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Abstract

Campylobacter jejuni is a significant cause of human gastroenteritis worldwide and all strains 

express an N-glycan that is added to at least 80 different proteins. We characterized 98 C. 
jejuni isolates from infants from seven low- and middle-income countries and identified 4 

isolates unreactive with our N-glycan-specific antiserum that was raised against the C. jejuni 
heptasaccharide composed of GalNAc-GalNAc-GalNAc(Glc)-GalNAc-GalNAc-diNAcBac. Mass 

spectrometric analyses indicated these isolates express a hexasaccharide lacking the glucose 

branch. Although all 4 strains encode the PglI glucosyltransferase (GTase), one aspartate in the 

DXDD motif was missing, an alteration also present in ~4% of all available PglI sequences. 

Deleting this residue from an active PglI resulted in a non-functional GTase when the protein 

glycosylation system was reconstituted in E. coli, while replacement with Glu/Ala was not 

deleterious. Molecular modelling proposed a mechanism for how the DXDD residues and 

the structure/length beyond the motif influences activity. Mouse vaccination with an E. coli 
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strain expressing the full-length heptasaccharide produced N-glycan-specific antibodies and a 

corresponding reduction in Campylobacter colonization and weight loss following challenge. 

However, the antibodies did not recognize the hexasaccharide and were unable to opsonize C. 
jejuni isolates lacking glucose suggesting this should be considered when designing N-glycan 

based vaccines to prevent campylobacteriosis.

Graphical Abstract

Immune responses to engineered Escherichia coli expressing the Campylobacter jejuni N-

glycan heptasaccharide. The attenuated live E. coli vaccine (grey) was administered through 

intranasal delivery or intragastric gavage in mice. In both cases, IgG antibodies were generated 

that recognized the bacterial heptasaccharide (GalNAc-GalNAc-GalNAc(Glc)-GalNAc-GalNAc-

diNAcBac), but did not react with the hexasaccharide lacking the glucose branch (blue circle). 

Mouse heptasaccharide antibodies were also active in C. jejuni (green) opsonophagocytosis assays 

(OPA). Schematic created by Bibi Zhou.

Keywords

Campylobacter ; N-glycan; glycosyltransferase; PglI; immunogenicity; vaccine

Introduction

Campylobacter jejuni is the major cause of diarrhea worldwide1 and among the most 

prevalent of enteropathogens in recent pediatric enteric disease investigations including the 

Global Enteric Multicenter (GEMS) and the Malnutrition and Enteric Diseases (MAL-ED) 

studies2–3. Infection with C. jejuni has also been associated with serious post-infectious 

sequelae such as Guillain-Barré syndrome, irritable bowel syndrome, reactive arthritis, and 

pediatric growth stunting in low-resource settings4–7. Although Campylobacter is generally 

susceptible to antibiotics, increasing resistance, particularly to fluoroquinolones, is a 

growing concern8. Multiple approaches have been used to target C. jejuni including phages9, 

probiotics10, general biosecurity measures11–12, and various vaccination strategies13–14. 

However, the development of an effective vaccine to prevent C. jejuni-associated disease 
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is hindered by the variability of its surface-antigens including capsular polysaccharides, 

lipooligosaccharides (LOS) and O-linked flagellar glycans, that would otherwise be effective 

targets13. Despite this variability, all Campylobacter species produce a unique and conserved 

N-glycan structure, that in the case of C. jejuni is a heptasaccharide15–16 capable of 

inducing an immune response in humans, rabbits and mice17–18. In poultry, the major source 

attributed to foodborne Campylobacter infections, an N-glycan-based vaccine has been 

shown to induce an antigen-specific response and to significantly reduce the Campylobacter 
load19–20, while in human volunteers, antibodies formed against natural glycoproteins are 

not protective18.

The process of protein N-glycosylation in C. jejuni is well understood. An undecaprenyl-

pyrophosphate-linked heptasaccharide is assembled on the cytosolic side of the inner 

membrane21–22 by the sequential action of five glycosyltransferases: the initiating 

GTase, PglC, adds UDP-diNAcBac (di-N-acetylbacillosamine or 2,4-diacetamido-2,4,6-

trideoxyglucopyranose) to the lipid carrier undecaprenyl phosphate (Und-P) releasing UMP; 

PglA and PglJ transfer the second and the third N-acetylgalactosamine (GalNAc) residues; 

PglH adds another 3 GalNAcs; and PglI adds the final glucose (Glc) branch23–25. The 

heptasaccharide is then flipped to the periplasm by the ABC transporter PglK26 and 

transferred to the amino group of asparagine residues within the consensus sequence, 

[D/E-X1-N-X2-S/T], where X1 and X2 can be any amino acid except proline, by the 

oligosaccharyltransferase, PglB15, 27–28. At least 80 different proteins have been identified 

to be modified with the N-glycan29–30. The importance of this posttranslational modification 

is emphasized by the fact that complete loss of N-glycosylation (in a pglB mutant) and 

mutations in the biosynthetic pathway (e.g. pglH, pglJ, pglD, pglE or pglF mutants24, 31–34) 

result in similar phenotypes, despite the fact that in certain pathway mutants N-glycosylation 

still occurs (albeit with lower efficiency) and shorter N-glycans are added to proteins35–36. 

In addition, recent studies indicated that N-glycosylation of CmeA, of the CmeABC efflux 

pump, is not only required for bile salt and antibiotic resistance, but also for chicken 

colonization37–38, suggesting that a selective pressure exists to maintain this pathway. 

However, the relevance of the glucose on the N-glycan is intriguing. Loss of PglI in C. jejuni 
results in reduced chicken colonization24, 39, suggesting that the glucose branch is required, 

but not absolutely necessary. Moreover, in some instances, the glucose branch contributes to 

immunogenicity of the structure; it has been shown that rabbit antisera independently raised 

against the N-glycan either recognize (hR6) or do not recognize (R1) the N-glycan without 

the glucose branch16. In addition, other thermotolerant Campylobacter species including C. 
lari, lack pglI16, but can still reside in their avian hosts40–42. Therefore, the question of 

whether the Glc branch is required for survival and/or pathogenicity only in specific hosts 

remains to be answered.

Here we present an N-glycan survey of 98 C. jejuni and C. coli isolates and identify 

4 strains lacking the Glc branch despite the presence of an intact pglI gene. Sequence 

comparisons showed that those strains are missing the terminal Asp in the 91DDDD94 

sequence comprising the DXDD motif within the PglI GTase. Reconstitution of the pgl 
system in E. coli revealed that those PglIs indeed have no or very low GTase activity. 

Modelling and analyses of PglI point mutants showed that it is the length of the loop rather 

than the presence of Asp94 that is important for activity. Moreover, vaccination of mice 
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with an engineered E. coli strain presenting the full-length N-glycan structure on its LOS 

significantly reduced the C. jejuni load, but the polyclonal N-glycan antibodies did not 

recognize the hexasaccharide, indicating that the Glc branch is part of the immunogenic 

epitope. These findings increase our understanding of this posttranslational modification and 

emphasize that variations in the N-glycan exist and should be taken into consideration when 

developing an effective vaccine against C. jejuni.

Results and Discussion

N-glycan survey of Campylobacter isolates.

All thermophilic Campylobacter species (including C. jejuni (Cj), C. coli, C. upsaliensis 
and C. lari) modify their glycoproteins with N-glycan structures. In Cj, C. coli and C. 
upsaliensis, the N-glycan consists of GalNAc-α1,4-GalNAc-α1,4-[Glcβ1,3-]GalNAc-α1,4-

GalNAc-α1,4-GalNAcα1,3-diNAcBac-β1, where diNAcBac is di-N-acetylbacillosamine 

or 2,4-diacetamido-2,4,6-trideoxyglucopyranose15, 28, whereas C. lari and C. lari-related 

species synthesize a hexasaccharide lacking the Glc branch. In contrast, non-thermophilic 

Campylobacters (e. g. C. fetus and C. concisus) express a diverse range of N-glycan 

structures on their glycoproteins16, 43. To investigate the commonality of the Cj-N-glycan 

more broadly in settings where Campylobacter infections are most prevalent and have an 

impact on child development, we surveyed 98 Campylobacter strains that were isolated from 

infants <1 year of age in seven different low-to-middle-income countries (LMICs) from the 

GEMS study2 (Table S3).

We found that 94 isolates produce the C. jejuni N-glycan heptasaccharide on multiple 

proteins as evidenced by reactivity with our Cj-N-glycan specific (R1) antiserum (Figure 

1A, Figure S1). Interestingly, 4 strains (1H2, 1J2, 1J5, and 1D7) did not react with R1 

indicating that either no or structurally different N-glycans are attached to the proteins. 

Whole cell lysates of C. jejuni strain NCTC 11168 (WT), proven to N-glycosylate proteins 

with the heptasaccharide, and the isogenic pglB mutant, devoid of N-glycans, served as 

positive and negative controls, respectively. Coomassie-stained SDS-PAGE gels were run in 

parallel as loading controls.

GEMS strain CmeA proteins unreactive with N-glycan sera are still glycosylated.

To investigate the R1-negative phenotype in the 4 GEMS strains in more detail, the 

glycosylation status of the CmeA protein, known be N-glycosylated at two sites in C. 
jejuni strain NCTC 11168 was analyzed by western blotting with CmeA-specific antiserum 

(Figure 1B, Figure S2). The signal corresponding to CmeA in the 4 R1-negative GEMS 

strains migrated at a higher molecular weight when compared to the signal of the CmeA 

from Cj-pglB mutant (non-glycosylated, negative control), but at a slightly lower molecular 

weight when compared to the Cj-WT. This indicated that CmeA in the GEMS strains 

might still be N-glycosylated, but with a shorter N-glycan which is not recognized by 

the heptasaccharide specific antibody. In addition, the presence of a signal potentially 

corresponding to mono-glycosylated CmeA in the GEMS strains (that is not visible in the 

Cj-WT) could potentially result from a reduced transfer activity for the GEMS N-glycan by 
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the oligosaccharyltransferase PglB or just be a natural feature in these strains. No signal was 

present in whole cell lysates of the Cj-cmeA mutant that was included as a negative control.

Further investigation by liquid chromatography-mass spectrometry (LC-MS) of CmeA-

derived glycopeptides from all 4 GEMS strains revealed that their CmeA was modified 

exclusively with a hexasaccharide (Figure 1C, Figure S3) comprised of HexNAc5-

diNAcBac. This strongly indicated that those 4 GEMS strains glycosylate CmeA with an 

N-glycan similar to the C. jejuni heptasaccharide, but lack the glucose branch, the product of 

the C. jejuni PglI GTase.

PglI proteins from GEMS strains unreactive with the N-glycan-specific antiserum are 
lacking a terminal aspartate (Asp94) in the DXDD motif.

Loss of reactivity with the N-glycan-specific antiserum and the presence of only a 

hexasaccharide lacking Glc suggested that these specific C. jejuni isolates are either lacking 

the pglI gene or do not produce a functional PglI GTase.

We confirmed the presence of the pglI gene in all 4 R1-negative strains by PCR with 

pglI specific primers followed by sequencing and aligning the deduced amino acid (aa) 

sequences with PglIs from two reference strains C. jejuni 11168 and 81116 (Figure 2). 

Sequence comparisons revealed 99.03% (for GEMS strains 1D7 and 1H2) and 98.06% 

(for GEMS strains 1J2 and 1J5) similarity to PglI of Cj-81116; however, all 4 GEMS 

PglIs are one amino acid shorter, lacking D94 within the sequence 88TFLDDDDE95. 

Cj-PglI belongs to the GT-A-fold, GTase2 (GT-2) family (http://www.cazy.org/GT2.html) 

transferring Glc from the UDP-α-Glc donor to the 3rd GalNAc of the N-glycan acceptor, 

creating the β-linked product and completing the C. jejuni heptasaccharide24, 44. Despite 

their low sequence similarity, members of the GT2 family are structurally similar45 

and the DXD or the extended DXDD motif that is predominantly found in these 3-

glycosyl-and galactosyltransferases (reviewed by46) is required for coordinating a divalent 

cation necessary for function and interaction with the nucleotide phosphodiester of the 

donor45, 47–48.

In addition, strains 1J5 and 1J2 (that are 100% identical at the aa level) contained a T88I 

mutation, and 4 additional aa changes were found at positions 58, 168, 257 and 300 relative 

to the WT sequence. In contrast, we found (in addition to the Asp deletion) aa 217 and 

229 altered in strain 1D7 and aa 213 and 262 altered in strain 1H2 (Figure 2). To shed 

more light on the distribution of the active site Asp stretch and the underlying coding 

sequence, a survey of >700 publicly available pglI nucleotide sequences from C. jejuni 
and C. coli showed that in C. coli the predominant sequence is GAT-(GAT/GAC)-GAT-GAT-

GAG (DDDDE); the sequence encoding DDDDE in C. jejuni is slightly different (GAT/

GAC)-GAT-(GAT/GAC)-GAT-(GAG/GAA) (Figure S4). Moreover, 14 out of 291 C. jejuni 
strains (4.8%) and 2/109 C. coli strains (1.8%) were missing the same aspartate residue 

that is missing in the GEMS strains, and two strains have a 5 Asp stretch (Figure S5). 

Interestingly, the alleles encoding 3 Asp all have the sequence (GAT-GAT-GAT), followed 

by GAG (for Glu) in C. coli and by either GAG or GAA (for Glu) in C. jejuni; the 2 

strains that have an additional Asp (5Ds) have an additional GAT (Figure S4). The fact 

that this variation is located around a repeat (GAT stretch) suggests that this tract could be 
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hypervariable like the homo-polymeric G or C tracts conferring phase variation of surface 

antigens by slipped-strand mispairing in Campylobacters49–51. Such a mechanism would 

require that some cells within a population have +/− 1 GAT and regulate PglI functionality 

dependent on environmental pressure; however, sequencing of the GEMS pglI PCR products 

did not reveal such a variation. Moreover, the fact that truncated N-glycans (without the 

Glc branch) have not been observed during proteomics studies16, 29–30, 52 and that the 4 

GEMS strains exclusively produce the hexasaccharide (at least on CmeA), suggests that this 

variation most likely reflects a “standard” non-hypervariable mutation centered at a repeat 

motif that is, once manifested in this location, a stable variant.

Overall, we found that the sequence variation observed within the GEMS strains (lack of one 

Asp) is more widespread among previously-sequenced isolates with the potential that in all 

those strains the functionality of the PglI GTase could be affected. In addition, PSI BLAST, 

including 1000 GTase-A/GT2 proteins, revealed conservation of the DXD(D) motif at this 

position of the PglI protein; however, other sequence motifs identified and described for 

GTase-A/GT2 family members, including the 179x-Glu-Asp180 motif containing the catalytic 

base53 display less conservation (xED) corresponds to 177Gly-Asn-Glu179 in PglI) and/or 

were absent in Cj-PglI (Figure 2, Figure S6).

Lack of Asp94 in the GEMS PglI impacts GTase activity.

Functional analysis of the PglI proteins was carried out by reconstituting the C. jejuni 
N-glycosylation system in the E. coli 3-plasmid system by complementing the pglI 
gene mutation on plasmid pACYC184pgl/ΔpglI (as described54). Plasmid pACYC184pgl 
(expressing all components of the N-glycosylation pathway for biosynthesis of the full-

length Cj-N-glycan/heptasaccharide) and pACYC184pgl/ΔpglI complemented with pglI 
from Cj-81116 were used as positive controls. Similar to the native CmeA protein in whole 

cell lysates of C. jejuni, glycosylation is observed by an increase in mass of CmeA-His6 

that was used as the N-glycan acceptor. 0N, 1N and 2N correspond to non-, mono- and 

double-glycosylated CmeA-His6, respectively (Figure 3, Figure S7). Although the lack of 

pglI upon co-expression of pACYC184pgl/ΔpglI and CmeA-His6 also resulted in 3 bands 

with anti-His serum, only low/background reactivity with R1 was observed since CmeA-

His6 is glycosylated with only the hexasaccharide and R1 does not react when the N-glycan 

lacks glucose. As expected, expression of the GEMS PglIs in the pACYC184pgl/ΔpglI, 
CmeA-His6 background resulted in no (GEMS strains 1J1 and 1J5) or very low (above 

background) reactivity (GEMS strains 1D7 and 1H2) with R1, the latter case indicating the 

presence of minor amounts of the full length Cj-N-glycan. However, in the GEMS strains 

no heptasaccharide was detected in 1D7 and 1H2 and the effect could either be a result of 

overexpressing the PglI proteins in the E. coli system and/or due to additional variations in 

the amino acid sequence beyond the variation in the DxDD motif which could also affect 

activity.

Asp94 is required but not sufficient for GEMS strain PglI activity.

Since all 4 GEMS strains showed an amino acid deletion at exactly the same 

position (Asp94), we investigated whether the loss of Asp94 within in the aa sequence 
88TFLDDDDE95 contributes to the loss and/or reduction of PglI activity. Mutants were 

Nothaft et al. Page 6

ACS Chem Biol. Author manuscript; available in PMC 2022 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



created in Cj-81116 PglI and in the 1D7 and 1J2 PglIs as representatives, since 1J5 and 1J2 

are 100% identical and 1D7 and 1H2 share the same low-activity phenotype when expressed 

in E. coli. PglI mediated Glc transfer (i.e. the formation of the full-length Cj-N-glycan) was 

analyzed with R1 antiserum after western blotting of whole cell lysates of the respective 

E. coli strains as shown in Figure 4A (and Figure S8A). Indeed, deletion of Asp94 in 

Cj-81116 (ΔD PglI) resulted in an inactive PglI protein since the produced N-glycan showed 

no reactivity with R1). Interestingly, previous studies investigating the DXDD motif in other 

GT-2 proteins, showed that amino acid changes (D94E or D94A) had no obvious impact 

on PglI activity indicating that PglI Asp94 does not have a catalytic, but rather a structural 

function55–59. However, to the best of our knowledge, none of those functional analyses 

describe a deletion in one of the active site Asp residues. The T88I mutation (the other 

residue near the active site that varied in two of the GEMS strains) did not have an effect on 

PglI activity and surprisingly neither did T88I in combination with ΔAsp94 which resembles 

the inactive 1J2 phenotype, thus indicating that other variation in the GEMS PglIs most 

likely contribute to their loss/reduction in activity. As expected, inserting Asp94 in 1D7 

resulted in a functional PglI (Figure 4B), whereas the same insertion in 1J2 did not, nor did 

the I88T exchange alone; however, I88T in combination with the Asp94 insertion restored 

the activity of the 1J2 PglI. In all cases, reactivity of the R1 serum was indicative of PglI 

activity and formation of the full-length N-glycan with the Glc branch (Figure 4A/S8A, 

4B/S8B, and Figure 4C). Glycosylation of CmeA-His6, independent of the presence of the 

glucose, was confirmed in parallel using anti-His antiserum (Figures 4A and 4B, Figure S8A 

and S8B).

PglI structure modelling.

To characterize the DXDD-containing structure in Cj-PglI, homology modelling and 

sequence alignments revealed that the structure of the N-terminal ~200 residues of PglI 

(up to approximately the middle of the long central loop shown in yellow, Figure 5) shows 

~20–25% sequence similarity with several members of the GT-2 family and is predicted to 

share the canonical GT-A fold by sequence alignment and threading. The structure of the 

C-terminal ~100 residues of PglI following the central loop is predicted to be mostly helical 

and may share some similarities in tertiary structure with other bacterial glycosyltransferases 

like TarS (PDB ID 5TZE)56 and TarP (PDB ID 6H1J)60 from Staphylococcus aureus. The 

highly conserved positions of the DXDD motif and preceding β-strand in the GT-A fold 

further allowed for the prediction of the position of the catalytically important divalent metal 

cation and UDP-Glc donor53. In addition, the model strongly suggested that Asp91 and 

Asp93 occupy the two most functionally important residues that directly coordinate to the 

divalent metal ion in the DXDD motif of all members of the GT-A family. The deletion 

of Asp94 is thus expected to shorten the subsequent “90’s loop” (residues 95–99) and 

may affect the positioning of the helix at residues 100–110. Although the 90’s loop and 

the following helix are not directly involved with substrate binding or catalysis, they both 

contain residues that interact with two surface loops that are likely involved with acceptor 

binding interactions and possibly catalysis. Similarly, although the location of residue 88 is 

predicted to be somewhat distant from parts of the structure that are directly involved with 

substrate-binding and catalysis, the side chain of residue 88 is expected to directly interact 

with residues in the 90’s loop.
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This suggests that there is a requirement for a certain length and/or rigidity/flexibility of the 

catalytic site loop most likely required for proper substrate binding or release as it has been 

described for other members of this protein family61 (and reviewed by46). Moreover, the 

indirect connection linking the sequence differences at residues 88 and 94 to the elements of 

the structure that are directly involved with substrate binding and catalysis suggests that the 

loss of Glc transferase activity associated with the deletion of Asp94 and the suppression of 

the effects of the deletion by the T88I mutation in PglI of 81116 are most likely mediated 

by indirect allosteric effects on either substrate-binding or catalysis. In addition to indirect 

long-range structural effects within a single subunit of PglI, another explanation is that 

mutations distant from the active site of one subunit may affect either more directly or 

indirectly residues in the active site or substrate-binding site of an adjacent subunit in 

the mature quaternary structure formed by PglI. Unfortunately, the quaternary structure of 

PglI is not well-defined at present. Additional structural studies of WT and mutant PglI in 

complexes with donor and acceptor substrates, including measurements of substrate binding 

affinity and more detailed kinetics measurements, are expected to shed additional light on 

the structure-function relationships related to these sequence differences.

Vaccination with a C. jejuni N-glycan-presenting E. coli strain results in reduced loss of 
weight gain and significantly reduces Campylobacter shedding in mice.

Despite the fact that the 4 GEMS strains identified in this study originated from 

asymptomatic infants (Table S3), those isolates are still capable of colonizing their host and 

could lead to post-infectious sequelae warranting their consideration in vaccination efforts 

to eliminate C. jejuni. In particular, 3 of the 4 isolates express GM1-mimicking LOS (Patry, 

R. unpublished observation), a structure associated with the induction of Guillain-Barré 

syndrome. However, what are the implications of our findings for use of the N-glycan as a 

vaccine antigen? To investigate the antigenic properties of the N-glycan in a mouse model, 

we first engineered an E. coli strain for use in mammals that presents the full-length Cj-N-

glycan on its surface (as a lipid A-core fusion). To do so, we integrated the Cj-pgl locus into 

the chromosome of the ACE vaccine subcomponent strain E.coli ACAM2025 and confirmed 

that the N-glycan structure is expressed on the LOS (Figure S9) similar to that expressed 

by our E. coli K12-based poultry vaccine strain19. Attaching the N-glycan to lipid A-core 

results in a compound that resembles a non-repeat lipopolysaccharide (LPS) structure, and 

which has been successfully employed to generate a whole cell vaccine against Shigella62. 

In general, attenuated whole cell vaccines e.g. against Vibrio cholerae rely on the production 

of anti-LPS antibodies to exert a protective effect against the pathogen63. Therefore, the 

presentation of the Cj-N-glycan on the cell surface could be an inexpensive and effective 

method to generate an anti-Campylobacter/E. coli-based whole cell vaccine for mammals.

Next, we employed a mouse model designed to mimic human disease to evaluate the 

potential of the vaccine strain as a means to reduce C. jejuni infection (Figure S10). 

Since the model was designed to induce Campylobacter-associated growth-stunting, we 

also followed the weight of each animal post-challenge. We found that non-vaccinated, but 

Cj-infected mice, displayed a significant reduction in body weight when compared to the 

uninfected controls. In the vaccinated groups (either intragastric (I.G.) or intranasal (I.N.) 

administration), we observed increased body weights when compared to the unvaccinated 
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controls (Figure 6A). In particular, statistics indicate that the mouse group given the vaccine 

orally I.G. showed weights statistically different from the unvaccinated Cj control. In 

addition, we observed a significant reduction (1.5–2 log) in C. jejuni shedding in both 

I.N. and I.G. groups 5 days post-challenge (Figure 6B). After 9 days post challenge, the 

I.N. group still showed a significant reduction (p=0.051) of C. jejuni when compared to 

the non-vaccinated but challenged Cj group, whereas the reduction in the I.G. group did 

not reach statistical significance. These results indicate that vaccination with the E. coli live 

vaccine is partially protective when given I.G or I.N. in C57BL/6 mice. Protection after 

vaccination with a live E. coli vaccine strain has only been observed previously in our 

chicken model although in the latter model, birds were either fully protected (responders) 

or showed increases in Campylobacter levels that eventually were comparable to the non-

vaccinated Cj challenge control (non –responders, Nothaft et al., submitted and19–20).

Vaccination induces an N-glycan-specific immune-response.

Next, we tested if N-glycan-specific IgG antibodies are generated in mice after vaccination 

with the E. coli vaccine strain. ELISA results showed a statistically significant increase in 

N-glycan-specific antibody titers in both vaccinated groups when compared to the control 

groups (Figure 6C). No significant difference in antibody levels was observed between 

I.N.- and I.G-vaccinated mice while the slight increase in reactivity in the challenge only 

group (Cj) can be attributed to low levels of Cj-N-glycan-specific antibodies produced after 

challenge with C. jejuni.

The hexasaccharide is not recognized by mouse sera raised against the full-length N-
glycan.

The fact that a subset of Cj-strains does not decorate their proteins with the full-length 

glycan, but rather with an N-glycan lacking the glucose, led us to further characterize the 

N-glycan-specific IgG antibodies. First, we compared the serum reactivities against the full-

length heptasaccharide versus the hexasaccharide on the Cj-CmeA glycoprotein produced 

and purified from E. coli. A statistically significant increase in reactivity was observed 

only when N-glycan antibody containing sera were probed against CmeA glycosylated with 

the full length Cj-heptasaccharide (Figure 6D). No reactivity was observed when testing 

CmeA glycosylated with the hexasaccharide (Figure 6E) or non-glycosylated CmeA as 

the capture antigen (Figure 6F), or when the naïve sera obtained from the PBS control 

group was applied. The slight increase in the reactivity (although not statistically significant 

compared to naïve sera) with sera obtained from non-vaccinated, but challenged mice can 

be attributed to very low levels of N-glycan specific antibodies produced after C. jejuni 
challenge. Based on these observations, we conclude that the Cj-N-glycan presented on the 

surface of E. coli ACAM2025 induces an N-glycan specific immune-response that likely 

contributes to reduced Campylobacter colonization levels after challenge and reduced weight 

loss compared to non-vaccinated, but challenged animals.

Next, we determined the opsonizing activity of the N-glycan-specific antibodies. 

Sera from each group were pooled and cross-absorbed against the C. jejuni pglB 
oligosaccharyltransferase mutant unable to N-glycosylate its proteins. We observed 

statistically significant N-glycan mediated bacterial killing of the Cj-WT for both I.G. and 
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I.N. vaccinated groups (Figure 6G) that was abolished in the pglB mutant (Figure 6H). 

N-glycan mediated killing was not observed for the isogenic glucose mutant (pglI, (Figure 

6I)) or the representative GEMS 1H2 strain naturally lacking glucose with the pooled I.G. 

serum (Figure 6J).

Therefore, vaccinated mice produce polyclonal antibodies recognizing N-glycan epitopes 

containing the Glc branch, similar to what we observed with our immune sera used for 

screening that was generated in rabbits16. This suggests that Cj-strains expressing N-glycans 

without the Glc could potentially evade immune-recognition; The importance of the Glc 

branch for immunodetection is consistent with other studies showing that branch points/

epitopes in an oligosaccharide are predominantly recognized by the immune system64–65 

resulting in altered antibody reactivities, structural changes in the LPS66–68, or major 

impacts on pathogenicity69.

Due to the potential importance of the branch, any mechanism that would allow C. jejuni to 

turn off PglI might provide a competitive advantage. A mechanism that “actively” eliminates 

one Asp from the active site DXDD would be supported by the underlying allele pattern 

(as described above); however, without knowledge of the original sequence, it is difficult 

to determine the exact mechanism resulting in loss of the Asp. Another argument against 

“active” immune evasion would be that loss of the glucose branch does not occur in 

chickens vaccinated with the N-glycan heptasaccharide expressed on our live E. coli vaccine 

strain19 and would most likely result (as previously observed24) in lower colonization levels. 

Nevertheless, the existence of C. jejuni strains that are missing the glucose due to the 

described variation in PglI should be taken into consideration when designing a broad range 

vaccine against all C. jejuni isolates, especially for human use in low resource settings.

Experimental Methods

Construction and verification of PglI expression plasmids.

The pglI expression plasmid from Cj strain 81116 has been previously54. GEMS strain 

pglIs were PCR amplified (in triplicate) from chromosomal DNA (cDNA) from strains 

1J2, 1J5, 1H2 and 1D7 with oligonucleotides (pglI-81116-BamHI-F) and (81116-pglI-XhoI-

R_short). Amplicons products were digested with BamHI and XhoI and inserted into 

plasmid pCE111–28 cut with the same enzymes. Candidate colonies obtained after ligation 

and transformation of E. coli DH5α were confirmed by restriction digest analyses, and the 

pglI sequence for each strain was determined for one candidate from each PCR product 

ligation. Point mutations in PglI were introduced using a 3-fragment ligation strategy as 

described in Supporting Information.

The E. coli 3-plasmid system to screen and analyze PglI activities.

The previously described54 E. coli 3-plasmid system was employed to follow PglI activity. 

Here, the N-glycan acceptor protein CmeA-His6 is constitutively expressed from plasmid 

pHI18b Cj-pgl genes are constitutively expressed from either plasmid pACYC184pgl 
(positive control)28 or plasmid pACYC184pgl/pglI::kan54. The individual pglI alleles are 

constitutively expressed from pCE111–28 derivatives. The glycosylation status of the 
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CmeA-His6 protein in whole cell lysates of the respective strains was determined by western 

blotting using His6-tag (Rockland) and rabbit-derived N-glycan specific (R1)16 antisera.

Mouse vaccination and challenge.

To evaluate the immunogenicity of the N-glycan antigen when expressed on the surface 

of an E. coli strain specifically designed for the use in mammals (described in Supporting 

Information) and the impact of the vaccine on Cj-colonization a mouse model mimicking 

human disease was employed as described70 (Figure S10). The study consisted of four 

groups and each group consisted of eight animals. Mice in the control groups remained 

either untreated (non-vaccinated, non-challenged) or only received the Cj-challenge (non-

vaccinated but challenged, Cj-group). Mice in the vaccine groups were given 100 μl 

containing 1×109 CFU (prepared as described20) live E. coli ACAM2025 expressing the 

C. jejuni N-glycan on its surface in combination with 2.5 μg/dose dmLT71 via intranasal 

administration (I.N.) or by oral gavage (I.G.) once a week for three consecutive weeks 

(days 7, 14 and 21). The oral C. jejuni challenge consisted of 100 μl PBS containing 1×106 

CFU (1×107 CFU/ml) of C. jejuni 81–176 prepared as described20. Body weights were 

recorded after challenge until day 14; Campylobacter shedding in stool samples collected 

on day 5 and day 9 post-challenge was determined by qPCR based on the cadF probe of 

colony-counted controls as described70. Mice were euthanized at day 15 post-infection and 

blood samples were collected. All procedures were performed in accordance to the protocol 

approved by the Committee on the Ethics of Animal Experiments of the University of 

Virginia (Protocol Number: 3315).

Enzyme-linked immunosorbent assay (ELISA).

ELISA using fOS-BSA as the capture antigen were carried out as described19 with 

individual sera from all four groups of mice (N=8). Alkaline phosphatase-labelled anti-

mouse serum (Santa Cruz, 1: 2500) served as the secondary antibody. To discriminate 

between serum reactivity against C. jejuni WT (full length heptasaccharide) and the 

pglI mutant hexasaccharide, purified CmeA-His6 proteins (100 μl, 50 ng/μl) glycosylated 

with either the full-length Cj-N-glycan (expressed and purified from E. coli CLM24 

[pACYC184pgl, pIH18b]) or the Cj-N-glycan lacking the glucose (expressed and purified 

from E. coli CLM24 [pACYC184pgl/pglI::kan, pIH18b]) were used as capture antigens. 

Non-glycosylated CmeA purified from E. coli CLM24 pACYC184pglmut served as a 

control. CmeA-His6-derivatives were overexpressed and purified as described72. Prior to 

application CmeA-specific background reactivity (induced by the challenge strain) was 

eliminated by cross-adsorbing the individual mouse sera against non-glycosylated CmeA-

His6 as follows: 10 μg of purified non-glycosylated CmeA-His6 protein (500 ng/μl in PBS) 

was mixed with 200 μl (slurry) of Ni-NTA agarose (Qiagen) and washed twice with 1 ml of 

PBS prior to loading. The mixture was transferred into individual PCR purification columns 

(Thermo Fisher) and washed twice with 500 μl PBS by centrifugation for 2 min at 2,000 

rpm. 200 μl of each serum (diluted 1:10 in PBS) was loaded onto the columns and incubated 

with the Ni-NTA-CmeA6 mixture for 5 min at RT to allow CmeA-specific antibodies to 

bind. After centrifugation for 2 min at 2,000 rpm, the flow-through was collected and 

transferred into a fresh tube. The obtained cross-adsorbed sera were directly used for ELISA 

experiments or stored at 4 °C until further use.
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Opsonophagocytosis Assay (OPA).

OPA were carried out as described73. Briefly, C. jejuni strain were grown on Mueller-Hinton 

(MH) agar for 16 h, harvested with 4 ml ice cold PBS, centrifuged for 1 min, (20,000 × g, 

4 °C) and adjusted to an OD600 of 1.0 corresponding to 3×109 CFU/ml. Cells were diluted 

1:10,000 in assay buffer and 10 μl containing 3×104 CFU were used to analyze serum 

antibodies for their ability to induce bacterial killing. Heparinized mouse blood (Cedarlane) 

served as a source for leukocytes, and pooled mouse sera (equal volumes of serum from 

mice within the respective group) were the source for the N-glycan specific antibodies. 

Pooled sera from naïve animals and non-vaccinated animal served as controls. To eliminate 

non-N-glycan-specific background activity, pooled sera from all groups were cross-adsorbed 

against whole cells of the Cj-pglB mutant. Cells of the Cj-pglB mutant were grown on MH, 

harvested with 4 ml of ice-cold PBS and set to an of OD600 of 1.0. One ml of these cells 

was pelleted for 1 min (20,000 × g, 4 °C), resuspended in 200 μl of pooled serum from each 

group and incubated on ice for 15 min. Cells were spun down and the supernatant was used 

for three additional rounds of cross-adsorption using fresh pglB mutant cells. Absorbed sera 

were stored at 4 °C until further use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The N-glycosylation status of various Campylobacter isolates.
(A) Western blot (upper panel) with Cj-N-glycan specific R1 antiserum of equal amounts 

(3 μg) of whole cell lysates of C. jejuni WT (NCTC 11168), the isogenic pglB mutant 

(pglB) and other C. jejuni and C. coli isolates. Coomassie blue-stained gels were run in 

parallel as loading controls (lower panel). Western blots and Coomassie blue-stained gels 

for all the other GEMS isolates are provided in Figure S1. The full list of GEMS strains is 

provided in Table S3. (B) Western blot with Cj-CmeA-specific antiserum of C. jejuni WT 

(NCTC 11168), the isogenic pglB mutant (pglB), the Cj-cmeA mutant (cmeA, background 

control) and the GEMS strains (as indicated) that did not react with R1 serum. Non-, 

mono- and di-glycosylated CmeA proteins are indicated as 0N, 1N and 2N, respectively. 

Note that mono-glycosylated CmeA cannot be detected in the Cj-WT since it produces 

only di-glycosylated (2N) CmeA while the N-glycan is absent in the pglB mutant (0N). 

Molecular weight markers (Mw in kDa) are indicated on the left. A full top-to-bottom scan 

is provided in Figure S2. (C) Liquid chromatography-mass spectrometry (LC-MS)-based 

analyses of CmeA glycopeptides. HCD MS2 spectrum showing the fragmentation pattern of 

the carbohydrate portion on the CmeA peptide resulted in the identification of a HexNAc5-

diNAcBac N-glycan attached to CmeA of C. jejuni 1H2. Spectra for N-glycopeptides from 

strains 1J2, 1J5 and 1D7 are provided in Figure S3. Since the genome and/or proteome of 

the GEMS strains was not available for databank searches, only the attached glycan structure 

was sequenced. The symbolic representation of the glucose-containing N-glycan from C. 
jejuni strain NCTC11168 is depicted for comparison; analysis of the full-length C. jejuni 
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heptasaccharide N-glycan (HexNAc-HexNAc-HexNAc(Hex)-HexNAc-HexNAc-diNAcBac) 

attached to CmeA of 11168 WT is in Figure S3.
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Figure 2. Multiple sequence alignment of Campylobacter GEMS PglI proteins.
The DXDD motif as found in the reference strains Cj-11168 and Cj-81116 (where 

glycosylation of the N-glycan takes place to form the full length heptasaccharide) as well 

as the 177Gly-Asn-Glu179 motif that corresponds to the x-Glu-Asp motif containing the 

catalytic base in other related GTases are highlighted by asterisks. Highlighted in black are 

amino acids that are invariable, gray highlighting indicates amino acid conservation in at 

least 50% of the sequences, white indicates a non-conserved amino acid, and (−) marks a 

deletion at this position.
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Figure 3. Functional analysis of PglI GTases in the heterologous E. coli glycosylation system.
GTase-activities of GEMS PglIs in the E. coli 3-plasmid complementation system were 

analysed in whole cell lysates of E. coli CLM24 by western blotting; 5 μg of total protein 

were loaded in each lane. His-tag specific antibodies (upper panel) detect the glycosylation 

status of the glycan acceptor protein CmeA-His6; N-glycan-specific antibodies (R1, lower 

panel) detect the full-length Cj-N-glycan on CmeA-His6 that is only formed upon expression 

of an active PglI protein. Gene/plasmid combinations present in the underlying strains are 

indicated on top of each lane. Non, -mono, -and di-glycosylated CmeA-His6 proteins are 

indicated by 0N, 1N, and 2N, respectively. Molecular weight markers (Mw) in kDa are 

indicated on the left. Top-to-bottom scans are provided in the Figure S7.
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Figure 4. Functional analysis of PglI variants and active site point mutants in the heterologous E. 
coli glycosylation system.
(A) The GTase-activities of active site point mutants in the PglI of 81116 and (B) in select 

GEMS PglIs were analyzed by western blotting. The glycan acceptor, CmeA-His6, was 

detected with His6-tag antibodies, the formation of the full length Cj-N-glycan was followed 

with R1 serum. Whole cell extracts of E. coli CLM24 (5 μg) containing and expressing the 

indicated gene/plasmid combinations are indicated on top of each lane. Non, -mono, -and di-

glycosylated CmeA-His6 proteins are labelled with 0N, 1N, and 2N, respectively. Molecular 

weight markers (Mw) in kDa are indicated on the left. Top-to-bottom scans are provided 

in Figure S8. (C) Sequence alignment of the active site DXDD motif of Cj-81116, GEMS 

PglIs and point mutants. Activities as determined by western blotting in the 3-plasmid E. 
coli system are indicated by (−−) no activity (−+) low activity, and (++) activity comparable 

to Cj-81116 PglI.
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Figure 5. Structural model of PglI.
Cartoon representation of secondary structure elements with rainbow coloring starting with 

blue at the N-terminus and red at the C-terminus. UDP-Glc donor (black), hexasaccharide 

acceptor (magenta), the Asp91-X-Asp93 motif, Asp94 and Thr88 are all drawn in stick 

representation.
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Figure 6. Mouse vaccination and antibody characterization
(A) Weight gain (in %) per day post-challenge was determined for each individual animal 

and plotted as the average for each group (as indicated). Error bars represent the standard 

error of the mean. (B) Campylobacter shedding on days 5 and 9 post-challenge presented 

as C. jejuni CFU per 10 mg stool sample. Each data point represents one animal from each 

group (as indicated). Bars represent averages for each group. (C) ELISAs were performed 

to confirm the presence and reactivity of N-glycan-specific antibodies for each mouse 

from the indicated groups using BSA conjugated to the Cj-heptasaccharide as the capture 

antigen. Individual sera were used at a 1:100 dilution. The specificity of the antibodies 

raised against variations in the Cj-N-glycan structure was determined in ELISAs using 1:10 

dilutions of individually cross-adsorbed mouse sera (as indicated). Each point represents 

the average reactivity obtained from three biological replicates (assayed as triplicates) 

against: (D) the full length Cj-N-glycan; (E) the N-glycan, lacking the glucose branch; 

and (F) non-glycosylated CmeA-His6 (background control). Opsonophagocytosis assay: the 
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percent survival of (G) the C. jejuni WT strain; (H) the pglB mutant (control); (I) the 

pglI mutant; and (J) one select GEMS strain (1H2) in the presence of pooled and Cj-pglB 
cross-adsorbed sera from each mouse group is shown. Each data point represents the average 

from three biological replicates (assayed as quadruplicates). Lines represent the median for 

each group, standard deviations are indicated by error bars. P-values (t-test) are given for 

each comparison or indicated by ** for p >0.005. I.N.; intranasal; I.G. intragastric; naïve 

mice (non-infected, PBS); Cj-infected, challenge-only mice (Cj).
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