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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 



Carbonic Anhydrase II

111

4

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 sulphamoyl-
benzenecarboxyamides 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).

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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Scheme 1 Synthesis of targeted diazotransfer reagents for carbonic anhydrase. Reagents and 

conditions: (a) EDC*HCl, p-nitrophenol, DMF, rT, 24h (b) histamine, DMF, rT, 16h (c) sulphonylazide 

transfer reagent 8, DMF, 0 °C, 3h (d) step 1: PNP ester in DMF, dropwise addition of amino acid in H2O, 

rT, 24h; step 2: EDC*HCl, DMF rT, 24h.

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 

S
H2N

O

O

O

OH

S
H2N

O

O

O

O

NO2

S
H2N

O

O

O

H
N

N
NH

S
H2N

O

O

O

H
N

N
N S N3

O

O

S
H2N

O

O

O

H
N

O

O

n = 1,2,5

n

NO2

S
H2N

O

O

O

H
N

N
H

O

n

NH
N

S
H2N

O

O

O

H
N

N
H

O

n

N
N

S N3

O

O

a

b

c

d

b

c

3-5

12-14

9-11

2

6

7

N
N S

O

O

N3

SBA

N
N S

O

O

N3

15

8



Chapter 4

114

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).

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.

4.2.3 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 azide-
bearing 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 protein-
inhibitor 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-well-
structured 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 van-
der-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 sulphonamide-
based 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.

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.

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 
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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Figure 8 Structures of reagents used in this study.

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%).
1H 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)
13C 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.
1H 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)
13C 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 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 10 (1.10 g, 62%) as pale, off-white powder.
1H 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 
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(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)
13C 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-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.
1H 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)
13C 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. 
1H 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)
13C 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. 
1H 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)
13C 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_BSu-
2 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. 
1H 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)
13C 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. 
1H 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)
13C 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 
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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.
1H 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)
13C 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.
1H 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)
13C 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.
1H 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)
13C 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 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 5 (17 mg, 34%) as white powder.
1H 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)
13C 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-(3-
dimethylaminopropyl)-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%).
1H 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)
13C 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 DBCO-
TAMRA 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(3-
hydroxypropyltriazolylmethyl)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. MeO-
PEG-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 (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 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
Unit-cell Parameters
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)
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Table 2 Refinement statistics

bCAII_SH0 bCAII_SH1 bCAII_SH2
Refinement  

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
Number of atoms
Protein 2048 2083 2063
Ligands 29 41 41
Solvent 176 246 212
B-factors
Protein 21.4 16.9 19.4
Ligands 30.3 26.3 44.9
Solvent 48.3 40.4 42.8
RMSD.

Bond lengths (Å) 0.01 0.01 0.01
Bond angles (°) 1.47 1.71 1.73

Rfree is the R-factor calculated with 5% of the reflections excluded from the refinement.
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