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This manuscript describes the enrichment and mass
spectrometric analysis of intact glycopeptides from
mouse liver, which yielded site-specific N- and O-glyco-
sylation data for �130 proteins. Incorporation of different
sialic acid variants in both N- and O-linked glycans was
observed, and the importance of using both collisional
activation and electron transfer dissociation for glycopep-
tide analysis was illustrated. The N-glycan structures of
predicted lysosomal, endoplasmic reticulum (ER), se-
creted and transmembrane proteins were compared. The
data suggest that protein N-glycosylation differs depend-
ing on cellular location. The glycosylation patterns of sev-
eral mouse liver and mouse brain glycopeptides were
compared. Tissue-specific differences in glycosylation
were observed between sites within the same protein:
Some sites displayed a similar spectrum of glycan struc-
tures in both tissues, whereas for others no overlap was
observed. We present comparative brain/liver glycosyla-
tion data on 50 N-glycosylation sites from 34 proteins and
13 O-glycosylation sites from seven proteins. Molecular
& Cellular Proteomics 14: 10.1074/mcp.M115.050393,
2103–2110, 2015.

The term protein glycosylation covers a wide variety of
posttranslational modifications (PTMs). Protein glycosyla-
tion may occur within the cell, where a single GlcNAc is
deposited on the side-chain of Ser and Thr residues to fulfill a
regulatory/signaling function (1). However, the majority of gly-
cosylation occurs on proteins traveling through the ER and
Golgi, where protein domains on the lumenal side of a mem-
brane, secreted proteins, and the extracellular domains of
transmembrane proteins are modified on Trp, Asn, Ser, Thr, or
Tyr side chains with simple or elaborately elongated oligosac-

charide structures (2, 3). Numerous enzymes participate in
this process, and the heterogeneity of the resulting structures
is overwhelming. Traditionally, protein glycosylation studies
have focused on the in-depth analysis of enzymatically or
chemically released glycan pools (4–6). This approach is still
the most reliable method for obtaining detailed structural
information about the protein-modifying carbohydrates as the
protein-level heterogeneity, both in terms of site occupancy
and the number of site-specific structures, represent excep-
tional challenges for analysis. However, information about
protein and site-specific glycosylation is lost by this ap-
proach, so there is a growing need for routine glycopeptide
analysis, as glycosylation has been implicated as a key player
in cell–cell interactions, host/pathogen interactions, enzy-
matic processing, and even intracellular signaling (7–13).
Studies have shown that glycosylation is species-, and tissue-
specific, and can be altered by disease or physiological
changes (14–22). It has also been reported that cellular local-
ization and protein structure influence/determine protein- and
site-specific N-glycosylation (23, 24). It should be noted that
intact glycopeptide studies usually only allow the determina-
tion of glycan compositions; the identity of the oligosaccha-
ride units and their linkage may be obtained from released
glycan studies (5, 6).

In this manuscript, we present data on the site-specific N-
and O-glycosylation of mouse liver proteins. We report cellu-
lar compartment-dependent glycosylation based on glyco-
peptide data. We also compare the glycosylation pattern of
several mouse liver and mouse brain glycopeptides (25).
While individual proteins have been studied this way (15, 26),
this is the first time that cellular-localization-specific and tis-
sue-specific glycosylation have been compared on a larger
scale at a glycosylation-site-specific level.

MATERIALS AND METHODS

The sample preparation has been published earlier (27). Here, we
provide a brief description.

Mouse Liver Sample Preparation—Three livers, from 10-day-old
mice, were homogenized, in 10 mM N-2-hydroxyethylpiperazine-N�-
2-ethanesulfonic acid (HEPES-KOH, pH 7.9), 1.5 mM MgCl2, 10 mM

KCl. The lysis buffer also contained O-GlcNAcase inhibitor PUGNAc
(Sigma, St. Louis, MO; 50uM) and protease and phosphatase inhib-
itors (Roche, South San Francisco, CA, and Sigma, respectively). A
previously published two-step differential solubilization and centrifu-
gation protocol was followed to prepare a crude nuclear extract (28).
Our goal was to reduce the complexity of the mixture primarily by
eliminating the cytoplasmic proteins. The resulting protein mixture
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was denatured with 6 M guanidine hydrochloride in 50 mM ammonium
bicarbonate buffer; disulfide bridges were reduced with tris (2-car-
boxyethyl)phosphine hydrochloride, and free sulfhydryls were alky-
lated with iodoacetamide. Tryptic digestion proceeded in 0.8 M gua-
nidine hydrochloride for 16 h at 37 °C. The digest was desalted and
lyophilized.

Lectin Weak Affinity Chromatography (LWAC)—Wheat germ agglu-
tinin (Vector Labs, Burlingame, CA) covalently linked to POROS beads
(Life Technologies, Grand Island, NY) (26) was used for the affinity-
chromatography in a 100 mM Tris-HCl, 150 mM NaCl, 2 mM MgCl2, 2
mM CaCl2 buffer (pH �7.7) that also contained 5% acetonitrile. Three
rounds of glycopeptide enrichment were performed as described
previously (29). The final glycopeptide mixture was fractionated using
high pH reverse phase chromatography.

Mass Spectrometry—Fractions collected during the high pH re-
verse phase fractionation were analyzed by LC-MS/MS using a Nano-
Acquity (Waters, Milford, MA) and a LTQ-Orbitrap Velos (Thermo, San
Jose, CA). Chromatography was performed using an EASY-Spray
Nano-LC source with a 15 cm � 75 �m inner diameter column
packed with 3 �m C18 particles. Solvent A was 0.1% formic acid, 5%
DMSO in water; Solvent B was 0.1% formic acid, 5% DMSO in
acetonitrile. The flow rate was 400 nl/min. The samples were injected
directly on-column, then a 60-min linear gradient, 2–25% solvent B
was developed, eventually the organic content was increased to 50%
over 5 min. Data were acquired for 85 min. Mass measurements (m/z
350–1,400) were performed in the Orbitrap, and the three most abun-
dant multiply charged ions were selected for sequential beam-type
CID (HCD, measured in the Orbitrap) and ETD analyses (measured in
the linear trap). Dynamic exclusion for precursor ion selection was
enabled for 45 s. The trigger intensity was 2,000. The automatic gain
control (AGC) settings were 2 � 106 for the mass measurements, 9 �
104 for the HCD acquisitions, and 104 for the ETD experiments.
Supplemental activation for the ETD experiments was enabled.

MS/MS Data Analysis—Raw files were converted into peak list files
using Proteome Discoverer v1.4.1.14. Database searches were per-
formed with ETD data using Protein Prospector v5.13.2. An iterative
searching strategy was employed to obtain information about the
glycan pool, similar to as previously published (25). Briefly, ETD data
were initially searched permitting mass modifications within a mass
range of 200–2,000 on Asn, Ser, or Thr residues in the mouse protein
subset of the SwissProt database downloaded on June 27, 2013
(16,622 entries searched). The results from this initial search were
used to create an accession number list, a second search was per-
formed considering only these proteins, and the upper limit of the
mass modification was increased to 3,000 Da. A histogram was
generated of the mass modifications detected (Fig. 1), and the most
frequently detected masses were translated into glycan composi-
tions. This yielded a candidate glycan list (Supplemental Table 1). All
of these compositions were then added as potential variable modifi-
cations to Protein Prospector for a further search, along with a few
additional structures, including some structures identified in our pre-
vious brain glycopeptide study (25). The complete glycan list used in
this database search is presented in Supplemental Table 1. All of
these glycans were included in a database search against all mouse
proteins in the UniProt database downloaded on May 13, 2014 and
concatenated with a random sequence for each entry (74,528 entries
searched). Only one of each glycan per peptide was considered with
the exception of HexNAc, and two variable modifications total per
peptide were permitted. The other variable modifications considered
included methionine oxidation, acetylation of protein N-termini, and
cyclization of N-terminal Gln residues. Only tryptic cleavages were
considered, with up to two missed cleavages permitted. The mass
accuracy requirements were within 12 ppm and 0.6 Da for precursor
ions and fragments, respectively. Only proteins (789) meeting accept-

ance criteria (minimum score � 22, max E � 0.1) and featuring at least
one distinguishing sequence were included in a final search, per-
formed with the same parameters, that yielded additional glycoforms.
The best ETD spectrum representing each unique glycopeptide in the
carefully curated results can be viewed in MS-Viewer (30) on the
Protein Prospector public website (prospector.ucsf.edu), search key:
qunwxqxpy4.

RESULTS

A tryptic digest of mouse liver proteins was subjected to
LWAC chromatography using wheat germ agglutinin. The re-
sulting glycopeptide mixture was further fractionated and an-
alyzed by on-line LC/MS/MS using both beam-type collision-
induced and electron transfer dissociation (HCD and ETD,
respectively). The sample yielded numerous targeted
GlcNAcylated peptides, mainly from nuclear proteins, but the
presence of other glycan oxonium ions indicated the addi-
tional enrichment of N- or O-glycopeptides in the secretory
pathway. To identify these, we applied an iterative searching
strategy using Protein Prospector that has previously been
successful in identifying other glycopeptides from LWAC data
(25), where first a search is performed allowing unspecified
modifications up to 2,000 Da on any Asn, Ser, or Thr residue.
An identical search to this is then performed, except consid-
ering only the list of proteins identified in the initial search and
increasing the permitted mass modification to 3,000 Da. This
approach yielded the histogram shown in Fig. 1, where almost
all frequently detected mass modifications correspond to po-
tential oligosaccharide structures (see Supplemental Table 1).

The masses observed indicated the presence of numerous
truncated N-linked glycan structures ranging from only the
core GlcNAc to paucimannose structures. Of the oligoman-
nose structures Man9 (mass 1,864) was the most abundant,
and while several complex structures were observed, the
disialo biantennary structure featuring N-glycolylneuraminic
acids (mass 2,236) was the most abundant complex N-glycan
observed. Mono- and disialo mucin-type core 1 structures
represented the majority of the extracellular O-glycosylation,
and different types and combinations of sialic acids deco-
rated these structures: The masses showed that both N-
acetyl- and N-glycolylneuraminic acids were present in the
O-glycans, and O-acetylation of these further increased the
glycan heterogeneity.

Based on the results of the mass modification search, 38
different N-linked glycans and 14 different O-glycans were
included into a defined variable modification database search
(Supplemental Table 1), where all mouse entries in the UniProt
database were considered, two variable modifications were
permitted per peptide, but with the exception of a single
O-linked HexNAc, only one glycan was allowed per peptide.
Analysis of the peak lists using MS-Filter (27) indicated 50.3%
of spectra contained a HexNAc oxonium ion at m/z 204.086 �

20 ppm within the 60 most abundant peaks, suggesting half of
the mixture was glycopeptides. Approximately 2,000 of the
2,600 glycopeptide spectra assigned represented N-linked
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glycosylation. We present carefully curated lists for both N-
and O-linked extracellular glycopeptides (Supplemental Ta-
bles 2 and 3, MS-Viewer). Only the most confident (based on
E-value) ETD-based identifications were kept (replicates were
removed), the N- and O-linked glycopeptides were separated,
and the intracellular O-GlcNAc modified peptides are not
presented.

N-glycosylation—The N-linked glycopeptide list contained
628 different glycopeptides, representing 106 gene products,
168 unique glycosylation sites, and 534 unique glycoforms.
One doubly modified N-linked glycopeptide was identified
bearing truncated structures at both sites and the dataset also
featured nonconsensus N-glycosylation of apolipoprotein E
(Supplemental Fig. 1). HexNAc2Hex10 structures were de-
tected, suggesting the presence of immature N-glycans, i.e.
Glc-capped Man9 structures (Supplemental Fig. 2). The de-
tection of these glycoforms indicates that some proteins were
isolated from the ER, enroute to their final destination. Glyco-
forms with trisialo biantennary structures were observed, in-
dicating the presence of oligosaccharides with a Gal beta 1–3
GlcNAc linkage, as the sugars with the more common Gal
beta 1–4 linkage cannot be sialylated on the subterminal
GlcNAc (Supplemental Fig. 3).

As glycopeptides rather than released glycans were ana-
lyzed, it was possible to break down the global glycan distri-
bution into glycan distributions for proteins found in different
cellular compartments, such as the lysosome and ER, and
also secreted and transmembrane proteins. These results are
shown in Fig. 2.

These comparisons show that there are significant differ-
ences in the N-glycan pool depending on the cellular location
of the glycoprotein. Lysosomal proteins mainly featured trun-
cated sugars, paucimannose structures, and the two smallest
members of the oligomannose family. Glycoproteins associ-

ated with the ER seem to be enriched in oligomannose struc-
tures and some core-fucosylated agalacto complex glycans.
Secreted glycoproteins featured the complete list of truncated
glycans, although the larger oligomannose structures were
most common, along with disialo biantennary complex gly-
cans with or without core fucosylation. Transmembrane pro-
teins barely displayed truncated structures, the oligomannose
structures were detected evenly distributed, and the disialo
biantennary complex structure was represented at the highest
level.

Comparison to Glycopeptides in Mouse Brain—Having pre-
viously generated a large mouse synaptosomal glycopeptide
dataset using the same LWAC enrichment protocol (25, 29),
we thought it interesting to compare the mouse liver glyco-
sylation to mouse brain tissue. Glycosylation data published
from the synaptosome study (25), with some additional gly-
coforms identified manually or with improved database
searches, were compared with the liver glycoforms reported
in this manuscript. Although tissue-specific glycosylation is
well documented, these studies have nearly all been of re-
leased glycans, meaning it has not been possible to compare
glycosylation differences at the modification site level. The
two tissue preparations obviously delivered a different protein
population; e.g. the liver glycopeptides contained many more
extracellular matrix proteins such as collagens and fibronectin
and also serum proteins, such as haptoglobin and comple-
ment proteins. However, there is overlap in the glycoprotein
content of these samples, albeit these proteins generally con-
tributed different relative amounts in the two samples. Certain
proteins, such as Prolow-density lipoprotein receptor-related
protein 1 and glucosylceramidase were present at about the
same level in both mixtures, while the relative amounts of
practically all other components seem to have been higher in
the liver samples based on their relative contribution to all

FIG. 1. The histogram of mass modifications generated from liver glycopeptide ETD data permitting unspecified modifications on
any Asn, Ser, or Thr residue of selected mouse proteins listed in the SwissProt database. Masses labeled in red correspond to O-linked
glycan masses; those in blue correspond to N-linked glycan masses; those labeled in purple could be either N- or O-linked compositions.
Masses in black do not correspond to glycan structures.
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peptides identified in the samples (Supplemental Table 5).
Obviously, one has to be aware that not all glycoforms pres-
ent were identified from either mixture, but the most abundant
forms were detected for each site, and as samples were
LWAC enriched and analyzed in the same way, glycopeptide
biases due to enrichment and acquisition should be the same
for each dataset. We were able to compare the site-specific
N-glycosylation in brain and liver for 50 glycosylation sites
within 34 proteins (Supplemental Table 6).

A few general differences in sugar composition were ob-
served. Whereas the brain glycans almost exclusively used
NeuAc, most sialic acids in the liver were NeuGc. Many acety-
lated sialic acids were observed in liver glycopeptides,
whereas none were detected in the brain sample. A final
general difference was that with the exception of Cathepsin D,
no fucosylated high mannose glycans were observed in the
liver, whereas many were observed in the brain (fucosylated
paucimannose and complex glycans were observed in both
tissues).

Numerous truncated structures, starting with the core
GlcNAc either alone or fucosylated were observed in glyco-
peptides isolated from both sources. Some glycosites con-
sistently only featured these short glycans; for example,
Asn-192 of Cathepsin B or Asn-69 of Galectin-3-binding pro-
tein. There were a few examples when a series of identical or
very similar glycoforms were detected in both samples. For
example, Asn-236 of Multiple inositol polyphosphate phos-
phatase 1 was detected either bearing a Man6 glycan or a
GlcNAc4Man3Fuc agalacto biantennary structure, or Asn-47
of reticulocalbin-1 displayed a similar set of oligomannose
and complex glycans in each sample. In general, little differ-
ence was observed for oligomannose-bearing sites, but com-

plex glycans clearly showed tissue-specific differences, the
most striking being on transmembrane proteins. Brain glyco-
peptides usually featured more glycoforms, including large
branched, antenna-fucosylated structures. In contrast, the
detected complex liver glycans were mostly biantennary com-
plex oligosaccharides, with or without core fucosylation, and
the capping residues were mostly N-glycolylneuraminic acids,
which were also detected O-acetylated in a few instances.

In some cases, tissue-specific differences were only ob-
served for a subset of glycosylation sites within the same
protein. The glycosylation of nine N-linked glycosylation sites
in Prolow-density lipoprotein receptor-related protein 1 were
observed in both samples, and these results are summarized
in Fig. 3. In both tissues, Asn-1826 was only observed with
oligomannose structures without fucosylation. Asn-3954 also
only bore oligomannose structures in the brain (although in
this case core fucosylation was also observed). However, in
the liver, only the dominant disialo biantennary complex gly-
can was found attached to this site. Asn-447, -1512, -3049,
and -3090 displayed a mixture of oligomannose and complex
glycans in both tissues. However, far greater heterogeneity in
structures was observed in the brain, both in terms of sugar
length and fucosylation patterns; e.g. 19 glycoforms were
detected on Asn-3090 in the brain, whereas only two were
identified in the liver: Man9 and the common disialo bianten-
nary structure.

O-glycosylation—The number of O-glycosites observed
was much lower: 85 glycopeptides representing 26 proteins
(Supplemental Table 3), of which five were also detected
N-glycosylated. Site assignment represents a bigger chal-
lenge in O-glycosylation than in N-glycosylation. All site local-
izations in these results were automatically assessed for reli-

FIG. 2. Comparison of the N-glycan distribution between lysosomal (blue), ER (red), secreted (green), and transmembrane (purple)
proteins. Protein localization was assigned from UniProt, and is listed for each protein in Supplemental Table 2. Individual charts can be seen
in Supplemental Table 4. Each glycoform was considered only once, even when it was identified from multiple different (for example, extended
or oxidized) peptides.
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ability using the built-in SLIP (site localization in peptide)
scoring in Protein Prospector (31). Results with SLIP scores
below 6 (95% confidence of correct site localization) are
reported as ambiguous with all potential site localizations in
supplemental Table 3. However, for the glycopeptides dis-
cussed in detail below, the ETD data were inspected manu-
ally, and the site assignments are reported accordingly. The
presented list contains 36 confidently assigned O-glycosyla-
tion sites. In contrast to N-glycosylation, we identified nine
doubly O-glycosylated peptides. Some feature different gly-
cans on each site; others were identified in a follow-up search
where for the already identified O-glycoproteins the occur-
rences of two identical sugar compositions within the same
glycopeptide were permitted.

Thirteen O-glycosylation sites (or regions) in seven glyco-
proteins were detected in both the synaptosome and liver
samples (Supplemental Table 7). The majority of the struc-
tures are sialylated mucin-type core 1 glycans, with the liver
displaying a higher variety of these due to the presence of
sialic acid variants. Interestingly, if the glycan contained
NeuGc, the HCD data indicated in most cases that it was
attached to the core GalNAc. The brain glycopeptide data
were revisited in order to investigate whether any O-glycans
featuring sialic acid variants were detected. NeuGc and
NeuAc2 were identified once each. The former was detected
in a tetrasaccharide on a Glypican 4 peptide that featured the
same structure in the liver sample (Supplemental Table 7).
There may be some difference in the frequency of O-glyco-
peptides with structures other than mucin-type core 1. A

GlcNAcGalNAc, which could originate from mucin-type
core-2 or core-3 oligosaccharides, was detected at four gly-
cosites in the brain sample but was only observed once in the
liver dataset.

To illustrate the heterogeneity one may encounter when
characterizing O-glycopeptides, we discuss the results from
one protein further. Nucleobindin-1 is a glycoprotein residing
in the Golgi, to which three O-glycosylation sites were iden-
tified in liver samples: Thr-41, Ser-406, and Ser-410; the latter
was only observed glycosylated in doubly modified se-
quences. The same residues were reported glycosylated in
the synaptosome study. Thr-41 displayed mono or disialo
mucin-type core 1 structures in the brain, but in the liver, the
sialic acid variants employed produced a much bigger assort-
ment of structures, partly due to presence of acetylated
NeuGc and NeuAc2: residues that were only observed in the
liver. We reported recently that Thr-41 was detected with
eight different glycans, and relying on diagnostic beam-type
CID fragments, one could distinguish the isomeric Neu(Ac)2Gal-
(NeuGc)GalNAc and NeuAcGal(NeuGc,Ac)GalNAc structures
(27). In the brain samples, Ser-406 was detected with the
mucin-type tri- and tetrasaccharides and also observed dis-
playing just the core GalNAc. In the liver, four additional
glycoforms were observed, containing NeuGc as well as O-
acetyl sialic acid variants (Supplemental Table 3). The glycan
distributions for the two sites were dramatically different (Sup-
plemental Figs. 4A and 4B), with trisaccharide structures
more prominent on Ser-406, whereas NeuGc-containing
structures were more abundant on Thr-41. Sequences con-

FIG. 3. Glycoforms detected in mouse brain and liver for 9 N-glycosylation sites of Prolow-density lipoprotein receptor-related
protein 1. The nomenclature proposed by the Functional Glycomics Consortium is used. “X”s through residues indicate that the glycan was
also detected lacking that particular building block. From the mass spectrometry data, the linkages usually cannot be determined, only the
composition of the oligosaccharide.

Tissue-Specific Glycosylation

Molecular & Cellular Proteomics 14.8 2107

http://www.mcponline.org/cgi/content/full/M115.050393/DC1
http://www.mcponline.org/cgi/content/full/M115.050393/DC1
http://www.mcponline.org/cgi/content/full/M115.050393/DC1
http://www.mcponline.org/cgi/content/full/M115.050393/DC1
http://www.mcponline.org/cgi/content/full/M115.050393/DC1
http://www.mcponline.org/cgi/content/full/M115.050393/DC1


taining Ser-406 were also detected doubly modified with
identical glycans (GalNAc or the tetrasaccharide) on both
Ser-406 and -410.

DISCUSSION

It has been reported that wheat germ agglutinin preferen-
tially binds GlcNAc or neuraminic acid (32). Taking advantage
of this binding specificity, LWAC chromatography with WGA
has been used for the enrichment of GlcNAcylated peptides in
several studies (33–35). However, in a more recent study, the
wider binding specificity of WGA has been documented, at-
testing that the presence of nonreducing end GlcNAc or
neuraminic acid is not required (36). Thus, while WGA is
efficient for the enrichment of GlcNAcylated sequences, it
also enriches glycopeptides carrying glycans added in the ER
and the Golgi, as demonstrated by our previous LWAC study
of mouse brain (25).

We utilized the same LWAC enrichment approach in this
study and gathered data about the N- and O-glycosylation of
liver proteins at the glycopeptide level. Intact glycopeptide
analysis offers advantages over analysis of released glycans,
primarily the ability to obtain protein- and site-specific glyco-
sylation information. For example, there is growing evidence
for the occurrence of nonconsensus motif glycosylation (25,
37–40), as observed on apolipoprotein E in this study. This
site was previously identified as formerly glycosylated in a
large-scale proteomic study after PNGase F digestion (39).

Other groups have surveyed the glycan pool in mouse liver,
including a recent study that analyzed released glycans from
FFPE (formalin fixed paraffin embedded) and frozen tissue
slices (18). Comparing their results to the histogram of mod-
ifications observed in the present study (Fig. 1), both datasets
feature biantennary disialo complex glycans and Man9 oligo-
saccharides as abundant, but the LWAC results display much
higher abundance of shorter oligomannose structures, and
the released glycan results completely missed all of the trun-
cated glycans. There are probably multiple factors contribut-
ing to these differences. The results from studying the glycan
pool bear the strongest similarity to the glycan distribution we
observed for transmembrane proteins, which is consistent
with the fact that in the Turiak-study protein digestions were
performed on the surface of intact tissue prior to N-glycan
release (18). Hence, one would expect the results to be biased
toward cell surface glycans. Secondly, there are questions
over how efficiently PNGase F can digest paucimannose and
even more truncated sugar structures, and it has been re-
ported that it will not remove the core GlcNAc from the
modified peptide chain (41). Finally, even if some of the small
sugar structures were released, the sample clean-up and
mass spectrometry analysis methods were optimized for
larger glycans. We report the presence of trisialo biantennary
complex glycans and NeuGc,Ac-containing structures. These
oligosaccharides were mostly observed on secreted proteins,
which could explain their absence in the glycan-pool study. It

should also be mentioned that the efficiency of ETD is de-
pendent on the charge-density of the precursor ion. Thus, the
method is biased against larger and negatively charged gly-
coforms (25), offering an explanation for the lack of trianten-
nary or bigger structures among the glycopeptide results.

Our results illustrate the importance of the acquisition of
both CID/HCD and ETD data in glycopeptide research. ETD
data alone may not provide sufficient information for glycan
composition assignments. The difference between a fucose
and a hexose or NeuAc and NeuGc is a single oxygen, and
covalent modifications of some of the building blocks, such as
O-acetylation of sialic acids, also should be considered. Thus,
unfortunately, different combinations of sugar units may yield
the same mass. In the present study, the mass increment of
2,278 Da could have corresponded to three different oligo-
saccharide structures: GlcNAc2Man3(GlcNAcGal)3NeuAc, a
monosialo triantennary complex glycan; FucGlcNAc2Man3-
GlcNAc(GlcNAcGal)2NeuGc, a core fucosylated bisecting bi-
antennary glycan with a single NeuGc; or GlcNAc2Man3

(GlcNAcGal)2NeuGc,NeuGc,Ac, a biantennary complex gly-
can capped with a NeuGc and an O-acetyl NeuGc. The char-
acteristic oxonium ions in the HCD spectra (27) showed the
last structure to be the correct assignment in the glycopep-
tides listed. Side-reactions modifying the peptide also may
interfere: Met, Trp, and Cys residues readily undergo oxida-
tion. Considering this and the frequently limited peptide back-
bone fragmentation in ETD experiments, CID/HCD data may
provide the decisive information, revealing whether the pep-
tide bore the additional oxygen or it was present in the glycan.
Supplemental Table 2 lists Met-containing peptides from Col-
lagen alpha-2(VI) chain, integrin beta-2, and GPI transamidase
component PIG-T where the assignments made use of sup-
porting HCD data.

A few years ago, we published a study on the site-specific
N-and O-glycosylation of proteins found in the murine synap-
tosome (25). In the present study, we compared these results
with our glycosylation findings in mouse liver. Tissue-specific
N-glycosylation data at the glycan level have been reported in
great detail for rat brain (16, 17) and less comprehensively for
mouse liver (18). However, as far as we know, this is the first
time that tissue-specific glycosylation has been compared
between these tissues, at a protein- as well as site-specific
manner, by reporting the analysis of intact glycopeptides. Our
results revealed some expected differences, namely the re-
placement of N-acetyl neuraminic acids with N-glycolyl deriv-
atives in practically all N-linked structures. This is a well-
documented difference, with brain known to use NeuGc
sparingly (42, 43). O-linked glycans also showed the same
shift in sialic acid use as the N-linked glycans but not com-
pletely. In the O-linked glycopeptides identified, the sialic acid
modifying the Gal in the mucin-type core 1 structure was
always NeuAc, while that linked to the GalNAc in �40% of the
cases was NeuGc. This is consistent with previous studies
that reported lower levels of 2–3 linked NeuGc attached to Gal
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than 2–6 linked to GalNAc in mouse submaxillary mucins (44).
We detected O-acetyl sialic acids in both the N- and O-linked
glycans in the liver samples but not in the brain. Previous
studies indicated a higher level of Neu5,9Ac2 in the liver than
in the brain: �1.5% of the protein-bound sialic acids versus
0.7% (43). We have not found any previous reports about
O-acetyl NeuGc distribution.

In summary, our data reveal protein- and site-specific sim-
ilarities and striking differences in both N- and O-glycosylation
when comparing mouse brain and liver tissues. These obser-
vations emphasize that glycosylation must be studied at the
glycopeptide level in order to further our understanding of its
biological role.
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