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The ultrasensitive determination of the carbohydrate compo-
nents of glycoconjugates is challenging because of their low
concentrations in complex biological mixtures and the
chemical complexity of glycan chains. A major limitation in
the field of glycobiology has been a lack of requisite analytical
platforms for biologically active, therapeutic carbohydrates
(e.g., glycosaminoglycans (GAGs) and sialylated glycans,
such as N-glycans) and glycoconjugates (e.g., proteoglycans
(PGs), glycoproteins (GPs), and glycolipids)."! Unlike nucleic
acids, carbohydrates cannot be detected by amplification
methods, and in contrast to proteins, there are few carbohy-
drate-specific antibodies.”» Moreover, carbohydrates have no
natural chromophores or fluorophores, and often show poor
ionization efficiency in mass spectrometry (MS).”! Methods
for detecting carbohydrates in subfemtomole levels would
greatly facilitate glycomics studies™>! on cell surface glycans,®
and improve our understanding of the biological roles of
carbohydrates, protein glycosylation, and carbohydrate—pro-
tein interactions involved in the critical biological process-
es’[4.7,8]

We report a novel glyco-quantitative polymerase chain
reaction (Glyco-qPCR) assay platform (Scheme 1) that
allows the ultrasensitive detection and quantification of
glycans in biological samples. We used chondroitin sulfate
(CS) and sialylated N-glycans as model carbohydrates to
demonstrate Glyco-qPCR. The CS GAG is a representative
O-linked glycan side-chain of many biologically important
PGs. Sialylated glycans are commonly found on GPs, PGs,
and glycolipids. All target glycans in this study contain a free
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Scheme 1. Schematic representation of Glyco-qPCR. Target carbohy-
drates (GAGs) from biological samples can be conjugated with differ-
ent DNA markers, followed by removing unreacted DNA and detecting
the corresponding GAG-DNA conjugates with amplified signals
(qPCR).

reducing end and a carboxy group, allowing the introduction
of a double label of biotin and DNA.

Ultrasensitive detection and quantification by Glyco-
gPCR relies on a high-affinity biotin—streptavidin interaction
combined with qPCR amplification for molecular colocaliza-
tion of glycan and DNA marker signal amplification of
a target carbohydrate (Figure 1a). Because exponential
amplification by PCR can permit the routine detection of
even a single molecule of DNA,”°! we hypothesized that an
appropriately designed assay might be similarly used to detect
a single or small number of a carbohydrate-DNA conjugates.

We also describe the application of Glyco-qPCR as
a detection platform for the study of carbohydrate—protein
interactions of critical importance in biology.'""!! Glycan
arrays, using fluorescent tags for high-throughput detection of
carbohydrate-protein binding,'® often afford inconsistent
data as a result of nonspecific interactions and variations in
glycan ligand density and orientation on different array
platforms."® Glyco-qPCR might offer an ultrasensitive alter-
native to glycan arrays.

CS GAG is a polydisperse, microhetereogenous mixture
of polysaccharides that complicates its direct analysis. Thus,
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Figure 1. Ultrasensitive detection of carbohydrates using glyco-qPCR.
a) Coupling of biotin hydrazide to the reducing end of a CS disacchar-
ide in the presence of NaCNBHs,, and subsequent attachment of DNA
to the carboxy group of the nonreducing end of the biotinylated CS
disaccharide using EDC/NHS. Colocalization and signal amplification
is used to increase detection sensitivity of the target carbohydrate.

b) Glyco-qPCR amplification plots of recovered BCS—-DNA conjugates.
Different amounts of BCS and trehalose as negative control were used
to determe detection limitation. All samples and controls were
amplified in triplicate.

CS is commonly enzymatically converted to CS disaccharides
prior to its analysis.'! Biotinylation of a CS disaccharide was
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accomplished by efficient reductive amination (Figure 1a),!”
and the resulting biotinylated CS disaccharide (BCS) was
purified and its structure confirmed by MS and NMR analysis
(Supporting Information, Figure S1).

A 5'-amine-terminated DNA marker-1 (124 bp, Support-
ing Information, Figure S2) was prepared by PCR amplifica-
tion using the pEGFP-N1 plasmid template and two 5'-amino-
modifier-C6 primers (Primer-1 and Primer-2, Supporting
Information, Table S1). The purified BCS, which contains
a carboxy group at its nonreducing end, was then conjugated
to 5'-amine-terminated DNA marker-I by EDC/NHS cou-
pling (Figure 1a).l! The amplified DNA marker-I was next
used to obtain a standard curve for qPCR using Tagman
gPCR with specific primers for the DNA marker (Primer-3
and Primer-4, Supporting Information, Table S1 and Fig-
ure S2). After coupling the 5'-amine-terminated DNA
marker-I with BCS, the conjugate (BCS-DNA) was bound
to streptavidin-coated magnetic beads (SA-MB) and washed
at least ten times with phosphate-buffered saline (PBS) to
remove unreacted DNA marker-1. Trehalose, with no carboxy
group, was used as a negative control. This negative control
and an extensive washing protocol were necessary, because
Glyco-qPCR is extremely sensitive in detecting both carbo-
hydrate-DNA  conjugate (BCS-DNA) and residual
unreacted DNA; the latter resulting in a false positive
signal. Despite washing at least ten times, the unreacted
DNA (negative control) could still be detected (data not
shown). Thus, an enhanced clean up procedure was required.
After allowing the BCS-DNA conjugate and the negative-
control mixture (trehalose and DNA) to separately bind SA-
MB and washing the beads four more times with PBS, agarose
gel electrophoresis was performed to completely remove
unreacted DNA (Supporting Information, Figure S3). Using
this enhanced clean up procedure, the unreacted DNA
marker was completely removed, resulting in no signal
detection from the negative control (data not shown), thus
allowing us to proceed to Glyco-gPCR. Next, solutions
containing different amounts of BCS (from 100 fmol to
10 ymol) and a negative control (10 pmol of trehalose) were
prepared using serial dilutions to determine the detection
limit of Glyco-qPCR. The samples were coupled with 10 pmol
of 5’-amine-terminated DNA marker, followed by binding to
SA-MB, washing four times with PBS, and agarose gel
electrophoresis. The recovered BCS-DNA conjugates were
then used as templates for qPCR. An amount of BCS
disaccharide of as low as 1zmol was detected (Figure 1b).
Attaching the DNA marker to the reducing end and biotin to
the carboxy group also gave satisfactory results, albeit with
slightly reduced sensitivity (data not shown).

Encouraged by the highly sensitive detection of BCS-
DNA conjugate prepared from pure BCS, we combined
capillary electrophoresis (CE) with the Glyco-qPCR, because
CE offers the efficient and potentially automatable separa-
tion of small quantities of biologically important oligosac-
charides."” PGs are critically important glycoconjugates
present in all animal cells. The PGs of Chinese hamster
ovary (CHO) cells, including CS-PGs (CS type A, CSA), have
been extensively studied." Their ultrasensitive analysis
typically relies on their isolation from a urea extract using
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an ion-exchange spin column, proteolysis to recover GAG,
polysaccharide lyase (e.g., chondroitiniase) digestion to
prepare GAG disaccharides, and CE or high-performance
liquid chromatography/MS analysis.” Currently, standard
analytical approaches for quantitative compositional analysis
CS GAGs require approximately 10° cells with UV or MS
detection™* or 5x10* cells with BODIPY labeling and
fluorescence detection.!””!

CS disaccharides were obtained from serially diluted
CHO cells and subjected to CE in pH9 in 35 mMm borate
buffer under normal polarity. CE optimally separates the
nonsulfated disaccharide (CS-0S) from the monosulfated,
chondroitin-4-sulfate disaccharide (CS-4S) obtained from
CHO cell CS. The separated peaks, corresponding to CS-0S
and CS-4S, were both collected (Figure 2a).

The CS disaccharide peaks, from samples with 5 x 107 and
5x10° CHO cells could be detected by UV absorbance. In
contrast, CS disaccharide peaks in samples from 5 x 10° cells
to 50 cells were not detectable by UV absorbance, and the
corresponding fractions were blindly collected at the same
retention-time windows (Figure 2a). A qPCR reaction was
performed on each of the blindly collected CE samples. By
combining CE separation with Glyco-qPCR collection, we
were able to detect amounts of CS disaccharides (< 1 amol of
CS-0S and CS-4S) isolated from as few as 500 CHO cells
(Figure 2¢). Although CS disaccharides could not be detected
in CE fractions prepared from 50 CHO cells by Glyco-qPCR,
improved DNA marker conjugation and improved or auto-
mated recovery would undoubtedly increase the detection
sensitivity, possibly ultimately allowing GAG analysis of
single cells.

Glyco-qPCR was next applied in analyzing sialylated N-
glycans, the most common type of glycans found in GPs and
PGs. Recombinant human decorin PGP was treated with
chondroitinase to remove its GAG chain and afford core GP.
PNGaseF treatment of the decorin core GP released its N-
linked glycans,?!! as confirmed by gel electrophoresis and MS
analysis (Supporting Information, Figures S4a and S5). A
sialylated N-glycan standard was used as a positive control,
and nonsialylated N-glycan standards as a negative control
(Supporting Information, Figure S6a). As in the CS disac-
charide analysis, we biotinylated the N-glycans at their
reducing end and coupled the 5-amine-terminated DNA
marker-I to their nonreducing terminal sialic acid using EDC/
NHS. N-glycans, released from 10 ag to 10 pg of the decorin
core GP, were biotinylated and conjugated with DNA,
unreacted DNA was removed using the enhanced clean up
procedure, and a small amount (1 amol) of biotinylated DNA
internal standard (DNA marker-II), obtained from the PCR
reaction with template plasmid pCR4-Cyp3 A4 with Primer-
11/12 (Supporting Information, Table S1 and Figure S6b), was
added to the sample for normalization. The qPCR analyses of
the conjugates (biotin-N-glycan-DNA marker-I) and biotin—
DNA internal standard (DNA marker-II for normalization)
were performed with specific primers for the DNA marker-I
(Primer-3/4) and the DNA marker-II (Primer-7/8), respec-
tively (Supporting Information, Figure S6b-d). The results
indicated that 1 fg of PG was required for detecting the
PNGaseF-released sialylated N-linked glycans (Supporting
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Figure 2. Glyco-qPCR detection of CS disaccharides isolated from
CHO cells. a) CE separation of CS disaccharides from different
number of CHO cells. b—c) The qPCR analysis of the CS disacchar-
ides—DNA conjugate fractionally collected by CE.

Information, Figure S4c). This is a million-fold more sensitive
than the 1 ng detection limit of Western blotting (Supporting
Information, Figure S4b). This extraordinarily high sensitivity
was obtained despite that only a fraction of the decorin N-
glycan was sialylated (Supporting Information, Figure S5).
We next applied Glyco-qPCR to sensitive analysis of
protein—carbohydrate interaction, as there are several hun-
dred GAG-binding proteins, including protease inhibitors,
growth factors and their receptors, chemokines, etc.,'”
representing the glyco-interactome.”?! These proteins have
critical roles in developmental and stem cell biology, normal
physiology, and pathophysiology."! Sensitive and accurate
detection and quantification of these interactions remains
a critical gap in our fundamental understanding of the glyco-
interactome. We focused on the highly specific interaction
between the GAG, heparin, and antithrombin IIT (AT)® to
establish the ability of glyco-qPCR to serve as an ultra-
sensitive method to quantify carbohydrate—protein interac-
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tions (Figure 3 a). In this proof-of-concept study, the structur-
ally and chemically similar chondroitin sulfate-A (CSA)
glycosaminoglycan, known not to interact with AT, was used
as a negative control. Surface plasmon resonance confirmed
that our DNA primer did not interact with AT (Supporting
Information, Figure S7).

Two different DNA markers were amplified by PCR. The
DNA marker-I and marker-II were conjugated to the
reducing terminus of heparin and CSA, respectively, to
decrease DNA interference with protein-GAG interaction.
After desalting, mixtures containing 2 ug each of heparin—
DNA marker-I and CSA-DNA marker-II were incubated
with the immobilized AT in PBS at 4°C overnight. After
washing the immobilized AT beads seven times with PBS to
remove unbound carbohydrates and DNA, the beads were
used as a template for Tagman qPCR with two specific primer
pairs (Primers-3/4 for DNA marker-I and Primers-7/8 for
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Figure 3. Carbohydrate—protein interaction assay using Glyco-qPCR.
a) Glyco-qPCR protocols for heparin—AT interaction assay with hepa-
rin-DNA marker-1 and chondroitin-DNA marker-II (negative control).
b) Data analysis of Glyco-qPCR, exemplified for the detection of

heparin-AT interaction. All samples and controls were amplified in
triplicate.
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DNA maker-II). The DNA marker-I conjugated with heparin
was amplified, resulting in increased fluorescence because of
heparin—AT interaction (Figure 3b); no increase of the
fluorescence signal was observed for the DNA marker-II
conjugated with CSA (negative control). Thus, the formation
of conjugates of target carbohydrates and specific DNA
markers enables the highly selective and sensitive detection of
relative binding properties against different target proteins.
Additionally, the qPCR offers several advantages, including
extreme sensitivity, online monitoring, no need for post-
reaction analyses, and reduced risk of contamination.

The novel Glyco-qPCR method described herein provides
the ultrasensitive detection of carbohydrates with both
a reducing end and a carboxy group. Such functionality is
common in many N-glycans, O-glycans, and in GAGs. The
described detection and quantification is many orders of
magnitude more sensitive than either MS or fluorescence
detection. The analysis of aggregate structures in a biological
sample, such as total CS content, requires no special
separation other than simple sample recovery. More complete
analysis, such as CS disaccharide compositional analysis,
requires a microseparation by an advanced technique, such as
CE. Because automated microfluidic platforms have been
reported for CE separations®! and in qPCR,! the develop-
ment of a seamless, integrated, and automated Glyco-qPCR
(on a microfluidic chip running both CE and gPCR) should be
possible and afford an even higher sensitivity than reported in
this study, thus opening the possibility of single-molecule
glycan detection. The incorporation of both a biotin and
fluorescent probe®? into a single tag might facilitate the
optimization of preparative CE for more complex glycan
mixtures.”®! Glyco-qPCR can also be used to quantitatively
analyze protein—carbohydrate interactions and may be of
importance in studying low-abundance cell-surface glycans,””!
for sensitive virus—carbohydrate interaction assays,” and in
carbohydrate-based drug discovery."””! Moreover, multiple
DNA markers, demonstrated in our GAG-protein interac-
tion experiment, could be used to tag individual glycans
released from a glycoconjugate. These DNA markers could
be used as molecular bar codes,”” facilitating ultrasensitive
glycan identification in the absence of solid supports com-
monly required in glycan microarrays. In conclusion, this
study addresses a major hurdle in glycomics, applying
amplification to detect as little as 1 zmol of glycan. Glyco-
gPCR can also be used to analyze the glyco-interactome,
which is critical for linking the proteome to the glycome.

Experimental Section

Reductive amination and EDC/NHS coupling: The CS disaccharide
(5.0 mg, 12.4 umol) was dissolved in a solution of H,O (0.5 mL) and
20% AcOH (0.1 mL). NaCNBH; (1.2 mg, 18.6 pmol) and biotin
hydrazide (4.8 mg, 18.6 umol) were added to the reaction mixture.
The reaction was stirred at 60°C for 3 days. On each day, additional
portions of NaCNBH; (1.2 mg, 18.6 umol) and biotin hydrazide
(4.8 mg, 18.6 umol) were added. The reaction mixture was loaded
onto a BioGel P2 column (2.5x65cm) and eluted with H,O.
Fractions were collected and those containing the product as
determined by TLC (nBuOH/AcOH/H,0 =2/2/1) were combined
and freeze-dried to afford a white powder. The recovered BCS was
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dissolved in water (pH 5.5) and then activated with 10-fold excess
EDC/NHS at room temperature for 20 min before adding a 5-fold
molar excess of 5'-amine-terminated DNA marker in PBS (pH 7.2)
and reacting by mixing for 4 h at room temperature. The reaction
mixture was recovered by adding to SA-MB (Pierce) in PBS and the
beads were washed several times with PBS.

Quantitative PCR (qPCR): The DNA markers were amplified by
PCR using template plasmids, pEGFP-N1 (Clontech), and pCR4-
Cyp3A4 (Openbiosystem) with specific primers (Supporting Infor-
mation, Table S1). The concentration of the DNA markers was
determined using a NanoDropND-1000 spectrophotometer (Nano-
DropTechnologies Inc.). Quantitative PCR was performed using
a Tagman probe. Probes for DNA markers (probes 67 and 2 for DNA
marker-I and marker-II, respectively) were purchased from Universal
Probe Library (Roche Diagnostics). Quantitative PCR was carried
out in 25 pL containing carbohydrate-DNA conjugate (or DNA
marker itself), primers, a specific Tagman probe, and Brilliant II
QRT-PCR Master Mix (Stratagene). Real-time PCR was then
performed with the LightCycler 480 (Roche) using a 96-well plate
in triplicate. The amplification program consisted of preincubation at
95°C for 2 min, 50 cycles of 95°C for 15 s and 55°C for 1 min.
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