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Abstract: Carbonic anhydrases (CAs) continue to represent a 

relevant pharmaceutical target. The need of selective inhibitors and 

the involvement of these metalloenzymes in many multifaceted 

diseases boost the search for new ligands able to distinguish among 

the different CA isoforms and for multifunctional systems 

simultaneously able to inhibit CAs and to interfere with other 

pathological events by interacting with additional targets. In this work, 

we successfully explored the possibility of preparing new CAs ligands 

by combining calixarenes with benzensulfonamide units. Inhibition 

tests towards three human CA isoforms evidenced, for some of the 

ligands, Ki values in the nanomolar range and promising selectivity. 

X-ray and Molecular Modeling studies provided information on the 

mode of binding of these calixarene derivatives. Thanks to the 

encouraging results and the structural features typical of the 

calixarene scaffold, it is then possible to plan for the future the design 

of multifunctional inhibitors for this class of widely spread enzymes. 

Introduction 

Carbonic anhydrases (CAs)[1] are metalloenzymes ubiquitously 

expressed in tissues, where play a crucial role in many processes 

and pathways such as pH regulation, lipogenesis, 

gluconeogenesis and ureagenesis.[2] Their alteration and 

overexpression is related to many diseases of variable severity 

and incidence.[3] Effective inhibitors of their enzymatic activity 

show anticancer, antiglaucoma, diuretics, antiobesity properties, 

or result useful in the treatment and management of several 

neurological disorders, including epilepsy.[4] 

This wide involvement in numerous diseases suggests the 

possibility of inhibiting them with hybrid and multifunctional 

molecular systems able to simultaneously and synergistically 

perform further activities against other altered processes and 

biological entities concause of the pathology. For example, a 

series of molecules were proposed with activity against 

rheumatoid arthritis[5] or inflammation in human tenocytes,[6] 

consisting of inhibitor moieties for CAs covalently linked to carbon 

monoxide releasing complexes. Neri and coll. developed 

compounds that elicit complete tumor regression in mice, by 

connecting to a common core the sulfonamide unit for CA IX 

targeting and the potent cytotoxic maytansinoid DM1.[7] 

Analogously, treatment of tumors could be more beneficial if 

photosensitizers for photodynamic therapy were combined with 

inhibitors of CA IX because of its relationship with angiogenesis 

and its promoting ability of cancer cell survival and invasion within 

hypoxic environments.[8] Inhibitory units for CA II and/or CA VII 

could be linked together with inhibitory units for N-

acetylgalactosamine-6 sulfatase (GALNS)[9] to a common core, 

being both enzymes involved in neuropathic pain. Also from a 

diagnostic point of view, combination of different functions 

including CAs binding species would be interesting as shown with 

a 129Xe-Cryptophane Biosensor for Nuclear Magnetic 

Resonance.[10] 

Another important issue is that, despite the existence of approved 

drugs acting as CAs inhibitors and the 40-year worldwide 

research in this field, selectivity is still a challenge and an 

important goal to reach.[4a,11]  The selective inhibition of single CAs 

isoforms among the fifteen human ones or the selectivity between 
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human and microbial CAs are strongly desired. Rather recently, 

the possibility that Multivalency[12] can play an important role also 

in enzyme binding/inhibition has been proposed and verified. [13] 

This phenomenon could, indeed, not only improve the inhibition 

efficiency but also help in determining selectivity among the 

different CAs isoforms. Few recent examples of multivalent 

systems designed for these purposes have been reported in the 

last years.[14] For instance, gold nanoparticles exposing multiple 

benzensulfonamide units showed selectivity for cancer related CA 

IX over other CAs.[15] The above mentioned compound by Neri[7] 

is actually divalent and also fullerenes displaying multiple copies 

of coumarin as inhibiting units were proposed and studied as CAs 

ligands.[16] 

In line with these approaches, we herein report our explorative 

work on the use of calixarenes as scaffolds for the design of CAs 

inhibitors. Calixarenes demonstrated, in fact, to be excellent 

platform for the building of ligands showing strong positive effects 

related to both the multiple exposition of epitope units and the 

macrocyclic preorganized nature in the binding of proteins,[17] in 

particular carbohydrate binding proteins (lectins),[18] and nucleic 

acids.[19] Moreover, in perspective, they appear suitable to design 

multifunctional systems[20] where further active functions can be 

assembled in addition to the CA inhibitory moieties, thanks to the 

non-covalent inclusion into the macrocyclic cavity and/or a rather 

easy covalent functionalization at the two rims, even in a 

multivalent arrangement. 

A paper[21] reporting calix[4]arene-azacrown-based ligands for 

CAs inhibition was recently published. Five compounds out of six 

presented two secondary sulfonamide units and one two primary 

sulfonamide groups. However, only this latter showed a rather 

significant activity and no rational for the binding to the enzymes 

was reported.  

Selecting a primary benzenesulfonamide as the inhibitory unit, [22] 

we have prepared a series of twelve novel calixarene derivatives, 

differing for the number of sulphonamide units attached to the 

macrocycle (1, 2, 4 or 6), the size of the calix[n]arene (n = 4, 6) 

and its conformation. They exhibited promising and, in some case, 

selective inhibitory activity towards some hCAs. To ascertain the 

occurrence of a multivalent effect, we have also synthesized 

acyclic mono- and divalent (gemini) derivatives based on simple 

phenol units. 

Results and Discussion 

Synthesis of the inhibitors. We performed the synthesis of calix[4]- 

and calix[6]arene derivatives (Scheme 1) bearing a selected 

number of benzenesulfonamide units at the lower rim tethered to 

the macrocyclic scaffold through a propyl chain and connected via 

thiourea or amide moieties. To this aim, we started from the N-

phthalimidopropyl derivatives 1a-f that were deprotected to 

amines 2a-f, in turn reacted with the proper sulfonamide reagents 

to obtain the amide ligands 3a-c,e,f and the thioureido derivatives 

4b-d,f (see Figure S1 for explicit structure of these sulfonamide 

containing calixarenes). While calix[4]arenes are blocked in the 

cone geometry, because of the experimental conditions exploited 

for the lower rim functionalization, calix[6]arenes are 

conformationally mobile. 

To investigate the impact on the inhibition properties of a different 

stereochemical arrangement of the benzensulfonamide units in 

the space, in particular with respect to the tetravalent ligand 3e in 

cone geometry, the 1,3-alternate calix[4]arene 7 was also 

prepared (Scheme 2). From calix[4]arene the tetraazide 5 was 

prepared and transformed into the corresponding tetraamino 

derivative 6. This was reacted with 4-

isothiocyanatebenzensolfonamide to give 7. Actually, 7 and 3e 

differ also for the connecting unit between sulfonamide moiety 

and propyl chain, being a thiourea in the former and an amide in 

the latter. Unexpectedly, in fact, attempts to obtain the analogue 

of 7 containing the amide connection failed. 

To verify a possible multivalent effect and/or a role of the 

macrocyclic skeleton in the inhibition of the enzymes, we 

synthesized two monovalent derivatives (9 and 10, Figure 1) 

based on a simple phenol unit. They represent the monomeric 

moiety constituting the macrocyclic derivatives used as reference 

compounds in the inhibitory tests. The two monomeric 

compounds were obtained by conjugating the 

benzenesulfonamide unit to 1-phenoxy-3-aminopropane 8.  
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Scheme 1. Reagents and conditions: i) NH2NH2⸱H2O, abs EtOH, reflux; ii) 4-

sulfamoylbenzoic acid, DIPEA, EDC; iii) 4-isothiocyanatebenzensolfonamide, 

DIPEA. 
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Scheme 2. Reagents and conditions i) Cs2CO3, 1-iodo-3-azidopropane, dry 

DMF, rt, 3 days; ii) PPh3, dry CHCl3, rt, 24 h; iii) 4-

isothiocyanatebenzensolfonamide, DIPEA, dry DMF, rt, 1 day. 

Namely, derivative 9 was synthesized by reaction with 4-

isothiocyanate benzensulfonamide generating a thiourea 

connecting spacer, while derivative 10 was prepared through the 

formation of an amide bond by reaction with 4-sulfamoylbenzoic 

acid in the presence of EDC and HOBt as coupling reagents. 

With the same purposes, we also synthesized the thioureido, 

divalent gemini derivative 11 (Figure 1) representing the half and 

the third part of identically functionalized calix[4]- and 

calix[6]arenes, respectively. 

 

 

Figure 1. Mono- and divalent ligands. 

The macrocyclic compounds 3, 4 and 7 described above present 

the inhibiting benzenesulfonamide units linked to the phenolic 

oxygens and then located at the opposite site with respect to the 

calixarene hydrophobic cavity. Therefore, with the aim of 

exploiting a possible synergy between the sulfonamide unit and 

the macrocyclic cavity in the interaction with the enzyme, we 

designed and prepared two derivatives, 16a and 16b (Scheme 3), 

bearing a single sulfonamide moiety at the upper rim. In addition, 

in order to explore a possible role of the cavity in CA binding, while 

16b is blocked in cone geometry by the ethoxyethyl chains at the 

lower rim, 16a is conformationally mobile as a consequence of the 

reduced steric hindrance of the methoxy groups. In the latter 

compound 16a, the hydrophobic cavity is then not well fixed and 

preorganized as, on the contrary, in cone calixarenes.  

For their synthesis, the two mononitro derivatives 12a,b were 

reduced to the corresponding amino 13a,b, which were 

conjugated with the Boc protected -aminobutyrric acid (GABA) to 

obtain 14a,b. GABA was selected as linker to maintain the 

distance between the calixarene scaffold and the sulfonamide unit 

comparable with that used in the previous derivatives. After 

deprotection of 14a,b from Boc, the amines 15a,b were 

connected to the benzensulfonamide unit through the generation 

of the thiourea spacer, giving 16a,b. 

Carbonic anhydrase inhibition activity. The synthesized 

compounds were tested as inhibitors towards three different 

isoforms of human Carbonic Anhydrases (hCAs), hCA I, II and IX, 

determining the inhibition constant (Ki) values through a stopped-

flow technique. Acetazolamide (AAZ), a well-known topic drug for 

the treatment of glaucoma caused by CAs dysregulation, was 

used as reference compound. The enzyme inhibition activity was 

determined by assaying the CA catalyzed hydration of CO2 (Table 

1).[23] 

Since the calixarene derivatives functionalized with sulfonamide 

units resulted poorly soluble in water, we investigated their 

solubility in conditions compatible with the inhibition tests. We 

thus prepared samples dissolving the ligands in DMSO and 

adding water (DMSO/H2O 1/9) to 10 mM concentration and we 

diluted them with the assay buffer, never observing any 

precipitation. 

The monovalent ligands 9 and 10 resulted the most potent 

inhibitors among the series, even more than AAZ, but they did not 

show any substantial selectivity among the three CAs considered 

in our study. In particular, for both derivatives, Ki against hCA I 

interestingly resulted 30-fold lower than that of the drug (Ki = 0.25 

M). The behavior of the two compounds suggests that amide and 

thiourea units linking the benzenesulfonamide are substantially 

equivalent in the economy of the binding to the enzyme active site. 

These two compounds appear significantly more active than other 

sulfonamide containing inhibitors with similar structure. [24] 
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Table 1. Inhibition data of hCA I, hCA II, hCAIX with the synthesized compounds 

and the standard sulfonamide inhibitor acetazolamide (AAZ) by a stopped flow 

CO2 hydrase assay.[23] 

Compound valency 

Ki (M)[a] 

hCA I hCA II hCA IX 

3a 1 >100 7.38±0.73 1.98±0.16 

3b 1 5.91±0.58 3.09±0.14 1.49±0.13 

4b 1 5.57±0.42 0.90±0.06 1.77±0.09 

3c 2 5.52±0.25 0.53±0.03 1.11±0.09 

4c 2 8.29±0.56 1.21±0.08 0.25±0.01 

4d 2 2.69±0.12 0.34±0.03 2.18±0.11 

3e 4 8.57±0.65 3.88±0.40 4.03±0.36 

3f 6 3.35±0.26 0.50±0.03 0.87±0.07 

4f 6 5.95±0.62 2.40±0.22 0.82±0.088 

7 4 0.54±0.04 0.40±0.03 1.80±0.19 

16a 1 3.75±0.37 0.86±0.08 1.66±0.14 

16b 1 0.085±0.008 0.048±0.005 1.94±0.11 

9 1 0.008±0.0008 0.008±0.0003 0.029±0.002 

10 1 0.008±0.0007 0.004±0.0002 0.022±0.0009 

11 2 0.42±0.04 0.089±0.006 0.67±0.05 

AAZ 1 0.25±0.01 0.012±0.0007 0.025±0.001 

[a] Mean from 3 different assays. 

 

The Ki values for the divalent derivative 11 are still in the nM range, 

but they are 10-50 fold higher than the corresponding ones found 

for 9 and 10. Evidently, the two connected monomers not only do 

not work independently without any cooperativity and synergy, but 

are of mutual hindrance in the interaction with the active site. 

Multivalency is not working with this compound and the result 

substantially anticipates those found for the calixarene-based 

derivatives. Examining the collected values for the macrocycle 

series, no improvement in inhibition ability is in fact observed with 

respect to the monovalent ligands. Among the macrocyclic 

ligands, also no significant advantages are gained by increasing 

the number of sulfonamide units onto the calixarene scaffold. This 

is clear for example by comparing ligands 3a (monovalent), 3c 

(divalent), 3e (tetravalent) and 3f (hexavalent). Indeed, a 

significant reduction of the potency is evident for all the calixarene 

derivatives compared with 9 and 10. Nevertheless, in nearly all 

the cases the observed Ki are at least in the M range showing 

that these calixarenes, in general, are by far (2-3 order of 

magnitude) better CA inhibitors than those previously 

synthesized.[21] Moreover, in not a few cases, their Ki is in the nM 

range highlighting a remarkable inhibition capability. In 

perspective, this is important considering the possibility of 

exploiting the macrocycle for the introduction of additional 

functions, such as covalently or non-covalently linked probes, 

responsive units, targeting species, pharmacophores, which 

would confer to the ligands additional tasks and properties. For 

instance, it is noteworthy the inhibition activity of 4b (Ki = 0.9 M), 

3c (Ki = 0.5 M), 4d (Ki = 0.3 M) and 3f (Ki = 0.5 M) against 

hCA II, even if also for these macrocyclic compounds there is 

neither an evident influence of the valency or a regular advantage 

to have thiourea or amide spacer. Analogously, no systematic 

differences are distinguishable between calixarenes 

functionalized at the lower rim with propyl or ethoxyethyl chains. 

One of the less active inhibitors is the tetravalent 3e probably as 

a consequence of the high level of crowding due to the cone 

geometry that would seem impair a favorable approach of the 

ligand to the enzyme and proper threading of the 

benzensulfonamide group into the enzyme funnel. Based on 

opposite considerations, not surprising are then the lower K i 

values found for the hexamer 3f. Being conformationally mobile, 

this can in fact reduce the steric hindrance freely orienting the 

single arms in different directions and adapting its structure to the 

active site requests for a better interaction. Similarly, the 1,3-

alternate tetravalent 7, although blocked in a rigid conformation, 

is more efficient than the tetravalent 3e (cone) being the 

sulfonamide units projected two by two towards opposite 

directions of the space. The reduced crowding of sulfonamide 

units seems thus to be responsible for the inhibition activity 

improvement of 7 respect to 3e, rather than the possibility of 

putting into play the simultaneous binding to two or more CAs 

units. This multivalent interaction seems, in fact, not to occur, as 

later evidenced by the X-ray crystal structure analysis performed 

on the complex of 7 with hCA II (vide infra).  

It is interesting the comparison among the monovalent ligands 4b, 

16a and 16b, the first endowed with a cavity and an active unit 

diverging from it, the second being conformationally mobile and 

lacking a preorganized cavity, the third one with the cavity and the 

active unit adjacent one to the other. Particularly significant are 

the low nM range Ki of compound 16b against hCA I (Ki = 85 nM) 

and hCA II (Ki = 48 nM). In the case of hCA I, 16b is even more 

efficient than AAZ (Ki = 250 nM) and it shows also a significant 

selectivity for hCA I and II over hCA IX (Ki = 1.9 M) with a 

difference in Ki of around two orders of magnitude. The presence 

of the ethoxyethyl chains at the lower rim of 4b, in the same region 

where the benzensulfonamide unit is located, impairs an effective 

binding of the ligand to the active site, while in 16b no other chains 

are linked to the upper rim of the calixarene. On the other hand, 

the conformationally mobile derivative 16a, bearing the active 

sulfonamide unit at the upper rim as 16b, showed Ki values 

essentially equivalent to 4b against all three CAs. This could 

suggest the involvement in the binding process of the cavity or at 

least a role of the scaffold preorganization characterizing 16b. 

 

X-Ray structures and molecular modeling studies. The structure 

of the complex between 9 and hCA II was solved by X-ray 

crystallography (Figure 2). Inspection of the initial Fo−Fc electron 

density maps immediately revealed the successful binding of the 

inhibitor in the active site, in which the ligand sulfonamide moiety 

showed the expected interaction to the zinc ion and residues 

nearby.[25] The deprotonated nitrogen atom displaces the 

hydroxide ion/water molecule present in the native enzyme and 

coordinates the zinc ion with a tetrahedral geometry, while 

additional hydrogen bond interactions with residue Thr199 further 

contribute to stabilize the binding (Figure 2). The benzene ring 

bearing the sulfonamide occupies the hydrophobic region of the 

active site delimited by Phe131, Val121, Leu198, and Pro202, 

establishing hydrophobic interactions with these residues, in 
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particular Val121, that stabilize further the complex. Moreover, 

Pro202 establishes a hydrophobic interaction with the phenolic 

ring of inhibitor 9. 

 

Figure 2. hCA II−9 complex (PDB: 7A6V). Compound 9 (in green) is showed as 

σA-weighted |Fo−Fc| density map at 2.0 σ. 

It should be stressed that single crystals were also grown for hCA 

II complexes with derivatives 4b, 7 and 16b. However, for all of 

them, it was not possible to achieve the complete resolution of the 

ligand structure bound to the enzyme active site. Accurate atomic 

positions could be only detected for the benzensulfonamide 

moiety, the phenolic unit connected to it and the spacer in 

between, while the remaining structure of the macrocyclic scaffold 

and the other linked chains was not identifiable (e.g. Figure S53). 

Nonetheless, these experiments pointed out a 1:1 ligand:enzyme 

stoichiometry for the tetravalent derivative 7 and the clear 

evidence that the synthesized calixarene-based ligands can 

inhibit hCA II by a zinc coordination mechanism and not  by 

generic, aspecific interactions. 

Thus, in silico docking investigation on cone (3b, 16b) and 1,3-

alternate (7) calix[4]arenes were performed for completing the 

partial results achieved by experimental structural studies to 

describe more in detail the binding mode of the macrocyclic 

derivatives to hCA II. The three compounds were selected 

because considered representative of the different types of 

investigated macrocyclic ligands, having 3b the sulfonamide unit 

linked to the lower rim through an amide bond, 7 multiple copies 

of sulfonamide linked through the thiourea, and 16b the 

sulfonamide at the upper rim. According to the experimental 

results, all docking solutions coherently located the ligand 

benzensulfonamide group inside the hCA II active sites. The 

sulfonamide binds to the zinc ion in its anionic form and completes 

the tetra-coordination sphere of the metal ion. The coordination 

around the Zn2+ is strengthened by two H-bonds formed by the 

sulfonamide NH and S=O portions with the hydroxyl and the NH 

groups of T199 side chain and backbone, respectively. Dockings 

were integrated by MD simulations to validate and refine the 

ligand/target adducts and to test the stability of the poses (Figures 

3 and S54_MM1). For all investigated compounds the 

sulfonamide moiety maintains a stable coordination interaction 

with the zinc ion, which persists for the entire MD simulation (100 

ns, percentage of persistence 100%) 

In the most favorable bound pose of derivative 3b within the hCA 

II binding pocket, the cone calixarene moiety locates at the middle 

of the enzymatic cavity, preferentially moving towards the 

hydrophilic half of the active site during the MD simulations and 

forming contacts between the 2-ethoxyethyl pendants and both 

the hydrophilic and hydrophobic halves of the cleft (Figures 3A 

and S54_MM1). In particular, the amide CO in between the 

benzensulfonamide moiety and the calixarene scaffold is firmly 

water-bridged with the Q92 side chain (C=O…HOH…HN, 76% 

stable over the MD time). Also the 2-ethoxyethyl groups at the 

bottom (lower) rim of the cone are involved in water-bridged H-

bonds occurring between the ether oxygen atoms and the 

backbone C=O of P201 (>O…HOH…O=C, 52%) and the E69 

carboxylate (>O…HOH…-OOC, 29%). 

The analysis of the hCA II-4b complex seems to rule out an 

adverse impact of ethoxyethyl chains on the complexation. The 

sulfonamide unit, in fact, appears well located in the active site 

funnel interacting with zinc ion through NH- group and with Thr199 

NH through S=O group. One of the thioureido NH group is 

hydrogen bonded to a water molecule, in turn interacting with 

Thr200 OH.  

A hydrogen bond mediated by a water molecule also occurs in the 

case of 16b (CONH…HOH…-OOC-E49, 47%), which, due to the 

greater length of the linker, folds back the calixarene scaffold 

towards the hydrophilic area of hCA II active site. Here the cone 

is stabilized by the interactions of different nature established with 

different residues, which, together, contribute to making the 

conformation stable for the entire MD simulation (Figures 3B and 

S54B_MM1). Three 2-ethoxyethyl tails per ligand protruded 

outwards, whereas the other one was in water-bridge H-bond 

distance with the side chain guanidine group of R58 (64%). 

The 1,3-alternate calix[4]arene 7 has one of the zinc-binder 

pendants involved in the metal coordination, mainly orienting the 

calixarene motif towards the hydrophilic half of the enzyme cavity. 

The other tioureidobenzosulfonamide pendants are involved in 

polar interactions with the target (Figures 3C and S54C_MM1), 

establishing water-bridge H-bonds with W5 (SO…HOH…HN, 

22%), N62 (SO…HOH…-OOC, 24%) and K172 (SO…HOH…HN, 

24%). In addition, two benzenesulfonamide moieties stack on 

each other and an intramolecular H-bond is formed by one of 

them. 

 

Figure 3. Main binding mode observed along the 100 ns MD simulations for 

calixarenes A) 3b, B) 16b and C) 7 within the hCA II active site. H-bond and π-

cation interactions are depicted as black and green dashed lines, respectively. 

Water molecules are shown as red spheres. The persistence of interactions is 

reported as a percentage (red or green labels). 
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Conclusion 

The different isoforms of CAs represent important therapeutic 

targets, due to the relationship between their overexpression or 

dysregulation and a wide variety of diseases. Searching for 

selective inhibitors of this class of enzymes and for scaffolds that, 

in perspective, could become the starting point for multifunctional 

systems able to combine CAs binding with additional theranostic 

activity, we have prepared calixarenes variably functionalized with 

benzensulfonamide, and phenol-based analogues. 

The synthesized macrocycles including benzensulfonamide 

moieties were tested as inhibitors of hCA I, II and IX, and showed 

Ki values in the micromolar to nanomolar range, accompanied in 

some cases by a noteworthy selectivity. For instance, calixarene 

3a showed a marked preference for hCA II and IX over hCA I, and 

16b for hCA I and II over hCA IX. It is relevant that the latter ligand 

showed comparable or even higher potency than the approved 

drug AAZ against hCA II and hCA I, respectively. 

Although the X-ray crystal structure of the complex between any 

macrocyclic ligand and hCA II could not be completely solved, for 

three of them, 4b, 7 and 16b, it was possible to establish the 

unequivocal position of the chain terminating with the sulfonamide 

unit located in the hCA II active site. Molecular modeling studies 

confirmed the mode of binding and, together with the other data 

from inhibition assays and X-ray crystallography allow to conclude 

that calixarenes represent a suitable platform to build efficient CA 

I ligands able of recruiting the enzyme active site and with 

potential selectivity among the different isoforms. Moreover, the 

intrinsic nature of these macrocycles paves the way towards 

multifunctional derivatives able to combine, thanks to the 

introduction of further proper active units, the enzyme 

inhibition/targeting with other medically relevant activities. 

Although for the derivatives here proposed multivalency does not 

seem to play a role, probably in part due to the shortness of the 

spacers introduced between the macrocyclic scaffolds and the 

benzensulfonamide groups, it cannot be ruled out that it can arise 

by using longer linkers. This aspect will also be the object of 

further investigation by our side. 

Interestingly, both the monovalent models 9 and 10, despite their 

rather simple structure, resulted very potent inhibitors of the three 

studied CAs, showing in particular for CA I much higher efficiency 

than AAZ. Also these two molecules can thus be the starting point 

for further and more sophisticated developments. 

Experimental Section 

General information. All moisture-sensitive reactions were carried out 

under a nitrogen atmosphere. All dry solvents were prepared according to 

standard procedures and stored over 3 or 4 Å molecular sieves. All the 

other commercially available reagents were used without further 

purification. TLC were performed using commercially available plates of 

silica gel (Merck 60 F254 on aluminium support) and revealed using UV light 

or staining reagents: FeCl3 (1% in H2O/CH3OH 1/1), ninhydrin (5% in 

EtOH), basic solution of KMnO4 (0.75% in H2O). Flash chromatography 

was performed on 32-63 μm, 60 Å Merck silica gel. 1H NMR (300 or 400 

MHz) and 13C NMR spectra (75 or 100 MHz) were recorded on Bruker 

AV300 and AV400 spectrometers using partially deuterated solvents as 

internal standards. All 13C NMR were performed with proton decoupling. 

Mass spectra were recorded in Electrospray Ionization (ESI) mode using 

a LTQ Orbitrap XL spectrometer. Microwave assisted reactions were 

performed in a CEM Discover SP system. 

25,26,27-Tris(2-ethoxyethoxy)calix[4]arene,[26] 25,27-bis(2-

ethoxyethoxy)calix[4]arene,[27], 25-(3-N-phthalimido)propoxy-26,27,28-

tripropoxycalix[4]arene[28] (1a), 25,26,27,28-tetrakis-(3-N-

phthalimido)propoxycalix[4]arene[29] (1e), 25,27-dipropoxy-26,28-bis-(3-N-

phthalimido)propoxycalix[4]arene[28] (1c), 37,38,39,40,41,42-hexakis(3-N-

phtalimido)propoxycalix[6]arene[30] (1f), 25-(3-amino)propoxy-26,27,28-

tripropoxycalix[4]arene[28] (2a), 25,26,27,28-tetrakis(3-

amino)propoxycalix[4]arene[29] (2e), 25,27-dipropoxy-26,28-bis(3-

aminopropoxy)-calix[4]arene[28] (2c), 37,38,39,40,41,42-hexakis(3-

aminopropoxy)calix[6]arene[30] (2f), 5-nitro-25,26,27,28-tetrakis(2-

ethoxyethoxy)calix[4]arene[26] (12b), 5-amino-25,26,27,28-tetrakis(2-

ethoxyethoxy)calix[4]arene[31] (13b), 1-phenoxy-3-aminopropane[32] (8), 

bis[(2-(3’-amino)propoxy-3-methyl)phenyl]methane[19] are already known 

and their characterization already published. They were prepared 

accordingly with the literature procedures. The details of the synthetic 

procedures and characterization of the new compounds are reported in 

Supporting Information. 

General procedure for the coupling between the amino derivatives and 4-

sulfamoylbenzoic acid. In a 2-necked round-bottom flask, 4-

sulfamoylbenzoic acid (2eq x each amine unit) and DIPEA (2.4eq x 

reactive unit) were stirred in dry CH2Cl2 for 10 minutes at room temperature. 

Then EDC was added and the resulting mixture was stirred for 10 minutes. 

This mixture was hence dropped in a solution in dry CH2Cl2 or dry DMF of 

the amino derivative and the reaction was stirred for 4-18h at rt if not 

otherwise specified. To obtain compounds 3b and 3c, the reaction was 

performed in a microwave reactor (2 cycles, T = 80 °C, ramp time = 3 

minutes, hold time = 2h, P = 200 psi, potency = 200 W). 

 

General procedure for the coupling between the amino derivatives and 4-

isothiocyanatebenzenesulfonamide. In a 2-necked round-bottom flask, 4-

isothiocyanatobenzenesulfonamide (2.0 eq x amine unit) and the amino 

derivative are reacted in dry CH2Cl2 or dry DMF or in a mixture of both for 

4h-4days at rt in presence of DIPEA (2eq x reactive unit). 

 

In Vitro Carbonic Anhydrase Inhibition Assay. The CA-catalyzed CO2 

hydration activity was performed on an Applied Photophysics stopped-flow 

instrument using phenol red (at a concentration of 0.2 mM) as a pH 

indicator with 20 mM Hepes (pH 7.5) as the buffer, 20 mM Na2SO4, and 

following the initial rates of the CA-catalyzed CO2 hydration reaction for a 

period of 10−100 s and working at the maximum absorbance of 557 nm. [23] 

The CO2 concentrations ranged from 1.7 to 17 mM. For each inhibitor six 

traces of the initial 5−10% of the reaction have been used in order to 

determine the initial velocity. The uncatalyzed reaction rates were 

determined in the same manner and subtracted from the total observed 

rates. Stock solutions of the inhibitors (10 mM) were prepared dissolving 

the compounds in DMSO and adding distilled–deionized water (1:9) to a 

10 mM concentration. Dilutions up to 0.01 nM were done thereafter with 

the assay buffer. Solutions containing inhibitor and enzyme were 

preincubated for 15 min at room temperature prior to assay in order to 

allow the formation of the E−I complex. The inhibition constants were 

obtained as nonlinear least-squares protocols using PRISM 3 and are the 

mean from at least three different measurements. All hCAs were 

recombinant ones and were obtained in house.[33] 

Protein X-ray Crystallography. Crystals were obtained using the hanging 

drop vapor diffusion method using 24 well Linbro plate. 2 µl of 10 mg/ml 

solution of hCA II in Tris-HCl pH=8.0 were mixed with of a solution of 1.5, 

1.6 and 1.7 M sodium citrate, 50 mM Tris pH 8.0 and were equilibrated 

against 500 µl of the same solution at 296 K. Crystals of the protein grew 

in few days. Afterwards hCA II crystals were soaked in 10 mM inhibitor 

solution for 3 days. The crystal was flash-frozen at 100K using a solution 

obtained by adding 15% (v/v) glycerol to the mother liquor solution as 

cryoprotectant. Data on crystals of the complexes were collected using a 

D8 Venture instrument (Bruker) equipped with a PHOTON III detector at 

CRIST (Florence, Italy) using the CuKα wavelength of 1.54184 Å. Data 

were integrated and scaled using the program XDS.[34] 
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X-Ray Crystal Structure determination. The crystal structure of hCA II 

(PDB accession code: 4FIK) without solvent molecules and other 

heteroatoms was used to obtain initial phases of the structures using 

Refmac5.[35] 5% of the unique reflections were selected randomly and 

excluded from the refinement data set for the purpose of Rfree calculations. 

The initial |Fo - Fc| difference electron density maps unambiguously 

showed the inhibitor molecules. Atomic models for inhibitors were 

calculated and energy minimized using the program JLigand 1.0.40. [36] 

Refinements proceeded using normal protocols of positional, isotropic 

atomic displacement parameters alternating with manual building of the 

models using COOT.[37] Solvent molecules were introduced automatically 

using the program ARP.[38] The quality of the final models were assessed  

with COOT and RAMPAGE.[39] Atomic coordinates were deposited in the 

Protein Data Bank, Deposition Number: 7A6V; Supporting Information 

contains the supplementary crystallographic data for this paper. These 

data are provided free of charge by the Protein Data Bank 

(https://www.rcsb.org/structure). Graphical representations were 

generated with Chimera.[40] 

Molecular Modeling. The crystal structure of hCA II (PDB 3K34)[41] was 

prepared using the Protein Preparation Wizard tool implemented in the 

Schrödinger suite.[42] The energy minimization protocol with a root mean 

square deviation (RMSD) value of 0.30 Å was applied using force field 

OPLS3e.  

Ligands were built starting from the crystal structure WUVKON and 

XUZLOU retrived from CSD.[43] The coordinates were properly modified to 

obtain 4b, 7 and 16b. The compounds were submitted to QM geometry 

optimization (B3LYP/6-31G*+) and ESP charges calculation with 

Jaguar.[42h] The software Glide was used for docking[42f] using ligand QM 

charges. Grids were centered on the centroids of the zinc-coordinating 

residues and ligands were docked using standard precision mode (SP). 

The best pose of compounds 7b, 11 and 15b within hCA II active site, 

evaluated in terms of anchorage, hydrogen bond interactions and 

hydrophobic contacts, was submitted to MD simulation using Desmond 

and the OPL3e force field,[42g,44] performed in triplicate. Specifically, the 

system was solvated in an orthorhombic box using TIP4PEW water 

molecules, extended 15 Å away from any protein atom, using the ligand 

QM charges. It was neutralized by adding chlorine and sodium ions. The 

simulation protocol included a starting relaxation step followed by a final 

production phase of 100 ns. In particular, the relaxation step comprised 

the following: (a) a stage of 100 ps at 10 K retaining the harmonic restraints 

on the solute heavy atoms (force constant of 50.0 kcal mol−1Å−2) using the 

NPT ensemble with Brownian dynamics; (b) a stage of 12 ps at 10 K with 

harmonic restraints on the solute heavy atoms (force constant of 50.0 kcal 

mol−1Å−2), using the NVT ensemble and Berendsen thermostat; (c) a stage 

of 12 ps at 10 K and 1 atm, retaining the harmonic restraints and using the 

NPT ensemble and Berendsen thermostat and barostat; (f) a stage of 12 

ps at 300 K and 1 atm, retaining the harmonic restraints and using the NPT 

ensemble and Berendsen thermostat and barostat; (g) a final 24 ps stage 

at 300 K and 1 atm without harmonic restraints, using the NPT Berendsen 

thermostat and barostat. The final production phase of MD was run using 

a canonical NPT Berendsen ensemble at temperature 300 K. During the 

MD simulation, a time step of 2 fs was used while constraining the bond 

lengths of hydrogen atoms with the M-SHAKE algorithm. The atomic 

coordinates of the system were saved every 100 ps along the MD 

trajectory. Protein and ligand RMSD values, ligand torsions evolution and 

occupancy of intermolecular hydrogen bonds and hydrophobic contacts 

were computed along with the production phase of the MD simulation with 

the Simulation Interaction Diagram tools implemented in Maestro and 

discussed as a mean of the three MD simulation replicas. 
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Calixarene derivatives bearing arms terminating with primary benzensulfonamides demonstrated their ability of inhibiting human 

Carbonic Anhydrases with significant efficiency and selectivity among different isoforms of the enzymes. A mode of binding where the 

benzensulfonamide arm penetrates into the funnel of the enzyme active site and interacts with the protein Zn2+ ion is supported by X-

ray diffraction data and MD calculations. 


