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Abstract
The recent development of metabolic oligosaccharide engineering combined with bioorthogonal
reactions is providing unique opportunities to detect, image, and isolate glycoconjugates of living
cells, tissues, and model organisms. In this methodology, exogenously-supplied non-natural sugars
are fed to cells and employed by the biosynthetic machinery for the biosynthesis of
neoglycoconjugates. In this way, reactive functional groups such as ketones, azides, and thiols
have been incorporated into sialic acid, galactosamine, glucosamine, and fucose moieties of
glycoconjugates. A range of bioorthogonal reactions have been described that functionalize the
chemical ‘tags’ for imaging, isolation, and drug delivery.

1. Introduction
There is a growing appreciation that posttranslational modifications, such as protein
glycosylation, dramatically increase polypeptide complexity and function.1-10 For example,
almost all cell surface and secreted proteins are modified by covalently-linked carbohydrate
moieties and the glycan structures on these glycoproteins have been implicated as essential
mediators in processes such as protein folding, cell signaling, fertilization, embryogenesis,
neuronal development, hormone activity, and the proliferation of cells and their organization
into specific tissues.11 In addition, over-whelming data supports the relevance of
glycosylation in pathogen recognition, inflammation, innate immune responses, and the
development of autoimmune diseases and cancer.12-16 The importance of protein
glycosylation is also underscored by the developmental abnormalities observed in a growing
number of human disorders known as Congenital Disorders of Glycosylation caused by
defects in the glycosylation machinery.17

Almost all naturally occurring protein glycosylations can be classified as either N-glycosides
whereby N-acetyl glucosamine is linked to the amide side chain of an asparagine, or as O-
glycosides whereby a saccharide is linked to the hydroxyl of serine, threonine or tyrosine.18
The biosynthesis of N-linked oligosaccharides occurs in the endoplasmic reticulum (ER) and
Golgi complex. In the ER, a dolichol-linked Glc3Man9GlcNAc2 oligosaccharide precursor is
biosynthesized and transferred en bloc to an Asn-X-Ser/Thr sequon on newly synthesized
polypeptides through the action of the multi-subunit oligosaccharide transferase complex.
19,20 Subsequent trimming and processing of the transferred oligosaccharide results in a
Man3-GlcNAc2 core structure, which is transported to the medial stacks of the Golgi
complex where maturation of the oligosaccharide gives rise to extreme structural diversity.
21-24 This complexity of N-glycan structures is largely based on the cell-specific expression
of a collection of glycosyl transferases that specify the extension of oligosaccharide
structures onto the trimmed Man3GlcNAc2 core structure. The switch from structural
uniformity in the ER to diversification in the Golgi complex coincides with a marked change
in glycan function. In the early secretory pathway, the glycans have a common role in the
promotion of protein folding, quality control, and certain sorting events. This is in contrast

NIH Public Access
Author Manuscript
Carbohydr Chem. Author manuscript; available in PMC 2011 July 22.

Published in final edited form as:
Carbohydr Chem. 2010 ; 36: 152–167. doi:10.1039/9781849730891-00152.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to their roles in the Golgi complex, in which they are modified to perform a wide spectrum
of functions displayed by the mature glycoproteins.

The biosynthesis of most O-glycans commences by diversification of the common core 1
precursor βGal1-3GalNAcα-Ser/Thr, or T-antigen, which is formed in the Golgi by
extension of the Tn-antigen by action of T-synthase. The folding of the T-synthase is
dependent on the chaperon Cosmc that resides in the ER. Mutations in Cosmc result in a
dysfunctional chaperone, which leads to abrogation of the O-glycan synthesis. This can be
seen in an accumulation of the Tn- and STn-antigen, which is highly associated with
diseases such as cancer.

Despite their importance, in most cases the precise roles that glycans play in biological
systems is not well understood because of their underpinning complexity. The past decade
has seen development of integrated approaches, which are broadly termed glycomics, aimed
at unraveling structure–function relationships of complex carbohydrates. Key glycomics
technologies include mass spectrometric profiling of glycan structures isolated from cells
and tissues,25-27 glyco-gene microarray technology for measuring the expression levels of
glycoenzymes and glycan-binding proteins, and screening for glycan-protein interactions
using glycan and lectin array technologies.28-33 The diverse data sets generated by the use
of these technologies are beginning to provide an understanding of the fundamental
structure–function relationships of glycans. Critical components that enable this process are
bioinformatics platforms that store, integrate, process, and disseminate the data in a
meaningful way.34-36

The use of tandem MS for glycomics is driven by the need to obtain structural information
of glycans present in serum/plasma or tissue samples to understand metabolic or disease
processes and discover new biomarkers.25-27 Strategies for acquisition and interpretation of
multistage MS have been most fully developed for permethylated glycans. The advantage to
this approach is that tandem mass spectrometric dissociation of a glycosidic bond leaves a
site that lacks a methyl group that is clearly indicated by mass. It is possible to differentiate
some types of positional isomers based on the formation of specific product ion types.
However, the assignment of glycan structures is very challenging due to the isobaric nature
of glycans (i.e. different structures with the identical molecular weights).

Glycoarray technology is a key tool for glycomics that has the distinct advantage that only
minute amounts of precious oligosaccharides are required while allowing fast, quantitative,
systematic identification and characterization of carbohydrate-protein interactions.28-33 In
addition, a glycoarray format presents glycans in a multivalent fashion, which is often an
important requirement for high affinity binding. In particular, the glycan array developed by
the consortium of functional glycomics (CFG) has found wide utility in profiling
interactions with carbohydrate binding proteins, growth factors, pathogen- and cancer-
induced antibodies, viruses, and bacteria.34,35 The saccharides of this array are prepared by
chemoenzymatic approaches and comprise the most common terminal saccharide motifs
found on N- and O-linked saccharides.

An emerging technology that makes it possible to isolate and visualize glycans exploits
promiscuity of the biosynthetic machinery, which makes it possible to incorporate
monosaccharides that have a unique chemical functionality (the reporter) into
glycoconjugates of living cells. The chemical reporter of these glycans can then be reacted
with a probe linked to a complementary bio-orthogonal functional group. The mutually
selective chemical reactivity of the two functional groups ensures that only the metabolically
labeled glycans are targeted for reaction. Bertozzi and coworkers have coined this
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technology “bio-orthogonal chemical reporter” strategy, which is the topic of this review.
37-41

2. Ketone based bioorthogonal labeling
In the late eighties it was found that sialyltransferases were remarkably permissive for
substrates bearing certain functional groups and for example, even bulky fluorophores
appended to CMP-Neu5Ac could be biosynthetically incorporated into glycans.42,43 These
modified nucleotide sugars were, however, highly polar and hence not membrane permeable
and therefore could not readily be employed to label oligosaccharides of living cells.

Reutter and coworkers demonstrated that synthetic N-acyl-modified D-mannosamines can be
taken up by cells and efficiently metabolized to the respective N-acyl-modified neuraminic
acids, which can then be incorporated into cell surface glycoconjugates.44 For example,
derivatives such as N-propanoyl, N-butanoyl, N-pentanoyl, N-hexanoyl, and N-crotonoyl can
be metabolized by the promiscuous sialic acid biosynthetic pathway with an efficiency of
10–85%. The use of this technology has revealed the unexpected functions of the N-acyl
side chain of sialic acids in biological processes such as host-pathogen interactions, cell
adhesion and proliferation and immune responses.45-48

An important conceptual advance was the discovery that monosaccharide analogs having a
unique chemical functionality can also be employed in metabolic glycoengineering. The
attraction of the use of such derivatives is the ability to perform chemoselective ligations on
surfaces of living cells.49 A stringent requirement of these reactions is the need of two
participating functional groups to react under physiological conditions without interference
with coexisting functionalities.50

It has been shown that the ketone-containing ManNLev can be incorporated into the sialic
acid pathway and then employed for bioorthogonal reactions.51 Although aldehydes and
ketones are intracellular biosynthetic precursors, they are absent from cell surfaces and
hence in this environment can serve as unique chemical reporters. For example, keto sugars
expressed on cell surfaces can be reacted with aminooxy and hydrazide probes to form
oximes and hydrazones, respectively.51,52 In this way, various tags such as FLAG peptides,
biotin, and fluorescent or fluorogenic molecules have been linked to the surface of living
cells. The attraction of these conjugation approaches is that the tagged glycans can be
enriched for further analysis by for example mass spectrometry, detected by flow cytometry
for quantitative studies or visualized by confocal microscopy to study localization and
trafficking.

It has been found that hydrazones hydrolyze when internalized into vesicular compartments
where the pH is relatively low. This chemical lability can be exploited for drug,53 gene54 or
toxin delivery.51 It can also be employed for loading cell with an MRI contrast agent.55 On
the other hand, oximes are much more acid resistant and can be recycled after
internalization.53

The use of ketones as chemical reporter has a number of drawbacks such as the requirement
to perform the ligation reaction under mild acidic conditions and a limited possibility to
extend the technology to a wide range of sugar derivatives. Paulson and co-workers have
pioneered an alternative approach for introducing aldehydes into cell-surface sialic acid
residues by mild periodate oxidation followed by an aniline catalyzed reaction with
aminooxy-biotin to give biotinylated glycoconjugates (Scheme 1). Importantly, it has been
found that aniline accelerates oxime formation by approximately 10-fold, and furthermore
can be performed under neutral conditions.56,57 Reagents to implement the periodate
oxidation aniline catalyzed oxime ligation (PAL) are commercially available. Furthermore,
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the use of aniline makes it possible to reduce the amount of aminooxy reagent by 10- to 50-
fold compared to what typically is employed in uncatalyzed reactions.

Selective oxidation of sialic acids has also been employed for enrichment of glycoproteins
for analysis by mass spectrometry. In the most advanced approach, sialylated glycoproteins
were selectively periodate-oxidized, captured on hydrazide beads, trypsinized and the
released peptides analyzed by mass spectrometry for protein identification.58 Next, the
remaining glycopeptides were released by acid hydrolysis of sialic acid glycosidic bonds
and the released compounds analyzed by MS for glycan identification. It is to be expected
that this approach will be more facile when aniline is employed to catalyze the oxime
formation.

3. Azido-based strategies for bioorthogonal labeling
Azides, which are extremely rare in biological systems, are emerging as a particularly
powerful chemical reporter.37-39,41,59,60 The azido group is small and therefore only
minimally perturbs a modified substrate. Furthermore, a number of attractive reaction
partners for azides have been developed that are compatible with biological systems.

A number of modified monosaccharides have been employed to introduce azides into cell
surface glycoconjugates (Fig. 1).38 In this respect, sialic acid-containing glycans have been
labeled by feeding cells N-azidoacetylmannosamine (ManNAz),50 which is an analog of the
biosynthetic precursor N-acetylmannosamine (ManNAc) or by employing N-
azidoacetylneuraminic acid (SiaNAz)61 or 9-azido-N-acetyl acetylneuraminic acid.62
Mucin-type glycans have been labeled with azido functions using N-
azidoacetylgalactosamine (GalNAz).63 This unnatural sugar is processed by the GalNAc
salvage pathway to form the intermediate uridine diphospho (UDP)-GalNAz, which is
utilized by a family of polypeptide GalNAc transferases in the Golgi compartment, resulting
in the formation of mucins that have a GalNAz moiety. Several derivatives of fucose
modified by a chemical reporter have been employed for metabolic labeling.64-66 In this
case, the salvage pathway converts the fucose analogs into the corresponding GDP-fucose,
which is then employed by fucosyltransferases for the biosynthesis of glycoconjugates. It
has been found that the salvage pathway and fucosyl transferases tolerate modifications at
C-6 of fucose.

6-Azido-6-deoxy-fucose was the first sugar to be investigated as a chemical reporter,
however, it was found that this derivative exhibited some cytotoxicity. Below, it will be
discussed that 6-alkynylfucose (alkynyl fucose) is also accepted by the fucose salvage
pathway and exhibits lower toxicity. Finally, O-GlcNAc-modified proteins, which occur in
the cytosol and nucleus, have been labeled with bioorthogonal chemical reporters by using
either per-O-acetylated N-azidoacetylglucosamine (Ac4GlcNAz).67 This compound is
modified by the GlcNAc salvage pathway enzymes to form UDP-GlcNAz, which is used as
a substrate by the cytosolic O-GlcNAc transferase. A more attractive approach to study O-
GlcNAc modification of proteins exploits an engineered galactosyltransferase enzyme to
selectively label O-GlcNAc proteins with an azide-biotin tag.68,69 The tag permits
enrichment of low-abundance O-GlcNAc species from complex mixtures and localization of
the modification to short amino acid sequences. Using this approach, changes in O-GlcNAc
glycosylation on several proteins involved in the regulation of transcription and mRNA
translocation, were detected. Also, it provided evidence that O-GlcNAc glycosylation is
dynamically modulated by excitatory stimulation of the brain in-vivo.

The first example of the use of an azide as a chemical reporter was disclosed by the Bertozzi
group and exploited a modified Staudinger ligation.50 The genius of this approach was a
strategic placement of an ester on one of the phosphane aryl substituents (Scheme 2), which
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ensured that the intermediate aza-ylide undergoes intramolecular amide formation rather
than hydrolysis. It has been shown that the novel phosphane reagent could label Jurkat cells
incubated with the O-acetylated N-azidoacetylmannosamine (Ac4ManNAz; 20 μM) for 3
days. Thus, reaction of the cells with the phosphane reagent at a concentration of 1 mM
followed by staining with fluorescein isothiocyanate (FITC)-avidin, showed a marked
increase in fluorescence compared to control cells that were not metabolically labeled. The
fluorescence signal was reduced by the addition of tunicamycin during incubation of Jurkat
cells with the azido sugar, which is in agreement with previous observations that sialic acids
on Jurkat cells reside mainly within N-linked glycans.

The Staudinger ligation technology has been extended to more elaborate phosphanes, which
can be employed for imaging biomolecules in real-time (Scheme 3). The fluorescent probe
of the reagent is quenched by the presence of the diazenyl moiety. However, upon reaction
of the phosphane with an azide, the ester linkage is hydrolyzed resulting in removal of the
diazenine and fluorescent activation. This approach gave much lower background labeling
compared to an earlier strategy in which quenching was achieved by the lone pair of the
phosphane reagent.70

The Cu(I)-catalyzed 1,3-dipolar cycloaddition of azides with terminal alkynes to give stable
triazoles71,72 is emerging as one of the most powerful technologies for tagging a variety of
biomolecules,73-77 activity-based protein profiling,78 and the chemical synthesis of
microarrays and small-molecule libraries.79 Not surprisingly, this chemical technology has
also been employed for labeling and isolation of glycoconjugates. The cellular toxicity of
the Cu(I) catalyst has, however, precluded applications wherein cells must remain viable.80

Alkynes can be activated by ring strain and for example, alkynes constrained within an
eight-membered ring undergo [3+2] cyclcoadditions with azides at ambient temperature
without the need for a metal catalyst (Fig 2).81,82 The increased reactivity of cyclooctynes
has been attributed to ground-state destabilizing effect of the triple bond, however, this
model has been challenged with the introduction of the concept of dipole distortion.83-85
The strain-promoted cycloaddition has been used to label biomolecules without observable
cytotoxicitiy.82 The scope of the approach has, however, been limited because of the slow
rate of reaction.86

It has been found that the rate of strain-promoted cycloadditions can be increased by
appending electron-withdrawing groups to the octyne ring. For example, it was shown that
the reaction of difluorinated cyclooctyne (DIFO) with azides proceeds 60-times faster
compared to an unsubstituted cyclooctyne.87 The rate enhancement by the gem-difluoro
substitution has been attributed to the greater LUMO-lowering effect of the fluoro
substituent.87 DIFO linked to Alexa Fluor has been successfully employed to investigate the
dynamics of glycan trafficking and it was found that after incubation for 1 h, labeled glycans
colocalize with markers for endosomes and Golgi.

Second-generation DIFO reagents (Fig. 2), which retain the difluorinated cyclooctyne core
but possess a C–C bond to a linker substituent rather than a C–O linkage, could be prepared
by a simplified synthetic scheme without impacting the reaction kinetics or bioorthogonality
of the cycloaddition.88 Furthermore, an azacyclooctyne, which could be prepared in nine
chemical steps from a glucose derivative, reacts with azido-labeled proteins and cells
similarly to cyclooctynes. However, its superior polarity and water solubility reduced
nonspecific binding, thereby improving the sensitivity of azide detection.

DIFO-fluorophore conjugates have been used for imaging azido-labeled biomolecules
within complex biological systems such as living cells87 and zebrafish embryos,89 with low
background fluorescence. Background labeling has, however, been observed when samples
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were analyzed by Western blotting, possibly due nonspecific hydrophobic interactions or as
yet uncharacterized reactions with protein functions.38

Recently, we have demonstrated that derivatives of 4-dibenzocyclooctynol (DIBO, Fig. 2)
react exceptionally fast in the absence of a metal catalyst with azido-containing saccharides
and amino acids and can be employed for visualizing glycoconjugates of living cells that are
metabolically labeled with azido-containing monosaccharides.90 The attraction of DIBO is
that its synthesis is extremely simple, it is nontoxic, and its hydroxyl can be employed to
attach a variety of probes.

We have further extended the DIBO-based bioorthogonal reporter strategy by developing a
photochemically triggered click reaction (Scheme 4). Such an approach provides
opportunities for spatial and temporal control of labeling of the target substrates. In fact,
photochemical release or generation of an active molecule is a widely employed strategy to
deliver bioactive compounds to addressable target sites in a time-controlled manner.91-94
To achieve this goal, we have explored photochemical generation of reactive
dibenzocyclooctynes. In this respect, it is known that single95-100 or two-photon101
excitation of cyclopropenones results in the formation of corresponding acetylenes.
Photochemical decarbonylation of thermally stable diaryl-substituted cyclopropenones is
especially efficient (Φ=0.2–1.0) and produces alkynes in a quantitative yield.100 This
reaction is also extremely fast and is complete within a few hundred picoseconds after
excitation.102,103 Thus, we anticipated that the cyclopropenone derivative would not react
with azides under ambient conditions in the dark but efficiently produce reactive
dibenzocyclooctynes upon irradiation. Indeed, the latter type of compound could be
employed for labeling of living cells modified with azido-containing cell surface
saccharides.

4. Metabolic labeling with alkyne-containing sugars
The alkyne group provides a bioorthogonal reporter that can be chemoselectively labeled
with azido-containing probes using Cu(I) catalyzed [3+2] cycloadditions.64-66 Alkynyl
monosaccharides derived from fucose and ManNAc have been incorporated into
fucosylatated and sialylated glycans and in particular, the use of the 6-alkynyl fucose was
attractive since it has a greatly reduced toxicity to cells compared with its azido counterpart.
Furthermore, it has been shown that 4-pentynoyl mannosamine (Ac4ManNAl) is
metabolically incorporated in cultured cells and mice with greater efficiency than Ac4
ManNAz.104 This result underscores the sensitivity of sialic acid biosynthetic enzymes to
subtle differences in the N-acyl structures of ManNAc analogs.

Alkynyl labeled glycoconjugates have been coupled with azido containing probes such as
biotin, click-activated fluorogenic coumarins (Scheme 5), and other fluorescent probes
allowing the selective isolation or fluorescent imaging.66 In particular, the use of click-
activated fluorogenic coumarins is attractive as it addresses the problem of background
labeling. In this approach, the click product generates a strong detectable signal, whereas the
starting materials remain traceless. The fluorogenic probe design was based on 4-amino-1,8-
naphthalimide, which absorbs light in the visible region and emits at long wavelengths (λmax
540–550 nm).66 It was postulated that the fluorescent signal of such a compound could be
modulated by the formation of a triazole ring because an electron-donating group at the C-4
position was known to strongly affect fluorescent properties. Indeed, an 1,8-naphthalimide
derivative, which has an azido moiety at the C-4 position, has a very low fluorescence
intensity. However, the emission maximum of the click product is at 422 nm with a quantum
yield of 0.29 when excited at 357 nm.
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Metabolic labeling with alkynyl-containing monosaccharides has also been employed for
glycoprotein identification and glycan mapping.105 In this approach, glycoconjugates of
cells are metabolically labeled with an alkynyl sugar probe, which can be selectively reacted
with a biotin azide reagent using a Cu(I)-catalyzed [3+2] azide-alkyne cycloaddition.
Introduction of a biotin moiety permits enrichment of glycoproteins by affinity capture with
immobilized streptavidin. Tandem protein ID and glycan site mapping were carried out on-
bead. Thus, first non-glycosylated peptides were harvested by tryptic digestion, allowing
protein identification. The remaining resin bound glycopeptides were analyzed by treatment
with N-glycosidase F (PNGase), which hydrolyzes the amide bond between the biotinylated
glycan and Asn residue of the bound peptide. The shift from Asn to Asp at formerly
glycosylated sites can be identified by a differential modification of + 1 Da on Asn in
SEQUEST searches of MS data. The approach, which was applied to analyze the sialylated
N-linked glycoproteins of prostate cancer cells, offers a method to identify proteins and map
glycosylation sites of glycoproteins that carry a specific monosaccharide such as sialic acid.
However, it does not enable the elucidation of the nature of the glycan at a particular
glycosylation site.

5. Metabolic labeling with photoactivatable crosslinking sugars
Photoactivatable crosslinking reagents such as aryl azides and diazirine have been employed
to covalently linking protein complexes for further analysis. Inspired by these chemical
reactions, metabolic labeling strategies have been developed that employ monosaccharides
modified by photoactivatable crosslinking moiety. The use of such a reagent makes it
possible to analyze glycoconjugate-protein complexes.

Paulson and coworkers reported an attractive example of the use of a photo-activated aryl
azido group to uncover cis-glycoprotein interactions on the surface of B-cells.106 In this
study, cells were metabolically labeled with sialic acid modified at C-9 with a photo-
activated aryl azide group.

Inspired by the successful use of the photo-activated aryl azide group, the Kohler group
developed monosaccharides containing diazirine crosslinkers (Fig. 3) for metabolic
incorporation onto cell surfaces, and demonstrated the utility of this approach by detecting
multimerization of a cell surface glycoprotein.107 The diazirine crosslinker was selected
because its small size was expected to minimize interference with carbohydrate-protein
interactions. It was shown that peracetylated 5-SiaDAz and ManNDAz could be
metabolically incorporated into cellular glycoproteins. The latter was demonstrated by
employing a cell line (KD20) that is impaired in sialic acid biosynthesis by a lack of UDP-
GlcNAc 2-epimerase that converts UDP-GlcNAc to ManNAc. Incubation of the cells with
the sugar derivatives resulted in cell surface expression of sialic acid as demonstrated by
flow cytometry using FITC-labeled Sambucus nigra agglutinin (FITC-SNA). As expected,
untreated cells display low FITC-SNA binding. The photo-reactive sugars could be used to
capture a carbohydrate-mediated interaction by sialic acid-dependent multimerization of
CD22 when irradiated with 350 nm light for 20 min and their contents analyzed by Western
blot using an anti-CD22 antibody.

6. Metabolic labeling with thiol containing sugars
Thiol groups have been installed into the glycocalyx by metabolic labeling with thioglycolyl
analogs of ManNAc (Ac5ManNTGc).108 Thiols are common within cells but are not found
in the glycocalyx. Surprisingly, by locating this versatile functional group on the outer
periphery of normally nonadhesive human Jurkat cells, we obtained spontaneous cell-cell
clustering and attachment to complementary maleimide-derivatized substrates. When
analyzed in human embryoid body–derived (hEBD) stem cells, Ac5ManNTGc induced
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catenin expression and altered cell morphology, consistent with neuronal differentiation.
Notably, these effects were modulated by the growth substrate of the cells, with a stronger
response observed on a gold surface than on glass. These results establish a novel approach
for tissue engineering and offers a means to influence stem cell fates.

7. Concluding remarks
Bioorthogonal reactions are beginning to open new avenues for the investigation of
biological processes in which carbohydrates are involved. Attention needs to be focused on
possible perturbations in oligosaccharide structures arising from metabolic labeling with
monosaccharides. In this respect, labeling experiments generally use relatively high
concentration of monosaccharide derivative, which may perturb the metabolic flux, which in
turn may influence glycoconjugate biosynthesis. Furthermore, monosaccharides are
generally fed as acylated derivatives and it has been suggested that the acyl moieties may
influence biological processes.41 Despite attractive features of currently reported probes and
reagents, there is a need for new bioorthogonal functional groups that exhibit faster kinetics
and minimal background reactions. Computational chemistry has been employed to
rationalize reaction mechanism of bioorthogonal reactions and this insight is being exploited
for the design of new reagents.109
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Scheme 1.
Covalent labeling of sialylated glycoconjugates by mild periodate cleavage followed by
aniline-mediated oxime ligation. The tag can be biotin or a fluorescent probe.
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Scheme 2.
The Staudinger ligation of azides with triarylphosphanes.
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Scheme 3.
The Staudinger ligation of azides with triarylphosphanes using FRET quenching to
minimize background labeling.
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Scheme 4.
Photoactived metal free click reaction.
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Scheme 5.
Fluorescence of 4-azido-1,8-naphthalimide is quenched by the azido moiety. Upon
formation of a triazole, the derivative becomes fluorescent.
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Fig. 1.
Azide bearing monosaccharides that as their acetylated derivatives have been employed for
metabolic labeling of glycans.
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Fig. 2.
Cyclooctyne derivatives for metal free click reactions with azides.
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Fig. 3.
Photoactivatable crosslinking sugars.
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