at 3% B for another 10 min. The Orbitrap Mass Spectrometer was
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operated in a data-dependent mode automatically switching between the acquisition of a single
Orbitrap MS scan (60,000 resolution) followed by one data-dependent HCD (resolution 15 k
AGC target of 4 x 10° with a maximum injection time of 250 ms, NCE 40) and CID (ion trap,
AGC target of 5 x 10* with a maximum injection time of 100 ms, NCE 35) event for each

precursor (total of five precursors per cycle with 45 seconds dynamic exclusion enabled).

Proteome Data analysis

Proteome analysis to assess the expression of proteins within Cff strains was undertaken
with MaxQuant (v1.5.3.30 (Cox and Mann 2008)). Database searching was carried out against
the Campylobacter fetus subsp. fetus strain ATCC 27374 proteome (generated from a Maxquant
generated six frame translation of the in-house sequenced strain). Searches were undertaken with
the following search parameters: carbamidomethylation of cysteine as a fixed modification;
oxidation of methionine, acetylation of protein N-terminal trypsin/P cleavage with a maximum
of 2 missed cleavages. To enhance the identification of peptides between samples, the Match
between Runs option was enabled with a precursor match window set to 2 min and an alignment
window of 10 min. For label free quantitation, the MaxLFQ option within Maxquant was
enabled in addition to the re-quantification module (Cox et al. 2014). The resulting outputs were
processed within the Perseus (v1.5.0.9) analysis environment to remove reverse matches and
common proteins contaminations prior to further analysis (Tyanova et al. 2016). Statistical
analysis was undertaken in Perseus by grouping biological replicates, imputing missing values
based on observed values (downshifted by 2.5 standard deviations with a width of 0.3 standard
deviations) and then comparing groups using a student t-test. To define an appropriate p-value
threshold, multiple hypothesis correction was undertaken using a Benjamini Hochberg correction

with an FDR of 0.05. All statistical outputs are provided within Supplementary Table S1. All
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mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository (Vizcaino et al. 2016) with the dataset identifier PXD014538
(LFQ experiments of C. fetus fetus mutants accessible using the username:

reviewer71456@ebi.ac.uk, Password: B5YuYNx8) and PXD017832 (analysis of C. fetus fetus

pgl enzymes in the heterologous E. coli glycosylation system (Supplementary MS data 2)

accessible using the username: reviewer23740@ebi.ac.uk Password: PHKIhnSp).

Glycopeptide data analysis

Glycopeptides were identified by manually interrogating possible glycopeptide scans
based on the presence of the diagnostic oxonium ion (204.09 m/z) of HexNAc. To facilitate
glycopeptide assignments from HCD scans, the ions below the mass of the predicted
deglycosylated peptides were extracted with Xcalibur v2.2 using the Spectrum list function. lons
with a deconvoluted mass above that of the deglycosylated peptide and ions corresponding to
known carbohydrate oxoniums were removed in a similar approach to post-spectral processing of

ETD data and then searched with Mascot (http://www.matrixscience.com/, v2.5). Searches were

carried out using semi-trypsin specificity, carbamidomethylation of cysteine as a fixed
modification and oxidation (M) as a variable modification. A precursor and product tolerance of
20 ppm was used, and the taxonomy restricted to “Other Proteobacteria”. All spectra were
searched with the decoy option enabled with all peptides passing a 1% FDR. Identified
glycopeptide spectra were manually inspected and spectra annotated according to the
nomenclature of Roepstorff and Fohlman (Roepstorff and Fohlman 1984) for peptides as well as

Domon and Costello (Domon and Costello 1988) for glycans.
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Data Availability

All mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD014538.
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CHAPTER 3
CHARACTERIZATION OF A PUTATIVE BACTERIOPHAGE GLUCOSYLATION

OPERON IN CAMPYLOBACTER FETUS TYPE A STRAINS?

’Duma, J., Nothaft, H., Vinogradov, E., Hussack, G., Zhao, Y., Elsayed M., Kadouri, D., Curtis
J., Maier, R., Szymanski, C.M. To be submitted to Glycobiology
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Abstract

In Campylobacter fetus, S-layer (Sap)-type and serotype correlate and are subsequently
linked to lipopolysaccharide (LPS) composition. These surface antigens are closely linked to the
C. fetus subspecies niche and virulence; for instance, type A strains are more commonly isolated
from human blood than type B. Here we identify a putative bacteriophage-associated
glucosylation operon known as gtrABC, which we have found in all sequenced type A C. fetus
strains. In other microbes, this three-component operon is normally involved in serotype
conversion of LPS. Using UDP-Glo™ assays of recombinant GtrB indicate that GtrB in C. fetus
subsp. fetus 82-40 utilizes UDP-glucose and decaprenyl-phosphate, an analog of undecaprenyl-
phosphate. In conjunction, we analyzed the lipid product of overexpressed GtrB, which is
consistent with undecaprenyl-phosphate-glucose. Together, these results indicate that the operon
in C. fetus subsp. fetus 82-40 functions like a canonical gtr operon. To further elucidate the
function of the gtr operon we generated an insertional mutant in gtrB in C. fetus subsp. fetus 82-
40. Using NMR, we were able to determine that the wild-type and gtrB LPS O-antigen primarily
consists of —3)-a-D-Manp2Ac-(1—, previously seen, and a newly described a-GalNACA-3-b-
Glc- modification. Also, we show that the O-antigen is capped with a-GIcNAc-3-a-GIcNAc- but
is absent in the gtrB mutant suggesting a possible Glc to GIcNAc mechanism. Interestingly, the
gtrB mutant showed decreased S-layer protein (SLP) association in S-layer extractions. We saw
a three-fold decrease in serum-resistance in the gtrB mutant which suggests gtrB mutant has
impaired S-layer. Our research links bacteriophage acquired glycosyltransferases to LPS-SLP
interactions. In addition, the presence of the gtr operon in a sequenced type A strains may

indicate that the gtr operon may be essential for S-layer formation.
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Introduction

Campylobacter fetus is an emerging pathogen consisting of three subspecies, C. fetus
subsp. fetus, C. fetus subsp. venerealis, and C. fetus subsp. testudinum. These species are known
to colonize the mucosal surfaces of animals and humans where they can cause reproductive
failure, invasive infections, diarrhea, and mortality (Blaser 1988; Wagenaar et al. 2014). In cases
of Campylobacter-mediated bacteremia, C. fetus is the most-often detected species ranging from
19-53% depending on the study (Guerrant et al. 1978; Pacanowski et al. 2008; Fernandez-Cruz et
al. 2010). However, C. fetus subsp. venerealis (Cfv) is primarily adapted to bovines, where it can
colonize the genital tract causing bovine genital Campylobacteriosis, an infection resulting in
infertility or abortion. Similarly, C. fetus subsp. fetus (Cff) can also cause reproductive failure
and abortions in livestock but is generally found in the intestines of sheep. However, Cff is
considered a generalist because it can colonize a wider variety of hosts compared to the other
subspecies; this includes sheep, cattle, birds, reptiles, and humans. C. fetus subsp. testudinum
(Cft), a newly sequenced reptile-associated isolate, has been associated with human infections
(Fitzgerald et al. 2014; Wang et al. 2015). A more recent study found that 8% of humans had C.
fetus in their fecal metagenomes, suggesting that it might be an unacknowledged pathobiont in
the human (Iraola et al. 2017).

One of the main adaptive mechanisms of C. fetus is the paracrystalline proteinaceous
array that forms a capsule-like structure known as the S-layer. There are two S-layer proteins
(SLP), surface array protein (Sap) SapA and SapB; they make up sap-types A, B and the rare AB
type (Kienesberger et al. 2014; Gilbert et al. 2016). These SLPs can vary their antigenicity by

gene recombination, with up to 9 sap gene homologs found in the genome (Perez-perez et al.
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1986; Dworkin et al. 1997; Tu et al. 2001). S-layer in C. fetus can provide resistance to antibody-
mediated and complement-dependent Killing, through Sap-protein recombination and capsule-
like coating, respectively (Blaser et al. 1988). This serum resistance attributed to the S-layer,
causes increased dissemination in mice, sheep, and humans (Pei and Blaser 1990; Blaser and Pei
1993; Neuzil et al. 1994; Grogono-Thomas et al. 2000).

The sap-type correlates with the antigenic serotype, sero-/sap-type (type), which is
subsequently linked to lipopolysaccharide (LPS) composition. As mentioned above, there are
three serotypes reported A, B and occasionally AB. Interestingly, however serotype AB does not
share similar LPS composition as A (Perez-Perez et al. 1986; Moran et al. 1994). Interestingly
type A strains have been predominantly associated with human origins (Kienesberger et al. 2014;
Iraola et al. 2017). Bovine associated Cfv is reported to be exclusively type A (Kienesberger et
al. 2014). This is supported by a recent model suggesting that cattle-derived C. fetus may have
originated from a human ancestor during livestock domestication (Iraola et al. 2017).

Type-specific interactions between SLP and LPS are believed to be mediated through
SLP binding to the O-antigen, with the LPS binding domain located in the N-terminal (Yang et
al. 1992). This SLP-LPS association was also found to mask LPS from lectin binding, suggesting
another mechanism in immune evasion (Fogg et al. 1990). The O-antigens of type A and B share
no structural homology, with type A consisting of —3)-a-D-Manp2Ac-(1— with 80 - 90% o-
acetylation at position 2, and type B a-D-Rhap3Me-(1—3)-$-D-Rhap-(1—2)-a-D-Rhap(1—1,2 (S
N Senchenkova et al. 1996; S N Senchenkova et al. 1997). However, the overall composition
indicates that they may share similar attributes in the core structure (Moran et al. 1994).

In our analysis of the Cff 82-40 genome, we identified an insertional element associated

with O-antigen serotype conversion. These genes are homologous to the bacteriophage
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glucosylation operon, gtr, which is involved in the addition of glucose to the O-antigen. This is a
three-component system consisting of three proteins: GtrA, a flippase for the UndP-Glc
intermediate, GtrB, a Undecaprenyl (Und) glucosyltransferase, and GtrC/Gtr*, a serotype-
specific glucosyltransferase (Mann and Whitfield 2016). Here, we annotate a putative
glucosylation operon located in the protein glycosylation (pgl) cluster of C. fetus as a
bacteriophage-associated glucosylation gtr operon. Although, this operon is inserted in the N-
glycosylation cluster of all type A C. fetus strains, its absence in type B strains indicates that it
plays no role on N-glycosylation (Nothaft et al. 2012, Duma et al. 2020). In vitro assays were
performed, characterizing the GtrB homolog, indicating that this three-component system is
consistent with previously annotated gtr systems like those found in Shigella and Salmonella.
Using mutant of gtrB in Cff 82-40 we were able to see a decrease in LPS molecular weight and
decreased SLP association. In addition, we were able to identify two new modifications on the
LPS by NMR, a-GalNACcA-3-B-Glc- and a o -GIcNAc-3- o -GIcNAc- cap which was absent in
the gtrB mutant. Although we were unable to see Glc present on the LPS by NMR, previous
publications have reported seeing Glc of relative values of 6.5% composition in other type A
strains (Moran et al. 1994; S N Senchenkova et al. 1997). In addition, we generated a gtrB
insertional mutant, which had a significant decrease in serum resistance and lost its S-layer
compared to the wild-type. These findings indicate that the gtr operon may be a conserved
feature in all type A strains and is required for generating a stable SLP-LPS association.
Results

Annotation and presence of the gtr operon

Analysis of the Cff 82-40 genome indicate a three-component operon within the pgl

cluster with CFF8240 1391 belonging to the GtrA family and two hypothetical proteins with
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GT2 domains (Figure 3.1A). Conserved domain analysis of CFF8240 1390, indicates that it
shares a glucosyl transferase Gtrll (pfam14264) domain, with Gtr*/GtrC of S. flexneri. This
suggests that CFF8240 1390, is likely involved in the transfer of Glc to the glycan backbone and
not to the lipid-carrier. Point mutants and structural data of the Synechocystis sp. PCC6803 GtrB
indicates that CFF8240_1389 is likely GtrB (Figure 3.2) (Ardiccioni et al. 2016). Amino acids
found to be relevant in GtrB activity also aligned with the Cff GtrB (CFF8240_1389), except for
Az, Which is Sie. CFF8240_1389, CFF8240_1390 and CFF8240_1391 will be referred to as
gtrB, gtrC, and gtrA respectively from here on. The gtr operon has been previously annotated as
having a decrease in GC content compared to flanking regions (Jakhetia et al. 2013). In
comparison, our gtr operon has a GC content of ~23% compared to the flanking pgl locus, which

has a GC content of ~34%; suggesting a bacteriophage genomic insertion (data not shown).
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Figure 3.1. Bacteriophage-associated glucosyltransferase, gtr operon in C. fetus. (A) Cluster of
protein glycosylation, pgl, genes in C. fetus subspecies fetus (Cff) 82-40, type A, with putative
glucosyltranferase operon, gtr, insertion between gne and ugd. GtrA is predicted to be a putative
flippase, gtrB a glycosyltransferase, and gtrC a glucosyltransferase with homology to Shigella
flexneri Gtr (type) proteins. In C. fetus subsp. fetus ATCC 27374, (type B) this region lacks the
operon and is not present in the genome (data not shown) (B) C. fetus subspecies phylogeny,
host/source, sero-/ sap-type (type), and gtr operon, adapted from Dingle K.E. et al. 2010 (Dingle
et al. 2010). All of type A C. fetus strains annotated in File S1, contain genes with high

homology to the gtr operon, which has been reported to be involved in O-antigen serotype
conversion (Mann E. and Whitfield C., 2016).

Identification of the gtr operon in all sequenced Cf strains indicated that it was present in
all subspecies. In addition, the presence of the gtr operon was exclusively found in all sap-/sero-
type A (type A) strain (Figure 3.1B) (Table 3.1) (Gilbert et al. 2016). The gtr operon was only
located between the glucose-6-epimerase (gne) and UDP-glucose dehydratase (ugd) (Nothaft et

al. 2012).
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Figure 3.2. Sequence alignment of C. fetus subsp. fetus 82-40 GtrB (CFF8240_1389) with
annotated Synechocystis sp. PCC6803 GtrB (Q55487). Light grey boxes indicate amino acids
previously identified with the function of the Synechocystis sp. PCC6803 GtrB (Ardiccioni et al.
2016). Black boxes highlight amino acids that are conserved in both sequences, while dark grey
indicates conserved amino acids of 6 or greater according to Jalview (Waterhouse et al. 2009).
Analysis of type A C. fetus LPS

To determine if the gtr enzymes are responsible for the addition of Glc to LPS we made a
gtrB mutant in Cff 82-40 (Figure 3.3). A gtrB mutant (gtrB) would be unable to make the Und-P-
Glc intermediate necessary for GtrC, and subsequently unable to transfer it to the LPS. Previous
analysis of Cff type A LPS indicated the presence of Glc, however this was not structurally
assigned to the LPS (Moran et al. 1994; S N Senchenkova et al. 1997). To confirm if the gtr
operon was responsible for modifying LPS, we performed a silver stain of crude LPS isolate.
The gtrB mutant showed a decrease in molecular weight which is consistent with the loss of a

sugar residues (Figure 3.5C) (Kienesberger et al. 2014). These results indicated that the gtr

operon was likely playing a role in LPS biosynthesis.
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Table 3.1. In silico annotation of gtr operon in C. fetus and correlation to serotype, and sap-type.
Cft, C. fetus subsp. testudinum; Cff, C fetus subsp. fetus; Cfv, C. fetus subsp. veneralis. ARG,
Argentina; AUS, Australia; BEL, Belgium; CHN, China; FRA, France; NLD, Netherlands; ZAF,
South Africa; GBR, United Kingdom; USA, United States; URY/, Uruguay. ®Predicted sap type
adapted from Gilbert M. J. et al. 2016 with additions based on sequence (Gilbert et al. 2016). ®
Serotype based on sequence homology: serotype A, putative mannosyltransferase
(WP_002848815.1); serotype B, wchK (SQH29839.1). © Presence of gtr genes is based on
sequence homology to gtrABC in our reference strain Cff 82-40. *Pseudogene

Species Strain Host Source Origin | sap® | Serotype® gtr genes®
A B C
Cft D4335 Human Feces USA A A + + +
Cft 11502557-2 Chelonian Feces NLD A A + + +
(Mauremys
annamensis)
Cft CF78.2 Lizard (Tiliqua Feces GBR A A + + +
nigrolutea)
Cft SP3 Snake (Heterodon Feces GBR A A + + +
nasicus)
Cft 12502263-3 Chelonian Feces NLD A A + + +
(Aldabrachelys
gigantea)
Cft 12S02225-3 Lizard (Tiliqua Feces NLD A A + + +
rugosa)
Cft D6856 Human Bile USA A A + + +
Cft D6690 Human Blood USA A A + + +
Cft D6683 Human Hematoma USA A A + + +
Cft D6659 Human Pleural fluid USA A A + + +
Cft pet-3 Lizard Feces CHN A A + + +
(Hydrosaurus
pustulatus)
Cft 03-427 Human Blood USA A A + + +
Cft D6783 Human Feces USA A A + + +
Cft 12S05168-1 Snake (Python Feces NLD A A + + +
reticulatus)
Cft 772 Human Ascitic fluid CHN A A + + +
Cft 85-387 Chelonian Feces USA AB B - - -
(Terrapene
carolina)
Cft 12502855-1 Snake (Orthriophis Feces NLD AB B - - -
taeniurus )
Cft 12502847-1 Snake (Boa Feces NLD AB B - - -
constrictor)
Cft 12S02842-30 Chelonian Feces NLD B B - - -
(Aldabrachelys
gigantea)
Cft 13S00388-15 Chelonian Feces NLD A A + + +
( Chelonoidis
denticulata )
Cft 12S504217-1 Chelonian ( Cuora Feces NLD B B - - -
moubhotii )
Cft 12S00416-3 Chelonian Feces NLD B B - - -
(Geochelone
elegans)
Cff BT 10/98 Ovine Unknown GBR A A + + +
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Cff MMMO1 Human Blood IND A A + + +
Cff NCTC10842 Ovine Fetal brain USA B B - - -
Cff ATCC 27374 Ovine Fetal brain USA B B - - -
Cff 82-40 Human Blood USA A A + + +
Cff H1-UY Human Blood URY A A + + +
Cff 04/554 Bovine Fetus ARG B B - - -
Cff 98/v445 Bovine Prepuce GBR B B - - -
Cfv cfvios25 Bovine Fetus fluid ARG A A + + +
Cfv cfvi02/298 Bovine Feces ARG A A + + +
Cfv ADRI1362 Bovine Unknown AUS A A + + +
Cfv cfvi03/596 Bovine Fetus ARG A A + + +
Cfv 99/541 Bovine Prepuce ARG A A + + +
Cfv 66Y Bovine Genital CAN A A + + +
Cfv TD Bovine Genital CAN A A + + +
Cfv cfvB10 Bovine Unknown USA A A + + +
Cfv LMG 6570 Bovine Unknown BEL A A + + +
Cfv NCTC 10354 Bovine Vagina GBR A A

Cfv CCUG 33900 Bovine Abortion FRA A A + +

Cfv cfvig7/532 Bovine Vagina ARG A A + + +
Cfv 01/165 Bovine Mucus ARG A A + + +
Cfv cfvi92/203 Bovine Placenta ARG A A + + +*
Cfv WBT011/09 Unknown Unknown GBR A A + + +
Cfv zaf65 Bovine Unknown ZAF A A + + +
Cfv 84-112 Bovine Genital USA A A + + +

Secretion

Cfv 97/608 Bovine Placenta ARG A A + + +
Cfv B6 Bovine Vagina GBR A A + + +
Cfv cfvi03/293 Bovine Unknown ARG A A + + +
Cfv zaf3 Bovine Fetus ZAF A A + + +
Cfv CCUG 33872 Unknown Abortion FRA A A + + +
Cfv ADRI513 Unknown Unknown AUS A A + + +
Cfv 642-21 Bovine Vagina AUS A A + + +
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Figure 3.3. Gene disruption of gtrB C. fetus subspecies fetus 82-40. (A) The gtrB gene was
disrupted by recombination with a suicide vector, pJD16, containing a copy of gtrB with a
kanamycin resistance cassette (Km) inserted into the gene. Suicide plasmid pJD16 was
introduced into strain 82-40 by electroporation; the double-crossover event resulted in the
formation of strain Cff 82-40 gtrB. Primer sets 1, 2 and 3 contained specific combinations of
gtrX1, gtrX2, kanR1, and kanR2, which were used to amplify from the kan insert or span the
whole gene region. (B) Agarose gel with PCR products to verify the insertion of kan into the
genome from gtrB::kan. C. fetus subsp. fetus 82-40 was used as a wild-type (WT) control, which
should not have products with primer sets 1 and 2. A no-template control (NTC) was included
which comprised the normal PCR reaction mixture minus the gtrB template DNA. The
following PCRs are consistent with an insertion event into gtrB of Cff 82-40.

To determine if a Glc was indeed being added to LPS we extracted LPS from both WT
and gtrB and hydrolyzed it with 2% AcOH to generate O-antigen polysaccharide (PS), which
was used for NMR assignment. The *H-3C HSQC spectrum showed that the PS consisted of -3-
a-D-Manp20Ac- with a length of approximately 5-10 residues, which is consistent with prior
findings of type A LPS (Figure 3.4) (Moran et al. 1994; S N Senchenkova et al. 1997). However,

we saw no distinct signals of core LPS or indications of alterations in the PS.
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Figure 3.4. NMR spectrum of LPS O-antigen purified from Cff 82-40. *H-*C HSQC- low
intensity. D20, 25°C, 600 MHz. OAc at 2.07/23.5 ppm. Repeat of approximately 5-10 residues
determined as determined by NMR. Chemical shifts (5n/0c) for 3-a-D-Manp20Ac are found in
the table below, letters represent assigned signals.
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Figure 3.5. Analysis of Cff LPS modifications associated with gtr operon. (A-B) H-*C HMR
data of overlap of the HSQC spectra of deacylated PS from WT (green-cyan) and gtrB mutant
(red-pink) D20, 25 °C, 600 MHz. Letters correspond to chemicals shifts (61/6c) found in the
corresponding table (B). * Denotes an additional signal not present in the gtrB strain likely
associated with H/C-4 of mannose or heptose. (C) Silver stain of Cff crude LPS prepped from
WT and gtrB mutant.
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To improve signal assignment, we deacetylated the PS, which improved interpretation of
the spectrum. In both PS samples a disaccharide consisting of a-GaINACA-3-p-Glc- was
identified (Figure 3.4). Overlapping of HSQC spectra indicated the absence of signals assigned
to a-GIcNAc-3-a-GIcNACc- in the gtrB mutant. These signals are believed to be located on the
cap of the PS. An additional peak likely associated with H/C-3 of mannose or heptose was also
absent in the gtrB strain but could not be assigned. These results indicate that a gtrB mutation
results in the loss of a GICNAc disaccharide cap.

In vitro characterization of GtrB and analysis of lipid-intermediate

Given the unexpected findings from the NMR analysis, we wanted to know whether Cff
GtrB performs the same function as other GtrB proteins. In vitro experiments were performed to
confirm the expected activity of Cff GtrB as an Und glucosyltransferase. Both of the Gtr
glycosyltransferases (GtrB and GtrC) were tested using a UDP-Glo™ assay, which converts free
UDP into ATP which is detected by luminescent derivative. Decaprenyl-phosphate (DecP), an
UndP analog, was used as a substrate acceptor. Various UDP-sugars were assayed for activity to
assess the functionality of the enzyme (Figure 3.6A). GtrB produced significant luminescence in
the presence of both UDP-Glc and DecP, but not when UDP-GIcNAc, -Gal, or —GalNAc were
used as the substrate donor or in the absence of the DecP acceptor. This is consistent with the
role of other GtrB homologs (Guan and Verma 1997; Ardiccioni et al. 2016). GtrC produced no

luminescence under any of these conditions.
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Figure 3.6. In vitro analysis of GtrB. (A) Purified GtrB-His, (CFF8240_1389) and GtrC-His;
(CFF8240_1390) reactions with 50 uM UDP-sugar with 100 uM DecP for overnight at 37 °C,

and the release of UDP was monitored by the UDP-Glo ™ assay. The values represent the mean
of three trials subtracted from the mean of the background, which is all components without
enzyme; the error bars represent standard deviation. These tests were performed in technical
triplicates. (B) LC-MS spectrum of lipid purified from the reaction of E. coli membranes
overexpressing GtrB with UDP-GIc and UndP produces a species at m/z of 1007.7113, consistent
with the [M-H]-ion of UndP-Glc. In a sample with just GtrB these species were not seen (Data
not shown). Fragments generated by tandem mass spectrometry (MS/MS) identify species m/z
78.96, and 96.97, which correspond to phosphate and 259.02 characteristic of phosphate-Glc.
The spectra were detected by ESI-MS in negative ion mode.

We next wanted to characterize the product of Cff GtrB. We set up in vitro reactions
consisting of UDP-Glc, UndP, and membrane enrichments from cells that overexpress GtrB and
then purified the resulting lipids for ESI-MS (Figure 3.6B). Species [m/z 1007.721] [M-H]
consistent with UndP-Glc [1008.72] were present in reactions containing only UDP-GIc and
UndP. Further fragmentation of the sample showed species consistent with fragmented

phosphate [m/z 78.96 and 96.97] and phosphate-Glc [259.02], which are consistent with UndP-
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Glc (Ardiccioni et al. 2016). However, samples containing membranes overexpressing GtrB lack
detectable levels of these species (data not shown). Taken together these results suggest that Cff
GtrB functions similarly to homologs founds in other species.
A gtrB mutant impacts serum resistance and S-layer

Due to the association of S-layer to LPS we wanted to investigate the effect of gtrB on S-
layer composition. S-layer was extracted, run on a polyacrylamide gel and visualized with
Coomassie. Only WT was the only sample that showed a band at around 98-100 kDa which is
characteristic of the SapA S-layer protein found in type A strains (Figure 3.7A) (Blaser et al.
1988; Dworkin et al. 1995a). The other predominant band at ~65 kDa is consistent with flagellin.
Whole cell lysate prepped from the same cells shows no accumulation of SapA internally. Mass
spectrometry of in-gel trypsin digest at 98-100 kDa, indicated a 66% coverage to SapA6
(CFF8240_0484) with a score of 38e3* (Figure 3.7B). To ensure that this loss of SapA6 is not
due to polar-effects, or disruption of the promoter we performed RT-PCR of SapA6 and
sequenced the promoter (Figure 3.7C, Figure 3.8). The results indicated that the gtrB mutant has

decreased SapA6 compared to WT.
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Figure 3.7. Analysis of Cff S-layer in gtrB mutant. (A) S-layer extracts and whole-cell lysate
(WCL) of C. fetus. S-layer was extracted from the bacterium using 0.2 M glycine HCI, pH2.2
and the remaining pellet was lysed and run on a 4-20% polyacrylamide gel. Proteins were
visualized with Coomassie stain. The band present at ~100 kDa in Cff 82-40 is consistent with
SapA in previous S-layer, and 63 kDa is consistent with flagellin (Blaser et al. 1988; Dworkin et
al. 1995a). Cff ATCC 27374 was used as a negative control as it lacks sapCDEF and cannot
make S-layer. (B) The Mass spectral-based identification of an in-gel trypsin digested band at
~100kDa indicates a protein with 66% coverage to SapA6 (CFF8240_0484). Matched peptides
are shown in red. (C) RT-PCR of sapA6 WT and gtrB shows the presence of sapA6 transcripts at
~550 bp. NTC is a no template control.
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Figure 3.8. Sequence alignment of gtrB mutant sapA promoter. The promoter region was
amplified and cloned into pCR 2.1 for sequencing. The 82-40 sequence denotes the reference
sequence, gtrB is the Cff 82-40 gtrB mutant strain and WT is Cff 82-40 control sequence.
Alignments were performed using Geneious consensus alignment (Kearse et al., 2012).

We next wanted to investigate the effects of serum resistance associated with type A C.
fetus strains (Perez-Perez et al. 1986). Serum resistance in C. fetus has been shown to be
dependent on the presence of an S-layer (Blaser et al. 1988; Pei and Blaser 1990; Gilbert et al.

2016). The gtrB mutant had a 35% decrease in serum-survival compared to the wild-type (Figure

3.9).
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Figure 3.9. Importance of gtr operon in serum resistance. Cff serum resistance assays. Strains
were incubated with normalized human serum (NHS), heat-inactivated serum (HIS colony
forming units (CFU) were counted. Percent survival represents three biological triplicates
performed in technical triplicates. Untreated cells were used to standardize pretreatment to

100%.
Discussion

Many of the bacterial serotypes can be attributed to bacteriophage-derived genes. C. fetus
contains remarkably few serotypes/types (A, B and AB) when compared to other gtr containing
organisms like Shigella flexneri and Salmonella enterica, which have 19 and 1,454 serotypes,
respectively (Brenner et al. 2000; Muthuirulandi Sethuvel et al. 2017). The lack of serotype
diversity in C. fetus could be due to the presence of its S-layer protein (SLP), for which it can
recombine and express up to 9 gene copies (Perez-perez et al. 1986; Dworkin et al. 1997; Tu et
al. 2001). In C. fetus, serotype and surface array protein type, or simply type, are conserved
(Yang et al. 1992). This conservation is likely needed for the association of SLP to LPS, which is
mediated through the N-terminus of the SLP (Dworkin et al. 1995a). Here we describe a
bacteriophage-derived serotype conversion mechanism and its role on S-layer association in a

gram-negative bacteria species.
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We annotated the bacteriophage glucosylation gtr operon in C. fetus subsp. fetus 82-40. It
has been suggested that this operon is carried and transferred by bacteriophages, and is
potentially involved in phage superinfection (Gwen E. Allison and Verma 2000; Bogomolnaya et
al. 2008; Broadbent et al. 2010; Kim and Ryu 2012). In a broad analysis of C. fetus genomes, we
discovered that a seemingly ancestral horizontal acquisition of the gtr operon is present in all C.
fetus type A strains regardless of subspecies and is absent in type B strains. This operon is
consistently found in the pgl N-glycosylation cluster, but previous research would indicate that it
plays no role in N-glycosylation (Nothaft et al. 2012, Duma et al. 2020). The pervasiveness of
this genetic element is in agreeance with C. fetus genomic comparisons, which supports that
horizontal gene elements maintain nearly 100% nucleotide identity between strains and
subspecies (Kienesberger et al. 2014). This suggests that C. fetus evolution is likely driven
primarily through acquisition of gene elements and not through mutations and genetic drift.
Together, this suggests that the acquisition of the gtr operon may predate the divergence of the
subspecies.

In other bacterial species, this operon is involved in serotype conversion through the
addition of Glc to the O-antigen of LPS (Gwen E. Allison and Verma 2000; Bogomolnaya et al.
2008; Broadbent et al. 2010; Kim and Ryu 2012). We utilized a gtrB mutant, which could not
generate the UndP-Glc intermediate required for the transfer of Glc to the O-antigen. Silver stain
analysis indicated a molecular shift consistent with the loss of a glycan residue. However, our
NMR analysis indicated that an LPS consisting primarily of —3)-a-D-Manp20Ac-(1— with no
loss of Glc but instead a loss of a disaccharide cap consisting of a-GIcNAc-3-a-GIcNAc- (Moran
etal. 1994; S N Senchenkova et al. 1997). The loss of a-GIcNAc-3-a-GIcNAc- would suggest

that the gtr operon is involved in the transfer of the reducing end GIcNAc. In addition, we were
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able to identify a-GalNACcA-3-B-Glc- branch on the LPS, which has not been described in prior
Cf LPS studies (Moran et al. 1994; Sof’ya N. Senchenkova et al. 1996; Sof’ya N. Senchenkova
et al. 1997). These results suggest that the Cff gtr operon is involved in the transfer of the
reducing end GIcNAc in the disaccharide GICNAc cap.

Due to the unpredicted results of our NMR analysis we performed in vitro assays to
confirm the role of the gtr enzymes. We were able to assay the Cf GtrB homolog, which was
capable of transferring to DecP, and subsequently produce UndP-Glc. Our findings were
consistent with prior GtrB lipid-analyses indicating that our GtrB has the attributes of a canonical
GtrB (Ardiccioni et al. 2016). Due to the nature of the substrate and complexity of the reaction
we were unable to assay GtrC. Previous research in C. fetus N-glycosylation indicate a similar
unidentified mechanism in generating the major N-glycan which differ by the substitution of a
Glc with a GIcNAc (Duma et al. 2020). It is possible that C. fetus may possess a hon-specific
mechanism of converting Glc into GIcCNAc, however this remains to be seen. Currently there is
no known enzyme that converts Glc into GICNAc. There are however, examples of sugar
conversion occuring outside the cytoplasm and on lipid carriers (Buchert and Viikari 1988;
Crellin et al. 2011; Thomas 2017). Despite the Cff gtr operon utilizing Glc our gtrB mutant lacks
the GIcNACc disaccharide cap, the reason for this is not understood.

The lack of a disaccharide GICNAc cap on our gtrB strain LPS prompted us to investigate
its effect on S-layer association. Our results indicate that the gtrB mutant has decreased SapA6 in
S-layer extracts. This is consistent with our serum resistance assay which show a decreased
survival in the gtrB mutant. This bacterium’s ability to resist serum is linked to S-layer
production and is generally associated with type A (Perez-Perez et al. 1986). This could be due

to decreased SLP-LPS association N-terminal binding domain of SapA to the GIcNAc cap of
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LPS (Figure 3.10) (Yang et al. 1992). Another possibility could be a destabilized axial
interaction between SLP proteins. This interaction could be achieved through shortening of the
LPS, which has been associated with the gtr operon (Yang et al. 1992; West et al. 2005; Holzer
et al. 2009). Modelling of type B C. fetus LPS, with a C. jejuni LOS core, found that the S-layer
needed divalent bridging for S-layer stability (Roberts et al. 2013). This bridging could be
possible through calcium association with two LPS molecules or with LPS-SLP; calcium has
been shown to be important in C. fetus and other bacterium’s S-layer association (Roberts et al.

2013; Sleytr et al. 2014; von Kugelgen et al. 2020).
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Figure 3.10. Proposed model of gtr biosynthesis and role in S-layer association. (A) LPS
modification by gtr operon. GtrB transfers Glc from UDP-GIc to undecaprenyl-phosphate
resulting in undecaprenyl-phosphate-glucose and free UDP. This intermediate is flipped into the
periplasm via the flippase GtrA. GtrC then transfers it to the cap of the LPS as it enters the
periplasm, a model consistent with ABC-dependent LPS biosynthesis (Tytgat and Lebeer 2014;
Mann et al. 2015). There is no clear understanding of how the gtr operon influences the GICNAc
cap. (B) Proposed mechanism of gtr mediated effect on SLP-LPS association. The addition of
Glc by the gtr operon may play a role in SapA binding or association resulting in downregulation
or dissociation from the cell. The gtr operon has also previously been shown to generate shorter
LPS chains through helices (West et al. 2005; Holzer et al. 2009). Increased LPS length and
decreased SLP-SLP interaction may lead to destabilized S-layer resulting in dissociation or
changes in regulation.

Our research is the first that we know of to link bacteriophage-derived serotype

conversion and S-layer association. Furthermore, we show that the gtr operon is an ancestral
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genetic element consistent with all type A strains in C. fetus. Interestingly, mutation of gtrB
indicated the transfer of GICNAC to the cap of LPS, however our in vitro experiments of GtrB
indicated that it facilitates the canonical glucosyltransferase mechanism. The reason for this
inconsistency is unknown: in a previous study we were unable to identify the mechanism
involved in Glc to GIcNAc conversion in Cf N-glycosylation (Duma et al. 2020) indicating that
this bacterium may possess an unknown system of post-glycosylation conversion of Glc to
GIcNAc.

Materials and Methods

Bacterial strains, plasmids, and growth conditions.

Bacterial strains, plasmids and oligonucleotides are listed in Table S2 and Table S3. C.
fetus was grown using Brain Heart Infusion medium (BHI, Hardy Diagnostics) and Columbia
agar with 5% horse blood (CBA, Hardy Diagnostics under microaerobic conditions (10% COg,
5% O2, 85% N>) at 37°C. E. coli was grown on 2xYT at 37°C or as indicated. If required,
antibiotics were added in the following working concentrations: 100 pg/mL ampicillin, 25
pg/mL chloramphenicol, 50 pg/mL kanamycin, and 20 pg/mL trimethoprim.

Construction of C. fetus gtrB mutant

A 2.9 kb fragment was PCR amplified containing the Cff 82-40 gene and TA-cloned into
pGEM® T-Easy to generate pJD15. A kanamycin resistance (kan) cassette containing Swal
termini, and pJD15 were both treat with Swal restriction enzyme, the purified DNA was ligated,
and transformed into E. coli selecting for Amp and Km resistance. Colonies were screened for
directionality and inserts by colony PCR and confirmation of kan insertion into gtrB was

confirmed by sequencing, yielding suicide vector pJD16. This vector was introduced to C. fetus
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subsp. fetus 82-40 by electroporation using the following protocol Kanamycin-resistant a
kanamycin colony appeared after 10 days and was confirmed using PCR (Figure S#).
GtrB and GtrC expression and purification.

Purified detergent soluble His-tagged GtrB and C were purified as described (Bruni and
Kloss 2013), following the mid-scale expression and purification protocol with the following
changes. In summary, recombinant Hiss- tagged GtrB and GtrC were expressed from pJD6 and
pJD3.1in E. coli BL21(DE3)pLysS, and TOP10 respectively. Cells were grown at 37°C at 250
rpmin 1 L of 2xYT to a ODeoo 1.0 and induced with 1 mM of isopropyl p-D-1-
thiogalactopyranoside (IPTG) for 4 hours harvested and stored at -80°C. After thawing all steps
were performed at 4°C. The pellets were resuspended in 25 mL of resuspension buffer: 50 mM
HEPES, pH7.8; 300 mM NaCl; 20 mM imidazole, pH 7.8; 5% glycerol; 1mM MgClz; 0.5 mM
TCEP (tris(2-carboxyethyl)phosphine); 1 mM phenylmethanesulfonylfluoride (PMSF); 4U/mL
benzonase nuclease. The cells were lysed twice by a constant pressure of 25 kpsi using a
disrupter (Constant Systems). The resulting lysates were clarified by adding 5 mL of
resuspension buffer with 12% n-Dodecyl-B-D-Maltoside (DDM) and without benzonase, then
placed on a end-over-end shaker for 1 hr or until lysate clears. The insoluble portion was
removed by centrifuging (6,800 x g, 20 min) and the supernatant was transferred to a new tube
50-mL falcon tube containing 200 pL of 50% (v/v) Ni-NTA slurry. The tubes were rotated end-
over-end for 1 hr followed by centrifugation (500 x g, 5 min) to pellet the Ni-NTA. The
supernatant was discarded, and the pellet was washed in a capped 5-mL Pierce® Centrifuge
Column, shaking for 30 min with 1 mL of 50 mM HEPES, pH 7.8; 300 mM NaCl; 40 mM
imidazole, pH 7.8; 5% (v/v) glycerol; 5mM MgClz; 5 mM NaATP; 0.1 mM TCEP; 0.85 mM

DDM. Two subsequent washes were done similarly using a wash buffer composed of 25 mM
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HEPES, pH 7.8; 500 mM NacCl; 75 mM imidazole, pH 7.8; 5% (v/v) glycerol; 0.1 mM TCEP;
0.34 mM DDM. The protein was eluted from the column by two 30 min shaking incubations
with 500 pL of 25 mM HEPES, pH 7.8; 200 mM NaCl; 500 mM imidazole, pH 7.8; 5% (v/v)
glycerol; 0.1 mM TCEP; 0.34 mM DDM, followed by a centrifugation (500 x g, 2 min) elution
to collect eluates.
GtrB reaction and UDP-Glo™ assay

After purification, 20 ug/mL of GtrB and GtrC were added to 100 uM Ultra Pure UDP-
sugars (Promega Corporation) and 50 uM DecP; buffer contained 25 mM HEPES, pH 7.8; 200
mM NaCl; 5% (v/v) glycerol; 0.1 mM TCEP; 0.34 mM DDM. After samples were incorporated
with two brief 4 sonication pulses at 40% intensity (Sonicator Ultrasonic Processor XL 2020),
then reactions were incubated overnight at room temperature. Detection of free UDP after
glycosyltransferase reactions was detected using the UDP-Glo™ Glycosyltransferase Assay Kit
(Promega Corporation), which detects free UDP as light. A standard curve was performed
according to manufactures protocol by utilizing 0-25 uM UDP. Using white, flat bottom 384-
well plates 5 uL of reaction was added to 5 uL of UDP-Glo™ Detection Reagent followed by a 1
h incubation, then luminescence was detected using a Gen5™ Microplate Reader.
In vitro UndP membrane assay

Flasks containing 1 L of 2xYT of E. coli BL21 (DE3) pLysS cells overexpressing GtrB
were induced at ODgoo 1.0 with 0.2 mM IPTG. Cells were harvested after 4 h of growth and
stored at -80°C. Membranes were prepped according to (Nothaft et al. 2009). In brief, cells were
lysed as described above and centrifuged (135, 000 x g, 60 min at 4°C). The pellets containing
membrane fractions was resuspended with 100 mM Tris-HCI, pH 7.2, to 1/100 the original

volume and stored in the -80°C. Using 30 pg/mL of membrane with 100 uM UDP-Glc and 100
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uM UndP in 100 mM Tris-HCI, pH 7.2, followed by two 4 s sonication pulses at 40% intensity
(Sonicator Ultrasonic Processor XL 2020). The reaction was incubated for 3 h at room
temperature followed by a lipid extraction using the two-phase Bligh-Dyer method (Bligh and
Dyer 1959). Samples were dried using a nitrogen evaporator and weighed.
Lipid LC-MS

The samples were analyzed using an Agilent 1200 series HPLC system coupled to a high
resolution QSTAR Elite mass spectrometer (Applied Biosystem/MDS Sciex, Concord, ON,
Canada) using an electrospray ion source in negative ion mode. Analyst QS2.0 was used for data
acquisition and analysis. The mass spectrometer was tuned by infusing taurocholic acid (m/z
514.2844) at a resolution of greater than 10,000 and calibrated using an electrospray ionization
low concentration tuning mix (Agilent Technologies Canada Inc., Mississauga, ON, Canada). A
Hypercarb PGC column (2.1mmx100mm, 3um) (Thermo Scientific, San Jose, CA) was used for
L C separation. The mobile phase consisted of A methanol/CHCI 3 (90/10) with 50mM
ammonium acetate, and B methanol/CHCI 3 (10/90) with 50mM ammonium acetate. The
gradient was as follows: 0-5 min, 100% A, increase to 70% B over 20 min, hold at 70% B for 20
min, then went back to 100% A at 40.1 min for column re-equilibrium for 5 mins prior to the
next injection. The flow rate of mobile phase was 200ul/min and the injection volume was 2 pl.
The mass spectra scan range for full scan was 50-2000 amu and 50-1100 amu for MS/MS scan at
a collision energy of -65V.
LPS purification and NMR analysis

LPS was prepped from cells obtained from approximately fifty plates of BHI agar as
described above. LPS was extracted using phenol-water, dialyzed, treated with acetic acid,

dialyzed, and treated with heated 2% acetic acid (100°C, 2h) and separated on Biogel P6. High

86



molecular weight fraction was separated on a Hitrap™ Q HP column and eluted using a salt
gradient. Fractions containing LPS were desalted by a Sephadex G-15 chromatography. A 600
MHz NMR at 25°C was used; connections were confirmed by NOE and HMBC.
Lipopolysaccharide analysis

C. fetus LPS was prepped using a method adapted from Hitchcock and Brown (1983)
(Hitchcock and Brown 1983). Cells were grown on CBA agar for 48 h; washed with chilled
phosphate-buffered saline (PBS) pH 7.2 and pelleted by centrifugation (4255 x g, 15 min).
Pellets were resuspended in lysis buffer consisting of: 1M Tris-HCI, pH 6.8; 2% SDS; 4% p-
mercaptoethanol; 10% glycerol; 0.002% bromophenol blue, then heated at 100°C for 30 min.
After cooling, proteinase K is added to a final concentration of 30 mg/mL proteinase K and is
incubated at 55°C for 4 h. Insoluble material was removed by centrifugation; sample was loaded
on a 15% polyacrylamide gel and separated electrophoretically.
S-layer extraction and whole cell lysate preparation

Extraction of SLPs and other surface proteins was performed as previously described,
with the following modifications (Fujimoto et al. 1991). Cultures from CBA agar were harvested
using a loop and resuspended in 0.2 M glycine-HCI buffer (pH 2.2) at a concentration of 30mg
wet cell mass/mL buffer. After end-over-end shaking for 20 min at room temperature, cells were
pelleted by centrifugation (12,000 x g, 30 min at 4°C). Whole cell lysates of the pellet were
prepared as described (Nothaft et al. 2010). Briefly, the pellet was resuspended in 1 x Laemmli
sample buffer at 40 mg/mL and boiled at 95°C for 10 min. The supernatant was neutralized using
10M NaOH and filtered through a 0.22uM filter. After, 0.1mM PMSF was added and the
extracts were dialyzed overnight against distilled water. The extracts were concentrated by

lyophilizing and resuspending in 1/18th the original buffer volume used. Lysate and S-layer
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extract was analyzed by separation on a 4-20% Mini-PROTEAN® TGX™ gel and visualized by
Coomassie blue.
S-layer purification

Extraction of SLP proteins was performed as previously described with the following
modifications (Pei and Blaser 1990; Yang et al. 1992). Cf cultures grown on BHI agar for 24 hr
in microaerobic conditions were harvested with 5 mL of distilled water per plate. Cells were
pelleted at 9,000 x g for 15 min, supernatant was kept, and the pellet was resuspended in 1 mL of
distilled water per plate. Resuspended cells were vortexed again at 9,000 x g for 15 min
Serum resistance assay

Resistance to human serum was performed as previously described (Blaser et al. 1985).
In brief, C. fetus was grown for 24h on CBA prior to the assay and adjusted to 1x10’
bacterial/mL (OD 0.1) using DMEM medium. Actual cell counts were determined by plating
serial dilutions. In a 96 well plate, 150 pL of resuspended cells was mixed with 50 pL of 40%
heat-inactivated- (56°C for 30 min) or active human serum and incubated for 1 h at 37°C in 5%
COs. Cells were plated on CBA plates and counted after 48 h growth. All tests were done in

biological and technical triplicates.
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CHAPTER 4
CONCLUSIONS

N-glycosylation in C. fetus and relation to physiology

In our first publication, we annotated the C. fetus (Cf) pgl locus and its role in
physiology. Using comparisons to the C. jejuni (Cj) pgl locus, we found that Cf has two
unannotated pgl glycosyltransferases, which we have named pglX and pglY (Nothaft and
Szymanski 2010; Nothaft et al. 2012). Based on experiments involving mutagenesis and
functional transfer into E. coli, PglX appears to be responsible for the transfer of the first
GIcNAC residue to the N-glycan backbone, which marks the predominant difference between Cf
and thermotolerant Campylobacter N-glycans (Nothaft et al. 2012). In addition, this work
suggests that PglX or PglY may be able to transfer more than one residue like PglH, but their
specific activities are unclear. Our results indicate that we unaware of how the GIcNAc of the
major N-glycan is made. Something we did not address is the possibility that the C. jejuni PgIB
used in the E. coli/Cj hybrid expression system is unable to transfer the Cf major N-glycan.
Another possibility is that Cf has genes external to the pgl loci involved in generating the major
N-glycan GIcNACc residue.

Our annotation and future analysis of unannotated pgl genes provide a foundation for
studying N-glycan diversity in non-thermotolerant Campylobacters and general mechanisms of
glycosylation. Understanding of the Cf pgl cluster and functional transfer into E. coli would
allow us to generate cost-effective live-vector vaccines, or diagnostics (Iwashkiw et al. 2012;

Nothaft and Szymanski 2013; Nothaft et al. 2016).
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Proteomic analysis of pglX and pgld mutants provided insight into the function of N-
glycosylation in Cf. Remarkably, these mutants showed a significant increase in the HynABC
H2-uptake hydrogenase complex, which correlated with increased Hz-uptake and increased
growth in Hz rich growth conditions (Benoit et al. 2020). In addition, we observed increased
nickel and decreased iron levels, which have been linked to HynABC regulation (Ernst et al.
2005; Dosanjh et al. 2009). Our current hypothesis is that the nickel regulator, NikR, is
derepressing hynABC at high-nickel concentrations by repressing fur, which represses hynABC
(Ernst et al. 2005; Dosanjh et al. 2009). Our pglX mutant had the highest nickel content which
also correlated with a significant increased in a metal export protein, suggesting imbalances in
metal levels. Together with decreased efflux and increased antibiotic sensitivity, suggest that N-
glycosylation alters membrane flux. This work is the first to connect N-glycosylation to nickel
and iron regulation, and the Hz-uptake hydrogenase HynABC. In addition this study corroborates
prior findings, which linked N-glycosylation to motility, efflux, and antibiotic sensitivity (Cuccui
et al. 2012; Scott et al. 2012; Abouelhadid et al. 2019; Cain et al. 2019; Dubb et al. 2019).

This study connects traits, previously associated with pathogenesis, with N-glycosylation,
which may explain Cf’s ability to colonize and infect certain hosts (Palyada et al. 2004; Guerry
2007; Luangtongkum et al. 2009; Stahl et al. 2012; Vieira et al. 2017; Benoit et al. 2020). This
research represents the first study on the effect of truncated N-glycans on physiology and the role
of N-glycosylation outside of the C. jejuni model.

Lipopolysaccharide modifications and association with S-layer

During our studies of the Cf pgl loci, we were able to identify and characterize a
bacteriophage-associated glucosylating operon known as gtr. Traditionally this operon is

involved in the addition of Glc to the O-antigen of lipopolysaccharide (LPS) and is believed to
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be important in preventing superinfection by phages (Guan and Verma 1997; Gwen E Allison
and Verma 2000). In addition, gtr mediated O-antigen glucosylation has also been linked to
improved immune invasion and evasion, and type 111 secretion (Gwen E. Allison and Verma
2000; West et al. 2005). Cf is known to contain up four potential type IV secretions system
which are believed to be involved in Cf’s ability to cause septicemia (Kienesberger et al. 2014).
Our analysis of all sequenced C. fetus strains indicated that all type A strains possess the gtr
operon. Type A strains have been more commonly associated with pathogenesis and host
colonization, which may be due to the presence of the gtr operon improving type IV secretion
(West et al. 2005; Kienesberger et al. 2014). This correlation suggests that the acquisition of the
gtr operon occurred before the division of subspecies.

In addition, we identified an atypical LPS modification associated with a gtr operon
activity. Our annotation and in vitro analysis of the Cf gtr operon indicated that it likely transfers
Glc. However, NMR analysis of the LPS identified a previously undescribed LPS modifications,
a a-GalNACcA-3-B-Glc- branch and a-GIcNAc-3-a-GIcNAc- LPS cap, associated with the gtr
operon. This work does not provide an explanation for the presence of GIcNAc where a Glc
residue is expected but suggests that there may be a mechanism to convert Glc to GIcNAc post-
glycosylation. This study demonstrates a new and unknown connection of the gtr glucosylation
operon with a diGIcNAc LPS cap.

In addition, our gtrB mutant, which lacked the diGICNAc LPS cap, had no detectable S-
layer proteins in S-layer extracts. This is consistent with prior Cf findings that indicate that S-
layer-LPS associates in a type-dependent manner through SapA N-terminus associating to LPS
(Yang et al. 1992; Thompson 2005). Suggesting that the gtr operon may be the LPS modification

needed for type A association to S-layer. Further binding studies are being performed to confirm
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the diGICNAc-SapA association. In C. fetus, S-layer, has been shown to be essential in C. fetus
serum resistance (Thompson 2005).

This is the first time the bacteriophage-associated gtr operon has ever been described in
context of bacterial S-layer. Together this study has provided insight into a novel correlation and
association of the bacteriophage glucosylation operon, gtr, S-layer, and LPS modifications. All
of these factors have been previously associated with immune evasion and invasion, host
colonization, and pathogenesis (Thompson 2002; West et al. 2005; Bogomolnaya et al. 2008).

Future work

Overall, this work describes two novel glycosylation systems in Campylobacter fetus,
resulting in surface diversity. Together, our research suggests that C. fetus may have a
mechanism to alter the Glc residue of the N-glycan and LPS into GIcNAc post-glycosylation. To
determine if this is not due to additional activity of the glycosyltranferases in vitro reactions of
GtrC, PglX, and PglY are needed. This would help determine if these enzymes are able to add
GIcNACc to their glycans.

However, our in vitro and E. coli hybrid data suggest that there are likely factors external
to these systems, which may be involved in Glc altering to GIcNAc. To our knowledge there is
no known mechanism or proteins that would be able to perform this function. However, in
Mycobacterium tuberculosis post-glycosylation sugar conversion has been described (Crellin et
al. 2011). It is possible that this conversion could occur through an unannotated glycosylation
cluster in C. fetus. This cluster consists of N-acetylglucosamine associated proteins, chitin
biosynthesis-like proteins, glycosyltransferases, methyltransferases, twin asparagine synthetase B
(AsnB), and primarily hypothetical/unannotated proteins. Two adjacent AsnB proteins have been

previously associated with S-layer glycosylation (Zarschler et al. 2015), and amidation of
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peptidoglycan, which can lead to resistance of certain antibiotics (Ammam et al. 2020). To
further support this, our proteomics indicated that a DUF 354 (CFF8240_1618) protein, in this
cluster, was significantly increased ~30-fold in the pgl mutants. This domain distantly resembles
2-epimerase, glycosyltransferase 2-like, and chitin deacetylase. In addition, a UDP-
galactopyranose mutase, glf (CFF8240_1602), has been correlated with type A Cf, the most
pathogenic strain type (Kienesberger et al. 2014). Studying this cluster may explain why type A
strains are more likely to cause disease and potentially explain the source of GIcNAc in both of
our studied systems.

Identifying glycosylated proteins in C. fetus would help make direct correlations to the
phenotypes and proteins levels observed in our pgl mutant. This could also provide insight into
which glycosylation sites and proteins are modified with the major or minor N-glycan. This
would also determine if the N-glycosylation sequon is consistent within all Campylobacter
species, which has not been done. In addition, this may directly determine if S-layer is
glycosylated by either the N-glycosylation or another system. S-layer glycosylation has been
described in all gram-negative S-layer containing species except for Cf (Sleytr et al. 2014).

All traits described in these works represent mechanisms of bacterial pathogenesis and
colonization. It is possible to use the antigens studied in these works as affordable vaccines in
cattle and sheep. These antigens can also be used for diagnostics to determine if cattle or sheep

have had exposure to Cf (lwashkiw et al. 2012).
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