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Selective exo-enzymatic labeling (or SEEL) uses recombinant
glycosyltransferases and nucleotide-sugar analogues to allow
efficient labeling of cell surface glycans. SEEL can circumvent
many of the possible issues associated with metabolic labeling,
including low incorporation of sugar precursors, and allows for
sugars to be added selectively to different types of glycans by
virtue of the inherent specificity of the glycosyltransferases.
Here we compare the labeling of sialoglycoproteins in undiffer-
entiated and differentiated human erythroleukemia cells (HEL)
using SEEL using the sialyltransferases ST6Gall and ST3Gall,
which label N- and O-glycans, respectively. Our results show
that the profile of glycoproteins detected varies between undif-
ferentiated HEL cells and those differentiated to megakaryo-
cytes, with a shift to more N-linked sialoglycoproteins in the
differentiated cells. The efficiency of SEEL for both sialyltrans-
ferases in HEL cells was greatly increased with prior neuramin-
idase treatment highlighting the necessity for the presence of
available acceptors with this labeling method. Following meta-
bolic labeling or SEEL, tagged glycoproteins were enriched by
immunoprecipitation and identified using mass spectrometry.
The proteomic findings demonstrated that the detection of
many glycoproteins is markedly improved by SEEL labeling,
and that unique glycoproteins can be identified using either
ST6Gall or ST3Gall. Furthermore, this analysis enabled the
identification of increased surface expression of several sialy-
lated cell adhesion molecules, including the known megakaryo-
cytic markers integrinf33 and CD44, upon differentiation of
HEL cells to adherent megakaryocytes.

The ability to label glycans using chemical glycobiology
methods has ushered in new opportunities to investigate the
functions of these molecules in living systems (1-3). These
studies are beginning to yield insight into how glycan profiles
changes during development and how the content, localization,
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and trafficking of glycans is altered in the context of many
human diseases (4-9). Most methodologies utilize metabolic
labeling as a way to incorporate functionalized sugars into gly-
cans during biosynthesis. The extent of labeling in some cell
types may be limited by the presence of endogenous non-la-
beled sugar precursors that can dilute out the azide-sugars
available for incorporation. Variable distribution of azide-sug-
ars into different glycan classes (e.g. glycoproteins versus glyco-
lipids) following metabolic labeling can also skew or limit the
types of glycans that can be analyzed. As an alternative
approach, labeling methods have been developed that instead
rely on the use of recombinant or purified glycosyltransferases
to install functionalized sugars directly onto existing glycans
(10-12). This method, recently termed SEEL (selective exo-
enzymatic labeling),* leverages the inherent selectivity of the
recombinant glycosyltransferases to label certain types (e.g.
N-linked or O-linked) of glycans. Prior work using the sialyl-
transferase ST6Gall demonstrated that only N-glycans were
modified, confirming the established selectivity of this enzyme
(10).

Because of the more selective nature of SEEL-based labeling,
we propose that this method would allow glycoproteins bearing
specific types of glycans to be enriched and identified by pro-
teomic analysis. Such an approach would provide an advanta-
geous and complementary way to identify glycoproteins whose
glycosylation is sensitive in the context of human diseases or
upon differentiation to various cell lineages. By virtue of the fact
that neither the glycosyltransferases nor the modified nucle-
otide-sugars are capable of crossing the plasma membrane,
only cell surface glycoproteins will be labeled by SEEL thus
reducing the background typically associated with traditional
methods of surface labeling. In the present study, we used SEEL
with two different sialyltransferases in undifferentiated and dif-
ferentiated human erythroleukemia (HEL) cells. We demon-
strate that labeling with different sialyltransferases produces
distinct profiles of sialoglycoproteins in HEL cells, and that
SEEL facilitates the detection of glycoproteins that are not read-
ily visualized by metabolic labeling. Moreover, we demon-
strated that neuraminidase-coupled SEEL with the two differ-
ent sialyltransferases improves the overall coverage and
detection of sialoglycoproteins by mass spectrometry. An

“The abbreviations used are: SEEL, selective exo-enzymatic labeling; HEL,
human erythroleukemia cell; ST6GAL1, B-galactoside a-2,6-sialyltransfer-
ase 1; PMA, phorbol 12-myristate 13-acetate; HRP, horseradish peroxidase.
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increase in cell surface expression of several adhesion proteins
known to be markers of megakaryocytic differentiation was
faithfully identified within the differentiated HEL cells using
this approach. The potential of SEEL and neuraminidase-cou-
pled SEEL to analyze the sialylation status and cell surface
expression of sialoglycoproteins, respectively, is discussed.

Materials and Methods

Reagents—Recombinant rat a-(2,6)-sialyltransferase (ST6Gall)
or a-(2,3)-sialyltransferase (ST3Gall) was prepared as pre-
viously reported (18). CMP-Neu5Ac9N;, S-DIBO-Biotin,
Ac,ManNAc, and Ac,ManNAz were synthesized as previously
described (16, 30). Vibrio cholerae neuraminidase (type II) was
purchased from Sigma Aldrich (N6514). Alkaline phosphatase
(FastAP) was purchased from Thermo Scientific (EF0651).
PNGaseF and glycoprotein denaturatuion buffer was from Bio-
labs (P0704S). Mouse monoclonal anti-Biotin antibodies (200-
032-211, HRP-conjugated from or 200-002-211, non-conju-
gated form) were purchased from Jackson ImmunoResearch
Laboratories. HRP-conjugated [B-actin antibody was from
Abcam. Protease inhibitor mixture tablet (88666) and mass
spectrometry compatible silver staining kit (24600) were from
Thermo Scientific. Protein G beads were from Sigma Aldrich
(Protein G-Sepharose, Fast Flow, P3296).

Cell Lines and Culture—Human erythroleukemia (HEL) cells
were cultured in RPMI1640 media with L-glutamine (2.0 mm).
Chinese hamster ovary (CHO) cells (Clone K1, ATCC) and
mutant CHO cells (Lec2) were cultured in Minimum Essential
Medium Alpha 1X (Cellgro) with Earle’s salts, without ribo-
nucleosides, deoxyribonucleosides, and L-glutamine. All
medium was supplemented with 10% fetal bovine serum (FBS,
BenchMark) and penicillin (100 IU/ml)/streptomycin (100
pg/ml, MediaTech). Cells were cultured in a 5% CO, atmo-
sphere, 37 °C humid incubator.

Differentiation of HEL Cells by Phorbol 12-Myristate 13-Ac-
etate (PMA)—Typically, HEL cells (0.8~0.9 X 10° cells/well) in
a 6-well dish were treated with 16 nm PMA for 48 h. After
removing the media together with floating cells, fresh medium
containing 8 nm PMA was added, and cells were further cul-
tured for 24 h. For metabolic labeling, the differentiated HEL
cells were cultured with Ac,ManNAz (30 um) in the presence of
8 nM PMA for additional 24 h. At the same time, cells for SEEL
labeling were cultured in the presence of 8 nm PMA for addi-
tional 24 h without Ac,ManNAz.

Neuraminidase-coupled Selective Exo-enzymatic Labeling
(SEEL) of HEL Cells—HEL cells (normal or differentiated) were
collected in 1.5 ml Eppendorf tubes. Note that the differenti-
ated HEL cells are adherent but they are easily lifted off by
pipetting. After washing the cells with DPBS, cells were briefly
centrifuged and then the resulting pellet was resuspended and
incubated in serum-free RPMI 1640 media with or without
Vibrio cholerae neuraminidase (50 mU/ml) for 2 h at 37 °C with
rocking. Next, the resulting cells were washed with DPBS (1
ml X three times), and then the resulting pellet was re-sus-
pended in SEEL reaction solution (typically 300 ul) containing
100 ug of sialyltransferase, CMP-Neu5Ac9Nj, (100 um unless
otherwise noted), 2 ul of BSA (2 mg/ml), 2 ul of alkaline phos-
phatase, 46 ul of 3 M sucrose in serum-free RPMI 1640 medium,
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and then cells were incubated for 2 h at 37 °C with rocking.
Based on earlier work, SEEL reaction can be performed across a
range of concentration of CMP-Neu5Ac9N; (50~500 um)
without noticeable decreases in labeling. However, 100 um
CMP-Neu5Ac9N, was found to be sufficient for maximal label-
ing with a defined concentration of sialyltransferase (100 ug in
300 ul reaction). Percent cell viability following the various
steps in the SEEL procedure was determined as triplicate.
Briefly, portions of HEL cells from SEEL reactions with
ST6Gall in three Eppendorf tubes were collected over the
course of SEEL reaction, 1) before sialidase treatment, 2) after
sialidase treatment, 3) after ST6Gall and Neu5Ac9N, reaction,
4) after S-DIBO-biotin treatment, and their viability was mea-
sured by Cellometer® Vision (Nexcelom Bioscience) using
Trypan Blue exclusion method (Thermo Fisher Scientific).

Neuraminidase-coupled Selective Exo-enzymatic Labeling of
CHO and Lec2 Cells—Neuraminidase treatment and SEEL of
CHO or Lec2 cells were conducted in 12 well dishes. After the
cells were confluent, cells were washed with DPBS (1 ml X two
times) and then serum-free a-MEM (0.5 ml) was added to each
well with or without V. cholerae neuraminidase (50 mU/ml).
After incubating the dishes at 37 °C for 2 h, cells were washed
with DPBS (1 ml X three times for each well), and then SEEL
reaction solution (300 ul each) containing 100 g of sialyltrans-
ferase, CMP-Neu5Ac9N;, (142 pum), BSA (2 mg/ml), 2 ul of
alkaline phosphatase, 46 ul of 3 M sucrose in serum-free
a-MEM, and then cells were incubated for 2 h at 37 °C without
rocking.

S-DIBO-biotin Labeling—Cells metabolically labeled by
Ac,ManNAz or SEEL were biotinylated with S-DIBO-biotin.
Typically, 30 um S-DIBO in DPBS containing 2% FBS was
treated to cells either in Eppendorf tube (HEL cells) or 12-well
dish (CHO or Lec2 cells) for 1 h at room temperature.

Western Blotting, Immunoprecipitation, and Silver Staining—
Biotin-labeled cells were washed with DPBS and then lysed in
RIPA buffer containing 50 mm Tris-HCl buffer, pH 8.0, 150 mm
NaCl, 1.0% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate
supplemented with protease inhibitor mixture (Thermo Scien-
tific) on ice. After 30 min, lysates were spun down at 20,000 X g
for 10 min, and then the supernatant was saved. Protein con-
centration was determined using the BCA Protein Assay Kit
(Thermo Science Pierce) by following the manufacturer’s pro-
tocol. Lysates were analyzed by SDS-PAGE and immunoblot
using anti-biotin antibody conjugated with HRP.

In the case of treating lysate with PNGase F, cell lysate was
denatured by boiling for 10 min with the supplementation of
glycoproteins denaturation buffer. Then the denatured lysate
was incubated with 10 units of PNGase F at 37 °C for 4 h. Next,
the PNGase F-treated lysate was analyzed by SDS-PAGE and
immunoblot using anti-biotin antibody conjugated with HRP.

For immunoprecipitation, anti-biotin-coated protein G
beads (Sigma) were prepared by incubating anti-biotin anti-
body with protein G beads in the RIPA buffer followed by wash-
ing with the same buffer. 3~4 mg of the lysates were precleared
by incubating with protein G beads for 2 h at 4 °C and then spun
down. The precleared lysate as supernatant was collected and
then incubated with the antibody-coated protein G beads over-
night at 4 °C. Next, the beads were washed five times with the
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RIPA buffer and then eluted with 2X sample loading buffer
containing 10 mm DTT by boiling for 7 min. Eluted sample was
separated in SDS-PAGE, and the gel was silver stained. Silver
staining of the resulting gel was done with a mass spectrometry
compatible silver staining kit from Thermo Scientific following
the manufacturer’s protocol.

In-gel Digestion of Silver-stained Proteins—Each lane of the
silver-stained SDS-PAGE gel was cut into 4 parts above 50 kDa
and subsequently processed for in-gel digestion. Briefly,
destained gel bands were denatured by incubating with 10 mm
dithiothreitol at 56 °C for 1 h and alkylated by 55 mm iodoacet-
amide for 45 min in dark prior to digestion with trypsin over-
night. The resulting peptides were extracted, dried, and recon-
stituted in 0.1% formic acid.

Identification of Biotinylated Glycoproteins by MS/MS—The
peptides were separated on a 75 um (L.D.) X 15 cm C18 capil-
lary column (packed inhouse, YMC GEL ODS-AQ120AS-5,
Waters) and eluted into the nano-electrospray ion source of an
Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo Fisher
Scientific) with a 180-min linear gradient consisting of 0.5—
100% solvent B over 150 min at a flow rate of 200 nL/min. The
spray voltage was set to 2.2 kV, and the temperature of the
heated capillary was set to 280 °C. Full MS scans were acquired
from m1/z 300 to 2000 at 120k resolution, and MS2 scans follow-
ing collision-induced fragmentation were collected in the ion
trap for the most intense ions in the Top-Speed mode within a
3-s cycle using Fusion instrument software (v1.1, Thermo
Fisher Scientific). The raw spectra were searched against the
human protein database (UniProt, Oct. 2014) using SEQUEST
(Proteome Discoverer 1.4, Thermo Fisher Scientific) with full
MS peptide tolerance of 20 ppm and MS2 peptide fragment
tolerance of 0.5 Da, and filtered using ProteolQ (v2.7, Premier
Biosoft) at the protein level to generate a 1% false discovery rate
for protein assignments. UniProt was used to define cellular
localization. Quantification was performed using spectral
counts generated in ProteolQ (v2.7, Premier Biosoft).

Results

Human erythroleukemia (HEL) cells grown in suspension
can be differentiated to adherent megakaryocytes by phorbol
12-myristate 13-acetate (PMA) treatment, providing an oppor-
tunity to analyze how the profile of sialoglycoproteins changes
upon differentiation with various labeling methods (13-15).
Metabolic labeling of HEL cells with Ac,ManNAz showed pre-
dominantly O-sialoglycoproteins being labeled as demon-
strated by the insensitivity of labeled glycoproteins to PNGase F
treatment (Fig. 1). In contrast, PMA-derived differentiated
HEL cells showed significantly increased N-sialoglycoprotein
labeling as evidenced by an increase in specific bands (e.g. 80
kDa) and the subsequent disappearance of these bands follow-
ing enzymatic removal of the N-glycans. A corresponding
decrease in the major labeled O-sialoglycoprotein was also
observed upon differentiation. Incubation of the cells with
ManNAc resulted in no glycoprotein labeling as expected.

Next, HEL cells were either incubated with Ac,ManNAz for
24 h, or SEEL labeled with rat ST6Gall or human ST3Gall in
the presence of CMP-Neu5Ac9N;, followed by treatment with
S-DIBO for biotinylation (Fig. 2). S-DIBO was chosen since it
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FIGURE 1. Differentiation of HEL cells showed increased metabolic label-
ing of N-sialoglycan. Non-treated or PMA-treated HEL cells were metaboli-
cally labeled with 30 um Ac,ManNAc or Ac,ManNAz. The resulting cells were
incubated with 100 um S-DIBO-Biotin and the denatured cell lysates further
treated with or without PNGase F. Samples were subjected to SDS-PAGE and
WB analysis using an HRP-conjugated anti-biotin antibody. A representative
image from four independent experiments is shown.

does not cross the plasma membrane and therefore avoids con-
jugation with intracellular glycoproteins (16). In contrast to
metabolically labeled cells, Western blot analysis with anti-bi-
otin antibody showed only weak labeling following SEEL with
either sialyltransferase. Increasing enzyme or nucleotide-sugar
concentrations did not increase labeling, suggesting that HEL
cells are heavily sialylated and lack available acceptors. To
enhance SEEL, HEL cells were incubated with a bacterial
neuraminidase (from Vibrio cholera) prior to SEEL reaction
with ST6Gall or ST3Gall. Immunoblotting of the resulting cell
lysate showed dramatically enhanced SEEL sialylation of cell
surface glycoproteins (Fig. 24). These data demonstrate the
importance of available acceptors as a prerequisite for SEEL
labeling. All treatments resulted in only minimal effects on cell
viability under the optimized conditions used (Fig. 2b). We also
show that untreated W'T CHO cells are poorly labeled by SEEL
but that robust labeling can be achieved with both ST6Gall and
ST3Gall following neuraminidase pre-treatment (Fig. 3). Lec2
cells, which bear a defect in the CMP-sialic acid transporter,
showed strong SEEL labeling regardless of pre-treatment of
neuraminidase due to the loss of any sialic acid incorporation in
these cells.

The specificity of the respective sialyltransferases was con-
firmed by treating SEEL-labeled lysates with PNGaseF prior to
analysis. Glycoproteins labeled by ST6Gall completely disap-
peared upon treatment of PNGase F while glycoproteins
labeled by ST3Gall were largely insensitive (Fig. 4). Among the
glycoproteins labeled by ST3Gall, some shifted to lower molec-
ular weight range, presumably because they also bear N-gly-
cans, but the intensity of labeling did not decrease. This finding
is in good agreement with the known specificities of these two
glycosyltransferases (17, 18), and establishes that these two sia-
lyltransferases maintain their selectivity for different glycan
classes when surface labeling of fully folded glycoproteins is
performed.
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FIGURE 2. Prior neuraminidase treatment is required for efficient SEEL in HEL cells. g, HEL cells or differentiated HEL cells were labeled by Ac,ManNAz or
SEEL. For SEEL, HEL cells were pre-treated with or without V. cholerae neuraminidase (50 mU/ml) and then the resulting cells were incubated with ST6Gal1 (ST6)
or ST3Gal1 (ST3) in the presence of CMP-Neu5Ac9N; as described in “Materials and Methods.” Cell lysates were subjected to SDS-PAGE and WB analysis using
an HRP-conjugated anti-biotin antibody. Subsequent blotting with an HRP-conjugated anti-B-actin antibody was performed as a loading control. Images
shown are representative of three independent labeling experiments. b, cell viability effects following various treatments in undifferentiated HEL cells (n = 3).

Error bars represent S.D.
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FIGURE 3. Neu-SEEL labeling of WT CHO and Lec2 cells. Western blot anal-
ysis of WT and Lec2 CHO cells following ST6Gal1 and ST3Gal1 SEEL (with or
without prior neuraminidase treatment) is shown. The image depicted is rep-
resentative of two independent experiments.

- PMA (undiff) + PMA (diff)
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FIGURE 4. Selective glycan labeling using SEEL with ST6Gal1 and
ST3Gal1. HEL cells or differentiated HEL cells were pre-treated with or with-
out Vibrio cholerae neuraminidase (50 mU/ml) followed by SEEL with ST6Gal1
(ST6) or ST3Gal1 (ST3) and S-DIBO incubation. Cell lysates were incubated
with or without PNGase F and analyzed by SDS-PAGE and WB analysis using
an HRP-conjugated anti-biotin antibody. The image depicted here is repre-
sentative of two independent experiments.

We next optimized an enrichment protocol for biotin-tagged
glycoproteins using immunoprecipitation with an anti-biotin
antibody and linked this enrichment to silver staining and pro-
teomic analysis (Fig. 5a). For optimal pull-down of biotinylated
proteins, we chose to use immunoprecipitation with anti-biotin
antibody, which exhibits a minimal level of nonspecific interac-
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tions compared with streptavidin- or avidin-coated beads. Fol-
lowing labeling of sialoglycoproteins metabolically with Man-
NAz, or by neuraminidase-coupled SEEL with either ST6Gall
or ST3Gall, cell lysates were immunoprecipitated using the
anti-biotin antibody and bound sialoglycoproteins were sepa-
rated by SDS-PAGE and visualized by silver staining (Fig. 5b).
Parallel analysis of unlabeled HEL cells was performed as a con-
trol for nonspecific binding to the agarose beads. In-gel diges-
tion was performed and the digested peptides corresponding to
each section were analyzed by LC-MS-MS. The results were
quantified and a comparison of labeled glycoproteins presented
(Fig. 5¢, supplemental File S1). Overall, labeling with SEEL was
more efficient than metabolic labeling for the identification of
sialoglycoproteins. Out of 111 identified glycoproteins, 103
proteins were identified via SEEL while 75 proteins were iden-
tified via metabolic labeling. To eliminate nonspecific hits in
MS analysis, common proteins that were pulled down in the
control, proteins with spectral counts under 10 and nucleocy-
toplasmic proteins were not included. We observed selectivity
when comparing the two SEEL enzymes. Out of total 103 pro-
tein assignments from the SEEL samples, 64 proteins were
identified only from the ST6Gall SEEL sample, while 11 pro-
teins were only assigned from the ST3Gall SEEL sample. The
other 66 proteins were found in both SEEL samples, suggesting
they have both N- and O-sialylation.

To compare the relative abundance of each protein hit, spec-
tral counts were compared for the 103 proteins (Fig. 6). In
nearly all cases, spectral counts were significantly higher in the
SEEL sample compared with those from metabolic labeling.
Major sialoglycoprotein hits identified were PTPRC (CD45),
integrin 31, PECAM1, aminopeptidase N, plexin-D1, sialo-
phorin (SPN, CD43), integrin 33, CD44, etc. Among them, pro-
teins such as ITGB1, PECAM1 showed relatively higher spec-
tral counts from the ST6Gall SEEL than spectral counts from
ST3Gall SEEL, suggesting they are more highly N-sialylated
than they are O-sialylated. SPN showed the highest spectral
counts in the ST3Gall SEEL sample but relatively less spectral
counts from ST6Gall SEEL sample, suggesting this protein has
more O-sialoglycans than N-sialoglycans. This might be
expected in light of the abundance of sialylated O-glycans on
this protein (19, 20). Overall, the ability of SEEL to identify a
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analysis. ¢, Venn diagram of 111 proteins that were identified using the various methods. Proteins that were commonly found in control sample, those with
spectral count under 10, and any cytosolic or nuclear proteins were omitted.
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FIGURE 6. Spectral count comparison of the identified 103 proteins. g, 64 glycoproteins that were labeled by ST6Gal1 SEEL but not by ST3Gal1 SEEL. b, 28
glycoproteins that were labeled both by ST6Gal1 and ST3Gal1 SEEL. ¢, 11 glycoproteins that were labeled by ST3Gal1 but not by ST6Gal1. The spectral counts
for specific glycoproteins tagged by SEEL generally exceeded those obtained by metabolic labeling. In addition, the identity of those glycoproteins only
detected by SEEL is shown. Two independent biological experiments for SEEL and metabolic labeling in the undifferentiated cells were performed, with the
same subset of major glycoproteins identified in both runs. A representative comparison is shown.
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FIGURE 7. Changes of N- and O-sialoglycoprotein level of representative
sialoglycoproteins upon differentiation of HEL cells. Spectral count anal-
ysis for selected glycoproteins enriched and detected by SEEL with either
ST6Gal1 or ST3Gall. Control: HEL cells that were only treated by S-DIBO;
ST6Gal1: HEL cells only labeled by SEEL with ST6Gal1; ST3Gal1: HEL only
labeled by SEEL with ST3Gal1. U refers to undifferentiated HEL cells, and D
refers to HEL cells differentiated to megakaryocytes following PMA stimula-
tion. The results from a representative analysis are shown. All SEEL labeling
were done with prior neuraminidase treatment followed by S-DIBO-biotin.
The data shown are derived from a single proteomic analyses of undifferen-
tiated and differentiated HEL cells labeled at the same time under identical
conditions.

distinct subset of glycoproteins is consistent with what was
observed in the Western blot experiments above where specific
glycoproteins were detected much more readily following
SEEL.

Finally, we compared undifferentiated and differentiated
HEL cells with neuraminidase-coupled SEEL followed by pro-
teomic analysis to see if SEEL can be used to identify changes in
cell surface sialoglycoprotein expression in these two different
cell types (supplemental File S1). Interestingly, we found that
the most abundant sialoglycoproteins such as PTPRC and SPN
did not show any significant change upon differentiation when
SEEL was performed with ST6Gall or ST3Gall. In contrast,
clear increases in several other proteins were specifically
detected in the differentiated cells using both ST6Gall and
ST3Gall (Fig. 7). Many of these glycoproteins such as
integrinf3 and CD44 are known cell adhesion proteins and
megakaryocytic markers that facilitate attachment of the
adherent megakaryocytes (21-23). Notably, the spectral counts
of these glycoproteins far exceeded the level observed in the
control cells whereas other proteins (HSP5a) could not be dis-
tinguished between control and SEEL-tagged lysates. This
demonstrates the superior enrichment of glycoproteins that
can be achieved using SEEL. While the integrins were primarily
enriched by SEEL with ST6Gall, other glycoproteins such as
CD44 and SPN were primarily enriched using ST3Gall, again
highlighting the selectivity of the SEEL approach and its ability
to enrich unique subsets of cell surface glycoproteins.

Discussion

The present work extends the utility of the previously
reported SEEL methodology by demonstrating the selectivity of
a different SEEL enzyme (ST3Gall) and showing that SEEL-
tagged glycoproteins can be effectively enriched and identified
by proteomic analysis. This work further provides a compari-
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son of SEEL and metabolic labeling in a single cell system,
revealing many consistent features between the two methods.
For example, an increase in the presence of certain N-sialogly-
coproteins could be detected following differentiation using
both labeling methods (Figs. 1 and 4). However, several note-
worthy differences between these two approaches were also
identified and are considered below.

Neuraminidase-coupled SEEL with ST6Gall in undifferenti-
ated HEL cells revealed a high level of N-glycan labeling, while
metabolic labeling incorporated almost exclusively into O-gly-
cans (Fig. 1, lane 5 versus Fig. 2, lane 3). Likewise, SEEL with
ST3Gall also showed greater labeling of O-glycan while meta-
bolic labeling showed significantly decreased O-glycan upon
differentiation (Fig. 1, lane 7 versus Fig. 2, lane 10). We interpret
the relative decrease in O-glycan tagging in the metabolically
labeled differentiated HEL cells to reflect competition for com-
mon sialic acid precursors when the expression of N-sialogly-
coproteins is increased. Metabolic labeling is influenced by the
rate of glycoprotein biosynthesis and the rate of incorporation
into these glycoproteins, which is often limited by competition
with endogenous sugar precursor pools. Also, percentage of
substitution of sialic acid into azide-tagged sialic acid varies
among different cell lines (24, 25). Since SEEL does not rely on
the biosynthetic machinery of the cell nor does it require new
synthesis of glycoproteins, competition for substrates and dif-
ferences in metabolic flux do not contribute to the incorpora-
tion of the modified NeuAc derivative. Thus, this approach pro-
vides an opportunity to more accurately survey the profile of
cell surface glycoproteins. This is supported by the fact that
SEEL with ST3Gall showed an increase (not the decrease noted
with ManNAz labeling) in the labeling of O-sialoglycoproteins
upon differentiation (Figs. 2 and 4). Furthermore, SEEL is capa-
ble of labeling glycoproteins with slow turnover. This advan-
tage may be most relevant when analyzing cell adhesion glyco-
proteins or extracellular matrix proteins that are subject to slow
internalization and turnover since they maintain stable interac-
tions with other proteins outside the cell.

A few ER proteins, including oligosaccharyltransferase sub-
units and charperones, were also identified, albeit at low levels,
following SEEL in the undifferentiated HEL cells. Based on the
low level of spectral counts for these proteins and their appear-
ance only in the non-SEEL labeled samples in the differentiated
cells, these hits are likely nonspecific (supplemental File S1).
Nonetheless, it is possible that a fraction of ER proteins escapes
in these cells and traffics to the plasma membrane. Their pres-
entation at the cell surface may also arise due to contacts made
between the ER membrane and the plasma membrane (26, 27).
Alternatively, ER-resident proteins may become exposed to the
cell surface under specific circumstances including the onset of
apoptosis (28, 29).

While the affinity-based analysis of sialoglycoproteins is
powerful method, lectins or antibodies have not been in broad
use with proteomic profiling of cellular sialoglycan or in search
of disease biomarkers, because of their limited affinity, selectiv-
ity and availability for pan-specific sialoglycans. In this respect,
SEEL provides an efficient strategy to assess the level of sialyla-
tion of glycoproteins for many reasons. First, SEEL can be
applied to normally cultured cells without perturbation of the
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cellular metabolism. Second, since the SEEL signal reflects the
level of available vacant sites for additional sialylation, the dif-
ference of SEEL signals between control cells and neuramini-
dase treated cells is proportional to the pre-existing sialic acid
on cell surface, as was demonstrated using SEEL with CHO and
Lec2 cells (Fig. 3). Third, the sialyltransferases such as ST6Gall
or ST3Gall can add Neu5Ac9N; to N-glycan or O-glycan selec-
tively, yielding an opportunity to limit the type of glycoproteins
analyzed.

SEEL with concomitant use of two sialyltransferases pro-
vided the relative level of N-sialoglycoproteins with 2,6 linkage
and that of O-sialoglycoproteins with 2,3 linkage. It is impor-
tant to note that ST6Gall covers only 2,6-linked N-sialoglyco-
proteins. For covering the 2,3-linked N-sialoglycan, other sial-
yltransferase such as ST3Gal4 or ST3Gal6 could be employed.
As another advantage, SEEL allows the degree of sialylation of
cells to be analyzed at the level of individual protein. Although
we only showed the relative level of sialylation of proteins by
comparing spectral count of each protein, if desired, more pre-
cise comparison of the sialylation level is possible via the added
step of stable isotope labeling of peptides. It should be noted
that the signal in the anti-biotin Western blot is proportional to
the total number of sialic acid residues, however, the spectral
counts in the MS analysis is not. Rather the spectral count is
proportional to the number of protein molecules that are
pulled-down. Overall, 37% more spectral counts for sialoglyco-
proteins were identified by SEEL compared with metabolic
labeling in MS analysis.

In light of its ability to increase overall labeling above what
can typically be achieved with metabolic labeling, and its ability
to label unique glycoproteins, SEEL should prove advantageous
for the analysis of glycoprotein levels at the cell surface as well
as assessing the sialylation status of these glycoproteins. We
envision that SEEL using sialyltransferases without prior
neuraminidase treatment will represent a convenient method
to survey the sialylation status of cells via its ability to modify
available acceptors. In this case, an increase in SEEL labeling
would reflect a greater availability of acceptors, an indirect mea-
sure of sialic acid occupancy. Neuraminidase-coupled SEEL, on
the other hand, is ideal for the detection of cell surface sialogly-
coproteins since the extent of tagging will depend on the
amount of the glycoprotein at the cell surface instead of its
original sialylation status.

Author Contributions—S.Y., P.Z., L. W., and R.S. designed the
study. S.Y. and P. Z. carried out the biochemical and proteomic
studies. T. S., G.J. B,, Z. G., and K. M. provided the substrates and
enzymes for SEEL labeling. S.Y. and R.S. wrote the paper. All
authors analyzed the results and approved the final version of the
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