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a b s t r a c t

Endoglycosidase is a class of glycosidases that specifically cleaves the glycosidic bond between two
proximal residues of GlcNAc in the pentasaccharide core of N-glycan, leaving the innermost GlcNAc
still attached to its parent protein, which provides a different diagnostic maker for N-glycosylation site
assignment. This study aims to validate the use of endoglycosidase for high throughput N-glycosylation
analysis. An endoglycosidase of Endo H and the conventional PNGase F were employed, with a similar
accessible procedure, for large-scale assignment of N-glycosylation sites and then N-glycoproteome for
rat liver tissue. ConA affinity chromatography was used to enrich selectively high-mannose and hybrid
glycopeptides before enzymatic deglycosylation. As a result, a total of 1063 unique N-glycosites were
identified by nano liquid chromatography tandem mass spectrometry, of which 53.0% were unknown in
ndo H
ass spectrometry

the Swiss-Prot database and 47.1% could be assigned only by either of the methods, confirmed the possi-
bility of large-scale glycoproteomics by use of endoglycosidase. In addition, 11 glycosites were assigned
with core-fucosylation by Endo H. A comparison between the two enzymatic deglycosylation methods
was also investigated. Briefly, Endo H provides a more confident assignment but a smaller dataset com-
pared with PNGase F, showing the complementary nature of the two N-glycosite assignment methods.
. Introduction

Glycosylation is one of the most common, important, and com-
licated post-translational modifications (PTMs) of proteins [1].
he oligosaccharide chains of glycoproteins have vital roles in pro-
ein conformation, activity, and localization, as well as participate in

any biological processes, such as molecular and cellular recogni-
ion, signaling, and communication [2–4]. As a consequence, many
iseases have affinitive relations with aberrant glycosylation [5].
hanges in glycosylation abundance and alterations in the glycan
tructure of serum and membrane glycoproteins have been shown
o correlate evidently with the progression of cancer [6,7]. Thus,
lycoproteins and the corresponding glycans may be considered
otential disease biomarkers and drug targets [5]. Based on these
iological and medical significances, glycoproteomics, the com-
ined field of proteomics and glycomics, is emerging as an essential

ssue, aimed at comprehensive characterizing and complete under-
tanding of protein glycosylation [8].
N-Glycosylation, where glycans are N-linked to asparagine
esidues in proteins, constitutes the most common types of gly-
osylation. N-Glycosylation sites fall into a consensus sequence of

∗ Corresponding author. Tel.: +86 21 5423 7961; fax: +86 21 5423 7961.
E-mail address: pyyang@fudan.edu.cn (P. Yang).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.04.019
© 2011 Elsevier B.V. All rights reserved.

Asn-X-Ser/Thr, where X is any amino acid other than Pro [9,10].
All N-linked glycans share a pentasaccharide core (Man3GlcNAc2)
and can be classified into three subgroups based on the anten-
nas attached to the core. Glycans containing only oligomannose
antennas attached to the core are high-mannose type glycans;
complex-type glycans have antennas that exhibit variable num-
bers of N-acetylglucosamine (GlcNAc), galactose (Gal), sialic acid
(Neu5Ac), fucose (Fuc), and rarely some other sugars; and glycans
containing both oligomannose antennas and complex antennas are
hybrid type-glycans [11]. The carbohydrate binding specificities of
different lectins, a group of sugar-binding proteins, offer a power-
ful approach for specific glycan structure recognition. For example,
ConA specifically binds mannosyl (Man) residues of glycans and has
affinity to high-mannose and hybrid glycoforms; WGA recognizes
GlcNAc residues of glycans and prefers to bind complex glycoforms
[12,8]. Therefore, lectin affinity chromatography has been devel-
oped and extensively used for glyco-protein/peptide isolation and
purification [13–15].

More than half of all proteins in the SWISS-PROT database have
been estimated to have at least one glycosylation site, but only a few
of them have been reported [16]. Many efforts have been made to

elucidate more glycosites using various techniques and approaches
[17,18]. The traditional method for N-glycosylation site assignment
entails the enzymatic removal of glycans by peptide-N-glycosidase
(PNGase) accompanied by the conversion of Asn (N) to Asp (D)
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hrough deamidation. This deamidation provides an indirect indi-
ation of N-glycosites, as a resulting mass shift of 0.98 Da from N
o D can be detected by mass spectrometry (MS) [19]. However,
s deamidation can occur both in vivo and in vitro, false positive
dentification of glycosites is inevitable [20,21]. Moreover, accurate
etermination of 0.98 Da by tandem MS (MS/MS) is also a challenge
or high throughput glycosylation analysis [22]. These problems
an be partially rectified by performing the PNGase digestion in
8O-water as a result of a larger mass shift of 2.98 Da [14,15,23].

Recently, a novel strategy for the identification of
-glycosylation sites involving the use of endo-ˇ-N-
cetylglucosaminidase (endoglycosidases) has been described
21,24,25]. Endoglycosidase is a class of glycosidases that specif-
cally hydrolyzes the glycosidic bond between two proximal
esidues of GlcNAc in the pentasaccharide core of N-glycoprotein,
eaving a terminal GlcNAc still attached to its parent peptide, which
rovides a mass increase of 203.08 Da [26,27]. Thus, glycosites
an be elucidated by MS/MS with less ambiguity due to higher
ass increase and avoidance of in vitro reaction. Furthermore, the

resence or absence of core-fucosylation, an important structure
n the innermost GlcNAc of some hybrid and complex glycans,
an also be determined by the mass increment (349.14 Da for
ucosylated GlcNAc) [28]. However, this strategy is still difficult for
arge-scale analysis of glycoproteome because only 33 glycosites
y Endo M [21] and 90 glycosites at most by an enzyme mixture of
wo endoglycosidases [24,25] have been identified, respectively,
rom human serum in previous reports. To facilitate the efficiency
f these endoglycosidases, various exoglycosidases are needed to
implify the complexity of glycans. Simultaneously, the comple-
entarity between the two enzymatic deglycosylation methods

PNGase and Endo) for glycosites identification has not been well
nvestigated.

Endo H is an endoglycosidase that specifically hydrolyzes high-
annose and hybrid-type glycans [27,29]. The complexity of

lycans does not present an obstacle for the enzymatic efficiency
f Endo H, and thus the reduction of the complexity of glycans by
xoglycosidases is avoided in Endo H digestion. Combined usage of
ndo H and PNGase F has been becoming a useful tool in biological
nd biochemical analyses [30,31]. Izquierdo et al. recently utilized
he combination of Endo H and PNGase F digestion to discriminate
he distinct substrate specificities of different oligosaccharyltrans-
erase isoforms from Trypanosoma brucei [32].

In this study, Endo H was employed for the large-scale analysis
f high-mannose and hybrid-type N-glycosylation sites as well as
-glycoproteome from rat liver tissue. ConA affinity chromatogra-
hy was used to enrich high-mannose and hybrid glycopeptides
electively. The enriched sample was divided into two aliquots
reated by Endo H and traditional PNGase F with a same procedure,
espectively, and then analyzed by nano liquid chromatography-
lectrospray ionization MS/MS (LC-ESI-MS/MS). As a result, a total
f 622 and 1003 unique glycosites were assigned by Endo H and
NGase F, respectively, and 560 sites were identified by both Endo
and PNGase F (52.9% overlap), suggesting the efficiency and the

omplementary nature of the two methods. These results validated
he application of endoglycosidase, as similar process as that of
NGase, for large-scale glycoproteomic analysis. Furthermore, the
erits of each method were also analyzed and discussed in detail

ased on the obtained results.

. Materials and methods
.1. Materials and chemicals

ConA (agarose conjugate) was purchased from Vector Labo-
atories (Burlingame, CA). Porcine trypsin (sequence grade) was
5 (2011) 499–505

purchased from Promega (Madison, WI). PNGase F (glycerol free)
and Endo H were purchased from New England Biolabs (Ipswich,
MA). Complete mini protease inhibitor cocktail tablets were pur-
chased from Roche (Basel, Switzerland). Sep-Pak C18 columns were
purchased from Waters (Milford, MA). All other chemicals were
purchased from Sigma–Aldrich (St. Louis, MO). Water used for all
experiments was produced by a Milli-Q Plus system from Millipore
(Bedford, MA), with resistance ≥18.2 M�/cm. Rat liver tissues were
obtained from healthy adult rats.

2.2. Sample preparation

Total protein was extracted from rat liver tissues using an ice-
cold homogenization PBS buffer (pH 7.4) containing 8 M urea,
2 M thiourea, 0.25 M dithiothreitol (DTT), 1 mM phenylmethane-
sulfonyl fluoride (PMSF), and a mixture of protease inhibitor
(complete mini protease inhibitor cocktail tablets, 1 tablet for 10 mL
homogenization buffer). The tissues were homogenized by Qiagen
TissueRuptor with 10 mL of the homogenization buffer per 2 g of
tissue. The suspension was homogenized at 4 ◦C for 40 min and
then centrifuged (25 000 × g) at 4 ◦C for 40 min. The supernatant
was collected and stored at −80 ◦C. The protein concentration was
determined by the Bradford method.

2.3. Protein digestion

A sample containing 2 mg protein was reduced by 10 mM DTT
at 56 ◦C for 30 min, alkylated in the dark by 50 mM iodoacetamide
(IAA) at room temperature for 40 min, and precipitated with 6
volumes of acetone at −20 ◦C for at least 3 h. Afterwards, the precip-
itates were resuspended in 50 mM NH4HCO3 buffer and digested
with 40 �g modified trypsin overnight at 37 ◦C. The reaction was
quenched by heating to 95 ◦C for 10 min. The sample was finally
dried through vacuum centrifugation.

2.4. ConA-affinity enrichment of glycopeptides

ConA-agarose settled gel (1:1, v/v slurry) was packed into a
4.6 mm inner diameter × 50 mm long column. The packed column
was equilibrated sequentially with 3 column volumes of 1.0 M NaCl,
3 column volumes of 0.1 M NaCl, and 10 column volumes of an equi-
libration buffer (50 mM Tris base, 150 mM NaCl, 1 mM CaCl2, 1 mM
MnCl2, and pH of 7.4 with HCl), at a flow rate of 0.15 mL/min.

The digest was redissolved in 1 column volume of the equi-
libration buffer and loaded onto the ConA column. After gentle
rotation overnight at 4 ◦C for incubation, the column was washed
with 15 column volumes of the equilibration buffer at a flow rate of
0.15 mL/min. Then, 1 column volume of an elution buffer (50 mM
Tris base, 500 mM methyl-�-d-mannopyranoside, 150 mM NaCl,
and pH of 7.4 with HCl) was applied onto the column, which was
rotated for 3 h at 4 ◦C for elution. Finally, the captured glycopep-
tides were eluted with 3 column volumes of the elution buffer. The
sugar and salts in the eluted solution were removed using a Sep-Pak
C18 column.

2.5. Deglycosylation of glycopeptides

The glycopeptides were divided into two identical aliquots,
dried through vacuum centrifugation, and redissolved respectively
in 50 mM sodium citrate (pH 5.5 for Endo H digestion) and 50 mM
NH4HCO3 buffer (for PNGase F digestion). In total, 0.5 �L Endo H

(500 units/�L) and 0.5 �L PNGase F (500 units/�L) were respec-
tively added to the two aliquots, after which the samples were
incubated overnight at 37 ◦C for deglycosylation. The deglycosy-
lated samples were dried again through vacuum centrifugation.
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.6. Nano-LC-ESI-MS/MS analysis

The samples were redissolved in 5% acetonitrile (ACN) aque-
us solution containing 0.1% formic acid (phase A). Analysis of the
amples was carried out by an LC-20AB system (Shimadzu, Tokyo,
apan) connected to an LTQ-Orbitrap XL MS (ThermoFisher, San
ose, CA) interfaced with an online nano-electrospray ion source
Michrom Bioresources, Auburn, CA).

The peptide sample was loaded onto a 100 �m inner diame-
er × 15 mm long Magic C18 AQ column (Michrom Bioresources,
uburn, CA) with a flow of 25 �L/min and eluted directly into the
SI source of the MS with a 60–90 min gradient from 0 to 45%
hase B (95% ACN aqueous solution containing 0.1% formic acid)
t a constant flow rate of 500 nL/min. The electrospray voltage
as used at 1.8 kV. The MS was operated in the data-dependent
ode, selecting the 10 most intense parent ions in the Orbitrap for

ollision-induced dissociation in the LTQ trap per full MS scan. Nor-
alized collision energy was 35.0%. Dynamic exclusion was set to

nitiate a 60 s duration for ions analyzed twice within a 10 s inter-
al. The scan range was set from m/z 400 to m/z 2000. The samples
eglycosylated by Endo H and PNGase F were operated under the
ame LC–MS condition.

.7. Database searching and data analysis

All MS/MS data were searched against the rat International Pro-
ein Index (IPI) database (IPI rat v3.64 fasta with 39 871 entries)
sing the SEQUEST algorithm incorporated into the Bioworks
oftware (Version 3.3.1). The search parameters were set as fol-
ows: enzyme, partial trypsin; missed cleavage sites allowed, two;
xed modification, carboxyamidomethylation (Cys+ 57.02 Da);
ariable modifications, oxidation (Met+ 15.99 Da), deamidation
Asn+ 0.98 Da, for PNGase F sample), N-GlcNAc (Asn+ 203.08 Da,
or Endo H sample), and fucosylated N-GlcNAc (Asn+ 349.14 Da, for
ndo H sample); peptide tolerance, 10 ppm; and fragment toler-
nce, 1.0 Da.

Database search results were statistically evaluated using Pep-
ideProphet [33]. A minimum PeptideProphet probability score (P)
f 0.95 was selected to remove low-probability results. The Asn
odification that did not occur in N-X-S/T motif (X /= P) was also

emoved to reduce the false positive rate of the identified glycosy-
ation sites.

. Results and discussion

.1. Overall strategy for large-scale assignment of glycosylation
ites

Shotgun glycoproteomics has been used extensively for the
omprehensive characterization of glycoproteins in biological sam-
les. Its experiments rely on the digestion of complex protein
ixtures into hundreds of thousands of peptides by proteases.
lycoprotein/glycopeptide enrichment is necessary before/after
nzymatic digestion to reduce the complexity. These peptides are
eglycosylated by traditional PNGase, separated by LC and ulti-
ately analyzed by MS and MS/MS.
Recently, the use of endoglycosidase has provided a new

pproach for shotgun glycoproteomics because it could potentially
rovide new glycosylation sites [21,24,25]. Different subtypes of
-glycans play variant roles in protein activities and biological pro-
esses. Alterations in the degree of branching of N-glycans have

een reported as a consequence of diseases [34]. For example,
ecent study shows that glycoproteins exhibit increased branch-
ng of N-glycans during liver disease [35]. Endoglycosidases have
emarkable enzymatic specificities on peptide substrates for cer-
Fig. 1. Overview of the procedure used for the large-scale assignment of glycosyla-
tion sites in rat liver proteins.

tain oligosaccharide structures: High-mannose and most hybrid
structures can be released by Endo H, whereas complex structures
can be released by Endo F2 (biantennary complex) or Endo F3 (tri-
antennary and core-fucosylated complex). Thus, these enzymes for
glycoproteomics provide not only glycosites but also the glycan
subtypes of each glycosite, and this information is important for
further glycobiological investigations.

The flowchart of the analysis of high-mannose and hybrid-type
glycosites in rat liver proteins by Endo H and PNGase F is shown
in Fig. 1. Briefly, ConA affinity chromatography was used to iso-
late glycopeptides selectively after protein extraction and trypsin
digestion. The bound glycopeptides were competitively eluted by
mannopyranoside contained buffer, desalted by a Sep-Pak column,
and divided into two identical aliquots. The two aliquots were
then treated by Endo H and PNGase F to prompt a mass increase
in the peptide backbone possessing the glycosylation sites cor-
responding to 0.98 and 203.08 Da (349.14 Da if core-fucosylation
occurs), respectively. As a result, this molecular weight change
can be discernible by database searching, allowing the large-scale
assignment of N-glycosylation sites.

The use of PNGase F is the most effective method for removing
virtually all N-linked glycans from glycopeptides, except glycans
containing a fucose �(1-3)-linked to the N-linked GlcNAc, which
are commonly found in glycoproteins from plants or parasitic
worms [27]. Conversely, Endo H only removes high-mannose and
hybrid structures due to the limited specificities of endoglycosi-
dases, which are remarkably similar to the specificity of ConA lectin.
Therefore, lectin affinity enrichment of glycopeptides may be an
ideal choice for the endoglycosidase method due to the similar
specificities of glycopeptides. Furthermore, endoglycosidase is also
suitable for general deglycosylation by combination use of different
Endo series, as complex tetraantennary structures can be effec-
tively removed by several endoglycosidases with the assistance of
exoglycosidases.

3.2. Assignment of N-glycosylation sites by the Endo H and
PNGase F method
Four biological replicates for each method were performed in
this study, resulting in an assignment of 1063 unique glycosyla-
tion sites from 560 glycoproteins by two deglycosylation methods.
As shown in Fig. 2, a total of 622 sites from 390 glycoproteins
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Fig. 3. Nano-LC–MS/MS mass spectra of doubly charged glycopeptide
LENLSSTESGYTATLTR from lysosomal alpha-glucosidase. (a) Deamidation of
the glycopeptide [(M+2H)2+ at m/z 922.45] from PNGase F treated sample; (b)
N-GlcNAc modification of the glycopeptide [(M+2H)2+ at m/z 1023.50] from Endo
H treated sample; and (c) fucosylated N-GlcNAc modification of the glycopeptide

investigated more. To the best of our knowledge, there are only
ig. 2. Venn diagram of the overlap indicates the identified glycosylation sites (a)
nd the glycoproteins (b) between the two deglycosylation enzymes.

ere identified by Endo H, whereas 1003 sites from 523 glycopro-
eins were identified by PNGase F. Among which, 562 sites from
53 glycoproteins were identified by both Endo H and PNGase F
ethods, showing a 52.9% overlapping for glycosites and a 63.0%

verlapping for glycoproteins. The results evidently suggest that
ndoglycosidase should be also applicable and accessible for large-
cale assigning glycosites compared with the traditional PNGase
n glycoproteomics. Detailed information about the identified gly-
opeptides, glycosites, and corresponding glycoproteins is listed in
able S1 in the supporting information.

The ambiguity in the assignment of the 562 sites by both Endo
and PNGase F was avoided by the fact that the two enzymes

rovided absolute different diagnostic makers for glycosites (a
lcNAc or an H from deamidation on the motif). Fig. 3 shows

he MS/MS spectra of an identified deglycosylated glycopeptide
LENLSSTESGYTATLTR) from lysosomal alpha-glucosidase as an
xample. Fig. 3a depicts the localization of the glycosite determined
y a mass increase of 0.98 Da after PNGase F treatment [(M+2H)2+

t m/z 922.45]. Both the b- and y-series of the product ions clearly
xhibit the mass shift from N to D in the N-X-S/T motif. Other-
ise, as shown in Fig. 3b, a GlcNAc residue attached to the Asn

esidue was detected distinctly with a mass shift of 203.08 Da for
he Endo H-treated sample [(M+2H)2+ at m/z 1023.50], indicating
he presence of the glycosite. False positive assignment is reduced
n this case because of the large mass shift from the GlcNAc attached
o the peptide. Furthermore, Fig. 3c illustrates a mass increase of
49.14 Da in the glycopeptide [(M+2H)2+ at m/z 1096.53] detected
lso from the Endo H-treated sample, indicating the presence of
ucosylated GlcNAc. The low intensity of the product ions was
bserved from the MS/MS spectrum, which could be due to two
easons: (1) the core-fucosylated glycans were relatively low in
mount, accounting for only a low proportion of total glycans in
he glycopeptides, and (2) the presence of carbohydrate residues
n the glycoside could affect the signals. For example, within the
heoretical 16 b-series ions, 10, 3, and 3 b-ions were found from
ig. 1a, b, and c, respectively, indicating the effect of carbohydrate

esidues. Our result indicates that core-fucosylation, which some-
imes occurs in hybrid and complex glycans, can also be illuminated
y the Endo H method.
[(M+2H)2+ at m/z 1096.53] from Endo H treated sample. Blue square: GlcNAc; red
triangle: Fuc. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.)

3.3. Analysis of high-mannose and hybrid-type glycosylation sites
in rat liver

For the 1063 unique glycosylation sites detected, only 8 sites
have been proven by direct experimental evidence and are cur-
rently documented in the Swiss-Prot database (November 2010
version, http://www.uniprot.org/). Moreover, 492 sites were anno-
tated as potential (473 sites), probable (9 sites), or by similarity
(10 sites), which are qualifiers indicating the computer predic-
tion of the feature or the existence of indirect experimental
evidence (Fig. 4). The other 563 sites (53.0%) were totally unknown
in the Swiss-Prot database. These surprising results have two
explanations. First, rat glycoproteome should be comprehensively
a few reports on the study of rat glycoproteins. Second, the use
of two different deglycosylation enzymes, especially Endo H, pro-
vides an efficient tool to map new glycosylation sites. Our dataset
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Fig. 5. Accuracy and confidence of the two methods. 19.7% (246 sites) of the total
results (1249 sites) from the PNGase F method (N + 0.98 Da) are false assignments;
9.4% (64 sites) of the total results (680 sites) from the Endo H method (N + 203.08 Da)
are false assignments. Blue square column: the number of sites assigned in the N-X-
ig. 4. Classification of glycosylation sites. The classification of known, unknown,
otential, probable, and by similarity is based on the comparison of the experimental
ataset with the annotated Swiss–Prot database.

ontributes not only direct experimental evidence to a number
f potential N-glycosylation sites but also a number of new N-
lycosylation sites to the Swiss-Prot database.

An excellent work for glycoprotemics was recently conducted
y Mathias Mann’s group [15], where a dataset containing 6367
-glycosylation sites were obtained from various mouse tissues
y combination of lectin affinity enrichment, PNGase F treatment
nd MS analyses. In this dataset, 2768 sites were identified from
iver tissue, by using different lectins, proteases or from subcel-
ular fractions of liver cells. Within the 2768 assigned sites from

ouse liver, 880 sites were obtained by only ConA affinity enrich-
ent and trypsin digestion. By using the same Con A lectin, the

btained data in this study, 1003 sites by PNGase F and 562 sites by
ndo H, were also considerable, confirmed the efficiency of the two
ethods and the ability of endoglycosidase for high throughput

lycoproteomics.
Moreover, since Endo H displays enzymatic activity on core-

ucosylated glycopeptides with a modification of 349.14 Da left on
he parent peptide, 11 glycosites with core-fucosylation informa-
ion from 11 glycoproteins were assigned by Endo H (Table 1).
ore-fucose usually presents in hybrid and complex-type glycopro-
eins; thus, the core-fucosylated glycoproteins identified by Endo

are all hybrid types. For the 11 identified glycosites, 5 sites were
nnotated as potential, and the other 6 sites were unknown in
he Swiss-Prot database. Most of these glycoproteins have vital
oles in various biological processes. For example, lysosomal alpha-
lucosidase is essential for the degradation of glycogen to glucose
n lysosomes. Abnormal expression of this enzyme causes glycogen
torage disease II (Pompe disease), which is an autosomal recessive
isorder with a broad clinical spectrum [36].

Information concerning core-fucosylation attracts increasing
ttention from biological and clinical aspects. Core-fucosylated gly-
oproteins regulate the biological functions of adhesion molecules
nd growth factor receptors (e.g., TGF-�1 and EGF signaling path-
ays) [37]. Increased level of core-fucose has been found in a
umber of pathological processes, including inflammation and can-
er [38]. Previous report also shows that core-fucosylation level, as
biomarker, is more sensitive and specific than the corresponding
rotein level [39]. Endoglycosidases, applied in high throughput
lycoproteomics, provide an accessible way to determine new
ore-fucosylated glycoproteins, facilitating functional or clinical
esearch as a therapeutic target for some diseases.
.4. Evaluation of the two enzymatic deglycosylation methods

As a most widely used deglycosylation enzyme, PNGase F
niquely characterized 441 of the 1063 glycosites (41.5%), suggest-
S/T motif (X /= P); red square column: the number of sites not assigned in N-X-S/T
and assigned in N-P-S/T motif. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)

ing the high efficiency of this traditional method. However, only
60 of the total assigned glycosites (5.6%) were uniquely character-
ized by Endo H. The relatively low efficiency of Endo H method can
be attributed to two factors: (1) the innermost GlcNAc (or fucosy-
lated GlcNAc) specifically attached to the glycosites that influenced
the ionization efficiency of peptides in the MS and MS/MS analy-
ses, and (2) the cross-ring cleavages of the innermost GlcNAc (or
fucosylated GlcNAc) that usually occurred in collision-induced dis-
sociation (CID), causing the neutral loss of the GlcNAc fragments.
Therefore, further improvements are still required for the endogly-
cosidase method, including Endo H and the other endoglycosidases
used for previous glycosites assignment. At the same time, the
improvement of a database searching algorithm is also worthwhile
to realize the assignment of neutral loss during MS/MS analy-
sis. Note that we also explored the use of novel electron-transfer
dissociation (ETD) in the characterization of N-glycosites in this
investigation. ETD fragments peptides by transferring an electron
from a radical anion to a protonated peptide, preserving the PTMs
that are labile in CID [40]. However, in the ETD dataset, only 11
sites assigned by PNGase F did not present in the corresponding
CID dataset, and all the results obtained by Endo H were found to
be covered by the results of CID (data not shown). This unexpected
result may be due to the low speed of the ETD reaction and the
limited charge states of the precursors, such that further optimiza-
tion should be needed for a better ETD performance in large-scale
glycosite analysis.

The accuracy and confidence of the two methods was also
respectively assessed. The PeptideProphet evaluated data (before
filtered by N-X-S/T motif) were employed to determine the false
positive rates. The filtered data were not used here because most
false positive assignments had been removed by N-X-S/T motif
filtering, and thus results obtained from these data cannot rep-
resent the real accuracy of the two enzymes. The 1249 unique
deamidated Asn (N + 0.98 Da) were characterized by MS with
PNGase F method, among which 244 Asn were not assigned in
the N-X-S/T motif, whereas 2 Asn were assigned in the N-P-S/T
motif (Table S2 in the supporting information). These apparent
false assignments accounted for 19.7% of the total results (Fig. 5,
left column). Conversely, 680 unique GlcNAc modified Asn (N +
203.08 Da) were characterized by the Endo H method, among which
63 Asn were not assigned in the N-X-S/T motif, whereas 1 Asn was
assigned in the N-P-S/T motif (Table S3 in the supporting infor-
mation), accounting for 9.4% of the total assignments (Fig. 5, right

column). The false rates (19.7% vs. 9.4%) show that false positive
identifications were induced more by PNGase F than by Endo H.
Although the modified Asn that not assigned in the N-X-S/T motif
and that assigned in the N-P-S/T motif were both removed from
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Table 1
List of identified glycosylation sites with core-fucosylation.

Peptidea Protein nameb Protein IPIb Sitec Annotationd

K.N#STKEEILAALEK.G Sulfated glycoprotein 1 IPI00195160.1 456 Potential
P.QVSGLN#NSDDK.A Interleukin-3 beta IPI00206669.1 63 Potential
R.N#CSIFLADINQER.H Palmitoyl-protein thioesterase 1 IPI00208382.1 197 Potential
P.DAGQQAGQVGFLNPN#GSSQGK.V Nuclear factor 1 IPI00210163.1 420 Unknown
K.N#TTTALPLGPW.L Similar to protein tyrosine phosphatase, receptor type,

H precursor
IPI00214459.3 548 Unknown

-.MATELEKALSNVIEVYHN#YSGIKGNHHAL.Y Protein S100-A8 IPI00231370.7 18 Unknown
R.LEN#LSSTESGYTATLTR.T Lysosomal alpha-glucosidase IPI00400579.1 140 Potential
K.VGPVDPSLN#TTYVFFDTFFK.E Beta-hexosaminidase subunit beta IPI00464518.2 306 Potential
F.ELVGN#TTTLCGENGQWLGGK.P Sushi, von Willebrand factor type A, EGF and pentraxin

domain-containing protein 1
IPI00559054.3 2470 Unknown

T.SKHNN#DTWESDSNEFSVIADPR.G 54 kDa protein IPI00777611.1 113 Unknown
L.VDN#NTWNNTHISR.V Integral membrane protein 1 IPI00914170.1 592 Unknown

a #: identified glycosylation site (N).
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b Protein name and protein accession number are from IPI database.
c Glycosylation sites are annotated according to Swiss–Prot database.
d Glycosylation sites are marked as unknown and potential according to the defin

he final results, the falsity could not be absolutely avoided due to
he mechanism of the method used, and the obtained false posi-
ive rates are helpful for evaluation of the confidence level of the
atasets.

As mentioned above, the relatively high percentage false rate of
he PNGase F method may be due to two reasons. First, the conver-
ion between N and D can occur both in vivo and in vitro, leading
o false assignment. Second, large-scale glycoproteomic analysis
equires high scan speed and sensitivity, which come at the trade-
ff between mass accuracy and resolution. This also decreases the
ccuracy of assignment due to the low mass shift obtained by
NGase F. Moreover, the Endo H method also introduces some
alse results, which may be induced by O-GlcNAc glycosylation.
-GlcNAc glycosylation is a type of O-linked glycosylation where

he monosaccharide GlcNAc is �-glycosidically linked to Ser or Thr
esidues [41]. In the present study, 61 unique O-GlcNAc glycosites
n Ser/Thr from 48 unique peptides were identified from PNGase F
reated sample (Table S4), whereas 20 of the 48 peptides contain the
-X-S/T motif. Thus, in Endo H treated sample, incomplete b- and y-

eries obtained from an O-GlcNAc glycosylated peptide inevitably
ead to the false assigning of the O-GlcNAc of 203.08 Da to Asn if the
eptide contains Asn residue. We are now performing enzymatic
emoval of this O-GlcNAc modification from Endo H treated sample
efore MS analysis to try to avoid the false assignment.

All the comparison conditions indicate the complementary
ature of the two N-glycosite assignment methods. Approximately
7.1% of the total 1063 glycosites can only be assigned by either
f the two methods. Furthermore, the two methods show differ-
nt features and merits. More glycosites can be identified by the
NGase F method, with a 0.98 Da mass shift in the Asn residue as
diagnostic maker. In contrast, the Endo H method results in the
ore confident identification of glycosites because of a larger mod-

fication in Asn as a diagnostic maker. Combining the use of the two
ethods, a larger and a more confident dataset can be achieved for
-glycosylation site analysis.

. Conclusions

In this study, we have reported a large-scale assignment of
-glycosylation sites for glycoproteome using two complemen-

ary deglycosylation enzymes, Endo H and conventional PNGase
, coupled with lectin affinity glycopeptide enrichment and nano-

C–MS/MS analysis. A total of 1063 N-glycosites were identified
rom rat liver proteins, most of which were unknown in the Swiss-
rot database. This investigation has the following contributions.
1) The possibility of large-scale glycosite analysis by endoglycosi-

[
[
[

[

of Swiss–Prot database.

dase was confirmed, which can be a complementary method to
PNGase with a similar simple procedure. (2) Combining the results
of PNGase F and Endo H, a larger dataset of N-glycosites, as well as
many new glycosites from rat liver glycoproteins, were obtained.
(3) Information concerning glycan subtypes and core-fucosylation
on each glycosite was provided by Endo H, and this is valuable
for further functional study. (4) The characters and merits of each
method were discussed in-depth in this study. Briefly, the PNGase
F method results in a larger dataset, whereas the Endo H method
provides more confident assignment.
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