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Abstract

The Campylobacter genus of Gram-negative bacteria is characterized by expression of N-linked
protein glycosylation (pgl) pathways. As Campylobacter concisus is an emerging human pathogen,
a better understanding of the variation of the biosynthetic pathways across the genus is

necessary to identify the relationships between protein glycosylation and disease. The pgl

pathway of C. concisus strains have been reported to diverge from other Campylobacterin

steps after the biosynthesis of UndPP-diNAcBac-GalNAc, which is catalyzed by PgIC and

PglA, a phosphoglycosyl transferase (PGT) and a glycosyltransferase (GT) respectively. Here we
characterize the Pgld GTs from two strains of C. concisus. Chemical synthesis was employed to
access the stereochemically-defined glycan donor substrates, UDP-GalNAcA and UDP-GIcNACA,
to allow biochemical investigation of PglJ. Evidence for the PglJ substrate specificity structural
determinants for the C-6” carboxylate-containing sugar was obtained through variant-based
biochemical assays. Additionally, characterization of a UDP-sugar dehydrogenase encoded in

the pgl operon, that is similar to the Pseudomonas aeruginosa WbpO responsible for oxidization
of a UDP-HexNAc to UDP-HexNACA, supports the availability of a UDP-HexNACA substrate

for a GT that incorporates the modified sugar and provides evidence for the presence of a
HexNACA into the N-linked glycan. Utilizing sequence similarity network (SSN) analysis, we
identified conserved sequence motifs among PglJ glycosyltransferases, shedding light on substrate
preferences and offering predictive insights for enzyme functions across the Campylobacter genus.
These studies now allow detailed characterization of the later steps in the pgl pathway in C.
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concisus strains and provide insights into enzyme substrate specificity determinants for glycan-
assembly enzymes.

Introduction.

Campylobacter concisus (C. concisus) is an emerging human pathogen in the oral-
gastrointestinal tract.1=4 Cell-surface glycans represent a primary point of contact between
bacteria and their environments, underscoring the importance of understanding these
glycoconjugate biosynthetic pathways.®> The asparagine (N)-linked protein glycosylation
(pgl) pathway in Campylobacter jejuni (C. jejuni) has been extensively studied.6-9.10.

11 Glycan assembly pathways are initiated by a phosphoglycosyl transferase (PGT)

that catalyzes the transfer of a phosphosugar onto a membrane-anchored undecaprenyl-
phosphate acceptor from a soluble nucleotide-diphosphate sugar (NDP-sugar) donor (Figure
1A). The growing undecaprenyl-diphosphate-linked glycan is elaborated by sequential
glycosyl transferases (GTs). GTs catalyze stereo- and regiospecific reactions between sugar
acceptor and donor substrates. The GTs in the pgl pathways feature either GT-A or GT-B
folds.12

N-linked glycosylation is conserved across Campylobacter species, although the glycan
structures are variable,13 14 and result from the variation of genes in the Campylobacter
pgl pathway operons (Figure 1B). Although the C. jejuni N-linked glycan has been fully
characterized,%-% 13 the glycans from the common C. concisus strains have only been
partially annotated.13: 1518 Glycan structures and GT specificities are defined through
multiple complementary approaches. The glycoconjugate can be isolated from the target
organism and glycan composition can be ascertained through fragmentation-based mass
spectrometry (MS). However, MS does not provide an unambiguous annotation because
many sugars, like the C4 epimers GalNAc and GIcNAc are isobaric. Additionally, due to
the fragmentation nature of the technique the anomeric stereochemistry (a or B) or the
glycosidic linkage (e.g., 1,3 or 1,4) between monosaccharides cannot be defined. Nuclear
magnetic resonance (NMR) is also a valuable characterization tool, but the resulting spectra
can be difficult to assign, even at high field, because of overlapping signature sugar

peaks and, also, analysis by NMR requires significant amounts of pure glycan. Genetic
knockout strategies can also be employed, but the function of the biosynthetic pathway /n
vivo can be rescued or compensated for by other enzymes. /n vitro biochemical assays

are informative for substrate specificity, however, are often limited by the commercial or
synthetic availability of unusual UDP-sugar substrates. It is of interest to biochemically
validate additional GT/UDP-sugar partners to develop better predictive capabilities for
connecting GT sequence information to substrate specificity and ultimately the cell-surface
bacterial glycan structures and the related Campylobacter pgl pathways present an excellent
opportunity for developing such approaches.

The N-linked glycans of Campylobacter species are structurally diverse.13.15.17.18 The
C. jejuni glycan is composed of N, ’diacetylbacillosamine (diNAcBac), glucose (Glc),
and five N-acetylgalactosamine (GalNAc) monosaccharides (Figure 1C). The glycan from
C. concisus strain 13826 that was previously characterized is reported to closely resemble

Biochemistry. Author manuscript; available in PMC 2024 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arbour et al.

Page 3

the C. jejuni heptasaccharide.13 In contrast, although C. concisus ATCC 33237 (Cc 33237)
is reported to feature a similar glycan, there is variation of the third carbohydrate from

the reducing end of the isolated C. concisus 33237 N-linked glycan. This glycoconjugate
features a monosaccharide with a molecular weight of 217 (g/mol).15 The corresponding
monosaccharide in the C. concisus 13826 N-glycan is annotated as GalNAc.13 For C.
concisus 33237, glycan characterization was previously achieved through fragmentation-
based MS, which affords molecular composition information, but does not define the
stereochemistry of the sugar. The 217 monosaccharide has been annotated as a HexNACA
suggesting this fragment corresponds to either Atacetyl-D-glucuronic acid (GICNACA)

or N-acetyl-D-galacturonic acid (GaINAcA) (Figure 1D). The goal of this study is to
biochemically characterize the molecular basis for the substrate specificities of the C.
concisus (Cc 33237 and Cc 13826) PglJ enzymes and define the role of the dehydrogenase
(WbpO) in the pgl operon for the N-glycan biosynthesis.

Materials and Methods.

Chemical synthesis of candidate UDP-N-acetylhexuronic acid (UDP-HexNAcA) sugar

epimers.

Oxidation of UDP-GIcNAc to UDP-GIcNACA is achieved by employing a platinum catalyst
in the presence of oxygen gas. 1% 20 However, a similar approach for the oxidation of
UDP-GalNACcA produced significant side products, and we hypothesized that the GalNAc
C4 stereochemistry might account for this unexpected reactivity. Specifically, once oxidation
at C6 occurs, the acidity of the C5 hydrogen increases due to resonance delocalization into
the neighboring carboxylic acid, and, unlike GIcNAc, the C5 hydrogen in GalNAc is anti-
periplanar to the C4 hydroxyl (Figure S9), which results in undesired elimination products.20
With this in mind, we reduced the reaction time, which compromises conversion, but allows
for clean product formation without undesired side product contaminants. Purification of
both UDP-GIcNACcA and UDP-GalNAcA was accomplished by anion-exchange fast protein
liquid chromatography (FPLC, Figures S2, S6-8). The FPLC-purified UDP-sugars were
characterized by 1H, 13C, and 31P nuclear magnetic resonance (NMR, Figures S3-5, S10—
12) and high-resolution mass spectrometry (HRMS).

Nano differential scanning fluorimetry (nanoDSF).

nanoDSF was utilized as a facile screen to rapidly investigate the interactions of glycosyl
transferases with ligands by monitoring changes in thermal stability.2! Measurements were
carried out using the Prometheus NT.48 (NanoTemper). Reactions contained 0.4 mg/mL (9.3
UM of C. concisus ATCC 33237 PglJ, 9.5 uM of C. concisus 13826 strain PglJ, 10 uM of

C. jejuni PgllJ) of enzyme, 1 mM UDP-sugar substrate, 10 mM HEPES, pH 7.5, 150 mM
NaCl, 5% glycerol, 2 mM DTT, 0.03% DDM. For C. jejuniPglJ, we adjusted the buffer to
50 mM HEPES to prevent the protein from precipitating, while maintaining the same pH
and other components. The reactions were incubated on ice for 20 minutes. Samples were
loaded into glass capillaries, irradiated at 280 nm (100 % excitation power) and fluorescence
emission was measured at 330 nm and 350 nm. The samples were heated to 70 °C at a slope
of 1 °C/min, and the inflection point from the 15! derivative plot of F350/F330 was used to

Biochemistry. Author manuscript; available in PMC 2024 February 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arbour et al. Page 4

determine melting transitions. Measurements were carried out in triplicate for C. concisus
ATCC 33237/13826 strain PglJ, and in duplicate for C. jejuni PglJ.

Glycosyltransferase activity assay

The glycosyltransferase reactions were monitored by the UDP-Glo™ glycosyltransferase
assay from Promega (Cat # V6963). This bioluminescent assay determines the amount of
UDP produced in a reaction by converting UDP product of the GT to ATP which is then
assessed using a luciferase reaction to generate light. The resulting luminescence signal

can be converted to micromolar (uM) concentrations of UDP using a standard curve. The
quenching solution was prepared as described by Promega. For the single enzyme substrate
screen, the assays included PglJ (varying strains and concentrations), 0.1% Triton X-100,

50 mM HEPES at pH 7.5, 100 mM NaCl, 5 mM MgCly, 25 uM UDP-sugar, and 20 uM
Und-PP-diNAcBac-GalNAc in a final volume of 11 pL and were quenched after 30 minutes.
For the single enzyme kinetics, the assays included 0.1 nM PglJ, 0.1% Triton X-100, 50 mM
HEPES at pH 7.5, 100 mM NaCl, 5 mM MgCl,, UDP-GalNACA (varying concentrations),
and 20 uM Und-PP-diNAcBac-GalNAc in a final volume of 48 pL. Then 11 pL aliquots
were quenched into 11 pL of the UDP detection reagent at 1, 3, 5, and 10 min. For all
reactions, Und-PP-diNAcBac-GalNAc was pre-incubated with PglJ in assay buffer for two
minutes before the addition of the UDP-sugar to initiate the reaction. The samples were
transferred to white, nonbinding surface 96-well plates (Corning), the plate was shaken at
low speed for 30 s and incubated for 1 h at 25 °C, then the luminescence was measured on
the plate reader. All luminescence values were background subtracted before conversion to
UDP concentrations.

Enzymatic synthesis and isolation of the Und-PP-linked trisaccharide products of PglC,
PglA, and PglJ enzymes followed by 2-aminobenzamide (2-AB) labeling and analysis

The Und-PP-linked trisaccharide composition after PgIC, PglA, and Pgld in C. concisus
(strains 33237 and 13826) and C. jejuni reactions were determined through a coupled
enzymatic synthesis. The three reactions were set up in 7 mL scintillation vials. Each
reaction contained a total volume of 1.5 mL and consisted of 265 pM UndP, 300 uM UDP-
diNAcBac, 600 uM UDP-GalNAc, 300 uM UDP-GalNACcA, 600 nM PgIC, 200 nM PglIA,
100 nM PglJ, 50 mM HEPES pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 5 mM MgCl, and
10% DMSO. The C. jejuni experiment was performed in the absence of UDP-GalNACA.
The reaction was initiated by the addition of the UDP-sugars and allowed to proceed at
ambient temperature for 2 h. The reaction was quenched with 2 mL of (2:1) CHCIl3/MeOH.
The organic layer was washed with 1 mL PSUP (Pure Solvent Upper Phase = 15 mL
CHCl3, 240 mL MeOH, 1.83 g KCI, 235 mL H,0) and the aqueous layer was removed.
The aqueous layer was then back extracted with 1 mL (2:1) CHCl3/MeOH. The combined
organic fractions were washed three times with 1 mL PSUP and concentrated under a stream
of N,. The 2-AB labeling was performed following a previously established procedure with
slight modifications.”- 22 The Und-PP-trisaccharide products were hydrolyzed with 500 pL
of n-propanol/2M trifluoroacetic acid (1:1) and heated at 50 °C for 15 min. The resulting
solution was evaporated to dryness. The 2-AB labeling reagent was prepared by dissolving
5 mg of 2-aminobenzamide in 100 pL of acetic acid/DMSO (1:2.3). The entire solution was
added to 6 mg of sodium cyanoborohydride to provide the 2-AB labeling reagent cocktail.
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This reagent (5 pL) was added to the dried, hydrolyzed saccharide and heated to 60 °C for
2-4 h. The resulting mixture was diluted with 100 uL of H,O and purified by HPLC with
fluorescence monitoring. The product was separated from excess dye using a reverse-phase
analytical HPLC column (Prozyme GlykoSepR, GKI4727). A gradient of 0-100% B over 40
min with a flow rate of 0.7 mL/min was used with solvent A (50 mM ammonium formate
(pH 4.4)/10% MeOH (v/v)) and solvent B (50 mM ammonium formate (pH 4.4)/20%
MeOH (v/v)) as mobile phases. The peaks were detected using a fluorescence detector with
Aex= 330 nm and Am= 420 nm, collected, lyophilized, and analyzed by ESI(-) MS (Figure
S19).

Sequence Similarity Network (SSN) Generation

The SSN was generated using EFI-EST (https:/efi.igb.illinois.edu/efi-est/)23 with C.
concisus ATCC 33237 PglJ sequence as input. All-by-all Basic Local Alignment Search
Tool (BLAST) calculations (BLAST E-value of 1x107°) were run using the EFI-EST,
while the SSN edge calculation was performed using BLAST E-value of 1x107100,

The sequences were filtered using an alignment score threshold of 35 and a sequence
length range of 200 — 1,000 amino acids. A Python script was used to extract non-
redundant UniRef90 sequences from the network and to identify sequences containing
the ‘SER’ and ‘“NEC’ motifs. The SSN was visualized in Cytoscape using the yFiles
Organic layout algorithm. Cluster formation within the SSN was performed using the
ClusterMaker application and the Markov Clustering Algorithm (MCL), with a granulation
parameter set to 4 and an edge cutoff set to 43. The genome neighborhood diagrams

were generated using the Enzyme Function Initiative-Genome Neighborhood Tool (EFI-
GNT;https://efi.igh.illinois.edu/efi-gnt/)24, using the SSN as input. The reading frame was
set to 10 frames and the minimal co-occurrence was set to 20%.

HPLC for UDP-sugar analysis

The C. concisus dehydrogenase assays were monitored with a Waters 600 HPLC at 260

nm (Waters 2487 Absorbance Detector) with a semi-preparative anion-exchange column
(Dionex CarboPac PA1, cat #: 057178). The gradient consisted of 65-100% B over 20
minutes, then kept at 100% B for 10 minutes with a flow rate of 3 mL/min. Buffer A: 0.1
mM NaOH and Buffer B:1 M NaOAc in 0.1 mM NaOH were used as the mobile phases.
Each injection contained 50 pL of 20 uM UDP-sugar from the dehydrogenase assay (Figure
S21).

Results and Discussion.

Elucidation of UDP-sugar substrate specificity of the second glycosyltransferase, PglJ.

The first two membrane committed steps in the pgl pathway for C. jejunihave been
previously characterized.”: 25 26 These enzymes from C. concisus have high sequence
identity to C. jejuni suggesting they have similar function (72% for PglC and 48-49% for
PglA).2": 28 To provide initial insight into the candidate glycosyl donor for the subsequent
enzymes, Pgld in Cc 33237 and the related Cc 13826, we turned to nanoDSF. This technique
harnesses intrinsic tryptophan and tyrosine fluorescence to evaluate protein stability over

a thermal temperature gradient. A melting temperature (T,,) can be extrapolated from
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the change in the fluorescence intensity upon protein unfolding as the local environment
around the fluorescent residues changes. Small-molecule ligand binding can be evaluated
by determining the stability of the enzyme by measuring changes in the T,,. To reveal
binding preference, we screened Cc PglJ from both 33237 and 13826 strains with a

panel of nucleotide ligands at 1 mM (Figure 2A-B). The panel included commercially
available uridine diphosphate (UDP) and UDP-A-acetylhexosamines (UDP-GalNAc, UDP-
GIcNAC). Additionally, we studied the two synthetic UDP-A-acetylhexuronic acid epimers,
UDP-GalNAcA and UDP-GIcNACA, prepared from UDP-GalNAc and UDP-GIcNAc,
respectively, through the platinum-catalyzed oxidization.1% 20 Significant stabilization was
observed with UDP, the nucleotide product of the glycosyltransferase reaction, compared to
the wild-type apoenzyme. Minimal changes in the stability of the protein were observed with
UDP-GalNAc and UDP-GIcNAc. In contrast, the C6”-carboxylate-containing UDP-sugars
(UDP-GalNACA and UDP-GIcNACA) stabilized the PglJ enzymes from both strains of

C. concisus studied. Of the epimeric UDP-sugars studied, UDP-GalNACcA preferentially
stabilizes both C. concisus Pgld enzymes (7-13 °C) (Figure 2). In the same nanoDSF
experiment conducted with C. jejuni PglJ, which is known to have a preference for UDP-
GalNAc, the results were notably different. Specifically, there was very little stabilization
observed in the presence of UDP-GalNACA (2 °C). However, in the presence of UDP-
GalNAc, significant stabilization was detected, evidenced by an increase of >5 °C in the
melting temperature (Figure 2C). Such differences in stabilization patterns between C. jejuni
and C. concisus PglJ further suggest distinct substrate preferences.

As a significant stabilization was observed with both strains of CcPglJ in the presence

of UDP-GalNACA by nanoDSF, this suggests that this UDP-sugar is the preferred donor
substrate for PglJ enzymes. To further investigate this, PglJ was subjected to biochemical
assays with a panel of UDP-sugars in the presence of the UndPP-diNAcBac-GalNAc
acceptor to complement the nanoDSF experiments (Figure 3A). We included Cc PglJ
from strains 33237 and 13826, as well as the PglJ from C. jejuni for comparison. At

10 nM, the two enzymes from C. concisus were selective for UDP-GalNACA. At the
same concentration, the PglJ from C. jejuni preferred UDP-GalNAc which is consistent
with previous characterization.” We note that when only one UDP-sugar is available in a
non-competitive environment, we observed substrate promiscuity with the C. jejuni PgIC.
Although we observed stabilization with both oxidized sugars by nanoDSF, the enzyme did
show preference for the transfer of C-4” axial hydroxyl-containing sugar, GaINAcA, onto
the prenyldiphosphate-linked acceptor.

We then evaluated the kinetics of C. concisus PglJ enzymes from both strains (33237

and 13826) by screening with varying amounts of UDP-GalNACcA (2.5-100 pM) in the
presence of 20 uM Und-PP-diNAcBac-GalNAc and monitored by UDP-Glo (Figure 3B).
Under steady-state kinetic conditions, we derived the Michaelis constants (K,,) of 7.4 +
2.5and 3.8 £ 1.9 uM for PglJ strains 33237 and 13826, respectively, from Michaelis
Menten and Lineweaver-Burke plots (Figure S18). These experiments were performed with
enzymes at the same concentration (0.1 nM) which provided similar turnover numbers
(kcat) for both Pgld enzymes (70-71.7 s~1). With the culmination of this work, in addition

to the high sequence identity (94.1%), we concluded that the enzymes from these two
strains perform the same reaction and thus the previous annotation!® should be amended. To
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graphically designate the epimeric HexNACA monosaccharides, GICNACA and GalNACA,
we propose combination of the square logo from the Symbol Nomenclature for Glycans
(SNFG) database that represents a HexNAc monosaccharide with the horizontal line used to
depict hexuronic acids (HexA)2? in blue for GICNACA, and yellow for GalNACA.

Although the UDP Glo assay is a convenient high-throughput approach to monitor
glycosyltransferase reactions, UDP release could also indicate nucleotide substrate
hydrolysis. To verify incorporation of GaINAcA, we isolated the Und-PP-trisaccharide
product of the three-component [PgIC, PglA, and PglJ] reactions and performed 2-
aminobenzamide (2-AB) fluorescent labeling (Figure 4), a well-established strategy to
facilitate characterization of glycans.”- 30 Once extracted, the glycan was subsequently
removed from the undecaprenyl diphosphate (Und-PP) through acid-catalyzed hydrolysis,
followed by a reductive amination with 2-aminobenzamide with sodium cyanoborohydride
(NaBH3CN) to furnish the fluorescently-labelled glycan, which was analyzed by
fluorescence-based high performance liquid chromatography (F-HPLC). The desired
peaks were isolated and further analyzed by negative-mode electrospray ionization-mass
spectrometry (ESI-MS), which provided 2-AB-diNAcBac-GalNAc-GalNACcA for both
strains of the C. concisus PgIC, PglA, and PglJ tandem reactions. As a control, the
corresponding C. jejuni PgIC, PglA, and PglJ reaction produced the expected 2-AB-
diNAcBac-(GalNAc), glycan. We note that there was no observable formation of 2-AB-
diNAcBac-(GalNACc), in the Ccexperiments. Moreover, the UDP-Glo coupled assays
performed under analogous conditions with PgIC, PglA, and PglJ (Figure S20) are
consistent with the 2-AB labeled product findings; GalNAc is not installed by PglJ from
C. concisus.

We additionally aligned and categorized PglJ sequences from Campylobacter and
Helicobacter’! to determine if substrate preference for UDP-GalNACA by these enzymes
could be correlated with specific sequence motifs (Figure 5A). Interestingly, PglJ from

the Ccstrain 13826, which has been previously annotated to use UDP-GalNAc, fell

outside the UDP-GalNAc group in our alignment. To identify residues significant for
substrate specificity, we analyzed sequence conservation within these two distinct groups.
As “sequence signatures” - we observed that the amino acids at positions 120 (serine,

S) and 122 (argining, R) are preferentially conserved in the GaINAcA-group, suggesting
their possible role in the C6-carboxylate substrate specificity. We experimentally tested

this hypothesis by engineering the 33237 strain S120N/R122C PglJ variant, swapping

the serine and arginine with the asparagine (N) and cysteine (C) residues commonly
observed at comparable positions in GalNAc utilizing PglJs. We observe that this variant
now transfers GalNAc from UDP-GalNAc onto the growing Und-PP-glycan (Figure 5B).
The variant also exhibits activity towards a wider range of substrates than the wild-type
counterpart. The observed expansion of substrate compatibility following the S120g121R122
to N120E121C122 mytation in PglJ supports our hypothesis on the importance of these motifs
in determining substrate specificity. In light of these results, we propose that the NEC motif
is related to an ‘ancestral’ or more ‘promiscuous’ state of the enzyme, allowing it to act

on a wider range of substrates. Such findings underline the evolutionary trajectory where
enzymes, over time, may transition from a promiscuous state to one of increased specificity,
adapting to their cellular environments and metabolic demands. 32 33 Based on the previous
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characterization of the Cc 13826 N-linked glycan,!3 the PglJ sequence appeared “outside”
the GalNACA group, however this enzyme includes the residues we have now established

to be critical for C6” carboxylate specificity. CcPglJ 13826 was previously annotated to
install UDP-GalNAc, but the trend observed in the sequence alignment, in combination with
the biochemical assays supports that this enzyme prefers UDP-GalNAcA and should be
included in the same grouping as C. concisus 33237.

Prevalence of SER/NEC motifs across PglJ homologs

To evaluate the conservation of these motifs among PglJ glycosyltransferases, we generated
a sequence similarity network (SSN) that comprised 1329 unique homologs of CcPglJ
13826/33237 (Figure S15). The homologs have a sequence identity range of 23-99%
relative to CcPglJ 33237. As illustrated in Figure S15, the SER motif is widespread

among PglJ homologs (320 sequences). About 20% (59 sequences), are orthologs identified
in Campylobacter, Helicobacter, and Wolinella succinogenes. Notably, PglJ from W,
succinogenes has been reported to react with Atacetylhexuronamide (HexNACAN).14
Considering the fact that W, succinogenes Pgld only shares 38% sequence identity

with CcPglJ 13826, it is possible that the differences in the surrounding residues

resulted in an altered substrate specificity, despite retaining this motif. The NEC motif is
represented differently among bacteria, with all 136 instances belonging to Campy/obacter
members. A sequence alignment of all Campylobacter sequences from the SSN (percent
sequence identity between 30%-99%) revealed that the SER/NEC motifs are highly
conserved. Exceptions were found in only two PglJs, derived from C. Ayointestinalis subsp.
hyointestinalis and C. hominis, which exhibit NER and NEG motifs, respectively. The NEC
motif emerges as the most common among Campylobacter sequences (Figure 6).

Characterization of a dehydrogenase in Campylobacter concisus.

The second glycosyltransferase in the C. concisus pgl pathway prefers UDP-GalNACA

in vitro. To establish if this GT utilizes UDP-GalNACA in vivo, we analyzed if the pgl
operon in C. concisus encodes for an enzyme to oxidize UDP-GalNAc. The previously
characterized dehydrogenase, WhpO, is an NAD*-dependent enzyme responsible for
oxidation of UDP-GalNAc to UDP-GalNACA for incorporation into the O-antigen of
Pseudomonas aeruginosa. This enzyme was used as a query sequence to identify an
unannotated nucleotide sugar dehydrogenase in the C. concisus strain 13826 pgl operon
based on sequence identity (62.5%).3% 36 Initial assays containing 1 mM UDP-GalNAc or
UDP-GIcNAc with 2.5 mM NAD* in buffer containing 10 mM Tris pH 8.2 and 5 mM
MgCl, only provided activity towards UDP-GIcNAc; no conversion of UDP-GalNAc to
UDP-GalNACcA was observed (Figure S21). However, removal of MgCl, and introduction
of ammonium sulfate into the assay buffer (100 mM) provided complete conversion of
both UDP-sugars to the corresponding C6”-oxidized products after 1 h at 37 °C (Figure

7). It is hypothesized that these dehydrogenases require potassium or ammonium cations
for enzymatic activation,36 which is consistent with our findings. Additionally, during the
chemical oxidation of UDP-GalNAc to UDP-GalNACcA we observed degradation products.
This underscores the importance of enzyme catalysis providing the desired compound with
stereo- and regiochemical precision.
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Co-Occurrence of HexNAcA PglJs and dehydrogenases

Considering the role of dehydrogenase in UDP-HexNACA biosynthesis, we proposed that
UDP-HexNACcA PglJ enzymes would demonstrate a high frequency of co-localization with
this enzyme within the pgl operon. In contrast, an absence of co-localization for those PglJs
that do not use UDP-HexNACA as a substrate is predicted. To assess this, the genome
neighborhood diagrams of PglJs derived from annotated genomes of Campy/lobacter species
in the SSN were analyzed. In all instances of Campylobacter Pglis with preference for
UDP-HexNACA, a dehydrogenase was co-localized within the pgl operon (Table S3). In
contrast, for Campylobacter species predicted to utilize UDP-HexNAc substrates from the
occurrence of the NEC sequence motif, 95% of them (130 out of 136) did not show
co-localization of a dehydrogenase within the pgl operon. Four exceptions were found where
a dehydrogenase was co-localized (Table S4). This could be a result of the functionality

of the NEC motif which, as demonstrated in our study, allows for a broader range of
substrates, possibly making the UDP-HexNACA pathway a possible route when the primary
substrate is unavailable. This could warrant the co-presence of a dehydrogenase in these
cases, highlighting the potential for a higher degree of metabolic flexibility within these
species.

Conclusions.

Biochemical confirmation of substrate specificity will lay the groundwork for elucidating the
structural determinants of UDP-donor specificity of GT-Bs. In the case of C. concisus, PglJ
demonstrated specificity toward GaINAcA over GICNACA, the C4 epimer, which is three
bonds away from the location of the glycosylation reaction. Additionally, an engineered
variant of the C. concisus PglJ eliminated the preference for the C-6 carboxylate of UDP-
GalNACA to mimic the C. jejuni PglJ specificity of UDP-GalNAc. This underscores the
specificity of the GT donor binding site. The carboxylate-containing UDP-sugars can now
be added to the rapidly growing toolkit for the biochemical characterization of UDP-sugar
utilizing enzymes. Moreover, this addition will allow biochemical investigation of the H.
pullorum pgl pathway,3! 37as well as other group 11 cluster Campylobacter bacteria which
include C. rectus, C. showae, C. mucosalis, and C. curvus. All of which have been annotated
to install HexNACA at the third position from the reducing end of the glycan.13

By determining the kinetic parameters for PglJ from both strains of C. concisus, we
ascertained that these enzymes catalyze the same reaction. This is consistent with the

high sequence identity (94.1%) between the two enzymes. Additionally, these results are
consistent with the Linton and co-workers isolation of glycans from both C. concisus strains
13826 and 33237 which contain HexNAcA.15 38 Significantly, our analysis revealed a
consistent co-occurrence of HexNAcA-installing PglJ with a specific dehydrogenase within
the pgl operon. This co-occurrence offers a predictive framework, hinting at potential
evolutionary and functional couplings between these enzymes. Such insights, derived from
sequence similarity networks and co-occurrence patterns, will be invaluable for directing
future efforts in enzyme substrate prediction and could streamline the elucidation of
glycosylation pathways in uncharacterized bacterial strains
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Future work will involve demonstrating that the acceptor bearing GaINACA can be utilized
by the subsequent enzyme in the pathway and determining acceptor substrate specificity
determinants in general. In C. jejuni, PgIH accepts the undecaprenyl-diphosphate-linked
glycan produced from PglJ. In C. concisus, it is unclear which enzyme succeeds PglJ as the
operons encode two PglH enzymes (Figure 1B). We hypothesize that the next enzymes in
the pathway are PgIH1 and PglH2, which install the remaining HexNAc monosaccharides,
followed by hexose (Hex) addition by Pgll to complete the glycan assembly in C. concisus
(Figure 8). The presence of two PglH enzymes may be the result of variability in the
acceptor substrates between C. concisus (Und-PP-diNAcBac-GalNAc-GalNAcA) and C.
Jejuni (Und-PP-diNAcBac-(GalNAC),). In depth kinetic and structural characterization of
the PglHs enzymes in C. concisus will be explored in future work.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
A) The protein glycosylation (pgl) pathways in C. jejuniand C. concisus, B) pgl loci, C)

the diverse, isolated N-linked glycans from different Campylobacter bacterial* and D) the
possible UDP-HexNACcA sugar donors for the PglJ glycosyltransferase.
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Figure 2.

NanoDSF T, determination experiments for (A) Pgld Cc 33237 (blue), (B) PglJ Cc 13826
(purple), and (C) PglJ Gj11168 (green) tested against 1 mM UDP and a panel of UDP-
sugars. Each data point represents the mean value derived from independent measurements
(n = 2-3) with error bars indicating standard deviation (= SD). The unliganded PglJ Cc
33237 exhibited a melting point, Ty, of 41.0 £ 0.2 °C, while PglJ Cc 13826 demonstrated
a Ty of47.5+0.1 °C. Note that the melting transition for CjPglJ, with UDP-GalNAc
occurred at two points: 45.2 + 0.1°C and at 51.4 + 0.2°C.
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Figure 3.

A) UDP-sugar substrate screen with Pglds from C. concisusand C. jejuni. Error bars are
given for mean £ SEM, n = 2. B) Single enzyme kinetic parameters. Confidence intervals
(95%) and parameters were calculated using nonlinear regression (curve fit, Michaelis-
Mention) using GraphPad Prism 8, n = 2-3.
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Extraction of the Und-PP-glycan produced from PgIC, PglA, and PglJ, followed by
hydrolysis and 2-aminobenzamide fluorescent labeling. The HPLC spectra were normalized
to comparable fluorescence intensity units to better visualize retention time differences
between the PglJ products. See the supporting information for full HPLC traces and the

corresponding mass spectra.
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Figureb.
A) Displayed are PglJ sequence alignments. PglJs above the black line prefer GaINACA

according to established literature, while those below react with non-GalNACA substrates.
Our study determined that C. concisus Pgld 13826 has a preference for GaINACA,
suggesting it belongs to the group delineated by the red line. B) Glycosyltransferase activity
assays containing a UDP-sugar substrate screen with varying concentrations of C. concisus
33237 S120N/R122C PglJ. Error bars are given for mean = SEM, n = 2.
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Figure 6.
Sequence logo showcasing the SER/NEC motifs among Campylobacter sequences within

the sequence similarity network. The residues are color-coded based on their hydrophobicity
characteristics. The sequence logo was generated using WebLogo.34
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strain 13826. Lanes: A) UDP-GalNAc reaction, B) UDP-GIcNACc reaction, C) UDP-GIcNAc

standard, D) UDP-GalNAc standard, E) UDP-GalNACA standard, F) UDP-GIcNACA

standard, and G) NADH standard. The supporting information contains full HPLC traces.
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Figure8.
The proposed N-linked protein glycosylation pathway in C. concisus strain 33237.
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