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General Introduction

1
A general Introduction to chemical biology, bioorthogonal chemistry and
the introduction of xenobiotic groups to biomolecules.
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Chapter 1

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,
12
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like 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.

Structural Biology
Proteomics
Bioinformatics

Cell Biology
Systems Biology

Structural
Information

Biological
Phenomenon

Chemical
Problem
Tools for
Biological
Studies

Biomacromolecules
Small Molecules

Biochemistry
Biophysics

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.

14
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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
15
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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
16
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of 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.
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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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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 semisynthesis)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
20
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both 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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1.3.2 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
23
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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 wellestablished 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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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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(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
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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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acetylene-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
30

General Introduction

i

1

ii

O
OMe

N
N

N

N

N

N
N

PPh2

N–

N

O
N
H
PPh2

Staudinger Ligation
Bertozzi, Staudinger

SPAAC
Bertozzi, Wittig-Krebs

O

iii
CuAAC
Sharpless-Meldal, Huisgen
Cu(I)
Ligand

iv

N

N

N

O
O

H
N

H HN

H
N

O
3

O

O

4

O

O
NH

S

NH H

HN
S

H

H

H
N
4

3

O

1

O

N

N
R

O

3

HO

O

N

N
N

O

N

N

N

O
O

PPh2

2

O
O

OMe

H
N

O

O

O

4
5

R = Ph
R = CH2CH2OH

KDDDDKYD
3

OMe

H
N

HO

PPh2
O

6

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 tristriazolymethylamine scaffold: TBTA 4116 and THPTA 5118 Phosphine reagent bound to the common
epitope FLAG-tag 6139

31

Chapter 1

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 biomoleculesthat 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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delivers 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
34

General Introduction

into 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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azide 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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1.5.3 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 sitespecific 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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azides.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
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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-1sulfonyl azide hydrochloride is feasible in the context of protein modification.231,240
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1.5.4 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 proteinprotein 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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on the selectivity of the reaction employed to study proteins inside the cell, proximitydirected 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
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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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tandem 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 probeprotein 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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Chichester, West Sussex, U.K, 2010.
Debets, M. F.; van der Doelen, C. W. J.; Rutjes, F. P. J. T.; van Delft, F. L. ChemBioChem 2010,
11 (9), 1168.
Huang, D.; Yan, G. Adv. Synth. Catal. 2017, 359 (10), 1600.
Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed Engl. 2002,
41 (14), 2596.
Tornøe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67 (9), 3057.
Huisgen, R. Angew. Chem. 1963, 75 (13), 604.
Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40 (11), 2004.
Kolb, H. C.; Sharpless, K. B. Drug Discov. Today 2003, 8 (24), 1128.
Tang, W.; Becker, M. L. Chem Soc Rev 2014, 43 (20), 7013.
Meldal, M.; Tornøe, C. W. Chem. Rev. 2008, 108 (8), 2952.
Worrell, B. T.; Malik, J. A.; Fokin, V. V. Science 2013, 340 (6131), 457.
Haldón, E.; Nicasio, M. C.; Pérez, P. J. Org Biomol Chem 2015, 13 (37), 9528.
Wang, Q.; Chan, T. R.; Hilgraf, R.; Fokin, V. V.; Sharpless, K. B.; Finn, M. G. J. Am. Chem. Soc.
2003, 125 (11), 3192.
Sawa, M.; Hsu, T.-L.; Itoh, T.; Sugiyama, M.; Hanson, S. R.; Vogt, P. K.; Wong, C.-H. Proc. Natl.
Acad. Sci. 2006, 103 (33), 12371.
Hong, V.; Presolski, S.; Ma, C.; Finn, M. G. Angew. Chem. Int. Ed. 2009, 48 (52), 9879.
Grammel, M.; Hang, H. C. Nat. Chem. Biol. 2013, 9 (8), 475.
Lehmann, J.; Wright, M. H.; Sieber, S. A. Chem. - Eur. J. 2016, 22 (14), 4666.
Speers, A. E.; Cravatt, B. F. Chem. Biol. 2004, 11 (4), 535.
Salic, A.; Mitchison, T. J. Proc. Natl. Acad. Sci. 2008, 105 (7), 2415.
Hong, V.; Steinmetz, N. F.; Manchester, M.; Finn, M. G. Bioconjug. Chem. 2010, 21 (10), 1912.
Soriano del Amo, D.; Wang, W.; Jiang, H.; Besanceney, C.; Yan, A. C.; Levy, M.; Liu, Y.; Marlow,
F. L.; Wu, P. J. Am. Chem. Soc. 2010, 132 (47), 16893.
Bevilacqua, V.; King, M.; Chaumontet, M.; Nothisen, M.; Gabillet, S.; Buisson, D.; Puente, C.;
Wagner, A.; Taran, F. Angew. Chem. Int. Ed. 2014, 53 (23), 5872.
Yang, M.; Jalloh, A. S.; Wei, W.; Zhao, J.; Wu, P.; Chen, P. R. Nat. Commun. 2014, 5, 4981.
51

Chapter 1
(127)
(128)
(129)
(130)
(131)
(132)
(133)
(134)
(135)
(136)
(137)
(138)
(139)
(140)
(141)
(142)
(143)
(144)
(145)
(146)
(147)
(148)
(149)
(150)
(151)
(152)
(153)
(154)
(155)
(156)
(157)
(158)
(159)
(160)
(161)
(162)
(163)
(164)
(165)
52

Li, S.; Wang, L.; Yu, F.; Zhu, Z.; Shobaki, D.; Chen, H.; Wang, M.; Wang, J.; Qin, G.; Erasquin, U.
J.; Ren, L.; Wang, Y.; Cai, C. Chem Sci 2017, 8 (3), 2107.
Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. J. Am. Chem. Soc. 2004, 126 (46), 15046.
Wittig, G.; Krebs, A. Chem. Ber. 1961, 94 (12), 3260.
Ning, X.; Guo, J.; Wolfert, M. A.; Boons, G.-J. Angew. Chem. Int. Ed. 2008, 47 (12), 2253.
Debets, M. F.; van Berkel, S. S.; Schoffelen, S.; Rutjes, F. P. J. T.; van Hest, J. C. M.; van Delft, F.
L. Chem Commun 2010, 46 (1), 97.
Jewett, J. C.; Sletten, E. M.; Bertozzi, C. R. J. Am. Chem. Soc. 2010, 132 (11), 3688.
Dommerholt, J.; Rutjes, F. P. J. T.; van Delft, F. L. Top. Curr. Chem. 2016, 374 (2).
Laughlin, S. T.; Baskin, J. M.; Amacher, S. L.; Bertozzi, C. R. Science 2008, 320 (5876), 664.
Laughlin, S. T.; Bertozzi, C. R. ACS Chem. Biol. 2009, 4 (12), 1068.
Baskin, J. M.; Dehnert, K. W.; Laughlin, S. T.; Amacher, S. L.; Bertozzi, C. R. Proc. Natl. Acad.
Sci. 2010, 107 (23), 10360.
Beahm, B. J.; Dehnert, K. W.; Derr, N. L.; Kuhn, J.; Eberhart, J. K.; Spillmann, D.; Amacher, S.
L.; Bertozzi, C. R. Angew. Chem. Int. Ed. 2014, 53 (13), 3347.
Beahm, B. J.; Bertozzi, C. R. In Glycoscience: Biology and Medicine; Endo, T., Seeberger, P. H.,
Hart, G. W., Wong, C.-H., Taniguchi, N., Eds.; Springer Japan: Tokyo, 2014; pp 1–11.
Kiick, K. L.; Saxon, E.; Tirrell, D. A.; Bertozzi, C. R. Proc. Natl. Acad. Sci. 2002, 99 (1), 19.
Agard, N. J.; Baskin, J. M.; Prescher, J. A.; Lo, A.; Bertozzi, C. R. ACS Chem. Biol. 2006, 1 (10),
644.
Lim, R. K. V.; Lin, Q. Chem. Commun. 2010, 46 (10), 1589.
Patterson, D. M.; Nazarova, L. A.; Prescher, J. A. ACS Chem. Biol. 2014, 9 (3), 592.
McKay, C. S.; Finn, M. G. Chem. Biol. 2014, 21 (9), 1075.
Patterson, D. M.; Prescher, J. A. Curr. Opin. Chem. Biol. 2015, 28, 141.
Narayanam, M. K.; Liang, Y.; Houk, K. N.; Murphy, J. M. Chem. Sci. 2016, 7 (2), 1257.
Chang, P. V.; Prescher, J. A.; Sletten, E. M.; Baskin, J. M.; Miller, I. A.; Agard, N. J.; Lo, A.;
Bertozzi, C. R. Proc. Natl. Acad. Sci. 2010, 107 (5), 1821.
Sundhoro, M.; Jeon, S.; Park, J.; Ramström, O.; Yan, M. Angew. Chem. Int. Ed. 2017, 56 (40),
12117.
Row, R. D.; Shih, H.-W.; Alexander, A. T.; Mehl, R. A.; Prescher, J. A. J. Am. Chem. Soc. 2017,
139 (21), 7370.
Johnson, J. A.; Lu, Y. Y.; Van Deventer, J. A.; Tirrell, D. A. Curr. Opin. Chem. Biol. 2010, 14 (6),
774.
Cowie, D. B.; Cohen, G. N.; Bolton, E. T.; De Robichon-Szulmajster, H. Biochim. Biophys. Acta
1959, 34, 39.
Hendrickson, W. A.; Horton, J. R.; LeMaster, D. M. EMBO J. 1990, 9 (5), 1665.
Budisa, N.; Steipe, B.; Demange, P.; Eckerskorn, C.; Kellermann, J.; Huber, R. FEBS J. 1995,
230 (2), 788.
van Hest, J. C.; Tirrell, D. A. FEBS Lett. 1998, 428 (1–2), 68.
van Hest, J. C. M.; Kiick, K. L.; Tirrell, D. A. J. Am. Chem. Soc. 2000, 122 (7), 1282.
Tsao, M.-L.; Tian, F.; Schultz, P. G. ChemBioChem 2005, 6 (12), 2147.
Yanagisawa, T.; Ishii, R.; Fukunaga, R.; Kobayashi, T.; Sakamoto, K.; Yokoyama, S. Chem. Biol.
2008, 15 (11), 1187.
Mahdavi, A.; Hamblin, G. D.; Jindal, G. A.; Bagert, J. D.; Dong, C.; Sweredoski, M. J.; Hess, S.;
Schuman, E. M.; Tirrell, D. A. J. Am. Chem. Soc. 2016, 138 (13), 4278.
Alvarez-Castelao, B.; Schanzenbächer, C. T.; Hanus, C.; Glock, C.; tom Dieck, S.; Dörrbaum,
A. R.; Bartnik, I.; Nassim-Assir, B.; Ciirdaeva, E.; Mueller, A.; Dieterich, D. C.; Tirrell, D. A.;
Langer, J. D.; Schuman, E. M. Nat. Biotechnol. 2017, 35 (12), 1196.
Yarema, K. J.; Goon, S.; Bertozzi, C. R. Nat. Biotechnol. 2001, 19 (6), 553.
Dube, D. H.; Bertozzi, C. R. Nat. Rev. Drug Discov. 2005, 4 (6), 477.
Ohtsubo, K.; Marth, J. D. Cell 2006, 126 (5), 855.
Laughlin, S. T.; Bertozzi, C. R. Proc. Natl. Acad. Sci. 2009, 106 (1), 12.
Liu, S.; Edgar, K. J. Biomacromolecules 2015, 16 (9), 2556.
Bertozzi, C. R.; Kiessling, L. L. Science 2001, 291 (5512), 2357.
Laughlin, S. T.; Bertozzi, C. R. Nat. Protoc. 2007, 2 (11), 2930.

General Introduction
(166)
(167)
(168)
(169)
(170)
(171)
(172)
(173)
(174)
(175)
(176)
(177)
(178)
(179)
(180)
(181)
(182)
(183)
(184)
(185)
(186)
(187)
(188)
(189)
(190)
(191)
(192)
(193)
(194)
(195)
(196)
(197)
(198)
(199)
(200)
(201)

Palaniappan, K. K.; Bertozzi, C. R. Chem. Rev. 2016, 116 (23), 14277.
Lopez Aguilar, A.; Briard, J. G.; Yang, L.; Ovryn, B.; Macauley, M. S.; Wu, P. ACS Chem. Biol.
2017, 12 (3), 611.
Anderson, C. T.; Wallace, I. S.; Somerville, C. R. Proc. Natl. Acad. Sci. 2012, 109 (4), 1329.
Swarts, B. M.; Holsclaw, C. M.; Jewett, J. C.; Alber, M.; Fox, D. M.; Siegrist, M. S.; Leary, J. A.;
Kalscheuer, R.; Bertozzi, C. R. J. Am. Chem. Soc. 2012, 134 (39), 16123.
Liu, F.; Aubry, A. J.; Schoenhofen, I. C.; Logan, S. M.; Tanner, M. E. ChemBioChem 2009, 10
(8), 1317.
Dumont, A.; Malleron, A.; Awwad, M.; Dukan, S.; Vauzeilles, B. Angew. Chem. Int. Ed. 2012,
51 (13), 3143.
Chang, P. V.; Chen, X.; Smyrniotis, C.; Xenakis, A.; Hu, T.; Bertozzi, C. R.; Wu, P. Angew. Chem.
Int. Ed. 2009, 48 (22), 4030.
Hart, G. W.; Slawson, C.; Ramirez-Correa, G.; Lagerlof, O. Annu. Rev. Biochem. 2011, 80 (1),
825.
Hahne, H.; Sobotzki, N.; Nyberg, T.; Helm, D.; Borodkin, V. S.; van Aalten, D. M. F.; Agnew, B.;
Kuster, B. J. Proteome Res. 2013, 12 (2), 927.
Aguilar, A. L.; Hou, X.; Wen, L.; Wang, P. G.; Wu, P. ChemBioChem 2017.
Resh, M. D. Nat. Chem. Biol. 2006, 2 (11), 584.
Hang, H. C.; Linder, M. E. Chem. Rev. 2011, 111 (10), 6341.
Hang, H. C.; Wilson, J. P.; Charron, G. Acc. Chem. Res. 2011, 44 (9), 699.
Peng, T.; Thinon, E.; Hang, H. C. Curr. Opin. Chem. Biol. 2016, 30, 77.
Kho, Y.; Kim, S. C.; Jiang, C.; Barma, D.; Kwon, S. W.; Cheng, J.; Jaunbergs, J.; Weinbaum, C.;
Tamanoi, F.; Falck, J.; Zhao, Y. Proc. Natl. Acad. Sci. 2004, 101 (34), 12479.
Chehade, K. A. H.; Kiegiel, K.; Isaacs, R. J.; Pickett, J. S.; Bowers, K. E.; Fierke, C. A.; Andres, D.
A.; Spielmann, H. P. J. Am. Chem. Soc. 2002, 124 (28), 8206.
Nguyen, U. T. T.; Cramer, J.; Gomis, J.; Reents, R.; Gutierrez-Rodriguez, M.; Goody, R. S.;
Alexandrov, K.; Waldmann, H. ChemBioChem 2007, 8 (4), 408.
Charron, G.; Li, M. M. H.; MacDonald, M. R.; Hang, H. C. Proc. Natl. Acad. Sci. 2013, 110 (27),
11085.
Hang, H. C.; Geutjes, E.-J.; Grotenbreg, G.; Pollington, A. M.; Bijlmakers, M. J.; Ploegh, H. L. J.
Am. Chem. Soc. 2007, 129 (10), 2744.
Kostiuk, M. A.; Corvi, M. M.; Keller, B. O.; Plummer, G.; Prescher, J. A.; Hangauer, M. J.;
Bertozzi, C. R.; Rajaiah, G.; Falck, J. R.; Berthiaume, L. G. FASEB J. 2007, 22 (3), 721.
Martin, D. D. O.; Vilas, G. L.; Prescher, J. A.; Rajaiah, G.; Falck, J. R.; Bertozzi, C. R.;
Berthiaume, L. G. FASEB J. 2007, 22 (3), 797.
Kishore, N. S.; Lu, T. B.; Knoll, L. J.; Katoh, A.; Rudnick, D. A.; Mehta, P. P.; Devadas, B.; Huhn,
M.; Atwood, J. L.; Adams, S. P. J. Biol. Chem. 1991, 266 (14), 8835.
Heal, W. P.; Wickramasinghe, S. R.; Bowyer, P. W.; Holder, A. A.; Smith, D. F.; Leatherbarrow,
R. J.; Tate, E. W. Chem Commun 2008, No. 4, 480.
Kulkarni, C.; Lo, M.; Fraseur, J. G.; Tirrell, D. A.; Kinzer-Ursem, T. L. Bioconjug. Chem. 2015, 26
(10), 2153.
Ho, S. H.; Tirrell, D. A. J. Am. Chem. Soc. 2016, 138 (46), 15098.
Walsh, C. Posttranslational modification of proteins: expanding nature’s inventory; Roberts
and Co. Publishers: Englewood, Colo, 2006.
Chen, I.; Ting, A. Y. Curr. Opin. Biotechnol. 2005, 16 (1), 35.
Foley, T. L.; Burkart, M. D. Curr. Opin. Chem. Biol. 2007, 11 (1), 12.
Wang, Z.; Ding, X.; Li, S.; Shi, J.; Li, Y. RSC Adv 2014, 4 (14), 7235.
Slavoff, S. A.; Chen, I.; Choi, Y.-A.; Ting, A. Y. J. Am. Chem. Soc. 2008, 130 (4), 1160.
Los, G. V.; Encell, L. P.; McDougall, M. G. et al. ACS Chem. Biol. 2008, 3 (6), 373.
Ton-That, H.; Liu, G.; Mazmanian, S. K.; Faull, K. F.; Schneewind, O. Proc. Natl. Acad. Sci.
1999, 96 (22), 12424.
Schmohl, L.; Schwarzer, D. Curr. Opin. Chem. Biol. 2014, 22, 122.
Murrey, H. E.; Judkins, J. C.; am Ende, C. W.; et al. J. Am. Chem. Soc. 2015, 137 (35), 11461.
Rashidian, M.; Wang, L.; Edens, J. G.; Jacobsen, J. T.; Hossain, I.; Wang, Q.; Victora, G. D.;
Vasdev, N.; Ploegh, H.; Liang, S. H. Angew. Chem. Int. Ed. 2016, 55 (2), 528.
Baskin, J. M.; Bertozzi, C. R. QSAR Comb. Sci. 2007, 26 (11–12), 1211.
53

Chapter 1
(202)
(203)
(204)
(205)
(206)
(207)

(208)
(209)
(210)
(211)
(212)
(213)
(214)
(215)
(216)
(217)
(218)
(219)
(220)
(221)
(222)
(223)
(224)
(225)
(226)
(227)
(228)
(229)
(230)
(231)
(232)
(233)
(234)
(235)
(236)
54

Vocadlo, D. J.; Hang, H. C.; Kim, E.-J.; Hanover, J. A.; Bertozzi, C. R. Proc. Natl. Acad. Sci. 2003,
100 (16), 9116.
Schoffelen, S.; van Eldijk, M. B.; Rooijakkers, B.; Raijmakers, R.; Heck, A. J. R.; van Hest, J. C.
M. Chem. Sci. 2011, 2 (4), 701.
Qi, Y.-K.; Chang, H.-N.; Pan, K.-M.; Tian, C.-L.; Zheng, J.-S. Chem. Commun. 2015, 51 (78),
14632.
Ovaa, H.; van Swieten, P. F.; Kessler, B. M.; Leeuwenburgh, M. A.; Fiebiger, E.; van den
Nieuwendijk, A. M. C. H.; Galardy, P. J.; van der Marel, G. A.; Ploegh, H. L.; Overkleeft, H. S.
Angew. Chem. Int. Ed. 2003, 42 (31), 3626.
Reif, A.; Siebenhaar, S.; Tröster, A.; Schmälzlein, M.; Lechner, C.; Velisetty, P.; Gottwald, K.;
Pöhner, C.; Boos, I.; Schubert, V.; Rose-John, S.; Unverzagt, C. Angew. Chem. Int. Ed. 2014, 53
(45), 12125.
Graf, C. G. F.; Schulz, C.; Schmälzlein, M.; Heinlein, C.; Mönnich, M.; Perkams, L.; Püttner,
M.; Boos, I.; Hessefort, M.; Lombana Sanchez, J. N.; Weyand, M.; Steegborn, C.; Breiden, B.;
Ross, K.; Schwarzmann, G.; Sandhoff, K.; Unverzagt, C. Angew. Chem. Int. Ed. 2017, 56 (19),
5252.
Hahn, M. E.; Muir, T. W. Trends Biochem. Sci. 2005, 30 (1), 26.
Marks, K. M.; Nolan, G. P. Nat. Methods 2006, 3 (8), 591.
Baslé, E.; Joubert, N.; Pucheault, M. Chem. Biol. 2010, 17 (3), 213.
Wang, P.; Dong, S.; Shieh, J.-H.; Peguero, E.; Hendrickson, R.; Moore, M. A. S.; Danishefsky, S.
J. Science 2013, 342 (6164), 1357.
Singer, S. J. In Advances in Protein Chemistry; Elsevier, 1967; Vol. 22, pp 1–54.
Wold, F. Methods Enzymol. 1977, 46, 3.
Chowdhry, V.; Westheimer, F. H. Annu. Rev. Biochem. 1979, 48 (1), 293.
Kam, C. M.; Abuelyaman, A. S.; Li, Z.; Hudig, D.; Powers, J. C. Bioconjug. Chem. 1993, 4 (6),
560.
Liu, Y.; Patricelli, M. P.; Cravatt, B. F. Proc. Natl. Acad. Sci. 1999, 96 (26), 14694.
Greenbaum, D.; Medzihradszky, K. F.; Burlingame, A.; Bogyo, M. Chem. Biol. 2000, 7 (8), 569.
Speers, A. E.; Adam, G. C.; Cravatt, B. F. J. Am. Chem. Soc. 2003, 125 (16), 4686.
Raghavan, A. S.; Hang, H. C. Drug Discov. Today 2009, 14 (3–4), 178.
Hang, H. C.; Loureiro, J.; Spooner, E.; van der Velden, A. W. M.; Kim, Y.-M.; Pollington, A. M.;
Maehr, R.; Starnbach, M. N.; Ploegh, H. L. ACS Chem. Biol. 2006, 1 (11), 713.
Stubbs, K. A.; Scaffidi, A.; Debowski, A. W.; Mark, B. L.; Stick, R. V.; Vocadlo, D. J. J. Am. Chem.
Soc. 2008, 130 (1), 327.
Verdoes, M.; Florea, B. I.; Hillaert, U.; Willems, L. I.; van der Linden, W. A.; Sae‐Heng, M.;
Filippov, D. V.; Kisselev, A. F.; van der Marel, G. A.; Overkleeft, H. S. ChemBioChem 2008, 9
(11), 1735.
Willems, L. I.; van der Linden, W. A.; Li, N.; Li, K.-Y.; Liu, N.; Hoogendoorn, S.; van der Marel,
G. A.; Florea, B. I.; Overkleeft, H. S. Acc. Chem. Res. 2011, 44 (9), 718.
Hosoya, T.; Hiramatsu, T.; Ikemoto, T.; Nakanishi, M.; Aoyama, H.; Hosoya, A.; Iwata, T.;
Maruyama, K.; Endo, M.; Suzuki, M. Org. Biomol. Chem. 2004, 2 (5), 637.
Geurink, P. P.; Florea, B. I.; Van der Marel, G. A.; Kessler, B. M.; Overkleeft, H. S. Chem.
Commun. 2010, 46 (47), 9052.
Sharma, A.; Hartwig, J. F. Nature 2015, 517 (7536), 600.
Ruff, J. K. Inorg. Chem. 1965, 4 (4), 567.
Cavender, C. J.; Shiner, V. J. J. Org. Chem. 1972, 37 (22), 3567.
Alper, P. B.; Hung, S.-C.; Wong, C.-H. Tetrahedron Lett. 1996, 37 (34), 6029.
Liu, Q.; Tor, Y. Org. Lett. 2003, 5 (14), 2571.
Goddard-Borger, E. D.; Stick, R. V. Org. Lett. 2007, 9 (19), 3797.
van Dongen, S. F. M.; Nallani, M.; Cornelissen, J. J. L. M.; Nolte, R. J. M.; van Hest, J. C. M.
Chem. - Eur. J. 2009, 15 (5), 1107.
Lipinski, T.; Luu, T.; Kitov, P. I.; Szpacenko, A.; Bundle, D. R. Glycoconj. J. 2011, 28 (3–4), 149.
Broyer, R. M.; Schopf, E.; Kolodziej, C. M.; Chen, Y.; Maynard, H. D. Soft Matter 2011, 7 (21),
9972.
Tanimoto, H.; Kakiuchi, K. Nat. Prod. Commun. 2013, 8 (7), 1021.
Fomich, M. Synlett 2014, 25 (15), 2229.

General Introduction
(237)
(238)
(239)
(240)
(241)
(242)
(243)
(244)
(245)
(246)
(247)
(248)
(249)
(250)
(251)
(252)
(253)
(254)
(255)
(256)
(257)
(258)
(259)
(260)
(261)
(262)
(263)
(264)
(265)
(266)
(267)
(268)
(269)
(270)
(271)
(272)
(273)
(274)
(275)

Castro, V.; Rodríguez, H.; Albericio, F. ACS Comb. Sci. 2016, 18 (1), 1.
Ye, H.; Liu, R.; Li, D.; Liu, Y.; Yuan, H.; Guo, W.; Zhou, L.; Cao, X.; Tian, H.; Shen, J.; Wang, P. G.
Org. Lett. 2013, 15 (1), 18.
Potter, G. T.; Jayson, G. C.; Miller, G. J.; Gardiner, J. M. J. Org. Chem. 2016.
van Dongen, S. F. M.; Teeuwen, R. L. M.; Nallani, M.; van Berkel, S. S.; Cornelissen, J. J. L. M.;
Nolte, R. J. M.; van Hest, J. C. M. Bioconjug. Chem. 2009, 20 (1), 20.
Nyffeler, P. T.; Liang, C.-H.; Koeller, K. M.; Wong, C.-H. J. Am. Chem. Soc. 2002, 124 (36),
10773.
Pandiakumar, A. K.; Sarma, S. P.; Samuelson, A. G. Tetrahedron Lett. 2014, 55 (18), 2917.
Stevens, M. Y.; Sawant, R. T.; Odell, L. R. J. Org. Chem. 2014, 79 (11), 4826.
Saiki, R.; Gelfand, D.; Stoffel, S.; Scharf, S.; Higuchi, R.; Horn, G.; Mullis, K.; Erlich, H. Science
1988, 239 (4839), 487.
Reese, C. B. Org. Biomol. Chem. 2005, 3 (21), 3851.
Kosuri, S.; Church, G. M. Nat. Methods 2014, 11 (5), 499.
Ausländer, S.; Ausländer, D.; Fussenegger, M. Angew. Chem. Int. Ed. 2017, 56 (23), 6396.
Weisbrod, S. H.; Marx, A. Chem. Commun. 2008, No. 44, 5675.
Smanski, M. J.; Zhou, H.; Claesen, J.; Shen, B.; Fischbach, M. A.; Voigt, C. A. Nat. Rev.
Microbiol. 2016, 14 (3), 135.
Salamon, H.; Klika Škopić, M.; Jung, K.; Bugain, O.; Brunschweiger, A. ACS Chem. Biol. 2016,
11 (2), 296.
Wang, C. C.-Y.; Seo, T. S.; Li, Z.; Ruparel, H.; Ju, J. Bioconjug. Chem. 2003, 14 (3), 697.
Weisbrod, S. H.; Marx, A. Chem. Commun. 2007, No. 18, 1828.
Baccaro, A.; Weisbrod, S. H.; Marx, A. Synthesis 2007, 2007 (13), 1949.
Rao, H.; Sawant, A. A.; Tanpure, A. A.; Srivatsan, S. G. Chem Commun 2012, 48 (4), 498.
Comstock, L. R. Nucleic Acids Res. 2005, 33 (5), 1644.
Comstock, L. R.; Rajski, S. R. J. Am. Chem. Soc. 2005, 127 (41), 14136.
Chandra, R. A.; Douglas, E. S.; Mathies, R. A.; Bertozzi, C. R.; Francis, M. B. Angew. Chem. Int.
Ed. 2006, 45 (6), 896.
Jawalekar, A. M.; Meeuwenoord, N.; Cremers, J. (Sjef) G. O.; Overkleeft, H. S.; van der Marel,
G. A.; Rutjes, F. P. J. T.; van Delft, F. L. J. Org. Chem. 2008, 73 (1), 287.
Gramlich, P. M. E.; Wirges, C. T.; Manetto, A.; Carell, T. Angew. Chem. Int. Ed. 2008, 47 (44),
8350.
Song, C.-X.; He, C. Acc. Chem. Res. 2011, 44 (9), 709.
Jao, C. Y.; Salic, A. Proc. Natl. Acad. Sci. 2008, 105 (41), 15779.
Neef, A. B.; Luedtke, N. W. Proc. Natl. Acad. Sci. 2011, 108 (51), 20404.
Kubota, R.; Hamachi, I. Chem Soc Rev 2015, 44 (13), 4454.
Long, M. J. C.; Poganik, J. R.; Aye, Y. J. Am. Chem. Soc. 2016.
Spencer, D.; Wandless, T.; Schreiber, S.; Crabtree, G. Science 1993, 262 (5136), 1019.
Crabtree, G. R.; Schreiber, S. L. Trends Biochem. Sci. 1996, 21 (11), 418.
Leippe, P.; Koehler Leman, J.; Trauner, D. Biochemistry (Mosc.) 2017, 56 (39), 5214.
Cigler, M.; Müller, T. G.; Horn-Ghetko, D.; von Wrisberg, M.-K.; Fottner, M.; Goody, R. S.;
Itzen, A.; Müller, M. P.; Lang, K. Angew. Chem. Int. Ed. 2017, 56 (49), 15737.
Robinson, P. V.; de Almeida-Escobedo, G.; de Groot, A. E.; McKechnie, J. L.; Bertozzi, C. R. J.
Am. Chem. Soc. 2015, 137 (33), 10452.
Tsukiji, S.; Miyagawa, M.; Takaoka, Y.; Tamura, T.; Hamachi, I. Nat. Chem. Biol. 2009, 5 (5),
341.
Fujishima, S.; Yasui, R.; Miki, T.; Ojida, A.; Hamachi, I. J. Am. Chem. Soc. 2012, 134 (9), 3961.
Takaoka, Y.; Nishikawa, Y.; Hashimoto, Y.; Sasaki, K.; Hamachi, I. Chem Sci 2015, 6 (5), 3217.
Tsukiji, S.; Wang, H.; Miyagawa, M.; Tamura, T.; Takaoka, Y.; Hamachi, I. J. Am. Chem. Soc.
2009, 131 (25), 9046.
Hayashi, T.; Sun, Y.; Tamura, T.; Kuwata, K.; Song, Z.; Takaoka, Y.; Hamachi, I. J. Am. Chem.
Soc. 2013, 135 (33), 12252.
Yamaura, K.; Kuwata, K.; Tamura, T.; Kioi, Y.; Takaoka, Y.; Kiyonaka, S.; Hamachi, I. Chem
Commun 2014, 50 (91), 14097.
55

Targeted Diazotransfer Probes

2
A proof-of-concept study for targeted diazotransfer probes:
modifying biotin binding proteins.

This chapter has been adapted from the original publication:
Lohse, J.; Swier, L. J. Y. M.; Oudshoorn, R. C.; Médard, G.; Kuster, B.; Slotboom, D.-J.; Witte, M. D.
Bioconjug. Chem. 2017, 28 (4), 913.

57

Chapter 2

2.1 INTRODUCTION
The discovery that azides react in a truly orthogonal way in complex biological
samples opened up the possibility to selectively functionalize biomolecules in vitro
and in vivo.1–3 Fluorophores, polyethylene glycol groups, carbohydrates, phosphates,
proteins and small molecule drugs have been conjugated to azide containing proteins
using Staudinger ligation, copper catalysed alkyne-azide cycloaddition (CuAAC) and
strain promoted alkyne-azide cycloaddition (SPAAC) reactions.4–6 The unique reactivity
of the relatively small azido group has been exploited for target identification.7–9 In
contrast to affinity handles like biotin, azides have a minimal effect on the biological
activity, but they readily enable enrichment of the target after being incorporated.
Finally, masking essential amino groups of proteins and peptides as azides provides a
means to chemically control biological processes.10
The aforementioned applications require the introduction of an azido group onto the
protein and over the past decade various methods have been reported that enable
this. Both In situ metabolic labelling1,9,11 and chemical modification of surface exposed
amines of purified proteins facilitate the global incorporation of azides (Figure 1).12
These methods are residue specific, but not protein- and site-selective, which limits
their applicability. Strategies with increased site-selectivity have been developed to
overcome this. Both co-translational incorporation of non-canonical amino acids using
techniques like stop codon suppression13,14 and enzymatic modification of genetically
engineered proteins15,16 have enabled the incorporation of azides with pinpoint
precision. By optimizing the reaction conditions, also selective chemical labelling has
been achieved. The N-terminal amino group of a protein can be modified selectively
at pH 8.5 using 1.75 equivalents of diazotransfer reagent 1.17
Co-translational incorporation of non-canonical amino acids and enzymatic
modification methods are also protein-specific and can therefore be employed in the
context of more complex surroundings, such as live cells and cell lysates. Disadvantage
of both methods is that they are restricted to genetically modified proteins. A suitable
method to directly convert an amino group in a target protein to an azide, in complex
biological samples, is lacking. Chemical modification with imidazole-1-sulfonyl azide
1 does not require engineering of the protein and it therefore forms an attractive
starting point for the development of such a method. However, diazotransfer reagent
1 is not protein specific. Prior work on acylating and alkylating agents shows that
targeting the reagent to the protein of interest by tethering it to inhibitors or ligands
addresses the issue of specificity.18–20 We therefore reasoned that diazotransfer
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reagent 1 could be converted into specific chemical probes in a similar fashion. Linking
imidazole-1-sulfonyl azide to a ligand will direct the diazotransfer reagent to amino
groups proximal to the binding site of the ligand’s respective target and it therefore
will increase both the protein specificity and the site-selectivity (Figure 1). We report
here the viability of this approach and demonstrate that biotin tethered diazotransfer
reagent 2 (DtBio) selectively modifies biotin-binding proteins in complex mixtures.
DtBio 2 can be used to modify the previously challenging to target membrane protein
BioY, the S-component of the ECF BioY vitamin transporter from Lactococcus lactis,
on the cell surface with a BODIPY reporter group 3.21
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Figure 1 Targeted Diazotransfer Top: structures of the non-targeted (1) and targeted (2) diazotransfer
reagents and the BODIPY fluorophore (3) used as reporter group in the evaluation of the diazotransfer
reaction. Bottom: schematic representation of the targeted diazotransfer reagent concept. Ligands
bearing the diazotransfer group direct the reagent to the protein of interest. Upon binding an amino
group of the protein is transformed into an azide in the presence of Cu(II). The modified protein can
be further functionalized with bioorthogonal chemistry.
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2.2 RESULTS AND DISCUSSION
To assess if targeting diazotransfer reagents to proteins of interest is indeed feasible, we
first explored if tethering imidazole-1-sulfonyl azide 1 to d-biotin results in the selective
functionalization of streptavidin. A lysine (K121) is located near the biotin-binding site of
wild-type core streptavidin.22 It has been shown that the e-amine of this residue reacts
with ligand-directed reagents and it is therefore conceivable that it will also function as a
diazotransfer acceptor, making streptavidin a good model protein.23 To prepare the DtBio 2
required for these studies, we synthesized p-nitrophenyl ester 4 from d-biotin and coupled
it to histamine (Scheme 1). Subsequently histamine derivative 5 was transformed into DtBio
2. Initial attempts to react 5 with in situ prepared chlorosulfonyl azide, as was described
for the synthesis of non-targeted imidazole-1-sulfonyl azide 1,24 were unsuccessful. The
inherent instability of chlorosulfonyl azide impedes isolation and we therefore explored
other sulfonyl azide transfer reagents to synthesize 2. Culhane and Fokin showed that
sulfonyl azide transfer reagents can be readily obtained by methylating derivatives of 1 with
methyl triflate, yielding the salts as an easier-to-handle and more stable solild.25 Gratifyingly,
addition of one equivalent of sulfonyl azide transfer reagent 6 to biotin-histamine 5 in DMF
gave diazotransfer reagent 2.
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With DtBio 2 in hand, we evaluated its ability to selectively transfer the diazo group to
biotin-binding proteins by incubating a mixture of streptavidin (10 mM), ovalbumin
(10 mM) and CuSO4 (1 mM) dissolved in PBS (pH 7.4) for 1 h with reagent 2. To
visualize the proteins that reacted with 2, we functionalized the introduced azido
groups with BODIPY-alkyne 3 employing CuAAC.26 Upon fluorescence scanning of
the SDS PAGE gel, two prominent bands are detected that are absent when DtBio
2 is excluded from the reaction mixture (Figure 2A). The molecular weight of the
respective bands match those of monomeric (13 kDa) and tetrameric (52 kDa) core
streptavidin. Very little fluorescence is detected at the molecular weight of ovalbumin
(43 kDa), indicating that DtBio 2 mainly reacts with streptavidin. Treatments that
undermine binding of DtBio 2 to streptavidin, like heat-denaturing and pre-incubating
with d-biotin, drastically reduce fluorescent labelling (Figure 2A) and further confirm
that binding of DtBio 2 to streptavidin is responsible for the observed selectivity.
Besides increasing the selectivity, targeting the diazotransfer reagent also enhances
the labelling efficiency, as is apparent from the increased fluorescence intensity for
samples treated with DtBio 2 compared to those treated with non-targeted reagent
117 (Figure 2A, lanes 6 and 7).
By varying the assay conditions, we studied if the incubation time, the protein to
probe ratio and the amount of copper affected the labelling efficiency and selectivity.
These experiments revealed that an equimolar amount of probe gives the best
signal-to-noise ratios, as judged by comparing the labelling intensity of streptavidin
and ovalbumin. Probe to protein ratios above one-to-one result in an increased nonspecific modification of ovalbumin and stabilize the streptavidin tetramer, while
lower probe concentrations lead to less efficient labelling of streptavidin (Figure
2B). With an equimolar amount of probe 2, saturation of labelling is achieved
within approximately 30 minutes. Adding DtBio 2 together with sodium ascorbate,
ligand and BODIPY-alkyne 3 to the protein mixture results in minimal labelling,
which suggests that diazotransfer is negligible during the copper catalysed click
reaction (Figure 2C). Finally, using dibenzocyclooctyne-TAMRA 727 as read-out to
exclude that labelling by DtBio 2 originates from traces of copper (II) used in the
CuAAC visualisation step revealed that the concentration of the copper catalyst can
be lowered to 50 μM without a marked effect. Decreasing the CuSO4 concentration
further leads to a reduction in the fluorescence intensity. Interestingly, DtBio 2 even
reacts with streptavidin when CuSO4 was omitted during the diazotransfer step,
albeit with a decreased efficiency (Figure 2D). These results corroborate those of
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copper independent protein modification with non-targeted reagent 1.17 Competition
experiments and heat-inactivation confirm that this particular labelling of tetrameric
streptavidin in the complete absence of copper is activity dependent (Figure 2E).
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Figure 2 Biochemical evaluation of diazotransfer probe DtBio 2 with streptavidin (Strp) as target
protein. (A) A mixture of Strp and OVA labelled with indicated amount DtBio 2 (lane 1) or Dt 1 (lane
6,7) and clicked to BODIPY-alkyne 3 subsequent to diazotransfer is resolved on a bis-tris 4-12% gradient
gel and visualized by fluorescence scanning. Heat-inactivation with 1% SDS prior to incubation (lane 3)
and competition with d-biotin (lanes 4,5) were used as controls. Note: biotin and derivatives thereof
(such as DtBio 2) stabilize tetrameric Strp. (B) A mixture of streptavidin and OVA was incubated with
indicated amount of DtBio 2 after which the modified proteins were visualized as described above
(resolved on a 15% Laemmli type SDS-PAGE gel). (C) Crop of gel image showing the labelling intensity
of monomeric streptavidin incubated with DtBio 2 (10 mM) for the indicated time after which the
modified proteins were visualized as described above. (D) Crop of gel image showing the labelling
intensity of tetrameric and monomeric streptavidin incubated with DtBio 2 (10 mM) in the presence
of the indicated amount of CuSO4 after which the modified proteins were visualized with DBCO-TAMRA
7. (E) Copper independent labelling of streptavidin. A mixture of streptavidin (Strp) and ovalbumin
(OVA) was incubated with indicated amount of DtBio 2. The modified proteins were clicked to DBCOTAMRA 7 subsequent to diazotransfer and resolved on a 15% SDS-PAGE Laemmli type gel. panel).
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The biochemical assays on purified protein revealed that streptavidin gets labelled at
low concentrations of DtBio 2, only when the probe can bind to its target. Binding of 2
should position the diazotransfer moiety in the proximity of the amino group of lysine
K121, according to a qualitative molecular docking study (Figure 3A). Therefore, if labelling
is dependent on binding, DtBio 2 should exclusively modify this residue, while leaving
the N-terminal amine and lysines K80, K132 and K134, which are not in proximity of the
reactive group, untouched. To validate if this is indeed the case, we identified the protein
modification sites by digesting streptavidin that was priorly incubated with DtBio 2 with
trypsin and analysing the tryptic peptides with nano LC-MS/MS. We searched the raw MS
data for modified peptides, taking into account that converting the ε-amine of a lysine
side chain into an azide obliterates the trypsin cleavage site at the carboxy terminal end of
the residue. The only modified residue identified was lysine K121 (all other residues were
identified only in their unmodified version, Figure 4), which demonstrates that the probe (1)
binds to streptavidin and (2) only reacts with nearby amino groups.
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Figure 3 Diazotransfer between DtBio 2 and streptavidin: (A) DtBio 2 binding streptavidin; image
was generated with the biotin bound homo-dimer of Strp (PDB ID: 3RY2; lower subunit depicted as
cartoon in firebrick, binding biotin as sticks in magenta, upper subunit as cartoon in slate binding
2 depicted as sticks in colours according to elemental composition, lysine residues and N-terminus
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highlighted in yellow) using the molecular design software Moloc (http://www.moloc.ch) and PyMOL
(http://www.pymol.org). The zoom into the section where the diazotransfer moiety of 2 is brought
into proximity of the primary amine of lysine K121 (K145 in full length streptavidin). (B) Primary
sequence of streptavidin in the one letter code retrieved from the uniprot entry P22629. The sequence
of commercially available core streptavidin is highlighted in slate. (C) MS2 spectrum with a top score
(169, calculated by MaxQuant/Andromeda) of the typtic Strp peptide including the identified lysine
modification at K121 (highlighted by a star). Spectrum was generated with MaxQuant viewer.28 Red
and blue bars above and below the sequence indicate identified fragment ions.
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Figure 4 The LC-MS/MS analysis identified the entire sequence length of core streptavidin. (A). While
peptides 2 – 3 were identified on MS2 level, peptide 1 was idientified on MS1 level only. (B) Shows the
spectrum of the triply charged peptide 1. Due to low abundance it was not picked for MS2 analysis.
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These results indicate that, in essence, any biotin-binding protein should be amenable
for labelling with DtBio 2 as long as it contains a suitably positioned lysine group or
N-terminus. Avidin and its deglycosylated variant NeutrAvidin are structurally related
to streptavidin and contain a lysine residue (K111) oriented in a similar position in the
extended loop between strands seven and eight of the prominent β-barrel structure
of the proteins.20 Indeed these proteins are also modified by DtBio 2. Even though
labelling is less efficient, presumably due to the suboptimal linker length in the probe
molecule, it demonstrates that the use of DtBio 2 is not limited to streptavidin (Figure
5).
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Figure 5 Images showing labelling of Streptavidin, NeutrAvidin and Avidin (1 μg each) in the presence
of no-saturating (1 μM, A) and supersaturating (10 μM, B) DtBio 2 concentrations. At saturating
concentrations, the tetramer is stabilized by binding of the probe, as has also been observed for biotin.
Up to 10 min of boiling of the protein in SDS containing sample buffer is not sufficient to denature
all protein when using saturating conditions. Top panel: fluorescence scan (FL) of the SDS-PAGE gel.
Bottom panel: silver staining (SL) of the same gel.
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Having established that DtBio 2 labels purified biotin-binding proteins site-selectively
in an activity dependent manner, we extended its use to more biologically relevant
settings. We first determined the selectivity by reacting E. coli cell lysates containing
spiked in streptavidin with 10 μM of DtBio 2 (Figure 6A). Also under these conditions,
specific labelling of streptavidin with minimal background is observed. Again labelling
could be abolished by heat-inactivating or pre-incubating with a competitor. Extending
on this finding we tested common hen egg white which contains 0.05% (weight/
dry weight) native avidin. In order to probe the functionality of DtBio 2 in avidin’s
natural environment, we incubated a dilute solution of egg white with 2. Indeed the
probe labels avidin at a protein dilution of 1:1000 in HEPES buffer. Labelling could be
abolished by heat-denaturing or pre-incubating with the competitor biotin (Figure
6B).
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Figure 6 Labelling of streptavidin in E.coli lysates. (A). A mixture of Strp (0.5 μg) and E.coli lysate (2.0
mg/mL) was incubated with DtBio 2 (10 μM). The modified proteins are visualized by clicking them to
BODIPY-alkyne 3 subsequent to diazotransfer and resolving them on a 15% SDS-PAGE gel. (B) Image
showing labelling of Avidin from diluted (1:1000 in 50 mM HEPES buffer pH 7.5) chicken egg white
modified with indicated amount of DtBio 2 and BODIPY alkyne 3 as visualisation agent. ΔT indicates
denaturing of protein sample prior to addition of 2. Lane 5 shows pre labelled commercial avidin with
1 μM of 2. Top panel: fluorescence scan (FL) of the SDS-PAGE gel. Bottom panel: either coomassie
staining (CM), or silver staining (SL) of the same gel.

67

2

Chapter 2

These experiments prompted us to explore if DtBio 2 could be employed on live
cells to label BioY29, the biotin specific S-component of the energy-coupling factor
transporter protein complex ECF BioY, which transports biotin from the extracellular
space into the cytosol of the Gram-positive bacterium Lactococcus lactis. Analysis of
the crystal structure of BioY revealed the absence of primary amines in the proximity
of the biotin-binding site. For the purpose of labelling this membrane protein on the
cell surface, we introduced a lysine residue near the binding pocket by exchanging
either asparagine 79, located in a flexible loop between beta strands three and
four, or arginine 93, which is buried deeper inside the biotin binding pocket of the
protein (N79K and R93K mutants, respectively). To assure that these mutations do
not affect biotin binding, we determined the binding affinities of wild-type BioY
and its mutants for biotin using isothermal titration calorimetry. Both mutants bind
biotin with affinities similar to the affinity of wild-type BioY, and DtBio 2 binds to
these mutants with ~5-fold and ~12-fold decreased affinities for R93K and N79K,
respectively. We used Lactococcus lactis strains expressing these variants of BioY
for the cell surface labelling experiments. After on-cell labelling and cell disruption,
the lysate was analysed by fluorescence scanning of the SDS-PAGE gel. N79K-BioY
showed concentration dependent labelling with DtBio 2 (Figure 7). We validated
that the labelled protein corresponds to BioY using higher probe concentrations. As
expected, the mutant could be visualized with BODIPY alkyne 3 after diazotransfer
of DtBio using CuAAC click chemistry, while only background labelling was observed
for wt-BioY and untreated samples. HisTag purification of labelled N79K-BioY and a
subsequent western blot directed against the HisTag confirmed labelling of the target
(Figure 7D).
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Figure 7 Labelling of BioY and BioY mutants with DtBio 2. (A) Biotin binding to wt-BioY (PDB ID: 4DVE,
cartoon depiction in firebrick, biotin as spheres in magenta, lysine residues highlighted as sticks in
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lime) (B) BioY depicted as cartoon in firebrick with arginine 93 depicted as sticks in lime. (C) The mutant
N79K-BioY as binding pose of DtBio 2 (protein as cartoon in firebrick and probe as spheres in magenta,
the mutated residue as sticks in limon) prepared with the molecular design software Moloc (http://
www.moloc.ch) and PyMOL (http://www.pymol.org) (D) Cell surface labelling of N79K-BioY and wtBioY. Cells expressing either form of BioY were treated with DtBio 2 (250 μM) in the presence of 1
mM CuSO4 for 1h, after which the modified proteins were clicked to 3. Labelling of BioY was visualized
with fluorescence scanning (FL) of the lysate subsequent to cell disruption (top panel); detection of
BioY subsequent to western blotting of the same gel using HisProbe-HRP and chemiluminescence
(CL) as read-out (middle); and silver staining of the same gel post-transfer (lower panel) (lanes 1-3).
To further confirm the labelling signal from N79K-BioY, the same sample as in lane 2 (B) was used
for Ni-NTA bead purification of N79K-BioY and the eluate is compared to untreated purified N79KBioY (lanes 5,6). (E) Binding affinities of the different mutants for biotin and DtBio 2 determined with
ITC.1 This measurement was performed once,2 the error represents the standard deviation from three
measurements,3 the error represents the standard deviation from two measurements.

2.3 CONCLUSION
In conclusion, we here report the first ligand tethered-diazotransfer reagent and show that
this reagent selectively modifies biotin-binding proteins in protein mixtures, cell lysates
and on living cells. The reagents rapidly label the target proteins in an activity-dependent
manner. 50 mM of copper (II) sulfate is sufficient to efficiently catalyse the diazotransfer
reaction, but labelling even occurs in the absence of catalyst. Mass spectrometry analysis of
tryptic digests of labelled streptavidin revealed that targeting the reagent not only enhances
the protein-specificity, but also the site-selectivity. We showed that DtBio 2 can be used
to label N79K BioY and further optimization of the probe may lead to cell surface labelling
methods that can be used to study uptake of biotin by BioY. Finally, the reported method
provides a starting point for the design of other targeted diazotransfer reagents that
modify different proteins in complex samples and may find use in target identification
strategies.
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2.4 EXPERIMENTAL
2.4.1 CHEMISTRY
2.4.1.1 GENERAL PROCEEDURES

2

All solvents used for reaction, extraction, filtration and chromatography were of commercial
grade, and used without further purification. Reagents were purchased from Sigma-Aldrich,
TCI, or fluorochem, unless otherwise noted, and were used without further purification.
Non-targeted diazotransfer reagent 1H-imidazole-1-sulfonyl azide hydrochloride 12,30 and
BODIPY-alkyne 331 were synthesized according to a published procedure. TLC was performed
on Merck silica gel 60 F254, 0.25 mm plates and visualization was done by UV light, iodine (I2
crystals in silica) and ninhydrin staining (solution of ninhydrin (0.3 g) in n-butanol (100 mL)
and acetic acid (3 mL)). Manual flash column chromatography was performed using silica
(SilicaFlash P60, 230-400 mesh, Silicycle) as the stationary phase. 1H-, 13C-, APT-NMR were
recorded on a Varian AMX400 spectrometer (400 and 100 MHz, respectively) using CDCl3,
CD3OD or DMSO-d6 as solvent. Chemical shift values are reported in ppm with the solvent
resonance as the internal standard (CD3OD: δ3.31 for 1H, δ 49.15 for 13C; DMSO-d6: δ3.33 for
1
H δ 39.52 for 13C). Data are reported as follows: chemical shifts (δ), multiplicity (s = singlet,
d = doublet, dd = double doublet, ddd = double double doublet, t = triplet, q = quartet, p
= quintet, m = multiplet, apparent quartet = app q, apparent quintet = app p), coupling
constants J (Hz), and integration. LCMS was performed on an LCQ Fleet mass spectrometer
coupled to a Vanquish UHPLC system. High resolution mass measurements were performed
using a ThermoScientific LTQ OribitrapXL spectrometer. Infrared (IR) data were recorded
on a Perkin Elmer UATR spectrum two FT-IR Spectrometer. Absorbance frequencies are
reported in reciprocal centimeters (cm-1). Mass accuracy is reported in delta Thomson (Th
(m/z)) and parts per million of deviation of the calculated mass. WARNING: Diazotransfer
reagents may be shock sensitive and should be handled using appropriate precautions.
2.4.1.2 SYNTHESIS
Biotin p-nitrophenol Ester (4)
d-Biotin (2.44 g, 10.0 mmol) was suspended in anhydrous DMF (50 mL) and N-(3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC*HCl, 2.30 g, 12.0 mmol) was
added. The mixture was stirred for one hour at room temperature. Then p-nitrophenol (1.53
g, 11.0 mmol) was added and the reaction was left at room temperature under stirring until
d-biotin was consumed according to LCMS (24 h). The reaction volume was reduced to about
one-tenth concentrating in vacuo. Then 1 M HCl (100 ml) was added to the concentrate under
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continuous stirring. The resulting white precipitate was filtered off and successively washed
with 1 M HCl (50 mL), water (50 mL) and ether (50 mL). The resulting white solid was dried
under high vacuum, then suspended in ethanol and heated to a boil. After all the material had
dissolved the solution was cooled to room temperature and further in an ice-water bath. The
crystals that separated were collected and dried under high vacuum to yield 3 (2.63 g, 72%).
1
H NMR (400 MHz, Methanol-d4) δ H = 8.28 (m, 2H), 7.33 (m, 2H), 4.50 (ddd, J=8.0, 5.0, 1.0,
1H), 4.32 (dd, J=7.9, 4.5, 1H), 3.22 (ddd, J = 9.1, 5.6, 4.5 Hz, 1H), 2.93 (dd, J=12.8, 5.0, 1H),
2.73 (d, J=12.7,0.8, 1H), 2.66 (t, J=7.3, 7.3, 2H), 1.79 (m, 3H), 1.67 (m, 1H), 1.57 (m, 2H)
13
C NMR (101 MHz, DMSO-d6) δ C = 170.8, 162.3, 155.0, 150.8, 144.6, 124.9, 122.8, 60.6,
58.8, 54.9, 39.5, 32.9, 27.6, 27.5, 23.8
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 366.1113, found 366.1118 (delta mTh 0.4;
ppm 1.2)

Biotin histamine (5)
p-Nitrophenyl ester 4 (1.27 g, 3.5 mmol) was dissolved in anhydrous DMF (35 mL) and
histamine (0.35 g, 3.18 mmol) was added. The reaction was left at room temperature
under stirring until histamine was consumed according to TLC (overnight). The resulting
precipitate was filtered off, washed with ether and dried under high vacuum. The mother
liquor was reduced to about one-tenth of its original volume and ether was stirred into the
concentrate. The resulting precipitate was filtered off, washed with ether and dried under
high vacuum. The combined yellow solid was recrystallized from ethanol. The resulting pale
yellow crystals were collected and dried under high vacuum to yield 5 (0.89 g, 83%).
1
H NMR (400 MHz, Methanol-d4) δ H = 7.60 (s, 1H), 6.83 (s, 1H), 4.46 (ddd, J=8.0, 5.0, 1.0,
1H), 4.26 (dd, J=7.9, 4.5, 1H), 3.39 (t, J=7.1, 7.1, 2H), 3.15 (ddd, J=8.9, 5.8, 4.4, 1H), 2.89 (dd,
J=12.7, 5.0, 1H), 2.74 (t, , J=7.4, 2H), 2.67 (d, J=12.7, 1H), 2.14 (t, J=7.4, 7.4, 2H), 1.60 (m, 4H),
1.37 (q, J=7.7, 7.4, 7.4, 2H)
13
C NMR (101 MHz, Methanol-d4) δ C = 176.1, 166.1, 135.7, 127.1, 116.5, 63.4, 61.6, 57.0,
41.0, 40.2, 36.7, 29.7, 29.5, 27.7, 26.9
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 338.1645, found 338.1644 (delta mTh 0.1;
ppm 0.3)
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DtBio (2)
A solution of biotin-histamine 5 (51 mg, 0.15 mmol) in anhydrous DMF (1 mL) was slowly
added to a stirred solution of 6 (51 mg, 0.15 mmol) in anhydrous DMF (2 mL) at 0 °C. The
reaction was stirred for 4 hours and subsequently adsorbed onto celite. The product was
purified by flash column chromatography using silica as stationary phase and a mobile phase
of 10% methanol in DCM. The isolated white solid was recrystallized from ethyl acetate
to yield DtBio 2 (34 mg, 52%). WARNING: Diazotransfer reagents may be shock and heat
sensitive. Reactions should only be carried out on small scale and the compounds should be
handled using appropriate precautions.
1
H NMR (400 MHz, Methanol-d4) δ H = 8.26 (s, 1H), 7.49 (s, 1H), 4.49 (dd, J=7.9, 4.9, 1H), 4.30
(dd, J=8.0, 4.5, 1H), 3.49 (app q, J=6.5, 2H), 3.20 (dt, J=9.6, 5.1, 1H), 2.93 (dd, J=12.7, 4.9,
1H), 2.79 (t, J=6.8, 2H), 2.71 (d, J=12.7, 1H), 2.18 (t, J=7.3 2H), 1.66 (m, 4H), 1.42 (p, J=7.4,
2H)
13
C NMR (101 MHz, Methanol-d4) δ C = 176.1, 143.9, 123.3, 120.2, 116.0, 63.4, 61.6, 57.0,
41.0, 39.4, 36.8, 29.7, 29.5, 28.8, 26.9
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 443.1278, found 443.1271 (delta mTh 0.7,
ppm 1.6)
IR 3294, 2148, 1676, 1420, 1184

1-(azidosulfonyl)-3-methyl-1H-imidazol-3-ium trifluoromethanesulfonate (Sulfonyl Azide
Transfer Reagent 6)
Synthesis according to published procedure:25 Methyl triflate (120 μL, 1.06 mmol) was
added drop-wise to the stirred free base of sulfuryl imidazolium salt 1 (209 mg, 1 mmol) in
diethyl ether (20 mL) at 0 °C. After 4 hours the reaction was complete according to TLC. The
white crystalline precipitate was vacuum filtered and washed with dry diethyl ether to yield
(253 mg, 75%). WARNING: The stability of this sulfonyl azide transfer reagent has not been
determined and it may be shock and heat sensitive. Reactions should only be carried out on
small scale and the compounds should be handled using appropriate precautions. Mother
liquors should not be concentrated.
1
H NMR (400 MHz, Methanol-d4) δ H = 9.96 (1 H, s), 8.27 (1 H, s), 7.87 (1 H, s), 4.05 (3 H, s)
13
C NMR (101 MHz, Methanol-d4) δ C = 140.7, 127.0, 121.9, 37.7
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2.4.2 BIOCHEMISTRY
2.4.2.1 GENERAL PROCEEDURES
Proteins
Recombinant expressed Streptavidin (Strp), Avidin and Neutravidin were purchased from
ThermoFisher Scientific. Chicken egg ovalbumin (OVA) was purchased from Sigma.
SDS-PAGE and western blot analysis
Laemmli type SDS-PAGE was performed according to standard literature procedures.32 Gels
were prepared using acrylamide-bis ready-to-use solution 40% (37.5:1) (Merck Millipore)
and separated on a Mini-PROTEAN Tetra cell (Bio-Rad). Alternatively, proteins were separated
on a NuPAGE Novex 4-12% bis-tris protein gel (Invitrogen) using an X Cell SureLock Mini-Cell
system using MOPS buffer (ThermoFisher Scientific) where indicated. Fluorescence scanning
of SDS-PAGE gels was performed on a typhoon gel and blot imager 9400, or trio+, or 9500
FLA model (GE Healthcare) using the CY2 settings for BODIPY-alkyne 3 (blue laser excitation
at 488 nm and emission filter at 520 nm) and the CY3 settings for DBCO-TAMRA 7 (green
laser excitation at 532 nm and emission filter at 580 nm). Coomassie staining was carried
out with Coomassie Brilliant Blue (CBB) R250 staining (AMRESCO) according to literature
procedures32 or with colloidal CBB G250 staining according to the manufactures protocol
(Roti-Blue, Carl Roth). Silver staining was carried out using standard protocols with a 0.1%
silver nitrate aqueous solution and 0.04% formaldehyde in a 2% sodium carbonate aqueous
solution as developing agent.
For western blot analysis, proteins were transferred to a PVDF membrane for visualization
via ECL subsequent to separation by gel electrophoresis. To this end the proteins were
blotted onto a PVDF membrane (GE Healthcare) using a Bio-Rad (Hercules) Mini Trans-Blot
system for wet blotting according to the manufacturer’s protocol using Tobin buffer without
methanol. Electroblotting was followed by visualisation with SuperSignal West HisProbe Kit
according to the manufacture’s protocol (ThermoFisher Scientific). BioRad precision plus
protein standards dual color was used as molecular weight marker.
Probes and bio-reagents
Probes were stored at -20 °C as solids. Stock solutions were prepared at 100 mM in anhydrous
DMSO, stored at -20 °C and found to be stable (only little hydrolysis was observed according
to LC-MS) under these conditions over the course of more than a year. Aliquots from
the stock solutions were taken to prepare solutions with the appropriate concentrations
according to the experimental set-up in anhydrous DMSO. To increase the shelf life of the
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probes exposure to water should be avoided and storage at -20 °C of the stock solutions is
advisable. Stock solutions of CuSO4 and THPTA were prepared in water and stored at rT. The
solutions were used over the course of one month and then prepared freshly. Solutions of
sodium ascorbate in water were always prepared fresh from the salt.
2.4.2.2 BIOCHEMICAL EVALUATION OF DTBIO
Biochemical activity of DtBio 2 was tested on Streptavidin (10 μM, 2.65 μL of a 1
mg/mL stock solution in 10 mM PBS, pH 7.4). The protein was incubated for 1 h at rT with
DtBio 2 (10 or 1 μM, 0.5 μL of a 0.4 or 0.04 mM solution) in the presence of Cu(II) (1 mM,
1 μL of a 20 mM solution of CuSO4) and 5 μg ovalbumin (OVA) in PBS (10 mM, pH 7.4, total
volume: 20 μL). For thermal stability Streptavidin, Avidin and Neutravidin 1.0 μL of a 1 mg/
mL stock solution in 10 mM PBS, pH 7.4 were used under the same conditions. Conventional
egg white was diluted 1000X in HEPES 50 mM pH 7.5 and tested as above. Reactions should
be mixed well after addition of the probe because the DMSO settles on the reaction vessel
bottom. This ensures even distribution of the probe in the reaction mixture. A gentle way to
accomplish this is by stirring the solution several times with a pipette tip).
Subsequently, BODIPY-alkyne 3 (25 μM, 1 μL of a 0.575 mM solution), THPTA (1 mM, 1
μL of a 23 mM solution) and sodium ascorbate (2 mM, 1 μL of a 46 mM solution) were
added. After thorough mixing the reaction was allowed to stand for 2 h at rT in the dark.
The reactions were quenched by adding 5 μl of 5X sample buffer32 and denaturing for 5 min
at 95 °C.
The non-targeted diazotransfer experiments were conducted with reagent Dt 1
identical to those with the targeted probe (10 μM or 1 mM, 0.5 μL of a 0.4 mM or a 40 mM
solution, respectively).
For the competition experiments, d-biotin was added to the protein solution (10
μM or 1 mM, 0.5 μL of a 0.4 mM or 40 mM solution, respectively) and incubated for 30 min
at rT prior to addition of the probe. For heat denaturing experiments 1% SDS was added to
the protein solution (1 μL of a 20% solution in water w/v). Then the sample was heated for
10 min at 95 °C. Once the reaction mixture had cooled to room temperature the probe and
CuSO4 were added.
For the probe concentration dependent experiments, the protein solution was
incubated with increasing concentration of probe (0.5 μL of a 40X stock) for 1h and
subsequently clicked to the BODIPY-alkyne 3 as described above.
For the time course experiments, the protein solution was pre-incubated with the
appropriate probe for 15 minutes, 30 minutes, 1 hour, 2 hours or 4 hours before being
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reacted with BODIPY-alkyne 3 as described above. For the 0 h time point, the probe was
added to the protein solution and immediately BODIPY-alkyne 3 (25 μM, 1 μL of a 0.575 mM
solution), THPTA (1mM, 1 μL of a 23 mM solution) and sodium ascorbate (2 mM, 1 μL of a
46 mM solution) were added.
For copper concentration dependent experiments, the protein solution was
incubated for 1 h at rT with DtBio 2 (10 μM, 0.5 μL of a 0.4 mM solution) in the presence of
a decreasing amount of CuSO4 (1 μL of a 20X stock). Before the click reaction, EDTA (5 mM
final concentration) and glycine (5 mM final concentration) were added then DBCO-TAMRA
7 (25 μM, 1 μL of a 0.575 mM solution) was added. After thorough mixing the reaction was
allowed to stand for 2 h at rT in the dark.
For copper free labelling with DBCO-TAMRA, the protein solution was incubated
for 1 h or 16 h at rT with the probe (10 μM, 0.5 μL of a 0.4 mM solution) and subsequently
incubated with DBCO-TAMRA 7 (25 μM, 1 μL of a 0.575 mM solution). Non-targeted
diazotransfer reactions were performed by incubating the protein mixture with 1 (10 μM
or 1 mM, 0.5 μL of a 0.4 mM or a 40 mM solution, respectively) in the absence of copper;
competition experiments as well as time-dependent labelling experiments were performed
as described for the copper catalysed reactions.
For labelling of streptavidin in spiked-in lysates, 25 μg of E.coli lysate33 were spiked
with 0.5 μg of Strp. This mixture was incubated for 1 h at rT with DtBio 2 (10 μM, 0.5 μL of a
0.4 mM solution) in the presence of Cu(II) (50 μM, 1 μL of a 1 mM solution of CuSO4) in Tris
(10 mM, pH 7.6, total volume: 20 μL). Competition (10X compared to probe concentration),
denaturing and non-targeted (1X compared to probe concentration) experiments were
conducted as described above. Subsequently, BODIPY-alkyne 3 (25 μM, 1 μL of a 0.575 mM
solution), THPTA (100 μM, 1 μL of a 2.3 mM solution) and sodium ascorbate (1 mM, 1 μL of
a 23 mM solution) were added. After thorough mixing the reaction was allowed to stand for
1 h at rT in the dark.
2.4.2.3 TESTING OF BIOY
Mutagenesis of BioY
For the expression of wild-type BioY, the original pNZnHis8-BioY was used.29 For
mutagenesis, the gene encoding BioY was placed in the pREnHis plasmid equipped with
an N-terminal His8-tag. Mutations were introduced by quick change PCR using the primers
given in Table 1. After verification of the DNA sequence (GATC, Germany), the mutated
pREnHis plasmids were converted into mutated pNZnHis plasmids using the vector backbone
exchange protocol,34 in order to obtain plasmids that could be used as expression vectors
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in L. lactis.

2

Table 1. Primers for mutagenesis of wild-type BioY.
Mutation

Forward Primer

Reverse Primer

N79K

cctgttctgacaggagggaaaggtggtgcggctagtttc

gaaactagccgcaccacctttccctcctgtcagaacagg

R93K

gggccttcaggtggttataagatagcctggctctttac

gtaaagagccaggctatcttataccacctgaaggccc

Expression of wild-type BioY and the mutants
The expression of wild-type BioY and the N79K- and R93K-mutants was performed
as described previously with some modifications.29,35 Briefly, L. lactis NZ9000 cells36 carrying
the pNZnHis-BioY or mutated plasmids were grown semi-anaerobically in chemically
defined medium35 without biotin and supplemented with 2.0 % (w/v) of glucose and 5 μg/
mL of chloramphenicol in a 3 L bioreactor at 30°C and pH 6.5. When an OD600 of roughly 1.5
was reached, expression of wild-type BioY or its mutants was induced by addition of 0.1 %
(v/v) of culture supernatant from a nisin-A producing strain. Protein expression was allowed
for three hours, after which the cells were harvested by centrifugation (15 min, 7,446 x g,
4°C). After one round of washing the cells with Buffer A (50 mM KPi, pH 8.0), the cells were
resuspended in the same buffer, frozen in liquid nitrogen and stored at -80°C.
Preparation of membrane vesicles and protein purification
In order to purify wild-type BioY and its mutants for affinity determinations by ITC,
membrane vesicles were prepared from the cells that were stored at -80°C. After these
cells had thawed, 5 mM of MgSO4 and a spatula tip of DNAse were added and the cells
were lyzed by high-pressure disruption (Constant Cell Disruption Systems Ltd, UK; twofold
passage at 269 MPa and 5°C). Subsequently, 1 mM of PMSF was added and the cell debris
was separated from the membrane vesicle by low-speed centrifugation (30 min, 27,167
x g, 4°C). Next, the membrane vesicles were harvested by high-speed centrifugation (120
min, 185,677 x g, 4°C) and resuspended in Buffer A to a final volume of 5 mL per 1 L of
cell culture. Then the membrane vesicles were divided in aliquots of 5 mL, frozen in liquid
nitrogen and stored at -80°C.
For protein purification, the membrane vesicle were thawed and diluted in Buffer B
(50 mM KPi, pH 7.5, 300 mM NaCl, 10 % (v/v) glycerol, 1 % (v/v) maltose-neopentyl glycol
3 (MNG-3)). After solubilization of the membrane vesicles for 60 min at 4°C while gently
rocking, the unsolubilized material was removed by centrifugation (20 min, 442,906 x g,
4°C) and the supernatant was incubated for 60 min at 4°C while gently rocking with Ni2+sepharose resin (column volume (CV) = 0.5 mL), which had been equilibrated with Buffer C
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(50 mM KPi, pH 7.5, 300 mM NaCl, 10 % (v/v) glycerol, 50 mM imidazole, 0.03 % (v/v) MNG3). Subsequently, the column material was washed with 30 CVs of Buffer C, after which the
protein eluted from the column material in three fractions of 500, 750 and 500 μL of Buffer
D (50 mM KPi, pH 7.5, 300 mM NaCl, 10 % (v/v) glycerol, 500 mM imidazole, 0.03 % (v/v)
MNG-3), respectively. To the second elution fraction of 700 μL, 1 mM of EDTA was added
and the fraction was purified by size-exclusion chromatography using a Superdexx 200
10/300 gel filtration column (GE Healthcare), which had been equilibrated with buffer E (50
mM KPi, pH 7.5, 150 mM NaCl, 0.03 % (v/v) MNG-3). After size-exclusion chromatography,
the elution fraction containing wild-type BioY or its mutants were combined and used for
affinity determination by ITC.
Affinity determination by ITC
The binding affinities of wild-type BioY or its mutants for biotin and DtBio 2 were
determined by isothermal titration calorimetry (ITC) using a MicroCal iTC200 apparatus (GE
Healthcare) with a cell volume of 200 μL. The measurements were performed at 25°C with a
protein concentration of 8.37 - 21.4 mM in the sample cell. The ligands were added in steps
of 1 μL. Analysis of the data was done using the MicroCal LLC iTC200 software.
Cell surface labelling of BioY.
Lactococcus lactis cells obtained from the fermenter cultivation recombinantly
expressing BioY were pelleted (6000 rcf, 15 min, 4 °C) and resuspended to a final OD600 of
50 in 1 mL total volume of KPi buffer (50 mM, pH 8.0). The cell suspension was incubated
for 1 h at rT with DtBio 2 (10, 100, 250 μM: 10 μL of a 1, 10, 25 mM stock solution) in the
presence of Cu(II) (1 mM; 10 μL of a 100 mM solution of CuSO4) on an orbital shaker. Then
the cells were pelleted (5000 rcf, 1 min, rT), the supernatant was removed and the cells
were resuspended in 1 mL total volume of KPi buffer (50 mM, pH 8.0) and washed once.
Subsequently, BODIPY-alkyne 3 (50 μM, 5 μL of a 10 mM solution), Cu(II) (1 mM, 10 μL of
a 100 mM solution), THPTA (1 mM, 10 μL of a 100 mM solution) and sodium ascorbate (2
mM, 20 μL of a 100 mM solution) were added to the suspension which it was left for 2 h at
rT on an orbital shaker. Then the cells were pelleted (5000 rcf, 1 min, rT), the supernatant
was removed and the cells were resuspended in 1 mL total volume of KPi buffer (50 mM, pH
8.0). Glass beads (250 to 300 mg, Ø 0.1 mm; Sigma) were added and the cells were ruptured
using a tissue lyser (5 min at 50 Hz under cooling, Qiagen, Venlo, Netherlands). The glass
beads and cellular debris were removed by centrifugation (12,000 rcf, 5 min, 4 °C) and PMSF
(1 mM final concentration) was added to the supernatant. The supernatant was isolated
and stored at -80 °C. For subsequent SDS-PAGE fluorescence gel analysis an aliquot of 200
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μL of the supernatant was used. The protein was precipitated from the cell lysate using the
method described by Wessel and Fluegge37 and subsequently redissolved in 20 μL of sample
buffer.
Purification of wild-type BioY and N79K-BioY after cell surface labelling
For purification of the modified N79K-BioY 800 μL of labelled lysate was taken,
diluted in Buffer B and solubilization was allowed for 60 min at 4°C while gently rocking.
Subsequently, the unsolubilized material was removed by centrifugation and the proteins
were purified by Ni2+-sepharose affinity chromatography as described above, now using
Ni2+-sepharose resin with a column volume of only 0.25 mL and eluting the proteins in three
fractions of 250 μL of Buffer D.
2.4.3 MASS SPECTROMETRY
Sample preparation for mass spectrometry analysis
For the diazotransfer reaction, streptavidin (50 μM; 33.2 μL of a 1 mg/mL stock
solution in 10 mM PBS, pH 7.4 was incubated for 1 h at rT with DtBio 2 (50 μM, 1 μL of a 2.5
stock solution) in the presence of Cu(II) (1 mM, 1 μL of a 50 mM solution of CuSO4) in a total
volume of 50 μL. The reaction was quenched by adding 15 μL of LDS sample buffer (4X, 50
mM DTT) and incubating the solution at room temperature for one hour. Subsequently, the
samples were split in half and the resulting samples (2X30 μL) were loaded onto a 4−12%
Bis-Tris NuPAGE gel. The samples were run about 1 cm into the gels, after which they were
stained with colloidal Coomassie blue staining solution, and the bands were excised and
subjected to in-gel tryptic digestion (Promega) according to standard procedures38, but
omitting an alkylation step since streptavidin does not contain any cysteine residues. The
tryptic peptides were dried in a vacuum concentrator (speed-vac) and stored at -20 °C prior
to direct nLC-MS/MS analysis.
LC-MS/MS analysis
Nanoflow liquid chromatography electrospray ionisation tandem mass spectrometry
(nLC-MS/MS) was performed with an Eksigent nanoLC-Ultra 1D+ system (Eksigent) coupled
to an Orbitrap Velos instrument (Thermo Scientific). The peptides were delivered to a trap
column (100 μm X 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 μm resin, Dr. Maisch)
at a flow rate of 5 μL/min in 100% solvent A (0.1% formic acid, FA, in HPLC grade water).
After 10 min of loading and washing, peptides were transferred to an analytical column (75
μm X 40 cm, packed in-house with Reprosil-Gold C18, 3 μm resin, Dr. Maisch) and separated
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at a flow rate of 300 nL/min using a 60 min gradient ranging from 2% to 32% solvent C
in B (solvent B: 0.1% FA and 5% DMSO in HPLC grade water, solvent C: 0.1% FA and 5%
DMSO in acetonitrile). The eluent was sprayed via stainless steel emitters (Thermo) at a
spray voltage of 2.2 kV and a heated capillary temperature of 275 °C. The Orbitrap Velos
mass spectrometer was operated in positive ion mode and programmed to acquire in datadependent mode, automatically switching between MS and MS/MS. Full scan MS spectra
(m/z 360−1300) were acquired in the Orbitrap at a resolution of 30 000 (m/z 400) using
an automatic gain control (AGC) target value of 1e6 charges. Ions for MS/MS spectra of up
to 10 precursor ions were generated in the multipole collision cell by using higher energy
collision-induced dissociation (HCD, AGC target value 4e4, normalized collision energy of
30%) and analysed in the Orbitrap at a resolution of 7 500. Precursor ion isolation width was
set to 2.0 Th, the maximum injection time for MS/MS was 100 ms, the precursor ion count
for triggering an MS/MS event was set at 500 and dynamic exclusion was set to 20 s. Internal
calibration was enabled for MS mode using the ion signal of a dimethyl sulfoxide cluster
(m/z 401.922720) as a lock mass.
Data analysis was performed using MaxQuant v1.5.3.30 with the integrated search
engine Andromeda.39,40 For peptide and protein identification, raw files were searched
against the fasta file generated from the uniprot entry P22629 with oxidation of methionine
and Lys_N3 and N-term_N3 for diazotransfer as variable modifications.
Default search parameters were used and trypsin/P was selected as the proteolytic
enzyme, with up to 3 missed cleavage sites allowed. Precursor ion tolerance was set to 20
ppm for the first search and a tolerance of 4.5 ppm was allowed for the main search. The
fragment ion tolerance was set to 0.5 Th. Peptide identifications required a minimal length
of seven amino acids, and all data sets were adjusted to 1% PSM and 1% protein FDR.
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cleavable linker (clinker) instrumental to target deconvolution.

This chapter has been adapted from the original publication:
Lohse, J.; Schindl, A.; Danda, N.; Williams, C. P.; Kramer, K.; Kuster, B.; Witte, M. D.; Médard, G. Chem.
Commun. 2017, 53 (87), 11929.

83

Chapter 3

3.1 INTRODUCTION
Proteins are modified post-translationally with a large variety of chemical groups. Besides
the enzymatic introduction of phosphates, glycans, lipids, or ubiquitin like proteins, also
endogenous small molecule electrophiles modify proteins.1,2 Furthermore, inhibitors
and probe molecules have been prepared that react covalently with proteins of interest.
Studying the modification of proteins has been an active yet challenging field of research
over the past 20 years3–6 that has led to valuable insights into many biochemical processes,
for instance those underlying pathological states of cells and tissues.7–9 Holistic proteomics
approaches enable the global study of protein modifications and these techniques provide
unparalleled insight into the effect of modifications on the organisation of the cell or entire
organisms of unforeseen complexity.10,11 At the same time, targeted proteomics approaches
have evolved that dissect the function of modifications on individual protein(-groups) in
complex mixtures,12–14 thereby tendering two valuable systems that complement each other.
Targeted chemical proteomics relies predominantly on in situ selective and site-specific
modification of proteins with chemical probes combined with modified proteome detection
by tandem mass spectrometry. Despite the recent advances in the field it is still challenging
to identify peptide-probe adducts amongst the background of an entire proteome,
especially if these peptides are low abundant, ionize poorly or are too small/large to be
reliably detected. Furthermore, the MS/MS fragmentation pattern may not be accurately
identified by the analysis software. Thus new precise molecular tools that can identify
modification sites of affinity directed probes are still in demand.15 Ideally, such a novel tool
should, from the biological perspective, be structurally, enzymatically and chemically silent,
yet it should allow straightforward enrichment and detection of the modified peptides: in
other words it should rely on click chemistry, be minimal in size, bioorthogonal and should
not impair fragmentation in the MS.16 Target enrichment has been successfully achieved
by immobilising the molecular species onto a solid support with the subsequent ability to
release it selectively.17–21 However, it has been suggested that the most commonly used
biotin-(strept)avidin system bears several drawbacks (false-positives, timing, cost, peptide
noise in the MS) and the exploration of new chemistries that meet the capture-and-release
paradigm is an ongoing quest.22–24
To facilitate enrichment and detection of protein-probe bioconjugates, we prepared a novel
clickable and cleavable resin based on the acid labile triazene group25 and employed it to
study diazotisation of proteins by our recently reported targeted diazotransfer probe.26
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Cleavage of the triazene moiety, known as an aniline protecting group,27,28 in a complex
biological environment is feasible, as was demonstrated by the work of Hejesen et al. on
DNA-directed chemistry.29 We therefore synthesized 1 (meta-benzoic acid propynlpiperazine
triazene), a minimal molecule containing three functional moieties: a carboxylic acid
group for immobilization onto a solid matrix, a terminal alkyne for click-capture of azidobiomolecules and, to tether these two handles, a linker containing the triazene group (Figure
1A). The propynylpiperazine moiety constitutes both the reagent reacting bioorthogonally
with the azide minitag and the secondary amine involved in the triazene ‘protecting’ the
resin-bound aniline. It allows for covalent enrichment of the target on protein or peptide
level by Huisgen-type click chemistry30,31 followed by extensive and possibly denaturing
washing steps to remove non-specifically bound species. Upon acidic release of the proteins
or peptides from the resin, the target molecule is tagged with a triazolylmethylpiperazine
adduct. Through this design, an additional positive charge is introduced in the modified
biomolecule under acidic conditions, thereby improving ionisation and helping identification
by mass spectrometry. We here demonstrate that molecule 1, which we coined “clinker”,
a clickable and cleavable linker, facilitates straightforward identification of ligand-directed
labelled sites in proteins: we show that the modified sites of streptavidin and BirA targeted
by our diazotransfer probe could be efficiently determined using this strategy.
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Figure 1 The clinker resin 2 enables immobilisation and controlled release of azide bearing molecules.
(A) Synthesis of the clinker resin 2: a) amylnitrite, HCl, water, MeOH, 0 °C to rT, 1 h; b) 1-(prop-2-yn1-yl) piperazine, potassium carbonate, H2O, 0 °C to rT, 1 h; c) x-hydroxysuccinimide ester activated
sepharose, ethylenediamine/ethanolamine (1/4), triethylamine, DMSO, rT, 20 h; d) 1, PyBrOP,
triethylamine, diisopropylethylamine, DMF, rT, 20 h. (B) Concept of the target and identify strategy: A
regioselective diazotransfer via a targeted probe installs an azide onto a protein of interest. The clinker
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resin 2 is used to capture the modified protein with Huisgen-type click chemistry. Only those peptides
covalently bound to the resin remain attached after on-bead digestion with an endopeptidase and a
washing step. Acidification of the resin to a pH of 1 cleaves the triazene linkage between resin and
peptide and releases the clinker-modified peptide for further analysis with tandem mass spectrometry.

3.2 RESULTS AND DISCUSSION
The synthesis of clinker 1 was carried out in two steps (Figure 1A) by diazotisation of
3-aminobenzoic acid using the method described by Knoevenagel32 and subsequently
adding the dissolved diazonium salt directly to a basified aqueous solution of 1-(2-propynyl)
piperazine. Sepharose beads were then equipped with 1 to yield the clinker resin 2, starting
from N-hydroxysuccinimide ester beads first reacted with ethylene diamine to provide
amine beads ready for amidation with the benzoic acid of 1.33
Functionalisation of the resulting resin with BODIPY-azide 3 using copper catalysed alkyneazide cycloaddition (CuAAC)34–36 proceeded uneventfully, demonstrating that on-bead
CuAAC is indeed feasible (Figure 2A). The resulting fluorescently labelled resin was used
to determine the sensitivity of the triazene linker towards acidic cleavage. The linker was
stable up to pH 2, but lowering the pH further led to cleavage of the triazene as could
be visualised by the loss of fluorescence of the beads and concomitant appearance of
colouration of the supernatant (Figure 2B). To quantify the efficiency of retrieval and release
under the optimal clinker cleavage conditions, we employed the fluorogenic 3-azido-7hydroxycoumarin 4.37 This coumarin derivative has been used extensively in the study of
CuAAC reaction parameters:34,38,39 While quenched in the unreacted, i.e. the azide-bearing
form, the fluorescence of 4 is activated upon cycloaddition with an alkyne. The absorption
and emission maxima of the resulting triazole products depend on the alkyne-adduct and we
therefore first determined these parameters for the clinker product. By reacting coumarin 4
with 1-(2-propynyl)piperazine 5 the clicked clinker cleavage product 6 was obtained (Figure
3A). Measuring the absorption and emission spectra determined these to be λabs 395 nm
and λem 475 nm, respectively. Based on the calibration curve (Figure 3B), up to 8 μM of
the clicked coumarin 6 are within the linear range of fluorescence and we therefore did
not exceed this maximum concentration when probing retrieval and cleavage efficiencies
(Figure 3C). After clicking coumarin 4 onto the resin, treatment with different acidic solutions
confirmed the triazene stability down to a pH of 2. We observed a sharp increase in cleavage
upon acidification to a pH of 1 with a solution of 0.1 M aqueous hydrochloric acid (Figure
3D), conditions at which the sepharose beads remain stable (further acidification to pH 0
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leads to disintegration of the resin material and obliteration of fluorescence altogether).
Loading of the resin was concentration dependent and quantification of the fluorescence of
the cumulative amount of released material revealed that the yield over two steps is above
90%.

3
A

N3
NH

3

O
NH
O

N

N
F

N
N

N

N

B

H2
N

N
N

F

CuSO4
THPTA
Sodium Ascorbate

[H+]

N

N

N

N

N

N

N

2
B
F

B

N

9

N
N

N
N

N

F

B
F

F

flo
w
-th
ro
ug
w
at
h
er
30
%
AC
N
0.
01
M
FA
0.
,p
1
H
M
3
FA
,p
1
H
M
2.
FA
5
,p
H
0.
01
2
M
HC
0.
l, p
1
M
H
2
HC
l, p
1
M
HC H 1
l, p
H
0

Illuminated with standard TLC laboratory UV light λex = 365 nm

1

2
N3

3

4

5

6

7

8

9

H2
N
N

N
N

B
F

N
N

N
N

F
N

B
F

BODIPY-azide 3

F

BODIPY-triazole-methylpiperazine 9

Figure 2 Click-and-release of BODIPY-azide 3 under acidic conditions employing clinker resin 2. (A)
In the first step, the clinker resin 2 is functionalised with the inherently fluorescent BODIPY-azide
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fluorophore 3, now bearing the clinker fragment via a triazole group 9, is released by acidifying the
resin to a pH of 1. (B) The resin coupled to 3 was incubated with the indicated solutions (lane 1 to
9). The eluate was collected in a microcentrifuge tube and illuminated at a wavelength of 365 nm
(benchtop UV light). Lane 1 shows the flow-through of unbound 3. The elution of 9 is observed upon
an acidification to a pH of 1 (lane 8). Further acidification to a pH of 0 leads to disintegration of the
resin material and an obliteration of fluorescence (lane 9).
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to determine the optimal parameters for excitation and emission of the cleavage product. (B) 6 was
then used to determine the concentration range within the linear range of the fluorometer, error bars
indicate standard deviation, points measured in triplicates. (C) The clinker resin 2 is functionalised with
3-azido-7-hydroxycoumarin 4 using Huisgen-type click chemistry. The fluorescent cleavage product 6 is
used to quantify the loading and cleavage of the clinker by measuring the eluate at 395 nm excitation
(microplate reader) and 475 nm emission. (D) Clinker triazene cleavage is observed upon acidification
with 0.1 M aq. HCl. The control reaction was conducted with 10 µM 4 and lacks copper, error bars
indicate standard deviation, measurements in triplicates.

The resin was subsequently tested in a protein enrichment experiment (Figure 4A). We
recently reported the selective and site-specific introduction of an azide group to the biotin
binding protein streptavidin via diazotransfer, employing probe DtBio 7.26 Now, we used the
clinker resin 2 to immobilize the modified protein onto the beads via triazole formation.
Release of the bound proteins under acidic conditions was followed by analysis of the eluate
on a coomassie stained SDS-PAGE gel. Comparing the eluate to the input material indicates
that approximately 60% of the streptavidin is recovered over three steps (i) modification
via diazotransfer, (ii) immobilisation via clicking and (iii) release via cleavage, when using
a protein-to-probe ratio of 1 to 1 (Figure 4B). To test the target and identify strategy, we
opted for on-bead digestion of immobilised streptavidin with the endopeptidase trypsin
using standard protocols (Figure 4C). After post-digestion washing steps with Tris-HCl, 30%
acetonitrile in water and water, only those peptides that have been diazotised on protein
level are expected to be retained on the resin thanks to the covalent bond established by
the clinker. In the next step these peptides were eluted using a solution of 0.1 M aq. HCl and
sonication. The released peptides, now bearing the piperazine clinker fragment (C7H10N4,
150.0906 Da) on the modified lysine, were then analysed with tandem mass spectrometry.
Analysis of the raw data using the software MaxQuant40 identified lysine K121 to be the only
lysine bearing a 150.0906 Dalton mass gain as variable modification confirming our previous
result for the DtBio-streptavidin labelling pair,26 yet with a significantly simplified data set
(5% of the identified peptide species compared to the full digest) and shortened measuring
time (60 min instead of 2 h), conditions with enhanced potential for future applications
(Figure 4D).
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Figure 4 Streptavidin: identification of modification site by tandem mass spectrometry subsequent
to clinker pull-down and on-bead digestion. (A) Cartoon depicting the tertiary structure of monomeric
streptavidin to visualise the clinker pull-down work-flow: the probe DtBio 7 binds to streptavidin and
modifies it by diazotransfer to lysine K121, now bearing an azide. The protein is then clicked to the clinker
resin 2. (B) Capture-and-release of the azide bearing undigested core streptavidin is either visualised
on a coomassie stained SDS-PAGE gel: L – protein loading, E – eluate, W – wash, FT – flow-through, or
(C) for further analysis digested with trypsin while covalently attached to the beads. Acidification to a
pH of 1 releases the covalently bound peptide bearing the original modification site now marked with
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the clinker fragment. (PDB code: 3RY2, PyMOL used for ray tracing). (D) Uniprot sequence for entry
P22629-1, streptavidin. Purple backdrop indicates the sequence of the commercially available core
streptavidin. Red letters/squares indicate primary amines in the sequence. Blue backdrop indicates
the peptide identified by tandem mass spectrometry bearing the clinker fragment modification
(charge: +3, m/z: 1124.2441 Th, mass: 3369.7 Da, mass gain compared to unmodified peptide: 150.1
Da, Andromeda score of peptide: 61.5).

To demonstrate the general applicability of the clinker-aided target and identify approach,
we endeavoured to study the labelling of the 33.5 kDa bifunctional ligase/repressor BirA
from E.coli with DtBio 7. This enzyme functions as a biotin transferase and as an autofeedback regulator, binding to the biotin operon in its dimeric state and thereby repressing
gene transcription, once it gets saturated with biotinyl-5’-adenylate. The enzyme’s affinity
for biotin was determined to be 50 nM.41,42 This enzyme and derived mutants have proven
invaluable in many biotechnological applications, notably for proximity-labelling.43–46 We
performed a qualitative molecular docking study, which suggests that DtBio 7 can bind to
the active site of BirA. According to the calculated binding model, two lysine residues in
proximity of the sulfonyl azide group can act as potential diazotransfer acceptors. In this
pose, the e-amino group of K183 is in closer proximity than that of K172 (Figure 5A) and we
therefore considered K183 to be the most likely site of modification if diazotransfer from
probe to protein was to happen. To investigate whether DtBio 7 indeed does label BirA in
vitro, the protein was expressed in E.coli and purified using standard protocols. Incubating
BirA with 100 mM of DtBio 7 and 500 mM of copper sulphate for 1 h followed by labelling with
BODIPY-alkyne for in gel fluorescent visualisation revealed that diazotransfer had occurred
(Figure 6). Akin to what we observed for streptavidin,26 BirA labelling is outcompeted by
the addition of biotin to the reaction mixture, suggesting active-site affinity-based binding.
This result not only encouraged us to use BirA for the target and identify approach but also
suggests DtBio 7 or derivatives thereof as potential probes for BirA related applications. The
azide modified peptides obtained from labelling purified BirA with DtBio 7 and subsequent
in-gel tryptic digestion were clicked onto the clinker resin 2. Stringent washing of the
resin to remove unmodified, non-specifically bound peptides, was followed by elution of
the covalently bound peptides with 0.1 M aq. HCl and sonication. Analysis of the eluted
peptides by LC-MS/MS and MaxQuant resulted in the identification of lysine K183 as the
sole modification site of the labelling pair DtBio-BirA (Figure 5B). LC-MS/MS analysis of the
complete digest of BirA after modification with 7 corroborates the result for identification of
the modification site from the clinker pull down.
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Figure 5 Clinker pull-down enriches peptide bearing diazotransfer modification site. (A) Model
depicting DtBio 7 (shown as sticks, coloured by element) bound to the active site of BirA (PDB code:
4WF2, shown as cartoon, coloured in blue; lysine as sticks, coloured in purple (distant lysines) or red
(proximal lysines). Note: crystal structure does not contain the full protein sequence. (PyMOL used for
ray tracing; SeeSAR and LeadIT (https://www.biosolveit.de) used for generation of pose), box showing
the close up of DtBio 7 bound to the BirA active site. The probe modifies lysine K183 exclusively
amongst 19 possible diazotransfer acceptors within BirA (18 lysine side chains and the N-terminus).
(B) BirA was subjected to in-gel digestion after modification of the protein with probe molecule 7. The
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resulting peptides were submitted to a clinker pull-down. The covalently immobilised peptides were
selectively eluted and analysed via LC-MS/MS. MaxQuant software was used to identify the modified
peptide, validating the computational model. The depicted sequence indicates the only detected
peptide from BirA that is bearing the clinker adduct (mass: 1390.8660 Da, mass gain: 150.0906 Da,
Andromeda score: 125). The modification is located in the b1/y12 position of the sequence and
identifies as Lys183. (C) Uniprot sequence for entry P06709-1, BirA, E.coli (sequence coverage of
full digest is 95%). Lysine residues are coloured purple and highlighted with a purple square (nonmodified) or red dotted circle (modified). Orange backdrop indicates the peptide identified by tandem
mass spectrometry bearing the clinker fragment modification (charge: +3, m/z: 464.6293 Th, mass:
1390.8 Da, mass gain compared to unmodified peptide: 150.1 Da, Andromeda score of peptide: 90.6).

Biotin (1 mM)

-

-

+

DtBio 7 (100 μM)

+

-

+

M

kDa
75

O

NH H

HN
H

S

O

N
N
H

O
N

S
O

N
N3

B
N

F
F

DtBio 7

BirA

BODIPY-alkyne 8
FL

25

CM

1 2 3 4

Figure 6 BirA is diazotised by probe DtBio 7 and subsequently modified with BODIPY-alkyne 8 for
in-gel fluorescence visualisation. (A) FL depicts fluorescent scan of the SDS-PAGE gel of BirA modified
with BODIPY-alkyne 8 via copper catalysed alkyne-azide cycloaddition click chemistry (CY2 settings),
CM indicates the coomassie stain of the same gel. Lane 3 indicates the background signal for unspecific
labelling of BirA and lane 4 indicates competition of labelling by adding 10X of biotin to the reaction
mixture prior to adding probe 7 to the protein.
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3.3 CONCLUSION
In summary, we have demonstrated that the immobilisation of azide bearing species with
the newly developed clinker resin is possible for small molecules, peptides and proteins.
Furthermore, we have established new ‘target and identify’ workflows which leverage
the potential of this clickable and cleavable resin in conjunction with targeted labelling by
diazotransfer probes. Indeed, this approach allowed the identification of the exquisitely
regioselective diazotransfer modification site following two divergent strategies: 1) the
labelled lysine of streptavidin could be identified after CuAAC on the protein level and onbead digestion, and 2) the modified amino acid of BirA, shown to be a novel target for the
diazotransfer probe DtBio, could be evidenced after performing the click reaction on the
peptide level i.e. the azido-peptide could be enriched from a BirA in-gel digest.
As a simple, yet versatile chemical tool, the clinker should prove valuable for a myriad
of chemical proteomics applications and we envision an adoption by chemical biologists
interested in enriching in situ, in cellulo or in vivo azido-labelled biomolecules. In
conjunction with ligand targeted-diazotransfer reagents, targets and binding sites of ligands
will be revealed. In association with metabolic insertion of e.g. azido-lipids or -amino acids,
biosynthetic pathway alterations will be evidenced. Stable isotope-based multiplexing with
different flavours of propynylpiperazine can also be conceived to compare e.g. treated vs.
non-treated cells or organisms or to perform time-course experiments.
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3.4 EXPERIMENTAL
3.4.1 CHEMISTRY
3.4.1.1 GENERAL PROCEEDURES
All solvents used for reaction, extraction, filtration and chromatography were of commercial
grade, and used without further purification. Reagents were purchased from SigmaAldrich, TCI, or fluorochem, unless otherwise noted, and were used without further
purification. 1-(Prop-2-yn-1-yl)piperazine was purchased from Aaron chemistry, 3-azido7-hydroxy-2H-chromen-2-one was purchased from Carl Roth. DtBio 7 was synthesized
according to a published procedure,26 BODIPY-alkyne 8 was synthesized according to a
published procedure.48 TLC was performed on Merck silica gel 60 F254, 0.25 mm plates and
visualization was done by UV light, iodine (I2 crystals in silica) and ninhydrin staining (solution
of ninhydrin (0.3 g) in n-butanol (100 mL) and acetic acid (3 mL)). Manual flash column
chromatography was performed using silica (SilicaFlash P60, 230-400 mesh, Silicycle) as
the stationary phase. Automated column chromatography was performed on a puriFlash
430evo system (interchim). 1H-, 13C-, APT, COSY, HMQC, HMBC-NMR were recorded on a
Varian AMX400 spectrometer (400 and 100 MHz, respectively) or a Bruker Avance (500, 126
Mhz, respectively) using, CD3OD or DMSO-d6 as solvent. Chemical shift values are reported
in ppm with the solvent resonance as the internal standard (CD3OD: δ3.31 for 1H, δ 49.15 for
13
C; DMSO-d6: δ2.50 for 1H δ 39.52 for 13C). Data are reported as follows: chemical shifts (δ),
multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = double double doublet, t =
triplet, q = quartet, p = quintet, m = multiplet, apparent quartet = app q), coupling constants
J (Hz), and integration. LCMS was performed on an LCQ Fleet mass spectrometer coupled to
a Vanquish UHPLC system (Thermo). High resolution mass measurements were performed
using a ThermoScientific LTQ OrbitrapXL spectrometer. Fluorescence measurements were
performed in 96well plate format on a BioTek Synergy H1 multi-mode reader. Mass accuracy
is reported in delta Thomson (Th (m/z)) and parts per million of deviation of the calculated
mass. WARNING: Diazotransfer reagents and diazonium salts may be shock sensitive and
should be handled using appropriate precautions.
3.4.1.2 SYNTHESIS
3-((4-(prop-2-yn-1-yl)piperazin-1-yl)diazenyl)benzoic acid (Clinker 1)
3-Aminobenzoic acid (137 mg, 1 mmol) was dissolved in 5 mL water and a few drops of
methanol were added to facilitate dissolving. The solution was cooled down to 0 °C under
constant stirring, and then concentrated hydrochloric acid was added (250 μL, 3 mmol).
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Amyl nitrite (204 μL, 1.5 mmol) was added portion-wise and the ice bath was removed.
The reaction was allowed to warm to room temperature during 1 hour. Meanwhile in a
separate round bottom flask, potassium carbonate (500 mg, 3.5 mmol) and 1-(prop-2-yn1-yl)piperazine (197 mg, 1 mmol) were dissolved in 5 mL water and cooled to 0 °C under
stirring. The diazonium salt of 3-aminobenzoic acid was transferred in solution to the second
flask in three portions. The ice bath was removed and the reaction was allowed to warm
to room temperature during 1 hour. The reaction mixture was loaded directly to a 20 g
puriFlash C18 column and the product was eluted with water using MPLC. The fractions
containing the product were lyophilized to yield the fluffy, pale yellow solid 1 (193 mg, 79%).
1
H NMR (500 MHz, Methanol-d4) δ 8.04 (t, J = 1.8 Hz, 1H), 7.79 (dt, J = 7.6, 1.4 Hz, 1H), 7.47
(ddd, J = 7.8, 2.1, 1.1 Hz, 1H), 7.34 (t, J = 7.7 Hz, 1H), 3.85 (t, J = 4.4 Hz, 4H), 3.43 (d, J = 2.5
Hz, 2H), 2.78 (t, J = 4.4 Hz, 4H), 2.74 (t, J = 2.5 Hz, 1H)
13
C NMR (100 MHz, DMSO-d6) δ C = 168.4, 148.95, 143.0, 127.3, 126.9, 120.7, 120.6, 79.0,
76.0, 50.4, 45.9. (126 MHz, Methanol-d4) δ H = 175.3, 151.4, 140.0, 129.1, 128.1, 123.7,
122.6, 78.8, 75.4, 52.1, 47.3
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 273.1346, found 273.1333 (delta mTh 1.3;
ppm 4.8)

BODIPY-Azide (3)
Oxalyl chloride (1.2 mL, 14 mmol) was added dropwise to a solution of 6-azidohexanoic acid
(1.46 g, 9.3 mmol) in anhydrous toluene (15 ml). A catalytic amount of DMF (0.5 mL) was
added and the solution was stirred at room temperature for 3 h. After concentration under
reduced pressure, the residue was co-evaporated with toluene (5X) and the resulting crude
of 6-azidohexanoyl chloride was used without further purification. A 0.2 M solution of the
6-azidohexanoyl chloride crude was prepared in DCE then 2,4-dimethyl-1H-pyrrole (2 mL,
19.5 mmol) was added. The reaction mixture was stirred at 65°C for 2 h. Diethyl ether (200
mL) was added to the reaction mixture and then it was filtered. The isolated precipitate was
dried and used without further purification. This intermediate was dissolved in DCE (0.2 M)
and BF3·OEt2 (5.75 mL, 46.5 mmol) was added over 5 min, followed by the dropwise addition
of DiPEA (6.48 mL, 37.2 mmol). Nitrogen gas was then bubbled through the solution and the
reaction mixture was stirred at room temperature for 3 h. The reaction mixture was diluted
with ethyl acetate (100 mL) and washed with water (50 mL). The organic layer was dried
over MgSO4, concentrated under reduced pressure and purified with manual flash column
chromatography using ethyl acetate:pentane (1:9) as eluent affording BODIPY-N3 3 (250 mg,
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22%).
1
H NMR (400 MHz, CDCl3) 6.05 (s, 2H), 3.31 (t, J = 6.5 Hz, 2H), 3.03 - 2.89 (m, 2H), 2.51 (s,
6H), 2.41 (s, 6H), 1.76 - 1.49 (m, 6H)
13
C NMR (100 MHz, CDCl3) 154.10, 146.02, 140.33, 131.54, 121.84, 121.81, 110.16, 51.35,
31.54, 28.85, 28.38, 27.51, 16.56, 14.63, 14.60, 14.57

Clinker Resin (2)
Clinker beads were prepared in analogous fashion as reported:33
For the preparation of clinker beads, NHS-Sepharose beads (GE Healthcare) were washed
with DMSO and reacted with a 4:1 mixture of aminoethanol (9.7 μL/mL beads) and
ethylenediamine (2.7 μL/mL beads) for 20 h on an end-over-end shaker at rT in the dark in
the presence of triethylamine (15 μL/mL beads) in DMSO (1 vol of DMSO for 1 vol of beads).
The beads were then washed with DMSO (3 X 10 mL/mL beads) and DMF (2 X 10 mL/mL
beads) and reacted with the clinker 1 (1−4 μmol/mL beads), diisopropylethylamine (3.5 μL/
mL beads), trimethylamine (20 μL/mL beads), and PyBrOP (4.7 mg/mL beads) in DMF (1 vol
of DMSO for 1 vol of beads) for 20 h at rT in the dark. After being washed with DMSO (3
X 10 mL/mL beads), the beads were reacted with NHS acetate (10 μmol/mL beads) in the
presence of triethylamine (20 μL/mL beads) in DMSO (1 vol DMSO for 1 vol beads) overnight
at rT. The beads were washed with DMSO (10 mL/mL beads) and ethanol (3 X 10 mL/mL
beads) before being stored in ethanol (1 mL/mL beads) at 4 °C. Aliquots of the supernatants
before and after coupling were measured by LC−MS to monitor the completion of the
coupling reactions.
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3.4.2 BIOCHEMISTRY
3.4.2.1 GENERAL PROCEEDURES
Proteins and plasmid
Recombinant expressed Streptavidin (Strp) was purchased from ThermoFisher Scientific.
Trypsin was of mass spectrometry grade and purchased from either Roche or Promega. BirA
in pET28a (w400-2) was a gift from Eric Campeau (Addgene plasmid # 26624).
SDS-PAGE
Laemmli type SDS-PAGE was performed according to standard literature procedures.49 Gels
were prepared using acrylamide-bis ready-to-use solution 40% (37.5:1) (Merck Millipore)
and separated on a Mini-PROTEAN Tetra cell (Bio-Rad). Alternatively, proteins were separated
on a NuPAGE Novex 4-12% bis-tris protein gel (Invitrogen) or a TruPAGE precast 4-20% gel
(SigmaMerck) using an X Cell SureLock Mini-Cell system using MOPS buffer (ThermoFisher
Scientific) where indicated. Fluorescence scanning of SDS-PAGE gels was performed on a
typhoon gel and blot imager 9500 FLA model (GE Healthcare) using the CY2 settings for
BODIPY-alkyne 8 (blue laser excitation at 473 nm and emission filter BPB1). Coomassie
staining was carried out with colloidal CBB G250 staining according to the manufactures
protocol (Roti-Blue, Carl Roth). Silver staining was carried out using standard protocols with
a 0.1% silver nitrate aqueous solution and 0.04% formaldehyde in a 2% sodium carbonate
aqueous solution as developing agent.
Probes and bio-reagents
DtBio was stored at -20 °C as solid. Stock solutions were prepared at 100 mM in anhydrous
DMSO, stored at -20 °C and found to be stable (only little hydrolysis was observed according
to LC-MS) under these conditions over the course of more than a year. Aliquots from
the stock solutions were taken to prepare solutions with the appropriate concentrations
according to the experimental set-up in anhydrous DMSO. To increase the shelf life of the
probe exposure to water should be avoided and storage at -20 °C of the stock solutions is
advisable. Stock solutions of CuSO4 and THPTA were prepared in water and stored at rT. The
solutions were used over the course of one month and then prepared freshly. Solutions of
sodium ascorbate in water were always prepared fresh from the salt.
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3.4.2.2 CLINKER CLEAVAGE
For the initial evaluation of the clinker cleavage conditions, BODIPY-azide 3 (50 μM, 1 μL of a
2.5 mM stock solution) was dissolved in 25.5 μL of 50 mM HEPES buffer, pH 7.4 and added to
10 μL settled clinker beads (1 μmol/mL -clinker molecule to beads coupling density- in 20 μL
volume of ethanol, 1:1 slurry). Then CuSO4 and THPTA (Tris(3-hydroxypropyltriazolylmethyl)
amine) were added (1 mM and 2 mM respectively, 1.5 μL of a pre-incubated solution, for
prior complex formation, in a ratio of 1:2 from 100 mM stock solutions, each). Finally,
ascorbic acid was added to the reaction (4 mM, 2 μL of a 100 mM stock solution). The
0.5 mL low binding plastics microcentrifuge tubes, harbouring the reaction mixtures, were
incubated in an end-over-end shaker for 1 h at room temperature under gentle rotation to
allow the beads to be evenly dispersed in the reaction solution. Subsequently, the reaction
mixture was transferred to a mobicol column (MoBiTec). The flow-through of the reaction,
containing unreacted fluorophore and catalyst was collected by centrifugation after placing
the mobicol column in a microcentrifuge tube using a table top centrifuge while retaining
the now fluorescent beads inside the column. The beads were washed once with 50 μL of
50 mM HEPES buffer, pH 7.4. The column was sealed from the bottom and 50 μl of either
of the following solvent (-mixtures) were added to the beads (water; 30% aq. acetonitrile;
0.01, 0.1, 1.0 M formic acid; 0.01, 0.1, 1.0 M hydrochloric acid) followed by top-sealing of
the column and 5 min sonication in a water bath. The flow-through of each experiment
was collected separately and the procedure was repeated once. The individual flow-through
were analysed using a bench top UV-light with irradiation at 365 nm.
3.4.2.3 DETERMINATION FLUORESCENCE PARAMETERS
For the determination of the fluorescence measurement parameters 1-(prop-2-yn-1-yl)
piperazine (50 μM, 1 μL of a 2.5 mM stock solution in DMSO) and 3-azido-7-hydroxy-2Hchromen-2-one (50 μM, 1 μL of a 2.5 mM stock solution in DMSO) were dissolved in 44.5 μL
of 50 mM HEPES buffer, pH 7.4. Then CuSO4 and THPTA (Tris(3-hydroxypropyltriazolylmethyl)
amine) were added (1 mM and 2 mM respectively, 1.5 μL of a pre-incubated solution, for
prior complex formation, in a ratio of 1:2 from 100 mM stock solutions, each). Finally,
ascorbic acid was added to the reaction (4 mM, 2 μL of a 100 mM stock solution). The
reaction mixture was left for 16 h at rT and then diluted in buffer to a concentration of
5 μM (assuming full conversion) in 100 μL total volume to measure in a black 96-well
plate designed for fluorescence measurements (ThermoFisher). The wavelength maxima
for emission and excitation were determined by measuring fluorescence with either set
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excitation wavelength while scanning the emission spectrum, or vice versa, using the study of
Wang et al as reference point.37 The optimum parameters were determined to be excitation
λex = 395 nm and emission λem = 475 nm. The reaction and the measurement was repeated
with the optimal parameters in hand measuring concentrations ranging from 1 to 10 μM in
triplicate to determine the linear range of the fluorometer at the given parameters.
3.4.2.4 QUANTITATIVE CLINKER CLEAVAGE
For a more quantitative evaluation of the clinker cleavage condition 3-azido-7-hydroxycoumarin (2.5, 5 or 10 μM, 1 μL of a 100, 250 or 500 μM stock solution, respectively) was
dissolved in 25.5 μL of 50 mM HEPES buffer, pH 7.4 and added to 10 μL settled clinker beads
(1 μmol/mL -clinker molecule to beads coupling density- in 20 μL volume of ethanol, 1:1
slurry). Then CuSO4 and THPTA (Tris(3-hydroxypropyltriazolylmethyl)amine) were added (1
mM and 2 mM respectively, 1.5 μL of a pre-incubated solution, for prior complex formation,
in a ratio of 1:2 from 100 mM stock solutions, each). Finally, ascorbic acid was added to
the reaction (4 mM, 2 μL of a 100 mM stock solution). The 0.5 mL low binding plastics
microcentrifuge tubes, harbouring the reaction mixtures, were incubated in an end-overend shaker for 2 or 16 h at room temperature under gentle rotation to allow the beads
to be evenly dispersed in the reaction solution. Subsequently, the reaction mixture was
transferred to a mobicol column (MoBiTec). The flow-through of the reaction, containing
unreacted coumarin and catalyst was collected by centrifugation after placing the mobicol
column in a microcentrifuge tube using a table top centrifuge while retaining the beads
inside the column. The beads were washed once with 50 μL of 50 mM HEPES buffer, pH
7.4. The column was sealed from the bottom and 2X 50 μl of the following solutions were
added in sequence to the beads (50 mM HEPES buffer, pH 7.4; 0.01 M HCl; buffer; 0.1 M HCl;
buffer; 0.1 M HCl; buffer) followed by top-sealing of the column and 5 min sonication in a
water bath. The flow-through of each elution step was collected separately and the pH of
the solution was adjusted with HEPES buffered sodium hydroxide to reach 7.4 in a total
volume of 200 μL.
3.4.2.4 ON-BEAD DIGESTION
For the clinker enrichment of azido-streptavidin, recombinant core streptavidin (50 μM;
33.2 μL of a 1 mg/mL stock solution in 10 mM HEPES, pH 7.4) was incubated for 1 h at rT
with DtBio 7 (50 μM, 1 μL of a 2.5 stock mM solution) in the presence of Cu(II) (1 mM, 1 μL
of a 50 mM solution of CuSO4) in a total volume of 50 μL. Then 25 μL of the diazotransfer
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reaction mixture were aliquoted and added to 10 μL settled clinker beads (1 μmol/mL
-clinker molecule to beads coupling density- in 20 μL volume of ethanol, 1:1 slurry). THPTA
(2.5 mM, 2.5 μL of 50 mM stock solution) and sodium ascorbate (5 mM, 2.5 μL of a 100 mM
stock solution) were subsequently added and the reaction was incubated in an end-overend shaker for 16 h at room temperature under gentle rotation to allow the beads to be
evenly dispersed in the reaction solution.
(A) The reaction mixture was then transferred to a mobicol column (MoBiTec) and the flowthrough was collected via centrifugation in a microcentrifuge tube. 50 μl of 50 mM HEPES
buffer, pH 7.4 were added to the resin and the flow-through was collected in the same
microcentrifuge tube. The resin was washed twice with an additional 50 μL of buffer, but the
flow-through was collected in a separate microcentrifuge tube. The column was sealed from
the bottom and 2X 50 μL of 0.1 M HCl were added to the beads followed by top-sealing of
the column and 5 min sonication in a water bath. The flow-through of the two elution steps
were collected in one microcentrifuge tube and the pH of the solution was adjusted with
HEPES buffered sodium hydroxide to reach approximately 7.4. The three fractions (flowthrough, wash and eluate) were lyophilized and the resulting solid was dissolved in 20 μL of
2X reducing sample buffer. The samples were applied to an SDS-PAGE gel, electrophoretically
resolved and visualized by coomassie staining.
(B) The reaction mixture was then transferred to a mobicol column (MoBiTec) and the beads
were washed with 2X 50 μL 40 mM Tris HCl buffer pH 7.4, then the column was sealed from
the bottom and 40 μL 40 mM Tris HCl buffer pH 7.4, 8 M urea were added and the reaction
was incubated for 30 min at 50 °C, 700 rpm in a ThermoMixer (Eppendorf) with a sealed
top. Once cooled to rT, 250 μL 40 mM Tris HCl buffer pH 7.4 and then 300 ng of trypsin (30
μL of a 10 ng/μL in 50 mM acetic acid) were added to the mixture which was incubated for
16 h at 37 °C, 700 rpm. The beads were washed with 2X 50 μL 40 mM Tris HCl buffer pH 7.4,
10 mL of 30% aq. acetonitrile and 10 mL water. The column was sealed from the bottom
and 2X 50 μL of 0.1 M HCl were added to the beads followed by top-sealing of the column
and 5 min sonication in a water bath. Subsequently, the beads were washed with 2X 50 μL
30% aq. ACN solution. The combined flow-through of the elution steps was collected in one
microcentrifuge tube, the tryptic peptides were dried in a vacuum concentrator (speed-vac)
and stored at -20 °C prior to nLC-MS/MS analysis.
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3.4.2.5 BIRA EXPRESSION
E.coli BirA with a C-terminal hexahistidine tag (Addgene plasmid # 26624) was introduced
into the BL21 DE3 (RIL) E. coli strain by heat-shock transformation. The cells were cultured
in Luria Bertani (LB) media supplemented with kanamycin (50 μg/mL) and chloramphenicol
(34 μg/mL) at 37 °C until an OD600 of 0.9. BirA expression was induced with the addition
of isopropyl-β-D-thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM. After
incubation with shaking at 30 °C for three hours, the cells were harvested by centrifugation
and lysed by French press at 4 °C in lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl).
The lysate was centrifuged to remove debris and unbroken cells and incubated with Ni-NTA
agarose (Fisher Scientific). The beads were then washed with lysis buffer and His6-tagged
BirA was eluted with lysis buffer containing 330 mM Imidazole. Fractions containing His6tagged BirA were pooled and subjected to a buffer exchange with a PD-10 desalting column
(GE Healthcare) equilibrated in lysis buffer.
3.4.2.6 BIRA CLINKER PULL DOWN
For the diazotransfer reaction, purified E.coli BirA (48 μL of a 0.4 mg/mL stock solution in 50
mM HEPES 150 mM NaCl, pH 7.4) was incubated for 1 h at rT with DtBio 7 (100 μM, 1 μL of a
5 mM stock solution) in the absence or presence of Cu(II) (500 μM, 1 μL of a 25 mM solution
of CuSO4) in a total volume of 50 μL.
Then the sample was split:
(A) 10 μL were used for in-gel digest The reaction was quenched by adding 2 μL of 5X reducing sample buffer and incubation
for 5 min at 95 °C. Subsequently, the sample was subjected to SDS-PAGE for 5 min at 200 V.
The gel was stained and the bands were cut and the gel pieces were completely de-stained
with 50% acetonitrile (ACN), 50 mM ammonium bicarbonate (ABC), dehydrated with 150 μL
acetonitrile, reduced with 10 mM dithiothreitol (30 min at 55°C) and alkylated with 40 mM
iodoacetamide (45 min at RT, in the dark) and overnight digested with 10 μL of a 10 ng/μL
trypsin (V5111; Promega) at 37°C. Peptides were extracted from the gel pieces by adding,
sonicating and collecting sequentially in the same tube: 40 μL 2% trifluoroacetic acid (TFA),
40 μL 33% ACN; 1.7% TFA and 40 μL 67% ACN, 0.7% TFA. The samples were dried under
vacuum and reconstituted with 100 μl, 2% ACN. Then, 20 μL 5% (TFA) was added to the
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sample to reach pH < 3. Solid phase extraction was performed with Pierce C18 tips (87784;
Thermo) according to the suppliers manual. The eluate fraction was dried under vacuum
and reconstituted with 20 μL 2% ACN, 0.1% formic acid (FA).
The digest was split in half and analysed directly by nLC-MS/MS (method see below) or
subjected to a clinkerPD: 10 μL of the digest were added to 10 μL settled clinker beads
(1 μmol/mL -clinker molecule to beads coupling density- in 20 μL volume of ethanol, 1:1
slurry). THPTA (2.5 mM, 2.5 μL of 50 mM stock solution) and sodium ascorbate (5 mM, 2.5
μL of a 100 mM stock solution) were subsequently added in a total volume of 50 μL 50 mM
HEPES buffer pH 7.4 and the reaction was incubated in an end-over-end shaker for 16 h at
room temperature under gentle rotation to allow the beads to be evenly dispersed in the
reaction solution. The reaction mixture was then transferred to a mobicol column (MoBiTec)
and the beads were washed with 2X 50 μL 50 mM HEPES buffer pH 7.4, 10 mL of 30% aq.
acetonitrile and 10 mL water. The column was sealed from the bottom and 2X 50 μL of 0.1
M HCl were added to the beads followed by top-sealing of the column and 5 min sonication
in a water bath. Subsequently, the beads were washed with 2X 50 μL 30% aq. ACN solution.
The combined flow-through of the elution steps was collected in one microcentrifuge tube,
released peptides were dried in a vacuum concentrator (speed-vac) and stored at -20 °C
prior to nLC-MS/MS analysis.
(B) 20 μL were used for conjugation and in-gel fluorescence measurement To the solution BODIPY-alkyne 8 (25 μM, 1 μL of a 0.575 mM solution), THPTA (1 mM, 1
μL of a 23 mM solution) and sodium ascorbate (2 mM, 1 μL of a 46 mM solution) were
added. After thorough mixing the reaction was allowed to stand for 2 h at rT in the dark. The
reaction was quenched by adding 5 μL of 5X sample buffer and denaturing for 5 min at 95 °C.
10 μL of the reaction mixture were used for in-gel fluorescence measurements.
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3.4.3. MASS SPECTROMETRY
3.4.3.1 LCMS: STREPTAVIDIN
Nanoflow liquid chromatography electrospray ionisation tandem mass spectrometry (nLCMS/MS) was performed with an Eksigent nanoLC-Ultra 1D+ system (Eksigent, Dublin, CA)
coupled to an Orbitrap Velos instrument (Thermo Scientific). The peptides were delivered
to a trap column (100 μm x 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 μm resin, Dr.
Maisch) at a flow rate of 5 μL/min in 100% solvent A (0.1% formic acid, FA, in HPLC grade
water). After 10 min of loading and washing, peptides were transferred to an analytical
column (75 μm X 40 cm, packed in-house with Reprosil-Gold C18, 3 μm resin, Dr. Maisch)
and separated at a flow rate of 300 nL/min using a 60 min gradient ranging from 2% to 32%
solvent C in B (solvent B: 0.1% FA and 5% DMSO in HPLC grade water, solvent C: 0.1% FA and
5% DMSO in acetonitrile). The eluent was sprayed via stainless steel emitters (Thermo) at
a spray voltage of 2.2 kV and a heated capillary temperature of 275 °C. The Orbitrap Velos
mass spectrometer was operated in positive ion mode and programmed to acquire in datadependent mode, automatically switching between MS and MS/MS. Full scan MS spectra
(m/z 360−1300) were acquired in the Orbitrap at a resolution of 30 000 (m/z 400) using
an automatic gain control (AGC) target value of 1e6 charges. Ions for MS/MS spectra of up
to 10 precursor ions were generated in the multipole collision cell by using higher energy
collision-induced dissociation (HCD, AGC target value 4e4, normalized collision energy of
30%) and analysed in the Orbitrap at a resolution of 7 500. Precursor ion isolation width was
set to 2.0 Th, the maximum injection time for MS/MS was 100 ms, the precursor ion count
for triggering an MS/MS event was set at 500 and dynamic exclusion was set to 20 s. Internal
calibration was enabled for MS mode using the ion signal of a dimethyl sulfoxide cluster
(m/z 401.922720) as a lock mass.
3.4.3.1 LCMS: BIRA
Nanoflow liquid chromatography electrospray ionisation tandem mass spectrometry (nLCMS/MS) was performed with an Easy-nLC II (Thermo) coupled to an LTQ XL / LTQ Orbitrap XL
instrument (Thermo Scientific).
The peptides were delivered to a trap column (100 μm X 2 cm, pre-packed with Silica
Spherical Fully Porous C18-AQ 5 μm resin (Thermo)) at a flow rate of 5 μL/min in 100%
solvent A (0.1% formic acid (FA), 2% acetonitrile (ACN), in HPLC grade water). After loading
and washing, peptides were transferred to an analytical column (PicoFrit Self-Pack Column
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75 µm ID x 20cm, 10 µm tip packed in-house with 3 µm 120A Reprosil-PUR C18-AQ μm
resin, Dr. Maisch) and separated at a flow rate of 200 nL/min using a 45 min gradient ranging
from 2% to 28% solvent B (solvent B: 0.1% FA in ACN). The eluent was sprayed via the pico
frit tip of 1.3 kV and a heated capillary temperature of 200 °C. The LTQ XL / LTQ Orbitrap XL
mass spectrometer was operated in positive ion mode and programmed to acquire in datadependent mode, automatically switching between MS and MS/MS. Full scan MS spectra
(m/z 300−1650) were acquired in the Orbitrap at a resolution of 30000. Ions for MS/MS
spectra of up to 8 precursor ions were generated in the multipole collision cell by using
higher energy collision-induced dissociation (HCD) normalized collision energy of 35% and
analysed in the LTQ XL. Precursor ion isolation width was set to 3.0 m/z, the maximum
injection time for MS/MS was 30 ms, the precursor ion count for triggering an MS/MS event
was set at 500 and dynamic exclusion was set to 45 s.
3.4.3.2 DATA ANALYSIS
Data analysis was performed using MaxQuant v1.5.8.3 with the integrated search engine
Andromeda.40,50 For peptide and protein identification, raw files were searched against
the FASTA files for core Streptavidin (P22629-1, Fig. S2) and E.coli BirA (P06709-1, Fig.
S4) obtained from UniProtKB (http://www.uniprot.org), with oxidation of methionine,
N-terminal protein acetylation and Dt->Lys and Dt->N-term (Modification of lysine, except
on C-terminus of peptide, or modification on protein N-terminus: H(-2)N(+2)); 25.9905
Da mass gain) for diazotransfer, and ClinkerFragment->DtLys and ClinkerFragment->DtNterm (Modification of lysine, except on C-terminus of peptide, or modification on protein
N-terminus: C(+7)H(+10)N(+4)); 150.0905 Da mass gain) for clinker pull-down fragments as
variable modifications; and carbamidomethylation of cysteines as fixed modification.
Default search parameters were used and trypsin/P was selected as the proteolytic enzyme,
with up to 3 missed cleavage sites allowed. Precursor ion tolerance was set to 20 ppm for
the first search and a tolerance of 4.5 ppm was allowed for the main search. The fragment
ion tolerance was set to 0.5 Th. Peptide identifications required a minimal length of seven
amino acids, and all data sets were adjusted to 1% PSM and 1% protein FDR.
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4.1 INTRODUCTION
The investigation of metal associating proteins, or metalloproteomics is an active, yet
challenging field of research. Metalloproteins occur in all domains of life and estimates
suggest that the subpopulation of proteins containing a metal as cofactor amounts to 25%
and this number may very well increase if proteins that only maintain transient or allosteric
interactions with metals are also taken into account. The functions that these proteins
undertake are numerous and include, among others, photosynthesis, transport of small
molecules, homeostasis (of intracellular metal concentrations), formation and preservation
of protein conformation, signal transduction and catalysis. The percentage of the metal
containing proteins increases further when only the enzymes are taken into account: nearly
half of the enzymes employ a metal cofactor to perform catalysis.1–4 Recent advances in
analytical methodology and the development of novel molecular tools have helped to
overcome some of the challenges in the study of metalloproteins and brought forward
deeper insight into the fascinating field of metalloproteomics research.5–8
Bioorthogonal chemistry is one of the key concepts in chemical biology that has helped
advance protein research over the past two decades, thereby granting access to several
unresolved biological questions. Its potential is further leveraged in combination with
targeted protein labelling strategies, which constitute powerful tools to study proteins in
complex mixtures.9–13 Yet, it remains a challenge to find tailor-made reagents; new protein
labelling chemistries need to be thoroughly examined before their full applicability can be
truly appraised.14
We recently pioneered the use of targeted diazotransfer reagents to selectively convert
lysine groups of proteins to azides.15 By functionalizing biotin with an imidazole sulphonyl
azide group, we obtained DtBio 1. This reagent selectively modifies biotin-binding proteins
in vitro and on cell membranes. A limitation of the model system used in these studies
are the high-binding affinities between biotin and its interaction partners. The majority
of protein ligands has a lower affinity for their respective target. Consequently, a
higher concentration of ligand/probe is needed to saturate the protein-binding site
and to label the proteins of interest efficiently with probes containing these targeting
moieties. As a result of the higher probe concentration, also non-specific labelling
may be increased.
Besides the binding affinity, also the copper catalyst, which is employed to catalyse the
diazotransfer reaction from probe to protein, could form a shortcoming when extending
the approach towards other proteins. Although copper is not essential for the diazotransfer
reaction to occur, it increases the efficiency considerably. The use of copper did not pose any
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problems for biotin-binding proteins, but adding an excess of copper (II) to metalloenzymes
may lead to metal ion transfer (MIT). This would result in the exchange of the divalent
metal ion in the active site for the diazotransfer catalyst, which in the case of copper has
the highest general ligand affinity, according to the Irving-Williams series. However, other
factors such as the geometry of the formed metal-protein ligand complex also play a role
and may result in the fact that the native metal is actually favoured to be the complexed
one in the holoenzyme even in the presence of an excess of a competing metal ion.1,16–20
The exchange, however, can have a dramatic effect on the conformation of the protein, for
instance by changing the coordination geometry, or alter the binding affinity of the ligand.
Thus it will have an effect on the labelling selectivity and efficiency of the probe and it can
even render an enzyme catalytically inactive.21,22 Furthermore, copper can bind to histidine
rich sequences within proteins, to exposed cysteines and to amino terminal copper- and
nickel-binding (ATCUN) motifs.23,24 This sequence specific sequestering of copper may direct
the diazotransfer reagent to the respective protein independent of the targeting moiety
and it can thus lead to off-target labelling in complex settings. As such, the added copper
may have a large effect on the selectivity, in particular for ligand-directed diazotransfer
reagents that bind weakly to their target. Divalent nickel, cobalt and zinc also catalyse the
diazotransfer reaction.25–27 Based on the results reported for immobilized-metal affinity
chromatography (IMAC) purification of histidine-bearing proteins,28,29 we reason that
these divalent metal ions, although not extensively studied as catalyst for diazotransfer
reactions in biological samples, may serve as more selective alternatives for copper.
Furthermore, adding chelating agents to the labelling mixture may circumvent binding of
the catalyst to metal binding sites within proteins30–32 and thus may enhance the selectivity.
To demonstrate that selective modification of metalloproteins is feasible and to optimize the
labelling conditions in complex mixtures, we designed a set of probes for bovine carbonic
anhydrase II (bCAII). This enzyme belongs to the α-carbonic anhydrases (CA), which
catalyse the reversible hydration of CO2.33 Enzymes of this class contain a catalytic
Zn2+ ion in the active site, generally, and CAII specifically bears a second, N-terminal
metal binding site similar to the ATCUN-like binding motif. Unlike its human counterpart,
bCAII does not contain any cysteine residues. Arylsulphonamides of the sulphamoylbenzenecarboxyamides class such as N-hexyl-4-sulphamoylbenzamide, coordinate
via the sulphonamide nitrogen to the catalytic zinc in the active site with equilibrium
dissociation constants that are higher than that for the biotin-streptavidin interaction
(i.e. they have a lower binding affinity for the protein).34,35 Based on this scaffold,
we prepared novel targeted-diazotransfer reagents 2-5 and employed these reagents to
study the efficiency, selectivity and site-specificity of the diazotransfer reaction from probe
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to protein and further studied the effect of the catalyst on the reaction (Figure 1).
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Figure 1 Benzenesulphonamide tethered diazotransfer probes install azides onto the protein
Carbonic Anhydrase II in the presence of a metal catalyst. (A) The original diazotransfer probe
DtBio and the DtBSu-n series of probes directing the reactive group imidazole-1-sulphonylazide to
the metalloprotein carbonic anhydrase II. (B) Concept of the targeted diazotransfer protein labelling
strategy. The ligand group of the probe, depicted as a purple ellipse, directs the reactive group to
the protein of interest. The proximity effect enhances labelling and ensures site-specificity of the
modification. The presence of a divalent metal catalyst improves the labelling efficiency.

4.2 RESULTS AND DISCUSSION
4.2.1 SYNTHESIS
For the synthesis of the diazotransfer reagents that target CAII, the p-nitrophenyl ester
6 of sulphamoylbenzoic acid was first prepared using N-(3-dimethylaminopropyl)-N’ethylcarbodiimide (EDC). Probe 2 could be obtained from this activated ester 6 by condensing
it to histamine and by reacting the resulting histamine adduct 7 with sulphonylazide transfer
reagent 8. To synthesize probes 3-5, which contain a spacer that varies in length, ester 6 was
first coupled to glycine, b-alanine or e-aminohexanoic acid. After complete consumption of
the starting materials, the carboxylic acid was converted into the activated ester by adding
EDC in the same pot. The resulting activated esters 9-11 were coupled to histamine to yield
the intermediates 12-14, after which they were converted into the targeted-diazotransfer
reagents 3-5 using sulphonylazide transfer reagent 8 (Scheme 1).
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4.2.2 AFFINITY BASED LABELLING OF BOVINE CARBONIC ANHYDRASE II
We next assessed if these reagents can be used to selectively modify CAII in the presence
of ovalbumin (OVA). Several research groups reported ligand-directed labelling reagents
for α-carbonic anhydrases that contain a 6 to 8 atom spacer and we therefore performed
the initial studies with diazotranfer reagent DtBSu-5 5.36–43 Labelling of bovine carbonic
anhydrase II with 5 gave similar results as obtained with our previously reported
biotin-tethered reagent 1. That is, we observed selective diazotransfer from the
probe to the enzyme in the presence of ovalbumin. Diazotransfer could be blocked
by heat-inactivation or adding a competitor (sulphamoylbenzoic acid, SBA, Ki = 270
nM; N-hexyl-4-sulphamoylbenzamide, KD = 1.3 nM).35,44 Furthermore, labelling of
carbonic anhydrase was more efficient and selective compared with the non-targeted
diazotransfer reagent 15 (Figure 2A). Modified bCAII could also be visualised using
biotin-alkyne 16 in combination with streptavidin-HRP as read-out (Figure 2B). The
labelling efficiency of bCAII was evaluated using a gel-shift assay (Figure 2C). BCAII
was incubated with DtBSu-5 5 and, subsequently, the modified protein was clicked
to a 5 kDa PEG-alkyne, which results in a migratory shift in the SDS-PAGE analysis. At
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a protein-to-probe ratio of 1-to-10, approximately 30 % of bCAII was modified with a
PEG-group over the two steps (1. diazotransfer, 2. click). To unambiguously establish
that the sulphamoyl ligand is at the basis of the observed selectivity, we incubated
a mixture of ovalbumin, streptavidin and bovine carbonic anhydrase II either with
DtBio 1, or DtCAII-5 5, or a combination of the two probes. Incubating the protein
mixture with DtBio 1 led to exclusive labelling of streptavidin (Figure 2D, lane 1),
while incubating with DtBSu-5 5 only labelled carbonic anhydrase II (Figure 2D, lane
2). Addition of both compounds to the protein mixture resulted in the labelling of
both carbonic anhydrase II and streptavidin, while leaving ovalbumin untouched
(Figure 2D, lane 3). As expected, diazotransfer reagents DtBio 1 and DtBSu-5 5 do not
show cross reactivity (i.e. streptavidin reacts only with diazotransfer reagent 1 and
bovine carbonic anhydrase II reacts only with 5).
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Figure 2 Labelling of carbonic anhydrase with ligand-directed diazotransfer reagent
DtBSu-5. (A) Selective labelling of carbonic anhydrase in a mixture of ovalbumin (OVA) and
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CAII using fluorophore 18 as read-out. (B) Selective labelling of carbonic anhydrase using
chemiluminescence after western blotting and protein conjugation to 16 as read-out. (C)
Gel shift assay after CAII-PEG conjugation. (D) Selective labelling of carbonic anhydrase and
streptavidin in a mixture of the CAII, streptavidin and ovalbumin using the two targeted
diazotransfer reagents 1 and 5 for labelling and the fluorophore 18 as read-out. FL –
fluorescence, CM – coomassie.

4
4.2.3 SITE SELECTIVITY OF DtBSu-5
To identify the diazotransfer modification sites in CAII, the protein was incubated with
DtBSu-5 5 and, subsequently, digested with trypsin (Figure 3). The tryptic peptides were
analysed with nano liquid chromatography tandem mass spectrometry (nLC-MS/MS). We
searched the MS raw data for modified peptides using MaxQuant45,46 software with the
integrated search engine Andromeda,47 taking into account that converting the ε-amine
of a lysine side chain into an azide causes trypsin miscleavage sites. Erythrocytic bovine
carbonic anhydrase II has 18 lysine residues of which most are surface exposed.48 Several
of the lysine residues that are surrounding the active site funnel and the N-terminus, in the
crystal structure located prominently above the active site, could function as diazotransfer
acceptors upon probe binding. Searching against the current version of the UniProt
provided sequence of Bos taurus carbonic anhydrase II, we identified four lysine ε-amines
of the potential 19 amino groups that were modified by DtBSu-5 5 (Figure 3A). All of the
corresponding modification sites are positioned in proximity to the active site. Lysines
K9 and K18 are near the N-terminus and form part of a region that has in part a flexible
conformation and a short alpha helical section. The other modified residues are in a triad of
three lysine residues separated by one amino acid, respectively (IKTKGKS motif). Of those,
two lysine residues -K167 and K169- were identified as being modified by DtBSu-5 5. The
third lysine of the triad, K171, is another potential diazotransfer acceptor within the probes
reach. However, its identification by this method proved to be problematic due to the fact
that the resulting tryptic peptide is 42 amino acids long and has a mass of 4721 Da. With a
prospected charge of +2 and a resulting mass of 2361 Th this peptide falls outside the set
parameters for the mass spectrometer measurements (the sequence coverage of carbonic
anhydrase II amounts to 84%, not detecting only one -the aforementioned- tryptic peptide
and thereby omitting only one out of the 18 lysine amino acids). The active site cleft of
carbonic anhydrase can be divided into a hydrophobic and a hydrophilic face, according
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to the amino acid side chains that furnish the solvent exposed surface and interactions
with both sides can be specifically exploited by inhibitor design.34,49 All modified lysine side
chains can be allocated to the hydrophilic face, suggesting that the composition of the probe
(linker and reactive group) direct it towards this side of the protein (Figure 3B). BCAII was
also reacted with the non-targeted diazotransfer reagent 15, which resulted in modification
of lysine residues outside the active site crest at seemingly random places of the globular
structure of CAII. Yet, the different pKa values created by the micro-environment of the
protein to these amino groups may play a role. Besides three of the lysines also modified
by 5 (K18, K167 and K169), another seven sites were found to bear the azide modification
(Figure 3C, orange colour).
To our surprise, in the initial experiments the N-terminus was not identified as being
modified by our probe, however, the MS/MS analysis revealed that the N-terminal serine is
completely acetylated, a common post-translational modification in erythrocytic carbonic
anhydrase. To investigate if the N-terminus could react with the diazotransfer reagent,
we labelled recombinant bovine carbonic anhydrase II expressed in E.coli. By producing
the enzyme in a prokaryotic host, bCAII with a free N-terminal amine should be obtained
since this prokaryotic expression host does not contain the gene corresponding to the
acyltransferase needed to modify the N-terminus. However, the N-terminal modification
could not be identified for the recombinant enzyme either. Besides this unexpected result,
the labelling of this enzyme resulted in the same four modification sites close to the entrance
of the active site funnel.
The background of the tryptic digest, the large amount of potential labelling sites and the
relative abundance of modified peptides in bCAII complicates the identification of modified
peptides and we reasoned that this precluded the reliable identification of the modified
N-terminal peptide. In addition to these impediments, an azide-bearing N-terminal peptide
loses a positive charge. We recently demonstrated that covalent immobilisation of the azidebearing peptides on the solid support 17 (clinker resin) using Huisgen type click chemistry
addresses these problems (clinker pulldown).50 By incorporating a cleavable linker in the
design of the chemical immobilisation tool, analysis of the peptides by nLC-MS/MS after
acidic linker cleavage not only re-introduces a positive charge onto the peptide N-terminus
but also resulted in a drastically reduced data set, compared to the raw data of the complete
tryptic digest. The use of the clinker beads enabled straightforward identification of the
same modified peptides as the complete digest. More importantly, with this approach,
we could confirm that the N-terminus of recombinant bCAII is modified by DtBSu-5 5.
Its low abundance could be explained by its positioning inside the flexible N-terminal
region according to its crystal structure. Unlike what the crystal structure is suggesting48
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the terminus might be pointing away from the active site when in solution (there are no
in-solution protein structure NMR studies published for carbonic anhydrase II). Also the
N-terminal metal binding motive might have an effect on the labelling efficiency of the
N-terminus.51
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Figure 3 (vide supra) DtBSu-5 modifies CAII upon binding, several primary amines on the
active site crest function as diazotransfer acceptors. (A) Cartoon representation of Carbonic
anhydrase II showing the secondary structural elements, based on the crystal structure (PDB:
1V9E), facing the side with respect to the active site and rotating the protein by 180° around
the x-axis: protein in blue, unmodified lysine side chains in purple, targeted modification
sites in green (lysines) and red (N-terminus), non-targeted modification sites in orange. The
sequence coverage is 84% omitting one peptide containing one lysine (K212) due to high mass
exclusion. (B) Surface area depiction of bCAII based on the same crystal structure, here the
top view with respect to the active site, highlighting probe modified amino acids (the three
histidine residues involved in zinc complexation (H94, H96, H119) in yellow, N-terminus here in
brown). (C) Bottom view of bCAII as surface, highlighting lysine side chains that are unmodified
during the labelling experiments (purple), or -in orange- modified by the non-targeted reagent
15. (D) Primary structure of bCAII: the protein amino acid sequence indicates the different
modification sites in the same colours. (E) MS/MS spectra of the modified peptide species; left
spectrum corresponds to the azide bearing lysine K18 and the right spectrum corresponds to
the clinker fragment bearing N-terminus.

4.2.4 PROBE OPTIMISATION: LINKER LENGTH
Having demonstrated that carbonic anhydrase can be labelled selectively with our
sulphamoyl probe DtBSu-5 5, we focused our attention on optimizing the reaction
conditions. We first screened the effect of the linker length between ligand moiety
and reactive group on the labelling efficiency on bCAII in a mixture with OVA (Figure
4A) and bCAII spiked-in Bacillus subtillis cell-lysate at a 1 mg/mL concentration
(Figure 4B). Decreasing amounts of bCAII were incubated with the probes and the
labelled proteins were visualized by performing a copper-catalysed click reaction
with BODIPY-alkyne 18. Of the synthesized probes, DtBSu-1 3 and DtBSu-2 4, which
contain a glycine or a b-alanine linker, respectively, labelled CAII most efficiently when
using BODIPY-alkyne as a read-out. As little as ~10 ng of protein could still be detected using
these probes, while the other probes (DtBSu-0 2 and DtBSu-5 5) have a detection limit of
~25 ng, where 3 slightly outperforms 4 in the lysate labelling experiment. Furthermore, the
fluorescent signal for the samples containing 100 ng of CAII labelled with DtBSu-1 3 and
DtBSu-2 4 is more intense than for the other probes.
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Figure 4 Effect of the DtBSu-n probes linker length on the labelling efficiency and selectivity
for Carbonic Anhydrase. (A) A mixture of ovalbumin (OVA) and decreasing amounts of Bovine
Carbonic Anhydrase II (CAII) were incubated with probes of the DtBSu-n series and visualised
with in-gel fluorescence. (B) Decreasing amounts of CAII spiked-in Bacillus subtillis cell lysate
were incubated with probes of the DtBSu-n series and visualised with in-gel fluorescence.
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4.2.5 MODE OF PROBE BINDING
To assess further the selectivity and efficiency of the probes with differing linker lengths
with respect to the diazotransfer reaction to bovine Carbonic Anhydrase II (bCAII), we opted
for structure elucidation of the protein-probe complex via protein X-Ray crystallography.
Since the probes are reactive towards the protein at multiple sites and the reaction takes
place on a small timescale, potentially resulting in ambiguous electron density data sets,
the benzenesulphonamide tethered histidine precursors 7, 12 and 13 corresponding to
probe molecules 2, 3 and 4 were selected as the protein inhibitors for the crystallisation
experiments. Carbonic Anhydrase II, especially the human variant, is a very well-studied
enzyme when it comes to structural- and biophysical analysis with protein crystallography,
specifically in the context of inhibitor design. With an amino acid sequence identity of 80%,
resulting in a very similar overall protein fold, insights obtained from studying the human
variant can be transferred with good faith to its bovine homologue. In order to be consistent
with the fluorescence biochemical assays performed for the initial probe evaluation,
however, we opted to use the bovine version of carbonic anhydrase II. The protein crystals
for the diffraction experiments were obtained using the sitting drop method in the presence
of high copper(II) concentrations in the precipitant solution (5 mM). After the crystals had
formed, they were soaked with inhibitor solution. The thus obtained crystalline proteininhibitor complexes were used for the structure elucidation experiments.
By virtue of the availability of ample structural information, the protein overall conformation
and its active site are rather well-characterised and can be described as follows: this soluble,
260 amino acid long, 30 kDa, ellipsoidally-shaped protein comprises a slightly twisted
beta-sheet with ten strands as its core motif. Seven alpha helices surround the beta sheet.
Besides the regions formed by these secondary structural elements, there are also less-wellstructured locations found in the overall protein fold. The comparably spacious active site
of isoform 2 of bovine carbonic anhydrase has a conical (funnel-like) shape with a diameter
of about 15 Å and a depth of about 15 Å. The catalytic zinc ion is bound at the apex of this
funnel, with slightly distorted tetrahedral geometry. The ion stays in place by coordinating
to the three, trans-species-conserved histidine residues (His94, His96 and His119) and the
catalytic hydroxyl ion that fills the fourth coordination site. These three zinc coordinating
histidines are protruding from the central beta-sheet structure.48 The zinc binding site is
integrated into a larger network of hydrogen bonds formed by surrounding amino acids,
ensuring higher selectivity and affinity for the zinc ion.52,53 One side of the cone is described
as the hydrophobic face (hydrophobic wall), responsible during the catalytic mechanism
to accommodate carbon dioxide near the active site. This region is lined with a cluster of
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hydrophobic amino acids. The hydrophobic wall is located within the beta-strand motif,
forming one side of the active site. The opposing side of the active site, located down and
around the N-terminus, is described as the hydrophilic face. This site comprises parts of the
regions with fewer secondary structural elements. It is thought to be involved in maintaining
a hydrogen bonding network to several water molecules that take part in the proton
shuttling (proton wiring)54 process during the catalytic mechanism.34,49,55 All the modified
lysine residues identified in this study are located above the hydrophilic site at the rim of
the active site funnel (Figure 3B).
Arylsulphonamides bind to the active site of carbonic anhydrase II by coordination of the
anionic sulphonamide nitrogen to Zn2+,56 thereby displacing the hydroxyl ion that constitutes
the fourth ligand of the zinc ion, normally found in the holoenzyme. Furthermore, there
are two hydrogen bonds between the sulphonamide group and the gate-keeper amino
acid threonine Thr199, these interactions form the basis of the strong binding between
sulphonamide-based inhibitors and carbonic anhydrase II.57 The remainder of the ligand/
inhibitor (i.e. the inhibitor tail) is usually pointing towards the exit of the active site funnel,
where several interactions are possible with residues of the aforementioned two halves of
the cone-like structure. This given condition can be utilised during inhibitor design to reach
an increased affinity for the target itself and selectivity against other carbonic anhydrase
isoforms. Prior studies have shown that interactions of potent carbonic anhydrase inhibitors
are more commonly observed with the hydrophobic wall of the active site funnel via vander-Waals interactions and therefore the inhibitor tails are pointing away from the protein
N-terminus, on the one hand.58–62
On the other hand, Srivastava and co-workers have demonstrated that a specific inhibitor
design, the so-called two-prong ligands, can selectively target amino acid interactions on
the hydrophilic patch of the active site and thereby point towards the N-terminus-including
face of the funnel. Here, the targeting is achieved by the design of a bidentate ligand: the
two-prong molecule interacts both with the zinc binding site via a benzenesulphonamide
ligand and a second metal binding site, a putative copper binding site near the N-terminus
of the protein. The second interaction is triggered by including iminodiacetate complexing
copper(II) into the inhibitor (in the case of the inhibitor BR30, histidine His64 coordinates
to the two prong complexed copper ion), which is tethered to the benzenesulphonamide
moiety by a chemical linker of specific composition and length.63,64
Investigation of the three co-crystal structures of bCAII bound to ligands 7, 12 and 13, showed
that all three inhibitor molecules bind to the protein by coordinating to the catalytic zinc
with the sulphonamide nitrogen atom, according to high electron density in this region of
the crystal structure. The phenyl moiety of the benzenesulphonamides is also clearly visible
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in the electron density and is surrounded by the side chains several hydrophobic residues
(e.g. Leu197 and Val121). The three tails with differing linker lengths point towards variable
regions of the hydrophobic face of the active site funnel. The electron density of the tails is
relatively weak and only the strongest configuration of each molecule could be modelled.
These results suggest certain flexibility of the tail from the first amide bond onwards (12 and
13). This flexibility would allow the probes to label a range of lysine residues in and around
the active site funnel.
The observed orientation of the inhibitor tails within the protein with a chemical composition
such as 7, 12 and 13 does not come unexpectedly, rather it has been shown that inhibitors
based on a sulphonamide ligand combined with glycine residues of differing chain length as
inhibitor tail, prefer a conformation that interacts with the hydrophobic face of the active
site once bound to carbonic anhydrase II. Interestingly, molecule 7 orients into a different
pocket with its imidazole moiety than 12 and 13, which orient with similar conformations
inside the same pocket located at the interface of the hydrophobic and the hydrophilic face.
These two different pockets inside the hydrophobic face are separated by the protruding
amino acid Phe130. The different orientations are likely due to the presence of a second
amide bond present in 12 and 13 that allows for additional hydrogen bond interactions with
the protein and the increased total length, which allows for additional interactions of the
imidazole with hydrophilic amino acids located on the top part of the active site rim (Figure
5A).65,66
More surprisingly, however, is the fact that the modified lysine residues are located on the
opposing face of the active site (Figure 3B). While the modification of Lys169, the N-terminal
amine and, to a lesser extend, Lys167 can be explained by the flexibility of the probe’s tail
within the active site, a postulation that has been further corroborated by data previously
reported using solution phase protein NMR studies of carbonic anhydrase bound ligands:
these findings demonstrate a rotational movement of the inhibitor inside the active site
pocket.67–71 Also, the difference in the labelling efficiency between the different probes 2-5
can be inferred from a better orientation of the probe’s reactive group towards the modified
residues once bound. Contrary to that, it is less evident how Lys9 and Lys18 are reached by
the diazotransfer group of the probe molecule, as evidenced by the crystal structure (Figure
5B). A possible explanation is based on the observations that the protein’s N-terminal
region has a less rigid structure -based on the B-factor of the crystal structure - with fewer
secondary structural elements. And thus, a combination of both the probe’s tail flexibility
and the N-terminal region of the protein may explain the reaching of lysines Lys9 and Lys18
by the diazotransfer group (keeping in mind that the mass spectrometry experiments were
conducted with probe 5 and therefore a longer linker length). Nevertheless, some studies
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have postulated a second binding event between carbonic anhydrase II and sulphonamidebased ligands.72–74 However, this second binding site is controversial, as in one case these
results could not be reproduced where a stoichiometry of 1:1 between protein and ligand
was found,75 or rather may be an artefact attributed to the crystal lattice formation,
in the second example.74 Yet, in the case of the study conducted by Jude et al. the data
obtained indicated two binding events and was consistent between X-ray crystallography
of four different two-prong inhibitors and ITC measurements. The second inhibitor binding
site is located outside the protein’s active site at the N-terminal region of the protein.
The N-terminal region of carbonic anhydrase II is thought to have at least one additional
metal (copper) binding site.51 As a matter of fact, all three of our crystal structures show
two additional copper ions bound to both histidine residues His64 and His3 (there are two
conformers observable for this copper ion, as previously reported)21, and His2 and His17 for
the second location. Interestingly, the crystal structure of ligand molecule 12 hosts a third
copper ion that is bound to the imidazole ring of the ligand. It is therefore also possible
that the probe molecules bind to the second binding site as shown by Jude et al. for the
two-prong probes,72 just outside the active site rim and within reach of the lysine residues
Lys9 and Lys18 (Figure 5C). This interaction is likely enhanced in, or even triggered by, the
presence of higher concentrations of copper.
The N-terminal region is conserved between human and bovine carbonic anhydrase II
(complete sequence identity for the first 21 amino acids), it also hosts five histidine residues
(His2, His3, His10, His15, His17) that can help in binding the metal catalyst and direct the
imidazole-sulphonyl-azide moiety towards the primary amines of lysine Lsy9 and Lys18. A
reason why our crystal structures do not contain a second ligand in the proposed N-terminal
binding site, may be the presence of the copper ion and its role during the crystal formation
process. The complexed copper(II) ion might lock the N-terminal region in a certain
conformation, excluding a second ligand binding event during crystal soaking. As a matter of
fact, the region of the second binding site and the copper ion complexed by His2 and His17
overlap once the two protein structures are overlaid (Figure 5C). This region of the crystal is
also in close contact to the next protein molecule within the crystal lattice, granting it less
degrees of freedom compared to being in solution. To obtain further evidence supporting
this hypothesis we conducted another LC-MS experiment with modified and then digested
bCAII to identify the modification sites of probe DtBSu-1 3. And indeed, probe 3 modifies the
same four lysine residues as were observed for the longer probe 5. This result is more likely
to be interpreted with the binding of the probe at a second biding site in the N-terminal
region rather than with the reaching of the probes tail to lysine Lys9 by flexibility of both the
probes tail and the entire N-terminal region of the protein. The fact that this putative second
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binding site is not occupied in the crystal structures, despite the high inhibitor concentration
during the crystal soaking step (10 mM) can also point to a low affinity binding site that
assumes an unfavorable conformation during crystallization, yet, with a high-enough affinity
for benzenesulphonamide-based ligands to trigger the site specific diazotransfer event in
solution at probe concentrations as low as 10 μM.
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Figure 5 Crystal structures of bovine carbonic anhydrase II bound to precursors of the DtBSu-n
series. (A) Cartoon of bovine carbonic anhydrase II, depicting the surface of the active site (red:
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hydrophobic face, blue: hydrophilic face). The three ligand molecules (yellow 7, magenta 12, cyan
13) are superposed and shown within the protein crystal structure of bCAII obtained for 7. The amino
acid phenylalanine F130, separating the two binding pockets of the hydrophobic face is indicated.
(B) Protein in surface depiction and ligands as sticks, as in (A); view inside the active site, top, and
side view, bottom. The N-terminal region is coloured in light-blue (first 21 amino acids), while the
lysine amino acids K9, K18 and K169 are shown in deep-red. (C) Left: cartoon of bCAII with 12 (sticks,
cyan). The protein’s amino acid main chain is show in ribbon depiction (green), the lysine triad region,
hosting K169 (blue) is shown as sticks, the postulated N-terminal binding region is shown in lines. The
two-prong inhibitor is shown in sticks (red). Catalytic zinc is shown as grey sphere. A turning arrow
indicates the approximate reach of the probe while rotating inside the active site pocket. Right: same
depiction but rotated by 40 degrees: here the putative second binding site is shown as sticks with K9
and K18 in blue. The images for (C) were obtained by overlaying the inhibitor-bound protein crystal
structures of 12 (bCAII, PDB: 6FSS) and BR30 (hCAII, PDB: 2FOV). Ribbon trace depicts bCAII, BR30 was
not moved after overlay.
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4.2.6 CATALYST OPTIMISATION
At low concentrations of protein, the extent of background labelling is considerable.
To improve the signal-to-noise ratio, we therefore focussed our attention on the
effect of the catalyst. A mixture of ovalbumin (OVA) and bCAII was incubated with
the probes in the presence of 500 mM of cobalt (II) chloride, nickel (II) chloride,
copper (II) chloride or zinc (II) chloride. After 60 minutes, the labelling reactions
were quenched by adding 5 mM glycine to the reaction mixture and incubating for
30 minutes. To circumvent interference of the added catalyst in the visualization
step, ethylenediaminetetraacetic acid (EDTA) was added to complex metal ions.
Subsequently, DBCO-TAMRA 19 for strain promoted alkyne-azide cycloaddition
(SPAAC) was used to visualise the azide containing proteins reacting with the
strained alkyne of the aza-dibenzocyclooctyne (Figure 6A).76,77 Quantification of
the in-gel fluorescent intensity (Figure 6B) revealed that copper chloride catalysed
the diazotransfer reaction most efficiently for DtBSu-0 2, outperforming zinc as the
second best catalyst under these conditions. The outcome was different for DtBSu-1
3 and DtBSu-2 4. Cobalt (II) chloride, and zinc (II) chloride catalysed the reaction
with similar efficiencies followed by copper (II) chloride, with Zn2+ outperforming the
rest (Figure 6C). Interestingly, the signal-to-noise ratio is significantly better when
using cobalt, nickel or zinc as catalyst compared to that of copper. In the case of 5
the signal intensity of the labelled ovalbumin even surpasses that of the labelled
carbonic anhydrase (Figure 6C). Not surprisingly, other Lewis acid catalysts (LiCl,
MgCl2, CaCl2) were inactive given their strong coordination to water molecules. There
was no significant effect of the counter ion on the labelling efficiency observed when
using CuSO4 and ZnSO4 instead of the chloride salts, either (Figure 6C). The outcome
of the labelling experiment reflects the trend observed for IMAC purification of
His-tagged proteins, in that Co2+ resins are more selective compared to Cu2+ resins.
Finally, quantification of the labelling by DtBSu-5 5 proved to be the weakest of the
four probes and only marginal differences were observed for the different catalyst,
yet with the same trend for catalytic efficiency as observed for DtBSu-1 and -2. To
examine if a ligand for the metal would reduce non-specific modification of proteins
further, we performed the exact same experiment but included THPTA as a chelating
agent.30,31,78 When this ligand is added, the fluorescent signal corresponding to protein
labelling reduced for the labelling reactions catalysed by Co2+ and Zn2+ in case of the
evaluated probes DtBSu-1 3 and-5 5 but increased for Cu2+. Apparently, complexation
of the two former divalent metal ions with THPTA inhibits the diazotransfer reaction,
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presumably because the complex does not dissociate after binding the metal and/or
lacks suitably positioned binding sites for catalysis. However, for Cu2+ in combination
with either DtBSu-1 3 or DtBSu-5 5, both the efficiency and the signal-to-noise ratio
improved (Figure 6C,D). This demonstrates that adding THPTA can have a beneficial
effect on the labelling conditions. In the case of DtBSu-0 2 the observed trend for
the ligand metal catalyst was the same, however, non-chelated copper was still the
best catalyst in this system, pointing towards a special case scenario where the probe
positioning within the protein in combination with the protein complexed metal
might play a role in the catalysis of the diazotransfer reaction. For the labelling of
streptavidin with DtBio 1, we previously determined that 30-60 minutes incubation
with the probe is optimal.15 To assess if this is also the case for bCAII, we incubated
CAII with DtBSu-1 3 for 30 minutes or 24 hours in the presence of the three catalysts
cobalt (II) chloride, copper (II) chloride or zinc (II) chloride at different concentrations
(Figure 6E). As expected, extending the labelling time had a marginal effect on the
reaction catalysed by copper. Fortunately, the labelling efficiency improved for cobalt
and especially zinc, suggesting Zn2+ at a concentration of 25 mM as the best catalyst
for this system. In addition to these findings it needs to be taken into consideration
that the probe design for carbonic anhydrase as model protein has an intrinsic bias
to it, especially when evaluating the metal catalyst. Sulphonamides, especially those
derived from imidazole, are excellent ligands for bivalent metal ions.79,80 This factor
may lead to the in-solution formation of several heterogeneous complexes between
metal catalyst, unreacted probe and already reacted probe. This undesired complex
formation can lead to both a sequestering of catalyst from solution or, vice versa,
of the unreacted probe rendering it inactive towards the protein. This observation
forms a possible explanation for copper as catalyst to reach its maximum protein
labelling already after 30 min and may also account for lower labelling efficiencies of
higher zinc concentrations after 24 hours labelling time.
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Figure 6 SPAAC labelling with DBCO-TAMRA enables quantification of diazotransfer from probes
DtBSu-n to carbonic anhydrase via fluorescence read out. (A) Diazotransfer from probe to protein
installs an azide as bioorthogonal handle onto the protein. In a second step SPAAC is used to
introduce a fluorophore. (B) Outcome of the labelling with probes of the DtBSu-n series in the
presence of different metal catalysts, visualised with in-gel fluorescence. (C) Evaluation of the
labelling efficiency via read-out of the fluorescence intensity of the probes in the presence
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of different metal catalysts for the target (CAII) and the background (OVA) protein, error
bars represent standard deviation of a technical duplicate. (D) Comparison of the effect of
the four metal catalysts Co2+, Ni2+, Cu2+, Zn2+, in free form or complexed to the ligand THPTA
on the labelling efficiency of the DtBSu-n probes, error bars indicate standard deviation from
a biological triplicate. (E) Evaluation of carbonic anhydrase labelling of the probe DtBSu-1 3
dependent on catalyst concentration and time, error bars indicate standard deviation from a
biological duplicate.

4

From the labelling studies with bCAII, it appears that the catalyst has a noticeable effect on
the efficiency and selectivity of the probe molecules. However, the large differences may
be caused by the protein/ligand system studied, rather than the catalysts and we therefore
determined if the same results were obtained for the modification of streptavidin with
DtBio 1. Copper (II) chloride in combination with the ligand THPTA is the most suitable
catalyst for this protein/ligand system. The other divalent metal catalysts performed in the
diazotransfer reaction in this model system less efficiently, with non-complexed copper
reaching about 85% and zinc about 55% of the top value reached for the copper-THPTA
complex after 30 min (Figure 7A). Leaving the reaction for 24 hours revealed that also in
the case of Streptavidin labelling the catalysts cobalt (II) and zinc (II) reach their maximum
of labelling efficiency later than copper, in this case levelling with the intensity reached by
Cu-THPTA after 30 minutes. These results suggest that this value is the maximum of labelling
that can be reached for streptavidin (Figure 7B).
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Figure 7 SPAAC labelling with 19 enables quantification of diazotransfer from probe DtBio to
streptavidin via fluorescence read out. (A) Diazotransfer evaluation of DtBio to streptavidin
dependent on different metal catalysts. (B) Evaluation of streptavidin labelling of the probe
DtBio 1 dependent on catalyst concentration and time, error bars indicate standard deviation
from biological triplicates. Note: using super stoichiometric ratios between probe and protein
leads to stabilisation of the streptavidin tetramer. The fluorescence signal for the tetramer
band is not linear to the protein amount, defining a limitation to this model system for this
experiment type.15
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4.3 CONCLUSION
In conclusion, we here demonstrate that ligand-directed diazotransfer reagents can be
developed for targets other than biotin-binding proteins. We prepared a set of probes that
successfully label the metalloenzyme bovine carbonic anhydrase II (bCAII). By screening
the linker length between ligand and reactive group, we identified the optimal linker to be
glycine. Furthermore, we show that the catalyst has a pronounced effect on the labelling
selectivity and efficiency. Cobalt (II) chloride and zinc (II) chloride can be used as alternatives
for the cases where copper (II) chloride may result in an undesired metal exchange of the
protein and/or to improve the signal-to-noise ratios. Adding a ligand for the metal catalyst
can also circumvent non-specific labelling, but the ligand should be carefully selected. THPTA
only improves the labelling efficiency and the selectivity for the target protein for copper as
catalyst, while it inhibits diazotransfer catalysed by the other metals. The structural studies
of the probe-protein interaction reveal a tight binding of the benzenesulphonamide ligand
moiety of the probes via zinc coordination to the active site of bovine carbonic anhydrase II.
While the most likely probe-tail conformation, according to the recorded electron density,
is oriented towards the hydrophobic face of the active site and thereby pointing away from
the modified lysine residues. The reaching of lysine K169 and the N-terminus are likely to
be explained by probe rotation within the active site. The binding-dependent diazotransfer
to lysines K9 and K18, however, can only be explained by the existence of a second binding
pocket within the flexible region of the N-terminus. The presence of metal binding sites,
alternative to the catalytic zinc binding site, on the protein’s N-terminus may also have an
influence on the probe binding via coordination to the numerous histidine side chains.
This study is an example where spectroscopic methods, X-ray crystallography and protein
tandem mass spectrometry are complementing techniques to give more insight into the
protein-probe interactions. Ultimately, they can help to understand the mode of action of a
protein more precisely and create more efficient and selective protein inhibitors.
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4.4 EXPERIMENTAL
4.4.1 CHEMISTRY
4.4.1.1 GENERAL PROCEEDURES
All solvents used for reaction, extraction, filtration and chromatography were of commercial
grade, and used without further purification. Reagents were purchased from Sigma-Aldrich,
TCI, or fluorochem, unless otherwise noted, and were used without further purification.
DtBio 1 was synthesized according to a published procedure,15 sulphonyl azide transfer
reagent 8 was synthesized according to a published procedure,81 non-targeted diaoztransfer
reagent 1H-imidazole-1-sulphonyl azide hydrochloride 15 was synthesized according
to a published procedure,82 clinker resin 17 was synthesised according to a published
procedure,50 BODIPY-alkyne 18 was synthesized according to a published procedure.83 TLC
was performed on Merck silica gel 60 F254, 0.25 mm plates and visualization was done
by UV light, iodine (I2 crystals in silica) and ninhydrin staining (solution of ninhydrin (0.3 g)
in n-butanol (100 mL) and acetic acid (3 mL)). Manual flash column chromatography was
performed using silica (SilicaFlash P60, 230-400 mesh, Silicycle) as the stationary phase.
Automated column chromatography was performed on a REVELERIS Purification Systems
(Buchi). 1H-, 13C- and APT spectra were recorded on a Varian AMX400 spectrometer (400
and 100 MHz, respectively) using, CD3OD or DMSO-d6 as solvent. Chemical shift values are
reported in ppm with the solvent resonance as the internal standard (CD3OD: δ3.31 for
1
H, δ 49.15 for 13C; DMSO-d6: δ2.50 for 1H δ 39.52 for 13C). Data are reported as follows:
chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = double
double doublet, t = triplet, q = quartet, p = quintet, m = multiplet, apparent quartet = app
q), coupling constants J (Hz), and integration. LCMS was performed on an LCQ Fleet mass
spectrometer coupled to a Vanquish UHPLC system. High resolution mass measurements
were performed using a ThermoScientific LTQ OrbitrapXL spectrometer. Mass accuracy is
reported in delta Thomson (Th (m/z)) and parts per million of deviation of the calculated
mass. WARNING: Diazotransfer reagents may be shock sensitive and should be handled
using appropriate precautions.
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4.4.1.2 SYNTHESIS
4-nitrophenyl 4-sulphamoylbenzoate (6)
4-Sulphamoylbenzoic acid (SBA, 2.01 g, 10.0 mmol) and N-(3-dimethylaminopropyl)-N’ethylcarbodiimide hydrochloride (EDC*HCl, 2.30 g, 12 mmol) were suspended in anhydrous
DMF (50 mL). After one hour at room temperature under constant stirring p-nitrophenol
(1.53 g, 11.0 mmol) was added. The reaction mixture was stirred at room temperature until
4-sulphamoylbenzoic acid was consumed according to TLC (24 h). The reaction volume
was reduced to about one-tenth by warming under reduced pressure. Then 1 M HCl (100
mL) was stirred into the concentrate. The resulting pale precipitate was filtered off and
successively washed with 50 mL each of 1 M HCl, water and ether. The resulting pale solid
was dried under high vacuum and subsequently recrystallized from ethanol. The crystals
that separated were collected and dried under high vacuum to yield 6 as white crystals
(2.51 g, 78%).
1
H NMR (400 MHz, Methanol-d4) δ H = 8.37 (d, J = 9.1 Hz, 2H), 8.36 (d, J = 8.4 Hz, 2H), 8.10
(d, J=8.5, 2H), 7.56 (d, J=9.1, 2H)
13
C NMR (101 MHz, Methanol-d4) δ C = 164.5, 156.9, 150.1, 147.1, 133.2, 131.9, 127.6, 126.2,
124.0
Elemental analysis [Found: C, 48.1; H, 3.2; N, 8.9%. C13H10N2O6S calculated: C, 48.4; H, 3.1;
N, 8.7%]
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4-nitrophenyl (4-sulphamoylbenzoyl)glycinate (PNP_BSu-1 9)
To a solution of p-nitrophenyl ester 6 (1.61 g, 5.0 mmol) in anhydrous DMF (50 mL) the
amino acid (glycine (0.34 g, 4.5 mmol) dissolved in water (2 mL) was added drop-wise over
6 hours and the mixture was stirred at room temperature. Upon depletion of the amino acid
according to TLC (24 h) N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC*HCl, 1.44 g, 7.5 mmol) was added and stirred at room temperature for another 24
h. Then the reaction volume was reduced to about one-tenth by warming under reduced
pressure and 1 M HCl (100 mL) was stirred into the concentrate. The resulting white
precipitate was filtered off and successively washed with 50 mL each of 1 M HCl, water and
ether. The resulting solid was dissolved in acetone and dry-loaded onto celite. The crude was
then purified with automated flash column chromatography using a gradient from 2% to
10% methanol in dichloromethane over 30 min. The combined fractions were concentrated
in vacuo to yield 9 (270 mg, 16%) as pale, off-white powder.
1
H NMR (400 MHz, DMSO-d6) δ H = 9.38 (1 H, t, J 5.6), 8.33 (2 H, d, J 9.1), 8.06 (2 H, d, J 8.2),
7.94 (2 H, d, J 8.2), 7.50 (2 H, s), 7.46 (2 H, d, J 9.0), 4.37 (2 H, d, J 5.5)
13
C NMR (101 MHz, , DMSO-d6) δ C = 168.2, 166.0, 155.1, 146.7, 145.1, 136.1, 128.0, 125.8,
125.4, 123.0, 41.9
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 380.0547, found 380.0571 (delta mTh 2.4,
6.3 ppm).

4-nitrophenyl 3-(4-sulphamoylbenzamido)propanoate (PNP_BSu-2 10)
To a solution of p-nitrophenyl ester 6 (1.61 g, 5.0 mmol) in anhydrous DMF (50 mL) the
amino acid beta-alanine (0.40 g, 4.5 mmol) dissolved in water (2 mL) was added dropwise over 6 hours and the mixture was stirred at room temperature. Upon depletion of
the amino acid according to TLC (24 h) N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC*HCl, 1.44 g, 7.5 mmol) was added and stirred at room temperature for
another 24 h. Then the reaction volume was reduced to about one-tenth by warming under
reduced pressure and 1 M HCl (100 mL) was stirred into the concentrate. The resulting white
precipitate was filtered off and successively washed with 50 mL each of 1 M HCl, water and
ether. The resulting solid was dissolved in acetone and dry-loaded onto celite. The crude was
then purified with automated flash column chromatography using a gradient from 2% to
10% methanol in dichloromethane over 30 min. The combined fractions were concentrated
in vacuo to yield 10 (1.10 g, 62%) as pale, off-white powder.
1
H NMR (400 MHz, DMSO-d6) δ H = 8.90 (1 H, t, J 5.5), 8.32 (2 H, m), 8.00 (2 H, d, J 8.4), 7.91
134

Carbonic Anhydrase II

(2 H, d, J 8.4), 7.48 (3 H, m), 3.66 (2 H, q, J 6.4), 2.93 (2 H, t, J 6.8)
13
C NMR (101 MHz, DMSO-d6) δ C = 170.7, 168.0, 156.6, 147.6, 146.4, 138.5, 128.8, 127.0,
126.0, 123.9, 36.6, 34.9
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 394.0721, found 394.0704 (delta mTh 1.8,
4.5 ppm).

4
4-nitrophenyl 6-(4-sulphamoylbenzamido)hexanoate (PNP_BSu-5 11)
To a solution of p-nitrophenyl ester 6 (1.61 g, 5.0 mmol) in anhydrous DMF (50 mL) the
amino acid 6-aminohexanoic acid (0.59 g, 4.5 mmol) dissolved in water (2 mL) was added
drop-wise over 6 hours and the mixture was stirred at room temperature. Upon depletion
of the amino acid according to TLC (24 h) N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC*HCl, 1.44 g, 7.5 mmol) was added and stirred at room temperature for
another 24 h. Then the reaction volume was reduced to about one-tenth by warming under
reduced pressure and 1 M HCl (100 mL) was stirred into the concentrate. The resulting white
precipitate was filtered off and successively washed with 50 mL each of 1 M HCl, water and
ether. The resulting solid was dissolved in acetone and dry-loaded onto celite. The crude was
then purified with automated flash column chromatography using a gradient from 2% to
10% methanol in dichloromethane over 30 min. The combined fractions were concentrated
in vacuo to yield 11 (1.35 g, 69%) as pale, off-white powder.
1
H NMR (400 MHz, Methanol-d4) δ H = 8.28 (d, J = 9.1 Hz, 2H), 7.97 (d, J = 8.7 Hz, 2H), 7.94
(d, J = 8.9 Hz, 2H), 7.35 (d, J = 9.1 Hz, 2H), 3.43 (t, J=7.1, 2H), 2.68 (t, J=7.4, 2H), 1.81 (app p,
J=7.4 2H), 1.71 (app p, J = 7.2 Hz, 2H), 1.54 (m, 2H)
13
C NMR (101 MHz, DMSO-d6) δ C = 171.6, 165.5, 155.8, 146.5, 145.4, 137.9, 128.2, 126.0,
125.7, 123.6, 33.8, 29.1, 26.2, 24.3
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 463.1170, found 463.1167 (delta mTh 0.6,
1.2 ppm).

N-(2-(1H-imidazol-4-yl)ethyl)-4-sulphamoylbenzamide (His_BSu-0 7)
To a solution of p-nitrophenyl ester 6 (322.0 mg, 1.0 mmol) in anhydrous DMF (20 mL)
histamine (111.2 mg, 1.0 mmol) was added, which resulted in an immediate colour change
to yellow. The solution was stirred at room temperature until histamine was consumed
according to TLC (overnight). The reaction mixture was concentrated and dry-loaded onto
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celite under high vacuum. The crude was then purified with automated flash column
chromatography using a gradient from 2% to 10% methanol in dichloromethane over 30
min. The combined fractions were concentrated in vacuo to yield 7 (164 mg, 56%) as pale,
off-white powder.
1
H NMR (400 MHz, Methanol-d4) δ H = 7.94 (4 H, m), 7.60 (1 H, d, J 1.1), 6.88 (1 H, d, J 1.1),
3.63 (2 H, t, J 7.2), 2.91 (2 H, t, J 7.2)
13
C NMR (101 MHz, Methanol-d4) δ C = 167.4, 146.2, 137.7, 134.7, 127.5, 125.9, 39.8, 26.3
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 295.0859, found 295.0873 (delta mTh 1.4,
4.6 ppm)

N-(2-((2-(1H-imidazol-4-yl)ethyl)amino)-2-oxoethyl)-4-sulphamoylbenzamide (His_BSu-1
12)
To a solution of p-nitrophenyl ester 9 (125.0 mg, 0.33 mmol) in anhydrous DMF (20 mL)
histamine (0.33 mmol, 5.6 mg) was added, which resulted in an immediate colour change
to yellow. The solution was stirred at room temperature until histamine was consumed
according to TLC (overnight). The reaction mixture was concentrated and dry-loaded onto
celite under high vacuum. The crude was then purified with automated flash column
chromatography using a gradient from 2% to 10% methanol in dichloromethane over 30
min. The combined fractions were concentrated in vacuo to yield 12 (70 mg, 60%) as pale,
off-white powder.
1
H NMR (400 MHz, Methanol-d4) δ H = 8.02 (4 H, m), 7.60 (1 H, s), 6.88 (1 H, s), 4.02 (2 H, s),
3.47 (2 H, t, J 7.0), 2.80 (2 H, t, J 7.0)
13
C NMR (101 MHz, Methanol-d4) δ C = 171.5, 169.1, 148.0, 138.4, 136.0, 129.2, 127.3, 44.1,
40.5, 27.6
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 352.1074, found 352.1092 (delta mTh 1.8,
5.1 ppm)

N-(3-((2-(1H-imidazol-4-yl)ethyl)amino)-3-oxopropyl)-4-sulphamoylbenzamide (His_BSu2 13)
To a solution of p-nitrophenyl ester 10 (196.5 mg, 0.5 mmol) in anhydrous DMF (20 mL)
histamine (5.6 mg, 0.5 mmol) was added, which resulted in an immediate colour change
to yellow. The solution was stirred at room temperature until histamine was consumed
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according to TLC (overnight). The reaction mixture was concentrated and dry-loaded onto
celite under high vacuum. The crude was then purified with automated flash column
chromatography using a gradient from 2% to 10% methanol in dichloromethane over 30
min. The combined fractions were concentrated in vacuo to yield 13 (126 mg, 69%) as pale,
off-white powder.
1
H NMR (400 MHz, Methanol-d4) δ H = 7.95 (4 H, m), 7.55 (1 H, s), 6.83 (1 H, s), 3.63 (2 H, t,
J 6.8), 3.43 (2 H, t, J 7.2), 2.76 (2 H, t, J 7.2), 2.51 (2 H, t, J 6.8)
13
C NMR (101 MHz, Methanol-d4) δ C = 173.7, 168.8, 147.7, 138.9, 136.1, 129.0, 127.3, 40.5,
37.9, 36.6, 27.8
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 366.1230, found 366.1248 (delta mTh 1.8,
4.9 ppm)

N-(6-((2-(1H-imidazol-4-yl)ethyl)amino)-6-oxohexyl)-4-sulphamoylbenzamide (His_BSu-5
14)
To a solution of p-nitrophenyl ester 11 (870 mg, 2.0 mmol) in anhydrous DMF (20 mL)
histamine (222.3 mg, 2.0 mmol) was added, which resulted in an immediate colour change
to yellow. The solution was stirred at room temperature until histamine was consumed
according to TLC (overnight). The reaction mixture was concentrated and dry-loaded onto
celite under high vacuum. The crude was then purified with automated flash column
chromatography using a gradient from 2% to 10% methanol in dichloromethane over 30
min. The combined fractions were concentrated in vacuo to yield 14 (640 mg, 87%) as pale,
off-white powder.
1
H NMR (400 MHz, Methanol-d4) δ H = 7.97 (d, J = 8.8 Hz, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.73 (s,
1H), 6.89 (s, 1H), 3.42 (t, J = 7.0 Hz, 2H), 3.38 (t, J = 7.2 Hz, 2H), 2.77 (t, J= 7.1, 2H), 2.18 (t, J=
7.4, 2H), 1.64 (app p, J=7.5, 4H (2xCH2)), 1.38 (m, 2H)
13
C NMR (101 MHz, Methanol-d4) δ C = 177.7, 170.3, 149.2, 140.7, 137.3, 136.7, 130.5, 128.9,
119.5, 42.5, 41.5, 38.5, 31.7, 29.1, 28.9, 28.2
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 408.1700, found 408.1697 (delta mTh 0.2,
0.5 ppm)

4-(2-(4-sulphamoylbenzamido)ethyl)-1H-imidazole-1-sulphonyl azide (DtBSu-0 2)
A solution of histamine derivative 7 (29.4 mg, 0.1 mmol) in anhydrous DMF (2 mL) was
137

4

Chapter 4

added drop-wise to a stirred solution of 8 (38.6 mg, 0.11 mmol) in anhydrous ACN (1 mL) at
0 °C via a syringe pump over two hours. The reaction was then allowed to warm to rT over
one hour and subsequently it was adsorbed onto celite under high vacuum. The crude was
then purified with automated flash column chromatography using a gradient from 0% to
10% methanol in dichloromethane over 30 min. The combined fractions were concentrated
in vacuo, the resulting solid was then dissolved in a mixture of water, ACN and tert-butanol
(1:1:1) and lyophilised to yield 2 (20 mg, 51%) as white powder.
1
H NMR (400 MHz, DMSO-d6) δ H = 8.75 (1 H, t, J 5.7), 8.41 (1 H, s), 7.93 (4 H, m), 7.71 (1 H,
s), 7.47 (2 H, s), 3.56 (2 H, app q, J 6.7), 2.80 (2 H, t, J 7.1)
13
C NMR (101 MHz, DMSO-d6) δ C = 165.7, 146.6, 143.0, 137.9, 128.2, 126.0, 115.1, 38.9,
28.1
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 400.0492, found 400.0492 (delta mTh 1.9,
4.8 ppm)

4-(2-(2-(4-sulphamoylbenzamido)acetamido)ethyl)-1H-imidazole-1-sulphonyl
azide
(DtBSu-1 3)
A solution of histamine derivative 12 (35.1 mg, 0.1 mmol) in anhydrous DMF (2 mL) was
added drop-wise to a stirred solution of 8 (38.6 mg, 0.11 mmol) in anhydrous ACN (1 mL) at
0 °C via a syringe pump over two hours. The reaction was then allowed to warm to rT over
one hour and subsequently it was adsorbed onto celite under high vacuum. The crude was
then purified with automated flash column chromatography using a gradient from 0% to
10% methanol in dichloromethane over 30 min. The combined fractions were concentrated
in vacuo, the resulting solid was then dissolved in a mixture of water, ACN and tert-butanol
(1:1:1) and lyophilised to yield 3 (25 mg, 55%) as white powder.
1
H NMR (400 MHz, DMSO-d6) δ H = 8.92 (1 H, t, J 6.0), 8.38 (1 H, s), 7.99 (5 H, m), 7.68 (1 H,
s), 7.48 (2 H, s), 3.85 (2 H, d, J 5.8), 3.36 (2 H, m), 2.68 (2 H, t, J 7.1)
13
C NMR (101 MHz, DMSO-d6) δ C = 169.1, 165.9, 146.8, 142.9, 137.4, 128.5, 126.0, 115.0,
43.2, 38.1, 28.3
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 457.0707, found 457.0724 (delta mTh 1.7,
3.7 ppm)
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4-(2-(3-(4-sulphamoylbenzamido)propanamido)ethyl)-1H-imidazole-1-sulphonyl
azide
(DtBSu-2 4)
A solution of histamine derivative 13 (36.5 mg, 0.1 mmol), in anhydrous DMF (2 mL) was
added drop-wise to a stirred solution of 8 (38.6 mg, 0.11 mmol) in anhydrous ACN (1 mL) at
0 °C via a syringe pump over two hours. The reaction was then allowed to warm to rT over
one hour and subsequently it was adsorbed onto celite under high vacuum. The crude was
then purified with automated flash column chromatography using a gradient from 0% to
10% methanol in dichloromethane over 30 min. The combined fractions were concentrated
in vacuo, the resulting solid was then dissolved in a mixture of water, ACN and tert-butanol
(1:1:1) and lyophilised to yield 4 (23 mg, 49%) as white powder.
1
H NMR H (400 MHz, DMSO-d6) δ H = 8.70 (1 H, t, J 5.6), 8.38 (1 H, s), 8.02 (1 H, t, J 5.7), 7.92
(4 H, m), 7.66 (1 H, s), 7.46 (2 H, s), 3.46 (2 H, app q, J 6.8), 3.36 (2 H, m), 2.65 (2 H, t, J 7.2),
2.37 (2 H, t, J 7.2)
13
C NMR (101 MHz, DMSO-d6) δ C = 170.7, 165.6, 146.6, 143.0, 137.8, 128.2, 126.0, 114.9,
38.0, 36.7, 35.7, 28.3
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 471.0864, found 471.088 (delta mTh 1.7, 3.6
ppm)

4-(2-(6-(4-sulphamoylbenzamido)hexanamido)ethyl)-1H-imidazole-1-sulphonyl
azide
(DtBSu-5 5)
A solution of histamine 14 (40.7 mg, 0.1 mmol) in anhydrous DMF (2 mL) was added dropwise to a stirred solution of 8 (38.6 mg, 0.11 mmol) in anhydrous ACN (1 mL) at 0 °C via
a syringe pump over two hours. The reaction was then allowed to warm to rT over one
hour and subsequently it was adsorbed onto celite under high vacuum. The crude was then
purified with automated flash column chromatography using a gradient from 0% to 10%
methanol in dichloromethane over 30 min. The combined fractions were concentrated in
vacuo, the resulting solid was then dissolved in a mixture of water, ACN and tert-butanol
(1:1:1) and lyophilised to yield 5 (17 mg, 34%) as white powder.
1
H NMR (400 MHz, Methanol-d4) δ H = 8.25 (d, J=1.4, 1H), 7.95 (m, 4H), 7.47 (q, J= 1.1, 1H),
3.46 (m, 2H), 3.38 (t, J = 7.1 Hz, 2H), 2.76 (t, J = 6.8 Hz, 2H), 2.18 (t, J = 7.4 Hz, 2H), 1.64 (app
p, J = 7.5 Hz, 4H (2x CH2)), 1.39 (m, 2H)
13
C NMR (101 MHz, Methanol-d4) δ C = 176.1, 168.7, 147.6, 143.9, 139.2, 138.6, 128.9, 127.3,
115.9, 40.9, 39.3, 36.9, 30.1, 28.8, 27.6, 26.6
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 513.1333, found 513.1322 (delta mTh 1.1,
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2.1 ppm)

Biotin Propragylamide (16)
D-Biotin (122 mg, 0.5 mmol) was suspended in anhydrous DMF (5 mL) and N-(3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC.HCl, 144 mg, 0.75
mmol) was added. The mixture was stirred for one hour at room temperature. Then
1-hydroxybenzotriazole (HOBt, 101 mg, 0.75 mmol), propargylamine (32 μl, 1 mmol) and
Hünig’s base (DIEA, 255 μL, 1.5 mmol) were added and the reaction was left at room
temperature under stirring until D-biotin was consumed according to LCMS (24 h). The
reaction volume was reduced to about one-tenth by warming under reduced pressure.
Then 1 M HCl (100 mL) was stirred into the concentrate. The resulting white precipitate was
filtered off and successively washed with 50 mL each of 1 M HCl, water and ethyl acetate. The
resulting white solid was dried under high vacuum, then suspended in ethanol and heated
to a boil. After all the material had dissolved the solution was cooled to room temperature
and further in an ice-water bath. The crystals that separated were collected and dried under
high vacuum to yield 16 (112 mg, 82%).
1
H NMR (400 MHz, Methanol-d4) δ 4.49 (dd, J = 7.9, 4.9 Hz, 1H), 4.30 (dd, J = 7.9, 4.4 Hz,
1H), 3.94 (d, J = 2.6 Hz, 2H), 3.21 (dt, J = 10.0, 5.7 Hz, 1H), 2.93 (dd, J = 12.8, 5.0 Hz, 1H),
2.70 (d, J = 12.7 Hz, 1H), 2.57 (t, J = 2.6 Hz, 1H), 2.22 (t, J = 7.4 Hz, 2H), 1.77-1.55 (m, 4H), 1.
50-1.41 (m, 2H)
13
C NMR (101 MHz, Methanol-d4) δ C = 175.6, 166.1, 80.7, 72.1, 63.3, 61.6, 56.9, 41.0, 36.5,
29.7, 29.4, 29.4, 26.7
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 282.1271, found 282.1260 (delta mTh 1.1,
3.9 ppm)
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4.4.2 BIOCHEMISTRY
4.4.2.1 GENERAL PROCEEDURES
Proteins and lysates
Bovine Carbonic Anhydrase II (bCAII) was purchased from Serva (extracted), or Sigma
(recombinant), recombinant expressed Streptavidin (Strp) was purchased from ThermoFisher
Scientific. Chicken Egg Ovalbumin (OVA) was purchased from Sigma. Trypsin was of mass
spectrometry grade and purchased from either Roche or Promega. Bacillus subtillis strain
168 was diluted from an overnight culture to an OD600 of 0.1 and then grown until an OD600
of 0.3 was reached. The cells were harvested by centrifugation, washed twice with HEPES
buffer and then disrupted by sonication (10 seconds pulse, 10 seconds stop (10 times) in the
presence of lysozyme (0.5 mg/ml). The lysates were flash frozen and stored at -80 °C until
usage.
SDS-PAGE and Western Blot
Laemmli type SDS-PAGE was performed according to standard literature procedures.84
Gels were prepared using acrylamide-bis ready-to-use solution 40% (37.5:1) (Merck
Millipore) and separated on a Mini-PROTEAN Tetra cell (Bio-Rad). Alternatively, proteins
were separated on a NuPAGE Novex 4-12% bis-tris protein gel (Invitrogen) using an X Cell
SureLock Mini-Cell system using MOPS buffer (ThermoFisher Scientific) where indicated.
Fluorescence scanning of SDS-PAGE gels was performed on a typhoon gel and blot imager
9400, or trio+ model (GE Healthcare) using the CY2 settings for BODIPY-alkyne 18 (blue
laser excitation at 488 nm and emission filter at 520 nm) and the CY3 settings for DBCOTAMRA 19 (green laser excitation at 532 nm and emission filter at 580 nm), or 9500 FLA
using the CY2 settings for BODIPY-alkyne 18 (blue laser excitation at 473 nm and emission
filter BPB1(530DF20)) and the TAMRA settings for DBCO-TAMRA 19 (green laser excitation at
532 nm and emission filter LPG (575LP)). The program ImageQuant TL 8.1 (GE Life Sciences)
was used to quantify the in-gel fluorescence using standard settings and manual outlining
of the detected bands. Coomassie staining was carried out with Coomassie Brilliant Blue
(CBB) R250 staining (AMRESCO) according to literature procedures or with colloidal CBB
G250 staining according to the manufactures protocol (Roti-Blue). Silver staining was
carried out using standard protocols with a 0.1% silver nitrate aqueous solution and 0.04%
formaldehyde in a 2% sodium carbonate aqueous solution as developing agent.
For western blot analysis, proteins were transferred to a PVDF membrane for visualization
via ECL subsequent to separation by gel electrophoresis. To this end the proteins were
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blotted onto a PVDF membrane (GE Healthcare) using a Bio-Rad Mini Trans-Blot system
for wet blotting according to the manufacturer’s protocol. Electroblotting was followed
by blocking the membrane with 2.5% BSA (Sigma) in TBS buffer, and then washing 3X for
10 min each with TBS-T. The membrane was probed with HRP-conjugated streptavidin
(ThermoFisher) in 2.5% BSA in TBS-T buffer (1:75,000) for one hour at room temperature.
The chemiluminescence signals were recorded subsequent to washing 3X for 10 min with
TBS-T buffer and 2X for 10 min with TBS buffer, using a Bio-Rad ChemiDoc XRS+ system and
Clarity Western ECL substrate according to the manufacturer’s protocol. Membranes were
stained post-development either with coomassie or Ponceau S Staining Solution (0.1%(w/v)
Ponceau S in 5%(v/v) acetic acid). PageRuler Prestained Protein Ladder and BioRad precision
plus protein standards dual colour were used as molecular weight markers.
Probes and bio-reagents
DtBio and DtBSu-n were stored at -20 °C as solid. Stock solutions were prepared at 100
mM in anhydrous DMSO, stored at -20 °C and found to be stable (only little hydrolysis was
observed according to LC-MS) under these conditions over the course of more than a year.
Aliquots from the stock solutions were taken to prepare solutions with the appropriate
concentrations according to the experimental set-up in anhydrous DMSO. To increase the
shelf life of the probe, exposure to water should be avoided and storage at -20 °C of the
stock solutions is advisable. Stock solutions of CuSO4 and THPTA were prepared in water
and stored at rT. The solutions were used over the course of one month and then prepared
freshly. Solutions of sodium ascorbate in water were always prepared fresh from the salt.
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4.4.2.2 BIOCHEMICAL EVALUATION
Note: Reactions should be mixed well after addition of the probe because the DMSO settles
on the reaction vessel bottom. This ensures even distribution of the probe in the reaction
mixture. A gentle way to accomplish this is by stirring the solution several times with a
pipette tip.
Bovine carbonic anhydrase II (10 μM, 5.8 μL of a 1 mg/mL stock solution in 50 mM HEPES,
pH 7.4) was incubated for 1 h at rT with DtBSu-5 5 (10 μM, 0.5 μL of a 0.4 mM solution) in
the presence of Cu(II) (1 mM, 1 μL of a 20 mM solution of CuSO4) and 5 μg ovalbumin in
HEPES buffer (50 mM, pH 7.4, total volume of 20 μL).
Subsequently, BODIPY-alkyne 18 (25 μM, 1 μL of a 0.575 mM solution), THPTA (Tris(3hydroxypropyltriazolylmethyl)amine) (1 mM, 1 μL of a 23 mM solution) and sodium
ascorbate (2 mM, 1 μL of a 46 mM solution) were added. After thorough mixing the reaction
was allowed to stand for 2 h at rT in the dark. The reactions were quenched by adding 5 μl
of 5X sample buffer and denaturing for 5 min at 95 °C.
The non-targeted diazotransfer experiments were conducted with reagent Dt 15, identical
to those with the targeted probe (10 μM or 1 mM, 0.5 μL of a 0.4 mM or a 40 mM solution,
respectively).
For the competition experiments, sulphamoylbenzoic acid was added to the protein
solution (10 μM or 1 mM, 0.5 μL of a 0.4 mM or 40 mM solution, respectively) and incubated
for 30 min at rT prior to addition of the probe. For heat denaturing experiments 1% SDS was
added to the protein solution (1 μL of a 20% solution in water w/v). Then, the sample was
heated for 10 min at 95 °C. Once the reaction mixture had cooled to room temperature the
probe and CuSO4 were added.
For the western blot, bovine carbonic anhydrase II (10 μM, 5.8 μL of a 1 mg/mL
stock solution in 50 mM HEPES, pH 7.4) was incubated for 1 h at rT with DtBSu-5 5 or Dt
15 (10 μM, 0.5 μL of a 0.4 mM solution) in the presence of Cu(II) (1 mM, 1 μL of a 20
mM solution of CuSO4) in HEPES buffer (50 mM, pH 7.4, total volume of 20 μL) competitor
was added as described above. Subsequently, biotin-alkyne 16 (25 μM, 1 μL of a 0.575 mM
solution), THPTA (1 mM, 1 μL of a 23 mM solution) and sodium ascorbate (2 mM, 1 μL of a
46 mM solution) were added. After thorough mixing the reaction was allowed to stand for
2 h at rT in the dark. The reaction was visualized as described in the general procedures.
For the cross reactivity experiment, Streptavidin (10 μM, 2.65 μL of a 1 mg/mL
stock solution in 10 mM PBS, pH 7.4) and bovine carbonic anhydrase II (10 μM, 5.8 μL of a
1 mg/mL stock solution in 50 mM HEPES, pH 7.4), were incubated for 1 h at rT with DtBio 1
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and/or DtBSu-5 5 (10 μM, 0.5 μL of a 0.4 mM solution, or 25 μM, 0.5 μl) in the presence of
Cu(II) (1 mM, 1 μL of a 20 mM solution of CuSO4) and 5 μg ovalbumin (OVA) in PBS (10 mM,
pH 7.4, total volume: 20 μL). Conjugation was conducted with 25 μM BODIPY-alkyne 18 as
described above.
For the PEGylation experiments, bovine carbonic anhydrase II (10 μM final
concentration, 5.8 μL from 1 mg/mL stock) was incubated with DtBSu-5 5 (10, 100 and 1000
μM, 0.5 μL from 0.4, 4 and 40 mM stock) and CuSO4 (1 mM, 0.5 μL from 40 mM stock) in
HEPES buffer (50 mM, pH 7.4, total volume 20 μL) for one hour at room temperature. MeOPEG-5000-alkyne (Iris Biotech; 100 μM, 1 μL from 23 mM stock), THPTA (2 mM, 1 μL from
46 mM stock) and sodium ascorbate (4 mM, 1 μL from 80 mM stock) were added to the
reaction and left for 2 h at room temperature. Then 5 μL 5X sample buffer was added to the
reaction, incubated for 10 min at 96 °C and analysed by SDS-PAGE.
For selectivity experiments a solution of 100 ng OVA in HEPES buffer 50 mM pH 7.6
(20 μL total volume) or a B.subtilis lysate (concentration 1 mg/mL in HEPES buffer 50 mM
pH 7.6, 20 μL total volume) was spiked-in with CAII (100, 50, 25, 10, 5, 2.5 ng). This mixture
was incubated for 1 h at rT with DtBSu-n 2, 3, 4, 5 (10 μM, 0.5 μL of a 0.4 mM solution) in
the presence of Cu(II) (250 μM, 1 μL of a 5 mM solution of CuSO4). Then BODIPY-alkyne 18
(25 μM, 1 μL of a 0.575 mM solution), THPTA (1 mM, 1 μL of a 23 mM solution) and sodium
ascorbate (2 mM, 1 μL of a 46 mM solution) were added. After thorough mixing the reaction
was allowed to stand for 2 h at rT in the dark. Then 5 μL 5X sample buffer was added to the
reaction, incubated for 10 min at 96 °C and analysed by SDS-PAGE.
For in-gel fluorescence quantification experiments a solution of 1 μg OVA and CAII
(0.6 μg/1 μM), or Strp (2.6 μg/10 μM) in HEPES buffer 50 mM pH 7.6 (20 μL total volume)
was prepared. This mixture was incubated for 1 h at rT with a given probe DtBSu-n 2, 3, 4, 5,
or DtBio 1 (10 μM, 0.5 μL of a 0.4 mM stock solution) in the presence of a metal catalyst (500
μM, 1 μL of a 10 mM stock solution of (LiCl, (Mg, Ca, Co, Ni, Cu, Zn)Cl2, (Zn, Cu)SO4 ), or [(Co,
Ni, Cu, Zn)Cl2]-THPTA, 1:1, prepared fresh, 30 min of complex formation. Then, glycine (5
mM, 1 μL of a 105 mM solution) was added and the reaction was incubated for 30 min at rT.
Then, EDTA (5 mM, 1 μL of a 110 mM solution) was added and the reaction was incubated
for 30 min at rT. Then, DBCO-TAMRA 19 (50 μM, 1 μL of a 1.15 mM solution) was added.
After thorough mixing the reaction was allowed to stand for 2 h at rT in the dark. Then 5 μL
5X sample buffer was added to the reaction, incubated for 10 min at 96 °C and analysed with
in-gel fluorescence as described above.
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4.4.3 MASS SPECTROMETRY
4.4.3.1. SAMPLE PREPARATION AND CLINKER PULLDOWN
For the diazotransfer reaction, bovine CAII (20 μM; extracted from bovine
erythrocytes: 14.5 μL of a 2 mg/mL stock solution in 50 mM HEPES, pH 7.4; or recombinant
expressed in E.coli: 48.0 μL of a 0.6 mg/mL stock solution in 20 mM TRIS buffer pH 7.6) was
incubated for 1 h at rT with DtBSu-5 5 (10 or 100 μM, 1 μL of a 0.5 and 5 mM stock solution,
respectively) in the presence of Cu(II) (1 mM, 1 μL of a 50 mM solution of CuSO4) in a total
volume of 50 μL (to the extracted protein reactions 33.5 μL HEPES buffer 50 mM, pH 7.4 was
added). To quench the reaction 15 μL of LDS sample buffer (4X, 50 mM DTT) were added
and left at room temperature for one hour. Subsequently, the samples were split in half and
the resulting samples (2X30 μL) were loaded onto a 4−12% Bis-Tris NuPAGE gel. The samples
were run about 1 cm into the gels, after which they were stained with colloidal Coomassie
blue staining solution, and the bands were excised and subjected to in-gel tryptic digestion
(Promega) according to standard procedures,85 but omitting an alkylation step due to the
fact that bovine carbonic anhydrase II does not contain any cysteine residues. The tryptic
peptides were dried in a vacuum concentrator (speed-vac) and stored at -20 °C prior to
either direct nLC-MS/MS analysis or a clinker pull-down followed by nLC-MS/MS analysis.
For the clinker pull-down experiments the dried peptides were re-dissolved in 26.5
μL of 50 mM HEPES buffer, pH 7.4 and added to 10 μL settled clinker beads (1 μmol/mL
clinker molecule to beads coupling density, in 20 μL total volume ethanol, 1:1 slurry). Then
Cu(II) and THPTA were added (1 mM, and 2 mM respectively, 1.5 μL of a pre-incubated
solution, for prior complex formation, in a ratio of 1:2 from 100 mM stock solutions, each).
Finally, ascorbic acid was added to the reaction (4 mM, 2 μL of a 100 mM stock solution).
The 0.5 mL low binding plastics microcentrifuge tubes, harbouring the reactions, were
incubated in an end-over-end shaker for 16 h at room temperature under gentle rotation to
allow the beads to be evenly dispersed in the reaction solution. Subsequently the reaction
mixture was transferred to a mobicol column (MoBiTec). The beads were washed with water
(20 mL) and 30% acetonitrile in water (20 mL). The peptides were cleaved off from the resin
by adding subsequently a 0.1 M HCl solution (2X 100 μL) and sonicating for 30 min and then
50 μL of a 30% acetonitrile solution in water. The eluent was collected by centrifugation in
a 0.5 mL microcentrifuge tube after each step and the combined fractions were dried in a
vacuum concentrator and stored at -20 °C prior to nLC-MS/MS anaylsis.
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4.4.3.2 TANDEM MASS SPECTROMETRY
Nanoflow liquid chromatography electrospray ionisation tandem mass spectrometry (nLCMS/MS) was performed with an Eksigent nanoLC-Ultra 1D+ system (Eksigent) coupled to an
Orbitrap Velos instrument (Thermo Scientific). The peptides were delivered to a trap column
(100 μm X 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 μm resin, Dr. Maisch) at a flow
rate of 5 μL/min in 100% solvent A (0.1% formic acid, FA, in HPLC grade water). After 10 min
of loading and washing, peptides were transferred to an analytical column (75 μm X 40 cm,
packed in-house with Reprosil-Gold C18, 3 μm resin, Dr. Maisch) and separated at a flow rate
of 300 nL/min using a 60 min gradient ranging from 2% to 32% solvent C in B (solvent B: 0.1%
FA and 5% DMSO in HPLC grade water, solvent C: 0.1% FA and 5% DMSO in acetonitrile). The
eluent was sprayed via stainless steel emitters (Thermo) at a spray voltage of 2.2 kV and a
heated capillary temperature of 275 °C. The Orbitrap Velos mass spectrometer was operated
in positive ion mode and programmed to acquire in data-dependent mode, automatically
switching between MS and MS/MS. Full scan MS spectra (m/z 360−1300) were acquired in
the Orbitrap at a resolution of 30 000 (m/z 400) using an automatic gain control (AGC) target
value of 1e6 charges. Ions for MS/MS spectra of up to 10 precursor ions were generated
in the multipole collision cell by using higher energy collision-induced dissociation (HCD,
AGC target value 4e4, normalized collision energy of 30%) and analysed in the Orbitrap at a
resolution of 7 500. Precursor ion isolation width was set to 2.0 Th, the maximum injection
time for MS/MS was 100 ms, the precursor ion count for triggering an MS/MS event was set
at 500 and dynamic exclusion was set o 20 s. Internal calibration was enabled for MS mode
using the ion signal of a dimethyl sulphoxide cluster (m/z 401.922720) as a lock mass.
4.4.3.3 DATA ANALYSIS
Data analysis was performed using MaxQuant v 1.6.0.16 with the integrated search engine
Andromeda.46,47 For peptide and protein identification, raw files were searched against
the FASTA files for core Bovine Carbonic Anhydrase II (P00921-1, Figure 3D) obtained from
UniProtKB (http://www.uniprot.org), with oxidation of methionine, N-terminal protein
acetylation and Dt->Lys and Dt->N-term (Modification of lysine, except on C-terminus of
peptide, or modification on protein N-terminus: H(-2)N(+2)); 25.9905 Da mass gain) for
diazotransfer, and ClinkerFragment->DtLys and ClinkerFragment->DtN-term (Modification of
lysine, except on C-terminus of peptide, or modification on protein N-terminus: C(+7)H(+10)
N(+4)); 150.0905 Da mass gain) for clinker pull-down fragments as variable modifications;
and carbamidomethylation of cysteines as fixed modification.
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Default search parameters were used and trypsin/P was selected as the proteolytic enzyme,
with up to 3 missed cleavage sites allowed. Precursor ion tolerance was set to 20 ppm for
the first search and a tolerance of 4.5 ppm was allowed for the main search. The fragment
ion tolerance was set to 0.5 Th. Peptide identifications required a minimal length of seven
amino acids, and all data sets were adjusted to 1% PSM and 1% protein FDR.
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4.4.4 PROTEIN CRYSTALLOGRAPHY
4.4.4.1 CRYSTALLISATION OF CARBONIC ANHYDRASE II
Commercially obtained bovine erythrocyte carbonic anhydrase II (bCAII, SERVA), was purified
by gel-filtration chromatography on a Superdex-75 column (GE Healthcare) using 20 mM
Tris*HCl pH 8.0 as elution buffer. After gel filtration the protein solution was concentrated
using a vivaspin 15R concentrator (15 ml, 5.000 MWCO, Satorius) to 20 mg/ml. This protein
solution was used directly for crystallisation experiments.
bCA II crystals were grown by the sitting drop method by mixing 1 μl of protein solution (20
mg/mL) with 1 µl of the precipitant solution (20 mM HEPES pH 7.5, 14% PEG-3350, 30%
glycerol and 5 mM CuCl2) at 291 K.
Crystals appeared after 10 min, and grew to full size overnight. Then, the crystals were
soaked with compound by adding 2 µl of a 20 mM stock solution in 20% DMSO in Tris*HCl
buffer, to the crystallization drop, resulting in a final concentration of approximately 10 mM.
The solution was incubated for 4 h at 291 K. Crystals were collected and subsequently flash
frozen and stored in liquid nitrogen.
4.4.4.2 DATA COLLECTION AND PROCESSING
All crystals were cryo-cooled in liquid nitrogen, and data sets were collected at 100 K. (P11
beamline, PETRA III synchrotron facility, Hamburg, Germany). Diffraction images were
processed and scaled with XDS86 and Aimless.87 All bCA II/compound complex crystals have
the space group P3221. An overview of the data collection statistics can be found in Table 1.
4.4.4.3 PHASING AND REFINEMENT
The structure of bCAII was solved by molecular replacement with PHASER88 using the
wildtype structure of bCAII as search model (PDB entry 1V9E (DOI: 10.2210/pdb1V9E/pdb)).
The initial models obtained from PHASER were improved by manual rebuilding using COOT89
alternated with refinement using Refmac5.90 TLS (Translation/Libration/Screw) refinement91
was added in the final steps for all structures presented here. The compounds were drawn
using PubChem sketcher (NCBI) and subsequently aceDRG92 was used to generate restraints
for the refinement. An overview of the refinement statistics, final R-factors and the various
non-protein molecules found in the structures can be found in Table 2. The quality of
the final models and the geometrical restraints were checked using Molprobity.93 The
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coordinates and structure factor amplitudes have been deposited in the Protein Data Bank
with accession codes 6FSS (bCAII - SH0), 6FSR (bCAII - SH1) and 6FST (bCAII - SH2). Figures of
the structures were created using PYMOL (Schrödinger).
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Table 1 Data collection statistics

bCAII_SH0

bCAII_SH1

bCAII_SH2

Beamline

P11 (DESY)

P11 (DESY)

P11 (DESY)

Wavelength (Å)

1.033

1.033

1.033

Space Group

P3221

P3221

P3221

a (Å)

67.6

67.4

67.3

b (Å)

67.6

67.4

67.3

c (Å)

123.4

123.3

122.9

α (º)

90

90

90

β (º)

90

90

90

γ (º)

120

120

120

Resolution (Å)

42.4 - 1.9
(1.96 - 1.9)

42.3 - 1.75
(1.81 - 1.75)

42.3 - 1.75
(1.81 - 1.75)

Rmerg

5.1 (25.2)

8.3 (56.5)

5.7 (49.1)

Rp.i.m.

1.2 (5.7)

1.9 (13.2)

1.3 (11.4)

Wilson B-factor

33.5

26.9

28.9

Total No. of observations

518169 (51922)

656461 (62458) 648207 (62265)

Total No. of unique refelctions

26439 (2581)

33421 (3271)

33251 (3277)

Mean I/σ(I)

35.9 (8.6)

23.8 (4.2)

30.2 (4.5)

Completeness (%)

99.9 (99.8)

99.9 (99.8)

99.9 (99.8)

Multiplicity

19.6 (20.1)

19.6 (19.1)

19.5 (19.0)

Unit-cell Parameters
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Table 2 Refinement statistics

bCAII_SH0

bCAII_SH1

bCAII_SH2

Resolution (Å)

42.4 - 1.9

42.3 - 1.75

42.3 - 1.75

R

17.6

16.7

16.9

Rfree

20.3

19.0

18.7

Protein

2048

2083

2063

Ligands

29

41

41

Solvent

176

246

212

Protein

21.4

16.9

19.4

Ligands

30.3

26.3

44.9

Solvent

48.3

40.4

42.8

Bond lengths (Å)

0.01

0.01

0.01

Bond angles (°)

1.47

1.71

1.73

Refinement

4

Number of atoms

B-factors

RMSD.

Rfree is the R-factor calculated with 5% of the reflections excluded from the refinement.
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5.1 INTRODUCTION
Chemical small molecule probes that label a protein of interest (POIs) in biologically relevant
settings enable the functional study of this protein in situ. Such probe molecules often consist
of a reactive group (i.e. a reactor) tethered to a known binder (i.e. a selector, e.g. a ligand
or an inhibitor) of the POI to generate selectivity within the complexity of the experimental
setup.1–5 A variety of reactive groups has been used in ligand-directed probes to covalently
modify amino acid residues within a protein target.6–8 Acyl imidazoles, activated esters and
diazotransfer reagents react upon protein target engagement exclusively with the primary
amino functionality of a lysine residue or the N-terminus that are located in the proximity
of the probe’s reactor.9–12 Several alternative amino acid side chains can be modified in a
chemo-selective way with specific reagents: most prominently, cysteine residues have been
targeted with Michael acceptors and alkylating agents.13,14 More recently, other reagents
with unprecedented chemo- and even site-selectivity have been reported to target
alternative, less abundant amino acid side chains; for instance Mannich type reactions for
tyrosine,15 the modification of tryptophan residues with organo-radicals like keto-ABNO,16
oxaziridine-based reagents for the selective targeting of methionine,17 or selective targeting
of the C-terminus by decarboxylation is feasible in the context of photoredox catalysis.18
These original targeting strategies hold potential and therefore are likely to be implemented
for probe labelling strategies in the future. Finally, photocrosslinkers modify any suitably
positioned residue in the proximity of the probe upon activation.19–23 Besides functional
studies of proteins via small molecule probes, these reactive groups can also be applied
for the target identification of inhibitors, like natural products, with unknown interacting
partners, when combined with analytical techniques like mass spectrometry.24–26
Independent of whether a probe is designed to modify a targeted protein of interest
or to identify the targets of a biologically active compound, selecting the appropriate
reactive group-ligand combination is key to the success of the probe. Not only may the
reactive group alter the biological activity towards a certain interaction partner, but it also
determines to a large extend if proteins get labelled at all. When using chemical crosslinkers,
the electrophilic trap of the probe should be positioned in the proximity of a nucleophilic
residue of the protein to covalently modify the target. To obtain photo-affinity probes that
successfully label their targets, it is essential that the crosslinker is not solvent exposed.27
While molecular modelling addresses this issue in part, knowledge of the targets is often
lacking and a major challenge in the synthesis of affinity probes therefore remains finding
the optimal reactive group-ligand combination –a process that can require extensive
optimization.28 As a consequence, sets of probes are synthesized that vary in the position
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of the crosslinker and the chemotype of the crosslinker. The synthesis, purification and
(biochemical) evaluation of these probes is time consuming, methods that overcome this
bottleneck, for instance by speeding up the synthesis of probes, will increase the chances
in finding suitable probes for any given protein target within a reasonable time frame.
Similar problems are being faced in drug development. Results from this field of research
reveal that the synthesis and identification of lead compounds can be drastically simplified
by making use of (dynamic-) combinatorial chemistry.29–32 In this approach, a mixture of
reaction partners is combined to synthesize and screen the biological activity of a compound
library in one operation. While dynamic combinatorial approaches have been explored for
the synthesis of protein inhibitors and macromolecular sensing tools33–35 the exploration
of the in situ preparation of protein reactive probes is still in its infancy. In this chapter it
is reported that the development of chemical (photo-)affinity probes can benefit from a
combinatorial approach in a similar fashion as drug development.
As a proof of concept study for the in situ generation of POI-targeting probes in a
combinatorial manner, we opted for the well-established chemistry of hydrazone and
oxime formation.36–38 These two functional groups are accessible from the condensation
reaction between a carbonyl compound, e.g. an aldehyde functionality, and a corresponding
α-effect amine nucleophile –a hydrazide or an alkoxyamine– respectively. To establish the
protein labelling approach based on combinatorial probe synthesis, two protein model
systems were chosen to be functionalized by the probes based on a corresponding ligand
or inhibitor: the biotin-binding protein streptavidin (Strp) and the enzyme bovine carbonic
anhydrase II (bCAii). Biotin-hydrazide 1 (BtHy) or biotin-alkoxyamine 2 (BtAO) and a
benzenesulphonamidehydrazide 3 (BSu5Hy) derived from sulphamoylbenzoic acid (SBA)
were established as the selectors for the two different proteins. The selector compounds
1-3 were combined with the aldehyde equipped variants of the diazotransfer reagent
imidazole-1-sulphonyl azide 4 (DtA), the acyl imidazole-based transfer reagent 5 (AtA), or
the photocrosslinker 4-azidobenzaldehyde 6 (PClA) as the protein modifying groups. The in
situ generated probes were then used to label streptavidin in the case of the biotin-based
selectors or bovine carbonic anhydrase II in the case of the benzenesulphonamide-based
selector. The here reported approach allows for rapid screening of different reactive groups
and to determine the selectivity profile of a prospective probe in complex mixtures, without
the need of going through the full length synthesis and purification of all the individual
probes –a quality that will come into its own once the reactive group library is extended
and eventually transferred to novel protein targets by introducing new selectors (Figure 1).
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Figure 1 Concept of using combinatorial chemistry for in situ probe formation. (A) A protein ligand
equipped with an α-effect amine (i.e. hydrazide or alkoxyamine) condenses with an aldehyde bearing
protein-reactive group, thereby forming a unique probe left. In a subsequent step, the protein
-corresponding to the applied selector- is labelled with the newly formed probe right. (B) As selectors,
the scaffold of the ligand biotin is used to target streptavidin (Strp), the scaffold of the inhibitor
sulphamoylbenzoic acid is used to target bovine carbonic anhydrase II (bCAII) top and bottom panel.
Aldehyde derivatives of imidazole-1-sulphonyl azide for diazotransfer, acyl imidazole for acyl transfer
(in this example an acetylene is introduced into the protein as a bioorthogonal handle) and phenyl
azide for photocrosslinking to the protein center panel.
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5.2 RESULTS AND DISCUSSION
All of the reagents, both the selectors and the reactive groups, are readily accessible
either directly from a commercial source or from commercially available building blocks
in one to three steps: 1 was synthesised from the methyl ester of (+)-Biotin and hydrazine
hydrate, 2 was purchased, 3 was synthesized according to the same strategy reported
in chapter 4, where the 4-nitrophenyl activated ester was substituted with hydrazine to
form the hydrazide, 4 was synthesised from 4-imidazolecarboxyaldehyde according to the
strategy reported in chapters 2 and 4, 5 was synthesised from propargyl chloroformate and
4-imidazolecarboxaldehyde and 6 was synthesised from 4-formylphenylboronic acid and
sodium azide (Scheme 1).
To assess whether probe formation was feasible according to the condensation strategy
between the selector part bearing the α-effect amine nucleophile and the aldehyde bearing
reactive group we incubated biotin-hydrazide 1 with the diazotransfer reagent 4 and acyl
imidazole 5 overnight in DMSO and analysed the mixture with UPLC-MS. We observed the
formation of the hydrazone products with small amount of side products, confirming that
the probes can be prepared in situ (Figure 2). The analysis of the chromatograms reveals
further that in case of the probe DtHy-DtA 7 both starting materials (reactor and selector)
are completely consumed (both are detectable individually in their unreacted form by this
method, data not shown) after the overnight reaction and that the following side products
have formed: the two major compounds identified are biotin and biotin-hydrazoneimidazole, suggesting that the diazotransfer probe is less stable towards hydrolysis than the
probe DtBio as discussed in chapter 2. In case of the second probe DtHy-AtA 8 the starting
materials were not completely consumed after the overnight reaction but at the same time
less hydrolysis product was observed. These findings suggest that probe formation times
need to be optimized for each probe individually, to find the ideal point in time that yields
maximum conversion, i.e. probe formation, and at the same time minimal probe hydrolysis.
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stock solutions in DMSO 1:1 overnight. The samples were diluted in water prior to chromatographic
analysis. (A). Biotin-hydrazide and Dt-aldehyde were incubated to yield 7 and analysed with LC-MS.
(B) Biotin-hydrazide and At-aldehyde were incubated to yield 8 and analysed with LC-MS. Note: top
panel – base peak chromatogram, centre panel – mass range selected for product ion [M+H]+, bottom
panel – mass spectrum of selected ion peak. Peaks towards the end of the gradient are not sampleborne but rather due to column/instrument contamination and therefore excluded form the images.

Having established that hydrazones can be formed from reagents 4 and 5, in combination
with biotin-hydrazide 1, we applied these chemicals in the synthesis and biochemical
evaluation of ligand-directed protein probes. Prior to the labelling experiment, we mixed
BtHy 1, BtAO 2 or BSu5Hy 3 (25 mM) with an equimolar amount of aldehyde 4, which installs
an azide via diazotransfer onto the protein, or aldehyde 5, which installs an acetylene
function via acyl transfer onto the protein. After incubating the two probe components
overnight, we obtained reagents 7 (BtHy-DtA), 8 (BtHy-AtA), 9 (BtAO-DtA), 10 (BtAO-AtA),
11 (BSu5Hy-DtA) and 12 (BSu5Hy-AtA). Probes 7-10 target streptavidin and probes 11 and
12 target bovine carbonic anhydrase II. To control for non-specific background labelling (i.e.
not enhanced by the proximity effect upon selective target binding), we also prepared the
corresponding control reagents using acetohydrazide 13 as non-targeting selector group.
Mixing of 13 with the two reactors 4 and 5 resulted in the control probes 14 (AcHy-DtA)
and 15 (AcHyAtA). The thus obtained probes were incubated with a mixture of Strp, bCAII
and ovalbumin (OVA, as an additional background labelling indicator) in HEPES buffer, pH
7.4, for 1 hour. Subsequently, the bioorthogonal tag that was introduced to the protein
via the probe was reacted with a fluorophore reporter group bearing the cognate reactive
partner for click chemistry (BODIPY-alkyne (16) for probes 7, 9 and 11 and BODIPY-azide
(17) for probes 8, 10 and 12). Making use of the copper-catalyzed azide-alkyne cycloaddition
reaction enabled the formation of the protein-fluorophore bioconjugate via the stable and
biocompatible triazole group (CuAAC, Figure 3A). SDS-PAGE of the reacted protein samples
and subsequent fluorescent scanning of the gel revealed that the selective labelling of both
streptavidin and bCAII in a protein mixture is indeed feasible with this strategy. While the
background signal (Figure 3B, band intensities for bCAII and OVA) for all four biotin based
probes (lanes 1,4,5,8) is at a similarly low level compared to the control compound (lanes 3
and 7) the signal intensity for labelled streptavidin is most intense for the two component
probe 9 (BtAO-DtA, lane 4). Furthermore, carbonic anhydrase was solely labelled when the
aldehydes 4 and 5 were reacted with benzenesulphonamidehydrazide 3, which underlines
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that the proteins only get labelled in the presence of the targeting moiety. For this protein
the two component combination between selector 3 and the acyl transfer group 5 as reactor
gives the most intense signal. Comparing the fluorescence intensity of the labelled proteins
indicates that the in situ formed diazotransfer and acyl transfer probes label streptavidin
and carbonic anhydrase II with a similar efficiency.
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Figure 3 Protein labelling with two-component probes. (A) The protein streptavidin is incubated
with the priorly formed probes 7 (for diazotransfer), or 8 (for acyl-acetylene transfer). Subsequent
to the introduction of the bioorthogonal handle azide or acetylene, respectively, click chemistry is
used to introduce the fluorophore BODIPY into the protein. (B) Fluorescence scan of an SDS-PAGE gel
resolving the labelled protein mixture. Band intensity corresponds to labelling efficiency left. Control
compounds used in these experiments to monitor Selector effect on labelling efficiency right.

162

Combinatorial Probes

We then aimed to perform the same experiments with the aldehyde bearing photocrosslinker
6 (PClA) as the reactor of the probe. Compared to the other two reactive groups 4 and 5
that install a bioorthogonal handle covalently onto the protein, which allows for the direct
protein functionalization with click chemistry in a subsequent step, the photocrosslinker
does not possess these group-transferring properties but forms a covalent adduct with the
protein upon irradiation triggered nitrene formation and insertion.39,40 The so formed adduct
is not amenable for click chemistry and thus this modification is not detectable by means of
a fluorescent read-out with this strategy. However, the imine bond that was formed when
the selector hydrazide condensed with a reactor aldehyde is amenable for imine exchange
if an excess of an alternative α-effect amine nucleophile is presented to the hydrazone
linkage. And thus, by adding a fluorophore bearing a hydroxylamine moiety (the cyanine
based fluorophore Alexa 647 hydroxylamine41) subsequent to probe-protein incubation and
irradiation, the protein-photocroslinker adduct can undergo the transimination reaction
with the fluorophore. With this strategy, in-gel fluorescence detection of the modified
proteins will be feasible (Figure 4A).
The ligand-directed photocrosslinker probe 18 (BtHy-PClA) was again obtained by mixing
equilmolar amounts of selector 1 and reactor 6, allowing imine formation overnight. The
in situ formed probe 18 was incubated with a mixture of streptavidin and ovalbumin in PBS
buffer, pH 7.4, for 0.5 hour. The sample was then irradiated under UV light, 312 nm, for
two minutes while keeping the samples on ice. After one hour at room temperature the
hydroxylamine bearing fluorophore AlexaFluor 647 was added in a 10X molar excess. The
transimination reaction was allowed to take place overnight.
Here, SDS-PAGE resolving of the reacted protein samples and subsequent fluorescent
scanning of the gel indicate that a) the photocrosslinker probe 18 reacted with its target
protein Strp and b) that imine exchange between the probe-protein adduct and the
hydroxylamine fluorophore is indeed feasible. The fluorescence band intensity is attenuated
when a competitor (biotin in 10X molar excess) is added to the reaction mixture before the
probe was added (Figure 4B, compare lane 1 with 2) demonstrating that protein modification
takes place more efficiently upon probe binding to the protein. Adding the control compound
probe 19 (obtained from reacting leucinehydrazide, LeuHy, as a nonspecific selector and 6)
to the protein shows even lower labelling intensity but still not as low as when the protein
mixture is incubated with the fluorophore but neither of the two probe (compare lanes 3
and 4).
Although the reactions indicate that photocrosslinking and subsequently hydrazone-oxime
exchange is feasible, the inefficient transimination reaction still hampered the reliable
detection of the protein-probe adduct in the case of bovine carbonic anhydrase II (data not
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shown).
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POI, is incubated with a priorly-formed, photocrosslinker-equipped affinity probe. Subsequent to lighttriggered covalent bond formation between probe and protein the transimination reaction takes place.
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Exchange of reactive groups through transimination between probes during the protein
labelling step could limit their application and we therefore monitored whether exchange
occurred by adding carbonic anhydrase II targeting probes equipped with diazotransfer
reagent 4 (i.e. probe BSu5Hy-DtA 11) or acyl imidazole 5 (i.e. probe BSu5Hy-AtA 12) and the
corresponding streptavidin probes (i.e. probes BtAO-DtA 9 and BtAO-AtA 10; Figure 5A) to
a mixture of the three proteins ovalbumin, bovine carbonic anhydrase II and streptavidin.
Since these two reagents install a bioorthogonal group onto the protein, an azide in case of
the diazotransfer probes and a propargyl group in the case of the acyl transfer probes, they
can be read-out simultaneously if a step-wise bioconjugation approach is chosen, where the
azide is reacted first with strain promoted azide-alkyne cycloaddition (SPAAC)42 and then the
acetylene group with copper catalysed acetylene-azide cycloaddition chemistry (CuAAC).43
Addition of a catalytic amount of copper (II) is required to efficiently label proteins with
targeted diazotransfer reagents.12 However, the added catalyst also might affect labelling
by acyl imidazole based probes44 and we therefore first determined the metal catalyst’s
effect on the labelling efficiency and selectivity of the acyl transfer group. Copper did not
seem to enhance labelling by hydrazones of reagent 5, but it did result in a pronounced offtarget labelling, specifically that of bCAII through the streptavidin-directed probe BtHy-AtA
8 (compare Figure 5B, lane 2 with Figure 3B lane 5). Fortunately, the oxime-based probe
was considerably more selective in the presence of copper and biotin alkoxyamine 2 (probe
BtAO-AtA 10) and it also resulted in an increase in the labelling efficiency (compare Figure
5B, lane 5 with Figure 3B lane 8). Therefore probe 10 was used for the exchange studies.
Incubating the protein mixture simultaneously with the biotin coupled diazotransfer reagent
9 and the benzenesulphonamide hydrazone coupled acyl imidazole reagent 12 resulted in
the selective functionalization of streptavidin with an azido group and carbonic anhydrase
with a propargyl group, as evidenced by the subsequent and sequential application of the
SPAAC reaction using DBCO-CY5 2045,46 and the CuAAC reaction with 1747 followed in-gel
fluorescence measurement (Figure 3A, lane 1). Similarly, carbonic anhydrase and streptavidin
could be equipped with an azido group and a propargyl group, respectively, by reversing the
reagent combination (i.e. by applying the probes BSu5Hy-DtA 11 and BtAO-AtA 10, lane 2).
Furthermore, treating the proteins with a mixture of probes targeted to a single protein
resulted in dual labelling of the respective protein (lanes 3 and 4) and both proteins could
be targeted with the same reactive group (azide lane 5, acetylene lane 6).
The outcome of this experiment clearly demonstrates that the exchange between probes is
minimal, suggesting that the combinatorial mix-and-match approach is feasible even when
several probes targeting different proteins and equipped with different reporter groups are
applied simultaneously.
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Figure 5 Simultaneous labelling of two proteins with two distinct bioorthogonal groups. (A) A mixture
of the three proteins OVA (43 kDa), bCAii (29 kDa) and Strp (13 kDa) was incubated with different
combinations of the probes 9-12 and subsequently reacted with a fluorophore, corresponding to the
introduced bioorthogonal chemical handle (CuAAC with BODIPY-azide 17, in case of the acyl transfer
probes 10 and 12, or SPAAC with DBCO-CY5 20, in case of the diazotransfer probes 9 and 11). Note:
colours are chosen to correspond to the signals collected by the two different excitation wavelengths
defined by the gel fluorescence scanner. (B) Acyl transfer reaction dependent on the presence of a
species of copper(II), compare Figure 3B.
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Finally, the methodology was applied to study the effect of the linker length between
selector and reactor of the probe on the labelling efficiency to carbonic anhydrase. A series
of benzenesulphonamide hydrazides was prepared containing a linker that ranges from zero
to eight carbon atoms (BSuHy 21, BSu2Hy 22, BSu3Hy 23, BSu4Hy 24, BSu5Hy 3, BSu7Hy 25)
and these hydrazides were reacted with diazotransfer reagent 4, or acyl imidazole reagent 5.
The labelling experiments with the resulting probes (BSuHy-DtA/AtA 26/27, BSu2Hy-DtA/AtA
28/29, BSu3Hy-DtA/AtA 30/31, BSu4Hy-DtA/AtA 32/33, BSu5Hy-DtA/AtA 11/12, BSu7HyDtA/AtA 34/35) demonstrate that the optimal linker length for the diazotransfer reagent
and the acyl imidazoles is approximately two to three carbon atoms. Both shortening and
extending the linker resulted in decreased labelling efficiency (Figure 6B).
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5.3 CONCLUSION
In conclusion, we here describe a novel combinatorial approach to prepare ligand-directed
chemical probes. Readily available aldehyde functionalized protein labelling reagents can be
reacted with hydrazides and alkoxyamines protein-selecting groups to form targeted probes
in situ. The resulting probes modify their corresponding targets, the protein of interest,
selectively within a mixture of proteins. The described methodology allows straightforward
screening of reactive group-ligand combinations. Mixing benzenesulphonamide hydrazides
with different reagents enabled identifying the optimal linker lengths for different reactive
groups. Hydrazides are readily prepared from ester containing compounds, making our mixand-match approach accessible for a large amount of proteins.
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5.4 EXPERIMENTAL
5.4.1 CHEMISTRY
5.4.1.1 GENERAL CHEMICAL PROCEEDURES
All solvents used for reaction, extraction, filtration and chromatography were of commercial
grade, and used without further purification. Reagents were purchased from Sigma-Aldrich,
TCI, or fluorochem, unless otherwise noted, and were used without further purification.
4-azidobenzaldehyde 6,48 BODIPY-alkyne 16,49 BODIPY-N3 17,47 sulphonyl azide transfer
reagent 3650 and the PNP-esters 37-42 (Chapter 4) were synthesized according to a published
procedure. TLC was performed on Merck silica gel 60 F254, 0.25 mm plates and visualization
was done by UV light, iodine (I2 crystals in silica) and ninhydrin staining (solution of ninhydrin
(0.3 g) in n-butanol (100 mL) and acetic acid (3 mL)). Manual flash column chromatography
was performed using silica (SilicaFlash P60, 230-400 mesh, Silicycle) as the stationary phase.
Automated column chromatography was performed on REVELERIS Purification Systems
(Buchi). 1H-, 13C- and APT-NMR spectra were recorded on a Varian AMX400 spectrometer
(400 and 101 MHz, respectively) using, CDCl3, CD3OD or DMSO-d6 as solvent. Chemical shift
values are reported in ppm with the solvent resonance as the internal standard (CDCl3:
δ7.26 for 1H, δ 77 for 13C; CD3OD: δ3.31 for 1H, δ 49.15 for 13C; DMSO-d6: δ2.50 for 1H δ
39.52 for 13C). Data are reported as follows: chemical shifts (δ), multiplicity (s = singlet, d
= doublet, dd = double doublet, ddd = double double doublet, t = triplet, q = quartet, p =
quintet, m = multiplet, apparent quartet = app q), coupling constants J (Hz), and integration.
LCMS was performed on an LCQ Fleet mass spectrometer coupled to a Vanquish UHPLC
system. High resolution mass measurements were performed using a ThermoScientific LTQ
OrbitrapXL spectrometer. Mass accuracy is reported in delta Thomson (Th (m/z)) and parts
per million of deviation of the calculated mass. WARNING: Diazotransfer reagents may be
shock sensitive and should be handled using appropriate precautions.
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Procedures described in the text below.
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5.4.1.2 SYNTHESIS OF SELECTORS
General procedure for the synthesis of hydrazides 3 and 21-25
Before the chemicals were added, the round bottom flask was covered with a septum and
the air inside was exchanged by nitrogen. Subsequently, the indicated amounts of ethanol
and hydrazine hydrate (50-60%) were added. The starting material was dissolved in 1 mL
DMF and added to the hydrazine solution via a syringe pump. The reactions were stirred
at room temperature overnight and under nitrogen atmosphere. On the next day, product
formation was verified by TLC, after which precipitation of the product was induced by
adding approximately 20-30 mL diethyl ether under stirring. After stirring for an additional
two hours, the precipitated product was isolated by vacuum filtration. The white or pale
yellow solids were washed two to three times with a small amount of diethyl ether and one
time with a small amount of ethanol. After these purification steps the solid product was
dried under vacuum for an additional three hours (first crop). The volume of the mother
liquor was reduced in vacuo. Then diethyl ether was quickly added again to obtain a second
crop of the compound, which was again filtered, washed and vacuum dried.

4-(hydrazinecarbonyl)benzenesulphonamide (BSuHy 21)
PNP ester 37 (320 mg, 1 mmol) was converted into the hydrazide by adding it to ethanol (10
mL) containing hydrazine (0.56 mL, 10 mmol) as described in the general procedure. After
work-up, the product 21 was obtained as an off-white solid in (89 mg, 41%)
1
H NMR (400 MHz, DMSO-d6) δ 9.95 (s, 1H), 7.96 (d, J = 8.2 Hz, 2H), 7.87 (d, J = 8.5 Hz, 2H),
7.46 (s, 2H), 4.56 (s, 2H)
13
C NMR (101 MHz, DMSO-d6) δ 164.7, 146.1, 136.2, 127.6, 125.6
HRMS (ESI-orbitrap) m/z calculated for [M+Na]+ 238.0257, found 238.0267 (delta mTh 1.0,
4.3 ppm)

N-(3-hydrazineyl-3-oxopropyl)-4-sulphamoylbenzamide (BSu2Hy 22)
PNP ester 38 (100 mg, 0.25 mmol) was converted into the hydrazide by adding it to ethanol
(3.1 mL) containing hydrazine (0.14 mL, 2.5 mmol) as described in the general procedure.
After work-up, the product 22 was obtained as an off-white solid in (40 mg, 55%).
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H NMR (400 MHz, DMSO-d6) δ 9.04 (s, 1H), 8.70 (t, J = 5.6 Hz, 1H), 7.97 (d, J = 8.4 Hz, 2H),
7.88 (d, J = 8.4 Hz, 2H), 7.39 (s, 2H), 4.19 (s, 2H), 3.47 (td, J = 7.3, 5.6 Hz, 2H), 2.33 (t, J = 7.2
Hz, 2H)
13
C NMR (101 MHz, DMSO-d6) δ 169.6, 165.1, 146.2, 137.3, 127.8, 125.6, 36.2, 33.4
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 287.0809, found 287.0818 (delta mTh 0.9,
3.2 ppm)
1

N-(4-hydrazineyl-4-oxobutyl)-4-sulphamoylbenzamide (BSu3Hy 23)
PNP ester 39 (100 mg, 0.25 mmol) was converted into the hydrazide by adding it to ethanol
(3.1 mL) containing hydrazine (0.14 mL, 2.5 mmol) as described in the general procedure.
After work-up, the product 23 was obtained as an off-white solid in (29 mg, 40%).
1
H NMR (400 MHz, DMSO-d6) δ 8.96 (s, 1H), 8.66 (t, J = 5.5 Hz, 1H), 7.98 (d, J = 8.2 Hz, 2H),
7.89 (d, J = 8.1 Hz, 2H), 7.41 (s, 2H), 4.16 (s, 2H), 3.26 (app q, J = 6.6 Hz, 2H), 2.08 (t, J = 7.5
Hz, 2H), 1.75 (p, J = 7.3 Hz, 2H)
13
C NMR (101 MHz, DMSO-d6) δ 171.3, 165.1, 146.1, 137.5, 127.8, 125.6, 31.0, 25.2
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 301.0965, found 301.0976 (delta mTh 1.1,
3.7 ppm)

N-(5-hydrazineyl-5-oxopentyl)-4-sulphamoylbenzamide (BSu4Hy 24)
PNP ester 40 (100 mg, 0.24 mmol) was converted into the hydrazide by adding it to ethanol
(3.1 mL) containing hydrazine (0.13 mL, 2.4 mmol) as described in the general procedure.
After work-up, the product 24 was obtained as an off-white solid in (59 mg, 81%).
1
H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 1H), 8.63 (t, J = 5.6 Hz, 1H), 7.98 (d, J = 8.5, 2H), 7.88
(d, J = 8.4, 2H), 7.46 (s, 2H), 4.14 (d, J = 3.6 Hz, 2H), 3.25 (app q, J = 6.3 Hz, 2H), 2.04 (t, J =
6.9 Hz, 2H), 1.52 (m, 4H)
13
C NMR (101 MHz, DMSO-d6) δ 171.4, 165.0, 146.1, 137.5, 127.8. 125.6, 33.1, 28.7, 22.8
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 315.1122, found 315.1133 (delta mTh 1.2,
3.9 ppm)

N-(6-hydrazineyl-6-oxohexyl)-4-sulphamoylbenzamide (BSu5Hy 3)
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PNP ester 41 (100 mg, 0.23 mmol) was converted into the hydrazide by adding it to ethanol
(3.1 mL) containing hydrazine (0.13 mL, 2.4 mmol) as described in the general procedure.
After work-up, the product 3 was obtained as an off-white solid in (23 mg, 31%).
1
H NMR (400 MHz, DMSO-d6) δ 8.90 (s, 1H), 8.61 (t, J = 6.0 Hz, 1H), 7.97 (d, J = 8.1 Hz, 2H),
7.88 (d, J = 8.1 Hz, 2H), 7.46 (s, 2H), 4.13 (d, J = 4.1 Hz, 2H), 3.25 (q, J = 6.4 Hz, 2H), 2.01 (t, J
= 7.5 Hz, 2H), 1.52 (m, 4H), 1.28 (m, 2H)
13
C NMR (101 MHz, DMSO-d6) δ 171.5, 165.0, 146.1, 137.6, 127.8, 125.6, 33.4, 28.9, 28.8,
26.2, 25.0
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 329.1278, found 329.1288 (delta mTh 1.0,
2.9 ppm)

N-(8-hydrazineyl-8-oxooctyl)-4-sulphamoylbenzamide (BSu7Hy 25)
PNP ester 42 (100 mg, 0.22 mmol) was converted into the hydrazide by adding it to ethanol
(3.1 mL) containing hydrazine (0.12 mL, 2.4 mmol) as described in the general procedure.
After work-up, the product 25 was obtained as an off-white solid in (47 mg 62%).
1
H NMR (400 MHz, DMSO-d6) δ 8.89 (s, 1H), 8.61 (t, J = 5.6 Hz, 1H), 7.97 (d, J = 8.4 Hz, 2H),
7.88 (d, J = 8.4 Hz, 2H), 7.46 (s, 2H), 4.13 (s, 2H), 3.25 (app q, J = 6.7 Hz, 2H), 1.99 (m, 2H),
1.50 (m, 4H), 1.29–1.23 (m, 6H)
13
C NMR (101 MHz, DMSO-d6) δ 171.6, 165.0, 146.1, 137.6, 127.8, 125.6, 40.1, 39.9, 39.7,
33.4, 29.0, 28.6, 26.4, 25.3, 25.2
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 359.1591, found 359.1602 (delta mTh 1.1,
3.0 ppm)

5.4.1.3 SYNTHESIS OF REACTORS
4-formyl-1H-imidazole-1-sulphonyl azide (DtA 3)
A solution of sulphonyl azide transfer reagent 39 (386 mg, 1.1 mmol) in dry DMF (2 mL) was
added drop-wise to an ice water-bath-cooled solution of 4-imidazolecarboxaldehyde (96
mg, 1.0 mmol) in dry acetonitrile (8 mL) over one hour under nitrogen atmosphere. After
stirring at rT for 4h, the solution was concentrated and dry-loaded onto celite. Subsequently,
the crude was purified by automated column chromatography (1% methanol in DCM to 10%
methanol in DCM) to yield 4 (51 mg, 25%) as a white solid.
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H NMR (400 MHz, CD3OD) δ 9.87 (s, 1H), 8.52 (s, 1H), 8.46 (s, 2H)
C NMR (101 MHz, CD3OD) δ 185.7, 146.5, 138.6, 126.5
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 202.0032, found 202.0094 (delta mTh 0.3,
1.4 ppm)
1

13

prop-2-yn-1-yl 4-formyl-1H-imidazole-1-carboxylate (AtA 4)
Propargyl chloroformate (0.11 mL, 1.1 mmol) was added drop-wise, to an ice water-bathcooled suspension of 4-imidazolecarboxaldehyde (221 mg, 2.3 mmol) in dry ether (5 mL)
under nitrogen atmosphere. After stirring at rT for 4h, the suspension was purified by
column chromatography (100% pentane to 60% ether/pentane, Rf 0.39; the crude was
loaded directly from the flask onto the column) to yield 5 (57 mg, 28%) as a white solid.
1
H NMR (400 MHz, CDCl3): δ = 9.95 (s, 1H), 8.23 (s, 1H), 8.10 (s, 1H), 5.05 (m, 2H), 2.68 (m,
1H)
13
C NMR (100 MHz, CDCl3): δ = 185.8, 142.9, 138.2, 122.0, 77.8, 75.3, 56.4
HRMS (ESI-orbitrap) m/z calculated for [M+H]+ 179.0454, found 179.0451 (delta mTh 0.3,
1.6 ppm)
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5.4.2 BIOCHEMISTRY
5.4.2.1 GENERAL BIOCHEMICAL PROCEEDURES
Proteins
Recombinant expressed Streptavidin (Strp) was purchased from ThermoFisher Scientific.
Bovine Carbonic Anhydrase II (bCAII) was purchased from Serva (extracted) and Chicken Egg
Ovalbumin (OVA) was purchased from Sigma.
SDS-PAGE
Gels were prepared using acrylamide-bis ready-to-use solution 40% (37.5:1) (Merck
Millipore) and separated on a Mini-PROTEAN Tetra cell (Bio-Rad). Electrophoresis was
conducted either with Tris-tricine type SDS-PAGE,51 performed according to standard
literature procedures or Laemmli-type SDS-PAGE.52 Fluorescence scanning of SDS-PAGE gels
was performed on a typhoon gel and blot imager 9500 FLA model (GE Healthcare) using
the CY2 settings for the BODIPY (blue laser excitation at 473 nm and emission filter BPB1)
and the CY5 settings for DBCO-Cy5. After fluorescent scanning of the gel, the proteins were
stained with a coomassie brilliant blue R250 solution according to standard protocols.
Probes and bio-reagents
All probes were prepared as 50 mM stock solutions in anhydrous DMSO and stored at -20
°C. Aliquots from the stock solutions were taken to prepare solutions with the appropriate
concentrations according to the experimental set-up in anhydrous DMSO. Stock solutions
of CuSO4 (100 mM) and THPTA (100 mM) were prepared in water and stored at rT. The
solutions were used over the course of one month and then prepared freshly. Solutions of
sodium ascorbate in water were always prepared fresh from the salt.
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5.4.2.2 BIOCHEMICAL EVALUATION
Protein labelling with the reactors 4 and 5: For in situ probe formation, 1 μL of hydrazides 1
or 3, alkoxyamine 2 or acethydrazide (stocks of 50 mM in DMSO) was added to 1 μL of one
of the reagents 4 and 5 (stocks of 50 mM in DMSO). The resulting mixture was incubated
overnight at room temperature. For probe formation monitoring via LCMS, the solution was
then diluted to a final concentration of 50 μM in water. For the protein labelling experiment,
the solution was diluted with 248 μL of DMSO to obtain a 200 μM probe stock. Recombinant
core streptavidin (210 μL of a 100 μM stock solution in 10 mM HEPES, pH 7.4), bovine
carbonic anhydrase II (42.5 μL of a 100 μM stock solution in 10 mM HEPES, pH 7.4) and
ovalbumin (26.5 μL of a 400 μM stock solution in 10 mM HEPES, pH 7.4) were added to a
buffered solution (151 μL, 10 mM HEPES, pH 7.4). The resulting protein mixture was divided
over re-sealable plastic reaction cups (8 μL of the protein mixture per cup). To the protein
solution was added 1 μL of the probe stock solution and, where indicated, 1 μL of copper
sulphate (1 mM) was added (otherwise 1 μL of buffer was added). The reaction mixture was
incubated for 1 hour (for reagents derived from 4 and 5). For the subsequent click reaction
(CuAAC), BODIPY-alkyne or BODIPY-azide (8 μL of a 5 mM stock), DMSO (25 μL), water (10
μL), THPTA/CuSO4 (1/1, 10 μL, 20 mM) and sodium ascorbate (10 μL, 20 mM) were mixed.
Of this mixture, 5 μL was added to the labelling reactions and the resulting solutions were
incubated for an additional hour. Subsequently, 17 μL of 2X reducing sample buffer was
added and the samples were boiled for 15 min. Half of the sample was loaded on a 12%
Tris-Tricine or Laemmli type PAGE gel, electrophoretically resolved and analysed by in-gel
fluorescence scanning.
Protein labelling with the photocrosslinker 16: Four individual reactions were set up in
10 mM KH2PO4 PBS buffer, pH 7.4, with a total volume of 20 μL, all containing 2.66 μg
core streptavidin (10 μM). The first reaction was pre-incubated with 1 mM biotin (final
concentration, f.c.) for approximately 10 minutes. Then, compound 16, 10 μM (f.c.), was
added. The second reaction was treated equally, except that pre-incubation with the
competitor biotin was omitted. The third reaction was incubated with control compound
19, 10 μM (f.c.), instead of 16. The forth sample (the mock control) was prepared by adding
DMSO, void of any compound, to the reaction. The four reaction mixtures were left at room
temperature for 30 min, after which they were exposed to light of a wavelength of 312 nm
for 2 minutes. After one hour of the irradiation step, Alexa-647 hydroxylamine,53 100 μM
(f.c.), was added. The reaction was incubated at room temperature overnight. The next day,
protein loading buffer was added to all samples, and subsequently the samples were boiled
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for 10 minutes (96 ˚C) followed by SDS-PAGE using a 15% Laemmli type gel and visualisation
via in-gel fluorescence.
Dual labelling experiments. To determine if imine exchange occurred between probes during
protein labelling, the above described triple protein solution mixture (8 μL) was incubated
with diazotransfer probes 7 and/or 11 (1 μL of 200 μM stock) and/or acyl imidazole transfer
probes 8 and/or 12 (1 μL of 200 μM stock), as indicated in figure 5, for 1 hour. Subsequently,
DBCO-CY5 (1 μL of 200 μM stock) was added and the mixture was incubated for an additional
1 h. Finally, the above-described BODIPY-azide click mix (5 μL) was added and the mixture
was incubated for another hour. Subsequently, 2X reducing sample buffer (17 μL) was added
and the samples were boiled for 15 min. Half of the sample was loaded on a 12% Tris-Tricine
PAGE gel, electrophoretically resolved and analysed by in-gel fluorescence scanning using
the CY2 and the CY5 settings.
Screening of the linker length: 1 μL of the hydrazides 3, 21-25 (50 mM) was added to 1
μL of reagents 4 or 5 (50 mM). The resulting mixture was incubated overnight at room
temperature, after which it was diluted with 248 μL of DMSO to obtain a 200 μM probe
stock solution. Bovine carbonic anhydrase II (33 μL of a 100 μM stock solution in 10 mM
HEPES, pH 7.4) and ovalbumin (30 μL of a 400 μM stock solution in 10 mM HEPES, pH 7.4)
were added to HEPES (465 μL, 10 mM HEPES, pH 7.4). Of this protein solution, 8 μL was
added to re-sealable plastic reaction cups and subsequently 1 μL of probe stock solution
was added. For reagents derived from 4, 1 μL of copper sulphate (1 mM) was added to
the labelling mixture. Subsequently, the reaction was incubated for 1 hour, before being
reacted with 5 μL of the appropriate click mix for 1 hour (containing the cognate BODIPY
fluorophore). The proteins were denatured by adding 4X reducing sample buffer (5 μL) and
boiling for 5 min, resolved electrophoretically on a 12% Laemmli type SDS-PAGE gel and
visualized by fluorescent scanning of the gel using the CY2 scanner settings.
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6.1 SUMMARY
The research presented in this thesis was conducted at the Chemical Biology workgroup
of the Stratingh Institute for Chemistry at the University of Groningen. The name of this
workgroup was given throughout the four years of conductance of the PhD thesis work. It
was changed from the former name Bio-organic Chemistry workgroup. This name change
is exemplary for a general trend observed in the natural sciences, aiming at a larger focus
on interdisciplinarity in research but it also takes account of an increased appreciation
chemists have shown towards understanding the living world on a molecular level by using
a chemist’s mind-set and building up on the established methodologies. On the bright side
of this trend stands the creation of an innovative research environment and the invention of
several novel strategies to answer nagging questions underlying the molecular mechanisms
of what may constitute life itself.
A main pillar in the early years of this new interdisciplinary research field has been the
transfer and development of methodologies, or in other words, the appropriation of the
molecular tools necessary to answer the underlying mechanistic questions. One of the great
innovations of this crucible of disciplines is bioorthogonal chemistry. It is based on the idea
that certain chemical entities, even though well-known to the studied chemist, simply do
not occur in any of the organisms known to man. In some cases, these xenobiotic chemical
groups come in pairs of reaction partners that react selectively with each other but are inert
to the plethora of other chemical entities present in the context of a chemical environment
found inside a cell. These pairs are what ultimately enables bioorthogonal chemistry.
The azide functionality as a reaction partner constitutes one of such bioorthogonal chemical
groups. It can be seen as a chemoselective handle in complex media that reacts smoothly
with terminal or strained alkynes (Sharpless-Meldal, Bertozzi), or certain phosphines and
phosphites (Staudinger type). It is essentially inherent to the nature of this strategy that the
xenobiotic groups do not occur in the biological context, in which they are thought to be
applied for further studies. Therefore, one of the main challenges in the method development
for using bioorthogonal chemistry is the instalment of such groups into biomolecules. The
idea behind the here presented research is to introduce the azide chemically into proteins
by means of small molecule probes. Small molecule chemical probes are excellent tools to
target proteins within complex experimental settings. Due to the nature of many protein
classes, especially enzymes, to bind chemical ligands selectively, a reactive probe can make
use of a selectivity- and efficiency-enhancing proximity effect to modify the biomolecule
it is targeting. If one end of the probe binds with a ligand to the protein of interest, the
other end of the probe can modify its target chemically. In the case of the probes applied
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in this thesis’ research, the diazotransfer reagent imidazole-1-sulfonyl azide is tethered to
the directing group moiety (i.e. the ligand). The thus obtained probes will enable a targeted
diazotransfer reaction to primary amines within proteins. These primary amines occur on
lysine side chains and the protein’s N-terminus. The amines are converted into azides via
diazotransfer upon probe binding.
The aim of the introduction (Chapter 1) is to give the reader the ability to
integrate the presented research (Chapters 2 - 5) into a broader historical context. It
describes the emergence of the research field chemical biology as an independent
entity among the classical natural science disciplines of physics, chemistry and biology.
The main focus is stressed on two important concepts that have shaped chemical
biology and at the same time still contribute to its rapid transformation. These two
concepts are bioorthogonal chemistry and the methodology for the introduction
of xenobiotic groups into all classes of common biomolecules, often to enable the
implementation of the former to complex biological systems and research questions.
In Chapter 2 the proof-of-concept of the new strategy for the selective and sitespecific introduction of a bioorthogonal handle into proteins is demonstrated. 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 (strept)
avidin-biotin system, the membrane located biotin binding protein BioY, an S-component of
the ECF small molecule membrane transporter complex, was modified with the azide and
visualised via fluorescence.
In Chapter 3 the strategy of the targeted diazotransfer method for protein labelling
is extended to an analytical method suitable for target deconvolution. This approach is
based on chemical enrichment of azide bearing molecules via copper catalysed alkyneazide cycloaddition (CuAAC), employing an immobilized cleavable linker. The linker was
synthesized around a triazene motif. The approach is combined with modern tandem mass
spectrometry for the subsequent protein analysis. The capture-and-release strategy with
the bifunctional linker was coined clinker pull down (clinker: a clickable and cleavable linker).
In this way diazotransfer 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 azide bearing peptides originating from an enzymatic digest of
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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.
In Chapter 4 the targeted diazotransfer concept is transferred to a second probeprotein pair. The zinc containing model protein carbonic anhydrase II was targeted by a
probe bearing the benzenesulphonamide moiety as ligand. A set of probes, termed DtBSu-n,
was used to study the probe efficiency and selectivity to its respective protein target in
reaction mixtures like cell lysates. 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. The combined data of the mass spectrometry experiments and the
protein X-ray structures provide evidence for a second probe binding site on the N-terminal
end of the protein, as has been discussed previously in the literature. Additionally, the metal
catalyst that is involved in the diazotransfer reaction was 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.
In Chapter 5 a concept is introduced that goes towards the development of protein
labelling probes with a new strategy. This 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- or alkoxyamine-bearing ligand molecules with aldehyde-bearing
reactive groups in solution, probes can be prepared in a combinatorial manner just prior to
protein labelling applications. This approach potentially allows for a rapid screening of the
best protein-of-interest – protein-labelling-strategy combination. The modular nature of this
approach allows for the construction of probes based on the diazotransfer protein labelling
strategy with different ligand combinations but it can be expanded to other covalent protein
labelling strategies, as well. This technology will lead to a quick initial screening for novel
protein targets.
The presented work demonstrates how the focus on one protein labelling strategy can lead
to the construction and thorough testing of several useful probes; a task that easily fills
four years of research in the lab. The gained insights further aim at the development of
technologies based on targeted diazotransfer probes. The methodological character of the
research presented, opens up doors for applications to answer more challenging biological
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questions, for instance, in the explanation of observed phenotypes in cell culture scans.
A first step towards this goal would be thus the transfer of the targeted diazotransfer
method to cell culture experiments. A step which has already been initiated by the testing
of alternative to and less cytotoxic catalysts than copper. The combined evidence collected
in Chapter 4, hinting at a second ligand binding site in carbonic anhydrase II, which was
already postulated and divisively discussed in literature, was a truly serendipitous finding.
It underpins the benefits of the collection of additional, complementary data sets and
the careful analysis of the obtained results despite a seemingly straight-forward initial
interpretation. Such a drive should always be given room during a focused and stringent
PhD research program.
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6.2 SAMENVATTING
Het onderzoek in dit proefschrift werd uitgevoerd in de Chemische Biologie groep van het
Stratingh Instituut voor Chemie aan de Rijksuniversiteit Groningen. Voorheen had de afdeling
de naam Bio-organische chemie, maar deze is tijdens het vierjarige onderzoekstraject
veranderd. Deze naamsverandering is een van de vele voorbeelden van de trend in de
natuurwetenschappen om interdisciplinair onderzoek te stimuleren. Daarnaast toont het
ook de vergrote waardering van chemici voor het begrijpen van de natuur op moleculair
niveau. Als gevolg van deze trend ontstond een innovatieve onderzoeksomgeving die
als doel heeft het ontwikkelen van nieuwe technieken die gebruikt kunnen worden om
prangende vragen betreffende moleculaire mechanismen die de basis vormen van het leven
te beantwoorden.
Een hoeksteen van deze nieuwe interdisciplinaire benadering was het overbrengen
van kennis over en het ontwikkelen van chemische methoden die gebruikt kunnen
worden door levenswetenschappers. Met andere woorden, het verschaffen van de
moleculaire gereedschappen die nodig zijn om de onderliggende mechanistische vragen
te beantwoorden. Een van deze nieuwe methodologieën is bioorthogonale chemie. Het is
gebaseerd op het idee dat bepaalde chemische functionele groepen, ondanks welbekend
bij chemici, simpelweg niet voorkomen in de natuur. In sommige gevallen komen deze
xenobiotische chemische groepen voor in koppels van reactiepartners die selectief met
elkaar reageren, maar chemisch inert zijn voor de vele andere processen in de cel. Deze
koppels maken uiteindelijk het toepassen van bioorthogonale chemie mogelijk.
De azide is een voorbeeld van een dergelijke bioorthogonale chemische groep. Ze kan gezien
worden als een chemoselectief handvat in complexe media die probleemloos reageert
met eindstandige alkynen, alkynen met hoge ringspanning en met fosfine reagentia.
IInherent aan de strategie is dat xenobiotische groepen niet in de specifieke biologische
context voorkomen. Daarom is een van de grote uitdagingen in bio-orthogonale chemie het
inbouwen van dergelijke groepen in biomoleculen. Het idee achter het in dit proefschrift
beschreven onderzoek is het chemisch introduceren van een azide groep aan eiwitten door
het gebruik van een kleine moleculaire probes. Dergelijke probes zijn uitermate geschikt om
specifieke eiwitten te bestuderen in een complexe experimentele context. Vele eiwitten,
maar vooral enzymen, binden selectief chemische liganden selectief en dit kan gebruikt
worden voor de om een reactieve groep in de nabijheid van een eiwit te brengen. Door
een probe te ontwikkelen met aan een uiteinde van een ligand en het andere uiteinde een
reactieve groep kunnen doeleiwitten heel specifiek worden veranderd. In het geval van het
onderzoek in dit proefschrift is gebruik gemaakt van het diazo-transfer reagens imidazole-1186

sulfonyl azide, welke gekoppeld is aan een sturende groep (zoals een ligand). De verkregen
probes zullen het mogelijk maken een specifieke diazo-overdracht plaats te laten vinden
van de probe naar primaire aminen in de eiwitten, waarbij het amine wordt omgezet in een
azide. Deze primaire aminen komen voor op lysine zijketens en de N-terminus van eiwitten.
Het doel van de introductie (hoofdstuk 1) is om de lezer het vermogen te geven
om het gepresenteerde onderzoek (hoofdstukken 2 - 5) in een bredere historische verband
te plaatsen. Het beschrijft het ontstaan van het chemische biologie onderzoeksveld als een
onafhankelijke stroming tussen de klassieke natuurwetenschappen zoals natuurkunde,
scheikunde en biologie. De focus is gelegd op twee belangrijke concepten die de chemische
biologie vorm hebben gegeven en op hetzelfde moment nog steeds bijdragen aan de snelle
ontwikkeling. Deze twee concepten zijn bioorthogonale chemie en de methodologie voor
het introduceren van xenobiotische groepen in alle klasses van algemene biomoleculen,
vaak om het eerste concept te implementeren in complexe biologische systemen.
In hoofdstuk 2 wordt een nieuwe strategie voor het selectief en specifiek
introduceren van een bioorthogonaal handvat in eiwitten beschreven. Gebaseerd op het
diazo-transfer reagens imidazole-1-sulfonyl azide werd een nieuwe probe ontwikkeld. Het
ontwerp van de probe is gebaseerd op het verbinden van dit reagens met biotine als ligand.
Met de daaruit verkregen probe DtBio werden verschillende biotine bindende eiwitten
gefunctionaliseerd met de azide groep. Dit voorbeeld introduceert een nieuwe klasse van
eiwit markerende probes; de ligand-gestuurde diazo-transfer reagentia. In deze context is
de probe een combinatie van het ligand gestuurde eiwit labeling en bioorthogonale chemie
voor eiwit manipulatie/aanpassing in complexe biologische context. Naast het alom bekende
(strept)avidine-biotine systeem, kon het in het membraan voorkomende biotine bindende
eiweit BioY (een S-component van het extracellulaire vocht transport complex) met de azide
worden gemodificeerd en gevisualiseerd door middel van fluorescentie.
In hoofdstuk 3 wordt de strategie van de ligand gestuurde diazo-transfer methode
voor eiwit labelling uitgebreid tot een analytische methode die geschikt is voor identificatie
van eiwitten. Deze benadering is gebasseerd op chemische verrijking van azide dragende
moleculen via koper gekatalyseerde alkyn-azide cycloadditie (CuAAC) met afsplitsbare
alkyn gefunctionaliseerde vaste dragers. Om de verrijkte peptiden af te splitsen werd
er een triazeen motief ingebouwd tussen de vaste drager en het alkyn. De methode is
gecombineerd met moderne tandem massa spectrometrie voor de eiwit analyse. De
ontwikkelde strategie werd clinker pull down genoemd. Met deze methode kunnen diazotransfer plekken op het eiwit op peptide niveau geïdentificeerd worden. De combinatie van
een eiwit selectieve diazo-transfer reactie met de DtBio probe en een chemische verrijking
van de azide bevattende peptides maken het mogelijk om precies en snel de modificatieplek
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te identificeren. De strategie werd met succes gebruikt op het in hoofdstuk 2 beschreven
doelwit streptavidin en een nieuw doelwit van de DtBio probe, namelijk the biotine ligase
BirA. Niet alleen maakt de beschreven techniek identificatie van de eiwitten die aan andere
liganden/remmers binden mogelijk, maar door gebruik te maken van stabiele isotopen
in het clinker fragment kunnen zouden meerdere samples tegelijkertijd moeten kunnen
worden geanalyseerd.
In hoofdstuk 4 werd het diazotransfer concept toegepast op een tweede probe-eiwit
koppel. Door gebruik te maken van een benzeensulfonamide groep als ligand konden probes
ontwikkeld worden voor het zink bevattende model eiwit carbonaatdehydratase II. Een set
van verschillende probes, genaamd DtBSu-n, is gebruikt om de efficiëntie en selectiviteit van
de probes voor het specifieke eiwit te bestuderen. Er werd met name geconcentreerd op
de structurele eigenschappen van de probe-eiwit interacties door middel van experimenten
met fluorescente labelling, tandem massaspectrometrie en structuuropheldering met
Röntgendiffractie. De gecombineerde data van de massaspectrometrie experimenten en de
eiwit Röntgendiffractie geven bewijs voor een tweede probe bindingsplek aan de N-terminus
van het eiwit, zoals eerder in de literatuur is voorgesteld. Daarnaast is het effect van de
katalysator in de diazotransfer reactie verder bestudeerd. De verkregen resultaten tonen
aan dat zink een goed een niet-toxisch alternatief voor koper is in complexere systemen en
deze condities zullen in de toekomst gebruikt kunnen worden met celculturen.
In hoofdstuk 5 wordt een nieuw concept geïntroduceerd voor de ontwikkeling van
eiwit labellende probes. Deze nieuwe strategie is gebasseerd op het bouwen van probes
welke bestaan uit verschillende fragmenten. Dit zou het mogelijk maken om binnen korte
tijd nieuwe eiwit probes te maken. Door hydrazide- of alkoxyamine- dragende liganden
te combineren met aldehydes zouden probes voor het labellen van eiwitten in een
combinatoriële manier gemaakt kunnen worden. Deze aanpak zou tot een snelle identificatie
kunnen leiden van de beste ligand-reactieve groep combinatie voor een interessant eiwit.
De modulaire basis van deze methode maakt het mogelijk om probes te maken gebaseerd
op de diazo-transfer eiwit labelling strategie met verschillende ligand combinaties, maar het
zou ook tot andere strategieën uitgebreid kunnen worden.
Het hierin gepresenteerde werk laat zien hoe de focus op één eiwit-labellings strategie kan
leiden tot de bouw en het veelvuldig testen van verschillende nuttige probes, een taak die
makkelijk vier onderzoeksjaren in het laboratorium kost. De verkregen inzichten richten zich
verder op de ontwikkeling van technologieën gebaseerd op diazotransfer probes. De nieuwe
onderzoeksmethodologieën openen de deur voor toepassingen om ingewikkelde biologische
vragen te beantwoorden, bijvoorbeeld de verklaring van verschillende fenotypen. Het in
hoofdstuk 4 verkregen bewijs dat zinspeelt op een tweede ligand bindingsplek, wat al was
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gepostuleerd en veelvuldig besproken in de literatuur, was een toevallige vinding en laat
zien hoe belangrijk nieuwschierigheidgedreven onderzoek is als deel van een gericht PhD
onderzoeksprogramma.
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continues with the combinatorial probes project, looking forward to publishing. Brenda, the
FBP project we worked on together turned out to be synthetically very challenging and it
was one of the few collaborations that was not completed successfully. Still, I could learn a
lot and I would also like to thank you for that.
The life of a PhD student at RUG would be boring without the energetic support
of bachelor and master students. Remko you were my first student, a very talented and
affable one, that is. After having supervised you, I thought all the rumours about Dutch
students were false (they are not, I was disabused eventually). I hope one day somebody
will complete the proteasome-targeting diazotransfer probes project, it certainly has the
potential. Matthijs, you were working on the synthetic end of the aforementioned FBP
project. It was challenging and I did not have the scientific background to pull it up from
the ground. By the way, patience is a virtue, not exclusively but especially when conducting
science. Lianne and Kathi the time the two of you were around to set the stage for the
combinatorial probes project was a very cheerful one. First, Lianne learnt how to pipette and
develop the assays for probe evaluation then you taught (to learn somebody, is commonly
used by native speakers of Dutch language, but it sounds so awfully wrong) Kathi how to do
it as well, how cool is that? Kathi, your synthesis project was very pleasing to follow up on,
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once shown how to make the haydrazides it was like “another day, another molecule”, I wish
it could be always like that.
I would also like to acknowledge the secretaries and technicians for all the work
that is being done in the background, which, to my understanding, is not always credited
enough. I do not wish to take part in the gossip rounds about stressed out PhD students
that possibly take place during your coffee breaks, haha. Especially, I would like to point out
the continuous help and support from Theodora and towards the end Johan that share my
passion for mass spectrometry. Thank you also Pieter for providing me with the ominous
shigemi tube. You have the type of subtle humour I find especially funny. Also thank you
to everybody working in the magazijn and related facilities, which are run exceptionally
well. Everybody who continuously criticises these services is possibly not aware of how
challenging this is. Thank you Marzia for all the help to the group from your end. It is great
to have somebody around who is so positive, motivated and candid, especially during the
four years of a PhD project.
Yağiz and Andreas, my two paranymphs, I could not imagine finding better ones.
Yağiz we share so many moments together, too many to name a singular one. Discussions
with you were always rewarding, especially because we disagreed often, but we always
managed to be gentlemen about it. I felt honoured that you selected me as your paranymph
and even more so that you agreed to return the favour. Andreas, das erste Mal als wir
miteinander sprachen, wählte ich Englisch, welch ein Fehler, stellte sich doch heraus, dass
dir ein locker-lässiges digga bei Gelegenheit über die Lippen läuft. Ein Glück gibt es Leute wie
dich in Stratingh. Ich wünsche dir, Julia und Matilda nur das Beste für eure Zukunft!
PhD students at Stratingh come in many different flavours; most of which are
rather enjoyable, others turn out to be more challenging to be digested than anticipated.
Still, I had the chance to meet many interesting characters throughout the course of my PhD.
Tiziana, what would the Linnaeusborg terraces be without you and the nice conversations
we had? Milon, once I had prepared lentil soup at home and you dared to try it. Surprisingly,
your face turned into a smile and you said “uhmm, good taste”, I felt really proud for an
entire week after that, you know? One day we will see each other again in West Bengal.
Ramon, thank you for translating my summaries to Dutch. I think working together on the
preparations for Yağiz defence went especially well. Paul, it was a pleasure visiting you in
your home town Rouen in the first year of our PhD, what a pity you missed Hamburg during
the workweek. Nabil, it was great having somebody with a good taste of music in the same
office. Jeffrey, to this day i have not met another chemist who is as passionate and skilled
as you are, a true champion of organic synthesis and therefore a source of inspiration. I
encountered your jokes to be a bit repetitive at times, must be Dutch humour then. Mira,
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we share the same passion for bouldering. Liubov, I am impressed by your diligence. Yun, it
was always rewarding to talk to you on several different topics, especially on the weekends.
Thanks again for the tent. Alwin, thanks for helping with the movie in Saarbrücken. Steven,
you are a very helpful and talented theoretical chemist. Guillaume, partying with you is
always fun. Ruben, I remember meeting up with you in Munich - good times. Gongbao at
the Wageningen conference we realised that we have a close friend in common, how small
is the world?
Thank you also to the Linnaeusborg section of the Feringa group, such a talented
and helpful bunch. Wiktor your name should be mentioned earlier but we never collaborated
on a project. I am impressed how you get so much work done and be so quiet about it. The
Photopharmacology symposium at the UMCG was a personal highlight during my PhD.
I am very happy about the fact that Otto group exists at Stratingh. I always felt connected to
the somewhat edgy and creative humour that goes around there. Must come along with the
conductance of this type of fundamental research, I suppose. Thank you also to everybody
else at Stratingh who enjoys drinking beer and be social.
Doing a PhD at RUG is a special and defining moment in my life. The research
environment the university is creating is unique for its international character, its progressive
thinking and the possibility to set up interdisciplinary collaboration projects with virtually
any other group/institute. The Dutch approach to give a PhD student the status of an
employee equipped with a full-time, four-year contract is another unique feature and a true
virtue, one that need not be given up imprudently. Another special feature besides being
able to do all sorts of sports at ACLO and learn languages at the talencentrum is the USVA
with its brilliant cultural program and courses offered to amateurs and pros alike. I would
also like to thank all the teachers there that I met throughout the years: Johanz, Thomas,
Kees, Ted, Chandler and Roeland.
Stefan, our conversations about journalism, activism and the like in the age of social
media and big data were especially interesting and refreshing to me. Congratulations to
your successful defence. Andreas N., before being able to witness how focussed you pulled
through with the last year of your PhD, I would not have imagined this could be possible;
you opened my eyes. Olmo, you and everybody at Kapteyn made the last year in Groningen
especially cheerful and happy to me.
Schließlich möchte ich noch ganz herzlich meiner gesamten Familie in Deutschland
für die fortdauernde Unterstützung seit dem Beginn des Studiums danken. Es erfüllt mich
mit besonders großer Freude, dass ich viele von Euch auf meiner Verteidigung in Groningen
sehen werde.
Apologies for being incomplete
Groningen, mooi was ‘t, tot de volgende keer!
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