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Abstract

The use of covalent chemistry to track biomolecules in their native environment—a focus of
bioorthogonal chemistry—has received considerable interests recently among chemical biologists
and organic chemists alike. To facilitate wider adoption of bioorthogonal chemistry in biomedical
research, a central effort in the last few years has been focused on the optimization of a few known
bioorthogonal reactions, particularly with respective to reaction kinetics improvement, novel
genetic encoding systems, and fluorogenic reactions for bioimaging. During these optimizations,
three strategies have emerged, including the use of ring strain for substrate activation in the
cycloaddition reactions, the discovery of new ligands and privileged substrates for accelerated
metal-catalysed reactions, and the design of substrates with pre-fluorophore structures for rapid
“turn-on” fluorescence after selective bioorthogonal reactions. In addition, new bioorthogonal
reactions based on either modified or completely unprecedented reactant pairs have been reported.
Finally, increasing attention has been directed toward the development of mutually exclusive
bioorthogonal reactions and their applications in multiple labeling of a biomolecule in cell culture.
In this feature article, we wish to present the recent progress in bioorthogonal reactions through
the selected examples that highlight the above-mentioned strategies. Considering increasing
sophistication in bioorthogonal chemistry development, we strive to project several exciting
opportunities where bioorthogonal chemistry can make a unique contribution to biology in near
future.

Introduction

The development of ectopically expressed green fluorescent protein (GFP) and its many
variants has dramatically increased our understanding of protein dynamics and function in
living systems.1=3 However, this genetic tagging approach is not well suited for the study of
other biomolecules such as nucleic acids, glycans, lipids and small-molecule metabolites, as
well as protein posttranslational modifications in living systems. To overcome this
limitation, a reactivity-based bioorthogonal chemistry approach has been successfully
developed recently. In this two-step approach, first, a small chemical reporter such as
aldehyde, azide, alkyne or alkene is introduced into the biomolecule(s) of interest site-
selectively via an appropriate biosynthetic or biochemical pathway; then, a bioorthogonal
chemical reaction is performed /n situto allow selective ligation of biophysical probes
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carrying the cognate reactive groups with the pre-tagged biomolecule(s) of interest. New
insights into a wide range of biological processes, e.g., glycome imaging,® protein lipidation
and lipid trafficking,® and activity-based protein profiling,’ to name a few, have been gained
using the bioorthogonal chemistry-based approaches.

While the use of a unique reactive group as “chemical handle” to direct selective reaction in
complex biological environment was reported long ago,8, ° the coinage of “bioorthogonal”
term by Bertozzi in 2003 and formalization of “bioorthogonal chemistry” shortly
afterwards'0, 11 unleashed a flurry of activities by many research groups in searching for
new bioorthogonal reactions and their biological applications. Since our last feature article
published in this Journal,12 substantial progress has been made with the existing
bioorthogonal reactions, including: (i) the optimization of reaction kinetics through either
substrate activation or the use of metal catalysts; (ii) the development of novel genetic
encoding systems to harvest the power of bioorthogonal reactions for biological
applications; and (iii) the design of fluorogenic substrates to allow facile monitoring and
interrogation of living systems. Besides, new bioorthogonal reactions involving novel
reactant pairs have also been reported. Considering that a special issue on bioorthogonal
chemistry was published else where recently,13 we decided to focus on the major advance in
the field since 2010. We will use the selected examples to highlight the chemical strategies
for reaction optimization and new reaction development. We will conclude by striving to
project some exciting new opportunities in near future for the next phase of bioorthogonal
chemistry development.

Copper-catalysed azide—alkyne cycloaddition

Transition metals are used by enzymes to catalyse chemical reactions inside living cells. The
most popular metal catalysed reaction that took the center stage of bioorthogonal chemistry
in the last decade is copper-catalysed azide-alkyne cycloaddition (CUAAC), also known
widely as “click chemistry”. The 1,3-dipolar cycloaddition reaction between azide and
alkyne was initially reported by Huisgen in 1963.14 In 2002,Sharpless and Meldal
independently discovered dramatic rate acceleration when Cu(l) salt was used.15, 16 Based
on DFT calculations, Sharpless and co-workers proposed a stepwise mechanism involving a
mononuclear Cu-acetylide intermediate.1’ Later, kinetic studies suggested the presence of
two copper centers interacting with one or two alkynes and one azide, bringing out questions
about the precise nature of dinuclear system.18 A recent report provided direct evidence
about the presence of dinuclear copper complex,® a major step toward finally unraveling
CUuAAC mechanism (Scheme 1). This proposed mechanism is consistent with two
experimental observations: first, using heat-flow calorimetry to follow the cycloaddition
reaction, the pre-formed mononuclear copper acetylide was unreactive before addition of an
exogenous copper salt; and second, in crossover studies with the isotopically enriched
exogenous copper catalyst, direct-injection time-of-flight mass spectrometry (TOF-MS)
indicated that the two copper centers were equivalent and the formation of carbon-nitrogen
bonds proceeded in a stepwise manner.

The CUAAC can be further accelerated by the use of ligands with stabilizing effect such as
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methylJamine (TBTA)2° and tris(3-
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hydroxypropyltriazolylmethyl)amine (THPTA)Z! (Figure 1). The more water-soluble
THPTA ligand was successfully employed for the CUAAC-mediated functionalization of
cowpea mosaic virus which was also achieved previously using sulfonated
bathophenanthroline (BPS) ligand?2 (Figure 1). Recently, Wu and co-workers reported two
new biocompatible ligands for CUAAC: BTTES23 and BTTAA24 (Figure 1). These new
ligands allowed CuUAAC to be employed in noninvasive imaging of fucosylated glycans
during early embryogenesis of zebrafish. Among the various ligands, BTTAA exhibited
faster reaction rate than BTTES, TBTA and THPTA.24 Because of known cytotoxicity of
Cu(l) salts, Pezacki and co-workers examined the toxicity of various copper complexes on
four commonly used human cell lines by measuring their effect on mitochondrial activity
based on the metabolism of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT), using inductively coupled plasma mass spectrometry to study their cellular uptake,
and using coherent anti-Stokes Raman scattering (CARS) microscopy to study their effects
on lipid metabolism.25 They found that the ligand environment around copper center
influences all three parameters. Interestingly, the copper complex with the simplest ligand,
L-histidine, showed no apparent toxicity when CUAAC was used to label the alkyne-
containing glycans on the surface of human hepatoma cells.

In 2009, Zhu and co-workers reported chelation-assisted CUAAC in which the azide
substrates containing auxiliary ligands such as 2-picolylazide (Figure 1) and 2-azidomethyl-
quinoline were privileged substrates for the cycloaddition reactions.28 The use of
oligotriazole ligands such as TBTA was found to further accelerate the reaction.2’ Based on
kinetic and structural data, they proposed a mechanism for chelation-assisted, Cu(OAc),-
accelarated cycloaddition involving the formation of critical Cu(1)/Cu(l1) dinuclear core.28
The two copper centers serve discrete roles, one being Lewis acid and the other being active
Cu(l) catalyst. The fast chelation of the copper by the azide substrates proceeds prior to the
formation of Cu-acetylide with deprotonation of the terminal alkyne as the rate-limiting step.
With this insight, the Ting group applied picolyl azide as a privileged substrate in CUAAC
for protein labeling in live mammalian cells.?? To target picolyl azide to a protein of
interest, they employed the probe incorporation mediated by enzyme (PRIME) method
developed in their lab.30 Lipoic acid ligase from £. coli (LplA) was engineered to recognize
the picolyl azide-containing substrate for its efficient incorporation into LplA acceptor
peptide (LAP)-conjugated cyan fluorescent protein (CFP) expressed on the surface of human
embryonic kidney (HEK) cells. CUAAC was then performed with the Alexa Fluor-647-
conjugated alkyne. The optimum fluorescent labeling was achieved when BTTAA and 40
UM CuSOg4 were used.

Strain promoted azide—alkyne cycloaddition

To avoid copper toxicity,2° several groups have sought to accelerate the rate of azide—alkyne
cycloaddition through alkyne substrate activation, leading to successful development of the
strain-promoted azide—alkyne cycloaddition (SPAAC), also known as Cu-free click
chemistry. The first example of SPAAC was reported by Bertozzi and co-workers in 2004
when they used cyclooctyne (OCT) as an activated reaction partner for azide with the
second-order rate constant 4, of 0.0012 M~1s71.31 Further optimization led to the
introduction of difluorocyclooctyne (DIFO, Figure 2) that showed 63-fold rate enhancement
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in the cycloaddition with benzyl azide.32 Another early work on cyclooctyne derivatives was
reported by Boons and co-workers in which the reactivity of cyclooctyne was increased by
fusing two benzene rings to cyclooctyne to generate dibenzocyclooctyne (DIBO).33 The rate
constant of the DIBO-mediated cycloaddition reaction with benzyl azide was almost three
orders of magnitude faster than simple cyclooctyne.

In the following years, numerous cyclooctyne derivatives displaying various improvements
were reported. The van Delft group reported two cyclooctyne analogs, aza-
dibenzocyclooctyne (DIBAC)34 and bicyclo[6.1.0]nonyne (BCN)3® that are synthetically
more accessible (Figure 2). DIBAC represents a hybrid structure of DIBO and aza-
dimethoxycyclooctyne (DIMAC);36 by combining favorable kinetics of DIBO and
hydrophilicity of DIMAC, it showed faster kinetics than DIBO, DIFO and DIMAC (Figure
2). To demonstrate the efficiency of DIBAC in SPAAC /n vitro, azidohomoalanine-encoded
Candida antarctica lipase B (AHA-CalB)37 was treated with 5 equiv PEGgo-linked DIBAC
for 3 hours, and the PEGylated product was obtained in essentially quantitative yield
(Scheme 2a). Moreover, horseradish peroxidase (HRP) was modified via the diazo transfer38
to bear azide functionality, and the resulting HRP-N3 was PEGylated under the same
conditions as with AHA-CalB with similar results.

One of the factors hindering broader biological applications of SPAAC is the limited
commercial availability of the cyclooctyne reagents and the typically lengthy synthetic
routes for their preparation. This prompted the van Delft group to develop a synthetically
readily accessible alkyne BCN.3%> BCN was prepared via cyclopropanation of the
commercially available 1,5-cyclooctadiene in 4 steps with an overall yield of 61%. The
symmetric structure of BCN also simplifies NMR analysis of the cycloadducts. The design
of BCN was inspired by the known effect of fusing a cyclopropane ring to enhance
reactivity first reported in 1981.39 Indeed, the fusion of cyclopropane ring led to 70-fold
enhancement in reactivity (k> = 0.14 M~1s~1 with benzyl azide vs. 0.0012 M~1s~1 for OCT).
To test the suitability of BCN derivatives for protein labeling, the azidohomoalanine-
encoded virus capsid proteins were treated with BCN-Alexa Fluor 555 in phosphate buffer,
pH 7.5, for 3 hours (Scheme 2b). The protein conjugate was detected by in-gel fluorescence
analysis and the identity of the conjugate was confirmed by mass spectrometry. In addition,
living human melanoma MV3 cells known to produce abundant surface glycans were
metabolically labeled with A-azidoacetyl-D-mannosamine. The azido-labeled cells were
treated with 60pM BCN-biotin for 1 hour at 20°C followed by staining with streptavidin-
Alexa Fluor 488. Both confocal microscopy and flow cytometry analysis revealed a higher
efficiency of azido-glycan labeling by BCN than by DIBO. Furthermore, three-dimensional
(3D) imaging of MV3 cells was achieved by seeding cells into 3D collagen lattices resulting
in spontaneous and vigorous invasion. Consistent with the known function of sialic acid in
cell adhesion and migration, the fluorescently labeled glycans were distributed at the leading
edge of filopodia, focal clusters at actin-rich contact sites to collagen fibers, and heavy
deposits into the tissue matrix from the trailing edge, which were observed at submicron
resolution.

In the same year, Bertozzi and co-workers reported two new cyclooctyne derivatives,
biarylazacyclooctynone (BARAC)*0 and difluorobenzocyclooctyne (DIFBO).4! Aside from
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improvement in reaction kinetics, these two compounds were readily prepared. The
development of BARAC was inspired by the reported rate enhancement brought about by
the dibenzo system in DIBO and the addition of an sp2-like center in DIBAC. The reaction
of BARAC with benzyl azide is 12 times faster (k»= 0.96 M~1s71) than DIFO and 800 times
faster than OCT. The utility of BARAC in live cell imaging was demonstrated by modifying
the azido-encoded glycans in Jurkat cells (Scheme 2c). The cells were treated with various
concentrations of BARAC-biotin for 1 hour followed by FITC-avidin. Flow cytometry
analysis showed specific labeling by BARAC-biotin at concentrations as low as 50 nM. On
the other hand, computational studies predicted the rate-enhancing effect of fluorine
substitution and aryl ring fusion with cyclooctyne.#*2-45 Therefore, combining two effects in
the same structure was expected to lead to even faster cycloaddition than DIFO and DIBO.
Unexpectedly, the triple bond in DIFBO became so reactive that DIFBO underwent
spontaneous trimerization in solution.*! They ingenious strategy solved this instability
problem by encapsulating DIFBO in -cyclodextrin to form the inclusion complex. The
cyclodextrin-stabilized DIFBO was then used successfully in SPAAC with a rate constant of
0.22 M~1s71 almost three times greater than that of DIFO and DIBO.

The most recent development on strained alkyne was reported by Bertozzi and co-workers
wherein they replaced two methylene groups with a sulfur atom to generate 3,3,6,6-
tetramethyl-thiacycloheptyne (TMTH).#6 They initially introduced a sulfur atom to replace
one methylene group in cyclooctyne, which led to a decreased reactivity despite improved
stability. To increase reactivity, they envisioned ring contraction to a 7-membered ring,
known previously to react with phenyl azide and other 1,3-dipoles more favorably.#” Thus,
thiacycloheptyne TMTH was identified that gives the fastest rate to date in SPAAC; TMTH
reacted with benzyl azide in CD3CN cleanly with the second-order rate constant of 4.0 £ 0.4
M~1s71, The fast and clean reaction was attributed to the smaller ring size and the
propargylic methyl groups that shield the alkyne from the side reactions. The use of TMTH
as a bioorthogonal labeling reagent was demonstrated through cell surface modification of
azido-functionalized glycans as well as selective labeling of barstar protein encoding
azidohomoalanine (Scheme 2d). Notably, an attempt to further enhance TMTH reactivity by
fusing with the aryl rings resulted in unstable compounds, indicating a delicate balance
between the reactivity and chemical stability.

There is also a growing interest in developing fluorogenic probes for situations that require
sensitive detection with minimum background fluorescence and that washing is not feasible,
e.g., in live animals. To this end, a coumarin-conjugated, fluorogenic BARAC derivative,
coumBARAC, was reported by the Bertozzi group in 2011, which showed 10-fold increase
in fluorescence quantum yield after the cycloaddition with benzyl azide.*8 In 2012, the same
group developed the fluorogenic azidofluorescein for CUAAC#?, and most recently, Kele
and co-workers introduced a new family of fluorogenic probes based on a conjugated
benzothiazole and azidostyrene motif for both CUAAC and SPAAC.>0

Tetrazine ligation

The tetrazine ligation was reported independently by the groups of Fox®! and Hilderbrand>2
in 2008 based on the pioneering work of Sauer.53-55 The reaction proceeds extremely fast,
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with the second-order rate constant approaching 2000 M~1s~1, In addition to robust kinetics,
the fluorophore-conjugated tetrazine reagents also exhibit “turn-on” fluorescence effect.
Tetrazine quenches the fluorescence of a covalently linked fluorophore; upon cycloaddition
with an alkene, the fluorescence is recovered due to the loss of the tetrazine moiety. The
Weissleder group first demonstrated this effect when they used tetrazine-BODIPY reagent to
imaging frans-cyclooctene-labeled taxol inside mammalian cells viatetrazine ligation.>®
Because both norbornene and tfrans-cyclooctene are large in size, to harness the power of
tetrazine ligation, the groups of Devaraj and Prescher independently explored the use of the
smallest strained alkene, cyclopropene, as an activated reaction partner.5’, 58 Due to its
small size and absence in most eukaryotes, cyclopropene is an attractive bioorthogonal
reporter. However, simple cyclopropene is susceptible to both nucleophilic attack and
polymerization at room temperature. To overcome these limitations, Devaraj and co-workers
placed a methyl group on the double bond, and the resulting methylcyclopropene carboxy
amide showed improved stability along with a reduced reaction rate towards tetrazine benzyl
alcohol (k, = 0.137 + 0.004M~1s71).59 By switching carboxyamide moiety to carbamate
moiety, they increased the rate by almost two orders of magnitude (k& = 13 + 2M~1s71 in 8:1
H,O/DMSO0). They then employed the methylcyclopropene carbamate as a bioorthogonal
reporter to image phospholipids in SKBR3 breast cancer cells (Scheme 3a). At about the
same time, Prescher and co-workers demonstrated the use of cyclopropene as a chemical
reporter for proteins and glycans.>’ In addition, the use of cyclopropene in tandem with
azide for protein dual labeling was demonstrated by incubating a mixture of the
cyclopropene- and azide-maodified bovine serum albumin (BSA) with both tetrazine-
rhodamine and DIBO-fluorescein. In-gel fluorescence analysis showed the selective labeling
of both reporters by their respective probes. Furthermore, sialic acid was modified with
methylcyclopropene (9-Cp-NeuAc) and the resulting modified carbohydrate was used for
metabolic labeling of surface glycans on Jurkat cells. The presence of cyclopropene on the
cell surface was probed with tetrazine-biotin (Scheme 3b). Flow cytometric analysis showed
concentration-dependent labeling.

The challenge to apply this fast reaction to cellular studies was met through genetic
encoding of unnatural amino acids (UAA) bearing either tetrazine or strained alkenes and
alkyne such as norbornene, trans-cyclooctene (TCO), bicyclononyne (BCN), and strained
trans-cyclooctene (s-TCO) (Figure 3). Fox, Mehl and co-workers developed a tetrazine
derivative, 4-(6-methyl-s-tetrazine-3-yl)aminophenylalanine (1), with improved stability
inside cells and excellent reactivity with strained alkenes.®? The addition of electron-
donating methyl and amine groups to tetrazine reduced its susceptibility to nucleophilic
attack. Genetic encoding of the tetrazine 1 was achieved viaamber suppression using an
evolved tyrosyl-tRNA synthetase/tRNAcyapair from Methanococcus jannaschii. In vitro
and in vivo studies were conducted using £. coli cells expressing tetrazine 1-modified GFP
and ligated with the strained s-TCO. Rate constants were measured to be 880 + 10 M~1s71 jn
vitroand 330 = 20 M~1s71 jn vivo.

The Chin group demonstrated the tetrazine ligation-mediated protein labeling on the
mammalian cell surface by genetically encoding a norbornene-containing amino acid, Af-5-
norbornene-2-yloxycarbonyl-L-lysine (2). An engineered pyrrolysyl-tRNA synthetase/
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tRNAcya pair from Methanosacina mazei allowed efficient incorporation of norbornene 2
into EGFR at the cell surface. Treatment with tetrazine-TAMRA led to the specific labeling
of the norbornene-encoded EGFR on cell surface.% In another report, Chin and co-workers
described genetic encoding of BCN (5), TCO (6), and s-TCO (7) using the same strategy.52
Both BCN and TCO UAAs were efficiently incorporated into proteins in £. colfand
mammalian cells and their reactions with the diaryltetrazine gave the second-order rate
constants of 1245 + 45 M~1s~1 and 17248 + 3132 M~1s71, respectively. They also showed
that rapid, fluorogenic reaction of BCN with the tetrazine afforded a single isomeric product,
which can be advantageous to applications such as single-molecule spectroscopy, super-
resolution microscopy and FRET experiments.

A similar report was made by the Lemke group detailing the genetic encoding of a BCN
UAA 5 and its application to /7 vitroand in vivo protein studies.® FRET-based assays for
measuring reaction rates were carried out using the BCN- or OCT-encoded GFP as FRET
donor and TAMRA-tetrazine as FRET acceptor. Compared with OCT, tetrazine ligation
with BCN proceeded 80 times faster with a A, value of 29000 + 7500 M~1s~1, Using an
engineered pyrrolysyl-tRNA synthetase/tRNAcya pair from Methanosacina mazel, they
demonstrated the selective labeling of the BCN-encoded nuclear localization signal-maltose-
binding protein-GFP fusion protein in HeLa Kyoto cells with Cy5-tetrazine in 10 minutes.
The fast labeling of BCN v7a tetrazine ligation can be useful for monitoring the newly
synthesized proteins or imaging proteins with short half-lives. The utility of BCN-modified
proteins can be extended to SPAAC labeling since azido compounds are more accessible
than tetrazine probes.®3 A separate study by the same group succeeded in the genetic
incorporation of norbornene amino acids 2 and 3, TCO amino acid 6, and cyclooctyne
amino acid 4 (Figure 3). These UAAs allowed the labeling of proteins inside mammalian
cells by means of tetrazine ligation, which was also shown to be orthogonal to SPAAC.54

Aside from genetic encoding, another means of introducing a chemical reporter into
biomolecules is through the enzyme-catalyzed biochemical processes. The PRIME method
developed by Ting and co-workers enabled targeting of TCO into proteins both inside and
on the surface of cells. Their two-step process is comprised of (i) the ligation of a TCO
derivative into a protein of interest by the engineered LplA enzyme, and (ii) the reaction of
TCO with a fluorophore-conjugated tetrazine via the tetrazine ligation.5® Due to
fluorescence quenching by tetrazine prior to ligation, the fluorescent labeling on the cell
surface was shown to be highly sensitive and fluorogenic. In addition, both actin and
vimentin at the cytoskeleton were specifically labeled inside cells.

Photoinduced tetrazole-alkene cycloaddition

Photoinduced cycloaddition reactions provided a means of spatial and temporal control over
chemical and biological processes. The level of control provided by photo induction is made
possible by combining the speed and specificity of a click reaction and the versatility of a
photochemical process.®® Inspired by the work of Huisgen and co-workers on the
photoactivated cycloaddition reaction between 2,5-diphenyltetrazole and methyl crotonate,5”
we harnessed the reactivity of an /in situ photo-generated nitrile imine dipole from
cycloreversion of a diaryltetrazolefor efficient cycloaddition reactions with the alkenes in
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aqueous buffer,%8 for peptide side chain cross-linking,%9 and for selective functionalization’®
in a bioconjugation reaction we called “photoclick chemistry” of alkene-containing proteins
in vitro™ and in vivo.72-7°

We first reported the use of cyclic nitrile imines as strained dipoles for 1,3-dipolar
cycloadditions.”® This idea arose from our photocrystallographic study where we observed
the formation of the bent nitrile imine geometry in solid state upon photo irradiation of a
substituted diphenyltetrazole.”” The bent geometry was reinforced by inserting a short
bridge between the ortho positions of the two flanking phenyl rings to form a macrocyclic
tetrazole. Reactions of the macrocyclic tetrazoles with both acyclic (4-penten-1-ol) and
cyclic (norbornene) alkene gave higher yields than their acyclic tetrazole counterparts.
These photoactivatable tetrazole reagents were then employed in the fluorescent labeling of
norbornene-modified lysozyme.

Using a simple alkene tag, homoallyglycine (HAG), we demonstrated the capacity of
photoclick chemistry in imaging the newly synthesized proteins in mammalian cells.”* This
was achieved viaa two-step process involving the metabolic incorporation of HAG into
HeLa cells followed by photocontrolled chemical functionalization with a diaryl tetrazole
(Scheme 4a). After a brief exposure to femtosecond 700 nm laser for 5 seconds, cellular
fluorescence was recorded over 1 minute using a confocal microscope. Only those cells that
were directly illuminated showed greater than 2-fold rapid increase in fluorescence,
indicating a spatial and temporal control over the chemical modification.

To better apply photoclick chemistry to protein imaging in cell culture, we first designed and
synthesized a series photoreactive tetrazole amino acids.”® Among them, p-(2-tetrazole)
phenylalanine (pTpa) was genetically incorporated into proteins site-selectively in E. coli
using an engineered tyrosyl-tRNA synthetase/tRNAcya pair. The pTpa-encoded myoglobin
(vTpa-Myo) was found to react selectively with the FITC-modified fumarate, affording a
fluorescent product after 5-minute 302 nm photoirradiation in PBS (Scheme 4b).”® In
parallel, a cyclopropene-modified lysine (CpK) was successfully incorporated into proteins
both in bacteria and in mammalian cells.”® To demonstrate the use of CpK as a
bioorthogonal reporter, HEK293 cells expressing CpK-encoded EGFP were treated with 40
UM tetrazole for 1.5 hours followed by 2 minutes of 365-nm photoirradiation before
confocal microscopy (Scheme 4c). Only cells expressing CpK-encoded EGFP showed cyan
fluorescence that correspond to the formation of pyrazoline adduct.

Since the photoclick chemistry in Scheme 4 is intrinsically fluorogenic, it can also be used
to image the cellular structures via an intramolecular reaction.80 To this end, we appended
the alkene-containing tetrazoles to position 7 of paclitaxel and obtained the photoactivatable
microtubule probes that can be turned on in as little as 1 minute. A high fluorescence turn-on
ratio of 112-fold in CH3CN/PBS (1:1) was observed. Using a long-wavelength
photoactivatable taxoid-tetrazole, we demonstrated the spatially controlled imaging of
microtubules in live CHO cells.

To tune photoactivation wavelength further away from 365-nm UV light,8L, 82 which still
causes significant phototoxicity, we recently succeeded in designing 405-nm laser light
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activatable tetrazoles.83 In a model reaction with mono-methyl fumarate amide, one of these
tetrazoles also gave a high rate constant of about 1300 M~1s71,

Strain-promoted alkyne-nitrone cycloaddition

In 2010, van Delft and co-workers reported the strain-promoted alkyne-nitrone
cycloaddition (SPANC) between dibenzocyclooctynol and nitrone to generate the A-
alkylated isoxazoline.84 Reaction proceeded 32 times faster than the SPAAC reaction with
DIBO. They demonstrated the utility of SPANC in protein modification. The chemokine
interleukin-8 (IL-8), which has an N-terminal serine residue and a relatively low molecular
weight, was successfully PEGylated in a one-pot three-step procedure in which IL-8 in
ammonium acetate buffer, pH 6.9, was sequentially treated with 1.1 equiv of NalO4 for 1
hour, 6.6 equiv of p-MeOCgH4SH for 2 hours, and then 10 equiv each of A-
methylhydroxylamine and p-anisidine and 25 equiv of DIBO for 24 hours. Mass
spectrometry analysis revealed a single product with mass corresponding to the isoxazoline-
PEG conjugate of IL-8 (Scheme 5a). Unfortunately, attempts to label the nitrone-modified
sugars in Jurkat cells were unsuccessful, which the authors attributed to either
incompatibility of the nitrone modification with the biosynthetic pathway or potential
nitrone hydrolysis in the acidic compartments of the cell. To broaden the application of
SPANC for protein modification, they recently reported the dual functionalization of GFP.
The serine residue at the N-terminal of GFP was modified using the same one-pot three-step
procedure together with A-propargyl hydroxylamine to produce a propargyl function and an
in situ-generated nitrone that reacts readily with BCN-biotin conjugate. Then CUAAC
reaction was performed on the propargyl moiety with an azido-fluorescein conjugate. This
demonstrates the potential of combining SPANC with CUAAC for dual labeling of
proteins.8®

In the same year, an independent report by Pezacki and co-workers described the use of
aromatic acyclic and endocyclic nitrones as dipoles for rapid strain-promoted 1,3-dipolar
cycloaddition with DIBO.86 The following year, they reported the use of cyclic nitrones for
labeling human cancer cells via SPANC with DIBO.87 The reaction of cyclic nitrones with
DIBO reaches a rate of 3.38 + 0.31 M~1 s71 that is 59 times greater than the corresponding
SPAAC of DIBO. To demonstrate the ability of cyclic nitrones to modify proteins by
SPANC, BSA was modified at the lysine residues with nitrones. Subsequent reaction with
DIBO-Alexa Fluor 3488 conjugate at 0-60 minutes showed time-dependent labeling based
on in-gel fluorescence scanning. They also extended the utility of SPANC with cyclic
nitrones to cellular imaging. To this end, epidermal growth factor receptors (EGFR) that are
over expressed on the surface of human breast cancer cell line MDA-MB-468 were labeled.
To accomplish this, the epidermal growth factor (EGF) protein was coupled with a 5-
membered cyclic nitrone then targeted to EGFR. Labeling was carried out using DIBO-
biotin then followed by detection with streptavidin-FITC (Scheme 5b). A faster reaction of
cyclic nitrones in SPANC was achieved with the use of BARAC with a rate constant of 47.3
M1 571, This reaction is 47 times faster than SPAAC of BARAC and 14 times faster than
the previously reported SPANC reaction.88
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Palladium-mediated cross-coupling reactions

The interest in using palladium complexes as organometallic tools to investigate biological
processes has been steadily growing in the past few years. In 2007, Yokoyama and co-
workers first reported the use of Pd(OAc),-triphenylphosphine-3,3’,3’’-trisulfonate complex
to achieve Sonogashira cross-coupling between iodophenylalanine-encoded Ras protein and
propargylic biotin in aqueous medium containing 12% DMSO and 0.7 mM CuOTf with
25% yield.89To improve reaction efficiency, we reported the discovery of a water-soluble
palladium-2-amino-4,6-dihydroxypyrimidine (ADHP) complex that allowed copper-free
Sonogashira cross-coupling reactions with alkyne-encoded proteins both in aqueous medium
and inside £. coli cells.% In brief, an alkyne amino acid homopropargyl-glycine (Hpg) was
incorporated into the small ubiquitin protein as a methionine surrogate by expressing the
protein in M15A, a methionine auxotroph, in the presence of Hpg. The Hpg-encoded
ubiquitin (Ub-Hpg) was incubated with 50 equiv of fluorescein iodide and 50 equiv of
palladium—ADHP complex (Scheme 6a) in phosphate buffer, and the cross-coupling
reaction reached completion after 30 minutes based on LC-MS analysis. Furthermore,
M15A cells overexpressing Ub-Hpg were treated with a solution of 1 mM Pd—-ADHP
complex, 100 pM fluorescein iodide, and 5 mM sodium ascorbate in sodium phosphate
buffer for 4 hours, and fluorescent labeling of Ub-Hpg was detected by SDS-PAGE/in-gel
fluorescence analysis.? Recently, we showed that palladacycles can serve as convenient,
storable reagents to effect selective functionalization of the Hpg-encoded proteins in
biological buffer, though the Heck-type cross-coupling products were observed.9

More recently, Chen and co-workers reported a ligand-free Sonogashira cross-coupling
reaction for fluorescent labeling of the intracellular proteins.®2 In their study, they found
Pd(NO3), was in itself sufficient to catalyse efficient cross-coupling between alkyne-
encoded GFP (GFP-alkyne) and rhodamine-conjugated phenyl iodide. To assess cellular
uptake of the palladium complex, £. coli cells were treated with 200 pM Pd(NO3), for 1
hour at room temperature and the intracellular palladium concentration was analyzed by
inductively coupled plasma mass spectrometry (ICP-MS). A 50-fold increase in intracellular
palladium concentration was observed compared to the untreated cells. This shows that
bacteria are able to uptake the palladium species with no apparent toxicity, consistent with
the previous studies on Pd-nanoparticles.93 To demonstrate that this new cross-coupling
condition is suitable for protein labeling inside £. coli cells, GFP-alkyne was treated with
200 uMPd(NO3), and 200 uMrhodamine-conjugated phenyl iodide at room temperature for
1 hour (Scheme 6b). In-gel fluorescence and western blot analysis confirmed the specificity
of the Pd(NO3), mediated intracellular Sonogashira cross-coupling inside bacterial cells.
They further showed that this new reaction condition can be extended to intracellular protein
labeling in gram-negative Shigella cells by labeling an alkyne-modified virulence protein,
Type-111 secretion (T3S) effector-OspF.

The ability to perform Suzuki-Miyaura cross-coupling in proteins was first demonstrated by
the group of Hamachi, wherein a chemically-synthesized WW domain of Pinl protein was
modified in aqueous solution under ligandless conditions using a soluble palladium catalyst
(NayPdCl,).%* A more general approach to performing Suzuki-Miyaura cross-coupling on
proteins was presented by Schultz and co-workers in which a boronate-containing amino
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acid was genetically incorporated into a cysteine-free T4 lysozyme, and modified with
BODIPY-phenyliodide.?> One disadvantage of the method presented by the group of
Schultz is the use of high temperature (70°C) to achieve efficient cross-coupling.
Subsequent studies conducted by Davis and co-workers met this challenge with the report on
efficient Suzuki-Miyaura cross-coupling between the p-iodobenzene-modified subtilisin
protein and various aryl and vinyl boronic acids in phosphate buffer.% Using similar
reaction conditions, Liu and co-workers was able to employ Suzuki-Miyaura cross-coupling
on Z-domain protein bearing a genetically incorporated p-iodophenylalanine.® Following
this development, the Davis group showed that Suzuki-Miyaura cross-coupling can also be
employed to modify a genetically encoded, iodophenylalanine-containing maltose-binding
protein (MBP).%8 A 50% yield was obtained when 50 equiv of Pd catalyst and 680 equiv of
boronic acid were used at 37°C for 1 hour, and complete conversion was achieved after 2
hours of incubation (Scheme 6¢). They also found that the treatment with 3-
mercaptopropionic acid as a scavenger was critical as no ion peaks were detected by LC-MS
in its absence. They later demonstrated the utility of Suzuki-Miyaura cross-coupling in
labeling channel protein OmpC carrying the genetically encoded p-iodophenylalanine with
boronic acid-fluorescein(BA-Fluo) on the surface of £, coli®® Labeling was achieved with
600 uM BA-Fluo and 350 uM Pd catalyst for 1 hour (Scheme 6d). The same palladium
complex was also employed to conjugate the boronic acid-modified carbohydrates onto the
E. coli surface.190 Davis and co-workers reported recently that Suzuki-Miyaura cross-
coupling also allowed the site-selective conjugation of polyethylene glycol (PEG) onto
proteins using a water-soluble Pd salt without addition of ligands.191 Their strategy relies on
the stabilizing effect of PEG observed previously with the Pd-nanoparticle-based
catalysts.93, 102-105 Tyyo model proteins were chosen for the demonstration of their system,
3-layer-a/B-Rossman-fold protein subtilisin from Bacillus lentus(SBL) and all-B-helix
protein 275-276 from Nostoc punctiforme(Npp), along with two different iodinated
unnatural amino acids. The SBL protein was modified chemically with p-iodobenzylcysteine
(Pic) at position 156 (SBL-156Pic) and Npp was charged with p-iodophenylalanine (plPhe)
at position 69 via amber codon suppression (Npp-69 plPhe). The two modified proteins were
allowed to react via Suzuki-Miyaura cross-coupling with 2 kDa monomethoxy PEG
phenylboronic acid (MPEG2k-PBA) and K,PdCl,. SDS-PAGE analysis showed the
successful PEGylation of SBL-156Pic and Npp-69 plPhe with 70% and 60% yield,
respectively, under the ligand-free conditions. A very recent report by the Davis group
described the application of Pd-catalyzed Suzuki-Miyaura cross-coupling to modifying
DNA for the preparation of functional probes.19¢ This method uses mild conditions that are
biologically relevant (37°C, pH 8.5) with a broad range of substrates and excellent yields.
Their method utilizes an iododeoxyuridine (1dU) installed in the middle of an
oligodeoxynucleotide (ODN). Using previously reported ligands, 2-aminopyrimidine-4,6-
diol6 and its N,N’-dimethylated analogue that aid in Suzuki-Miyaura cross-coupling, in
tandem with Tris buffer at pH 8.5, they were able to introduce a variety of functional groups
into ODNSs. To promote efficient entry of palladium into mammalian cells, Bradley and co-
workers developed a nanoparticle-based system in which Pd? is enclosed in polystyrene
microspheres.197 The ability of the Pd% microspheres to catalyse Suzuki-Miyaura cross-
coupling inside HeLa cells was demonstrated through in situ synthesis of a fluorescent dye
from alkylaminophenylboronate and a lipophilic mono-triflate conjugated to fluorescein.
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The microsphere delivery strategy makes it possible to anchor Pd%-based heterogeneous
catalysts in a pseudo-organelle inside living cells for an extended period in order to perform
intracellular palladium chemistry without posing toxicity risks. It remains to be seen whether
this strategy works with protein modifications inside living cells.

Ruthenium-catalysed reactions

Aside from palladium, ruthenium as catalyst for olefin cross-metathesis on proteins has
gained significant development in recent years. From the early example of functionalization
of serine protease subtilisin Bacillus lentus(SBL) via olefin cross-metathesis (OCM) using
allyl sulfides as privileged substrates,108 followed by the method development for installing
S-allyl cysteine on protein surfaces reported by Davis and co-workers,109 and the genetic
encoding of alkene-modified amino acids in yeast by Schultz and co-workers,110 OCM has
emerged as a viable strategy for protein modification. The discovery of the reactivity
enhancement brought by allyl sulfide and allylic hydroxy groups on OCM revealed the
positive effect of allylic chalcogens in both synthesis and chemical biology applications of
OCM.111 112 recent example on the use of allyl sulfides as privileged substrates for OCM
was reported by Vederas and co-workers in which cysteine was replaced by S-allyl cysteine
in oxytocin leading to a stable analog via ring-closing metathesis.113 The latest development
on the use of OCM was reported by the Davis group wherein Se-allyl-selenocysteine was
found to be more reactive than S-ally sulfides, with a reaction rate reaching 0.3 M~1s71, This
strategy was applied to histone acetylation, mimicking an acetylated lysine, which is an
important epigenetic marker.114

New bioorthogonal reactions

Most bioorthogonal reactions reported to date are based on either cycloaddition reactions or
transition metal-catalysed reactions. The relatively small number of reactions in
bioorthogonal chemistry toolkit warrants continuous exploration of new reactivity space that
is compatible with biological systems, i.e., aqueous, oxygen-rich environment with abundant
biological nucleophiles and electrophiles. In the following, we selected examples from the
recent literature to highlight the strategies employed in their development and their potential
drawbacks.

The first example of a [4+1] cycloaddition for biological systems was reported by the
Leeper group in 2011, in which isonitriles were shown to participate the click-type reactions
with tetrazines.115 This cycloaddition reaction was developed previously for the synthesis of
aminopyrazoles from benzyl isonitriles and substituted tetrazines.116 The reaction proceeds
as follows: tetrazine and isonitrile react via [4+1] cycloaddition to form norbornadienimine,
which spontaneously undergoes [4+2] cycloreversion to form 4 H-pyrazol-4-imine
derivatives with subsequent release of Ny, and tautomerize to aromatic pyrazoles, which is
then hydrolyzed to aminopyrazoles. The rate of reaction was determined to be 0.052 + 0.9
M~1s71 comparable to SPAAC of the second-generation DIFO (k= 0.042 + 0.2 M~1s71),
To test the biocompatibility of this reaction, a mutant C2A domain of synaptotagmin-I was
modified to carry an isonitrile group at position 78 (C2Am-isonitrile). A solution of C2m-
isonitrile (60 UM, pH 7.4) was incubated with 540 pM of tetrazine-rhodamine for 18 hours at
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room temperature (Scheme 7a). Mass spectrometric analysis revealed full conversion to the
4 H-pyrazol-4-imine product with a small amount of the fer-amine hydrolysis product.
Earlier this year, the isonitrile-tetrazine click chemistry was applied to metabolic glycan
imaging.117 The labeling of cell surface glycans was achieved using isonitrile-modified
sugars that are metabolically incorporated followed by a two-step labeling procedure with
biotin-tetrazine and neutravidin-DyL ight680. Leeper and co-workers also demonstrated that
this chemistry is orthogonal to the azide-alkyne chemistry, which may allow simultaneous
differential multi-sugar imaging.

Bertozzi and co-workers reported two new bioorthogonal reactions in the past two years: the
quadricyclane ligation between the highly strained hydrocarbon quadricyclane and the Ni
bis(dithiolene) reagents,118 and the Pictet-Spengler ligation for chemical modification of
aldehyde-functionalized proteins.11® The suitability of quadricylclane ligation for protein
modification was demonstrated by incubating the quadricyclane-modified bovine serum
albumin (QC-BSA) with varying concentrations of Ni bis(dithiolene) for various times
(Scheme 7b); a time- and concentration-dependent protein labeling was detected. Since
quadricyclane is relatively small, it should be amenable to genetic or metabolic encoding in
various biomolecules. At this point, we have yet to see the application of this reaction to live
cell labeling. The potential drawbacks of quadricyclane ligation includes susceptibility of
the Ni bis(dithiolene) to reduction in biological media where stabilizing additives are not
suitable. On the other hand, the Pictet-Spengler ligation involves the condensation of an
aldehyde and an alkoxyamine, to generate an oxyiminium intermediate, which undergoes
spontaneous intramolecular C-C bond formation with the indole nucleophile to form a stable
oxycarboline product. To demonstrate that Pictet-Spengler ligation is suitable for protein
modifcation, horse heart myoglobin with an N-terminal glyoxyl moiety was prepared via
pyridoxal phosphate-mediated transamination reaction. The alkoxyamine-modified
myoglobin was then treated with biotinylated aminoxy-indole (Scheme 7¢), and the
conjugated product was analyzed by SDS-PAGE and Western blotting. A concentration and
time-dependent biotinylation of myoglobin was observed. Furthermore, a 6-residue peptide
(LCTPSR) was appended to the formylglycine-modified MBP and a thrombin cleavage site
was engineered at N-terminal to the aldehyde tag. After incubation with 1 mM aminooxy-
indole at 37°C for 1 hour, a quantitative conversion to a single adduct was observed by ESI-
MS. Trypsin digestion of the adduct released the 8-residue peptide at the C-terminus and
thrombin cleavage confirmed that the modification occurred at the FGly residue.

The venerable Wittig reaction was introduced in 1954 by George Wittig,120 and has proven
to be one of the most powerful methods for C-C double-bond construction. To investigate
whether Wittig reaction is suitable for protein modification, the Ye group modified the N-
terminal serine residue of chemokine interleukin-8 (IL-8) by oxidation with NalO4 at room
temperature to generate an aldehyde, 12! and then treated the aldehyde-containing I1L-8 with
an ylide reagent in 4:1 H,O/~BuOH. MALDI-TOF analysis indicated the formation of the
desired Wittig product with complete conversion.122 In another example, the N-terminally
aldehyde-modified myoglobin was allowed to react with 15 uM ylide reagent at 37°C for 30
minutes (Scheme 7d), and the Wittig product was formed at 65% yield based on ESI-MS
analysis. MALDI-TOF/TOF analysis confirmed that the modification occurred at the N-
terminus of myoglobin.
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Earlier this year, a new bioorthogonal reaction based on the hetero-Diels-Alder (HDA)
cycloaddition of o-quinolinone quinone methide (0QQM) and vinyl thioether (VT) was
reported by the Lei group.123 The synthetic intermediates o-quinone methides (0QM) have
been widely used in natural product synthesis.124 The generation of these intermediates
typically requires hash conditions that are not compatible with biological systems. For
example, the Popik group described the use of UV light to generate o-naphthoquinone
methides, which limits their use in cellular systems because of potential phototoxicity. To
overcome this, Lei and co-workers designed 8-(hydroxymethyl)-2-methylquinolin-7-ol as
the 0QQM precursor and 2-(vinylthio)ethanol as the dienophile. The HDA reaction between
this new pair proceeded smoothly in water at 37°C, giving 92% yield after 24-hour
incubation. The second-order rate constant was measured to be 0.0015 M~1s71, comparable
to those of Staudinger ligation (k= 0.0025M~1s71) and SPAAC of OCT (k= 0.0012
M~1s71), After verying that both reactants were stable against oxidation, they tested the
reaction first for selective protein labeling /n vitro by modifying the lysine residues in BSA
with A-succinimidyl-2-(vinylthio)-ethyl carbonate to generate the vinylthio-modified BSA
(VT-BSA). They then incubated VT-BSA with either a biotinylated 0)QQM or a fluorescein-
conjugated o0QQM (Scheme 7e). Western blot and in-gel fluorescence analyses showed
selective labeling of VT-BSA with minimum background. Furthermore, 0)QQM-VT ligation
was also successfully applied to fluorescent labeling of the VT-modified taxol inside live
Hela cells.

Mutually exclusive bioorthogonal reactions

The use of two mutually exclusive bioorthogonal reactions for dual labeling of biomolecules
has been gaining popularity recently. Analogous to the development of fluorescent proteins
with a full colour pallet, the ability to use mutually exclusive bioorthogonal reactions for
rapid, simultaneous, dual labeling of biomolecules should offer a powerful tool to study of
protein conformational changes and protein-protein interactions in living system, e.g.,
through FRET-based studies.

To achieve dual labeling, two chemical reporters need to be incorporated into the target
biomolecule. To this end, Anthony, Davis, and co-workers reported a chemical tagging
strategy that allow multiple modifications to protein scaffolds expressed in bacteria,
mimicking the post-translational modification that is only seen in higher organisms.12% In
this study, azide-bearing protein was modified with the alkyne-containing sugars v7a click
chemistry, or vice versa, to produce glycoproteins in conjunction with modification of
cysteine with glycomethanethiosulphonates. In a later study, Schultz, Deniz, and co-workers
reported the genetic incorporation of a ketone amino acid into T4 lysozyme in addition to
the presence of native cysteine to allow dual fluorescent labeling through the condensation
reaction with alkoxyamine-Alexa 488 and the Michael addition with maleimide-Alexa 594,
respectively.126 A more general approach is to incorporate two different UAAs. To this end,
the Liu group reported the genetic incorporation of two UAAs in a single protein via
suppression of two stop codons, amber and ochre.127 Later, they reported that p-
azidophenylalanine and 2-amino-8-oxononanoic acid were incorporated into the glutamine-
binding protein (QBP) and labeled with DIBAC-rhodamine and coumarin-alkoxyamine,
respectively, via SPAAC and oxime formation reactions inside £. coli. cells.128
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The Overkleeft group reported the first use of tandem bioorthogonal reactions, i.e.,
Staudinger ligation and Diels-Alder cycloaddition, in activity-based protein profiling in a
complex biological environment.129 They developed the diene-containing probes that are
directed to the enzyme active site, and maleimide-modified BODIPY (TMR)-tag as
dienophile. They showed that this reaction is fully orthogonal to the Staudinger ligation,
which can be used for simultaneous tracking of enzymatic activities. This strategy, although
successful in monitoring the activity of endogenous proteases in cell lysates, suffers from
nonspecific labeling due to the presence of free thiol groups that can participate in Michael
addition with the diene probe. The same group reported a more elaborate use of mutually
exclusive bioorthogonal reactions, wherein they demonstrated a triple bioorthogonal ligation
strategy for activity-based protein profiling.130 The triple ligation strategy employs the
tetrazine ligation, Staudinger ligation and CUAAC. In a single experiment, they were able to
label multiple enzymatic activities in the 20S proteasome that contains three catalytic
subunits. To achieve this, they used a newly developed two-step tetrazine ligation using a
norbornene activity-based probe (ABP) as a ligation handle and tetrazine-conjugated
fluorophore as a labeling probe, together with an azide ABP-phosphine probe pair for the
Staudinger ligation and an alkyne-ABP-azide probe for CUAAC.

Another example of employing two bioorthogonal reactions for simultaneous labeling of
cells was reported by Hilderbrand and co-workers wherein tetrazine-transcyclooctene and
azide-cyclooctyne cycloaddition was shown to be mutually orthogonal and allow labeling of
two targets in a complex biological environment.131 This was accomplished by co-culturing
SKBR-3 and A431 cell lines then modifying with Cetuximab-AF488-DIBAC and
Herceptin-AF568-TCO conjugates, respectively. Labeling was done simultaneously using
AF67-azide and AF750-tetrazine that target DIBAC-modified SKBR-3 and TCO-modified
A431 cells, respectively. Flow cytometry analysis and confocal imaging confirmed the
specificity and orthogonality of both reactions showing the fluorescent labeling of two
different cell types in a single experiment. A similar strategy was recently employed by
Wittmann and co-workers wherein they demonstrated the double labeling of two differently
modified monosaccharides, which were metabolically incorporated, by combining tetrazine
ligation and SPAAC.132 |n this study, they used a terminal alkene as reporter for tetrazine
ligation and showed its efficient metabolic incorporation into cell surface glycans, which has
not been reported before. They incorporated two different monosaccharides onto the cell
surface that carry a terminal alkene and an azide, and then labeled them with tetrazine-
biotin/AF647-streatavidin and AF488-DIBO, respectively. By combining tetrazine ligation
and SPAAC, the imaging of two different glycan structures can be carried out in a single
experiment.

Conclusions and Future Directions

Since its inception more than a decade ago, bioorthogonal chemistry has matured to the
stage where it has been routinely employed in the study of biological processes in living
systems. Many aspects of bioorthogonal reactions have been optimized over the last few
years, including faster reaction rates, expanded sets of unnatural substrates for efficient
introduction into proteins, glycans, nucleic acids, and lipids, new methods for simultaneous
introduction of multiple bioorthogonal reporters, fluorogenic reactions for facile biological
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imaging, and robust photoactivatable reagents for imaging with improved spatial and
temporal control with minimal phototoxicity. During the optimization of reaction Kinetics,
several successful strategies have emerged, including the use of ring strain to activate
substrate and the design of new ligands or privileged substrates to accelerate the transition
metal-catalysed reactions. In addition, a greater attention has been directed toward the
physiochemical properties of the reagents and their interactions with the biological
environments where bioconjugation reactions operate, including reagent solubility, stability,
permeability and toxicity, as well as photophysical properties of the bioconjugates.

Looking ahead, while there is a continuing need to develop new bioorthogonal reactions, it
would be particularly valuable if these reactions are mutually exclusive with respect to the
existing ones. The emergence of genetic and metabolic encoding of multiple bioorthogonal
reporters together with their cognate mutually exclusive bioorthogonal reactions promises to
open new venues of biological investigations, e.g., the study of conformational dynamics of
biomolecules and their interactions of other biomolecules, and the multiplexed interrogation
of the subfamilies in a proteomic and glycomic study. Finally, with the metabolic33 and
genetic encoding®34, 135 of bioorthogonal groups in animals becoming possible, it is exciting
to see what new biological insights will be gleaned in the near future with these unique
chemical reactivity-based tools.
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Figure 1.
Structure of ligands for biocompatible copper-catalysed azide-alkyne cycloaddition.
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Figure2.

Evolution of strained alkyne reagents for strain-promoted azide-alkyne cycloaddition

showing improved kinetics.
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Genetically encoded amino acids for tetrazine ligation.
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Scheme 1.
Proposed mechanism for the copper-catalysed azide-alkyne cycloaddition with two copper
atoms.19
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Scheme 2.
Bioorthogonal labeling via strain-promoted azide-alkyne cycloaddition.
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Scheme 3.
Cell surface labeling viatetrazine ligation using cyclopropene as a bioorthogonal reporter.
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Scheme 4.
Photoinduced protein labeling vza photolick chemistry.
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Scheme 5.
Protein modification via strain-promoted alkyne-nitrone cycloaddition.
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Scheme 6.
Palladium-catalysed bioorthogonal cross-coupling reactions for protein modification.
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Scheme 7.
Newly developed bioorthogonal reactions.
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