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1. Abstract 

Chemical probes are small molecule reagents used by researchers for labeling and detection of 

biomolecules. We present the design, synthesis and characterisation of a panel of eleven 

structurally diverse photoaffinity labeling (PAL) probes as research tools for labeling the model 

enzyme carbonic anhydrase (CA) in challenging environments, including protein mixtures and 

cell lysates. We target ubiquitous CA II as well as the two cancer associated CAs (CA IX and 

CA XII), which are high priority as potential biomarkers of aggressive and/or multidrug 

resistant cancer. We utilize an atypical biophysical approach, native state mass spectrometry, 

to monitor the initial protein:probe binding and subsequent UV crosslinking efficiency of the 

protein:probe complex. This mass spectrometry methodology represents a novel approach for 

chemical probe optimization and development that may have broader applications to chemical 

probe characterization beyond this study. This also represents one of the first studies, to our 

knowledge, where a comprehensive set of PAL probes was used to establish the relationship 

between probe structure, noncovalent protein:probe binding and covalent protein:probe 

crosslinking efficiency. Our results demonstrate the benefits of a comprehensive analysis of 

chemical probe structure-activity relationships to support the development of optimum 

chemical probes. 
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2. Introduction 

Photoaffinity labeling (PAL) has gathered attention in the field of medicinal chemistry, 

chemical biology, and proteomics due to its ability to detect and identify the target protein of a 

bioactive small molecule.[1] Conventionally, a PAL probe is directly conjugated to a reporter 

group that facilitates target detection; however the development of current generation PAL 

probes operates together with bioorthogonal chemistry to establish a two-step PAL method 

where the reporter group is introduced in the second step (Figure 1).[1a,1b] The latter PAL probe 

design integrates three components – two functional components together with a target 

recognition group (Figure 1A). The target recognition group retains key structural features of 

the bioactive small molecule. The two functional components comprise a photoreactive group 

and a bioorthogonal ‘handle’. The photoreactive group allows covalent attachment of the 

chemical probe to the target protein following formation of the target protein:chemical probe 

complex, while the bioorthogonal handle allows subsequent covalent attachment to a reporter 

group to enable target visualisation. The experimental protocol for two-step PAL (Figure 1B) 

involves (i) incubation of the PAL probe with protein (e.g. cell lysate); (ii) irradiation with UV 

light to covalently link the chemical probe to the target protein(s); (iii) washing to remove 

unbound chemical probe (if required), and (iv) reaction of the bioorthogonal handle with a 

complementary functionalized reporter group. The fourth step distinguishes conventional PAL 

(preinstalled reporter group) from two-step PAL. Finally, the labeled protein may be separated 

and visualized by SDS-PAGE. Additionally, mass spectrometry-based proteomics platforms 

may be used to determine the identity of the PAL probe-labeled proteins.[1a,1b] The premier 

bioorthogonal reaction employed for two-step PAL protocol is click chemistry, specifically 

copper-catalyzed azide-alkyne cycloaddition (CuAAC).[1b,2] CuAAC is a reaction between an 

azide (R-N3) and an alkyne (R-C≡CH) to form a robust 1,2,3-triazole covalent link. The PAL 

probe may incorporate either an azide or alkyne biorthogonal handle, while the reporter group 
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requires the complementary (alkyne or azide) group for CuAAC.[1a,1b] Fluorescent azides and 

alkynes are now widely available with various physicochemical and imaging properties. 
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Figure 1. A) A generic linear and branched PAL probe comprised of a target recognition group, 

a photoreactive group, and a biorthogonal handle for two-step PAL method. B) Typical two-

step PAL experiment protocol.  

 
Carbonic anhydrases (CA, EC 4.2.1.1) are zinc metalloenzymes that catalyze the reversible 

hydration of carbon dioxide to bicarbonate and a proton: CO2 + H2O  HCO3- + H+.[3] The 

HCO3-/CO2 equilibrium is critical for human health and blocking the endogenous chemistry 

catalyzed by CA isozymes has been the target of therapeutic intervention for several decades.[4] 

The cytosolic isoform CA II has been utilized as a model enzyme for a number of proof-of-

concept studies associated with chemical probe development towards target identification.[5] 
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Most recently, Sakurai and colleagues reported a dual-PAL method targeting CA II, where the 

co-reaction of active and inactive PAL probes bearing orthogonal fluorescent reporter groups 

provided selective crosslinking to and straightforward detection of target specific-binding 

proteins.[6] They found that PAL probes with a preinstalled fluorophore were optimal; however, 

they did have success with the two-step PAL-based introduction of a latent fluorophore. 

Although there is a number of CA-targeting PAL probes reported,[2c] there are no studies 

wherein a comprehensive panel of PAL probes incorporating a widespread selection of 

structural features have been investigated. Herein we determine the constraints around the 

structural features of the CA II-targeting PAL probes, including variable CA binding groups 

and linker groups as well as linear and branched arrangements of the probe components. 

 

3. Results and Discussion 

Synthesis 

Probe design. The design and validation of newly prepared PAL probes is central to ensuring 

that the chemical modifications associated with the transformation of a bioactive lead 

compound into a PAL probe do not compromise selective target binding. The propensity for 

off-target labeling in a cell lysate also needs to be assessed when validating new chemical 

probes in order to avoid corruption of the experimental readout by erroneous detection of 

nonspecific and abundant off-target proteins.[7] 

 

The CA II active site comprises a 15 Å deep funnel-shaped cavity, with the catalytic zinc cation 

located at the cavity base. Most reported small molecules that target CA binding incorporate a 

primary sulfonamide functional group, as this moiety is able to coordinate to the active site zinc 

as well as form a network of hydrogen bonds with the active site residues close to the zinc ion.[8] 

The CA active site is partitioned between two environments, a hydrophobic wall on one side 
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and a hydrophilic wall on the other side of the funnel shaped cavity. Primary sulfonamides have 

been shown to have high specificity for CA II over other zinc metalloenzymes.[9] Previous 

medicinal chemistry campaigns in our group have demonstrated that small molecules targeting 

CA may present either a linear or a branched architecture, with a ‘tail’ group appended to the 

primary sulfonamide group to interact with the active site residues and increase binding strength 

and specificity.[10] Furthermore, a recent study by Park et al. demonstrated that probes with a 

linear structure have a greater tendency to undergo nonspecific labeling than probes with a 

branched structure, a behavior which was attributed to the relative flexibility of the former 

probe design.[11] In this study, we have designed and synthesized a set of primary sulfonamide-

based CA II-targeting PAL probes with linear and branched architectures and have evaluated 

the probes’ ability for selective detection of CA II in a variety of experimental settings – pure 

CA II, protein mixtures, and cell lysates. 

 

A panel of six linear probes 1–6 and five branched probes 7–11 (Scheme 1) were designed and 

synthesized. Each probe incorporates a primary sulfonamide moiety as the CA II recognition 

group, a benzophenone moiety as the photoreactive group, an ethylene glycol chain as the linker 

group, and a terminal alkyne as the biorthogonal handle. The primary sulfonamide moiety was 

introduced using commercially available amino benzenesulfonamides or acetazolamide (AZA). 

The benzophenone photoreactive group generates a reactive diradical carbene upon exposure 

to UV light. This carbene may capture a protein C-H bond in proximity to form the covalent 

crosslink to the protein upon formation of CA II:probe complex, or alternatively relax back to 

ground state in the absence of any reacting protein partner. The benzophenone moiety is bulky 

and hydrophobic, and PAL probes that incorporate this moiety may experience increased 

nonspecific protein interactions and/or reduced specificity for the intended protein target.[1a,12] 

A hydrophilic linker group, an ethylene glycol chain terminating with an alkyne moiety, was 
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incorporated into the PAL probe design to counterbalance the hydrophobicity of the 

benzophenone moiety and to reduce nonspecific labeling. Additionally, the properties of the 

selected linker may improve the water solubility of the probes while importantly allowing for 

unhindered access to the remote alkyne handle for subsequent reaction with an azide reporter 

group. The synthetic route to linear probes 1–6 and branched probes 7–11 is outlined in 

Schemes 1 and 2, respectively. The synthesis of control probes 12–15 is discussed in the 

supporting information (Supporting Information). 
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Scheme 1. Structural design of linear probes 1–6, branched probes 7–11, and control probes 

12–15. 
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Linear PAL probe synthesis. Linear PAL probes 1–6 (Scheme 1) were synthesized as outlined 

in Scheme 2. The synthesis of probe 1 was achieved by sequential amide coupling reactions 

(Scheme 2, route A), starting with the condensation of 4,4′-diaminobenzophenone and Fmoc-

β-alanine in the presence of amide coupling reagents DCC/HOBt to give the monosubstituted 

amide 16. A selection of amide coupling reagents (DCC, EDC, and propylphosphonic 

anhydride T3P®) were tested to perform the second amide coupling of 16 with ethylene glycol 

chain 17 to generate the disubstituted amide 18a. T3P in combination with triethylamine (TEA) 

gave the best yield (53%) of 18a. Finally, the Fmoc group of 18a was removed with piperidine 

in DMF, and the deprotected product 18b was reacted with 4-carboxybenzenesulfonamide (4-

CBS) to give probe 1. The synthesis of linear probes 2–5 was also achieved by sequential amide 

coupling reactions of 4,4′-diaminobenzophenone (Scheme 2, route B). Condensation of 4,4′-

diaminobenzophenone with glutaric acid derivatives of benzenesulfonamides 19a–19d in the 

presence of EDC/HOBt yielded monosubstituted amides 20a–20d. Compounds 19a–19d were 

prepared by reaction of the corresponding commercially available amino benzenesulfonamide 

building blocks and glutaric anhydride in the presence of acetic acid in DMF, with overnight 

stirring at 77 °C. A self-cyclized compound was a by-product in these reactions (observed in 

NMR and MS analysis, SI) and was not separable by aqueous workup; however, as this by-

product did not interfere with the amide coupling reaction with 4,4’-diaminobenzophenone, no 

further purification of 19a–19d was conducted. In the second amide coupling reaction, 20a–

20d was reacted with 17 in the presence of T3P/TEA and purified by normal-phase silica gel 

flash chromatography to afford the target probes 2–5. Basifying the chromatography solvent 

system by the addition of 1% (v/v) NH4OH improved the elution characteristics of the products 

and prevented the streaking of the compounds on the column. Probe 6 was synthesized from 

4,4′-diaminobenzophenone in two sequential amide coupling reaction (Scheme 2, route C). The 

initial condensation of 4,4′-diaminobenzophenone and 17 in the presence of T3P/TEA afforded 
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the monosubstituted amide intermediate 21. The subsequent condensation of 21 with 4-CBS in 

the presence of HBTU/HOBt afforded the target probe 6. 
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Scheme 2. Synthesis of linear PAL probes 1–6. Route A) – synthesis of 1; Route B) – synthesis 

of 2–5; Route C – synthesis of 6. a) Fmoc-β-Alanine, HOBt, DCC, DMF anh, 0 °C–rt, 

overnight; b) 17, T3P, TEA, DMF anh, 0 °C–rt, overnight; c) 4% (v/v) piperidine in DMF anh, 

rt, 45 min; d) 18b, 4-CBS, EDC, HOBt, DMF anh, rt, 48 h; e) 19a–19d, EDC, HOBt, 4,4′-

diaminobenzophenone, rt, overnight; f) 4-CBS, HBTU, HOBt, DIPEA, DMF anh, rt, overnight. 

 

Branched PAL probe synthesis. Branched PAL probes 7–11 (Scheme 1) were synthesized 

from a Boc-L-propargylglycine amino acid core (Scheme 3). Boc-L-propargylglycine was 

reacted with a panel of five amino benzenesulfonamides in the presence of EDC/HOBt to afford 

the corresponding amides 22a–22e. The propargyl moiety of amides 22a–22e was next reacted 

with 4-azidobenzophenone 23 under standard CuAAC conditions to install the benzophenone 

moiety via formation of a 1,2,3-triazole, affording the click products 24a–24e. Removal of the 

Boc group of 24a–24e with TFA/DCM (1:1) gave free amines 25a–25e, which were taken 
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forward for amide coupling with 17 in the presence of T3P/TEA to give the target branched 

PAL probes 7–11. Similarly as for the linear probes, a basic solvent system (with addition of 

1% v/v NH4OH) generally improved the compound recovery from column chromatography 

purification following both CuAAC and T3P/TEA amide coupling. The AZA-based probe 11 

and intermediate click product 24e were an exception to this purification approach as they were 

prone to degradation under prolonged basic conditions.[10]  
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Scheme 3. Synthesis of branched PAL probes 7–11. Reagents and conditions: a) Boc-L-

propargylglycine, corresponding amino benzenesulfonamide, EDC, HOBt, DMF anh, rt, 

overnight; b) 23, CuSO4·5H2O, sodium ascorbate, DCM/H2O (3:2), rt, overnight; c) TFA/DCM 

(1:1), rt, 2–4 h; d) 17, T3P, TEA, DMF anh, 0 °C–rt, overnight. 

 

CA II Binding Assay 
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We investigated the CA II binding data for all synthesized PAL probes via a fluorescence-based 

enzyme binding assay.[13] This assay is based on the competition of the probe and 5-

(dimethylamino)-1-naphthalenesulfonamide (DNSA) for the CA II active site. IC50 values for 

the binding of PAL probes to CA II were generated using this assay (Table 1). Probe 1 displayed 

the highest CA II binding affinity of the linear probe panel (IC50 = 0.284 μM), while the 

branched probe 11 (IC50 = 0.143 μM) had the highest CA II affinity of all probes.  

 

Table 1. IC50 values for probes 1–11 obtained by CA II enzyme binding assay. Refer to Table 

S1 in Supporting Information for IC50 values for control probes 12–15. Data is presented as 

mean ± SEM of three independent experiments performed in triplicate. 

Linear 

Probe No. 

IC50 (μM) Branched 

Probe No. 

IC50 (μM) 

1 0.216 ±0.033 7 0.604 ±0.051 

2 0.502 ±0.002 8 3.10 ±0.027  

3 1.22 ±0.052 9 1.55 ±0.012 

4 0.360 ±0.006  10 2.03 ±0.073 

5 0.914 ±0.062 11 0.139 ±0.071 

6 0.800 ±0.045   

 

 

In vitro PAL Assays  

To evaluate the efficiency of probe binding, UV-mediated photocrosslinking, and CuAAC with 

the fluorescent reporter group, preliminary PAL experiments were conducted with probe 1 and 

purified recombinant human CA II. A solution of CA II (1 µM, 0.45 μg in PBS) was treated 

with 10 equivalents of 1 and irradiated with UV (365 nm, 60 min), followed by reaction with 
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Cy3 azide. The sample was separated by SDS-PAGE and imaged for in-gel fluorescence 

(Figure 2). As controls, 1 was replaced with DMSO (Figure 2A). Strong fluorescence 

corresponding to the MW of CA II (29 kDa) was observed when CA II was treated with 1; no 

fluorescence was observed in the DMSO control (1 absent). These findings confirm that the 

probe binds to CA II. Omitting the UV irradiation step from the PAL experiment resulted in a 

significant decrease in fluorescence signal while the protein level remained consistent.  

 

AZA is a heterocyclic primary sulfonamide that possesses high affinity towards human CA 

isozymes and therefore may act as a competitor molecule for CA-targeting studies.[3] To 

confirm that 1 selectively binds to the CA II active site, a competition experiment was 

performed with 1 and AZA (Figure 2B). Co-treatment of CA II with 1 and a 10-fold excess of 

AZA followed by UV irradiation and reaction with Cy3 azide resulted in a negligible CA II 

band (Figure 2B). This indicates that 1 and AZA compete for the CA II active site and also that 

1 does not bind to CA II in a nonspecific manner. Further control experiments, either replacing 

probe 1 with inactive probes 12 (lacking a primary sulfonamide moiety), 13 (lacking the 

benzophenone moiety), or 14 (lacking both the primary sulfonamide and the benzophenone 

moiety) also resulted in no fluorescence (Figure 2C). This confirms that the primary 

sulfonamide moiety is essential for CA II recognition, and that a covalent crosslink (via the 

benzophenone moiety) is essential for robust anchoring of a probe to CA II prior to reaction of 

the probe’s bioorthogonal handle with a reporter group (Figure 2C). 
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Figure 2. Preliminary PAL experiments of CA II. (A) CA II (1 μM) treated with 1 (10 μM) 

with or without UV irradiation. (B) CA II (1 μM) treated with 1 (10 μM) alone or with excess 

AZA (100 μM). (C) CA II (1 μM) labeled with active probe 1 (10 μM) and control probe 12, 

13, or 14 (10 µM each). Top panel – fluorescence image, bottom panel – coomassie brilliant 

blue (CBB) stained image. Images are representative from three independent experiments. 

Refer to Figure S1 (Supporting Information) for full gel image. 

 
The remaining linear and branched probes 2–11 were tested for their efficiency and selectivity 

in labeling CA II. With an equimolar concentration of the probe and CA II (1 µM of each), a 

strong fluorescence was observed on the SDS-PAGE gel for probes 2–4, 7–9 and 11; moderate 

fluorescence was observed for probe 5 and weak fluorescence was observed for probes 6 and 

10 (Figure 3). 
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Figure 3. Labeling of CA II (1 μM) with equimolar concentration of linear probes 2–6 and 

branched probes 7–11 (1 μM). Top panel – fluorescence image, bottom panel – CBB stained 

image. Images are representative from three independent experiments. Refer to Figure S2 

(Supporting Information) for full gel image. 

 

CA II-spiked purified protein mixture labeling. The probes were then tested for their 

selectivity towards the labeling of CA II in the presence of excess nonspecific proteins. A 

mixture of CA II (1 μM), bovine serum albumin (BSA, 5 μg, 4.89 μM), and ovalbumin (OVA, 

5 μg, 7.17 μM) was prepared (final CA II content = 4.3% w/w). Probes were tested at equimolar 

concentration (1 µM) or 5-fold excess (5 µM) relative to CA II. In general, the branched probe 

set (Figure 4B) had less nonspecific labeling compared to the linear probe set (Figure 4A). All 

linear probes at 5 µM resulted in strong nonspecific labeling of BSA and weak nonspecific 

labeling of OVA. Nonspecific labeling of BSA was substantially reduced when an equimolar 

concentration (1 µM) of probe was used, while OVA labeling was negligible under these 

conditions. All branched probes gave dramatically reduced nonspecific labeling of BSA and 

negligible labeling of OVA compared to linear probes, even with 5-fold excess probe 
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concentration. To estimate and compare the degree of nonspecific labeling, the representative 

gel image for each probe (Figure 4) was quantified by densitometry analysis of the fluorescent 

bands to measure the relative fluorescence units (RFU) for each protein band. The RFU from 

the CA II, BSA or OVA band were normalized against the sum of the three values. The % RFU 

for individual proteins were determined and were used to calculate a CA II selectivity index for 

each probe over BSA (Table 2) or OVA (Table S2, SI). Probe 2 (1 µM) had the highest and 

second highest CA II selectivity over BSA (2.58-fold) and OVA (22.0-fold), respectively, 

amongst the linear probe set; however, the most favorable CA II selectivity was achieved with 

branched probe 9 (1 µM), giving strong CA II band and high CA II selectivity (20.0-fold over 

BSA and 33.8-fold over OVA). As densitometry analysis is highly susceptible to background 

signals and signal saturation of the gel image, this RFU-based comparison can be made only 

for samples that are in the same gel. Thus, in this case, the calculated selectivity index for the 

linear probe set are not comparable with the branched probe set, as the experiments were 

performed on separate gels.  
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Figure 4. Photoaffinity labeling of CA II in protein mixtures. A mixture of CA II (1 μM), BSA 

(4.89 μM), and OVA (7.17 μM) in 1X PBS was labeled with (A) linear probes 2–6 (5 μM or 1 

μM) and (B) branched probes 7–11 (5 μM or 1 μM). Refer to Figure S3 (Supporting 

Information) for fluorescence image including probe 1. Left panel – fluorescence image, right 

panel – CBB stained image. Images are representative from three independent experiments. 

 

Table 2. Selectivity index of A) linear probes 2–6 (5 μM or 1 μM) and B) branched probes 7–

11 (5 μM or 1 µM) for CA II over BSA. Selectivity index = (%CA / %BSA) calculated from 

RFU values obtained from densitometry analysis of the fluorescence images of Figure 4. A 
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higher value indicates higher selectivity for CA II over BSA. Refer to Table S3 (Supporting 

Information) for data including probe 1. 

A)  

Linear Probe 
Selectivity index 

5 µM 1 µM 

2 0.28 2.58 

3 0.27 0.60 

4 0.23 1.19 

5 0.15 0.26 

6 0.08 0.38 

 

B) 

Branched Probe 
Selectivity index 

5 µM 1 µM 

7 2.14 19.0 

8 3.25 8.81 

9 2.69 20.0 

10 0.44 0.94 

11 1.01 4.76 

 

 

CA II-spiked cell lysate labeling. As all probes efficiently labeled pure CA II and CA II in a 

mixture of purified proteins, the probes were tested for their ability to detect CA II in the 

presence of cell lysates. MDA-MB-231, a breast cancer cell line, was selected as a model cell 

line since it does not express a detectable level of CA II (Figure S4, Supporting Information). 
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The MDA-MB-231 cell lysate (40 μg) was spiked with 1 μM CA II (0.45 μg, final CA II content 

= 1.1% w/w). PAL experiments were conducted similarly to the experiments with purified 

proteins, however using a higher concentration of test probe (10 µM) to compensate for the 

increased background protein level and complexity compared to preliminary studies with 

purified protein mixtures described earlier (Figure 5). Probes with higher CA II selectivity 

theoretically should have negligible or very weak nonspecific labeling while maintaining a 

strong CA II band, and probes 2, 3, and 9 meet such requirements. Of the liner probe set, 2 and 

3 gave the strongest CA II-selective band, 1 and 4 gave a moderate CA II-selective band, and 

5 and 6 gave a weak CA II-selective band. The branched probes resulted in a CA II-selective 

band with less fluorescence intensity, with the exception of 9, which gave a strong CA II-

selective band comparable to that for linear probes 2 and 3. Probe 9 was selected as the lead 

probe for further studies as it had the most favorable balance of efficient (strong fluorescence) 

and CA II-selective (almost negligible nonspecific labeling) labeling.  

 

 

Figure 5. MDA-MB-231 cell lysates (40 μg) spiked with CA II (1 μM) labeled with 1–11 (10 

μM each). Left panel – fluorescence image, right panel – CBB stained image. Images are 

representative from three independent experiments. 
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Probe Structure-Activity Relationships.  

Probes 1–10 each comprise a benzenesulfonamide moiety, with probes 1 (IC50 = 0.216 ±0.033 

uM) and 7 (IC50 = 0.604 ±0.051 uM) displaying the highest CA II affinity for linear and 

branched probes, respectively (Table 1). Probes 3 and 8, prepared from 4-(2-

aminomethyl)benzenesulfonamide (Scheme 1), had 2.4-fold and 5.1-fold less affinity towards 

CA II relative to probes prepared from 4-(2-aminoethyl)benzenesulfonamide (probes 2 and 7, 

respectively), demonstrating that the one carbon shorter linker of 3 and 8 reduced the CA II 

binding of the probes. 

 

While linear probes 1–5 consistently gave a relatively strong CA II band in PAL experiment, 

treatment with linear probe 6 (comprising the shortest linker) resulted only in a faint CA II band 

in all PAL experiments, further suggesting that the shorter linker reduces the labeling yield for 

linear probes. An explanation for this SAR may be due to the terminal alkyne handle of the 

shorter linkers being more “buried” in the CA II active pocket and less accessible to the 

fluorophore azide, which in turn may reduce the click reaction efficiency and lower the final 

fluorescence readout. For both linear and branched probes, having the sulfonamide moiety in a 

para-position relative to the linker group (linear 4 and branched 9) resulted in 2.5-fold and 1.3-

fold higher CA II affinity, respectively, as well as a stronger CA II band compared to the 

corresponding probes with the sulfonamide moiety in the meta-position (linear 5 and branched 

10). The results confirm that the linker length and substitution position of the sulfonamide 

moiety on the benzenesulfonamide group impact the SAR of specific CA II–probe interactions 

observed in PAL experiments with pure CA II. 

 

In the PAL experiments using a higher complexity environment, either a mixture of CA II-

spiked purified proteins or lysate, linear probes 2–5 gave a much stronger CA II band and 
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greater nonspecific labeling compared to branched probes 7–8 and 10. For linear and branched 

probes derived from a common sulfonamide target recognition group (e.g. 3 and 8, Scheme 1), 

the above observation may be attributed to the greater flexibility of the linear design enabling 

the probe to better fit the CA active site than the branched probe. Additionally, greater 

flexibility may similarly induce greater nonspecific labeling of off-target proteins via an 

induced fit compared to less flexible branched probes.[11]. The results collectively suggest that 

the linear or branched probe architecture affects both CA II binding and the degree of 

nonspecific labeling of the probe. Although reduced nonspecific labeling is highly favored in 

PAL experiments, the intensity of the resulting target fluorescence is equally important; thus 

the selection of probe design must be carefully made while considering factors such as the 

abundance of target protein and the degree of nonspecific labeling tolerated without 

compromising the experiment. 

 

Interestingly, the results in some PAL experiments do not directly correlate with the IC50 values 

for the probes binding to CA II; high CA II binding affinity did not always translate to a strong 

CA II band or high CA II selectivity. For example, our lead probe 9 performed well in all PAL 

experiments, showing a strong and selective CA II band and low nonspecific labeling; however, 

9 had moderate CA II binding affinity and would not have been selected for further study if the 

probes were primarily screened by their CA II binding affinity. In contrast, probe 11 had the 

best CA II binding affinity (~11-fold higher affinity relative to 9), but the application of this 

probe in PAL experiments resulted in faint CA II-selective fluorescence, thus 11 may have poor 

utility for fluorescence-based detection of CA II. In fact, probe 3 generated the strongest CA II 

band out of all of the synthesized probes in CA II-spiked cell lysate labeling, despite its lowest 

CA II binding affinity. A situation where the target binding affinity of the probe did not reflect 

its biolabeling efficiency has been observed in a previously reported study, and this observation 
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was attributed to both poor crosslinking of the probe with UV irradiation and conformational 

flexibility of the probe.[14]  

 

Although the variable in-gel fluorescence results in the PAL experiments with the probes may 

be as a consequence of probe SAR affecting the initial binding to CA II, it may also be as a 

consequence of variable efficiency of the covalent attachment of the probe to the protein and 

fluorescent reporter group (UV crosslinking and CuAAC, respectively). We evaluated PAL 

probe-protein binding, protein crosslinking efficiency and CuAAC efficiency of probes 1-11 

using a stepwise analysis with native state mass spectrometry and in-gel fluorescence. Native 

state nanoelectrospray ionization mass spectrometry (nanoESI-MS) may be used to directly 

observe native state proteins and protein complexes (covalent or noncovalent)[15] and was 

employed in this study to evaluate the efficiency of the probes for binding and subsequent 

crosslinking to CA II. The nanoESI-MS source was interfaced with a Bruker SolariX XR 12.0 

Tesla Fourier transform ion cyclotron resonance mass spectrometer (FTICR MS) fitted with a 

ParaCell and samples introduced by direct infusion. This instrument configuration provides 

straightforward high-resolution broadband acquisition and isotopic resolution of CA II protein. 

A solution of CA II (10 μM) and the test probes (100 μM) in ammonium acetate buffer (10 mM, 

pH 7.4) were incubated for 10 min at rt. These samples were either (1) directly subjected to MS 

analysis to quantify the CA II-probe binding (i.e ratio of CA II:probe noncovalent complex as 

a %), or (2) irradiated with UV for 60 min, filtered to remove the unreacted probe, and analyzed 

by MS to quantify the CA II:probe crosslinking efficiency (i.e % of the probe covalently 

crosslinked to CA II). All probes showed good to moderate formation of the CA II:probe 

noncovalent complex, Table 3. The highest binding was observed for probe 4 (98.6%), while 

the lowest was observed for probe 10 (59.7%.). The efficiency of CA II:probe crosslinking 

following UV irradiation did not follow the same trend as the initial probe binding. Probe 4 had 
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the highest crosslinking efficiency (76.3%), while probe 8 had the lowest (6.5%). In general, 

the linear probes 1–6 gave higher binding (87.2–98.6%) and crosslinking efficiency (36.3–

76.3%) compared to the branched probes 7–11 (59.7–91.1% and 6.5–27.6%, respectively).  

 

Table 3. CA II-probe noncovalent binding and crosslinking efficiency determined by native 

state mass spectrometry (% based on the ratio of signal intensities of CA II:CA II-probe 

complex). 

Probe 
CA II-probe  

Noncovalent Binding (%) 

CA II-probe  

Crosslinking Efficiency (%) 

1 98.0 68.8 

2 94.1 57.8 

3 94.9 36.3 

4 98.6 76.3 

5 87.2 37.0 

6 97.3 77.1 

7 72.6 17.1 

8 75.5 6.5 

9 81.7 13.2 

10 59.7 11.6 

11 91.1 27.6 

 

 

The spectra for CA II:probe complex, both noncovalent binding and covalent crosslinking, for 

probe 4 (high binding and crosslinking), probe 6 (shorter probe with similar binding and 

crosslinking parameters), and probe 9 (branched analogue of 4) are shown in Figure 6. Mass 

spectra were acquired with (i) CA II (10 µM) with UV irradiation for 1 h (Figure 6A), (ii) CA 

II (10 µM) incubated with the test probe (10-fold excess) at rt for 15 min (CA II:probe binding) 

(Figure 6B, D, and F), and (iii) CA II (10 µM) incubated with the test probe (equimolar and 10-
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fold excess) at rt for 15 min followed by UV irradiation for 1 h on ice and buffer exchange 

using a molecular weight cut-off filter device to remove unreacted probe (CA II:probe 

crosslinking) (Figure 6C, E, G). Figure6 shows the 10+ charge state region of the acquired mass 

spectra. The peak corresponding to the [CA II:4]10+ complex appears at 76.63 m/z higher than 

the free protein [CA II]10+ m/z, providing a probe molecular weight consistent with the chemical 

structure of the probe, i.e. the monoisotopic mass of 4 is 766.288 Da (8B, C). Similarly, the 

peak corresponding to the [CA II:6]10+ and [CA II:9]10+ complex appears at 68.12 m/z and 77.63 

m/z higher than the free protein [CA II]10+ m/z, respectively, which is again consistent with the 

chemical structure of 6 (mass = 681.236 Da) and 9 (mass = 776.283 Da), respectively. The 

spectra of [CA II:4] and [CA II:6] complexes are comparable (76.3% vs 77.1%, respectively), 

however a comparison of the mass spectra of [CA II:4] and [CA II:9] shows that the efficiency 

of crosslinking of 9 with CA II is low with a substantial portion of 9 binding to CA II active 

site but not crosslinking with CA II on exposure to UV. This suggests that the probe architecture 

may significantly affect the binding and crosslinking efficiency of the probe to CA II active 

site. There was no CA II:9 complex observed in the mass spectrum when buffer exchange of 

the CA II:9 sample was carried out without prior UV irradiation (Figure S5A, Supporting 

Information); this is consistent with the in-gel SDS-PAGE analysis of probe 1 without UV 

irradiation (Figure 2A), thus confirming the importance of this crosslinking step in the success 

of the PAL protocol. Control samples where the PAL probe was replaced with the nonbinding 

control probe 15 were also assessed by nanoESI-MS, and only a signal for unbound protein was 

observed, as expected (Figure S5B, Supporting Information). No non-specific binding was 

observed by nanoESI-MS (Figure S6, Supporting Information). 
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Figure 6. ESI-FTMS mass spectra of CA II samples. A) CA II (10 µM in ammonium acetate) 

with UV irradiation for 1 h, B) CA II (10 µM) incubated with 4 (10-fold excess), C) CA II (10 

µM) incubated with 4 (10-fold excess) followed by UV irradiation for 1 h then removal of 

unreacted probe, D) CA II (10 µM) incubated with 6 (10-fold excess), E) CA II (10 µM) 

incubated with 6 (10-fold excess) followed by UV irradiation for 1 h then removal of unreacted 
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probe, F) CA II (10 µM) incubated with 9 (10-fold excess), and G) CA II (10 µM) incubated 

with 9 (10-fold excess) followed by UV irradiation for 1 h then removal of unreacted probe. 

 
 
An aliquot of each of the crosslinked CA II:probe samples prepared for MS analysis was taken 

(Figure 7) to assess the CuAAC efficiency by in-gel fluorescence, allowing correlation of MS 

binding (Table 3), MS crosslinking (Table 3) and PAL trends (Figure 7) for the different probes. 

The crosslinked CA II:probe sample (1 μM each) was conjugated with Cy 3 azide using CuAAC 

and visualized for fluorescence using the previously described CuAAC conditions. The result 

showed a similar trend with the PAL experiment performed earlier (Figure 5), with probes 1-5 

and 7-9 showing strong to moderate fluorescence and probes 6 and 10 showing weak 

fluorescence. PAL experiments (Figure 5) utilize CA II (1 µM) treated with 10 equivalents of 

probe (10 µM), i.e. a CA II:probe concentration ratio of 1:10. Thus correlation of Figure 5 

(PAL) with the results obtained using MS is also possible. Correlation of in-gel fluorescence 

and the crosslinking efficiency determined by MS analysis was not straightforward, with 

deviations between the crosslinking yield and fluorescence intensity observed. For example, 

probe 6 generated only faint fluorescence despite the highest crosslinking yield (77.1%), while 

the branched probes 7–9, which had > 4.5-fold lower crosslinking yield compared to probe 6, 

gave moderate fluorescence intensity. A possible explanation for these deviations is that the 

accessibility of the biorthogonal handle of the protein-bound probe to the reporter group azide 

for CuAAC may differ for each probe owing to different orientation and/or position of the 

protein-bound probe, subsequently affecting the efficiency and yield of CuAAC. 
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Figure 7. The in-gel fluorescence result of the probe-crosslinked CA II (1 μM each) sample 

from Table 3 conjugated with Cy 3 azide (12.5 μM).  

 

 

In-gel fluorescence screening of the probes for detection of CA isozymes IX and XII 

mimic 

As the active site conformation is conserved throughout the CA isozymes,[3] the probes were 

tested for their utility to detect other CA isozymes. Both CA IX and CA XII have been recently 

drawing attention of the cancer research community as possible tumor biomarkers, thus a 

successful PAL probe for these two CA isozymes may provide a useful research tool for 

studying the expression of these proteins. Our lab has previously obtained a mimic of CA IX 

(CA IXm) and CA XII (CA XIIm), which have been engineered by substituting the CA II 

enzyme active site residues by ten and nine amino acids, respectively.[16] A solution of CA IXm 

or CA XIIm (1 µM each) was incubated with the test probe (10 µM each) followed by PAL as 

described earlier. The fluorescence image for both CA IXm and CA XIIm showed a similar 

probe labeling profile to that of CA II, with the linear probes showing stronger fluorescence 

intensity than the branched probes (Figure 8). Linear probes 1-2 and 3-4 did however display 

stronger fluorescence for CA XIIm compared to CA II or CA IXm. The fluorescence intensity 

from probe 6 with CA IXm and CA XIIm labeling was improved compared to that from CA II 

labeling, although it still showed the weakest fluorescence of the linear probe set. This small 

improvement may be due to the modification in active site residue of the mimic proteins 

improving the access of the alkyne of probe 6 for CuAAC with the azide fluorophore. Overall 

the results show that the probes successfully detected CA IXm and CA XIIm using PAL. 
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Figure 8. In-gel fluorescence image of CA IX mimic (1 μM, top panel) or CA XII mimic (1 

μM, bottom panel) labeled with probes 1–11 (10 μM) and conjugated with Cy 3 azide (12.5 

μM). 

 

 
4. Conclusion 

We have designed and synthesized a structurally diverse panel of probes with variable CA 

recognition groups, linker groups, and overall architecture (linear or branched). The 

performance of the probes in PAL experiments targeting CA II labeling was evaluated. To our 

knowledge, this represents one of the first studies where a comprehensive set of CA II-targeting 

PAL probes was used to establish relationships between probe structure, CA II labeling 

efficiency and off-target binding. The conformational flexibility of a probe has been suggested 

as a critical property that may impact on both target-selective binding as well as nonspecific 

labeling; our findings are consistent with this premise, with the more flexible linear probes 

displaying higher nonspecific labeling than the less flexible branched probes. Additionally, 

although the branched probes and linear probes share a common photoreactive benzophenone 

moiety), lower crosslinking efficiency is observed for the branched probes. This may be a 

consequene of the branched probe architecture not presenting ideal proximity for the reactive 

carbene species to covalently capture a CA II active site C-H bond, and instead the carbene 

relaxes back to ground state, leaving the CA II protein unmodified. Access to the bioorthogonal 
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handle of the target bound probe was also critical for successful labeling, as potential steric 

hindrance was observed to compromise the subsequent CuAAC reaction efficiency with the 

reporter group. Our results also caution against selection of a chemical probe based solely on 

target binding affinity, as this may not necessarily correlate with either the most efficient target 

protein labeling or the lowest nonspecific labeling.  We found by a stepwise analysis of the 

PAL methodology that neither the probe binding affinity determined by conventional 

biochemical analysis nor mass spectrometry analysis of the protein:probe crosslinking 

efficiency enabled straightforward correlation with the efficiency of the protein-bound probe in 

the subsequent CuAAC to the reporter group azide as the accessibility of the biorthogonal 

handle for each probe is likely different. Although probe 9 demonstrated favorable labeling 

results in the in-gel fluorescence assays, its crosslinking yield, as determined by MS analysis, 

was poor. This finding indicates that further optimization in the photoreactive group or UV-

promoted crosslinking condition may further improve upon this lead probe. Overall, our 

approach to study a structurally diverse set of PAL probes has highlighted the intricacies of 

developing and selecting a probe to operate in complex environments such as protein mixtures 

or cell lysates, suggesting that a comprehensive evaluation of chemical probe architecture is 

desirable for the development of an optimal chemical probe. Finally, the preliminary SAR data 

obtained from this study may support the future design and development of CA-targeting PAL 

probes and may lead to development of visualization tools for tumor prognostic markers CAIX 

and CAXII 

 

5. Experimental 

General 

All starting materials were purchased from commercial suppliers. All solvents were available 

commercially dried. T3P was purchased from Sigma Aldrich (Newcastle, NSW, Australia) as a 
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50% solution in DMF. TEA was distilled and stored over KOH pellets. NaH was purchased 

from Sigma Aldrich as 60% dispersion in mineral oil. Reactions were monitored by TLC using 

Merck silica gel-60 F254 plates, with detection by short wave UV fluorescence (λ = 254 nm) 

and staining with KMnO4 stain (0.75 g of KMnO4, 5 g of K2CO3, and 75 mg of NaOH in 100 

mL of water) or ninhydrin stain (1 g of ninhydrin in 100 mL of EtOH containing 3% (v/v) acetic 

acid). Silica gel flash chromatography was performed using Merck silica gel 60Å (230–400 

mesh). NMR (1H and 13C) were recorded on 500 or 600 MHz spectrometer at 25 °C. 1H NMR 

spectra were recorded at 500 or 600 MHz and referenced to the residual solvent peak (DMSO-

d6 = δ 2.50 ppm, CDCl3 = δ 7.26 ppm). 13C NMR spectra were recorded at 125 or 151 MHz 

and referenced to the internal solvent (DMSO-d6 = δ 39.5 ppm, CDCl3 = δ 77.2). Multiplicity 

is indicated as follows: q (quartet), t (triplet), td (triplet of doublet), d (doublet), dd (doublet of 

doublet), ddd (doublet of doublet of doublet), dt (doublet of triplet), s (singlet), m (multiplet), 

br (broad signal). Proton and carbon signals of the benzophenone moiety are represented with 

the subscript Bp (HBp and CBp, respectively). Proton and carbon signals of the ethylene glycol 

chains are represented with the subscript EG (HEG and CEG, respectively). Coupling constants 

are reported in Hertz (Hz). Low and high-resolution mass spectra were recorded using 

electrospray as the ionization technique in positive and/or negative ion mode as stated. All MS 

analysis samples were prepared as solutions in MeOH (LRMS) or 0.1% formic acid in 

water/acetonitrile (1:1). Melting points are uncorrected. Purity of all isolated compounds was 

≥95% as determined by HPLC with UV (230, 254, or 280 nm). DNSA, CuSO4·5H2O, 

aminoguanidine hydrochloride, tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), and 

sodium ascorbate were purchased from Sigma Aldrich. Cy3 azide was purchased from Click 

Chemistry Tools (Scottsdale, AZ, USA) and was prepared as a solution in DMSO. PageRuler 

Plus Prestained Ladder was purchased from Thermo Fischer Scientific (Melbourne, VIC, 

Australia). BSA (Roche, Melbourne, VIC, Australia) and OVA (Sigma Aldrich) were were 
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made up as a stock solution of 2.5 μg/μL in water. MDA-MB-231 cell line (ATCC HTB-26) 

was a gift from Dr. Erik Thompson (Queensland University of Technology, Brisbane, QLD, 

Australia). Recombinant human CA II protein was prepared (3.5 mg/mL) in HEPES buffer (30 

mM HEPES, 20 mM NaCl, 0.1 mM ZnSO4, 1 mM DTT, pH 8.0). 

 

Probe Synthesis 

N-[4-(4-{3-[(4-Sulfamoylphenyl)formamido]propanamido}benzoyl)phenyl]-4,7,10,13,16-

pentaoxanonadec-18-ynamide (1). To a solution of 4-CBS (46.0 mg, 0.23 mmol, 1.8 equiv) 

and HOBt (31 mg, 0.23 mmol, 1.8 equiv) in anhydrous DMF (0.6 mL) was added EDC (44 mg, 

0.23 mmol, 1.8 equiv). The mixture was stirred until a clear solution was obtained. A solution 

of 18b (72 mg, 0.13 mmol, 1.0 equiv) in anhydrous DMF (1.1 mL) was added to the reaction 

dropwise and the reaction mixture stirred overnight at rt. The solvent was removed under 

reduced pressure and the remaining residue purified by silica gel flash chromatography 

(acetone/hexane = 1:3 to 3:1) to obtain the title compound 1 as a pale orange solid (9.8 mg, 

10%). Rf = 0.33 (acetone/hexane = 3:1). mp = 189–192 °C. 1H NMR (500 MHz, DMSO-d6): δ 

= 10.35 (s, 1H, NH), 10.28 (s, 1H, NH), 8.80 (t, J = 5.6 Hz, 1H, NHCH2), 8.00–7.98 (m, 2H, 

HAr), 7.90–7.88 (m, 2H, HAr), 7.78–7.76 (m, 4H, HBp), 7.71–769 (m, 4H, HBp), 7.45 (s, 2H, 

SO2NH2), 4.13 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.72 (t, J = 6.2 Hz, 2H, CH2-EG), 3.59 (td, J = 6.8, 

5.6 Hz, 2H, NHCH2), 3.56–3.46 (m, 16H, 8 × CH2-EG), 3.39 (t, J = 2.4 Hz, 1H, C≡CH), 2.70 (t, 

J = 6.8 Hz, 2H, NHCH2CH2), 2.61 (t, J = 6.2 Hz, 2H, CH2-EG). 13C NMR (126 MHz, DMSO-

d6): δ = 193.3 (C=OBp), 170.0 (C=O), 169.8 (C=O), 165.3 (C=O), 146.2 (Cq-Ar), 142.9 (2 × Cq-

Bp), 137.3 (Cq-Ar), 131.8 (2 × Cq-Bp), 130.8 (4 × CBp), 127.8 (2 × CAr), 125.6 (2 × CAr), 118.3 (2 

× CBp), 118.2 (2 × CBp), 80.3 (C≡CH), 77.0 (C≡CH), 69.7–69.6, 69.4, 68.5, 66.5 (9 × CH2-EG), 

57.4 (CH2C≡C), 37.3 (CH2-EG), 36.3 (NHCH2CH2), 35.9 (NHCH2). LRMS-ESI [M+H]+ m/z = 

753. HRMS-ESI [M+Na]+ Calcd for C37H44N4NaO11S: 775.2620. Found: 775.2625. 
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General procedure 1: preparation of linear probes 2–5. To a solution of 17 (1.0 equiv) and 

the corresponding amine 20a–20d (1.0 equiv) in anhydrous DMF (1.0 M final concentration) 

at 0 °C under Ar gas was added T3P (3.0–4.7 equiv) and triethylamine (6.0 equiv) was added 

dropwise via syringe, and the reaction was stirred overnight with gradual warming to rt. The 

workup and purification of the product by silica gel flash chromatography was performed as 

described below.  

 

N-{4-[4-(4,7,10,13,16-Pentaoxanonadec-18-ynamido)benzoyl]phenyl}-N'-[2-(4-

sulfamoylphenyl)ethyl]pentanediamide (2). Title compound 2 was synthesized from 20a (50 

mg, 0.10 mmol) according to general procedure 1. The reaction was diluted with EtOAc (10 

mL) and washed with water (3 × 10 mL), followed by back-extraction of the combined aqueous 

phases with EtOAc (2 × 10 mL). The combined organic phases were dried over MgSO4, filtered, 

and evaporated under reduced pressure. The remaining residue was purified by silica gel flash 

chromatography (EtOAc/MeOH = 100/0, 95/5, 90/10) to obtain the title compound 2 as a light 

yellow solid (16.6 mg, 21%). Rf = 0.29 (MeOH/EtOAc = 5/95). mp = 91–94 °C. 1H NMR (600 

MHz, DMSO-d6): δ = 10.29 (s, 1H, NH), 10.25 (s, 1H, NH), 7.93 (t, J = 5.6 Hz, 2H, NH), 7.78–

7.75 (m, 4H, HBp), 7.75–7.73 (m, 2H, HAr), 7.72–7.68 (m, 4H, HBp), 7.40–7.38 (m, 2H, HAr), 

7.27 (s, 2H, SO2NH2), 4.13 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.72 (t, 3J = 6.2 Hz, 2H, CH2-EG), 

3.55–3.46 (m, 16H, 8 × CH2-EG), 3.39 (t, J = 2.4 Hz, 1H, C≡CH), 3.29 (td, J = 7.2, 5.6 Hz, 2H, 

NHCH2), 2.79 (t, J = 7.2 Hz, 2H, NHCH2CH2), 2.61 (t, J = 6.2 Hz, 2H, CH2-EG), 2.37 (t, J = 7.4 

Hz, 2H, CH2), 2.13 (t, J = 7.4 Hz, 2H, CH2), 1.82 (p, J = 7.4 Hz, 2H, C=OCH2CH2). 13C NMR 

(151 MHz, DMSO-d6): δ = 193.3 (C=OBp), 171.6 (C=O), 171.4(C=O), 169.8 (C=O), 143.7 (Cq-

Ar) , 143.0 (Cq-Bp), 142.9 (Cq-Bp), 142.0 (Cq-Ar) , 131.8 (Cq-Bp), 131.6 (Cq-Bp), 130.8 (4 × CBp) , 

129.0 (2 × CAr), 125.6 (2 × CAr), 118.2 (4 × CBp), 80.3 (C≡CH) , 77.0 (C≡CH), 69.7–69.6, 69.4, 
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68.6, 66.5 (9 × CH2-EG), 57.4 (CH2C≡C), 39.4 (NHCH2), 37.3 (CH2), 35.8 (CH2-EG), 34.9 

(NHCH2CH2), 34.5 (CH2), 21.0 (C=OCH2CH2). LRMS-ESI [M+H]+ m/z = 795. HRMS-ESI 

[M+Na]+ Calcd for C40H50N4NaO11S: 817.3089. Found: 817.3088. 

 

N-{4-[4-(4,7,10,13,16-Pentaoxanonadec-18-ynamido)benzoyl]phenyl}-N'-[(4-

sulfamoylphenyl)methyl]pentanediamide (3). Title compound 3 was synthesized from 20b 

(200 mg, 0.4 mmol) according to general procedure 1. The reaction was diluted with EtOAc 

(30 mL) and washed with water (3 × 20 mL), HCl (1.0 M, 30 mL) and water/saturated NaHCO3 

solution (1:1, 30 mL). The organic phase was dried over MgSO4, filtered, and evaporated under 

reduced pressure. The remaining residue was purified by silica gel flash chromatography 

(EtOAc/MeOH/NH4OH = 98/1/1 to 96/3/1) to obtain the title compound 3 as a pale brown solid 

(23.6 mg, 8%). Rf = 0.25 (EtOAc/MeOH/NH4OH = 95/4/1). mp = 108–110 °C. 1H NMR (500 

MHz, DMSO-d6): δ = 10.31 (s, 1H, NH), 10.29 (s, 1H, NH), 8.46 (t, J = 5.9 Hz, 1H, NHCH2), 

7.79–7.75 (m, 6H, HAr, HBp), 7.71–7.69 (m, 4H, HBp), 7.43–7.41 (m, 2H, HAr), 7.31 (s, 2H, 

SO2NH2), 4.33 (d, J = 5.9 Hz, 2H, NHCH2), 4.13 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.72 (t, J = 6.2 

Hz, 2H, CH2-EG), 3.55–3.45 (m, 16H, 8 × CH2-EG), 3.40 (t, J = 2.4 Hz, 1H, C≡CH), 2.61 (t, J = 

6.2 Hz, 2H, CH2-EG), 2.40 (t, J = 7.4 Hz, 2H, CH2), 2.24 (t, J = 7.4 Hz, 2H, CH2), 1.87 (p, J = 

7.4 Hz, 2H, C=OCH2CH2). 13C NMR (126 MHz, DMSO-d6): δ = 193.4 (C=OBp), 171.8 (C=O), 

171.5 (C=O), 169.9 (C=O), 143.8 (Cq-Ar), 143.1 (Cq-Bp), 142.9 (Cq-Bp), 142.6 (Cq-Ar), 131.8 (Cq-

Bp), 131.7 (Cq-Bp), 130.9 (4 × CBp), 127.5 (2 × CAr), 125.7 (2 × CAr), 118.2 (4 × CBp), 80.3 

(C≡CH), 77.1 (C≡CH), 69.8–69.7, 69.5, 68.5, 66.7 (9 × CH2-EG), 57.5 (CH2C≡C), 41.7 

(NHCH2), 37.3 (CH2-EG), 35.8 (CH2), 34.5 (CH2), 21.0 (C=OCH2CH2). LRMS-ESI [M+H]+ m/z 

= 781. HRMS-ESI [M+Na]+ Calcd for C39H48N4NaO11S: 803.2933. Found: 803.2923. 

 
N-{4-[4-(4,7,10,13,16-Pentaoxanonadec-18-ynamido)benzoyl]phenyl}-N'-(4-

sulfamoylphenyl)pentanediamide (4). Title compound 4 was synthesized from 20c (200 mg, 
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0.4 mmol) according to general procedure 1. The reaction was diluted with EtOAc (30 mL) and 

washed with water (3 × 30 mL) and water/saturated NaHCO3 solution (1:1, 2 × 20 mL). The 

organic phase was dried over MgSO4, filtered, and evaporated under reduced pressure. The 

remaining residue was purified by silica gel flash chromatography (EtOAc/MeOH/NH4OH = 

98/1/1 to 96/3/1) to obtain the title compound 4 as a light yellow hygroscopic solid (17.8 mg, 

6%). Rf = 0.17 (EtOAc/MeOH/NH4OH = 96/3/1). 1H NMR (500 MHz, DMSO-d6): δ = 10.31 

(s, 1H, NH), 10.30 (s, 1H, NH), 10.28 (s, 1H, NH), 7.78–7.76 (m, 4H, HBp), 7.75 (s, 4H, HAr), 

7.71–7.69 (m, 4H, HBp), 7.23 (s, 2H, SO2NH2), 4.12 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.72 (t, J = 

6.2 Hz, 2H, CH2-EG), 3.55–3.46 (m, 16H, 8 × CH2-EG), 3.40 (t, J = 2.4 Hz, 1H, C≡CH), 2.61 (t, 

J = 6.2 Hz, 2H, CH2-EG), 2.45 (2 × d, J = 7.3 Hz, 4H, 2 × CH2), 1.94 (p, 3J = 7.3 Hz, 2H, 

C=OCH2CH2). 13C NMR (126 MHz, DMSO-d6): δ = 193.4 (C=OBp), 171.42 (C=O), 171.38 

(C=O), 169.92 (C=O), 143.1 (Cq-Bp), 143.0 (Cq-Bp), 142.2 (Cq-Ar), 138.1 (Cq-Ar), 131.8 (Cq-Bp), 

131.7 (Cq-Bp), 130.9 (4 × CBp), 126.7 (4 × CAr), 118.5 (2 ×CBp), 118.2 (2 × CBp), 80.3 (C≡CH), 

77.1 (C≡CH), 69.8–69.7, 68.5, 66.5 (9 × CH2), 57.5 (CH2C≡C), 37.3 (CH2-EG), 35.6 (CH2), 35.5 

(CH2), 20.6 (C=OCH2CH2). LRMS-ESI [M+H]+ m/z = 767. HRMS-ESI [M+H]+ Calcd for 

C38H47N4O11S: 767.2957. Found: 767.2966. 

 

N-{4-[4-(4,7,10,13,16-pentaoxanonadec-18-ynamido)benzoyl]phenyl}-N'-(3-

sulfamoylphenyl)pentanediamide (5). Title compound 5 was synthesized from 20d (100 mg, 

0.2 mmol) according to general procedure 1. The reaction was diluted with EtOAc (20 mL) and 

washed with water (3 × 20 mL) and water/saturated NaHCO3 solution (1:1, 2 × 20 mL). The 

organic phase was dried over MgSO4, filtered, and evaporated under reduced pressure. The 

remaining residue was purified by silica gel flash chromatography (EtOAc/MeOH/NH4OH = 

98/1/1 to 95/4/1) to obtain the title compound 5 as a white solid (37.6 mg, 24%). Rf = 0.20 

(EtOAc/MeOH/NH4OH = 96/3/1). mp = 80–84 °C. 1H NMR (500 MHz, DMSO-d6): δ = 10.30 
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(2 × s, 2H, 2 × NH), 10.23 (s, 1H, NH), 8.21–8.20 (m, 1H, HAr), 7.78–7.76 (m, 4H, HBp), 7.74–

7.72 (m, 1H, HAr), 7.72–7.69 (m, 4H, HBp), 7.50–7.47 (m, 2H, HAr), 7.34 (s, 2H, SO2NH2), 4.13 

(d, J = 2.4 Hz, 2H, CH2C≡C), 3.72 (t, J = 6.2 Hz, 1H, CH2-EG), 3.58–3.44 (m, 16H, 8 × CH2-

EG), 3.41 (t, J = 2.4 Hz, 1H, C≡CH), 2.61 (t, J = 6.2 Hz, 1H, CH2-EG), 2.44 (2 × t, J = 7.4 Hz, 

4H, 2 × CH2), 1.94 (p, J = 7.4 Hz, 1H, C=OCH2CH2). 13C NMR (126 MHz, DMSO-d6): δ = 

193.4 (C=OBp), 171.4 (C=O), 171.2 (C=O), 169.9 (C=O), 144.6 (Cq-Ar), 143.1 (Cq-Bp), 142.9 

(Cq-Bp), 139.6 (CqAr), 131.8 (Cq-Bp), 131.7 (Cq-Bp), 130.9 (4 × CBp), 129.4 (CAr), 121.8 (CAr), 

120.1 (CAr), 118.2 (2 ×CBp), 116.0 (CAr), 80.3 (C≡CH), 77.1 (C≡CH), 69.8–69.7, 69.5, 68.5, 

66.5 (9 × CH2), 57.5 (CH2C≡C), 37.3 (CH2-EG), 35.6 (CH2), 35.5 (CH2), 20.7 (C=OCH2CH2). 

LRMS-ESI [M+H]+ m/z = 767. HRMS-ESI [M+H]+ Calcd for C38H47N4O11S: 767.2957. Found: 

767.3029. 

 

N-{4-[4-(4-Sulfamoylbenzamido)benzoyl]phenyl}-4,7,10,13,16-pentaoxanonadec-18-

ynamide (6). To a solution of 21 (30 mg, 0.06 mmol, 1.0 equiv) and 4-CBS (12 mg, 0.06 mmol, 

1.0 equiv) in anhydrous DMF (1.0 mL) were sequentially added HOBt (5 mg, 0.04 mmol, 0.6 

equiv), DIPEA (11 μL, 0.06 mmol, 1.0 equiv), and HBTU (23 mg, 0.06 mmol, 1.0 equiv). The 

reaction mixture was stirred for overnight at rt. The solvent was removed under reduced 

pressure and the remaining residue suspended in EtOAc (10 mL) then was filtered to remove 

the precipitate. The filtrate was evaporated under reduced pressure and the remaining residue 

purified by silica gel flash chromatography (EtOAc/MeOH = 1:0 to 97:3). The combined 

fractions were washed with HCl (1.0 M, 3 × 10 mL) and the solvent was evaporated under 

reduced pressure to obtain the title compound 6 as a dark yellow solid (7.6 mg, 19%). Rf = 0.47 

(EtOAC/ MeOH = 95/5). mp = 115–118 °C. 1H NMR (500 MHz, DMSO-d6): δ = 10.75 (s, 1H, 

NH), 10.32 (s, 1H, NH), 8.14–8.13 (m, 2H, HAr), 7.99–7.96 (m, 6H, HAr, HBp), 7.80–7.76 (m, 

4H, HBp), 7.75–7.73 (m, 2H, HBp), 7.55 (s, 2H, SO2NH2), 4.13 (d, J = 2.4 Hz, 2H, CH2C≡C), 
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3.72 (t, J = 6.2 Hz, 2H, CH2-EG), 3.55–3.46 (m, 16H, 8 × CH2-EG), 3.41 (t, J = 2.4 Hz, 1H, 

C≡CH), 2.61 (t, J = 6.2 Hz, 2H, CH2-EG). 13C NMR (126 MHz, DMSO-d6): δ = 193.4 (C=OBp), 

169.9 (C=O), 165.0 (C=O), 146.8 (Cq-Ar), 143.0 (Cq-Bp), 142.7 (Cq-Bp), 137.5 (Cq-Ar), 132.6 (Cq-

Bp), 131.7 (Cq-Bp), 131.0 (2 × CBp), 130.7 (2 × CBp), 128.5 (2 × CAr), 125.7 (2 × CAr), 119.5 (2 × 

CBp), 118.2 (2 × CBp), 80.3 (C≡CH), 77.1 (C≡CH), 69.8–69.7, 69.5, 68.5, 66.5 (9 × CH2-EG), 

57.5 (CH2C≡C), 37.3 (CH2-EG). LRMS-ESI [M+H]+ m/z = 682. HRMS-ESI [M−H]- Calcd for 

C34H38N3O10S: 680.2283. Found: 680.2269. 

 

General procedure 2: preparation of branched probes 7–11. To a solution of 17 (1.0 equiv) 

and the corresponding amine 25a–25e (1.0 equiv) in anhydrous DMF (1.0 M final 

concentration) at 0 °C under Ar gas was added T3P (3.0–4.7 equiv) and TEA (6.0 equiv) 

dropwise via syringe, and the reaction was stirred overnight with gradual warming to rt. The 

solvent was removed under reduced pressure and the remaining residue diluted with EtOAc (10 

mL) then was sequentially washed with water (3 × 10 mL), HCl (1.0 M, 10 mL), and 

water/saturated NaHCO3 solution (1:1, 10 mL) unless otherwise stated. The organic phase was 

dried over MgSO4, filtered, and evaporated under reduced pressure. Purification of the product 

by silica gel flash chromatography was performed as described below. 

 

N-[(1S)-2-[1-(4-Benzoylphenyl)-1,2,3-triazol-4-yl]-1-{[2-(4-

sulfamoylphenyl)ethyl]carbamoyl}ethyl]-4,7,10,13,16-pentaoxanonadec-18-ynamide (7). 

Title compound 7 was synthesized from 25a (84 mg, 0.16 mmol) according to general 

procedure 2. Purification by silica gel flash chromatography (EtOAc/MeOH/NH4OH = 98:1:1 

to 96:3:1) gave the title compound 7 as a light yellow solid (29 mg, 22%). Rf = 0.40 

(EtOAc/MeOH/NH4OH = 96:3:1). mp = 109–112 °C. 1H NMR (500 MHz, DMSO-d6): δ = 8.59 

(s, 1H, Htriazole), 8.17 (d, J = 8.2 Hz, 1H, NHCH), 8.11 (t, J = 5.8 Hz, 1H, NHCH2), 8.10–8.05 
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(m, 2H, HBp), 7.98–7.93 (m, 2H, HBp), 7.80–7.77 (m, 2H, HBp), 7.74–7.69 (m, 3H, HAr, HBp), 

7.62–7.57 (m, 2H, HBp), 7.37–7.35 (m, 2H, HAr), 7.28 (s, 2H, SO2NH2), 4.59 (td, J = 8.2, 5.8 

Hz, 1H, NHCH), 4.12 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.54–3.38 (m, 18H, 9 × CH2-EG), 3.40 (t, 

J = 2.4 Hz, C≡CH), 3.48–3.38 (m, 2H, NHCH2), 3.14 (dd, J = 14.8, 5.8 Hz, 1H, CHCH2), 2.97 

(dd, J = 14.8, 8.2 Hz, 1H, CHCH2), 2.79–2.70 (m, 2H, NHCH2CH2), 2.46–2.31 (m, 2H, CH2-

EG). 13C NMR (126 MHz, DMSO-d6): δ = 194.6 (C=OBp) , 170.4 (C=O), 170.2 (C=O), 144.5 

(Cq-triazole), 143.6 (Cq-Ar), 142.0 (Cq-Ar), 139.3 (Cq-Bp), 136.7 (Cq-Bp), 136.4 (Cq-Bp), 132.9 (CBp), 

131.6 (2 × CBp), 129.6 (2 × CBp), 129.1 (2 × CAr), 128.7 (2 × CBp), 125.6 (2 × CAr), 121.3 

(Ctrirazole), 119.5 (2 × CBp), 80.3 (C≡CH), 77.1 (C≡CH), 70.0–69.2, 68.5, 66.8 (9 × CH2-EG), 57.5 

(CH2C≡CH), 52.2 (NHCH), 39.6 (NHCH2CH2), 35.9 (CH2-EG), 34.7 (NHCH2CH2), 28.3 

(CHCH2). LRMS-ESI [M+H]+ m/z = 805. HRMS-ESI [M+Na]+ Calcd for C40H48N6NaO10S: 

827.3045. Found: 827.3074. 

 

N-[(1S)-2-[1-(4-benzoylphenyl)-1H-1,2,3-triazol-4-yl]-1-{[(4-

sulfamoylphenyl)methyl]carbamoyl}ethyl]-4,7,10,13,16-pentaoxanonadec-18-ynamide 

(8). Title compound 8 was synthesized from 25b (54 mg, 0.11 mmol) according to general 

procedure 2. Purification by silica gel flash chromatography (EtOAc/MeOH/NH4OH = 96:3:1) 

gave the title compound 8 as a pale yellow solid (8 mg, 10%). Rf = 0.20 (EtOAc/MeOH/NH4OH 

= 96:3:1). mp = 71–75 °C. 1H NMR (500 MHz, DMSO-d6): δ = 8.63 (s, 1H, Htriazole), 8.58 (t, J 

= 6.2 Hz, 1H, NH), 8.27 (d, J = 8.0 Hz, 1H, NHCH), 8.09–8.04 (m, 2H, HBp), 7.99–7.94 (m, 

2H, HBp), 7.82–7.78 (m, 2H, HBp), 7.75–7.66 (m, 3H, HAr, HBp), 7.63–7.57 (m, 2H, HBp), 7.34–

7.30 (m, 2H, HAr), 7.28 (s, 2H, SO2NH2), 4.70 (td, J = 8.0, 6.2 Hz, 1H, NHCH), 4.42–4.26 (m, 

2H, NHCH2), 4.12 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.61–3.38 (m, 18H, 9 × CH2-EG), 3.40 (t, J = 

2.4 Hz, 1H, C≡CH), 3.22 (dd, J = 14.7, 6.2 Hz, 1H, CHCH2), 3.06 (dd, J = 14.7, 8.0 Hz, 1H, 

CHCH2), 2.48–2.34 (m, 2H, CH2-EG). 13C NMR (126 MHz, DMSO-d6): δ = 194.7 (C=OBp), 
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170.6 (C=O), 170.3 (C=O), 144.5 (Cq-triazole), 143.3 (Cq-Ar), 142.5 (Cq-Ar), 139.3 (Cq-Bp), 136.8 

(Cq-Bp), 136.5 (Cq-Bp), 132.9 (CBp), 131.6 (2 × CBp), 129.7 (2 × CBp), 128.7 (2 × CBp), 127.2 (2 

× CAr), 125.5 (2 × CAr), 121.4 (Ctriazole), 119.5 (2 × CBp), 80.3 (C≡CH), 77.1 (C≡CH), 69.7–69.4, 

68.5, 66.8 (9 × CH2), 57.5 (CH2C≡C), 52.4 (NHCH), 41.7 (NHCH2), 35.9 (CH2-EG), 29.0 

(CHCH2). LRMS-ESI [M+H]+ m/z = 791. HRMS-ESI [M+Na]+ Calcd for C39H46N6NaO10S: 

813.2888. Found: 813.2901. 

 

N-[(1S)-2-[1-(4-Benzoylphenyl)-1H-1,2,3-triazol-4-yl]-1-[(4-

sulfamoylphenyl)carbamoyl]ethyl]-4,7,10,13,16-pentaoxanonadec-18-ynamide (9). Title 

compound 9 was synthesized from 25c (75.3 mg, 0.154 mmol) according to general procedure 

2. Purification by silica gel flash chromatography (EtOAc/MeOH/NH4OH = 96:3:1) gave the 

title compound 9 as a pale yellow solid (35 mg, 29%). Rf = 0.23 (EtOAc/MeOH/NH4OH = 

96:3:1). mp = 105–109 °C. 1H NMR (500 MHz, DMSO-d6): δ = 10.45 (s, 1H, NH), 8.66 (s, 1H 

Htriazole), 8.37 (d, J = 7.8 Hz, 1H, NHCH), 8.06–8.04 (m, 2H, HBp), 7.96–7.94 (m, 2H HBp), 

7.79–7.77 (m, 2H, HBp), 7.75 (s, 4H, HAr), 7.74–7.69 (m, 1H, HBp), 7.61–7.58 (m, 2H, HBp), 

7.25 (s, 2H, SO2NH2), 4.83 (td, J = 7.8, 6.1 Hz, 1H, NHCH), 4.12 (d, J = 2.4 Hz, 2H CH2C≡C), 

3.61–3.41 (m, 18H, 9 × CH2-EG), 3.40 (t, J = 2.4 Hz, 1H, C≡CH), 3.26 (dd, J = 14.7, 6.1 Hz, 

1H, CHCH2), 3.12 (dd, J = 14.7, 7.8 Hz, 1H, CHCH2), 2.48–2.36 (m, 2H, CH2). 13C NMR (126 

MHz, DMSO-d6): δ = 194.6 (C=OBp), 170.4 (C=O), 170.0 (C=O), 144.1 (Cq-triazole), 141.6 (Cq-

Ar), 139.3 (Cq-Bp), 138.6 (Cq-Ar), 136.7 (Cq-Bp), 136.5 (Cq-Bp), 132.9 (CBp), 131.6 (2 × CBp), 129.6 

(2 × CBp), 128.7 (2 × CBp), 126.6 (2 × CAr), 121.5 (Ctrirazole), 119.5 (2 × CBp), 119.0 (2 × CAr), 

80.3 (C≡CH), 77.1 (C≡CH), 70.0–69.1, 68.5, 66.7 (9 × CH2), 57.5 (CH2C≡C), 53.1 (NHCH), 

35.8 (CH2-EG), 28.2 (CHCH2). LRMS-ESI [M+H]+ m/z = 777. HRMS-ESI [M+H]+ Calcd for 

C38H45N6O10S: 777.2912. Found: 777.2918. 
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N-[(1S)-2-[1-(4-Benzoylphenyl)-1H-1,2,3-triazol-4-yl]-1-[(3-

sulfamoylphenyl)carbamoyl]ethyl]-4,7,10,13,16-pentaoxanonadec-18-ynamide (10). Title 

compound 10 was synthesized from 25d (147 mg, 0.300 mmol) according to general procedure 

2. Purification by silica gel flash chromatography (EtOAc/MeOH/NH4OH = 98:1:1) gave the 

title compound 10 as a pale yellow solid (30 mg, 13%). Rf = 0.25 (EtOAc/MeOH/NH4OH = 

98:1:1). mp = hygroscopic at rt. 1H NMR (500 MHz, DMSO-d6): δ = 10.42 (s, 1H, NH), 8.66 

(s, 1H, Htriazole), 8.36 (d, J = 7.8 Hz, 1H, NHCH), 8.19–8.18 (m, 1H, HAr), 8.07–8.03 (m, 2H, 

HBp), 7.97–7.93 (m, 2H, HBp), 7.80–7.76 (m, 2H, HBp), 7.75–7.73 (m, 1H, HAr), 7.73–7.69 (m, 

1H, HBp), 7.61–7.58 (m, 2H, HBp), 7.53–7.48 (m, 2H, HAr), 7.36 (s, 2H, SO2NH2), 4.81 (td, J = 

7.8, 6.2 Hz, 1H, NHCH), 4.12 (d, J = 2.4 Hz, 2H, CH2C≡CH), 3.62–3.41 (m, 18H, 9 × CH2-EG), 

3.40 (t, J = 2.4 Hz, 1H, C≡CH), 3.26 (dd, J = 14.7, 6.2 Hz, 1H, CHCH2), 3.12 (dd, J = 14.7, 7.8 

Hz, 1H, CHCH2), 2.49–2.36 (m, 2H, CH2-EG). 13C NMR (126 MHz, DMSO-d6): δ = 194.6 

(C=OBp), 170.4 (C=O), 169.9 (C=O), 144.6 (Cq-Ar), 144.2 (Cq-triazole), 139.3 (Cq-Bp), 139.1 (Cq-

Ar), 136.7 (Cq-Bp), 136.5 (Cq-Bp), 132.9 (CBp), 131.6 (2 × CBp), 129.7 (2 × CBp), 129.4 (CAr), 128.7 

(2 × CBp), 122.3 (CAr), 121.5 (Ctrirazole), 120.6 (CAr), 119.6 (2 × CBp), 116.5 (CAr), 80.3 (C≡CH), 

77.1 (C≡CH), 69.7 , 69.6–68.5, 66.7 (9 × CH2-EG), 57.5 (CH2C≡C), 53.1 (NHCH), 35.8 (CH2-

EG), 28.2 (CHCH2). LRMS-ESI [M+H]+ m/z = 777. HRMS-ESI [M+Na]+ Calcd for 

C38H44N6NaO10S: 799.2732. Found: 799.2747. 

 

N-[(1S)-2-[1-(4-Benzoylphenyl)-1H-1,2,3-triazol-4-yl]-1-[(5-sulfamoyl-1,3,4-thiadiazol-2-

yl)carbamoyl]ethyl]-4,7,10,13,16-pentaoxanonadec-18-ynamide (11). Title compound 11 

was synthesized from 25e (64 mg, 0.13 mmol) according to general procedure 2. Purification 

by silica gel flash chromatography (EtOAc/MeOH = 100:0 to 98:2) gave the title compound 11 

as a yellow solid (16 mg, 15%). Rf = 0.26 (EtOAc/MeOH = 99:1). mp = 51–53 °C. 1H NMR 

(500 MHz, DMSO-d6): δ = 13.28 (s, 1H, NH), 8.70 (s, 1H, Htriazole), 8.48 (d, J = 7.4 Hz, 1H, 
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NHCH), 8.35 (s, 2H, SO2NH2), 8.10–8.03 (m, 2H, HBp), 8.00–7.93 (m, 2H, HBp), 7.79–7.77 (m, 

2H, HBp), 7.75–7.68 (m, 1H, HBp), 7.61–7.58 (m, 2H, HBp), 4.92 (td, J = 7.4, 6.1 Hz, 1H, NHCH), 

4.12 (d, J = 2.4 Hz, 2H, CH2C≡C), 3.61–3.39 (m, 18H, 9 × CH2-EG), 3.40 (t, J = 2.4 Hz, 1H, 

C≡CH), 3.29 (dd, J = 14.8, 6.1 Hz, 1H, CHCH2), 3.22 (dd, J = 14.8, 7.5 Hz, 1H, CHCH2), 2.49–

2.37 (m, 2H, CH2-EG). 13C NMR (126 MHz, DMSO-d6): δ = 194.7 (C=OBp), 170.9 (C=O), 170.7 

(C=O), 164.6 (CAZA), 161.1 (CAZA), 143.5 (Cq-triazole), 139.3 (Cq-Bp), 136.7 (Cq-Bp), 136.5 (Cq-Bp), 

133.0 (CBp), 131.6 (2 × CBp), 129.7 (2 × CBp), 128.7 (2 × CBp), 121.8 (Ctriazole), 119.6 (2 × CBp), 

80.3 (C≡CH), 77.1 (C≡CH), 69.9–69.3, 68.5, 66.6 (9 × CH2-EG), 57.5 (CH2C≡C), 52.6 (NHCH), 

35.7 (CH2-EG), 27.6 (CHCH2). LRMS-ESI [M+H]+ m/z = 785. HRMS-ESI [M+Na]+ Calcd for 

C34H40N8NaO10S2: 807.2201. Found: 807.2297. 

 

Fluorescence-based CA II binding assay. The assay was performed following a previously 

reported protocol.[13] DNSA stock solution was prepared at 1 mM in DMSO/water (1:1). CA II 

(1 μM) was added to the test probe (over a concentration range 0.1–100 μM) in HEPES buffer 

(25 mM HEPES with 10% acetonitrile, pH 7.0) and mixed well. DNSA (0.1 mM) was added 

and the resulting solution was incubated at rt for 10 min, then transferred into a black wall 96-

well plate (final volume 100 μL/well). The fluorescence was measured in the Spectra Max 250 

plate reader (Molecular Devices, Sunnyvale, CA, USA) at an excitation of 285 nm and emission 

of 465 nm at 25 °C. All samples were prepared in triplicate and results from three independent 

experiments were fitted to a sigmoidal dose-response equation using non-linear regression 

analysis (GraphPad Prism V5.0c, San Diego, CA, USA). 

 

Detection of PAL-treated recombinant human CA II. The two-step PAL experiment was 

conducted using a modified literature procedure.[17] In a 96-well plate, recombinant human CA 

II (1 μM, 0.45 μg) in 1X PBS buffer (140 mM NaCl, 10 mM Na2HPO4, 3 mM KCl, 2 mM 
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KH2PO4, pH 7.4) was incubated with the test probe at the desired concentration (final DMSO 

content <5%) for 15 min at rt with gentle shaking. Plates requiring UV exposure were 

transferred to a CN-15 Vilber Lourmat UV Cabinet (Thermo Fischer Scientific) and irradiated 

at 365 nm for 1 h on ice. Non-UV treated samples were transferred into an Eppendorf tube and 

incubated in the dark for 1 h at 4 °C. Working stock solutions of CuSO4·5H2O, aminoguanidine 

hydrochloride, and sodium ascorbate stock solution were prepared freshly in water just prior to 

use. The CuAAC step was conducted by addition of Cy3 azide (12.5 μM in DMSO), 

CuSO4·5H2O (0.1 mM), THPTA (0.5 mM), aminoguanidine hydrochloride (5.0 mM), and 

sodium ascorbate (5.0 mM) to the protein-probe sample in this order (final 6.4% DMSO). The 

click reaction was allowed to proceed at 4 °C in the dark for 1 h. The sample was mixed with 

5X SDS loading buffer (5% w/v SDS, 0.25 M Tris pH 6.8, 40% v/v glycerol, 50 mM DTT), 

boiled at 95 °C for 5 min, and separated by SDS-PAGE (12%). The gel was washed with 50% 

MeOH in water for 30 min and visualized for in-gel fluorescence on a FLA-5000 (Fujifilm, 

Brisbane, QLD, Australia) fluorescence imager. 

The control experiments with partially denatured CA II (prepared by boiling CA II (0.45 μg) in 

1X PBS at 95 °C for 30 min) and two-step PAL experiment using a mixture of purified proteins 

(0.45 μg CA II, 5.0 μg BSA, and 5.0 μg OVA in 1X PBS buffer) were conducted similarly to 

that described for native CA II. 

 

CA II-spiked cell lysate labeling. MDA-MB-231 cells were cultured in RPMI 1640 (Life 

Technologies) supplemented with 10% fetal bovine serum (Hyclone, GE Healthcare, Sydney, 

NSW, Australia) and 5 mL penicillin/streptomycin (Gibco, Thermo Fischer Scientific) and 

were maintained in a humidified incubator at 37 °C with 5% CO2. To prepare cell lysates, cells 

were harvested with trypsin-EDTA (0.25%, Thermo Fischer Scientific) and collected by 

centrifugation (265 × g, 5 min). Cell pellets were washed with PBS, centrifuged, and the 
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resulting pellet was lysed with 0.5% Nonidet P-40 lysis buffer (150 mM NaCl, 50 mM Tris-

HCl pH 8.0, 0.5% v/v Nonidet P-40, 1 mM phenylmethanesulfonylpluoride) supplied with 

protease inhibitor cocktail VI (AG Scientific Inc., San Diego, CA, USA). Protein concentration 

was determined using DC protein assay kit (Bio-Rad, Sydney, NSW, Australia). 

In a 96-well plate, 40 μg of lysate spiked with recombinant human CA II (0.45 μg) in PBS was 

incubated with the probe at the desired concentration (1.0–0.5 μM) for 15 min on ice with gentle 

shaking. The samples were irradiated with UV light (365 nm) for 1 h on ice. The click reaction 

was conducted by addition of Cy3 azide (12.5 μM), CuSO4·5H2O (0.2 mM), THPTA (1.0 mM), 

aminoguanidine (5.0 mM), and sodium ascorbate (5.0 mM) to the sample in this order. The 

reaction was allowed to proceed at 4 °C in the dark for 1 h. Protein samples were purified by 

addition of 4X volume of chilled acetone and cooling at −20 °C to precipitate the proteins. The 

sample was centrifuged (16200 × g, 10 min) to pellet the proteins. Acetone was aspirated and 

the pellet was air-dried for 5 min. The pellet was solubilized with NP-40 lysis buffer (20 μL). 

The sample was mixed with 5X SDS loading buffer, boiled at 95 °C for 5 min, and separated 

by SDS-PAGE (12%). The gel was washed with 50% MeOH in water for 30 min and visualized 

for in-gel fluorescence on a FLA-5000 fluorescence imager. 

 

Mass Spectrometry analysis of CA II:probe complex. The CA II:probe complex was 

prepared by incubating CA II (1 µM) in ammonium acetate buffer (10 mM, pH 7.0) with the 

test probe in DMSO (10 µM). The probe-crosslinked PAL samples for mass spectrometry 

experiments were adapted from the procedure for the labeling of purified CA II. In a 96-well 

plate, CA II (1 µM) was incubated with the test probe (1 µM and 10 µM) in a final volume of 

500 µL for 15 min on ice with gentle shaking. The samples were irradiated with UV light (365 

nm) for 1 h on ice unless otherwise indicated. Prior to MS analysis the treated protein was 

separated from the unreacted probe and was concentrated into ammonium acetate buffer using 
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Amicon Ultra 0.5 centrifugal filters (Merck Millipore, Sydney, NSW, Australia). In more detail, 

500 μL of the initial protein solution was loaded on the filter and centrifuged (14,000 × g, 15 

min) at 4 °C. The flow through was discarded and the concentrate resuspended into 450 μL of 

ammonium acetate buffer. This process was repeated twice in order to avoid any residual salt 

retention that could interfere with the protein ionisation during the mass spectrometry. The 

concentrate was then recovered by centrifugation (3,000 × g, 1 min) and diluted to give 10 μM 

final protein concentration by addition of ammonium acetate buffer.  

All samples were infused using a Triversa Nanomate (Advion BioSciences, Ithaca, NY, USA) 

automated nanoESI interface coupled with a Bruker solariX XRTM 12.0 Tesla Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR MS) fitted with a ParaCellTM 

(Bruker Daltonics Inc., Melbourne, VIC, Australia). Spraying conditions were optimised for 

the best mass spectrometric signal intention, signal to noise ratio and spray duration. In 

summary, 3 μL of the sample were delivered via a 5 micron HDA ESI Chip (Advion 

BioSciences) applying 0.40 psi gas pressure and 1.70 kV of voltage under positive ionisation 

mode. The aspiration depth was set at 0.8 mm while 0.5 μL of air was aspirated after the sample. 

The FT-ICR mass spectrometer parameters were optimised to maximise signal intensity whilst 

ensuring gentle enough conditions in order to retain the proteins in a native-like state. In detail, 

data were acquired for 45 scans over the range of m/z 500-10,000 with the quadrupole set at 

m/z 600, while a skimmer 1 voltage of 15 V, a drying gas temperature of 100 oC, a nebulizer 

gas flow rate of 2 bar, a capillary voltage of 3,500 V, a spray shield of 500 V, a collision voltage 

(entrance) of -3.0 V, a DC extract bias of 0.1 V, a collision cell rf of 2,000 Vpp, an ion 

accumulation time of 0.3 s and a flight time of 2 ms were used. 

 

6. Acknowledgment 



 44 

We thank the Australian Research Council (grant number FT10100185 to S.-A.P.), the Cancer 

Council Queensland (Project APP1058222 to S.-A.P. and K.F.T.) and Griffith University (PhD 

scholarship to K.Teruya).  

 

7. Supporting Information 

Synthesis and 1H and 13C NMR spectra of all compounds, Western blot and gel analysis, and 

MS spectra for control experiments. 

 

8. Abbreviations 

4-CBS, 4-carboxybenzenesulfonamide; AZA, acetazolamide; BSA, bovine serum albumin; CA, 

carbonic anhydrase; CuAAC, copper-catalyzed azide-alkyne cycloaddition; DCC, 

dicyclohexylcarbodiimide; DCM, dichloromethane; DIPEA, N,N-diisopropylethylamine; DMF, 

dimethylformamide; DMSO, dimethyl sulfoxide; DNSA, 5-(Dimethylamino)-1-

naphthalenesulfonamide; EDC, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride; EtOAc, ethyl acetate; FT-MS, Fourier-transform mass spectrometry; HBTU, 

N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate; HEPES, 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid; HOBt, 1-hydroxybenzotriazole; HRMS, high 

resolution mass spectrometry; LRMS, low resolution mass spectrometry; MeOH, methanol; 

NH4OH, ammonium hydroxide; OVA, ovalbumin; PAL, photoaffinity labeling; PBS, 

phosphate buffered saline; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis; SPAAC, strain-promoted azide-alkyne cycloaddition; TEA, triethylamine; 

TFA, trifluoroacetic acid; THPTA, tris(3-hydroxypropyltriazolylmethyl)amine; T3P, 

propylphosphonic anhydride. 

 

  



 45 

9. References 

 

[1] a) P. Geurink, L. Prely, G. Marel, R. Bischoff, H. Overkleeft, in Activity-Based 

Protein Profiling, Vol. 324 (Ed.: S. A. Sieber), Springer Berlin Heidelberg, 2012, pp. 

85–113; b) E. Smith, I. Collins, Future Med. Chem. 2015, 7, 159–183; c) J. Sumranjit, 

S. Chung, Molecules 2013, 18, 10425–10451. 

[2] a) J. M. Baskin, C. R. Bertozzi, QSAR Comb. Sci. 2007, 26, 1211–1219; b) G. C. 

Rudolf, S. A. Sieber, ChemBioChem 2013, 14, 2447–2455; c) K. Teruya, K. Tonissen, 

S.-A. Poulsen, MedChemComm 2016; d) D. J. Lapinsky, D. S. Johnson, Future Med. 

Chem. 2015, 7, 2143–2171. 

[3] C. T. Supuran, Nat. Rev. Drug Discov. 2008, 7, 168–181. 

[4] J. Pastorek, S. Pastoreková, M. Zatovicová, Curr. Pharm. Des. 2008, 14, 685–698. 

[5] a) V. M. Krishnamurthy, G. K. Kaufman, A. R. Urbach, I. Gitlin, K. L. Gudiksen, D. 

B. Weibel, G. M. Whitesides, Chem. Rev. 2008, 108, 946–1051; b) K. Mizusawa, Y. 

Takaoka, I. Hamachi, J. Am. Chem. Soc. 2012, 134, 13386–13395; c) G. Chen, A. 

Heim, D. Riether, D. Yee, Y. Milgrom, M. A. Gawinowicz, D. Sames, J. Am. Chem. 

Soc. 2003, 125, 8130–8133; d) Y. Takaoka, H. Tsutsumi, N. Kasagi, E. Nakata, I. 

Hamachi, J. Am. Chem. Soc. 2006, 128, 3273–3280. 

[6] K. Sakurai, R. Yamada, A. Okada, M. Tawa, S. Ozawa, M. Inoue, ChemBioChem 

2013, 14, 421–425. 

[7] C. H. Arrowsmith, J. E. Audia, C. Austin, J. Baell, J. Bennett, J. Blagg, C. Bountra, P. 

E. Brennan, P. J. Brown, M. E. Bunnage, C. Buser-Doepner, R. M. Campbell, A. J. 

Carter, P. Cohen, R. A. Copeland, B. Cravatt, J. L. Dahlin, D. Dhanak, A. M. 

Edwards, M. Frederiksen, S. V. Frye, N. Gray, C. E. Grimshaw, D. Hepworth, T. 

Howe, K. V. M. Huber, J. Jin, S. Knapp, J. D. Kotz, R. G. Kruger, D. Lowe, M. M. 



 46 

Mader, B. Marsden, A. Mueller-Fahrnow, S. Muller, R. C. O'Hagan, J. P. Overington, 

D. R. Owen, S. H. Rosenberg, R. Ross, B. Roth, M. Schapira, S. L. Schreiber, B. 

Shoichet, M. Sundstrom, G. Superti-Furga, J. Taunton, L. Toledo-Sherman, C. 

Walpole, M. A. Walters, T. M. Willson, P. Workman, R. N. Young, W. J. Zuercher, 

Nat. Chem. Biol. 2015, 11, 536–541. 

[8] C. T. Supuran, Bioorg. Med. Chem. Lett. 2010, 20, 3467–3474. 

[9] J. A. Day, S. M. Cohen, J. Med. Chem. 2013, 56, 7997–8007. 

[10] R. P. Tanpure, B. Ren, T. S. Peat, L. F. Bornaghi, D. Vullo, C. T. Supuran, S.-A. 

Poulsen, J. Med. Chem. 2015, 58, 1494–1501. 

[11] H. Park, J. Y. Koo, Y. V. V. Srikanth, S. Oh, J. Lee, J. Park, S. B. Park, Chem. 

Commun. 2016, 52, 5828–5831. 

[12] E. L. Vodovozova, Biochem. (Moscow) 2007, 72, 1–20. 

[13] A. L. Banerjee, S. Tobwala, B. Ganguly, S. Mallik, D. K. Srivastava, Biochemistry 

2005, 44, 3673–3682. 

[14] A. Kawamura, S. Hindi, D. M. Mihai, L. James, O. Aminova, Bioorg. Med. Chem. 

2008, 16, 8824–8829. 

[15] L. A. Woods, O. Dolezal, B. Ren, J. H. Ryan, T. S. Peat, S.-A. Poulsen, J. Med. Chem. 

2016, 59, 2192–2204. 

[16] P. Mujumdar, K. Teruya, K. F. Tonissen, D. Vullo, C. T. Supuran, T. S. Peat, S.-A. 

Poulsen, J. Med. Chem. 2016, 59, 5462-5470. 

[17] S. I. Presolski, V. P. Hong, M. G. Finn, in Current Protocols in Chemical Biology, 

Vol. 3, John Wiley & Sons, Inc., 2011, pp. 153–162. 

 
  



 47 

Table of Contents Graphic 

Chemical probes are small molecule reagents used by researchers for labeling and detection of 

biomolecules. We demonstrate that a combination of in-gel fluorescence with native state mass 

spectrometry enables detailed characterisation of photoaffinity labeling (PAL) probe-protein 

interactions to establish probe structure-activity relationships. 
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