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The heavily O-glycosylated mucin MUC2 constitutes the
major protein in the mucosal layer that acts as a physical
barrier protecting the epithelial layer in the colon. In this
study, Muc2 was purified from mucosal scrapings from the
colon of wild-type (WT) mice, core 3 transferase knockout
(C3Gnt−/−) mice and intestinal epithelial cell-specific core
1 knockout (IEC C1Galt1−/−) mice. The Muc2 O-glycans
were released by reductive β-elimination and analyzed with
liquid chromatography-mass spectrometry in the negative-
ion mode. Muc2 from the distal colon of WT and C3Gnt−/−

knockout mice carried a mixture of core 1- or core 2-type
glycans, whereas Muc2 from IEC C1Galt1−/− mice carried
highly sialylated core 3- and core 4-type glycans. A large
portion of NeuAc in all mouse models was positioned on
disialylated N-acetyllactosamine units, an epitope not
reported on human colonic MUC2. Mass spectra and
proton NMR spectroscopy revealed an abundant NeuAc
linked to internally positioned N-acetylglucosamine on
colonic murine Muc2, which also differs markedly from
human MUC2. Our results highlight that murine colonic
Muc2 O-glycosylation is substantially different from
human MUC2, which could be one explanation for the dif-
ferent commensal microbiota of these two species.
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Introduction

Dense O-glycosylation forms a protective coat around the mul-
timerizing MUC2 protein backbone, which constitutes the

major protein of the mucosal layers that lines the colon lumen.
The outer loose mucosal layer in the distal colon harbors the
symbiotic commensal microbiota, whereas the inner firmly
attached layer is composed of a dense MUC2 network, impene-
trable for the bacteria (Johansson et al. 2008). The importance
of separating the intestinal bacteria from the epithelium is illu-
strated by the most commonly used colitis model in mice,
3–5% dextran sodium sulfate (DSS) in the drinking water. DSS
inflammation is observed after 3–5 days, but already at the first
contact of DSS with the inner mucus layer of the colon, it
becomes permeable to bacteria (Johansson et al. 2010). The
outer and loose layer is formed from the firm layer and is con-
tinuously renewed from the inner layer. The O-glycans consti-
tute �80% of the mass of MUC2 and are linked to serine and
threonine residues in PTS domains (rich in proline–serine–
threonine) forming the mucin domains. The dense glycosyla-
tion makes the protein gel network of the inner layer resistant
toward proteolytic degradation; however, in the outer, loosely
attached layer, the glycans can act as a energy source as well as
providing binding sites for the commensal bacteria, which have
glycan adhesins and enzymes that can degrade glycans. The
presence of the commensal bacteria flora in the colon may have
several advantages also for the host as they degrade both food
and mucin saccharides (Backhed et al. 2005) and may suppress
the colonization of pathogens. We have previously shown that
colonic MUC2 O-glycosylation in human sigmoideum is
largely blood group independent and identical between indivi-
duals (Larsson et al. 2009). We currently aim to address
whether MUC2 O-glycosylation could be of importance for the
colonization of the commensal flora (Rawls et al. 2006).
The O-glycans are added to the protein in the Golgi, and

they are made up by the concerted actions of glycosyltrans-
ferases adding one monosaccharide after the other, building up
linear or branched sequences. On mucins, hundreds of different
O-glycans can be found (Larsson et al. 2009). The terminal
monosaccharide residues can be further modified by, for
example, sulfate or acetyl groups. In order to study the impact
of protein O-glycosylation, various mouse models have been
designed by targeted deletion of glycosyltransferases.
The O-glycan biosynthesis is initiated by the addition of an

N-acetylgalactosamine (GalNAc) residue to serine or threo-
nine in the protein backbone, forming the Tn-antigen, and is
then commonly modified by core transferases, where the
cores 1, 2, 3 and 4 are the most abundant (Figure 1A). These
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cores are formed by the core 1 β1,3-galactosyltransferase
(C1galT1, also known as the T-synthase) adding a Gal
forming the core 1 glycan Galβ1-3GalNAcα-Ser/Thr, the core
3 β1,3 N-acetylglucosaminyltransferase (C3GnT) forming
GlcNAcβ1-3GalNAcα-Ser/Thr and additional core 2 and core
4 transferases acting on these precursors. The IEC C1Galt1−/−

mouse developed spontaneous colitis (Fu et al. 2011). The core
2 β1,6 N-acetylglucosaminyltransferase 2 (C2Gnt2−/−) and the
core 3 (C3Gnt−/−) knockout mice both displayed increased sus-
ceptibility to colitis in the DSS colitis model (An et al. 2007;
Stone et al. 2009). The sulfo-transferase GlcNAc6ST2 adds
sulfate to N-acetylglucosamine (GlcNAc) residues on MUC2
O-glycans, and when deleted in mice, they also showed an
increased susceptibility to DSS colitis (Tobisawa et al. 2010).
All these observations suggest that MUC2 O-glycosylation is
important for homeostasis in the colon.
Characterization of murine MUC2 O-glycosylation in the

gastrointestinal tract in wild-type (WT) and knock-out mouse
models has been performed previously by us, although with
older and less informative approaches (Holmen et al. 2002;
Thomsson et al. 2002; Hurd et al. 2005). Among the more
recent studies by other groups, where modern and sensitive
mass spectrometric approaches have been applied allowing
more comprehensive profiling, O-glycans were extracted from
various tissues including colon from WT, three core 2 knock-
out mouse models and from the gastric mucosa in the Fut2
null model (Magalhaes et al. 2009; Ismail et al. 2011). The
approaches used were based on the analysis of permethylated
derivatives of the O-glycans by matrix-assisted laser desorp-
tion ionization-mass spectrometry (MALDI-MS) or electro-
spray ionization mass spectrometry (ESI-MS) in the
positive-ion mode, approaches that do not allow analysis of
the sulfated glycans frequently found on mucins.
Our laboratory has over the last years applied a different

methodology for screening mucin O-glycosylation using
reversed-phase graphitized carbon chromatography-liquid
chromatography-mass spectrometry (LC/MS) in the negative-ion

mode (Andersch-Bjorkman et al. 2007; Karlsson et al. 2009;
Larsson et al. 2009; Thomsson et al. 2010). Negative-ion mode
MS promotes the detection of the negatively charged glycans
(sialic acids, sulfate groups) which are abundantly found on
mucins. LC/MS is preceded by a small-scale preparative approach
of the glycans as these are released from mucins blotted to PVDF
membrane after composite gel electrophoresis (Schulz et al.
2002).
In the work presented here, our aim was to specifically target

the O-glycosylation of purified Muc2 from the gastrointestinal
tract of the most commonly used WT mouse (B57/Bl6) and
compare with those from the core 1 (IEC C1Galt1−/−) and the
core 3 (C3Gnt−/−) knockout mice having the same background.
This is a deeper analysis of the Muc2 O-glycan profiles from
the colon of WT and IEC C1Galt1−/− mouse than addressed by
us previously (Fu et al. 2011). The Muc2 glycans are then
compared with the human MUC2 glycans and thereby generat-
ing an important source of information for studies of bacterial
colonization and selection by different species.

Results
Muc2 O-glycan LC/MS profiles from colon of WT, core 1
(IEC C1Galt1−/−) and core 3 (C3Gnt−/−) knockout mice
Murine colonic Muc2 was purified from mucosal scrapings as
outlined in Figure 1B, and the released O-glycans analyzed
with capillary LC/MSn operating in the negative-ion mode.
The glycans were detected as deprotonated species, neutral
and monosialylated or sulfated glycans as [M–H+]− ions, and
multiply charged glycans predominantly as [M–nH+]n− ions,
depending on an increasing number of charged groups
(Supplementary data, Table S1). The glycans observed are
summarized in Table 1. The base peak chromatograms from
analyses of glycans from the IEC C1Galt1−/− and the WT
mice are shown in Figure 2. Every peak contained several
coeluting components and of which the most abundant are

Fig. 1. Core structures commonly found on mucins (A). Work flow for methodology applied for structural O-glycan analysis from murine Muc2 from the
mucosal layer of colon (B).
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Table I. Summary of colonic Muc2 O-linked oligosaccharides from WT, core 1 (IEC C1Galt1−/−) and core 3 (C3Gnt−/−) knockout mice

Label Proposed oligosaccharide sequence/compositiona Mouse model

WT Core 3 KO Core 1 KO

Neutral
384 Gal-GalNAcol + + −
425 HexNAc-GalNAcol − − +
530 Fuc-Gal-GalNAcol + + −
587a Gal-(HexNAc-6)GalNAcol + + −
587b Gal-GlcNAc-GalNAcol − − +
733a Fuc-Gal-GlcNAc-GalNAcol + − +
733b Fuc-Gal-(HexNAc-6)GalNAcol + + −
749 Gal-(Gal-4GlcNAc-6)GalNAcol + + −
790a HexNAc-Gal-(HexNAc-6)GalNAcol + + −
790b HexNAc-Gal-GlcNAc-GalNAcol − − +
895a Gal-(Fuc-Gal-GlcNAc-6)GalNAcol + + −
895b Gal-(Fuc-Gal-4GlcNAc-6)GalNAcol + + −
895c Fuc-Gal-(Gal-GlcNAc-6)GalNAcol + + −
1041a Fuc-Gal-(Fuc-Gal-GlcNAc-6)GalNAcol + + −
1041b Fuc-Gal-(Fuc-Gal-4GlcNAc-6)GalNAcol + + −
1098 HexNAc-Gal-(Fuc-Gal-4GlcNAc-6)GalNAcol + − −
1244a Fuc-Gal-GlcNAc-(Fuc-Gal-GlcNAc-6)GalNAcol + − +
1244b Fuc-Gal-GlcNAc-(Fuc-Gal-4GlcNAc-)GalNAcol + − +

One acidic residue
513 NeuAc-GalNAcol − − +
667 Gal-(SO3

- -GlcNAc-6)GalNAcol + + −
675x [NeuAc]1 Hex-GalNAcol + + +
813 Fuc-Gal-(SO3

- -GlcNAc-)GalNAcol + + −
829a Gal-(Gal-(SO3

- -)GlcNAc-)GalNAcol + + −
829b Gal-(SO3

- -Gal-GlcNAc-)GalNAcol + + −
878a Gal-(NeuAc-)GlcNAc-GalNAcol − − +
878b NeuAc-Gal-GlcNAc-GalNAcol − − +
975a Gal-(Fuc-Gal-(SO3

- -)GlcNAc-6)GalNAcol + + −
975b Fuc-Gal-(SO3

- -Gal-GlcNAc-)GalNAcol + − −
975c Fuc-Gal-(Gal-(SO3

- -)GlcNAc-6)GalNAcol + + −
1040a Gal-(Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1040b Gal, Gal-(NeuAc-)GlcNAc-GalNAcol − − +
1081 [NeuAc]1 HexNAc-Gal-GlcNAc-GalNAcol + − +
1121 Fuc-Gal-3(Fuc-Gal-4(SO3

- -)GlcNAc-6)GalNAcol + + −
1186a Fuc-Gal-(Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1186b Fuc-Gal-(NeuAc-Gal-GlcNAc-)GalNAcol + − −
1243 [NeuAc]1 Gal-(HexNAc-Gal-4GlcNAc-6)GalNAcol + + −
1324 Fuc-Gal-(SO3

- -)GlcNAc-(Fuc-Gal-GlcNAc-)GalNAcol − − +
1389a Fuc-Gal-(NeuAc, HexNAc-Gal-4GlcNAc-6)GalNAcol + + −
1389b NeuAc-Gal-GlcNAc(Fuc-Gal-4GlcNAc-6)GalNAcol − − +
1389c Gal-(NeuAc-GlcNAc(Fuc-Gal-GlcNAc-6)GalNAcol − − +

Multiple acidic residues
1120a Gal-(SO3

- -Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1120b SO3

- -Gal-(NeuAc-)GlcNAc-Gal-GalNAcol − + −
1169 NeuAc-Gal-(NeuAc-)GlcNAc-GalNAcol + − +
1266 [NeuAc]1 Fuc-Gal-(Gal-(SO3

- -)GlcNAc-)GalNAcol + + −
1323 [NeuAc]1 Gal-(HexNAc-Gal-(SO3

- -)GlcNAc-)GalNAcol + + −
1331a NeuAc-Gal-(Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1331b NeuAc-Gal-(NeuAc-)GlcNAc-Gal-GalNAcol − + −
1331c [NeuAc]1 Gal, Gal-(NeuAc-)GlcNAc-GalNAcol − − +
1372 HexNAc-(NeuAc-)Gal-(NeuAc-)GlcNAc-GalNAcol + − +
1469 [NeuAc]1 Fuc-Gal-(HexNAc-Gal-(SO3

- -)GlcNAc-)GalNAcol + + −
1477a Fuc-Gal-(NeuAc-Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1477b [NeuAc]2 [Gal]2 [Fuc]1 [GlcNAc]1 GalNAcol − − +
1526 [SO3

- ]1 [NeuAc]1 [HexNAc]3 [Gal]2 GalNAcol + + −
1535a Gal-(HexNAc-(NeuAc-)Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1535b [NeuAc]2 [HexNAc]2 [Gal]2 GalNAcol − − +
1566 [NeuAc]1 Gal-(SO3

- -Gal-GlcNAc-Gal-(SO3
- -6)GlcNAc-)GalNAcol + + −

1575 [NeuAc]1 HexNAc-(HexNAc-Gal-(NeuAc-)GlcNAc-)GalNAcol + − +
1681a Fuc-Gal-(HexNAc-(NeuAc-)Gal-(NeuAc-)GlcNAc-)GalNAcol + + −
1681b NeuAc-Gal-(NeuAc-)GlcNAc-(Fuc-Gal-4GlcNAc-6)GalNAcol − − +
1738a [NeuAc]2 GlcNAc-Gal-(HexNAc-Gal-GlcNAc-)GalNAcol + + −
1738b [NeuAc]2 Gal-GlcNAc-(HexNAc-Gal-GlcNAc-)GalNAcol − − +
1769 [NeuAc]1 Gal-(HexNAc-(SO3

- )-Gal-GlcNAc-Gal-(SO3
- -6)GlcNAc-)GalNAcol + − −

Continued
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annotated with their deprotonated mass (M–H). The identifi-
cation of O-glycan sequences was performed by the manual
interpretation of tandem mass spectrometry (MS/MS) spectra,

and compared with the reference spectra of O-glycans col-
lected from mucins from other sources. Interpretation of diag-
nostic fragment ions has been investigated and discussed

Fig. 2. Negative-ion mode capillary-LC/MS base peak chromatograms of O-glycan alditols from colonic Muc2 mucin from WT mouse (A) and from the core 1
knockout (IEC C1Galt−/−) mouse (B). Major components are annotated with m/z ([M–H+]−) and proposed sequences interpreted from MS2 spectra. The
structural data are compiled in Table 1, with more details in Supplementary data, Table S1.

Table I. (Continued)

Label Proposed oligosaccharide sequence/compositiona Mouse model

WT Core 3 KO Core 1 KO

1826 NeuAc-Gal-(NeuAc-)GlcNAc-(Gal-(NeuAc-)GlcNAc)GalNAcol − − +
1835 [SO3

- ]1 [NeuAc]1 [Fuc]1 [HexNAc]3 [Gal]3 GalNAcol + + −
1843a [NeuAc]2 Gal, Gal-GlcNAc-(Fuc-Gal-4GlcNAc-6)GalNAcol − − +
1843b [NeuAc]2 [Fuc]1 [HexNAc]2 [Gal]3 GalNAcol + + −
1884 [NeuAc]1 NeuAc,HexNAc-Gal-GlcNAc-(Fuc-Gal-4GlcNAc-6)GalNAcol + − +
1941a [NeuAc]2 HexNAc-Gal-GlcNAc-(HexNAc-Gal-GlcNAc-)GalNAcol + − +
1941b [NeuAc]2 [HexNAc]4 [Gal]2 GalNAcol + + +
1980 [SO3

−]1 [NeuAc]2 [HexNAc]3 [Gal]3 GalNAcol + + −
2029 [NeuAc]3 Gal-GlcNAc-(HexNAc-Gal-GlcNAc-)GalNAcol + − +
2117 NeuAc-Gal-(NeuAc-)GlcNAc-(NeuAc-Gal-(NeuAc-)GlcNAc)GalNAcol − − +
2232a [NeuAc]3 HexNAc-Gal-GlcNAc-(HexNAc-Gal-GlcNAc)GalNAcol − − +
2232b [NeuAc]3 [HexNAc]4 [Gal]2 GalNAcol + − +

aAssumptions: Hex residues are Gal, deoxyHex are Fuc, HexNAc within chain are GlcNAc and HexNAcol are GalNAcol. Residues attached to C6 of GalNAcol
are in bold.
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elsewhere (Thomsson et al. 2000; Karlsson et al. 2004; Robbe
et al. 2004a; Larsson et al. 2009). MS2 spectra collected in
this work are made available in the public UniCarb-DB data-
base (www.unicarb-db.com). Components with identical MS/
MS spectra found on Muc2 from both the IEC C1Galt1−/−

and the WT mice were annotated similar. Their differing
retention time in the two samples reflected that these were
analyzed with different gradients and at different occasions,
but they may also be linkage isomers. Complete linkage
and sequence information cannot be obtained with mass
spectrometry.
The base peak chromatogram obtained from the IEC

C1Galt1−/− mouse was markedly different from the WT
mouse, highlighting that colonic Muc2 was differently glyco-
sylated in the two mice (Figure 2). In contrast, the base peak
chromatogram from the C3Gnt−/− mouse was very similar to
the WT, although the relative abundance of many glycan com-
ponents varied slightly when judging from the relative MS ion
intensities (Supplementary data, Figure S1). We had previously
observed that colonic Muc2 from the WT and C3Gnt−/− mice
migrated similarly and displayed a nearly identical Alcian Blue
stained pattern when analyzed with composite gel electrophor-
esis (Supplementary data, Figure S1), in contrast to Muc2 from
C1Ga1t1−/− mouse (not shown). This migration pattern most
likely reflected that Muc2 from WT and C3Gnt−/− mice were
similarly glycosylated. We know from previous studies of dif-
ferently charged glycoforms of MUC5B that the glycosylation
affects migration on composite gels (Thomsson et al. 2005).
Colonic Muc2 from the WT mouse carried a mixture of

neutral and acidic glycans of predominantly core 1 and core 2
type. Fifteen neutral and 32 acidic (sulfated and/or sialylated)
glycans were sequenced, 10 of which were low-abundant core
3 and core 4 type. Structural isomers were abundant. A com-
plete list of characterized components is found in Table 1
(more details in Supplementary data, Table S1). Additional
low-abundant components were observed in all three mouse
models, where the MS2 spectra contained fragment ions indi-
cative of glycan alditols, but these could not always be
sequenced. Nevertheless, these observations indicated that the
degree of structural complexity on Muc2 from mouse colon
resembled that of human colonic MUC2, where more than
100 glycans were detected (Larsson et al. 2009).
Major peaks in the LC/MS chromatogram of WT-derived

glycans corresponded to the neutral glycans Fuc-Gal-
GalNAcol (labeled 530) and Fuc-Gal-(HexNAc-)GalNAcol
(733b), and these were flanked by sulfated and sialylated
glycans (1535a, 813 and 1681a) which generated MS peak in-
tensities of nearly equal size (Figure 2A). A common structural
feature was that the core 1 type branches carried a single Gal
or Fuc-Gal linked to the core N-acetylgalactosaminitol
(GalNAcol), but no further extension was observed.
Fucose (Fuc) was found attached exclusively to Gal resi-

dues, and no Fuc linked to any N-acetylhexosamine
(HexNAc) as in Lewis-type epitopes was detected. Sulfate
was predominantly attached to the core HexNAc, but also
found on terminal Gal residues. NeuAc was found on both
Gal and internal HexNAc residues, the latter which was a sur-
prising finding since this is not commonly reported on
mucins. Evidence for NeuAc linked directly to the core

GalNAcol (NeuAcα2-6GalNAc), which is frequent on human
colonic MUC2, was found in trace amounts in the IEC
C1Galt1−/− mouse. NeuAc-GalNAcol was also detected in
low amounts on Muc2 from the small intestine of the WT
mouse (not shown).
The glycan profile from the IEC C1Galt1−/− mouse dis-

played predominantly di- and triply fucosylated and sialylated
glycans of core 3 and core 4 types (Figure 2B, Table 1). Six
neutral, 1 sulfated and 22 sialylated glycans were sequenced,
all of which were found as multiple structural isomers. All 10
core 3 and core 4 type glycans identified in the WT mouse
were found in the IEC C1Galt1−/− mouse, which included the
two abundant core 4-type glycans labeled 1372 and 1884 in
the middle of the chromatogram (Figure 2).
A low-abundant glycan interpreted as a sialylated

Hex-HexNAcol unit at m/z 675 was detected in the IEC
C1Galt1−/− mouse, which was not expected in this mouse
model as this composition would imply a core 1-type glycan.
However, this particular isomer had a different MS/MS
spectrum and retention time when compared with the two
core 1-based glycans at m/z 675 found in human MUC2
(NeuAcα2-3Galβ1-3GalNAc or Galβ1-3(NeuAcα2-6)
GalNAc) (Supplemental data, Figure S2). This component was
also detected on colonic Muc2 from WT and the C3Gnt−/−

mouse (not shown), and all three 675 isomers were found on
Muc2 from WT mouse small intestine. This 675 isomer is thus
not a core 1 glycan, although its precise nature cannot be
established by LC/MS. A potential interpretation would be
a NeuAc-HexNAc-Hexol sequence, formed from either a
peeling product or, for example, the rare reducing core O-Man
previously reported in the murine stomach tissue from
the triple knockout core 2 mice (Ismail et al. 2011).
A HexNAc-Hexol fragment would also generate a fragment at
m/z 384 as we observe here. Another explanation is that it may
be the rare core 8 sequence (Galα1-3GalNAc) which has been
reported on mucins from human respiratory mucus (van
Halbeek et al. 1994).

Treatment of colonic Muc2 O-glycans with neuraminidases
O-Glycan mixtures from colonic Muc2 from the three mouse
strains were subjected to general desialylation using neurami-
nidases from Arthrobacter ureafaciens and Vibrio cholerae.
The main purpose was to aid sequence assignment, by elimin-
ating the NeuAc residues which are the most labile residues
in CID fragmentation, more fragment ions are obtained from
the remaining glycan backbone. Complete desialylation was
not obtained in any of the samples, despite attempts with the
two different neuraminidases. This confirmed that many
NeuAc residues were most likely internally positioned on the
glycan core, which was reported could interfere with neur-
aminidase accessibility.
The base peak chromatograms from LC/MS of Muc2

O-glycans from WT and IEC C1Galt1−/− mice are shown in
Figure 3 where some of the major sequences are annotated.
As only a minor portion of the WT mouse glycans were sialy-
lated, this glycan profile was not considerably altered
(Figure 3A). This is in contrast to the highly sialylated glycan
profile from the IEC C1Galt1−/− mouse, which was markedly
changed (Figure 3B). A major glycan at m/z 952 interpreted
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as Gal-GlcNAc-(Gal-GlcNAc-)GalNAcol was observed
(Figure 3B). Sialylated “precursor” glycans in the non-treated
sample with this sequence may be the triply sialylated com-
pounds labeled 1826 eluting at 31–33 min (Figure 2B), but
also mono-, di- and trisialylated isomers which originally
failed to be sequenced due to too low abundance. The neur-
aminidase treatment thus revealed that sialylated glycans with
this sequence were abundant components. Other major com-
ponents in the neuraminidase-treated sample were the incom-
pletely desialylated glycans labeled 1081 and 1650. The MS2

spectra of the components 952 and 1650, the latter interpreted
as HexNAc-Gal-GlcNAc-(HexNAc-Gal-GlcNAc)GalNAcol
(+ NeuAc) are shown in Supplementary data, Figure S3.
The MS2 spectrum of an abundant desialylated glycan at m/z

749 consisting of two Gal, one GlcNAc and GalNAcol from
the IEC C1Galt1−/− mouse is shown in Supplementary data,
Figure S3. This was interpreted as a linear (Gal-Gal-GlcNAc-)
or a branched (Gal-(Gal-)GlcNAc-) glycan, based on the pres-
ence of an intense fragment ion at m/z 526 (b-ion), and frag-
ment ions diagnostic of HexNAc linked to the core GalNAcol
at m/z 407/425 indicative of a core 3-type glycan. The spec-
trum provided unequivocal evidence for an unusual mucin
glycan epitope. It also confirmed the interpretation of three
glycans from the core 1 knockout mouse (1040b, 1331c,
1843a, Table 1 and Supplementary data, Table S1) with the
same epitope. The monosaccharide composition with two Hex

and one HexNAc residues would otherwise have been inter-
preted as of core 2 type, which should not occur in this mouse
model. The linear sequence (Gal-Gal-GlcNAc-) has been
reported on O-glycans from gastrointestinal tissue from WT
mouse by others (Magalhaes et al. 2009; Ismail et al. 2011).
To conclude, neuraminidase treatment of the Muc2 WT and

C1Galt1−/− mouse derived glycans aided interpretation of the
glycan sequence backbone and revealed a fraction of internal-
ly positioned NeuAc which could not be removed. The
unique presence and interpretation of core 3- and core 4-type
glycans on Muc2 from the core 1 knockout mouse
(C1Galt1−/−) was confirmed.

Identification of NeuAc linked to internal HexNAc residues
on colonic Muc2 O-glycans from mouse
The finding that NeuAc was linked to internal HexNAc resi-
dues was surprising, since this is an unusual epitope on mucin
O-glycans. The MS/MS spectra of two short sialylated oligo-
saccharides proposed to contain NeuAc linked to internal
HexNAc residues are shown in Figure 4 together with the cor-
responding mass chromatograms. The MS2 spectrum of an
isomer labeled 878a from colonic MUC2 from the IEC
C1Galt1−/− mouse consisting of NeuAc, Gal, HexNAc and
GalNAcol is shown in Figure 4A. Fragment ions at m/z 407
and 364 were used to assign part of the sequence to
Gal-HexNAc-GalNAcol. A major fragment ion was found at
m/z 657, corresponding to the precursor ion minus 221
[M-221]. This fragment ion has been proposed to be formed
by a cross ring cleavage (0,2X) in a NeuAc residue and diag-
nostic for NeuAc linked α2-6 to the core GalNAcol, an
epitope commonly found on MUC2 O-glycans from the
human colon (Robbe et al. 2004b; Larsson et al. 2009).
However, the presence of a fragment ion at m/z 493 that could
correspond to NeuAc linked to a HexNAc, lead us to the inter-
pretation of this sequence as Gal-(NeuAc-)GlcNAc-GalNAcol.
Our interpretation was confirmed by the observation that
the MS2 spectrum of this compound differed from the MS2

spectra of the sequences with the same composition found
in the human colon interpreted as Gal-GlcNAc-(NeuAc-6)
GalNAcol (see spectra database at http://www.medkem.gu.se/
mucinbiology).
The MS2 spectrum of an isomer at m/z 1040 from the WT

mouse colon is shown in Figure 4B and was dominated by a
major fragment ion at M-221 (m/z 819). The presence of a
y-ion at m/z 384 and the z/y-ions at 389 and 407 supported a
core 2-type glycan. This excluded the possibility of having
NeuAc linked α2-6 to the core GalNAcol and the sequence
was interpreted as Gal-(Gal-(NeuAc-)GlcNAc)GalNAcol.
The major sialylated glycans on Muc2 from WT mouse

colon were two disialylated components labeled as 1535a and
1681a eluting at 28 and 41 min, respectively (Figure 2A).
Their structures were interpreted as Fuc-Gal-(HexNAc-
(NeuAc-)Gal-(NeuAc-)GlcNAc-)GalNAcol (1681a) or the
non-fucosylated isomer (1535a). These were also found on
Muc2 from C3Gnt−/− mice, but not from the IEC C1Galt1−/−

mouse. Interpretation of the MSn spectra obtained from the
disialylated compounds 1681a and also a second compound
labeled 1372 (HexNAc-(NeuAc-)Gal-(NeuAc-)GlcNAc-

Fig. 3. Negative-ion mode capillary-LC/MS base peak chromatograms of
mucin O-glycan alditols from colonic Muc2 from WT mouse (A) and from
the core 1 knockout (IEC C1Galt1−/−) mouse (B) after neuraminidase
treatment. Major components are annotated with m/z ([M–H+]) and proposed
sequences interpreted from MS2 data.
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GalNAcol) on Muc2 from WT and the C1Galt1−/− mice are
discussed in Supplemental data, Figure S4.

Confirmation of NeuAc linked to internal GlcNAc residues
by MS and NMR analyses
In order to confirm the fragment ions at m/z 493 and
[M-221] interpreted as diagnostic for NeuAc linked to in-
ternal GlcNAc residues, we analyzed two reduced glycan
standards containing internal NeuAcα2-6GlcNAc linkages
by negative-ion mode MSn experiments using syringe infu-
sion (Supplemental data, Figures S5 and S6). These ana-
lyses showed that the cross-ring cleavage of NeuAc which
generated the diagnostic ion at [M-221] was readily formed
from NeuAc linked α2-6 to internal GlcNAc (0,2X). The
fragment ion at m/z 493 was found to be diagnostic for a
NeuAc bound to an internal GlcNAc residue in the glycan
backbone. MS3 of m/z 493 confirmed that the fragment ion
consisted of NeuAc and GlcNAc. However, this ion was
only found in the MS2 spectra of the disialylated standard
DSLNT (disialyl-lacto-N-tetraose), but not in the monosialy-
lated standard LSTb (LS-tetrasaccharide b). MS2 spectra of
one-third sialylated standard with the sequence
NeuAcα2-6Galβ1-3Glcol revealed that the fragment ion at
[M-221] could also be formed from NeuAc linked α2-6 to
Gal, although at low intensity (Supplemental data,
Figure S6). Together, the results show that the fragment ion
at [M-221] could originate from NeuAc linked to Gal,
GlcNAc or GalNAcol when fragmented by ESI-ion trap
CID in the negative-ion mode, although it is much more
abundantly formed when NeuAc is linked to the amino

sugars. The fragment ion at m/z 493 can be used as a
marker for NeuAc bound to internal GlcNAc, but is not
always detected.
In order to obtain more information on NeuAc linkages in

mouse colon, the Muc2 O-glycan alditol mixture from the
WT mouse and five reduced glycan standards containing
NeuAc-linked α2-3Gal, α2-6GlcNAc or α2-6GalNAcol were
analyzed with one-dimensional and two-dimensional proton
NMR spectroscopy. NeuAc residues in the Muc2 glycan
mixture were easily identified in the NMR spectrum by their
H3ax and H3eq signals, shown in the one-dimensional
spectra in Figure 5B. Cross-peaks corresponding to
NeuAc-linked α2-6 were detected at �1.70/2.76 ppm (H3ax/
H3eq), but no peaks were found in the region where NeuAc
in other epitopes were expected, as in Sda epitopes (1.92/2.65
ppm, H3ax/H3eq) or NeuAcα2-3Gal- (1.80/2.76 ppm, H3ax/
H3eq; Capon et al. 2001; Robbe et al. 2003). The lack of
signals from α2-3-linked NeuAc in the Muc2 glycan mixture
suggests this linkage type to be less abundant than
α2-6-linked NeuAc. Interpretation of H3ax and H3eq signals
from one-dimensional NMR of five sialylated glycan stan-
dards analyzed separately did support that the cross-peaks
observed in the COSY spectrum corresponded to
NeuAc-linked α2-6 of an internal GlcNAc (H3eq = 2.74–2.75
ppm) rather than the reducing core GalNAcol (H3eq = 2.72
ppm; Figure 5A). Although these data are strong, we cannot
exclude minor amounts of GalNAc at this position. Thus,
both LC-MS and NMR spectroscopy confirmed that NeuAc
bound α2-6 to an internal NAc was an abundant structural
motif in mouse Muc2.

Fig. 4. MS2 spectra from negative-ion mode capillary LC/MS of colonic Muc2 glycan alditols labeled 878a with the sequence Gal-(NeuAc-)GlcNAc-GalNAcol
from the core 1 knockout (IEC C1Galt1−/−) mouse (A) and 1040a with the sequence Gal-(Gal-(NeuAc-)GlcNAc-)GalNAcol from the WT mouse (B).
Corresponding mass chromatograms are inserted.
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Discussion

In the work presented here, we have performed a descriptive
study of the murine O-glycans on colonic Muc2, which con-
stitutes the major protein component of the mucosal barrier.
We have previously screened MUC2 O-glycosylation from the
sigmoid colon of 53 individuals using the same analytical ap-
proach as used here. Our data reveal that the O-glycosylation
of murine colonic Muc2 differs in several aspects from
human colonic MUC2. Human MUC2 carries predominantly
core 3- and core 4-based O-glycans terminated with NeuAc as
illustrated in Figure 6 (Capon et al. 2001; Robbe et al. 2004b;
Larsson et al. 2009). Here, we highlight that murine colonic
Muc2 is instead characterized by core 1- and core 2-type
glycans and also with a considerably larger percentage of
neutral glycans compared with the human MUC2 (Figure 6).
The predominance of these core structures and the distribution
between neutral and charged glycans are in line with what we
have observed in our previous, more limited studies of Muc2

derived O-glycans from colon from WT and the cystic fibrosis
mouse model (Thomsson et al. 2002; Hurd et al. 2005).
These initial interpretations were based on monosaccharide
analyses of fractionated glycans, and high-temperature
GC-MS of neutral and sialylated glycans of only up to five
residues. The current study provided detailed structural evi-
dence for that the sialylation of human colonic MUC2 differs
from that of mouse. NeuAc terminally positioned in Sda epi-
topes (GalNAcβ1-4(NeuAcα2-3)Gal-) is observed on human
MUC2 (Capon et al. 2001) and occurs in Sda-like epitopes in
mouse as shown here. However, the frequent NeuAc linked
α2-6 to the core GalNAc as found in humans was totally
absent on Muc2 from the WT mouse colon. Instead NeuAc
was attached to internal GlcNAc residues adjacent to the core
GalNAc, most likely in a α2-6 linkage. NeuAc linked to in-
ternal GlcNAc residues is only rarely found on human
mucins, but still present. We have observed very low-
abundant compounds on human colonic MUC2 with NeuAc
linked to internal GlcNAc (Larsson et al. 2009). Internally
positioned NeuAcα2-6GlcNAcβ- epitopes are described on
mammalian N-linked glycans (glycosuitedb.expasy.org).
There are 20 members in the mammalian sialyltransferase

family identified to date. Six of these are classified as
GalNAc α2,6-sialyltransferases with developmental stage- and
tissue-specific expression as well as precursor specificity
(Takashima 2008). ST6GalNAc V and VI have been shown to
add NeuAc to sialolactotetraosylceramide on the internally
positioned GlcNAc residue (NeuAcα2-3Galβ1-3GlcNAcβ1-
3Galβ1-4Glcβ1-Cer). This implies that there are ST6GalNAc
transferases that are candidates for sialylating internal GlcNAc
residues. However, we currently do not know which of the
sialyltransferases that are expressed in the mucin producing
goblet cells in the human or mouse colon.
Fuc linked to GlcNAc residues, as in Lewis type sequences

(Galβ1-3/4(Fucα1-3/4)GlcNAc-), found on MUC2 from
human colon was not present in mouse. Blood group
H-related Fucα1-2Gal- epitopes, which are found in decreas-
ing amounts on MUC2 through the human colon and virtually
absent in human sigmoid (Robbe et al. 2003; Robbe et al.
2004b; Larsson et al. 2009), were abundantly found in mouse
colon.
Comprehensive studies of O-glycans extracted from total

colon including both epithelia and stroma from WT mice
from a mixed background have been performed by Ismail
et al. (2011). They analyzed the O-glycans permethylated
using MALDI-MS and/or direct infusion ESI-MS and
MS/MS. Their results revealed predominantly core 1- and
core 2-type O-glycans. In contrast to us, they detected glycans
indicative of NeuAc linked directly to the core GalNAcol,
Fuc in Lewis-type epitopes, I-branching on the core 1 Gal and
the presence of NeuGc. These discrepancies are most likely
explained by their O-glycans emanating from other proteins
than Muc2 and from many different cell types, as neither the
cells nor the glycoproteins were purified. Ismail et al. identi-
fied a low-abundant O-glycan in their colonic tissue from WT
and core 2 knockout mice having a disialylated sequence
similar to the glycolipid RM2 antigen (Saito et al. 2005). This
epitope was now found as an abundant one on Muc2
(Figure 2; 1535a and 1681a). The RM2 antigen is composed

Fig. 5. Chemical shift values for NeuAc H3eq and H3ax signals for reduced
sialylated standards analyzed with one-dimensional proton NMR
spectroscopy at 25°C (A). Selected region of the two-dimensional proton
NMR spectrum encompassing NeuAc H3eq/H3ax cross-peaks from the
analysis of colonic Muc2 O-glycan alditols from WT mouse (B). The areas
where cross-peaks from (α2-3)-linked NeuAc, (α2-6)-linked NeuAc and in
Sda epitopes were expected according to our reference samples A–D and also
published by others (Capon et al. 2001; Robbe et al. 2003) are highlighted by
ellipses.
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of the Sda antigen adjacent to a internally positioned sialy-
lated GlcNAc (GalNAcβ1-4(NeuAcα2-3)Gal-(NeuAcα2-6)
GlcNAc-).
Sulfation of the Muc2 O-glycans from mouse colon is also

different from the human one. Human MUC2 is mainly sul-
fated on Gal residues and less abundant on GlcNAc residues
(Robbe et al. 2003, 2004b; Larsson et al. 2009). In mouse
colon, the opposite is found as sulfation is most frequently
observed C6-linked on the GlcNAc. The major Muc2 sulfa-
tion in murine colon has been shown to be mediated by the
GlcNAc6ST-2 transferase (Tobisawa et al. 2010).
The glycans found on colonic Muc2 from the IEC

C1Galt1−/− mouse were more sialylated than in the WT, but
at the same time only poorly sulfated compared with the WT
mouse. The reason for this is not obvious, but suggests that

the GlcNAc6ST-2 transferase may be dependent on a C3Gal
for its activity as all identified C6GlcNAc sulfated glycans
also had a C3Gal substitution. Only a very minor compound
in the C1Galt1−/− mouse carried a sulfate group on the
C6GlcNAc. As the IEC C1Galt1−/− mouse had proportionally
more sialic acids, it can be suggested that the core 3 and core
4 glycans can act as efficient precursor substrates for
sialyltransferases.
Since transient glycosylation changes on MUC2 can be

induced during infection/inflammation (Olson et al. 2002;
Larsson et al. 2011), it could not be excluded that the
ongoing inflammatory response in IEC C1Galt1−/− mouse
could have been accompanied by an increased expression of
sialyltransferases. However, studies of Muc2 O-glycosylation
profiles of IEC C1Galt1−/− mice (5-week old) treated with 4

Fig. 6. Negative-ion mode capillary-LC/MS base peak chromatograms of Muc2 O-glycan alditols purified from a mucosal scraping of the distal colon from a
WT mouse (A), from human biopsies from sigmoideum (B) and from colon of the core 1 (IEC C1Galt1−/−) knockout mouse. The sequences of major
components are annotated. A general structure of the oligosaccharides is depicted adjacent to each chromatogram.
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weeks of broad spectrum antibiotics revealed no major differ-
ences in the expression of sialylated or sulfated glycans (not
shown). As less inflammation was observed in these mice, it
is less likely that inflammation is the reason for the high sialy-
lation of the IEC C1Galt1−/− mice.
From our previous work on the IEC C1Galt1−/− mouse, it

was hypothesized that Muc2 would carry a larger portion of
O-glycans that were not further extended on GalNAc attached
on the protein core due to lack of the core 1 (C1GalT1) trans-
ferase. This was supported by an increased detection of the
Tn antigen (GalNAc-Ser/Thr) in the knockout mouse com-
pared with WT (Fu et al. 2011), but as our MS method does
not allow the detection of a single GalNAc, this could not be
further quantified here. However, the complex repertoire of
O-glycans in these mice (Figure 2) still suggests a substantial
amount of larger glycans.
The core 3 (C3GnT1) transferase is only expressed through-

out the human gastrointestinal epithelia (Iwai et al. 2002,
2005), in contrast to the core 1 (C1GalT1) transferase, which
is found in many tissues. The C3Gnt−/− mice developed nor-
mally, but were found to be more susceptible to DSS-induced
colitis than the WT (An et al. 2007). Considering the O-glycan
profile presented in this paper, we could show that core
3/4-type glycans are only expressed in low amounts in the
colon of the WT mouse, and the loss of these glycans could
therefore be expected to have limited effect on Muc2 and the
mucus barrier. Accordingly, the animals had no inflammation
unless challenged with DSS. This is in contrast to the core
1/2-type glycans that are predominant in mice, explaining why
the IEC C1Galt1−/− mice develop severe colitis (Fu et al.
2011). It can be estimated that core 3/4-type glycans constitute
1% of the O-glycans on the WT mouse Muc2 and it was thus
surprising that the C3Gnt−/− mice displayed a phenotype at
all. The lack of only small amounts of core 3/4-type glycans
may, however, affect the composition of the commensal micro-
biota and thus contribute to a higher susceptibility to DSS. In
support of such an interpretation the core 3/4 glycans observed
in the WT and the IEC C1Galt1−/− mice were unique. These
glycans are extended and terminated differently than the core
1- and 2-type ones in the WT mice as they are on the average
longer, more sialylated and less sulfated.
Characterization of the colon microbiota using modern

DNA-sequencing methodology has provided evidence that
each species carries unique core microbiota. 85% of the 16S
rRNA sequences are not shared between mouse and human
(Ley et al. 2005), but both are still dominated by the
Firmicutes and Bacteroidites. Little is known on how this rela-
tively stable colon microbiota is maintained, but cross-species
bacterial transplantation between mouse and zebra fish
suggest that the host select bacterial species (Rawls et al.
2006). Diet can also influence the commensal flora as illu-
strated in mouse models of obesity (Ley et al. 2005).
Considering that the microbiota have their habitat in the outer
mucus layer of colon may suggest that the mucus and its main
component, the MUC2 mucin, could be an important reason
for this selection (Johansson et al. 2008). The observations
that the colon MUC2 is so differently O-glycosylated in dif-
ferent species and a uniform glycosylation in all human
sigmoid colons (Larsson et al. 2009) may suggest MUC2

glycans as an important factor. It is well known that com-
mensal bacteria carry surface adhesins with specificity for
glycan epitopes (Karlsson 1989; Juge 2012). Thus, it could
be hypothesized that bacterial adhesion to host mucin glycans
is a selection mechanism. The results presented highlight the
differences in MUC2 glycans between humans and mice as
potential explanation for their different microbiota. The mech-
anism for this selection can be explored in more detail using
the two glycan-deficient mouse models characterized here.

Material and methods
Animals and mucin sample preparation
The generation of IEC C1Galt1−/− and the C3Gnt−/− mice in
the C57Bl/6 background is described elsewhere (An et al.
2007; Fu et al. 2011). Mucosal intestinal scrapings from
C1Galt1−/− mice, C3Gnt−/− mice and WT mice (C57Bl/6)
were collected and Muc2 was purified as described previously
for total mucus (Johansson et al. 2009). Briefly, mucosal
scrapings from 0.5–4 colons were extracted with guanidinium
chloride and in the presence of protease inhibitor, followed by
reduction and alkylation. Mucin oligosaccharides from a
human biopsy (sigmoid colon) were purified from healthy
individuals as described (Larsson et al. 2009). Ethical approv-
al for the animal experiments was granted by the Animal
Ethics committee and for humans by the Human Research
Ethical Committee, both in Gothenburg.

Glycans
Reference glycans from MUC7 from human saliva and from
MUC2 produced in LS174T cells were prepared as described
(Axelsson et al. 1998; Thomsson et al. 2005). Sialylated
glycan standards DSLNT, LSTb and 6′-sialyllactose were
obtained from Dextra Laboratories (Reading, UK). O-glycan
standards NeuAcα2-3Galβ1-3GalNAcol and NeuAcα2-
3Galβ1-3(NeuAcα2-6)GalNAcol were purified as described
(Olson et al. 2005).

Chemicals
HPLC grade acetonitrile and analytical grade acetic acid,
methanol and ammonium hydroxide (25% solution) were
from Merck (Darmstadt, Germany). All chemicals unless
otherwise stated, were purchased from Sigma-Aldrich (St
Louis, MO).

Mucin glycan release
Aliquots of purified Muc2 mucins were analyzed by
agarose-SDS composite gel electrophoresis (Schulz et al.
2002). Mucins purified from one mouse colon were dissolved
in 100-µL sample buffer and 20–25 µL loaded in each well.
The gels were developed for 3 h at 30 mA or overnight at 10
mA on ice at 4°C. The gels were wet blotted to Immobilon
PVDF PSQ membrane (Millipore, Billerica, MA) at 40W for
3 h in a glycine buffer (25 mM Tris, 192 mM glycine, 0.04%
SDS, 20% MeOH) on ice at 4°C and stained with Alcian
Blue. The glycans were released from Muc2 by reductive beta
elimination (0.5 M NaBH4 in 50 mM KOH, 50°C over night)
as glycan alditols and desalted (Schulz et al. 2002).
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Syringe infusion of sialylated glycan alditol standards
DSLNT, LSTb and 6′-sialyllactose were reduced with 0.5 M
NaBH4 in 20 mM KOH (2 h, 50°C), desalted with AG50-8W
cation exchange media (Bio-Rad, Hercules, CA) and excess
borate evaporated with repeated extractions with 1% HAc in
MeOH and lyophilized in a speedivac. The glycan alditols were
dissolved in 40% acetonitrile (ACN) at 10 µg/mL and analyzed
by syringe infusion at 10 µL/min into the LTQ mass spectrometer
run in the negative-ion mode (Thomsson et al. 2010).

Desialylation of Muc2 O-glycan alditols
Released O-glycan alditol mixtures from Muc2 from WT, IEC
C1Galt1−/− and C3Gnt−/− mice were subjected to neuramini-
dases reported to release sialic acids linked in a variety of lin-
kages (α2-3,6,8). Glycans from Muc2 from WT mice (one
colon) were dissolved in 75 µL of 50 mM sodium phosphate
buffer, pH 6, and 7 µL of neuraminidase from A. ureafaciens
(0.5 U/µL in reaction buffer; Sigma-Aldrich) at 37°C overnight,
then desalted with 100 µL graphitized carbon (Hypercarb SPE,
Hypersep, Hypersil, UK) in a centrifugal filter unit (0.5 mL,
PVDF with pore size 0.65 µm, Millipore). The glycans were
eluted from the column with 2 mL of 25% ACN+ 0.05% tri-
fluoro acetic acid (TFA), lyophilized and analyzed with MS.
The glycans were further treated twice with neuraminidase from
V. cholerae (1 U/mL, 100 µL, Roche) and 200 µL of 50 mM
triethylammonium acetate buffer at pH 6.5 with 4 mM CaCl2 at
37°C overnight followed by desalting as above. Glycans from
Muc2 (half a colon) from IEC C1Galt1−/− and C3Gnt−/− mice
were incubated with 3 µL of neuraminidase from A. ureafaciens
at 37°C in reaction buffer over night. The glycans were purified
with a C18 Zip Tip (Millipore), and the flow through fraction
containing glycans was desalted using Supel-tips carbon pipette
tips (10 µL; Supelco, Sigma-Aldrich). The glycans were eluted
with 25% ACN with 0.05% TFA.

MS analysis of O-glycan alditols with capillary- or
nano-ESI LC/MSn

Glycans from Muc2 from �7% of a murine colon were
injected per analysis. Samples were dissolved in water. The
HPLC columns were of graphitized carbon (Hypercarb) and
packed in-house for capillary-LC (10 cm × 250 µm i.d.) or
nano-LC (20–25 cm × 0.075 mm i.d.) and used with flow
rates of 3 µL/min and 400 nL/min, respectively. Different
solvent gradients with 8 mM NH4HCO3 (A) and ACN (B) for
capillary LC were applied, usually 3–45% B or 5–33% B in
46 min after loading the samples in 0% B. Nano LC/MSn was
performed using 0.04% NH3 (A) and ACN (B) at a gradient
of 5–50% B in 48 min. The instrument was an LTQ linear
quadrupole ion trap mass spectrometer (Thermo, San José,
CA) operating in the negative ion mode. Capillary and
nano-LC/MSn (n = 2,3,4) using graphitized carbon columns of
O-glycans has been described in detail elsewhere
(Andersch-Bjorkman et al. 2007; Karlsson et al. 2009;
Thomsson et al. 2010). Obtained MSn spectra were interpreted
manually by aid of the GlycoWorkbench software (Ceroni
et al. 2008), the UniCarb-DB database, compared with avail-
able published reference spectra (Karlsson et al. 2004; Robbe
et al. 2004a) and also to an in-house database containing MSn

spectra on MUC2 O-glycans from human colon. (http://www.

medkem.gu.se/mucinbiology/) (Larsson et al. 2009). Spectra
collected in the current work are available in the public
UniCarb-DB database (www.unicarb-db.com).

Proton NMR spectroscopy
Reduced O-glycans from colonic Muc2 from seven WT mice
and five reduced sialylated glycan standards (�50 µg of each)
were subjected to deuterium exchange with 2 × 150 µL of D2O
(99.990%), then 2 × 150 µL of D2O (99.996%) for 30 min,
with lyophilization between each exchange. 1H NMR spectra
were acquired on a Varian 600 MHz instrument at 25°C.
Two-dimensional double-quantum-filtered correlated spectros-
copy (DQF-COSY) spectra were recorded by the standard pulse
sequence (Marion and Wuthrich 1983). The residual water res-
onance (HDO) was used as internal standard at 4.798 ppm.

Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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ACN, acetonitrile; C1galT1, core 1 β1,3-galactosyltransferase;
C3Gnt−/−, core 3 β1,3-N-acetylglucosaminyltransferase;
DSLNT, disialyl-lacto-N-tetraose; ESI-MS, electrospray ioniza-
tion mass spectrometry; Fuc, fucose; GalNAc, N-acetylgalacto-
samine; GalNAcol, N-acetylgalactosaminitol; GlcNAc, N-
acetylglucosamine; Hex, hexose; HexNAc, N-acetylhexosa-
mine; IEC C1Galt1−/−, epithelial cell-specific core 1 β1,3-
galactosyltransferase; LC/MS, liquid chromatography-mass
spectrometry; LSTb, LS-tetrasaccharide b; MALDI-MS,
matrix-assisted laser desorption ionization-mass spectrometry;
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MS/MS, tandem mass spectrometry; PTS, proline–serine–
threonine; TFA, trifluoro acetic acid; WT, wild-type.
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