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Systematic and Site-specific Analysis of N-
Sialoglycosylated Proteins on the Cell Surface
by Integrating Click Chemistry and MS-based
Proteomics

Weixuan Chen?® Johanna M. Smeekens® and Ronghu Wu®"

Glycoproteins on the cell surface are ubiquitous and essential for cells to interact with the
extracellular matrix, communicate with other cells, and respond to environmental cues.
Although surface sialoglycoproteins can dramatically impact cell properties and represent
different cellular statuses, global and site-specific analysis of sialoglycoproteins only on the
cell surface is extraordinarily challenging. An effective method integrating metabolic labeling,
copper-free click chemistry and mass spectrometry-based proteomics was developed to
globally and site-specifically analyze surface N-sialoglycoproteins. Surface sialoglycoproteins
metabolically labeled with a functional group were specifically tagged through copper-free
click chemistry, which is ideal because it is quick, specific and occurs under physiological
conditions. Sequentially tagged sialoglycoproteins were enriched for site-specific identification
by mass spectrometry. Systematic and quantitative analysis of the surface N-
sialoglycoproteome in cancer cells with distinctive invasiveness demonstrated many N-
sialoglycoproteins up-regulated in invasive cells, the majority of which contained cell
adhesion-related domains. This method is very effective to globally and site-specifically
analyze N-sialoglycoproteins on the cell surface, and will have extensive applications in the
biological and biomedical research communities. Site-specific information regarding surface
sialoglycoproteins can serve as biomarkers for disease detection, targets for vaccine
development and drug treatment.

heterogeneity and dynamic reversible nature.?? 2 Furthermore,
comprehensive identification of glycoproteins located only on
the cell surface is even more challenging because it requires

Glycoproteins on the cell surface are very common and
essential in many cellular events, including cell-cell
communication, cell-matrix interactions and response to
environmental cues.® Surface proteins frequently modulate
and represent different developmental and/or diseased statuses
of cells.*® Aberrant protein glycosylation on the cell surface is
directly correlated with disease, such as cancer and infectious
diseases.”® Due to the relatively easy accessibility,
glycoproteins located on the cell surface can be exploited as
indicators for cell classification and biomarkers for disease
detection.’® Furthermore, they are excellent drug targets for
disease treatments, especially emerging and promising
immunotherapy utilizing macromolecular antibodies or
enzymes serving as drugs.'t 12 In fact, the majority of FDA
approved drugs target cell surface proteins, including receptors,
enzymes and transporters.*®

Modern mass spectrometry (MS)-based proteomics
techniques provide a great opportunity to globally analyze
proteins and protein modifications.’** However, it is
extremely challenging to comprehensively and site-specifically
identify glycoproteins because of their low abundance, glycan
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specific separation and enrichment of surface glycoproteins
prior to MS analysis.

Glycans covalently bound to glycoproteins also contain
valuable information.? % Functions and properties of
glycoproteins are frequently determined by different types of
heterogeneous glycans.?® % Compared to other naturally
occurring monosaccharides, sialic acid is very unique because it
carries a negative charge under physiological conditions and
contains more hydroxyl groups. Therefore, sialic acid capped at
the termini of glycans in glycoproteins can dramatically change
glycoprotein properties by increasing the overall negative
charge and hydrophilicity.  Correspondingly, surface
sialoglycoproteins carrying negative charges make cells repel
one another and increase cell solubility, which leads to less
rigid cell adhesion and enhanced cancer cell invasiveness and
metastasis.?®%° Therefore, it is critically important to
comprehensively and site-specifically analyze
sialoglycoproteins on the cell surface to better understand
glycoprotein function and cellular activities. Sialoglycopeptides
have reportedly been enriched by TiO,% lectins and
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Fig. 1 The principle of the site-specific identification of the cell surface N-sialoglycoproteome by integrating metabolic labeling, copper-free

click chemistry and MS-based proteomics techniques.
hydrophilic interaction chromatography,® * prior to MS
analysis, but none of these enrichment methods are suitable to
specifically target sialoglycoproteins located only on the cell
surface. The elegant cell surface capturing technique was
reported to enrich surface glycoproteins, but it is not specific
for sialoglycoproteins. Global identification and quantification
of surface sialoglycoproteins will provide a better
understanding of the roles of glycoproteins in physiological and
pathological processes, which will lead to identifying new
targets for disease treatment and vaccine development, and
discovering effective biomarkers for disease detection and
surveillance.® 2% 3537

Here we have integrated metabolic labeling, copper-free
click chemistry, and MS-based proteomics to perform the first
global identification and quantification of surface N-linked
sialoglycoproteins site-specifically. The copper-free click
reaction is ideal to tag metabolically labeled surface
sialoglycoproteins on living cells because it is quick and
specific. More importantly, it occurs under physiological
conditions and does not require cytotoxic heavy metal ions. The
method developed here was employed to systematically
quantify surface N-sialoglycoproteins in cancer cells with
distinctive invasiveness. This method can be extensively
applied to biochemical, biological and biomedical research.

Results and discussion

The principle of a new method to selectively enrich
sialoglycoproteins on the cell surface

Unnatural sugars containing bioorthogonal functional groups
have previously been incorporated into proteins to gain insight
into biological systems.®®“*' The functional groups can be
exploited as a chemical handle to separate labeled proteins. In
this work, cells were labeled by acetylated N-
azidoacetylmannosamine (Ac,;ManNAz), ** * which was
converted to sialic acid containing an azido group. Then it was
used to modify proteins by sialyltransferases, so that the
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resultant labeled sialglycoproteins contained the functional
azido group. As shown in Fig. 1, this functional group was
employed to tag cell surface N-sialoglycoproteins through a
click chemistry reaction under physiological conditions. In
order to avoid cytotoxic heavy metal ions as catalysts in the
common  copper-catalyzed  azide-alkyne  cycloaddition
(CuAAC), we adopted a copper-free click chemistry method
based on a strained alkyne i.e. dibenzocyclooctyne (DBCO) to
tag surface sialoglycoproteins on living cells under mild
physiological conditions.** *° As a result, sialoglycoproteins
containing the azido group on the cell surface were conjugated
with DBCO-sulfo-biotin. The mild physiological conditions
under which the click reaction was carried out allowed cell
surface sialoglycoproteins to be tagged by DBCO-sulfo-biotin
while cells were still alive. After the copper-free click reaction,
the remaining reagents were washed away. Sequentially cells
were lysed, and proteins were extracted and digested. The
purified peptides were incubated with NeutrAvidin to enrich
any N-sialoglycopeptides tagged by biotin. Finally peptide N-
glycosidase F (PNGase F) was employed to remove glycans on
Asn in heavy-oxygen water and, as a result, Asn was converted
to Asp with an 80 tag for MS analysis.*® 4’

The effectiveness of tagging surface sialoglycoproteins
demonstrated by microscopic imaging and gel results

HEK293T cells were used to prove the effectiveness of the
surface tagging method. Labeled cells were incubated with
DBCO-Fluor545 and DBCO-sulfo-biotin (Fig. 2a-c and Fig.
S1) simultaneously. Because neither reagent can penetrate into
cells, only surface sialoglycoproteins were bound to Fluor545
and/or biotin, and correspondingly strong red fluorescence was
detected on the surface (Fig. 2b). Tiny dots were found inside
the cells due to endocytosis in the living cells,® i.e. cell surface
sialoglycoproteins tagged by the dye were taken in by cells.
Biotin was further bound to streptavidin-fluorescein
isothiocyanate (FITC), which resulted in a green signal (Fig.
2c).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Microscopic results of tagging sialoglycoproteins on the
HEK293T cell surface by using click chemistry. (a, d and g)
Images of cells (scale bar is 20 um). (b, e and h) Fluorescence
signals of labeled cells reacted with DBCO-Fluor545 via
copper-free click chemistry. (c) Fluorescence signals of labeled
cells bound to DBCO-sulfo-biotin, followed by incubation with
streptavidin-FITC. (f) Cells without the biotin tag treated by
streptavidin-FITC show no green signal. (i) After cell surface
sialoglycoproteins with the azido group are tagged by the click
chemistry reaction with DBCO-Fluor545, cells were further
treated with DBCO-sulfo-biotin, followed by streptavidin-
FITC. No green signal demonstrated that the click reaction was
efficient and complete.

To further confirm that the method was effective, additional
experiments were performed. First, unlabeled cells showed no
fluorescence signal (Fig. S2), which proved that the metabolic
labeling worked well. Second, once labeled cells were tagged
with DBCO-Fluor545 and further incubated with streptavidin-
FITC, we detected strong red signal (Fig. 2e), but no green
signal (Fig. 2f) because cells were not treated with DBCO-
sulfo-biotin. These results demonstrated that the green signal in
Fig. 2c was from the streptavidin-biotin interaction, and not
non-specific binding. Third, labeled cells were incubated with
DBCO-Fluor545, followed by DBCO-sulfo-biotin, then
streptavidin-FITC. The red signal that was only detected (Fig.
2h-i) indicated that no free azido groups remained after
incubation with DBCO-Fluor545, and the click reaction was
efficient and complete.

We also ran sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) experiments and the results are
shown in Fig. 3. SimplyBlue protein staining results showed
that every lane contained many similar protein bands (Fig. 3a),
but their fluorescence signals were dramatically different, as
shown in Fig. 3b. In the right lane of Fig. 3b, minimal
fluorescence signal was detected for unlabeled cells. Fewer
bands appeared in the left lane for the cell surface
sialoglycoproteins than those in the middle lane for membrane

This journal is © The Royal Society of Chemistry 2015
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proteins of labeled cells, i.e. cytosol components were removed
by drilling holes with digitonin so that the reaction reagents
could travel into cells. This is consistent with the expectation
that the signal intensity is stronger for sialoglycoproteins from
the whole cell lysate than the cell surface.
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Fig. 3 Gel results of metabolic labeling and click chemistry. (a)
Protein staining signals demonstrated that protein bands were
the same in the different lanes for the control sample from
unlabeled cells, the lysate sample (labeled cells were lysed first,
followed by the click chemistry reaction), and the surface
sample (sialoglycoproteins on the cell surface were tagged first,
then we lysed cells and extracted proteins) (b) Fluorescence
signals from each lane were dramatically different.

N-sialoglycoprotein site identification in HEK293T cells

Enriched cell surface samples were subjected to analysis by
LC-MS/MS. One example of an identified N-sialoglycopeptide,
LLIAGTN*SSDLQQILSLLESNK * represents the
glycosylation site) with a glycosylation site at N381, is shown
in Fig. 4a. This peptide is from the protein SLC3A2 (CD98),
which is required for the function of light chain amino-acid
transporters and mediates integrin signaling.*® Heavy-oxygen
labeling allowed us to identify the peptide and localize the
glycosylation site confidently. We identified 395 unique N-
sialoglycosylation sites on 213 surface proteins in HEK293T
cells (Table S1) (the number refers to protein families, and 213
families include 248 proteins considering isoforms). To confirm
that the method is specific for the analysis of surface N-
sialoglycoproteins, we ran parallel experiments using both
labeled and unlabeled cells. There were no N-sialoglycosylation
sites identified in unlabeled cells. This strongly suggests that
the method is effective.

By using a similar strategy, 128 sites were localized on 78
N-sialoglycoproteins in the secretome (Table S2). For the
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Fig. 4 Identification of N-sialoglycosylation sites in the secretome, on the cell surface and in membrane proteins of HEK293T
cells by LC-MS-based proteomics techniques and clustering of N-sialoglycoproteins. (a) MS? spectrum of the N-sialoglycopeptide
LLIAGTN*SSDLQQILSLLESNK (* refers to the N-sialoglycosylation site), from the SLC3A2 protein. (b) Comparison of N-
sialoglycosylation sites identified in the secretome, on the cell surface and in membrane protein sample. (c) Comparison of N-
sialoglycoproteins identified in the secretome, on the cell surface and in the membrane protein sample. (d) Molecular function
analysis of cell surface N-sialoglycoproteins identified in this work.

membrane protein sample, we confidently identified 1,120 N-
sialoglycosylation sites on 482 proteins (Table S3). As listed in
the supplemental tables, over 95% of the identified sites
contained the consensus motif, NXS/T (X is any amino acid
residue except proline).

The overlap of identified sites from these experiments is
shown in Fig. 4b. The majority of the sites (339 out of 395) in
the cell surface experiment were also identified in the
membrane protein experiment. The overlap is very high
considering possible variations of large-scale experiments. In
contrast, only 22 out of 128 sites in the secretome were also
found in the cell surface dataset. It is known that some proteins
exist both on the cell surface and in the secretome
simultaneously. Almost half of the sites in the secretome (60
sites) were identified in the membrane protein experiment as
well. The comparison between the identified N-
sialoglycoproteins is displayed in Fig. 4c, and over 90% of cell
surface N-sialoglycoproteins were also identified in the
membrane protein experiment.

For the 213 surface N-sialoglycoproteins identified in
HEK293T cells, the results of molecular function analysis from
the Protein ANalysis THrough Evolutionary Relationships
(PANTHER) Classification System® are displayed in Fig. 4d.
The largest category is receptor activity (35%), followed by
catalytic activity (27%), binding (20%) and transporter activity
(13%). These are consistent with the well-known functions of
cell surface proteins.

4 | Chem.Sci., 2015, 00, 1-3

Investigation of the correlation between surface N-
sialoglycoproteins and cell invasiveness

The negative charges carried by surface sialoglycoproteins
result in cell-cell repulsion, and correspondingly attenuate cell
adhesion, which is correlated with cell invasiveness and
mobility. The current method provides a unique opportunity to
quantify surface N-sialoglycoproteins globally and site-
specifically combined with quantitative proteomics techniques
(stable isotope labeling by amino acids in cell culture
(SILAC)). Two types of breast cancer cells with distinctive
invasiveness were chosen: MCF-7 cells with low invasiveness,
and MDA-MB-231 cells which are highly invasive. Even their
morphologies are dramatically different (Fig. S3). The
experimental procedure is shown in Fig. 5a. We identified 439
N-sialoglycosylation sites on the MDA-MB-231 surface, which
is nearly two times more than those identified in MCF-7 cells
(237), and 304 sites were identified exclusively in MDA-MB-
231 cells (Fig. 5b, all sites in Table S4).

The number of N-sialoglycoproteins in both types of cells
and their overlap are shown in Fig. S4. Among the 274 surface
N-sialoglycoproteins identified in both types of breast cancer
cells, about half of them are type I membrane proteins, i.e. the
N-terminus extends into the extracellular space, while only 20
are type I, i.e. the C-terminus extends into the extracellular
area, as shown in Fig. 5c¢, based on the information on the
UniProt website (www.uniprot.org) (Table S5). These results
are consistent with previous reports that type | single-pass

This journal is © The Royal Society of Chemistry 2015
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membrane proteins are more common than type Il in Homo
sapiens.®® Normally, peripheral membrane proteins only
temporarily adhere to the membrane tend to be collected in the
water-soluble fraction. Here only four identified N-
sialoglycoproteins belong to this category, e.g. CLU, GBA,
MSN and LRP1. LRP1 is an endocytic receptor involved in
endocytosis and in phagocytosis of apoptotic cells. Interestingly
it belongs to both the single-pass type | and peripheral
membrane protein categories. This is the reason that 275
proteins are shown in Fig. 5¢ and the total number of identified
proteins is 274. About 20% of the cell surface identified N-
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identified on the cell surface of MDA-MB-231 and MCF-7
cells. (c) Classification of cell surface N-sialoglycoproteins
identified in the two types of cancer cells. (d) Site location of
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transmembrane domain.
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sialoglycoproteins (51 proteins) are multi-pass membrane
proteins, among which several proteins contain over ten
transmembrane domains.

There are 60 undefined proteins due to insufficient
information available on the UniProt website. In order to
determine whether these proteins also contain transmembrane
(TM) domains or signal peptides (SP) for protein secretion, we
employed SecretomeP and Phobius analysis to perform the
computation, and the results are listed in Table S6. More than
one third of these proteins (21) have a TM domain, including
16 of them containing both TM and SP domains. About another
third of them (21) contain SP domains, and 6 are non-classic
secretory proteins, which may be secreted and located on the
cell surface through non-classical protein secretion pathways.
These results strongly suggest that the vast majority of these
undefined proteins were located on the cell surface.
Sialoglycopeptides have reportedly been enriched by TiO,*,
lectins and chromatography®?, but none of these methods can
specifically target sialoglycoproteins located only on the cell
surface. In this work, we tagged surface sialoglycoproteins
using a totally different copper-free click chemistry reaction,
which does not require cytotoxic heavy metal ions. Combining
the enzymatic reaction, this is the first global and site-specific
surface sialoglycoprotein identification. The vast majority of
identified sialoglycoproteins are membrane proteins. As shown
in Fig. 5c, 232 (84.7%) of 274 identified sialoglycoproteins
contain at least one membrane domain, another 21 (7.7%) have
signal peptides for secretion and 6 (2.2%) belong to
unconventional secreted proteins.

The site location of type | and Il proteins are shown in Fig.
5d. All sites were located in the extracellular space, which
corresponds to the fact that glycans are typically located in the
extracellular section of surface glycoproteins. These results
further demonstrate that the current method is effective to
specifically target surface N-sialoglycoproteins and that the
sialoglycosylation site identification is confident.

A total of 406 unigue N-sialoglycopeptides were quantified
in breast cancer cells (Table S7), and the ratio distribution is
shown in Fig. 6a. In invasive cells, 179 peptides, corresponding
to 99 proteins, were up-regulated by over 2-fold. In striking
contrast, the number of up-regulated sialoglycopeptides was
nearly three times more than the number of down-regulated
peptides (67 peptides). Among 99 proteins containing up-
regulated N-sialoglycopeptides, clustering analysis® showed
that the most highly enriched function was cell adhesion, with a
P value of 1.00E-16 (Fig. 6b, glycoproteins in Table S8).
Additionally, proteins corresponding to integrin-mediated
signaling, cell motion and cell-matrix adhesion were also
enriched. These results strongly suggest that surface
sialoglycoproteins are correlated with cell adhesion and
mobility.

Domain analysis

Domain analysis was performed for the 99 up-regulated
sialoglycoproteins. As listed in Table S9, we found 68 different
types of domains in these sialoglycoproteins, among which the
most frequent was the cadherin-like domain (found 74 times)
(Fig. 6c). This domain mediates Ca2*-dependent cell-cell
adhesion and modulates a wide variety of processes including
cell polarization and migration. Three proteins, i.e. FATL,
FAT4 and DSG2, are dominated by this domain. The second
most popular (62 times) is the immunoglobulin (lg)-like
domain, which is very common and found in hundreds of
proteins with various functions, including antibodies and
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sialoglycoproteins between invasive MDA-MB-231 and non-
invasive MCF-7 breast cancer cells. (a) Abundance distribution
of quantified N-sialoglycopeptides between invasive MDA-
MB-231 and non-invasive MCF-7 cells. (b) Clustering of
glycoproteins containing up-regulated N-sialoglycopeptides
based on biological processes. The y-axis is —Log(P) where the
P value reflects the enrichment of N-sialoglycoprotein groups.
(c) The results of the domain analysis for up-regulated N-
sialoglycoproteins. The number of top ten domain hits are in
the top row and the number of protein containing each domain
are in the bottom row. (d) Two examples (ITGB1 and L1CAM)
of N-sialoglycoproteins with different domains and quantified
sites (MDA-MB-231 vs. MCF-7). The domain names are
marked, and the site abundance changes are included in the
parentheses below the sites.
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receptor tyrosine kinases. The Ig-like domain is also involved
in protein—protein and protein—ligand interactions, and plays
critical roles in cell adhesion and cell surface recognition.
About one quarter of up-regulated N-sialoglycoproteins (24
proteins) on the cell surface contain this domain. The next most
popular domains among up-regulated N-sialoglycoproteins are
LDL receptor-like, fibronectin type 111, EGF/Laminin, integrin
and growth factor receptor domains. Up-regulated N-
sialoglycoproteins containing at least each of several important
domains are listed in Table S10. Nine proteins contain the
integrin domain. For example, integrin beta-1 (ITDB1 or
CD29) contains an integrin domain and several other domains,
as shown in Fig. 6d. This protein has been extensively reported
to be sialylated in cancer cells and related to cancer cell
metastasis.?® In our experiment, five N-sialoglycosylation sites
were identified and quantified with ratios between 1.9 and 14.2.
The fibronectin type Ill domain is present in 12 up-
regulated N-sialoglycoproteins (Fig. 6c), and is involved in a
number of important functions: e.g. cell adhesion,
differentiation, migration and tumor metastasis. On these 12
proteins, 28 N-sialoglycosylation sites were quantified, 24 sites
were up-regulated by more than 2-fold, and 18 sites were
located in the domain. For the N-sialoglycosylation site
quantification, based on the dataset of quantified unique N-
sialoglycopeptides, it required that the quantified peptide
contain only one site, and the ModScore must be >19 to make
sure the site is well-localized. Based on these criteria, 342 N-
sialoglycosylation sites on the cell surface were quantified, and
they are listed in Table S11. Almost half of them (145 sites)
were up-regulated by over 2-fold and similarly only a small
number of N-sialoglycosylation sites (54 sites) were down-
regulated. For example, for protein L1CAM (CD171), we
identified 11 N-sialoglycosylation sites, among which 10 sites
were also listed as predicted sites on the UniProt website,
except the site at N931. For this site, the peptide
GSGPASEFTFSTPEGVPGHPEALHLECQSN*TSLLLR has
an XCorr of 4.5 and mass accuracy of 0.4 ppm, and also
contains the consensus motif. This site is significantly up-
regulated in invasive cells with a ratio of 4.9. Seven of the eight
quantified sites are up-regulated with ratios between 2.8 to 8.5.
Two sites are located on the Ig-like domain and five sites are on
the fibronectin type IlIl domain, as shown in Fig. 6d. More
examples are discussed in the Supporting Information.

Identification and quantification of CDs

Cell surface molecules known as cluster of differentiation (CD)
molecules are very important for differentiation and
classification of cells. Traditionally these CDs are targets for
immunophenotyping cells®®, and they can have various
functions, including receptors, ligands and roles in cell
adhesion. To date more than 350 CDs from all different types
of human cells have been designated. In our experiments, many
CDs were identified and quantified in HEK293T and breast
cancer cells. As listed in Table S12, 325 identified N-
sialoglycosylation sites were located on a total of 88 CDs,
which is the first systemic identification of N-
sialoglycosylation sites on CDs. Among these, 34 CDs were
exclusively found in HEK293T cells, and 21 existed only in
breast cancer cell lines.

A total of 119 N-sialoglycopeptides in 57 CDs
(ModScore>19) were quantified in the cancer cell invasiveness
experiments (Table S13); 68 were up-regulated by 2-fold while
11 were down-regulated. This identification and quantification
of N-sialoglycosylation sites in CDs can provide another

This journal is © The Royal Society of Chemistry 2015
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dimension of information, which can be used to further identify
cell type and differentiate cellular status.

The abundance distributions of identified and total CDs are
shown in Fig. S5, and the abundance values were obtained from
an on-line database (PaxDb).** The current enrichment and
separation method combined with modern MS-based

Chemical Science

proteomics techniques is capable of analyzing many CDs with
very low abundance, but it is still challenging to identify some
CDs with extremely low abundance. By using more starting
material and an instrument with higher sensitivity, we will be
able to identify more CDs.

Table 1 Selected CD sialoglycoproteins identified and quantified site-specifically in breast cancer cells

Protein CD Site ModScore Peptide Ratio Xcorr ppm Annotation
*
MRC2 CD280 69 1000 VTPACN*TSLPAQR@ 4.9 30 1.8 C-type mannose
140 1000 TSN*ISKPGTLER 7.2 23 0.8 receptor 2
LRP1 CD91 446 1000 FN*STEYQVVTR@ 3.6 34 0.3
Prolow-density
1511 1000 WTGHN*VTVVQR@ 1.6 2.8 -0.8 lipoprotein receptor-related
3089 733 MHLN*GSNVQVLHR@ 30 43 15 protein 1
PLAUR CcD87 GN*STHGCSSEETFLID Urokinase plasminogen
222 1000 CR@ 2.4 3.6 0.6 activator surface receptor
IL6ST CD130 157 1000 ETHLETN*FTLK# 0.6 24 0.4
379 97.7 SHLON*YTVNATK# 3.3 3.7 1.0 Interleukin-6  receptor
390 375 LTVN*LTNDR@ 6.1 2.2 0.1 subunit beta
CD44 CD44 Receptor for hyaluronic
acid, mediates cell-matrix
57 1000 AFN*STLPTMMAQMEK# 114 29 -0.6 interactions
INSR CD220 445 1000 HN*LTITQGK# 5.0 29 05
HN*QSEYEDSAGECCS
698 1000 CPK# 4.1 49 0.5 Insulin receptor
IGF1R CD221 ACTENNECCHPECLGS
244 92.2 CSAPDN*DTACVACR 0.3 6.1 0.3 Insulin-like growth
747 1000 DVMQVAN*TTMSSR 0.2 31 -0.4  factor 1 receptor

*- N-sialoglycosylation site; #-heavy lysine; @-heavy arginine; ~-oxidized methionine.

Conclusions

Considering the importance of surface glycoproteins and
extraordinary challenges of their analysis, advancement in the
global analysis of surface glycoproteins will have profound
implications. The current strategy integrating metabolic
labeling, copper-free click chemistry, an enzymatic reaction,
and MS-based proteomics techniques provides several
advantages. First, we used copper-free click chemistry to tag
surface sialoglycoproteins, which does not require cytotoxic

heavy metal ions and occurs under mild physiological
conditions. Therefore, it is ideal for tagging surface
sialoglycoproteins on living cells.®*® Second, surface
sialoglycoproteins were identified site-specifically, which

provides not only valuable site-specific information, but also
direct and solid evidence for sialoglycoprotein identification.
Third, vast majority (92.4%) of surface sialoglycoproteins
identified in this work contain at least one membrane domain or
signal peptide. One limitation of this method is that the
experiment is based on metabolic labeling, therefore it is
unsuitable for tissue samples. However, model animals such as
zebrafish® and mice®® can be studied with this method. In
addition to the site-specific analysis of N-sialoglycoproteins on
the cell surface, this method can also be used to analyze the N-
sialoglycoproteome in the secretome and whole cell lysates, as
reported above.

We performed systematic and quantitative analysis of the
surface N-sialoglycoproteome on breast cancer cells with

This journal is © The Royal Society of Chemistry 2015

distinctive invasiveness, and the results demonstrated that many
N-sialoglycopeptides were up-regulated in invasive cells. Up-
regulated N-sialoglycoproteins with cell adhesion and motion
functions were highly enriched, and cell adhesion-related
domains were dominant. This method can be extensively
applied to other research studying sialoglycoproteins on the
surface of cells, including stem cells and infectious cells.
Global and site-specific analysis of surface sialoglycoproteins
will potentially lead to identifying new targets for disease
treatment and vaccine development, and discovering effective
biomarkers for disease detection and surveillance.
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