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A general Introduction to chemical biology, bioorthogonal chemistry and

 the introduction of xenobiotic groups to biomolecules.
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1.1 AN INTRODUCTION TO CHEMICAL BIOLOGY

Chemical Biology as a distinct research field has emerged over the past two decades or so 
and owing to the community’s high connectivity, innovative perspectives and an affection 
for unorthodox conceptualisation1 this emergence has been accompanied by a rather 
expansive growth, or describing it with Barbara Imperiali’s words “The thing that I value most 
[about chemical biology] is the pace and excitement of the field -how ideas translate into 
approaches and then approaches are applied to challenging problems and almost overnight, 
if these approaches are valuable, the community adopts them for broad application.”2 Its 
visibility has become more apparent throughout the past years by adaptation or admission 
of the very name by several entities of the scientific community at different tiers of 
importance, for instance by graduate programs, conferences, text books, research groups 
or whole institutes and scientific magazines. As the name suggests, Chemical Biology is an 
interfacial science3 and it is encompassing and combining the knowledge and the techniques 
from chemistry, biology, biochemistry, biophysics, medicinal chemistry and related fields. 
Thereby it is a splendid example for meeting the principles of the topical research paradigm 
of interdisciplinarity and collaborative research.4 Owing to the eclectic collection of sources 
from which the field’s insights stem, a clean-cut, one sentence definition is not easily coined. 
The scientific magazine Nature Chemical Biology, one of the leading journals in the field, 
defines its content as: “…chemists who are applying the principles and tools of chemistry to 
biological questions and from biologists who are interested in understanding and controlling 
biological processes at the molecular level.”5 ChemBioChem, another leading magazine of 
the field brings forth a similar statement: “…research at the interface of chemistry and 
biology that deals with the application of chemical methods to biological problems or uses 
life science tools to address questions in chemistry.”6

Yet, such a precise definition might not even be necessary, as Karl-Heinz Altmann puts it: 
“…there is no unifying definition of what it [Chemical Biology] actually entails. And come to 
think of it, this may be rather natural and certainly not a bad thing, as it is just this lack of 
clear separation at the borderline of chemistry and biology that is at the heart of chemical 
biology’s conceptual appeal and that has turned it into the powerful integrative force for 
research in the life sciences that we know today… However, no matter which definition one 
prefers, it is indisputable that the core element of chemical biology as a branch of science 
is the use of chemistry (and chemicals) to interrogate, modify, and manipulate biological 
systems at the cellular and organismal level in a highly controlled manner…”
Translating these incorporating definitions into hands-on research, Herbert Waldmann 
regards the fields’ approach as a cyclic process at whose origin a biological phenomenon, 
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1like a phenotype or a pathological state, is observed (Figure 1).7 Deduction of structural 
information, for instance by means of X-ray crystallography of biomacromolecules like 
proteins or nucleic acids, leads to the formulation of chemical problems. With this 
knowledge in hand, a chemist can devise tools to study the phenomenon at the molecular 
level. An improved understanding of the biological principles underlying and explaining 
the phenomenon will formulate new questions that fuel the next round of a multi-facetted 
chemical biology research project.

Figure 1 Typical workflow in Chemical Biology according to Prof. Hebert Waldmann.7 
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1.1.1 A HISTORICAL PERSPECTIVE

Despite the fact that Chemical Biology has been recognised as an independent contender 
in the arena of the natural sciences rather recently, its origins may be actually traced back 
as far as two centuries, to the very days of the foundation of modern chemistry and biology 
itself. These days go well back into the early nineteenth century. It has been pointed out, for 
instance, that Davy’s experiments on the self-administration of nitrous oxide (laughing gas) 
and Wöhler’s serendipitous synthesis of urea from silver cyanate and ammonium chloride 
can be regarded as early land-marking achievements in chemical biology research.8 Organic 
chemistry’s early fascination for dyes helped Virchow devise his postulates on cellular 
division and pathology and Perkin discovered the first aniline dye, mauveine, while actually 
attempting the synthesis of the alkaloid quinine as a cure for malaria. Paul Ehrlich’s efforts 
on early drug discovery (magic bullet principle) led to the marketing of the syphilis treatment 
Salvarsan, arguably one of the first pharmaceutical blockbusters. Examining these examples, 
where research at the interface of different disciplines creates synergistic effects that lead to 
their mutual stimulation, one finds that those still lie at the foundation of and therefore are 
what distinguishes research in Chemical Biology today.
Stuart Schreiber, one of the key figures in establishing Chemical Biology as a modern 
discipline, comes forth with his own interpretation of the chemical biologist’s toolset, strongly 
emphasising the importance of small molecules for the manipulation and understanding of 
the biological, macromolecular world.9,10 Alongside the typical flow of information in any 
given cell on our planet from DNA via RNA to a folded protein structure, the realm of the 
small molecules complements or rather completes a delineation of the living world because 
there are multiple interactions at all three stages of the information flux. It is this additional 
dimension that enables for the study of biological questions from the perspective of a 
chemical biologist by authorising access to copious yet precise insights.
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Figure 2 Schreiber’s vision of small molecule centric chemical biology. Based on the so-called central 

dogma of molecular biology, describing the flow of information from DNA to Protein, Schreiber assigns 

a central role to small molecules in the study and comprehension of biological phenomena. Shown is 

FK-506 (Tacrolimus) a natural product immunosuppressant used to study signal transduction during 

the adaptive immune response.11

The research presented in this thesis is located within the periodic approach of solving a 
scientific question by means of the chemical biologist’s toolkit. Lesser so by analysing a 
biological phenomenon but rather by exploring and providing new molecular tools coupled 
to analytical procedures to do so in the future. These tools meet Schreiber’s postulation of 
using small molecules to explore the biological world.
The introduction is thought to give a broader historical account on chemical biology in 
general and on bioorthogonal chemistry in the context of protein labelling more specifically. 
The field advances very rapidly but luckily the community presents itself as a very diligent 
one and new findings are constantly reviewed, one might get the impression that this 
happens in real-time. For thorough accounts and the most recent findings the reader is 
kindly directed to one of these publications.12–24
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1.2 ACCESSING THE INTRACELLULAR SPACE

To study biological phenomena by chemical means, the investigator first needs to devise 
and create an appropriate portal or entranceway to the system under investigation. The 
greatest challenge has been, and still is, to come across what could be described as a 
genuine deduction, a true insight into the question at hand. Even though this principle 
holds true for any of the applied natural sciences, it seems particularly challenging for the 
seemingly endless complexity encountered in biological systems. To obtain these bona fide 
insights, it is of utmost importance to only minimally perturb the biological system. It is 
therefore the task of the investigator to evoke a recordable signal that can be traced back 
and described as an incidence that is resembling as closely as possible the same event as it 
would have occurred without anybody trying to observe it. This task is especially ambitious 
when working at the molecular level and inside the confined space of a cell with its infinitely 
complex composition. Today, we live in a time where we have access to molecular tools that, 
in combination with the most advanced analytical instrumentation, make such observations, 
i.e. the in situ study of biomolecules inside the cell or even the intact organism, indeed 
possible.25–28

Twenty years ago Carolyn Bertozzi reflected in a seminal perspective, aptly titled “Inner 
Space Exploration”, on the achievements and future challenges of chemical biology. A 
then rather keen postulate, Bertozzi points out the possible necessity to observe a single 
molecule at a time within the cell and to do so, the chemist must breach the cellular 
frontier.29 In order to achieve this, the chemist must accept a looking-glass world: unlike 
the traditional target-driven approach to organic synthesis that allows the experimenter 
for an unrestricted manipulation of the reaction conditions, now the opposite principle 
holds true and the reaction itself has to accept a complete loss of control of the ambient 
environment, surrendering to water as a solvent densely populated and richly functionalized 
with biomacromolecules, small metabolites and ions30 (Figure 4i)
At the time of Bertozzis perspective, a common strategy to look at biomolecules like proteins 
was (and still is today) to isolate or reconstitute them to homogeneity. Modifications of 
proteins, for instance, were based on the identification of selective behaviours of certain 
amino acid site chains towards reactivity (chemo- and site-selectivity). Most prominently 
exploited are the reactivities of thiols (cysteines) or primary amines (lysines, N-termini). 
These behaviours were utilized to form, ideally homogenous, bioconjugates to study the 
modified molecules in in vitro settings (Figure 3).18,31 But scientists with backgrounds in 
biochemistry and molecular biology had already devised tools to study biomolecules in 
situ: one of the most prominent examples for a strategy that is building on the methods 
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1of molecular biology is the green fluorescent protein (GFP) from the marine jellyfish 
Aequoria victoria (Figure 4ii). This protein can be expressed in cells as C- or N-terminal 
protein fusion construct. Thanks to its fluorescent properties, it can help to understand 
protein expression, localisation and interactions.32,33 Today, there are numerous variants 
of the green fluorescent protein available to the scientific community. These variants may 
stem from organisms discovered in nature or they can be mutants of pre-existing wild type 
forms engineered in the laboratory to meet certain chromatic parameters. The panel of 
fluorescent proteins (FPs) covers nearly the entire visible light spectrum with respect to the 
absorbance and emission wavelength. This set of FPs has proven to be particularly useful 
for intracellular FRET (Förtster Resonace Energy Transfer) experiments.34,35 And thus GFP is 
still used in laboratories around the globe today. Many processes in cells are governed by 
non-covalent, transient interactions. These interactions are difficult to study in experimental 
settings outside the cell where results are error-prone. Along with the aforementioned FRET 
experiments, the yeast two-hybrid screening system was one of the first to address this 
bottleneck with an intracellular assay in an efficient manner.36 Notwithstanding the insights 
and progress gained by these approaches, the drawbacks are evident as these methods need 
ample genetic modifications of the organisms under study and tethering of the investigated 
biomolecules to large adducts (mass GFP: 27 kDa) might introduce bias to the obtained 
results and oversee more subtle interactions.

Figure 3 Common types of bioconjugation chemistry to label proteins in vitro. (i) Coupling of amines, 

for instance lysine amino acid residues, often through amine-reactive succinimidyl esters. (ii) The 

coupling of cysteine residues (sulfhydryl coupling) either to other mercapto groups yielding disulfide 

bonds or in a Michael addition via a sulfhydryl-reactive maleimide.
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Fortunately the chemical biologists were already at work devising new strategies that would 
meet these challenges in very elegant ways. Roger Tsien, Nobel Prize Laureate in 2008, 
actually distinguished for his work on the green fluorescent protein, was one of the first to 
suggest a tenable solution for applying small molecules to label and thereby observe proteins 
intracellularly. A hexa-peptide containing a tetra-cysteine motif (…CCXXCC…) installed 
inside an alpha-helical segment of a given protein binds with low nanomolar dissociation 
constants to an extracellularly administered small molecule (bisarsenical-fluorescine 
adduct, FLAsH-EDT) exploiting the strong interaction between organo-arsenical compounds 
with thiol pairs. Upon binding of the molecule to the intraprotein-motif it functions as a 
fluorescent probe (Figure 4iii).37,38 This method, while still relying on genetic manipulation 
of the target protein, now enables the introduction of the small molecule probe via the 
tetracysteine motif at nearly any given position within the protein without perturbing its 
structure severely. Thereby it grants more versatility when it comes to the attachment site, 
compared to the GFP constructs that can be installed at the recombinant protein’s termini. 
It also introduces a much smaller adduct to the studied protein and the probe can be added 
or washed off at will by the hands of the experimenter.
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Figure 4 Breaching the cellular frontier. (i) In order to do organic chemistry inside the cell, the reaction 

must surrender to the conditions present. (ii) A molecular tool, the fusion protein green fluorescent 

protein, GFP, employed to detect conjugated proteins via fluorescence (PDB: 4ANJ). (iii) FLAsH labelling 

of the tetracysteine motif inside cells.
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1.3 BIOORTHOGONAL CHEMISTRY
1.3.1 FIRST STEPS TOWARDS A NEW CONCEPT

At the same time two aspiring scientists, Peter Schultz and Carolyn Bertozzi, started setting 
the stage for a visionary and also most widely used concept in chemical biology today; the 
application of bioorthogonal chemistry to study biologically relevant molecules in ever more 
complex settings.30,39 Orthogonal in this context relates to the fact that the applied reaction 
does not interfere or interact with the biological system that is investigated and at the 
same time proceeds smoothly under the conditions dictated by that very biological system. 
The early inspiration for the concept of bioorthogonal chemistry was drawn indeed from 
the research conducted in bioconjugate- and combinatorial chemistry (in artificial protein 
assembly and the formation of drug conjugates). Accounts dating back as early as 1990 
reported the applicability of the reaction between a ketone or an aldehyde functionality 
with amine nucleophiles that are enhanced by the alpha effect, even in biologically 
complex settings.40–46 Aminooxy and hydrazide containing compounds can be condensed 
to a biomolecule equipped with one of these two carbonyl groups by forming oxime and 
hydrazone linkages, respectively -a relatively stable Schiff base under neutral aqueous 
conditions. The compounds are often used to install reporter groups like a fluorophore 
or a biotin for visualisation and quantification purposes (Figure 5ii-iii). The bioorthogonal 
nature of this reaction originates from the observation, that both ketones and aldehydes are 
absent in any of the 20 canonical amino acids and thus a reagent, selective in its reactivity 
towards these groups, is orthogonal to the functional groups present in any given protein. 
Absence in proteins built on the genetic code, of course poses the challenge of introducing 
one of these reactive groups into the molecule that is studied (protein of interest, POI). 
Automated synthesis is an option here (e.g. solid-phase peptide synthesis, SPPS, or semi-
synthesis)47,48 but limits the size of a protein that can be homogenously produced. An early 
account suggesting the introduction of the bioorthogonal handle into an intact protein was 
based on purely chemical considerations and utilized the fact that the very fast oxidation 
of the 2-amino alcohol grouping by periodate can lead to the introduction of an aldehyde 
at the N-terminus of a given protein if the first amino acid is a serine or a threonine.43 
Despite its simplicity and elegance, this approach is limited to peptides and proteins that 
bear the alcohol on the side chain of the N-terminus (be the introduction genetically, 
chemically, or rarely natural). Due to the harsh reaction conditions it is strictly limited to 
in vitro applications. Yet, as it happens so often, the challenges and bottleneck of today, 
turn into the applications of tomorrow (compare Figure 1, Waldmann’s principle). And thus, 
these two scientists devised creative strategies to incorporate the bioorthogonal handle (in 
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1both cases the ketone as functional group, Figure 5i) into biomolecules by making use of 
genetic and metabolic engineering strategies: The Schultz group used the amber stop codon 
suppression method for instalment of non-natural (i.e. non-canonical) amino acids into 
proteins by outwitting the translational apparatus49–57 and the Bertozzi group utilized the 
manipulability of the cellular metabolic machinery based on enzymatic conversions. More 
specifically the machinery responsible for the creation of surface exposed glycoproteins was 
used by feeding non-natural metabolites (in this case monosaccharides) that resemble the 
natural sugar substrates to cell cultures.58,59 Both envisioned the large applicability of the 
bioorthogonal approach in combination with the newly established instalment methods.60,61 
However, there are only a few examples where this ligation method was successfully applied 
inside the cell;62,63 due to the presence of endogenous carbonyl bearing compounds (e.g. 
primary metabolism). Despite this unfavourable circumstance, this oxime ligation is still in 
use today as a simple and versatile conjugation technique. It is actually going through a 
period of renaissance at the moment owed to several improvements made to the reaction 
conditions.64–66
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Figure 5 Bioconjugation with condensation reactions. (i) Non-natural metabolites containing the 

ketone handle used by Schultz and Bertozzi, respectively. (ii) The bioorthogonal carbonyl group can 

be present in a protein either as a non-canonical amino acid or on glycoproteins as a non-natural 

carbohydrate monomer. Condensation with a hydrazide probe equips the protein of interest (POI) 

with a label. (iii) Traditional reporter adducts for purposes of enrichment and visualisation: left biotin 

interacts strongly with the protein avidin and can be used for isolation of a labelled protein (pulldown) 

or for visualisation in western blot when using chemiluminescence for instance with a horseradish-

peroxidase conjugate, right fluorescein a widely used dye and fluorophore.
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11.3.2 THE BEGINNING OF A NEW ERA

These auspicious first steps towards the new field of bioorthogonal chemistry triggered the 
emergence of an ample body of work. And so at the turn of the century (20th à 21st) some 
key findings that were transformative for the whole field of chemical biology came into 
being. As was traced already in the forerunning section, the requirements for a reaction to 
be truly bioorthogonal are rather demanding and so designing or finding chemical functional 
groups that are suitable for bioconjugation in a bioorthogonal context is not a trivial task. 
As Thomas Carell discusses in more detail, such groups must be inert to oxygen containing 
aqueous media and should not react with other functional groups found in nature. In 
general, an indifference to redox reactions is desirable since the intracellular space often 
yields a reducing milieu. The functionality must also be reasonably stable under physiological 
conditions (pH specificity: near neutral in the cytosol but potentially extreme for certain 
cellular compartments like the lysosome; temperatures commonly between 20 °C and 40 
°C) and the chemical reagents utilized should not be toxic to the organism being studied 
especially in the context of in vivo applications. On the other hand, the functional group 
must still be reactive toward the complementary functional group that participates in the 
bioconjugation reaction under these conditions. Another important aspect to consider are 
the kinetics of the reaction: those should be fast enough to proceed at low concentrations 
and in a reasonable time frame as well (reactions with a second-order rate constant smaller 
than 10-4 M-1 s-1 will be too slow for practical use), considering that high reactivity is often 
linked to reduced stability and a higher probability of side reactions to occur. Fast reaction 
rates also enable the use of nearly equimolar amounts of reagents, making the process 
economically favourable. A limitation may also be posed by the correct selection of a 
suitable site for the non-natural functional group within the biomolecule, which goes hand 
in hand with the question of how to efficiently install it there. Finally, small-sized functional 
groups are generally preferred over bulkier ones as those may perturb the conformation of 
the target, or the interaction with other biomolecules, i.e. interfere with its natural tasks.67

1.3.3 THE STAUDINGER-BERTOZZI LIGATION

It is not surprising thus, that many of the presented candidates chosen to be bioorthogonal 
reactive pairs are not per se new inventions, but rather a rediscovery or a repurposing of 
older findings from (organic) chemistry, now turned into new stunning applications and 
always paralleled by several rounds of optimisation towards the new purpose. Carolyn 
Bertozzi, who is also credited with coining the expression bioorthogonal in the context of a 
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chemical handle, tag or group,68 presented the first study, in which a reaction is applied in 
a biologically relevant context that starts meeting the aforementioned criteria.69 Selecting 
the reaction between an azide and a phosphine, which was originally discovered by 
Staudinger and Meyer and reported in 1919,70 as a chemoselective ligation reaction suitable 
for demanding bioconjugation experiments was an ingenious invention. This approach 
now exploits the smooth reaction between an azide and a phosphine to form a phospha–
aza-ylide (iminophosphorane) under expulsion of N2. This ylide can be trapped by an acyl 
group with formation of a stable amide bond instead of going through hydrolysis in the 
presence of water to form the phosphine oxide and the primary amine. The introduction 
of a tag into the targeted biomolecule, which is equipped with one of the reaction partners 
of the bioorthogonal pair, is feasible in this case because the trap is synthetically installed 
within the phosphine moiety of the probe (Figure 6i).71 At the time of invention, the 
Staudinger-Bertozzi ligation was the first example to check off most of the boxes of the 
bioorthogonal reaction principle and has since demonstrated its wide applicability.72–76 
In the original seminal report on this reaction, Saxon and Bertozzi used the already well-
established method of hijacking a glycoprotein anabolic pathway, specifically that of the 
sialic acid biosynthesis in eukaryotic cells.61 Due to its size, higher reaction-inertness to 
groups found in the biological environment and the synthetic accessibility of azidosugars, 
the azide was chosen to be introduced on the part of the glycoprotein. The second reactive 
partner to the bioorthogonal pair, the phosphine itself bearing the acyl trap and a biotin 
moiety as the reporter, was added to the cells cultured inside a dish after the azido sugar 
was successfully incorporated to the intramembrane proteins over the course of three 
days, thereby displaying to the extracellular medium the azido group. Fluorescence was 
eventually chosen as read-out by coupling an avidin-fluorophore adduct to the cells and 
using cell sorting (FACS) to distinguish labelled from unlabelled cells (Figure 6iii). Since the 
original publication, where fluorescence as read-out had to be introduced indirectly in a 
two-step procedure to the cell surface exposed glycoprotein-bioconjugate, new phosphines 
have been developed that allow for the direct introduction of a fluorophore.77,78 Also the 
use of triggered bioluminescence, a method in which triphenylphosphine coupled luciferin 
liberates the latter as substrate for luciferase upon ligation to an azide was presented.79 
Bioluminescence as read-out is attributed a bright future as an alternative to fluorescence; 
it is thought to be used to overcome some of the obstacles imposed by tissues emitting 
autofluorescence when it comes to in vivo imaging using light.80
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Figure 6 The Staudinger-Bertozzi Ligation. (i)48 A biomolecule, like a protein, is equipped with the 

bioorthogonal azido group. The azide can undergo a chemoselective reaction with a phosphine 

reagent (the iminophosphorane can undergo an intramolecular nucleophilic attack with an ortho-

substituted ester as an internal electrophile to form an amide in the conjugate, which now carries a 

phosphinoxide scaffold). A reporter adduct is covalently introduced into the protein by formation of 

the stable amide bond between protein and probe. (ii)71 The proposed mechanism for the Staudinger 

reduction. In the absence of an electrophilic trap (acylating agent) the aza-ylide undergoes hydrolysis 

in aqueous media. (iii)81 In the original study, Bertozzi and co-workers opted for a two-step protein 

labelling approach in order to reduce the background signal. First, the phosphine probe forms a 

covalent bond with the azido-protein, thereby introducing a secondary structural recognition motive, 

like a biotin moiety or an antigen (FLAG peptide). Second, this chemical entity is selectively recognized 

either by a biotin binding protein, for instance avidin, or by an antibody (AB) specific for the introduced 

epitope, respectively. In this case, the second recognition partner is conjugated to a fluorophore (FL), 

which can be read-out by fluorescence assisted flow cytometry (FACS).
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1.3.3.1 TOWARDS IN VIVO LABELLING

The ultimate goal of a functioning bioorthogonal reaction is, of course, to succeed at all 
stages of complexity in terms of the system under investigation. In other words, ideally, 
the reaction will support successfully all stages of evaluation from the first reactions in 
a small molecule model, via in vitro bioconjugation and cell culture experiments, all the 
way to labelling in a living system. While the successful demonstrations of a bioorthogonal 
reaction to function even in cell culture experiments is common today for a plethora of 
reaction pairs, the last stage, in vivo labelling, proves to be more challenging and has been 
demonstrated only for a few bioorthogonal reactions. It also must be pointed out very clearly 
that only the most promising candidates should be tested in in vivo experiments; for the 
sacrificing of an animals life must be justified meticulously. The Staudinger-Bertozzi ligation 
in combination with the metabolic incorporation of azide bearing glycans installed onto cell 
surface exposed glycoproteins was granted the honour to become the first bioorthogonal 
reaction to be tested for labelling in the most complex reaction vessel known, namely inside 
a complex living organism -the model organism mouse. This first successful application of 
a putatively bioorthogonal reaction in the setting of a whole organism underpinned the 
high chemoselectivity of the reaction.82 However, imaging of the labelled proteins inside the 
mouse was not achieved but an ex vivo detection method involving the FLAG-tag adduct 
installed during the ligation was chosen.83 The high concentrations of phosphine reagent 
for achieving decent ligation times leads to high background signalling. Still, in a recent 
study the concept of in vivo imaging via the Staudinger ligation was transferred to zebrafish 
embryos and it was shown that a photocaged version of the Staudinger ligation was indeed 
applicable for fluorescence imaging inside the organism.84

1.3.3.2 OTHER APPLICATIONS OF THE STAUDINGER LIGATION

Besides the numerous applications the Staudinger ligation has found in bioconjugation 
and the study of different classes of biomolecules it has also found broader application 
and has spread into diverse fields that do not have protein bioconjugation as their main 
objective. Such fields include the functionalisation of surfaces85–88 and peptide bond 
formation in its quality as very chemoselective reaction. Especially the traceless variant of 
the Staudinger ligation (Figure 7) is attractive due to the formation of an unencumbered 
peptide bond rather than keeping the phosphineoxide within the formed construct.89–91 
Besides the Bertozzi lab, the research group of Raines has been very active in this field and 
has introduced the traceless Staudinger ligation as an alternative to native chemical ligation 
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1(NCL).92 Other applications are, for instance, the formation of cyclic peptides93 or the study of 
post translational modfications94–97 and other, at first sight far-fetched, applications like cell 
manipulation via DNA-coated AFM cantilevers for the spatial manipulation of functionalised 
cells in a predictable manner.98

Figure 7 The traceless Staudinger ligation. This variant of the Staudinger-Bertozzi ligation leads to the 

formation of a peptide bond, by expelling the phosphine oxide moiety during the acyl capturing step.91 

An approach particularly practical for protein synthesis.
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1.4 THE AZIDE AS VERSATILE BIOORTHOGONAL HANDLE

As the preceding examples have demonstrated, the Staudinger-Bertozzi ligation possessed 
unmatched capabilities to study biological phenomena with bioorthogonal means at 
the time of its invention. On the other hand, the inventor herself also ascertains after a 
decade of its existence, that the reaction and its application to biological systems falls 
short of perfection.99 It would not have been for chemical biology if the attached scientific 
community would not have found several shortcomings of the bioorthogonal ligation 
technique.100,101 The drawbacks emerged to be undesired oxidation of the phosphine 
under the oxic conditions found in cellular environments and whole organisms, also the 
competing Staudinger reduction sometimes limits its general applicability when quantitative 
conversions are desired. Also the chemical accessibility and solubility in aqueous solutions 
of phosphines forms an obstacle. However, the largest shortcoming that eventually led to 
the replacement of the Staudinger ligation as method of choice by other bioorthogonal 
reactions are the slow kinetics of the ligation with a typical second-order rate constant 
of 0.0020 M-1 s-1. This circumstance requires the employment of higher concentrations of 
the phosphine reagent if shorter ligation times are desired. If, for instance, fluorescence 
is chosen as the phosphine bound reporter for imaging, high background signals can be 
heavily hampering the read-out. Alas, the efforts to improve the kinetics of the reaction by 
increasing the nucleophilicity of the phosphine’s phosphorous atom by introducing electron 
donating substituents also led to faster oxidation and thereby inactivation to the ligation of 
the same. One very valuable lesson, fortunately, could be deducted from this first example 
of bioorthogonal chemistry: the azido group is a practical and versatile functionality, not 
only for organic chemistry, but also suitable for applications in vivo.102–106

For a start, the azide is easily introduced into virtually all classes of biomolecules (vide 
infra) where this group stands out, once installed, for being small, abiotic and bioinert. 
Further advantages lie in its electronical property of being a mild electrophile: it does not 
react with amines or other ‘hard’ nucleophiles abundantly present in biological systems. 
And there is more to the azide than being easily introduced into a biomolecule and being 
a soft electrophile. This group can also undergo reactions as a 1,3-dipole, like in [2+3] 
cycloadditions, another mode of reactivity that is rarely found in nature (Figure 8i-iii).
And thus, to harness the high bioorthogonality of the azide group, there are more strategies 
for bioorthogonal chemistry involving this special composition of three heteroatoms of 
the same kind than just the Staudinger-Bertozzi ligation. Two years after the introduction 
of this first formidable bioconjugation technique, Morten Meldal and, independently, 
Barry Sharpless introduced in 2002 a copper(I) catalysed regioselective variant of the 
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1acetylene-azide cycloaddition to from 1,2,3-triazoles (copper catalysed alkyne-azide 
cycloaddition, CuAAC)107,108 -a reaction building on Huisgen’s thorough studies of 1,3-dipolar 
cycloadditions.109 The reaction was originally introduced as part of the click chemistry 
portfolio, a concept to a modular approach of organic synthesis that uses only the most 
practical and reliable chemical transformations thought out for the discovery field in 
medicinal chemistry by Sharpless and co-workers110–112 and by Meldal and co-workers in 
the field of peptide chemistry.113 The reaction was very well received by numerous fields of 
the chemical sciences (both original papers are cited to date beyond the 5000 times mark, 
according to scholarOne).114,115 And possibly with the observation of the great acceptance 
of the Staudinger ligation in the field of bioconjugation as tailwind, CuAAC was quickly 
adopted by the chemical biology community where it has had an impact that goes beyond 
that of the Staudinger ligation. The reaction proceeds smoothly at room temperature and 
in water, but the development of and the heavy improvements made to copper complexing 
tris-triazolylmethylamine and related ligands for taming the metal catalyst was the key step 
in this field to make it compatible for applications in bioconjugation.116–118 Click chemistry 
and bioorthogonal chemistry are now often used in the same context, and even though 
precise terminology is desirable for the chemical sciences, this factor also demonstrates the 
powerful combinability of the two concepts. The alkyne azide cycloaddition runs at much 
faster reaction kinetics (rates of 1-100 M-1 s-1 are reached, dependent also on the copper 
concentration) compared to the Staudinger ligation. The fact that the alkyne is another 
small non-perturbing group, meeting the hallmarks of bioorthogonality made it also 
feasible to introduce this group into the biomolecule, a feat that was barely achieved with 
a phosphine.119,120 There are numerous examples in literature and some even demonstrate 
that the instalment of the alkyne inside the complex setting of, for instance, a cell lysate, 
instead of the azide reduces the background signal for a two-step labelling strategy, found 
commonly in activity-based protein profiling.121–127 However, the copper as being extremely 
cytotoxic will prevent the use of this reaction for in vivo (inside the organism) applications.

Yet another two years later, in 2004 the Bertozzi group, slightly disillusioned by the inability 
to boost the kinetics of the Staudinger ligation99 and inspired by the success of the CuAAC 
reaction, developed another reaction concept that came to be known as copper free click 
chemistry. The proposed reaction takes place again between an alkyne and an azide, yet, 
just as the name suggests, the cytotoxic copper as activator of the terminal acetylene 
function can be omitted. This omission is dealt with due to the fact that the alkyne is 
activated by bond strain imposed by the alkyne’s positioning within a cyclic structure that 
leads to unusual and energetically disfavoured bond angles.128 Inspiration for this transition 
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metal free version of the reaction between an azide and an alkyne, or strain promoted 
alkyne-azide cycloaddition (SPAAC) came, yet again, from original research performed by 
synthetic organic chemists in the 20th century. Wittig and Krebs reported on the observation 
of a rather exergonic reaction, a dipolar 1,3-cycloaddition, between cyclooctyne and phenyl 
azide (“explosionsartige Additionsfreudigkeit des Phenylazids zu Cyclooctin”).129 With the 
knowledge gained from the initial steps into the world of bioorthogonal chemistry, the 
cyclooctyne core was transformed into a biotin bearing reporter probe that, according to 
theory, could be used to detect azides in biological samples. In the first example for this 
reaction, azide decorated glycoproteins on the cell surface were labelled.128 Evaluation of 
the initial probe, termed OCT, yielded somewhat sobering results when the second order 
rate constant of the reaction between azide and cyclooctyne in a system employing model 
substrates was determined at 0.0024 M-1 s-1 and issues with water solubility were also 
detected. The results for these critical reaction parameters for OCT came in at the same level 
as the benchmark test defined by the Staudinger ligation. However, in the case of SPAAC, 
ample synthetic modifications of the cyclic alkyne, based on mechanistic and theoretical 
considerations of the cyclic core, could improve the reaction performance massively boosting 
its kinetics by more than two orders of magnitude. Many contributions have been made 
by the chemical biology scientific community presenting new scaffolds for strain promoted 
alkynes improving the performance with respect to such parameters as synthetic accessibility, 
kinetics and water solubility.130–133 The enhanced reaction kinetics for instance those of 
BARAC (biarylazacyclooctynone) allowed now for direct conjugation of the cyclooctyne to 
a fluorophore for visualisation of azide conjugated cells at such low concentrations (nearly 
two orders of magnitude lower than those employed in the two step labelling strategy 
of the Staudinger ligation), that a washing step before microscopy for visualisation of 
the modified cells could be omitted from the protocol altogether. Strained cyclooctynes 
proved to be useful in the context of labelling in cell cultures and in in vivo applications 
of several different life forms including, for instance, Caenorhabditis elegans a nematode 
model organism and in zebrafish for which extensive studies have been published.134–138 
The diverse set of cyclooctynes readily available also from commercial suppliers today 
demonstrates the value of mechanistic modifications in transforming an almost forgotten 
chemical reaction from the mid-20th century literature into a highly efficient bioorthogonal 
ligation. And as it turns out, the aspect of how to introduce the bioorthogonal group into 
the investigated system, which is part of the complete experimental platform that is rather 
based on biological and biochemical observations has been relatively straightforward. By 
contrast, developing and optimising bioorthogonal reactions, the synthetic methodology 
component of the developmental process, continues to be a significant challenge.99
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1

Figure 8 Bioorthogonal chemistry with the azide. (i) Strain-promoted alkyne-azide cycloaddition105 

(ii) Staudinger ligation75 (iii) Copper catalysed alkyne-azide cycloaddition113 (iv) The original OCT-biotin 

probe for strain promoted click reactions 1128 The original biotinylated phosphine reagent to label 

cell surface exposed azido sialic acid 269, SPAAC probe with improved reaction kinetics BARAC-Fluor 

3132, Typical ligands employed in bioconjugation experiments of CuAAC reactions based on the tris-

triazolymethylamine scaffold: TBTA 4116 and THPTA 5118 Phosphine reagent bound to the common 

epitope FLAG-tag 6139
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1.4.1 CHOOSING BETWEEN DIFFERENT METHODS

There are three major bioorthogonal transformations known today involving the azide: 
the Staudinger ligation, CuAAC and SPAAC and each of these has its advantages, but also 
shortcomings.140 A rule of general applicability to new reactions proposed to and employed 
by chemical biology is that there is no panacea. Rather, for each new reaction and also 
application several parameters have to be (re-)evaluated carefully. There are several 
studies and guides to help with the initial assessment on paper for the different application 
types.141–145 There is no perfect bioorthogonal reaction known to date, although different 
aspects of a particular chemical reaction make it more likely to be suitable for a certain 
application. Despite the fact that new chemistries have outperformed the Staudinger 
ligation in several aspects relevant to bioorthogonal chemistry we are compelled to look 
back carefully at the initiator of a striving era of new discovery. And still it should be kept in 
mind that this reaction has proven to be superior for in vivo labelling in mice over the SPAAC 
reaction (a field where CuAAC will never go, due to the need for a cytotoxic metal catalyst to 
function under ambient conditions).146 Furthermore, the Staudinger ligation continues to be 
an inspiration for the invention of new bioorthogonal chemistries.147,148

1.5 INTRODUCTION OF THE AZIDE INTO BIOMOLECULES

The universal applicability of bioorthogonal chemistry to virtually all classes of biomolecules- 
that is the transfer of the methodological principles derived from the Staudinger-Bertozzi 
ligation in the context of metabolic glycoprotein labelling as a mild and chemoselective 
ligation method- is what makes its invention such an outstanding idea. Therefore it is not 
surprising that there are in fact many examples where this tool was used to solve biological 
questions involving proteins, nucleic acids, lipids, glycans and other posttranslational protein 
modifications. With the addition of CuAAC and SPAAC to the portfolio of azide-involving 
bioorthogonal bioconjugation techniques there are numerous studies demonstrating the 
introduction and subsequent modification of azides to any of these biochemical entities.

1.5.1 PROTEINS VIA THE RIBOSOME

The principle of metabolic engineering is not limited to sugar metabolism but it can be 
transferred to protein synthesis. The ribosomal translation apparatus has proven to be 
responsive to the incorporation of non-canonical amino acids in a residue specific manner. 
The enzyme involved in charging the transfer RNA (tRNA), which is the molecule that 
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1delivers an amino acid to the ribosome according to the genetic code triplet expressed in 
the nucleotide sequence of the messenger RNA transcript, is called the aminoacyl tRNA 
synthetase (aaRS). This class of enzymes is assigned a key role in exploiting the translational 
process for biotechnological purposes. The aminoacyl tRNA synthetases have been 
demonstrated to have a certain substrate flexibility. This flexibility can be triggered especially 
if the natural substrate is absent from the medium an organism is growing on (depletion). 
To exploit this flexibility to its fullest, it is useful to remove the ability of the organism under 
study to synthesize this metabolite, in this case the amino acid, self-sufficiently (concept of 
the auxotrophic strains).149 Replacing the natural amino acid inside the growth medium with 
a non-natural one leads to the global replacement of the former for the latter at very high 
efficiencies (+95% with optimised protocols). Pioneering work in this field, among others, 
has been conducted by the research group of David Tirrell. One of the first amino acids to be 
replaced by this method in an efficient manner was methionine.150–154 And so, soon after the 
demonstration of the modification of azide bearing glycoproteins by the Staudinger-Bertozzi 
ligation, the groups of Bertozzi and Tirrell teamed up to produce azide bearing proteins 
with the global residue replacement method. Azidohomoalanine was incorporated into 
the protein murine dihydrofolate reductase, mDHFR, and subsequently modified with the 
Staudinger-Bertozzi ligation. Western-blotting with an anti-FLAG peptide antibody was used 
for visualisation and mass spectrometry confirmed the incorporation of azidohomoalanine 
at several different sites within the protein’s primary sequence (wild type mDHFR contains 
8 methionine residues). The feasibility of this experimental approach was further verified 
in cell lysates.139 There are also accounts reporting on the successful deployment of this 
bioorthogonal ligation technique directly on proteins equipped with non-canonical amino 
acids when using the site-specific incorporation method that was already explained in 
an earlier section. In these examples either azidophenylalanine was incorporated via the 
tyrosyl-RS of Methanocaldococcus janaschii or azidobenzyloxycarbonyl-lysine (a pyrolysine 
derivative, the 22nd amino acid present only in certain microorganisms specialized in 
methane metabolism) was incorporated via the pyrolysinyl-RS of Methanosarcina barkeri. 
The modified proteins were subsequently visualized with fluorescence making use of the 
Staudinger ligation and a phosphine probe directly tethered to the fluorophore.155,156 Both 
techniques for the replacement of natural amino acids with their non-canonical cognates 
are widely used in pure and applied research fields. Besides the azide, also an acetylene 
functional group can be introduced both in a residue- and a site-specific manner. More 
recently, the major biotechnological improvements made to the site-specific incorporation 
method using the orthogonal pair (orthogonal pair in this context refers to the aminoacyl 
tRNA synthetase and the related tRNA) based on the 22nd amino acid pyrolysine have allowed 
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for the introduction of more elaborate groups on the amino acid side chain including the 
bulkier strained alkynes for SPAAC labelling.15 In a very recent study a combination of the 
two approaches was demonstrated for in vivo visualisation via fluorescence in mouse brain 
tissues: an engineered version of the methionyl-tRNA synthetase (MetRS*) bearing a single 
point mutation to enhance substrate flexibility was expressed exclusively in certain tissues 
making use of a tissue specific gene promotor. The expression of the mutated version MetRS* 
allowed for the incorporation of azidonorleucine in response to the methionyl triplet codon 
and subsequent visualisation via CuAAC or SPAAC.157,158

1.5.2 PROTEINS VIA POSTTRANSLATIONAL MODIFICATIONS
1.5.2.1 GLYCANS

Oligosaccharides covalently linked to proteins (glycoproteins) help to modulate and diversify 
the behaviour of the latter in the context of cells, tissues and the whole organism. As such, 
they play crucial roles in many different cellular processes, e.g. signal transduction, cell 
recognition, or protein folding.159–161 Having obtained access to studying glycans162,163 and 
glycoproteins164–167 via the invaluable tool of bioorthogonal labelling in combination with 
metabolic engineering in ever more complex settings the scientific community has solved 
a critical issue, namely the lack of a universal template as found for DNA, RNA, and protein 
synthesis (compare Figure 2, central dogma of molecular biology) when it comes to glycan 
biosynthesis and protein decoration. The absence of such a template had made tackling 
several pressing questions regarding glycan behaviour and involvement with the other large 
classes of biomolecules rather complicated due to the fact that the already established 
methods derived from genetics and (protein)bioconjugation do not apply. With the new 
methods in hand, glycan behaviour has been studied for different types of organisms and 
sugars ranging from fucose incorporation in the cell wall of the model plant Arabidipsis 
thaliana,168 trehalose incorporation in glycolipids of the human pathogen Mycobacterium 
tuberculosis,169 or pseudaminica acid incorporation in the flagella proteins of the human 
pathogen Campylobacter jejuni,170 or incorporation into the lipopolysaccharide of E.coli.171 
The introduction of the alkyne bearing sialic acids into extracellular glycoproteins in living mice 
with subsequent ex vivo visualisation via click chemistry could also be demonstrated.172 Recent 
advances have focused on the study of the posttranslational modification of intracellular 
proteins with O-Linked β-N-acetylglucosamine (O-GlcNAc). This dynamic modification 
of serine and threonine side chains is thought to be involved in cellular stress responses 
but also in the emergence of pathological phenotypes.173 Chemoenzymatic methods use 
promiscuous enzymes to introduce O-GlcNAc analogues bearing a bioorthogonal handle 
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1into the target structures subsequent analysis with fluorescence and mass spectrometry 
allow for visualisation and quantification of this protein modification.174,175

1.5.2.2 LIPIDS

A sub-fraction of several hundred proteins of the proteome is modified with lipids. We are 
only at the brink of understanding how these proteolipids are involved in processes such as 
signalling, protein-protein interactions and membrane anchoring, for instance in the context 
of metabolism regulation. Fatty acids, e.g. palmitate and myristate are conjugated onto 
proteins via cysteine or an N-terminal glycine, to form thioesters or amides, respectively, 
in a reversible manner. Isoprenoids, like farnesol are incorporated via a thioether linkage 
at a cysteine of the protein’s C-terminus. Just like glycans, lipids lack a form-constituting, 
propagating molecular template and so their study is inherently more challenging. 
Bioorthogonal chemistry has helped to advance our understanding of these important 
protein modifications that have been hovering a bit below the radar until recent years and 
that are now being explored with full force in a similar fashion as glycosylation.176–179 The 
first principles to study lipidation were built on metabolic engineering and thus on substrate 
tolerance of the biosynthetic enzymes involved in the conjugation process. There are several 
examples from the early years of bioorthogonal chemistry that make use of the Staudinger 
ligation to elucidate the protein’s functions in the cellular context, a welcome innovation to 
a field that had depended on the cumbersome radioisotope-labelling methodology in the 
past. Not surprisingly, an early seminal study on farnesylated protein mapping demonstrates 
the introduction of an azide via the intrinsic lipid-conjugating enzyme machinery onto 
the proteins. In this example the substrate tolerance of the farnesyl transferase (FTase)180 
towards an azide bearing farnesyl derivative was exploited. Subsequently, the modified 
proteins were enriched with a biotin (introduced with the phosphine probe) based pulldown 
to then identify these proteins via tandem mass spectrometry.181 In a reverse approach, this 
substrate tolerance was utilized for introducing bioorthogonal groups into random proteins 
by means of prenylation with the FTase, which recognizes a C-terminal tetra-peptide motif. 
The azido-farnesyl modified protein was modified with the Staudinger ligation.182 There are 
also more recent studies on the mass spectrometry driven identification of prenylation sites 
making use of CuAAC instead of the Staudinger-Bertozzi ligation for protein enrichment 
purposes.183 Similar work has also been performed for the introduction of fatty acids 
into proteins.184 Palmytoylation sites in mitochondria185 and myristoylation targets during 
apoptosis186 were identified after the same experimental strategy: modification of the 
protein target via bioconjugation (to introduce the bioorthogonal azido handle), protein 
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isolation after the Staudinger ligation and identification with MS/MS. Tate and co-workers 
used the N-myristoyl transferase‘s (NMT)187 substrate tolerance and sequence recognition 
ability to introduce an azide via myristoylation on the N-terminus of a random protein and 
modified it subsequently with the Staudinger ligation.188 There are recent reports making 
use of the chemoenzymatic tagging of engineered proteins bearing the recognition peptide 
via NMT in situ, for instance for the study of the calcium-dependent signalling messenger 
calmoduline,189 or the fluorescent imaging of target proteins inside bacterial cells.190 Both 
studies make use of the today more commonly applied bioorthogonal conjugation technique 
of strain promoted alkyne-azide cycloaddition.

1.5.2.3 ENZYMATIC LIGATIONS

Numerous proteins are modified by cofactors and other adducts in a post-translational 
manner so they can fulfil enzymatic and structural tasks that go beyond the functions 
that the set of the 20 canonical amino acids endows them with.191 Cofactor modifications 
can be seen as natural bioconjugates as they are installed covalently onto the protein 
mostly by a set of selective and site-specific enzymes. Many of these enzymes maintain 
their specificity by the recognition of a short peptide sequences inside which, or adjacent 
to which the covalent adduct is installed.192–194 The idea of using short peptide sequences 
for bioorthogonal imaging was already introduced with Roger Tsien’s biarsenical labelling 
of the tetra cysteine motif (Figure 3iii, FLAsH). And also the concept of utilizing enzymes 
to introduce bioorthogonal handles into target proteins by adding (grafting) the peptidic 
recognition sequence into a protein of interest genetically was introduced when discussing 
the introduction of the azide as bioorthogonal handle into lipids and lipid bearing proteins. 
In these examples the idea to use the peptide recognition sequence of the acylating and 
alkylating enzymes NMP and FTase182,188 for biotechnological purposes (chemoenzymatic 
tagging of recombinant proteins) was introduced. The field of using peptide sequences or 
small molecule-tagging enzyme-protein fusions to introduce chemical handles is expanding. 
In one example the Ting group demonstrated that the biotin transferase BirA was utilized 
to incorporate an azide analogue of biotin into a protein that was bearing the consensus 
sequence recognized by that transferase. The acceptance of this unnatural azide bearing 
substrate was possible only after screening biotin ligases from several different organism 
to finally identify one that exerted a higher substrate tolerance. This biotin ligase stems 
from the extremophile archaeon Pyrococcus horikoshii that recognized the acceptor peptide 
(AP) and covalently ligated the biotin analogue onto a lysine forming an amide bond using 
one of the endogenous human biotin acceptor proteins. The covalent introduction of the 
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1azide endows the experimenter with the ability to modify the targeted protein with the 
Staudinger ligation at a later point in time.195 Two very promising approaches making use 
of chemoenzymatic tagging by substrate or sequence recognition and the subsequent 
introduction of bioorthogonal handles, especially in the context of in situ and in vivo labelling 
and visualisation are the HaloTag based on a haloalkane dehalogenase196 and the sortase 
tagging method based on a cell wall modifying enzyme that recognizes the specific peptide 
motif …LPXTG stemming from the gram-positive bacterium Staphylococcus aureus.197,198 In 
a very comprehensive study on the evaluation of bioorthogonal in situ labelling methods 
SPAAC and other bioorthogonal labelling strategies were used in combination with the 
HaloTag system, yet it was found that the introduction of the strained alkyne inside the 
cell onto the protein fusion construct and the azide on the reporter-fluorophore gave 
better labelling results in terms of a significant reduction of the background signal.199 The 
Ploegh group demonstrated the production of unnatural protein fusions by joining the two 
N-termini or the two C-termini of two distinct proteins via SPAAC after having introduced 
the two orthogonal reaction partners, the azide and a strained alkyne with the sortase 
labelling system. Recently, the groups of Vasdev, Ploegh and Liang demonstrated the use of 
sortase A to introduce the azide into single domain antibodies (VHH, nanobody) that were 
subsequently used for labelling in chemically fixed cells.200
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Figure 9 Introducing Bioorthogonal handles into proteins. (i)201 There are multiple ways of introducing 

the azido-group into proteins, based on strategies of metabolic or genetic engineering, biotechnology 

and organic chemistry. (ii) Different molecules that enable the introduction of the azide into the 

protein of interest (POI). Substrate for BirA 1,195 Azidohomoalanine for residue specific replacement of 

natural amino acids 2,139 The non-natural amino acid azidobenzyloxycarbonyl-lysine for the site specific 

incorporation into proteins 3,156 omega-azidofarnesol an alternative for prenylation 4,180 GlcNAz an 

azido derivative of the common post-translational modification N-acetylglucosamine, accepted by the 

enzymatic machinery as substrate 5,202 1-imidazolesulfonylazide a common diazotransfer reagent 6,203 

Fmoc-omega-azidolysine an amino acid building block for the introduction of azides into proteins via 

chemical synthesis 7,204 Activity-based probe based on the vinyl sulfone electrophile to target the 

proteasome inside living cells. 8.205 
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11.5.3 DIRECT CHEMICAL INTRODUCTION INTO PROTEINS

In the previous sections a diverse set of experimental strategies was discussed regarding 
the incorporation of the azido group into proteins and other biomolecules to enable 
bioorthogonal chemistry in a subsequent step. There are different ways to manipulate 
the very mechanisms of an investigated biological system underlying and composing 
its functionality. Among these, there are the hijacking of the metabolic machinery, the 
manipulation of the genetic machinery of the cell or the utilisation of the ability of site-
specific enzymatic ligases to modify certain peptide sequences. Accessing proteins both 
in their wild type version but also different chemotypes thereof, for instance resembling 
natural glycoproteins,206,207 by direct chemical means has become a more popular field of 
research once again.208–211 and the incorporation of an azide in the form of an omega-azido 
lysine by means of total synthesis of the protein HIV-protease has been published recently.204

1.5.3.1 IN SITU PROTEIN LABELLING WITH ACTIVITY BASED PROBES

There are also methods for the introduction of bioorthogonal handles into proteins that are 
void of a direct involvement of the enzymatic toolkit of the cell altogether. These methods 
involve protein targeting small molecules which come directly from the synthetic organic 
chemist’s reaction flask. Subsequently, these molecular probes can be tested on cells. 
Affinity labelling or the introduction of a covalent adduct to the active site of a protein 
or protein class has been of interest to the scientific community since the beginning of 
the 1960s212,213 while the use of light-activated cross-linkers has gained a specific focus 
(photoaffinity labelling, PAL).214 The approach is often based on so-termed suicide substrates 
which undergo a covalent bond formation with the active site of the enzyme(class) that is 
targeted, at the same time rendering the probe inactive towards other proteins. Suicidal 
properties are either achieved by the installation of an electrophile that, upon binding to 
the active site of the target protein, reacts in an activity-dependent manner with one of the 
nucleophiles involved in the catalytic mechanism of the enzyme or by the light-activated 
generation of the highly reactive carbene or nitrene species, which then inserts on random 
sites of the protein. The use of the activity-based mechanism to introduce protein reporting 
moieties in a probe like manner has been applied successfully since the early 1990s but the 
field took really off once it was defined as such at the turn of the century by the groups of 
Cravatt and Bogyo.215–217

One of the major advantages of this technique is that the molecules that are intended 
to label the target protein (a probe) are working in situ, for instance when applied in a 
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cell culture these probes diffuse into the cells from the cell culture medium and interact 
with their target protein in its natural habitat of the cytosol or the intracompartmental 
space. Genetic modification of the target protein is not necessary for this technique. If 
these molecules contain a bulky or hydrophobic tag that is necessary for the subsequent 
visualisation or identification of the target the probe becomes less cell-permeable. A great 
improvement to this method was the omission of a reporter tag and the introduction of 
bioorthogonal labelling to this method by introducing an azide to the probe. In a subsequent 
step, the covalently bound enzyme would be tagged with a bioorthogonal reaction in the 
cell lysate.205,218 Ovaa and co-workers used the covalently introduced handle, the azide, 
in situ for conjugation with the Staudinger ligation while the Cravatt group proposed the 
same strategy making use of CuAAC. Since then the field of activity-based protein profiling 
has expanded219 and there are several examples where the Staudinger ligation, CuAAC and 
SPAAC has been used in the two step identification process both in the context of activity 
based labelling220–223 and photo-affinity based labelling.224,225

1.5.3.2 DIAZOTRANSFER REAGENTS

From the point of view of a synthetic organic chemist, a protein can be simply regarded as 
a folded polymer that has many nucleophilic functional groups on its surface as postulated 
by Hamachi and co-workers -a welcome challenge to the synthetic organic chemist, thus, 
to develop and apply chemo- and regioselective chemistries.12 Not so surprisingly, as was 
already pointed out in a previous section, early efforts in the field of bioconjugation indeed 
went towards finding selective synthetic strategies to manipulate individuals among the 
many nucleophilic functionalities (Figure 3). But it was published only in recent years that 
an attempt to introduce the azido group into a protein by direct chemical means was 
successfully conducted. There is a decent volume of literature on the chemistry of azides 
available despite the fact that Sharpless and Fokin in their seminal work on the discovery 
of the copper catalysed variant of the azide alkyne cycloaddition attested this functional 
group a certain fleeting appearance due to azidophobia.107 Along with their collaborators 
and efforts by the Bertozzi lab this phobia has been overcome in the very current past. And 
thus there remains the challenge of how to introduce the azide into a protein. According to 
Prof. Stefan Bräse, widely recognized by the field as an authority on azide chemistry, there 
are five different ways to prepare structures bearing organic azides: a) insertion of the N3 
group (substitution or addition), b) insertion of an N2 group (diazotransfer), c) insertion of 
a nitrogen atom (diazotization, e.g. the reaction of hydrazines with nitrosyl ions or their 
precursors), d) cleavage of triazines and analogous compounds, and e) rearrangement of 
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1azides.103

In organic chemistry the introduction of a nucleofuge to the precursors of a target structure 
for the subsequent nucleophilic displacement with an azide ion (usually in the form of 
sodium azide) is part of the basic hardware. And even though the synthetic methodology 
to directly introduce azides into more complex target structures has been improving over 
the past years,226 in the case of a protein such an instalment would require highly skilled 
synthetic hands, given the just mentioned plethora of surface exposed proteinogenic 
nucleophiles. A more realistic approach could be the diazotransfer reaction which converts 
primary amines to azides by the transfer of N2 via a diazo donor molecule. This diazotransfer 
reaction has been already applied in organic synthesis for decades making use of the reagent 
trifluoromethanesulfonyl azide (TfN3) as diazo donor in the presence of Cu(II) as a catalyst 
and a base (Figure 10i).227–230 This reaction reaches almost quantitative yields and proceeds 
under mild reaction conditions. It also preserves any stereochemistry at the amine, a 
crucial quality for transformation in the highly stereogenic environment of biomolecules. 
However, TfN3 presents itself not without troubles: in neat form it is highly explosive and 
therefore it needs to be prepared freshly in solution each time it is supposed to be used 
in the lab for a synthetic procedure. The application of the dissolved reagent impedes 
precise determination of the molar quantity due to varying yields in its synthesis, where the 
starting material trifluoromethanesulfonic anhydride is costly and should only be used in 
smaller quantities and then the removal of the side product trifluoromethanesulfonamide 
from polar products, like many classes of biomolecules are, is cumbersome. Lastly, these 
reactions are usually conducted in organic solvents like mixtures of dichloromethane and 
methanol. These circumstances do not really qualify this reaction as being part of the click 
chemistry portfolio and if it was to be used as a standard method also by scientists that lack 
ample training in synthetic organic chemistry a handier alternative was to be invented. The 
diazotransfer reaction in the context of protein modification became more viable with the 
invention of the reagent imidazole-1-sulfonyl azide or more precisely its HCl salt in 2007 by 
Goddard-Borger and Stick (Figure 10ii).231 With this publication these two chemists made 
a great contribution to the surging age of azidophilia in chemical biology.232–235 The new 
diazotransfer reagent has addressed several of the aforementioned challenges presented by 
TfN3, which it largely replaced as the method of choice in synthetic organic chemistry.236,237 
Since its introduction it has gone through some improvements in terms of preparation, 
safety and shelf life.238,239 Within a year of its publication the reagent was used in the context 
of protein modification. In 2008 the group of van Hest published the first account of the 
introduction of azides into proteins via diazotransfer making use of the just published 
reagent imidazole-1-sulfonyl azide*HCl that can be readily used in aqueous solvents.240 Two 
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proteins were modified on multiple sites, which was demonstrated with mass spectrometry. 
Subsequently they were conjugated to polyethylene glycol or another protein bearing the 
non-canonical amino acid homopropargyl glycine at its N-terminus making use of CuAAC. 
The modified and azide bearing enzyme horse radish peroxidase (HRP) even retained 80% 
of its wild type catalytic activity. A more thorough investigation of the diazotransfer reagent 
in terms of improving the modification of proteins followed in 2011 and concluded that, by 
controlling the amount of reagent, the catalyst load and the pH of the reaction mixture, the 
azide could be introduced selectively at a single site within the protein at the primary amine 
with the highest pKa (usually the amine found at the N-terminus).203

Figure 10 Diazotransfer with two different reagents. (i) Diazotransfer with trifluoromethanesulfonyl 

azide (TfN3), traditionally applied in organic synthesis.229,241 (ii) Diazotransfer242,243 with imidazole-1-

sulfonyl azide hydrochloride is feasible in the context of protein modification.231,240
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11.5.4 NUCLEIC ACIDS

The world of the nucleic acids, namely the DNA and RNAs, has been a heavily studied field 
of research for decades. Before the advent of bioorthogonal chemistry there were already a 
myriad of methods known to study and manipulate these molecules. Nucleic acid molecules 
are accessible both by synthetic and enzymatic means and these techniques have been 
optimized over the years.244–246 Yet, there is still an increasing demand in understanding 
how DNA and RNA work, for instance how they interact with each other and other classes 
of biomolecules, regulate cellular processes and even act as catalysts. This demand for a 
better understanding is especially relevant in the context of synthetic biology;247 and so 
bioorthogonal chemistry can help to do its part in achieving this goal.248–250 
In an early example the Staudinger-Bertozzi ligation was used to introduce a fluorophore 
chemically at the 5’ end of an oligonucleotide. These fluorescent conjugates were suggested 
to have an application in the field of fluorescence based DNA sequencing.251 Marx and 
Weisbrod developed a polymerase chain reaction based (PCR) assay to incorporate azide 
bearing analogues of the nucleobases thymidine and adenine into DNA molecules and 
demonstrated their subsequent modification with the Staudinger ligation to introduce a 
biotin moiety for visualisation. For the success of this incorporation a screen of different 
polymerases was necessary and finally yielded the enzyme Pwo from the thermophilic 
archaea Pyrococcus woesei.252,253 There is also an example where the azide was introduced 
enzymatically into RNA via T7 RNA polymerase and utilised for Staudinger ligations as an 
alternative protocol to access RNA probes with biophysical markers attached.254 Another 
example where the Staudinger ligation was used for DNA modification makes use of a 
different approach: the enzymatic introduction of an azide bearing aziridine adenylate 
analogue is incorporated into a DNA strand by a promiscuous methyl transferase. The 
produced conjugates were elegantly used for the introduction of a copper species to catalyse 
strand cleavage.255,256 Yet another stunning example by Francis and Bertozzi demonstrates 
that timed cell adhesion can be encoded by DNA hybridisation between an azide bearing 
glycoprotein and a phosphine bearing single stranded DNA.257

Although synthetic DNA is readily available, even more so than proteins and also when it 
comes to large molecules with long sequences, there are only few examples where the 
Staudinger ligation is used. As it turns out, the installation of azides is impractical by the 
common solid-phase based synthetic techniques due to the applied chemistry (DNA synthesis 
is based on the employment of phosphoramidites, where the phosphorous(III) atom will 
likely reduce any azides present that are planned to function as bioorthogonal handle). 
Incorporation by enzymatic means, using a polymerase in a PCR reaction leads to global 
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incorporation of the bioorthogonal analogue and impedes site specific modifications.258 
Yet, there are useful applications for bioorthogonal chemistry in DNA analysis making use 
of different strategies.259,260 For instance, the incorporation of uridine and deoxyuridine 
analogues in nascent RNA and DNA molecules, respectively, during the polymerase reaction 
catalysed transcription and elongation process could be visualised with fluorescence 
in cells making use of the copper catalysed alkyne azide cycloaddition which constitutes 
a major improvement to the hitherto applied methods based on autoradiography and 
immunology.122,261 The use of the ethynyl bearing derivative of deoxyuridine could be used 
even for in vivo labelling of the DNA synthesis in zebra fish embryos using azide bearing 
fluorophores.262

1.6 ALTERNATIVE STRATEGIES TO BIOORTHOGONAL CHEMISTRY

The necessity to study proteins in their natural habitat was already discussed in a previous 
section as a requirement to obtain bona fide results regarding their behaviour in the 
complex environment of the cell with multiple interacting partners present (multi-molecular 
crowding situations). The introduction of a probe for signal detection is inevitable for this 
purpose.263 The report of Roger Tsien’s bisarsenical reagents in the second half of the 
1990s demonstrated already in the early years of modern chemical biology the high utility 
of small molecules interacting with the much larger biomacromolecules to meet this end 
(Figure 4). The study of biomolecules in reality-emulating settings was greatly facilitated 
by the introduction of bioorthogonal chemistry. In recent years another powerful concept 
has broken ground to reach nearly unbiased results under an in situ experimental set-up. 
Techniques established under this alternative concept make use of so-called proximity 
enhancement or proximity-directed chemistry that is based on chemical tethering between 
a recognition element (host-guest chemistry), which can be a ligand or an inhibitor and a 
functional element (Figure 11i).264 Stuart Schreiber and Gerald Crabtree were among the 
first to reflect on this concept in the 1990s when they discovered the effect a specific small 
molecule can have on the dimerization process of two proteins which in turn leads to a 
modulation of the signal transduction process (chemical inducers of protein dimerization, 
CID, see also Figure 2).265,266 The concept of proximity-directed chemistry is used, for instance 
in the context of photo-pharmacology267 or the identification of low abundance protein-
protein interactions in combination with the use of non-canonical amino acids268 and also 
the group of Bertozzi is active in this field of research making use of the proximity effect and 
strain promoted cycloaddition chemistry to detect specific post-translational modifications 
on the protein surface.269 Instead of using bioorthogonal chemistry which, relies exclusively 
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1on the selectivity of the reaction employed to study proteins inside the cell, proximity-
directed chemistry, on the other hand, is based on combining molecular recognition with 
a chemical reaction to achieve selectivity. The Hamachi group has been at the forefront 
of this field of research.21,270–272 The proximity effect leads to enhanced reaction kinetics 
and also improves the selectivity of the labelling. The proximity between a protein and a 
labelling reagent is mainly driven by molecular recognition, where a bimolecular reaction 
is converted to a pseudo-intramolecular reaction, as in enzymatic reactions. More precisely 
this strategy employs a cleavable electrophile in the labelling reagent that can react with a 
nucleophile present on the proteins surface (Figure 11ii). It is termed ligand-directed (LD) 
chemistry, an approach that has proven successful also in the context of in vivo labelling in 
mice.273 Bioorthogonal chemistry and ligand-directed chemistry are two concepts that are 
not mutually exclusive and several strategies making use of the proximity effect also include 
bioorthogonal chemistry by adding functional handles into multi-functional molecules.274

Figure 11 Protein labelling using the proximity effect. (i) Concept of ligand-directed chemistry: 

combining molecular recognition with a chemical reaction. The labelling proceeds in three steps: 

(1) recognition of the ligand moiety with the corresponding protein (micromolar to sub-micromolar 

dissociation constants are typically required); (2) the selective and accelerated reaction of the reactive 

electrophile of the reagent with a proximal nucleophilic amino acid on the surface of the POI; and (3) 

dissociation of the ligand from the labelled protein. (ii) Three reagents that meet the ligand-directed 

chemistry concept of Hamachi: tosylate, an alkylating reagent 1,270 acyl imidazole an acylating reagent 

2,271 dibromophenyl benzoate an acylating reagent 3.275,272
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1.7 OVERVIEW THESIS CHAPTERS

The following chapters describe research conducted within the context of bioorthogonal 
chemistry, specifically with the azide as chemoselective handle, and proximity enhanced 
protein labelling. The idea of the presented research is to introduce the azide chemically 
into proteins by means of a small molecule probe. In order to achieve selectivity for a 
protein of interest within a complex mixture of biomolecules, chemoselectivity for a certain 
amino acid site chain and site specificity among several competing nucleophiles of the same 
kind, the diazotransfer reagent imidazole-1-sulfonyl azide is tethered to a directing group 
moiety. The thus obtained probes will enable a targeted diazotransfer reaction to primary 
amines within proteins. To put it in the words of a reviewer commenting on the manuscript 
underlying the work presented in chapter 2: “It [the manuscript] represents the marriage 
of two emerging chemical biology techniques: site-selective labelling of proteins by ligands 
tethered to reactive moieties, and diazotransfer on the amino groups of proteins using the 
versatile imidazole-1-sulfonyl azide diazotransfer reagent.”

Chapter 2

In this chapter a new strategy for the protein selective and site-specific introduction 
of a bioorthogonal handle into proteins is described. Based on the diazotransfer reagent 
imidazole-1-sulfonyl azide a probe was developed. The design of the probe is based on the 
tethering of this reagent to the ligand moiety biotin. With the so obtained small molecule 
probe DtBio, different biotin binding proteins could be equipped with the azide functionality. 
This example introduces a novel class of protein labelling probes, the targeted diazotransfer 
reagents. In this sense the probe is a combination of the concept of proximity enhanced 
protein labelling and bioorthogonal chemistry for protein manipulation in complex 
biological settings. Besides the well-established (strep)avidin-biotin systems the membrane 
located biotin binding protein BioY, an S-component of the ECF small molecule membrane 
transporter complex, could be modified with the azide and visualised via fluorescence.

Chapter 3

In this chapter the strategy of the targeted diazotransfer method for protein 
labelling was extended to an analytical method suitable for target deconvolution. This 
approach is based on chemical enrichment of azide bearing molecules via CuAAC employing 
an immobilized cleavable linker synthesized around the triazene motif combined with 
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1tandem mass spectrometry. This capture and release strategy with the bifunctional linker 
was coined clinker pull down (a clickable and cleavable linker). In this way diazotisation sites 
on proteins can be identified unambiguously on the peptide level. The combination of the 
target selective diazotransfer reaction via the probe DtBio with chemical enrichment of the 
diazotised peptides stemming from an enzymatic digest of the modified protein allows for 
precise and rapid identification of the modification site as demonstrated for streptavidin 
and a new target of the probe DtBio, the biotin ligase BirA. With this tool in hand not only 
target identification of novel ligands/inhibitors will become feasible in the future but also 
the idea of multiplexing experiments making use of stable isotope labelling of the clinker 
fragment is at hand.

Chapter 4

In this chapter the targeted diazotransfer concept is transferred to a second probe-
protein pair. The zinc containing model protein carbonic anhydrase is targeted by a probe 
bearing the benzenesulfonamide moiety as ligand. A set of probes, termed DtBSu-n, is used 
to study the probe efficiency and selectivity to its respective protein target in mixtures. A 
focus is put on structural aspects of the probe-protein interaction, which is supported by 
data obtained in experiments with fluorescence labelling, tandem mass spectrometry, also 
involving the previously introduced clinker tool (Chapter 3), and further corroborated with 
structure elucidation via X-ray crystallography of the probe-protein complex. Additionally, 
the metal catalyst that is involved in the diazotransfer reaction is evaluated more thoroughly. 
The obtained results suggest the use of zinc as a viable and more benign alternative to 
copper for the application of the diazotransfer reaction in more complex systems, especially 
when transferred to cell culture experiments in the future.

Chapter 5

In this chapter a concept is introduced that goes towards the development 
of protein labelling probes with a new strategy. The strategy is based on the modular 
construction of the probe molecule that allows for a more rapid production of targeted 
protein probes. By combining hydrazide bearing ligand molecules with aldehyde bearing 
reactive groups, probes can be prepared in a combinatorial manner, potentially allowing for 
a rapid screening of the best POI-labelling strategy combination.
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1.8 CLOSING REMARKS

To conclude this introduction two quotes that are particularly moving and express a topical 
issue are presented: the prevailing necessity of curiosity driven research to be the prime 
incitement to do science.

1. Prof. Carolyn Bertozzi on literature mining for new candidates of bioorthogonal 
reactions:

“In our experience, the chemical literature from the early to mid- 20th century is fertile 
ground for unearthing prototype reactions. During this period, physical organic chemists 
were intrigued by the properties of exotic structures outside of mainstream of organic 
synthesis, and the practical utility of some of these mechanistic oddities was generally not of 
primary importance. Understanding the fundamental behaviours of organic molecules, how 
structure relates to reactivity, was sufficient justification for such mechanistic explorations, 
a testament to a time when society was more forgiving of curiosity-driven science.”99

2. Prof. M.G. Finn on the expansion of bioorthogonal chemistry to classes of 
biomolecules other than proteins:

“The overall dream shared by many investigators is the precise insertion of non-biological 
chemical reactions into ever-more complex biological systems, up to and including higher 
organisms. In this quest, we choose to dance with the dazzling molecular and functional 
complexity of evolution, without stepping on Nature’s toes. The music is sublime, the 
destination rewarding, and we have a few good moves. Finding and using new ones is an 
endeavour most worthwhile.”143
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