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GENERAL INFORMATION 
 

Instrumentation and Methods. 1H NMR and 13C NMR spectra were obtained on a 500 MHz Bruker 

BioDRX NMR spectrometer at the University of Pennsylvania NMR facility and were recorded at room 

temperature in deuterated acetonitrile (CD3CN) or methanol (CD3OD). Column chromatography was 

performed using silica gel (60 Å pore size, 40-75 µm particle size) from Sorbent Technologies. High-

resolution mass spectrometry (HRMS) data were obtained using electrospray ionization (ESI) mass 

spectrometry on a Micromass Autospec at the Mass Spectrometry Center in the Chemistry Department at 

the University of Pennsylvania. Standard workup procedures involved multiple (~3) extractions with the 

indicated organic solvent, followed by washing of the combined organic extracts with water or brine, 

drying over sodium sulfate and removal of solvents in vacuo. All yields are reported after purification. 

ITC experiments were performed with GE Healthcare MicroCalTM iTC200 system. HP 129Xe was 

generated using spin-exchange optical pumping (SEOP) method with a home-built 129Xe hyperpolarizer, 

based on the commercial model IGI.Xe.2000 by GE. A gas mixture of 10% nitrogen, 89% helium, and 

1% natural abundance xenon (Linde Group, NJ) was used as the hyperpolarizer input. 795 nm circularly 

polarized diode laser (OptiGrate SEOP Laser, 30 to 70 W) was used for optical pumping of Rb vapor. HP 

129Xe NMR measurements were performed on a Bruker BioDRX 500 MHz NMR spectrometer (138.12 

MHz frequency for 129Xe), using a 10-mm BBO NMR probe. Sample temperature was controlled by VT 

unit on NMR spectrometer to 300 ± 1 K. Chemical shifts were referenced relative to 129Xe gas at 0 ppm 

when extrapolated to 0 atm. 

 

Materials. All phosphate-buffered saline (PBS) used in this work was 1.058 mM potassium phosphate 

monobasic, 154 mM sodium chloride, and 5.6 mM sodium phosphate dibasic, pH 7.2. Avidin (10 mg, 

lyophilized) was purchased from Thermo Fisher Pierce. Organic reagents and solvents were used as 

purchased from the following commercial sources: Sigma-Aldrich: 1-butylamine (99.5%), triethylamine 
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(99.5%), cesium hydroxide monohydrate (CsOH·H2O, 95+%), 1-bromobutane (99%), 4-

aminomethylbenzenesulfonamide (95%), 4-(2-aminoethyl)-benzenesulfonamide (99%); Fisher: 

pentylamine-biotin, hydrochloric acid, sodium sulfate (anhydrous), sodium chloride, sea sand (washed), 

potassium carbonate (K2CO3, anhydrous), ethyl acetate (EtOAc, HPLC grade), dichloromethane (CH2Cl2, 

HPLC grade), methanol (MeOH, HPLC grade), 1-butanol, 4 Å molecular sieves (Type 4A, 8-12 mesh 

beads); Acros Organics: N,N-dimethylformamide (DMF, anhydrous), acetonitrile (CH3CN, anhydrous), 

deuterium oxide (D2O), acetonitrile-d3 (CD3CN); Strem Chemicals: cucurbit[6]uril monohydrate (CB[6], 

99+%); Alfa Aesar: p-nitrophenyl acetate (98+%). 

 

HYPER-CEST EXPERIMENTS 
 

 Prior to applying saturation pulse, a controllable amount of hp 129Xe was delivered into a 3 mL sample 

solution and sealed in the NMR tube by a home-built continuous-flow gas delivery setup. For each data 

point in the Hyper-CEST spectrum, the gas mixture was bubbled for 20 s, followed by a 3-s delay to 

allow bubbles to collapse. Xe (all isotopes) concentration in Hyper-CEST experiments was ~136 µM = 4 

mM/atm * 3.4 atm * 0.01 (Xe percentage in gas mixture). All Hyper-CEST experiments were carried out 

using a Bruker 500 MHz NMR spectrometer, with 10-mm PABBO probe. A 90° hard pulse of this probe 

has pulse length of 22 µs. For Hyper-CEST frequency-scan profile (Figures 3 and 4), Dsnob saturation 

pulse with 690 Hz bandwidth was used. Pulse length tpulse = 3.80 ms, field strength B1,max = 77 µT, number 

of pulses npulse= 400, saturation time tsat = 1.52 s. For Figure 5, Dsnob saturation pulse with 276 Hz 

bandwidth was used. Pulse length tpulse = 9.50 ms, field strength B1,max = 30.8 µT, number of pulses npulse= 

400, saturation time tsat = 3.80 s. 
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Scheme S1: Hyper-CEST NMR mechanism. Xenon-binding CB[6] molecules are represented 

by hexagons.  
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SYNTHETIC PROCEDURES FOR TFGS 
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Scheme S2: Synthetic methods for TFGs 
 

Synthesis of 1, 2.1 

 4-[(butylamino)methyl]-benzenesulfonamide (1) and 4-[2-(butylamino)ethyl]benzenesulfonamide (2) 

were synthesized in one step with yields of 30% and 43%. Taking 2 as an example, in an oven-dried flask 

with a suspension containing 4 Å molecular sieves (500 mg) and anhydrous DMF (8.3 mL), cesium 

hydroxide monohydrate (285.5 mg, 1.7 mmol, 1 equiv) was added. The mixture was stirred vigorously for 

10 min. Then, 4-(2-aminoethyl)benzenesulfonamide (340.4 mg, 1.7 mmol, 1 equiv) was added to the flask 

and the reaction mixture was stirred vigorously for 30 min. 1-bromobutane (0.1826 mL, 1.7 mmol, 1 

equiv) was added to the white suspension and the reaction proceeded for 20 h at rt. Then the reaction 

mixture was filtered and washed several times with ethyl acetate. The filtrate was concentrated and taken 

up in 1 M NaOH. Ethyl acetate (5 x 20 mL) was used to extract the product and standard workup 
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procedures followed. The crude mixture was purified by column chromatography using a gradient of 

ethyl acetate to 5% methanol in ethyl acetate (v/v). The purified 4-[2-

(butylamino)ethyl]benzenesulfonamide (2) was a white powder. 

 

1H NMR δ(ppm) for 1 (500 MHz, methanol-d4) 7.90 (d, J = 8.4, 2H), 7.57 (d, J = 8.4, 2H), 3.99 (s, 2H), 

2.75 (t, J = 7.6, 2H), 1.62-1.56 (m, 2H), 1.42-1.34 (m, 2H), 0.95 (t, J = 7.7, 3H). 13C NMR (CDCl3) 

δ(ppm): 144.7, 142.3, 130.6, 127.5, 53.0, 31.4, 24.1, 21.3, 14.2. HRMS (m/z): [M+H]+ calcd. for 

C11H18N2O2S, 243.1167; found, 243.1165. 

1H NMR δ(ppm) for 2 (500 MHz, methanol-d4) 7.45(d, J = 8.3, 2H), 7.57 (d, J = 8.3, 2H), 3.15(t, J = 8.0, 

2H), 3.04(t, J = 8.0, 2H), 2.92(t, J = 8.0, 2H), 1.67-1.61 (m, 2H), 1.45-1.38(m, 2H), 0.97 (t, J = 7.4, 3H). 

13C NMR (CDCl3) δ(ppm): 143.8, 143.4, 130.4, 127.7, 50.0, 33.9, 30.1, 24.2, 21.0, 14.0. HRMS (m/z): 

[M+H]+ calcd. for C12H20N2O2S, 257.1324; found, 257.1321. 

 

Synthesis of 3, 4. 

2-(butylamino)-N-(4-sulfamoylphenethyl)acetamide (3) and 2-(butylamino)-N-(4-

sulfamoylphenyl)acetamide (4) were synthesized through two step reactions. In the first step2 2-chloro-N-

(4-sulfamoylphenyl)acetamide or 2-chloro-N-(4-sulfamoylphenethyl)acetamide was produced by reacting 

4-aminobenzenesulfonamide or 4-(2-aminoethyl)-benzenesulfonamide with chloroacetyl chloride in ~70% 

yield. In a round bottom flask, 4-(2-aminoethyl)-benzenesulfonamide (1.2 g, 6.02 mmol, 1 equiv) and 

K2CO3 (1.66g, 12.04 mmol, 2 equiv) were dissolved in 30 mL anhydrous THF. Flask was allowed to cool 

for 10 min on ice with stirring under N2 atmosphere. Chloroacetyl chloride (0.6 mL, 7.23 mmol, 1.2 equiv) 

was added dropwise under N2 atmosphere and the mixture was stirred for another 30 min. Water (20 mL) 

was added to the mixture to quench the reaction, while stirring was continued for another 5 min. The 

organic layer was separated and the aqueous layer was extracted with EtOAc (100 mL x 3). The 

combined organic layer was washed with brine, dried over anhydrous Na2SO4, concentrated in vacuo and 

purified by recrystallization in hexane : MeOH. 
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In the second step3 2-chloro-N-(4-sulfamoylphenethyl)acetamide (1.01 g, 3.65 mmol, 0.7 equiv) and 

butylamine (528 mg, 5.21 mmol, 1 equiv) were dissolved in anhydrous THF (35 mL) under N2 with 

stirring. K2CO3 (2.15 g, 15.6 mmol, 3 equiv) and KI (433 mg, 2.61 mmol, 0.5 mmol) were then added to 

the mixture, and reflux was continued for 17 h. The reaction mixture was concentrated in vacuo, extracted 

with acetone (50 mL x 3), and centrifuged. The supernatant was concentrated and then purified with flash 

chromatography (SiO2, CHCl3/MeOH/NH4OH 100:5:1) as a white solid (640 mg, 2.04 mmol, 56%).  

 

1H NMR δ(ppm) for 3 (500 MHz, methanol-d4) 7.85 (d, J = 8.9, 2H), 7.77 (d, J = 8.9, 2H), 3.41 (s, 2H), 

2.63 (t, J = 7.2, 2H), 1.56-1.50 (m, 2H), 1.44-1.36(m, 2H), 0.95 (t, J = 7.3, 3H). 13C NMR (CDCl3) 

δ(ppm): 174.3, 145.3, 143.2, 130.4, 127.4, 52.8, 41.2, 36.4, 32.8, 25.4, 21.5, 14.3. HRMS (m/z): [M+H]+ 

calcd. for C14H23N3O3S, 314.1538; found, 314.1524. 

1H NMR δ(ppm) for 4 (500 MHz, Acetonitrile-d3) 7.78 (d, J = 8.4, 2H), 7.40 (d, J = 8.4, 2H), 3.49-

3.43(m, 2H), 3.06 (s, 2H), 2.87 (t, J = 7.0, 2H), 2.44 (t, J = 7.0, 2H), 1.41-1.24(m, 4H), 0.89 (t, J = 7.2, 

3H). 13C NMR (CDCl3) δ(ppm): 172.5, 143.2, 139.9, 128.3, 120.5, 53.4, 50.3, 32.8, 21.5, 14.3. HRMS 

(m/z): [M+H]+ calcd. for C12H19N3O3S, 286.1225; found, 286.1230. 

 

PROTEIN EXPRESSION AND PURIFICATION 

A previously-prepared4 ampicillin-resistant pCAM plasmid containing the full-length human CAII gene 

(GenBank accession no. AAA51909) was transformed into E. coli BL21(DE3) competent cells. Cells 

were grown in 6 L of LB media supplemented with 100 µg/mL ampicillin at 250 rpm and 37 °C to an 

optical density of ~0.6 at 600 nm. Protein expression was induced by adding 1 mM isopropyl-β-D-

thiogalactopyranoside and 1 mM ZnSO4 (final concentrations). The cells were incubated overnight at 250 

rpm and 18 °C. The cells were pelleted by centrifugation and frozen at -80 °C for long-term storage. 
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The frozen cell pellet was thawed and resuspended in lysis buffer [50 mM sodium phosphate (pH 7.4), 0.3 

M NaCl]. The cells were lysed by two additional rounds of freezing and thawing. The lysate was clarified 

by centrifugation, and the supernatant was loaded onto a 5 mL HisTrap HP nickel immobilized-metal 

affinity chromatography column (GE Healthcare Life Sciences) in 50 mM sodium phosphate (pH 7.4), 

0.3 M NaCl. CAII was eluted with 50 mM sodium phosphate (pH 7.4), 0.3 M NaCl, 0.5 M imidazole. 

Fractions containing CAII were pooled, concentrated with an Amicon Ultra-15 centrifugal filter (MWCO 

= 10 kDa), and further purified by size exclusion chromatography in 50 mM Tris (pH 8.0), 10% glycerol 

using a HiLoad 26/60 Superdex column (GE Healthcare Life Sciences). Fractions containing CAII were 

pooled and concentrated to 45 mg/mL. Analysis by SDS-PAGE indicated that the protein was over 95% 

pure. CAII concentration was determined by measuring absorbance at 280 nm (ε280 = 57 000 M-1 cm-1).  

CRYSTALLIZATION 

Materials and methods 
CAII crystals were grown by the hanging drop vapor diffusion method. 4.0 µL of protein solution [44 

mg/mL CAII in 50 mM Tris (pH 8.0), 10% glycerol] was mixed with 4.0 µL of precipitant solution [50 

mM Tris (pH 7.0), 1.3 M sodium citrate] on a siliconized glass cover slide (Hampton Research). The 

hanging drop was suspended over a 1.0 mL reservoir of precipitant solution. The hanging drops remained 

clear after three weeks of incubation at 4 °C. To facilitate crystallization, the crystallization tray was 

moved to a 21 °C incubator and the hanging drops were microseeded by a seeding tool (Hampton 

Research) with CAII crystals previously grown in the same condition. Thick rectangular crystals appeared 

over the course of several weeks. 

 

CAII crystals were soaked with two-faced guest (TFG) ligands 1, 3, and 4 as follows: individual CAII 

crystals were transferred to a 10.0 µL drop of 50 mM Tris (pH 7.0), 1.3 M sodium citrate, 2.5% (v/v) 
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DMSO containing 1 mM ligand. The sitting drop was equilibrated against a 400 µL reservoir of 50 mM 

Tris (pH 7.0), 1.3 M sodium citrate. CAII crystals were soaked with ligand overnight at 21 °C. The 

crystals were transferred to cryoprotectant solution [soak solution supplemented with 30% (v/v) glycerol] 

and then flash-cooled in liquid nitrogen. 

 

X-ray diffraction data from single crystals of CAII-1 and CAII-4 were collected at beamline 14-1 at the 

Stanford Synchrotron Radiation Lightsource (SSRL). X-ray diffraction data from single crystals of CAII-

3 were collected at beamline 24ID-E at the Advanced Photon Source (APS). Diffraction data were 

integrated using iMosflm (version 7.1.1)5 and processed using AIMLESS6 from the CCP4 suite of 

programs.7 Each structure was solved by molecular replacement and refined in the PHENIX (version 1.9)8 

suite of programs. Initial phases for the CAII-1 model were calculated from an isomorphous high-

resolution CAII structure (PDB ID 3KS3)9 less the solvent and ions, and initial phases for CAII-3 and 

CAII-4 models were calculated from the refined model of CAII-1 less the ligand, solvent, and ions. 

 

Structure refinement was performed in PHENIX and manual model adjustments were made in COOT 

(version 0.8.1).10 Atomic coordinates for 1, 3, 4, and glycerol were generated using ChemDraw (version 

14.0) and Chem3D Pro (version 14.0), and geometric restraints were generated using eLBOW.11 The B-

factors of protein atoms, ligand atoms, and ions were refined anisotropically whereas the B-factors of 

solvent molecules were refined isotropically. Disordered protein atoms showing no electron density in the 

2Fo-Fc map were deleted from the protein model. Refinement proceeded until Rfree converged at its lower 

limit. The quality of the final model was assessed using MolProbity.12 Data collection and refinement 

statistics for all structure determinations are recorded in Table S1. Figures were generated using 

PyMOL,13 and the surface representations were colored according to the hydrophobicity scale defined by 

Eisenberg et. al.14 
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TFG inhibitors 1, 3, and 4 bind the active site of CAII in typical fashion for arylsulfonamides: the 

sulfonamidate (N) coordinates to the catalytic Zn2+ and donates a hydrogen bond to the hydroxyl oxygen 

of T199, and a sulfonamide oxygen accepts a hydrogen bond from the backbone amide nitrogen of T199. 

The butyl tails of inhibitors 3 and 4 are both disordered, and, interestingly, whereas the inhibitor tail of 3 

adopts only the trans-amide conformation, the inhibitor tail of 4 appears to adopt both cis- and trans-

amide conformations. During refinement the cis- and trans-amide conformations of 4 converged to 

occupancies of 0.63 and 0.37, respectively.  

Table S1. Data collection and refinement statistics 
 

 CAII–1 complex CAII–3 complex CAII–4 complex 

Unit cell    

space group symmetry P21 P21 P21 

a, b, c (Å) 42.4, 41.4, 72.1 42.4, 41.4, 72.1 42.3, 41.4, 72.0 

α, β, γ (°) 90.0, 104.0, 90.0 90.0, 104.2, 90.0 90.0, 104.1, 90.0 

    

Data collectiona    

wavelength (Å) 1.282 0.979 1.282 

resolution limits (Å) 41.4-1.34 41.4-1.13 41.4-1.33 

total/unique reflections 388992/51140 631318/87628 400949/52900 

Rmerge
b
 0.047 (0.235) 0.080 (0.372) 0.048 (0.198) 

I/σ(I) 24.2 (7.8) 17.4 (7.4) 23.6 (8.9) 

CC1/2 0.999 (0.969) 0.996 (0.922) 0.999 (0.977) 

multiplicity 7.6 (7.6) 7.2 (6.1) 7.6 (7.5) 

completeness (%) 93.8 (88.6) 96.6 (92.8) 95.3 (91.7) 

    

Refinement    

reflections used in            
refinement/test set 100221/5042 172159/8740 103676/5244 

Rwork
c
 0.137 0.134 0.142 



S11 
 

 

Rfree
d
 0.162 0.151 0.167 

protein atoms 2038 2045 2029 

water molecules 255 272 231 

ligand molecules 1 1 1 

Zn2+ ions 1 1 1 

Na+ ions 1 1 1 

glycerol molecules 1 1 1 

    

R.m.s. deviations from 
ideal geometry 

   

bonds (Å) 0.005 0.005 0.006 

angles (°) 1.1 1.2 1.2 

dihedral angles (°) 12.8 12.7 13.7 

    

Average B-factors (Å2)    

Protein 11 9 11 

Solvent 25 22 24 

Ligand 15 15 13 

Zn2+ 11 4 11 

    

Ramachandran plot 

(%)e 
   

favored 96.9 96.5 97.3 

allowed 3.1 3.5 2.7 

outliers 0 0 0 

    

PDB accession code 5EKH 5EKJ 5EKM 
a Values in parentheses refer to the highest shell of data.  
b Rmerge = ∑Ih - 〈I〉h/∑Ih, where 〈I〉h is the average intensity for reflection h calculated from replicate reflections. 
c Rwork = ∑|Fo| - |Fc|/∑|Fo| for reflections contained in the working set. Fo and Fc

 are the observed and 
calculated structure factor amplitudes, respectively.  
d Rfree = ∑|Fo| - |Fc|/∑|Fo| for reflections contained in the test set held aside during refinement.   
e Calculated with MolProbity. 
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FIGURES: 

 

Figure S1. ITC Data 
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Figure S1. ITC data for butylamine binding to CB[6] (a), 1 to CB[6] (b), 2 to CB[6] (c), 3 to CB[6] 
(d), 4 to CB[6] (e), 5 to CB[6] (f), 1 to CAII (g), 2 to CAII (h), 3 to CAII (i), 4 to CAII (j). 
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Figure S2. TFG 1 bound to CAII. (Left) simulated annealing omit map (contoured at 2.1σ) showing 1 
bound in the active site of CAII. Coordination bonds are shown as dashed black lines and hydrogen bonds 
are shown as solid black lines. The active site Zn2+ is shown as a green sphere. (Right) The active site 
channel of CAII represented as a surface model (hydrophobic residues in red; hydrophilic residues in 
white). 
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Figure S3. TFG 3 bound to CAII. (Left) simulated annealing omit map (contoured at 3σ) showing 3 
bound in the active site of CAII. Coordination bonds are shown as dashed black lines and hydrogen bonds 
are shown as solid black lines. The active site Zn2+ is shown as a green sphere. (Right) Modeling CB[6] 
binding to the CAII-TFG4 complex showing steric clash between CB[6] and CAII, top view and side 
view.  
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Figure S4. TFG 4 bound to CAII. (Left) simulated annealing omit map (contoured at 2.5σ) showing 4 
bound in the active site of CAII. Coordination bonds are shown as dashed black lines and hydrogen bonds 
are shown as solid black lines. The active site Zn2+ is shown as a green sphere. (Right) The active site 
channel of CAII represented as a surface model (hydrophobic residues in red; hydrophilic residues in 
white). 

 
Figure S5. CAII esterase activity in the presence of different ratios of TFG 4 and CB[6]. Sample 
composition 1: 5µM CAII; 2: 5µM CAII + 10µM TFG 4; 3: 5µM CAII + 10µM TFG 4 + 10µM CB[6]; 
4: 5µM CAII + 10µM TFG 4 + 20µM CB[6]; 5: 5µM CAII + 10µM TFG 4 + 50µM CB[6]; 6: 5µM CAII 
+ 10µM TFG 4 + 100µM CB[6]; 7: 5µM CAII + 10µM TFG 4 + 200µM CB[6]; 8: 5µM CAII + 10µM 
TFG 4 + 500µM CB[6]. Standard errors were determined from three or more replicates for each 
condition. 
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Figure S6. SDS-PAGE profile Lane 1: standard protein ladder; Lanes 2- 6 contain 0.6, 0.6, 0.9, 1.2, 2.0 
µg of purified protein. Lanes 7 and 8 contain 20 µL control E.coli lysate with OD600nm = 0.5 and 1. Lanes 
9 and 10 contain 20 µL transformed and induced E.coli lysate with OD600nm = 0.5 and 1. Analysis of band 
intensity showed that lane 9 contains 0.6 µg CAII and lane 10 contains 1.2 µg CAII (2.07 µM).  
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1H NMR AND 
13C NMR SPECTRA OF COMPOUNDS SYNTHESIZED IN THIS STUDY 
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HIGH RESOLUTION MASS SPECTRA OF COMPOUNDS SYNTHESIZED IN THIS STUDY 
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