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Abstract

This review discusses the challenges facing research in “functional glycomics’ and the novel
technologies that are being developed to advance the field. The structural complexity of glycans
and glycoconjugates makes studies of both their structures and recognition difficult. However,
these intricate structures can be captured from their natural sources, isolated and fluorescently-
tagged for detailed structural analysis and for presentation on glycan microarrays for functional
recognition by glycan-binding proteins. These advances in glycan preparation and manipulation
enable the streamlining of functional glycomics studies and will help to propel the field forward in
studying natural, biologically relevant glycans.
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Introduction

Functional glycomics is the systematic study of the structure and function of glycans and has
been recognized as an important, emerging field in biomedical research [1-5]. The functions
of glycans have been identified in many biological pathways, often through their interactions
and recognition by proteins and/or microorganisms. Despite its well-recognized importance,
glycomics has lagged far behind genomics and proteomics, which are the systematic studies
of DNA and proteins, respectively. This lag is mostly due to the unique structural
complexity of glycans, creating unique technical challenges to their characterization. The
overall structures of DNA and proteins are linear with a limited number of building blocks,
and the biosynthesis of DNA and proteins are template-driven, in which the genetic codes
can be transcribed and translated linearly. High throughput sequencing and automatic
synthesis are readily available for DNA and peptides. Modern proteomics can carry out high
throughput sequencing of proteins either through correlating with genomic data or through
de novo sequencing. Recombinant proteins can be expressed readily in various systems, and
even total protein microarrays are now being generated, and several such arrays also include
post-translational modifications of proteins [6], albeit now without the major types of
protein glycosylation. Overall, from small amounts of biological specimens, structural
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information on DNA and proteins can be readily obtained; and from virtual structural
information, DNA and proteins can be readily obtained by amplification techniques for
experimental functional studies. This free flow of in silico information from and to actual
biomolecules is, however, not available yet for glycans.

By contrast, structural and functional analyses of glycans and glycoconjugates are much
more complicated (Fig. 1) than that for peptide/protein and DNA [7-10]. Glycans are
composed of multiple monosaccharide blocks connected into complex branched structures.
The complete structural data needs to include composition, sequence, branching position,
anomeric configuration, and possible modifications such as acetylation, sulfation,
phosphorylation, etc. [11,1,12]. Although these multi-layer structural data can be elucidated
using techniques including mass spectrometry (MS), chromatography, and nuclear magnetic
resonance (NMR), the process is often time consuming and requires special expertise that is
only available in specialized laboratories. Similarly, the synthesis of complex, branched
glycans requires sophisticated approaches and is often an insurmountable task and limits
production to expert laboratories [13]. Automatic synthesis is promising but is still far from
being widely adapted, due to the technical challenges and hindrances to accessing the
expensive building blocks [14,15]. In addition, the functional recognition of such glycans by
glycan-binding proteins (GBPs) is also difficult to explore. Overall, the lack of free flow
between glycan and structural information hinders studies in functional glycomics from
advancing as fast as genomics and proteomics.

Nevertheless, glycoscience is rapidly advancing and the systematic study of functional
glycomics has become possible for addressing the urgent need for biomedical studies. This
is at least partly due to great technological advancements in MS, high performance liquid
chromatography (HPLC), and development of synthetic and natural glycan microarrays. The
glycan microarray [3,16—22] has become one of the most important technological
breakthroughs in functional glycomics. A glycan microarray is defined as the presentation of
a large number of glycan structures immobilized on a single chip or surface, which can be
interrogated with GBPs or microorganisms for the study of protein-glycan interactions. This
technology evolved from ELISA-based studies of neoglycoconjugates, glycoproteins, and
glycolipids, as well as overlay techniques using thin layer chromatography [23]. In the past
decades, glycan microarrays have quickly become the natural choice for the screening of
binding specificities of GBPs [24]. The success of a glycan microarray is dictated by the
size, diversity, and biological relevance of the library of glycans that is used to prepare the
microarray, and to the lesser degree, by the appropriate presentation of the glycans.
Therefore the most urgent task is to establish large, diverse, and biologically relevant glycan
libraries.

The two major routes to build glycan libraries are through chemical/enzymatic synthesis and
through isolation of natural glycans from biological sources [25,24,26-29]. While these two
routes are very different, they can be used in a complementary fashion to enrich the glycan
libraries. Synthesis can be used to generate relatively large amounts of defined glycan
structures, however, it is often technically too challenging for a large number of glycans to
be made, especially for non-specialized laboratories. Therefore, the target glycan structures
for synthesis are chosen because of known or speculated biological activity. This
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information, however, is often obtained through natural material. Natural sources of glycans
are readily available, and many are potentially abundant for functional study. This is
especially true for glycan microarray preparation, as glycans at nanomole levels are
sufficient for the preparation of glycan microarrays. Natural glycans are extremely diverse
and inherently biologically relevant. Based on our understanding of the urgent needs of the
field and the current technological readiness, we have rationalized that natural glycans are
the most imminent and relevant source for enriching our glycan repertoire [5], advancing
glycan microarray and functional glycomics. In this review article, we will discuss several
aspects in the utilization of natural glycans for functional glycomics.

Release of glycans from natural glycoconjugates for functional study

Free glycans exist in biological material, such as in human milk, while other natural glycans
exist as glycoconjugates, linked to other biomolecules such as glycoproteins, glycolipids,
proteoglycans, and GPl-anchored proteins [1]. To analyze the glycan structures and
functions without interference from the non-glycan moieties, researchers often release
glycans from the glycoconjugates for structural/functional glycomic analysis. Since the
linkages of glycans to aglycons of each class of glycoconjugates are different, they often
require specific releasing methods, as summarized in Fig. 2.

Preparation of N-glycans for functional glycomics

N-glycans are by far the most studied class of glycans, probably due to the availability of a
collection of tools for their release from glycoproteins, and the common structural motif of
high mannose-, hybrid- and complex-type N-glycans in mammals [30,31]. A number of
endoglycosidases [32,33] and N-glycanases [34—36] have been discovered that cleave the
chitobiose glycosidic bond or the asparagine-glycan amide linkage respectively. PNGase F
has been widely used as an efficient tool to release most intact N-glycans from
glycoproteins, except N-glycans with core a3-fucosylation [37] existing in plants and lower
animals such as insects. PNGase F is extremely useful for the release and analysis of
mammalian N-glycans. However, the enzyme is often too expensive when large scale N-
glycan preparation is needed. PNGase A is an N-glycanase that can release core a.3-
fucosylated N-glycans but it is even much more expensive than PNGase F. Chemical release
of N-glycans requires very harsh conditions, such as hydrazinolysis at >90°C [38,39]. The
harsh condition and toxic reagent make this an undesirable method. N-glycans can also be
released by long treatment of ammonia/ammonium carbonate [40], which is primarily an O-
glycan release method for microscale samples. However, the condition is still fairly harsh
for many labile modification groups, such as O-acetyl group, and peeling reactions can
occur [41].

We envisioned that new methods to release N-glycans are needed to avoid expensive
enzymes, toxic reagents, and harsh reaction conditions to prevent loss of structural
integrities. As one approach, we explored exhaustive Pronase digestion of glycoproteins.
The resulting glycopeptides/glycoamino acids generated can be used in the preparation of
glycan microarrays. To facilitate the separation of these glycopeptides/glycoamino acids by
HPLC, they are tagged with a cleavable Fmoc group and rendered fluorescent [26].
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Although this strategy can be used for glycoproteins with relatively simple glycan profiles, it
becomes impractical due to the complexity in the heterogeneous peptide moiety generated
by inevitably incomplete protease digestion. The problem was recently solved by the
introduction of a mild oxidative reagent, N-bromosuccinimide (NBS) [42]. Pronase
digestion of glycoproteins generates a mixture glycoamino acids and glycopeptides with
short peptide moieties. A simple treatment of this mixture by NBS trimmed the small
aglycon moieties to a nitrile. This nitrile can be specifically, fluorescently-tagged to generate
glycan derivatives whose glycan profiles, as evidenced by MALDI-TOF-MS, are very
similar to that generated by PNGase F digestion. This approach is mild, inexpensive, and
can be applied to large amounts of tissues/organs for the preparation of large numbers/
amounts of glycans for glycan microarrays.

Preparation of O-glycans for glycan microarray

In comparison to N-glycans, O-glycans are less studied, largely due to the lack of good tools
for the release of intact reducing O-glycans. There is currently no O-glycanase with broad-
spectrum activity available; the only available “O-glycanase” (endo-a-N-
acetylgalactosaminidase) works only on O-glycans with a short core 1 or core 3 disaccharide
structure [43]. Chemically, the traditional release of O-glycans has been through reductive
elimination, in which O-glycans released by p-elimination with sodium hydroxide (NaOH)
are immediately reduced by sodium borohydride (NaBH,) to prevent further peeling
reactions [44,45]. Recently, two groups have developed a new methodology to release/tag
O-glycans using 1-phenyl-3-methyl-5-pyrazolone (PMP) [46,47] under basic conditions for
direct MS analysis. Although very useful for O-glycan structural profiling, these methods
also destroy the reducing end, preventing further functional tagging and solid phase
immobilization of the released glycans. Therefore these methods in their current form are
not useful for glycan microarray preparation and other applications. Other non-reducing
release methods for O-glycans are available with significant drawbacks. Hydrazine has been
used to release O-glycans at a lower temperature than for N-glycans [48,49]. Other methods
utilize ethylamine [50], ammonium hydroxide/ammonium carbonate [40] or carbamate [51]
to release O-glycans without reduction of the reducing end. The protection of the reducing
end is proposed to occur through the formation of glycosylamine carbamate. These methods,
however, still use very strong basic conditions and present significant “peeling” side
products [41]. Even if the reducing end is preserved, the next step to immaobilize these
glycans often requires ring-opening tagging, which significantly affects the structural
integrities of the O-glycans due to their relatively smaller size compared to N-glycans. The
reducing end of glycans is often critical to their recognition by antibodies and other
molecules [52]. For O-glycans the reducing end GalNAc often serves as a branching point
for O-glycans. Overall, better general methods that are not based on -elimination are
needed. Ideally, the new methods should also preserve the reducing end linkage. While
regenerating N-linkage is relatively simple, regenerating an a-O-linkage of a natural O-
glycan terminated with GalNAc continues to be challenging.
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Preparation of glycans from glycosphingolipids (GSLs) for glycan

microarray

Glycosphingolipids are amphipathic glycoconjugates that can be directly immobilized onto
hydrophobic surfaces such as nitrocellulose slides utilizing its strongly hydrophobic lipid
moiety. On the other hand, it is often of interest to remove the lipid moiety for easier
handling of glycans and also comparison with other classes of glycans on the same
microarray slides. Ceramidases [53-56] are available to remove ceramides and release free
reducing glycans, however, these enzymes are expensive and often specific to certain GSL
structures. Traditionally, the chemical release of free glycans from GSLs took advantage of
the C=C double bond in the sphingosine moiety, which can be oxidized by ozonolysis [57]
or osmium tetraoxide [58]. Base-catalyzed p-elimination releases free glycans from oxidized
GSLs. To avoid the potentially detrimental base treatment, we have developed two routes to
utilize the GSLs for microarray preparation through covalent immobilization. One route is
direct fluorescent tagging of the ozonized GSLs [27], which preserves a larger component of
the lipid moiety and inserts a fluorescent tag. The products can either be immobilized
covalently on N-hydroxysuccinimide (NHS) ester or epoxy slides, or non-covalently on
nitrocellulose slides. In another route, we found that gentle heating of the ozonized GSLs
under neutral pH efficiently release free reducing glycans [59], apparently not through a f3-
elimination mechanism. These methods could be used for the preparation of glycan
microarray from GSLs.

Other classes of glycans for microarray

Although natural GAG oligomers have been used for glycan microarray analysis, there is no
systematic study of this topic [60,61]. The challenge lies presumably in the high
heterogeneity of the sulfation patterns of the GAG chains, making the large scale separation
of GAG glycans an intimidating task. Nevertheless, with the great advances in MS and
HPLC analysis, it is certainly a plausible way to utilize natural GAG glycans to prepare
comprehensive glycan microarrays for functional study of many known or unknown GAG-
binding proteins.

To our knowledge, the utilization of natural GPI-anchor glycans for microarray preparation
is not well studied, presumably due to the lack of available glycan diversity.

Functional and fluorescent tagging of glycans for preparation of glycan

microarray

Glycans usually exist as a heterogeneous mixture in any biological sample. Often the
mixtures of glycans need to be separated, either for analysis or for preparation of pure
glycans. The absence of an exploitable chromophore in glycans creates a challenge for the
monitoring glycans during chromatographic separation. On the other hand, the free reducing
end has very limited reactivity and is not amenable to reaction with common surface
activation chemistry for microarray slides. Therefore it is often necessary to install a
functional group such as amino group for the efficient solid phase immobilization. Overall,
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bifunctional fluorescent tagging has become an important derivatization of natural glycans
for their utilization in the preparation of glycan microarrays (Fig. 3).

Fluorescent bifunctional tagging by reductive amination

Reductive amination of free reducing glycans with fluorescent amines has long been used
for the HPLC profiling of glycans, such as 2-aminopyridine (2-AP) [62], 2-aminobenzamide
(2-AB) [63], 2-aminobenzoic acid or anthranilic acid (2-AA) [64]. These small fluorescent
amines can be efficiently installed onto the reducing end of glycans, resulting in an open-
ring structure that greatly improves the sensitivity of HPLC detection. However, after
conjugation with glycans, these fluorescent tags lack a functional group for efficient solid
phase immobilization or covalent derivatization. As a homobifunctional tag, 2,6-
diaminopyridine (DAP) was introduced to address this problem [65]. With an aromatic
amino group, glycan-DAP conjugates can be immobilized onto activated surfaces for
microarray preparation, especially on epoxy coated slides [66]. Interestingly, glycan
conjugates with AA and 2-aminobenzamide (AB) can also be immobilized onto epoxy
coated slides, although with a lower yield, via reactivity of the secondary amine [67].

To efficiently immobilize precious natural glycans, we developed a novel heterobifunctional
tag, 2-amino-N-(2-aminoethyl)benzamide (AEAB), which contains an arylamine and an
alkylamine in the same molecule [68]. Upon appropriate pH control, the aromatic amine
conjugates with the glycan reducing end exclusively by reductive amination, leaving the
alkylamine unmodified for efficient solid phase immobilization onto both NHS and epoxy
activated glass slides. To prevent the ring opening at the reducing end, we have also
developed a procedure to prepare glycan AEAB conjugates with intact reducing end ring
structure. Another versatile linker, p-nitrophenyl anthranilate (PNPA), can also be
conjugated to the reducing end of glycans through reductive amination [69]. This reaction
introduces an activated ester that can react with amines to form amides. Interestingly,
although glycan-PNPA conjugates are not fluorescent, they are rendered fluorescent after
reaction with amines. Therefore, glycan-PNPA conjugates can be easily conjugated to
proteins/peptides or converted to glycan-AEAB conjugates for microarray printing.

Besides sensitive detection of glycans by fluorescence, the installation of a fluorescent tag to
the reducing end through reductive amination often increases the sensitivity of MS analysis
compared to non-derivatized glycans. However, these tags generate structural complexity
during permethylation, which is considered a necessary step for detailed sequencing by
tandem MS.

Reversibility of fluorescent-tags for glycans

Because tags at the reducing end of glycans can complicate structural analyses by MS
methods, we developed a facile and mild method to remove tags of reductively aminated
glycans, which regenerate free reducing glycans amenable to permethylation and MS
analysis [70]. Treatment of fluorescently-tagged glycans with N-bromosuccinimide (NBS)
efficiently releases the tag and regenerates free reducing glycans. This method can be
applied to tagged glycans with either a HexNAc or a hexose end. The method is efficient
toward all types of tags installed through reductive amination, including 2-AP, 2-AB, 2-AA,
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and AEAB. Thus, potential problems in structural analysis of fluorescently-tagged glycans
due to the introduction of the fluorescent tag have been resolved.

N-Fluorenylmethyloxycarbonyl (Fmoc) as a cleavable fluorescent tag

Fmoc group is a widely used protecting group for hydroxyl or amino groups in organic
chemistry, particularly in solid phase peptide synthesis because of the easy installation and
removal. For a glycan or glycoconjugate with a free amino group, Fmoc can be easily
installed in aqueous solution. The fluorescent Fmoc group can greatly enhance the detection
and quantitation of microscale glycans during chromatographic separation. It can also serve
as an affinity tag due to its hydrophobicity. After simple removal, the free amino group can
be regenerated for solid phase immobilization such as in microarray printing. It has been
used to print glycoamino acids [26] generated by digestion with the mixed microbial
proteases in Pronase and glycosylamines generated from free reducing glycans [71].

Natural glycan microarrays

With efficient glycan release from various classes of natural glycoconjugates and
fluorescent/functional tagging, natural glycans can be readily separated and immaobilized on
microarray slides. Modern microarray printing requires only microgram levels of glycans,
making microarray preparation plausible even for small amounts of material and minor
components in a mixture of glycans. For example, de Boer et al conjugated AA and AB tags
to free glycans and printed the glycan conjugates [67]. They also developed a surface
plasmon resonance (SPR) based natural glycan microarray based on the same chemistry
[72]. Similarly, glycan-diaminopyridine (DAP) conjugates were prepared and also printed
[66]. These conjugates possess only primary or secondary arylamines as functional groups,
which are less reactive and can only be printed onto epoxy coated slides. The glycan-AEAB
conjugates, however, can be more efficiently printed on to both NHS and epoxy slides
through the alkylamine [68,73].

As described above, the two major technical challenges in Functional Glycomics are the
high throughput sequencing and synthesis of glycans. With the help of bifunctional
fluorescent tags and multidimensional HPLC, a large number of relatively pure natural
glycan structures can be obtained. Various HPLC columns with different separation
mechanisms could be combined sequentially for ultimate resolution of individual glycans.
These include size exclusive chromatography (SEC), amino normal phase column,
hydrophilic interaction liquid chromatography (HILIC) column, strong anion exchange
(SAX) and weak anion exchange (WAX) columns, C18-reverse phase and porous
graphitized carbon (PGC)-reverse phase columns. Usually two or three columns can be
combined to resolve a labeled glycan mixture to mostly individual structures. For a very
complex mixture, SEC column is often applied at the beginning to give several fractions
with different sizes of glycans. Preparative or semi-preparative normal phase or SAX
columns can be used to provide the major resolution and separate a mixture to many
fractions. These fractions can be finely separated by analytical PGC and/or C18 columns.
This sequence results in salt-free individual glycans in nmol to pumol range, which can be
characterized and immobilized on the glycan microarray.
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While detailed structural analysis of all of these glycans would be formidable, it is only
necessary for those glycans that show positive and consistent binding towards GBPs. This
strategy, termed “Shotgun Glycomics” [27], aims to directly study the structures and
functions of relevant glycans while bypassing the technical bottlenecks (Fig. 4). This
strategy has been applied on a number of systems. The shotgun glycan microarray of
gangliosides revealed a ganglioside lactone as a potential epitope when sera from patients
with Lyme disease were screened [27]. Human milk glycan microarrays were prepared and
analyzed with many GBPs and viruses [74-76]. Through a combination of microarray-based
Metadata-Assisted Glycan Sequencing (MAGS) [3] and sequential MS" analysis, a number
of distinct human milk glycans were found to be ligands for different strains of rotavirus,
and many of the biologically relevant glycans had never been previously identified in human
milk. From pig lung tissue, a shotgun glycan microarray was prepared to study the binding
of influenza virus to natural glycan ligands [77]. van Diepen et al [78] prepared
schistosomes from different life stages to study anti-glycan antibody responses in infected
people. Differential anti-glycan immune responses were observed for different groups of
people.

Enzymatic modification of fluorescently tagged natural glycans has also proven to be an
efficient method to build specialized glycan microarrays. The fluorescent/functional tag
greatly simplified the assay of enzymatic reactions and preparation and immobilization of
glycans. A mannose-6-phosphate (Man-6-P) array was prepared through this strategy and
utilized to study the specificities of the Mannose-6-P receptors [79-81]. Similarly, a
modified sialyl glycan array was constructed for the analysis of sialic acid-binding lectins
and viruses [82,83].

The ability to fluorescently tagged free glycans has revolutionized analyses of their
structures and quantification. Such tagging approaches are relatively unique to glycans,
since other classes of macromolecules, e.g. peptides and nucleic acids, normally lack
reactive aldehydes. The use of fluorescent tags has permitted separation and quantitative
analyses of glycans from natural sources, such as serum glycoproteins, and has now even
been automated [84-86]. Combining the ability of fluorescent-tagging of glycans with
glycan separation and purification, as for shotgun glycomics, allows the production of
libraries of natural glycans for immaobilization onto glycan microarrays and conjugation to
other types of surfaces and biomolecules. Natural glycans are structurally diverse and are
more biologically relevant for functional glycomics study. Nevertheless, more novel
methods are still in great need, especially for O-glycans, GAGs, and GPI-anchors. Such
microarray technologies have proven to be a practical strategy to study protein-glycan
interactions systematically and are expected to translate to more applications in the future.
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Figure 1.

The structural complexity of glycans compared to nucleic acids and proteins/peptides.
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Figure2.
Common methods to release N- and O-glycans from glycoproteins and glycosphingolipid

(GSL) glycans.
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Figure 3.

Several methods for fluorescently tagging glycans/glycoamino acids for glycan microarray

preparation.
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Figure4.
The general strategy for preparing fluorescently-tagged glycans from natural sources for

generation of shotgun glycan microarrays.
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