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Previous proteomics studies have partially unraveled the
complexity of endothelial protein secretion but have not
investigated glycosylation, a key modification of secreted
and membrane proteins for cell communication. In this
study, human umbilical vein endothelial cells were kept in
serum-free medium before activation by phorbol-12-my-
ristate-13 acetate, a commonly used secretagogue that
induces exocytosis of endothelial vesicles. In addition to
123 secreted proteins, the secretome was particularly rich
in membrane proteins. Glycopeptides were enriched by
zwitterionic hydrophilic interaction liquid chromatography
resins and were either treated with PNGase F and H2

18O
or directly analyzed using a recently developed workflow
combining higher-energy C-trap dissociation (HCD) with
electron-transfer dissociation (ETD) for a hybrid linear ion
trap–orbitrap mass spectrometer. After deglycosylation
with PNGase F in the presence of H2

18O, 123 unique pep-
tides displayed 18O-deamidation of asparagine, corre-
sponding to 86 proteins with a total of 121 glycosylation
sites. Direct glycopeptide analysis via HCD-ETD identified
131 glycopeptides from 59 proteins and 118 glycosylation
sites, of which 41 were known, 51 were predicted, and 26
were novel. Two methods were compared: alternating
HCD-ETD and HCD-product-dependent ETD. The former
detected predominantly high-intensity, multiply charged
glycopeptides, whereas the latter preferentially selected
precursors with complex/hybrid glycans for fragmenta-
tion. Validation was performed by means of glycoprotein
enrichment and analysis of the input, the flow-through,
and the bound fraction. This study represents the most
comprehensive characterization of endothelial protein se-
cretion to date and demonstrates the potential of new
HCD-ETD workflows for determining the glycosylation
status of complex biological samples. Molecular & Cel-
lular Proteomics 12: 10.1074/mcp.M112.024018, 956–978,
2013.

Cardiovascular disease manifests predominantly as myo-
cardial ischemia, heart failure, stroke, aortic aneurysm, and

peripheral vascular disease and leads to the majority of
deaths and disabilities worldwide. Endothelial cells (ECs) con-
stitute the inner lining of all blood vessels and form the inter-
face between the circulation and the vascular wall (1). The
endothelial monolayer is pivotal for maintaining vascular ho-
meostasis through a balance of endothelium-derived factors
(2, 3). ECs are preferred targets of cardiovascular risk factors
such as hypercholesterolemia, diabetes, hypertension, and
smoking (1, 4). Repetitive injury is associated with a varying
degree of endothelial dysfunction. Alterations in its anticoag-
ulant and anti-inflammatory properties leave the vasculature
susceptible to disease (5) and play a key role in the initiation
and progression of cardiovascular disease (6).

Previous proteomics studies (7–13), including one by our
group (8), have investigated the secretome of unstimulated
human umbilical vein ECs (HUVECs), the most widely used
ECs in cardiovascular research. Only two studies have ex-
plored the secretome of HUVECs upon activation by shear
stress (10) or with statin treatment (13) thus far. One study
used human microvascular ECs (9), which represent a distinct
population of ECs from small vessels. Yet many factors se-
creted by ECs were not identified, probably because of their
low abundance. In this study, we used a secretagogue, phor-
bol ester phorbol-12-myristate-13-acetate (PMA) (14, 15), to
induce maximal protein release from serum-starved HUVECs
over 45 min. In addition, we applied three different proteomic
strategies for the analysis of glycoproteins/glycopeptides to
further enrich secreted proteins and characterize their glyco-
sylation sites.

EXPERIMENTAL PROCEDURES

EC Culture—HUVECs (Lonza Group Ltd., Basel, Switzerland) were
cultured on 0.1% gelatin-coated flasks in M199 medium supple-
mented with 1 ng/ml endothelial cell growth factor (Sigma), 3 �g/ml
endothelial growth supplement from bovine neural tissue (Sigma), 10
U/ml heparin, 1.25 �g/ml thymidine, 10% fetal bovine serum (A15–
108, PAA Laboratories, Velizy-Villacoublay, France), and 100 �g/ml
penicillin and streptomycin in a humidified incubator supplemented
with 5% CO2 at 37 °C. The cells were subcultured every 2 to 3 days
at a ratio of 1:4 (16).

Conditioned Medium Collection—HUVECs were cultured in com-
plete medium until confluent. Then, they were washed and incubated
in M199 medium for 30 min twice before stimulation with 50 nM PMA
(Sigma) in M199 medium for 45 min. The control group was incubated
with M199 medium in the absence of PMA for 45 min. Conditioned
media were collected and stored at �80 °C for further analysis.

Immunofluorescence Staining—HUVECs were cultured in Nunc
chamber slides (Sigma-Aldrich) for 3 days. HUVECs were stimulated
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with 50 nM PMA in M199 medium for 45 min or incubated with M199
medium for 45 min. The cells were fixed with 4% formaldehyde in
PBS for 10 min, permeabilized with 0.1% Triton X-100 in PBS for 5
min, and blocked in 5% fetal bovine serum in PBS for 30 min at 37 °C.
Following 1 h of incubation with the primary antibodies, VE-cadherin
(ab33168, Abcam, Cambridge, UK), and von Willebrand factor (vWF)
(sc-8068, Santa Cruz Biotechnology, Santa Cruz, CA) at 37 °C, an
Alexa Fluor® 594 conjugated donkey anti-rabbit IgG and an Alexa
Fluor® 488 conjugated donkey anti-goat IgG, respectively, were
added, and the cells were incubated at 37 °C for 30 min. Nuclei were
counterstained with 4�,6-diamidino-2-phenylindole (D9542, Sigma)
for 5 min. The slide was mounted in fluorescence mounting medium
(DAKO, Denmark A/S, Glostrup, Denmark) and examined with an
AxioPlan 2 fluorescence microscope (Carl Zeiss, Thornwood, NY)
(17).

Proteomics Profiling of the Secretome—Conditioned media were
concentrated with an Amicon spin column (3kD MWCO, EDO Milli-
pore Corp., Billerica, MA) and separated via 4%–12% Bis-Tris SDS-
PAGE (Invitrogen). Proteins were visualized via silver staining
(PlusOne silver staining kit for proteins, GE Healthcare). Gel bands
were digested with modified trypsin (Promega Corp., Madison, WI)
overnight on a ProGest digestion robot (Digilab Inc., Marlborough,
MA) and analyzed via reverse-phase nano-flow HPLC (PepMap C18,
3 �m, 100 Å, 25 cm � 75 �m inner diameter column, Thermo
Scientific) interfaced to an LTQ Orbitrap XL MS (Thermo Scientific)
(18).

Deglycosylation—Concentrated media were mixed with deglyco-
sylation buffer (150 mM NaCl, 50 mM sodium acetate, 10 mM EDTA,
proteinase inhibitors, pH 6.8) supplemented with 0.05U PNGase F
(Sigma), chondroitinase ABC (C3667, Sigma), and keratanase
(G6920, Sigma) and incubated at 37 °C overnight (19).

Immunoblotting—Concentrated or deglycosylated media were
separated via 4%–12% Bis-Tris gel (Invitrogen). Proteins were trans-
ferred on a nitrocellulose membrane and blocked with 5% bovine
serum albumin in PBS. Membranes were incubated with primary
antibody overnight at 4 °C. Secondary antibodies were incubated for
1 h at room temperature. After the addition of ECL (GE Healthcare),
the film was developed using a Compact X4 Automatic Processor
(Xograph Healthcare Ltd., Stonehouse, UK). The following primary
antibodies were used: agrin (sc-25528, Santa Cruz Biotechnology),
biglycan (ab54855, Abcam), connective tissue growth factor (sc-
25440, Santa Cruz Biotechnology), fibronectin (sc-56391, Santa Cruz
Biotechnology), and lymphatic vessel endothelial hyaluronic acid re-
ceptor 1 (AF2089, R&D Systems).

Difference Gel Electrophoresis—Conditioned media from HUVECs
treated with or without PMA were concentrated using an Amicon spin
column (3kD MWCO, Millipore) and the ReadyPrep 2D clean-up kit
(Bio-Rad). The pellet was resuspended in difference gel electropho-
resis lysis buffer (30 mM Tris, 8 M urea, 4% w/v CHAPS, protease
inhibitors, pH 8.5). For each secretome sample, 15 �g of proteins
were labeled with Cy3 or Cy5. A dye swap was performed to exclude
preferential labeling. Cellular extracts of HUVECs were labeled with
Cy2. Cy2-, Cy3-, and Cy5-labeled samples were separated via iso-
electric focusing on immobilized pH gradient dry strips (18 cm, pH
3–10 NL, GE Healthcare) with 30 KVH. The strips were equilibrated
with 10 mg/ml DTT in equilibration buffer (6 M urea, 2% w/v SDS, 30%
v/v glycerol, 50 mM Tris, pH 8.8) for 15 min followed by 48 mg/ml
iodoacetamide in equilibration buffer for 15 min before separation via
SDS-PAGE at 100 W for 4 h using an Ettan DALTsix vertical electro-
phoresis system (GE Healthcare) (20–22). Gels were scanned on an
Ettan difference gel electrophoresis imager (GE Healthcare). Images
were overlaid with ImageQuant TL software (GE Healthcare). Com-
mon spots present in both the cellular proteome and the secretome
were excised, digested with trypsin, and identified using nano-flow

HPLC-MS/MS. Detailed protocols are available on our research
group’s website.

Glycopeptide Enrichment—Conditioned media were desalted via
the use of Zeba spin columns (Thermo Scientific). Proteins were then
reduced by 5 mM DTT and alkylated with 25 mM iodoacetamide. After
acetone precipitation overnight, the pellet was resuspended in 100
mM triethylammonium bicarbonate (pH 8.5, Sigma) and digested with
modified trypsin (Promega) at 37 °C overnight. Peptides were labeled
at a ratio of 100 �g peptides/0.8 mg Tandem Mass Tag Zero (TMT0)
(Thermo Scientific) according to the manufacturer’s instruction. La-
beled peptides were further enriched for glycopeptides using zwitte-
rionic hydrophilic interaction liquid chromatography resin (Merck) (23).

LC/MS of Intact Glycopeptides—The glycopeptide enriched frac-
tion was separated using the EASY-nLCTM nano-HPLC system
(Thermo Scientific) with a Magic C18 spray tip 15 cm � 75 �m inner
diameter column (Bruker-Michrom, Auburn, CA). Gradient elution was
performed with 4% to 30% acetonitrile in 0.1% formic acid over 60
min at a flow rate of 300 nl/min. The samples were analyzed with an
Orbitrap Elite hybrid MS with electron-transfer dissociation (ETD)
(Thermo Scientific). The following MS and MS/MS settings were used:
Fourier transform: MSn automatic gain control target � 5E4; MS/
MS � 1 �scans, max ion time � 200 ms; MS � 300–1800 m/z,
resolution � 60,000 at m/z 400, MS target � 1E6; dynamic exclu-
sion � repeat count 1, duration 30 s, exclusion duration 90 s; higher-
energy C-trap dissociation (HCD): collision energy � 35%, resolu-
tion � 15,000; MSn target ion trap � 1E4, 2 �scans, max ion time �
150 ms; ETD anion automatic gain control target � 2E5, charge-de-
pendent ETD reaction time enabled. For alternating HCD-ETD MS/
MS, the top 10 ions were analyzed. For HCD-product-dependent
ETD, the top 10 ions were analyzed via HCD, and product-dependent
ETD acquisition was triggered by product (oxonium) ions (m/z
163.0812 for Hex; m/z 204.0864 for HexNAc; m/z 138.0554 for Hex-
NAc fragment ion) (24).

Deglycosylation with PNGase F and H2
18O—Zwitterionic hydro-

philic interaction liquid chromatography resin enriched glycopeptides
were resuspended in 50 mM ammonium bicarbonate in H2

18O (97
atom % 18O, Sigma) and deglycosylated with PNGase F (Sigma) for
4 h at 37 °C. The samples were separated via reverse-phase nano-
flow HPLC (PepMap C18, 3 �m, 100 Å, 25 cm � 75 �m inner
diameter column, Thermo Scientific) before analysis on an LTQ Or-
bitrap XL MS (Thermo Scientific).

Glycoprotein Enrichment and LC/MS—ConA1 lectin resins (Thermo
Scientific) were used to enrich glycoproteins from concentrated con-
ditioned media according to the manufacturer’s protocol. The input,
glycoprotein-enriched fraction, and flow-through samples were sub-
jected to trypsin digestion. The in-solution digests were separated on
a Thermo Scientific Dionex UltiMate 3000 Rapid Separation LC
(RSLC) system using a PepMap C18 column (3 �m, 100 Å, 50 cm �
75 �m inner diameter column, Thermo Scientific). The rapid separa-
tion LC system was interfaced to a Q Exactive MS (Thermo Scientific),
and samples were analyzed using a top-10 HCD method.

Database Search and Data analysis—The following parameters
were used for different experiments.

(i) Gel-LC-MS/MS: Peak lists were generated by Mascot daemon
(version 2.3.0, Matrix Science Ltd., London, UK) using extract_
msn_com.exe and searched against the UniProt/Swiss-Prot mamma-

1 The abbreviations used are: ConA, concanavalin A; EC, endothe-
lial cell; ETD, electron-transfer dissociation; GlcNAc, N-acetylgluco-
samine; HCD, higher-energy C-trap dissociation; Hex, hexose;
HexNAc, N-acetylhexosamine; HUVEC, human umbilical vein endo-
thelial cell; PMA, phorbol-12-myristate-13-acetate; PNGase F, pep-
tide: N-glycosidase F; TMT0, Tandem Mass Tag Zero; vWF, von
Willebrand factor.
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lian database (version 2012.03, 65,780 entries) using Mascot (version
2.3.01, Matrix Science) with peptide tolerance � 10 ppm, MS/MS
tolerance � 0.8 Da, carbamidomethylation of cysteine as a fixed
modification, oxidation of methionine as a variable modification, and
a maximum of two missed cleavage sites. The search results were
loaded into Scaffold software (version 3.6.2, Proteome Software Soft-
ware, Inc., Portland, OR). A protein probability greater than 99%, a
peptide probability greater than 95%, and a minimum number of two
peptides per protein were applied as filters to generate the protein list.
Bovine contaminant proteins are listed separately.

(ii) PNGase F � H2
18O experiment: Thermo Scientific Proteome

Discoverer software version 1.3 was used to search against the
UniProt/Swiss-Prot mammalian database (version 2012.03) using
Mascot (version 2.3.01, Matrix Science) with a peptide tolerance of 10
ppm; an MS/MS tolerance of 0.8 Da; carbamidomethylation of cys-
teine as a fixed modification; oxidation of methionine, TMT0 label on
lysine and peptide N-terminus, and deamidation (spontaneous
deamidation in ordinary water) and O18-deamidation (deglycosylation
by PNGase F in H2

18O) of asparagine as variable modifications; and a
maximum of two missed cleavage sites. Proteome Discoverer pro-
duced a custom database containing 136 target proteins based on
this search.

(iii) Orbitrap Elite MS: Raw files were searched against the 136-
protein database (along with reversed proteins as decoys) using
ByonicTM (25) with a peptide tolerance of 10 ppm; an MS/MS toler-
ance of 20 ppm for HCD and 0.6 Da for ETD; the carbamidomethy-
lated cysteine, TMT0 label on lysine and peptide N-terminus as fixed
modifications; and oxidation of methionine, deamidation of aspara-
gine and glutamine, and phosphorylation of serine and threonine as
variable modifications. ByonicTM allowed one N-glycan modification
on the N-X(not P)-S/T consensus motif per peptide, with mass and
composition chosen from its “common human” glycan database
containing 350 glycan masses up to 6000 Da. Glycan modifications
were verified by the presence of corresponding glycan fragment ions,
such as the HexNAc oxonium ion at 204.087 Da in HCD spectra.
Peptide sequences were identified by ByonicTM from the ETD spectra
and verified manually.

(iv) Q Exactive MS: Raw files were searched against the UniProt/
Swiss-Prot human database (version 57.13, 20,266 entries) using
Proteome Discoverer (version 1.3, Thermo Scientific) with Mascot
(version 2.3.0, Matrix Science) and a peptide tolerance of 10 ppm, an
MS/MS tolerance of 10 mmu, carbamidomethylation of cysteine as a
fixed modification, oxidation of methionine as a variable modification,
and a maximum of two missed cleavage sites.

RESULTS

The Secretome of Activated ECs—HUVECs were stimu-
lated with PMA, a commonly used secretagogue that induces
exocytosis of endothelial vesicles. As previously reported (26),
the morphology of ECs changes from spindle-shaped to
round upon PMA activation, and the rod-shaped Weibel-Pal-
ade bodies, unique storage vesicles within ECs containing
vWF and many other secreted proteins, fuse with the cell
membrane (Fig. 1A). In total, the secretomes of 17 primary
ECs were analyzed via gel-LC-MS/MS, with or without degly-
cosylation. Apart from 123 secreted proteins, the conditioned
medium of PMA-stimulated ECs was particularly rich in sur-
face antigens and receptors, including many established en-
dothelial markers (Table I). All identified proteins and peptides
are listed in supplemental Tables S1 and S2, respectively. The
distribution of the frequencies and the cumulated distribution

of the number of samples in which proteins were identified are
shown in supplemental Fig. S1. MS datasets of three biolog-
ical replicates have been deposited in PRIDE (accession num-
bers 26908–27003).

Immunoblots confirmed that proteins such as fibronectin
and biglycan were constitutively secreted (Fig. 1B). Others
such as agrin and lymphatic vessel endothelial hyaluronic acid
receptor 1 were released upon PMA stimulation, providing an

FIG. 1. PMA treatment to stimulate EC secretion. Treatment of
HUVECs with PMA, a commonly used secretagogue, resulted in a
characteristic morphological change indicative of activation. A, im-
munofluorescence staining of vWF (green) and VE-cadherin (red)
shows the exocytotic effect of PMA. B, PMA increased protein se-
cretion in the conditioned media as confirmed via immunoblotting. C,
relative to previous studies, more than twice as many secreted and
plasma membrane proteins were identified. D, overlay of intracellular
and secreted proteins by means of difference gel electrophoresis. In
the left-hand panel, proteins in conditioned media of HUVECs are
stained in green (�PMA) and red (�PMA), and cellular proteins are
stained in blue. Results were reproduced with different biological
replicates using reverse-labeling (right-hand panel: red, �PMA;
green, �PMA). The protein corresponding to von Willebrand antigen
2 is highlighted with a box. Common proteins in the secretome and
the cellular proteome are numbered in supplemental Fig. S2 and
listed in supplemental Table S3.
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explanation for why previously unidentified proteins (8, 10)
were found in the present analysis (Fig. 1C). An overlay be-
tween secreted (Cy3 and Cy 5; green and red color) and
cellular (Cy 2; blue color) proteins is shown in Fig. 1D. Com-
mon spots were numbered (supplemental Fig. S2) and iden-
tified via LC-MS/MS (supplemental Table S3). Certain pro-
teins, such as von Willebrand antigen 2 (a propeptide of vWF,
AA 23–763), were clearly more abundant in the secretome of
PMA-treated HUVECs.

The Endothelial Glycoproteome—Among the 1252 identi-
fied proteins were 253 extracellular or plasma membrane
proteins (approximately 20%) related to cell adhesion, blood
coagulation, hemostasis, signaling transduction, and protein
transportation, of which 166 were known glycoproteins (Table
I). To further characterize this subproteome, we employed a
glycoproteomics approach. Secreted proteins were precipi-
tated and digested with trypsin, and tryptic peptides were
labeled with TMT0 to increase their charge state prior to
enrichment by means of zwitterionic hydrophilic interaction
liquid chromatography purification (24). For glycosite identifi-
cation, an indirect and a direct strategy were pursued (Fig.
2A): (i) digestion with PNGase F in the presence of 18O water
to label the conversion of asparagine to aspartic acid upon the
removal of N-glycans, and (ii) alternating HCD and ETD (HCD-
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FIG. 2. Glycoproteomics. A, glycopeptide identification workflow.
Comparison of direct and indirect glycopeptide detection using HCD-
ETD and 18O-deamidation after PNGase F � H2

18O treatment, re-
spectively: identified unique glycopeptides (B), unique glycosylation
sites (C), and unique glycoproteins (D).
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alt-ETD) or HCD-product-dependent ETD (HCD-pd-ETD)
fragmentation on an Orbitrap Elite MS (24).

There was little overlap in the numbers of glycopeptides
(Fig. 2B) and glycosylation sites (Fig. 2C) identified via the
direct (HCD-ETD) and the indirect (PNGase F � H2

18O) meth-
ods. Better agreement was observed at the protein level (Fig.
2D). With the indirect (PNGase F � H2

18O) method, 27 pep-
tides were identified with N[�2.99] modification at non-con-
sensus sequence, out of 1139 total identified peptides with
N[�2.99]. This anomaly rate of 2.4% (27/1139) combines the
rate of false identifications and the rate of chance deamida-
tions in 18O water that were not in the consensus sequence of
glycosylation (i.e. N-X(not P)-S/T). All glycopeptides identified
are listed in Table II and supplemental Table S4. Three spectra
(full MS, HCD, and ETD) from a neuronal cell adhesion mole-
cule (UniProt accession number Q92823) (AA - 222FNHTQ-
TIQQK231) are presented in Fig. 3.

For the same samples, HCD-pd-ETD revealed 28 known,
25 potential, and 16 novel glycosylation sites based on 209
identified spectra; HCD-alt-ETD revealed 20 known, 32 po-
tential, and 14 novel glycosylation sites from 110 identified
spectra. The HCD-alt-ETD method selected mostly precur-
sors with higher intensities, higher charge, and smaller m/z
(Fig. 4A). Several large glycopeptides were detected via only
HCD-alt-ETD, and more low-abundant glycopeptides were
detected via HCD-pd-ETD. There was limited overlap in the
identified glycopeptides but better agreement in the protein
level (Fig. 4B). Among the 319 total glycopeptides identified in
the conditioned media, 31 were attached with a trimannosyl
core (-HexNAc2Hex3) or truncated core (-HexNAc2Hex), 50
with high mannose (-HexNAc2Hex4–9), and 238 with complex/
hybrid glycans. Notably, HCD-pd-ETD detected almost twice
as many complex/hybrid glycoforms as HCD-alt-ETD
(Fig.4C).

Validation of Glycoproteins—To validate the glycosylation
status, we performed additional analysis before and after
glycoprotein enrichment with affinity resins of ConA lectin
(n � 4) using a Q Exactive MS (Thermo Scientific). We then
compared the number of identified spectra in the glycopro-
tein-enriched fraction, the flow-through, and the input (sup-
plemental Table S5). For most glycoproteins, a higher spectral
count was observed in the glycoprotein-enriched fraction
than in the original input and/or the flow-through. Represent-
ative examples (fibronectin, neuronal cell adhesion molecule,
tyrosine-protein-kinase-like 7, and vWF) are shown in Fig. 5A.
Non-glycosylated proteins, such as annexin A2 and alpha-
enolase, were more abundant in the flow-through. Glycopro-
teins identified in all three methods are highlighted in Fig. 5B.

Confirmation of Predicted Glycosylation Sites—The hemo-
static protein vWF is the main protein stored within Weibel-
Palade bodies (27). After secretagogue stimulation, Weibel-
Palade bodies undergo exocytosis, releasing vWF filaments.
vWF is one of the few known proteins containing the ABO
blood group signature, which is formed by different glycans.

Although the released glycan composition of this protein has
been investigated extensively (28, 29), experimental evidence
for many putative glycosylation sites is still missing. The cov-
erage obtained for vWF in our proteomics analysis is shown in
Fig. 6A. The precursor protein consists of homologous units
such as the VWF type A, C, and D domains and a C-terminal
cystine know (CTCK). The vWF propeptide (D1-D2, AA 23–
763) is separated from the remaining domains of mature vWF
(AA 764–2813) via furin-mediated proteolytic cleavage. We
confirmed 6 N-glycosylation sites. Notably, three N-glycosy-
lation sites were located within the propeptide (AA 23–763).
Examples of ETD spectra are shown in Fig. 6B.

DISCUSSION

This study represents a significant advance over the exist-
ing proteomics literature on ECs. Unlike other cell types, ECs
do not tolerate prolonged serum starvation, and their suscep-
tibility to cell death upon serum withdrawal poses a major
challenge for proteomic workflows targeting their secretome.
We performed secretome analysis after 45 min of PMA stim-
ulation combined with enrichment strategies for glycopro-
teins and glycopeptides. Glycopeptides were analyzed via
three complementary MS techniques: the detection of 18O
asparagine deamidation after digestion with PNGase F in
H2

18O, HCD-alt-ETD, and HCD-pd-ETD using an Orbitrap
Elite MS.

The Endothelial Secretome—The secretagogue PMA mini-
mized EC death by allowing a shorter incubation period under
serum-free conditions while increasing coverage in the pro-
teomic analysis by inducing the exocytosis of intracellular
storage vesicles (14) such as Weibel-Palade bodies. These
unique storage vesicles in ECs play a major role in hemostasis
and cell-to-cell communication. Using this approach, many
more proteins were identified than in any previous proteomics
study on ECs, including known endothelial surface markers
such as endoglin (CD105), integrin beta-1 (CD29), tyrosine-
protein kinase receptor Tie-1, and junctional adhesion mole-
cule A; secreted growth factors (i.e. C-type lectin domain
family 11 member A); co-receptors (i.e. neuropilin-1 (co-re-
ceptor for VEGF-A)); proteases(i.e. furin); and inflammatory
mediators (i.e. macrophage migration inhibitory factor), to
name just a few. Short-term PMA treatment does not release
microparticles (30), as shedding events make it difficult to
discern intracellular from secreted/membrane proteins. In a
direct comparison of the cellular proteome and the secretome
utilizing difference gel electrophoresis, 70 out of 96 proteins
analyzed were present in both samples, representing �10%
of the visible protein spots in the secretome.

Biological Importance of Glycosylation—Glycosylation is
key for the stability and solubility of secreted and membrane
proteins. It is the most complex post-translational modifica-
tion (31) and mediates extracellular matrix network assembly,
cell–cell interactions, and cell–matrix interactions. Unlike
polynucleotides and polypeptides, which have a linear struc-
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ture, sugars tend to be arranged in branched polymers, re-
sulting in an exponential increase of possible polysaccharide
combinations. Theoretically, just six monosaccharides can

give rise to 1012 different glycan structures. This high diversity
of protein-bound glycans requires a combination of different
techniques. For example, new MS-based methods were de-

FIG. 3. HCD-pd-ETD fragmentation. Full MS showing the different glycoforms of the same peptide sequence (A). Characteristic oxonium
ion detected by HCD at m/z � 204.09 (B). This HexNAc signature triggered an ETD scan to identify the peptide sequence and confirm the
glycosylation site (C).
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veloped to profile the cell surface N-glycoproteome as a
differentiation marker for stem cells (32). We applied a com-
bination of different glycoproteomics techniques to further
enrich for secreted and shed membrane proteins and reveal
potential glycosylation sites within the endothelial secretome.
Glycoproteins play important roles in many biological pro-
cesses related to ECs, such as angiogenesis, in which the
structural change of the glycans will determine the attachment

property of cells and influence cell-to-cell interactions (33).
Interestingly, vWF is a glycoprotein produced uniquely by ECs
and megakaryocytes. Previous publications investigating
vWF isolated from plasma failed to identify glycosylation sites
within the propeptide (29). In plasma, the concentration of the
propeptide is about one-tenth of the concentration of mature
vWF (34, 35). In the conditioned medium of ECs, however, we
observed several glycopeptides of the propeptide. Thus, the

FIG. 4. Comparison of HCD-pd-ETD and HCD-alt-ETD. The two methods, HCD-pd-ETD (blue) and HCD-alt-ETD (red), displayed distinct
distributions of the observed m/z, charge state, mass of identified peptides (M�H), and glycan mass, as well as the intensity of the precursor
ions and the ByonicsTM score (all y-axes). The x-axes represent index numbers after proteins were sorted by their corresponding y-axis value
from lower to higher (A). There was limited overlap in the identified glycopeptides (B). C, the HCD-pd-ETD method preferentially identified
complex/hybrid glycans.
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endothelial secretome allowed us to interrogate the glycosy-
lation sites of von Willebrand antigen 2, the N-terminal cleav-
age product of vWF that aids N-terminal multimerization and
protein compartmentalization of mature vWF in storage
granules.

Conventional Methods for Glycoproteomics—As reviewed
elsewhere (36), conventional glycoproteomic methods involve
the enrichment of glycoproteins (typically with lectins like
ConA and wheat germ agglutinin), cleavage of the glycans,
and identification of the remaining peptide sequence. The
most widely used method for detecting N-glycopeptides is
digestion by PNGase F. PNGase F cleaves the GlcNAc mol-

ecule closest to the peptide (37). After PNGase F treatment,
formerly N-linked glycosylated peptides are identified based
on the conversion of Asn to Asp (deamidation) in the consen-
sus motif for N-linked glycosylation (sequence N-X(not P)-S/
T). This method has two major caveats. The first of these is a
high false positive rate due to spontaneous deamidation. Asn-
Gly sites, in particular, are prone to spontaneous deamidation
(38–40). To reduce false positives, PNGase F treatment is
performed in 18O water, adding a larger tag of 2.99 Da.
Importantly, all known glycosyltransferases that mediate N-
linked glycosylation are supposed to recognize a consensus
motif, and this consensus sequence for N-linked glycosylation

FIG. 5. Glycoprotein enrichment for validation. A, spectral count of input, glycoprotein-enriched fraction (GP), and flow-through fraction
(FT) from representative glycoproteins and non-glycoproteins. B, complementarity of the different methods (HCD-ETD, PNGase F � H2

18O
treatment, and glycoprotein enrichment). Only 18 glycoproteins were consistently identified.
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FIG. 6. Sequence coverage for vWF. A, schematic illustration of vWF sequence. Coverage is highlighted in green, and potential
glycosylation sites are shown in red. A large hexagon indicates a glycosylation site with a reference in the Uniprot database. By using the
HCD-ETD (H) or PNGase F (P) method, we confirmed six N-glycosylation sites on vWF. B, ETD spectra of glycopeptides identified via HCD-ETD
(N156, N211, N666, N1574). The following abbreviations are used: a, y, g, k � TMT modified Ala, Tyr, Gly, and Lys, respectively; c �
carboxyamidomethylation of Cys; m � oxidation of Met.
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must be taken into consideration (41). 2) The second caveat is
that after PNGase F cleavage, the released sugars can be
analyzed separately, but the link to the identified peptides
with deamidated amino acids is lost (42, 43). Ideally, intact
glycopeptides are analyzed directly via MS/MS even in com-
plex biological samples.

Novel HCD-ETD Method—HCD fragmentation mostly
breaks glycosidic bonds, whereas ETD preserves the glycan
attachment and fragments the peptide backbone, providing
more complete peptide sequence information. Current
MS/MS acquisition strategies for glycopeptide analysis rely
on the acquisition of MS/MS spectra for all precursor ions. In
this study, HCD was employed to generate glycan oxonium
ions and trigger an ETD spectrum in a data-dependent man-
ner. HCD presents the sugar signatures within the low m/z
range, which are otherwise lost as a result of the one-third rule
of ion trap fragmentation (44). Glycopeptides with terminal
HexNAc generate typically an m/z 204.0864 oxonium ion and
its fragments at m/z 168.0653 and 138.0550. The oxonium ion
and its fragments are measured with the high mass accuracy
of the Orbitrap analyzer, and the unambiguous identification
of the glycan oxonium ion generated by the HCD scan serves
as a diagnostic marker for glycopeptides. This approach was
compared against conventional HCD-alt-ETD scans using a
complex biological sample. The HCD-alt-ETD preferentially
detects higher charged and higher intensity precursor ions
than HCD-pd-ETD. This might be because (i) a higher charge
increases ETD fragmentation efficiency, resulting in more
identified glycopeptides; (ii) high-charged precursors did not
produce HCD spectra of sufficient quality to trigger ETD
based on the diagnostic oxonium ions; or (iii) more abundant
peptides were selected in HCD-alt-ETD because the instru-
ment duty cycle is less efficient than in HCD-pd-ETD. Overall,
the combination of multiple MS methods used in our study
provides greater confidence in the identification of glycopep-
tides than studies relying on a single approach and offers
complementary advantages in the assessment of the glyco-
proteome, notably, the simultaneous identification of the pep-
tide sequence, the glycosylation site, and the glycan
composition.

Study Limitations—N-linked and O-linked glycosylation are
the two most common forms of glycosylation in mammals
(45). Only N-linked glycosylation was analyzed in the present
study. Unlike N-linked glycosylation, O-linked glycosylation
has no consensus site (46). This makes the analysis of O-
linked glycopeptides a more daunting task (47). Lectins are
widely used for glycoprotein enrichment. There are many
types of lectins binding to different sugars, such as ConA
(binds to �-D-mannosyl and �-D-glucosyl residues) and wheat
germ agglutinin (binds to GlcNAc�1–4GlcNAc�1–4GlcNAc-
and N-acetylneuraminic acid). Here we used only ConA as a
proof of principle to demonstrate the complementary results
of multiple glycoprotein identification methods. ConA is
known to display nonspecific avidity for hydrophobic ligands

such as certain domains of tropomyosin (48). Furthermore,
the standard protocol for the ConA glycoprotein enrichment
kit is not optimized for cleanliness, and several known non-
glycoproteins were also detected in the eluate samples. Se-
quential washes with low- and high-ionic-strength buffers
before elution might have reduced this contamination (49).
Also, mixing different lectins would increase the coverage of
the glycoproteome in biological samples (39). Additional ef-
forts are needed for a complete structural characterization of
protein glycosylation; in particular, the quantitation of the
occupancy rates and the identification of the glycan structure
as complex/hybrid glycans cannot be discerned via our cur-
rent MS approach.

CONCLUSIONS

Cardiovascular diseases arise from exposure to risk factors
that induce complex pathophysiological perturbations of en-
dothelial protein secretion. The recent advent of new pro-
teomic technologies has enabled us to obtain information on
the dynamic regulation of endothelial protein secretion. We
present results from an extensive glycoproteomic analysis
with information on glycan composition obtained via a direct
MS method. Future proteomics studies linking endothelial
secretory processes to cardiovascular risk factors and endo-
thelial dysfunction will provide valuable insights about the
mechanisms contributing to cardiovascular disease.
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