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ABSTRACT: We report a non-destructive biochemical
technique, termed “Glyco-seek”, for analysis of O-GlcN-
Acylated proteins. Glyco-seek combines chemoenzymatic
labeling, proximity ligation, and quantitative polymerase
chain reaction to detect O-GlcNAcylated proteins with
ultrahigh sensitivity. Our glycan-specific assay can be
paired with traditional proximity ligation assays to
simultaneously determine the change in total protein
levels. We show that Glyco-seek detects attomoles of
glycoproteins of interest from cell lysates, with sensitivity
several orders of magnitude higher than that of current
techniques. We used the method to directly assay the O-
GlcNAcylation status of a low-abundance transcription
factor from cell lysates without need for isolation or
enrichment.

rotein O-GlcNAcylation is an intracellular post-translational

modification thought to regulate many cellular processes. O-
GlcNAc is installed by a single enzyme, O-GIcNAc transferase
(OGT), and removed by O-GlcNAc hydrolase (OGA)." The
modification is widespread—more than 3000 O-GlcNAc sites
have been discovered in eukaryotic proteomes—and is thought
to be a signaling modification more similar to phosphorylation
than to canonical forms of glycosylation.”

Many human pathologies are marked by aberrant O-
GlcNAcylation. Dysregulated O-GlcNAcylation of phospho-
fructokinase, glycogen synthase kinase 33, and CaMKII has been
associated with breast cancer,” diabetes,* and cardiovascular
diseases,” respectively. Hypo-glycosylation of the tau protein
leads to an Alzheimer’s disease-like state in a mouse model.’ O-
GlcNAc also regulates pluripotency and reprogramming in stem
cells through the modification of numerous transcription
factors.” Specifically, the O-GlcNAcylation of master pluri-
potency regulator OCT4 was shown to increase the ability of
hESCs to maintain pluripotency.® Accordingly, there is much
interest in profiling O-GlcNAcylation states of proteins and their
dynamics.

Immunoblotting and mass spectrometry (MS) are the primary
methods used to interrogate protein O-GlcNAcylation. To
detect modification of a specific protein, Western blots are
typically paired with a prior precipitation step with either target-
specific antibodies or anti-O-GIcNAc affinity reagents. This
enrichment process can be labor-intensive and lead to sample
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Figure 1. Glyco-seek enables the ultrasensitive detection of O-
GlcNAcylation with polymerase chain reaction (PCR). (a) O-GlcNAc
residues on proteins are tagged via chemoenzymatic transfer of GalNAz
and subsequent ligation with alkynyl biotin via click chemistry. (b)
Biotinylated glycoproteins are incubated with antibody—DNA con-
jugates targeted to either biotin or the protein of interest. Hybridization
with a short strand of DNA that is complementary to both single-
stranded DNAs creates a double-stranded segment which is joined with
DNA ligase. The resultant duplex DNA is then detected by standard
qPCR methods.

loss due to the relatively low affinity of lectins and the notoriously
poor affinity and specificity of anti-O-GlcNAc antibodies.”

The elegant and generalizable “Click-it” method, first reported
by Hsieh-Wilson and co-workers, has emerged as an alternative
to O-GlcNAc antibodies and lectins, and has achieved wide-
spread use.'’ The two-step “Click-it” method involves treatment
with a permissive galactosyltransferase that appends an azide-
functionalized monosaccharide (N-azidoacetylgalactosamine,
GalNAz) onto the O-GlcNAc residue (Figure 1a).

The azide is then reacted with an alkyne—biotin probe,
enabling enrichment with streptavidin or detection on a Western
blot. This commercially available technology is now widely used
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Figure 2. Glyco-seek simultaneously detects protein abundance and glycosylation state in complex environments. Alpha-Crystallin was
chemoenzymatically biotinylated and then diluted into either serum (a), Jurkat cell lysate (b), or non-specifically biotinylated Jurkat cell lysate (c).
These samples were then analyzed for total protein level (row 1) or protein glycosylation levels (row 2). Samples were pretreated with either active OGA
or heat-killed enzyme as a negative control. The X-axis displays the concentration of the protein in the sample, while the Y-axis is the C, value in
comparison to a blank. All data points are from technical triplicates, and the error bars represent the standard deviation.

and has been employed in several important studies."' However,
as all O-GlcNAcylated proteins in a cell lysate are simultaneously
biotinylated using this method, the detection of the O-
GlcNAcylation state of a particular protein requires its further
purification for subsequent analysis—a time-consuming endeav-
or that also results in sample loss.

In typical MS experiments, the glycosidic linkage between O-
GlcNAc and its underlying Ser or Thr residue is vulnerable to
fragmention and easily lost.'> Although softer ionization
techniques, such as electron-transfer dissociation, can partially
mitigate cleavage of glycosidic linkages,"> in practice the
technique is limited to a handful of laboratories with the
appropriate expertise and instrumentation. Also, MS methods
inherently detect the most abundant species that are present,
while suppressing signals from low-abundance species such as
transcription factors, many of which are thought to be regulated
by O-GlcNAc.” Accordingly, the generation of high-quality MS
data requires a large amount of sample, followed by rigorous and
labor-intensive enrichment to ensure adequate representation of
low-abundance glycoproteins. These requirements frustrate the
analysis of biologically important samples that may be too
precious (e.g., primary cell lines, clinical samples) or challenging
and expensive (e.g., stem cells) to culture on large scale. Thus,
the development of an operationally simple, sensitive, and
quantitative platform for determining the O-GlcNAcylation
states of proteins of interest remains an unmet need.

To this end, we sought to create a proximity ligation assay
(PLA) for the detection of protein O-GlcNAcylation (Figure
1b). PLA leverages the amplification power of the polymerase
chain reaction (PCR) by linking the presence of the target
analytes to the production of a PCR amplicon which can be
detected with extreme sensitivity.14 Briefly, a PCR amplicon is
split into two halves of ssDNA which are then covalently attached
to two antibodies, one binding to the protein of interest, the
other to biotinylated O-GIcNAc. Next, a short (20 bp) bridge
oligo hybridizes with the two DNA halves, enabling DNA ligase
to join them into a complete PCR amplicon. Next, the quantity of
the amplicon can be detected by qPCR. Several groups have
artfully employed PLA methods to image proteins and their
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modifications,"® establishing precedent for our adaptation to a
chemoenzymatic platform with qPCR readout.

To establish proof-of-principle, we first implemented Glyco-
seek using purified alpha-Crystallin, a well-known O-GIcN-
Acylated protein that is commercially available.'® We first
biotinylated O-GlcNAc residues on alpha-Crystallin with the
commercial Click-It kit. We then synthesized two antibody—
DNA conjugates using sulfo-SMCC cross-linking to thiolated
oligonucleotides.17 The single-stranded DNA (ssDNA) sequen-
ces (~S0 bp) used were designed to minimize secondary
structure and self-dimerization, as previously reported'® (Set 4,
Table S1). The anti-biotin antibody was linked to the S’ end of
the PCR amplicon, and the anti-alpha-Crystallin antibody was
conjugated to 3’ end. This latter ssDNA strand was also §'-
phosphorylated to facilitate ligation. The conjugation stoichi-
ometry for both constructs was 2.5 DNA/antibody, as
determined by UV—vis analysis in comparison to a standard
curve. Conjugation was also confirmed by observing a shift in the
apparent molecular weights of both proteins by SDS-PAGE
(Figure S1).

We incubated the two antibody—DNA conjugates at low
concentrations (500 pM) with 2 uL of alpha-Crystallin solution
in PBS in a dilution series. In one sample, we omitted the
galactosyltransferase from the Click-It step. This sample should
lack biotinylation and therefore produce no significant signal in
the Glyco-seek assay. The samples were diluted in ligation buffer
and treated with the bridge oligo and DNA ligase, and the ligated
oligonucleotides were then pre-amplified by 13 rounds of PCR."*
The sample was then analyzed by qPCR. We observed a strong
dose-dependent signal, suggesting that the presence of O-
GlcNAcylated alpha-Crystallin was driving ligation. Importantly,
the signal was not observed with the sample lacking biotinylation
(Figure S2a).

To confirm that the qPCR signal was dependent on O-
GlcNAcylation of alpha-Crystallin, we pretreated the protein
with two different doses of OGA to remove O-GlcNAc residues.
A control sample was treated with heat-killed OGA. The samples
were analyzed as above. Samples treated with a high dose of OGA
produced a significantly lower signal than those treated with

DOI: 10.1021/jacs.6b03861
J. Am. Chem. Soc. 2016, 138, 10722—-10725


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03861/suppl_file/ja6b03861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03861/suppl_file/ja6b03861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03861/suppl_file/ja6b03861_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b03861

Journal of the American Chemical Society

Communication

lower amounts OGA or with heat-killed OGA, confirming that
the qPCR readout reflects O-GlcNAcylation status (Figure S2b).

Many studies of protein O-GIcNAcylation focus on changes in
the extent of glycosylation during dynamic cellular processes. We
sought to develop a Glyco-seek method for simultaneously
probing a protein’s abundance as well as its extent of O-
GlcNAcylation, both of which can change in response to cell
stimuli. We accomplished this by performing two PLA assays in
parallel: one that reports on O-GlcNAcylation as above and
another that reports on protein abundance. We prepared two sets
of alpha-Crystallin samples. One was treated with heat-killed
OGA and the other with the active enzyme to remove O-GlcNAc
residues. We then subjected both samples to two different
proximity ligation analyses. First, we used anti-biotin and anti-
protein proximity probes. The signal generated from this set
reports on the abundance of the glycosylated protein. Next, we
used the standard PLA method for protein detection to
quantitate the absolute level of alpha-Crystallin in the sample."*
Briefly, we split an anti-alpha-Crystallin polyclonal antibody into
two pools that were conjugated to the two halves of the PCR
amplicon (Set 4, Table S1). The combined conjugates provide
antibodies that can bind simultaneously to distinct epitopes on
the protein surface in a glycosylation-independent manner. We
confirmed this by comparing the signals derived from OGA-
treated and heat-killed OGA-treated alpha-Crystallin, which
were indistinguishable (Figure S2c).

A significant challenge for other analytical techniques is
suppressing the background signal derived from protein-rich
samples such as serum or cell lysate.'”” The dual recognition
mechanism of proximity ligation assays should yield superior
signal-to-noise, as a single off-target binding event is not
sufficient to generate a full amplicon.'* To test this, we serially
diluted alpha-Crystallin into serum or Jurkat cell lysate. The
alpha-Crystallin was pretreated as before, with either active or
heat-killed OGA. A third sample was diluted into lysate from
Jurkat cells whose cell surface glycoproteins had been globally
biotinylated via metabolic labeling with N-azidoacetylmannos-
amine and copper-free click chemistry with a commonly used
reactive cyclooctyne conjugate, DBCO—Dbiotin.”” This sample
was designed to emulate an environment where there are many
off-target biotinylated glycoproteins. The samples were analyzed
with both biotin/alpha-Crystallin proximity probes to detect
protein glycosylation (Figure 2, bottom panels) and alpha-
Crystallin/alpha-Crystallin probes to detect protein levels
(Figure 2, top panels). We observed an O-GlcNAc-dependent
signal in the biotin/alpha-Crystallin assays and an O-GIcNAc-
independent signal in the protein-detecting assay, with little to no
interference from various matrices (Figure 2a—c). Notably, even
lysates with a large excess of biotinylated irrelevant glycoproteins
caused only modest interference at high dilution factors when
detecting O-GlcNAcylated alpha-Crystallin, a protein with a low-
occupancy glycosite.'® These results demonstrate that Glyco-
seek detects both glycosylated and total protein levels in a variety
of complex environments and in a highly specific manner.

Since many O-GlcNAcylated proteins are present at low
abundance and are often sub-stoichiometrically modified,
sensitivity of analytical techniques is of great importance.'” As
a PCR-based technique, Glyco-seek exploits exponential
amplification of nucleic acids to achieve a high level of sensitivity.
We performed a head-to-head comparison between Glyco-seek
and a Western blot probed with the same anti-biotin antibody.
Glyco-seek’s sensitivity exceeded that of the Western blot by at
least 3 orders of magnitude (Figures 3 and S3). Glyco-seek
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Figure 3. Glyco-seek is several orders of magnitude more sensitive than
a comparable Western blot. Alpha-Crystallin with biotinylated O-
GIcNAc residues was diluted in PBS and then analyzed by either
Western blot or Glyco-seek. Densitometry was used to quantify the
bands observed from the Western blot. The right Y-axis displays
arbitrary intensity units.

analysis of samples with as low as 0.5 amol of glycosylated alpha-
Crystallin still generated signal above the blank, highlighting this
technique’s great analytical sensitivity.

We next sought to detect O-GIcNAc on endogenous proteins
in cell lysates using Glyco-seek. As a proof-of-principle, we
created a Glyco-seek assay to detect the glycosylation status of c-
Rel protein. C-Rel is a member of the nuclear factor kB (NFxB)
transcription factor family.” Altered O-GlcNAcylation of c-Rel
has been shown to modify its DNA binding and transactivation
properties.”’ Increased c-Rel glycosylation can be induced by
addition of the OGA inhibitors into the culture media.”® We
treated Jurkat cells with the OGA inhibitor thiamet G (TMG)
and labeled lysates produced from these cells with the Click-It kit.
Increased glycosylation of c-Rel was confirmed by immuno-
precipitation followed by Western blot analysis (Figure S4). The
labeled lysate was subjected to two sets of analysis. First, to detect
the abundance of the protein, a pair of anti-c-Rel antibodies (Set
2, Table S1) was used as in a traditional PLA. Second, anti-biotin
and anti-c-Rel proximity probes were used to detect the O-
GlcNAcylation status of c-Rel. These separate analyses revealed a
significant increase of O-GlcNAcylation on c-Rel while the c-Rel
protein level remained unpertubed by TMG treatment, as
expected”’ (Figure 4). Together, these results imply that TMG
treatment increases the O-GIcNAc modification stoichiometry
on c-Rel rather than elevating c-Rel protein expression”’ and that
Glyco-seek faithfully recapitulates these changes while using
minute amounts of samples.

0.9
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Figure 4. Glyco-seek analysis of endogenous O-GlcNAcylated c-Rel.
Jurkat cells were treated with the OGA inhibitor thiamet G (TMG) to
increase the amount of O-GlcNAcylation, or vehicle (DMSO) as a
control. Another sample was immunodepleted of c-Rel. After chemo-
enzymatic biotinylation of O-GIcNAc residues, all samples were
analyzed for protein and glycosylation levels.
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A final concern we sought to address is off-target specificity.
Poorly characterized antibodies can bind unrelated proteins and
lead to false changes in signal.21 For example, TMG treatment
globally elevates O-GlcNAcylation. An increase in signal from
Glyco-seek could be the result of off-target ligation to an
unrelated glycoprotein. To rule out this possibility, we removed
c-Rel from Jurkat lysates via immunodepletion. In this experi-
ment, we added anti-c-Rel polyclonal antibody to lysates from
cells cultured with TMG. The sample was then incubated with
protein G resin to remove c-Rel. The c-Rel-depleted supernatant
was subjected to chemoenzymatic biotinylation and analysis with
Glyco-seek, which showed a marked decrease in signal (Figure
4). We also performed immunodepletion with isotype control
antibody to verify that this decrease of signal indeed results from
c-Rel depletion (Figure SS). These experiments provide strong
evidence that the O-GlcNAc-dependent signal is specific to c-Rel
and does not result from off-target proteins that may also have
undergone elevation in O-GlcNAcylation.

In summary, we developed a technique for sensitive and
specific detection of protein O-GlcNAcylation in complex
samples including serum and whole-cell lysates. By converting
the glycosylation status of a protein into a detectable PCR
amplicon, we attained sensitivity several orders of magnitude
beyond that of more conventional Western blot methods.

The non-destructive nature of this assay stands in contrast to
MS assays that rely on protein digestion and fragmentation. The
ultrasensitivity and low sample consumption (2 uL) facilitate the
study of precious samples and low-abundance glycoproteins. The
widespread availability of qPCR empowers laboratories to
monitor protein O-GlcNAcylation in their biological systems
of interest.

We envision Glyco-seek as complementary to other methods
that are better suited for de novo discovery of previously unknown
glycoproteins, such as MS-driven glycoproteomics platforms.**
Glyco-seek does not lend itself particularly well to de novo
discovery of previously unknown glycoproteins, as MS can
accomplish. Rather, Glyco-seek is a directed approach to
glycoprotein analysis, analogous to other popular large-scale
analytical platforms, such as DNA, antibody, and protein
microarrays, where libraries of known targets are analyzed for
changes in response to biological stimuli. We consider Glyco-
seek to be complementary to these approaches, offering a
sensitive and convenient analysis of targeted candidate
glycoproteins.

Glyco-seek also has the potential to be a highly multiplexed
tool via DNA-barcoding. This functionality could benefit from
well-established high-throughput methods for constructing
libraries of antibody—DNA conjugates.”” Besides, other forms
of glycosylation are also amenable to profiling by Glyco-seek. All
that is required is a reagent that binds to the target glycan, and
which can be conjugated to ssDNA. We envision that
oligonucleotide aptamers, lectins, and many emerging antibody
variants will find synergy with the Glyco-seek method.
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