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Enterotoxigenic Escherichia coli (ETEC) is a WHO priority pathogen and vaccine target which
causes infections in low-income and middle-income countries, travelers visiting endemic
regions. The global urgent demand for an effective preventive intervention has become more
pressing as ETEC strains have become increasingly multiple antibiotic resistant. However, the
vaccine development pipeline has been slow to address this urgent need. To date, vaccine
development has focused mainly on canonical antigens such as colonization factors and
expressed toxins but due to genomic plasticity of this enteric pathogen, it has proven difficult to
develop effective vaccines. In this study, we investigated the highly conserved non-canonical
vaccine candidate YghJ/SsLE. Using the mass spectrometry-based method BEMAP, we
demonstrate that YghJ is hyperglycosylated in ETEC and identify 54 O-linked Set/Thr residues
within the 1519 amino acid primary sequence. The glycosylation sites are evenly distributed
throughout the sequence and do not appear to affect the folding of the overall protein structure.
Although the glycosylation sites only constitute a minor subpopulation of the available epitopes,
we observed a notable difference in the immunogenicity of the glycosylated YghJ and the non-
glycosylated protein variant. We can demonstrate by ELISA that serum from patients enrolled in
an ETEC H10407 controlled infection study are significantly more reactive with glycosylated
YghJ compared to the non-glycosylated variant. This study provides an important link between
O-linked glycosylation and the relative immunogenicity of bacterial proteins and further
highlights the importance of this observation in considering ETEC proteins for inclusion in
future broad coverage subunit vaccine candidates.

Keywords: Enterotoxigenic Escherichia coli, immunogenicity, vaccine development, mass spectrometry, protein
glycosylation, sub-unit vaccines, YghJ, SslE
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INTRODUCTION

Whereas an increase in the availability of resources such as clean
water and professional healthcare has significantly decreased the
mortality from E. coli infections in low and middle-income
countries (LMICs), the number of non-fatal infections remains
high and so does the cost of these infections to societies in low-
resource settings due to childhood stunting and delays in
cognitive development as well as increased risk of dying from
other infectious diseases (Anderson et al., 2019; Khalil et al.,
2021). In addition, enterotoxigenic Escherichia coli (ETEC)
globally continues to cause severe diarrhea and death in high
risk patient groups, including older individuals (Poolman and
Anderson, 2018) and is the most common cause of diarrhea in
travelers to endemic regions (Olson et al., 2019).

E. coli remains a World Health Organization (WHO) priority
pathogen and vaccine target given its high burden and the
increasing emergence of Extended-spectrum b-lactamase
producing Enterobacteriaeceae including ESBL-ETEC (Shrivastava
et al., 2018; Tacconelli et al., 2018). In a recent report, the Wellcome
Trust and Boston Consulting Group recommend that vaccine
development for enteric E. coli including ETEC be accelerated due
to the increasing antimicrobial resistance (AMR) threat (Wellcome
Trust, 2019) and this recommendation was repeated in the WHO
Action Framework: Leveraging Vaccines to Reduce Antibiotic Use
and Prevent Antimicrobial Resistance (World Health Organization,
2020). In striking contrast to the increasing need for therapeutic
interventions, the E. coli vaccine pipeline is limited to only 16
vaccine candidates, ten of which are in the research/preclinical
phase. Thus, whereas ETEC is a global challenge, both the
commercial and academic E. coli vaccine pipeline remains
inadequate (Barry et al., 2019; Theuretzbacher et al., 2019;
Bekeredjian-Ding et al., 2020; Giersing, 2020).

The traditional canonical antigens of ETEC include
colonization factors and secreted toxins. Past efforts in E. coli
vaccine development have focused mainly on these important
virulence factors. However, E. coli displays huge genomic
plasticity, resulting in large variations in virulence factors with
each pathotype within the species, which hinders the development
of a vaccine with broad coverage based on these canonical antigens
(Turner et al., 2006; Moriel et al., 2012; Nesta and Pizza, 2018).
With an increased understanding of the complexity of E. coli
pathogenesis, significant efforts have been devoted to the discovery
and characterization of novel non-canonical antigens (Roy et al.,
2010; Fleckenstein et al., 2014; Chakraborty et al., 2016). These
antigens form a group of molecular entities identified to be
relevant for either pathogenesis, immunology or vaccinology.

One of the non-canonical antigens, which has received
significant attention, is YghJ, also known as SslE (Nesta et al.,
2014; Chakraborty et al., 2018). YghJ is a secreted and broadly
conserved metalloprotease within the pathogenic E. coli family
(Luo et al., 2014). During the early stages of infection, YghJ
degrades the protective intestinal mucin layer, facilitating access
to the epithelial cell surface and colonization, as well as toxin
delivery. Moreover, proteomic and transcriptomic analyses show
that YghJ is immunogenic in both animals and humans and that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
expression increases upon adherence to host cells (Roy et al.,
2010; Kansal et al., 2013; Chakraborty et al., 2018). From the
host’s perspective, it has been demonstrated that YghJ from E.
coli strains associated with neonatal sepsis not only causes in
vitro stimulation of proinflammatory cytokines in a human
intestinal epithelial cell line, but also induces damage to mouse
ileal tissues in vivo (Tapader et al., 2016; Tapader et al., 2017).
Lastly, immunization with YghJ has been shown to confer some
protection in animals against extraintestinal pathogenic
E. coli bacteremia (Moriel et al., 2010), uropathogenic E. coli
pyelonephritis, ETEC colonization of caecum and E. coli caused
sepsis (Nesta et al., 2014). In addition to academic interest, YghJ has
also been pursued commercially by Novartis and later Glaxo Smith
Kline (Moriel et al., 2010; Serino et al., 2010; Nesta et al., 2014).
However, despite the continuous attention on YghJ in ETEC
controlled human infection model (CHIM) studies and the
established role of YghJ as an important factor in effective
intestinal colonization (Fleckenstein et al., 2014; Chakraborty
et al., 2018; Mirhoseini et al., 2018; Nesta and Pizza, 2018; Vedøy
et al., 2018), YghJ has, to the best of our knowledge, not progressed
as a vaccine candidate antigen beyond early animal
challenge studies.

With the discovery and identification of O-linked
glycosylated proteins, an extra layer of complexity has been
added to bacterial pathogenesis. O-linked protein glycosylation,
the addition of glycans to either Serine (Ser) or Threonine (Thr)
amino acid residues, is well documented in diverse Gram-negative
bacterial species such as Neisseria gonorrhoeae, Burkholderia
cenocepacia, Acinetobacter baumannii, Pseudomonas aeruginosa
as well as E. coli (Benz and Schmidt, 2001; Castric et al., 2001; Vik
et al., 2009; Iwashkiw et al., 2012; Lithgow et al., 2014). The
species-specific glycans used for protein glycosylation are
remarkably diverse but nevertheless important as their loss
results in reduced virulence potential, reduced fitness and
altered biophysical properties of e.g. adhesins (Knudsen et al.,
2008; Faulds-Pain et al., 2014; Schäffer and Messner, 2017;
Mohamed et al., 2019). Furthermore, protein glycosylation also
appear to increase the antigenic variation in order to evade the
immune system of the host (Gault et al., 2015). The most
comprehensive O-linked protein glycosylation studies include
high-throughput mass spectrometry and the dedicated
glycoproteomics technique termed BEMAP (b-elimination of O-
linked carbohydrate modifications, Michael addition of 2-
Aminoethyl phosphonic acid) (Boysen et al., 2016; Scott, 2019).
The BEMAP technique (patent US 10,647,749 B2) can be
employed to map O-linked glycoproteins from any biological
source and was developed with the intention to identify and
expand the repertoire of glycosylated proteins linked to ETEC
pathophysiology. Using BEMAP, more than 140 glycoproteins
associated with the outer membrane fraction and outer membrane
vesicles were previously identified in E. coli K-12 and ETEC
H10407 and a potential link between pathogenesis and O-linked
glycosylation was discussed (Boysen et al., 2016). This was based
on the remarkable finding that protein glycosylations were only
found in the pathogenic ETEC strain despite that most of the
identified glyco-proteins were conserved on a protein level
August 2021 | Volume 11 | Article 705468

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Thorsing et al. Increased Antigen Potential of YghJ
between ETEC and the commensal E. coli K-12. In addition, it was
observed that the majority of canonical as well as non-canonical
ETEC virulence factors were glycosylated, including YghJ.

In the present study we have further investigated the extent of
YghJ glycosylation and coupled this inherent O-linked protein
glycosylation to an increased antigenic potential of YghJ. We
have expressed and purified glycosylated YghJ from the
canonical ETEC strain H10407 and performed an in depth
BEMAP analysis to identify glycosylated Ser/Thr residues.
Using BEMAP, we identified 54 modified residues within this
1519 amino acid protein. To obtain a control protein for the
investigation of the potential impact of O-linked glycosylation on
protein immunogenicity we over-expressed and purified a non-
glycosylated version of YghJ. This control antigen was
overexpressed from a K-12 MG1655DhldE genetic background
and the absence of O-linked glycosylation was confirmed using
BEMAP. In pathogenic E. coli, HldE catalyzes the biosynthesis of
ADP-activated heptose precursor units which are used in protein
glycosylation (Benz and Schmidt, 2001; Nakao et al., 2012).
Therefore, with the deletion of hldE, the expression strain loses
its ability to add heptose glycans to YghJ.

To examine the difference in immune response towards
glycosylated YghJ and the non-modified protein variant
subsequent to ETEC infection, serum isolated from pre- and
post H10407 challenged volunteers was used in ELISA
experiments (Chakraborty et al., 2016). Both glycosylated YghJ
and non-glycosylated YghJ were recognized by sera from patients
prior to infection (day 0). Importantly, the increase in
recognition of glycosylated YghJ from days 0 to day 7 and 28
post infection was significantly greater than recognition of non-
modified YghJ variant at both time points.

The current study shows that the bacterial mucinase YghJ is a
hyper O-glycosylated protein. We also show that antibodies from
patients exposed to ETEC infections predominantly recognize
glycosylated over non-glycosylated YghJ which points to
increased immunogenicity of glycosylated YghJ compared to the
non-glycosylated antigen. The current study therefore highlights
the importance of considering O-linked glycosylation when
considering the role of bacterial proteins in pathogenic evolution
but also from the perspective of antigen discovery and the
development of effective and more broadly protective vaccines.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Strains were grown in Luria Bertani (LB) (Sambrook and Green,
2012) or M9 minimal medium (Boysen et al., 2010) supplemented
with 0.4% glucose and 0.2% casamino acids. Cells used for
electroporation were grown in Super Optimal Broth (SOB) and
Super Optimal Broth with Catabolite repression (SOC) (Hanahan,
1983). Protein expression was induced from the PA1/04/03
promoter by 1 mM isopropyl-b-d-thiogalactopyranoside (IPTG).
When required, the media was supplemented with either 40 µg/ml
Kanamycin or 30 µg/ml Chloramphenicol. Strains and plasmids
are listed in Supplementary Table S1 and primers are listed in
Supplementary Table S2.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
DNA Manipulations
The Datsenko and Wanner system and primers JMJ388 and
JMJ389 were used to delete hldE in MG1655 (Datsenko and
Wanner, 2000). The hldE gene plays a role in the biosynthesis of
ADP-activated heptose units required for post-translational
protein heptosylation (Benz and Schmidt, 2001; Nakao et al.,
2012). Candidate clones were selected, isolated and tested by
PCR using the primer pairs JMJ390+JMJ391 and JMJ390+JMJ99.

To isolate glycosylated YghJ, a 3xFLAG epitope tag was added
to the yghJ gene on the ETEC H10407 chromosome as described
by Uzzau et al. (2001). In brief, a PCR product generated using
pSUB11 as template and the primer pairs GPV18+GPV19 was
electroporated into E. coli H10407. Transformants were selected
on LB agar plates containing 40 µg/ml kanamycin. The primer
pairs GPV16+GPV17 as well as GPV67+GPV147 were used to
verify H10407yghJ 3xFLAG. The construct was verified
by sequencing.

To isolate a non-glycosylated YghJ protein version, a 3xFLAG
epitope tag was added to the yghJ gene and put under an IPTG
inducible promoter for expression in a MG1655DhldE mutant
strain background. Briefly described, An IPTG inducible
promoter and the 3xFLAG epitope was added to the yghJ gene
in two steps. First, the primers GPV95 and GPV97 were used to
generate a PCR product using chromosomal DNA from the
ETEC H10407yghJ 3xFLAG strain as template. In the second
step, GPV96 and GPV97 were used to generate a PCR product
that was digested with XhoI and XbaI and subsequently ligated
into pXG-0. This generated pGPV104. pGPV104 was verified by
sequencing before transformation into the MG1655DhldE
mutant strain background.

Protein Purification
Glycosylated YghJ 3xFLAG was isolated from the ETEC
H10407yghJ strain grown in M9 minimal medium
supplemented with 0.2% glucose and 0.4% casamino acid and
40 mg/ml kanamycin. The culture was grown to OD600 = 2.5 at
37°C after which it was harvested. The culture supernatant was
sterile filtered (0.22mm pore size), NaCl and Triton X-100 was
added to obtain a final concentration of 200 mM and 0.01%,
respectively. Anti-FLAG M2 affinity agarose gel beads
(SigmaAldrich; A2220) was used to capture the 3xFLAG
epitope. Isolated FLAG affinity agarose beads were washed
twice with FLAG Sup wash buffer I (400 mM NaCl, 0.1%
Triton X-100, 1 mM EDTA in PBS buffer pH 7.6) and once
with FLAG Sup buffer II (400 mM NaCl, 0.01% Triton X-100, 1
mM EDTA in PBS buffer pH 7.6). Elution was accomplished
with Elution buffer (500 mM Arginine, 500 mMNaCl, pH = 3.5).
Eluate fractions were spin filter concentrated before dialyzed
against PBS at 4°C over night in a cold room.

Non-glycosylated YghJ 3xFLAG was isolated from the
MG1655DhldE/pGPV104 strain grown in LB medium
supplemented with 40 mg/ml Chloramphenicol. The culture
was grown to OD600 = 2.5 at 37°C after which it was harvested
by centrifugation. Cell pellets were collected and 500 mg DNaseI
was added before the sample was lysed three times in a French
Press at 2.2 kbar. The lysate was cleared by ultracentrifugation at
125.000 x g at 4°C for three hours in a Beckman SW 32 Ti rotor.
August 2021 | Volume 11 | Article 705468
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Sample volume was increased to 1 L and NaCl, Triton X-100 and
EDTA was added to obtain a final concentration of 600 mM,
0.01% and 1 mM, respectively. Anti-FLAG M2 affinity agarose
gel beads was added to the supernatant and incubated with shake
at 4°C O/N in a cold room. FLAG affinity agarose beads were
isolated, washed, eluted and dialyzed as described above.

BEMAP and Mass Spectrometry Assisted
Identification of Glycosylated Ser/Thr
Residues
The BEMAP analysis was carried out as previously described
(Boysen et al., 2016). A total of 40 µg protein was used as input
to identify glycosylated YghJ Ser/Thr residues. As described in detail
in (Boysen et al., 2016), raw data was generated on LTQ Orbitrap
Velos, Orbitrap Velos Pro or Q-Exactive Plus mass spectrometers
(Thermo Fisher Scientific, Bremen, Germany). Data was processed
with Proteome Discoverer (Version 1.4.1.14, Thermo Fisher
Scientific) and subjected to database searching using an in-house
Mascot server (Version 2.2.04, Matrix Science Ltd., London, UK).
Database searches were performed as previously described (Boysen
et al., 2016). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the dataset
identifier PXD025876.

Experimental Human Challenge Study
In a dose descending experimental challenge model, healthy
American adult volunteers were challenged with an ETEC strain
H10407 in 3 cohorts in an in-patient unit at Johns Hopkins
University as described before (Chakraborty et al., 2016). Samples
from cohort 2, where volunteers were challenged with 107 CFU of
ETEC, were used in this study. Subjects were excluded if they had
significant medical problems; if an HIV-1, hepatitis B, or hepatitis C
test was positive; or if they had traveled to countries where ETEC or
cholera infection is endemic within two years prior to receipt of
investigational agent. After challenge, subjects were monitored for
signs and symptoms of enteric illness. All the subjects were treated
with antibiotics 120 hours (5 days) after challenge, or earlier if
required because of the diarrhea illness according to the clinical
protocol. Diarrhea was classified as mild (1 to 3 diarrheal stools
totaling 200 to 400 g/24 h), moderate (4 to 5 diarrheal stools or 401
to 800 g/24 h), or severe (6 or more diarrheal stools or ≥800 g/24 h).
No diarrhea was defined as no loose stool observed. The volunteers
challenged with 2x107 dose resulted in attack rate of 67%.

ELISA Experiment
96-well Maxisorb ELISA plates (Nunc, Denmark) were coated
overnight at 4°C with glycosylated and non-glycosylated YghJ (2.5
mg/mL) in phosphate buffered saline (PBS). Plates were washed
twice and blocked with PBS containing 0.05% Tween 20 for 15 min
before the human serum samples (PBS containing 0.05% Tween 20
and 3% skimmed milk), from the experimental challenge model
described above, were added to the plate. Each serum sample was
two-fold serial diluted in 11 wells starting with a dilution factor of
25. The twelfth well was used for background determination (no
serum). All three sera from each patient were analyzed on the same
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
plate. After 1 hr of incubation with serum, the plates were washed 3
times with phosphate buffered saline (PBS) containing 0.05%Tween
20. Secondary polyclonal rabbit anti-Human IgG/A/M (DAKO
P0212) HRP conjugated antibody was diluted x1000 and added to
all wells in the plates. The plates were washed as described above
before the signal strength was detected using TMB X-tnd
(Kementec cat. no. 5280) and a Molecular Devices microplate
reader set at 450nm. SoftMax Pro 7 software was used to fit
measured intensity values (arbitrary units) as a function of serum
concentration. Endpoint titers at 0.4 units above background were
read from the fitted curve as described in Chakraborty et al., 2019
(Chakraborty et al., 2019).

SDS-PAGE and Western Blots
Denaturing Western blotting was used to detect YghJ protein
secreted to the culture supernatant as well as for the analysis of
purified glycosylated YghJ and non-glycosylated YghJ. YghJ
protein samples were boiled and run on PAGE gels as
described in (Boysen et al., 2010). After the transfer, the
membrane was blocked with 1% skimmed milk in PBS buffer
with 0.05% Tween-20 for 1 hour. When analyzing human serum
samples, the membrane was blocked with 3% skimmed milk in
PBS buffer with 0.05% Tween-20 for 1 hour. Both primary and
secondary antibodies were diluted into 1% skimmed milk in PBS
buffer with 0.05% Tween-20. Incubation times were 1 hour. The
antibodies were diluted as shown in Supplementary Table S3.
Blots were developed using Immobilon Forte Western HRP
substrate (Millipore). The signal was detected using an
Amersham Imager 680 (Cytivalifesciences).

Native Western blotting was used to detect purified
glycosylated YghJ and non-glycosylated YghJ. Briefly described,
YghJ protein was mixed 1x SDS native loading buffer (60 mM
Tris-HCl, pH 6.8, 10% glycerol, 0.005% bromphenol blue) at
room temperature before loading onto a NUPAGE 4-12% Bis-
Tris Gels (Invitrogen). Proteins were separated in a native MES
buffer (50mM MES, 50mM Tris Base, 0.01% SDS, pH 7.3) after
which they were transferred to a PVDF membrane as described
above. The YghJ specific signal was obtained as described above.

Statistical Analysis
For preparation of graphs and statistical analysis, we used Prism,
version 6.07 (GraphPad Software, San Diego, CA). To test for
differences in YghJ specific antibody levels in serum samples,
between day 0 and day 7 as well as day 0 and day 28, we used
Wilcoxon signed rank test. Minimum p-values, for which the
null hypothesis was rejected, were reported. P-values ≤ 0.05 were
considered significant.
RESULTS

BEMAP Reveals Extensive YghJ O-Linked
Protein Glycosylation
We have previously established a catalogue of O-linked
glycosylated proteins in ETEC strain H10407 (Boysen et al.,
2016; Maigaard Hermansen et al., 2018). More than 200 proteins
August 2021 | Volume 11 | Article 705468

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Thorsing et al. Increased Antigen Potential of YghJ
were found to be modified and >800 specific glycosylated Ser/Thr
residues were identified in the screening. Among these, the non-
canonical antigen YghJ was found to be modified at four sites
(Boysen et al., 2016). In the current study YghJ was affinity
purified using a 3xFLAG epitope tag added to the C-terminus of
the protein (Uzzau et al., 2001). Under standard laboratory
conditions, ETEC secretes enzymatically active YghJ into the
growth medium (Luo et al., 2014), thus, to ensure that only fully
processed and modified YghJ was analyzed by BEMAP, we
purified the exported protein from the culture supernatant.
With an input of 40 mg purified YghJ, 28 peptides which
contained a total of 54 glycosylated residues were identified
using the BEMAP protocol, see Table 1.

Thus, whereas the previous screening revealed four glycosylated
sites in YghJ, our in depth analysis shows that approximately 25% of
all the Ser/Thr residues in YghJ are O-linked glycosylated. When
assigning the glycosylation site to the primary sequence of YghJ, the
modifications were more or less evenly distributed throughout the
protein. We next investigated if the O-glycosylation sites were
randomly distributed within the protein structure or if they
clustered into particular spatial regions, which could be of
biological importance. Unfortunately, an YghJ crystal structure
remains to be resolved. However, we used the Protein Homology/
analogY Recognition Engine (Phyre2) to generate a 3Dmodel of the
protein. The algorithmwas able to assign a structure to the last 500 aa
of the protein and we visualized the structural position of the O-
glycosylation sites byhighlighting sugar-modified residueswithin the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
structures, see Supplementary Figure S1. We found that in general,
the glycosylation sites were surface exposed and located in
unstructured regions on the protein. In previous studies it has been
speculated that the spatial arrangement of the glycosylated residues
could be a mode to scramble the surface structure in order to evade
recognition by the immune system (Gault et al., 2015). Based on the
Phyre2model prediction and the location of the glycans, it is possible
that the YghJ modifications serve the same immunologic purpose.

Purification and Characterization of
Glycosylated and Non-Glycosylated YghJ
The extensive O-linked protein glycosylation observed in ETEC
indicates a role for these modifications in normal cellular
physiology in addition to virulence (Boysen et al., 2016; Maigaard
Hermansen et al., 2018). We speculated if this abundant but
overlooked type of protein modification for example could
influence protein conformation. To examine this, we first purified
and characterized a glycosylated and non-glycosylated version of
YghJ. As for the BEMAP analysis, glycosylated YghJ was isolated
from the ETEC culture supernatant. In contrast, the non-
glycosylated YghJ version was ectopically expressed, and affinity
purified from a commensal E. coli MG1655DhldE mutant
background. Pathogenic E. coli uses mono heptoses for protein
glycosylationand the synthesis of these glycans depends on thehldE
gene (Benz and Schmidt, 2001; Nakao et al., 2012; Boysen et al.,
2016). Therefore, with the deletion of hldE, the expression strain
would lose its ability to modify YghJ with this type of glycan. To
TABLE 1 | BEMAP analysis of glycosylated YghJ. YghJ was digested with Trypsin and O-linked glycosylated peptide sequences were identified using BEMAP in
combination with mass spectrometry.

start end Sequence Site# Site# Site# Site# Site# Site# Site#

91 101 TGYLTLGGsQR 99
102 143 VtGAtCNGEssDGFtFKPGEDVtCVAGNtTIATFNTQSEAAR 103 106 111 112 116 124 130
169 199 SNAVSLVTsSNsCPANtEQVCLtFSSVIESK 177 180 185 191
218 231 LVNEEVENNAAtDK 229
355 364 YsttGQNNtR 356 357 358 363
419 435 EIDtAICAKTDGCNEAR 422
428 442 tDGCNEARWFsLttR 428 438 440 441
456 468 LWGVDTNYKSVsK 467
469 486 FHVFHDStNFYGsTGNAR 476 481
487 504 GQAVVNIsNAAFPILMAR 494
588 609 DGQCtLNsDPDDMKNFMENVLR 592 595
610 615 YLsnDR 612
622 636 ssMtVGTNLEtVYFK 622 623 625 632
720 734 GGsVLIMENVMSNLK 722
735 743 EEsAsGFVR 739
757 769 sVVnNDPQGYPDR 757
818 830 LEVAsWQEEVEGK 822
845 853 TPEsLAAAK 848
909 922 AMLQAADLGtNIQR 918
923 935 LYQHELYFRtNGR 932
1000 1015 KsLIDNKMIYGEEssK 1001 1013 1014
1016 1034 AGMMNPsYPLNYMEKPLTR 1022
1048 1075 VDVEKYPGVVNtNGEtVtQNINLYSAPTK 1059 1063 1065
1101 1120 StVPVtVTVALADDLtGREK 1102 1106 1116
1134 1142 tYDLKANDK 1134
1134 1146 TYDLKANDKVtFK 1144
1341 1362 VADDITVAPEYLEEsNGQAWAR 1355
1418 1431 ARGDEVsNDKFGGK 1424
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The start and end position of each of the 28 peptide sequences within YghJ are listed, as well as the specific residue number which is modified. Lower case s or t indicate modified residue.
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assess the conformation of glycosylated YghJ and the non-
glycosylated counterpart, the linear and native structure of both
proteins were compared using reducing and native PAGE analysis,
respectively. As shown in Figure 1, several bands carrying the
FLAG-tag were identified for both glycosylated and non-
glycosylated YghJ. These bands reflect degradation of the proteins
during the purification process. It is observed that both proteins
displayed similarmigrationpatterns and the degradation fragments
were of equal sizes. Next, we verified the non-modified state of YghJ
isolated from the MG1655DhldE expression strain, using 40 mg
purified protein as input to a BEMAP analysis. No modified sites
were identified (data not shown). Based on the PAGE analysis and
BEMAP, we conclude that our purification approach allows us to
isolate glycosylated YghJ as well as a non-glycosylated version. In
addition, themodifications do not appear to dramatically influence
the overall protein structure, but it is possible that the glycosylation
could induce local conformational changes throughout YghJ
(Shental-Bechor and Levy, 2008).

YghJ Glycosylation Is Associated With
Increased Recognition by Human
Immune Response
The controlled human infection model (CHIM) has advanced the
understanding of ETECpathogenesis, assisted in characterizing the
gut mucosal immune system and aided the search for candidate
vaccine antigens, aswell as evaluating early candidates inPhase 1/2/
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
2B clinical trials (Chakraborty et al., 2016; Chakraborty et al., 2018;
Vedøyet al., 2018). In this studyweuse sera fromtheCHIMstudy to
investigate the human YghJ-specific immune response following
infection (Chakraborty et al., 2015). Only individuals which
experienced a moderate to severe diarrhea when ingesting ETEC
were included in this analysis.

As shown above, the 1519 amino acid protein YghJ is
glycosylated at 54 different Ser/Thr residues. Therefore, these
glycan-peptide epitopes constitute only a fraction of YghJ
epitopes presented to the immune system during infection.
Nevertheless, we speculated whether the ingestion of ETEC and
thus an exposure to glycosylated YghJ would raise an immune
response, which differed in recognition compared to the non-
glycosylated protein variant. Specifically, we investigated the
difference between antibodies recognizing the glycosylated YghJ
as compared to the non-glycosylated variant using 17 serum
samples from the CHIM study. In order to quantitatively assess
the immune response, we conducted ELISA experiments. Serum
isolated from the individuals before infection (Day 0), after 7 days
(Day 7) and 28 days (Day 28) post infection was used as input for
the analysis. The relative serum antibody response towards the
glycosylated and non-glycosylated antigen is shown in Figures 2A,
B. As shown in Figure 2C, we have plotted the relative increase in
immune response towards the twoantigensby comparing theDay 0
samples to eitherDay7 or theDay 28 samples in a patient bypatient
manner. In our analysis, serum samples withdrawn from patients
on Day 7 showed a significantly stronger response (p = 0.0003)
towards the glycosylated YghJ (+glyco) compared to the non-
modified protein variant (-glyco) with calculated medians of 2.3
and 1.3, respectively. The response towards glycosylated YghJ and
the non-modified protein variant became even more pronounced
on Day 28 (p = 0.0001). The patient-to-patient variability in
antibodies recognizing glycosylated YghJ increased and the
median rose from 2.3 to 3.0. On the other hand, the level of
patient antibodies recognizing non-glycosylated YghJ was more
uniformly distributed and the median increased modestly from
1.3 to 1.6.

To ensure that serum ELISA signal depended only on YghJ
recognizing antibodies, two control experiments were performed.
In one control experiment we used Western blotting and serum
samples from three patients to probe for glycosylated YghJ to
determine if co-purified contaminants had contributed to the
ELISA signals. In this analysis, we detected one specific YghJ
signal suggesting our results exclusively are based on antibodies
recognizing our antigen (Supplementary Figures S2 and S3). In
another control experiment ELISA plates were coated with a
nonsense protein and the serum response measured. Only low
titers, with no correlation to sample day were observed, supporting
that we have measured an YghJ-specific antibody response in our
experimental setup (data not shown).

Remarkably, even though the protein glycosylation only
constitutes a minor fraction of all the possible epitopes, our
ELISA results show that the immune response towards
glycosylated YghJ is stronger than that of the non-glycosylated
protein variant. These results assign a clear role to protein
glycosylation in the immune response against the YghJ antigens,
both natural and recombinant.
FIGURE 1 | Western blot analysis of purified glycosylated and non-
glycosylated YghJ. Glycosylated and non-glycosylated YghJ was loaded onto
a PAGE gel and run under either non-reducing (left panel) or reducing
conditions (right panel) to assess the linear and native protein conformations.
Molecular weight marker (kDa) was loaded in lane 1. Glycosylated YghJ was
loaded in lanes 2 and 4 whereas the non-glycosylated protein variant was
loaded in lanes 3 and 5. Chicken anti-FLAG antibodies (diluted x4.000) and
HRP conjugated rabbit Anti-Chicken IgY (diluted x5.000) were used to
visualize YghJ.
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DISCUSSION

BEMAP is a sensitive, selective and robust method which enables
the identification of O-linked glycosylated sites in proteins
(Boysen et al., 2016). When screening for glycosylated proteins
in ETEC H10407, four glycosylated YghJ Ser/Thr sites were
initially identified within the 1519 amino acid sequence. In this
study, we have used BEMAP to further study glycosylated YghJ
purified from ETEC H10407. As shown in Table 1, our analysis
increases the number of identified sites from four to a total of 54
and we conclude that YghJ is hyperglycosylated. The macro
heterogeneity, or glycan site occupancy, for each Ser/Thr residue
within YghJ remains to be determined but we speculate that the site
variation may be just as significant as observed in the Eukaryotic
domain (Čaval et al., 2021). The BEMAP method can only
determine if a site is modified or not. Therefore, if the site
occupancy varies, it is possible that even more sites may be
identified if more protein is analyzed and/or the sensitivity of the
used MS instrument is increased. Based on the results presented
here, we have firmly established that YghJ is hyperglycosylated and
our observations indicate that this non-canonical ETEC antigen
should be added to the growing list of modified bacterial proteins
withpotential vaccine importance.Moreover, asdemonstratedwith
YghJ, we highlight that the BEMAP method has the potential to
reveal novel insights into proteins already extensively characterized
(Luo et al., 2014; Nesta et al., 2014).

Post translational protein modifications in the prokaryotic
world have until recently been regarded as rare and exotic.
However, increasing efforts are being dedicated to understanding
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
the functions and benefit of protein glycosylation in the context of
immunogenicity. Some studies have for example demonstrated that
the glycosylation mask the surface of the protein or even forms a
glycan-shield in order to avoid recognition by the immune system
of the host (Gault et al., 2015;Walls et al., 2016).Themappingof the
glycosylated residues onto a Phyre2 based 3D model (Kelley et al.,
2015) of YghJ (Supplementary Figure S1) reveals extensive surface
exposure of the glycans. Therefore one could imagine a similar role
for YghJ protein glycosylation. This hypothesis, however, is rejected
by our data presented in Figure 2, showing that YghJ glycosylation
increases the overall immunogenicity of the protein although they
only constitute a small fraction of all the available epitopes.

In this study, we have preliminarily investigated if these
modifications induce topology changes of YghJ by comparing the
native and denatured conformation of the protein. As presented in
Figure 1, the PAGE analysis did not reveal any detectable
differences between glycosylated YghJ and the non-modified
protein variant when examined under the different experimental
conditions. This indicates, that if the glycosylation does induce
conformational changes in YghJ, they are local. However, the data
doesnot exclude thepossibility thatO-linkedglycosylation serves to
influence folding kinetics, protein stability or contributes to protein
function as seen with other glycoproteins (Knudsen et al., 2008;
Shental-Bechor and Levy, 2008).

Despite an increasingly important unmet public health need,
there is still a large number of important bacterial pathogens such as
ETEC where the first effective vaccine has yet to enter the market.
The evidence of widespread bacterial O-linked protein
glycosylation and the impact of these modifications on function
A B C

FIGURE 2 | ELISA experiment using 17 serum samples from a controlled human infection model (CHIM) study showing the relative immune response towards
glycosylated YghJ (+glyco) and the non-glycosylated protein variant (-glyco). (A) Arbitrary anti non-glycosylated YghJ IgG/A/M antibody levels in serum 0, 7 and 28
days after ETEC ingestion is shown. (B) Arbitrary anti glycosylated YghJ IgG/A/M antibody levels in serum 0, 7 and 28 days after ETEC ingestion is shown. (C) The
ratio between measured endpoint titers obtained at Day 0 and Day 7 as well as Day 0 and Day 28 for antibodies that bound –glyco (squares) or +glyco (circles) was
calculated and plotted. A Wilcoxon matched-pairs signed rank test was performed to evaluate significant differences in the immune response towards glycosylated
and non-glycosylated YghJ. ***P = 0.0003. ****P < 0.0001. Median with interquartile range for each data set is indicated.
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and immunogenicity is accumulating at an increasing rate. We
speculate that the failure to produce safe and high efficacy subunit
vaccines targeting bacterial pathogensmay in part be associated with
absenceof immunologically importantO-linkedglycosylations in the
finalprotein antigen formulation.The absenceof these glycosylations
could for example arise if protein antigens are produced in an E.
coli K-12 background. In a previous study we identified cell surface-
associated glycoproteins from ETEC and E. coli K-12 (Boysen et al.,
2016).Herewe observed that themajority of the ETECglycoproteins
were conserved in both strains but nevertheless were only
glycosylated in the pathogens. This suggests that antigen expression
in E. coliK-12 will result in little or no protein glycosylation at all. As
described, allCHIMpatients carried antibodies againstYghJ onday0
and 67%of the enrolled patients became ill when exposed to a dose of
ETEC. This suggests that prior exposure to E. coli did not raise
antibodies against YghJ or any other E. coli antigen, associated with
cross-protection against ETEC. This lack of protection may be a
matter of antibody threshold levels. It has previously been reported,
that the higher the baseline level of serum IgA and IgG against
ETEC in unvaccinated individuals, the lower the incidence of
moderate to severe illness (McKenzie et al., 2008). With this study,
using serum from an ETEC controlled human infection study, we
have provided an important link between protein glycosylation and
the immunogenicity on an established and well investigated non-
canonical ETECantigen. It is possible that YghJ could show the same
level of cross-protection as demonstrated in Shigella using the
conserved protein outer membrane protein PSSP-1 (Kim et al.,
2018). Future investigations will include specific epitope analyses of
theglycosylatedYghJand thenon-modifiedproteinvariant to further
study the antigenic potential of O-linked glycosylation. We believe
that the increased immunogenicity of glycosylatedYghJ compared to
the non-modified protein variant will prove to be a distinguishing
factor impacting on the ability of this protein to induce protective
immune responses and thus enhance its potential as a non-canonical
antigen component of future diarrheagenic and uropathogenic
E. coli vaccines.
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