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ABSTRACT: Reagents for detecting post-translational
modifications in the context of their protein scaffold are
powerful tools, but are challenging to develop for
glycosylated epitopes. We describe a strategy for detecting
protein-specific glycosylation through the use of cyclo-
octyne-aptamer conjugates. These molecules selectively
ligate to azidosugar-labeled glycans exclusively on a target
protein on live cells. We characterized aptamer conjugates
against two different cell surface glycoproteins and show
that these reagents are amenable to detecting protein
sialoforms by mass spectrometry, Western blotting, and
flow cytometry. Given the abundance of aptamers that
bind cell surface targets, we expect this technology will be
a useful platform for investigating the roles of protein-
specific glycosylation in various cellular contexts.

lycosylation of cell surface proteins serves many biological

functions such as the generation of ligands for cell—cell
interactions as well as reporting on the internal metabolic status
of the cell' While it is appreciated that global changes in
glycosylation drive biological phenomena,™” the importance of
particular glycoprotein actors is emerging as a prominent theme
in cell biology."™” Therefore, developing tools to detect specific
protein glycoforms is a valuable yet challenging endeavor.

The study of glycosylated proteins is facilitated by the use of
affinity reagents such as antibodies or lectins that bind their
pendant glycan structures. These reagents are indispensable for
many gold-standard experimental platforms such as enrichment
for mass spectrometry, Western blot, fluorescence microscopy,
ELISAs, and proximity ligation.” However, these reagents
recognize only the isolated glycan epitopes while remaining
agnostic to the protein scaffold upon which the modification
resides.

One solution is the generation of glycospecific antibodies
through the immunization of animals with synthetic peptides
bearing the desired glycan modification.” Unfortunately, this
strategy is labor-intensive and low-throughput, often requiring
extensive purification and screening to generate high-affinity
reagents.'’ For many complex glycan targets, this may not be
teasible due to the difficulty of obtaining homogeneously
glycosylated antigen. Additionally, many glycans and glycopep-
tides tend to be T-independent antigens and elicit relatively low
affinity IgM subtype antibodies instead of the preferred high
affinity IgG subtypes.'' While several glycospecific antibodies are
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known, most only detect small glycan epitoIpes, such as the
monomeric Tn antigen on MUCI peptides'” and the intra-
cellular O-GlcNAc modification.'® Therefore, the development
of alternative labeling protocols for specific protein glycoforms
remains an important goal in the field of glycobiology.

Our group has previously developed a two-step process for
labeling glycans by appropriating normal glycan biosynthesis
with azide-bearing substrates that covalently react with cyclo-
octynes conjugated to a reporter group.'* While this strategy is
valuable for monitoring global glycosylation,ls’lé it does not
afford protein selectivity. We and others were recently able to
combine metabolic labeling with FRET microscopy to image
specific protein glycoforms.'’ ' However, these methods do
not address the need for reagents that form a physical connection
to the glycoprotein to enable enrichment.

We surmised that an affinity reagent capable of detecting a
specific protein glycoform might be designed by accelerating the
reaction rate of cyclooctyne probes with azide-bearing glycans on
a specific target through enhancement of the local concentration
surrounding that protein (Figure 1). We took inspiration from
previous work using nucleic acid aptamers to deliver reactive
functional groups to singular protein targets amidst complex
biological systems. For example, Brody et al. incorporated photo-
cross-linkable bases into aptamers that covalently attach to their
protein target upon exposure to UV light.”” The proximity
induced by aptamer binding is thought to increase the local
concentration of the UV reactive groups to accelerate the rate of
photo-cross-linking only with nearby proteins. We predicted that
analogous selectivity could be achieved with cyclooctyne-azide
chemistry to label specific glycoforms on the surfaces of live cells.

To test this hypothesis, we identified two aptamers: sgc8c”'
and TDO05.1,”* which target protein tyrosine kinase-7 (PTK7)
and the mu heavy chain of the B-cell receptor (mIgM),
respectively. As test substrates, we used Jurkat cells, which bear
PTK7 but lack mIgM, and Ramos cells, which bear mIgM but
lack PTK7 (Figure S1). PTK7 is a co-receptor in the Wnt
signaling pathway,”* while mIgM is a major component of the B-
cell receptor. Both single-stranded DNA aptamers were
purchased with a biotin group at the 5’ end for easy detection
by Western blot and an amine at the opposing terminus for
further functionalization. We then synthesized a panel of
cyclooctyne-aptamer conjugates where we varied the site of
attachment and linker length of the cyclooctyne attachment to
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Aptamer binding induces
proximity-enhanced ligation

1'\3 = Biotin or fluorophore

Figure 1. A chemical strategy for the selective labeling of protein glycoforms on live cell surfaces. Cells are incubated with Ac,ManNAz, which when
metabolized introduces SiaNAz into surface glycoproteins. Cells are then treated with a functionalized aptamer bearing a cyclooctyne and a reporter
group on the 5’ and 3’ termini, respectively. Aptamer binding positions the cyclooctyne to ligate preferentially to SiaNAz residues in proximity on the

same glycoprotein.

determine the optimal configuration (Table S3). We appended a
cyclooctyne to either terminus by reacting the corresponding
terminal amino group with commercially available DBCO-PEG,-
NHS ester (Scheme S1). We reasoned that the 1—2 nm distance
provided by the PEG, linker would allow for enough flexibility to
reach a large portion of the protein surface while still restricting
access to neighboring glycoproteins.

Next, we cultured either Jurkat or Ramos cells with
peracetylated N-azidoacetylmannosamine (Ac,ManNAz) to
generate cell surface glycoproteins bearing N-azidoacetylneur-
aminic acid (SiaNAz) and then incubated the cells with low
micromolar concentrations of a cyclooctyne-aptamer conjugate.
The cells were washed in PBS and then lysed. The lysates were
resolved by SDS-PAGE and then analyzed for biotinylated
proteins by Western blotting with streptavidin-HRP. Irrelevant
bands corresponding to endogenously biotinylated carboxy-
lases™* are indicated in the Western blots.

For Jurkat cells labeled with the cyclooctyne-sgc8c aptamer
conjugate, a 170-kDa band was observed, corresponding to the
reported molecular weight of PTK7, with some off-target labeling
(Figure 2A,B). Western blot analysis of Ramos cells labeled with
the TDOS.1 cyclooctyne-aptamer conjugate exhibited two bands
with molecular weights that correspond to the heavy (60 kDa)
and light chains (30 kDa) of mIgM (Figure 2C,D). In the case of
the light chain IgM, laddering is observed, likely due to the
addition of multiple aptamer-conjugates to this low molecular
weight protein. At higher conjugate concentrations, additional
bands began to appear, suggesting selectivity is achieved only at
low concentrations, where the proximity effect of the cyclo-
octyne-aptamer conjugate is allowed to dictate the kinetics of the
reaction. While many factors likely contribute to the specificity of
any specific aptamer-conjugate, we observed the greatest
selectivity at low micromolar concentrations of the probe.

An endogenously biotinylated carboxylase of similar molecular
weight to PTK7 was potentially masking the banding pattern. To
confirm the specific labeling of PTK7, we treated Jurkat cells with
an sgc8c-cyclooctyne aptamer conjugate, a mismatched TDOS.1-
cyclooctyne aptamer conjugate, and a sgc8c-biotin conjugate
lacking a cyclooctyne. Detergent lysates of these labeled cells
were enriched for biotinylated proteins with Neutravidin resin.
Bound proteins were stripped by boiling in SDS and then
analyzed by an anti-PTK7 Western blot. Satisfyingly, a single 170
kDa band appeared only in the lane with the correctly matched
aptamer-cyclooctyne conjugate (Figure S6).

In order to confirm that labeling was covalent and not simply
the result of a strong noncovalent interaction between the
aptamer and its antigen, we treated cells with aptamers lacking a
cyclooctyne. As an additional negative control, we labeled Jurkat
cells with the TDO0S.1 cyclooctyne-aptamer conjugate and Ramos
cells with the sgc8c cyclooctyne-aptamer conjugate. These
aptamers target proteins that are absent from the respective cell
surfaces. Both cases led to minimal labeling, suggesting that the
aptamer is protein selective and primarily reacts through the
cyclooctyne (Figure 2B,D). Furthermore, sialidase-treated
samples produced no detectable labeling with the cyclooctyne-
aptamer conjugate (Figure 3A,C). Specific glycoprotein labeling
required the cells to be Ac,ManNAz-treated and were absent in
cells treated only with DMSO (Figure 3B,D).

To further improve the labeling efficiency, we sought to
structrually optimize our aptamer-cyclooctyne conjugate probes
by varying the length of the linker between the cyclooctyne and
the aptamer. A priori, it was difficult for us to reason whether or
not a long or short linker would provide optimal labeling of
protein sialoforms. A long linker might provide greater access to
sialic acids far from the epitope binding site of the aptamer, but a
shorter linker might increase the reactivity rate by constraining
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Figure 2. Dose dependence and selectivity of ligation. Jurkat or Ramos
cells were incubated with Ac,ManNAz for 3 d, washed, and then
incubated with the indicated cyclooctyne conjugate (BD = biotin-
DBCO, BSD = biotin-sgc8c-DBCO conjugate, BTD = biotin-TDO0S.1-
DBCO conjugate, BT = biotin-TD05.1, BS = biotin-sgc8c). Conjugate
concentration was 2.5 M in panels B and D. Cells were washed, lysed,
and then analyzed by Western blot with streptavidin-HRP. The blots in
panels A and C represent glycoprotein labeling from a titration of the
aptamer-cyclooctyne conjugate. The blots in panels B and D show
labeling with the correct aptamer-cyclooctyne conjugate in comparison
to two controls: the mismatched aptamer-cyclooctyne conjugate and an
aptamer lacking a cyclooctyne. Loading controls and full-length blots are
included in Figure S3. All images are representative blots from biological
triplicates.

the cyclooctyne into fewer conformations that could be better
positioned to react with the azide. Surprisingly, we found no
noticeable difference between PEG, and no PEG linkers (Figure
S2), suggesting that the glycans that the probes are labeling reside
within a 1—3 nm distance (the length of a PEG, chain) from the
3’ terminus of the aptamer.

As strained alkynes have some background reactivity with
biological nucleophiles™ that might be enhanced through
proximity effects, we wanted to confirm that labeling was
dependent on the presence of SiaNAz. To test this, we pretreated
cells with a broad spectrum sialidase from Artherobacter
ureafaciens to remove SiaNAz residues.”® The cells were then
subjected to labeling with a cyclooctyne-aptamer conjugate. To
confirm the molecular identity of the labeled species, we labeled
cells with the appropriate biotinylated cyclooctyne-aptamer
conjugates and enriched by pulldown with neutravidin beads.
After extensive washing, isolated biotinylated proteins were
trypsinized on bead, and their peptides were identified by mass
spectrometry. PTK7 and mIgM were positively identified from
experiments with Jurkat and Ramos cells, respectively (Tables S1
and S2). It is significant to note that despite the ubiquity of
sialylated cell surface proteins, the only cell surface protein to
appear from the Jurkat cell peptide ID list was PTK7. For the
Ramos cell peptide ID experiment, mIgM heavy and light chains
were identified as expected, in addition to a leukosialin, a highly
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Figure 3. Sialidase sensitivity and SiaNAz dependence of labeling. Jurkat
or Ramos cells were incubated with Ac,ManNAz or DMSO control for 3
d and washed. Cells in panels C and D were then treated with sialidase as
indicated. All cells were then treated with 2.5 yM of the appropriate
conjugate, lysed, and then analyzed by Western blot with streptavidin-
HRP (BD = biotin-DBCO, BSD = biotin-sgc8c-DBCO conjugate, BTD
= biotin-TD05.1-DBCO). Blots in panels A and C show the loss of
labeling upon cell-surface removal of sialic acids with a sialidase. Blots in
panels B and D show the dependence of labeling upon the presence of
azidoglycans on the cell surface. Loading controls and full-length blots
are included in Figure S4. All images are representative blots from
biological triplicates.

abundant cell surface sialylated glycoprotein.”” Together, these
experiments provide the first evidence that PTKY7 is sialylated.
Finally, we wanted to detect labeling of glycoproteins directly
on live cells. We synthesized a cyclooctyne-aptamer conjugate
based on a lower affinity version of TDO0S.1 (TDO0S) which is
incapable of binding at 37 °C.*® Aptamer conjugates that
covalently bind should remain attached to the cell surface even
after incubation at 37 °C, at which point noncovalently attached
aptamers lift off. We treated Ramos cells with this temperature-
sensitive conjugate, washed extensively at 37 °C, and then
analyzed the cells via flow cytometry. Cells treated with
Ac,ManNAz showed higher signal and also retained more signal
after washing (Figure 4). As a negative control, we treated Jurkat
cells with the mismatched aptamer conjugate (TDOS). A modest
dose-dependent signal was observed in an azide-independent
manner, reflecting nonspecific and noncovalent binding of the
aptamer that was not removed in the washing step (Figure SS).
In conclusion, we have developed a novel chemical strategy to
selectively modify sialylated glycoforms of proteins on live cells.
A limitation of this technology is that it remains agnostic to the
chemical linkage that anchors the glycan to the protein. That is, it
does not reveal whether the sialylated glycan is N- or O-linked. It
should be noted that this approach could be easily adapted to
detect various other chemically addressable PTMs (other
carbohydrates, lipids, etc.) by labeling with other azide-tagged
metabolites. However, like all metabolic labeling strategies, it
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Figure 4. Flow cytometric analysis of live Ramos cells. Ramos cells were
incubated with Ac,ManNAz or DMSO vehicle for 3 d. Cells were then
incubated with various concentrations of DBCO-TDO0S-Fluorescein
conjugate for 30 min on ice. Noncovalently bound aptamer was
removed by incubation at 37 °C for 1 h and serial washing. Cells were
then analyzed by flow cytometry. A negative control with mismatched
cell line did not show any detectable labeling above background (Figure
SS). Error bars represent standard deviation from biological triplicates.

reports on newly synthesized molecules and is subject to the
metabolism of the biological system. Furthermore, pilot attempts
at applying this strategy to fluorescence microscopy were
unsuccessful due to poor signal-to-noise after washing. We are
exploring alternate probe designs and washing protocols to
optimize the approach for this particular application.

Using this technology, we discovered a novel glycoform of
PTK7. As dimerization-dependent co-receptor, this observation
raises the possibility of glycosylation-dependent regulation of the
‘Wnt pathway, analogous to the sialylation-sensitive dimerization
of EGFR.* Notably, the Cell-SELEX technique offers a rich
source of affinity reagents on which glycoform-specific variants
can be based, enhancing the generalizability of the method.”” As
well, one can envision adaptations of the method to specifically
block protein glycoforms from biological recognition events. We
predict that these glycoform-selective reagents will greatly aid in
the interrogation of glycoprotein function in living systems.
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