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Abstract Human LOX-1/OLR 1 plays a key role in athero-
genesis and endothelial dysfunction. The N-glycosylation of
LOX-1 has been shown to affect its biological functions in
vivo and modulate the pathogenesis of atherosclerosis. How-
ever, the N-glycosylation pattern of LOX-1 has not been
described yet. The present study was aimed at elucidating
the N-glycosylation of recombinant human LOX-1 with re-
gard to N-glycan profile and N-glycosylation sites. Here, an
approach using nonspecific protease (Pronase E) digestion
followed by MALDI-QIT-TOF MS and multistage MS
(MS3) analysis is explored to obtain site-specific N-
glycosylation information of recombinant human LOX-1, in
combination with glycan structure confirmation through char-
acterizing released glycans using tandem MS. The results
reveal that N-glycans structures as well as their corresponding
attached site of LOX-1 can be identified simultaneously by
direct MS analysis of glycopeptides from non-specific prote-
ase digestion. With this approach, one potential glycosylation
site of recombinant human LOX-1 on Asn139 is readily iden-
tified and found to carry heterogeneous complex type N-

glycans. In addition, manual annotation of multistage MS data
utilizing diagnostic ions, which were found to be particularly
useful in defining the structure of glycopeptides and glycans
was addressed for proper spectra interpretation. The findings
described herein will shed new light on further research of the
structure-function relationships of LOX-1 N-glycan.
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Abbreviations
ACN Acetonitrile
Asn Asparagine
Asp Aspartate
DHB 2 5-dihydroxybenzoic acid
DTT Dithiothreitol
ESI Electrospray ionization
Fuc L-fucose
Gal D-galactose
GlcNAc N-acetyl-D-glucosamine
Hex Hexose
HexNAc N-acetylhexosamine
IAA Iodacetamide
LOX-1 Lectin-like oxidized low density

lipoprotein receptor-1
MALDI Matrix assisted laser desorption/

ionization
Man D-mannose
MS Mass spectrometry
PGC Porous graphic carbon
PNGase F Peptide N-Glycosidase F
QIT Quadropole ion trap
RT Room temperature
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SDS-PAGE Dodecyl sulfate sodium salt-
polyacrylamide gel electrophoresis

SPE Solid-phase extraction
TFA Trifluoroacetic acid
TOF Time of flight
v/v Volume/volume
w/w Weight/weight

Introduction

Oxidized low density lipoprotein (Ox-LDL) has been sug-
gested to play key roles in pathogenesis of atherosclerosis
and endothelial dysfunction [1, 2]. LOX-1 (lectin-like oxi-
dized low density lipoprotein receptor-1) is a type II mem-
brane protein belonging to the C-type lectin family [3]. N-
Linked glycosylation of LOX-1 appears to regulate, at least
in part, the intracellular transport and ligand binding of
LOX-1. Thus, altered glycosylation of LOX-1 may affect
its biological functions in vivo and modulate the pathophys-
iology of diseases including atherosclerosis [4]. The primary
sequence of LOX-1 contains two potential N-linked glyco-
sylation sites (Supplemental Table 1). As far as we know, in
spite of its significant role in the pathogenesis of atherosclero-
sis, the glycosylation of LOX-1 has not been determined yet.

Glycosylation is one of the most common post-translational
protein modifications whereby glycans are added to the protein
chain [5]. Glycoproteins have diverse functions and play a
crucial role in many biological processes, which vary from
conformational stability, protection against degradation to mo-
lecular and cellular recognition in development, growth, and
cellular communication [6, 7]. A wide range of diseases have
also been associated with abnormalities in carbohydrate degra-
dation and recognition [8, 9]. Therefore, the characterization of
glycosylation is particularly important for us in understanding
the structure-biological function relationships of glycoproteins.

In this study, we employed a MALDI MS-based method to
facilitate glycosylation characterization of recombinant human
LOX-1 at the level of intact glycopeptides. Glycopeptide anal-
ysis benefits the identification of site-specific glycosylation
properties, while the routine method by analysis of released
N-glycans usually loses the glycan-protein linkage and site-
specific heterogeneity information of glycoproteins [10–12].
And this method is favorable especially when there is more
than one oligosaccharide attached to their backbone ruling out
the possibility to correlate the changes in glycan structure to a
particular site if only released glycans are analyzed [13].

In most cases, the glycoprotein is digested with specific
protease, such as trypsin to obtain glycopeptides carrying
individual glycosylation sites. However, tryptic digestion of
glycoproteins sometimes suffers from the limitation that the
glycopeptides of interest are too large in size (mass contri-
bution from glycans and amino acid sequence) and carrying

too many heterogeneous modifications to analyze efficiently
by mass spectrometry [14–17]. In case of human LOX-1, the
theoretical masses of tryptic peptides containing two potential
glycosylation sites are 5803.89 Da and 3576.94 Da, respec-
tively (Supplemental Table 1), regardless of the N-glycans
masses, which are close to the upper mass limit of ordinary
MALDI MS/MS facilities. Furthermore, the larger glycopep-
tide mass is, the more difficult it is to acquire MS/MS frag-
mentation spectra with sufficient high quality for
unambiguous identification of glycosylation sites [14, 18].

Pronase E is a nonspecific endo-protease that can cleave at
every peptide bond theoretically. But due to the steric hindran-
ces, the amino acids adjacent to the glycosylation site(s) are
ineffectively cleaved by the enzyme. As a result, a series of
short glycopeptides for a given glycosylated site and small
nonglycopeptides (<4 amino acids) are generated, which can
overcome the limitations of tryptic digestion mentioned above
[19]. Some methods employing this nonspecific protease have
also been reported for the determination of glycosylationmicro-
heterogeneity [14, 20–22]. However, most of these methods
were applied to standard glycoprotein with known glycosyla-
tion but rarely used in determining the unknown glycosylation
of certain glycoprotein. Moreover, using these methods, the
peptide moiety of glycopeptides was usually identified by sub-
tracting the masses of the glycans derived from PNGase F
treatment from the masses of the glycopeptides, which may
cause incorrect peptide sequence assignment. This can be
improved if multistage MS like MS3 is accessible because
the peptide can be selected for further fragmentation and
thereby generate sequence information for correct glycosyla-
tion site assignment. In addition, due to the complexity of
glycan structure, MALDI MS spectra dominated with singly
charged ions, which simplify the mass spectra, is favorable of
data interpretation, comparing with ESIMS spectra, which are
often complicated by different multiple-charged ions.

Thus, in our work, a nonspecific proteolysis using Pronase
E coupled with MALDI multistage MS was employed togeth-
er to reveal unknown glycosylation pattern of recombinant
human LOX-1. Meanwhile, glycan structures deduced from
intact glycopeptides analysis were further validated by charac-
terization of released glycans from PNGase F treatment with
tandem MS. The experimental procedure is shown in Chart 1.

Materials and methods

Nonspecific protease digestion of LOX-1

Fifty pmol recombinant LOX-1 (expressed in murine mye-
loma cell line, R&D Sysems, USA) was dissolved in 4 μL
25 mM NH4HCO3 (Sigma-Aldrich, Germany) in H2O (all
water used was generated bymilli-Q filtration). To this solution
6 μL 10 mM DTT (Sigma-Aldrich, Germany) was added and
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the glycoprotein was reduced at 56 °C for 60 min. After cool-
ing to RT, 12μL 100mM IAA (Sigma-Aldrich, Germany) was
added and the glycoprotein was alkylated for 45 min at RT in
the dark. Subsequently, Pronase E (dissolved in ice-cold
25 mM NH4HCO3, 0.1 μg/μL) was added to the solution at
an enzyme/substrate ratio of 1:10 (w/w) and then incubated at
37 °C overnight. Non-reduced digestion was performed as the
recombinant LOX-1 without reduction and alkylation was
directly incubated with Pronase E at an enzyme/substrate ratio
of 1:10 (w/w) at 37 °C overnight. The digests were stopped and
stored at −20 °C until PGC SPE desalting and purification.

N-glycan release

N-glycans from LOX-1 were released by incubating with
PNGase F (New England Biolabs, Inc., USA) in 25 mM
NH4HCO3 for 12 h at 37 °C.

Glycopeptide and oligosaccharide purification
using a microcolumn with porous graphic carbon
(PGC-SPE)

Pronase E-digested glycopeptides and PNGase F released
oligosaccharides were purified by PGC-SPE using a micro-
column, which was packed with porous graphic carbon pow-
der and prepared using GELoader tips as described previously
[23, 24]. The PGC microcolumn was washed 5 times with
25 μL of 0.05 % (v/v) TFA in 80%ACN (acetonitrile)/H2O (v/
v) and followed by 0.05 % (v/v) TFA in H2O. The solution of

digested glycoprotein or oligosaccharide was applied to the
PGC microcolumn repeatedly for 5 times to allow glycocon-
jugate adsorption. Subsequently, the microcolumnwas washed
3 times with 25 μL H2O to remove salts and buffer.
Glycopeptides and glycans were eluted with 40 % ACN in
0.05 % TFA in H2O directly onto a MALDI plate for analysis.

SDS-PAGE electrophoresis

Gels containing 10 % acrylamide (separating) and 5 % acryl-
amide (stacking) were prepared and equivalent amounts of
LOX-1 and deglycosylated LOX-1 were loaded per lane.
Protein standards (PageRuler™ Prestained Protein Ladder,
Takara Co., Ltd., Japan) were included. For visualization, gels
were stained with Coomassie blue.

In-gel PNGase F and subsequent tryptic digestion

The band of interest was excised from the gel and rinsed three
times with Milli-Q water. The band was then cut into approx-
imately 1 mm2 pieces and dried. The gel slices were reduced
with 30 μL 10 mMDTTat 56 °C for 60 min and cooled down
to RT. 60 μL 100 mM IAA was added and the glycoprotein
was alkylated for 45 min at RT in the dark. Subsequently, the
gel slices were completely dried and added to a PNGase F
solution. The mixture was incubated at 37 °C overnight. After
the extraction of N-glycans, the gel slices were dried and
added to a trypsin solution to incubate at 37 °C overnight.
After the reaction was cooled down to RT, the supernatant was
removed and saved. The gel was subsequently extracted with
100 μL 0.1 % and 5 % TFA in 50 % ACN by gently mixing
and incubation at RT for 15 min, respectively. Each wash was
combined with the saved supernatant, and the resulting solu-
tion was lyophilizated for further MALDI analysis.

Mass spectrometry

MALDI mass spectrometric analysis was performed on
AXIMA Resonance MALDI QIT TOF MS (Shimadzu Corp.
JP), equipped with a 337 nm nitrogen laser in positive ion
detection. The engineering design and operation of the QIT-
TOF have been described in detail elsewhere [25, 26].
12.5 mg mL−1 DHB in 50 % acetonitrile (ACN) in water (v/v)
containing 0.1 % trifluoroacetic acid (TFA) was used as matrix
for AXIMA-QIT MALDI TOF MS; tandem MS fragmentation
was achieved by CID using argon (QIT) as the collision gas.
MALDI samples in aqueous solution (1 μL) were deposited
onto the MALDI plate and allowed to dry in air at ambient
temperature. Then, 1 μLmatrix solution (DHB, Sigma-Aldrich,
Germany) was added onto the sample layer and allowed to dry
under ambient conditions. TOFMix™ (LaserBio Labs, France)
containing eight peptides calibration standard is used for exter-
nal calibration of MS.

Glycoprotein – LOX-1

1. Denaturation

2. Pronase E

Glycopeptides & peptide mixture

3. PGC SPE

Glycopeptides

Identification of 

Glycosylation Site

and Glycopeptides Structure

4. MALDI – QIT – TOF – MS & MSn

1. Denaturation

2. PNGase F

N-glycans & peptide mixture

3. PGC SPE

N-glycans

Verification of 

N-glycan Structures

Deduced from the Glycopeptides

Chart 1 The procedure of site-specific characterization of
glycoproteins
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Results and discussion

Non-specific digestion of LOX-1 and enrichment
of glycopeptides by PGC SPE

Many glycoproteins are not susceptible to the traditional tryp-
sin digestion procedure, because the glycosylation sites are not
always located close to the cleavage sites of the standard
proteolytic enzymes, potentially resulting in glycopeptides that
are too large for effective tandemMS [22]. In our circumstance,
LOX-1 is just a typical representative of such glycoproteins that
are unsusceptible to trypsin digestion. The amino acid sequence
for the human LOX-1 gene product was obtained from the
Swiss-Prot database with accession number P78380 (Supple-
mental Chart 1). There are 273 amino acids composing the
protein moiety with a molecular mass of 25.5 kDa (monomer).
LOX-1 has two potential glycosylation at Asn73 and Asn139
and the two theoretical glycosylated tryptic peptides can be
found in Supplemental Table 1, which are already 3576.94 Da
and 5803.89 Da respectively, not including the attached N-
glycan moiety masses. These are almost beyond the effective
m/z detection range of our mass spectrometer.

Therefore, in our study, we utilized a nonspecific protease,
Pronase E, to digest LOX-1. Large glycosylated peptide frag-
ments were not present as they were digested to short amino
acid sequences while the non-glycosylated peptide fragments
were cut into shorter amino acid sequences. Ionic species with
m/z greater than 1000 were glycopeptides as the oligosaccha-
ride moieties corresponded to at least 800 mass units
(GlcNAc2Man3) [20]. So theoretically the glycopeptide ions
should be nicely separated by mass from the relatively short
non-glycosylated peptides and without further purification
steps. However, due to the low ionization efficiency, the
signals of glycopeptides may be suppressed by the high abun-
dance of non-glycosylated peptides [27]. The overlapping of
signals derived from glycopeptide ions and non-glycosylated
peptide ions may still be observed in spectra. Additionally,
incubation with Pronase E at 37 °C may result in peptides
derived by auto-proteolysis of the enzyme hampering the
analysis of complete corresponding glycopeptide patterns.

Consequently, an inevitable enrichment of glycopeptides like
micro-PGC SPE was employed, which permitted to overcome
the problems of signal suppression, overlapping of peptide
and glycopeptide signals as well as of the auto-proteolysis
peptides derived from Pronase E [18].

Identification and analyses of glycopeptides in LOX-1
by MALDI-QIT-TOF-MS3

Figure 1 shows the positive ion mass spectrum of glycopep-
tides (marked with asterisks) obtained after Pronase E di-
gestion and PGC separation. All of glycopeptides are
identified through tandemMS. The site-specific glycosylation
pattern can be deduced from these tandem MS data of glyco-
peptides. To illustrate the structure determination of observed
glycopeptides, we selected representive tandemMS spectra of
predominant glycopeptide signals for a more detailed descrip-
tion as shown in Fig. 2. Figure 2a shows the fragmentation
pattern of a [M+H]+ glycopeptide signal at m/z 3507.92 as
well as Fig. 2b shows its [M+Na]+ glycopeptide precursor at
m/z 3529.62, from which we can find fragment ions from
oligosaccharides and peptide signals. The glycosylation pat-
tern can be identified by analyzing these diagnostic fragment
ions. Considering that the N-glycosylation of LOX-1 is un-
known, we will address manual annotation of N-glycan pat-
tern in detail using diagnostic ions in MS2 and MS3 spectra.

Glycosylation site determination from multistage MS
spectra of glycopeptides

Two different series of fragment ions were observed in both
Fig. 2a and b, which can be used to deduce N-glycan and
peptide moiety of glycopeptide, individually. In Fig. 2a, the
first series (black-colored) of cleavages were at or near the
innermost N-acetylglucosamine residue, with the peptide
moiety attached to all the fragment ions. The most intense
signal at m/z 1091.40 corresponding to a [Mpep+203+H]

+

fragment, together with the signal at m/z 888.36 revealed a
cleavage between the Asn and the first GlcNAc in the core
glycan structure. Additionally, the [Mpep+203+146+H]

+ ion

Fig. 1 MALDI-QIT-TOF-MS
spectrum of Pronase E-digested
glycopeptides of LOX-1
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at m/z 1237.44 was observed simultaneously, which con-
firmed that the mass of peptide moiety was 888.36 Da.
Similar fragmentation pattern was observed in Fig. 2b: a
prominent signal at m/z 893.12 corresponds to a
[Mpep−NH3+Na]

+ fragment, which arises from the cleavage
of the side-chain amide bond of the glycosylated asparagine.
Additionally, the [Mpep+Na]

+ ion at m/z 910.18 was ob-
served. A 0,2X-ring cleavage of the innermost N-
acetylglucosamine generated a [Mpep+Na+83]

+ ion at m/z
993.15. The other two prominent signals at m/z 1113.19 and
1259.20 resulted from the Y-type cleavage of the chitobiose
core, which correspond to a [Mpep+Na+203]

+ ion and a
[Mpep+Na+203+146]

+ ion in case of a monofucosylated
core, respectively [28]. These typical ions at m/z 1259.20,
1113.19, 993.15, 910.18 and 893.12 again verified that the
mass of peptide moiety was 888.36 Da.

However, no obvious peptide fragment ions were found
in the tandem MS spectra for accurate glycosylation site
assignment. It is also reported before that utilizing a non-
specific enzyme may in some cases result in difficulties in
assignment of the correct peptide sequence even though the
sequence of the protein is known [18]. In the present work,
the characteristic ion at m/z 888.36 was selected as precursor
ion for MS3 in order to gain the information about peptide
sequence [29]. Figure 3 shows the MS3 spectrum of the
[Mpep+H]

+ ion at m/z 888.36. From the acquired MS3 spec-
trum (Fig. 3), the b-ions and y-ions derived from the peptide at
m/z 888.36 were observed and assigned as AN139CSAPCPQ.
However, there exists a 2 Da mass difference between ob-
served peptide signal at m/z 888.36 and the theoretical se-
quence mass at m/z 890.35, which indicated that the two
cysteines in ANCSAPCPQ may form a disulfide bond [30].

Fig. 2 MS/MS spectra of the
Pronase E-digested glycopepti-
des with complex type structure
at m/z 3507.92 ([M+H]+) and
3529.62 ([M+Na]+) of LOX-1.
The black-colored series of sig-
nals corresponds to the glyco-
peptides (except m/z 888.36
[Mpep+H]

+ in Fig. 2a and m/z
893.12 [Mpep-NH3+Na]

+,
910.18 [Mpep+Na]

+ in Fig. 2b),
of which the peptide sequence
is AN139CSAPCPQ. The
brown-colored series of signals
corresponds to N-glycans of
which the structures can be
found in Supplemental Table 3
and it should be noted that m/z
2413.22 in Fig. 2b corresponds
to [M-146-83-18+Na]+
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The reduction of glycoprotein followed by alkylation was then
employed prior to Pronase E digestion in order to verify the
existence of a disulfide bond. Figure 4a shows the MS/MS
spectrum of a Pronase E-digested glycopeptide atm/z 2626.18
after reduction and alkylation and its MS3 spectrum of m/z

1264.18 corresponding to the [Mpep+203+H]
+ fragment

(Fig. 4b). The b- and y- ions in Fig. 4b revealed that the
peptide sequence was ANCSAPCPQD, which confirmed that
Asn139 was the N-glycosylation site and explained the 2 Da
mass differences between the observed and theoretical peptide

Fig. 3 MS3 spectrum of m/z
888.36 of the Pronase E-
digested glycopeptide of LOX-
1, of which the peptide se-
quence is AN139CSAPCPQ

Fig. 4 MS/MS spectrum of a
Pronase E-digested glycopep-
tide at m/z 2626.18 after reduc-
tion and alkylation (a) and MS3

spectrum of m/z 1264.18
corresponding to the
[Mpep+203+H]

+ fragment (b)

404 Glycoconj J (2012) 29:399–409



masses. Therefore, one glycosylation site at Asn139 of LOX-1
was identified by this method.

N-glycan structure determination from tandem MS spectra
of glycopeptides

Subsequently, the mass of attached glycan moiety can be
deduced by subtracting the backbone peptide mass obtained
as above from the mass of its N-linked glycopeptide precur-
sor. For example, a LOX-1 glycopeptide at m/z 3529.62
(Fig. 2b) yielded the peptide fragment mass of 910.18, of
which the attached glycan mass was calculated as 2619.
There were also two different series of fragment ions ob-
served in Fig. 2b. The first series was similar to the one
mentioned above in Fig. 2a and the second series of frag-
ment ions (brown-colored in Fig. 2) was generated by Y-
type and B-type cleavages of N-glycosidic linkages provid-
ing information about the glycan sequence, branching, and
terminal motifs like N-glycan antennae structures [31–36].
The fragmentation nomenclature used here is described by
Domon and Costello [37] where fragments containing a
terminal (non-reducing end) sugar unit are termed Ai

(cross-ring cleavages), Bi and Ci (glycosidic cleavages),
whereas those fragments containing the aglycone (or the
reducing sugar unit) are termed Xj (cross-ring), Yj and Zj

(glycosidic) [37]. Subscripts indicate the position relative to
the termini analogous to the system used in peptides, and the
superscripts of cross-ring cleavage ions indicate the two
bonds that are cleaved. Based on the following data we
determined the composition of the glycan moiety and pro-
posed the possible corresponding structures. According to
the sequence of B- and Y- ions: Y4α’Y4α”B6, Y5α’Y4α”B6,
Y6α’Y4α”B6, Y4α”B6, Y5α”B6, Y6α”B6, B6, Y1γ

0,2A7 and
0,2A7 at m/z 1239.16, 1442.21, 1604.20, 1766.19, 1696.23,
2131.23, 2293.22, 2413.22 and 2559.28, respectively, the
composition of the N-glycan attached to the glycopeptide at
m/z 3529.62 was 9 Hex, 1 core Fuc and 5 N-aceylglucosamine
residues. There were two consecutive losses of 527 directly
from the quasimolecular ion (m/z 3529.62→3002.30→
2475.37), indicating that two same motifs of Hex-Hex-

HexNAc were at non-reducing terminal positions. There is a
direct Hex-Hex-HexNAc series loss from the quasimolecular
ion (m/z 3529.62→3367.21→3205.17→3002.30), suggest-
ing that the two Hex are external. Another direct loss of 146
from the quasimolecular ion (m/z 3529.62→3383.30) resulted
from the labile nature of fucose and was followed by two
consecutive losses of 527 (m/z 3383.30→2856.24→2329.22),
which confirmed the deduction above.

Verification and analyses of N-glycan structures in LOX-1
by MALDI-QIT-TOF-MS/MS

Although the N-linked glycan structures of LOX-1 were deter-
mined at the level of glycopeptides, the N-glycosylation pattern
of LOX-1 has not been determined and reported before. As
released N-glycans by PNGase F are more amenable to tandem
MS than large glycopeptides and possibly produce more strong
signals for glycan fragment ions, released glycans with PNGase
F using tandem MS were characterized to verify the glycan
structures deduced from the corresponding glycopeptides.

Figure 5 shows the positive ion mass spectrum of N-
glycans of LOX-1 released by PNGase F and Supplemental
Table 2 has listed all the identified N-glycan compositions
and corresponding proposed structures with their MALDI
positive ions masses, which were observed in Fig. 5. There
were no sufficient materials available for a whole range of
exoglycosidase digestions to conform the monosaccharide
constituents identification. However, the glycobiology knowl-
edge has suggested these as being galactose, GlcNAc, fucose
and mannose leaving little doubt as to the further identity of
these residues of LOX-1 here.

Figure 6 shows the MALDI positive ion MS/MS of a tri-
antennaryN-linked glycopeptides atm/z 2660.52 (Supplemental
Table 2, No. 13), the oligosaccharide composition of which
corresponds to one Fuc (on the reducing-terminal GlcNAc
residue), nine Hex, and five HexNAc, which is consistent with
the glycan molecular weight and composition we deduced from
the glycopeptide at m/z 3529.62 (Fig. 2). Supplemental Table 3
has listed the corresponding compositions and proposed
structures of all the fragment signals observed in Fig. 6.

Fig. 5 MALDI-QIT-TOF-MS
spectrum of PNGase F-released
N-glycans of LOX-1
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The 307 mass-unit loss (m/z 2660.52→2353.46) during the
formation of 2,4A7 ion revealed that fucose substitution was
at the 6-position of the reducing-terminal GlcNAc residue,
which was the summation of 146 (Fuc), 18 (H2O) and 143
(part of the reducing-terminal GlcNAc by the cleavage of 2,
4 bonds) [38].

Three consecutive loss of 527 (m/z 2293.45→1766.34→
1239.23→712.12) as predominant fragment ions was ob-
served in the N-glycan MS/MS spectrum (Fig. 5), which
verified that there were three Hex-Hex-HexNAc motifs at
the non-reducing terminal. It is noted that the other two direct
losses of Fuc (m/z 2660.52→2514.55) and 101 (part of the
reducing-terminal GlcNAc by the cleavage of 0, 2 bonds, m/z
2660.52→2559.52) from the same quasimolecular ion occur
by two different pathways: (1) the former is followed by the
loss of 211 (HexNAc+H2O) and forms the ion at m/z 2293.45,
after which a series loss of 527 as described before occurs (m/z
2514.55→2293.45→1766.34→1239.23→712.12); (2) the
latter is directly followed by the loss of 162 and the subse-
quent loss of 365 (Hex-HexNAc), which again confirms that
the 527 motif sequence from the non-reducing terminal to the
reducing terminal is Hex-Hex-HexNAc (m/z 2559.52→
2397.50→2032.39→1505.31→978.20). The proposed com-
position of Hex-Hex-HexNAc is Gal-Gal-GlcNAc, which is
unreasonable in human glycoprotein, but the LOX-1 studied
in our study was expressed in murine myeloma cell line,
which makes it possible for having Gal-Gal at the nonreduc-
ing end [39]. Two D ions at m/z 874.15 and 1401.27, respec-
tively, in the spectrum of the tri-antennary glycan (Fig. 6)
confirmed that the major isomer was a glycan containing a
branched 3-antenna while the branched 6-anterna as minor.
The predominant D ion at m/z 874.15 revealed Hex-Hex-
HexNAc (Gal-Gal-GlcNAc) as the composition of the 6-
antenna leaving the same composition for 3-antenna when it

came to 1401.27 which was of low relative abundance.
Additionally, it is known that the tri-antennary glycans
were mainly branched on the 3-antenna rather than on
the 6-arm [40–43]. Thus the released glycan structure
analysis support the results we obtained from the
method based on nonspecific digested glycopeptides
analysis.

N-glycosylation status of Asn73

Theoretically, there exist two potential N-glycosylation sites of
LOX-1. Unfortunately, in our study, only one glycosylation
site at Asn139 of LOX-1 was identified. In order to verify the
occurrence of N-glycosylation at the other potential site Asn73,
both LOX-1 and deglycosyled LOX-1 incubated with PNGase
F first were subject to SDS-PAGE. The changes in protein
migration after enzymatic deglycosylation are shown in
Fig. 7a. The resulting change in molecular weight could be
detected as shifts in gel mobility, which allows us to get a
general idea of the glycosylation status of LOX-1. Thus,
compared to band 3 in lane 2, band 1 and 2 in lane 1
(Fig. 7a) are both glycosylated, which indicates there are two
glycosylation forms of LOX-1.

PNGase F cleaves the linkage between GlcNAc and
asparagines and converts Asn into Asp, and the resulting
mass difference of 0.98 Da could be subsequently used
to identify glycosylation sites by mass spectrometry [10].
Thus, excised band 1 and 2 were treated consecutively
with PNGase F and trypsin after reduction and alkyl-
ation. The obtained PNGase F treated and tryptic pep-
tides of LOX-1 were then analyzed by MALDI MS and
MS/MS. The corresponding MALDI mass spectra of
trypsin-digested peptides extracted from band 1 and 2
are shown in Fig. 7a and b, respectively and the tryptic

Fig. 6 MS/MS spectrum and
structures with fragmentation
nomenclature of the [M+Na]+

of the PNGase F-released N-
glycan with complex type
structure at m/z 2660.52 of
LOX-1
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Fig. 7 SDS-PAGE separation of LOX-1 (a); lane 1: LOX-1; lane 2:
deglycosylated LOX-1 incubated with PNGase F first; MALDI-QIT-
TOF-MS spectra of trypsin-digested peptides of deglycosylated LOX-1

extracted from band 1 (b) and band 2 (c). The peptides containing
Asn73 are marked with asterisks
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peptides containing deglycosylated Asn73 are marked
with asterisks. It was noted that glycosylation at Asn73
was only detected in band 1 but not in band 2. Further-
more, band 2 is observed as being more heavily stained
with Coomassie blue than band 1 in Fig. 7a, which
reveals that the nonglycosylated Asn73 is more abundant
than the glycosylated ones. So the glycosylation of Asn73
was not detected previously, which may due to the low
abundance of Asn73 glycosylated peptides. The
corresponding MS/MS spectra of m/z 3274.54 and
3273.41 are shown in Supplemental Figure 1. However,
the PNGase F treated and trypsin digested peptides con-
taining the identified N-glycosylation site Asn139 were
not detected in Fig. 7b or c, probably due to the large
peptide mass (Supplemental Table 1), which further val-
idates the advantages of non-specific digestion of LOX-1
mentioned previously.

Conclusion

In summary, nonspecific digestion with Pronase E can
efficiently digest recombinant human LOX-1 to short
glycopeptides amenable for tandem MS, allowing obtain-
ing N-glycans composition information, while MS3 ena-
bles the correct identification of the sequence for peptides
portion of a glycopeptide. With the method employing Pro-
nase E digestion combined with MALDI multistage MS,
Asn139 of recombinant human LOX-1 has been revealed as
an N-glycosylation site with corresponding complex
type N-glycans attached, of which N-glycan composi-
tions and deduced structures have been shown for the
first time. Therefore, the method explored here is demonstrat-
ed to identify site-specific N-glycosylation simultaneously,
which is promising as a simple and rapid approach to reveal
the N-glycosylation pattern of the LOX-1. In addition, frag-
ment pattern and diagnostic ions resulting from CID of non-
specific digested glycopeptides using MALDI-QIT-TOF-MS
are discussed in detail, which could provide useful informa-
tion for other similar work.

The determination of N-glycosylation in our study has
laid the foundation for thorough research of the structure-
biological function relationships of LOX-1. Furthermore,
the nonspecific digestion method coupled with multistage
MS techniques only requires trace amount of glycopro-
teins and could be applicable to the N-glycosylation
characterization of endogenous human LOX-1, which is
the subject of our further research.
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