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Abstract

During infection, enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic E. coli
(EHEC) directly manipulate various aspects of host cell function through the translocation of
type lll secretion system (T3SS) effector proteins directly into the host cell. Many T3SS
effector proteins are enzymes that mediate post-translational modifications of host proteins,
such as the glycosyltransferase NleB1, which transfers a single N-acetylglucosamine
(GIcNACc) to arginine residues, creating an Arg-GIcNAc linkage. NleB1 glycosylates death-
domain containing proteins including FADD, TRADD and RIPK1 to block host cell death.
The NleB1 paralogue, NleB2, is found in many EPEC and EHEC strains but to date its enzy-
matic activity has not been described. Using in vitro glycosylation assays combined with
mass spectrometry, we found that NleB2 can utilize multiple sugar donors including UDP-
glucose, UDP-GIcNAc and UDP-galactose during glycosylation of the death domain protein,
RIPK1. Sugar donor competition assays demonstrated that UDP-glucose was the preferred
substrate of NleB2 and peptide sequencing identified the glycosylation site within RIPK1 as
Arg603, indicating that NleB2 catalyses arginine glucosylation. We also confirmed that
NleB2 catalysed arginine-hexose modification of Flag-RIPK1 during infection of HEK293T
cells with EPEC E2348/69. Using site-directed mutagenesis and in vitro glycosylation
assays, we identified that residue Ser252 in NleB2 contributes to the specificity of this dis-
tinct catalytic activity. Substitution of Ser252 in NleB2 to Gly, or substitution of the corre-
sponding Gly255 in NleB1 to Ser switches sugar donor preference between UDP-GIcNAc
and UDP-glucose. However, this switch did not affect the ability of the NleB variants to inhibit
inflammatory or cell death signalling during HeLa cell transfection or EPEC infection. NleB2
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is thus the first identified bacterial Arg-glucose transferase that, similar to the NleB1 Arg-
GIcNAc transferase, inhibits host protein function by arginine glycosylation.

Author summary

Bacterial gut pathogens including enteropathogenic E. coli (EPEC) and enterohaemorrha-
gic E. coli (EHEC), manipulate host cell function by using a type III secretion system to
inject ‘effector’ proteins directly into the host cell cytoplasm. We and others have shown
that many of these effectors are novel enzymes, including NleB1, which transfers a single
N-acetylglucosamine (GlcNAc) sugar to arginine residues, mediating Arg-GlcNAc glyco-
sylation. Here, we found that a close homologue of NleB1 that is also present in EPEC and
EHEC termed NleB2, uses a different sugar during glycosylation. We demonstrated that
in contrast to NleB1, the preferred nucleotide-sugar substrate of NleB2 is UDP-glucose
and we identified the amino acid residue within NleB2 that dictates this unique catalytic
activity. Substitution of this residue in NleB2 and NleB1 switches the sugar donor usage of
these enzymes but does not affect their ability to inhibit host cell signalling. Thus, NleB2 is
the first identified bacterial arginine-glucose transferase, an activity which has previously
only been described in plants and algae.

Introduction

Diarrhoeagenic Escherichia coli including enteropathogenic E. coli (EPEC) and enterohaemor-
rhagic E. coli (EHEC), cause nearly 200,000 deaths annually worldwide [1]. EPEC and EHEC
remain extracellular during infection and use a type III secretion system (T3SS) to translocate
‘effector’ proteins into the host cell cytoplasm [2]. These effectors orchestrate control over host
cell physiology to facilitate infection and allow the bacteria to evade innate immune defence
mechanisms [3]. Recent work has revealed that several EPEC and EHEC effectors are novel
enzymes that target and interfere with the function of host cell signalling proteins. For exam-
ple, we and others discovered that NleB1 is a novel glycosyltransferase that modifies human
death domain-containing proteins including FADD, TRADD and RIPK1, which are essential
components of death-receptor signalling [4,5]. The enzymatic activity of NleB1 is unusual, as
it utilizes the sugar donor UDP-N-acetylglucosamine (UDP-GIcNAc) to glycosylate arginine
residues in target proteins, forming an arginine-GlcNAc (Arg-GlcNAc) linkage. The addition
of a single GIcNAc moiety to Arg residues in death domain proteins blocks the formation of
critical immune signalling complexes, resulting in inhibition of inflammation and cell death
during infection.

Homologues of NleB1 are found in Citrobacter rodentium (termed NleB) and Salmonella
species (termed SseK1, SseK2, SseK3) [6-8]. These homologues have well-characterized roles
in inhibition of death receptor signalling [4,5,9-15] and some also block small Rab GTPase
function [16,17]. However, EHEC and EPEC strains also contain the NleB1 paralogue NleB2,
which is less well-characterized. NleB2 inhibits NF-«B signalling in transfected cells similarly
to NleB1 [4], but does not appear to inhibit cell death signalling during EPEC infection [5].
Furthermore, previous studies reported that compared to NleB1, NleB2 had a lower Arg-
GIcNAc enzymatic activity towards TRADD in transfected cells, and no Arg-GlcNAcylation of
TRADD was detected by immunoblot upon incubation with NleB2 in vitro [4,18].

Here we characterized the glycosylation mediated by NleB2. We found that NleB2 can uti-
lize either UDP-GIcNAc, UDP-glucose or UDP-galactose to glycosylate Arg603 within the
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death domain of RIPK1. However, competition assays defined the preferred sugar donor for
NleB2 as UDP-glucose, and this specificity was dependent on Ser252 in NleB2, which corre-
sponds to Gly255 in NleB1. Substitution of this residue switched sugar donor preference from
UDP-glucose to UDP-GIcNAc in NleB2, and vice versa in NleB1, but this did not affect inhibi-
tion of death receptor signalling in transfected cells or during EPEC infection.

Results
Interaction of NleB2 with the death domains of RIPK1 and TNFR1

Given that NleB1 targets the death domains of FADD, TRADD, RIPK1 and TNFR1 and shares
84% similarity with NleB2 at the amino acid level, we tested whether NleB2 also interacted
with death domain containing proteins. Using a yeast-two-hybrid pairwise interaction system
[19], we found that NleB2 interacted with the death domains of human RIPK1 and TNFR1
similar to NleB1 (Fig 1A), but we could not detect interactions with the death domains of
TRADD, FADD and FAS (not shown). To assess whether NleB2 inhibited TNFR1 and
RIPK1-mediated signalling we performed NF-xB-dependent luciferase assays on HeLa cells
stimulated with TNF. As observed previously [4,20], NleB1 inhibited TNF-induced NF-xB
activation under these conditions, and this inhibition was dependent on NleB1 glycosyltrans-
ferase activity, as the catalytic mutant GFP-NleB1pxp did not inhibit NF-«B activation (Fig
1B). NleB2 also inhibited TNF-induced NF-«B activation, although not as potently as NleB1
(Fig 1B). The catalytic activity of NleB2 was also required for inhibition of the NF-«xB pathway
(Fig 1B).

NleB2 from EPEC does not GIcNAcylate arginine in a cellular environment

Our observation that the NleB2 DXD motif was required for inhibition of NF-«B signaling
suggested that NleB2 may glycosylate and inactivate TNFR1 or RIPK1 to block NF-kB
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Fig 1. Binding of NleB2 to the death domains of RIPK1 and TNFR1 and inhibition of NF-kB signalling. (A) Yeast-2-hybrid analysis of protein-protein interactions
in S. cerevisiae P]69-4A. Growth on selective media for plasmid maintenance (DDO, double dropout) or selective media for interaction between proteins (QDO,
quadruple dropout). (B) Fold increase in NF-kB-dependent luciferase activity in HeLa cells transfected with pEGFP-C2, pGFP-NleB1, pGFP-NleB1pxp, pGFP-NleB2
or pGFP-NleB2pxp, and either left unstimulated or stimulated with TNF for 16 h where indicated. Results are the mean + standard error of the mean (SEM) of three
independent experiments carried out in duplicate. **p < 0.01, ***p < 0.001, unpaired, two-tailed -test.

https://doi.org/10.1371/journal.ppat.1009658.9001
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Fig 2. Lack of Arg-GlcNAcylation by NleB2 upon ectopic expression or translocation into host cells during infection. (A) HEK293T cells were
transfected with either pEGFP-C2, pGFP-NleB1 or pGFP-NleB2 before being lysed and subjected to polyacrylamide gel electrophoresis (PAGE) and
immunoblot with anti-Arg-GlcNAc and anti-GFP antibodies. Anti-Actin antibodies were used as a loading control. Representative immunoblots of at
least 3 independent experiments. (B) HT-29 cells were either left uninfected or infected with EPEC E2348/69 or derivatives lacking nleBI and/or nleB2 for
3 hours before being lysed and subjected to PAGE and immunoblot with anti-Arg-GlcNAc antibodies. Anti-Actin antibodies were used as a loading
control. Representative immunoblots of at least 3 independent experiments. (C) HT-29 cells were either left uninfected or infected with EPEC AnleB1 or
EPEC AnleB1/nleB2 for 3 hours before being lysed and subjected to PAGE and immunoblot with anti-Arg-GlcNAc antibodies. Anti-Actin antibodies were
used as a loading control. Representative immunoblots of at least 3 independent experiments.

https://doi.org/10.1371/journal.ppat.1009658.9002

activation. To examine NleB2 glycosylation in human cells we expressed either GFP,
GFP-NleB1 or GFP-NleB2 ectopically in HEK293T cells and subjected the cell lysates to
immunoblot using anti-Arg-GlcNAc antibodies [21]. While expression of GFP-NleB1 induced
Arg-GlcNAcylation of multiple proteins, no significant Arg-GlcNAcylation was detected in
HEK293T cells expressing NleB2 (Fig 2A). We then examined the activity of NleB2 during
EPEC infection of HT-29 cells. Using anti-Arg-GlcNAc antibodies we detected a prominent
band around 28 kDa in size and two additional bands of 38 kDa and 17 kDa in size during
infection with wild type EPEC E2348/69 (Fig 2B). These Arg-GlcNAc modified proteins were
not detected during infection with strains lacking nleBI including EPEC AnleBI and EPEC
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AnleB1/nleB2 and were unaffected by deletion of nleB2 alone (Fig 2B). Therefore, the Arg-
GlcNAcylated proteins detected by immunoblot during wild type EPEC infection of HT-29
cells were due to the presence of NleB1. Furthermore, no Arg-GlcNAcylated proteins were
detected during EPEC AnleBI infection of HT-29 cells even upon longer exposure (Fig 2C).
These results support the conclusion that NleB2 does not mediate Arg-GlcNAcylation.

Nucleotide-sugar utilization by NleB2

It is well known that glycosyltransferase nucleotide-sugar donor substrate specificity can be
completely altered by point mutations [22-24]. We hypothesized that the lack of NleB2-me-
diated Arg-GlcNAcylation detected may be due to the preference of NleB2 for a nucleotide-
sugar other than UDP-GIcNAc. Common sugar donors found in the cytoplasm of mammalian
cells include UDP-glucose, UDP-galactose, UDP-N-acetylgalactosamine (UDP-GalNAc),
UDP-glucuronic acid (UDP-GlcA) and GDP-mannose [25]. To explore whether these sugar
donors were utilised by NleB2, we performed in vitro glycosylation assays using the purified
death domain of RIPKI. Intact protein analysis by liquid chromatography-mass spectrometry
(LC-MS) revealed that the mass of MBP-RIPK1pp, was shifted by an amount commensurate
with a single sugar modification in the presence of GST-NleB2 and either 50 uM UDP-GIcNAc
(203 Da), UDP-glucose (162 Da) or UDP-galactose (162 Da) but not in the presence of
UDP-GIcA, UDP-GalNAc or GDP-mannose (Fig 3). We detected mass shifts in both the full
length (~53068 Da) and truncated proteoform (~51707 Da) of MBP-RIPK1pp, (Fig 3), which
did not occur in the presence of catalytically inactive GST-NleB2pxp (S1 Fig).

UDP-glucose utilization and arginine glycosylation by NleB2

We next sought to understand if NleB2 preferentially utilized any of the three transferable
nucleotide-sugars in vitro. We titrated the concentration of sugar donors to 0.5 uM and short-
ened the incubation period to 20 minutes rather than 3 hours. Under these conditions, only
UDP-glucose was utilised by GST-NleB2 to glycosylate MBP-RIPK1pp, (S2 Fig). To further
assess NleB2 sugar donor preference, we performed an in vitro nucleotide-sugar competition
assay to compare UDP-GIcNAc with either UDP-glucose or UDP-galactose. Using intact pro-
tein LC-MS we detected only GIcNAc-modified MBP-RIPK1pp when incubated in the pres-
ence of NleB2 and both UDP-GIcNAc and UDP-galactose, suggesting UDP-GIcNAc is the
preferred sugar donor under these conditions (Fig 4A). In contrast, we detected mass shifts
corresponding to both GIcNAc and glucose modification of MBP-RIPK1p, when UDP-Glc-
NAc and UDP-glucose were co-incubated in the presence of NleB2 (Fig 4A). Glucose-modi-
fied MBP-RIPK1pp, was approximately 4 times more abundant than GIcNAc-modified
MBP-RIPK1pp, supporting the preference of NleB2 for UDP-glucose as the donor (Fig 4A).
Although glucose and galactose modifications are indistinguishable by mass and were there-
fore not directly compared, it is likely that UDP-glucose is the preferred sugar donor overall
among UDP-glucose, UDP-galactose and UDP-GIcNAc, as modification of MBP-RIPK1pp, by
NleB2 in the presence of using UDP-galactose was comparatively low (Fig 3), and modification
of MBP-RIPK1pp, with galactose did not occur when UDP-GIcNAc was present (Fig 4A). We
observed similar results by immunoblot using anti- Arg-GlcNAc antibodies, which confirmed
that UDP-glucose but not UDP-galactose successfully competed with UDP-GIcNAc resulting
in reduced Arg-GlcNAcylation of MBP-RIPK1pp, by NleB2 (Fig 4B).

To identify the site of Arg-glucose modification, in vitro glucosylated MBP-RIPK1pp, was
digested with Glu-C and subjected to LC-MS/MS with EThcD fragmentation, revealing the
glucosylated residue was Arg603 within the death domain of RIPK1 (S3A Fig). Interestingly,
we also observed dual glucosylation of Arg603 by NleB2 (S3A Fig), likely due to the high
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Fig 3. Utilization of UDP-GIcNAc, UDP-glucose and UDP-galactose by NleB2. Deconvoluted intact mass spectra of MBP-RIPK1pp, proteoforms (full-length
expected average mass 53081 Da) incubated with GST-NleB2 either without sugar donors, or in the presence of one of UDP-GIcNAc, UDP-glucose, UDP-GalNAc,
UDP-galactose, UDP-glucuronic acid or GDP-mannose at 50 uM.

https://doi.org/10.1371/journal.ppat.1009658.9003

concentration of UDP sugars (10 mM) that we used in this assay to promote complete modifi-
cation of RIPK1pp. Cytoplasmic UDP-sugar concentrations in eukaryotic cells are estimated
to be in the micromolar range [26]. Intact mass spectrometry and peptide analysis further sup-
ported dual modification of RIPK1 by NleB2 in the presence of 10 mM UDP-glucose but not
UDP-GIcNAc or UDP-galactose (S3B and S4 Figs). The modification site was confirmed by
mutation of Arg603 to alanine, which abolished NleB2-mediated GlcNAc, glucose or galactose
modifications in vitro, as observed by intact mass spectrometry (S5A Fig), anti-Arg-GlcNAc
immunoblot (S5B Fig) and peptide analysis (S5C-S5E Fig).

Arg603 in RIPK1 corresponds to an arginine that is conserved in many death domains and
is also targeted for GIcNAcylation by NleB1 [4]. Therefore, we examined whether NleB2 could
catalyse arginine-glucose modification of other death domain-containing proteins. Peptide
analysis of in vitro glycosylation assays revealed that NleB2 modified the conserved arginine
within purified FADD (Argl117) but did not modify the death domains of FAS or TRAILR2
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Fig 4. Preference of NleB2 for UDP-glucose in vitro. (A) Deconvoluted intact mass spectra of in vitro sugar donor competition assays. MBP-RIPK1pp, was incubated
with GST-NleB2 without sugar donors, or in the presence of UDP-GIcNAc and either UDP-galactose or UDP-glucose at 25 uM concentrations of each sugar donor. (B)
In vitro sugar donor competition assays. MBP-RIPK1pp was incubated with GST-NleB2 without sugar donors, or in the presence of 25 uM UDP-glucose, UDP-
galactose or UDP-GIcNAc individually or in combination. Proteins were subjected to PAGE and immunoblot with anti-ArgGlcNAc, or anti-MBP and anti-GST
antibodies as controls. Representative of at least 3 experiments.

https://doi.org/10.1371/journal.ppat.1009658.9004

when incubated in the presence of UDP-glucose (S6A Fig and S1 Table). As the death domains
of TRADD and TNFRI are insoluble when expressed in E. coli, we examined whether NleB2
could glucosylate Flag-TRADD or Flag-TNRF1pp, in co-transfected HEK293T cells. We
detected both hexose-modified and HexNAc-modified TNFR1 when expressed with catalyti-
cally active NleB2, and modification occurred on the conserved Arg376 (S6B Fig). We did not
detect Arg-hexose or Arg-HexNAc-modified peptides when Flag-TRADD was co-expressed
with NleB2 (S1 Table).

Residue Ser252 within NleB2 decides sugar donor preference for UDP-glucose

To understand the basis of nucleotide-sugar preference for NleB1 and NleB2, we aligned the
amino acid sequences of all known Arg-GlcNAc transferases including NleB1 and NleB2 from
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Fig 5. Role of Serine 252 within NleB2 in preference for UDP-glucose. (A) Alignment of NleB2 and NleB1 from EPEC O127:H6 strain E2348/69, NleB from
Citrobacter rodentium strain ICC168 and SseK1, SseK2 and SseK3 from Salmonella enterica serovar Typhimurium strain SL1344. Arrow indicates serine 252 within
NleB2. Alignment was performed using Clustal W and visualised using ESPript. (B) The crystal structure of SseK2 (PDB ID: 5H63)[18] in complex with UDP-GIcNAc
[PMID: 30327479]. The peptide backbone is depicted as a blue ribbon, Glycine 273 is highlighted in pink, and the ligand represented in stick form. The image was
generated using Chimera 1.14 with carbon in yellow, nitrogen in blue, oxygen in red and phosphorus in orange. (C) HEK293T cells were transfected with either
pEGFP-C2, pGFP-NleB1, pGFP-NleB2 or pGFP-NleB2s,s,¢ before being lysed and subjected to PAGE and immunoblot with anti-Arg-GlcNAc and anti-GFP
antibodies. Anti-Actin antibodies were used as a loading control. Representative immunoblots of at least 3 independent experiments. (D) HEK293T cells were
transfected with either pEGFP-C2, pGFP-NleB2, pGFP-NleB2g,5,5 or pGFP-NleB2pxp before being lysed and subjected to PAGE and immunoblot with anti-Arg-
GIcNAc and anti-GFP antibodies. Anti-Actin antibodies were used as a loading control. Representative immunoblots of at least 3 independent experiments. (E) In vitro
sugar donor competition assays. MBP-RIPK1pp, was incubated with GST-NleB2 or GST-NleB2s,s,¢ either without sugar donors, or in the presence of 25 uM
UDP-GIcNACc alone or in combination with 25 uM UDP-glucose. Proteins were subjected to PAGE and immunoblot with anti-ArgGlcNAc, or anti-MBP and anti-GST
antibodies as controls. Representative of at least 3 experiments.

https://doi.org/10.1371/journal.ppat.1009658.9005

EPEC strain E2348/69, SseK1, SseK2 and SseK3 from Salmonella enterica serovar Typhimur-
ium strain SL1344 and NleB from Citrobacter rodentium strain ICC168. Among other differ-
ences, we identified Ser252 in NleB2, which was a glycine residue in all other homologous
sequences (Fig 5A). Of the known structures of NleB and SseK effectors, only SseK2 has been
co-crystallised with intact UDP-GIcNAc [18]. Examination of the published structure in
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complex with UDP-GIcNAc showed that Gly273 in SseK2, corresponding to Ser252 in NleB2,
was located in the UDP-GIcNAc binding region, near the acetyl group of GlcNAc (Fig 5B).

To test if the amino acid residue at this position contributed nucleotide-sugar preference,
we mutated Ser252 in NleB2 to glycine. Upon expression of GFP-NleB2s,5,5 in HEK293T
cells, we observed enhanced Arg-GlcNAcylation compared to GFP-NleB2 using anti-Arg-
GlcNAc antibodies, although Arg-GlcNAcylation was notably more abundant in NleB1-trans-
fected cells when immunoblots were imaged together (Fig 5C and 5D). This amino acid substi-
tution did not affect the ability to utilize nucleotide-sugar donors when added individually, as
GST-NleB2g,s,6 could utilise either UDP-GIcNAc or UDP-glucose to modify RIPK1pp (S7A
Fig). However, GST-NleB2g,s,G demonstrated a preference for UDP-GIcNAc when co-incu-
bated with UDP-glucose in the presence of MBP-RIPK1pp, (S8 Fig). Furthermore, co-incuba-
tion of UDP-glucose with UDP-GlcNAc had no effect on Arg-GlcNAcylation of
MBP-RIPK1pp by NleB2s,5,¢ as detected by immunoblot (Fig 5E), suggesting this mutant did
not utilize UDP-glucose to any significant extent when UDP-GIcNAc was present.

Overall, our data supported that mutation of Ser252 to glycine in NleB2 changed the sugar
donor preference to that of NleB1, which was previously shown to utilize UDP-GIcNAc over
any of UDP-glucose, UDP-GalNAc, UDP-galactose or UDP-GIcA [4]. Here we confirmed
NleB1 preferred UDP-GIcNAc over UDP-glucose (S8 Fig). However, we also observed that
NleB1 utilized UDP-glucose in vitro when no other sugar donors were present (S7B Fig).
Hence, there is a certain amount of fluidity in nucleotide-sugar utilization by the NleB/SseK
family of arginine glycosyl transferases.

Mutation of Gly255 to serine within NleB1 switches sugar donor preference
to UDP-glucose but does not affect cellular function

To determine whether the residue corresponding to Ser252 in NleB2 played a role in the sub-
strate preference of NleB1 for UDP-GIcNAc, we substituted Gly255 in NleB1 with serine. We
found that expression of GFP-NleB1 ;555 in HEK293T cells resulted in significantly reduced
Arg-GlcNAcylation of host proteins when compared to cells expressing GFP-NleB1 (Fig 6A).
A weakly Arg-GlcNAcylated protein of approximately 28 kDa in size was detected in
GFP-NleB1g,ss5-expressing HEK293T cells only when GFP-NleB1 or GFP-NleB2g,5,6
expressing cells were not included on the same immunoblot, and the immunoblot was devel-
oped with a more sensitive chemiluminescent substrate (Fig 6B). This band may represent
Arg-GlcNAc modified FADD, given that NleB1 preferentially targets FADD when expressed
at native levels [27]. In vitro glycosylation assays showed that NleB1g,555 was functional, and
utilised either UDP-GIcNAc or UDP-glucose to modify MBP-RIPK1pp, (S7C Fig). In contrast
to NleB1, UDP-glucose was preferred by NleB1g,ss5 to modify MBP-RIPK 1y, when both
UDP-GIcNAc and UDP-glucose were co-incubated (S8 Fig). Similar results were observed
using His-FADD, which is the major target of NleB1 during EPEC infection [27] (Fig 6C). Co-
incubation with UDP-glucose caused a reduction in Arg-GlcNAc modification of His-FADD
by NleBlg,sss as detected by immunoblot but did not affect NleB1-mediated Arg-GlcNAcyla-
tion of His-FADD (Fig 6C), indicating that Gly255 was central to the preference of NleB1 for
UDP-GIcNAc over UDP-glucose when both sugar donors were present.

To assess potential differences in the enzyme kinetics of NleB1, NleB2 and site-directed
mutants we performed UDP-Glo assays and measured the rate of UDP release during in vitro
glycosylation reactions using conditions similar to those previously optimised for NleB1 [28].
We performed the assay using 150 nM GST-NleB1 which was incubated in the presence of
UDP-GIcNAc alone. We observed low levels of UDP release with increasing concentrations of
UDP-GIcNAc (S9A Fig). However, the release of UDP was considerably more efficient upon
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Fig 6. Mutation of Glycine 255 in NleB1 switches sugar donor preference to UDP-glucose. (A) HEK293T cells were transfected with either pEGFP-C2, pGFP-NleBlI,
pGFP-NleB1g,sss, pGFP-NleB2 or pGFP-NleB2s,s, before being lysed and subjected to PAGE and immunoblot with anti-Arg-GlcNAc and anti-GFP antibodies. Anti-
Actin antibodies were used as a loading control. Anti-Arg-GlcNAc immunoblot was developed with routine detection reagents. Representative immunoblots of 3
independent experiments. (B) HEK293T cells were transfected with either pPEGFP-C2 or pGFP-NleBlg,sss before being lysed and subjected to PAGE and immunoblot
with anti-Arg-GlcNAc and anti-GFP antibodies. Anti-Actin antibodies were used as a loading control. Anti-Arg-GlcNAc immunoblot was developed with highly
sensitive detection reagents. Representative immunoblots of 3 independent experiments. (C) In vitro sugar donor competition assays. His-FADD was incubated with
GST-NleBI1 or GST-NleB1g;sss either without sugar donors, or in the presence of 25 uM UDP-GlcNAc alone or in combination with 25 pM UDP-glucose. Proteins
were subjected to PAGE and immunoblot with anti-Arg-GlcNAc, or anti-His and anti-GST antibodies as controls. Representative of at least 3 experiments.

https://doi.org/10.1371/journal.ppat.1009658.9006

co-incubation with 1 uM MBP-RIPK1pp, (S9A Fig). Therefore, we performed all enzymatic
kinetic analysis and Km calculations on reactions that included MBP-RIPK1pp, as a protein
target (S9B and S9C Fig). We found that NleB1 and NleB1g,s5s were generally more efficient
at utilising either UDP-linked sugar compared to NleB2 and NleB2g,s,¢ under the conditions
tested, with higher Vmax and lower Km values determined overall (S9 and S9C Fig). As
expected, we observed no UDP release in the reactions using catalytically inactive NleBlpxp
or NleB2pxp (S9B Fig). Km and Vmax calculations performed using Michaelis-Menten equa-
tions confirmed that NleB2 and NleB1 ;555 used UDP-glucose more efficiently than UDP-Glec-
NAGc, while the reverse was true for NleB2s,5,5 and NleB1 (S9C Fig). Interestingly, the enzyme
that utilised UDP-glucose most efficiently under the conditions tested was NleB1g;sss, which
had a Km of 4.5 uM with UDP-glucose, compared to NleB2 which was determined to have a
Km of 32.9 uM with UDP-glucose (S9C Fig). It is possible that other residues in NleB2 influ-
ence the target binding affinity of NleB2 for MBP-RIPK1pp compared to NleB1. Such differ-
ences in protein target specificity may explain the differing enzymatic efficiencies between
NleB1 and NleB2 in the conditions tested here.
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Fig 7. Impact of Arg-glucose post-translational modification on protein function. (A) Fold increase in NF-kB-dependent luciferase activity in HeLa cells transfected
with pEGFP-C2, pGFP-NleB1, pGFP-NleBlg;ss5, pPGFP-NleB2 or pGFP-NleB2s,s,¢ and either left unstimulated or stimulated with TNF for 16 h where indicated.
Results are the mean =+ standard error of the mean (SEM) of three independent experiments carried out in duplicate. **p < 0.01, ****p < 0.0001, ns (not significant),
unpaired, two-tailed t-test. (B) HT-29 cells were either left uninfected or infected with EPEC E2348/69 or derivatives for 3 hours before being stimulated with 20 ng/ml
FasL for 2 hours and then lysed and subjected to PAGE and immunoblot with anti-caspase-8 and anti-Arg-GlcNAc antibodies. Anti-Actin antibodies were used as a
loading control. Representative immunoblots of at least 3 independent experiments.

https://doi.org/10.1371/journal.ppat.1009658.9007

To understand whether changing the UDP-sugar preference of NleB1 or NleB2 affected the
cellular function of the enzymes, we performed NF-kB-dependent luciferase assays. We found
that both NleB1g;ss5 and NleB2g,s5,¢ inhibited NF-«kB activation in response to TNF stimula-
tion in transfected HeLa cells similar to the parent enzymes (Fig 7A). During infection,
NleB1g;sss inhibited caspase-8 cleavage in response to FasL stimulation and complemented
EPEC AnleB1 similarly to NleB1 (Fig 7B). However, unlike NleB1, NleB1g,5ss did not Arg-
GlcNAcylate host proteins during infection (Fig 7B). Thus, the Arg-glucose modification of
FADD by NleBlg,sss appeared to inhibit death receptor signaling similar to Arg-GlcNAc
modification by NleB1.
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Fig 8. Arginine glucosylation of RIPK1 during EPEC infection. HEK293T cells were transfected with pFlag-RIPK1pp, before being infected with derivatives of EPEC
E2348/69 for 3 hours. Anti-Flag immunoprecipitation was performed on cell lysates and eluates were subjected to mass spectrometry (A) or immunoblot analysis (B).
(A) Normalised ion intensities of the peptide forms of NLGKHWKNCARKLGFTQSQIDE identified in Flag-RIPK1pp immunoprecipitated from EPEC-infected
HEK293T cells. Results are shown as log10 of ion intensities normalised to the most abundant peptide form identified in each condition. Black points represent the
peptides detected in each replicate, and grey points indicate that the peptide was not detected within the replicate. Combined data from at least 3 independent
experiments for each condition. (B) Immunoblot analysis of input and eluate (Flag IP) of Flag-RIPK1pp immunoprecipitated from EPEC-infected HEK293T cells.
Membranes were probed with anti-Flag or anti-Arg-GlcNAc. Anti-Actin antibodies were used as a loading control. Representative of at least 3 independent

experiments.

https://doi.org/10.1371/journal.ppat.1009658.9008

Arginine glucosylation of RIPK1 during EPEC infection

Given that both NleB1 and NleB2 glycosylate Arg603 within the death domain of RIPK1 (S3A
Fig) [4], we investigated arginine modification of RIPK1 when both glycosyltransferases were
present during EPEC infection. HEK293T cells were transfected to express Flag-RIPK1pp and
then infected with derivatives of EPEC E2348/69 for 3 hours. Flag-RIPK1pp, was immunopre-
cipitated from the cell lysates, digested and subjected to LC-MS/MS. During infection with
wild type EPEC we detected RIPK1 peptides containing either hexose or HexNAc modifica-
tion of Arg603 (Fig 8A and S2 Table). However, Arg-GlcNAc modification was more abun-
dant and consistently detected during wild type EPEC infection, with arginine-hexose
modification of RIPK1 detected in only 3 of the 6 replicates examined (Fig 8A and S2 Table).
Arg-GlcNAc modification of RIPK1 was attributable to NleB1, as this modification was not
detected during infection with EPEC AnleB1, although arginine-hexose modification of
Arg603 was still detected (Fig 8A and S2 Table). Likewise, arginine-hexose modification was
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dependent on NleB2 during wild type EPEC infection as the modification was not detected
during infection with EPEC AnleB2 (Fig 8A and S2 Table). Interestingly, we observed both
hexose and HexNAc modification of Flag-RIPK1pp when NleB2 was overexpressed in the
complemented EPEC AnleB1/nleB2 mutant, although arginine-glucose modification was more
abundant (Fig 8A and S2 Table). As expected, this ratio was reversed upon complementation
of the EPEC AnleB1/nleB2 mutant with NleB2g,s,¢ (Fig 8A and S2 Table). Immunoblot analy-
sis using anti-Arg-GlcNAc antibodies was consistent with the peptide analysis (Fig 8B). Arg-
GlcNAc modification of Flag-RIPK1pp was detected by immunoblot during infection with
EPEC strains that contained nleB1 including wild type E2348/69 and AnleB2 (Fig 8B). Arg-
GlcNAc modification of Flag-RIPK1pp, was also detected NleB2 was overexpressed (Fig 8B).
However, the highest level of Arg-GlcNAc modification of Flag-RIPK1pp was observed when
NleB2g,s, was overexpressed (Fig 8B). In summary, NleB2 utilisation of UDP-GIcNAc could
be detected under conditions where both the effector and host target were overexpressed, but
UDP-glucose remained the preferred sugar donor of native NleB2.

Auto-glucosylation by NleB2

Auto-GlcNAcylation is also catalysed by NleB1 and SseK1 and -3 when overexpressed
[11,15,18]. To identify potential auto-glucosylated peptides in NleB2, we digested purified
GST-NleB2 with Lys-C and subjected peptides to LC-MS/MS with EThcD fragmentation. We
observed that GST-NleB2 isolated from BL21 E. coli was modified with a hexose sugar on resi-
due Arg140 (S10A Fig), an arginine residue that is not conserved in NleB1 (S10B Fig). No Arg-
GlcNAcylated peptides were detected within NleB2, suggesting that NleB2 also preferentially
utilises a hexose sugar donor when expressed in bacteria in the presence of multiple nucleo-
tide-sugars. In E. coli, cytoplasmic UDP-glucose levels are usually around 2.5 mM, while
UDP-GIcNAc is 9.3 mM [29]. Occupancy analysis indicated an Arg-hexose occupation rate of
only 0.6% (S10C Fig), thus we did not further investigate NleB2 auto-glucosylation.

Discussion

Characterization of the activity of bacterial effector proteins has revealed new classes of
enzymes as well as unique post-translational protein modifications. For example, EspL from
EPEC and OspD3 from Shigella are members of a novel family of cysteine protease effectors
that can block necroptotic cell death by cleaving and inactivating the RHIM-containing pro-
teins, RIPK1 and RIPK3 [30,31]. NleE from EPEC and OspZ from Shigella are S-adenosyl-L-
methionine (SAM)-dependent methyltransferases that modify a cysteine residue in the zinc
finger domains of TAB2 and TAB3, thereby preventing their interaction with ubiquitinated
TRAF proteins and leading to inhibition of NF-kB activation [20,32-34].

In this study, we provide further insights into the unique activity of the NleB family of argi-
nine-glycosyltransferase effectors. Using in vitro assays, we found that in contrast to other
NleB/SseK effectors that catalyse Arg-GlcNAc glycosylation, NleB2 from EPEC preferentially
modifies arginine residues with glucose, thereby mediating an Arg-glucose linkage. This rare
biochemical modification has only been detected in auto-glucosylating plant and green algae
proteins [35], and has not previously been reported among bacterial or mammalian glycosyl-
transferases. The function of plant protein auto-Arg-glucose modification is unclear, although
the modification is reversible in plants [35].

Mass spectrometry performed on the death domain of RIPK1 incubated with NleB2 in vitro
revealed the glucose-modified residue was Arg603, the same residue in RIPK1 that is GIcNA-
cylated by NleB1 [9]. This arginine is conserved in many death domain proteins and is
required for protein-protein interactions and subsequent signalling [4,36,37]. We also found
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that, in vitro, NleB2 glucosylated the corresponding arginine in FADD (Argl17) and TNFR1
(Arg376) in co-transfected HEK293T cells. Although weak Arg-HexNAc modification of
TRADD by NleB2 has been reported previously [4], we did not detect HexNAc nor hexose
modification of TRADD when co-expressed with NleB2, similar to another study which exam-
ined in vitro Arg-GlcNAc modification of TRADD [18]. We also observed that, in vitro,
Arg603 can be modified by NleB2 with two glucose moieties. The precise mechanisms by
which two glucose molecules can be added to arginine are unknown, although dual methyla-
tion of arginine has been reported previously [38]. The physiological relevance of dual glucose
modification of arginine is also questionable, as it was only detected in the presence of high
concentrations of UDP-glucose. An unexpected finding of our in vitro observations was that
NleB1 utilised UDP-glucose to modify RIPK1pp when no other sugar donors were present.
The relevance of this observation during infection is unclear, as it is unlikely to occur when
multiple nucleotide-sugars are present in host cell cytoplasm. Indeed, we found that when
expressed at native levels during infection, only Arg-GlcNAc modification of Flag-RIPK1pp,
could be detected by NleB1, whereas arginine-hexose was the dominant modification medi-
ated by NleB2.

We identified the amino acid residues Ser252 in NleB2 and Gly255 in NleB1 that play sig-
nificant roles in the nucleotide-sugar preference of each enzyme. Although extensive muta-
tional analysis and structural characterisation of NleB1 has been performed [9,13,18],
mutation of Gly255 had not previously been examined. Interestingly, this residue is located
immediately downstream of Glu253 and Asn254 of the HEN motif which was identified by
Park et al. to be essential for NleB1 and SseK catalytic activity [18]. We and others have also
shown that Glu253 is essential for NleB1 Arg-GlcNAc activity [4,9,13]. The region containing
Gly255 is disordered in the published structure of NleB1 in complex with FADD and UDP [9].
However, in the published structure of SseK2 in complex with UDP-GIcNAc [18], the corre-
sponding residue (Gly273) was located near the N-acetyl group of the GIcNAc moiety.
Although this residue has not been shown to interact with UDP-GIcNAc directly, structural
modelling of SseK3 with UDP and GlcNAc suggested that the conserved glycine (Gly260)
forms a hydrogen bond with the GIcNAc N-acetyl group [39]. We propose that a serine instead
of glycine in this position in NleB2, may reduce the size of the binding-pocket that accommo-
dates the N-acetyl group of UDP-GIcNAG, resulting in a preference for the smaller UDP-glu-
cose. Studies of B1, 4-Galactosyltransferase I (34Gal-T1) show a similar phenomenon [24].
Gal-T1 normally utilises UDP-galactose, but also has a very low GalNAc-transferase activity
[24]. Resolution of the structure of Gal-T1 revealed that a tyrosine residue formed a hydrogen
bond with the N-acetyl group of the GalNAc moiety, and that when this residue was mutated
to leucine, isoleucine or asparagine, this bond was disrupted and GalNAc-transferase activity
was increased [24]. Likewise, we observed that mutation of Ser252 in NleB2 to glycine
increased GIcNAc-transferase activity, suggesting that this residue may interact with the N-
acetyl group of the GIctNAc moiety. The reciprocal G255S mutation in NleBI resulted in a
change in the nucleotide-sugar utilised by NleB1 from UDP-GlcNAc to UDP-glucose. We
found that although only weak Arg-GlcNAcylation was detected in the presence of NleB1g,sss
during infection or when expressed in mammalian cells, NleB1s,555 nonetheless inhibited
inflammatory and cell death signalling similar to NleB1. Thus, we conclude that Arg-glucosy-
lation inhibits protein-protein interactions and downstream signalling similar to Arg-
GlcNAcylation.

Small changes in amino acid sequence are known to change glycosyltransferase nucleotide-
sugar usage. For example, two glycosyltransferases from Pasteurella multocida, GetD and
GatB, are identical except for one amino acid residue, resulting in differences in sugar donor
usage from UDP-glucose to UDP-galactose respectively, with a consequent impact on LPS
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structure [22]. Point mutations can also be designed to engineer glycosyltransferases that uti-
lise non-canonical sugar donors, creating highly useful research tools [40]. The significance of
NleB2 as a glucosyltransferase rather than GlcNAc transferase is unclear. Cytoplasmic concen-
trations of UDP-GIcNAc can fluctuate, including during the immune response [41]. This has
been shown to have significant effects on host cellular enzymes including the O-GlcNAc trans-
ferase, OGT [41]. The utilization of UDP-glucose by NleB2 may allow EPEC to adapt to low
availability of cytoplasmic UDP-GIcNAc during infection, meaning NleB2 could inhibit sig-
nalling when the Arg-GlcNAc activity of NleB1 is reduced.

We observed both HexNAc and hexose modification of Arg603 on ectopically expressed
Flag-RIPK1pp during EPEC infection. However, the lack of antibody-based tools to immu-
noprecipitate arginine-hexose modifications in a non-biased way, means we could not investi-
gate NleB2 activity against endogenous target proteins during EPEC infection. Analysis of
endogenous RIPK1 is further complicated by our previous observations that RIPK1 is cleaved
by EspL during EPEC infection [30]. This may explain, in part, why there is a lack of pheno-
type associated with the EPEC E2348/69 AnleB2 mutant in the assays utilised to date. Analysis
is further confounded by other effectors such as NleE, NleC and NleB1 which also target
RIPK1-dependent signalling pathways [4,5,20,32,33,42-46]. Analysis of effector translocation
by EPEC E2348/69 has not revealed significant differences between NleB1 and NleB2, which
are both translocated into host cells at low levels compared to other effectors such as NleA
[47]. However, NleB1 and NleB2 are located on different genomic islands (IE6 and PP4 respec-
tively), and there is some evidence that NleB2 expression may be regulated independently
from NleB1 [48]. Future investigation of NleB2 translocation and activity under different met-
abolic conditions during EPEC infection may reveal the function of NleB2 and purpose of uti-
lising UDP-glucose over UDP-GIcNAc.

Given the complex interaction of EPEC with host cells during infection, it is possible that
EPEC modulates host metabolism, as reported for other pathogens [49]. Intriguingly, NleB1
also directly influences host glucose metabolism via Arg-GlcNAc modification of HIF-1a,
although it is not clear whether this occurs at endogenous levels of effector translocation [50].
The preference of NleB2 for UDP-glucose may help overcome metabolic limitations that occur
during EPEC infection. Although our previous work suggested that NleB2 does not have a
major impact on inflammatory or cell death signalling during EPEC infection [5], it is possible
that NleB2 glucosylates non-death domain targets, and future work will require novel tools to
identify the Arg-glucose modified targets of NleB2 during infection.

Materials and methods
Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1. Bacteria were grown in Luria-Ber-
tani (LB) broth or Roswell Park Memorial Institute medium (RPMI) with GlutaMAX (Gibco)
at 37°C in the presence of ampicillin (100 pg/ml), kanamycin (100 pg/ml) or chloramphenicol
(25 ug/ml) when required.

DNA cloning and purification

The plasmids used in this study are listed in Table 1. Primers used in this study are listed in
Table 2. DNA modifying enzymes were used in accordance with manufacturer instructions
(Roche). Plasmids were extracted using the QTAGEN QIAprep Spin Miniprep Kit or the QIA-
GEN Plasmid Midi Kit. PCR products and restriction digests were purified using the Wizard
SV Gel and PCR Clean-Up System (Promega). pPGBKT7-NleB2 was generated by amplifying
the nleB2 gene from EPEC E2348/69 genomic DNA using primer pair NleB2g;/NleB2y, before
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Table 1. Bacterial strains and plasmids used in this study.

Strain/plasmid Characteristics Source/Reference
EPEC E2348/69 Wild type EPEC O127:H6 [59]
AnleB1 EPEC E2348/69 AnleB1 [5]
AnleB2 EPEC E2348/69 AnleB2 [5]
AnleB1/nleB2 EPEC E2348/69 AnleB1 and AnleB2 [5]
BL21 C43 (DE3) E. coli used for expression of proteins for affinity purification Novagen
Saccharomyces cerevisiae Yeast strain for performing yeast-2-hybrid interaction assays. (MATa, trp1-901, leu2-3,112,ura3-52 his3-200,gal4A, | Clontech
PJ69-4A gal80A,LYS2:GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ)
pGBKT?7 Yeast expression vector for fusion of GAL4 DNA binding domain to protein of interest. Carries TRPI nutritional Clontech
marker for selection in yeast.
pGBKT7-NleB1 nleB1 from EPEC E2348/69 in pGBKT7 This study
pGBKT?7-NleB2 nleB2 from EPEC E2348/69 in pGBKT7 This study
pGADT7 AD Yeast expression vector for fusion of GAL4 activation domain to protein of interest. Carries LEU2 nutritional Clontech
marker for selection in yeast.
pGADT7-RIPK1pp Death domain (residues 590-675) of RIPK1 in pGADT7 AD This study
pGADT7-TNFRIpp Death domain (residues 358-438) of TNFR1 in pGADT7 AD This study
pTrc99A Cloning vector for expression of proteins from Ptrc Pharmacia
Biotech
pNleB1 nleB1 from EPEC E2348/69 in pTrc99A [20]
pNleBlgssss nleBI from EPEC E2348/69 carrying mutation G255S in pTrc99A This study
pEGFP-C2 N-terminal Green fluorescent protein (GFP) expression vector Clontech
pGFP-NleB1 nleBI from EPEC E2348/69 in pEGFP-C2 [5]
pGFP-NleBlpxp nleBI from EPEC E2348/69 carrying alanine substitutions for residues D,,;AD in pEGFP-C2 [5]
pGFP-NleBlg,sss nleB1 from EPEC E2348/69 carrying mutation G255S in pEGFP-C2 This study
pGFP-NleB2 nleB2 from EPEC E2348/69 in pEGFP-C2 [5]
pGFP-NleB2pxp nleB2 from EPEC E2348/69 carrying alanine substitutions for residues D,;sMD in pEGFP-C2 This study
pGFP-NleB2s;s5,6 nleB2 from EPEC E2348/69 carrying mutation S252G in pEGFP-C2 This study
p3xFlag-Myc-CMV-24 Dual tagged N-terminal Met-3xFlag and C-terminal c-myc expression vector Sigma-Aldrich
pFlag-TRADD Human TRADD in p3xFlag-Myc-CMV Jiirg Tschopp
pFlag-TNFR1pp Death domain of human TNFRI in p3xFlag-Myc-CMV-24 [11]
pFlag-RIPK1pp Death domain of human RIPK1 in p3xFlag-Myc-CMV-24 Thus study
pRL-TK Renilla luciferase vector Promega
pNF-xB-Luc Vector for measuring NF-kB dependent luciferase expression Clontech
pGEX-4T-1 N-terminal glutathione S-transferase (GST) cloning/expression vector GE Healthcare
pGEX-NleB1 nleBI from EPEC E2348/69 in pGEX-4T-1 [5]
pGEX-NleBlg,sss nleB1 from EPEC E2348/69 carrying the mutation G255S in pGEX-4T-1 This study
pGEX-NleBlpxp nleBI from EPEC E2348/69 carrying the mutation Dy,; AD in pGEX-4T-1 [5]
pGEX-NleB2 nleB2 from EPEC E2348/69 in pGEX-4T-1 This study
PGEX-NleB2pxp nleB2 from EPEC E2348/69 carrying alanine substitutions for residues D,;sMD in pGEX-4T-1 This study
PGEX-NleB2s;5,6 nleB2 from EPEC E2348/69 carrying the mutation $252G in pGEX-4T-1 This study
PMAL-c2X N-terminal maltose-binding protein (MBP) Tag cloning/expression vector New England
Biolabs
pMAL-RIPK1pp, Death domain (residues 583-668) of RIPK1 in pMAL-c2X This study
PMAL-RIPK1pp(re03a) Death domain (residues 583-668) of RIPK1 carrying the mutation R603A in pMAL-c2X This study
pHis-FADD FADD in pET28a in frame with N-terminal 6xHis tag for affinity purification [5]
pHis-FASpp Death domain (residues 223-319) of human FAS in pET28a in frame with N-terminal 6xHis tag for affinity This study
purification
pHis-TRAILR2pp Death domain (residues 333-428) of human of human TRAILR2 in pET28a in frame with N-terminal 6xHis tag for | [11]
affinity purification
https://doi.org/10.1371/journal.ppat.1009658.t001
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Table 2. List of primers used in this study.

Name Primer sequences 5’-3’

NleB2g CGGAATTCATGCTTTCACCGATAAGGACAACTTTC

NleB2g, CGGGATCCTTACCATGAACTGCATGTATACTGAC

NleB2g, CGGGATCCATGCTTTCACCGATAAGGACAACTTTC

NleB2g, CGGAATTCTTACCATGAACTGCATGTATACTGAC

RIPK1; CGCGAATTCATGACGGATAAACACCTGGACCC

RIPK 1y CGCGTCGACTTAGACGTAAATCAAGCTGCTCAG

RIPK1g, CGAAGCTTACGGATAAACACCTGGACC

RIPK 1y, CGGAATTCCTAGACGTAAATCAAGCTGCTC

FAS CGCGAATTCATGAATTTATCTGATGTTGACTTGAG

FASy CGCGAATTCCTAAGTAATGTCCTTGAGGATGATAG

TNFRI1; CGCCATATGATGACGCTGTACGCCGTGGTGG

TNFRIg CGCGGATCCTCACTCGATGTCCTCCAGGCAGC

NleB2(pxp)r GAGGGGTGTATCTATCTTGCTGCGGCTATGATACTTACAGGTAAGC
NleB2(pxp)r GCTTACCTGTAAGTATCATAGCCGCAGCAAGATAGATACACCCCTC
NleB2(s2526F CGTCGTAATGATAGTGTAAATATTGAAAATGGTGCAATAATTGTTAACCG
NleB2(sa5200r CGGTTAACAATTATTGCACCATTTTCAATATTTACACTATCATTACGACG
NleB1(Gasss)r GATGAGATAAAAAGTCTTGAAAATAGTGCGATAGTTGTCAATC
NleB1cs55)r GATTGACAACTATCGCACTATTTTCAAGACTTTTTATCTCATC
RIPK1 (re03)E GCACTGGAAAAACTGTGCCGCTAAACTGGGCTTCACAC

RIPK1 (reo3a)r GTGTGAAGCCCAGTTTAGCGGCACAGTTTTTCCAGTGC

https://doi.org/10.1371/journal.ppat.1009658.t002

the PCR product was digested with EcoRI/BamHI and ligated into pGBKT7. pGBKT7-NleB1
was constructed by digesting pGBT9-NleB1 [5], which carries nleB1 flanked between the
restriction sites EcoRI and BamHI, and ligating into pGBKT?7 digested with EcoRI/BamHI.
pGADT7-RIPK1pp was constructed by amplifying the death domain of RIPKI from HeLa
cDNA using primer pair RIPK1z/RIPK]1g, before being digested with EcoRI/Sacl and ligated
into pPGADT7 AD. pGADT7-TNFRI1pp was constructed by amplifying the death domain of
TNFR1 using primer pair and TNFR1g/TNFRI1y before being digested with Ndel/BamHI and
ligated into pGADT7 AD. pGEX-NleB2 was generated by amplifying the nleB2 gene from
EPEC E2348/69 genomic DNA using primer pair NleB2,/NleB2g, before the PCR product
was digested with EcoRI/BamHI and ligated into pGEX4T-1. pMAL-RIPKpp, was generated
by amplifying the death domain of RIPKI from HeLa cDNA using primer pair RIPK1g/
RIPK1g before the PCR product was digested with EcoRI/SacI and ligated into pMAL-c2X.
pHis-FASpp was generated by amplifying the death domain of FAS from HeLa cDNA using
primer pair FASg FASy before the PCR product was digested with EcoRI and ligated into
pET28a. pFlag-RIPKpp was generated by amplifying the death domain of RIPKI from HeLa
cDNA using primer pair RIPK1g,/RIPK1y, before the PCR product was digested with Hin-
dIII/EcoRI and ligated into pMAL-c2X.

Site-directed mutagenesis

pGFP-NleB2pxp and pGEX-NleB2pxp, were generated using the Stratagene QuikChange II
Site-Directed Mutagenesis Kit according to manufacturer’s protocol, using primer pair
NleB2pxpyr /NleB2pxpyr and pGFP-NleB2 or pGEX-NleB2 as template DNA respectively.
pGFP-NleB2s,5,5 and pGEX-NleB2g,s5, were generated using primer pair NleB2 s»56)r
INleB2s5526yr and pGFP-NleB2 or pGEX-NleB2 as template DNA respectively.
pGFP-NleBlg;sss, PGEX-NleBlgysss and pNleB1g,ss55 were generated using primer pair
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NleB1(G2sss)r /NleB1(G2sss)r and either pGFP-NleB1, pGEX-NleB1 or pNleB1 as template
DNA respectively. pMAL-RIPK1pp(reo3a) Was generated using primer pair RIPK1reo34)r
/RIPK1 (re034)r Using pMAL-RIPK1pp as template. Plasmids were digested with DpnlI at 37°C
overnight before subsequent transformation into XL1-Blue cells.

Yeast-2-hybrid co-transformation

The yeast strain Saccharomyces cerevisiae PJ69-4A was co-transformed with derivatives of
PGBKT7 or pPGADT7 AD using the lithium acetate method [51]. Briefly, S. cerevisiae PJ69-4A
was streaked on YPD plates supplemented with adenine and incubated at 30°C for 3 days.
Two or three pink colonies from the streak plates were then used to inoculate a 10 ml YPD
broth supplemented with adenine and grown at 30°C overnight at 200 rpm. The overnight cul-
ture was subinoculated into fresh YPD broth containing adenine at a starting ODgq0 of 0.20
and grown at 30°C to an ODg( of 0.6-0.8. The yeast culture was then centrifuged at 4,000 rpm
for 7 min and the pellet was resuspended in distilled water before being spun down again. The
yeast pellet was then resuspended in 100 mM lithium acetate and centrifuged. The lithium ace-
tate was removed and the cells were resuspended in 400 mM lithium acetate, vortexed and cen-
trifuged. The lithium acetate was removed from the yeast pellet and polyethylene glycol (PEG
3350; Sigma-Aldrich) was added, followed by 1 M lithium acetate, herring sperm DNA
(ssDNA) at a final concentration of 2 mg/ml, water and the plasmid DNA of interest before
mixing by vortex. The mixture was then incubated 30°C for 30 mins and heat shocked at 42°C
for 20 mins before being pelleted. The transformation mixture was then removed and the pel-
let was resuspended in distilled water and plated on selective yeast plates which were incubated
at 30°C for 3 days. Agar plates lacking leucine and tryptophan were used to select for plasmid
maintenance, and agar plates lacking leucine, tryptophan, histidine and adenine were used to
select for yeast harbouring interacting proteins.

Mammalian cell culture and transfection

HeLa and HEK293T cells were cultured in in T75 cm? tissue culture flasks (Corning) in Dul-
becco’s modified Eagle’s medium (DMEM) GlutaMAX (Gibco) supplemented with 10% Foetal
Bovine Serum (FBS Bovogen Biologicals) in 5% CO, at 37°C. Approximately 24 h before trans-
fection, HeLa or HEK293T cells were seeded into 24 well tissue culture trays (Greiner Bio-
One) at a density of 10° cells per well. Cells were transfected with pEGFP-C2 derivatives using
FuGENE 6 Transfection Reagent (Promega) according to manufacturer instructions. Cells
were transfected for 24 h before being lysed for immunoblot analysis.

NF-kB-dependent luciferase reporter assay

HelLa cells were seeded onto 24 well trays and co-transfected with derivatives of pPEGFP-C2
(0.4 pg) and 0.2 pg of pNF-xB-Luc (Clontech, Palo Alto CA, USA) and 0.05 pg of pRL-TK
(Promega, Madison WI, USA). After 24 hours of transfection, cells were either left untreated,
or stimulated with TNF (20 ng/ml) and incubated in 5% CO, at 37°C for a further 16 hours. A
dual-luciferase reporter assay was then performed on the HeLa cell lysates according to the
manufacturer’s protocols (Promega Part# TM040). Samples were measured on a CLARIOstar
microplate reader (BMG Labtech).

EPEC infection of HT-29 cells

HT-29 cells were cultured in T75 cm? tissue culture flasks (Corning) in RPMI GlutaMAX
(Gibco) supplemented with 10% Foetal Bovine Serum (FBS Bovogen Biologicals) in 5% CO, at
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37°C. Two days before infection HT-29 cells were seeded into 24 well tissue culture trays at a
density of 2x10 cells per well. The day before infection derivatives of EPEC were inoculated
into LB broth and grown with shaking at 37°C overnight. On the day of infection, overnight
cultures of EPEC were sub-cultured 1:75 in RPMI GlutaMAX (Gibco) and grown statically for
3 hat 37°C with 5% CO2. Where necessary, cells were induced with 1 mM IPTG (Sigma) for
30 min before infection. HT-29 cells were washed twice with PBS and infected with EPEC
grown to an ODg of 0.06 for 3 h before being lysed for immunoblot analysis. Where required,
after 3 hours of EPEC infection the HT-29 cells were treated for a further 2 hours with 100 pg/
ml gentamycin to stop the infection, in combination with 20 ng/ml FasL before being lysed for
immunoblot analysis.

Immunoprecipitation of Flag-tagged fusion proteins

For immunoprecipitation of Flag-TNFR1pp, and Flag-TRADD from co-transfected cells, 10
HEK?293T cells were seeded into 15 cm dishes (Corning) the day before transfection. Cells
were co-transfected with either pFlag-TNFR1pp or pFlag-TRADD and either pGFP-NleB2 or
pGFP-NleB2pxp at a ratio of 2:1 of Flag:GFP plasmid DNA using FuGENE 6 Transfection
Reagent (Promega) according to manufacturer instructions. 16 hours after transfection, cells
were washed once with PBS before being lysed in ice cold lysis buffer (50 mM Tris-HCI pH
7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton x-100, 10 mM NaF, 1 mM PMSF, 2 mM Na;VO,
with 1 x EDTA-free Complete Protease Inhibitor Cocktail (Roche)) for 30 minutes. Cell debris
was pelleted and the supernatant added to equilibrated anti-Flag magnetic beads (Sigma-
Aldrich) and incubated at 4°C for 2 hours. Beads were washed with lysis buffer before bound
proteins were eluted in MilliQ containing 5% SDS by heating at 95°C for 10 minutes. Beads
were separated from buffers using a magnetic separation rack (New England Biolabs). Eluates
were subjected to S-trap based protein clean up and mass spec analysis (see below).

For immunoprecipitation of Flag-RIPK1pp, from EPEC-infected cells, 107 HEK293T cells
were seeded into 15 cm dishes 2 days before infection. The day before infection HEK293T cells
were transfected with pFlag-RIPKpp, using FuGENE 6 Transfection Reagent (Promega)
according to manufacturer instructions and derivatives of EPEC were inoculated into LB
broth and grown with shaking at 37°C overnight. 16 hours after transfection, the HEK293T
cells were washed with PBS, and media was replaced to serum-free DMEM GlutaMAX
(Gibco). Overnight EPEC cultures were sub-cultured 1:75 in DMEM GlutaMAX (Gibco) and
grown statically for 3 h at 37°C with 5% CO2. Where necessary, cells were induced with 1 mM
IPTG (Sigma) for 30 min before infection. HEK293T cells were infected with 25 mL of EPEC
cultures at an ODggq of 0.01 for 3 hours before being washed with PBS and lysed for Flag-
immunoprecipitation as above.

Immunoblot analysis

Transfected or infected mammalian cells were lysed in cold lysis buffer (50 mM Tris-HCI pH
7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton x-100, 10 mM NaF, 1 mM PMSF, 2 mM Na;VO,
with 1 x EDTA-free Complete Protease Inhibitor Cocktail (Roche)). Cell debris was pelleted
and the supernatant added to 4xBolt LDS Sample Buffer (Thermo Fisher) with 50 mM DTT
before being heated to 70°C for 10 min.

Protein samples were resolved on Bolt 4-12% Bis-Tris Plus Gels (Thermo Fisher) by PAGE.
Proteins were then transferred to nitrocellulose membranes using the iBlot2 Dry Blotting sys-
tem (Thermo Fisher) before the nitrocellulose membranes were blocked for 1 h with 5% skim
milk powder in Tris buffered saline (TBS; 50mM Tris-HCI pH 7.5, 150mM NaCl) with 0.1%
Tween 20 (Biochemicals). Nitrocellulose membranes were washed with TBS containing 0.1%
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Tween 20 and probed overnight at 4°C with one of the following primary antibodies diluted
1:1000 in TBS with 0.1% Tween 20 and 5% bovine serum albumin (BSA, Sigma): rabbit mono-
clonal anti-Arginine (GlcNAc) (EPR18251; Abcam), mouse anti-GFP (7.1 and 13.1; Roche),
mouse monoclonal anti-B-actin (AC-15; Sigma), mouse monoclonal anti-caspase 8 (1C12; Cell
Signaling), mouse monoclonal anti-MBP (New England Biolabs), mouse monoclonal anti-his-
tidine tag (AD1.1.10; Bio-Rad), or rabbit polyclonal anti-GST (Cell Signaling). Rabbit poly-
clonal anti-NleB1 (made by Chemicon International against antigen GST-NleB1) was diluted
1:100 in TBS with 0.1% Tween 20 and 5% BSA and incubated overnight at 4°C. Secondary
antibodies were horseradish peroxidase (HRP)-labelled anti-mouse IgG (PerkinElmer) or
HRP-labelled anti-rabbit IgG (PerkinElmer), which were diluted 1:3000 in TBS with 0.1%
Tween 20 and 5% BSA and incubated on nitrocellulose membranes for 1 hour at room tem-
perature. Immunoblots were routinely developed with ECL Western Blotting Detection
Regents (Cytiva), or when a stronger signal was required the immunoblots were developed
with Western Lightning Ultra (PerkinElmer). Images were acquired with the Amersham
Imager 680 (Cytiva).

Protein purification

Plasmids for the expression of MBP-tagged RIPK1pp, 6xHis-tagged FADD, FASpp, or
TRAILR2pp or GST-tagged NleB1, NleB2 or derivatives were transformed into BL21 C43
(DE3) E. coli. LB overnight cultures of BL21 containing the appropriate expression vector
were used to inoculate a 200 ml LB broth 1:100 which was grown at 37°C with shaking to an
optical density (A600) of 0.6. Cultures were induced with 1 mM IPTG and grown for a further
16 h at 18°C before being pelleted by centrifugation. Before purification, bacterial pellets were
resuspended in the appropriate binding buffer from Novagen His-Bind and GST-Bind kits, or
in TBS for MBP- RIPK1pp. Bacterial suspensions were lysed using the EmulsiFlex-C3 High
Pressure Homogenizer (Avestin) according to manufacturer’s instructions. Purification of
proteins was performed according to manufacturer’s protocols (Novagen His-Bind and
GST-Bind kits and NEB Amylose resin). Proteins were then desalted using PD-10 desalting
columns (GE) and protein concentrations were determined using a bicinchoninic acid (BCA)
kit (Thermo Scientific).

UDP-Glo assay

Vmax and Km calculations were performed using data from UDP-Glo assays (Promega) simi-
lar to previous studies [28,52]. Purified GST, GST-tagged NleB1, NleB1g,sss, NleBlpxp,
NleB2, NleBlg,s,¢ or NleB2pxp at 150 nM concentrations were incubated with 1 pM
MBP-RIPK1pp in 1x glycosyltransferase buffer (50 mM Tris-HCL pH 7.4, 100 mM NaCl, 10
mM MgCl,, 1 mM MnCl,) with titrated UDP-GIcNAc or UDP-glucose (0-1 mM) for 30 min-
utes at 30°C. The UDP Glo assay was then performed according to manufacturer instructions,
and luminescence was measured using a CLARIOstar microplate reader (BMG Labtech).
Readings obtained from GST incubated with MBP-RIPK1pp, in the presence of UDP sugar
donors were subtracted from all other readings as background luminescence. Relative light
units (RLU) measured at the end of the reaction were divided by 30 to calculate RLU/min pro-
duced, and Vmax and Km values were calculated by using the non-linear regression fit
Michaelis-Menten equation in GraphPad Prism Version 6.

In vitro glycosylation assays

For intact mass spectrometry analysis, 10 pg of purified MBP-RIPK1pp was incubated with
1 ug of purified GST-NleB1, GST-NleB2 or mutants for 3 hours at 37°C in TBS supplemented
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with 10 mM MgCl, and 10 mM MnCl, in the presence of sugar donors. UDP-GIcNAc, UDP-
glucose, UDP-GalNAc, UDP-galactose, UDP-GIcA or GDP-mannose (Sigma) were used at

10 mM, 50 uM or 0.5 uM where indicated and when incubated individually, or at 25 uM con-
centrations when co-incubated. For immunoblot analysis, 3 pg of purified MBP-RIPK1pp, or
His-FADD were incubated with 1 pg of purified GST-NleB1, GST-NleB2 or mutants for 3
hours at 37°C in TBS supplemented with 10 mM MgCl, and 10 mM MnCl, in the presence of
sugar donors at 25 uM.

Intact protein-based MS analysis

Intact analysis was performed using either a 6220 or a 6520 Accurate mass Q-TOF mass spec-
trometer (Agilent). Protein samples were re-suspended in 2% acetonitrile, 0.1% TFA and

2-10 pg of in vitro glycosylated protein injected onto a C5 Jupiter column (5 um, 300 A,

50 mm x 2.1 mm, Phenomenex) using an Agilent 1200 series HPLC system. Samples were
desalted by washing the column with buffer A (2% acetonitrile, 0.1% formic acid) for 4 minutes
and then separated with a 12 minutes linear gradient from 2 to 100% buffer B (80% acetonitrile,
0.1% formic acid) at a flow rate of 0.250 ml/min prior to reconditioning of the column for 4
minutes. MS1 mass spectra were acquired at 1 Hz between a mass range of 300-3,000 m/z.
Intact mass analysis and deconvolution was performed using MassHunter B.06.00 (Agilent).

Peptide-based MS analysis

For peptide analysis, 10 pg of purified MBP-RIPK1p, was incubated alone, or with 1 pg of
purified GST-NleB2 for 3 hours at 37°C in TBS supplemented with 10 mM MgCl, and 10 mM
MnCl, in the presence of either 10 mM UDP-GlcNAc, UDP-glucose or UDP-galactose. 10 pg
of purified His-FADD, His-FASpp, or His-TRAIL2pp, were incubated alone, or with 1 pg of
purified GST-NleB2 as above in the presence of either 10 mM or 50 uM UDP-glucose.

TFE based sample preparation of MBP-RIPK1pp/ MBP-RIPK1gg34 and
purified NleB2

In vitro glycosylated MBP-RIPK1pp/ MBP-RIPK1ggo34 and purified NleB2 samples were
resuspend in 50ul 20% TFE and diluted equal volume of reduction/alkylation buffer (40mM
TCEP, 80mM chloroacetamide and 100mM NH,HCO3). Samples were then heated at 40°C
for 30 min to aid denaturation and reduction / alkylation in the dark. Glu-C (Promega) for
RIPK1 or Lys-C (Wako Chemicals) for NleB2 was added (1/50 w/w) and allowed to incubate
overnight at 37°C. Digested samples were acidified to a final concentration of 0.5% formic acid
and desalted using C18 stage tips [53] before analysis by LC-MS.

S-trap based sample preparation of In-vitro glycosylated 6xHis-tagged
FADD, FASpp or TRAILR2pp; immunoprecipitated Flag-TNFR1pp and
Flag-TRADD and immunoprecipitated RIPK1-DD from infection samples

In-vitro glycosylated 6xHis-tagged FADD, FASpp or TRAILR2pp; immunoprecipitated Flag-
TNFRI1pp and Flag-TRADD and immunoprecipitated RIPK1-DD from infection samples
were prepared using S-trap columns (Protifi, USA) according to the manufacturer’s instruc-
tions. Briefly samples were adjusted to contain 5% SDS, boiled for 10 minutes with 10mM
DTT, allowed to cool to room temperature then alkylated with 40mM of iodoacetamide

for 30 minutes in the dark. Samples were then acidified with phosphoric acid to a final con-
centration of 1.2% and mixed with seven volumes of 90% methanol/100mM TEAB pH 7.1
before being applied to S-trap mini columns. Samples were washed four times with 90%
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methanol/100mM TEAB pH 7.1 to remove SDS then 2pg of trypsin (Promega, USA) in
100mM TEAB pHS8.5 added to 6xHis-tagged FADD, FASpp or TRAILR2pp; Flag-TNFR1pp
and Flag-TRADD samples while 1.25ug of GluC (Promega, USA) in 100mM ammonium
bicarbonate was added to immunoprecipitated RIPK1 samples. Proteases were spun through
the S-trap columns and samples digested for 4 hours at 47°C for trypsin or 37°C for GluC
digests. Peptides were collected from the S-traps by washing with 100mM TEAB pH8.5 or
100mM ammonium bicarbonate followed by 0.2% Formic acid followed by 0.2% Formic acid/
50% acetonitrile. Peptide washes were pooled, dried and then resuspended in Buffer A* (0.1%
TFA, 2% acetonitrile) before being cleaned up with home-made StageTips composed of 1 mg
Empore™ C18 material (3M) and 1 mg of OLIGO R3 reverse phase resin (Thermo Fisher Sci-
entific, USA) as previously described [53,54]. Columns were wet with Buffer B (0.1% formic
acid, 80% acetonitrile) and conditioned with Buffer A* prior to use. Resuspended samples
were loaded onto conditioned columns, washed with 10 bed volumes of Buffer A* and bound
peptides were eluted with Buffer B before being dried then stored at -20°C.

LC-MS analysis of In-vitro glycosylated RIPK1 and NleB2

Peptide samples were re-suspended in Buffer A* and separated using a two-column chroma-
tography set up composed of a PepMap100 C18 20 mm x 75 pum trap and a PepMap C18 500
mm x 75 pm analytical column (Thermo Fisher Scientific). Samples were concentrated onto
the trap column at 5 pL/min for 5 minutes with Buffer A (0.1% formic acid, 2% DMSO) then
infused into an Orbitrap Fusion™ Lumos™ Tribrid™ or a Q-Exactive plus Mass Spectrometer
(Thermo Fisher Scientific) at 300 nL/minute via the analytical column using a Dionex Ulti-
mate 3000 UHPLC (Thermo Fisher Scientific). 95-minute analytical runs were undertaken by
altering the buffer composition from 2% Buffer B (0.1% formic acid, 77.9% acetonitrile, 2%
DMSO) to 28% B over 60 minutes, then from 28% B to 40% B over 10 minutes, then from 40%
B to 100% B over 2 minutes. The composition was held at 100% B for 3 minutes, and then
dropped to 2% B over 5 minutes before being held at 2% B for another 15 minutes. The Orbi-
trap Fusion Lumos Tribrid Mass Spectrometer was operated in a data-dependent mode, auto-
matically switching between the acquisition of a Orbitrap MS scan (120,000 resolution) every 3
seconds and the fragmentation of precursors with either EThcD (NCE 15%, maximal injection
time of 200 ms with an AGC of 2e5) or stepped collision energy HCD scan (using NCE 30%,
35%, 45% with a maximal injection time of 200 ms and a AGC of 2e5) analysed within the
Orbitrap mass analyzer (resolution of 30k or 15k). The Q-Exactive plus Mass Spectrometer
was operated in a data-dependent mode, acquiring one full precursor scan (resolution 70,000;
440-2000 m/z, AGC target of 1x10°) followed by 10 data-dependent HCD MS-MS events (res-
olution 35k AGC target of 2x10° with a maximum injection time of 200 ms).

LC-MS analysis of In-vitro glycosylated 6xHis-tagged FADD, FASpp or
TRAILR2pp; immunoprecipitated Flag-TNFR1pp and Flag-TRADD and
immunoprecipitated RIPK1-DD from infection samples

Stagetip cleaned up samples were re-suspended in Buffer A* and separated using a two-col-
umn chromatography set up composed of a PepMap100 C18 20 mm x 75 pm trap and a Pep-
Map C18 500 mm x 75 pm analytical column (Thermo Fisher Scientific) coupled to a Orbitrap
Fusion™ Eclipse™ or Exploris™ 480 Mass Spectrometer (Thermo Fisher Scientific) for immuno-
precipitated proteins or an Orbitrap Q-Exactive plus Mass Spectrometer (Thermo Fisher Sci-
entific) for in vitro glycosylated samples. Samples were infused at 300 nl/minute via analytical
columns using Dionex Ultimate 3000 UPLCs (Thermo Fisher Scientific) on all systems.
95-minute gradients were run for each sample altering the buffer composition from 2% Buffer
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B to 23% B over 65 minutes, then from 23% B to 40% B over 20 minutes, then from 40% B to
80% B over 4 minutes, the composition was held at 80% B for 2 minutes, and then dropped to
2% B over 0.1 minutes and held at 2% B for another 4.9 minutes. The Eclipse™ and Exploris™
Mass Spectrometers were operated in a hybrid data-dependent and data-independent mode
collecting 2.0 seconds of data-dependent scans followed by 1.4 seconds of data-independent
scans. For data-dependent scans a single Orbitrap MS scan (300-1600 m/z, maximal injection
time of 25 ms, an AGC of 300% and a resolution of 120k) was acquired followed by Orbitrap
MS/MS HCD scans of precursors (NCE 30%, maximal injection time of 40 ms, an AGC of
200% and a resolution of 15k). After each round of data-dependent scans data-independent
scans targeting the +3, +4 and +5 charge states of the RIPK1-DD peptide NLGKHWKNC
ARKLGFTQSQIDE in its unmodified, HexNAc modified and Hex modified states were
undertaken (corresponding to the m/zs: 877.4467; 658.3369; 526.8709; 931.4643; 698.8501;
559.2815; 945.1398; 709.1067 and 567.4868). Each m/z were isolated and fragmented using
stepped collision energy HCD scans (using the NCE of 25%, 30% and 38%, maximal injection
time of 140 ms, an AGC set to 800% and a resolution of 60k). The Q-Exactive plus Mass Spec-
trometer was operated in a data-dependent mode automatically switching between the acquisition
of a single Orbitrap MS scan (375-1400 m/z, maximal injection time of 50 ms, an Automated
Gain Control (AGC) set to a maximum of 3*10° ions and a resolution of 70k) and up to 15 Orbi-
trap MS/MS HCD scans of precursors (Stepped NCE of 28%, 30% and 35%, a maximal injection
time of 100 ms, an AGC set to a maximum of 2*10° ions and a resolution of 17.5k).

Proteomic analysis

Protein searches were undertaken within MaxQuant (1.5.3.30, v1.6.3.4, or v1.6.17.0.) [55].
Depending on the samples searches undertaken using combination of the human proteome
(Uniprot Accession: UP000005640), the Escherichia coli O127:H6 (strain E2348/69) proteome
(Uniprot: UP000001521) or a custom database containing the predicted sequence of the
RIPK1-Death Domain, 6xHis-tagged FADD, FASpp, TRAILR2pp, Flag-TNFR1pp, Flag-
TRADD or NleB2. Searches were undertaken using “gluC” enzyme specificity for RIPK1-DD
samples, A “lys-C” enzyme specificity for NleB2 and “Trypsin” enzyme specificity for all

other samples. Carbamidomethylation of cysteine was allowed as a fixed modification as well
as the variable modifications of oxidation of methionine, Arg-GlcNAcylation (H;3;CsNOs;
203.0793Da to Arginine) and Arg-Glucosylation (H;¢OsCg; 162.052 Da to Arginine). To
enhance the identification of peptides between samples, the Match between Runs option was
enabled with a precursor match window set to 0.75 minutes and an alignment window of 20
minutes with the label free quantitation (LFQ) option enabled [56]. The resulting data was
visualized using ggplot2 [57] within R. The resulting MS data and search results have been
deposited to the ProteomeXchange Consortium via the PRIDE [58] partner repository and
can be accessed with the dataset identifier PXD021796 (In vitro RIPK1DD and NleB2 glycosyl-
ation); PXD025057 (RIPK1 glycosylation infection assays) and PXD025531 (Confirmation of
Arg-glucosylation of other death domain proteins).

Supporting information

S1 Fig. In vitro glycosylation assays of NleB2pxp with RIPK1pp. Deconvoluted intact mass
spectra of MBP-RIPK1pp, incubated with GST-NleB2 either without sugar donors, or in the
presence of one of UDP-GIcNAc, UDP-glucose, UDP-GalNAc, UDP-galactose, UDP-glucu-
ronic acid or GDP-mannose at 50 pM.

(TTF)
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S2 Fig. Short in vitro incubation with low concentration of sugar donor. MBP-RIPK1pp,
was incubated with GST-NleB2 either without sugar donors, or in the presence of one of
UDP-GIcNAc, UDP-glucose, or UDP-galactose at 0.5 uM for only 20 minutes.

(TIF)

$3 Fig. NleB2 modifies arginine 603 within the death domain of RIPKI. (A) Peptide iso-
lated from MBP-RIPK1pp showing single and double Arg-glucose modifications.
MBP-RIPK1pp, was incubated with GST-NleB2 in the presence of 10mM UDP-glucose. (B)
Intact mass spectra of MBP-RIPK1pp, incubated with GST-NIeB2 either without sugar donors,
or in the presence of one of UDP-GIcNAc, UDP-glucose or UDP-galactose at 10 mM.

(TIF)

S4 Fig. Extracted ion chromatograms of NleB2 in vitro glycosylated-RIPK1pp,. The glycosy-
lated and non-glycosylated forms of the Arg603-containing Glu-C peptide NLGKHWKNC
ARKLGFTQSQIDE from MBP-RIPK1p, observed after incubation of GST-NleB2 without
sugars (A), or in the presence of 10mM UDP-GIcNAc (B), UDP-glucose (C) or UDP-galactose
(D) are shown.

(TIF)

S5 Fig. NleB2 does not modify RIPK1pp(reosa)- (A) Deconvoluted intact mass spectra of
MBP-RIPK1ppreosa) (Full-length expected average mass 52996 Da) incubated with GST-
NleB2 either without sugar donors, or in the presence of one of UDP-GIcNAc, UDP-glucose
or UDP-galactose at 10 mM. (B) Immunoblots of in vitro glycosylation assays. MBP-RIPK1pp,
or MBP-RIPK1pprso3a) Were incubated in the presence of 25 pM UDP-GIcNACc either alone,
or with GST-NleB2. Proteins were probed with anti-ArgGlcNAc, or anti-MBP and anti-GST
as controls. Representative of at least 3 experiments. (C-E) Extracted ion chromatograms of
Glu-C digested MBP-RIPK1pp(reo3a) after incubation with GST-NleB2 in the presence of
10mM UDP-GIcNAc (C), UDP-glucose (D) or UDP-galactose (E).

(TIF)

S6 Fig. NleB2 glucosylates FADD and TNFRI1. (A) Peptide isolated from His-FADD showing
hexose modification of Argl17. His-FADD was incubated with GST-NleB2 in the presence of
10mM UDP-glucose in vitro. (B) Peptides isolated from Flag-TNFR1pp showing hexose and
HexNAc modification of Arg376. Flag-TNFR1pp was immunoprecipitated from HEK293T
cells co-expressing GFP-NleB2.

(TIF)

S7 Fig. In vitro glycosylation assays of NleB2s,s5,, NleB1 and NleB1 ;555 with RIPK1pp,.
Deconvoluted intact mass spectra of MBP-RIPK1pp, incubated with GST-NleB2g,s,5 (A),
GST-NleB1 (B) or GST-NleB1g;sss (C) in the presence of either UDP-GIcNAc or UDP-
glucose at 50 uM.

(TIF)

S8 Fig. In vitro sugar donor competition assays for NleB2g,5,5, NleB1 and NleB1g;s5s5s.
Deconvoluted intact mass spectra of in vitro sugar donor competition assays. MBP-RIPK1pp
was incubated without sugar donors, or in the presence of 25 uM UDP-GlcNAc and UDP-
glucose with either GST-NleB,g,55G, GST-NleB1 or GST-NleB1g;sss.

(TIF)

S9 Fig. Kinetic analysis of NleB1 and NleB2 derivatives in the presence of UDP-GIcNAc
and UDP-glucose. (A) Michaelis-Menten kinetics for NleB1 and UDP-GIcNAc as measured
using UDP-Glo assay. UDP release was measured after a 30 minute reaction of 150 nM
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GST-NleBl in the presence of titrated concentrations of UDP-GIcNAc alone, or in the pres-
ence of UDP-GIcNAc and 1 uM MBP-RIPK1. The mean relative light units (RLU) detected
from two replicates is shown with error bars representing standard deviation. (B) Michaelis-
Menten kinetics for NleB1, NleB2 and derivatives in the presence of UDP-GIcNAc or UDP-
glucose as observed using UDP-Glo assays. UDP release was measured after a 30 minute reac-
tion of 150 nM GST-NleB1, GST-NleB2 or derivatives in the presence of 1 uM MBP-RIPK1
and titrated concentrations of either UDP-GIcNAc or UDP-glucose. The mean relative light
units (RLU) detected from three replicates is shown with error bars representing standard
deviation. (C) Vmax and Km values calculated from the data in (B) using the non-linear
regression fit Michaelis-Menten equation in GraphPad Prism. Values shown are + standard
deviation.

(TIF)

S10 Fig. Arg-hexose auto-modification of purified NleB2. (A) Peptide isolated from Lys-C
digest of GST-NleB2 showing hexose modification of Argl140 in NleB2. (B) Alignment of
NleB2 and NleB1 from EPEC O127:H6 strain E2348/69, NleB from Citrobacter rodentium
strain ICC168 and SseK1, SseK2 and SseK3 from Salmonella enterica serovar Typhimurium
strain SL1344. Arrow indicates arginine 140 within NleB2. Alignment was performed using
ClustalW and visualised using ESPript. (C) Extracted ion chromatograms of GST-NleB2 show-
ing the glycosylated and non-glycosylated forms of the Arg140-containing Lys-C peptide
LSDIYHDIICEQRLRTEDK.

(TIF)

S1 Table. Identification of NleB2 mediated modifications in death domain proteins. (A)
Mazxquant protein identification information for FADD in vitro glycosylation assays. For each
sample the summed ion intensity, number of MS/MS events, score, sequence coverage, LFQ
values and in vitro condition information are provided. (B) Maxquant peptide identification
information for FADD in vitro glycosylation assays. For peptides identified within in vitro
assays the peptide sequences, modification status, protein name, ion intensity, number of MS/
MS events, score, data file of the best identification and in vitro condition information are pro-
vided. (C) Maxquant protein identification information for FasDD and TRAIL2 in vitro glyco-
sylation assays. For each sample the summed ion intensity, number of MS/MS events, score,
sequence coverage, LFQ values and in vitro condition information are provided. (D) Max-
quant peptide identification information for FasDD and TRAIL2 in vitro glycosylation assays.
For peptides identified within in vitro assays the peptide sequences, modification status, pro-
tein name, ion intensity, number of MS/MS events, score, data file of the best identification
and in vitro condition information are provided. (E) Maxquant protein identification informa-
tion for for pFlag-TNFR1DD / pFlag-TRADD and pGFP-NleB2 co-transfection assays. For
each sample the summed ion intensity, number of MS/MS events, score, sequence coverage,
LFQ values and co-transfection information are provided. (F) Maxquant peptide identification
information for pFlag-TNFR1DD / pFlag-TRADD and pGFP-NleB2 co-transfection assays.
For peptides identified within co-transfection assays the peptide sequences, modification sta-
tus, protein name, ion intensity, number of MS/MS events, score, data file of the best identifi-
cation and in vitro condition information are provided.

(XLSX)

$2 Table. Arginine-glucosylation of Flag-RIPK1pp during EPEC infection of transfected
HEK293T cells. Flag-RIPK1 peptides identified from immunoprecipitations performed on
EPEC-infected and transfected HEK293T cells.

(XLSX)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009658 June 16, 2021 25/29


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009658.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009658.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009658.s012
https://doi.org/10.1371/journal.ppat.1009658

PLOS PATHOGENS

Arginine-glucose transferase activity of NleB2

Acknowledgments

We gratefully acknowledge Lorraine O’Reilly and Andreas Strasser for the gift of FasL. We
thank the Melbourne Mass Spectrometry and Proteomics Facility of The Bio21 Molecular Sci-
ence and Biotechnology Institute at The University of Melbourne for the support of mass spec-
trometry analysis.

Author Contributions

Conceptualization: Cristina Giogha, Nichollas E. Scott, Jaclyn S. Pearson, Elizabeth L.
Hartland.

Data curation: Cristina Giogha, Nichollas E. Scott.
Formal analysis: Cristina Giogha, Nichollas E. Scott, Elizabeth L. Hartland.

Funding acquisition: Cristina Giogha, Nichollas E. Scott, Jaclyn S. Pearson, Elizabeth L.
Hartland.

Investigation: Cristina Giogha, Nichollas E. Scott, Tania Wong Fok Lung, Georgina L. Pol-
lock, Marina Harper, Ethan D. Goddard-Borger, Jaclyn S. Pearson.

Methodology: Cristina Giogha, Nichollas E. Scott, Tania Wong Fok Lung, Georgina L. Pol-
lock, Marina Harper, Ethan D. Goddard-Borger, Jaclyn S. Pearson.

Project administration: Cristina Giogha, Nichollas E. Scott, Jaclyn S. Pearson.

Resources: Tania Wong Fok Lung, Georgina L. Pollock, Marina Harper, Ethan D. Goddard-
Borger.

Supervision: Cristina Giogha, Nichollas E. Scott, Jaclyn S. Pearson, Elizabeth L. Hartland.
Validation: Cristina Giogha, Nichollas E. Scott.

Visualization: Cristina Giogha, Nichollas E. Scott, Ethan D. Goddard-Borger, Elizabeth L.
Hartland.

Writing - original draft: Cristina Giogha, Elizabeth L. Hartland.
Writing - review & editing: Cristina Giogha, Nichollas E. Scott, Elizabeth L. Hartland.

References

1. Havelaar AH, Kirk MD, Torgerson PR, Gibb HJ, Hald T, Lake RJ, et al. World Health Organization
Global Estimates and Regional Comparisons of the Burden of Foodborne Disease in 2010. PLoS Med.
2015; 12(12):e10019283. https://doi.org/10.1371/journal.pmed.1001923 PMID: 26633896

2. Pearson JS, Giogha C, Wong Fok Lung T, Hartland EL. The Genetics of Enteropathogenic Escherichia
coliVirulence. Annu Rev Genet. 2016; 50:493-513. https://doi.org/10.1146/annurev-genet-120215-
035138 PMID: 27893961

3. GanJ, Giogha C, Hartland EL. Molecular mechanisms employed by enteric bacterial pathogens to
antagonise host innate immunity. Curr Opin Microbiol. 2020; 59:58—64. https://doi.org/10.1016/j.mib.
2020.07.015 PMID: 32862049

4. LiS,Zhangl, YaoQ,LiL, Dong N, RongJ, et al. Pathogen blocks host death receptor signalling by
arginine GIcNAcylation of death domains. Nature. 2013; 501(7466):242—6. https://doi.org/10.1038/
nature12436 PMID: 23955153

5. Pearson JS, Giogha C, Ong SY, Kennedy CL, Kelly M, Robinson KS, et al. A type Il effector antago-
nizes death receptor signalling during bacterial gut infection. Nature. 2013; 501(7466):247-51. https:/
doi.org/10.1038/nature12524 PMID: 24025841

6. Brown NF, Coombes BK, Bishop JL, Wickham ME, Lowden MJ, Gal-Mor O, et al. Salmonella phage
ST64B encodes a member of the SseK/NleB effector family. PLoS One. 2011; 6(3):e17824. https://doi.
org/10.1371/journal.pone.0017824 PMID: 21445262

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009658 June 16, 2021 26/29


https://doi.org/10.1371/journal.pmed.1001923
http://www.ncbi.nlm.nih.gov/pubmed/26633896
https://doi.org/10.1146/annurev-genet-120215-035138
https://doi.org/10.1146/annurev-genet-120215-035138
http://www.ncbi.nlm.nih.gov/pubmed/27893961
https://doi.org/10.1016/j.mib.2020.07.015
https://doi.org/10.1016/j.mib.2020.07.015
http://www.ncbi.nlm.nih.gov/pubmed/32862049
https://doi.org/10.1038/nature12436
https://doi.org/10.1038/nature12436
http://www.ncbi.nlm.nih.gov/pubmed/23955153
https://doi.org/10.1038/nature12524
https://doi.org/10.1038/nature12524
http://www.ncbi.nlm.nih.gov/pubmed/24025841
https://doi.org/10.1371/journal.pone.0017824
https://doi.org/10.1371/journal.pone.0017824
http://www.ncbi.nlm.nih.gov/pubmed/21445262
https://doi.org/10.1371/journal.ppat.1009658

PLOS PATHOGENS

Arginine-glucose transferase activity of NleB2

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Kelly M, Hart E, Mundy R, Marches O, Wiles S, Badea L, et al. Essential role of the type Ill secretion
system effector NleB in colonization of mice by Citrobacter rodentium. Infect Immun. 2006; 74(4):2328—
37. https://doi.org/10.1128/1A1.74.4.2328-2337.2006 PMID: 16552063

Kujat Choy SL, Boyle EC, Gal-Mor O, Goode DL, Valdez Y, Vallance BA, et al. SseK1 and SseK2 are
novel translocated proteins of Salmonella enterica serovar typhimurium. Infect Immun. 2004; 72
(9):5115-25. https://doi.org/10.1128/IA1.72.9.5115-5125.2004 PMID: 15322005

Ding J, Pan X, Du L, Yao Q, Xue J, Yao H, et al. Structural and Functional Insights into Host Death
Domains Inactivation by the Bacterial Arginine GlcNAcyltransferase Effector. Mol Cell. 2019; 74
(5):922-35 €6. https://doi.org/10.1016/j.molcel.2019.03.028 PMID: 30979585

Gunster RA, Matthews SA, Holden DW, Thurston TLM. SseK1 and SseK3 Type Il Secretion System
Effectors Inhibit NF-kappaB Signaling and Necroptotic Cell Death in Salmonella-Infected Macrophages.
Infect Immun. 2017; 85(3).

Newson JPM, Scott NE, Yeuk Wah Chung I, Wong Fok Lung T, Giogha C, Gan J, et al. Salmonella
Effectors SseK1 and SseK3 Target Death Domain Proteins in the TNF and TRAIL Signaling Pathways.
Mol Cell Proteomics. 2019; 18(6):1138-56. https://doi.org/10.1074/mcp.RA118.001093 PMID:
30902834

Pollock GL, Oates CVL, Giogha C, Wong Fok Lung T, Ong SY, Pearson JS, et al. Distinct Roles of the
Antiapoptotic Effectors NleB and NleF from Enteropathogenic Escherichia coli. Infect Immun. 2017; 85
(4). https://doi.org/10.1128/IA1.01071-16 PMID: 28138023

Wong Fok Lung T, Giogha C, Creuzburg K, Ong SY, Pollock GL, Zhang Y, et al. Mutagenesis and Func-
tional Analysis of the Bacterial Arginine Glycosyltransferase Effector NleB1 from Enteropathogenic
Escherichia coli. Infect Immun. 2016; 84(5):1346—60. https://doi.org/10.1128/IA1.01523-15 PMID:
26883593

Xue J, Hu S, Huang Y, Zhang Q, Yi X, Pan X, et al. Arg-GlcNAcylation on TRADD by NleB and SseK1
Is Crucial for Bacterial Pathogenesis. Front Cell Dev Biol. 2020; 8:641. https://doi.org/10.3389/fcell.
2020.00641 PMID: 32766249

Xue J, Pan X, Peng T, Duan M, Du L, Zhuang X, et al. Auto Arginine-GlcNAcylation Is Crucial for Bacte-
rial Pathogens in Regulating Host Cell Death. Front Cell Infect Microbiol. 2020; 10:197. https://doi.org/
10.3389/fcimb.2020.00197 PMID: 32432056

Gan J, Scott NE, Newson JPM, Wibawa RR, Wong Fok Lung T, Pollock GL, et al. The Salmonella
Effector SseK3 Targets Small Rab GTPases. Front Cell Infect Microbiol. 2020; 10:419. https://doi.org/
10.3389/fcimb.2020.00419 PMID: 32974215

Meng K, Zhuang X, Peng T, Hu S, Yang J, Wang Z, et al. Arginine GlcNAcylation of Rab small GTPases
by the pathogen Salmonella Typhimurium. Commun Biol. 2020; 3(1):287. https://doi.org/10.1038/
s$42003-020-1005-2 PMID: 32504010

Park JB, Kim YH, Yoo Y, Kim J, Jun SH, Cho JW, et al. Structural basis for arginine glycosylation of
host substrates by bacterial effector proteins. Nat Commun. 2018; 9(1):4283. https://doi.org/10.1038/
s41467-018-06680-6 PMID: 30327479

Hartland EL, Batchelor M, Delahay RM, Hale C, Matthews S, Dougan G, et al. Binding of intimin from
enteropathogenic Escherichia colito Tir and to host cells. Mol Microbiol. 1999; 32(1):151-8. https://doi.
0rg/10.1046/j.1365-2958.1999.01338.x PMID: 10216868

Newton HJ, Pearson JS, Badea L, Kelly M, Lucas M, Holloway G, et al. The type lll effectors NleE and
NleB from enteropathogenic E. coliand OspZ from Shigella block nuclear translocation of NF-kappaB
p65. PLoS Pathog. 2010; 6(5):e1000898. https://doi.org/10.1371/journal.ppat.1000898 PMID:
20485572

Pan M, Li S, Li X, Shao F, Liu L, Hu HG. Synthesis of and specific antibody generation for glycopeptides
with arginine N-GlcNAcylation. Angew Chem Int Ed Engl. 2014; 53(52):14517-21. https://doi.org/10.
1002/anie.201407824 PMID: 25353391

Harper M, St Michael F, John M, Steen J, van Dorsten L, Parnas H, et al. Structural analysis of lipopoly-
saccharide produced by Heddleston serovars 10, 11, 12 and 15 and the identification of a new Pasteur-
ella multocida lipopolysaccharide outer core biosynthesis locus, L6. Glycobiology. 2014; 24(7):649-59.
https://doi.org/10.1093/glycob/cwu030 PMID: 24740556

Marcus SL, Polakowski R, Seto NO, Leinala E, Borisova S, Blancher A, et al. A single point mutation
reverses the donor specificity of human blood group B-synthesizing galactosyltransferase. J Biol Chem.
2003; 278(14):12403-5. https://doi.org/10.1074/jbc.M212002200 PMID: 12529355

Ramakrishnan B, Qasba PK. Structure-based design of beta 1,4-galactosyltransferase | (beta 4Gal-T1)
with equally efficient N-acetylgalactosaminyltransferase activity: point mutation broadens beta 4Gal-T1

donor specificity. J Biol Chem. 2002; 277(23):20833-9. https://doi.org/10.1074/jbc.M111183200 PMID:
11916963

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009658 June 16, 2021 27/29


https://doi.org/10.1128/IAI.74.4.2328-2337.2006
http://www.ncbi.nlm.nih.gov/pubmed/16552063
https://doi.org/10.1128/IAI.72.9.5115-5125.2004
http://www.ncbi.nlm.nih.gov/pubmed/15322005
https://doi.org/10.1016/j.molcel.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/30979585
https://doi.org/10.1074/mcp.RA118.001093
http://www.ncbi.nlm.nih.gov/pubmed/30902834
https://doi.org/10.1128/IAI.01071-16
http://www.ncbi.nlm.nih.gov/pubmed/28138023
https://doi.org/10.1128/IAI.01523-15
http://www.ncbi.nlm.nih.gov/pubmed/26883593
https://doi.org/10.3389/fcell.2020.00641
https://doi.org/10.3389/fcell.2020.00641
http://www.ncbi.nlm.nih.gov/pubmed/32766249
https://doi.org/10.3389/fcimb.2020.00197
https://doi.org/10.3389/fcimb.2020.00197
http://www.ncbi.nlm.nih.gov/pubmed/32432056
https://doi.org/10.3389/fcimb.2020.00419
https://doi.org/10.3389/fcimb.2020.00419
http://www.ncbi.nlm.nih.gov/pubmed/32974215
https://doi.org/10.1038/s42003-020-1005-2
https://doi.org/10.1038/s42003-020-1005-2
http://www.ncbi.nlm.nih.gov/pubmed/32504010
https://doi.org/10.1038/s41467-018-06680-6
https://doi.org/10.1038/s41467-018-06680-6
http://www.ncbi.nlm.nih.gov/pubmed/30327479
https://doi.org/10.1046/j.1365-2958.1999.01338.x
https://doi.org/10.1046/j.1365-2958.1999.01338.x
http://www.ncbi.nlm.nih.gov/pubmed/10216868
https://doi.org/10.1371/journal.ppat.1000898
http://www.ncbi.nlm.nih.gov/pubmed/20485572
https://doi.org/10.1002/anie.201407824
https://doi.org/10.1002/anie.201407824
http://www.ncbi.nlm.nih.gov/pubmed/25353391
https://doi.org/10.1093/glycob/cwu030
http://www.ncbi.nlm.nih.gov/pubmed/24740556
https://doi.org/10.1074/jbc.M212002200
http://www.ncbi.nlm.nih.gov/pubmed/12529355
https://doi.org/10.1074/jbc.M111183200
http://www.ncbi.nlm.nih.gov/pubmed/11916963
https://doi.org/10.1371/journal.ppat.1009658

PLOS PATHOGENS

Arginine-glucose transferase activity of NleB2

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Freeze HH, Hart GW, Schnaar RL. Glycosylation Precursors. In: rd, Varki A, Cummings RD, Esko JD,
Stanley P, Hart GW, et al., editors. Essentials of Glycobiology. Cold Spring Harbor (NY)2015. p. 51-63.

Bond MR, Hanover JA. A little sugar goes a long way: the cell biology of O-GIcNAc. J Cell Biol. 2015;
208(7):869-80. https://doi.org/10.1083/jcb.201501101 PMID: 25825515

Scott NE, Giogha C, Pollock GL, Kennedy CL, Webb Al, Williamson NA, et al. The bacterial arginine gly-
cosyltransferase effector NleB preferentially modifies Fas-associated death domain protein (FADD). J
Biol Chem. 2017; 292(42):17337-50. https://doi.org/10.1074/jbc.M117.805036 PMID: 28860194

El Qaidi S, Zhu C, McDonald P, Roy A, Maity PK, Rane D, et al. High-Throughput Screening for Bacte-
rial Glycosyltransferase Inhibitors. Front Cell Infect Microbiol. 2018; 8:435. https://doi.org/10.3389/
fcimb.2018.00435 PMID: 30619781

Bennett BD, Kimball EH, Gao M, Osterhout R, Van Dien SJ, Rabinowitz JD. Absolute metabolite con-
centrations and implied enzyme active site occupancy in Escherichia coli. Nat Chem Biol. 2009; 5
(8):593-9. https://doi.org/10.1038/nchembio.186 PMID: 19561621

Pearson JS, Giogha C, Muhlen S, Nachbur U, Pham CL, Zhang Y, et al. EspL is a bacterial cysteine
protease effector that cleaves RHIM proteins to block necroptosis and inflammation. Nat Microbiol.
2017; 2:16258. https://doi.org/10.1038/nmicrobiol.2016.258 PMID: 28085133

Ashida H, Sasakawa C, Suzuki T. A unique bacterial tactic to circumvent the cell death crosstalk
induced by blockade of caspase-8. EMBO J. 2020; 39(17):€104469. https://doi.org/10.15252/embj.
2020104469 PMID: 32657447

Nadler C, Baruch K, Kobi S, Mills E, Haviv G, Farago M, et al. The type Il secretion effector NleE inhib-
its NF-kappaB activation. PLoS Pathog. 2010; 6(1):e1000743. https://doi.org/10.1371/journal.ppat.
1000743 PMID: 20126447

Zhang L, Ding X, Cui J, Xu H, Chen J, Gong YN, et al. Cysteine methylation disrupts ubiquitin-chain
sensing in NF-kappaB activation. Nature. 2011; 481(7380):204-8. https://doi.org/10.1038/nature10690
PMID: 22158122

Zhang Y, Muhlen S, Oates CV, Pearson JS, Hartland EL. Identification of a Distinct Substrate-binding
Domain in the Bacterial Cysteine Methyltransferase Effectors NleE and OspZ. J Biol Chem. 2016; 291
(38):20149-62. https://doi.org/10.1074/jbc.M116.734079 PMID: 27445336

Sagqib A, Scheller HV, Fredslund F, Welner DH. Molecular characteristics of plant UDP-arabinopyra-
nose mutases. Glycobiology. 2019; 29(12):839—46. https://doi.org/10.1093/glycob/cwz067 PMID:
31679023

Imtiyaz HZ, Zhang Y, Zhang J. Structural requirements for signal-induced target binding of FADD deter-
mined by functional reconstitution of FADD deficiency. J Biol Chem. 2005; 280(36):31360—7. https://
doi.org/10.1074/jbc.M504138200 PMID: 16009710

Wang L, Yang JK, Kabaleeswaran V, Rice AJ, Cruz AC, Park AY, et al. The Fas-FADD death domain
complex structure reveals the basis of DISC assembly and disease mutations. Nat Struct Mol Biol.
2010; 17(11):1324-9. https://doi.org/10.1038/nsmb.1920 PMID: 20935634

Blanc RS, Richard S. Arginine Methylation: The Coming of Age. Mol Cell. 2017; 65(1):8—-24. https://doi.
org/10.1016/j.molcel.2016.11.003 PMID: 28061334

Esposito D, Gunster RA, Martino L, El Omari K, Wagner A, Thurston TLM, et al. Structural basis for the
glycosyltransferase activity of the Salmonella effector SseK3. J Biol Chem. 2018; 293(14):5064—78.
https://doi.org/10.1074/jbc.RA118.001796 PMID: 29449376

Schumann B, Malaker SA, Wisnovsky SP, Debets MF, Agbay AJ, Fernandez D, et al. Bump-and-Hole
Engineering Identifies Specific Substrates of Glycosyltransferases in Living Cells. Mol Cell. 2020; 78
(5):824—34 e15. https://doi.org/10.1016/j.molcel.2020.03.030 PMID: 32325029

Li X, Gong W, Wang H, Li T, Attri KS, Lewis RE, et al. O-GlcNAc Transferase Suppresses Inflammation
and Necroptosis by Targeting Receptor-Interacting Serine/Threonine-Protein Kinase 3. Immunity.
2019; 50(4):1115. https://doi.org/10.1016/j.immuni.2019.03.008 PMID: 30995496

Giogha C, Lung TW, Muhlen S, Pearson JS, Hartland EL. Substrate recognition by the zinc metallopro-
tease effector NleC from enteropathogenic Escherichia coli. Cell Microbiol. 2015; 17(12):1766-78.
https://doi.org/10.1111/cmi.12469 PMID: 26096513

Muhlen S, Ruchaud-Sparagano MH, Kenny B. Proteasome-independent degradation of canonical
NFkappaB complex components by the NleC protein of pathogenic Escherichia coli. J Biol Chem. 2011;
286(7):5100-7. https://doi.org/10.1074/jbc.M110.172254 PMID: 21148319

Pearson JS, Riedmaier P, Marches O, Frankel G, Hartland EL. A type lll effector protease NleC from
enteropathogenic Escherichia colitargets NF-kappaB for degradation. Mol Microbiol. 2011; 80(1):219—
30. https://doi.org/10.1111/.1365-2958.2011.07568.x PMID: 21306441

Sham HP, Shames SR, Croxen MA, Ma C, Chan JM, Khan MA, et al. Attaching and effacing bacterial
effector NleC suppresses epithelial inflammatory responses by inhibiting NF-kappaB and p38 mitogen-

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009658 June 16, 2021 28/29


https://doi.org/10.1083/jcb.201501101
http://www.ncbi.nlm.nih.gov/pubmed/25825515
https://doi.org/10.1074/jbc.M117.805036
http://www.ncbi.nlm.nih.gov/pubmed/28860194
https://doi.org/10.3389/fcimb.2018.00435
https://doi.org/10.3389/fcimb.2018.00435
http://www.ncbi.nlm.nih.gov/pubmed/30619781
https://doi.org/10.1038/nchembio.186
http://www.ncbi.nlm.nih.gov/pubmed/19561621
https://doi.org/10.1038/nmicrobiol.2016.258
http://www.ncbi.nlm.nih.gov/pubmed/28085133
https://doi.org/10.15252/embj.2020104469
https://doi.org/10.15252/embj.2020104469
http://www.ncbi.nlm.nih.gov/pubmed/32657447
https://doi.org/10.1371/journal.ppat.1000743
https://doi.org/10.1371/journal.ppat.1000743
http://www.ncbi.nlm.nih.gov/pubmed/20126447
https://doi.org/10.1038/nature10690
http://www.ncbi.nlm.nih.gov/pubmed/22158122
https://doi.org/10.1074/jbc.M116.734079
http://www.ncbi.nlm.nih.gov/pubmed/27445336
https://doi.org/10.1093/glycob/cwz067
http://www.ncbi.nlm.nih.gov/pubmed/31679023
https://doi.org/10.1074/jbc.M504138200
https://doi.org/10.1074/jbc.M504138200
http://www.ncbi.nlm.nih.gov/pubmed/16009710
https://doi.org/10.1038/nsmb.1920
http://www.ncbi.nlm.nih.gov/pubmed/20935634
https://doi.org/10.1016/j.molcel.2016.11.003
https://doi.org/10.1016/j.molcel.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/28061334
https://doi.org/10.1074/jbc.RA118.001796
http://www.ncbi.nlm.nih.gov/pubmed/29449376
https://doi.org/10.1016/j.molcel.2020.03.030
http://www.ncbi.nlm.nih.gov/pubmed/32325029
https://doi.org/10.1016/j.immuni.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30995496
https://doi.org/10.1111/cmi.12469
http://www.ncbi.nlm.nih.gov/pubmed/26096513
https://doi.org/10.1074/jbc.M110.172254
http://www.ncbi.nlm.nih.gov/pubmed/21148319
https://doi.org/10.1111/j.1365-2958.2011.07568.x
http://www.ncbi.nlm.nih.gov/pubmed/21306441
https://doi.org/10.1371/journal.ppat.1009658

PLOS PATHOGENS

Arginine-glucose transferase activity of NleB2

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

activated protein kinase activation. Infect Immun. 2011; 79(9):3552—62. https://doi.org/10.1128/IAl.
05033-11 PMID: 21746856

Yen H, Ooka T, Iguchi A, Hayashi T, Sugimoto N, Tobe T. NleC, a type Il secretion protease, compro-
mises NF-kappaB activation by targeting p65/RelA. PLoS Pathog. 2010; 6(12):e1001231. https://doi.
org/10.1371/journal.ppat.1001231 PMID: 21187904

Mills E, Baruch K, Aviv G, Nitzan M, Rosenshine I. Dynamics of the type Ill secretion system activity of
enteropathogenic Escherichia coli. mBio. 2013; 4(4). https://doi.org/10.1128/mBio.00303-13 PMID:
23900171

Garcia-Angulo VA, Martinez-Santos VI, Villasenor T, Santana FJ, Huerta-Saquero A, Martinez LC,

et al. A distinct regulatory sequence is essential for the expression of a subset of nle genes in attaching
and effacing Escherichia coli. J Bacteriol. 2012; 194(20):5589—-603. https://doi.org/10.1128/JB.00190-
12 PMID: 22904277

Freyberg Z, Harvill ET. Pathogen manipulation of host metabolism: A common strategy forimmune eva-
sion. PLoS Pathog. 2017; 13(12):e1006669. https://doi.org/10.1371/journal.ppat.1006669 PMID:
29216326

XuC, Liu X, ZhaH, Fan S, Zhang D, Li S, et al. A pathogen-derived effector modulates host glucose
metabolism by arginine GlcNAcylation of HIF-1alpha protein. PLoS Pathog. 2018; 14(8):e1007259.
https://doi.org/10.1371/journal.ppat. 1007259 PMID: 30125331

Gietz RD, Schiestl RH, Willems AR, Woods RA. Studies on the transformation of intact yeast cells by
the LiAc/SS-DNA/PEG procedure. Yeast. 1995; 11(4):355-60. https://doi.org/10.1002/yea.320110408
PMID: 7785336

Zhu C, El Qaidi S, McDonald P, Roy A, Hardwidge PR. YM155 Inhibits NleB and SseK Arginine Glyco-
syltransferase Activity. Pathogens. 2021; 10(2). https://doi.org/10.3390/pathogens10020253 PMID:
33672424

Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment, pre-fractionation and
storage of peptides for proteomics using StageTips. Nat Protoc. 2007; 2(8):1896—-906. https://doi.org/
10.1038/nprot.2007.261 PMID: 17703201

Ishihama Y, Rappsilber J, Mann M. Modular stop and go extraction tips with stacked disks for parallel
and multidimensional Peptide fractionation in proteomics. J Proteome Res. 2006; 5(4):988-94. https://
doi.org/10.1021/pr050385q PMID: 16602707

Cox J, Mann M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification. Nat Biotechnol. 2008; 26(12):1367—-72. https://
doi.org/10.1038/nbt.1511 PMID: 19029910

Cox J, Hein MY, Luber CA, Paron |, Nagaraj N, Mann M. Accurate proteome-wide label-free quantifica-
tion by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol Cell Proteo-
mics. 2014; 13(9):2513-26. https://doi.org/10.1074/mcp.M113.031591 PMID: 24942700

Wickham H. ggplot2. 2 ed: Springer International Publishing; 2016.

Vizcaino JA, Csordas A, Del-Toro N, Dianes JA, Griss J, Lavidas |, et al. 2016 update of the PRIDE
database and its related tools. Nucleic Acids Res. 2016; 44(22):11033. https://doi.org/10.1093/nar/
gkw880 PMID: 27683222

Levine MM, Bergquist EJ, Nalin DR, Waterman DH, Hornick RB, Young CR, et al. Escherichia coli
strains that cause diarrhoea but do not produce heat-labile or heat-stable enterotoxins and are non-
invasive. Lancet. 1978; 1(8074):1119-22. https://doi.org/10.1016/s0140-6736(78)90299-4 PMID:
77415

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009658 June 16, 2021 29/29


https://doi.org/10.1128/IAI.05033-11
https://doi.org/10.1128/IAI.05033-11
http://www.ncbi.nlm.nih.gov/pubmed/21746856
https://doi.org/10.1371/journal.ppat.1001231
https://doi.org/10.1371/journal.ppat.1001231
http://www.ncbi.nlm.nih.gov/pubmed/21187904
https://doi.org/10.1128/mBio.00303-13
http://www.ncbi.nlm.nih.gov/pubmed/23900171
https://doi.org/10.1128/JB.00190-12
https://doi.org/10.1128/JB.00190-12
http://www.ncbi.nlm.nih.gov/pubmed/22904277
https://doi.org/10.1371/journal.ppat.1006669
http://www.ncbi.nlm.nih.gov/pubmed/29216326
https://doi.org/10.1371/journal.ppat.1007259
http://www.ncbi.nlm.nih.gov/pubmed/30125331
https://doi.org/10.1002/yea.320110408
http://www.ncbi.nlm.nih.gov/pubmed/7785336
https://doi.org/10.3390/pathogens10020253
http://www.ncbi.nlm.nih.gov/pubmed/33672424
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1038/nprot.2007.261
http://www.ncbi.nlm.nih.gov/pubmed/17703201
https://doi.org/10.1021/pr050385q
https://doi.org/10.1021/pr050385q
http://www.ncbi.nlm.nih.gov/pubmed/16602707
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1038/nbt.1511
http://www.ncbi.nlm.nih.gov/pubmed/19029910
https://doi.org/10.1074/mcp.M113.031591
http://www.ncbi.nlm.nih.gov/pubmed/24942700
https://doi.org/10.1093/nar/gkw880
https://doi.org/10.1093/nar/gkw880
http://www.ncbi.nlm.nih.gov/pubmed/27683222
https://doi.org/10.1016/s0140-6736%2878%2990299-4
http://www.ncbi.nlm.nih.gov/pubmed/77415
https://doi.org/10.1371/journal.ppat.1009658

