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Abstract—Techniques involving solid supports have played crucial roles in the development of genomics, proteomics, and in mole-
cular biology in general. Similarly, methods for immobilization or attachment to surfaces and resins have become ubiquitous in
sequencing, synthesis, analysis, and screening of oligonucleotides, peptides, and proteins. However, solid-phase tools have been
employed to a much lesser extent in glycobiology and glycomics. This review provides a comprehensive overview of solid-phase
chemical tools for glycobiology including methodologies and applications. We provide a broad perspective of different approaches,
including some well-established ones, such as immobilization in microtiter plates and to cross-linked polymers. Emerging areas such
as glycan microarrays and glycan sequencing, quantum dots, and gold nanoparticles for nanobioscience applications are also dis-
cussed. The applications reviewed here include enzymology, immunology, elucidation of biosynthesis, and systems biology, as well
as first steps toward solid-supported sequencing. From these methods and applications emerge a general vision for the use of solid-
phase chemical tools in glycobiology.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction: glycobiology biological processes including cell-cell recognition,

detection, and evasion of immune responses, cell attach-

Carbohydrate-containing structures are amongst the ment, and detachment, cell fate, development, and mor-
most complex, heterogeneous, and abundant biomole- phogenesis. The importance of glycans for health is
cules on earth.! Glycans are central to many fundamental exemplified by their central roles in cancer metastasis
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and in mediating immune responses.' > Glycomics entails
the comprehensive study of glycans (oligo- and polysac-
charides). Carbohydrate structures comprising relatively
few components have the capacity to confer vast amounts
of information.” Variations in sugar composition, and
modifications to those sugars, as well as different linkage
types and branching patterns mean that even short oligo-
saccharides can be very information rich. Further layers
of complexity are added when carbohydrates are
attached, as is frequently the case, to proteins or lipids.

Solid-supported sequencing of peptides, solid-phase
synthesis of peptides and oligonucleotides, as well as
arrays of DNA, peptides and, to a lesser extent, proteins
have been immensely successful methodologies. In con-
trast to proteins, carbohydrates are not directly encoded
but are constructed by the concerted activity of synthe-
sizing and modifying enzymes. This indirect linkage
between genome and glycome presents a barrier to
unraveling the complex biology of glycans. Many of
the milestone technologies that have been so important
for understanding the structures and biology of oligo-
nucleotides and proteins—such as rapid sequencing
methods, in vitro synthesis, cloning, heterologous
expression, and modeling—cannot be readily applied
to carbohydrates. Furthermore, micro-heterogeneity in
glycan moieties is often observed, thus complicating
the analysis and understanding of their biological roles.
For these reasons there is a pressing need to develop
solid-supported techniques that can be used to analyze
the occurrence and interactions of carbohydrates in a
high throughput fashion.

Carbohydrate mediated recognition among cells can
be envisioned as consisting of several hierarchical levels
of molecular information.*> First, the primary oligo-
saccharide sequence might be recognized by a protein.
Second, several oligosaccharides may be presented and
recognized along a polypeptide. Third, multiple glyco-
conjugate molecules, e.g. glycoproteins or glycolipids,
may be displayed on the surface; their density, distribu-
tion, and relative orientations may contribute to even
greater specificity.

The interaction between a carbohydrate and the cor-
responding individual binding site in a protein (e.g., a
lectin) is typically weak and binding strength and speci-
ficity is often enhanced through polymeric interactions
between carbohydrates and oligomeric carbohydrate-
binding proteins.® Multivalent display and cooperative
recognition are thus very important phenomena in
glycobiology. Carbohydrates immobilized on a surface
are presented multivalently’ and solid-supported tech-
niques displaying multiple copies of the same carbohy-
drate could thus be particularly well suited for
studying many carbohydrate—protein interactions. For
example, Houseman and Mrksich’ as well as Corn,
Kiessling and co-workers® have immobilized carbo-
hydrates onto gold surfaces and used the multivalency

in the study of carbohydrate-lectin interactions with
surface plasmon resonance (SPR) spectroscopy.

This review provides a unifying perspective on solid-
phase chemical tools for glycobiology, that is, on meth-
ods and applications for using solid-supported strategies.
Here we provide a view across very different approaches,
including some well-established ones such as immobiliza-
tion in microtiter plates and to cross-linked polymers,
and also emerging areas such as microarrays and
sequencing. This review has a focus on chemical methods
for covalent immobilization and their applications. This
includes attachment to, for example, cross-linked poly-
mers and microtiter plates as solid supports; we have also
included nanoparticles, such as quantum dots and gold
nanoparticles for nanobioscience applications. Areas
that have already been comprehensively reviewed will
be covered in less detail here.

2. An overview of methods for immobilization and
anchoring

2.1. Non-covalent adsorption

Non-covalent adsorption is the least technically
demanding approach for anchoring carbohydrates to
surfaces and relies on the formation of a range of non-
covalent bonds between the surface and the arrayed car-
bohydrates. Surfaces (substrates) used for this type of
immobilization include nitrocellulose and polystyrene.’
Its use includes manufacturing of microarrays on slides
and arrays in microtiter plates.

The advantage of arrays based on this strategy is that a
very wide range of carbohydrates can be immobilized di-
rectly onto the substrate surface. There is no requirement
for derivatization of the slide surface, or the need to cre-
ate reactive groups on the arrayed carbohydrates. Com-
prehensive carbohydrate microarrays can be created by
this method because in addition to saccharides, a wide
range of proteoglycans, glycolipids, and other glycocon-
jugates can be readily immobilized. Importantly, unchar-
acterized crude extracts from cells or tissues can also be
directly immobilized. However, the orientation of the ar-
rayed samples cannot be controlled and some samples
may be presented in forms in which their biological
meaning is lost by denaturation or steric occlusion.

The widely used binding between streptavidin and
biotin has also been used to immobilize carbo-
hydrates.'®!" Furthermore, polyacrylamide (PAA) gly-
coconjugates have been used for non-covalent
immobilization.'? As an alternative to PAA glycoconju-
gates, oligosaccharides have been coupled to a Cyy
hydrocarbon chain that binds non-covalently to the sur-
face of microtiter wells.'* Wong and co-workers'* used a
Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition be-
tween an azide and alkyne to attach oligosaccharides
to a Cy4 chain by formation of a triazole.'
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2.2. Covalent immobilization using oriented, chemical
linkages

Some of the most promising approaches have used cova-
lent immobilization to surfaces such as glass slides and
polymeric supports by the formation of a firm, covalent
bond. Covalent attachment is often preferred over other
types of interactions, such as hydrophobic, ionic, or
biotin-mediated coupling because more stable linkages
and more robust functionalized supports are formed,
and coupling efficiencies are more readily controlled.
Requirements for a covalently fabricated carbohydrate
surface include: (i) the spacer between the glycan and
the surface should provide optimal presentation of gly-
cans and prevent non-specific binding of, for example,
proteins; (ii) careful choice of immobilization method,
for example, whether the carbohydrate have to be deriv-
atized prior to immobilization; (iii) suitable surface on
the polymeric support or the chip, for example, a func-
tionalized glass slide versus a metallic surface; and for
some applications (iv) cleavable linkers for selective
release of modified carbohydrates after screening.

2.2.1. Methods for the immobilization of unmodified
oligosaccharides. A key issue in solid-phase carbo-
hydrate chemistry and in the development of new
advanced tools for glycobiology is the anchoring of
oligosaccharides onto a solid matrix. Since the pioneer-
ing work by Fréchet and Schuerch'® on polymer-
supported synthesis of oligosaccharides, a wide range
of methodologies to covalently immobilize carbo-
hydrates on solid supports has been developed. Often
the reducing end serves as the anchoring point,
although immobilization of carbohydrates through
0-6,"7 0-3,'® and N-2," as well as random reactions
also have been reported. In an effort to focus on
general, simple, and efficient tools that can be applied
to a range of unprotected and unmodified oligosaccha-
rides, chemoselective immobilization strategies involv-
ing the reducing end of carbohydrates will be
discussed here. Progress on other linker systems to con-
nect modified or protected saccharides to solid supports
has been reviewed elsewhere.”

(1) Reductive amination was one of the first immobi-
lization methods to be implemented. It relies on imine
formation between the aldehyde of reducing carbohy-
drates and amino groups of a solid support, followed
by selective, sodium cyanoborohydride reduction of
the imine to a stable amine. Baues and Gray”' as well
as Matsumoto and co-workers*® originally applied this
strategy to prepare affinity adsorbents for protein puri-
fication. For example, lactose, maltose, and melibiose
were anchored to amino-terminated Sepharose 4B* or
aminoethyl-Bio-Gel*! in a potassium phosphate buffer
(pH 9.0) at room temperature. Also, reductive amina-
tion has also proved efficient for the immobilization of

heparin oligosaccharides to pyrolytic carbon coated
graphite.”> However, this anchoring technique suffers
from poor reactivity and long reaction times. These
drawbacks can be overcome by substituting amino
groups with hydrazide groups, due to a higher reactivity
caused by the o-effect.”*

(2) To improve the immobilization of small ligands to
ELISA plates, Satoh and co-workers,” coupled acid
anhydride groups of methyl vinyl ether-maleic anhyd-
ride copolymer on the wells with adipic acid dihydraz-
ide. The resulting hydrazide groups were allowed to
react with the reducing end of maltose, lactose, N-ace-
tyl-chitooligosaccharides, or heparin by reductive ami-
nation. The results showed that immobilization
efficiency depended on the oligosaccharide concentra-
tion and on the amount of hydrazide reactive groups
on the wells. Recently, pectin oligogalacturonides of
various sizes were efficiently immobilized onto hydr-
azide-functionalized PEGA supports through the reduc-
ing end by reductive amination.?® Typically, the solid-
phase reactions were performed in DMF-AcOH (99:1)
in the presence of NaBH3;CN at room temperature for
24 h (Scheme 1). Coupling efficiencies ranged between
81% and 93%. Solid-phase anchoring of carbohydrates
onto hydrazide supports under such conditions leads
to a reducing saccharide, which is modified and trans-
formed into an open ring hydrazide.

Also, in the absence of reducing agent, the reaction
between hydrazide groups and the reducing end of
carbohydrates can be exploited for immobilization
purposes. For instance, Lee and Shin?’ have used hydra-
zide-coated glass slides to immobilize a wide range of
carbohydrates including mono-, di-, and oligosaccha-
rides in a simple, efficient, and chemoselective fashion
for the construction of carbohydrate microarrays. Opti-
mal immobilization took place in phosphate buffer at
pH 5.0, at 50 °C and for 12 h. Another example was
reported by Guillaumie et al.?® for the preparation of
pectin oligomer-functionalized supports. Conditions
optimized in solution were transferred to solid-phase,
using longer reaction times to compensate for slower
reaction rates generally encountered with solid supports
(Scheme 1, glycosyl hydrazide). The resulting glycosyl
hydrazide linkage is very stable under neutral to basic
conditions. Overall, this method yields efficient coupling
with a minimum number of steps but suffers from poor
stability of the linkage at low pH and the fact that excess
glycan is generally required to achieve high efficiency.
However, this latter disadvantage may be minimized
through careful and specific optimization and may be
balanced with the numerous advantages offered by a
solid-phase approach. The reaction between GalA and
a model hydrazide, namely acetic acid hydrazide, gener-
ated two acyclic glycosyl hydrazides,?® whereas Lee and
Shin obtained predominantly the cyclic form of a model
glycosyl hydrazide in solution.
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Scheme 1. Methods for chemoselective solid-phase immobilization of unprotected model pectin oligosaccharides. Reagents and conditions: (a)
NaBH;CN, DMF-AcOH (99:1), rt, 24 h; (b) CH50H, 65 °C, 20 h; (c) DMF-H,O (1:1), pH 4.8; 40 °C, 24 h; (d) HO-CH;CN (2:1), pH 4.0, rt, 48 h;

(e) (i) imidazole, DMF, 60 °C, 24 h, (ii) PyBOP, imidazole, DMF, rt, 4 h.2®

(3) Anchoring of the reducing end of carbohydrates to
a solid support via an oxime bond has been reported by
several groups.”® ' The main advantages of an oxime
linker strategy for solid-phase immobilization of carbo-
hydrates include: (i) ease of formation under mild aque-
ous conditions and high nucleophilicity via the a-effect;
(i1) good stability under a wide range of pH; (iii) versa-
tility in the choice of supports and saccharides. In an
ELISA-microtiter plate format, lactose and N-acetyl-
chitooligosaccharides have been immobilized through
the reducing end via oxime formation.”’ The amino-
oxy anchor was installed on the amino-coated plate
using Boc-Aoa-OH and N-ethyl-N'-(dimethylaminopro-
pyl)carbodiimide as the coupling reagent.

Guillaumie et al. have extended the use of this meth-
odology to successfully immobilize short*® and long®>3?
anionic oligosaccharides from pectin onto PEGA and
Sepharose supports, respectively (Scheme 1, oxime).
Amino-oxy groups were installed on the amino-termi-
nated support through standard coupling of Boc-Aoa-
OH with PyBOP and HOBt in DMF followed by acidic
deprotection of Boc.?® In an alternative approach, an
amino-oxy derivative, synthesized from Boc-Aoa-OH
and S-(2-pyridylthio)cysteamine hydrochloride, was
reacted with the thiols groups of thiopropyl Sepharose
to afford an amino-oxy-terminated support functional-
ized with a disulfide-cleavable linker.>* In this case,
oxime formation usually took place at pH 4.8 at 40 °C

in a DMF-H,0 mixture (Scheme 1). The amount of
loaded carbohydrates varied depending on the study
and their size. Furthermore, this technique gave very
efficient coupling in most cases.

(4) Another immobilization concept based on the for-
mation of glycosyl amide has been designed by Norberg
and co-workers.** The first step involves the reaction of
a reducing sugar with an amino-functionalized support.
The reaction is reversible and a further acylation step
using acetic acid is required to stabilize the glycosyl
amine. In another report, GalA oligomers were immobi-
lized onto a glutamic acid-functionalized PEGA sup-
port, glycosyl amine formation between the
carbohydrate reducing end and the glutamic acid amino
groups first took place in DMF at 60°C for 24 h
(Scheme 1).?° Stabilization of the glycosamine linkage
was achieved by intramolecular acylation of the second-
ary amine with PyBOP-activated carboxyl groups on the
Glu-side chain®® (Scheme 1, glycosyl amide). In this
work, two different spacers with a terminal Glu-residue
were installed on the amino-terminated supports, using
either glutamic acid for permanent immobilization or a
glutamic acid derivative containing a cleavable linker in
the form of a disulfide bridge.

(5) Recently, Guillaumie et al. introduced thiazolidine
formation for immobilizing non-protected reducing
carbohydrates onto a solid support.>® Pectin fractions,
dissolved in a water—acetonitrile mixture (pH 4), were
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anchored onto cysteine-terminated PEGA resins through
formation of a thiazolidine linkage (Scheme 1, thi-
azolidine 1). This methodology provided quantitative
coupling of the GalA oligomers in very few steps. More-
over, thiazolidines are expected to be stable over a wide
range of conditions. The oligosaccharides could be
cleaved off from the support, provided that a disulfide
bridge was installed on the resin (Scheme 1, thiazolidine
2). Anchoring of chitosan onto non-porous glass beads
through the formation of a 1,3-thiazolidine linker has
been achieved by Liu and co-workers.*® Cysteine moieties
were introduced on the glass beads through condensation
of L-4-carboxy-3-formyl-2,2’-dimethylthiazolidine with
amino groups on the solid support, followed by acidic
deprotection. Covalent anchoring with water insoluble
chitosan took place in an aqueous acetic acid solution
at room temperature for 3 h.

(6) The adsorption of thiol-functionalized carbo-
hydrates to gold surfaces has also been used for covalent
chemoselective immobilization.”®

(7) Immobilization of unmodified glycans by random,
non-regioselective reactions has also been used. For
example, carbohydrates have been immobilized using
the bifunctional cross-linking reagent, divinyl sulfone,’”
which randomly links carbohydrates to amino groups
on a surface.

2.2.2. Immobilization through a functionalized agly-
con. The above immobilization methods use unpro-
tected oligosaccharides, that is, they do not have to be
derivatized prior to immobilization. From an opera-
tional point of view, this is a very significant advantage,
especially when working with complex oligosaccharides
isolated from natural sources. However, it limits the
functional groups available for immobilization to
mainly the reducing end aldehyde moiety. Furthermore,
it often leads to an alteration of the reducing end of the
oligosaccharide.

Thus, from a structural perspective, it can be advanta-
geous to first convert carbohydrates to glycosides and
then immobilize them through the aglycon. However,
this requires chemical manipulation of carbohydrates
and the approach is limited to primarily monosaccha-
rides and short oligosaccharides. Reactions used for
immobilization have included amide bond formation be-
tween amino-functionalized carbohydrates and surfaces
functionalized with N-hydroxysuccinimidyl (NHS) moi-
eties.*® The Cu(I) catalyzed Huisgen 1,3-dipolar cyclo-
addition between an alkyne and an azido moiety has
also emerged as a promising, chemoselective immobili-
zation technique.*’ The Diels—Alder reaction, using car-
bohydrates carrying a cyclopentadiene moiety, has been
utilized less.” Also, any of the reactions used for immo-
bilization of unprotected carbohydrates, for example,
oxime formation, can be envisioned for immobilization
of glycosides, as long as the aglycon carries a suitable

functional group. These reactions will primarily be dis-
cussed in the relevant sections.

2.2.3. Immobilization of carbohydrates to functionalized
supports. There are a number of ‘classical’ methods for
immobilization of mono- and oligosaccharides to com-
mercially available matrices and supports.®” These meth-
ods have, for example, been used for the preparation of
affinity columns using specific ligands. These include
amide bond formation, treatment with CNBr, opening
of epoxide, and thiol exchange. While some of these
methods allow chemoselective immobilization, others
will give rise to random attachment to the support.

2.2.4. Methods for anchoring in solid-phase oligosaccha-
ride synthesis. Solid-phase synthesis has been tremen-
dously successful in the field of peptide chemistry due
to its inherent simplicity and ease of automation. It
has also been implemented in an efficient way for
DNA and RNA oligomer synthesis. Despite Fréchet
and Schuerch’s early pioneering work'® and significant
progress*!' ¢ since then, considerable developments are
still required before solid-phase oligosaccharide synthe-
sis can be put to general use. Crucial to any solid-phase
synthesis plan is the efficient and reliable anchoring of
the first building block, the stability of the anchoring
linkage to the reaction conditions, and upon completion
of the synthesis the efficient release under conditions
compatible with the structural integrity of the final
product. As for any immobilization technique, it is
important to differentiate between methods that can
anchor unmodified carbohydrates and methods that
require specifically functionalized carbohydrate deriva-
tives. In the latter case, the immobilization can either
be through a glycosylation or through an often more
simple reaction, such as ester or amide formation.

Some of the bonds formed in anchoring of carbohy-
drates to solid supports have included: esters,* silyl
ethers,* sulfonyl esters,*> acetals,* alkylthiols,45
ethers,*” and amides.'>*® This section provides a short
and rather selective view of methods for anchoring the
first carbohydrate moiety in solid-phase oligosaccharide
synthesis. The selection is based on our estimate of their
value for immobilization of carbohydrates in general,
and not just for their use in solid-phase oligosaccharide
synthesis.

Blixt and Norberg have employed a squarate linker,
which can anchor glycosyl amines, while retaining the
pyranoside ring-form of the reducing end (Scheme
2).* Glycosyl amines can be prepared chemoselectively
from unprotected carbohydrates with a free reducing
end. They successfully employed this method for enzy-
matic oligosaccharide synthesis using glycosyltrans-
ferases. The same authors have also used a disulfide
linker system and determined that the length of the
spacer between the support, Sepharose, and the glycosyl
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acceptor is crucial for efficient enzymatic glycosylation
(71 atoms in a PEG type spacer backbone gave rise to
higher yields than shorter ones).*
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4-aminophenyl aglycon and a backbone amide in a
glycopeptide to enable enzymatic glycosylations with
glycosynthases.>> The final products were released by
treatment with trifluoroacetic acid (TFA) containing-
cocktails at room temperature (Scheme 3).

3. Methods for determination of immobilization efficiency

In parallel with the development of anchoring condi-
tions, analytical techniques have been advanced to fol-
low the progress of reactions and for quantification
purposes. The monitoring of immobilization reactions
relied initially on the quantitative cleavage of the carbo-
hydrate from the support followed by traditional analy-
sis such as NMR spectroscopy, HPLC, TLC, or by the
use of specific assays. Alternatively, non-destructive
‘on-bead’ methods have been available for a few years,
although they may require more advanced equipment.
In this section, we will outline a few methods for the
quantification of solid-support reactions. Recent tools
for on-bead analysis in solid-phase oligosaccharide syn-
thesis have been reviewed elsewhere.?

Oligosaccharides immobilized on microtiter (ELISA)
plates have been detected by a horseradish peroxidase
(HPR)-based colorimetric assay.” First, the oligosac-
charides were bound to biotinylated or HPR-conjugated
lectins in Tris-buffer saline (TBS, pH 7.5). Diluted HPR-
conjugated biotin-streptavidin complex with TBS was
then added. After incubation with HPR conjugates,
the wells were washed and developed by the addition
of 0.04% o-phenylenediamine and 0.01% H,O, in cit-
rate-phosphate buffer. Absorbance at 490 nm allowed
quantitation of immobilized carbohydrates. This meth-
od, which provides the amount of available ligands, is
convenient, highly sensitive and requires only small
amounts of samples. However, a prerequisite is the
availability of specific lectins for each individual
application.

Guillaumie et al.?® have determined immobilization
efficiencies on PEGA supports by the anthrone assay.>*
This colorimetric method was chosen as, (i) it is a gen-
eral and well-established method for the quantification
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of neutral and charged carbohydrates, and (ii) it is per-
formed at low pH and at high temperatures. Such con-
ditions allow cleavage of the glycosidic bonds along
the oligosaccharide chain, liberating single sugar units.
The harsh conditions dissolve the resin; however, the
spectroscopic contribution from this can easily be de-
ducted. Typically, the solid support prior to and after
immobilization, respectively, was dried and treated with
0.2% anthrone in concentrated H,SO,. The difference in
optical density (at 570 nm) between the pre- and the
post-immobilization resins was used as a measure of
the amount of immobilized carbohydrates. For those
anchoring methodologies, which gave fixed open ring
structures at the reducing end, the contribution of the
carbohydrate unit connected to the solid matrix had to
be subtracted. In some cases, the anthrone assay is not
the preferred choice and alternative assays have been
developed to circumvent problems such as a too high
absorbance of the resin before immobilization. In such
cases, the Ellman test™ has been applied to the quanti-
tation of galacturonides immobilized onto Cys-termi-
nated PEGA supports.’® This colorimetric method is
typically used for the quantification of free thiols. Pre-
and post-immobilization resins were dried and treated
with a 0.01 M solution of 5,5'-dithiobis(2-nitrobenzoic
acid) in aqueous sodium phosphate buffer (pH 8.5).
The amount of free thiol groups was detected by
reverse-phase HPLC. Negative tests were indicative of
quantitative coupling of GalA oligomers. Another assay
available for the quantitation of immobilized carbohy-
drates has been reported by Liu and co-workers.*®
Chitosan-modified glass beads were treated with 4 M
hydrochloric acid at 100 °C for 16 h, allowing the hydro-
lysis of the polymer into glucosamine units. The amount
of released glucosamine was subsequently quantified by
a modified Svennerholm method.>

It is also possible to determine the amount of incorpo-
rated saccharides onto a solid support in an ‘indirect’
fashion. For instance, reactive amino groups on a Se-
pharose support have been quantified by the ninhydrin
test before and after their reaction with a functionalized
lactose.*” Assuming a ‘clean’ derivatization reaction, the
difference between the amino group content before and
after solid-phase coupling corresponded to the amount
of immobilized oligosaccharide.

4. Carbohydrate—protein interactions in microtiter plates

Early work on carbohydrate arrays used conventional
microtiter plates, which are simple to use but do not of-
fer the advantages of miniaturization and the possibility
for advanced methods for ‘reading’ the chip, beyond
using photometric readers. These plates have been used
in a variety of biological applications by binding an ana-
lyte of interest to the wall of the microtiter plate and

examining the interaction with reactants in the sur-
rounding assay mixture. The enzyme-linked immuno-
sorbent assay (ELISA) builds on the observation that
either antibodies or antigens adsorbed to a solid phase
retain their ability to participate in specific binding reac-
tions. Carbohydrates arrayed in microtiter plates have
been used in a range of chemical and biological transfor-
mations, such as ELISA or solid-phase assays of enzyme
recognition and action. In 1999, Gervay and McRey-
nolds published a review covering ELISA technology
used in the measurement of biological activities of car-
bohydrates relevant in certain disease states.’’ The fol-
lowing will therefore focus on protein—carbohydrate
interactions such as in enzyme-linked lectin assay
(ELLA),® where lectins are used as markers instead of
antibodies.

Most microtiter plates are made of polystyrene, which
poses a challenge, as carbohydrates do not adsorb well
to polystyrene due to few hydrophobic interactions.
Accordingly, covalent bonding to the well is often the
only solution. A number of modifications have been
made to allow for covalent linkage to the polystyrene
surface. These include commercial surfaces with short
spacers with a terminal amine attached.” Other alterna-
tives are terminal maleimide, hydrazine, or N-oxysuccin-
imide groups (discussed in Section 2.2). Another
possibility is to couple one part of the analyte to a con-
jugate, such as polyacrylamide or a protein, which will
subsequently interact with the wells of the microtiter
plate.

Among the first examples using microtiter plates for
rapid screening of lectin specificity was by Shao'®!! in
1992. It relied on the fact that streptavidin adsorbs
strongly and irreversibly to the wells of titer plates. A
series of biotinylated glycans was first coated on the
streptavidin treated plates and then six lectins (conca-
navalin A (Con A), wheat germ agglutinin (WGA),
red kidney bean erythroagglutinin (PHA), lentil aggluti-
nin (LCA), Datura stramoniun agglutinin or elderberry
bark agglutinin) coupled to horseradish peroxidase were
added. After incubation and washing, only the lectin
bound to a complementary glycan remained and could
be detected via the peroxidase reaction. It was estab-
lished that the lectins retained their oligosaccharide-
binding specificities after coupling to the peroxidase.
Other examples of the biotin/avidin-mediated microtiter
plate lectin assay are from Wu and co-workers.®*¢!
Here, human erythrocyte glycophorin A (GPA) was
adsorbed onto the wells of the microtiter plate.> GPA
contains multiple O-linked tetrasaccharides (a-NeupAc-
(2—3)-B-Galp-(1—3)[a-NeupAc-(2—6)]-a-GalpNAc-
1—Ser/Thr).®* Desialylation of GPA by mild acid
hydrolysis gave the B-Galp-(1—3)-a-GalpNAc-1—Ser/
Thr (Thomsen—Friedenreich (TF)) receptor, and subse-
quent degalactosylation by Smith degradation gave the
a-GalpNAc-1—Ser/Thr antigen (Tn antigen). It was
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shown that the lectin binding assay in combination with
use of chemically degraded glycoproteins offers the pos-
sibility of fast and sensitive characterization of lectin
specificity with a great number of low- and high-mole-
cular-weight ligands. Wu et al. also investigated the
binding site of the galactose-specific agglutinin PA-IL
from Pseudomonas aeruginosa.’’ PA-IL had the stron-
gest affinity to two glycoproteins containing o-Galp-
(1—4)-Galp determinants and a human blood group
ABO precursor equivalent group. Inhibitory studies
with disaccharide fragments showed that PA-IL has a
preference for the a-anomer in decreasing order as fol-
lows: a-Galp-(1—6) > a-Galp-(1—4) > a-Galp-(1—-3).

The methodology for the synthesis of polyacrylamide
glycoconjugates (reviewed by Bovin'?) enables optimiza-
tion of ligand presentation on the surface of polyacryl-
amide (PAA) conjugates, thus providing the type of
conjugate having the most suitable signal-to-back-
ground ratio the principle is outlined in Scheme 4.

The maximum amount of saccharide introduced de-
pends on the size of the saccharide; for bulky tri- and
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tetrasaccharides the range is 30-35mol % at 40 °C,
whereas with monosaccharides, the incorporation can
be as high as 80%. With bulky lysogangliosides only
15% is incorporated. Spacers can be incorporated, but
due to the flexibility of the polyacrylamide chain, a short
aminopropyl spacer often gives enough flexibility for
interaction studies of carbohydrate-binding proteins,
such as lectins, antibodies, or glycosyltransferases.
PAA-derivatives are obtained by the action of ammo-
nia, other examples such as substituted polyacrylic acid
(PA) or poly(2-hydroxyethyl acrylamide) (PAA®) are
also possible modifications (Scheme 4).

A PAA glycoconjugate was used by Khraltsova et al.,
to study the action of the a-(1—3)-galactosyltransferase
(a3GalT), thought to be responsible for the synthesis of
the xenoantigen, a-Galp-(1—3)-B-Galp-(1—4)-GlcpNAc
(Fig. 1).%

Formation of the product by enzymatic extension of
the glycan chain was detected by the biotinylated plant
lectin Viscum album agglutinin (VAA) and was found
to be proportional to enzyme activity and the concentra-
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Microtiter Plate

Figure 1. Microtiter plate assay of a-(1—3)-galactosyltransferase.
Redrawn from Khraltsova.®

tion of the acceptor and the glycosyl donor, UDP-Gal.
The method affords high sensitivity (better than
1 pmol/well), substrate specificity and linearity. Applica-
tion of neoglycoconjugates as substrates afford addi-
tional possibilities to attain optimal results by taking
any structural fragments into account: (i) optimization
of substrate by variation of carbohydrate ligand density
on the matrix, (i) variation of spacer length, (iii) varia-
tion of ligand structure including mimetics with
enhanced affinity.®*

Another study using PAA neoglycoconjugates investi-
gated the 6-sulfo-sialyl-Le* epitope as a receptor for dif-
ferent strains of P. aeruginosa.%® P. aeruginosa, the main
pathogen in the airways of patients suffering from cystic
fibrosis (CF), recognizes a set of neutral and acidic car-
bohydrate epitopes found at the periphery of respiratory
mucins, especially sialyl-Le*. The study was conducted
with the bacterial strain 1244-NP and four mucoid
strains isolated from CF patients. Affinity measurements
conducted for all strains indicated that the 6-sulfo-sialyl-
Le* epitope bound all strains, except for one, just as well
as the sialyl-Le* determinant. This together with the
equal adherence of bacteria strain 1244-NP to glycocon-
jugates bearing 6-sulfo-sialyl-Le* and sialyl-Le* epitopes
indicated that the two epitopes are among the best

AcO OAc AcO OAc
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receptors for P. aeruginosa. 6-Sulfo-sialyl-Le* is also
known to bind selectins such as L-Selectin, which is con-
stitutively expressed on leukocytes. By binding leuko-
cytes and bacteria, mucins with 6-sulfo-sialyl-Le* and
sialyl-Le* determinants might thus limit the defense
properties of leukocytes against P. aeruginosa.

An alternative to PAA glycoconjugates is the addition
of oligosaccharides to a C4 hydrocarbon chain that also
binds non-covalently to the surface of microtiter wells.'?
Wong and co-workers'* used a Cu(I)-catalyzed Huisgen
1,3-dipolar cycloaddition between an azide and alkyne
to attach oligosaccharides to a Cy4 chain by formation
of a triazole'® (Scheme 5).

The advantage of the Cu(I)-catalyzed reaction is that
the triazoles are formed at room temperature and thus
when carried out in CH3OH in a 100 uL microtiter well,
the crude product can be purified in situ, allowing the
reaction to be carried out at micromolar scale in high
yields (92%) (Fig. 2).

The glycolipids thus non-covalently linked are stable
under repeated aqueous washings. In a test of the assay
functionality, Wong and co-workers devised a biological
screen in which ranges of oligosaccharides were dis-
played in microtiter plate wells in concentrations corre-
sponding to densities of 4.1-7.6 pmol/cm®. Seven of
these, displayed various types and linkages of terminal
sialic acid known to be ligands for lectins from Sambu-
cus nigra (SNA). SNA was able to bind all sialic acid
containing carbohydrates with preference to a-(2—06)
linked over o-(2—3) linked sialic acids. The authors
were also able to conduct enzymatic transformations
of oligosaccharides attached to the microtiter plate. In
a competitive assay, human o-~(1—3)-fucosyltransferase
[EC 2.4.1.65] fucosylated the trisaccharide o-NeupAc-
(2—3)-B-Galp-(1—4)-GlcpNAc over the regioisomer o-
NeupAc-(2—3)-B-Galp-(1—3)-GlcpNAc and produced
sialyl Le®, which was recognized by a fucose specific lec-
tin from Tetragonolobus purpureas.

Another non-covalent glycoarray created by mixing
isocyanate-containing C4-hydrocarbon and amine-con-
taining carbohydrates thus exploiting a reagent-free
urea formation between isocyanates and amines has also
been reported.®®
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Figure 2. Oligosaccharides displayed in the microtiter plate via a Huisgen 1,3-dipolar cycloaddition. From Fazio et al.'*

Wong and co-workers*® improved in 2004 their con-
cept of oligosaccharide arrays avoiding the difficult han-
dling of glycolipids used for non-covalent attachment in
microtiter plate format. The sugars were covalently at-
tached to either amine or NHS-functionalized microtiter
surfaces (Scheme 6).

A new feature was the cleavable linker in the form a
disulfide bond, which is stable in many biological appli-
cations, but is easily cleavable with dithiothreitol (DTT).

HzN\/\S/S\/\N
H

Scheme 6. Triazole formation and cleavage of disulfide linker by DTT for MS analysis. From Bryan et a!

The linker facilitated the analysis of the covalent array
by NMR or mass spectrometry. Using this concept, an
array of 23 mono- and oligosaccharides was prepared
and tested against lectin and antibody binding.

In 1988, Macher and co-workers reported an ELISA
to monitor glycosyltransferase and glycosylhydrolase
activities.’” The paper described the identification and
quantification of reaction products from the actions of
B-galactosyltransferase [EC 2.4.1.22] on B-GlcpNAc-

For MS analysis

].40
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(1—-3)-B-Galp-(1—4)-B-Glcp-(1—1)Cer and of a-galac-
tosidase [EC 3.2.1.22] on a-Galp-(1—3)-B-Galp-(1—3)-
B-GlepNAc-(1—3)-B-Galp-(1—4)-B-Glcp-(1—1)Cer
(IV3aGal-nlLcsCer). The method takes advantage of
carbohydrate sequence-specific monoclonal antibodies
and an ELISA technique that follows substrate disap-
pearance and product formation. This eliminates the
need for treatment with specific exo-glycosidases and
methylation analysis, which is the traditional method
of analysis. Another advantage of the method is the
omission of detergents for the enzyme to be functional,
whereas most glycosphingolipid glycosylhydrolases re-
quire a detergent for activity. In the solid-phase system
used, the glycosphingolipids are immobilized in the well,
presumably with their carbohydrate moiety oriented
away from the plastic surface, thus, no detergent was
necessary to provide the proper orientation of the glyco-
sphingolipids. Also, enzyme characteristics such as K,
Vmax» divalent cation requirement, and pH optimum
were investigated using this method. Stults and Macher
reported the use of an ELISA-based assay for the study
of PB-galactosyltransferase [EC 2.4.1.38]°® and for the
study of B-(1—3)-N-acetylglucosaminyltransferase in
human leukocytes [EC 2.4.1.149].%°

Other uses of ELISAs for the investigation of enzy-
matic transformations include the work carried out
by Hindsgaul and Palcic.”® This assays the enzymatic
modification of the synthetic substrate B-GlcpNAc-
(1-2)-a-Manp-(1—6)-B-Manp-R  (acceptor for uri-
dine 5’-diphospho-N-acetylglucosamine:omannoside -
(1—6)-N-acetylglucosaminyltransferase (GnT-V)) into
the product B-GlcpNAc-(1—2)-[B-GlcpNAc-(1—6)]o-
Manp-(1—6)-p-Manp-R  when these structures are
covalently attached to bovine serum albumin (the
R-group), which was coated to microtiter wells. The
conversion was followed using purified polyclonal anti-
serum raised against the product. Further exploitation
of glycosyltransferase assays in ELISA format have
been reported’’ 7 and reviewed by Palcic and Sujino
in 2001.7°> Baek and Roy’® have described the synthesis
of water-soluble glycopolymers bearing the TF-antigen
for use in solid-phase screening in an ELISA plate for-
mat. The glycopolymers were immobilized in ELISA
plates and increasing the lipophilicity by adjusting the
length of an alkyl chain of the glycopolymer proved
advantageous (up to M, 42 kDa). The system was
tested with a monoclonal mouse antibody and with a
glycosyltransferase.

Hatakeyama’’ developed a simple microtiter plate
assay for lectins, which utilized carbohydrates immobi-
lized in the wells of the microtiter plate functionalized
with primary amino groups at their surface. The carbo-
hydrates were immobilized using the bifunctional cross-
linking reagent, divinyl sulfone,’” which randomly
linked the carbohydrates to the amino groups on the
plate. The binding of Ricinus communis agglutinin

(RCA), Con A, and WGA was measured using micro-
titer plates coated with lactose, mannose, or N-acetyl-
glucosamine, demonstrating that the lectins bound
in accordance with their known specificities. As an
application of the assay, the carbohydrate-binding activ-
ity of the proteins from the marine invertebrate Cucuma-
ria echinata was examined. Different carbohydrate-
binding activities were observed with different elution
profiles, which suggested that the assay indeed could
be applied to the simultaneous detection of lectins from
various sources, when it was combined with a competi-
tive binding assay to confirm the specific binding of the
protein.

5. Carbohydrate microarrays

Since 2001, several short reviews have provided an over-
view of the emerging field of carbohydrate micro-
arrays.”>® A very recent review describes the
importance of surface selection and immobilization
chemistry.®* This section will provide an overview and
place the topic in relation to immobilization methods

and other solid-phase techniques.
5.1. Non-covalent immobilization

Microarrays based on non-covalent coupling (adsorp-
tion) have several advantages: a very wide range of car-
bohydrates can be immobilized directly onto the
substrate surface; there is no requirement for derivatiza-
tion of the slide surface, nor the need to create reactive
groups on the arrayed carbohydrates; microarrays of
saccharides, proteoglycans, glycolipids, and other glyco-
conjugates can be readily immobilized. Importantly,
uncharacterized crude extracts from cells or tissues can
also be directly immobilized. However, the simplicity
of adsorption arrays comes at a price. The orientation
of the arrayed samples cannot be controlled and struc-
tures may be ‘forced’ out of native configurations by
the formation of numerous attachment points between
sample and substrate. Therefore, some samples may be
presented in forms in which their biological meaning is
lost by denaturation or steric occlusion—a potentially
worrying prospect for carbohydrate—protein interaction
analysis.®® Furthermore, the stability and spatial organi-
zation of arrayed samples is dependent on the structural
and physical properties of each sample. The high poten-
tial for variability is likely to be problematic for direct
comparative analysis between samples and for quantita-
tive studies. Nevertheless, despite these shortcomings,
adsorption arrays have been successfully used for a
number of applications involving carbohydrate—protein
interactions.

One of the first demonstrations of this approach was
by Wang and co-workers.*® A variety of carbohydrates
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were spotted at high density onto glass slides coated
with nitrocellulose (FastSlides®’). A wide range of
microbial antigen samples was used in this study includ-
ing polysaccharides, glycosaminoglycans, glycoproteins,
and semi-synthetic conjugates. The arrays were used to
detect the presence of antibodies in human and murine
serum, and using this system, antibody repertoires could
be analyzed using as little as 1 pL of serum. The work
clearly demonstrated the enormous potential of carbo-
hydrate arrays for the high throughput analysis of
carbohydrates using levels of sample that would be lim-
iting for most other types of assays. It is well known that
one limitation of nitrocellulose when used in membrane
format is that the efficiency of immobilization is size
dependent, with smaller molecules being less effectively
attached. Wang et al., examined this potential limitation
of the FastSlides by arraying fluorescently labeled
(a1-6) dextrans ranging in size from 20 to 2000 kDa.
Although all the samples were immobilized to some ex-
tent, the smaller samples were significantly less efficiently
immobilized.*®

Willats et al.,*® have produced carbohydrate micro-
arrays based on a modified polystyrene surface known
as ‘MaxiSorp’.®> The MaxiSorp modified polymer sub-
strate has been widely used in the production of micro-
titer plates and assay dishes for applications including
antibody binding and carbohydrate—protein interaction
studies. Microarray slides of standard dimensions were
produced by injection molding of black polystyrene.
The MaxiSorp surface modification was subsequently
generated by oxidation of the polymer slide surface.
This is a treatment that chemically alters the polystyrene
surface, but is not an applied coating. This is important
because it is extremely difficult to produce coated sur-
faces that are sufficiently intra- and inter-slide consis-
tent. Binding is established by passive adsorption
mediated by hydrogen bonding, ionic bonding and van
de Waals hydrophobic interactions. Hydrogen and ionic
interactions are primarily involved in capturing polar
parts of molecules and securing a tight junction between
the surface and the molecule. Immobilization is further
stabilized by the removal of water molecules between
the relatively hydrophobic surface and the immobilized
molecule. Water removal is driven by a lowering of
the free energy in the system by exchanging the weak
water bonds with hydrophobic bonds. Willats et al.®®
tested the suitability of this surface for generating carbo-
hydrate microarrays by immobilizing a range of glycan
structures (Fig. 3).

All the samples were derived from, or occurred in,
plant cell walls, which contain some of the most complex
glycans found in nature. The use of black polymer was
important in reducing background fluorescence; white
and transparent MaxiSorp slides were also tested and
in both cases the signal to noise ratios were inferior com-
pared to the black slides.

m @ 3) @ ®)
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Figure 3. Plant cell wall glycan microarrays. A series of polysaccha-
rides, proteoglycans, neoglycoproteins and plant cell extracts (A) and
pectin samples (B) were arrayed onto MaxiSorp polystyrene slides.
Each array (1-5) contained the same range of samples and five
replicates are shown (as indicated by arrows on array number 1). The
different profiles result from the fact that each array was probed with a
different monoclonal antibody: (1) anti-arabinogalactan protein; (2)
anti-homogalacturonan (non-methyl-esterified); (3) anti-homogalactu-
ronan (high degree of methyl-esterification); (4) anti-homogalacturo-
nan (low degree of methyl-esterification); (5) anti-galactan.®®

The two examples above illustrate the simplest
adsorption arrays, where samples are simply spotted di-
rectly onto the chosen substrate without any modifica-
tion at all. Several groups have also developed a
second class of adsorption array where the arrayed mole-
cules are modified prior to spotting, but immobilization
itself is still non-covalent. This was exemplified by Fukui
et al. who used neoglycolipid (NGL) technology to gen-
erate carbohydrate probes from small oligosaccha-
rides.”® An important additional aspect of this work is
that a deconvolution approach, utilizing TLC, antibody
binding, and mass spectrometry was used to further
characterize the arrayed samples. This kind of parallel
analysis is an important concept for the future of carbo-
hydrate microarrays. Because carbohydrates cannot the
readily sequenced, synthesized or cloned, it is highly un-
likely that really comprehensive arrays of pre-defined
carbohydrates will be generated in the near future. How-
ever, the extraction and fractionation of tissue samples,
followed by spotting with parallel deconvolution offers a
means of greatly extending the scope of carbohydrate
microarrays.

Galanina et al. have compared non-covalent immobi-
lization of oligosaccharides in standard 96-well poly-
styrene ELISA plates with quasi-covalent multi-stage
anchoring of derivatized oligosaccharides to the
XNAonGold microarray platform.” The latter involved
self-assembled monolayers, where some alkylthiols were
functionalized with biotin, followed by multi-stage bind-
ing. This study highlighted a number of problems,
including low loading. A non-covalent microarray has
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also been used by Wong et al., to screen for possible
inhibitors to fucosyltransferases.”>

5.2. Covalent immobilization using oriented, chemical
linkages

The chemical details of the covalent immobilization
methods employed in this section have been described
in Section 2.2. As previously mentioned, from an
operational point of view it is important to differentiate
between methods that can use unmodified carbo-
hydrates and those that require specifically modified
carbohydrates.

In 2002, Houseman and Mrksich reported the prepa-
ration of a carbohydrate microarray by Diels—Alder
reaction immobilization of 10 different carbohydrate—
cyclopentadiene conjugates to self-assembled monolay-
ers (gold-coated glass slides) that presented benzoqui-
none and penta(ethylene glycol) moieties. Binding of
several lectins was detected by SPR. This was also used
to characterize substrate specificity of a galactosyltrans-
ferase; detection was by rhodamine-labeled lectins.’

Park and Shin have described microarrays displaying
mono- and disaccharides that are covalently coupled via
a linker to glass slides.”® Maleimide-linked sugars were
attached via thioether linkages to slides coated with
thiol groups. Microarrays of 12,000 features were cre-
ated by spotting of the maleimide-linked carbohydrate
probes GIcNAc, lactose, cellobiose, and maltose. After
a 5 or 10h coupling reaction, unreacted thiols were
capped by incubation with N-ethylmaleimide. The bind-
ing of FITC-conjugated lectins demonstrated that the
samples had been effectively and reproducibly immobi-
lized. Spotting of the maleimide-linked carbohydrate
probes created microarrays from four different mono-
and disaccharides using various linkers. Lectins bound
more effectively to samples that were attached with
longer linkers, demonstrating the importance of correct
presentation of the arrayed carbohydrates on the slide
surface. FITC-Con A (an a-Manp and o-Glcp-binding
lectin) bound strongly to maltose (a-Glcp-(1—4)-Glcp)
but weakly to cellobiose (B-Glcp-(1—4)-Glcp). This
work was extended in 2004.7*

Blixt et al., have recently reported a carbohydrate
microarray with 200 oligosaccharides on a glass slide
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representing glycan structures from major glycoproteins
and glycolipids. The immobilization was achieved by
standard amide bond formation between amino-func-
tionalized carbohydrates and NHS-activated commer-
cially available glass slides. This very interesting
approach is, however, limited to the detection of carbo-
hydrate-binding events, which can be detected by
fluorescence.”

Disney and Seeberger have reported a microarray
assembled with five amino-functionalized (ethanolamine
spacer) monosaccharides, which were covalently an-
chored to glass slides that had been derivatized with
homobifunctional disuccinimidyl carbonate or disuccin-
imidyl tetrapolyethyleneglycol linkers. This very simple
setup was used to test several types of glass slides and
concentrations of monosaccharide. They screened with
E. coli (ORN178) for adhesion (Mannose preferred).
This limited study showed a potential for development
of anti-adhesion therapeutics.®® The Seeberger group
has also described a microarray based on seven thiol-
functionalized oligosaccharides to study the binding
profiles of five gpl20 proteins, with a potential for
HIV vaccine development.” They also described an
aminoglycoside microarray for the study of antibiotic
resistance.’®

Seeberger, Walt and co-workers in 2003 reported a
carbohydrate microarray based on a fiber-optic random
microsphere array using encoding with fluorescent dyes.
This format differs from the above approaches in using
encoding and a random ordered microsphere array.”’

Seeberger and co-workers’® reported very recently the
construction of a carbohydrate microarray based on a
series of di-, tetra-, and hexasaccharides containing the
GIcNSO;3(6-0OS0;5)-IdoA(2-OS0s3) repeating unit of the
major sequence of heparin (Scheme 7).

The potential of the microarray was demonstrated
using two heparin-binding proteins, fibroblast growth
factors (FGF-1 and FGF-2), which could differentiate
between heparin structures and monosaccharides known
not to be substrates of FGF-1 and FGF-2.

A few papers have suggested combining carbohydrate
microarrays with mass spectrometric analysis. Wong
et al.,** prepared an array in conventional microtiter
plates with a cleavable disulfide linker, which allowed
release for ESI-MS analysis. Mrksich et al.,”” reported
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Scheme 7. Synthetic heparin oligosaccharides with amine linker used to construct a heparin microarray.”®
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use of mass spectrometry (MALDI-TOF) to character-
ize self-assembled monolayers presenting carbohydrates.
However, this interesting work was not applied to
microarrays.

Shen et al., have very recently reported a specialized
surface-based mass spectrometric technique, desorp-
tion/ionization on silicon (DIOS), for monitoring en-
zyme activity and inhibition. This appealing approach
uses no matrix, in contrast to MALDI-TOF. However,
a limitation is that in its present format it is not fully
compatible with a proper microarray format.'®

In summary, a few aspects should be highlighted.
First, it is obviously crucial to avoid non-specific inter-
actions; using PEG-based spacers can be beneficial.
Secondly, non-covalent immobilization is very conve-
nient from an operational perspective, especially for
complex oligosaccharides from natural sources. How-
ever, it leads to randomly oriented ligands and the
ligand density is often low, as physisorption depends
on the nature of glycan or glycoconjugate. ‘Reading’
of the arrays has been limited mainly to fluorescence
detection. Third, covalent immobilization can lead to
robust arrays with an oriented display of carbohydrate
ligands, although there are also methods, which will give
random immobilization. While non-covalent immobili-
zation has a higher efficiency for larger glycans than
for short oligosaccharides, covalent immobilization in
general is more efficient for shorter oligosaccharides.
These arrays, although limited in size, have been used
in the areas of glycomics, drug discovery, and diagnosis.
There is currently no generally accepted format for car-
bohydrate microarrays. However, the ‘Consortium for
Functional Glycomics’ has developed promising glycan
microarrays using N-hydroxysuccinimide activated glass
slides. The microarrays are used within the consortium
and may constitute a step toward standardized formats.

6. Solid-supported peptides, glycopeptides, and oligosac-
charides as biological probes

The ability to immobilize peptides and oligonucleotides
on solid supports has enabled a tremendous gain in our
knowledge of these biomolecules and their applications.
Currently, there are no fully equivalent methods for oli-
gosaccharides, but substantial efforts have been put into

the development and use of oligosaccharide-functional-
ized solid supports. Such tools can for instance serve as
starting materials for the synthesis of glycoconjugates
and as substrates for biochemical investigations. This
section will provide a few examples of these applications.

Sepharose supports, containing a disulfide-cleavable
linker and functionalized with unprotected pectin oligo-
galacturonides of defined sizes, have been employed in
solid-phase enzymatic reactions with the pectic biosyn-
thetic  enzyme,  o-(1—4)-galacturonosyltransferase
(GalAT) and the glycosyl donor, uridine diphosphate
GalA (UDP-GalA).* Solid-supported biosynthesis was
followed by cleavage of the immobilized OGAs with
DTT and direct analysis of the products released into
the liquid phase by MALDI-TOF mass spectroscopy
(Scheme 8).

Long oligosaccharides up to the 16-mer were synthe-
sized, starting from immobilized (GalA);;. Further-
more, this strategy allowed complete elucidation of the
mode of action of GalAT and of the mechanism of
homogalacturonan biosynthesis. Indeed, the results
showed that elongation of the oligogalacturonan chain
proceeded via the transfer of single GalA residues from
UDP-GalA in the presence of GalAT, that is, in a non-
processive manner.

Fluorescently labeled polysaccharides (pullulan, lami-
narin, xylan, chondroitin sulfate, alginic acid) have been
anchored to epoxy-activated agarose beads and used to
investigate the activities and structural specificities of
endo-acting extracellular enzymes (i.e., enzymes that
cleave a polymer mid-chain) in complex media (e.g., sea-
water and homogenized sediments).'®" Hydrolysis rates
were measured by means of the fluorescently labeled
substrates, released into the media. In contrast to most
investigations on enzyme activities and specificities that
rely on the use of purified material, this solid-phase ap-
proach does not require prior purification of the
enzymes.

Toward the elucidation of the interactions between
proteins and glycosaminoglycans (GAGs), Vives
et al.,'*? have designed a strategy for identifying protein
residues involved in the binding to heparin. Commer-
cially available heparin beads were first incubated with
EDC/NHS to activate the polysaccharide carboxylic
groups, which were allowed to react with functional
groups in proteins (e.g., RANTES-(9-68), PRV gC, or

UDP

b
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—

MALDI-TOF MS analysis

Scheme 8. Solid-supported biosynthesis followed by analysis of oligogalacturonide products. n is the initial degree of polymerization (DP) and
(n + x) represents the DP of biosynthetic products. Reagents and conditions: (a) 5 mM HEPES (pH 7.8), 20 mM sucrose, 0.005% BSA, 2.5 mM KClI,
350 uM MnCl,, GalAT, 30 °C, 45 min; (b) DTT, 50 mM Tris (pH 8.0), rt, 3 h.
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laminin-5 «3L.G4/5). This cross-linking step used to sta-
bilize the heparin—protein complex was mainly aimed at
avoiding undesirable protein—protein interactions. Then,
the heparin—protein conjugate was subjected to proteo-
Iytic digestion. Finally, the peptide fragments retained
by the covalent linkages with heparin were identified
by Edman type N-terminal sequencing (Scheme 9).

Yao et al., have described the use of high resolution
magic angle spinning (HR-MAS) NMR to characterize
the conformation of vancomycin anchored to PEGA
or TentaGel resin.'”® By comparing directly the NMR
spectra of free vancomycin in DMSO and of immobi-
lized vancomycin, they demonstrated that the conforma-
tion of the on-bead antibiotic glycopeptide was identical
to that of the free drug. Furthermore, when a vancomy-
cin-functionalized PEGA support was swollen in the
presence of Ac,-L-Lys-D-Ala-pD-Ala, a small peptide
component of bacteria cell wall, they observed similar
peak broadening and chemical shifts of the same pro-
tons as for vancomycin- Ac,-L-Lys-pD-Ala-p-Ala com-
plex in solution. This study, albeit limited to one
example, validates the use of on-bead screening of com-
binatorial libraries.

Chemically well-defined surfaces coated with selected
glycan targets have been generated for SPR studies.?®
For instance, a model glycopeptide based on penta-
N-acetylglucosamine (GIcNAc)s-Aoa-GFAKKG was
immobilized through an oxime linkage in one of the flow
channels of a CM5 sensor chip. In this case, the N-termi-
nus of the peptide served as anchoring point to the solid
matrix, thereby granting good accessibility of the sugar-

N-terminal
sequencing

Scheme 9. Protein-capture on immobilized heparin, followed by
proteolytic digestion for defining critical amino acid residues (dashed
zone) involved in protein/GAG interactions. Reagents and conditions:
(a) (i) EDC, NHS, PBS buffer, rt, 15 min, (ii) B-mercaptoethanol; (b)
protein, PBS, rt, 2h; (c) (i) 2M urea, PBS, 60°C, 15min, (ii)
thermolysin, PBS, 50 °C, 16 h.102

moiety. The active surface was then subjected to solu-
tions of WGA or of a hevein-derived peptide (HEV32)
at various concentrations, and the carbohydrate—lectin
interactions were monitored by recording of sensor-
grams. The recorded interactions ranged from a strong
affinity of (GIcNAc)s with lectin (Kx ~ 10°M™!) to a
weak binding of the same oligosaccharide with a hevein
domain (K4 ~ 10* M~ !). Importantly, the peptide linker
did not interfere during the recognition event. Overall,
this method may constitute a general tool for the investi-
gation of protein—carbohydrate interactions.

Covalent coupling has been used to create protein and
nucleotide microarrays®>!%* and this approach has the
advantage that the arrayed molecules can be presented
in a controlled orientation. The orientation of glycans
is crucial for many carbohydrate interactions. For recep-
tor-ligand or antibody binding assays, binding sites, and
epitopes must be presented in a biologically meaningful
fashion. Similarly, to be useful for enzyme characteriza-
tion, cleavage sites must be assessable.

7. Glycoblotting

Glycoblotting, a concept introduced by Nishimura and
co-workers, is an approach for the purification of small
amounts of carbohydrates in biological samples. The
method consists of the capture of free saccharides by
chemoselective ligation to amino-oxy functionalized
polymers followed by release of the purified saccharides
under acidic conditions.!*>!° Subsequent analysis by,
for example, MALDI-TOF/TOF mass spectrometry
facilitates the assignment of complex oligosaccharides
to the high level of sensitivity needed for this purpose
(see Fig. 4). The applied polymers are preferably nano-
particles of 200-300 nm in diameter prepared by UV
photo-polymerization of liposomal mixtures of diacetyl-
ene-containing amino-oxy-lipids and diacetylene-con-
taining phospholipids. The size of the glycoblotting
nanoparticles makes them easily separable from the
crude digested biological sample by centrifugation.

As a proof of concept, the glycoblotting approach has
been applied to the analysis of the saccharide composi-
tion of the glycoprotein ovalbumin. Ovalbumin (1 mg)
was digested by two proteases, pronase and trypsin,
and de-glycosylated with peptide N-glycosidase F (PNG-
ase F). The glycoblotting nanoparticles were added to
the crude mixture, and after an incubation period and
subsequent washing, the saccharides were released by
addition of a sulfonic acid resin. The glycoblotting nano-
particles and the resin were removed by centrifugation,
and the filtrate was analyzed by MALDI-TOF mass
spectrometry. Oligosaccharide compositions could be as-
signed to all major peaks observed in the MALDI-TOF
mass spectrum, and further assignments could be made
by tandem mass fragmentation analysis.
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Figure 4. The glycoblotting concept based on trap and release of carbohydrates from complex biological samples and subsequent glycopattern

analysis. Redrawn from Niikura et al.'%

The glycoblotting approach has further been explored
for the identification of glycosylation sites of glycopro-
teins in a model study of a glycopeptide. Enzymatic oxi-
dation of a peptide-bound B-Galp-(1—4)-GlcpNAc
saccharide to generate a terminal aldehyde group at the
C-6 position of the galactose unit followed by glycoblot-
ting showed the versatility of sensitivity enhancement in
the subsequent sequencing analysis of the peptide.

The glycoblotting model studies indicate that this ap-
proach coupled with advances in carbohydrate sequenc-
ing may become a powerful tool for mapping of
glycoproteins and glycolipids.

8. Glyconanoparticles

Glyconanoparticles (GNPs) have lately attracted atten-
tion as probes for the study of carbohydrate—protein
and carbohydrate—carbohydrate interactions. These me-
tal and semiconductor nanoparticles linked with mono-
layers of carbohydrates offer some unique advantages
over multivalent carbohydrate-functionalized dendri-
mers, polymers and liposomes in the combined proper-
ties of the clustered multivalent presentation of the
carbohydrates on the surface, the facile tracing via elec-
tron microscopy or fluorescence emission, the small size
that allows the study of in vivo bio-imaging, and the
high degree of solubility and stability in biological and
buffered aqueous media. The three-dimensional presen-
tation on the spherical metal or semiconductor nanopar-
ticles results in a flexible globular shape that can be
thought of as a model for the glycocalyx of cell sur-
faces.'”” Additionally, the clustering of the carbohy-
drates at the GNPs has been found to result in a very
high enzymatic stability that makes GNPs well-suited
for interactions with biological material.'%®

The preparation of gold glyconanoparticles (Au-
GNPs) has mainly been performed by a modification
of the procedure of Brust et al.,'” in which tetrachloro-
auric acid, HAuCly, is reduced by sodium borohydride
in the presence of a thiol- or disulfide-linked saccharide
in methanol, resulting in mean gold core sizes in the
range of 1-20 nm. The length and nature of the linker
between the reducing end of the saccharide and the mer-
capto group(s) not only affects the ligand density but
may also play a role in the organization of the mono-
layer and on the solubility and biocompatibility of the
resulting nanoparticles. Manipulation of the ratio of tet-
rachloroauric acid to organic ligand allows control over
the size and polyvalency of the GNPs. This approach for
the preparation of Au-GNPs was introduced by Penadés
and co-workers'®® to present glucose, lactose, maltose,
and the Lewis® trisaccharide on gold nanoparticles
attached via o-mercapto-oligo(ethylene glycol) and/or
straight-chain alkyl sulfide linkers (Fig. 5).'°'% The

N w83 o
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]114

Figure 5. Preparation of Au-GNPs. Redrawn from Rojo et a
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Au-GNPs can be purified by centrifugation or centrifu-
gal filtration and can be easily handled as powders with
high storage stability. They can be analyzed directly by
NMR and possess a characteristic surface plasmon band
centered at 520 nm that can be used for tracing. Au-
GNPs incorporating a variety of complex oligosaccha-
rides such as the Lewis” tetrasaccharide a-Fucp-(1—2)-
B-Galp-(1—4)-[a-Fucp-(1—3)]-GlcpNAc, a colon and
liver tumor antigen;''® B-GlcpNAc3S-(1—3)-Fucp, a sul-
fated disaccharide from marine sponge cells;!'! the TF
disaccharide B-Galp-(1—3)-GalpNAc, a tumor antigen
present in 90% of carcinomas;''? and the P* trisaccharide
a-Galp(1—4)-B-Galp-(1—4)-Glcp, a cell differentiation
antigen''® have all been prepared in a similar manner.

An alternative approach for the preparation of gold
glyconanoparticles consists of an initial preparation of
citrate stabilized gold nanoparticles, in which sodium
citrate is added to an aqueous solution of HAuCl, and
functions as both reducing and capping agent.'!'>11°
The introduction of thiol-linked saccharides is subse-
quently performed by ligand displacement. One advan-
tage of this method is that Au-GNPs having identical
gold cores but displaying different carbohydrates can
be easily prepared, a task that is difficult with the Brust
reaction due to the influence of the carbohydrate ligand
nature on particle growth.'!”

The preparation of carbohydrate-functionalized semi-
conductor quantum dots (QD-GNPs) was first reported
for CdSe/ZnS core-shell quantum dots having a surface
coating of a mannose-containing phosphine oxide.!'®
Recently, maltose and Lewis® functionalized CdS QD-
GNPs were prepared by addition of sodium sulfide to
an aqueous solution of cadmium nitrate in the presence
of the thiol- or disulfide-linked saccharides.''® The QD-
GNPs showed emission in the green region under an
ultraviolet lamp, however the fluorescence spectra
showed multiple and broad emission maxima, thus lim-
iting the application of these QD-GNPs.

QD-GNPs having sharp and symmetrical emission
maxima can be obtained by the more classical approach
of quantum dot ligand displacement, and this has re-
cently been performed in the preparation of N-acetylglu-
cosamine functionalized QD-GNPs.'?° High-quality
TOPO (trioctylphosphine oxide) capped CdSe/ZnS
core—shells were prepared by a one-pot procedure, and
ligand exchange was effected by pyridine capping fol-
lowed by addition of the disulfide of 11-mercapto-unde-
cyl-B-N-acetylglucosaminoside under reducing (NaBHy)
conditions. The intermediate pyridine capping was used
to attain a more efficient ligand displacement by the
thiol-functionalized saccharide.

8.1. Lectin binding studies

The proteins (lectins) involved in specific carbohydrate—
protein binding are typically present in the native form

as oligomeric aggregated structures, thus presenting
multiple carbohydrate recognition sites. Traditional ef-
forts to study structure-binding relationships of mono-
and oligosaccharides have faced the challenge of mea-
suring the weak interactions, in the range of millimolar
affinity, of monovalent carbohydrates with lectins. Due
to the multivalent nature of GNPs, they seem ideally sui-
ted for the study of carbohydrate-binding affinity to lec-
tins, lectin purification, identification of unknown
lectins and for lectin binding-epitope mapping.

One of the first reports on glyconanoparticle binding
to lectins is that of Kataoka and co-workers,'?! who
studied the binding of lactose/mannose functionalized
gold nanoparticles to the galactose-binding lectin R.
communis agglutinin (RCA59). The nanoparticles were
prepared by Brust reaction with a-diethylacetal-o-mer-
capto-PEGg;qgg, followed by unmasking of the aldehyde
and reductive amination with mixtures of p-aminophen-
yl-B-p-lactoside and mannoside by borane-dimethyl-
amine complex to install the carbohydrates. Binding to
RCA |,y was monitored visually by a color change from
pinkish-red to purple and quantitatively by a broaden-
ing and red shift in the assigned gold nanoparticle sur-
face plasmon band in the optical spectra. A linear
relationship in optical absorbance with lectin concentra-
tion was established and absorbance was fully restored
by addition of D-galactose, thus these glyconanoparti-
cles can be used as a simple lectin assay with a high sen-
sitivity and stability in physiological buffers. This study
was extended in 2005."*> A similar approach was taken
by Russell and co-workers for the study of binding of
mannose functionalized gold nanoparticles to Con
A.'"Y Here, the use of a short linker, 2-mercaptoethanol,
was thought to induce a better-defined change in the
optical spectra to provide a more sensitive assay. In fact,
it was later shown by comparison of similar mannose
functionalized gold nanoparticles, having 2-mercap-
toethanol versus N-(2-hydroxyethyl)thioctic amide lin-
ker, that sensitivity was improved and non-specific
binding reduced with the latter linker. This is presum-
ably due to greater organization of the monolayer to
provide a more optimal ligand presentation with the
longer linker.'*

An alternative method for quantification of lectin
affinity has been demonstrated by Lin and co-workers
in which GNP binding to Con A was quantified by a
SPR competition binding assay.'?* Mannose and glu-
cose functionalized gold nanoparticles competed with
the mannose functionalized SPR chip and Con A-
GNP aggregation was measured as inhibition of the
Con A SPR response. Various GNPs were prepared to
evaluate the influence of average particle size (6 nm vs
20 nm), linker (5-mercaptopentanol vs a-hydroxy-o-(3-
mercaptopropyl)-tetra(ethylene glycol)), and monosac-
charide (mannose vs glucose vs galactose). The GNPs
were prepared by glycosylation of the alkene-precursors
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of the linkers with glycosyl bromides followed by instal-
lation of the mercapto group and subsequent formation
of the nanoparticles by the Brust reaction. Inhibition
constants of the mannose GNPs were in the range of five
orders of magnitude lower than that of o-methyl
mannopyranoside, whereas a Glcp-GNP was four or-
ders of magnitude lower, clearly showing an increase
in binding affinity as a consequence of the cluster effect.
Relative to the averaged number of mannose units for
each individual nanoparticle, this corresponds to an in-
crease in binding affinity per mannose unit of one to two
orders of magnitude. The increase in particle size from 6
to 20 nm caused a 10-fold increase in relative binding
affinity, whereas the penta(ethylene glycol) linked GNPs
showed a 2-fold lower relative binding affinity compared
with the 5-mercaptopenatanol linked GNPs. The latter
result was speculated to be due to orientation and rigid-
ity effects of the linkers. A similar study has been
reported by Chen and co-workers.'?

A broadening of the scope of glyconanoparticles has
been introduced by Kamerling and co-workers in the
application of a reductive amination protocol with trityl-
ated cysteamine (2-mercaptoethylamine) for the facile
thiol-functionalization of free saccharides, which obvi-
ates the need for protecting group manipulations and
glycosylation chemistry'?® (see Section 2.2). In this pro-
cedure, the reducing end saccharide unit is converted
into an open-chain secondary amine, which can be used
as a handle for SPE purification. A variety of different
mannose and glucose containing GNPs were prepared
in this fashion and lectin binding affinity was measured
by SPR studies of chip-immobilized Con A. Qualita-
tively, mannose containing GNPs gave stronger SPR re-
sponses compared to glucose (mannose-free) GNPs.
Unfortunately, the monosaccharide containing GNPs
prepared from glucose and mannose showed poor sta-
bility in aqueous media resulting in partial precipitation
and both were excluded from the binding studies. Thus,
it remains questionable whether the open-chain configu-
ration of the attached reducing end saccharide units
using this protocol are in fact able to bind to their lectin
carbohydrate-binding domains.

Carbohydrate-functionalized quantum dots have
been applied in the study of B-N-acetylglucosamine
adhesion to WGA.'* Pyridine-capped CdSe/ZnS core—
shells were prepared and ligand exchange was effected
by addition of the disulfide of 11-mercapto-undecyl-
B-N-acetylglucosaminoside under reducing (sodium
borohydride) conditions. Binding of the GNPs to
WGA was monitored by partial (up to 50%) fluores-
cence quenching of the quantum dot upon addition of
WGA, an effect ascribed to electron transfer from the
quantum dot to amino acid residues on WGA. The
binding constant of the QD-GNPs was three to four
orders of magnitude higher than that of the monomeric
N-acetylglucosamine.

The use of GNPs as probes for the study of lectin
binding has been extended by Lin and co-workers to
combine the probing ability with mass spectrometry
for the study of carbohydrate—protein recognition and
binding-epitope mapping.''* The target lectins were
affinity captured on the GNPs and analyzed on-probe
by MALDI-TOF mass spectrometry. Careful on-probe
protein digestion followed by removal of unbound pep-
tides allowed direct mapping of the peptide sequences
involved in the carbohydrate—protein interactions of
the target lectin. This approach was demonstrated by
analysis of the galactose-binding lectin PA-IL by the
use of galactose and P* antigen (the trisaccharide o-
Galp-(1—4)-B-Galp-(1—4)-Glcp) functionalized gold
GNPs. While still being bound to the glyconanoparticle,
the lectin, having a mass of nearly 13 kDa, showed a sin-
gle peak in MALDI-TOF MS. Dilution experiments
showed that the lectin was readily detectable down to
femtomolar concentrations. The glyconanoparticle itself
did not give any detectable background signal. By sub-
sequent digestion of the GNP-bound lectin by chymo-
trypsin, without denaturation of the native protein
structure, followed by centrifugation, the remaining
GNP-bound peptides could be analyzed by MALDI-
TOF MS. A comparison with the peptide mass finger-
printing map of chymotryptic digestion of PA-IL
revealed that 5-7 peptide fragments, several being
discontinuous, out of 17 were still bound to the GNPs
after digestion. The galactose and P* antigen GNPs
showed an identical major peptide fragment, a 23-mer
peptide, as well as several other similar peptide frag-
ments suggesting that PA-IL interacts with the P* anti-
gen through the terminal galactose unit. The results
correlated well with a recent crystal structure determina-
tion confirming the applicability of this approach for the
uncovering of carbohydrate—protein recognition and
interactions.

8.2. Carbohydrate—carbohydrate interaction studies

Apart from protein—protein and protein—carbohydrate
interactions, carbohydrate—carbohydrate interactions
between cell surface glycolipids have been suggested as
an important mechanism of cell-adhesion and cell-
recognition processes. Recent model studies of this
mechanism using suitably functionalized GNPs have
started to address the inherent challenges of the great
complexity and low affinity of carbohydrate—carbohy-
drate interactions.

In one such study, mimicking cell adhesion through
interactions of glycosphingolipid clusters, Au-GNPs
were used to study the calcium dependent self-recogni-
tion of the trisaccharide Lewis™ antigen, B-Galp-(1—4)-
[a-Fucp-(1—3)]-GlepNAc.' %127 The trisaccharide was
attached to the nanoparticles in the B-configuration via
a o-mercapto-tetra(ethylene glycol) linker by the Brust
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reaction.'’” Nanoparticle aggregation upon addition of
calcium chloride, as observed by transmission electron
microscopy, was used as a qualitative measure of carbo-
hydrate—carbohydrate interactions of the Lewis® GNPs.
The calcium dependency was proved by complete dis-
persion of the aggregates upon addition of EDTA.
The self-aggregation was further evidenced by atomic
force microscopy'?® and SPR'? measurements of the
interaction between GNPs and two-dimensional self-
assembled monolayers displaying identical carbohy-
drates, as well as by isothermal titration calorimetry.'*°
Analogous lactose functionalized GNPs showed mini-
mal aggregation'**"*! and maltose GNPs did not show
aggregation at all. The poor ability of the lactose GNPs
to undergo calcium-induced self-aggregation has re-
cently been contradicted by a very similar study of lac-
tose Au-GNPs, having larger mean core diameters
(16 nm vs 2 nm) and oligo(ethylene glycol) linkers in-
stead of a straight-chain alkyl linker.'*> Here, a high de-
gree of calcium-induced aggregation was apparent with
all lactose containing GNPs, which was speculated to
be due mainly to the increased hydrophilicity of the lin-
ker, facilitating an important hydration of calcium in
the binding conformation. These results emphasize the
importance of the linker and/or core design in mediating
the activity of the surface-bound carbohydrates.

A recent model study on the carbohydrate mediated
self-recognition of marine sponge cells'* clearly under-
scores the applicability of glyconanoparticles in the
understanding of carbohydrate-carbohydrate interac-
tions of complex glycans at the molecular level. Gold
nanoparticles were functionalized with B-GlcpNAc3S-
(1—3)-Fucp, a disaccharide identified as a highly repeti-
tive epitope of a 200 kDa acidic glycan, constituting a
repetitive element of a 2x 10*kDa proteoglycan-like
aggregation factor of red-beard marine sponge cells.
The disaccharide was attached in the o~ and B-Fuc con-
figuration through a propyl-thio-hexylthiol linker. Addi-
tionally, analogous GNPs were prepared with each of the
monosaccharide units of the disaccharide, as well as with

three disaccharides incorporating minor modifica-
tions."!! As in the study of Lewis® interactions, self-rec-
ognition of B-GlcpNAc3S-(1—3)-Fucp was monitored
by aggregation of the GNPs upon addition of calcium
chloride. The results showed a striking importance not
only of the presence of each of the monosaccharide units,
but also of the C6 methyl group of the fucose unit, the
sulfate group and the acetamide group of the glucos-
amine unit, and the anomeric configuration of the fucose
unit, highlighting the extremely high degree of selectivity
in carbohydrate—carbohydrate interactions. The aggre-
gation was specific for and dependent on calcium ions,
as witnessed by a lack of aggregation upon addition of
magnesium chloride and complete dispersion of the cal-
cium-induced aggregates upon addition of EDTA.

These studies show the great potential of glyconano-
particles in the probing and understanding of the weak
interactions between carbohydrates.

8.3. Bio-imaging

Despite the number of publications on GNPs, very few
are dealing with bio-imaging and interactions with bio-
logical systems. One bio-imaging study using Au-GNPs
functionalized with mannose has been performed for the
visualization of mannose binding domains, the so-called
FimH adhesins, on type 1 pili in E. coli."** The type 1
pili are fibrous organelles on the surface of the bacteria
involved in cell adhesion and invasion. The bacterial
strains were incubated with the mannose functionalized
GNPs and examined by TEM. The cell surface-bound
nanoparticles were localized in patterns on the pili in
accordance with previous reports on FimH expression
patterns along type 1 pili. Displacement of the GNPs
by free mannose required concentrations in excess of
2000-fold of the GNP concentration.

A recent bio-imaging study of mice, pig, and sea-urch-
in sperm using glucosamine and mannose functionalized
quantum dot GNPs has focused on the distribution of
complimentary binding proteins on the surface of sperm

© Wiley-VCH 2006

Figure 6. Bio-imaging of (A) and (B) sea-urchin sperm by glucosamine QD-GNPs and (C) mouse sperm by mannose QD-GNPs. Reproduced from

Ref. 120.
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from mice, pigs, and sea-urchins.'?® Confocal micro-
scopy revealed high concentrations of glucosamine
GNPs on the sperm heads, whereas the mannose GNPs
were spread over the entire sperm body indicating differ-
ent distributions of glucosamine and mannose receptors
on the sperm surface (see Fig. 6). The binding capability
of the GNPs with live sperm was proven by flow
cytometry.

Glyconanoparticles have also been studied as a poten-
tial therapeutic intervention. Lactose functionalized Au-
GNPs have been applied as an anti-adhesive therapy in
a remarkable exploratory study of lung metastasis in
mice' ' in which the adhesion of the BI6F10 melanoma
cell line to endothelial cells was interfered by lactose Au-
GNPs in cellular assays as well as in vivo. The BI6F10
cell line is known to aggressively induce lung metastasis
in mice upon intravenous inoculation, however lung
metastasis could be reduced by up to 70%, as measured
by ex vivo analysis, by pre-treatment of the BI6F10 cells
with Au-GNPs before inoculation. This effect has been
speculated to be due to carbohydrate—protein and/or
carbohydrate—carbohydrate interactions between GNPs
and surface glycoconjugates of endothelial cells and/or
tumor cells.

Undoubtedly, bio-imaging using glyconanoparticles
for direct visualization of target carbohydrate receptors
in biological environment will provide new insights into
glycobiology that may facilitate new approaches in clin-
ical diagnostics and therapy.

9. Affinity separation and chromatography

In the most common approach to affinity chromatogra-
phy, a ligand immobilized to a support specifically binds
to a molecule, for example, a protein, in solution, thus
enabling its highly selective purification. The ligand
can either be a small organic molecule, a carbohydrate,
a peptide, or a protein. The target protein is recovered
by changing the conditions over the matrix to favor
desorption. The technique is often so specific that no
further purification is required. Ligands used for
mono-specific affinity chromatography can be selected
to be very specific of the sample to be analyzed or puri-
fied. One implementation of the affinity-catch principle
relies on specific binding of lectins to carbohydrate
ligands. Lectins are carbohydrate-binding proteins,'’
which lack enzymatic activity (nor are they antibodies).
Lectins are thought to be involved in biological recogni-
tion processes but not associated with any catalytic
activity within the same polypeptide; this has been re-
viewed in part by Berteau and Stenutz,'*® and Boras-
ton."*” Lectins are often classified according to their
carbohydrate-binding specificity,'**!*° but from the
standpoint of modern biology, lectins should be under-
stood as a protein family.'*

One study using sequential lectin-affinity chromato-
graphy is the analysis of asparagine-linked oligosaccha-
rides.'*! Structures of asparagine-linked oligosaccha-
rides fall into three classes,'**> which all share the
common core structure o-Manp-(1—3)-[oa-Manp-
(1—6)]-B-Manp-(1—4)-B-GlcpNAc-(1—4)-GlcpNAc-
Asn. High-mannose-type oligosaccharides have two to
six additional o-mannose residues added to the core
structure. Complex-type oligosaccharides contain two
to four branches with a sialyllactosamine sequence.
Finally, the hybrid-type structures have high-mannose-
type and complex-type oligosaccharide antennas
(Fig. 7).

Using the experimental setup outlined in Scheme 10,
Yamamoto and co-workers'*' were able to fractionate
a complex mixture of asparagine-linked oligosaccha-
rides into distinct fractions.

The glyco-catch method, as reviewed by Hirabayashi
and Kasai,'* is one method where affinity chromatogra-
phy has been used to acquire information about differ-
ent sets of glycans produced by different organism,
that is glycomics. The basic procedure is outlined in Fig-
ure 8. Here groups of target glycopeptides are captured
by means of lectin-affinity chromatography after prote-
ase digestion.

From the glyco-catch method, four essential attri-
butes are adopted to characterize each glycopeptide: (i)
cosmid identification number (ID), (ii) molecular weight
(M,), (i) retention (R;) of pyridylaminated (PA) oligo-
saccharides, and (iv) dissociation constants (Ky’s) of PA-
oligosaccharides for a set of lectins. A recent application
of the glyco-catch method has resulted in the gene
assignment of soluble glycoproteins produced by the
nematode Caenorhabditis elegans.'** Using Con A and
galectin LEC-6 (Gal6) columns, 44 (Con A) and 23
(Gal6) glycopeptides were captured and successfully
analyzed and assigned to 32 and 16 corresponding
genes, respectively. For these glycopeptides, 49 N-gly-
cosylations sites were experimentally confirmed, whereas
21 remained as potential sites. However, the authors

High-mannose-type

Man(a1-2)Manod |
~
/g Manod

Man(o.1-2)Manod 7| \
gMan(B1-4)GIcNAc(L}1-4)GIcNAc-Asn
Man(a1-2)Man(a 2)Man(x1/
Complex-type oligosaccharide
Fucol
NeuAc(02-6)Gal(B1-4)GIcNAc(B 1F2)Manort ‘
\ 6
gMan(B1-4)GIcNAc(L}1-4)GIcNAc-Asn

NeuAc(c2-6)Gal(B1-4)GIcNAc(B1{2)Manaort
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Man(a1-2)Manodt | GIcNAc 1

™6
-3 Manod ‘
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gMan(L}1»4)GIcNAc(L}1-4)GlcNAc-Asn

NeuAc(02-6)Gal(B1-4)GIcNAc(B112)Manod

Figure 7. Structures of the three major classes of asparagine-linked
oligosaccharides. The boxed area is the common structure of all
asparagine-linked oligosaccharides. Redrawn from Yamamoto et al.'#!
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Mixture of poly-N-acetyllactosamine-type sugars, high-mannose-type,
complex-type, or hybrid-type chains

Bio-Gel P-4

[ 1
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Scheme 10. Flow-chart for fractionation of Asn-linked oligosaccha-
rides. Used lectins are marked in bold. Redrawn from Yamamoto
et al.'¥!

have pointed to some limitations of their strategy.'®’
One disadvantage of the glyco-catch method is the inap-
plicability to O-glycosides, due to the lack of a universal
glycosidase to liberate all kinds of O-glycans. Another
limitation is the biased collection of glycopeptides that
the method produces, using a limited number of lectins
in the capture of the glycopeptides.

2) 3)
Lectin-affinity
chromatography-1 %9

Collection of lectins
attached to solid phase
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Characterization

A

Achromobacter
protease 1

digestio Q '
igestion w
—_— — —_

-

1229

Using a Con A Sepharose-derived matrix, a lectin spe-
cific for mannose/glucose was isolated and purified from
mulberry seeds.!#® The lectin agglutinated rat red blood
cells and in a hapten inhibition test, b-mannose and D-
glucose were found to be inhibitors. A lectin from the
rhizomes of Arundo donax was isolated by Singh and
co-workers'*” using affinity chromatography with N-
acetyl-D-glucosamine linked to epoxy-activated sephar-
ose-6B. The A. donax lectin (ADL) agglutinated rabbit
erythrocytes and the agglutination was inhibited by N-
acetyl-p-glucosamine and its di- and trimer (N,N’-
diacetylchitobiose and N,N’,N”-triacetylchitotriose).
Thirty-two other sugars and three glycoproteins were
tested but showed no inhibitory effect.

In another example, the porcine surfactant protein D
(SP-D) was purified using maltose affinity chromatogra-
phy.'*® SP-D, a collectin, takes part in the innate immu-
nity by binding to complex glycoconjugates on a wide
range of pathogenic organisms involved in respiratory
infection, thus initiating different biological functions,
such as antimicrobial activity, regulation of surfactant
lipid homeostasis, and macrophage function. After puri-
fication of porcine SP-D by maltose affinity chromato-
graphy eluting with an MnCl, gradient, contaminations
from IgM were removed by IgM affinity chromatogra-
phy providing pure SP-D with a molecular mass of
53 kDa according to SDS-PAGE analysis.

Hatakeyama et al.'* purified the N-acetyl-p-galactos-
amine-specific C-type lectin (CEL-I) from C. echinata
(sea cucumber) using lactosyl-Cellulofine, GalNAc-
Cellulofine, and Sephadex G-75. Subsequent analysis
of CEL-I carbohydrate-binding activity, using a

4)
Lectin-affinity
chromatography-2

. %%k@f%

Lectin-binding
glycopeptides

pESs

~

2D Mapped
mapping positions C. elegans
5) Frontal > | Ki's for >
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Figure 8. The glyco-catch procedure: (1) extraction of glycoprotein; (2) lectin affinity-1; (3) protease digestion; (4) lectin affinity-2; (5) purification by
2-D HPLC; (6) characterization of released isolated glycoproteins. Redrawn from Yamamoto et al.?
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solid-phase microtiter plate assay, revealed that CEL-I
has a higher affinity for N-acetyl-p-galactosamine com-
pared to other galactose-related carbohydrates.

Other recent examples of lectin derived glycoaffinity
chromatography and biological recognition have been
reported by Ujita et al.,'° Mann et al.,'*' and Caron
et al.'>?

A different application of carbohydrate—protein inter-
action for purification is the isolation of starch branch-
ing enzyme I (SBE-I) [EC 2.4.1.18] from potato.'>® Here
columns were prepared with agarose gel beads (divinyl
sulfone activated agarose) substituted y-cyclodextrin
(vy-CD). CDs do not serve as substrates or are very poor
substrates for most starch-metabolizing enzymes. How-
ever, strong binding of CDs may occur in the active site
of the enzyme or at specific binding domains. The results
from the study showed that potato SBE-I binds very
strongly to the y-CD matrix, whereas amylases and
other hydrolytic enzymes was removed from the column
by the washing step. This resulted in a 296-fold overall
purification of the SBE-I.

Rosenfeld et al.'**> have discussed the properties of
different solid supports used in affinity chromatography
and how attachment of lectins influences surface proper-
ties. The supports (either tailor-made or commercially
available) studied were analyzed regarding immobiliza-
tion kinetics and isotherms. The conclusions were that
the tailored supports based on silica or cellulose are
better than commercially available polymeric supports
(Toyopearl AF-Tresyl and Eupergit C). However, if
non-specific adsorption of the lectin has to be at a min-
imum, Toyopearl appears to be the better option. Using
voluminous lectins such as Con A (M, 108 kDa), spacer
molecules between the solid support and the lectin
proved to be helpful.

10. Toward solid-supported sequencing

The development of automated sequencing techniques
for proteins and nucleic acids has very markedly con-

tributed to the advancement of biochemistry. For
instance, solid-phase methodologies routinely provide
direct information on protein sequences. However, there
is no equivalent to the peptide sequencing by the Edman
degradation for poly- and oligosaccharides. Important
among possible reasons for this are the higher structural
complexity and diversity of polysaccharides compared
to proteins and the different nature of linkage between
monomers. A natural step toward the development of
new tools for the sequencing of carbohydrates would
be the use of a solid-phase approach combined with suit-
able conditions for the partial and repetitive degradation
of an immobilized carbohydrate. Initial steps toward
this were made by Guillaumie et al., using pectin oligo-
galacturonides as model substrates.>* GalA oligomers of
defined sizes were first chemoselectively immobilized
onto amino-oxy-terminated PEGA supports through
the reducing end, resulting in the formation of an oxime
linkage. The OGA-functionalized supports were subse-
quently treated with aq. TFA at 40 or 60 °C, in an at-
tempt to partially cleave the immobilized OGA and to
release smaller hydrolysis fragments in solution (Scheme
11).

The use of a solid-phase approach facilitated isolation
of these by filtration and the filtrate composition was
analyzed by ESI-MS. The results showed that the ap-
plied conditions allowed for partial cleavage of the oli-
gosaccharide into shorter products. Despite the lack of
perfect stability of the oxime linkage under the hydro-
lysis conditions, a control experiment in solution con-
firmed that smaller oligosaccharides resulted primarily
from the chemical degradation of immobilized sub-
strate. These data illustrate the basic principles underly-
ing a strategy that may prove important toward the
sequencing of oligosaccharides.

11. Overview and conclusions

Solid-phase tools offer the prospect for fast, parallel
analysis in glycobiology. As carbohydrates occurring

HO._.0
o) — o
HO o HO
? coon "
o [ COOH
HO
! HO
Ho?cg;H 6000 Q
COOH Ny a 7 COOH H
N —~_—OH N
o n=DP
(A)
Aq. TFA . .
_ "™ Filtrate: C——> MS analysis

mixture of OGAs

Scheme 11. General strategy for the preparation and use of pectin oligogalacturonide-functionalized solid-supports toward sequence analysis.

Reagents and conditions: (a) Water-DMF (1:1), pH 4.8, 40 °C, 48 h.
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in nature are presented multivalently, solid-supported
techniques displaying multiple copies of the same carbo-
hydrate could thus mimic this and be particularly well
suited for studying many carbohydrate—protein
interactions.

Solid-phase tools for glycobiology include classical
affinity column matrices, oligosaccharides immobilized
in microtiter plates, as well as oligosaccharides immobi-
lized to supports (such as PEGA) or to nanoparticles,
and carbohydrate arrays. Central to this is the nature
of the solid phase and the nature of linkage to the sup-
port. While non-covalent immobilization methods can
be convenient from an operational point of view and
can be compatible with complex oligosaccharides and
conjugates from natural sources, their use is limited
due to the non-oriented immobilization and the lability
of the anchoring. Some methods for covalent anchoring
will give random immobilization but most methods en-
able chemoselective anchoring and oriented display of
the carbohydrate. Among the chemoselective methods,
amide and oxime formation, Huisgen 1,3-dipolar cyclo-
addition, and thiazolidine formation are especially
useful.

Carbohydrate arrays offer the opportunity for parallel
and fast analysis as well as the prospect of miniaturiza-
tion with reduction of sample and reagent volumes.
Microtiter plates allow the use of standard equipment
but are not compatible with true miniaturization. Car-
bohydrate microarrays are very promising but are still
early in their development. Carbohydrates immobilized
to specialized matrices, such as Sepharose and PEGA,
are also very useful tools for a range of applications.
Gold nanoparticles and quantum dots offer unique
opportunities, maybe especially for in vivo applications.

In most applications it is crucial that the displayed
carbohydrate can interact with biomacromolecules,
especially proteins. Thus, the interaction with the bio-
macromolecule should not be hampered by proximity
to the solid support. A suitable linker, such as PEG
spacers, can provide distance and flexibility. Some
matrices, such as the PEG-based cross-linked PEGA
support, have the flexibility of the spacer moiety built-in.

Applications have ranged from affinity chromatogra-
phy, monitoring of glycosyltransferase and glycosylhy-
drolase activity, screening of lectin binding, studies on
bacterial adhesion, studies on carbohydrate-binding
activity of proteins, chemo-enzymatic synthesis of oligo-
saccharides and glycopeptides, purification of small
amounts of oligosaccharides (glycoblotting), studies on
carbohydrate—carbohydrate recognition, bio-imaging,
and initial steps toward solid-supported sequencing.
For future applications, it will be very important to
not just monitor by binding, for example, in binding
of a lectin to a carbohydrate, but also to analyze the
processed oligosaccharide directly. Furthermore, meth-
ods for label-free detection will be useful.

Solid-phase tools are thus emerging as powerful tools
for glycobiology. However, in contrast to oligonucleo-
tides, carbohydrates can still not be synthesized in situ
on the array. This, and a general lack of pure oligosac-
charides isolated from natural sources, limits the chem-
ical diversity of current carbohydrate arrays.
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