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Abstract 

 

Proteomic Profiling of Metalloenzymes via Robust Coordination of 

Active-Site Metal 

 

Chinh Quoc Ngo, M.A. 

The University of Texas at Austin, 2017 

 

Supervisor:  Emily Que 

 

Proteomic profiling of metalloenzymes in their native state is possible without 

using a covalent crosslinking group, if the interaction between the metal-binding group of 

the probe and the active-site metal is robust. In this proof-of-concept study, we show the 

feasibility of such approach with carbonic anhydrase as an example. 
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I. INTRODUCTION 

Metal ions are indispensable components of many basic and complex biological 

processes. While hydrogen, carbon, nitrogen, and oxygen predominate in terms of mass, 

all biological systems require metal ions. On one end of the spectrum, there are metals 

(potassium, sodium, magnesium) that exist at very high concentrations in biological 

systems and on the other end, there are metals (iron, zinc, copper) that are present at trace 

levels. Biological metal ions can be roughly divided into two pools: labile metals and 

non-labile metals.1 Labile metals are bound weakly by cellular ligands, including proteins 

and low molecular weight ligands, and are often involved in signaling processes. An 

example of a labile metal would be calcium, which is known to initiate contraction in 

skeletal and cardiac muscles upon release.2 Metal ions in the non-labile metal pool are 

bound strongly by metalloproteins. They serve as structural components in proteins and 

as enzymatic cofactors. About one-third to one-half of all proteins in biology are 

metalloproteins.3,4 Metalloproteins are responsible for an array of cellular functions, 

ranging from oxygen transport to metal-ion storage, and enzymatic catalysis. 

Misregulation of metalloproteins is often associated with certain disease states.5 

Therefore, having a sufficient understanding of a metalloproteome is critical to the 

discussion of cellular activity of an organism. 

Labile metal homeostasis (trafficking, signaling, storage) has been studied 

intensively by fluorescence imaging.6,7 The usual strategy involves the use of a probe, 

consisted of a selective metal binding group and a fluorescent moiety. The metal binding 

group can compete with the weakly bound cellular ligand. The probe will show an off-on 
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response to a particular labile metal ion. Although recent studies have shown that the 

response of certain fluorescent probes could bind to accessible metalloprotein metal 

sites,8,9 fluorescence imaging remains the most popular approach. However, these probes 

cannot be used for metals tightly bound in protein sites. For metalloproteins, mass 

spectrometry (MS) based approaches allow a more comprehensive analysis of non-labile 

metals bound to metalloproteins. 

MS-based methods are quite central to metalloproteomics, a relatively new field 

that aims to comprehensively characterize metalloproteomes. Metalloproteomics is a 

fusion of metallomics, which is the study of all metal and metalloid species within a 

biological system, and proteomics, which is the large-scale study of structures and 

functions of proteins. What sets metalloproteomics apart from the preceding fields is its 

recognition of the importance of maintaining native metal-protein interaction and/or 

metalation state.10 

 Traditional, bottom-up proteomic approaches are often inadequate in the studies 

of non-covalent cofactors like metals. Because these interactions are non-covalent, they 

can be easily destroyed by techniques adopted from bottom-up proteomics, such as 

enzymatic digestion. These techniques usually require the use of strong acids/bases, 

concentrated inorganic salts, strong complexing anions and heat, which lead to loss of 

metal cofactors and/or denaturation of proteins. Metalloproteins that have lost their 

original metal ions may end up misincorporating other metals into their structures, which 

further complicates analysis. False metalation states caused by incompatible proteomic 

techniques need to be avoided at all cost. Therefore, development of new methods that 
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can retain the integrity of native metal-protein interactions is essential to the growth of 

metalloproteomics. Currently, one of the more common methods to study metalloproteins 

involves the use of low resolution 2D liquid chromatography, followed metal analysis by 

ICP-MS. Subsequently, denaturing polyacrylamide gel electrophoresis and principal 

component analysis can be performed to obtain more information. 

 This thesis describes one of the few attempts to enrich metalloproteins without 

using a covalent crosslinking group. It involves the use of a probe that has a metal-

binding group (MBG), a low-affinity biotin analogue, and a linker of appropriate length. 

When incubated with a cell lysate mixture, the probe can bind to metalloproteins via 

coordination of the MBG to metal ions. The metalloprotein-probe complexes are then 

captured by magnetic streptavidin beads, allowing for their separation from proteins that 

do not contain metals. Enrichment of metalloproteins is achieved by eluting the 

metalloprotein-probe complexes anchored on the surface of streptavidin beads with 

biotin. Since the low-affinity biotin-based group on the probe cannot compete with the 

Figure 1. Proposed metalloproteomic workflow – enrichment of intact metalloproteins 

for top-down MS analysis 
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parent biotin, this elution can be done under mild, non-denaturing conditions, which is 

crucial to maintaining native metalation states. Finally, the enriched metalloproteins can 

be subjected to top-down or bottom-up mass spectrometry (MS) analysis, depending on 

the purpose of the study. 

 

 

 

 

 This strategy draws inspiration from the work of various groups on the profiling 

of proteins/enzymes not known to form covalent adducts with any mechanism-based 

inhibitor. One of the earliest examples was the affinity-based profiling of kinases using 

isoquinolinesulfonamide-based probes.11 The probes contained benzophenone as the 

covalent photocrosslinking group because a strong covalent interaction was needed to 

prevent the dissociation of the enzyme-probe complex during 2D-PAGE. This approach 

was later adopted for the proteomic labeling of metalloproteases (MPs), Zn-containing 

enzymes that have critical roles in many biological processes, like tissue remodeling and 

peptide hormone signaling. The catalytic activity of MPs can be inhibited by 

hydroxamate-based molecules. The hydroxamate unit competes with the water molecule 

in the active site and chelates the catalytic zinc through its carbonyl and hydroxyl 

(A) (B) 

Figure 2. (A) Mechanism of sulfonamide inhibition of CA (B) Molecular structures of biotin (Kd = 

10-15 M) and desthiobiotin (Kd = 10-11 M). Kd is with respect to streptavidin or avidin. 
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oxygens. Saghatelian et al. reported the use of probes that had a moiety similar to 

GM6001 and marimastat which were known MP inhibitors.12 Concurrently, there was 

another report using peptidyl hydroxamate-based probes.13 The probes had either 

diazirine or benzophenone as covalent photocrosslinking group. A fluorescent reporter 

tag was included in the probe structure, allowing protein detection during PAGE. 

Proteomic profiling of HDACs, another very important class of Zn-containing enzymes, 

was achieved in a similar fashion.14,15 The hydroxamate unit was once again used as the 

metal-binding group. It is a very promiscuous group; however, the enzyme selectivity of 

the overall probe could be tuned with appropriate linker and cap groups.16 With a SAHA-

derived probe, they were able to pull down class I and II HDACs and HDAC-associated 

proteins. There are also reports on proteomic profiling of carbonic anhydrase (CA).17,18 

The probe design contained the parent biotin and a photocrosslinking group. Preservation 

of native metalation was not the focus of either report. 

 To prove the practicality of this approach, probes were synthesized and used to 

enrich intact carbonic anhydrase from lysate mixtures. CA was chosen for this proof-of-

concept because it is a classical, well-characterized, and commercially available 

metalloprotein.19 It is a Zn-containing enzyme that catalyzes the reversible reaction 

between carbon dioxide hydration and bicarbonate dehydration. Most well-known 

inhibitors of CA are usually sulfonamide compounds so the sulfonamide group was 

employed as the MBG in the probe design.20 Sulfonamide binds to CA via the 

coordination of the deprotonated sulfonamide nitrogen to the active site Zn and two 

hydrogen bonds of the sulfonamide group to residue Thr199, which is present in all 
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isoforms.21 The two sulfonamide moieties that were eventually included in this study 

were benzenesulfonamide and ethoxzolamide. Ethoxzolamide was once in clinical use, it 

has significantly better binding constants with many CA isoforms,22 compared to other 

classical sulfonamide drugs. The low-affinity biotin-based group used in probe design 

was desthiobiotin. It binds to streptavidin with the same specificity as biotin, but can 

dissociate more easily.  
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II. RESULTS AND DISCUSSION 

 To arrive at a structurally optimized and functional probe that could be used for 

pull-down experiments, several preliminary probes with different linker length and 

composition were synthesized. Detailed synthesis of the probes is reported in the 

Experimental section. The main strategy involved the coupling of biotin-NHS ester and 

an appropriate aryl sulfonamide-functionalized chain containing a terminal NH2 group 

(Scheme 1). 
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Scheme 1. Conditions: (a) NaN3, DMSO (b) K2CO3, aryl sulfonamide, DMF (c) i. PPh3, THF ii. 

biotin-NHS ester, MeOH (d) TsCl, DMAP, DCM (e) NaN3, DMF, 40oC (f) DPPA, DBU, DMF, 

65oC (g) NaH, 1,12-dibromododecane, THF, reflux (h) N2H4·H2O, EtOH 

 Most probes, except for probe 1b, showed acceptable aqueous solubility and were 

subjected to the p-nitrophenyl acetate (NPA) assay, which determined which probes 

would be suitable for protein pull-down experiment. 

p-Nitrophenyl Acetate (NPA) Assay 

 As shown in the proposed workflow (Fig. 1), successful protein enrichment is 

dependent on many factors, with one of those being the formation of the ternary complex 
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streptavidin-probe-metalloprotein. A good probe is one which allows sufficient ternary 

complex formation. The extent of this formation can be estimated by NPA assay. In the 

context of this project, the ternary complex would be the streptavidin-probe-CA complex. 

However, for the NPA assay, avidin was used in place of streptavidin because it was 

significantly less expensive. Avidin is a heavily glycosylated version of streptavidin; 

however, it still interacts with biotin the same way streptavidin does. 

 The hydrolysis of NPA catalyzed by CA forms the basis of the NPA assay. When 

uninhibited, CA quickly consumes the colorless NPA and yields the yellow-colored p-

nitrophenolate ion, resulting in a rapid increase of absorbance at 400 nm. Conversely, 

sulfonamide-inhibited CA should show a slower rate of increase or absence of the 

absorbance at 400 nm. The extent of avidin-probe-CA formation could be derived from 

Figure 3. Hydrolytic rate of NPA of each probe in the absence or presence of avidin. The rates 

were calculated from the NPA assay spectra and were not normalized. Probe 1b was not included 

due to the insolubility in aqueous media. * = sample contains avidin. 
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this assay by looking at the NPA hydrolysis rate of each probe in the presence of both 

avidin and CA. In the absence of avidin, all probes were able to inhibit/bind CA 

moderately to very strongly. It was unclear how probe 1a, a probe with a pure alkyl 

linker, inhibited CA more strongly than both probes 2a and 2b which had longer pure 

PEG linkers (Fig. 3). The highly hydrophilic PEG linkers likely attenuated the interaction 

between the probes and the hydrophobic pocket of CA. Probes 1a, 2a, and 2b, however, 

could not inhibit CA activity in the presence of avidin, evident by the rapid increase of 

absorbance at 400 nm. The inability of a probe to inhibit CA in the presence of avidin 

meant that the avidin-probe complex could not bind to CA, which ultimately meant that 

there was insufficient formation of the ternary complex. Probes 3a, 3b, and 4 displayed 

excellent complex formation (Fig. 3). Probe 4 probably aggregated slightly in solution, 

which affected the base line and led to a slightly negative hydrolytic rate. The 

ethoxzolamide is not known to be an activator of CA. In general, the longer linkers 

allowed a greater degree of ternary complex formation, and when the linkers were of the 

same length, better complex formation was observed with the probe containing a CA 

binding group with higher CA affinity. 

 

Native PAGE 

 Of the three probes that showed desirable results with the NPA assay, probe 3a 

was chosen in this native PAGE experiment to further confirm the formation the ternary 

avidin-probe-CA complex (Fig. 4). Native PAGE is run in the absence of SDS so proteins 

remain mostly intact, allowing studies of protein association. Also, protein mobility in 
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native PAGE is dictated by charge and hydrodynamic size instead of molecular weight 

like in SDS-PAGE.  

In this experiment, the electrophoresis was run with 

reverse electrode to allow migration of avidin (pI = 10) and 

the ternary complex into the gel. Thus, free CA (pI = 5.4) 

would not migrate into gel and would not be observed. Lane 

1 had only avidin. Lane 2 had avidin and 2 equivalents of 

3a, and showed a similar protein migration as lane 1. 

Since avidin has four binding sites for biotin, 

occupation of half the available sites must have had no 

impact on avidin mobility. Lane 4 had avidin and 5 

equivalents of 3a. All binding sites of avidin should have been occupied with this excess 

amount of probe, and yet the band migrated similarly to lane 1 and 2, which meant that in 

the absence of CA, probes could not change avidin mobility on gel. However, upon the 

addition of CA, changes in band migration were observed. Lane 3, which had avidin, 2 

equivalents of 3a and 2 equivalents of CA, showed two overlapping bands. The fast 

running band was the remaining avidin, and the other could be attributed to the 

incomplete association between avidin and CA. Lane 5, which had avidin, 5 equivalents 

of 3a and 5 equivalents of CA, only showed a slow running band and not the avidin band, 

indicative of the complete association between avidin and CA. CA has a low pI, so 

Figure 4. Native PAGE to confirm 

formation of ternary complex. 

Lane 1: avidin. Lane 2: avidin + 

2eq of probe. Lane 3: avidin + 2 eq 

probe + 2 eq CA. Lane 4: avidin + 

5 eq probe. Lane 5: avidin + 5 eq 

probe + 5 eq CA. 

 

2 3 4 5 1 
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understandingly, its avidin-probe-CA would move more slowly compared to avidin. The 

native PAGE results supported the formation of the ternary complex.  

Protein pull-down 

 Probe 3a was then used in a simple pull-down 

experiment with a protein mixture containing bovine serum 

albumin (BSA), lysozyme and CA. The concentration of 

each protein was in the low μM range. Probe 3a was able 

to selectively pull down CA, although the amount of 

enriched protein was somewhat small, evident by the 

faint bands for CA in lanes 5 and 6 (Fig. 5). Ideally, 

the CA bands of lanes 3 and 4 should have been 

significantly fainter. However, the concentration of 

each protein appeared to remain identical after pull-

down. Probe 4, which had the better CA binding group than probe 3a, was used in a 

similarly simple pull-down involving red blood cell lysate (Fig. 6). The RBC lysate was 

prepared using a mixture of chloroform and ethanol to precipitate out most of the 

hemoglobin.23 The aqueous supernatant lysate contained CA, lysozyme, oxidases, 

catalase and negligible amounts of hemoglobin. The total protein concentration was 

estimated to be 20 μg/μL. Qualitatively, probe 4 showed very good CA enrichment. 

While the concentration of each protein once again remained almost identical post pull-

down (lanes 2 and 3), the amount of CA obtained could be in low μg levels (lanes 4 and 

Figure 5. SDS-PAGE of simple 

protein mixture pull-down. Lane 1: 

ladder. Lane 2: protein mixture – 

BSA, CA, lysozyme. Lane 3: 

supernatant after pull-down. Lane 

4: supernatant after pull-down (2x 

loading). Lane 5: pull-down 

solution. Lane 6: pull-down 

solution (2x loading). 

5 1 2 3 6 4 
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5). This result was due to the high concentration of CA in the prepared RBC lysates and 

the high affinity of the ethoxzolamide unit.   

Encouraged by these results, we have attempted to enrich CA from two cell lines 

A549 and HEK293. The pull-down experiments have been unsuccessful so far using 

lysates prepared from approximately 7-10 million cells. 

Total protein concentrations were estimated to be about 10 

μg/μL. The levels of CA IX were determined to be about 35 

ng/mL by ELISA. The lack of a photocrosslinking group 

was likely the main cause for the failure of CA enrichment. 

 In conclusion, a few desthiobiotin-sulfonamide 

probes have been synthesized. Their ability to form the 

ternary complex avidin-probe-CA was tested by the NPA 

assay.  Probes that showed good result in the NPA assay 

were used in protein pull-down experiments. While pull 

down was feasible with lysates containing relative high CA levels, protein enrichment 

was difficult when CA concentration was in the ng/mL (or nM) range. Incorporating a 

higher affinity CA-binding moiety into the probe design may help improve CA 

enrichment. However, a probe that targets one specific protein is not ideal for proteomic 

profiling. A covalent crosslinker may be included in future probe designs. 

 

 

 

Figure 6. SDS-PAGE of 

bovine RBC lysate pull-

down. Lane 1: ladder. Lane 

2: RBC lysate. Lane 3: 

supernatant after pull-down. 

Lane 4: pull-down solution. 

Lane 5: pull-down solution 

(2x loading). 

5 1 2 3 4 
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III. METHODS AND MATERIALS 

General 

All solvents and chemicals were purchased from Sigma-Aldrich, Acros and Fisher Sci. 

and used as received. High pressure liquid chromatography (HPLC) was carried out on a 

Biotage Isolera One. The 1H and 13C NMR spectroscopic measurements were conducted 

using a 400 MHz AGILENT NMR spectrometer. NMR samples were prepared in CDCl3, 

DMSO-d6, or CD3OD and chemical shifts are reported in ppm. Electrospray Ionization 

Mass Spectrometry (ESI-MS) was performed on an Agilent 6130 Mass Spectrometer 

equipped with a UV-Vis detector. Spectroscopic studies were performed using an Agilent 

Cary 60 UV-Vis Spectrophotometer. For pull-down study, the magnetic streptavidin 

beads used were Dynabeads M-270 and Dynabeads MyOne C1 from Thermo Fisher 

Scientific. 

Synthesis

 

Compound 1: 1,6-dibromohexane (1.22 g, 5 mmol) was dissolved in DMSO (2.5 mL). 

Sodium azide (0.13 g, 2 mmol) was added and the mixture was stirred overnight at RT. 

The reaction mixture was taken up in DI water (8 mL) and extracted with EtOAc (2 x 15 

mL). The organic layer was dried with Na2SO4 and concentrated in vacuo over silica gel. 

Flash chromatography (gradient, pure hexanes to 1:1 hexanes:THF) gave a clear oil 
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(0.3424 g, 83% yield). 1H NMR (400 MHz, Chloroform-d) δ 3.42 (t, J = 6.7 Hz, 2H), 

3.28 (t, J = 6.9 Hz, 2H), 1.93 – 1.81 (m, 2H), 1.62 (tt, J = 7.8, 6.6 Hz, 2H), 1.54 – 1.34 

(m, 4H). 

Compound 2: 4-hydroxybenzenesulfonamide (764 mg, 4.41 mmol) was dissolved in 

DMF (5 mL). K2CO3 (670 mg, 4.85 mmol) was added and the reaction was stirred for 20 

minutes at RT. Compound 1 (1.0 g, 4.85 mmol) dissolved in DMF (6 mL) was added to 

the reaction mixture. The reaction was stirred overnight at RT. Solvent was removed in 

vacuo. The residue was dissolved in EtOAc (100 mL) and washed with DI water (2 x 40 

mL). The organic layer was washed with brine, dried with Na2SO4 and concentrated in 

vacuo over silica gel. Flash chromatography (gradient, 3:1 hexanes:EtOAc to 1:1 

hexanes:EtOAc) gave a clear oil (584 mg, 44% yield). 1H NMR (400 MHz, Chloroform-

d) δ 7.89 – 7.81 (m, 2H), 7.01 – 6.92 (m, 2H), 4.77 (s, 2H), 4.02 (t, J = 6.4 Hz, 2H), 3.29 

(t, J = 6.8 Hz, 2H), 1.82 (dt, J = 8.1, 6.4 Hz, 2H), 1.70 – 1.58 (m, 2H), 1.58 – 1.39 (m, 

4H). 13C NMR (126 MHz, Chloroform-d) δ 162.43, 133.50, 128.56, 114.88, 114.67, 

68.21, 51.35, 28.89, 28.77, 26.46, 25.59. LR ESI-MS (ESI+, MeOH): calculated for 

C12H18N4O3SNa [M+Na]+ 321.1, found 321.2. 

Compound 3: Compound 2 (29.8 mg, 0.1 mmol) and triphenylphosphine (39.3 mg, 0.15 

mmol) were dissolved in THF (1 mL). The reaction solution was stirred at 40oC for 3 hrs. 

THF was removed in vacuo. Desthiobiotin-NHS ester (31.1 mg, 0.1 mmol) and MeOH (1 

mL) were added to the residue. The reaction was stirred at 40oC for 6 hrs. The reaction 

mixture was concentrated in vacuo over silica gel. Flash chromatography (gradient, 20:1 

DCM:MeOH to 9:1 DCM:MeOH) gave a white solid which was then subjected to prep 
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TLC (15:1 CHCl3:MeOH) to give the desired product (30.4 mg, 65% yield). 1H NMR 

(400 MHz, DMSO-d6) δ 7.76 – 7.66 (m, 3H), 7.18 (s, 1H), 7.09 – 7.00 (m, 2H), 6.29 (s, 

1H), 6.11 (s, 1H), 4.01 (t, J = 6.5 Hz, 2H), 3.57 (p, J = 6.4 Hz, 1H), 3.44 (m, 1H), 3.00 (q, 

J = 6.4 Hz, 2H), 2.01 (t, J = 7.4 Hz, 2H), 1.74 – 1.65 (m, 2H), 1.49 – 1.42 (m, 2H), 1.42 – 

1.11 (m, 12H), 0.93 (d, J = 6.4 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 172.38, 

163.30, 161.54, 136.48, 128.13, 114.92, 114.87, 68.35, 55.44, 50.69, 38.75, 35.81, 30.00, 

29.57, 29.17, 28.97, 28.92, 26.60, 26.03, 25.70, 25.62, 15.95. 

 

Compound 4: Triethylene glycol (0.53 mL, 4 mmol), triethylamine (1.39 mL, 10 mmol), 

tosyl chloride (1.91 g, 10 mmol) and DMAP (49 mg, 0.4 mmol) were dissolved in DCM 

(20 mL). The reaction was stirred overnight at RT. The reaction mixture was 

concentrated in vacuo over silica gel. Flash chromatography (gradient, 4:1 

hexanes:EtOAc to 1:2 hexanes: EtOAc) gave a clear oil (1.6 g, 88% yield). 1H NMR (400 

MHz, Chloroform-d) δ 7.83 – 7.75 (m, 4H), 7.38 – 7.30 (m, 4H), 4.17 – 4.08 (m, 4H), 

3.73 – 3.61 (m, 4H), 3.52 (s, 4H), 2.44 (s, 6H). 

Compound 5: Compound 4 (0.756 g, 1.65 mmol) was dissolved in acetonitrile (3.5 mL). 

Sodium azide (42.9 mg, 0.66 mmol) was added and the mixture was stirred overnight at 

60oC. The reaction mixture was concentrated in vacuo over silica gel. Flash 
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chromatography (gradient, 8:1 hexanes:EtOAc to 1:2 hexanes:EtOAc) gave a clear oil 

(0.138 g, 64% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.84 – 7.75 (m, 2H), 7.38 – 

7.29 (m, 2H), 4.20 – 4.10 (m, 2H), 3.70 (m, 2H), 3.64 (m, 2H), 3.60 (s, 4H), 3.37 (dd, J = 

5.6, 4.5 Hz, 2H), 2.45 (s, 3H). 

Compound 6: 4-hydroxybenzenesulfonamide (164 mg, 0.95 mmol) was dissolved in 

DMF (1 mL). K2CO3 (144 mg, 1.04 mmol) was added and the reaction was stirred for 20 

minutes at RT. Compound 5 (343 mg, 1.04 mmol) dissolved in DMF (1.4 mL) was added 

to the reaction mixture. The reaction was stirred overnight at RT. Solvent was removed in 

vacuo. Flash chromatography (gradient, 2:1 hexanes:EtOAc to 1:2 hexanes:EtOAc) gave 

a clear oil (197 mg, 63% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.90 – 7.75 (m, 

2H), 7.07 – 6.90 (m, 2H), 4.76 (s, 2H), 4.27 – 4.09 (m, 2H), 3.92 – 3.79 (m, 2H), 3.77 – 

3.69 (m, 2H), 3.73 – 3.47 (m, 4H), 3.37 (t, J = 5.0 Hz, 2H). 13C NMR (126 MHz, 

Chloroform-d) δ 162.09, 133.95, 128.59, 128.53, 115.77, 114.81, 77.24, 76.83, 70.90, 

70.71, 70.08, 69.55, 67.82, 50.68. 

Compound 7: Compound 6 (26.4 mg, 0.08 mmol) and triphenylphosphine (31.5 mg, 0.12 

mmol) were dissolved in THF (1 mL). The reaction solution was stirred at 40oC for 2 hrs. 

THF was removed in vacuo. Desthiobiotin-NHS ester (24.9 mg, 0.08 mmol) and MeOH 

(1 mL) were added to the residue. The reaction was stirred at 40oC for 4 hrs. The reaction 

mixture was concentrated in vacuo over silica gel. Flash chromatography (gradient, 20:1 

CHCl3:MeOH to 6:1 CHCl3:MeOH) gave the desired product (27.5 mg, 69% yield). 1H 

NMR (400 MHz, DMSO-d6) δ 7.81 (t, J = 5.7 Hz, 1H), 7.75 – 7.67 (m, 2H), 7.19 (s, 2H), 

7.11 – 7.02 (m, 2H), 6.28 (s, 1H), 6.10 (s, 0H), 4.17 – 4.11 (m, 2H), 3.77 – 3.69 (m, 2H), 
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3.60 – 3.34 (m, 8H), 3.20 – 3.10 (m, 2H), 2.03 (q, J = 8.0, 7.5 Hz, 2H), 1.48 – 1.08 (m, 

8H), 0.92 (d, J = 6.4 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 172.67, 163.29, 161.31, 

136.69, 128.12, 114.93, 70.34, 70.02, 69.65, 69.20, 68.05, 55.44, 50.69, 38.89, 35.69, 

29.98, 29.15, 29.11, 26.04, 25.62, 15.96. 

 

Compound 8: Tetraethylene glycol (0.388 g, 2 mmol), DMAP (24.4 mg, 0.2 mmol), and 

triethylamine (0.7 mL, 5 mmol) were dissolved in DCM (10 mL). The reaction solution 

was cooled to 0oC in an ice/water bath and tosyl chloride (0.8 g, 4.2 mmol) was added. 

The reaction was allowed to warm up to RT and stirred overnight. The reaction mixture 

was concentrated in vacuo over silica gel. Flash chromatography (gradient, 4:1 

hexanes:EtOAc to 1:2 hexanes: EtOAc) gave a clear oil (0.82 g, 82% yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.83 – 7.75 (m, 4H), 7.38 – 7.30 (m, 4H), 4.19 – 4.09 (m, 

4H), 3.71 – 3.63 (m, 4H), 3.62 – 3.51 (m, 8H), 2.44 (d, J = 0.8 Hz, 6H). 

Compound 9: Compound 8 (1.48 g, 2.95 mmol) was dissolved in DMF (15 mL). Sodium 

azide (77 mg, 1.18 mmol) was added and the mixture was stirred overnight at 40oC. DMF 

was removed in vacuo to give a dry residue. The residue was dissolved with some MeOH 

and concentrated over silica gel in vacuo. Flash chromatography (gradient, 3:1 
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hexanes:EtOAc to 1:1.2 hexanes:EtOAc) gave a clear oil (0.323 g, 73% yield). 1H NMR 

(400 MHz, Chloroform-d) δ 7.84 – 7.75 (m, 2H), 7.38 – 7.30 (m, 2H), 4.19 – 4.11 (m, 

2H), 3.73 – 3.62 (m, 8H), 3.60 (s, 4H), 3.42 – 3.35 (m, 2H), 2.45 (s, 3H). 

Compound 10: 4-hydroxybenzenesulfonamide (136 mg, 0.79 mmol) was dissolved in 

DMF (1 mL). K2CO3 (119 mg, 0.86 mmol) was added and the reaction was stirred for 20 

minutes at RT. Compound 9 (323 mg, 0.86 mmol) dissolved in DMF (1.5 mL) was added 

to the reaction mixture. The reaction was stirred overnight at 60oC. Solvent was removed 

in vacuo. Flash chromatography (gradient, 2:1 hexanes:EtOAc to 1:3 hexanes:EtOAc) 

gave a clear oil (172 mg, 59% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.89 – 7.76 

(m, 2H), 7.02 – 6.91 (m, 2H), 4.82 – 4.77 (s, 2H), 4.21 – 4.16 (m, 2H), 3.90 – 3.85 (m, 

2H), 3.74 – 3.68 (m, 2H), 3.68 – 3.62 (m, 8H), 3.37 (t, J = 5.1 Hz, 2H). 13C NMR (126 

MHz, Chloroform-d) δ 162.03, 134.09, 128.50, 114.78, 77.23, 70.90, 70.69, 70.65, 70.60, 

70.01, 69.47, 67.81, 50.66. 

Compound 11: Compound 10 (26.9 mg, 0.072 mmol) and triphenylphosphine (28.3 mg, 

0.11 mmol) were dissolved in THF (1 mL). The reaction solution was stirred overnight at 

40oC. THF was removed in vacuo. Desthiobiotin-NHS ester (22.4 mg, 0.072 mmol) and 

MeOH (1 mL) were added to the residue. The reaction was stirred at 40oC for 7 hrs. The 

reaction mixture was concentrated in vacuo over silica gel. Flash chromatography 

(gradient, 15:1 CHCl3:MeOH to 5:1 CHCl3:MeOH) gave the desired product (27.9 mg, 

71% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.77 (t, 1H), 7.71 (m, 1H), 7.16 (s, 1H), 

7.10 – 7.02 (m, 2H), 6.24 (s, 1H), 6.07 (s, 1H), 4.14 (dd, J = 5.6, 3.6 Hz, 2H), 3.73 (s, 

2H), 3.63 – 3.32 (m, 12H), 3.14 (q, J = 5.8 Hz, 2H), 2.02 (t, J = 7.4 Hz, 2H), 1.49 – 1.06 
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(m, 8H), 0.92 (d, J = 6.4 Hz, 3H). 13C NMR (126 MHz, DMSO-d6) δ 172.66, 163.28, 

161.31, 136.68, 128.11, 114.93, 70.40, 70.25, 70.21, 70.02, 69.62, 69.21, 68.05, 55.44, 

50.69, 38.90, 35.69, 29.98, 29.15, 26.04, 25.63, 15.96. 

 

Compound 12: Tetraethylene glycol (7.76 g, 40 mmol) and diphenylphosphoryl azide 

(3.44 mL, 16 mmol) were dissolved in DMF (80 mL). The reaction was cooled to 0oC in 

an ice/water bath and DBU (2.40 mL, 16 mmol) was added portion-wise. The reaction 

was allowed to warm to RT and then heated at 75oC overnight. DMF was removed in 

vacuo. The residue was taken up in water (20 mL) and extracted with EtOAc (3 x 180 

mL). The organic layer was dried with Na2SO4 and concentrated in vacuo over silica gel. 

Flash chromatography twice with EtOAc gave a clear oil (2.02 g, 58% yield). 1H NMR 

(400 MHz, Chloroform-d) δ 3.77 – 3.71 (m, 2H), 3.70 – 3.65 (m, 10H), 3.63 – 3.58 (m, 

2H), 3.40 (t, 2H). 

Compound 13: Compound 12 (0.66 g, 3 mmol) was dissolved in anhydrous THF (24 mL) 

in a flame-dried round-bottom flask under N2. Sodium hydride (60% dispersion in 

mineral oil, 0.24 g, 6 mmol) was added and the suspension was stirred at RT for 30 min. 

1,12-dibromododecane (2.95 g, 9 mmol) was then added. The reaction was heated at 
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reflux overnight. THF was removed in vacuo. The residue was taken up in DI water (30 

mL) and extracted with DCM (3 x 50 mL). The organic layer was dried with Na2SO4 and 

concentrated in vacuo over silica gel. Flash chromatography (6:1 hexanes:EtOAc to 1:1 

hexanes:EtOAc) gave an oil (0.894 g, 64% yield). 1H NMR (400 MHz, Chloroform-d) δ 

3.71 – 3.63 (m, 12H), 3.60 – 3.56 (m, 2H), 3.51 – 3.35 (m, 6H), 1.85 (dt, J = 14.5, 6.9 

Hz, 2H), 1.57 (t, J = 7.1 Hz, 2H), 1.41 (s, 2H), 1.31 – 1.23 (m, 14H). 

Compound 14: 4-hydroxybenzenesulfonamide (52.0 mg, 0.3 mmol) was dissolved in 

DMF (0.4 mL). K2CO3 (44.2 mg, 0.32 mmol) was added and the reaction was stirred for 

20 minutes at RT. Compound 13 (93.3 mg, 0.2 mmol) dissolved in DMF (0.6 mL) was 

added to the reaction mixture. The reaction was stirred overnight at 60oC. Solvent was 

removed in vacuo. The dry residue was dissolved in some MeOH and loaded on silica 

gel. Flash chromatography (gradient, 3:1 hexanes:EtOAc to 1:1.5 hexanes:EtOAc) gave a 

waxy solid (69.1 mg, 62% yield). 

Compound 15: Compound 14 (33.5 mg, 0.06 mmol) and triphenylphosphine (23.6 mg, 

0.09 mmol) were dissolved in THF (1 mL). The reaction solution was stirred overnight at 

40oC. THF was removed in vacuo. Desthiobiotin-NHS ester (18.7 mg, 0.06 mmol) and 

MeOH (1 mL) were added to the residue. The reaction was stirred at 40oC for 4 hrs. The 

reaction mixture was concentrated in vacuo over silica gel. Flash chromatography 

(gradient, 20:1 CHCl3:MeOH to 10:1 CHCl3:MeOH), followed by prep TLC (10:1 

CHCl3:MeOH), gave a white solid (26.3 mg, 60% yield). 
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Compound 16: Hexaethylene glycol (1.41 g, 5 mmol) and diphenylphosphoryl azide 

(0.43 mL, 2 mmol) were dissolved in DMF (10 mL). The reaction was cooled to 0oC in 

an ice/water bath and DBU (0.3 mL, 2 mmol) was added portion-wise. The reaction was 

allowed to warm to RT and then heated at 65oC overnight. DMF was removed in vacuo. 

The residue was taken up in water (5 mL) and extracted with EtOAc (2 x 50 mL). The 

organic layer was dried with Na2SO4 and concentrated in vacuo over silica gel. Flash 

chromatography (gradient, 20:1 EtOAc:MeOH to 8:1 EtOAc:MeOH) gave a clear oil 

(0.252 g, 41% yield). 

Compound 17: Compound 16 (0.307 g, 1.0 mmol) was dissolved in anhydrous THF (8 

mL) in a flame-dried round-bottom flask under N2. Sodium hydride (60% dispersion in 

mineral oil, 80 mg, 2.0 mmol) was added and the suspension was stirred at RT for 30 

min. 1,12-dibromododecane (0.984 g, 3.0 mmol) was then added. The reaction was 

heated at reflux overnight. THF was removed in vacuo. The residue was taken up in DI 

water (10 mL) and extracted with DCM (3 x 15 mL). The organic layer was dried with 

Na2SO4 and concentrated in vacuo over silica gel. Flash chromatography (gradient, 5:1 

hexanes:EtOAc to pure EtOAc) gave an oil (0.234 g, 42% yield). 
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Compound 18: 4-hydroxybenzenesulfonamide (52.0 mg, 0.3 mmol) was dissolved in 

DMF (0.4 mL). K2CO3 (44.2 mg, 0.32 mmol) was added and the reaction was stirred for 

20 minutes at RT. Compound 17 (110.9 mg, 0.2 mmol) dissolved in DMF (0.6 mL) was 

added to the reaction mixture. The reaction was stirred overnight at 60oC. Solvent was 

removed in vacuo. The dry residue was dissolved in some MeOH and loaded on silica 

gel. Flash chromatography (gradient, 2:1 hexanes:EtOAc to 1:3 hexanes:EtOAc, and then 

20:1 EtOAc:MeOH) gave the desired product (99.8 mg, 77% yield). 

Compound 19: Compound 18 (45.2 mg, 0.070 mmol) and triphenylphosphine (27.4 mg, 

0.105 mmol) were dissolved in THF (1 mL). The reaction solution was stirred overnight 

at 40oC. THF was removed in vacuo. Desthiobiotin-NHS ester (21.7 mg, 0.070 mmol) 

and MeOH (1 mL) were added to the residue. The reaction was stirred at 40oC for 4 hrs. 

The reaction mixture was concentrated in vacuo over silica gel. Flash chromatography 

(gradient, 20:1 CHCl3:MeOH to 9:1 CHCl3:MeOH), followed by prep TLC (8:1 

CHCl3:MeOH), gave a white solid (33.8 mg, 59% yield). 

 

Compound 20: To a flame-dried seal tube was added 6-hydroxybenzo[d]thiazole-2-

sulfonamide (0.184 g, 0.8 mmol), DMF (0.27 mL), and N,N-dimethylformamide 

dimethyl acetal (0.69 mL, 5.2 mmol). The reaction was heated at 45oC overnight. Solvent 
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was removed in vacuo. The residue was dissolved in some acetone and loaded on silica 

gel. Flash chromatography (gradient, pure DCM to 3:1 DCM:acetone) gave a white solid 

(0.175 g, 77% yield). 

 

Compound 21: Compound 20 (57.1 mg, 0.2 mmol) was dissolved in DMF (0.4 mL). 

K2CO3 (41.5 mg, 0.3 mmol) was added and the reaction was stirred for 20 minutes at RT. 

Compound 13 (93.3 mg, 0.2 mmol) dissolved in DMF (0.6 mL) was added to the reaction 

mixture. The reaction was stirred overnight at 60oC. Solvent was removed in vacuo. The 

dry residue was dissolved in some MeOH and loaded on silica gel. Flash chromatography 

(gradient, pure DCM to 8:1 DCM:acetone) gave the desired product (84.8 mg, 63% 

yield). 

Compound 22: Compound 21 (67 mg, 0.10 mmol) was suspended in EtOH (1.0 mL). 

Hydrazine monohydrate (48.4 μL, 1.0 mmol) was added and the reaction was stirred at 

RT overnight. Solvent was removed in vacuo. The dry residue was dissolved in some 

MeOH and concentrated in vacuo over silica gel. Flash chromatography (gradient, 3:1 

hexanes: EtOAc to 1:1.5 hexanes:EtOAc) gave the desired product (41.9 mg, 68% yield). 

 

Compound 23: Compound 22 (35.5 mg, 0.058 mmol) and triphenylphosphine (22.7 mg, 

0.0.864 mmol) were dissolved in THF (1 mL). The reaction solution was stirred 

overnight at 40oC. THF was removed in vacuo. Desthiobiotin-NHS ester (17.9 mg, 0.058 

mmol) and MeOH (1 mL) were added to the residue. The reaction was stirred at 40oC for 

4 hrs. The reaction mixture was concentrated in vacuo over silica gel. Flash 
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chromatography (gradient, 20:1 CHCl3:MeOH to 9:1 CHCl3:MeOH) gave a white solid 

(30 mg, 66% yield). 

NPA Assay: Probe stock solutions were prepared as 10 mM DMSO solutions. CA stock 

solution was prepared as 350 μM solution in 50 mM HEPES, 100 mM KNO3, pH 7.2. 

NPA stock solution was prepared as 125 mM acetonitrile solution. Avidin stock solution 

was prepared as 30.3 μM in 50 mM HEPES, 100 mM KNO3, pH 7.2. A typical NPA 

experiment was carried out by adding HEPES (500 μL), then avidin stock solution (33 

μL, 1.0 nmol), probe (0.2 μL, 2.0 nmol), CA (4.57 μL, 1.6 nmol) and finally NPA stock 

solution (1.0 μL) to a quartz cuvette. The absorbance was scanned 5 times, the interval 

between each scan was 90 seconds. 

Protein pull-down with simple mixture: A protein mixture (50 μL) containing BSA 

(0.2 mg/mL), CA (0.2 mg/mL), and lysozyme (0.2 mg/mL) was prepared using PBS 

buffer, pH 7.4. Probe solution (10 mM, 0.1 μL) was added to the mixture and the mixture 

was incubated for 20 minutes. Simultaneously, streptavidin beads (10 mg/mL, 100 μL) 

were washed with PBS buffer (2 x 500 μL). The protein mixture was then added to the 

washed beads and incubated for 1 hour. The magnetic beads were separated from the 

supernatant by a strong magnet. The supernatant was removed and the beads were 

washed with PBS buffer (2 x 500 μL). Biotin solution (10 mM in PBS, 80 μL) and 

MeOH (20 μL) were added to the beads to remove the enriched protein from the bead 

surface. 

Red blood cell lysates: 10% bovine erythrocytes in PBS were obtained from Innovative 

Research. The lysates were prepared according to an adapted protocol1 to obtain red 
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blood cell lysates free of hemoglobin. First, 4 mL of the bovine blood solution in PBS 

was concentrated down using 10kDa centrifugal filters to 0.25 mL at 4 ̊C. Then, 1 mL of 

milliQ water was added to the bovine blood cells and shaken intermittently for 10 

minutes while keeping it on ice. To the above solution, 0.6 mL of chloroform and 0.4 mL 

of ethanol was added and it was again shaken intermittently for 5 minutes. The tube was 

then centrifuged at 1000g for 5 minutes and the top aqueous layer containing the lysates 

was collected. 0.8-1 mL of milliQ water was added and the solution shaken again for 5 

minutes followed by centrifugation at 1000g. The aqueous layer was collected and the 

water wash step was repeated 5 times. Finally, the aqueous layers were lyophilized and 

the dry lysates containing proteins were reconstituted in 50 mM HEPES at approximately 

20 mg/mL. These lysates contain carbonic anhydrase, lysozyme, oxidases, catalase and 

negligible amounts of hemoglobin. 
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IV. SPECTROSCOPIC DATA 

 

Figure 7: 1H NMR of compound 3 (400 MHz) in DMSO-d6 

 

Figure 8: 13C NMR of compound 3 (126 MHz) in DMSO-d6 
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Figure 9: 1H NMR of compound 7 (400 MHz) in DMSO-d6 

 

Figure  10: 13C NMR of compound 7 (126 MHz) in DMSO-d6 
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Figure 11: 1H NMR of compound 11 (400 MHz) in DMSO-d6 

 

Figure  12: 13C NMR of compound 11 (126 MHz) in DMSO-d6 
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Figure 13: 1H NMR of compound 15 (400 MHz) in DMSO-d6 

 

Figure  14: 13C NMR of compound 15 (126 MHz) in DMSO-d6 
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Figure 15: 1H NMR of compound 19 (400 MHz) in DMSO-d6 

 

Figure  16: 13C NMR of compound 19 (126 MHz) in DMSO-d6 
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Figure 17: 1H NMR of compound 23 (400 MHz) in DMSO-d6 

 

Figure  18: 13C NMR of compound 23 (126 MHz) in DMSO-d6 
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