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Bioorthogonal chemistry allows for selective and eﬃcient modiﬁcation of biomolecules in their natural
environment. Several strategies have been developed over the past years that employ cellular
biosynthetic pathways to incorporate the desired functionalities. These moieties in turn eﬃciently react
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with exogenously added complementary reaction partners. This ﬁeld has now moved forward from a
conceptual phase to the application of these methodologies in living systems. In this perspective, we
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highlight recent and exciting developments pertaining to the use of bioorthogonal chemistry in living
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organisms.

Introduction
In recent years our understanding of biological processes has
been greatly extended by the behavioral study of biomolecules
in their natural environment. To facilitate this research it is
necessary to have access to highly selective labeling protocols
that enable tracking of a specic biomolecule inside cells or
organisms. The current most commonly used strategy entails
the construction of genetic fusions with uorescent proteins.
However, such manipulations can interfere with the structure
as well as the function of the proteins of interest due to the
size of the added tag. Furthermore, glycans and lipids cannot
be studied with such standard molecular biology techniques,
because they are not genetically encoded. Over the past two
decades, scientists have therefore begun to search for new
chemical-based methodologies to covalently modify biomolecules in vivo. Classical bioconjugation approaches include the
use of thiol–maleimide chemistry or the coupling between
amines and activated esters. Despite their utility, these
methods are limited to in vitro manipulations with low levels of
complexity; these reactions are not selective enough to probe a
particular biomolecule of interest within its native cellular
environment. Chemical reactions that are suitable to label
biomolecules in their native context have to meet the criteria of
bioorthogonality: (i) no interference or cross-reactivity with
naturally occurring functionalities should occur; (ii) they
should show reactivity under mild, physiological conditions;
and (iii) the reactions employed should not induce toxicity.1
Furthermore, to covalently label the biomolecule of interest in
its natural environment one of the reaction partners has to be
introduced into the biomolecule and should only minimally, if
at all, perturb its biological function. In most cases, this
reaction partner is a non-natural functionality, which thus
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requires specialized techniques for its introduction in
biomolecules. The accrued interest in bioorthogonal chemistry
has led to the development of exciting methodologies that
introduce various bioorthogonal reactive groups into biomolecules in living systems. Among these, three techniques in
particular have made it possible to perform bioorthogonal
chemistry inside living organisms. The rst technique relies on
a pre-targeting approach in which the reaction partners are
incorporated ex vivo in the biomolecule of interest and the
probe molecule, which are subsequently introduced into the
organism where they react with each other.2 Although this
methodology does not involve the chemical modication of the
organism's own biomolecules, its success fully depends on
chemical conjugation techniques that are highly selective and
eﬃcient in a biological context. The second method introduces
the reaction partner by simply hijacking the metabolic
machinery of the cell.3 The last technique uses non-canonical
amino acids to install bioorthogonal, reactive groups into
proteins.4,5
Pharmacokinetic parameters such as stability, biodistribution and bioavailability of the reactive probes inuence
the success of bioorthogonal reactions in multicellular organisms and the same applies to their eventual use in clinically
relevant applications. For example, when using bioorthogonal
chemistry for imaging or therapy purposes, low concentrations
of the imaging probe or therapeutic have to be suﬃcient to label
low-abundant targets within the organism. The probe may have
to penetrate into deeper tissue layers to reach the target. It
further needs to quickly distribute and clear from the body to
increase the imaging contrast or lower the exposure of the
therapeutic to non-targets. This also implies that the reaction
between probe and target needs to be fast, because of the
narrow time window between administering of the probe and
its clearance. It is also important to consider that additional
washing steps, which can be performed to remove excess of
unreacted probe in cell culture systems, are of course not
feasible within a multicellular organism.
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In this perspective, we will rst briey describe the main
types of bioorthogonal reactions that have been developed to
date and which are depicted in Scheme 1. For detailed information about the underlying chemistry, we refer to other
excellent reviews in this eld.1,6,7 We will focus on the three
main techniques that have been used to introduce bioorthogonal moieties into biomolecules in living organisms, and
will highlight their potential applications.

Bioorthogonal reactions
One of the most commonly used bioorthogonal groups is the
azide. It is small in size, absent from biological systems and
inert to naturally occurring functionalities. The azide was rst
used in bioconjugation with the development of the Staudinger
ligation. In this reaction, the azide moiety reacts with a triarylphosphine to form a stable amide bond (Scheme 1, reaction 1).8
Although this reaction is highly selective even in complex biological environments, the rate of this reaction is rather slow
(typical second-order rate constant of 0.0020 M1 s1) and
scientists have therefore continued searching for alternative
reactions with improved reaction kinetics.1 This led to the
discovery of the strain-promoted azide–alkyne cycloaddition
(SPAAC), which also uses the azide as one of the reaction partners. SPAAC is a variant of the copper(I)-catalyzed Huisgen
azide–alkyne cycloaddition (CuAAC, oen referred to as ‘clickchemistry’, depicted in Scheme 1, reaction 2), but does not
require the cytotoxic copper that is used in CuAAC as the catalyst.9–11 In SPAAC, a ring strain instead is used to activate the
alkyne, which then spontaneously reacts with azides resulting
in the formation of a triazole (Scheme 1, reaction 3). Over the
years, the strained cyclooctynes have gone through a range of
modications to improve reaction rates (with reaction kinetics
up to two orders of magnitude higher than for the Staudinger
ligation) and to reduce their hydrophobicity.12 In 2008, a new

Scheme 1

Bioorthogonal reactions described in this perspective.
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bioorthogonal reaction, based on the inverse-electron-demand
[4+2] cycloaddition of 1,2,4,5-tetrazines with strained alkenes,
was introduced by the groups of Fox and Hilderbrand. They
reported that 1,2,4,5-tetrazines spontaneously and selectively
react in aqueous media with trans-cyclooctene (TCO) and norbornene (Scheme 1, reactions 4 and 5, respectively). Both bioorthogonal reactions show extremely high reaction rates (with
second-order rate constants of 1.9 M1 s1 in aqueous buﬀer for
norbornene and 2000 M1 s1 in 9 : 1 methanol–water for TCO).
TCO is the quickest reactant, but it is also the least stable and
poses greater challenges in its synthesis.13,14 The rate of this
bioorthogonal reaction can be further tuned by substituents at
the 3 and 6 position (R2 and R3, Scheme 1, reactions 4 and 5) of
the tetrazine, albeit aﬀecting its solubility and stability in
aqueous media, which are key factors to consider in biological
studies.15 Some cyclooctyne derivatives have also been recently
shown to react with tetrazines.16,17
All of these bioorthogonal reactions have been successfully
applied in the context of biological systems.1,7 Careful considerations must be taken when choosing a bioorthogonal system
as each bioorthogonal reaction presents unique advantages as
well as limitations. The choice for a certain reaction type can
therefore vary per application, and is aﬀected by parameters
such as reaction rate, hydrophilicity of the reaction partners,
their ease of introduction and synthetic accessibility.

Bioorthogonal reactions in tumor pre-targeting
Antibodies that are directly conjugated to radionuclides have
been traditionally used in the imaging and treatment of
tumors.18 Although these antibodies are highly selective for
antigens that are expressed on the cell surface of tumor cells,
they show slow clearance from the body due to their relatively
large size. In tumor pre-targeting the delivery of the antibody is
separated from the delivery of the radionuclide. The antibody is
rst administered and allowed to locate to the tumor. In the
second step, the small radionuclide is administered and can
bind to the tumor-bound antibody. In contrast to radiolabeled
antibodies, small radionuclides are cleared from the body at a
faster rate, which results in better imaging contrast and reduced
exposure to ionizing radiation in non-target tissues (Fig. 1A).
Streptavidin-tagged antibodies combined with radiolabeled
biotin have been used for tumor pre-targeting purposes.
However, this system suﬀers from the immunogenic response
towards streptavidin, which is another important factor one
encounters when transferring technologies to more complex
organisms such as mice. Another pre-targeting approach
involves bispecic antibodies that rst bind to the tumor and
subsequently to the radionuclide-carrier. One disadvantage of
this method is the need to genetically re-engineer the antibody.18 It goes without saying that scientists have recently
recognized the potential of bioorthogonal chemistry for tumor
pre-targeting. Indeed, Rossin et al. were rst to apply the technique in living animals by using the inverse-electron-demand
Diels–Alder cycloaddition reaction between a TCO-conjugated
antibody and a 111[In]-radiolabeled tetrazine probe.2 Singlephoton emission computed tomography (SPECT) revealed the
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Fig. 1 (A) The two-step protocol of tumor pre-targeting in comparison to the traditional approach, which is the direct injection of the radionuclide-labeled antibody (Ab) into the organism. (B) The principle of metabolic oligosaccharide engineering: an unnatural monosaccharide
bearing a reactive handle is ﬁrst incorporated into glycan structures and then functionalized with an exogenous probe.

specic labeling of the tumor in mice with a good tumor-tomuscle ratio (13.1 : 1) three hours aer injection of the radiolabeled compound. Further tumor pre-targeting studies by
Devaraj et al. and Zeglis et al. highlighted the value of this
bioorthogonal reaction for imaging and drug delivery
purposes.19,20 As the bioorthogonal handles are conjugated to
the antibody and radionuclide in vitro, there is no intrinsic
limitation to the type of reactive group that can be installed, and
all of the reactions mentioned in Scheme 1 therefore are
feasible for application in a pre-targeting approach. It is
however clear that this pre-targeting approach can only be
successful if the bioorthogonal reaction applied is robust, and
exhibits fast reaction rates. This issue was well exemplied in a
comparative study by van den Bosch et al. who tested the ability
of the SPAAC for in vivo pre-targeting using the azido-functionalized monoclonal antibody Rituximab.21 They synthesized
three diﬀerent 177[Lu] radiolabeled probes, bearing either
diuorinated cyclooctynes or a dibenzocyclooctyne moiety.
Blood retention times of these probes in nude mice were used to
assess reactivity. Low reaction rates and interaction with serum
proteins severely decreased the eﬃciency of the SPAAC reaction
in vivo. Conjugating the cyclooctyne moiety to the antibody
could serve as a potential solution to the problem as the bulkiness of the antibody itself could reduce unspecic interactions
with serum proteins. Furthermore, reaction rates could be
improved by using cyclooctynes that display enhanced reactivity,
such
as
dibenzoazacyclooctyne
and
biarylazacyclooctynone.22,23 This was demonstrated by Lee et al. who
recently utilized the SPAAC reaction with dibenzoazacyclooctyne in tumor pre-targeting experiments in mice and
observed a signicantly higher tumor uptake within two hours
aer injection compared to the control group.24 Despite some
technical variations these results are in line with the ndings
published by Rossin et al., who used the reaction between TCO

This journal is © The Royal Society of Chemistry 2014

and tetrazine for pre-targeting studies.2,24 More studies are
needed to explore the full potential of the SPAAC reaction with
diﬀerent cyclooctyne variants for in vivo pre-targeting applications. In spite of that, the reaction of TCO with 1,2,4,5-tetrazines
remains the fastest bioorthogonal reaction used to date and is
highly specic in complex biological systems.25 The stability of
TCO, which can isomerize to its unreactive cis-form, has also
been addressed to further improve this reaction for in vivo
applications.26 In light of these studies, it has become clear that
this pre-targeting method can form a viable alternative to
traditional approaches and has the potential to emerge as the
treatment of choice in future clinical settings.

Probing non-proteogenic targets using
metabolic engineering and
bioorthogonal chemistry
Glycans
Glycans are an important class of carbohydrates which play vital
roles in numerous developmental processes (for a comprehensive review see ref. 27). They are covalently linked to proteins or
lipids inside cells as well as on cell surfaces. In fact, aberrant
glycosylation patterns can serve as a biomarker in a number of
diseases.28 In contrast to proteins, glycans are not genetically
encoded. Standard molecular biology tools commonly used to
study proteins or nucleic acids are therefore not applicable.
Antibodies and other carbohydrate-binding proteins have been
used to visualize and enrich glycoconjugates. However, these
methods suﬀer from tissue impermeability, which limits their
use in in vivo systems. The laboratory of Bertozzi developed a
new, two-step chemical reporter strategy, to label glycans using
metabolic oligosaccharide engineering (MOE) and bioorthogonal chemistry. They showed that a chemically reactive
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group can be metabolically incorporated into cellular glycans by
feeding cells with an unnatural monosaccharide substrate. The
reactive group, or chemical reporter, has to be small enough to
be adopted by the metabolic machinery of a cell, and inert
towards naturally occurring functionalities. Again, the azide
group has proven to be an ideal chemical reporter due to its
small size, inertness and absence from natural systems. The
azide, once incorporated into glycans, can be conjugated to an
appropriately functionalized, exogenous probe using Staudinger ligation or SPAAC for imaging or aﬃnity purication
(Fig. 1B).3,8,29 Glycans following the sialic acid biosynthesis
pathway were the rst to be probed using MOE.8 This metabolic
pathway has proven to be amenable to analogues that carry
modications at the N-acetyl position (C5) or the C9 position of
sialic acid (Fig. 2). The installation of a chemical reporter in
sialic acids can be achieved by directly feeding the sialic acid
analogue or by providing analogues of the precursor for the
sialic acid biosynthesis, N-acetyl-D-mannosamine (ManNAc).
ManNAc analogues are easily synthesized and are therefore the
preferred choice for engineering sialic acids.
This chemical reporter strategy has proven to be an
extremely powerful method for the in vivo imaging of
membrane-bound and intracellular glycans in developing
organisms, something that cannot be achieved using antibodies
or carbohydrate-binding proteins.30 For example, zebrash
embryos have been successfully labeled using the unnatural
peracetylated monosaccharide, N-azidoacetyl-galactosamine
(Ac4GalNAz, Fig. 2). Embryos were treated with Ac4GalNAz 3–72
hours post fertilization (hpf) and subsequently conjugated to a
uorescent probe using SPAAC. This enabled visualization of
regions with active sugar metabolism throughout the embryo.
Spatio-temporal resolution of these regions could be achieved
by an elegant two- and three-step labeling protocol utilizing
diﬀerent diuorinated cycloocytne-bearing (DIFO) Alexa probes,
thus allowing for diﬀerential labeling of old and newly synthesized GalNAz-bearing glycans throughout development
(Fig. 3A). The early post-fertilization visualization of glycans was
also made possible by directly microinjecting GalNAz into the
yolk sac of the embryo.31 To simultaneously image mucin-type
O-linked glycans and sialylated glycans in these embryos, the
peracetylated monosaccharide analogue N-a-azidoacetylmannosamine (Ac4ManNAz, Fig. 2) was also microinjected into

Fig. 2

Structures of sialic acid and unnatural monosaccharides.
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Fig. 3 (A) Labeling of newly synthesized glycans during zebraﬁsh
development. Embryos were treated with Ac4GalNAz from 3–61 hpf
and reacted with DIFO-647, followed by reaction with DIFO-488 (61–
62 hpf). This double labeling approach allows for spatio-temporal
resolution of glycan synthesis. Asterisk labeled section is magniﬁed and
shows labeling of ‘old’ and ‘newly-’ synthesized glycans in the mouth
region.30 Adapted with permission from S. T. Laughlin, J. M. Baskin, S. L.
Amacher and C. R. Bertozzi, Science, 2008, 320, 664–667. Copyright
(2008) American Association for the Advancement of Science. (B)
Zebraﬁsh embryos were injected with Ac4GalNAz at the single cell
stage. 24 hpf the embryos were ﬂuorescently labeled for 5 min using
the biocompatible CuAAC reaction or the SPAAC reaction with biarylazacyclooctynone (BARAC). A strong ﬂuorescent signal could be
detected when embryos were treated with the biocompatible CuAAC,
whereas labeling using SPAAC resulted only in a weak ﬂuorescent
signal.35 Adapted with permission from C. Besanceney-Webler, H.
Jiang, T. Zheng, L. Feng, D. Soriano del Amo, W. Wang, L. M. Klivansky,
F. L. Marlow, Y. Liu and P. Wu, Angew. Chem., 2011, 50, 8051–8056.
Copyright (2011) WILEY-VCH Verlag GmbH&Co.

the embryo. This however required microinjection of relatively
high concentrations of the monosaccharide analogue, which
led to developmental defects. Dehnert et al. later achieved the
visualization of sialic acid as early as 8.5 hpf through direct
microinjection of azido sialic acid (SiaNAz) into the yolk,
averting developmental abnormalities.32 The chemical reporter
strategy has also been applied to the study of fucosylated
glycans in zebrash, another common posttranslational modication which is key to development.33 The potential of the
chemical reporter strategy was even further illustrated by
probing glycans in the invertebrate roundworm Caenorhabditis
elegans (C. elegans), a valuable and well-studied model organism

This journal is © The Royal Society of Chemistry 2014
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used for its easy maintenance and transparency.34 The DIFOconjugates used in this study mainly labeled GalNAz-containing
glycans of C. elegans in regions that were accessible to the
solution such as pharynx, vulva, male tail and anus. The
development of new uorescent probes that can readily penetrate into the worm will oﬀer further insight into glycosylation
patterns within this model organism.
Next to azides, monosaccharides bearing terminal alkynes
have also been used as chemical reporters in MOE. Terminal
alkynes are also small in size and do not disturb the cellular
glycan biosynthesis machinery. However, their application in
living organisms was initially hindered by the cytotoxicity of the
copper catalyst that was needed for conjugation to azido-functionalized probes. To circumvent toxicity issues Wu and
coworkers succeeded in the preparation of a new, biocompatible copper catalyst that can be used for in vivo imaging by
applying stronger binding ligands, which prevented copper
from complexing with biomolecules. They and others demonstrated the in vivo imaging of fucose biosynthesis during early
zebrash development at non-toxic concentrations.36,37 With
this new catalyst formulation, they obtained a uorescent signal
within minutes, whereas copper-free labeling with one of the
fastest cyclooctyne variants available showed only weak labeling
of azido-bearing fucose residues in zebrash (Fig. 3B).35 The
laboratory of Ting used a diﬀerent approach to develop a
biocompatible version of the CuAAC reaction. They used
copper-chelating azides to label cell-surface proteins on
mammalian cells.38 The potential of these biocompatible
CuAAC reactions in more complex organisms such as mice
remains to be demonstrated, as both the catalyst and the
exogenous probe have to reach the target for the reaction to
occur. Recently, two other promising chemical reporters, a
terminal alkene and methylcyclopropene, have been introduced
into glycans. These studies have added the inverse-electron
demand Diels–Alder reaction as a new possibility for MOE, but
have only been applied in cultured systems so far.39,40 Both
reactive groups show lower reaction rates than TCO, but are
comparable with other bioorthogonal reactions such as the
Staudinger ligation or SPAAC with a dibenzocyclooctyne.39,40
Two types of bioorthogonal reactions have been used to
study polysaccharides in higher eukaryotes such as mice. Both
the Staudinger ligation and the SPAAC reaction were utilized for
MOE. In a study by Bertozzi and coworkers mice were administered with Ac4ManNAz intraperitoneally for seven days at a
concentration of 300 mg kg1, followed by in vivo functionalization with a phosphine-conjugated FLAG peptide. Ex vivo
analysis with a uorescently labeled anti-FLAG antibody
showed a signicant increase in uorescence on splenocytes
from Ac4ManNAz-treated mice compared to vehicle-treated
mice.41 The same strategy was also used to probe sugars containing N-acetyl-D-galactosamine in mice, by using GalNAz as
the unnatural monosaccharide analogue.42 The Staudinger
ligation does not appear to be the ideal in vivo reaction as
phosphine probes suﬀer from air oxidation, and its reaction
rate is much lower than that of the SPAAC reaction utilizing the
recently developed cylcooctyne variants. However, Chang and
coworkers found some remarkable results when they directly
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compared the eﬃciency of the SPAAC reaction to that of the
Staudinger ligation for the probing of azido-bearing glycans in
living mice. Diﬀerent FLAG-conjugated cyclooctyne variants
were tested for their ability to label ManNAz-bearing glycans.
Dimethoxy azacyclooctyne (DIMAC) and DIFO displayed the
best labeling amongst the tested cylcooctyne variants, but were
less eﬃcient than the phosphine probe. Although the Staudinger ligation is slower, it gave better in vivo labeling. Further
analysis revealed that the DIFO-probe also bound to mouse
serum albumin (MSA) in an azide-independent manner. The
hydrophobic nature of many cyclooctyne probes could promote
non-covalent interactions with other proteins. Furthermore, it
is known that some cyclooctynes can react with thiols. Noncovalent binding to MSA and subsequent reaction with one or
both thiols of MSA decrease the bioavailability of DIFO and may
explain the lower SPAAC-mediated labeling eﬃciency of azidotreated glycans in mice. DIMAC is less hydrophobic than DIFO
and indeed showed less MSA binding, but its use in in vivo
systems has been hampered by its low reaction rate. Although
other studies described the usage of the Staudinger ligation or
SPAAC reaction in mice, optimization is still needed.43–47 Future
research could, for example, focus on changing the hydrophilic
nature of cyclooctynes without losing reactivity, something that
the laboratory of Boons has been working on recently.48 It would
be interesting to test these probes in a living organism as it may
be that these cyclooctyne variants show decreased MSA binding
and thereby increased azido-specic labeling in more complex
environments. Such probes could help broaden future use of
the SPAAC reaction in living organisms.
MOE has proven useful in the study of glycosylation patterns
in multicellular organisms and has also been applied to the
investigation of the glycan structures in bacteria. This is
important as it can help gain fundamental insights into bacterial virulence as well as bacteria–host interactions. The peptidoglycan (PG) cell wall of bacteria has gained a high level of
interest as a potential target for the treatment of bacterial
infections. This PG structure is composed of amino acids and
sugars that form a mesh-like layer surrounding the plasma
membrane of bacteria, albeit with diﬀerences in composition
and thickness between Gram-positive and Gram-negative
bacteria. The Nishimura group showed early examples of
bacterial cell wall engineering using the chemical reporter
strategy. They synthesized ketone-bearing derivatives of the cell
wall precursor UDP-N-acetylmuramic acid (UDP-MurNAc)
pentapeptide and subsequently demonstrated their incorporation into the cell wall of Gram-positive bacteria by labeling with
a hydrazide-functionalized Alexa probe.49,50 Gram-negative
bacteria could also be labeled, but only aer solubilization of
their outer protective lipopolysaccharide (LPS) layer.49 The
ketone group is not an ideal candidate for the specic labeling
of biomolecules inside living systems, since it can also be found
in intracellular metabolites. Not surprisingly, later studies on
metabolic engineering in bacteria used the azide or alkyne as
the reactive handle for functionalization with exogenous
probes. Instead of synthesizing the whole UDP-MurNAc pentapeptide, Kuru et al. and Siegrist et al. used a less cumbersome
approach for the labeling of the bacterial cell by preparing
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azido- and alkyne-bearing D-amino acids. D-Amino acids are
components of the UDP-MurNAc pentapeptide and both studies
showed that analogues of this building block are eﬀectively
metabolized and suﬃcient to label the cell wall of many
phylogenetically diﬀerent bacteria. Even Gram-negative bacteria
could be labeled without prior solubilization of the LPS layer.
The incorporation of D-amino acid analogues provides an
extremely valuable tool in the investigation of PG dynamics for a
variety of bacterial species (Fig. 4A).51 The selectivity of the
D-amino acid analogues for bacteria was nicely demonstrated by
Siegrist et al., when they used this approach to label Listeria
monocytogenes during macrophage infection.52 The incorporation of alkynes and azides into the bacterial cell wall allows for
subsequent conjugations to various, exogenous probes. Besides
uorescent probes, therapeutic or diagnostic probes could also
be selectively attached to the bacteria using this approach. It is
important to note that the universal applicability of this method
may become an obstacle for therapeutic purposes. For example,
non-pathogenic bacteria that belong to the normal gut ora
may also be aﬀected. This problem is shared with some current
antibiotics such as beta-lactams, which still prove to be eﬀective
in curing bacterial infections. Metabolic engineering
approaches may however provide a promising alternative in the
treatment of bacterial infections given the ever-increasing
number of drug-resistant bacteria.
More selective ways for the labeling of certain types of
bacteria have indeed been recently developed. The LPS layer is
only present in Gram-negative bacteria and provides a rst level
of selectivity.53–55 The group of Vauzeilles prepared an azidocontaining analogue of the LPS component 3-deoxy-D-mannooctulosonic acid (KDO, Fig. 2), which was recognized by the
metabolic machinery of several Gram-negative bacteria.54 In
addition, Kaewsapsak et al. presented a novel MOE-based
strategy to treat infections with the Gram-negative bacteria
Helicobacter pylori (H. pylori). Azido-containing peracetylated
N-azidoacetylglucosamine (Ac4GlcNAz. Fig. 2) was incorporated
into the LPS of H. pylori followed by conjugation to phosphinemodied 2,4-dinitrophenyl, an immune stimulant that induces
antibody-triggered cell killing. Indeed, DNP-covered H. pylori
were shown to undergo enhanced cell killing in an in vitro cell
viability assay, which proves the concept of activating the host's
immune system by means of MOE and bioorthogonal chemistry.55 To solely label the surface of Gram-positive bacteria,
Spiegel and coworkers utilized the enzyme sortase A, which
plays an important role in the cell wall synthesis of Grampositive bacteria and is only expressed in this type of bacteria.
By employing peptides that were recognized as substrates by
sortase A, they were able to engineer the cell wall of Staphylococcus aureus with azide-bearing moieties (Fig. 4B). The latter
were visualized by a copper-free click reaction with a DIFObearing Alexa probe (Fig. 4B).56

Lipids
Lipids comprise a second, much less exploited target for metabolic
engineering. Cellular membranes rely on lipids as they full a
barrier function. Lipids also exist as posttranslational
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Fig. 4 (A) On the left: representation of the PG structure of Listeria
monocytogenes (mDAP ¼ meso-diaminopimelic acid, D-/L-ala ¼ D-/Lalanine, D-glu ¼ D-glutamate). On the right: Listeria monocytogenes
and Myobacterium tuberculosis were ﬁrst grown in media containing
alkyne-bearing D-amino acids, followed by labeling with an azidofunctionalized ﬂuorescent dye using CuAAC.52 Adapted with permission from M. S. Siegrist, S. Whiteside, J. C. Jewett, A. Aditham, F. Cava
and C. R. Bertozzi, ACS Chem. Biol., 2013, 8, 500–505. Copyright
(2013) American Chemical Society. (B) Illustration of the PG engineering strategy using the enzyme sortase A (SrtA), which speciﬁcally
recognizes H-LPETG-NH2-bearing proteins and peptides. Administration of an azide-labeled H-LPETG-NH2 peptide followed by
conjugation to Alexa 488 results in speciﬁc labeling of PG in Staphylococcus aureus.56 Adapted with permission from J. W. Nelson, A. G.
Chamessian, P. J. McEnaney, R. P. Murelli, B. I. Kazmiercak and D. A.
Spiegel, ACS Chem. Biol., 2010, 5, 1147–1155. Copyright (2010)
American Chemical Society.

modications on proteins and play key roles in cellular signaling.57
Similar to glycans, lipids containing bioorthogonal handles can be
used as reporters to study key biological processes. For example,
Salic and coworkers employed propargyl-choline to metabolically
label choline phospholipids, which were then followed by ex vivo
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imaging using a uorescent azido-dye.58 Haberkant et al. also
synthesized a 15-carbon long, UV-photoactivatable and clickable
fatty acid to identify and visualize protein–lipid interactions. C.
elegans larvae were fed with this fatty acid analogue, UV-irradiated,
xated and nally functionalized with an azido-bearing Alexa
probe for imaging. The authors observed prominent uorescent
labeling in intestinal epithelial cells and muscle cells in the
pharyngeal region and thereby demonstrated the utility of this
method for investigating fatty acids in their physiological
context.59 The preparation of additional surrogates for other
classes of fatty acids will provide an interesting method for a
comprehensive analysis for this type of biomolecules during
diﬀerent physiological and pathological stages.

Introducing bioorthogonal handles
into proteins using non-canonical
amino acids
A number of diﬀerent approaches have been successfully
applied to selectively install bioorthogonal handles into
proteins inside cells without making use of classical ligation
methods involving lysines and cysteines. Among these, two
methods make use of the translational machinery to introduce
amino acids that provide new functionalities to proteins, and
which will be described in the next section. Two terms can be
found in the literature to describe these amino acids: unnatural
amino acids or non-canonical amino acids (ncAA). We will here
use the latter for both protein engineering methods. The rst
method for introducing new functionalities into proteins relies
on the addition of a 21st amino acid to the existing pool of 20
canonical amino acids and is referred to as site-specic
encoding of ncAA. The second method replaces either totally or
partially one of the 20 canonical amino acids with a new, noncanonical amino acid and is called the residue-specic method.
Site-specic incorporation of non-canonical amino acids
Expanding the genetic code beyond the 20 canonical amino
acids with new functionalities has been made possible by the
extension of the cell's translational machinery. In 2001, Schultz
artfully demonstrated that the translational machinery of E.coli
could be supplemented with a new tRNA/aminoacyl-tRNA
synthetase (aa-RS) pair to site-specically incorporate O-methyl60
L-tyrosine into dihydrofolate reductase.
Two conditions are
st
required to genetically encode a 21 amino acid: (a) a unique
codon, that designates the position for the ncAA within the
protein, and (b) an orthogonal tRNA/aa-RS pair, that does not
show cross-reactivity with the endogenous translational
machinery (Fig. 5A).61 The UAG stop (or Amber) codon has
mainly been used to incorporate unique ncAAs into proteins.
The Amber codon does not encode for any of the 20 canonical
amino acids and is functionally redundant. To achieve orthogonality of the new tRNA/aa-RS pair, scientists imported an aa-RS
and a tRNA from an evolutionary distinct species into the host
organism and further engineered them to achieve orthogonality. For example, the tRNATyr/tyrosyl-RS pair from Methanococcus jannaschii was used for the expansion of the genetic
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code in E.coli.60 The tRNA was further evolved in order to
suppress the Amber stop codon and thereby incorporate the
ncAA into the growing peptide chain during protein synthesis
(Fig. 5A). Engineering of the corresponding aa-RS was required
to selectively recognize the ncAA and load the suppressor tRNA
(tRNACUA) with the ncAA. The technique was recently improved
through the discovery of the tRNACUA/pyrrolysyl-RS pair from
Methanosarcina mazei and Methanosarcina bakeri.62–64 M. mazei
and M. bakeri naturally incorporate pyrrolysine as a 21st amino
acid into their proteins in response to the Amber stop codon.
Since the tRNACUA/pyrrosyl-RS pair functions orthogonally in
this organism, researchers speculated that this orthogonality
was preserved in other organisms as well and were proven right
when importing this pair into unicellular organisms (bacteria
and yeast) and mammalian cells. Not only can the machinery
for amino acid incorporation be introduced in organisms, but
Mehl et al. succeeded in bioengineering an E.coli strain into a
completely autonomous bacterium encoding a 21st ncAA along
with its own biosynthetic machinery.65 Although the sitespecic encoding of ncAAs provides excellent opportunities to
perform functional studies in vivo, in bacteria this approach has
mainly been used for the production of proteins with unnatural
functionalities. The incorporation of bioorthogonal handles
into proteins has also been applied through this methodology
in yeast, although the proteins were eventually conjugated to
the corresponding functionalized probes in vitro.66,67
The laboratory of Chin took the potential of the site-specic
incorporation of ncAAs a step further when expanding the
genetic code of the multicellular organism C. elegans. They used
a reporter fusion construct encoding the green and red uorescent proteins GFP and mCherry, respectively. The linker
region between the sequences encoding these two proteins
contained an Amber codon.68 The expression eﬃciency of this
construct was initially hampered by nonsense-mediated decay
(NMD), a eukaryotic surveillance mechanism that destroys
mRNA species containing internal stop codons. It has been
shown that yeast decient in NMD shows an increase in the
production of proteins containing ncAAs.69 Accordingly, worms
lacking NMD resulted in an increase in the expression of
proteins containing internal Amber codons. When these worms
were grown in media supplemented with ncAA, mCherry uorescence was observed throughout the worm, demonstrating
that the genetic code can be expanded in multi-cellular organisms (Fig. 6). In addition, the authors reported a successful
incorporation of a terminal alkyne-bearing amino acid, which
opens the possibility for performing click chemistry in future
studies. The site-specic encoding of ncAAs has also been
achieved in the fruit y Drosophila melanogaster. Tissue-specic
ncAA incorporation was here demonstrated by placing the UAGcodon bearing gene under control of an ovary-specic
promoter. When ies were fed with ncAA, the expression of
ncAA-containing proteins was only detected in the y ovaries
and was absent in other parts of the y body.70 Importantly, this
study reported the incorporation of ncAAs bearing bioorthogonal handles. We envision that other bioorthogonal
groups such as strained alkynes and alkene-functionalized
amino acids will soon be genetically encoded inside living
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(A) The UAG stop codon (green encircled) in the mRNA designates the position of the non-canonical amino acid (ncAA) inside the protein.
It can be overwritten by a suppressor tRNA, which has been charged with the ncAA by the corresponding tRNA synthetase (ncAA-RS). (B)
Residue-speciﬁc incorporation of azidohomoalanine into proteins. Methionine can be partially replaced in a concentration-dependent manner
by the addition of azidohomoalanine to the culture medium. tRNAMet will also be charged with azidohomoalanine and incorporate this ncAA into
proteins in response to the methionine codon. When cells are used that lack the biosynthesis pathway for methionine, azidohomoalanine can be
incorporated in response to every methionine codon, resulting in the total replacement of methionines in proteins.
Fig. 5

Fig. 6 Genetic code expansion in C. elegans. Only in the presence of the
ncAA is the full-length protein (GFP:mCherry fusion protein) produced.
In the absence of ncAA, only GFP ﬂuorescence is detectable.68 Adapted
with permission from S. Greiss and J. W. Chin, J. Am. Chem. Soc.,
2011, 133, 14196–14199. Copyright (2011) American Chemical Society.

organisms as well.16,17,71 Future studies could use this method to
probe various biological processes in model organisms. In this
context, labeling of proteins with uorogenic dyes may be
highly valuable, since these dyes become only uorescent aer a
successful cycloaddition, and background uorescence from
unreacted probes will be minimal.72 The specic labeling of a
protein of interest inside a tissue type is within reach, as long as
the reactive probe is able to eﬀectively reach the tissue of
interest and react with its bioorthogonal reaction partner.
Residue-specic incorporation of non-canonical amino acids
The site-specic incorporation of ncAAs into proteins is a
valuable tool for the investigation of the behavior of an

2130 | Chem. Sci., 2014, 5, 2123–2134

individual protein. In contrast, residue-specic incorporation of
ncAAs allows for the partial or total replacement of a particular
amino acid by a synthetic surrogate using the natural translational machinery of the cell (Fig. 5B).5 The feasibility of this
method was demonstrated using a number of methionine
analogues that were still recognized by the wildtype methionylRS, and subsequently incorporated in response to the methionine codon.73 Bacterial expression strains that lack the metabolic pathway for methionine biosynthesis enabled high levels
of incorporation of non-canonical analogues into proteins. The
technique has been further expanded through the use of bioorthogonal non-canonical amino-acid tagging (BONCAT) and
uorescent non-canonical amino acid tagging (FUNCAT).74,75
Both methods rely on the pulse-labeling of cells (or multicellular organisms) with non-toxic concentrations of azido- or
alkyne- bearing ncAAs. These in turn allow for a low-level
incorporation of the reactive handle into newly synthesized
proteins (Fig. 7A). BONCAT is a powerful technique for the
selective enrichment of newly synthesized proteins by using the
reactive moiety for subsequent purication by SPAAC or CuAAC,
thus separating these proteins from the preexisting pool of
cellular proteins. In this way, changes in expression proles
aer certain stimuli can easily be analyzed by means of mass
spectrometry. Dieterich et al. pioneered BONCAT by using azidohomoalanine (AHA), a methionine analogue, to identify 195
newly synthesized proteins that had been produced in a 2 h
time frame following the addition of AHA onto cultured
HEK293 cells.74 Another recent example by Hodas et al. used the
BONCAT technology to study proteomic changes of the nervous
system in reaction to environmental stimuli. The nervous
system is a very dynamic entity and changes in its proteome are
crucial for learning and memory. Hodas et al. investigated the
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Fig. 7 (A) Labeling of newly synthesized proteins using azidohomoalanine. Azidohomoalanine-tagged proteins can be enriched
(BONCAT) for proteomic analysis or functionalized with a ﬂuorescent
dye (FUNCAT) for visualization. (B) Imaging of newly synthesized
glycans in developing zebraﬁsh ﬁsh after 12 h and 48 h. 7 day-old larval
zebraﬁsh were incubated with 4 mM azidohomoalanine for 12 h and
48 h and reacted with alkyne-bearing Alexa 488 dye for visualization.77
Adapted with permission from F. I. Hinz, D. C. Dieterich, D. A. Tirrell and
E. M. Schuman, ACS Chem. Neurosci., 2012, 3, 40–49. Copyright
(2012) American Chemical Society.

subproteome of hippocampal slices aer treatment with the
dopamine receptor agonist SKF81297 and identied known and
unknown candidates involved in the dopaminergic signaling
pathway.76 As BONCAT can be used for the identication of
newly synthesized proteins, FUNCAT enables the visualization
of newly synthesized proteins. In FUNCAT, cells are rst treated
with an alkyne- or azido-bearing amino acid, which is then
followed by the conjugation to a uorescent probe containing
the reactive counterpart. Schuman and colleagues introduced
FUNCAT in a study, in which they visualized newly synthesized
proteins in cultured neuronal somata and dendrites. The cells
were briey pulse-labeled with AHA (10 min and 20 min,
respectively) and conjugated to an alkyne-bearing uorescent
probe using CuAAC. Proteins in thicker tissues could also be
labeled using FUNCAT, as demonstrated by bathing hippocampal slices in AHA-supplemented buﬀer, followed by an
incubation with an alkyne-bearing uorescent dye.75 Having
proven the great potential of the FUNCAT and BONCAT methodologies in cell cultures or isolated tissues, Schuman and
colleagues have recently applied both methods to study new
protein synthesis in a whole organism. To this end, 7 day-old
larval zebrash were incubated with AHA at a concentration of 4
mM, which did not result in any aberrant behaviour. The AHAcontaining proteins were subsequently visualized with an
alkyne-bearing Alexa probe via CuAAC. Newly synthesized
proteins could be visualized in an incubation-time dependent
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manner with the earliest signal being detected aer 12 h
(Fig. 7B).77 Proteins in deeper lying structures such as the optic
tectum, spinal cord and cerebellum could also be visualized
aer a prolonged incubation with AHA. The visualization and
identication of newly synthesized proteins in an organism will
greatly help understand the underlying principles of many
biological processes as they allow comparisons between
normal, pathological, and induced responses. The comprehensive nature of BONCAT and FUNCAT makes them powerful
tools for analyzing perturbations within the whole organism. It
should however be noted that the labeling of proteins with AHA
is limited to proteins that contain at least one methionine
residue, as AHA is incorporated into proteins in response to the
methionine codon. The combined labeling with additional
surrogates for amino acids other than methionine may result in
a broader coverage of newly synthesized proteins. Furthermore,
AHA competes with methionine for the incorporation into
proteins and it may be that not all newly synthesized proteins
will incorporate AHA.
The laboratory of Tirrell developed a method to label
proteins with ncAA within one specic cell population. They
used the methionine surrogate azidonorleucine (ANL) which is
not recognized by the endogenous methionyl-RS. Instead, ANL
is recognized by an engineered methionyl-RS variant, which
loads it onto the cognate methionyl-tRNA. Cells expressing the
RS mutant for ANL incorporation showed specic protein
labeling aer functionalization with an alkyne-bearing probe,
whereas cells lacking this mutant did not show any protein
labeling.78 Other mutants and methionine surrogates have since
been developed for cell-selective protein labeling, but have only
been applied in co-cultured systems thus far.79–81 The use of this
cell-selective labeling method could prove immensely useful in
the labeling and study of substructures found within an entire
organism, physiological cellular responses to specic stimuli,
tissue-specic proteomic changes that occur in diseased states,
and even changes to the bacterial proteome during infection.
The clinical implications of this technique are vast. Temporal
control of protein labeling within specic tissues may also be
achieved in the future by using promoter-specic activation of
RS mutants.82

Conclusion and outlook
Over the past years bioorthogonal chemistry has reached the
next level in both fundamental and application-driven research.
Aer the pioneering studies with cultured cells, scientists have
taken the rst steps toward co-cultured systems and multicellular organisms. Bioorthogonal chemistry, combined with
strategies for the installation of one of the reaction partners into
biomolecules, holds great promise for a better understanding of
many biological processes, has been shown to be an excellent
tool for imaging purposes, and may even be suitable for targeted
drug delivery.
Among the techniques discussed in this perspective,
tumor pre-targeting provides the least invasive method for
performing bioorthogonal chemistry in living organisms. The
bioorthogonal group is conjugated to the antibody in vitro
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and the bioorthogonal handle will be delivered to the tumor
due to the specicity of the antibody. No genetic engineering
of the organism is needed in this method. Comparison of this
pretargeting method with the traditional method of using
directly labeled antibodies suggests that this technique has
the potential of being routinely used in future clinical
settings.
As for metabolic engineering, the delivery of a bioorthogonal
group into a biomolecule-of-interest is technically relatively
simple. Addition of the unnatural substrate to the media or
injection into the organism is suﬃcient as the promiscuity of
the cellular metabolic machinery allows for the subsequent
incorporation. It is possible with this method to distinguish
between certain types of glycosylation such as fucosylation or
sialylation. However, specic labeling of single glycoproteins or
lipids cannot be achieved, because the unnatural monosaccharide will be built into all glycans containing the endogenous sugar. Similarly, the residue-specic incorporation of
ncAAs into proteins also results in the partial replacement of the
cognate amino acid in all proteins and cannot be used for the
specic labeling of a single protein. In contrast, the site-specic
incorporation of ncAAs is ideally suited for the study of a single
protein, but is technically challenging as the translational
machinery of the organism has to be extended. The residuespecic and metabolic engineering approaches allow for
comprehensive analyses, which make them invaluable tools for
studies in the eld of systems biology. As the three techniques
can answer diﬀerent biological questions, they also oﬀer a high
degree of complementarity. Metabolic engineering has already
been used in several biological studies with diﬀerent types of
living organisms and has matured into a standardized and
frequently used method. We envision that the protein engineering techniques will also follow this trend in upcoming
years, as the major technical hurdles have been conquered. We
are looking forward to the newest advances in this emerging
eld of chemical biology in living organisms and we are sure
that an exciting era awaits.
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