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The modification of galactose with α1,2-fucose is involved in symbiosis with intestinal bacteria and elimination
of pathogenic bacteria. It is postulated that α1,2-fucosylated mucin secreted from goblet cells is involved in
defending an organism against infections, but the detailed molecular mechanisms are yet to be elucidated. It was
previously reported that Paneth cells of the small intestine were positive for UEA-1 lectin staining. However,
glycoproteins in Paneth cells carrying α1,2-fucose have not yet been identified. Glycoproteomic analysis of ileal
lysates identified 3212 O-linked and 2962 N-linked glycopeptides. In particular, cryptdin-related sequence 1
(CRS1) expressed in Paneth cells was found to be α1,2-fucosylated. Unlike other antimicrobial α-defensin pro
teins, CRS1 contains unique Thr residues, which are modified with O-glycans, with 3HexNAc2Hex1Fuc1NeuAc
being the main glycoform. Identification of α1,2-fucose on the O-glycans of CRS1 expressed in Paneth cells will
pave the way for a mechanistic understanding of α1,2-fucose-dependent symbiosis with intestinal bacteria and
elimination of pathogenic bacteria in the intestine.

1. Introduction
Glycans play essential roles in cell-cell interactions [1]. The struc
tures of these glycans are incredibly complex and diverse, and the in
teractions between glycans and glycan-recognizing molecules are
closely related to the control of the development of organisms, and are
involved in differentiation, proliferation, adhesion, gene expression, and
signal transduction. Therefore, this knowledge can be applied to various
fields, such as the diagnosis and treatment of diseases related to struc
tural abnormalities in glycans [2].
The α1,2-linked fucose is a terminal structure that is commonly
found in both N- and O-linked glycoproteins, the addition of which is
catalyzed by members of the fucosyltransferase (FUT) family, i.e., FUT1
and FUT2 [3]. FUT1, formerly known as H enzyme, is primarily

expressed in red blood cells in humans. It is involved in the formation of
the H antigen, which is the precursor of the ABO blood group antigens
[4,5]. In contrast, FUT2 is known as an Se enzyme in humans, where it is
highly expressed in the epithelium of the digestive tract, including the
oral cavity, stomach, small intestine, and large intestine [6]. Based on
studies in various species, α1,2-fucosylation was shown to be involved in
intestinal immunity [7]. In mice, α1,2-fucosylation of intestinal proteins
by FUT2 activation serves as a carbon source for intestinal microor
ganisms, and plays an essential role in maintaining the normal micro
flora [8,9]. Furthermore, infections with Salmonella typhimurium are
aggravated in the intestines of Fut2-deficient mice [10], and Std fimbriae
of S. typhimurium interact with α1,2-fucose [11,12]. The aggravation of
fungal infections with Candida albicans was shown in a similar mouse
model [13]. Furthermore, the loss of FUT2-mediated α1,2-fucosylation
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impairs the binding of the adhesive factor BabA of Helicobacter pylori to
the gastric mucosa [14].
Due to mutations in the FUT2 gene, there are humans who cannot
secrete H antigen into the saliva and gastric juices. The genotypes of
secretion-competent individuals are Se/Se and Se/se, whereas that of
secretion-defective individuals is se/se. The prevalence of the latter ge
notype is by no means rare, as exemplified by the fact that approxi
mately 20% of the Danish population belongs to this group [15]. A
person that is FUT2 secretion-defective due to a mutation in the FUT2
gene is less likely to be infected with norovirus [16,17], but more at risk
of developing chronic pancreatitis and stenoses in primary sclerosing
cholangitis [18,19]. Furthermore, mutations in the FUT2 gene have been
suggested to be associated with type 1 diabetes [20], and to represent
one of the causes of autoimmune inflammatory bowel diseases,
including Crohn’s disease [21,22]. In pigs, α1,2-FUT activity mediated
by FUT1 is associated with the susceptibility of the small intestinal
epithelium to Escherichia coli F18 adhesion [23].
The small intestine is an organ that is continuously in contact with a
wide variety of symbionts of the bacterial flora and pathogenic micro
organisms. However, various functions of α1,2-linked fucose in gut ho
meostasis remain unknown, and only a small number of glycoproteins
have been reported to be α1,2-fucosylated. In this study, we aimed to
determine novel α1,2-fucosylated glycoproteins related to intestinal
homeostasis by analyzing endogenous intestinal glycoproteins through
integrated proteomic analyses.

PBS for 2 h. Vectashield mounting medium with DAPI (Vector) was used
as mounting agent. Stained samples were examined under an inverted
fluorescence microscope (BZ-9000, Keyence).

2. Materials and methods

Human embryonic kidney 293T (HEK293T) cells were cultured in
high glucose (25 mM) DMEM (Sigma) supplemented with 10% FBS.
Then, pcDNA3.1-CRS1:Myc-HisA and pcDNA3.1-CRS1Δ:Myc-HisA were
transiently transfected into HEK293T cells using polyethylenimine (PEI
Max, Polysciences), as described previously [24]. The cells were
cultured in serum-free Opti-MEM medium (Thermo) after the trans
fection procedure.
Transfected cells and culture medium were recovered 72 h posttransfection. Cell lysates were prepared in TBS containing 1% TritonX100 and a protease inhibitor cocktail (cOmplete Mini, EDTA-free,
Sigma). For SDS-PAGE, samples were mixed with an equal volume of
2 × SDS sample buffer (40% glycerol, 4% SDS, 125 mM Tris-HCl, pH 6.8,
70 mM 2-mercaptoethanol, and 0.001% bromophenol blue), and the
solution was boiled for 5 min at 90 ◦ C. Each sample was separated by
polyacrylamide gel electrophoresis with 17.5% running and 4.5%
stacking gels [25]. After electrophoresis, the gel was stained for several
hours using Coomassie dye (SimplyBlue Safe Stain, Invitrogen), placed
into purified water, and shaken overnight in order to destain it.

2.3. Dissection of mouse intestines
Tubular small intestines were longitudinally opened into a flat sheet
using micro-dissecting scissors. Any fecal matter, blood, and digestive
fluids adhered to the inside of the intestines were removed using PBS.
Approximately 5 mg of the tissue (1 mm in length) were lysed in 100 μL
of 1 × Cell Lysis Buffer (Cell Signaling Technology) containing 1 mM
phenylmethanesulfonyl fluoride (Funakoshi). The sample was centri
fuged (4 ◦ C, 4000×g, 20 min), and the supernatant was recovered.
Debris was removed by passing through a 0.45 μm cellulose filter.
2.4. Plasmid construction
Expression vectors for wild-type and mutant forms of CRS1
(pcDNA3.1-CRS1:Myc-HisA and pcDNA3.1-CRS1Δ:Myc-HisA, respec
tively) were provided by GenScript. Full-length CRS1 cDNA was inserted
into the pcDNA3.1 vector using HindIII and ApaI sites. T85V, T102V,
T105V, T106V, and T111V mutations were introduced into the CRS1Δ
expression vector.
2.5. Cell culture and transfections

2.1. Experimental animals
C57BL/6J mice were used in the course of this study. While being
housed in an environment of 25 ◦ C, the animals were allowed to
consume solid feed and water, with light and dark periods alternating
every 12 h. The experiments were conducted in accordance with the
Animal Experimentation Rules of Nagoya University. All mice were
subjected to cervical dislocation under sedation using isoflurane at 2–3
months of age, before undergoing midline laparotomy using scissors. For
lipopolysaccharide (LPS) experiments, 10 μg of S. typhimurium-derived
LPS (L6511, Sigma) per 1 g of mouse body weight were administered 24
h prior to necropsy by intraperitoneal injection.
2.2. Immunofluorescence staining of the mouse digestive tract
The stomach, as well as small and large intestines were collected and
washed with phosphate-buffered saline (PBS). Small intestines were
separated into three sections, corresponding to the duodenum, jejunum,
and ileum. In this study, the duodenum was defined as the part of the
small intestine located approximately 3 cm towards the anus from the
gastric pylorus. The ileum was defined as the part of the small intestine
located about 5 cm towards the mouth from the appendix. The middle
part between these two sections was defined as the jejunum. After 16 h
of fixation in 10 mL of 10% formalin in PBS, the tissues were soaked in
an equal amount of PBS, followed by replacement by 10%, 20%, 30%,
and 40% sucrose in PBS.
The samples were frozen in a 2-methylbutane solution that was
cooled using liquid nitrogen. After removing the solvent, the samples
were embedded in OCT compound (Tissue-Tek), and frozen using liquid
nitrogen. The samples were sliced into 8 μm thick sections using a
cryostat (CM3050S, Leica), attached to a slide glass, and dried to prepare
sliced specimens. The latter were fixed with 4% paraformaldehyde in
PBS for 15 min, followed by permeabilization with ice-cold 100%
methanol for 5 min and 0.5% TritonX-100/PBS for 15 min.
For lectin staining, fixed samples were incubated with 5% fetal
bovine serum (FBS) in PBS for 30 min, followed by biotinylated UEA-1
(Vector) diluted 100-fold in 5% FBS/PBS for 2 h, and Alexa Fluor Plus
488-conjugated streptavidin (Invitrogen) diluted 100-fold in 5% FBS/

2.6. Lectin and western blotting techniques
The transfer of proteins from polyacrylamide gels to PVDF mem
branes (Immobilon-P Transfer Membranes, Millipore) was performed
using a semi-dry blotting device for 25 min at 25 V. After blocking with
5% bovine serum albumin (BSA) in PBS containing 0.05% Tween 20 for
30 min at room temperature (RT), the membrane was incubated at RT
for 2 h with biotinylated UEA-1 (Vector) diluted 1000-fold in blocking
solution, followed by HRP-labeled streptavidin (GE Healthcare) diluted
5000-fold in blocking solution for 1 h at RT. The membrane was incu
bated with Immobilon Western Chemiluminescent HRP Substrate (Mil
lipore) prior to imaging. Signals were detected using the iBright CL1500
imaging system (Invitrogen). Western blotting with Myc-tag-specific
antibody was performed as described previously [26].
2.7. Sample preparation by in-gel digestion
Excised polyacrylamide gel slices were soaked in 100 μL of aceto
nitrile for 10 min and dried using an evaporator. The solution was
supplemented with 50 μL of 10 mM dithiothreitol/100 mM NH4HCO3
for 30 min at RT, followed by the addition of 50 μL of 50 mM
2
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iodoacetamide/100 mM NH4HCO3 for 30 min at RT, 500 μL of 50%
methanol/5% acetic acid for 16 h at 4 ◦ C, and 200 μL of acetonitrile for
10 min. After drying using an evaporator, the gel was soaked in 50 μL of
25 mM NH4HCO3 containing 20 ng of trypsin (Sigma), and incubated for
16 h at 37 ◦ C. The supernatant was desalinated using ZipTip C18 resin
tips (Millipore), and dried using an evaporator.

range of 400 to 1600 m/z, and MS1 full scan at an automatic gain control
of 1.0 × 106. The 10 most intense precursor ions were selected for higher
energy collisional dissociation (HCD) MS/MS fragmentation. The colli
sion energy was set to a stepped normalized collision energy of 15/25/
35. The analytical conditions were an automatic gain control of 1.0 ×
105, an isolation window of 2.0, dynamic exclusion of 15 s, fragment
resolution of 17,500, and measured ion valence of 2–5. Both MS1 and
MS2 spectra were acquired with a mass accuracy of 10 ppm using
Orbitrap.
In the spectral data analysis of glycopeptides, the obtained raw data
were processed by Byonic (MS1 tolerance: 10 ppm, MS2 tolerance: 20
ppm) as a node for Proteome Discoverer 2.3 (Thermo). Mus musculus
(SwissProt 10,090) was specified as the species the protein database of
which was to be searched. The glycan list included 309 and 78
mammalian N- and O-glycans, respectively, based on the standard set
tings for Byonic. Other search parameters were as follows: carbamido
methylation of cysteine residues as fixed modifications, and oxidation of
methionine residues as variable modifications. The analysis was per
formed using a false discovery rate (FDR) of 0.01. For qualitative ana
lyses, we detected the b/y ions and glycan-derived fragment ions in the
MS2 spectrum using the Xcalibur Qual browser (Thermo). Semiquantitative analysis was performed using the relative height of the
extracted ion chromatogram (EIC) of the most abundant isotope peak of
the precursor ion using the Xcalibur Quan browser (Thermo).

2.8. Sample preparation by in-solution digestion
Approximately 10 mg of tissue samples were homogenized in 500 μL
of lysis buffer (1% SDS, 10 mM TCEP, 40 mM 2-chloroacetamide, and
50 mM NH4HCO3). The homogenate was boiled for 15 min at 90 ◦ C, and
centrifuged at 1000×g for 10 min. The supernatant was collected and
mixed with 50 μg of trypsin (Sigma) dissolved in 10 μL of 0.01% tri
fluoroacetic acid. The mixture was incubated for 16 h at 37 ◦ C, and
boiled for 30 min at 90 ◦ C. Then, SDS was precipitated by adding 500 μL
of 1% trifluoroacetic acid. The supernatant was recovered and passed
through a 0.45 μm cellulose filter. The filtrate was desalinated using a
Sep-Pak C18 column (Waters) and dried using an evaporator.
2.9. Tandem mass tag (TMT) labeling and α1,2-fucosidase treatment
The combined glycopeptides enriched by ion-pair hydrophilic
interaction liquid chromatography (IP-HILIC) were dissolved in 50 μL of
triethylammoniumbicarbonate and split into two aliquots. Using TMT 2plex (Thermo) by following the manufacturer’s protocol, the two sam
ples were labeled with TMT2-126 and TMT2-127, respectively, desali
nated using ZipTip C18 resin tips, and dried using an evaporator. Dried
samples were dissolved in 10 μL of 1 × GlycoBuffer (NEB). TMT2-127labeled peptides were treated with 1 μL of α1,2-fucosidase (NEB),
whereas TMT2-126-labeled peptides remained untreated. After 16 h, the
two samples were mixed, desalinated using a ZipTip C18 resin tip, and
dried using an evaporator.

2.13. Data availability
Glycoproteomics data are available by accessing JPOST at the
following URL: https://repository.jpostdb.org/
ID: JPST000988
3. Results

2.10. IP-HILIC

3.1. Distribution of α1,2-fucosylated proteins in the mouse digestive tract

The samples were dissolved in 80% acetonitrile/0.1% trifluoroacetic
acid and subjected to HPLC (CBM-20A Series, Shimadzu) equipped with
an Amide-80 column (dimensions of 4.6 × 250 mm and a particle size of
5 μm, TSKgel). After sample loading, the column hydrophilicity was
increased by employing a linear gradient ranging from 80% acetonitrile/
0.1% trifluoroacetic acid to 40% acetonitrile/0.1% trifluoroacetic acid
over the course of 30 min. A total of 30 fractions were collected, and
fractions 18 to 25 were mixed and dried using an evaporator.

In order to detect the distribution of α1,2-fucosylated proteins in the
mouse digestive tract (Fig. 1A), we performed lectin staining with UEA1, which specifically recognizes α1,2-linked fucose. Fluorescent staining
showed a positive signal at the mucosal surface in the stomach, small
intestines (duodenum, jejunum, and ileum), and large intestines
(Fig. 1B). In the jejunum and ileum, additional signals were observed in
Paneth cells. As shown in the magnified image, vesicle-associated
granules inside the Paneth cells were heavily stained. These results
suggest that glycoproteins modified by α1,2-fucosylation are abundant
in Paneth cells of healthy mice with normal bacterial flora. However,
when the mice were culled after intraperitoneal administration of S.
typhimurium-derived LPS according to the intestinal bacterial infection
stimulation model [10], intense staining of the mucin layer of the ileal
epithelium was observed, but no changes were observed in Paneth cell
staining patterns.
Next, lysates from each tissue were subjected to UEA-1 lectin blotting
to detect α1,2-fucosylated proteins. Strong signals in the jejunum and
ileum with an apparent molecular weight of 15 kDa were observed in
addition to high molecular weight species (Fig. 1C). The broad smearlike band suggested the existence of glycosylation.

2.11. Affinity purification using UEA-1
Agarose-bound UEA-1 (Vector) equilibrated in PBS was mixed with
the tryptic digests and incubated at 4 ◦ C for 2 h. After three sequential
washes with PBS, bound peptides were eluted with 0.1 M glycine-HCl,
pH 2.7. The eluate was mixed with 1 M Tris-HCl, pH 9.0, to neutralize
the sample. The latter was then desalinated using a ZipTip C18 resin tip
and dried with an evaporator.
2.12. Liquid chromatograpy-mass spectrometry (LC-MS)/MS analysis
Samples were dissolved in 20% acetonitrile/0.1% trifluoroacetic
acid. The mass spectrometer used was a Q Exactive (Thermo), which was
connected to an UltiMate 3000 RSLCnano System (Thermo). The liquid
chromatography column used was a Nano HPLC capillary column at
150 mm × 75 μm (Nikkyo Technos). Reverse-phased liquid chroma
tography was run at a flow rate of 300 nL/min. The linear gradient
profile ranged from 20% acetonitrile/0.1% trifluoroacetic acid to 80%
acetonitrile/0.1% trifluoroacetic acid, and was run over 45 min. Elec
trospray ionization was used as ion source. The analytical parameters
used were positive ion mode, a resolution of 140,000, an acquisition

3.2. Glycoproteomics of the mouse ileum identifies cryptdin-related
sequence 1 (CRS1) as an O-linked glycopeptide
In order to identify novel α1,2-fucosylated glycoproteins in the
mouse ileum, we performed a comprehensive glycoproteomic analysis.
Samples were prepared from mouse ileal lysates by in-solution diges
tion, followed by glycopeptide enrichment by IP-HILIC (Fig. 2A), and
obtained mass spectral data were analyzed using Proteome Discoverer
and Byonic (Fig. 2B). By counting the highly reliable peptides matching
3
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Fig. 1. α1,2-fucosylated glycoproteins are abundantly expressed in Paneth cells in the small intestine. (A) Dissected mouse gastrointestinal tracts. Scale bar, 10 cm;
the proximal part is shown on the right. (B) UEA-1 lectin staining. Scale bar, 100 μm. Blue, DAPI; green, Alexa 488 coupled to UEA1. The top row indicates UEA-1
staining, and merged images are shown in the bottom panel. In the stomach and colon, the mucosal surface was stained with UEA-1. In contrast, the jejunum and
ileum show additional staining in Paneth cells. A magnified image of the boxed region in the ileum is shown on the right. Treatment with LPS markedly increased the
signal at the mucosal surface in small intestines, but not in Paneth cells. (C) Coomassie Brilliant Blue (CBB) staining and lectin blots of lysates from the gastroin
testinal tracts. S, stomach; D, duodenum; J, jejunum; I, ileum; C, colon. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
Fig. 2. Mass spectrometric analysis of mouse ileal
lysates. (A) Schematic of the experimental procedures.
Mouse ileal lysates were reduced, alkylated, and
trypsin-digested. The enrichment of glycopeptides
was then performed by IP-HILIC, followed by analysis
by LC-MS/MS. (B) Classification of peptides identified
by LC-MS/MS analysis. Out of the 6579 peptides
identified, 405 were unglycosylated, 3212 were
modified with O-glycans (2252 of which contained
fucose), and 2962 were modified with N-glycans (859
of which included fucose).
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those, the 3HexNAc2Hex1Fuc1NeuAc glycoform contained the Sda
epitope (GalNAc-β1,4 [NeuAc-α2,3]Gal) and H antigen (Fuc-α1,2Gal)
[28]. However, the proteins carrying this type of glycan have not yet
been identified. To determine whether CRS1 O-glycans are modified
with fucose via α1,2-linkage, MS-based quantification using a TMT was
performed on mouse ileal lysates. The TAITTQAPNTQHK glycopeptide
with 3HexNAc2Hex1Fuc1NeuAc was markedly decreased after enzy
matic digestion with α1,2-fucosidase, whereas 3HexNAc2Hex1NeuAc, a
predicted digestion product, was increased (Fig. 3C). These results
demonstrated the α1,2-fucosylation of CRS1.
To determine the detailed glycan structures on CRS1, fragment ions
of glycopeptides enriched by IP-HILIC were analyzed (Fig. 4 and
Fig. S3). Fragment ions lacking non-reducing terminal fucose, NeuAc,
and HexNAc, in addition to those featuring core 2-type O-glycans, were
successfully assigned to CPVCPTCPQCPK glycopeptides (Fig. 4A). These
data are consistent with the predicted glycan structure containing the
Sda epitope and H antigen [28]. A small amount of the same peptide
without O-glycosylation was also detected (Fig. 4B). A similar MS/MS
profile indicative of the presence of core 2-type O-glycans was obtained
for TAITTQAPNTQHK glycopeptides, although O-glycosylation possibly
occurred on multiple sites instead of a single site (Fig. 4C). However, the
presence of an unglycosylated form of the peptide (Fig. 4D) indicated
that the O-GalNAc modification of this peptide was substoichiometric,
and thus the population of glycopeptides carrying multiple O-glycans,
such as the 6HexNAc4Hex2NeuAc glycoform (Fig. 3B), were minor
forms, at least in the ileum. Nonetheless, these results demonstrated that
CRS1 contains one or more core 2-type O-glycans with α1,2-linked
fucose.
To further confirm the α1,2-fucosylation of CRS1, we performed

an FDR <0.01 using Byonic, we identified 6579 peptides. These included
405 unglycosylated peptides, 3212 O-linked glycopeptides (out of which
2252 contained fucose), and 2962 N-linked glycopeptides (out of which
859 contained fucose). The O-linked and N-linked glycopeptides corre
spond to 1220 and 565 glycoproteins, respectively (Table S1). In addi
tion to the major intestinal glycoproteins of mucin, which is assumed to
act as an infection barrier (Fig. S1), a large number of glycopeptides
derived from CRS1 (UniProt ID: P17533.2; GenBank ID: AK008584.1), a
putative antimicrobial peptide, were identified. CRS1 (also called
α-defensin 29) is expressed in Paneth cells in the intestine [27]. These
results suggested that CRS1 is a fucosylated protein in mouse ileal
Paneth cells.
The amino acid sequence of CRS1 was partially homologous to that
of α-defensins 1 and 2, which are representative proteins of the
α-defensin family (Fig. 3A and Fig. S2). As expected from the processing
of the pro-domain, two CRS1 peptides, CPVCPTCPQCPK and TAITT
QAPNTQHK, were located at the C-terminal mature domain. There were
5 and 30 types of O-linked glycoforms observed for CPVCPTCPQCPK
and TAITTQAPNTQHK, respectively, thus constituting a large propor
tion of the 348 O-linked glycopeptides identified. CPVCPTCPQCPK
contains only a single modification site that is modified with multiple
forms of O-glycans, with 3HexNAc2Hex1Fuc1NeuAc being the most
abundant glycoform (Fig. 3B). Although TAITTQAPNTQHK contains
multiple modifiable sites that make it nearly impossible to assign the
actual glycosylation sites, the 3HexNAc2Hex1Fuc1NeuAc glycan simi
larly represented the major glycoform (Fig. 3B). These results indicate
that CRS1 is modified with fucose-containing O-glycans.
Previous glycomic analyses demonstrated that core 2-type O-glycans
were the dominant forms in the mouse small intestine, and, among

Fig. 3. Cryptdin-related sequence 1 (CRS1) is O-glycosylated and contains α1,2-linked fucose. (A) Amino acid sequence alignment of CRS1, α-defensin 1 (α-defens1),
and α-defensin 2 (α-defens2). CPVCPTCPQCPK and TAITTQAPNTQHK peptides were modified with fucose-containing O-glycans. Yellow and gray highlights indicate
signal peptides and pro-peptides, respectively. (B) Lists of O-glycans detected on the indicated CRS1 peptides. Relative abundances are also shown. (C) Digestion of
the TAITTQAPNTQHK peptide with α1,2-fucosidase. The glycoform of 3HexNAc2Hex1Fuc1NeuAc was decreased after digestion, whereas that of 3HexNAc2Hex1Sia
was increased. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
5
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Fig. 4. MS/MS profiles of glycopeptides from CRS1. (A) MS/MS spectra of CPVCPTCPQCPK glycopeptides with 3HexNAc2Hex1Fuc1NeuAc. The observed fragment
ions are consistent with the presence of the indicated core 2-type O-glycans. (B) MS/MS spectra of the CPVCPTCPQCPK peptide without glycosylation. The vertical
axis indicates relative abundance, and the horizontal axis indicates m/z. (C) MS/MS spectra of TAITTQAPNTQHK glycopeptides with 3HexNAc2Hex1Fuc1NeuAc.
Red and blue letters represent b and y ions, respectively. The observed fragment ions are consistent with the presence of the indicated core 2-type O-glycans, although
modifications on multiple sites cannot be excluded. (D) MS/MS spectra of TAITTQAPNTQHK peptides not modified by O-glycans. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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affinity precipitation of glycopeptides from mouse ileal lysates using
UEA-1 lectin-coated agarose beads. Subsequent glycoproteomic analysis
led to the identification of the TAITTQAPNTQHK peptide modified by
3HexNAc2Hex1Fuc1NeuAc, further suggesting α1,2-linked fucosylation
of CRS1 (data not shown).

by UAE-1 lectin staining included CRS1 modified with O-glycans con
taining α1,2-linked fucose.
3.4. O-glycans are dispensable for the dimerization of CRS1
It has been shown that the α-defensin family of antimicrobial pep
tides forms dimers or higher-order aggregates that are linked to the
molecular mechanisms underlying membrane permeabilization of mi
crobes [32]. To determine whether O-glycans are required for dimer
formation of CRS1, a mutant form of CRS1 lacking five putative
O-glycosylation sites (CRS1Δ, Fig. 6A) was generated. Expression of
CRS1 or CRS1Δ in HEK293T cells revealed dimer formation of CRS1 in
the culture media irrespective of the presence of glycans. These data
indicated that O-glycans were dispensable for dimer formation of CRS1
(Fig. 6B).

3.3. CRS1, but none of the other α-defensins, is O-glycosylated
To analyze the differential glycosylation patterns between CRS1 and
other α-defensin proteins, we performed MS analysis using in-gel
digestion. UEA-1 lectin blotting of mouse ileal lysates showed a posi
tive signal at a molecular weight of ~15 kDa (Fig. 5A). Other α-defensins
with a molecular weight of 10 kDa appeared to be negative for UEA-1
staining and served as negative controls. Lysates were separated by
SDS-PAGE, and the excised gel fragments containing glycosylated CRS1
or α-defensin proteins were subjected to in-gel digestion and mass
spectrometric analysis (Fig. 5B). In the control samples, 11 types of
bactericidal proteins, including α-defensins 1, 2, 5, 8, 9, 15, 16, 20, 21,
22, 23, 24, and 26, were identified as unglycosylated peptides (Fig. S2).
Glycopeptides derived from these proteins were not identified. In
contrast, mass spectrometric analysis of the UEA-1-positive region
identified TAITTQAPNTQHK glycopeptides from CRS1 in addition to the
unglycosylated peptide. These results suggested that CRS1, but none of
the other α-defensins, was modified with O-glycans and α1,2-linked
fucose.
To exclude the possibility that decreased ionization efficiencies
precluded the detection of glycopeptides, unglycosylated peptides were
removed by the IP-HILIC technique (Fig. 5C). As expected, glycopeptides
enriched from the UEA-1-positive region led to the detection of
TAITTQAPNTQHK glycopeptides modified with O-glycans (Fig. 5C and
D), but not of unglycosylated peptides. In contrast, no α-defensin pep
tides were identified from either the UEA-1-positive or control regions.
These results revealed that glycopeptides of 15 kDa that were detectable

4. Discussion
We carried out a comprehensive glycoproteomic analysis of glyco
sylated proteins in the mouse small intestine. Studies in humans and
mice have shown that α1,2-fucosylation of proteins present in the small
intestinal epithelium plays a major role in maintaining normal micro
flora balance, as well as for eliminating pathogenic bacteria [29]. Ac
cording to the latest research, the expression of FUT2 in intestinal
epithelial cells can be increased by host stimulation through the
administration of Salmonella-derived LPS, resulting in increased in
tensity of UEA-1 staining, primarily on the surface of the small intestines
[10]. While supporting these reports, our study noted no changes in the
intensity of UEA-1 staining after LPS stimulation of Paneth cells, thus
indicating that the expression of α1,2-fucosylated proteins was consti
tutive (Fig. 1B). Microarray analysis showed that FUT1 and FUT2 were
expressed in Paneth cells [30], which was consistent with the positive
UAE-1 lectin staining in Fut2 mutant mice [10].

Fig. 5. CRS1, but none of the other α-defensin proteins, is O-glycosylated. (A) Lectin blotting indicating the area of the gels excised for mass spectrometric analysis.
UEA-1-positive and -negative areas (at around 15 and 10 kDa, respectively) are marked by boxes. (B) CRS1 glycopeptides were identified from the UEA-1-positive
area. In samples derived from the UEA-1-negative region, CRS1 was not detected, whereas 11 α-defensin family proteins were identified. (C) Enrichment of gly
copeptides by IP-HILIC increased the number of detectable glycoforms on CRS1. No glycans were detected on other α-defensin proteins. (D) Semi-quantitative
analysis of CRS1 glycoforms based on extracted ion chromatogram (EIC) of precursor ions.
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Fig. 6. O-glycans on CRS1 are dispensable for the dimerization of CRS1. (A) Amino acid sequences of CRS1 and the glycosylation mutant lacking five potential Oglycosylation sites. (B) Immunoblotting of cell lysates and culture media prepared from HEK293T cells expressing CRS1 or the CRS1 mutant (CRS1Δ). Detection with
anti-Myc antibody revealed that the dimerization of CRS1 was not affected by loss of glycosylation. Coomassie Brilliant Blue (CBB) staining shows similar protein
loading. (C) Model showing the potential physiological function of α1,2-fucosylated CRS1. Fucosylated molecules in the intestinal epithelium interact with Std
fimbriae of S. typhimurium, thus contributing to the infection process. Mucin secreted by goblet cells contains α1,2-linked fucose, and, therefore, is assumed to protect
from infections with pathogens. The presence of α1,2-fucose on CRS1 may facilitate the interaction with pathogens, although the physiological functions of CRS1
await future studies. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

In the present study, MS analysis showed that CRS1 undergoes Oglycosylation, which includes α1,2-fucosylation. In addition, quantita
tive analysis using EIC showed that the 3HexNAc2Hex1Fuc1Sia glycan
was the most abundant glycoform. In contrast, many α-defensin family
proteins other than CRS1 were found not to be glycosylated.
Defensins are typical mammalian cationic bactericidal peptides and
major factors in innate immunity [31]. Among them, the synthesis of
α-defensins is limited to Paneth cells in the small intestine. Paneth cells
respond to bacterial and cholinergic stimuli and rapidly secrete
α-defensin-containing granules into the lumen of the small intestine.
Secreted α-defensin binds to the bacterial cell membrane and attacks
bacteria by opening up holes in the membrane [32]. As a specific
example of α-defensin activation, cryptdin 1 (mouse α-defensin 1) exists
as pro-cryptdin 1 in vesicular granules of Paneth cells, and is converted
to activated cryptdin 1 through cleavage of the pro-peptide by matri
lysin (matrix metalloproteinase-7, MMP-7) [33]. Mice lacking activated
cryptdin 1 reportedly have a small intestinal flora significantly different
from that of wild-type mice [32]. While cryptdin 1 exerts strong
bactericidal activity against pathogenic bacteria, it has no bactericidal
activity against the constituents of the normal bacterial flora, such as
Lactobacillus, Bifidobacterium, and Bacteroides [34]. This suggests that
the α-defensin family of proteins secreted by Paneth cells elicits their
bactericidal effects to control the composition of intestinal bacteria and
maintain the homeostasis of a healthy microflora [35]. A study in mice
showed that changes to the intestinal microflora, where specific crypt
din deficiencies lead to an increase in specific bacterial species, are
clinically associated with Crohn’s disease, obesity, graft-versus-host
disease, and protozoal infections [21,22].
The gene encoding mouse α-defensin consists of two exonic regions
on mouse chromosome 8 [36,37], and the mouse α-defensin family is a
very diverse group of proteins that are largely classified into α-defensins
1 to 43 and α-defensin-related sequences 1 to 12. There are those who

target gram-positive and gram-negative bacteria, including the normal
bacterial flora [38]. Structurally, all types of α-defensins, 10 kDa pro
teins consisting of 91–93 amino acid residues, have a conserved struc
ture containing three disulfide bonds in the active site, and are also
comparable in terms of the signal peptides and pro-domain sequences at
the N-terminus. Compared with the α-defensin family of proteins, CRS
proteins have unique characteristics, such as different positions of cys
teines putatively forming disulfide bonds in the matured protein
domain. CRS proteins are unique in mice, and are encoded by a gene on
chromosome 8, a locus contiguous with that of α-defensin [39].
Although only few studies focusing specifically on CRS1 have been
conducted thus far, a report on the antimicrobial effect of CRS4 in mice
[40] supports the idea that CRS proteins are functionally similar to
α-defensin proteins.
Compared with α-defensin proteins, CRS1 contains 20 additional
amino acid residues at the C-terminus, which results in a total of 116
amino acids and a heavier molecular weight of 15 kDa (Fig. 5A). In the
vicinity of the C-terminus, the CPVCPTCPQCPK and TAITTQAPNTQHK
peptides both had potential O-glycosylation sites, where GalNAc was
attached to Ser/Thr residues. A variety of glycoforms was found for both
peptides, with the most frequently observed pattern being 3HexNA
c2Hex1Fuc1NeuAc, which corresponded to previously identified gly
cans featuring an Sda epitope and H antigen [28].
In addition to CRS1, we identified 11 other types of α-defensin family
proteins in the mouse small intestine, namely α-defensins 1, 2, 5, 8, 9,
15, 16, 20, 21, 22, 23, 24, and 26. The peptides were identified as
unglycosylated peptides; no glycans were detected, regardless of the
enrichment of glycoproteins. Based on these results, the additional Cterminal sequence characteristic of CRS1 is critical for O-glycosylation.
Glycans impart various effects and functions to the modified protein.
Although CRS1 constitutes one of the glycoproteins modified with α1,2fucose in Paneth cell granules, the molecular functions, including the
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antimicrobial activity, await further research. Previous research has
revealed that stimulation of the host gut environment with infectious
agents leads to the activation of glycosyltransferases, including FUT2.
However, CRS1 appears to be constitutively α1,2-fucosylated by the
combined actions of FUT1 and FUT2.
Symbiotic and antibiotic interactions between the gut microbiota
and the host are complex processes, where α1,2-fucose exerts pleiotropic
effects. The results of this study added a new player that could act
through a novel molecular mechanism. Unfortunately, because the
molecular functions and targets of CRS1 remain unknown, we must
await future studies aiming to analyze the effect of α1,2-fucosylation on
CRS1 activity. It should be noted, however, that our findings on CRS1
with α1,2-fucosylation provide the first example of a member of the
α-defensin family of peptides that is modified with O-glycans and α1,2fucose. If these modifications turn out to impact the antimicrobial ac
tivity of CRS1, this will invoke a new concept of “antimicrobial glyco
peptides”. Recent research suggests that Std fimbriae of S. typhimurium
bind to α1,2-fucose, and that they are essential for colonization of the
intestinal tract [11,12]. It has also been speculated that mucin modified
with α1,2-fucose secreted by goblet cells could trap Salmonella. Notably,
most of the CRS1 proteins in the ileum are α1,2-fucosylated regardless of
LPS administration (data not shown). Based on these findings, it is
tempting to speculate that the α1,2-fucose moiety on CRS1 functions to
target microbes that interact with α1,2-fucose to elicit protein activities
without an immune response (Fig. 6C).
Understanding the function of Paneth cells in the small intestine
leads to an understanding of the mechanisms employed to maintain
intestinal homeostasis, as well as of the pathogenesis of intestinal tractrelated diseases accompanying the collapse of the intestinal flora, thus
paving the way for the development of prophylactic and therapeutic
approaches. Demonstration of α1,2-fucosylation of CRS1 will deepen
our knowledge of Paneth cells in intestinal homeostasis.
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