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Abstract

Technologies that can visualize, capture, and identify subsets of biomolecules that are not encoded
by the genome in the context of healthy and diseased cells will offer unique opportunities to
uncover the molecular mechanism of a multitude of physiological and disease processes. We
describe here a chemical reporter strategy for labeling of cell surface glycoconjugates that takes
advantage of recombinant glycosyltransferases and a corresponding sugar nucleotide
functionalized by biotin. The exceptional efficiency of this method, termed one-step selective
exoenzymatic labeling, or SEEL, greatly improved the ability to enrich and identify large numbers
of tagged glycoproteins by LC-MS/MS. We further demonstrated that this labeling method
resulted in far superior enrichment and detection of glycoproteins at the plasma membrane
compared to a sulfo-NHS-activated biotinylation or two-step SEEL. This new methodology will
make it possible to profile cell surface glycoproteomes with unprecedented sensitivity in the
context of physiological and disease states.
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INTRODUCTION

The bioorthogonal chemical reporter strategy offers exciting possibilities to interrogate
biomolecules of living cells that are not encoded by the genome. In this approach, the
biosynthetic machinery of a cell is hijacked by feeding a metabolic precursor functionalized
with a chemical reporter for incorporation into a target class of biomolecules, such as lipids
or glycoconjugates. Next, a bioorthogonal reaction is performed to modify the reporter with
a biophysical probe for visualization or enrichment. To date, azido modification is the most
widely employed bioorthogonal chemical reporter because of its small size and inertness to
most components in a biological environment. It can for example be tagged by Staudinger
ligation using modified phosphines,? copper(l)-catalyzed cycloaddition with terminal
alkynes (CUAAC),3 or strain-promoted alkyne—azide cycloaddition (SPAAC).# In particular,
SPAAC is attractive because it avoids the cellular toxicity associated with copper ions
without compromising alkyne reactivity.

In an alternative approach, chemical reporters can be introduced into biomolecules of living
cells by performing glycosyltransferase reactions at the cell surface.® This process, for
which we coined the term SEEL (selective exoenzymatic labeling), takes advantage of
recombinant glycosyltransferases and a corresponding functionalized nucleotide sugar to
install chemical reporters on cell surface acceptor glycans. For example, we have
demonstrated that recombinant ST6Gall sialyltransferase and CMP-Neu5Ac9N3 (1) can be
exploited for the selective labeling of A-linked glycans of living cells with azido-modified
sialic acid. 59:6 The attraction of the SEEL approach is that it only labels a specific class of
cell surface molecules (e.g., V- vs O-glycans) and does not rely on feeding with metabolic
substrates that must compete with natural sugar precursor pools. In light of the direct nature
of this method, we explored whether SEEL can be accomplished in a single step by
employing CMP-NeuSAc modified by biotin.” Such an approach would circumvent possible
limitations associated with bioorthogonal reactions, such as side reactions, and decrease the
time needed for labeling.

We have found that a one-step SEEL procedure, employing exogenously administered CMP-
Neu5Ac analogues modified at C-5 or C-9 with biotin (compounds 2 and 3, Figure 1),%4.72
not only is feasible but dramatically improves cell surface labeling of glycoconjugates
compared to two-step SEEL or metabolic labeling. The new methodology offers exciting
possibilities to track, capture, and identify subsets of cell surface glycoconjugates with
unprecedented sensitivity in whole cells. We have exploited the high efficiency labeling with
compound 2 to enrich and identify tagged glycoproteins by LC-MS/MS, and could monitor
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the internalization and degradation of labeled cell surface glycoproteins over time, and
identify a subset of glycoproteins that are subject to accumulation upon lysosomal disruption
by chloroquine. Lastly, the new labeling strategy was compared with a commonly employed
kit for cell surface biotinylation and was found to be vastly superior for enrichment of cell
surface glycoproteins. Many diseases exhibit lysosomal dysfunction and altered recycling of
cell surface glycoproteins.? For example, Niemann-Pick type C (NPC) disease is
characterized by impaired cholesterol efflux from late endosomes and lysosomes and
secondary accumulation of lipids. Previously, we employed the chemical reporter strategy to
demonstrate an unrecognized accumulation of glycoconjugates in endocytic compartments
of NPC1-null and NPC2-deficient fibroblasts.¢ The endosomal accumulation of sialylated
glycoproteins was attributed to impaired recycling as opposed to altered fusion of vesicles. It
is our expectation that identification of altered cell surface residency of glycoproteins in
diseases such as NPC using the new SEEL methodology will uncover the molecular
mechanisms that cause the phenotypes of these diseases, which in turn may lead to the
design of new therapeutic strategies.

Synthesis of Modified Sugar Nucleotides and Enzymology

It is known that sialyltransferases tolerate modifications at C-5 and C-9,7° and it has for
example been demonstrated that a CMP-sialic acid derivative having biotin at C-9 can be
transferred to LacNAc.59.72 Therefore, CMP-sialic acid derivatives 2 and 3 were prepared
having biotin at the C-5 and C-9 positions. Thus, condensation of C-5 and C-9 azido
modified sialic acid 5a and 5b with CTP in the presence of the recombinant CMP-sialic acid
synthetase from Neisseria meningitis® and the inorganic pyrophosphatase from
Saccharomyces cerevisiae gave readily CMP-Neu5Ac derivatives 6 and 1, respectively. A
CuAAC32 of 6 and 1 with alkyne modified biotin 7 in the presence of CuSQy, ascorbic acid,
and TBTA gave, after purification by size exclusion column chromatography over Biogel P2,
target compounds 2 and 3, respectively (Scheme 1). An alternative approach in which
compounds 5z and 56 were modified by 7 followed by condensation with CTP in the
presence of the recombinant CMP-sialic acid synthetase did not give the required products
because the enzyme did not tolerate the bulky substituents at C-5 or C-9.

Incubation of A-acetyllactosamine and CMP-sialic acid derivatives 1, 2, or 3 in the presence
of ST6Gall led to almost quantitative formation of NeubAcRa(2,6)Gal 5(1,4)GIcNAc 8S,
9S, and 10S, respectively highlighting that, in addition to azide, the C-5 and C-9 triazole
linked biotin moieties are tolerated by the transferase. Kinetic analysis of the enzymatic
transformation showed that the modifications of 2 and 3 had no or a marginal impact on the
K value (2, 3, and CMP-Neu5Ac, K, = 53, 108, and 54 1M, respectively) with no
appreciable influence on Viax.

Labeling and Trafficking of Cell Surface Glycoproteins of Living Cells

HeL a cells were incubated with CMP-Neu5Ac derivatives 1, 2, and 3 (compounds shown in
Figure 1) in the presence of ST6Gall for 2 h at 37 °C to examine the efficiency of one-step
SEEL in comparison to the previously reported®? two-step SEEL method. The length of
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labeling and the chosen enzyme and substrate donor concentrations were optimized in order
to achieve maximal labeling with minimal effects on cell viability. The labeling was
performed with and without prior treatment with Vibrio cholerae sialidase. In addition, cells
were metabolically labeled with azido containing sialosides by feeding peracetylated A-
azidoacetylmannosamine (Ac,;ManNAz).22 The cells modified by azido-containing
glycoconjugates were biotinylated by exposure to sulfated dibenzocyclooctynylamide
containing biotin (S-DIBO-biotin 4, 30 M, Figure 1)11 for 1 h. The efficiency of the various
surface-labeling procedures was determined by SDS-PAGE of cell lysates followed by
Western blotting using an anti-biotin antibody conjugated with HRP. These experiments
demonstrated that prior neuraminidase treatment of the cells increased the efficiency of
labeling for both one- and two-step SEEL (consistent with the presence of abundant highly
sialylated N-glycan structures in these cells which reduce the abundance of SEEL acceptors)
(Figure 2a). Remarkably, the one-step labeling procedure using 2 and 3 gave a robust biotin
signal even after exposure of the blot for only seconds, whereas the two-step protocol with
compound 1 or metabolic labeling with ManNAz gave a faint biotin signal and longer
exposure time was required to make the glycoproteins visible. Furthermore, labeling with 2
was more efficient than with 3 probably because it is a better substrate for ST6Gall. The
different labeling methods (metabolic, two-step, and one-step SEEL) were compared in
three other cell lines (Figure S1) to gauge the generality of this striking improvement in
labeling with one-step SEEL. In each case, the one-step SEEL procedure gave by far more
robust labeling.

Next, we performed proteomic analysis on HelLa cells labeled by two-step SEEL or one-step
SEEL (with ST6Gall) to compare the labeling efficiency of the two methods (Table S1). 294
proteins were assigned at <1% false-discovery rate using one-step SEEL, whereas 174
proteins were assigned with two-step SEEL (Figure 2b). One-step SEEL detected 140
glycoproteins not observed using the two-step method, while two-step SEEL identified only
20 unique glycoproteins. The total spectral count of all assigned proteins from one-step
SEEL was 2.1 times higher than that from two-step SEEL. Out of the 154 commonly found
proteins in both methods, 85 proteins showed more than 2-fold increase in their spectral
counts, while 57 proteins showed more than 3-fold increase and 25 proteins showed more
than 5-fold increase in one-step SEEL. The relative spectral counts of the top 20 most
abundant commonly assigned glycoproteins were compared in Figure 2c. Among these 20
proteins, PTPRF (752%), BSG (423%), ROBO1 (359%), and IGF2R (342%) showed at least
a 3-fold improvement in assigned spectral counts. These data demonstrate the remarkably
superior labeling eficiency of sialoglycoproteins at the cell surface when one-step SEEL is
utilized.

Next, we examined whether the biotin containing sialosides at the cell surface are
desialylated by neuraminidase. If the neuraminidase hydrolyzes only the natural form of
sialosides but not the biotinylated sialosides, the one-step SEEL procedure can be done in 2
h with concurrent treatment of neuraminidase. Fibroblasts labeled with 2 and 3 were treated
with Vibrio cholerae (VC) sialidase or Arthrobacter ureafaciens (AU) sialidase, and the
results were compared with untreated cells by Western blotting. Only the C-9 compound was
sensitive to treatment with VC sialidase whereas the C-5 analogue was resistant (Figure S2,
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panel A). In contrast, both modifications were resistant to AU sialidase treatment (panel B
and data not shown). Treatment of the C-9 azide-modified sialyllactosamine (8S) with VC
sialidase led to the removal of the modified sialic acid moiety within a period of 24 h
whereas a similar treatment of C-9 biotin modified sialoside 9S resulted only in partial
cleavage of the sialoside, and in this case an extended period of time was required for full
removal. A sialoside modified at C-5 with biotin (10S) was resistant to VVC sialidase
treatment. None of the sialosides could be cleaved by AU sialidase. These findings confirm
the cell-based results and also suggest that the AU sialidase can be used concurrently with
SEEL labeling as a means to remove existing natural sialic acids without affecting the
addition of the biotin-modified sialic acids.1?

Next, attention was focused on the use of the new compounds to visualize trafficking of A~
linked glycoconjugates in normal and chloroquine-treated cells. HeLa cells were
enzymatically labeled with ST6Gall and CMP-sialic acid derivative 2, and the resulting
biotin-modified N-glycoproteins were visualized by confocal microscopy following
incubation with a fluorophore conjugated anti-biotin antibody (Figure 3a). As expected,
robust staining at the cell surface was observed. Labeled cells were then incubated with or
without chloroquine for 16 h to allow labeled glycoproteins to be internalized from the cell
surface. Chloroquine is known to disrupt lysosomal pH and prevent eficient catabolism
within this compartment. In the absence of chloroquine, a clear decrease in the intensity of
labeling at the cell surface was detected, indicating that the SEEL-tagged glycoproteins can
be internalized and/or degraded. In the chloroquine-treated cells, the labeled glycoconjugates
instead accumulated within intracellular vesicles, consistent with late endosomes/lysosomes.

Proteomic Analysis of Labeled Glycoproteins Following Lysosomal Disruption

The high labeling efficiency achieved by the one-step SEEL procedure provides
opportunities to enrich and identify cell surface glycoproteins and investigate how different
glycoproteins respond to biological processes such as lysosomal disruption. For enrichment
of tagged glycoproteins, immunoprecipitation was performed with an anti-biotin antibody,
which was followed by SDS-PAGE and silver staining (Figure 3b). The results clearly show
a loss of labeled Atlinked glycoproteins following incubation in the absence of chloroquine
(indicative of endocytosis and degradation of these glycoproteins) but a substantial reduction
in the degradation of many labeled proteins in the presence of chloroquine. This observation
was confirmed by Western blotting analysis of the same samples using an anti-biotin
antibody (Figure 3b). Next, immunoprecipitated glycoproteins were subjected to tryptic
digestion followed by shotgun proteomics (LC-MS/MS). The efficiency of labeling and
enriching cell surface proteins is demonstrated by the identification of 255 membrane
proteins out of the 282 proteins assigned (>90%) in the initial time zero sample (Table S2).
Alterations in protein abundance were then examined in samples incubated with or without
chloroquine for 16 h. A total of 173 proteins (161 of which are membrane proteins) were
present in all three incubation conditions with less than a 1% false-discovery rate (Table S2).

Quantification via spectral counts revealed that 40 glycoproteins decreased in abundance by
at least 5-fold (or became undetectable) after incubation of untreated cells for 16 h, but were
detected in at least a 3-fold greater abundance when chloroquine was present during the 16 h
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incubation period (Figure 3c, Table S2). These glycoproteins, which include many receptors,
such as the cation-independent mannose 6-phosphate receptor (IGF2R) and ephrin B
receptor (EPH2A), likely represent those that internalize and turn over readily when
lysosomal function is normal but will accumulate inside cells when the function of this
organelle is compromised by chloroquine treatment. The data had been analyzed using
stringent conditions for the quantification removing from consideration those glycoproteins
that were detected in non-SEEL labeled control samples. Relaxation of this criterion, such as
also considering proteins which were enriched at least 10-fold compared to control, captured
additional proteins that exhibit the above-described internalization behavior such as CD44
and EGFR (Table S2). Interestingly, another set of glycoproteins including caveolin-1,
mucin-1, and several cell surface channel proteins were not or only marginally affected in
abundance after the chase period in the presence or absence of chloroquine (Figure 3c, Table
S3).

To validate the proteomic findings, the steady-state level of one identified glycoprotein
(IGF2R) was assessed by immunoprecipitation and Western blotting. IGF2R, also known as
the cation-independent mannose 6-phosphate receptor, is primarily localized to post-Golgi
compartments but also cycles to the plasma membrane where it can bind a variety of
ligands.13 It is estimated that approximately 10—-15% of the total IGF2R pool in cells
localizes to the plasma membrane at steady state. Glycoproteins labeled with 2 were
immunoprecipitated using an anti-biotin antibody and the resulting samples resolved by
SDS-PAGE and Western blotting using an IGF2R protein-specific antibody. When the 6-
fold higher protein load in the eluted fraction is taken into account, about 15% of the total
IGF2R was labeled by SEEL, consistent with prior estimates of its cell surface distribution
under steady state conditions. It can be seen in Figure 3d that incubation for 16 h resulted in
a significant decrease in the abundance of the tagged glycoprotein whereas incubation in the
presence of chloroquine showed less degradation of the labeled IGF2R. This closely mirrors
the proteomic findings and supports the fidelity of the approach to monitor cell surface
glycoprotein levels and dynamics, in particular for proteins that actively cycle between the
plasma membrane and the endosomal system.

Proteomic Analysis of Cell Surface Proteins Labeled by SEEL and Amino-Reactive

Reagents

Existing strategies for the enrichment of cell surface glycoproteins utilize reagents such as
sulfo-NHS-activated biotin to tag lysine residues on available proteins.14 These reagents
suffer from lack of selectivity and often isolate cytosolic proteins. Using non-adherent
HEK293F cells, a direct comparison of the SEEL and amino labeling method was
performed. As shown in Figure 4a, labeling with the sulfo-NHS-biotin reagent resulted in
the detection of numerous proteins across a broad molecular weight. On the other hand, a
more restricted profile of proteins was visualized by one-step SEEL labeling with ST6Gall.
Analysis of the total proteins detected (vs total cell surface glycoproteins detected), however,
revealed a clear enrichment in the detection of cell surface glycoproteins using SEEL.
Nearly 95% of the total proteins detected following SEEL with ST6Gall (367) were bona
fide cell surface glycoproteins whereas only 18% of the total proteins detected using the
sulfo-NHS-biotin reagent were cell surface glycoproteins (Figure 4b, top panel). Analysis of
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total spectral counts recovered using the two methodologies further enforced the obvious
advantage of using SEEL-based labeling to enrich and detect cell surface glycoproteins
(Figure 4b, bottom panel).

DISCUSSION

The findings reported here demonstrate a remarkable labeling efficiency of cell surface
glycoproteins by employing CMP-sialic acid modified by biotin and an appropriate
sialyltransferase. The approach made it possible to track, capture, and identify subsets of cell
surface glycoconjugates with unprecedented sensitivity in whole cells. The efficiency of the
enzymatic transfer by ST6Gal1l is not substantially altered by the presence of the biotin (or
azide) tag, and therefore we believe that the inferior labeling with the two-step SEEL
method lies in the bioorthogonal reaction step. It is possible that the alkyne-containing
compounds are prone to side reactions,® but very little background is observed when cells
are incubated with DIBO or S-DIBO alone. This observation would suggest instead that
steric hindrance or electrostatic effects impact the efficiency of labeling at the cell surface.
The use of the biotin conjugated CMP-sialic acid derivatives also decreases the total labeling
time which makes it suitable for SEEL on cell types that may be sensitive to the conditions
needed for this type of labeling. We did note that metabolic labeling most efficiently labeled
a different subset of glycoproteins than SEEL (Figure 2). This may reflect the ability of
metabolic labeling to label glycoproteins with high rates of turnover and biosynthesis.
Likewise, it is anticipated that metabolic labeling can label intracellular glycoproteins (e.g.,
Golgi enzymes, etc.). The SEEL approach requires galactosyl acceptors at the cell surface,
which in situ can be generated by performing the reactions in the presence of a bacterial
neuraminidase that is capable of removing the natural sialic acids but not the biotin-bearing
sialic acids. The ability to effectively label in the presence of the neuraminidase is
advantageous since it may limit the effects that desialylation would have on the cell surface
residence or endocytosis of glycoproteins.

Immunopurification of labeled glycoconjugates followed by tandem mass spectrometry
demonstrated the power of the one-step SEEL approach to efficiently enrich and confidently
identify cell surface glycoproteins, as approximately 300 known cell surface glycoproteins
were detected. Almost twice as many proteins were identified compared to the two-step
SEEL method (Figure 2b), and the new approach allows for many lower abundance
glycoproteins to be uniquely identified. The 2.0-fold increase in spectral counts with one-
step SEEL is far less dramatic than the increased labeling efficiency of glycoproteins
detected by Western blotting. We believe that this difference arises from the fact that only
one glycan of a glycoprotein that may have multiple glycans needs to be labeled for
enrichment and subsequent proteomic analysis. In contrast, labeling multiple glycans of a
single glycoprotein will greatly influence Western blot detection of a given glycoprotein as
each biotin contributes independently to the overall signal.

A commonly performed procedure for analyzing cell surface proteomes is by biotinylation
with reagents such as sulfo-NHS activated biotin followed by affinity capture and mass
spectrometric analysis.14 This widely applied approach lacks selectivity and often leads to
the isolation of cytosolic proteins likely due to cell permeability of the reagent. A number of
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alternative methods have been explored;® however, all lack specificity required for
comprehensive analysis of the surface membrane proteome.18 A more selective approach
relies on mild oxidation of glycans with NalOy to install aldehyde functions, followed by
tagging with a hydrazine containing bifunctional linker, proteolysis, capture of
glycopeptides, enzymatic release of the A-linked glycans, and identification of the resulting
peptides by LC-MS/MS.17 Although elegant, the approach requires a large number of steps
and relies on rather inefficient hydrazone formation, and protein identification is based on
the characterization of mainly one peptide.

The SEEL methodology described here is highly selective for cell surface proteins because
the employed enzymes and reagents cannot cross the cell membrane. The high labeling
efficiency and the selectivity for cell surface proteins achieved is best underscored by the
impressive enrichment of cell surface glycoproteins vs total proteins detected (95% using
SEEL; 18% using NHS-biotin). Moreover, the procedure is technically simple and allows
glycoprotein trafficking and turnover to be easily investigated though of course it is limited
to the glycoproteins that can be substrates for the enzyme. Furthermore, the one-step SEEL
approach can readily be expanded to the labeling of specific classes of glycoproteins by
employing alternative glycosyltransferases that have unique glycosyl acceptor
specificities.18

The new strategy allowed the identification of glycoproteins whose steady state levels
decrease following internalization as well as those that respond differently to incubation in
the absence or presence of chloroquine. Many proteins such as IGF2R and EPHA2 were
greatly reduced following the 16 h chase period for untreated cells but were more stable to
degradation when chloroquine was present during the chase period. This profile indicates
that these glycoproteins are subject to internalization and turnover or loss of label within the
endolysosomal system. The ability of the new methodology to monitor glycoprotein
dynamics in the context of lysosomal dysfunction will be particularly advantageous for the
investigation of lysosomal storage disorders and the mechanisms that might explain the
pathophysiology of these diseases. Abnormal recycling of glycoproteins is a known feature
of these disorders that may lead to the intracellular accumulation of proteins that are
required at the cell surface for normal health of cells such as neurons.%*19 Methods that
provide an accurate assessment of the cell surface glycoproteins have potential to uncover
new targets for investigation and will no doubt find numerous applications in other areas of
biology and biomedicine. For example, the global characterization of glycoproteins
expressed on a cell surface and how this proteome responds to different stimuli can offer a
better understanding of many disease processes, lead to new biomarkers for diagnosis and
early detection of disease, and accelerate drug development.

EXPERIMENTAL SECTION

Methods

Methods, associated references, and additional information and data are available in the
Supporting Information.
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Recombinant rat a-(2,6)-sialyltransferase (ST6Gal1) was prepared as reported.29 CMP-
Neu5Ac9N3, 4, and AcsManNAz were synthesized as previously described.*911 Viprio
cholerae neuraminidase was purchased from Sigma-Aldrich (N6514). Arthrobacter
ureafaciens neuraminidase was purchase from NEB (P0722). Alkaline phosphatase (FastAP)
was purchased from Thermo Scientific (EF0651). HRP conjugated anti-biotin antibody
(200-032-211), Alexa Fluor 488 conjugated anti-biotin antibody (200-542-211), and
unconjugated anti-biotin antibody (200-002-211) were purchased from Jackson
ImmunoResearch Laboratories. HRP conjugated S-actin antibody was from Abcam
(ab20272). Anti-CI-MPR (IGF2R) polyclonal antibody was a kind gift of Dr. Peter Lobel
(CABM-Rutgers). Protease inhibitor cocktail tablet (88666), EZ-Link Sulfo-NHS-LC-Biotin
(21335), 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

HeLa, human fibroblast (CRL-1509; Coriell Cell Repository, Camden, New Jersey), HepG2,
or HEK293T cells were cultured in DMEM medium with high glucose (4.5 g/L) and L-
glutamine, Jurkat cells were cultured in RPMI 1640 medium with L-glutamine, and all those
media were supplemented with 10% fetal bovine serum (FBS, BenchMark) and penicillin
(200 1U/mL)/ streptomycin (100 tg/mL, MediaTech). HEK293F cells were cultured in
suspension with serum-free Freestyle 293 expression medium. All cell lines were cultured in
a 5% CO, atmosphere, 37 °C humid incubator.

Metabolic Labeling, Two-Step SEEL, or One-Step SEEL

Metabolic labeling of HeLa cells was done with 50-70% confluent cells in 12 well dishes by
incubating with 30 /M AcsManNAz in DMEM supplemented with 10% FBS for 24 h in the
cell culture incubator. Metabolic labeling of HepG2 and HEK293T cells was carried out by
culturing 50-70% confluent cells in 10 cm culture dishes with 60 1tV AcsManNAz for 24 h.
Jurkat cells (~2.0 x 107 cells in suspension in a 10 cm dish) were also treated with 60 M
AcsManNAz for 24 h. Cells were washed with DPBS, further labeled with 4 (30 ¢/M) in 2%
FBS containing DPBS for 1 h at room temperature, and then lysed and analyzed by Western
blot.

Two-step SEEL or one-step SEEL was done with confluent HelL a cells in 12 well dishes.
Cells were pretreated with (+) or (=) Vibrio cholerae (VC) neuraminidase (50 mU/mL) for 2
h at 37 °C in serum free DMEM. After cells were washed with DPBS three times, cells were
incubated in SEEL reaction mixture in 37 °C for 2 h. The SEEL reaction mixture (300 /1)
was prepared using serum free DMEM with ST6Gall (42 pg/mL), CMP-sialic acid
derivative (100 ¢M), 2 4L of BSA (2 mg/mL), alkaline phosphatase (2 /L), and 46 £ of 3
M sucrose. After cells were washed with DPBS, the cells with two-step SEEL were further
labeled with 4 (30 4M) in 2% FBS containing DPBS for 1 h at room temperature and then
lysed and analyzed by Western blot. Following one-step SEEL reaction, cells were directly
lysed and analyzed by Western blot.
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Two-step or one-step SEEL of Jurkat, HepG2, or HEK293T cells was carried out similarly
except that they were labeled in suspension in Eppendorf tubes. In the case of HepG2 or
HEK?293T, cells confluent in 10 cm dishes were detached by pipetting after brief incubation
(5-10 min) with DPBS and collected in Eppendorf tubes. For Jurkat cells, ~3.0 x 107 cells in
Eppendorf tubes were prepared. Cells were pretreated with Arthrobacter ureafaciens (AU)
neuraminidase (2 zL, 1:1 diluted in 50% glycerol) in 300 sl of serum free medium
containing BSA (2 wL) for 90 min. Next, two-step SEEL, one-step SEEL, or 4 labeling was
carried out similarly in 300 L total volume in Eppendorf tubes.

SEEL and Chase Experiment of HeLa Cells with Chloroquine Treatment

For chase experiment, HeL a cells were labeled with the one-step SEEL method without
sucrose since the sucrose-treated HeLa cells did not grow well over the chase period. The
labeled cells were either (1) directly lysed for the following Western blot or
immunoprecipitation or fixed and then stained with anti-biotin-488 for confocal imaging (0
h), or (2) further incubated in DMEM containing 10% FBS with or without chloroguine (50
4M) treatment (16 h). After the chase, the resulting cells were lysed or fixed depending on
the desired analysis.

Cell Staining and Imaging

For staining after SEEL, HelLa cells were cultured on glass cover slides (gelatin coated) in
12 well dishes. For staining, one-step SEEL reaction (300 L) was performed with ST6Gall
and compound 2 (C-5 tetrazole) with cotreatment of Arthrobacter ureafaciens (AU)
neuraminidase (2 gL/mL, 1:1 diluted in 50% glycerol) in the absence of sucrose. For 0 h
analysis, cells were directly fixed with 3.7% formaldehyde for 15 min and then stained with
anti-biotin-Alexa Fluor 488 (1:500) for 1 h. For chase, cells labeled by the SEEL reaction
were further cultured with or without 50 M chloroquine in DMEM containing 10% FBS for
16 h, followed by the fixing and staining with anti-biotin-Alexa Fluor 488. Stained cells
were visualized using an Olympus FVV1000 laser scanning confocal microscope.

Cell Surface Labeling with EZ-Link Sulfo-NHS-LC-Biotin

We followed the manufacturer’s protocol for the Sulfo-NHS-LC-Biotin reagent with
modification in labeling temperature (4 °C instead of room temperature) in an attempt to
reduce internalization of the compound. HEK293F cells (2.2 x 107 cells each for
biotinylation or control) cultured in suspension were collected in Eppendorf tubes and
pelleted. The cells were then washed three times with cold DPBS (1.0 mL, pH 8.0) and then
resuspended in 500 s of cold DPBS containing (+) or (=) 2 mM EZ-Link Sulfo-NHS-LC-
Biotin. The resulting mixture was rotated at 4 °C for 30 min. Next, the cells were then
washed three times with DPBS containing 100 mM glycine followed by three washes with
DPBS at 4 °C. These biotinylated cells were lysed in the RIPA buffer for further analysis.

Immunoblotting, Immunoprecipitation, and Silver Staining

Labeled HeL a cells were lysed on plate by scraping in RIPA buffer (50 mM Tris-HCI buffer
pH 8.0, 150 mM NacCl, 1.0% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) supplemented
with protease inhibitor cocktail on ice and collected in an Eppendorf tube. For the HEK293F
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cells labeled in suspension, cells were pelleted and lysed in an Eppendorf tube with the same
lysis buffer. After vortexing for 20 s followed by incubation for 30 min on ice, the resulting
tubes were spun down at 20000g for 10 min to clear nuclei. Protein concentration was
determined by using BCA Protein Assay Kit (Thermo Science Pierce). Lysates were
analyzed by SDS-PAGE and immunoblot using anti-biotin antibody conjugated with HRP
typically at 1:50,000-1:100,000 dilution.

For immunoprecipitation, protein G beads (Sigma-Aldrich, St. Louis, MO) coated with anti-
biotin antibody were prepared by incubating anti-biotin antibody (unconjugated) with
protein G beads (protein G beads: antibody = 3:2 volume ratio) in the immunoprecipitation
buffer (= RIPA buffer without protease inhibitor cocktail). We found that the anti-biotin
antibody gave less background and higher specificity for enrichment compared to
streptavidin-bound agarose. Cell lysates were precleared by incubating with protein G beads
for 2 h at 4 °C. The precleared lysate was collected and then incubated with the antibody-
coated protein G beads overnight at 4 °C. Next, the beads were washed 5 times with the
RIPA buffer and then eluted with 2x sample loading buffer containing 10 mM dithiotheitol
by boiling for 10 min. For proteomic analysis, one-step SEEL was performed in large scale
without using sucrose for both HeLa and HEK293F cells, and the concentration of
recombinant sialyltransferase and biotinylated CMP-sialic acid was the same as in the
smaller scale reactions. HeLa cells were cultured confluent (~1.0 x 107 cells) in a 10 cm
dish, and SEEL reaction was made on the same dish in 2 mL total reaction volume after 2 h
of pretreatment of VC neuraminidase. In the case of HEK293F cells, cells cultured in
suspension (1.7 x 107 cells) were collected in an Eppendorf tube and then SEEL reaction
was performed with 530 £L total reaction volume in the presence of AU neuraminidase as
concurrent treatment. 1.0 mg of each lysate was incubated with 50 gL of the protein G-beads
(precoated with anti-biotin antibody) for complete pull-down of cell surface
sialoglycoproteins. Eluted proteins were resolved by SDS-PAGE (8%), and the resulting gel
was silver stained for in-gel trypsin digestion followed by proteomic MS analysis.

Proteomic Analysis

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
iodoacetamide for 45 min in the dark prior to digestion with trypsin overnight. The resulting
peptides were extracted, dried, and reconstituted in 0.1% formic acid. The peptides were
separated on a 75 gm (i.d.) x 15 cm C18 capillary column (packed in house, YMC GEL
ODS-AQ120 AS-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 m/z 300 to 2000 at 120k resolution, and MS2 scans following
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)
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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. Proteins detected at 1% false-discovery rate in
the negative controls (no recombinant enzyme added, data not shown) were excluded from
the final lists of proteins identified in respective conditions. UniProt was used to define
cellular localization. Quantification was performed by normalizing the spectral counts
generated by ProteolQ (v2.7, Premier Biosoft).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reagents for one- and two-step SEEL.
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One-step SEEL with compounds 2 and 3 greatly improved labeling efficiency of sialylated
glycoproteins. (a) Western blot analysis of lysates from SEEL-labeled HeLa cells with
ST6Gall using compound 1 (CMP-Neu5Ac9N3), compound 2 (C-5 biotinylated), or
compound 3 (C-9 biotinylated) with or without pretreatment with Vibrio cholerae sialidase.
SEEL labeling with 1 and metabolic labeling with Ac;ManNAz (met) was followed by
incubation with 4. The above image is representative of three independent labeling
experiments. The S-actin loading control is shown below the biotin blot. (b) Venn diagram
for the proteomic analysis of HeL a cells subjected to two-step (compound 1) or one-step
(compound 2) SEEL with ST6Gall. (c) The spectral counts of the 20 most abundant
glycoproteins detected using one-step SEEL are plotted relative to the counts detected using
two-step SEEL (values for two-step SEEL set to 100%).
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Figure 3.
(a) Sialoglycoproteins labeled with one-step SEEL can be internalized and are subject to

intracellular accumulation in the presence of chloroquine. HeLa cells labeled by one-step
SEEL using compound 2 incubated in the presence or absence of 50 M chloroquine for 16
h following by confocal analysis. Anti-biotin antibody was applied to cells before
internalization (without permeabilization). (b) Western blot analysis of SEEL-labeled HeLa
cells under the three conditions tested and silver stain of anti-biotin immunoprecipitates
from the same samples. (c) Quantification of normalized spectral counts for SEEL-labeled
glycoproteins following analysis by tandem mass spectrometry. (d) Western blot analysis of
IGF2R from anti-biotin immunoprecipitates under the three different conditions. 30 ;g of
protein was loaded in the input and flow through lanes whereas 180 /g of total protein was
loaded for the eluted fraction in order to facilitate detection of this protein following the
internalization period.
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(a) Western blot analysis of HEK293F cells labeled using sulfo-NHS-biotin or SEEL with
ST6Gall. (b) Quantification of the total proteins identified (top panel) and their spectral
counts (bottom panel) under these conditions compared to the total cell surface

glycoproteins identified.
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Scheme 1. Synthesis of Compounds 2 and 32
4Reagents and conditions: (a) CTP, 200 mM Tris buffer (20 mM MgCls, pH 8.9), inorganic

pyrophosphatase CMP-sialic acid synthetase; (b) CuSOy4, Na ascorbate, DMF/Tris-HCI
buffer (pH = 7.5), TBTA.
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