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Abstract
Lectins have been increasingly important in the study of glycoproteins. Here we report a
glycoprofiling method based on the covalent attachment of metal-chelating polymers to lectins for
use in an ICP-MS-based assays. The labeled lectins are able to distinguish between glycoproteins
covalently attached to a microtiter plate and their binding can be directly quantified by ICP-MS.
Since each conjugate contains a different lanthanide, the assays can be conducted in a single or
multiplex fashion, and may be readily elaborated to many different assay formats.
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BRIEFS
Employing a lanthanide-chelating polymer tag has enabled the use of lectins in a multiplexed
glycoprofiling assay of common glycoproteins.

Introduction
Polysaccharides are crucial components in biological systems. For example, a variety of
bacteria use cell-surface polysaccharides for protection from the environment and to mediate
interactions with the host immune system.1, 2 In multicellular organisms, protein glycosylation
states have been shown by chemical labeling to undergo alterations during embryonic
development,3 and changes in cell morphology during apoptosis have been correlated with
alterations in cell-surface glycan presentation.4–6 Furthermore, many recent studies have
noted differences in degree and type of glycosylation in diseases such as diabetes7 and cancer.
8–12 One of the ongoing challenges in these studies is the lack of assays which can rapidly
and quantitatively evaluate the changing glycosylation patterns present at the glycoprotein or
cellular level.

Lectins have provided a key tool in the analysis of the glycan repertoire in biological samples.
There are over 70 lectins available from commercial sources and most lectins recognize a single
sugar or a narrow range of similar sugars.13 Some are highly specific for a particular type of
both sugar and linkage, as is observed with snowdrop lectin’s (GNA) preference for mannose,
especially for terminal α-1,3-mannose residues.14 Others have varying affinities for several
different sugars, such as wheat germ lectin (WGA), which has primary affinity for β-GlcNAc,
but also recognizes GalNAc and sialic acid.

To whom correspondence should be addressed. Tel. +14169460640. Email: mnitz@chem.utoronto.ca.

NIH Public Access
Author Manuscript
J Proteome Res. Author manuscript; available in PMC 2010 February 1.

Published in final edited form as:
J Proteome Res. 2009 February ; 8(2): 443–449. doi:10.1021/pr800645r.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Recently, the use of lectins in glycoprofiling has focused on microarray analysis with either
the lectin or the glycoprotein as the arrayed component. Arrayed lectins have been successfully
printed and probed with fluorescently-labeled glycoproteins15–18 or even with whole
cells19–21. Alternatively, glycan arrays have been probed with labeled lectins, allowing
clinically relevant assays such as the differential detection of pancreatitis and pancreatic cancer.
9, 22–25 Yamamoto et al. have described an interesting variant of this approach in a bead-
based assay, where various glycoproteins were covalently attached to separate beads, mixed,
probed with single biotinylated lectins, and analyzed by flow cytometry.26

The use of lectins in microarrays has proven the potential of rapid glycoprofiling as an
important analytical tool. However new techniques which do not rely upon spatial arrays will
facilitate expanding the scope of glycoprofiling to more complex assays such as the analysis
of single cells from mixed populations by flow cytometric methods. The use of single lectins
with flow cytometry has already shown the potential of this approach in identifying new
biomarkers on apoptotic cells.4 The ability to use multiple lectins simultaneously in a similar
approach would allow rapid glycoprofiling and allow the relative glycosylation patterns on a
panel of glycoproteins or between cells to be directly compared.

We have recently introduced a set of new reagents for antibody labeling with metal-chelating
polymers for use in immunoaffinity assays with inductively coupled plasma mass spectrometry
(ICP-MS)-based detection methods.27 This approach has the potential for rapid massively
multiplexed assays.28 The combination of the high sensitivity of ICP-MS (comparable to
enzyme linked assays), over seven orders of magnitude in dynamic range, and near absence of
signal overlap between collection channels makes ICP-MS an ideal detection method for
multiplexed assays.29, 30 These assays have the advantage of speed, and, in comparison with
single probe assays, have the added benefit of allowing a direct comparison of the abundances
of simultaneously employed probes.

Recently, an interesting example of the potential of multiplexed lectin assays was presented
by Pilobello et al.31 They describe the labeling of two different cell extracts with different
fluorophores which were then mixed and simultaneously probed on the same lectin microarray.
This duplex assay has demonstrated the useful quantitative information which can be obtained
by directly comparing glycosylation profiles. Here we report a general method for labeling
lectins to be used in multiplexed lectin assays with ICP-MS detection. In this report, we
demonstrate the first five-plex assay with lectins on commercial glycoproteins. The tagged
lectins are shown to reproducibly and simultaneously probe commercially-available
glycoproteins, demonstrating the potential of using lectins in a multiplexed fashion with ICP-
MS based detection.

Materials and Methods
Buffers and Salts

Hepes, sodium phosphate, guanidinium hydrochloride, and Tris base were purchased from
BioShop (University of Toronto). Molecular biology tested bovine serum albumin (BSA),
ovalbumin grade VII, porcine stomach mucin type III (PSM), bovine submaxillary mucin type
I-S (BSM), fetal calf fetuin, yeast invertase grade VII, fetal calf asialofetuin type I,
concanavalin A type V (ConA), Triticum vulgaris lectin (WGA), Arachis hypogaea lectin
(PNA), Galanthus nivalis lectin (GNA), WGA-gold conjugate, MgCl2, MnSO4, CaCl2, natural
abundance LnCl3 (TbCl3, EuCl3, GdCl3, YbCl3, DyCl3), β-mercaptoethanol, 5,5’-dithiobis(2-
nitrobenzoic acid) (DTNB; Ellman’s reagent), Tween-20, D-(+)-mannose, α-lactose
monohydrate, α-cyano-4-hydroxycinnamic acid (αCHCA), and sodium citrate were purchased
from Sigma-Aldrich (Oakville, Ontario, Canada). D-(+)-Galactose was purchased from Acros.
N-acetylglucosamine was purchased from BioShop (Burlington, Ontario Canada).
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Trifluoroacetic acid (TFA) was purchased from Caledon. Acetonitrile was purchased from
EMD. Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC),
500 mM tris(2-carboxyethyl)phosphine (TCEP) Bond-Breaker solution neutral pH,
bicinchoninic acid (BCA) protein assay kit, and ReactiBind maleic anhydride-activated strip
plates were purchased from Pierce. Ultrapure concentrated 35% HCl was purchased from
Seastar Chemicals Inc. The Multi Element Solution Standard 1 and 1000 mg/L Ir/10% HCl
standard were purchased from Spex CertiPrep and diluted with 10% ultrapure HCl to working
concentrations of 2 ppb. All buffers were made using MilliQ water (Millipore).

Polymer Synthesis
Polymer containing diethylenetriaminepentaacetic acid (DTPA) was synthesized similarly to
Lou et al.,27 with the exception that the free thiol end group was not elaborated and that a
DTPA ligand was used rather than a 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) lanthanide ligand.

Protein-Polymer Conjugation
Solid DTPA-containing polymer was dissolved (5.6 mg/mL, 255 µM) in 100 mM Hepes pH
7.5 to give a stock solution. To the stock solution, TCEP and the desired LnCl3 salt were added
to give a solution of polymer (39 µM), TCEP (50 mM), and LnCl3 (4 mM) which was incubated
overnight at 37°C. Solid BSA, ConA, WGA, PNA, and GNA were each diluted to 1.1 mg/mL
in lectin buffer (100 mM Hepes pH 7.5, 1 mM CaCl2, 1 mM MgCl2, 5 mM MnSO4) and stored
at 4°C. Freshly prepared Sulfo-SMCC solution (75 µL, stock 0.96 mg/mL, 2.2 mM in water;
for ~100-fold excess in reaction) was added to 750 µL of protein solution and incubated at
room temperature for six hours to allow the NHS-ester to react with protein lysine residues.
Excess unreacted Sulfo-SMCC was removed from the protein solution by washing three times
with lectin buffer in a 30 kDa Biomax Ultrafree molecular-weight cutoff (MWCO) spin filter
(Millipore). Excess TCEP and Ln3+ were removed from the polymer solution by washing three
times with 25 mM sodium citrate pH 7.0 in a 5 kDa Ultrafree MWCO spin filter (Millipore).
After resuspension to their original volumes, the activated protein (700 µL) conjugate was
mixed with Ln3+-loaded polymer solution (77 µL) (~1.5-fold polymer excess) and incubated
overnight at 37°C to allow the polymer thiol to react with the maleimide. Excess polymer was
removed by washing three times with lectin buffer in a 30 kDa MWCO spin filter. After
resuspension to the original volume in lectin buffer, the protein-polymer conjugate stock
solutions were stored at 4°C. Full activity of the conjugates was retained for a minimum of one
month.

A sample of each polymer and protein-polymer conjugate stock solution was diluted 10,000-
fold in water, mixed with an equal volume of Ir internal standard (final 1 ppb Ir concentration),
and the Ln3+ content determined without further dilution by ELAN DRCPlus ICP-MS (Perkin-
Elmer SCIEX) as previously described.32 An additional external Multi-Element standard
sample was mixed with an equal volume of Ir internal standard (final 1 ppb each Ir and Ln3+

concentration). To determine the protein concentration of the protein-polymer stock, an aliquot
was first washed three times in a 30 kDa MWCO spin filter with 100 mM Hepes pH 7.5 to
remove manganese, followed by BCA assay using BSA as the standard.

MALDI Analysis
A sample of each native protein and protein-maleimide conjugate prior to mixing with the
polymer solution was mixed 1:1 with α-CHCA matrix (50:50 acetonitrile:water, 0.1% TFA),
spotted onto a stainless steel target plate, air-dried, and subjected to MALDI-MS (MALDI
microMX (Waters); positive linear mode calibrated with BSA). The difference in mass was
used to quantify the number of Sulfo-SMCC groups attached (219.1 amu added mass per Sulfo-
SMCC).
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DTNB Assay
The polymer concentration was determined from thiol end-group analysis using the DTNB
assay.33 Briefly, 100 µL of 8.4 mg/mL polymer in 100 mM Hepes pH 7.5 buffer were incubated
with 10 µL 0.5 M TCEP overnight at room temperature. Unreacted TCEP was removed by
washing three times in a 5 kDa MWCO spin filter with 500 µL 25 mM sodium citrate pH 5.0.
Aliquots were analyzed by measuring the absorbance at 412 nm in guanidium hydrochloride/
EDTA solution and quantified using β-mercaptoethanol as a standard.

Microtiter Plate Assay
BSA, ovalbumin, PSM, BSM, fetuin, invertase, and asialofetuin were each diluted to 1 mg/
mL in water. One hundred microliters of each protein were added to separate wells of the
maleic-anhydride activated strip plate and incubated overnight at room temperature while
shaking. The protein sample was removed and 1 M Tris pH 7.5 (300 µL) was added to each
well and incubated for one hour while shaking at room temperature. This served to both wash
away any unbound protein and to quench any unreacted activated groups on the plate surface.
The Tris solution was removed and a protein-polymer conjugate (100 µL, 1:100 dilution in
lectin buffer) was added, followed by shaking at room temperature for one hour. The conjugate
solution was removed and the wells rinsed three times with PBS-Tween (300 µL, 100 mM
sodium phosphate pH 7.2 containing 150 mM NaCl and 0.05% Tween-20). An HCl-Ir standard
(100 µl, final 1 ppb Ir concentration) was added to each well and analyzed by ICP-MS as above.
An additional well contained the external Multi-Element and Ir standard sample (final 1 ppb
Ir and Ln3+ concentration) as above.

The saccharide inhibition studies were performed in the same format as the single conjugate
assays above to confirm the selectivity of the lectins were not compromised by the polymer
labeling. The lectin-conjugates were diluted in a solution of the indicated concentration (50–
500 mM) of mono- or disaccharide and incubated at room temperature for 10 minutes before
addition to the microtiter plate wells containing the immobilized glycoprotein. The inhibition
resulting from the soluble saccharides were then calculated as a percentage of the control signal
in the absence of inhibiting saccharide.

Data Analysis
The ICP-MS output data was transferred to Excel for analysis. For each metal analyzed, the
raw ICP-MS data in counts were converted to ppb by dividing by the counts for the respective
external 1 ppb standard. The 1 ppb Ir internal sample standard was used to compensate for
potential long term instrumental drift. The Ln3+ ppb were then normalized by the 1 ppb Ir
internal sample standard. For the plate assays, the Ir-normalized data were then reported as the
mean ± standard deviation of at least six independent experiments. To further characterize the
polymer and conjugate stocks, the ppb values were converted to micromolar values by dividing
by the isotopic mass of the element. Ratios of Ln3+/protein multimer or Ln3+/polymer were
then calculated by dividing by the molar concentration of monomeric protein or polymer. This
Ln3+/protein multimer ratio was also used to normalize the respective ConA and WGA signals
to allow comparison with the results obtained by Pilobello et al.18

Results
Lectin Labeling with Lanthanide-Chelating Polymers

In previous work from our laboratory, we conjugated DOTA-containing, maleimide-
terminated polymers to free cysteines of partially-reduced antibodies.27 Unlike antibodies,
however, lectins vary greatly in their structure and amino acid content, and in addition, some
lectins such as WGA require specific disulfide bonds for proper folding. Therefore, an
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alternative conjugation procedure was developed which covalently attaches the metal-
chelating polymer to lysine side chains of the lectins.

The steps involved in the lectin labeling with the lanthanide-containing polymers are shown
in Figure 1. The polymer was obtained with a synthesis similar to that which we have previously
used but the terminal thiol was not elaborated further.28 Sulfo-SMCC was chosen for
conjugation of the lectin to the metal-chelating polymer, due to its water solubility and its
ability to crosslink lysine amino groups of the proteins with the polymer’s terminal thiol. Due
to differences in amino acid content and multimeric status between the various lectins, the
reaction conditions were chosen to be as general as possible, and were not optimized
specifically for any of the proteins (Table 1).

The lectins were first activated with Sulfo-SMCC and the number of maleimide groups
introduced on each lectin was determined by MALDI-MS analysis (Table 2 and Figure S1).
Different numbers of maleimide groups were added to each protein tested; however, this
number was highly reproducible for each individual protein. Under these reaction conditions,
GNA was the only lectin in which less than 100% of protein monomers received at least one
maleimide group.

The number of maleimide derivatizations per protein needed to be controlled and this was
accomplished by removing excess Sulfo-SMCC reagent prior to polymer conjugation. Wängler
et al. observed with derivatized antibodies that it was the number, not size, of modifications
that had the greatest effect on affinity and specificity.34 Similar limitations on the number of
modified sites have been noted for labeled lectins in the Vector Laboratories’ catalog. Indeed,
failure to remove excess Sulfo-SMCC prior to polymer conjugation led to an increase in the
number of maleimide additions and an increase in the Ln3+/lectin ratio, but a decrease in
binding to glycoproteins (data not shown).

Since hydrophilic polymers usually contain a significant amount of water by weight, a DTNB
assay was used to accurately determine the concentration of polymer from the free thiols present
at the polymers termini. An average of 70% of the expected value based on mass was found.
Additionally, control experiments with Ln3+-loaded polymer demonstrated a 70% recovery of
polymer was typical after washing in the spin filter (5 kDa MWCO). These corrected numbers
for polymer concentration were used in all further calculations (vide infra).

Initial attempts to synthesize the protein-polymer conjugate prior to loading the Ln3+ into the
polymer led to unacceptably high background levels of Ln3+ in the subsequent lectin assays.
This presumably arises from nonspecific Ln3+ binding to the proteins that could not be easily
removed even after repeated washing with buffer. Reduced background levels of Ln3+ were
obtained by incubating the polymer with the desired Ln3+ followed by extensive washing of
the metal-loaded polymer with a weakly chelating citrate buffer prior to protein conjugation.

The reaction conditions for polymer conjugation to the maleimide-derivatized protein were
also deliberately generalized to allow for future work with new proteins and lectins. The
polymer stock was incubated overnight at 37°C with an excess of TCEP (1300-fold) to ensure
complete disulfide reduction, and with a 100-fold excess of Ln3+ to ensure maximal metal
loading. After extensive washing of the reduced and metal-loaded polymer, it was incubated
with the maleimide-activated proteins at a final concentration of 25 µM, representing a 1–3
fold molar excess of polymer : protein multimer.

After removing the unconjugated polymer in a 30 kDa MWCO spin filter, the final
concentration of protein-polymer conjugate was determined by a BCA protein assay, and
typically approximately 60% of protein was recovered after the conjugation chemistry. While
the colorimetric BCA assay involves metal ions, control experiments did not show any
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interference from the metal-binding polymer. The number of polymers conjugated per lectin
was calculated based on the average number of lanthanides per polymer (determined by DTNB
and ICP-MS assays) and the number of lanthanides per protein conjugate (determined by BCA
and ICP-MS assays; Table 2).

Microtiter Multiplexed Lectin Plate Assay
Stock solutions of the proteins listed in Table 3 were allowed to react overnight with the maleic
anhydride-activated microtiter plate (Pierce) (Figure 2), followed by a blocking step with 1 M
Tris pH 7.5. Standard protein assays were not sensitive enough to measure the small amount
of protein bound to the surface of the plates, either directly or indirectly by assaying a reduction
of protein concentration from the incubation solution.

To find a working concentration for the plate assay, the protein-polymer conjugate stocks (~0.6
mg/mL total protein) were assayed at a 100-fold and 1000-fold dilutions. Using the lectins at
a 6 µg/mL working concentration gave excellent reproducibility, an acceptable signal to noise,
and was therefore used as the standard dilution for the plate assays. For the single probe assay,
this gave a final conjugate amount of ~0.6 µg, or 60–175 nM due to differences in molecular
weight and multimeric composition of the lectins. For the five-conjugate multiplex reaction,
the conjugates were each kept at the same concentration as used with the single assay; therefore,
the final total conjugate amount was ~3 µg/well. After incubation with the protein-polymer
conjugate(s), each well was washed with PBS-Tween 20, then concentrated HCl was added to
release the Ln3+ and the samples were analyzed by ICP-MS (Figure 3).

Microtiter Multiplexed Lectin Plate Assay
Several observations are immediately evident from Figure 3. First, the BSA-conjugate (non-
lectin protein-conjugate control) and the BSA plate protein sample (non-glycoprotein control)
each showed no differential affinity towards any of the plate proteins or lectin-polymer
conjugates. Second, each lectin-conjugate exhibited differential binding to each glycoprotein.
This demonstrates that attaching the ~22 kDa metal-chelating polymer to the lectins did not
notably affect their sugar specificities. For example, the observed glycoprotein specificity for
ConA is consistent with literature results which have examined the affinity of ConA for
glycopeptides derived from ovalbumin and fetuin.35 The of binding of ConA to invertase is
also expected due to the large mannose-rich glycan present on this glycoprotein.36, 37 The
observed binding pattern for PNA with fetuin and asialofetuin is also consistent with the
literature.38 GNA bound strongly to invertase but not to ovalbumin or fetuin, consistent with
previous precipitation assays.14 The observed lower binding of ConA to invertase relative to
GNA is likely due to the fact that glycan structure of invertase contains a greater portion of
linear (rather than highly branched) α-1,6-Mannosides.39 However, since invertase is 50%
glycan by weight, ConA binding is still observed even with the reduced preference for this
mannose-containing structure. As an additional control, commercially-available WGA-gold
nanoparticle conjugate was tested in the same fashion as the lectin-polymer conjugates and
analyzed by ICP-MS. The same plate protein specificity trends were observed with this
conjugate as with the WGA-polymer conjugate (Figure S2). When normalized for Ln/multimer
signal (Figure S3), the ConA and WGA results are also consistent with lectin microarray work
by Pilobello et al.18 Saccharide inhibition studies also gave the expected pattern of specificity
(Figure S4).40–45 It should be noted that the concentrations of mono or disaccharide required
to achieve inhibition were higher than expected; this is probably due to the multivalent
interactions associated with the density of the glycan presentation on the microtitre plate. This
effect has been noted in previous studies‥46, 47 Third, each conjugate exhibited the same
behavior in the multiplex mixture as in single-conjugate assays. This demonstrates that there
is no interference between the conjugates at the concentrations used in the assays and
importantly there is no exchange of lanthanides between the polymers.
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Since each lectin has a range of affinities for different sugars or glycans, it is possible that in
a multiplexed assay a competition for glycan binding sites may occur, leading to a differential
signal compared with the single lectin assays. Although this was not the case using a ~100 nM
solution of each lectin (above), at higher lectin concentrations, a competition between lectins
may allow for a greater differentiation between high-affinity and lower-affinity glycan
recognition for a given lectin. Preliminary experiments to explore this facet of the multiplexed
assay were done with a ten-fold higher concentration of the protein-polymer conjugates (Figure
S5). As would be expected, these assays showed an overall increase in the lanthanide signal.
However, a decrease in the binding of each conjugate in the multiplexed assay when compared
to the single lectin assays was seen, suggesting that the lectins are competing for the glycan
binding sites. Comparison of the lectin binding profiles at the higher (~1 µM) and the lower
lectin concentrations (~100 nM) did not show a significantly different binding recognition
pattern with the chosen glycoproteins. Further studies with synthetic glycans will allow the
exploration of potential of competitive lectin binding experiments.

Discussion
Lectins provide a readily accessible set of tools for determining the glycosylation states present
in a given biological sample. They are less specific than antibodies but this allows a broader
range of glycans to be interrogated, and when multiple different lectins are employed with
varying specificities, a fingerprint of lectin activity can be used to identify glycosylation
patterns. Although these fingerprints are by no means as high resolution as mass spectrometric
techniques, they are more amenable to high-throughput analysis, as little sample preparation
is necessary.

Lectin microarrays have been very successful at establishing the glycan profiles of homogenous
samples such as a solution of glycoproteins, a suspension of liposomes or even a homogenous
cell population. However, these studies rely on one interaction at a time, be it on a single lectin
microarray with one homogeneous glycoprotein solution, or a single lectin on array of
glycoproteins. The ability to use multiple lectins in a multiplexed solution assay has not
previously been investigated. Our results show that lectins can be used in a multiplexed assay
and the results obtained are consistent with those of single lectin assays from previous literature
examples.18 Furthermore, the protocol for derivatizing BSA and the lectins with Sulfo-SMCC
and lanthanide-chelating polymer was deliberately designed to be a general one and should
therefore be useful for other proteins. While the need for full lectin activity imposes a limit on
the degree of derivatization, the multiple metal-binding sites within each polymer ensures that
the attachment of a single polymer to a lectin multimer allows sufficient signal to noise at the
conjugate concentrations used in the plate assay. Since there are 13 stable lanthanides, even
the natural abundance lanthanide salts would allow for highly multiplexed lectin assays.
However, because of the power of ICP-MS to resolve isotopic masses, extending the series to
isotopically-enriched lanthanides would easily allow at least 21 probes, even in the presence
of interfering adducts of equal mass.28

As with microarrays, there are some potential limitations to this technique. First, care must be
taken that conjugation would not disrupt lectin activity. This may be of particular concern for
some sialic acid-binding lectins which employ lysines in their active site for charge interactions.
48 However, incubation with substrate prior to reaction with Sulfo-SMCC could potentially
block such important lysines and prevent their derivatization. Second, while the prep-to-prep
trends for each protein-conjugate are consistent, absolute numbers have some variation due to
conjugation efficiency, Ln3+ loading of the polymer, and overall activity after purification. As
suggested by Carlsson et al.,7 normalizing the ICP-MS signal to a known glycoprotein standard
led to improved prep-to-prep quantitation (data not shown). Third, many commercially-
available plant and animal lectins are themselves glycoproteins and could potentially cross-
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react with each other. In fact, ConA has been used to precipitate LBA.49 Therefore, any lectins
used in a multiplex assay must be non-glycosylated. While few bacterial lectins have been
described and characterized, none have yet been found to be glycosylated; thus, the
identification of new bacterial lectins may provide useful non-glycosylated probes.17
Alternatively, chemical modification or enzymatic removal of any lectin glycan could
potentially avoid any probe-probe interactions. Chen et al. have recently used periodate
oxidation and dipeptide ligation to block glycans on antibodies while the enzymatic digestion
of the glycans did not prevent cross-reaction with lectins.50 There is not yet enough information
to speculate on which would be a more generally useful technique. Alternatively, synthetic
“lectins” composed of rigid aromatic backbones51 or boronic acids could be used.52–55

Recently our group has developed a flow cytometer interface for an ICP-MS mass
spectrometer.65 Using this instrument and a multiplexed lectin-based assay, it will be possible
to type individual bacterial cells as well as to investigate differences in cellular glycosylation
between diseased and non-diseased cells. The sensitivity of ICP-MS for the lanthanides and
the low natural abundance of lanthanides should allow these analysis using the multiplexed
lectin approach we have described.32

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synthesis of lectin-polymer conjugates. The lectin (shown as a monomer for clarity) is modified
on surface lysine residues with Sulfo-SMCC to allow the conjugation of a thiol-containing
polymer pre-loaded with lanthanide ions.
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Figure 2.
Microtiter-plate assay to probe glycoproteins with polymer-conjugated lectins. The
glycoproteins were covalently attached to the wells of a microtiter plate by the reaction of
protein surface lysines with the succinic anhydride groups formed on the plate surface. After
washing, single or multiple Ln3+-polymer-lectin conjugates were added to each well to allow
binding to the glycoproteins. The wells were washed with PBS-Tween, then concentrated HCl
was added to release the Ln ions and the resulting solutions were analyzed by ICP-MS.
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Figure 3.
Differential lectin-polymer conjugate binding to immobilized glycoproteins in single conjugate
(A) and multiplex (B) assays. The values represent the average ± standard deviation of the
Irnormalized retained ppb Ln3+ for at least six replicate experiments.
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Table 1
Proteins Used in Conjugation Reactions and Their Specificity for Glycan Structures.

Protein Glycan specificity

BSA Non-lectin

ConA α-Man (branched > linear) > β-GlcNAc, α-Glc

WGA β-GlcNAc (trimer > dimer > monomer) > Sia > GalNAc

PNA Gal-β-1,3-GalNAc > terminal Gal

GNA α-1,3-Man and α-1,6-Man
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Table 3
Proteins and Associated Glycans Attached to Maleic-Anhydride Activated Strip Plate.

Protein Sugars in glycan† Reference

BSA Non-glycoprotein

ovalbumin Man, GlcNAc, Gal 56–58

PSM GlcNAc, GalNAc, Fuc, Gal 59

BSM GlcNAc, GalNAc, Fuc, Gal, Sia 60

fetuin Man, GlcNAc, Gal, Sia 61, 62

invertase Man, GlcNAc 39, 63, 64

asialofetuin Man, GlcNAc, Gal (<0.5% Sia) 61, 62

†
The glycan structures of ovalbumin, fetuin, invertase, and asialofetuin have been determined. However, BSM and PSM glycans are only fully known

by composition due to large size and heterogeneity.
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