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Abstract

Carbonic anhydrases are popular model proteins to evaluate the suitability of ligand-

directed protein labeling strategies. We recently employed bovine carbonic anhydrase II

as a prototypical target to develop a novel strategy for the in situ preparation of protein

labeling reagents. During these studies, we observed that copper is an efficient catalyst

for diazotransfer labeling. We here report a detailed study towards the site selectivity

of copper-dependent diazotransfer labeling of carbonic anhydrase. Using a set of probes

that varied in linker length between the benzenesulfonamide ligand and the diazotransfer

group, we mapped the probe binding sites. Tandem mass spectrometry revealed that

four lysine residues are modified by the probes. Analysis of the protein–probe com-

plexes with protein crystallography revealed that two of these residues are within reach

when the probe is bound to the catalytic site of the enzyme. However, the other two

residues are positioned further away and are located in a proposed N-terminal binding

site, suggesting that the probes may also interact with the protein at this site. In silico

docking studies further corroborated this hypothesis. Overall, this study demonstrates

how ligand-directed diazotranfer reagents can inform on binding sites, and should find

application in complementing X-ray and NMR-based structural studies to clarify binding

pockets where a drug binds its targets.

Introduction

α-Carbonic anhydrases (α-CA) catalyze in vivo the reversible hydration of CO2 [1]. The

structural and biophysical properties of members of this enzyme family, in particular

human carbonic anhydrase II (hCAII) and, to a lesser extent, its bovine homolog bCAII

(80% sequence identity), have been studied in detail with protein crystallography. The

active site of α-carbonic anhydrases hCAII and bCAII contains a zinc ion, which is

essential for catalysis. This zinc ion coordinates to three conserved histidines at the

apex of a spacious conical (funnel-like) active site. The fourth coordination site on zinc

is occupied by a hydroxide ion resulting in a tetrahedral coordination geometry [2]. Many

of the reported CA inhibitors, including the arylsulfonamides, displace the hydroxide ion
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in the active site of the holoenzyme [3]. As such, coordination of the anionic nitrogen of

sulfonamide inhibitors to Zn2+ inhibits enzyme activity. The remainder of the inhibitor

is usually pointing towards the front end of the active site funnel, where it can undergo

several additional interactions with the protein.

By virtue of the ample structural information, sulfonamide ligands in combination with

commercially available CAs are commonly employed in chemical biology, for example,

to study protein–ligand interactions [4], to pioneer targeted proteolysis methods [5,6],

and to evaluate novel protein-labeling strategies [7–13]. We recently employed the CA-

sulfonamide system to assess the feasibility of preparing ligand-directed protein-labeling

reagents in situ [14]. We condensed a benzenesulfonamide (BS) ligand to a panel of

reactive groups using acylhydrazone chemistry. Binding of the BS ligand to the protein’s

active site should target the reagent to bCAII, thereby facilitating a proximity-driven

reaction between the reactive group and the protein and thus enhancing the efficiency,

selectivity and site-specificity of the reagent. Among the introduced reactive groups was

a diazotransfer (Dt) reagent. Dt reagents convert amino groups of proteins (lysines, N-

terminus) into azides [15].

We previously showed that ligand-directed diazotransfer (LDDt) can be used to in-

troduce azides on protein targets selectively (Figure 1A) [16,17]. Tethering a Dt group

to the BS ligand gave LDDt probe 1, which indeed labeled bCAII (Figure 1B). To our

surprise, other Dt reagents containing a ligand moiety that is not known to bind to the

active-site of bCAII also modified this protein, when copper (II) was included in the la-

beling mixture. Copper (II) has been shown to promote the diazotransfer reaction [18].

However, the added copper neither induced bCAII labeling by all Dt probes nor did it

induce prominent off-target labeling of the other proteins in the mixture. Therefore, it

is less likely that the observed labeling of bCAII is merely the result of the increased

reactivity of the Dt reagent in the presence of the metal catalyst.

These results suggest that the off-target labeling is specific to bCAII. The added

copper can affect the outcome of the labeling reactions in different ways. First of all,

the exogenously added copper might exchange the metal ion cofactor in the active site

of metalloenzymes, like CA [19-21]. This so-called metal ion transfer (MIT) can have

a pronounced effect on the coordination geometry and the overall conformation of the
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protein [22-24]. MIT may therefore alter the binding affinity to a ligand [25] and it will

thus likely affect the labeling selectivity, site-specificity and efficiency of the LDDt. The

off- target labeling might also be caused by sequestering of copper (II) ions by histidine-

rich sequences, exposed cysteine residues and amino terminal copper- and nickel-binding

(ATCUN) motifs [26,27]. In particular, the conserved N-terminal region of bCAII, which

contains five histidine residues (His2, His3, His8, His14, His16; amino acid numbering

according to crystal structure sequence), could serve as a copper binding site [28]. High

local concentrations of copper on the protein may promote the diazotransfer reaction to

bCAII, independent of the targeting moiety of the LDDt. A third hypothesis is that the

LDDts bind to a putative second amenable binding pocket within the N-terminal region

of CAII.

Previous studies have indicated that inhibitors may bind at that site [29,30]. The

strongest evidence for the existence of a second binding pocket comes from studies con-

ducted by Srivastava and co-workers on bidentate inhibitors. Iminodiacetate-copper(II)

complexes functionalized with a BS ligand did not only bind to the active-site, but they

also bound to the N-terminal region, as evidenced by X-ray crystallography. The interac-

tions between the copper ion bearing moiety of the inhibitors and the N-terminal metal

binding site in combination with further interactions between the sulfonamide ligand

moiety and the protein at an adjacent site seem to promote binding of the inhibitors in

this region [30]. However, the existence of this second binding site has been debated [4].

With the aim to gain insight into what factors play a role in the copper-induced

labeling of CA, we applied a combination of chemical proteomics, X-ray crystallography

and in silico docking methods. These results enabled mapping of the binding sites of

LDDt probes on bCAII. We here report the outcome of this study.
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Figure 1. LDDt probes install azides onto proteins of interest. (A) Schematic representation of

proximity-driven modification of proteins by LDDt reagents, (B) Structure of the diazotransfer probe 1

prepared in situ for bCAII.

Results and discussion

Design and synthesis of the probes

Primary amines of proteins function as acceptor sites for diazotransfer reagents [15].

Counting the N-terminal amine, bCAII contains 19 amino groups that can react with the

LDDt. We reasoned, based on past results with LDDt probes [17], that the diazotransfer

probes exclusively modify those amines that are within linker length reach of their binding

pocket. In case of bCAII, this also includes the N-terminus [2]. Probes containing a short

linker should therefore only react with amino groups in close proximity of the binding

site, while the probes with longer linkers should also modify residues that are more

distant. By varying the linker length, the binding site may thus be mapped. Therefore,

we prepared Dt-BS 2, which lacks a spacer. We increased the distance between the

Dt group and the BS ligand by introducing a glycine (Gly), a β-alanine (βAla) or an

ε-aminohexanoic acid (Ahx) spacer, which yielded Dt-Gly-BS 3, Dt-βAla-BS 4 and Dt-

Ahx-BS 5 as probes, respectively. To circumvent potential labeling artefacts that could

occur when forming the probes in situ, we decided to covalently link the diazotransfer

group to the benzenesulfonamide (Figure 2). As a control reagent for the targeting

effect of the BS ligand, we used imidazole sulfonyl azide 6.

The synthesis of the probes 2–5 commenced with the preparation of activated ester

7 from sulfamoylbenzoic acid and p-nitrophenol using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC) as coupling reagent. Activated ester 7 was converted into

LDDt probe 2 by condensing it to histamine and by reacting the resulting histamine
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Figure 2. Mapping of the probe binding sites on bCAII with LDDt probes. (A) Schematic representation

depicting how the linker length affects the residues that can be modified by the probe. Amino groups

within the orange line will solely be modified by probes with a long linker between the ligand and the

Dt group, while residues within the red line will be modified by probes with a short linker and by probes

with a long linker. (B) Structures of the LDDt probe series 2–5 and the non-targeted control reagent

imidazole-1-sulfonylazide (6) used in this study.

adduct 8 with sulfonylazide transfer reagent 9. To synthesize probes 3–5, ester 7 was

first coupled to Gly, βAla or Ahx. 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 10–12 were coupled to histamine to yield the intermediates

13–15, after which they were converted into the LDDt reagents 3–5 using 9 (Scheme

1).

Affinity-based labeling of bCAII with LDDt probes 2–5

We next assessed whether these reagents modify bCAII selectively in the presence of

Ovalbumin (OVA). The linker length in Dt-Ahx-BS 5 exactly matches that of the dia-

zotransfer probe 1 prepared in situ and we therefore performed the first set of labeling

experiments with this probe [14]. We incubated a mixture of bCAII and OVA with

5 and subsequently functionalized the azide containing proteins either with BODIPY-

alkyne 16 or with biotin-alkyne 17. Both in the in-gel fluorescence scan (Figure 3A)

and the Western blot (Figure S1) we observed selective diazotransfer from Dt-Ahx-BS
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Scheme 1. Synthesis of LDDt reagents 2–5. Reagents and conditions: (a) EDC*HCl, p- nitrophenol,

DMF, rT, 24 h (b) histamine, DMF, rT, 16h (c) sulfonylazide transfer reagent 9, DMF, 0oC , 3 h (d)

step 1: PNP ester in DMF, dropwise addition of amino acid in H2O, rT, 24 h; step 2: EDC*HCl, DMF

rT, 24 h.

5 to its target. Targeting could be blocked by heat-inactivation or adding a competitor

(sulfamoylbenzoic acid, SBA, Ki = 270nM) [31].

Furthermore, non-targeted diazotransfer reagent 6 labeled carbonic anhydrase less

efficiently than benzenesulfonamide probe 5, indicating that the diazotransfer reagents

are not solely sequestered by the bound metal catalyst and that the presence of the

ligand increases labeling efficiency. Labeling is copper-, time- and probe- concentration

dependent (Figure S2). The optimal signal-to-noise ratio was achieved when using a

protein-to-probe ratio of 1-to-5. The intensity of the bCAII signal reached a plateau after

30 minutes of labeling and as little as 10µM copper catalyzed the labeling reaction. Dual

labeling experiments with DtBio 18 and Dt-Ahx-BS 5 on a mixture of OVA, streptavidin

(Strp) and bCAII further confirmed the targeting effect of the BS ligand. Incubating

the protein mixture either with a stoichiometric amount of DtBio 18 (Figure 2B, lane

1) or with a fivefold excess of Dt-Ahx-BS 5 (Figure 2B, lane 2) led to exclusive labeling

of the respective target proteins. We only observed dual labeling when we added both

compounds to the protein mixture and in all cases, OVA was left untouched (Figure

3B, lane 3). The diazotransfer reagents DtBio 18 and Dt-Ahx-BS 5 do not show cross

reactivity under these conditions (i.e., Strp reacts only with diazotransfer reagent 18 and
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bCAII reacts only with 5). We then evaluated the efficiency of the reaction by clicking the

modified protein to a 5 kDa PEG-alkyne (Figure 3C). This results in a migratory shift in

the SDS-PAGE analysis. Incubating bCAII with different probe concentrations revealed

that, at 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). The presence of several

bands in the gel with increasing molecular weight at increasing probe concentrations

demonstrates further, that multiple sites of bCAII are labeled, i.e., serve as diazotransfer

acceptor sites.

Figure 3. Labeling of bovine carbonic anhydrase II with ligand-directed diazotransfer reagent Dt-Ahx-

BS 5. (A) Selective labeling of bCAII in a mixture of OVA and bCAII using fluorophore 16 as read-out.

(B) Selective labeling of bCAII and Strp in a three-protein mixture using the two LDDt reagents 18

and 5 for labeling and the fluorophore 16 as read-out. (C) Gel-shift assay after bCAII-PEG conjugation.

(D) Structure of fluorophore 16 and DtBio 18.

To establish the effect of the linker length between the ligand moiety and the reactive

group, we labeled decreasing amounts of bCAII with LDDt reagents 2–5. Again, we

visualized the labeled proteins with BODIPY-alkyne 16. Comparison of the fluorescence

signals allowed us to determine the labeling efficiency and selectivity of the different

probes for bCAII against a simple background of OVA (Figure 4A) or a more complex

Bacillus subtilis cell-lysate (Figure 4B). Of the synthesized probes, Dt-Gly-BS 3 and

Dt-βAla-BS 4, which contain a glycine or a ε-alanine linker, respectively, labeled bCAII

most efficiently. Approximately 10ng of protein could still be detected using these probes

even in a full lysate context, while the other probes (Dt-BS 2 and Dt-Ahx-BS 5) have a

detection limit of 50ng. Furthermore, the fluorescent signal for the samples containing
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100ng of bCAII labeled with Dt-Gly-BS 3 and Dt-βAla-BS 4 is more intense than for the

other probes. All probes do label several endogenous proteins in the B. subtilis lysates,

as judged from the comparison with the DMSO control.

Figure 4. Effect of the linker length in the LDDt reagents 2–5 on the labeling efficiency and selectivity

for bCAII. (A) A mixture of OVA and increasing amounts of bCAII were incubated with the LDDt probe

series and visualized with in-gel fluorescence.(B) Increasing amounts of bCAII spiked-in B. subtilis cell

lysate were incubated with LDDt probe series and visualized with in-gel fluorescence. For full gel images

see Figure S4.
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Mapping the binding site of the probes with mass spec-

trometry

To explain the large differences in labeling efficiencies between the probes, we mapped

the probe binding sites by identifying the amino acid residues that reacted with Dt-Gly-

BS 3 or Dt-Ahx-BS 5. We analyzed the complete digest of bCAII that had been treated

with either of the probes with nano liquid chromatography tandem mass spectrometry

(nLC-MS/MS). With an overall sequence coverage of 84%, only one tryptic peptide of

carbonic anhydrase II could not be detected. This amounts to 17 out of the 18 lysine

amino acids being covered. The 41 amino acid long peptide that we failed to detect falls

outside the set parameters for the mass-spectrometer measurements with a prospected

charge of +2 and a resulting mass of 2298 m/z. The search results identified lysine

residues Lys8, Lys17, Lys168 and also potentially Lys166 to be modified by Dt-Ahx-BS

5 (Figure 5A, B; Figure S5). All of these are positioned in proximity to the active-site.

Lysines Lys166 and Lys168 are located in a sequential triad composed of three lysine

residues separated by one amino acid each (-IKTKGKS-). Lysine residue Lys168 of

this triad is commonly found to be modified by amine reactive ligand-directed labeling

reagents [11,12]. The third lysine of this triad, Lys170, could be another potential

diazotransfer acceptor candidate, but the experimental settings preclude the detection

of a modification of this residue. The azidolysine residue that is formed upon reaction

with the probe lacks a positive charge and is thus not recognized by trypsin. This

charge elimination results in an essential missed cleavage site. In the case of modified

Lys170, amino acids 169 and 170 are added to the undetected large tryptic fragment and

consequently, modified Lys170 falls outside the set parameters for the mass-spectrometer

measurements.

The other two modified lysine residues –Lys8 and Lys17– are located near the N-

terminus and form part of an intrinsically unstructured region containing a short alpha

helical section. Interestingly, the same residues were found to be modified by Dt-Gly-BS

3, which bears a shorter linker. To control for ligand independent labeling, we performed

the same experiment with diazotransfer reagent 6. Besides lysine residues Lys17, Lys166

and Lys168, this non-targeted reagent modified another eight residues outside the active-

site crest at seemingly random places of the globular structure of bCAII (Figure 5A, B;
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orange color). Preferential labeling of these sites by 6 may be explained by differences in

the chemical micro-environment at the respective site that lower the pKa of the ε-amino

group.

Figure 5. Dt-Ahx-BS 5 modifies bCAII upon binding, several primary amines on the active-site crest

function as diazotransfer acceptors. (A) View of a cartoon model based on secondary structural elements

of bovine Carbonic anhydrase II, modelled after a published crystal structure (PDB: 1V9E), facing the

protein’s side with respect to the active-site and rotating the protein by 180o around the x-axis: protein

in blue, unmodified lysine side chains in purple, targeted modification sites in green (lysines) and salmon

(N-terminus), non-targeted modification sites in orange. The sequence coverage is 84% omitting one

peptide containing one lysine (Lys211) due to high mass exclusion. (B) Surface area depiction of bCAII

based on the same crystal structure, here top view with respect to the active-site. Probe-modified

amino acids are highlighted. (C) Bottom view of bCAII as surface, highlighting lysine side chains that

are unmodified during the labeling experiments (purple), or modified by the non-targeted reagent 6

(orange).

We expectedly did not identify the N-terminus of extracted erythrocytic bCAII as being

modified by the probes, because the N-terminal amine is acetylated. However, N-terminal
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labeling could not be evidenced in the MS/MS analysis of the recombinant enzyme either,

even though bCAII expressed in E. coli does not carry the posttranslational modification.

To reduce the background of the measurement and to improve the ionization of the

modified peptides, we enriched the tryptic digest with our recently reported clinker

beads [16]. Analysis of the released material facilitated straightforward identification of

the same modified peptides as the complete digest (S1 Table). Moreover, it confirmed

that the N-terminus of recombinant bCAII can be modified by Dt-Ahx-BS 5 (Figure S5),

albeit in low proportion. The low efficiency might be explained by its location within

the flexible N-terminal region according to its crystal structure. Unlike the conformation

observed in the X-ray crystal structure [2], the terminus might be pointing away from

the active-site when in solution. Also binding of copper to the N-terminal domain of

bCAII might have an effect on the labeling efficiency of the N-terminal amine [28].

Mode of probe binding

Having identified the modified residues, we next studied the binding mode of the probes in

further detail using X-ray crystallography. The use of probes 2–5 could potentially result

in ambiguous electron density data sets, since they reacted with bCAII within 30 minutes.

Therefore, we employed the histamine precursors 8, 13 and 14 as model compounds in

the structure elucidation experiments. Protein crystals, obtained with the sitting drop

method from a precipitant solution containing 5 mM copper(II), were soaked with 8, 13

or 14, and the thus obtained crystalline protein–inhibitor complexes were analyzed. The

overall fold of the co-crystal structures of bCAII bound to ligands 8 (6SKT), 13 (6SKS)

and 14 (6SKV) is comparable to the original reported fold (1V9E) [2]. The protein

has an ellipsoidal shape with a spacious conical active-site at its center. The shape

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 protein fold (Figure

6A). Despite the precipitant’s high copper concentration, no change in coordination

geometry of the active-site metal could be observed. Therefore, metal ion transfer at

the active-site can be ruled out.
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The observed binding poses of model compounds 8, 13 and 14 inside bCAII also share

similarities with those reported for other sulfonamide inhibitors [32–35]. The nitrogen

of the benzenesulfonamide coordinates to the catalytic zinc atom. Furthermore, there

are two hydrogen bonds between the sulfonamide group and the gate-keeper threonine

Thr197, thereby forming the basis for the strong interaction between sulfonamide-based

inhibitors and carbonic anhydrase II [36]. The tails of 8, 13 and 14 point towards the

so-called hydrophobic wall of the active-site of bCAII, where they form van der Waals

interactions with a cluster of hydrophobic amino acids [37]. The X-ray structures of

bCAII in complex with 8, 13 and 14 also revealed distinctions between binding poses of

these molecules, the most prominent being the orientation of the imidazole moiety. The

imidazole of compounds 13 and 14 binds inside a pocket located between the hydrophobic

wall and the opposing hydrophilic face of the active-site. The imidazole of 8 binds in an

adjacent pocket that is separated by the protruding amino acid Phe129. The differences

in orientation are likely due to (1) the second amide bond present in 13 and 14, which

allows for additional hydrogen-bond interactions with the protein, and (2) 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 funnel (Figure 6B) [38,39].

All modified lysine residues are located on the side of the hydrophilic face above the

active-site crest. Based on the most prominent binding mode, the modified lysine residues

seem out of reach of the probes. However, the less structured electron densities for the

tail regions of 13 and 14 indicate that the part of the probes from the first amide bond

upwards has higher degrees of freedom within the protein active-site. These results are

in line with previous observations that increasing the tail length of sulfonamide inhibitors

can induce an increased motility of the tail [40] as well as increased protein dynamics

[41,42]. With this flexibility, the modification of Lys166/168 and the N-terminal amine

may be explained. Also, the difference in the labeling efficiency between the different

probes 2–4 can be inferred from a better orientation of the probe’s reactive group towards

the modified residues once bound to the protein.

From the crystal structure, it is less evident how LDDt probes bound at the active-site

can modify Lys8 and Lys17. Even when taking into consideration that the probes may

freely rotate and that the N-terminal region, according to the B-factor of the crystal
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structure, has a less rigid conformation with fewer secondary structural elements, these

lysine residues seem out of reach of the Dt group. However, the reactive group would

be in the proximity of lysines Lys8 and Lys17, if the copper catalyst enhances or even

triggers binding of the LDDt probes to the N-terminal region just outside the active-site

of bCAII, as has previously been reported for other sulfonamide inhibitors. All three of the

crystal structures show two additional copper ions bound near this second putative probe

binding site [30]. One copper ion (Cu1) coordinates to residues His3, His14 and Asp18;

the second copper ion (Cu2) coordinates to His2 and His63 (there are two conformers

observable for this copper ion in structure 6SKS and 6SKV, as previously reported) [23].

From analysis of the overlay of the crystal structure 6SKT with the reported ligand-

free structure 1V9E, we noticed a decisive local difference in the protein conformation

(Figure 6C). In crystal structure 6SKT, His14 has undergone a small movement to harbor

binding of the copper ion (Cu1). This opens up a space in which a water molecule is

now encountered that cannot be observed in the original copper-free structure (1V9E).

The water molecule interacts with the peptide backbone of several residues (Gly7, Lys8

and Asn10) inside a loop region of the N-terminus. The side chain of Glu13 in 6SKT has

adapted a different conformation and also interacts with this water molecule, thereby

opening up a cavity that can potentially accommodate the LDDt reagents (Figure 6C,

7B). Judging from the electron density of Glu13 both in the original copper-free structure

(1V9E) and in the here reported crystal structure 6SKT, the side chain of Glu13 has

a certain degree of flexibility concerning its conformation. Therefore, the pocket as

observed in 6SKT may be in equilibrium with the closed conformation as in 1V9E, even

when Cu1 is bound to the N-terminus of bCAII. Moreover, from this data set it cannot

be ruled out that the pocket may open in the absence of the copper ion.

The fact that this putative second probe binding site is not occupied in the crystal

structures, despite the high copper (5mM) and inhibitor (10mM) concentration during

the crystal forming and inhibitor soaking steps, respectively, can point to a low affinity

binding site. Yet, this affinity may still suffice for benzenesulfonamide-based ligands to

bind here, so that the Dt group can engage in the site specific diazotransfer event in

solution at probe concentrations as low as 10µM. An alternative reason why our crystal

structures do not contain a second ligand in this putative binding site may be that the

experimental settings exclude a second ligand binding event during crystal soaking. The
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Figure 6. Crystal structures of bCAII bound to probe precursors 8, 13 and 14. (A) Ribbon representation

of bCAII along with the precursors 8, 13 and 14. The three ligand molecules (khaki 8, green 13, dark

cyan 14) are superposed and shown within the protein crystal structure of bCAII obtained for 8 (6SKT).

(B) Surface representation of the active site of bCAII (red: hydrophobic face, blue: hydrophilic face).

(C) Superimposition of the two crystal structures: ligand-free (PDB: 1V9E) and the co-crystal structure

of 8 (6SKT). The surface of the co-crystal structure is shown in grey, the surface of the original structure

is shown in salmon to depict conformational differences of the relevant side chains. The residues that

accommodate the first copper ion (Cu1) His3, His14 and Asp18 as well as Glu13 are colored in green

for the co-crystal structure and in orange for 1V9E.
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N-terminal region is in close contact to the next protein molecule within the crystal

lattice, permitting fewer degrees of freedom compared to being in solution.

Figure 7. Crystal structure of bCAII along with the two docking poses of ligand 13. (A) Ribbon

representation of bCAII colored in grey. The docking pose of ligand 13 is depicted in magenta (active

site), or in yellow (N-terminal binding site). (B) Surface representation of the protein’s N-terminal

region harboring 13 in a calculated pose according to in silico docking. The ligand is accommodated

inside the ‘open’ pocket, created by the movement of Glu13. The side chains Lys8, Lys17, Lys168 as

well as the Glu13 are depicted in green.

To get an indication of whether the LDDt reagents can bind in this pocket, we per-

formed molecular docking both on the crystal structure of bCAII bound to histamine pre-

cursor 8 (6SKT) and on the original reported protein crystal structure (1V9E). The LDDt

reagents failed to dock in the newly identified pocket, potentially because of the unusual

imidazole sulfonyl azide moiety of which the properties have not been well-documented

in the docking software. This reasoning is further supported by the observation that we

were unable to dock the LDDt reagents in the active-site. Gratifyingly, histamine pre-

38



3

cursors 8, 13, and 14 were predicted to bind to the newly identified pocket, albeit with

low affinities. Two predominant binding modes were observed (Figure 7, S6). In the first

binding pose, the imidazole of the histamine precursor is pointing towards the direction

of Lys8, while the ligand in the second pose extends towards Lys17. Importantly, the

histamine precursor 13 exhibits no binding in the same N-terminal region of the structure

of the original ligand-free protein (1V9E). Extrapolation of the docking results to the

diazotransfer probes suggests that binding of copper(II) ions to the N-terminal region of

bCAII may indeed promote the emergence of a novel pocket in which the LDDt reagents

can bind. Binding to this pocket brings the Dt group in close proximity of lysine residues

Lys8 and Lys17 where the diazotransfer takes place.

Conclusion

In summary, we prepared a set of ligand-directed diazotransfer probes that successfully

label bovine carbonic anhydrase II (bCAII). We used these LDDt probes to study the

effect of copper on probe binding and labeling. Mass spectrometry revealed that these

probes modified lysine residues Lys8, Lys17, Lys166 and Lys168. The X-ray crystallog-

raphy structural studies of the probe–protein interaction reveal a tight binding of the

benzenesulfonamide ligand moiety of the probes via zinc coordination to the active-site

of bovine carbonic anhydrase II. In the most prominent probe conformation, according

to the recorded electron density, the tail is oriented towards the hydrophobic face of

the active-site and thereby it is pointing away from the modified lysine residues. The

reaching of lysine Lys166 and Lys168 are likely to be explained by flexibility within the

probe and the protein active-site. The binding-dependent diazotransfer to lysines Lys8

and Lys17, however, can only be explained by the existence of a second binding pocket

within the flexible region of the N-terminus. The crystal structures reveal that coordina-

tion of copper to the protein’s N-terminus leads to a local conformational change. The

probe molecules may bind to the novel binding pocket that is observed in the copper

bound structure. The combination of binding of the probe to this pocket and activation

of the reactive group by copper may be sufficient to enable labeling of the Lys8 and

Lys17, even when the binding affinities are in the millimolar range.
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This study is an example where chemical biology methods, X-ray crystallography and

protein tandem mass spectrometry are complementary techniques to give more insight

into the protein–probe interactions. This ligand-directed diazotransfer probe-scan helps

to understand more precisely the ways a protein interacts with ligands. It should find

application notably to help and identify catalytic or allosteric binding sites whose en-

gagement modulate the function of proteins.

Methods

General procedures labeling, gel electrophoresis and de-

tection of the labeled proteins

For a typical labeling reactions, the target protein and carrier protein were dissolved in

18.5µL. To this is added the probe (0.5µL) and the metal catalyst (1µL). The final

volume of a typical labeling reaction is 20µL and the final concentrations are bCAII

1-10µM; probe 10-25µM; catalyst: 10µM - 1mM. The volumes and amount in brackets

are the amount and the concentration of the stock solution added.

All the labeling reactions were quenched by adding sample buffer (5µL of a 5 times

stock) and denaturing for 10min at 95oC prior to gel electrophoresis unless stated oth-

erwise. The proteins were separated on Laemmli type SDS-PAGE gels according to

standard literature procedures [43]. Gels were prepared using acrylamide-bis ready-to-

use solution 40% (37.5:1) (Merck Millipore) and electrophoresis was performed on a

Mini-PROTEAN Tetra cell (Bio-Rad). Alternatively, proteins were separated on a Nu-

PAGE Novex 4-12% bis-tris protein gel (Invitrogen) using an X Cell SureLock Mini-Cell

system using MOPS buffer (ThermoFisher Scientific) where indicated. Fluorescently

labeled proteins were detected by fluorescence scanning of wet gel slabs on a typhoon

gel and blot imager 9400, or trio+ model (GE Healthcare) using the CY2 settings

for BODIPY-alkyne 16 (blue laser excitation at 488nm and emission filter at 520nm).

Coomassie staining was carried out with Coomassie Brilliant Blue (CBB) R250 staining

(AMRESCO) according to literature procedures or with colloidal CBB G250 staining
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according to the manufactures protocol (Roti-Blue).

Biotinylated proteins were analysed by Western blot. Proteins were, subsequent to

separation by gel electrophoresis, transferred to a PVDF membrane (GE Healthcare)

using a Bio-Rad Mini Trans-Blot system according to the manufacturer’s protocol. Elec-

troblotting was followed by blocking the membrane with BSA (2.5% (w/v)) in TBS

buffer, and then washing with TBS-T (3 times, 10min). The membrane was probed

with HRP-conjugated streptavidin (ThermoFisher) in TBS-T buffer (1:75,000) contain-

ing BSA (2.5% (w/v)) for 1 hour at room temperature. The chemiluminescence signals

were recorded subsequent to washing with TBS-T buffer (3 times, 10 min) and with TBS

buffer (2 times, 10min), using a ChemiDoc XRS+ system (Bio-Rad) and Clarity West-

ern 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).

Probes and bio-reagents

DtBio and Dt-Xxx-BS were stored at -20oC as solid. Stock solutions (100mM) were pre-

pared in anhydrous DMSO, stored at -20oC 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 appropri-

ate 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 -20oC of

the stock solutions is advisable. Stock solutions of BODIPY-alkyne, Biotin-alkyne were

prepared in DMSO. Stock solutions of CuSO4 and tris(3-hydroxypropyltriazolylmethyl)

amine (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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Protein labeling experiments

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.

For the labeling reactions

Bovine carbonic anhydrase II (5.8µL, 1mg/mL in HEPES) was diluted with HEPES

buffer (12.7µL) containing OVA (5µg). Dt-Ahx-BS 5 (0.5µL, 0.4mM) and Cu(II)SO4

(1µL, 20mM) were added. The labeling mixture was incubated for 1h at rT, after

which BODIPY-alkyne 16 (1µL, 0.575mM in DMSO), THPTA (1µL, 23mM) and sodium

ascorbate (1µL, 46mM) were added. After thorough mixing the reaction was allowed

to stand for 2h at rT in the dark. The reaction was quenched with sample buffer,

separated with SDS-PAGE and analyzed by fluorescent scanning as described in the

general procedures.

The non-targeted diazotransfer experiments were conducted with reagent Dt 6, iden-

tical to those with the targeted probe (0.5µL, 0.4mM or 40mM). For the competition

experiments, sulfamoylbenzoic acid was added to the protein solution (0.5µL, 0.4mM or

40mM) and incubated for 30min at rT prior to addition of the probe. For heat dena-

turing experiments, SDS (1µL, 20% (w/v) in water) was added to the protein solution.

Then, the sample was heated for 10min at 95oC . Once the reaction mixture had cooled

to rT the probe and CuSO4 were added.

For the Western blot

Bovine carbonic anhydrase II (5.8µL, 1mg/mL in HEPES) diluted with HEPES (12.7µL)

was incubated for 1h at rT with Dt-Ahx-BS 5 (0.5µL, 0.4mM) or Dt 15 (0.5µL, 0.4mM)

in the presence of Cu(II)SO4 (1µL, 20mM). Competitor was added as described above.

Subsequently, biotin-alkyne 17 (1µL, 0.575mM), THPTA (1µL, 23mM) and sodium
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ascorbate (1µL, 46mM) were added. After thorough mixing the reaction was allowed to

stand for 2h at rT in the dark. Then reaction was quenched with SB, separated with

SDS-PAGE and analyzed by Western blotting as described in the general procedures.

For the cross reactivity experiment

A mixture of streptavidin (2.65µL, 1 mg/mL in PBS) and bovine carbonic anhydrase II

(5.8µL, 1mg/mL in HEPES) was diluted with PBS (10.05µL) containing OVA (5µg).

DtBio 18 (0.5µL, 0.4mM) and/or Dt-Ahx-BS 5 (0.5µL, 2mM), and finally Cu(II)SO4

(1µL, 20mM) were added and the mixture was incubated for 1h at rT. Then labeled

proteins were conjugated with BODIPY-alkyne 16 and analyzed as described above.

For the PEGylation experiments

Bovine carbonic anhydrase II (5.8µL, 1mg/mL in HEPES) was diluted with HEPES

(13.2µL). To this mixture was added Dt-Ahx-BS 5 (0.5µL, 0.4, 4 and 40mM) and

CuSO4 (0.5µL, 40mM) and the protein was incubated for one hour at room temperature.

MeO-PEG-5000-alkyne (Iris Biotech; 1 µL, 23mM), THPTA (1µL, 46mM) and sodium

ascorbate (1µL, 80mM) were added to the reaction and left for 2h at room temperature,

after which the samples were quenched with SB, separated with SDS-PAGE and analyzed

by coomassie brilliant blue staining as described in the general procedure.

For selectivity experiments

bCAII (100, 50, 25, 10, 5, 2.5ng) dissolved in HEPES (18.5µL) containing OVA (100ng)

or B. subtilis lysate (1mg/mL) was incubated for 1h at rT with LDDt 2, 3, 4, 5 (0.5

µL, 0.4 mM) in the presence of Cu(II)SO4 (1µL, 5 mM). Then BODIPY-alkyne 16

(1µL, 0.575mM), THPTA (1µL, 23 mM) and sodium ascorbate (1µL, 46mM) were

added. After thorough mixing the reaction was allowed to stand for 2h at rT in the dark.

Then sample buffer was quenched with SB, separated with SDS-PAGE and analyzed by

fluorescence scanning as described above.
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Mass spectrometry

Sample preparation and Clinker Pulldown

For the diazotransfer reaction Extracted bCAII (48µL, 0.6mg/mL in HEPES); or bCAII

recombinantly expressed in E.coli (48.0µL, 0.6mg/mL in TRIS buffer (20mM, pH 7.6))

was incubated at rT for 1h with Dt-Gly-BS 3 or Dt-Ahx-BS 5 (1µL, 0.5 or 5mM) in the

presence of CuSO4 (1µL, 50mM). To quench the reaction, LDS sample buffer (15µL,

4 times) containing DTT (50mM) were added and left at rT for 1h. Subsequently, the

samples were split in half and the resulting samples (2 times 30µL) 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 excized and subjected to in-gel tryptic digestion (Promega) according to standard

procedures [44], 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 -20oC 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 HEPES

buffer (26.5µL, 50mM, pH 7.4) and added to clinker beads (10µL, 1µmol/mL clinker

molecule to beads coupling density, in 20µL total volume ethanol, 1:1 slurry). Then

CuSO4 and THPTA were added (1 mM, and 2mM respectively, 1.5µL of a pre-incubated

solution, for prior complex formation, in a ratio of 1:2 from 100mM stock solutions,

each). Finally, ascorbic acid (2µL, 100mM) was added to the reaction. The low binding

plastics microcentrifuge tubes (0.5mL), harboring the reactions, were incubated in an

end-over-end shaker for 16h 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

(20mL) and acetonitrile in water (30%, v/v, 20mL). The peptides were cleaved off

from the resin by adding sequentially a HCl solution (0.1M, 2 x 100µL) and sonicating

for 30 min and then acetonitrile in water (30%, v/v, 50µL). The eluent was collected

by centrifugation in a microcentrifuge tube (0.5mL) after each step and the combined

fractions were dried in a vacuum concentrator and stored at -20oC prior to nLC-MS/MS
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analysis.

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 (100µm x 2 cm, packed in-house with Reprosil-Pur C18-AQ 5µm resin, Dr.

Maisch) at a flow rate of 5µL/min in 100% solvent A (0.1% formic acid, FA, in HPLC

grade water). After 10min of loading and washing, peptides were transferred to an ana-

lytical column (75µm x 40cm, packed in-house with Reprosil-Gold C18, 3µm resin, Dr.

Maisch) and separated at a flow rate of 300nL/min using a 60min 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 2.2kV and a heated capillary temperature

of 275oC. 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 3601300) 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 20s. Internal calibration was en-

abled for MS mode using the ion signal of a dimethyl sulfoxide cluster (m/z 401.922720)

as a lock mass.

Data analysis

Data analysis was performed using MaxQuant v 1.5.5.1 with the integrated search en-

gine Andromeda [45,46]. For peptide and protein identification, raw files were searched
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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 Lys-Azidolysine and N-term-Azido-term (Modification

of lysine, except on C-terminus of peptide, or modification on protein N-terminus:

H(-2)N(+2)); 25.9905Da mass gain) for diazotransfer, and Lys-Clinker-Fragment and

N-term-Clinker-Fragment (Modification of lysine, except on C-terminus of peptide, or

modification on protein N-terminus: C(+7)H(+10)N(+4)); 150.0905Da mass gain) for

clinker pull-down fragments 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

20ppm for the first search and a tolerance of 4.5ppm 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.

Protein Crystallization of bCAII

Commercially obtained bovine erythrocyte carbonic anhydrase II (bCAII, SERVA), was

purified by gel-filtration chromatography on a Superdex-75 column (GE Healthcare)

using Tris-HCl (20mM, pH 8.0) as elution buffer. After gel filtration the protein solution

was concentrated using a vivaspin 15R concentrator (15mL, 5.000 MWCO, Satorius) to

20mg/mL. This protein solution was used directly for crystallization experiments. bCA

II crystals were grown by the sitting drop method by mixing the protein solution (1µL,

20mg/mL) with the precipitant solution (1µL, 20mM HEPES pH 7.5, 14% PEG-3350,

30% glycerol and 5mM CuCl2) at 291K. Crystals appeared after 10min, and grew to

full size overnight. Then, the crystals were soaked with compound by adding the stock

solution (2µL, 20mM in 20% DMSO in Tris-HCl buffer), to the crystallization drop,

resulting in a final concentration of approximately 10mM. The solution was incubated

for 4h at 291K. Crystals were collected and subsequently flash frozen and stored in liquid

nitrogen.
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Data collection and processing

All crystals were cryo-cooled in liquid nitrogen, and data sets were collected at 100K.

(P11 beamline, PETRA III synchrotron facility, Hamburg, Germany). Diffraction images

were processed and scaled with XDS and Aimless. All bCA II/compound complex crystals

have the space group P3221. An overview of the data collection statistics can be found

in Table S1.

Phasing and refinement

The structure of bCAII was solved by molecular replacement with PHASER using the

wildtype structure of bCAII as search model (PDB entry 1V9E). The initial models

obtained from PHASER were improved by manual rebuilding using COOT alternated with

refinement using Refmac5. TLS (Translation/Libration/Screw) refinement was added in

the final steps for all structures presented here. The compounds were drawn using

PubChem sketcher (NCBI) and subsequently aceDRG 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 S2. The

quality of the final models and the geometrical restraints were checked using Molprobity.

The coordinates and structure factor amplitudes have been deposited in the Protein

Data Bank with accession codes 6SKT (bCAII - SH0), 6SKS (bCAII - SH1) and 6SKV

(bCAII - SH2). Figures of the structures were created using PyMol (Schrödinger).

Docking study

The docking experiments were performed in LeadIT (version 2.3.2) [47] and the molecular

modelling of the ligands in SeeSAR (version 9.2) [48]. The best ten poses of each ligand

were generated while the ones that exhibited bad torsion quality (red) were filtered

out. The visualization as well as the exported images was conducted using the software

Chimera (version 1.12) [49].
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SUPPLEMENTARY INFORMATION
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Figure S1. Western blot of bCAII labelling

Figure S2. Probe concentration, time and copper concentration dependency of the

labelling reaction

Figure S3. Full gel images and coomassie stains of Figure 3B and Figure 3C

Figure S4. Full gel images of Figure 4

Figure S5. Identification of the modified peptides by MS

Figure S6. Additional docking poses

Table S1. Data collection statistics for the X-ray structures

Table S2. Refinement statistics

Figure S1. Labelling of bovine carbonic anhydrase II in a mixture of OVA and bCAII with ligand-directed

diazotransfer reagent Dt-Ahx-BS 5 using biotin-alkyne 17 as read-out.
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Figure S2. Optimization of the labelling conditions. Effect of the probe concentration (A), time (B)

and the copper concentration (C) on the labelling of bCAII by Dt-Ahx-BS 5.

Figure S3. (A) Coomassie Brilliant Blue stain of the gel in Figure 3B, (B) uncropped image of the gel

in Figure 3C.
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Figure S4. Uncropped images of the gels in Figure 4.

Figure S5. BS-Ahx-Dt 5 modifies bCAII upon binding, several primary amines on the active site crest

function as diazotransfer acceptors. (A) The protein amino acid sequence indicating the different

modification sites in the same colours. (B) 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.
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Figure S6. Crystal structure structures of bCAII along with the best docking poses of ligand 8, 13 and

14 in the main pocket (A) and ligand 13 in the N-terminal region (B). (A) The three ligand molecules

8, 13 and 14 are depicted in salmon, magenta and cyan, respectively. The side chains Lys8, Lys17,

Lys168 are depicted in green. (B) Surface representation of the protein along with the predicting poses

of ligand 13, one of which is accommodated into the “open” pocket induced by the movement of Glu13.

The side chains Lys8, Lys17 as well as the Glu13 are depicted in green.

Table S1. Data collection statistics

Values within parentheses are for the last resolution shell and the formulas for Rmerge and Rp.i.m. were

taken from Weiss et al.
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Table S2. Refinement statistics

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