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A protein O-GlcNAc glycosyltransferase
regulates the antioxidative response in
Yersinia pestis

Shiyang Cao1,2, Tong Wang1,2, Yifan Ren1, Gengshan Wu1, Yuan Zhang1,
Yafang Tan1, Yazhou Zhou1, Hongyan Chen1, Yu Zhang1, Yajun Song1,
Ruifu Yang 1 & Zongmin Du 1

Post-translational addition of O-linked N-acetylglucosamine (O-GlcNAc) to
proteins is commonly associatedwith a variety of stress responses and cellular
processes in eukaryotes, but its potential roles in bacteria are unclear. Here,we
show that protein HmwC acts as an O-GlcNAc transferase (OGT) responsible
for O-GlcNAcylation of multiple proteins in Yersinia pestis, a flea-borne
pathogen responsible for plague. We identify 64 O-GlcNAcylated proteins
(comprising 65 sites) with differential abundance under conditionsmimicking
the mammalian host (Mh) and flea vector (Fv) environments. Deletion of
hmwC, encoding a putative OGT, structurally distinct from any existing
member of the GT41 family, results in reduced O-GlcNAcylation, reduced
growth, and alterations in virulence properties and survival under stress.
Purified HmwC canmodify target proteins in vitro using UDP-GlcNAc as sugar
donor. One of the target proteins, OsdY, promotes Y. pestis survival under
oxidative stress conditions. Thus, our results support that regulation of anti-
oxidative responses through O-GlcNAcylation may be a conserved process
shared by prokaryotes and eukaryotes.

Glycosylation modifications play a critical role in regulating various
biological processes. Thesemodifications can be categorized into two
types: N-glycosylation, which occurs on aspartate residues, and O-
glycosylation, which typically occurs on serine/threonine residues but
can also involve other target residues1. N-glycosylation is relatively
conserved in prokaryotes and eukaryotes and follows awell-definedN-
linked glycosylation pathway. In contrast, O-glycosylation uses differ-
ent sugar donors in eukaryotes and prokaryotes, resulting in structural
and functional differences in glycosylated proteins2–4. O-linked N-
acetylglucosamine (O-GlcNAc) is a simple monosaccharide modifica-
tion on the side chains of serine and threonine residues, which is
commonly associated with a variety of stress responses and cellular
processes5–9. Thismodification is a dynamic process that cycles rapidly
during cellular activity. The reversible addition or removal of GlcNAc is
mediated by two conserved enzymes O-GlcNAc transferase (OGT) and

O-GlcNAcase (OGA)10–14, by using uridine diphosphate-GlcNAc (UDP-
GlcNAc) as the direct donor sugar nucleotide15. O-GlcNAcylation
occurs on a range of nucleus and cytoplasm proteins and dysregula-
tion of this modification is implicated in various human diseases such
as cancer, diabetes and Alzheimer’s disease5,16–18. Similar enzyme sys-
tems regulating O-GlcNAcylation have been identified in various bac-
terial species, including Listeria Monocytogenes, Streptococcus
pneumoniae, Xanthomonas campestris, Thermobaculum terrenum,
etc19–22. A noteworthy difference between prokaryotic and eukaryotic
O-GlcNAcylation system lies in that there is onlyoneOGT in eukaryotes
and knockout of OGT has been shown to be embryonic lethality9.
However, it is common to possess multiple types and functional OGT
enzymes in prokaryotes, and OGT-knockout bacteria are still able to
survive19,23,24. Despite of these progresses, related research in bacteria
is currently very limited.
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The Carbohydrate Active Enzymes (CAZy; http://www.cazy.org)
database classifies OGT and HMW1C-like protein as members of the
glycosyl transferase family 41(GT41)22,25,26. In bacterial enzymes, TtOGT
in T. terrenum, XcOGT in X. campestris and HMW1C in Haemophilus
influenzae are the representative enzymes belonging to GT41
family22,27. The N-terminus of TtOGT and XcOGT contains a series of
tetratricopeptide repeat (TPR) domains, while the C-terminus is a
glycosyltransferase domain with GT-B topology. HMW1C is a recently
discovered glycosyltransferase belonging to the GT41 family. It con-
tains an N-terminal all α-domain (AAD) fold and a C-terminal GT-B fold
with two Rossmann-like domains. Notably, what sets HMW1C apart
from other members of the GT41 family is the absence of the typical
TPR fold that characterizes this enzyme family. HMW1C exhibits
remarkable versatility in its enzymatic activities. It possesses both
N-glycosyltransferase activity, which catalyzes the formation of an
N-glycosidic bond with glucose and galactose on asparagine residues,
and O-glycosyltransferase activity, which produces a disaccharide
structure on the substrate proteins28–30. The dual functionality of
HMW1C allows for the modification of proteins through diverse gly-
cosylation patterns, thereby expanding its potential biological roles
and emphasizing its significance in cellular processes involving protein
glycosylation. Yersinia pestis is the causative agent of plague, a disease
that has been responsible formillions of deaths throughout history31,32.
Nowadays, this deadly pathogen continues to pose a significant threat
by causing sporadic outbreaks of plague every year and potentially
being misused as a bioterrorism agent33. Y. pestis is a flea-borne
pathogen and its survival and replication in macrophages during the
early stages of infection is a crucial event for the successful estab-
lishment of a systemic infection after entering the host via fleas34–38.
Therefore, the transition from the flea vector to the mammalian host
requires Y. pestis to regulate physiological processes rapidly to adapt
to the hostile host environment39–42. In our study, we have revealed the
significanceof HmwCas a noteworthyOGT in Y. pestis. Notably, HmwC
displays a unique function and structure that differs significantly from
other members of the GT41 family.

Quantitative proteomics analysis for protein O-GlcNAcylation has
been performed for Y. pestis grown under Fv (26 °C in calcium-
containing TMH) and Mh (37 °C in calcium-free TMH), which simulate
the environment of fleas and mammals32,43, respectively. We have
successfully identified 64 O-GlcNAcylated sites in 65 proteins, exhi-
biting varying levels of abundance. We have also discovered that
HmwC functions as an OGT in Y. pestis and play crucial roles in reg-
ulating various biological process. By conducting a comparative
O-GlcNAcome analysis of ΔhmwC and the wild-type Y. pestis, we have
identified several potential substrates of HmwC. We further provide
evidence supporting the functional O-GlcNAcylation of two proteins,
Yp_3614 and Yp_0610, which are referred to as oxidative stress defense
protein of Yersinia (OsdY) and Alginate lyase (AlgL) in this study,
respectively. Specifically, our study has revealed HmwC-mediated O-
GlcNAcylation plays a critical role in regulating antioxidative response
of Y. pestis.

Results
O-GlcNAcylationProteomeAnalysis ofY. pestisGrownUnder the
Mh or Fv Conditions
When Y. pestis were grown under 7 different conditions (Fig. 1a), the
O-GlcNAcylated protein profiles were found to undergo great altera-
tions, especially under the conditions ofMh, 10 °C, hyperosmotic stress,
or Fe2+ deprivation, compared to that of bacteria grown at 26 °C (Fig. 1b
and Supplementary Fig. 1a). These results suggest that O-GlcNAcylation
may play some important regulatory roles in Y. pestis to response to
external stimuli. It is well known that the switch from flea vector to
mammalian hosts leads to the activation of numerous virulence
mechanisms in Y. pestis. Thus, we conductedquantitative proteomics for
O-GlcNAcylation of Y. pestis cultured under Fv and Mh conditions,

respectively (Fig. 1c). The secondary MS data was analyzed using Max-
quant (v1.6.15.0), and the Y. pestis 91001 database was used as the
reference (downloaded from NCBI on Oct 27, 2020, GenBank assembly
accession: GCA_000007885.1). A total of 127 proteins (comprising 178
sites) with different abundances were identified, of which 64 proteins
(comprising 65 sites) were quantifiable (Supplementary Fig. 1b and
Supplementary Data 1). Applying a cutoff value of 1.2 for the fold
change of a protein, there were a total of 23 sites of 22 proteins with
increased abundances while 20 sites of 20 proteins with decreased
abundances under the Mh condition in comparison to the Fv con-
dition (Fig. 1d and Supplementary Data 2). Among the proteins with
known functions, more than 70% were cytoplasmic proteins, and
relatively few periplasmic and outer membrane proteins (Fig. 1e). GO
term functional classification analysis showed that most bacterial
proteins with altered O-GlcNAcylation at 37 °C in Y. pestis were cat-
alytic proteins, binding proteins and transporters (Fig. 1f ).

HmwC Affects the O-GlcNAcylation in Y. pestis
The different O-GlcNAcylated protein profiles in Y. pestis grown under
various conditions suggest that certain proteins are functioning as
OGTs to regulate the protein O-GlcNAcylation in response to various
stimuli. hmwC in Y. pestis was predicted to be O-linked N-acet-
ylglucosamine transferase according to the annotation of CO92 gen-
ome. To investigate whether this gene was responsible for the
observed protein O-GlcNAcylation in Y. pestis, we generated a hmwC
mutant (denoted as ΔhmwC). In comparison to the wild-type Y. pestis,
global protein O-GlcNAcylation was substantially reduced in ΔhmwC
under all the tested conditions, including Fv, Mh, hyperosmotic stress
and Fe2+ deprivation (Fig. 2a and Supplementary Fig. 2a). These find-
ings indicates that HmwC indeed contributes significantly to the pro-
tein O-GlcNAcylation probably by functioning as an OGT in Y. pestis.
However, O-GlcNAcylation of protein was not entirely eliminated in
ΔhmwC, implying that OGTs other than HmwCmight exist in Y. pestis.

The diagram depicting the tertiary structure modeling of HmwC
illustrates the division of its domains (Fig. 2b). By searching the PDB
database, we found that the sequence of HmwC was closest to the
ApHMW1C (PDB: 3Q3E), which has a resolved crystal. The amino acid
sequence identity between HmwC and ApHMW1C is approximately
41% (Fig. 2c). ApHMW1C and HMW1C are representatives of GT41
family HMW1C-like proteins. However, the phylogenetic tree analysis
of HmwC homologous proteins revealed that HmwC (in Group I) and
ApHMW1C, HMW1C (in Group III) were located in separate branches
(Fig. 2d). Sequence alignment revealed a significant distinction in the
UDP-binding pocket between ApHMW1C/HMW1C and HmwC. Thr-438
of ApHMW1C was the key residue for the UDP binding pocket27 in
proteins of Group III, corresponding to the residue Ser-435 of HmwC
(conserved in proteins of Group I), which indicates the different usage
of their sugar donors (Fig. 2e).

Growth of the hmwC mutant in the nutrient-limited TMH med-
ium was significantly delayed
The growth of ΔhmwC in LBmedium at 26 °Cwas similar to that of the
wild-type Y. pestis strain (Fig. 3a). When grown in the nutrient-limited
TMH medium, hmwC mutant exhibited significantly reduced repro-
duction rate, delayed logarithmic phase, and a lower density of cells at
the plateau phase. Normal growth was restored upon complementa-
tion of HmwC in ΔhmwC (Fig. 3b).

The hmwC mutant exhibits significantly enhanced biofilm for-
mation ability
Biofilm formation can provide protection to bacteria against various
external stressors44,45. In the case of Y. pestis, biofilm formation is crucial
for its transmission via fleas. The crystal violet assay results demon-
strated that the amount of biofilm produced by the ΔhmwC strain was
almost 12 times higher than that of the wild-type strain (Fig. 3c).
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Deletion of hmwC leads to increased intracellular survival of
Y. pestis
Bacterial cells of Y. pestis strains were resuspended in a 20mMglucose
minimalmediumand then subjected to different stimuli for a periodof
time to assess their tolerance. Surprisingly, ΔhmwC exhibited sig-
nificantly increased tolerance to hyperosmotic (Fig. 3d), heat and cold
(Fig. 3e, f ), hydrogen peroxide (Fig. 3g), and acidic environments
(Fig. 3h) compared to the wild-type strain. To investigate the role of
HmwC in the intracellular survival of Y. pestis, RAW264.7 cells were
infected with either the wild-type or ΔhmwC strain, and the survival
percentage of bacteria was analyzed by plating and counting the live

bacteria from the lysed RAW264.7 cells. Consistent with the results of
the in vitro phenotypic analysis, a significant increase in replication
wasobserved for theΔhmwC strain compared to thewild-type strain at
2 h post-infection (hpi) (p < 0.01). In contrast, the wild-type strain was
cleared muchmore rapidly than the ΔhmwC strain at 4 hpi (p < 0.001)
and 8 hpi (p < 0.01) (Fig. 3i). Consistently, the ΔhmwC strain also
showed increased resistance to hydrogen peroxide (Fig. 3g), one of the
representative stresses normally present in macrophages. These find-
ings suggest that the deletion of hmwC significantly enhances the
resistance of Y. pestis to various adverse stimuli, as well as its replica-
tion and survival in macrophages.

Fig. 1 | Protein O-GlcNAcylation differs significantly between Y. pestis grown
under conditions mimicking its two typical niches. a Workflow for obtaining
bacterial protein samples of Y. pestis grown under various conditions. b The
O-GlcNAcylations of the wild-type Y. pestis strain were found to be significantly
different under seven different growth conditions. The experiment was indepen-
dently repeated at least three times, yielding consistent results. Protein samples
were obtained using the method described in a, separated on a 12% SDS-PAGE gel,
and immunoblotted with a mouse monoclonal anti-O-GlcNAc antibody. Long and
short exposures were used to provide comprehensive information. Lanes 1-7 cor-
respond to Fv,Mh, 10 °C in TMH, 42 °C in TMH, 37 °C inpH6TMHwithout calcium,

26 °C in TMH with 2.5% NaCl, and 37 °C in TMH without Ca2+ and Fe2+. c Technical
roadmap for quantitative proteomic analysis of O-GlcNAcylation of protein in Y.
pestis grown under the Fv and Mh conditions. d Statistics plot of the proteins and
sites with different abundances under the Fv and Mh conditions in triplicates.
Proteins with fold change (FC) ≥ 1.2 were considered to be up-regulated.
e Statistical plot predicting the subcellular localization of the differentially mod-
ified proteins. f Statistical plot showing the distribution of differentially modified
proteins in secondary Gene Ontology (GO) annotations. BP biological process, CC
cellular component and MF stands for molecular function.
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Fig. 2 | HmwC affects global O-GlcNAcylation in Y. pestis. a O-GlcNAcylation of
proteins in ΔhmwC was significantly lower than that in WT. The experiment was
independently repeated at least three times, yielding consistent results. Equal
protein samples obtained from the wild-type Y. pestis and ΔhmwC grown under
different conditions were separated by 12% SDS-PAGE and immunoblotted with a
mouse anti-O-GlcNAc antibody to detect O-GlcNAcylated proteins. b Protein
structure prediction and domain division of HmwC by AlphaFold2. Structural
domains were divided according to protein annotations and represented with
different colors. c The secondary structure of HmwC based on PDB:3Q3E (https://
doi.org/10.2210/pdb3Q3E/pdb) template alignment using Espript 3.0 online tool.
Identical and conserved residues were highlighted in red background and light red
font. The helices and folds observed in the structures were indicated above the
sequences. d Phylogenetic tree of HmwC homologous sequences in bacteria. The
homologous sequences of HmwC in different species were retrieved using BLAST

at NCBI. Sequences with more than 40% identity were selected for phylogenetic
tree analysis. HmwC is represented by Y. pestis in group I and highlighted in red
font. ApHMW1C by A. pleuropneumoniae and HMW1C by H. influenzae in group III
are highlighted in purple font. The evolutionary history was inferred using the
Neighbor-Joining method. The bootstrap consensus tree inferred from 1000
replicates was taken to represent the evolutionary history of the taxa analyzed. The
evolutionary distances were computed using the p-distancemethod and are in the
units of the number of amino acid differences per site. Evolutionary analyses were
conducted in MEGA11. The phylogenetic tree was beautified using the iTOL online
tool. e Proteins in Group I and HMW1C in H. influenzae and ApHMW1C in A.
pleuropneumoniae (Group III) were aligned with Uniprot, and the key sites were
highlighted with a black box. Thr-438 of ApHMW1C and Ser-435 of HmwC were
labeled in the tertiary structure of the protein.
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Deletion of hmwC leads to slightly improved virulence of
Y. pestis
We next want to investigate the role of HmwC in the development of
bubonic plague. To this end, mice were subcutaneously challenged
with 100 CFU of either the wild-type Y. pestis or ΔhmwC strain. Mice
infected with ΔhmwC showed slightly earlier onset of symptoms and

mortality compared to those infectedwith thewild-type strain (Fig. 3j).
However, the difference was not statistically significant (Log-rank test,
ns). The bacterial counts in the liver, lung, and spleen of mice infected
with ΔhmwC were significantly higher by one to two orders of mag-
nitude than those of the wild-type strain in the respective organs
(Fig. 3k). These findings suggest that the deletion of hmwC results in
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increased virulence in mice. Taken together, our phenotypic assay
results indicate the importance of HmwC in regulation of the patho-
genesis of Y. pestis.

Comparative proteomics analysis for O-GlcNAcylation between
the wild type and the hmwC mutant of Y. pestis
Protein O-GlcNAcylation was analyzed by MS-based proteomics
methods for the bacterial total proteins of the wild-type Y. pestis and
ΔhmwC grown under the Fv and Mh conditions, respectively. The
comparative proteomics analysis revealed that the abundances of 103
proteins were significantly increased and 77 were significantly
decreased in ΔhmwC compared to the wild-type Y. pestis under the Fv
condition, while 123 proteins were significantly increased and 61 were
significantly decreased under the Mh condition (p < 0.05) (Fig. 4a, b,
Supplementary Fig. 2b, c, d, and Supplementary Data 3). Proteins with |
Log2 FC| ≥ 0.585 (~1.5 × FC) were considered to be different in abun-
dance. Of these, 65 proteins showed different abundances under both
Fv and Mh conditions, while 115 and 119 proteins (about 2/3 of the
total) exclusively showed different abundances under the Fv or Mh
conditions, respectively (Fig. 4c, d). The KEGG pathways of sulfur
metabolism, biofilm formation, bacterial secretion system, and ABC
transporters were significantly enriched under both Fv and Mh con-
ditions. However, the carbon fixation pathways and pyruvate meta-
bolism were only enriched under the Fv condition, while the C5-
branched dibasic acid metabolism, protein export, and oxidative
phosphorylation pathways were only enriched under the Mh condi-
tion (Fig. 4e).

On the other hand, O-GlcNAcome results showed a significant
difference in the abundance of O-GlcNAcylated proteins or sites
betweenWT and ΔhmwC, under both Fv and Mh conditions (Fig. 4b).
Protein quantification from three biological samples was repro-
ducible (Fig. 5a and Supplementary Fig. 3a). All the O-GlcNAcylated
proteins or sites reported had a |Log2 FC| ≥ 0.263 (~1.2 × FC) at least.
Specifically, there were a total of 26 O-GlcNAcylated sites of 26
proteins with increased abundance and 6 sites of 6 proteins
with decreased abundance under Fv condition respectively. Under
the Mh condition, there were a total of 11 O-GlcNAcylated sites of 11
proteins with increased abundance while 9 sites in 9 proteins with
decreased abundance respectively (Fig. 5b and Supplementary
Data 4). Additionally, 10 O-GlcNAcylated proteins or sites with dif-
ferent abundances were shared by Y. pestis grown under Fv and Mh
conditions (Fig. 5c). The O-GlcNAcylated proteins with different
abundances between ΔhmwC and WT under Fv and Mh were sig-
nificantly enriched in GO terms related to the cell, membrane,
organelle, and protein-containing complex (Fig. 5d, e and Supple-
mentary Fig. 3b, c).

We hypothesized that the proteins exhibiting a significant
decrease in the abundance of O-GlcNAcylated peptides in ΔhmwC,
compared to the WT strain, may represent potential substrates of
HmwC. Among the potential substrates, Yp_3614 was annotated as a
putative oxidative stress defense protein, which we designated as
OsdY, representing the Oxidative Stress Defense protein of Yersinia.
However, its functional activity has not been supported by any
experimental evidence so far. The annotatedMS2 spectra fromLC-MS/
MS analysis revealed that the Ser-83 residue of OsdY and Ser-5 residue
of AlgL underwent O-GlcNAcylation (Fig. 5f). The theoretical fragment
ion types of target peptides predicted by Prosit, as shown in Supple-
mentary Table 1 (filtered for Relative Intensity >0.2, https://www.
proteomicsdb.org/prosit/), closely matched the detected spectra in
actual experiments. To assess whether HmwC was able to glycosylate
OsdY, we performed an in vitro glycosylation assay using purified
HmwC and OsdY by providing UDP-glucose, UDP-galactose, or UDP-
GlcNAc as sugar donor. In the presence of UDP-GlcNAc, but not UDP-
glucose andUDP-galactose, a retardedmobility forOsdYwas observed
(Fig. 5g), suggesting that HmwC utilizes UDP-GlcNAc as a donor to
glycosylate substrates. According to our molecular docking analysis,
the binding energy between the HmwC and UDP-GlcNAC was deter-
mined tobe -10.4 kcal/mol, indicating a stable andhigh-affinity binding
between UDP-GlcNAC and HmwC (Fig. 5h).

HmwC of Y. pestis is an OGT capable of O-GlcNAcylating of
substrates
We further employ Yp_3614, designated as OsdY, and Yp_0610,
designated as AlgL (alginate lyase family protein), as substrates to
validate the O-GlcNAc transferase activity of HmwC. The results of
in vitro O-GlcNAcylation experiments clearly demonstrate that HmwC
is capable of O-GlcNAcylating OsdY in the presence of UDP-GlcNAc
(Fig. 6a). By sharp contrast, when the Ser-83 residue was mutated to
Ala, the band of GlcNAcylated OsdY completely disappeared (Fig. 6a).
Similar results were observed for the modification of the AlgL Ser-5
residuemediated by HmwC (Fig. 6b). After adding of varying amounts
of purified recombinant HmwC to the reaction system, we observed
that the modification levels of OsdY and AlgL were directly propor-
tional to the concentration of HmwC (Fig. 6c, d). These results suggest
that HmwC is a novel O-GlcNAc transferase in Y. pestis.

The crystal structure of ApHMW1C has previously been reported,
in which Asp-215 has been identified as key binding site and His-277 as
catalytic site27. Sequence alignment analysis of HmwC and ApHMW1C
revealed that Asp-217 and His-276 of HmwC, mapping to Asp-215 and
His-277 of ApHMW1C, respectively, indicating that they might play
crucial roles in substrate recognition and catalytic activity (Fig. 6e,
Supplementary Fig. 4). As expected, when the Asp-217 residue was

Fig. 3 | The mutation of hmwC enhanced the stress response, biofilm forma-
tion, and the virulence of Y. pestis. Analysis of the influence of hmwC deletion on
bacterial proliferation and growth in LB medium (a), TMH medium (b), and LB
mediumwith 2.5%NaCl (d). Y. pestis strainsweregrownat 26 °C and the absorbance
at OD620nm were continuously monitored every 2 h of for a total of 32 h. c Y. pestis
strains were grown in 24-well plates. First measure the OD620nm value of the bac-
terial solution. Then the biofilm was stained with 0.1% crystal violet solution and
decolorized with dimethyl sulfoxide, and the OD570nm value of the decolorized
solution wasmeasured. The amount of biofilm was expressed as OD570nm/OD620nm

ratio. e Equal bacterial solutions of WT, ΔhmwC, and ΔhmwC/HmwC strain were
incubated parallelly at 50 °C for 10, 20, and 40min, then the viable count of bac-
teria was determined by plating the bacterial dilutions onto aHottinger’s agar plate
in triplicate. f Equal bacterial solutions of WT, ΔhmwC, and ΔhmwC/HmwC strain
were placed parallelly at −20 °C or 4 °C for 24h, then the viable count of bacteria
wasdetermined as described above.gCircularfilter paperwith 100mMor 200mM
hydrogen peroxide solution was placed in the center of semi-solid petri dish, and
the diameter of the inhibition circle wasmeasured to reflect the hydrogen peroxide
resistance. hWT,ΔhmwC, and ΔhmwC/HmwC strain cultures diluted parallelly with

pH 3.5 20mM glucose minimal medium were incubated at room temperature for
30min and 60min, then the viable count of bacteria was determined as described
above. i RAW264.7 were infected with WT, ΔhmwC, and ΔhmwC/HmwC strain at a
MOI of 10. At 0.5 hpi, gentamicin was added to kill the extracellular bacteria. At 0.5,
2, 4, 8, and 24 hpi., the viable count of intracellular bacteria was determined as
described above. j Each 6–8-week-old female mice was subcutaneously challenged
with 100 μl of the wild-type Y. pestis strain or ΔhmwC suspension (~100 CFU)
(n = 10/group), and the survival of challengedmicewas observed for 14 consecutive
days. A log-rank test was used to calculate the statistical significance. k Livers,
spleens and lungs of the challenged mice were harvested when the s.c. challenged
Bal b/cmiceweremoribund, i.e. 4 dpi., and the collected tissueswere homogenized
in sterile PBS to measure live bacteria, as described above. One-way ANOVA was
performed to analyze the significance of difference in bacterial loads in the dif-
ferent tissues. c n = 10 biological replicates in each group, (j, k) n = 10 mice in each
group. a, b, d–i n = 3 biological replicates in each group. Data are presented as
mean values ±SEM.p values were calculatedby two-tailed Student’s t test. Note that
some error bars are too small to be visualized.
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mutated, the interaction affinity between HmwC and OsdY was sig-
nificantly reduced by approximately 60% (Fig. 6f), resulting in a
decrease in the O-GlcNAcylation level of OsdY (Fig. 6h). In contrast,
mutation of the His-276 residue of HmwC did not affect the binding
affinity between HmwC and OsdY (Fig. 6f), but led to the dis-
appearance of O-GlcNAcylation of OsdY (Fig. 6h), consisting with the
cognition that this residue is a crucial catalytic site for glycosyl-
transferase activity of HmwC. We conducted similar experiments on
another modified substrate of HmwC, AlgL, and obtained similar
results (Fig. 6g, i).

O-GlcNAcylation of OsdY plays critical roles in oxidative stress
response of Y. pestis
OsdY, encoded by yp_3614, is an uncharacterized conserved protein in
Y. pestis, whereas its homologous protein YggE in E. coli has been
reported to be involved in oxidative stress defense46. The proteomics
data suggested that the O-GlcNAcylation of OsdY occurred on the Ser-
83 residue. To investigate the functional role of this site-specific O-
GlcNAcylation, we generated an osdY null mutant (ΔosdY), a mutant
with a point mutation at 83 serine to alanine (ΔosdYS83A), and their

respective complemented strains. The substitution of serine with ala-
nine at position 83 in OsdY protein does not seem to influence its
overall structure, as predicated by Alphafold2 (Supplementary Fig. 5).
Subsequently, by quantifying the relative mRNA expression level of
osdY in both the WT and ΔosdYS83A strains, we observed no significant
difference (Fig. 7a), indicating that the mutation does not lead to a
decrease of osdY expression. Compared to WT, ΔosdYS83A exhibited a
similar growth rate in LB (Fig. 7b), but significantly decreased acid
resistance (Fig. 7c). RAW264.7 cells were infected with WT, ΔosdYS83A
and ΔosdYS83A/OsdY, and bacterial survival percentage was analyzed
by plating and counting of living bacteria released from RAW264.7. A
significant replication had been found for WT at 2 hpi. in comparison
to ΔosdYS83A. Besides, ΔosdYS83A was cleared much more rapidly than
WT inRAW264.7 at 4 and 8hpi. (Fig. 7d), indicating that Ser-83 ofOsdY
significantly promoted the replication and survival of Y. pestis in
macrophages. Additionally, both ΔosdY and ΔosdYS83A exhibited an
enhanced biofilm formation capability compared to WT (Fig. 7e).
When exposed to H2O2 with a concentration ranging from 200 to
400nM, the bacteriostasis circle radius of the ΔosdYS83A strain exhib-
ited a significant increase (p <0.001) compared to the WT strain

Fig. 4 | Comparative Proteomic Analysis betweenWild-Type Strain andΔhmwC
under Fv and Mh Conditions. Heatmap (a) and statistics plot (b) of the proteins
with different abundances between the different samples under Fv and Mh con-
ditions (n = 3 biologically replicates). Proteins with a p value ≤0.05 and fold change
(FC)≥ 1.5 were considered to be up-regulated. p values were calculated by two-
tailed Student’s t test. c Venn diagram displaying the proteins with differential
abundance between ΔhmwC and WT under Fv or Mh conditions. d Volcano plot
displaying the regulation of proteins with different abundances between ΔhmwC

andWT under Fv andMh conditions. Red and blue dots, proteins with significantly
up or down differences. Several important global regulators or virulence factors
were labeled with protein names. e KEGG pathway enrichment analysis of proteins
with different abundances between ΔhmwC and WT under Fv and Mh. The barplot
shows the significanceof thep values (color) and the number of proteins (length) in
the enriched KEGG pathways. p values calculated by cumulative
hypergeometric test.
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(Fig. 7f ). However, the phenotype was restored to normal when the
ΔosdYS83A strain was complemented with plasmid overexpressing
OsdY (p <0.05). We further complement the ΔosdY strain by introdu-
cing OsdY or OsdYS83A expressing plasmids. We found that the anti-
oxidant capacity ofΔosdY/OsdYwas even a little higher than thatof the
WT strain, probably due to the overexpression of OsdY, while that of

ΔosdY/OsdYS83A remained to be lower. No significant difference was
observed between ΔosdY and ΔosdYS83A strains (Fig. 7f). We further
conducted measurements of H2O2 content in various Y. pestis strains,
including WT, ΔosdYS83A, ΔosdY, ΔosdYS83A /OsdY, ΔosdY/OsdY, and
ΔosdY/OsdYS83A using a H2O2 Assay kit (Fig. 7g). The results revealed
the WT strain exhibited an approximate H2O2 content of 5.4 pmol/103
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cells, while the ΔosdY and ΔosdYS83Amutants displayedmore than five-
fold higher than that of the WT strain, with values of 26.53 and 21.44
pmol/103 cells, respectively. Moreover, complementary expression of
OsdY in both the ΔosdY and ΔosdYS83A restored the H2O2 content
similar to that in WT, while overexpressing the OsdYS83A in ΔosdY has
no significant impacts on H2O2 content compared with ΔosdY (18.46
pmol/103 cell). These findings suggest that OsdY is involved in anti-
oxidant stress function inY. pestis andAla substitutionof Ser-83 crucial
for O-GlcNAcylation abolished its antioxidant activity.

Discussion
Our study reports that HmwC, the first OGTdiscovered in Y. pestis, can
O-GlcNAcylate a group of proteins. Notably, HmwC exhibits distinct
characteristics compared to all known GT41 family members, such as
TtOGT, XcOGT, and HMW1C. The amino acid sequence of HmwC
shares 41.88% identity with HMW1C, while exhibiting only 21.81% and
22.31 similarity with XcOGT and TtOGT, respectively. However, similar
to XcOGT and TtOGT, HmwC utilizes UDP-GlcNAc as sugar donor,
instead of UDP-hexose used by HMW1C. The UDP binding pockets of
XcOGT and TtOGT show substantial differences compared to that of
HMW1C. Specifically, Asn-385 in XcOGT (mapping toGln-839 of hOGT)
forms a hydrogen bond with the α-phosphate group of UDP, while the
corresponding residue Thr-464 in HMW1C does not directly contact
with UDP27. The phylogenetic analysis shows that HmwC and HMW1C
are located in distinct branches (Fig. 2d). Furthermore, the critical
UDP-binding residues in the proteins within each branch exhibit sig-
nificant difference (Fig. 2e), well explaining their distinct specificity in
utilizing donor sugars for O-GlcNAcylation of substrates. The residues
that are highly conserved and critical for the binding of sugar donor
and catalytic activity for GT41 family members have been identified in
HmwC by sequence alignment. Our GST pull-down assay results
proved that the Asp-217 in HmwC, corresponding to Asp-242 of
HMW1C and Asp-215 of ApHMW1C, is crucial for substrate binding
(Supplementary Fig. 4a). In vitroGlcNAcylation analysis results verified
that His-276 is crucial for glycotransferase activity of HmwC, corre-
sponding to His-303 of HMW1C, His-277 of ApHMW1C, His-218 of
XcOGT and His-558 of hOGT (Supplementary Fig. 4b).

Through O-GlcNAcome analysis, we have identified an oxidative
defense protein, OsdY, to be the substrate protein of HmwC and
found that its anti-oxidant activity is likely to be regulated by
O-GlcNAcylation at Ser-83 by HmwC. This is the first confirmation of
the oxidative defense activity of protein encoded by yp_3614, namely
OsdY in Y. pestis. YggE, a homologous protein of OsdY in E. coli has
been demonstrated to participate in oxidative stress response. These
findings suggest that the conserved oxidative stress defense proteins
present in a range of bacteriamay also undergoO-GlcNAcylationwhen
exerting their function. The previous findings in eukaryotes have also
indicated that hydrogen peroxide serves as a classic stress signal
capable of inducing alterations in intracellular O-GlcNAcylation33–36,38.
Our results hint that the regulation of anti-oxidant activity through

O-GlcNAcylation can be a conserved cellular process shared by both
prokaryotes and eukaryotes.

As an OGT, HmwC has the ability to O-GlcNAcylate not only OsdY
but also a variety of other substrates, includingAlgL as identified in this
study, as well as potential substrates yet to be discovered. Conse-
quently, mutation of hmwC may have a significant impact on various
physiological phenotypes of Y. pestis. Deletion of hmwC in Y. pestis
results in several notable effects, such as a reduced growth rate in
nutritionally limitedmedia, increased resistance to adverse stimuli like
acid, cold and heat shock, enhanced biofilm formation, as well as
higher intracellular viability inmacrophages and increased virulence in
mice. Notably, similar phenotypic alterations have been observed in
the TtOGT mutant of T. terrenum19. These findings suggest that the
hmwC gene may not confer beneficial effects to Y. pestis in terms of
virulence and resistance to stresses, as its deletion actually increases
these capabilities in phenotype analysis. However, the fact that hmwC
is highly conserved in Y. pestis, as well as in its ancestor Y. pseudotu-
berculosis, suggests that this gene has undergone a positive selection
and may play an important role in the different stage of its lifecycle
during evolution. We speculate that although the hmwCmutant strain
exhibited increased virulence, the role of HmwC in regulating bacterial
rapid response to stress stimuli might confer advantages in facing of
detrimental environments during evolution.

OGT is discovered originally in the animal kingdom and its
knockout is embryotic lethal9. Two OGT homologs, SPINDLY and
SECRET AGENT, are subsequently discovered in plants47,48, which
exhibits some degree of functional redundancy but their simultaneous
knockout is lethal. By contrast, knockout of OGT in prokaryotes is not
lethal. The contrast between the effects of OGT knockout in animals
and prokaryotes indicates a difference in the function of
O-GlaNAcylation between these two domains. Furthermore, this
comparison suggests that theremay bemore than one OGT in Y. pestis
because protein O-GlcNAcylation in the ΔhmwC strain, although
reduced compared to the wild-type strain, is not completely elimi-
nated. In addition, we did not find any consensus sequence associated
withO-GlcNAcylation in proteins examined (Supplementary Fig. 6a, b),
suggesting that substrate specificity may not be solely dependent on
primary sequences surrounding the O-GlcNAcylation sites. Alter-
natively, it is possible that the O-GlcNAc transferases may recognize
other characteristics.

In conclusion, our study represents the first discovery of an
O-GlcNAc enzyme system in Y. pestis, with the successful identification
of the pivotal OGT enzyme, HmwC. Notably, HmwC exhibits char-
acteristics distinct from all known members of the GT41 family. We
have not only validated the enzymatic activity of HmwC but also
identified the key residues responsible for substrate recognition and
catalytic activity.Moreover, we demonstrated thatHmwC is capable of
catalyzing O-GlcNAcylation on multiple proteins, including OsdY that
has been shown to be involved in oxidative response of Y. pestis. This
discovery is particularly significant as OsdY is a widely conserved

Fig. 5 | Identificationof PotentialO-GlcNAcylated Substrates ofHmwC through
Quantitative O-GlcNAc Proteomics. a Principal component analysis of O-GlcNAc
proteomics data and statistical plot (b) showing differentially O-GlcNAcylated
peptides and proteins between ΔhmwC and WT strains grown under Fv or Mh
conditions. c Venn diagram analysis of the O-GlcNAcylated proteins in b. Proteins
were illustrated in red for up-regulation, blue for down-regulation, and gray for
those with opposite direction in alterations under the two conditions. d Statistical
plot for the prediction and classification of subcellular localization of differentially
O-GlcNAcylated proteins. e Statistical plot showing the GO term enrichment ana-
lysis of the O-GlcNAcylated proteins in b. f LC-MS/MS analyses of the corre-
sponding peptide sequences of the substrate proteins OsdY (left) and AlgL (right).
The letter “S” with “he” above in the figure represents the O-GlcNAcylated site.
g Glycosylation of OsdY by HmwC. To define the specificity of sugar donor utili-
zation by HmwC, glycosylation assays were carried out in the reaction buffer with

or without HmwC in the presence of different UDP activated sugars. After the
glycosylation reactions, samples were separated by SDS-PAGE, and the gel was
stained with Coomassie Blue (up) or subjected to detection using the Pierce™
Glycoprotein Staining Kit (down). Glycosylated OsdY protein was indicated by
arrow: ‘a’ is glycosylated OsdY reacted with UDP-GlcNAc and ‘b’ was glycosylated
positive control. The experiment was independently repeated at least three times,
yielding consistent results. h The interactions enable the stable presence of UDP-
GlcNAc in the protein HmwC bind-pocket. Pink represents UDP, green represents
GlcNAc, and blue represents active amino acid sites. Ser-435, Leu-492, Asn-517, Ser-
277, Agr-280, His-276, and Gly-367 of HmwC form 10 hydrogen bonds (blue solid
line) with UDP-GlcNAc. Pro-369 exhibits strong hydrophobic interactions (gray
dotted line) with UDP-GlcNAc, while the active group amino in Lys-438 forms a salt
bridge (yellow dotted line) with UDP in the molecular ligand.
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protein in bacteria, and our findings provide novel insights and evi-
dence into the mechanisms underlying bacterial oxidative stress
response and regulation.

Methods
Culture conditions of bacteria strains
Y. pestis strain biovar Microtus 20149 isolated from the rodent Brandt’s
vole (Microtus brandti) was used in this study. And its related mutants
and complementary strainswere cultured in Luria-Bertani (LB) broth at
26 °C or chemically defined TMH medium with or without 2.5mM
calcium at 26 °C or 37 °C, depending on the requirements of specific
experiments. E. coli DH5 α and BL21 (DE3) were grown in LB broth
containing antibiotics at the following concentrations: 100mg/ml
ampicillin, 20mg/ml chloramphenicol, and 50mg/ml kanamycin.

Antibodies and reagents
O-GlcNAc (PTM-952) antibody was obtained from PTM BioLab
(Hangzhou, China). Antibodies for His-Tag (#2365) and GST-Tag
(#2622) were obtained from Cell Signaling Technology (Danvers,
MA, USA). IRDye 800CW-conjugated goat anti-rabbit antibody
(C90529-19) and IRDye 800CW-conjugated goat anti-mouse antibody
(C81106-03) were from LI-COR Biosciences (Lincoln, NE, USA). Goat
anti-mouse IgG (H + L) secondary antibody (31430) was from Thermo
Fisher Scientific (Waltham, MA, USA).

Pierce BCA Protein Assay Kit (#23227), Pierce Top 12 Abundant
Protein Depletion Spin Columns (85164), TMT labeling reagent
(A44521), acetonitrile (400060) and Ubl-specific protease 1
(12588018), Pierce™ Glycoprotein Staining Kit (24562) were Thermo
Fisher Scientific products. Glutathione affinity gel (17-0756-01) and

Fig. 6 | HmwC functions as an O-GlcNAc transferase on OsdY and AlgL.
a, b HmwC O-GlcNAcylates OsdY at Ser-83 and AlgL at Ser-5. Purified recombinant
GST-HmwC was incubated with His-OsdY, His-OsdYSer83A, His-AlgL or His-AlgLSer5A in
the mixture containing UDP-GlcNAc, OGT assay buffer, and ddH2O at 37 °C for 2 h,
then 2xSDS loading buffer was added to stop the reaction. All the samples were
separated in 12% SDS-PAGE and immunoblotted with mouse monoclonal anti-GST,
anti-His, or anti-O-GlcNAc antibodies. c, d The O-GlcNAcylation of OsdY and AlgL
showed dose-dependent on concentration of HmwC. eD217 andH276 of HmwCwere
predicted to be the key residues for substrate binding and enzyme activity, respec-
tively. Protein structure prediction was accomplished using Alphafold2 software

(Supplementary Data 6). f GST pull-down assay of binding affinity between OsdY and
HmwC and its mutants. Purified recombinant His-tagged OsdY was incubated at 4 °C
overnight with glutathione-sepharose 4B beads conjugated with GST-HmwC, GST-
HmwC-D217A and GST-HmwC-H276A, respectively. Then the beads were intensively
washed and analyzed by SDS-PAGE and immunoblotting. g GST pull-down assay of
binding affinity between AlgL and HmwC and its mutants, using themethod the same
as described in f. h, i Analysis of the O-GlcNAcylation of OsdY and AlgL by HmwC,
HmwC-D217 orHmwC-H276Awas carriedout according to themethoddescribed in a.
All above experiments were performed at least in triplicate with similar results, and a
representative result was shown here.
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PD-10 desalting columns (17085101) was obtained from GE Health-
care (Pittsburgh, PA. USA). Ni-NTA agarose (30210) was obtained
from Qiagen (Valencia, CA, USA). The Immobilon-P transfer mem-
brane (IPVH00010) and Immobilon-NC transfer membrane
(HATF00010) were purchased from Millipore (Bedford, MA, USA).
Protease Inhibitor Cocktail III (ab201117), V (ab287909) and IV
(ab201118) were purchased from Abcam (Cambridge, UK). Tetra-
ethylammonium bromide (140023), Seppro ® Rat Spin Columns
(SEP130), DL-dithiothreitol (D0632), UDP-GlcNAc (U4375) and tri-
chloroacetic acid (T6399) were from Sigma-Aldrich (St Louis, MO,
USA). ProteoMiner™ Protein Enrichment Small-Capacity Kit
(#1633006) was Bio-Rad (Hercules, CA, USA) product. UDPG
(U303319) and UDP-Galactose (U303352) were from Aladdin
(Shanghai, China). Trypsin (VA9000) was from Promega (Beijing,

China) and Formic acid (09676-500ML) was from Fluka (Seelze,
Germany).

Construction of the Y. pestis mutants and the complemented
strains
Y. pestis strains and plasmids used in this study were listed in Supple-
mentary Data 5. The coding sequence of hmwC was replaced with a
kanamycin resistance cassette by the λRed recombination system. The
coding sequences of yp_3614 and yp_3614-Ser83 were eliminated with
suicide vector pDS132 by homologous recombination. The mutant
cassettes were consisted of approximately 300bp homologous
sequences at both sides of mutant genes and cloned into pDS132. The
recombinant pDS132 plasmids were transformed into E. coli S17λpir.
Then, yp_3614 and yp_3614-Ser83 deletions were introduced by

Fig. 7 | Alanine substitution at Serine 83 of OsdY impairs survival in macro-
phages and reduces antioxidant capacity of Y. pestis. a No significant difference
in relative mRNA expression level of osdY between WT and ΔosdYS83A. b The
mutation of osdY-Ser83A had no significant effect on the proliferation rate of
Y. pestis in TMH medium. c The mutation of osdY-Ser83A led to decreased acid
resistance of Y. pestis. d The mutation of osdY-Ser83A led to decreased survival of
Y. pestis in macrophages. a osdY or osdY-Ser83A mutations resulted in increased
biofilm formation of Y. pestis, which could be compensated by overexpression of

OsdY. f The mutation of osdY or osdY-Ser83A resulted in decreased antioxidant
capacity of Y. pestis, which could be compensated by overexpression of OsdY but
not by overexpression of the OsdYS83A. g Determination of the hydrogen peroxide
content in various Y. pestis strains as indicated. Ser-83 of OsdY is a critical residue
for its antioxidant activity in Y. pestis. a–d, f, g n = 3 biological replicates in each
group. e n = 10 biological replicates in each group. Data are presented as mean
values ±SEM. p valueswere calculated by two-tailed Student’s t test. Note that some
error bars are too small to be visualized.
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conjugation and allelic exchange. The plasmid pBAD24 was used to
construct complemented strains. DNA fragments generated by PCR
containing the coding sequences of hmwC and yp_3614 were cloned
into pBAD24. The recombinant plasmids were introduced into the
corresponding mutants separately to obtain c complemented mutant
strains and the expression of the cloned genes were induced by 0.2%
arabinose.

Quantitative polymerase chain reaction
The mRNA expression level of the osdY gene was analyzed by quanti-
tative polymerase chain reaction. Total RNA was extracted from bac-
teria by TRIzol extraction method and subsequently digested by
DNAase I. The mRNA samples ware then reverse transcribed to cDNA
using Super-Script III reverse transcriptase (Invitrogen, USA). Real-time
PCR amplification was performed using a 7500 Real-Time PCR system
(Applied Biosystems, USA). The mRNA expression level was normal-
ized to the expression level of osdY in WT. Each experiment was per-
formed in triplicate.

Expression and purification of recombinant proteins
Plasmids used in this study were listed in Supplementary Data 5. The
plasmids pSUMO-HmwC, pSUMO-HmwCD217A, pSUMO-HmwCH276A,
pSUMO-OsdY, pSUMO-OsdYS83A, pSUMO-AlgL, pSUMO-AlgLS5A,
pGEX-4T-2-HmwC, pGEX-4T-2-HmwCD217A and pGEX-4T-2-HmwCH276A

were constructed and introduced into E. coli BL21 (DE3) strains for
protein purification. E. coli BL21 (DE3) strains were grown in LB med-
ium with appropriate antibiotics. When the OD600nm of the cultures
reached 0.6, protein expression was induced overnight with 1mM
IPTG at 100 rpm in an incubator at 20 °C. His-tagged proteins were
purified by affinity chromatography using Ni-NTA beads and eluted
with 250mM imidazole solution. GST-tagged proteinswere purified by
glutathione sepharose beads 4B and eluted with 10mM reduced glu-
tathione (pH 8.0). Finally, the eluted solutions containing the purified
proteinswere exchanged to phosphate-buffered saline (PBS) using PD-
10 desalting columns and partial His-tagged proteins were excised by
ULP1 (Ubl-specific protease 1).

Protein extraction
Wide type Y. pestis andΔhmwCwere grownat 26 °C in TMHmedium to
OD620nm of 1.0, then shifted to seven different conditions for 4 h’s
incubation, respectively, which included: 26 °C in TMH, 37 °C in TMH
without calcium, 10 °C in TMH, 42 °C in TMH, 37 °C in pH 6 TMH
without calcium, 26 °C in TMHwith 2.5% NaCl, and 37 °C TMHwithout
Ca2+ and Fe2+. The bacterial pellets were washed twice with PBS then
resuspended with 4 times the volume of lysis buffer (1% SDS, 1% pro-
tease inhibitor) and lysed by sonication. Centrifuge at 12,000g for
10min at 4 °C then the supernatants were transferred to new cen-
trifuge tubes and the protein concentrations were determined using
the BCA kit.

Detection of O-GlcNAcylation in Y. pestis Under Different
Conditions
Equal amounts of proteins in pellets prepared under different condi-
tions were boiled in 5×SDS loading buffer, 20μg protein per lane was
separated by 12% SDS-PAGE. Then the proteins on the gel were trans-
ferred onto an immobilon-NC membrane and subjected to immuno-
blot analysis with primary antibody anti-O-GlcNAc antibody and
peroxidase conjugated goat anti-Mouse IgG, (H + L). The short-
exposure and long-exposure images of the immunoblotting results
were obtained using the automatic chemiluminescence imaging sys-
tem (Tanon 5200).

Mass spectrometry analysis of O-GlcNAcylation proteomics
Trypsin digestion. The protein solution was reduced with 5mM
dithiothreitol for 30min at 56 °C and alkylated with 11mM

iodoacetamide for 15min at room temperature in darkness. The pro-
tein samples were diluted by 100mM TEAB to urea concentration less
than 2M. Trypsin was added at 1:50 trypsin-to-protein mass ratio for
the first digestion and 1:100 trypsin-to-protein mass ratio for a second
4 h-digestion.

TMT labeling. Peptide was desalted by Strata X C18 SPE column and
vacuum-dried. Peptidewas reconstituted in 0.5MTEAB and processed
for TMT kit. One unit of TMT reagent were thawed and reconstituted
in acetonitrile. The peptide mixtures were then incubated for 2 h at
room temperature and pooled, desalted and dried by vacuum
centrifugation.

O-GlcNAcylated peptides enrichment. Peptides were dissolved in IP
buffer (100mM NaCl, 1mM EDTA, 50mM Tris-HCl, 0.5% NP-40, pH
8.0), and the supernatant was transferred to the pre-washed O-GlcNAc
pan antibody-conjugated beads, placed on a rotary shaker at 4 °C
overnight. After incubation, the beads were washed four times with IP
buffer and twice with deionized water. Finally, the peptides bound to
thebeadswere elutedoff using0.1% trifluoroacetic acideluent, and the
collected eluate was dried by vacuum freezing and desalted.

HPLC fractionation. The tryptic peptides were fractionated into frac-
tions by highpH reverse-phaseHPLCusingThermoBetasil C18 column
(5 μm particles, 10mm ID, 250mm length). Briefly, peptides were first
separated with a gradient of 8% to 32% acetonitrile (pH 9.0) over
60min into 60 fractions. Then, the peptides were combined into 6
fractions and dried by vacuum centrifuging.

LC-MS/MS analysis. The tryptic peptides were dissolved in 0.1% for-
mic acid (solvent A), directly loaded onto a home-made reversed-
phase analytical column (15 cm length, 75μm i.d.). The gradient was
comprised of an increase from6% to 23% solvent B (0.1% formic acid in
98%acetonitrile) over 26min, 23% to 35% in 8min, and climbing to80%
in 3min then holding at 80% for the last 3min, all at a constant flow
rate of 400nL/min on an EASY-nLC 1000 UPLC system. The peptides
were subjected to NSI source followed by tandem mass spectrometry
(MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the UPLC.
The electrospray voltage applied was 2.0 kV. The m/z scan range was
350 to 1800 for full scan, and intact peptides were detected in the
Orbitrapat a resolutionof 70,000. Peptideswere then selected forMS/
MS using NCE setting as 28 and the fragments were detected in the
Orbitrap at a resolution of 17,500. A data-dependent procedure that
alternated between one MS scan followed by 20 MS/MS scans with
15.0 s dynamic exclusion. Automatic gain control (AGC) was set at 5E4.
Fixed first mass was set as 100m/z.

Mass Spectrometry for Comparative Proteomics contained the
sections of Trypsin Digestion, TMT Labeling, HPLC Fractionation, and
LC-MS/MS Analysis as described above.

Protein identification and quantification
The secondarymass spectrometry datawere retrievedusingMaxquant
1.6.15.0. Search parameter settings: the database was Y. pestis 91001
database (downloaded from NCBI on OCT 27, 2020, GenBank assem-
bly accession: GCA_000007885.1), inverse libraries were added to
calculate the false positive rate (FDR), and common contamination
libraries were added to the database to eliminate the effect of con-
taminating proteins in the identification results, the enzyme digestion
modewas set to Trypsin/P, the number ofmissed cut sites was set to 2,
the minimum length of peptide was set to 7 amino acid residues, the
maximum number of peptide modifications was set to 5, the mass
error tolerance of the primary parent ion was set to 20.0 ppm and 5
ppm for first search and main search, respectively, and the mass
error tolerance of the secondary fragment ion was set to 20.0 ppm.
Carbamidomethyl(C) was set as fixed modification and variable

Article https://doi.org/10.1038/s41467-024-50959-w

Nature Communications |         (2024) 15:7062 12



modifications were set as [‘Acetyl (Protein Nterm)’, ‘Oxidation (M)’,
‘Deamidation (NQ)’, ‘O-HexNAc’]. The quantificationmethodwas set to
TMT-6plex, and the FDR for protein identification and PSM identifi-
cation were set to 1%. The identification data were filtered using loca-
lization probability >0.75. The quantitative values of each sample in
multiple replicates were obtained separately by multiple experiments.
The relative quantification of the differential modification for the
modification sites between two samples, and the significant p-value for
that differential modification were calculated separately. For the bio-
logical replicate samples, statistical analyses such as principal com-
ponent analysis (PCA), relative standard deviation (RSD) and pearson
correlation coefficient were used to assess the quantitative protein
reproducibility, respectively.

Western blot
The supernatant was boiled in 5×SDS loading buffer and the bacterial
pellet was washed with PBS and boiled in 2×SDS loading buffer. Then,
equal proteinswere separated on a 12% SDS-PAGE gel, transferred onto
an immobilon-P transfer membrane and subjected to immunoblot
analysis with appropriate primary antibody and secondary antibody.
The images of the immunoblotting results were obtained using the
Odyssey SA imaging system (LI-COR).

Detection of HmwC expression
Wide type Y. pestis,ΔhmwC, andΔhmwC/HmwCwere grownat 26 °C in
TMH medium with or without calcium to OD620nm = 1.0, then shifted
respectively to 26 °C (Fv) and 37 °C (Mh) for another 4 h’s incubation.
The protein HmwC in bacterial pellets were detected byWB with anti-
SPINDLY mouse monoclonal antibody and IRDye 800CW-conjugated
goat anti-mouse IgG.

In vitro O-GlcNAcylation assays
For the in vitro O-GlcNAcylation assay, a reaction mixture containing
5μL purified proteins (OsdY, AlgL, OsdYS83A or AlgLS5A), 0-20μL OGTs
(HmwC, HmwCD217A or HmwCH276A), 24-44μL ddH2O, 6μL UDP-
GlcNAc, 5μL 10×OGT assay buffer was incubated in a 37 °C shaker for
2 h. Reactionswerequenchedwith 5×SDS loading buffer andboiled for
10mins. Then the proteins were detected by WB with anti-His, anti-
SPINDLY, and anti-O-GlcNAc mouse monoclonal primary antibodies,
and 2nd antibody IRDye 800CW-conjugated goat anti-mouse IgG.

GST pull-down assay
The GST-tagged recombinant proteins GST-HmwC, GST-HmwCD217A

and GST-HmwCH276A were incubated with glutathione-Sepharose 4B
beads for 4 h at 4 °C, respectively, and then the beads were washed
thoroughly with PBS, followed by the addition of His-OsdY and His-
AlgL, respectively, and then incubated overnight at 4 °C. After washing
beads, the bound proteins were analyzed by WB with anti-GST and
anti-His monoclonal antibodies.

Glycoprotein staining
After electrophoresis, the gel was completely immersed in 100mL of
50% methanol, soaked for 30min, and then washed twice with 3%
acetic acid. The gel was then transferred to 25mL of oxidation solution
for 15min and washed twice with 3% acetic acid. Subsequently, the gel
was transferred to 25mL of glycoprotein dye and shaken for 15min-
utes. The gel was then transferred to 25mL of reducing solution for
5minutes. Finally, the gel was thoroughly washed with 3% acetic acid
followedbyultrapurewater. Glycoproteinswere visualized asmagenta
bands. It is recommended that these steps be performed in a
fume hood.

Characterization of the phenotypes of the hmwC mutant
Growth rate determination. Wild-type Y. pestis, mutants, and com-
plemented strains were cultured in Luria-Bertani (LB) broth at 26 °C or

chemically defined TMH medium. Then, bacterial cultures were dilu-
ted 1:20 in fresh LB, LB containing 2.5% NaCl and TMH medium,
respectively, and incubated continuously in a 220 rpm 26 °C shaker.
Bacterial growth was monitored every 2 h by measuring the absor-
bance of OD620nm for a total of 32 h.

Acid resistance assay. Bacteria cells of Y. pestis strains cultured in LB
to OD620nm = 1.0 were resuspended with 20mM glucose minimal
medium. Bacterial resuspensions diluted 1:100 with pH 3.5 minimal
medium were regarded as experimental groups, while those diluted
with pH 6.5 minimal medium were regarded as the control. After
incubation at room temperature for 30min (and 60min in a parallel
group), the number of living bacteria was determined by plating the
bacterial dilutions onto a Hottinger’s agar plate in triplicate.

Biofilm formation determination. The bacterial solutions of Y. pestis
strains cultured to OD620nm = 1.0 as described previously were left at
4 °C overnight, then diluted 1:20 in fresh LBmedium, added to 24-well
plate at 1ml per well, and incubated continuously in a 220 rpm 26 °C
shaker for 24 h. Thebacteriosphere formed at the junction of the liquid
and gas phaseswas biofilm. TheOD620nm value of bacterial solutions in
24-well plate was measured. After gently washing the biofilm with
deionizedwater and fixing it at 80 °C for 15min, 3ml of 0.1% crystalline
violet staining solution was added to each well for 15min, and after
washing away the free crystalline violet, the stained biofilm was dis-
solved with 3ml of dimethyl sulfoxide and the OD570nm value was
determined. The amount of biofilm formation was expressed as
OD570nm/OD620nm value.

Heat-shock and cold-shock tolerance assay. The bacterial solutions
of Y. pestis strains cultured to OD620nm = 1.0 were resuspended and
diluted 1:100 with 20mM glucose minimal medium described
previously50. 100μl of bacterial solution was added in parallel to each
EP tube and those placed at 26 °C were the control groups. For heat-
shock experiment, bacterial solutions placed in a 50 °C water bath for
10min, 20min and 40min, respectively, were the experimental
groups. For cold-shock experiment, the bacterial solution placed at
−20 °C and 4 °C for 24 h were the experimental groups. Finally, the
number of living bacteria was determined by plating the bacterial
dilutions onto a Hottinger’s agar plate in triplicate.

Hydrogen peroxide resistance assay. The bacterial solutions of Y.
pestis strains cultured to OD620nm = 1.0were adjusted to OD620nm =0.8
in parallel with PBS. 200μl of the above bacterial solution was mixed
thoroughly with 8ml of 0.7% semi-solid medium respectively, and the
mixture was quickly spread flat on the base medium until solidified.
Circular filter paper with a diameter of 6mm was placed in the center
of the petri dish and 5μl of hydrogen peroxide solution of appropriate
concentration was added to each paper piece. After that the petri
dishes were incubated at 26 °C for 16 h and the diameter of the inhi-
bition circle wasmeasured to reflect the hydrogen peroxide resistance
of Y. pestis strains.

Detection of hydrogen peroxide (H2O2) content in Y. pestis. The
quantification of hydrogen peroxide content was performed using a
Hydrogen Peroxide Assay Kit (Beyotime Biotechnology, China). Y.
pestis was cultured in LB to OD620nm = 1.0, followed by centrifugation
to collect bacteria cells. Aliquot 1mL of the reagent I to resuspend
5×106 bacteria, and the bacteria were then sonicated for lysis, followed
by centrifugation at 8000g for 10minutes at 4 °C. The supernatant
was collected and the hydrogen peroxide concentration were deter-
mined analyzed according to the manufacturer’s instructions.

Determination of survival capability in macrophages. The wild-type
Y. pestis, ΔhmwC and ΔhmwC/HmwC were cultured to OD620nm = 1.0,
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then shifted to 37 °C for an additional 2 h. RAW264.7 were seeded into
24-well plates at a density of 5 × 105 cells/well before infection.
RAW264.7 were infected with Y. pestis strains at a multiplicity of
infection (MOI) of 10. At 0.5 hpi, gentamicin at 30μg/ml was added to
each well to kill the extracellular bacteria. After 0.5 h of continued
incubation, the culture medium was replaced with fresh DMEM con-
taining 10% FBS and 2μg/ml gentamicin until the end of the experi-
ment. At 0.5, 2, 4, 8 and24 hpi., the RAW264.7were thoroughlywashed
with PBS and lysed in sterile H2O containing 0.1% Triton X-100. The
number of living bacteria was determined as described previously.
This experiment was independently performed three times in biolo-
gical triplicates.

Animal infection and the survival curves
Bal b/c mice were purchased from Vitalriver Company (Beijing,
China). Mice were maintained in an animal facility with an ambient
temperature of 20-25 °C and a relative humidity of 30-60%. The
bacterial solutions of wild-type Y. pestis and ΔhmwC cultured until
log phase were adjusted to OD620nm = 1.0 in parallel with PBS. 6 to 8-
week-old female mice (n = 10/group) were used in this experiment,
and each was subcutaneously challenged with 100μl of bacterial
suspension (about 100 CFU), and the survival of challengedmice was
observed for 14 consecutive days. Survival curves for each group of
mice were plotted using GraphPad Prism 8.0. To determine the
bacterial burden in organs, livers, spleens and lungs of the chal-
lenged mice were harvested when the mice were moribund, i.e. 4
dpi., and the collected tissues were homogenized in sterile PBS to
measure live bacteria, as described previously. Statistics of bacterial
burden measurements were performed using the two-tailed
unpaired Student’s t-test and p values ≤0.05 were considered sig-
nificant. All the animal experiments were conducted in strict accor-
dance with the Guidelines for the Welfare and Ethics of Laboratory
Animals of China (license number IACUC-IME-2022-025) and
approved by the Institutional Animal Care Committee of Beijing
Institute of Epidemiology and Microbiology.

Prediction of protein structure
The alignment of protein amino acid sequences was completed
using Espript 3.0 online tool The tertiary structures of protein were
predicted using AlphaFold/2.3.1 software and visualized by
PyMOL2.3.0 software.

Molecular docking methods
Auto Dock Tools 1.5.6 was used to hydrogenate the target protein
molecule and the optimal conformation UDP-GlcNAC molecule. Auto
Dock Vina v.1.2.0 software was used to perform molecular docking
simulation of the target protein and ligand molecule using a
Lamarckian genetic algorithm as the docking algorithm, semi-flexible
docking as the docking method, exhaustiveness was set to 8, and
maximum number of output conformations was set to 9.
PyMOL2.3.0 softwarewas used for visualization of the docking results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository with the data
set identifier PXD042927 and PXD042928. All data generated or ana-
lyzed during this study are included in this published article and sup-
plementary information files. Sequences of bacteria strains used were
download from NCBI database (https://www.ncbi.nlm.nih.gov/
assembly). Source data are provided with this paper.
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