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3.1 Introduction

Biological systems exhibit astounding chemical complexity. A single mammalian cell
contains thousands of proteins, DNA and RNA, glycans, lipids, myriad small-molecule
metabolites, and metal ions, all in an aqueous environment. Each of these components
displays many chemical functionalities, including nucleophiles, electrophiles, oxidants,
and reductants. Within this environment, enzymes choreograph the innumerable chemical
transformations that together constitute the life of the cell: catabolic conversion of metabo-
lites into energy, biosynthesis and posttranslational modification of proteins, replication of
DNA, and many other biochemical processes.

Chemical biologists have striven to study the molecular intricacies of living systems
by labeling individual components or groups of components — within the complexity of
the living system — with probes such as fluorophores and affinity tags. This approach
permits both the tracking of biomolecules within the living cell by imaging and also the
determination of their exact molecular identities and compositions after purification from
a cell lysate. A critical aspect of any strategy for labeling a target biomolecule inside a
living cell or organism using a chemical reaction is that the reaction must be exquisitely
chemoselective.

The term ‘bio-orthogonal’ — defined as noninteracting with biology — encompasses all
of the characteristics of such a chemical reaction. A bio-orthogonal ligation is thus a
chemical reaction in which two functional groups selectively react with one another to
form a covalent linkage in the presence of all of the functionality in biological systems
(Figure 3.1).! In order to maximize labeling efficiency, the reaction should display the
properties of a ‘click’ reaction as outlined by Kolb, Finn and Sharpless: rapid kinetics, high
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Figure 3.1 Schematic of a bio-orthogonal reaction. Two molecules (A and B) are ligated
together in the presence of diverse biological functionality by virtue of two complementary
bio-orthogonal functionalities (gray circle and crescent) that selectively react only with each
other to form a covalent bond.

yield, lack of unwanted by-products, broad solvent compatibility (including water), and
readily accessible starting materials.?

Arguably the most widely used click reaction is the Cu-catalyzed azide—alkyne cy-
cloaddition reported simultaneously in 2002 by Sharpless and coworkers and Meldal and
coworkers.>* This reaction, which utilizes a Cu(I) catalyst to effect the 1,3-dipolar cycload-
dition of azides and terminal alkynes to form 1,4-disubstituted 1,2,3-triazoles, displays the
characteristics of an ideal click reaction mentioned above (Figure 3.2). It has thus been
widely employed throughout medicinal chemistry, materials science and chemical biol-
ogy,”” applications that are summarized in other chapters in this book. However, the strict
requirement of a Cu(I) catalyst precludes the use of CuAAC for labeling within living
systems, due to the cytotoxicity of copper.

Many copper-free, and hence nontoxic, alternatives to CuAAC exist. This chapter will
begin by describing these copper-free click chemistries, which include condensations of
ketones with hydrazide and aminooxy reagents, Staudinger ligation of phosphines and
azides, strain-promoted [3 + 2] cycloaddition of cyclooctynes with azides, and various bio-
orthogonal ligations of alkenes. After outlining the chemistries, we will present selected
applications of copper-free click chemistries in chemical biology in the context of live cells
and whole animals.

3.2 Bio-orthogonal Ligations

Amidst the plethora of organic transformations that form a covalent bond between two re-
actants, very few fit the criteria of bio-orthogonality.® Reactions must take place in aqueous
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Figure 3.2 Cu-catalyzed azide-alkyne cycloaddition. Azides and terminal alkynes react in
the presence of a Cu(l) catalyst to form 1,4-disubstituted 1,2,3-triazole products.
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solvent, involve no toxic catalysts or reagents, and — most importantly — involve two func-
tional groups that are not present in and which do not cross-react with any functionality
present in biological systems. Classic transformations such as bimolecular substitution re-
actions of alkyl halides and various nucleophiles, as well as the coupling of amines and
carboxylic acids to form amides, are not bioorthogonal, as the reagents would have sig-
nificant cross-reactivity with many amino acid side chains, other cellular nucleophiles and
water. Neither are more modern metal-promoted cross-coupling reactions, as they involve
toxic catalysts. Even standard protein bioconjugation reactions (e.g. Michael addition of
thiols to maleimides) do not qualify as bio-orthogonal, as thiols are ubiquitous within a
cellular environment.

An important principle that has emerged in roughly a decade of bio-orthogonal reaction
development is that these reactions do not fit a uniform mold. Early work focused on highly
selective nucleophile/electrophile coupling reactions, first the condensation of ketones with
heteroatom-bound amine reagents (Section 2.1) and later a modified Staudinger reaction of
phosphines and azides (Section 2.2). Much work in recent years has shifted to pericyclic
reactions, notably 1,3-dipolar cycloadditions of azides and alkynes (Section 2.3). Finally,
an emerging area is the development of bio-orthogonal ligations of alkenes (Section 2.4).

3.2.1 Condensations of Ketones and Aldehydes with Heteroatom-bound Amines

Historically, the first bio-orthogonal ligations involved ketone—aldehyde condensation re-
actions. While ketones and aldehydes can form reversible imine adducts with many amines
found in biological systems, this process is thermodynamically unfavorable in water. The
use of hydrazides and aminooxy reagents, often called ‘«-effect amines’ because the
heteroatom-bound amine is much more nucleophilic than simple amines, shifts the equilib-
rium dramatically to the hydrazone and oxime products, respectively (Figure 3.3). For ex-
ample, the equilibrium constant for the condensation of acetone and hydroxylamine in water
is 1 x 10°.° This reaction is not an optimal bio-orthogonal ligation for live cell applications,
however, because it proceeds most efficiently at pH values of 3-6, well below the phys-
iological level (pH 7.4).° The kinetics of these condensation reactions can be improved
considerably both at acidic and neutral pH by the addition of aniline-based nucleophilic
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Figure 3.3 Condensation reactions of ketones and aldehydes with (a) hydrazides to form
hydrazones or (b) aminooxy reagents to form oximes.
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catalysts, although the requisite high concentrations of these reagents (up to 0.1 M) might
preclude their use in living systems, wherein toxicity becomes a concern.!® Further, al-
though ketones and aldehydes are absent from the cell surface and from macromolecules
within the cell, these functional groups are present within many intracellular metabolites
(e.g. glucose, pyruvate) and can thus be thought of as semi-bioorthogonal. For these reasons,
the use of ketone/aldehyde ligations for labeling of biomolecules within living systems has
been somewhat limited.

3.2.2 Staudinger Ligation of Phosphines and Azides

A major breakthrough occurred in 2000, with the introduction of the azide as a func-
tional handle for bio-orthogonal chemical reactions. Unlike the ketone, the azide is truly
bio-orthogonal — it is essentially unreactive with any biological functional groups under
physiological conditions. The slow reaction of alkyl azides with thiols at physiological
pH is usually insignificant on the timescale of biological experiments.'! The azide is also
absent from virtually all biological systems. The lone exception reported to date is an
azide-containing natural product isolated from the dinoflagellate Gymnodinium breve, a
species of red algae that is responsible for the production of toxic red tides along the Gulf
Coast of Florida.!>!3

Despite its kinetic stability, the azide is thermodynamically a high-energy species prone
to specific reactivity both as a soft electrophile and as a 1,3-dipole.'* The Staudinger
ligation of phosphines and azides takes advantage of the former type of reactivity. This
reaction is a modification of the classical Staudinger reduction of azides with phosphines, in
which an aza-ylide intermediate collapses in water to amine and phosphine oxide products.
However, construction of a triarylphosphine reagent with an ester positioned ortho to the
phosphorus atom enabled trapping of the aza-ylide intermediate, in aqueous conditions, as
an amide, thereby covalently ‘ligating’ the two molecules (Figure 3.4).!5 The Staudinger
ligation has many positive attributes: like azides, phosphines are absent from biological
systems, and due to the relative dearth of soft electrophiles in biology, triarylphosphines have
no crossreactivity with endogenous biomolecules. Furthermore, the phosphine reagents —
derivatized as conjugates of many different epitopes such as biotin, fluorophores, and
peptides — demonstrate no toxicity.

The mechanism of the Staudinger ligation allows for a wide variety of modifications and
clever applications. For example, inversion of the orientation of the ester has enabled the
development of a so-called ‘traceless’ Staudinger ligation in which an amide is formed and
the phosphine oxide byproduct is expelled (Figure 3.5).'%"'® As this variant forms native
amides, it is a powerful tool for peptide ligation; however, lower yields and slower kinetics
have hindered its use as a bioorthogonal reaction for sensitive detection of azides in living
systems.

Further, the Staudinger ligation can be used to create ‘smart’ phosphine reagents that be-
come fluorescent upon reaction with azides. Such fluorogenic reagents can be tremendously
advantageous for biological imaging experiments because they permit dynamic monitor-
ing of labeling reactions and eliminate problems associated with washing away unreacted
phosphine probe. Two different approaches have been taken to tackle this challenge, each
exploiting a different aspect of the reaction mechanism (Figure 3.6). First, a fluorogenic
coumarin—phosphine reagent was synthesized that is nonfluorescent due to quenching by
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Figure 3.4 The Staudinger ligation of azides and triarylphosphines. The mechanism begins
with nucleophilic attack of the phosphine on the terminal nitrogen atom of the azide, liber-
ating N,. The resultant aza-ylide intermediate is trapped intramolecularly by the methyl ester,
releasing methanol and forming an amide and the phosphine oxide.

the phosphine lone pair of electrons. Upon Staudinger ligation with azides, the conversion
to a phosphine oxide eliminates this quenching and the fluorophore ‘turns on’.!” Unfortu-
nately, this reagent has not seen widespread use because nonspecific air oxidation of the
phosphine also results in fluorophore turn-on, and oxygen cannot be avoided in most bio-
logical systems. A second approach utilizes intramolecular fluorescence resonance energy
transfer (FRET) quenching. Here, a phosphine—fluorophore conjugate contains a FRET
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Figure 3.5 ‘Traceless’ Staudinger ligation strategies that enable amide formation concomitant
with release of the phosphine oxide by-product.
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Figure 3.6 Two approaches to the design of fluorogenic phosphine probes. (a) A coumarin
phosphine conjugate is nonfluorescent due to lone-pair quenching of the fluorophore; upon
Staudinger ligation with azides, the product is fluorescent because the phosphine is oxidized.
(b) A FRET-based fluorescein phosphine conjugate is nonfluorescent due to the action of
an intramolecular FRET quencher (Disperse Red 1), attached via an ester. Upon Staudinger
ligation, the quencher is liberated and the product is fluorescent.

quencher attached via the ester and is hence nonfluorescent. Upon reaction with azides,
the ester is cleaved, liberating the quencher and turning on fluorescence. As nonspecific
phosphine oxidation generates a silent (though nonfunctional) reagent, this probe has been
successfully employed for imaging azide-functionalized glycans in living cells.?’

Despite the myriad applications that the Staudinger ligation enables by virtue of its
exquisite selectivity, it suffers from relatively slow reaction kinetics.?! Accordingly, cell
labeling reactions can often require an hour or longer. Thus, for studying dynamic
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biological processes that occur on faster timescales, improvements to intrinsic reaction
kinetics have been sought. A mechanistic study revealed that, for triarylphosphine and
alkyl azide reactants, the rate-determining step is the initial nucleophilic attack of the phos-
phine on the terminal nitrogen atom of the azide.?! Electron-rich phosphine reagents that
could accelerate this step have been designed. Although these reagents performed faster
in the Staudinger ligation, they were also highly susceptible to nonspecific air oxidation,
which both lowered reaction yields and made the reagents difficult to handle and store.?!
Fundamentally, it is difficult, if not impossible, to decouple improved kinetics in reactions
with azides from increased propensity toward nonspecific air oxidation, as both properties
ultimately arise from the nucleophilic character of the phosphine. Therefore, for the study
for dynamic biological processes, it became necessary to investigate the alternative mode
of reactivity of the azide as a 1,3-dipole.

3.2.3 Copper-free Azide-Alkyne Cycloadditions

In addition to being a soft electrophile, the azide is also a 1,3-dipole, and as such, it can
undergo [3 + 2] cycloadditions with alkynes as first reported by Michael in 1893%% and
studied extensively by Huisgen.”* The thermal cycloaddition of azides and unactivated
alkynes to form 1,2,3-triazoles is a highly exergonic process (AG =~ —61 kcal/mol), al-
though it is kinetically hindered by an activation barrier of 26 kcal/mol.>* Thus, elevated
temperatures or pressures are necessary to accelerate the reaction of azides and simple
alkynes. As mentioned earlier, the use of copper catalysis is a highly effective method to
lower the activation energy and effect room-temperature triazole formation between azides
and terminal alkynes; however, for biological labeling applications, CuAAC is not an ideal
bio-orthogonal ligation due to the cytotoxicity of copper.

In an effort to activate the alkyne component for [3 + 2] cycloaddition with azides in
a biocompatible manner, we explored the use of ring strain. In 1961, Wittig and Krebs
demonstrated that cyclooctyne, the smallest stable cycloalkyne, reacts with azides to form
the corresponding 1,2,3-triazole (Figure 3.7).>3 This reaction’s fast kinetics — the authors
wrote that it ‘proceeded like an explosion’ — are due to roughly 18 kcal/mol of ring strain
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Figure 3.7 Huisgen 1,3-dipolar cycloadditions of azides and alkynes to form regioisomeric
mixtures of 1,2,3-triazoles. (a) Cycloaddition involving azides and linear alkynes. (b) Copper-
free, strain-promoted cycloaddition between azides and cyclooctynes.



36  Click Chemistry for Biotechnology and Materials Science

in the cyclooctyne starting material, much of which is released in the transition state of
the reaction.?® Building upon this precedent, we synthesized a biotinylated cyclooctyne
conjugate and demonstrated that it could selectively label azide-modified proteins in vitro
and on live cell surfaces.?” Unlike the case of CuAAC, which exclusively forms the 1,4-
disubstituted triazoles, this ‘strain-promoted cycloaddition’ forms a roughly 1:1 mixture
of regioisomeric 1,2,3-triazoles. Importantly, this reagent required no copper catalyst and
displayed no toxicity; however, its kinetics were still considerably slower than those of
CuAAC and comparable to those of the Staudinger ligation.?’

We thus set out to improve the kinetics of this strain-promoted cycloaddition by in-
stalling LUMO-lowering, electron-withdrawing fluorine atoms adjacent to the cyclooctyne,
producing monofluorinated and difluorinated reagents that were roughly 2-fold and 40-fold
faster than the original reagent, respectively (Figure 3.8).2%% In particular, this last reagent,
termed DIFO (for difluorinated cyclooctyne), labels azide-bearing proteins with similar
kinetics to CuAAC and has been particularly useful for imaging cultured cells and live an-
imals such as developing zebrafish embryos (see Section 3.3). Other recent additions to the
cyclooctyne toolkit include second-generation DIFO reagents with more facile synthetic
routes®” and a highly water-soluble azacyclooctyne reagent designed to eliminate problems
associated with nonspecific binding of the more hydrophobic cyclooctyne reagents to
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Figure 3.8 Structures of strained alkynes or alkenes for Cu-free [3 + 2] cycloadditions with
azides in biological systems. These include (a) simple cyclooctyne, (b) difluorinated cyclooc-
tyne (DIFO), (c) azacyclooctyne, (d) oxanorbornadiene, and (e) dibenzocyclooctyne probes.
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biological membranes and serum proteins in vivo (Figure 3.8).3! In addition, strained
oxanorbornadiene and dibenzocyclooctyne reagents have emerged for selectively labeling
azido biomolecules (Figure 3.8).3%3 Their kinetic rate constants range from comparable to
the original cyclooctyne for the former and comparable to DIFO for the latter. Collectively,
these studies suggest a rich future for the development of Cu-free reagents for sensitive
detection of azides in biological systems.

3.2.4 Bioorthogonal Ligations of Alkenes

Ideally, a slew of bio-orthogonal ligations would exist that are each orthogonal to one
another. This scenario would permit the simultaneous use of multiple reactions to label dif-
ferent components in the same system. Thus, to complement the plethora of azide-specific
bio-orthogonal ligations, researchers have been recently looking to alternatives. One emerg-
ing example is so-called ‘photoclick’ chemistry. This reaction involves the light-induced
decomposition of 2,5-diaryltetrazoles to form dipolar nitrile imine intermediates, which
undergo subsequent [3 + 2] cycloaddition with alkenes to yield stable pyrazoline adducts
(Figure 3.9). Like the [3 + 2] azide—alkyne cycloaddition, this reaction was first explored
by Huisgen many decades ago and recently revisited in the context of bio-orthogonal la-
beling. Lin and coworkers have demonstrated that various diaryltetrazole probes can, upon
irradiation with 302 nm light, selectively label alkene-containing proteins in vitro and in
living bacterial cells with rapid kinetics.>**> Although the irradiation time was limited to
a few minutes, this relatively high-energy ultraviolet light can be damaging to living cells.
Thus, Lin and coworkers developed second-generation diaryltetrazole reagents that are
activated at a more biocompatible 365 nm;*® in the future, this approach may be extended
to biomolecule labeling in mammalian cells.

Davis and coworkers demonstrated that olefin metathesis can be used to selectively
target allyl sulfides on isolated proteins.3” To accomplish this task, cysteine residues were
first converted to the corresponding allyl sulfides, and alkene-functionalized probes (e.g.
sugars, polyethyleneglycol) were appended via cross-metathesis using the Hoveyda—Grubbs
second-generation catalyst. The efficacy of this reaction in living systems has not yet been
established, however, and toxicity is always a concern when dealing with organometallic
catalysts.

Other bio-orthogonal ligations involving alkenes include the ligation of strained alkenes
such as E-cyclooctene or norbornene with tetrazine reagents.’®3° These inverse electron-
demand [4 4 2] Diels—Alder reactions proceed with rapid kinetics and in one case displays
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Figure 3.9 ‘Photoclick’ chemistry. Light-induced decomposition of 2,5-diaryltetrazoles cre-
ates dipolar nitrile imine intermediates, which react in situ with alkenes to form pyrazoline
products.
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bioorthogonality in the context of cell-surface labeling.>* However, both components in this
reaction (i.e. the strained alkene and the tetrazine reagent) are quite large compared with an
azide or a ketone. This characteristic presents a potential limitation for metabolic labeling
experiments, where biosynthetic enzymes often tolerate only minor structural changes to
their natural substrates (see Sections 3.3.2-3.3.4).

3.3 Applications of Copper-free Click Chemistries

In order to take advantage of the click reactions for biomolecule labeling, one of the two
bioorthogonal functional groups that participates in the click reaction (e.g. ketone, azide,
etc.), often termed a ‘chemical reporter’, must first be introduced into biomolecules. Var-
ious methods have been developed for this purpose.! This section will discuss the use
of activity-based inhibitors for labeling classes of enzymes (Section 3.1), genetically en-
coded peptide tags and unnatural amino acids for labeling proteins (Section 3.2), unnatural
monosaccharides for metabolic labeling of glycans (Section 3.3) and unnatural lipids and
nucleotide precursors for labeling lipids and nucleic acids (Section 3.4).

3.3.1 Activity-based Profiling of Enzymes

Covalent inhibitors of enzyme activity have seen widespread use as both pharmaceutical
agents and tools in basic research. In many cases, inhibitors are not selective for a specific
enzyme but instead can label entire classes of enzymes (e.g. serine proteases). Cravatt
has pioneered the use of functionalized enzyme inhibitors to probe enzymes based on
their activity. This technique, termed activity-based protein profiling (ABPP), involves the
covalent labeling of active enzymes within living cells or lysates, and even within live
animals, with a mechanism-based inhibitor derivatized either directly with an affinity tag or
fluorophore or with a bio-orthogonal chemical reporter (Figure 3.10).4%4! In the latter case,
a second step, the bio-orthogonal click reaction, can be employed to append the desired tag
or probe.

This strategy has been highly successful for labeling classes of enzymes with well-
characterized covalent, active site-directed inhibitors (e.g. serine hydrolases*>** and gly-
cosidases*). In early studies using ABPP, active enzymes were targeted from cell or
tissue lysates and characterized by mass spectrometry following affinity capture. However,
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Figure 3.10 Activity-based protein profiling. An enzyme is selectively labeled within a live
cell or cell lysate with an activity-based probe that contains a mechanism-based ‘warhead’ for
covalent labeling of the enzyme (triangle) and a bio-orthogonal chemical reporter (circle). The
labeled enzymes can be detected in a subsequent bio-orthogonal ligation with a conjugate of
a suitable reaction partner (crescent) and a biophysical probe (star).
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labeling active enzymes with imaging probes within intact cells or whole organisms could
provide critical spatial information that is lost in cell and tissue lysates. Ploegh and cowork-
ers demonstrated the use of an azido probe and the Staudinger ligation to visualize active
cathepsins, an important class of cysteine proteases, in cells.*> In principle, any enzyme
class can be studied using ABPP provided that it can be targeted with a selective inhibitor.

3.3.2 Site-specific Labeling of Proteins

For dynamic imaging of enzymes, activity-based approaches — which by design involve
the abolition of catalytic activity — may not be desirable, as they irreversibly perturb the
physiological system under study. As well, many proteins involved in important biological
processes are not enzymes, including many cell-surface receptors and transporters, tran-
scription factors, and structural proteins. Thus, more general and less invasive approaches
to visualizing proteins are necessary. Classically, proteins can be labeled at the genetic
level by fusion to fluorescent proteins.*® Although these probes have been widely used
for biological imaging studies, their large size can interfere with the functions of many
proteins.

As an alternative to fluorescent proteins, many small peptide-based methods have been
developed for site-specific labeling of proteins.*’**® These methods typically exploit short
peptide sequences that can direct the chemical or enzymatic attachment of probes. In
addition to the small size of the peptide and small molecule probe, other advantages of
these approaches include temporally controlled labeling, multicolor labeling and the use of
imaging modalities other than fluorescence. Here, we will discuss peptide tags that employ
bioorthogonal chemistry as a central component of the labeling strategy.

In pioneering work, Tsien and coworkers demonstrated that bioorthogonality could be
achieved by arranging natural amino acids to form a unique chemical environment. They
showed in 1998 that proteins containing an engineered tetracysteine motif (CCXXCC)
could be selectively tagged in live cells with biarsenical derivatives of the organic flu-
orophores.*” The two most common probes used in this technology, known as FIAsH
(fluorescein arsenical hairpin binder) and ReAsH (resorufin arsenical hairpin binder), are
initially nonfluorescent but become fluorescent upon chelation to tetracysteine-tagged pro-
teins in live cells.>® Treatment of cells expressing a tetracysteine-containing protein first
with FIAsH and then with ReAsH in a pulse-chase manner enables identification of ‘old’
and ‘new’ populations of the same protein.>! Inspired by this work, Schepartz and cowork-
ers recently developed an analogous technology for selectively labeling tetraserine motifs
on engineered proteins within living cells using a fluorogenic, bis-boronic acid derivative
of thodamine.>?

The FlAsH/ReAsH tetracysteine method has been widely used in biological studies,
including the imaging of mRNA translation,® G-protein-coupled receptor activation,>*
amyloid formation,> viral trafficking patterns,’® bacterial secretion systems>’ and mem-
brane protein conformational changes.’® In addition to its fluorescent properties, ReAsH
can initiate the photoconversion of diaminobenzidine, which ultimately provides contrast
for electron microscopy, permitting a high-resolution image of the labeled proteins in fixed
cells.”® In some instances, however, application of the biarsenical dyes can lead to back-
ground staining due to a moderate affinity for endogenous monothiol and dithiol motifs
found within the cell.® Thus, alternative techniques have emerged to address this important
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Figure 3.11 Site-specific labeling of proteins via recombinantly fused peptide tags. Recombi-
nant proteins bearing a genetically fused peptide tag are selectively endowed with bioorthog-
onal functionality within a live cell or cell lysate by the action of a specific ligase or enzyme.
Shown are enzyme-based methods for site-specifically labeling proteins with ketones, aldehy-
des, and azides.

issue of specificity, and critical to the success of these techniques is the use of bioorthogonal
ligations discussed in Section 2.

Ting and coworkers have developed two systems that capitalize on the ability of a
bacterial cofactor ligase to covalently label a specific lysine residue within in a short peptide
acceptor sequence with unnatural versions of the cofactor (Figure 3.11). The first approach
utilizes biotin ligase, an enzyme that can attach biotin via its carboxylic acid to lysine side
chains within a 15-residue consensus sequence. The target protein of interest is genetically
modified to contain this 15-amino acid ‘acceptor peptide’, to which biotin ligase catalyzes
the attachment of a synthetic ketone-containing biotin isostere.®® The ketone biotin ligase
technology has been used to image receptor dynamics in live cells.®” A more recent addition
to the peptide-labeling toolkit is the use of lipoic acid ligase, which accepts a variety of
azide and alkyne-containing analogs of lipoic acid, a naturally occurring cofactor.5! This
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approach is an improvement over the biotin ligase technology as it allows the use of the
superior bioorthogonal ligations of azides; further, rational design of lipoic acid ligase has
enabled use of larger reporters such as aryl azides, which can be used as photoaffinity labels
for dissecting protein—protein interactions.®?

Both of these enzyme-mediated methods require the chemical synthesis of an unnatural
cofactor, although the short w-azido fatty acids recognized by lipoic acid ligase are simple
to prepare. Another approach involves direct conversion of a specific amino acid side chain
within a consensus peptide to a bioorthogonal functionality; this concept is embodied in the
‘aldehyde tag’ technology. This method takes advantage of the formylglycine-generating
enzyme (FGE), an enzyme whose natural function is to co-translationally convert cysteine
to an aldehyde-containing formylglycine residue in the active site of sulfatases.®> FGE
recognizes a six-residue consensus sequence (LCTPSR), which we discovered can be
modified in the context of heterologous proteins. Thus, expression of recombinant proteins
bearing this six-residue ‘aldehyde tag’ sequence leads to the production of proteins bearing
bio-orthogonal aldehyde residues in both bacterial and mammalian systems.5+63

An alternative approach to site-specific protein labeling is to re-engineer the protein
synthesis machinery to incorporate an unnatural amino acid at precisely one position in
the protein (Figure 3.12). To accomplish this, Schultz and others have made use of the
‘amber’ stop codon and its corresponding tRNA, termed the amber suppressor. Mutants
of amino acid tRNA-synthetase (aaRS) enzymes were evolved that charge the amber
suppressor tRNA with various unnatural amino acids instead of the cognate amino acid.®
This approach has been highly successful for the site-specific incorporation of unnatural
amino acids that possess fluorophores®’~%° and photochemical crosslinkers,”®’! as well as
bio-orthogonal chemical reporters such as ketones, azides, and terminal alkynes.”%-7>74
This method for site-specific protein labeling, widely applied in bacteria and yeast, has
recently been expanded for use in mammalian systems.”>”>

To achieve site-specific protein labeling, the use of the amber suppressor technology
requires considerable genetic manipulation. By contrast, a ‘residue-specific’ method for
globally replacing one amino acid with an unnatural surrogate is much simpler to employ
(Figure 3.12)°. In this approach, unnatural analogs of methionine’”-’® or phenylalanine’®-8
bearing azides and alkynes (as well as numerous other unnatural functional groups) are rec-
ognized by the cell’s endogenous translational machinery and utilized for protein synthesis
when their natural counterparts are in short supply. Pioneered by Tirrell and coworkers,”83!
residue-specific protein labeling has been used to create novel protein-based biomateri-
als.”® Additionally, it can be used to monitor global de novo protein synthesis. Termed
bio-orthogonal noncanonical amino acid tagging (BONCAT), this technique can be used
to visualize®? and identify! newly synthesized proteins in mammalian cells and has been
applied to generate static snapshots in fixed cells using CuAAC. By employing the nontoxic
copper-free [3 + 2] cycloaddition with cyclooctyne probes, Tirrell and coworkers used the
technique in living bacterial cells to discover novel catalytic activities through a series of
in vivo evolution experiments.®3

3.3.3 Metabolic Labeling of Glycans

Residue-specific protein labeling essentially constitutes the metabolic labeling of proteins
with unnatural amino acids, and analogous technologies exist for probing other classes of
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Figure 3.12  Incorporation of unnatural amino acids into newly synthesized proteins. (a) Gen-
eral schematic for site-specific incorporation of unnatural amino acids using amber suppressor
technology (left side) or residue-specific incorporation of unnatural amino acids (rightside). (b)
Structures of unnatural amino acids containing ketones, azides, and alkynes for incorporation
into proteins using these methods.

biomolecules as well. Glycans, which are linear or branched chains of sugars, constitute
a diverse class of biomolecules that are often found as posttranslational modifications
of proteins or covalently bonded to lipids. These biopolymers, found both within the
cell and at the cell surface, participate in many physiological processes, including organ
development,® cancer® and host—pathogen interactions.3°
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Figure 3.13 Metabolic oligosaccharide engineering for labeling glycans with unnatural sugars.
Monosaccharides are imported into the cytosol (or biosynthesized de novo) and metabolically
converted to activated nucleotidyl sugars. Unnatural monosaccharides are represented here
for clarity as containing the azide group (N3), but many other unnatural monosaccharides have
been employed for metabolic labeling of glycans (see Figure 3.14). These activated sugars are
either directly attached to cytosolic proteins or transported into the ER and/or Colgi appara-
tus and then appended onto protein and lipid scaffolds by the action of glycosyltransferase
enzymes. The majority of the resultant glycoproteins and glycolipids are then transported to
the cell surface, although some are retained in the ER and Golgi apparatus or trafficked to
organelles such as the lysosome, and others still are secreted into the extracellular space (not
shown).

Glycans can be labeled with unnatural monosaccharides bearing chemical reporters in
a process termed ‘metabolic oligosaccharide engineering’.3” This approach enables both
the visualization of glycans on cells and tissues as well as the profiling of glycosylation at
the proteomic level. Analogous to residue-specific protein labeling, synthetic keto, azido or
alkynyl sugars can hijack the glycan biosynthetic machinery and label glycans both on cell
surfaces and intracellularly (Figure 3.13). Much work in this area has been devoted to the
study of cell-surface sialic acids, which can be modified by metabolism of keto,® azido'
and alkyny1®® analogs of two natural precursors, N-acetylmannosamine (ManNAc) and N-
acetylneuraminic acid (Figure 3.14).°%°! Other classes of glycoconjugates that have been
labeled with unnatural sugars bearing chemical reporters include fucosylated glycans,3%293
mucin-type O-glycans®*® and cytosolic/nuclear O-GlcNAcylated proteins®® (Figure 3.14).

Imaging of glycans has been performed using a variety of fluorophore conjugates of
phosphines?®®” and cyclooctynes.?® In particular, the rapid kinetics of the Cu-free [3 + 2]
cycloaddition using DIFO enabled us to measure, for the first time in living cells, the dynam-
ics of glycan trafficking (Figure 3.15).2° We have also extended metabolic oligosaccharide
engineering to living animals. Mice and zebrafish treated with appropriate azidosugars
can be metabolically labeled at their sialic acid residues and mucin-type O-glycans.?3-1%
In zebrafish, changes in glycosylation during embryonic development were imaged using
DIFO-fluorophore reagents.'” Further, the Staudinger ligation and strain-promoted [3 +
2] azide—alkyne cycloaddition proceed readily within living mice, suggesting future in vivo
imaging efforts using this powerful model organism for human disease.?*
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Figure 3.14 Structures of unnatural monosaccharides containing ketone, azide or alkyne
functionality used as substrates for metabolic labeling of glycans.

3.3.4 Metabolic Targeting of Other Biomolecules with Chemical Reporters

In addition to proteins and glycans, other classes of biomolecules are being targeted us-
ing the bio-orthogonal chemical reporter strategy. Most notable among these are lipid-
modified proteins, which possess N-myristoylation of N-terminal glycine residues, or
S-palmitoylation or farnesylation of cysteine residues. Various groups have demonstrated
metabolic labeling of lipidated proteins with azidolipid precursors, which allows for prob-
ing the modification in living systems.!?’~1%* Another protein posttranslational modifica-
tion that has been probed using chemical reporters is the pantetheinylation. Burkart and
coworkers have employed azido and alkynyl pantetheine analogs for metabolic labeling of
acyl carrier proteins in living cells.!'® Rajski and coworkers have used azide-derivatized,
aziridine-containing S-adenosylmethionine analogs for probing substrates of DNA methyl-
transferases in vitro.'% Finally, Salic and Mitchison reported unnatural nucleotides, ethynyl
and azido deoxyuridine, that are incorporated into replicating DNA within living cells and
tissues.'?” These probes, after subsequent derivatization with CuAAC reagents, permit the
mild detection of dividing cells within fixed cells and tissues and serve as a modern re-
placement for the bromodeoxyuridine (BrdU) assay that is routinely used to detect dividing
cells. Using a similar approach, Jao and Salic were able to probe RNA synthesis in cells
and animal tissues using ethynyl uridine. This unnatural nucleotide was incorporated into
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Figure 3.15 Dynamic imaging of glycans in living cells using metabolic labeling and bioorthog-
onal chemistries. (a) Experimental setup: cells are metabolically labeled with an azidosugar
(ManNAz is shown here as an example), rinsed and then reacted with a fluorescent phosphine
or cyclooctyne conjugate. (b) Dynamic imaging of sialic acids using ManNAz and DIFO-
Alexa Fluor 488. Chinese hamster ovary cells were metabolically labeled with ManNAz for 3
days, rinsed, reacted with DIFO-Alexa Fluor 488 for 1 min, and imaged by epifluorescence
microscopy. Images were acquired every 15 min for 1 h. The image on the right (60 min,
-Az) indicates a separate sample metabolically labeled with the control sugar ManNAc. The
arrowhead indicates a population of glycans that have undergone endocytosis after the Cu-free
click labeling reaction. Scale bar: 5 um.

newly synthesized RNA during transcription, and its presence was detected by CuAAC
using azido fluorophores.'%®

3.4 Summary and Outlook

In this chapter, we have discussed the development and implementation of bio-orthogonal
ligations for labeling biomolecules in living systems. The strategy relies both on the in-
corporation of a chemical reporter into biomolecules and the subsequent detection of the
reporter using bio-orthogonal chemistries. Initial efforts were centered on condensation
reactions of ketones and aldehydes, and more recent work has focused on reactions of
azides with triarylphosphines and activated alkynes. In particular, copper-free [3 + 2] cy-
cloaddition with strained alkynes presents a promising area for immediate application and
future reagent development using the principles of physical organic chemistry. Reagents
with faster kinetics could enable more sensitive detection of azides in vivo, and fluoro-
genic alkynes for copper-free [3 + 2] cycloaddition would permit real-time visualization
of biological events.

Despite the numerous advances propelled by these azide-specific chemistries, there
is a need for alternatives to azides. Currently, methods to image multiple biomolecules



46  Click Chemistry for Biotechnology and Materials Science

simultaneously are limited by the number of ligation chemistries that are orthogonal to one
another. Fertile ground for the search for new biocompatible, copper-free click chemistries
includes other pericyclic reactions and photochemistry. The initial reports on ‘photoclick’
chemistry, a cross-section of these two areas, represent the tip of the iceberg, as a vast
literature of classic organic chemistry can be revisited in the modern context of bio-
orthogonal ligations. This expanded toolkit of copper-free click chemistries should see
wide application in chemical biology in applications ranging from biomaterial design to in
vivo imaging.
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