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Experimental methods 

General procedure for the synthesis of benzo[d]oxazole-2-thiol compounds: 

A solution of 2-aminophenol derivative (1.0 equv) in dry THF was cooled to 0˚C and thiophosgene 

(1.2 equv) was added drop-wise. The reaction continued overnight and then was quenched with water, 

and extracted with EtOAc (3 x 5.0 mL). The combined organic layers were washed with H2O (3 x 5.0 

mL), dried over Na2SO4, filtered and concentrated to obtain a residue that was crystallized from IPA 

(benzo[d]oxazole-2-thiol, 1) or purified by silica gel column chromatography eluting with 

MeOH/DCM 10% v/v (2-mercaptobenzo[d]oxazole-5-sulfonamide, 2) to obtain desired product as a 

pale brown solid.  

 

 

benzo[d]oxazole-2-thiol (1): 45% yield; δH (400 MHz, DMSO-d6) 7.27-7.36 (3H, m), 7.54 (1H, d, J 

7.8), 13.91 (1H, s, exchange with D2O, SH); δC (100 MHz, DMSO-d6) 110.9, 111.4, 124.7, 126.1, 

132.1, 149.1, 181.0. 

Experimental data is in agreement with previously reported literature.1 

 

 

2-mercaptobenzo[d]oxazole-5-sulfonamide (2): 66% yield; silica gel TLC Rf  0.3 (MeOH/DCM 10 

% v/v); δH (400 MHz, DMSO-d6) 7.51 (2H, s, exchange with D2O, SO2NH2), 7.65 (1H, d, J 1.7), 7.71 

(1H, d, J 8.5), 7.76 (1H, dd, J 1.7, 8.5), 14.22 (1H, s, exchange with D2O, SH); δC (100 MHz, DMSO-

d6) 108.9, 111.2, 122.7, 132.5, 142.1, 150.8, 181.9. 

Experimental data is in agreement with previously reported literature.2 



CA inhibition 

An applied photophysics stopped-flow instrument was utilized for measuring CA catalyzed CO2 

hydration by a spectrophotometric method for obtaining the inhibition constants of compounds 

reported here.3 Phenol red (0.2 mM) was used as indicator with HEPES (20 mM, pH 7.5) as buffer 

and ionic strength was maintained constant by the use of 20 mM Na2SO4. CO2 hydration rates were 

followed for 10–100 s, using CO2 concentrations in the range of 1.7–17 mM. Each inhibitor was 

tested in triplicate, in serial dilutions starting from 0.01 to 0.1 mM. Compound 1 pre-incubated for 

6h and compound 2 for 15 min with enzymes in order to be sure that the enzyme–inhibitor complexes 

have been formed.4-6 The inhibition constants were obtained by using the Cheng–Prusoff equation4-6 

and are the mean from three determinations. The employed CA isoforms were recombinant proteins 

obtained by us as reported in earlier publications.7-9 

 

Crystallization, X-ray data collection, and refinement 

hCA II protein was prepared as previously described.4 hCA II crystals were obtained by the hanging 

drop vapor diffusion technique, using a precipitant solution containing 1.3 M sodium citrate and 100 

mM Tris-HCl, pH 8.0. hCA II/inhibitor complexes were obtained by soaking for one day hCA II 

preformed crystals in the crystallization solution supplemented with an inhibitor amount equal to 18 

mM and 10 mM for 1 and 2, respectively.  

Diffraction data were collected at a resolution of 1.48 Å and 1.50 Å for hCA II/1 and hCA II/2 

complexes, respectively, in-house at 100 K, using a Rigaku MicroMax-007 HF generator producing 

Cu Kα radiation and equipped with a Saturn 944 CCD detector. Prior to data collection, crystals were 

transferred into the soaking solution supplemented with 10% glycerol to prevent the formation of 

crystalline ice during the flash-freezing under a nitrogen stream. 

Diffraction data were indexed, integrated and scaled using the HKL2000 software package.10 Crystal 

parameters and relevant X-ray data collection statistics are reported in Table S1. Initial phases were 

calculated using as starting model for both complexes the hCA II structure solved in the P21 space 



group (PDB code 6EQU)11 after deletion of non-protein atoms. An initial round of rigid body 

refinement followed by simulated annealing and individual B factor refinement was performed using 

the program CNS.12, 13 Several rounds of manual rebuilding were performed using the program O14 

with careful inspection of the |2Fo-Fc| and |Fo - Fc| electron density maps. In both structures, the 

inhibitor molecules were clearly visible in the difference |Fo - Fc| map from the early stages of 

refinement.  

2-mercaptobenzoxazole can exist in two tautomeric forms: thiol (a) and thione (b) (Fig. S8).15 

According to the electron density maps the planar (a) conformation was modelled in both crystal 

structures. Restraints on bond angles and distances for the two inhibitors were taken from the 

Cambridge Structural Database16 while standard restraints were used on protein bond angles and 

distances throughout refinement. Topology files for the inhibitors were generated using the 

PRODRG2 server.17 

Water molecules were built into peaks >3σ in |Fo - Fc| maps that demonstrated appropriate hydrogen-

bonding geometry. Several alternate cycles of refinement and manual model building were performed 

to reduce the Rwork and Rfree to the final values of 0.174 and 0.193 for the hCA II/1 complex and 0.178 

and 0.206 for the hCA II/2 complex. The geometric restraints of the final models were analysed using 

the programs PROCHECK18 and WHATCHECK.19 Relevant refinement statistics can be found in 

Table S1. The atomic coordinates of the complexes have been deposited in the Protein Data Bank 

with accession codes 6YQT and 6YQU. 

  



Table S1. Data collection and refinement statistics for hCA II/1 and hCA II/2 complexes. 

 6YQU 6YQT 

Crystal parameters   

Space group P21 P21 

a (Å) 42.3 42.4 

b (Å) 41.3 41.5 

c (Å) 72.2 72.1 

 (°) 90 90 

 (°) 104.4 104.3 

 (°) 90 90 

Data collection statistics   

Resolution (Å) 35.6-1.48 (1.51-1.48) 35.7-1.50 (1.53-1.50) 

Temperature (K) 100 100 

Total reflections 153608 181761 

Unique reflections 39321 38111 

Completeness (%) 96.6 (80.6) 97.2 (79.0) 

<I>/<(I)> 19.4 (2.6) 19.9 (2.0) 

Redundancy (%) 3.9 (2.8) 4.8 (2.3) 

Rmerge
a 0.055 (0.368) 0.063 (0.431) 

Rmeas
a 0.063 (0.442) 0.070 (0.532) 

Rpim
a 0.030 (0.239) 0.029 (0.304) 

Refinement statistics   

Resolution (Å) 35.6-1.48 35.7-1.50 

Rwork
b (%) 17.4  17.8  

Rfree
b (%) 19.3 20.6 

r.m.s.d. from ideal geometry:   

Bond lengths (Å) 0.008 0.009 

Bond angles (°) 1.5 1.6 

Number of protein atoms 2048 2058 

Number of inhibitor atoms 10 28 

Number of water molecules 212 196 

Average B factor (Å2)   

All atoms 10.7 12.7 

Protein atoms 9.8 12.0 

Inhibitor atoms 7.8 8.8c (12.6d) 

Water molecules 19.1 20.8 
aRmerge = hkli|Ii(hkl)-<I(hkl)>|/hkliIi(hkl); Rmeas = hkl{n(hkl)/[n(hkl)-1]}1/2i|Ii(hkl)-

<I(hkl)>|/hkliIi(hkl); Rpim = hkl{1/[n(hkl)-1]}1/2i|Ii(hkl)-<I(hkl)>|/hkliIi(hkl), where 

Ii(hkl) is the intensity of an observation and <I(hkl)> is the mean value for its unique reflection; 

summations are over all “n” reflections. 
bRfactor = h||Fo(h)|-|Fc(h)||/h|Fo(h)|, where Fo and Fc are the observed and calculated structure-factor 

amplitudes, respectively. Rfree was calculated with 2.4% (hCA II/1) or 2.6% (hCA II/2) of the 

data excluded from the refinement. 
Average B factor of the inhibitor molecule cin the active site and don the protein surface. 

  



 

Fig. S1 Ribbon representation of hCA II, which has been chosen as representative CA. The zinc ion 

and its coordination, as well as residues delimiting the CO2 binding pocket are shown in stick (PDB 

code 2VVA)20.  

 

 

 

 

 

 

 



 

Fig. S2 Structural superposition of hCA II/1 (red) to the native enzyme (blue, PDB code 1CA2).21 

Histidine residues coordinating the zinc ion and the inhibitor molecule are represented as sticks, while 

the zinc ion and the coordinating water molecule are represented as spheres. Continuous black lines 

indicate zinc ion coordination in the hCA II/1 complex, while the blue dotted line indicates the Zn-O 

coordination distance in the native enzyme. The blue arrow indicates the displacement of the 

coordinating water molecule in the two structures. 

 

 

 

Fig. S3 Structural superposition between compound 1 (cyan) and CO2 (green, PDB code 2VVA)20, 

when bound to hCA II active site. Continuous lines indicate zinc ion coordination, whereas dashed 

lines indicate hydrogen bond distances. 

 



 

Fig. S4 Details of the interactions of perchlorate (A) (PDB code 4YGL)22 and thiocyanate (B) (PDB 

code 2CA2)23 ions with hCA II active site. Continuous lines indicate zinc ion coordination, whereas 

dashed lines indicate hydrogen bond distances. 

 

 

 

 

Fig. S5 Structure-based sequence alignment of hCA isoforms II (PDB code 1CA2)21, I (PDB code 

2CAB)24, IX (PDB code 3IAI)25, XII (PDB code 1JCZ)26. Residues delimiting the active site cavity 

are marked with asterisks. Residues interacting with inhibitor 1 in the hCA II/1 complex are indicated 

by triangles, while the corresponding residues that in hCA I, hCA IX and hCA XII are different are 

highligthed in red.  

 

 



 

Fig. S6 Solvent accessible surface of hCA II in its complex with 2. The two inhibitor molecules bound 

within the active site cavity and on the protein surface are shown in stick representation. The active 

site position is indicated by an arrow. 

 

 

 

 

Fig. S7 Structural superposition between hCA II/1 (green) and hCA II/2 (pink). Continuous 

lines indicate His-Zn coordination, while dotted lines indicates Inhibitor-Zn coordination distances. 

 

 



 

Fig. S8 Thiol (a) and thione (b) tautomeric forms of 2-mercaptobenzoxazole. 
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