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Abstract: A series of P(V) compounds possessing 4-carboxybenzenesulfonamido moieties in their molecule 
was studied for inhibition of the zinc enzyme carbonic anhydrase (CA), isozymes I and II. The studied 
derivatives inhibit both isozymes for the 4-nitrophenylacetate hydrolysis reaction catalyzed by the enzymes, 
and change the spectrum of Co(II)-substituted CA, proving a direct interaction between the inhibitor and the 
metal center within the protein. Structure-activity correlations are also discussed for the new inhibitors. 

Introduction 

Inhibition of the zinc enzyme carbonic anhydrase (CA, EC 4.2.1.1) with P(V) derivatives has been 
recently reported.2'3 Derivatives of types 1-4 behaved as weak inhibitors for both C0 2 hydration as well as 4-
nitrophenyl acetate hydrolysis reactions catalyzed by CAs, but only compounds 1 were tested for inhibition 
of the last reaction.2'3 

A-NH-CH(Z)-P03H2 R2P(=S)NHS02Ar RP(=X)(NHS02Ar)2 RP(=S)(NR'2)(NHS02Ar) 
A = PhCH2OCO: COOMe R, R' = alkyl, cycloalkyl, Ph; X = 0 ,S 
Ζ = H, Me, ί'-Pr, PhCH2 Ar = 4-substituted-phenyl 

1 2 3 4 

S 

a R = Et, Z= Η a Z = H 

b R = Et, Z= Me 7 
b Z = Me 

g a R = Ph, Ζ = Η 
b R = Ph, Z = Me 

.3 Taking into account our recent report that compounds 2-4 act as CA II inhibitors, as well as the 
fact that inhibitors possessing substituted sulfonamido moieties were relatively little studied,2 ?we decided to 
investigate the interaction of compounds of type 5-7 with different CA isozymes. In this paper we report the 
synthesis, characterization and enzymatic inhibition studies with the P(V) derivatives 5-7. These new 
compounds were characterized by standard procedures and were investigated for inhibition of two isozymes, 
CA I and CA II, as well as for their interaction with Co(II)-substituted CA. The main conclusion of this 
study is that this class of inhibitors binds to the metal center within CA active site. 

Materials and Methods 

IR spectra were recorded with a Specord 75IR (Carl Zeiss, Jena) instrument in KBr pellets, 'H-NMR 
spectra in DMSO-d6 as solvent, with a Varian Gemini 300FT spectrometer operating at 7 T. Chemical shifts 
are expressed as δ values, relative to Me4Si as internal standard. Mass spectra (MS) were obtained on a MAT 
311 spectrometer operating at 70 eV, with the electron emmission of 100 μΑ and the ion source temperature 
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of 150°C. Elemental analysis were obtained by combustion with a Carlo Erba apparatus. 
Inhibitors 5b-7b were prepared from the methyl ester of 4-carboxybenzenesulfonamide6 (from 

Aldrich) and the appropriate thiophosphoryl chloride.7 9 Compounds 5a-7a were obtained by hydrolysis of the 
corresponding esters 5b-7b. 

Plasmids of human CA I and CA II were expressed in the Ion Escherichia coli strain SG20043, and 
the enzymes were purified thereafter by affinity chromatograhy, as described by Forsman et al."1 Enzyme 
concentrations were determined spectrophotometrically, at 280 nm, considering ε = 54,700 Μ"1 cm"1 and the 
molecular weight of 30,000, or at 450 nm for the Co(II)-substituted enzyme (ε = 250 Μ"1 cm"', at pH 
6.0)."·'2 All buffers used in the kinetic measurements were brought to an ionic strength μ = 0.1, by addition 
of K2S04. Cobalt(II)-CA II was prepared by the method of Hunt et al.13, by removing zinc from the native 
enzyme in the presence of 50 mM pyridine-2,6-dicarboxylic acid, followed by dialysis against metal-free Tris-
H2S04 buffer, and addition of the stoichiometric amount of Co(II) salt. 

Initial rates of 4-nitrophenyl acetate hydrolysis were monitored spectrophotometrically, at 400 nm 
and 25°C, with a Cary 3 apparatus interfaced with an IBM compatible PC, accordingly to the method of 
Pocker and Stone.14 Solutions of substrate were prepared in anhydrous acetonitrile; the substrate 
concentrations varied between 102 and 10"4 M. A molar absorption coefficient ε = 18400 Μ"1.cm"1 was used 
for the 4-nitrophenolate formed by hydrolysis, in the conditions of the experiments (pH 7.80), as reported by 
Pocker and Stone.14 Non-enzymatic hydrolysis rates were always subtracted from the observed rates. Duplicate 
experiments were done for each inhibitor, and the values reported throughout the paper are the averages of 
such results. 

The acid-base behavior of derivatives 5a,b was investigated by Potentiometrie titration, in order to 
determine their pKa values. A Metrolim (Switzerland) glass electrode was used and the measurements were 
done in aqueous methanol solution (MeOH-water 1:9, v/v). 

General procedure for the preparation of compounds 5b-7b 

An amount of 20 mMoles of thiophosphoryl chloride 8 (diethoxy-6, diphenoxy-7 and 2,2-dimethyl-l,3-
propylenedioxythiophosphoryl chlorides8, respectively) and 20 mMoles of the sodium salt of 4-
carboxymethyl-benzenesulfonamide 9, were placed in a reaction flask equiped with mechanical stirrer and 
protected from moisture, and 20 mL of DMF were added. The mixture was stirred at 80-90 °C for 3 hours, 
then the cold reaction mixture was taken up in 100 mL of saturated aqueous NaHCO, solution, and the 
undissolved material filtered off (this consisted of unreacted starting compounds). Compounds 5b-7b were 
precipitated by addition of concentrated HCl to the filtrate. Pure compounds were obtained by recrystallization 
from hexane/1-propanol (3/1, v/v). Yields were in the range of 30-40%. 

General procedure for the preparation of compounds 5a-7a 

10 mMoles of methylesters 5b-7b were treated with 10 mL of 25% aqueous NaOH solution and heated at 90 
°C for 3 hours. The cooled mixture was treated with concentrated HCl and the obtained precipitates were 
filtered off. Recrystallization as above afforded pure derivatives 5a-7a. 

Compound 5a: m.p. 191-192°C; IR(KBr), cm"1: 625 (P=S), 1175 (S02 sym.), 1385 (S02 asym), 1690 
(COOH), 3160 (NH); 'H-NMR (DMSO-d6), δ, ppm: 1.10 (t, 6H, 2Me), 3.85 (m, 4H, 2CH2), 7.90 (d (AB), 
2H, ArH), 8.10 (d (AB), 2H, ArH), JAB = 8 Hz. MS, m/z: 289 (M-S02, 48 %). Analysis, found: C, 37.46; 
H, 4.62; N, 4.09; P, 8.62%. C,,H l 6N06PS2 (353) requires: C, 37.39; H, 4.56; N, 3.96; P, 8.76 %. pKal = 
3.95; pKa2 = 6.99. 

Compound 5b: m.p. 105-106°C; IR(KBr), cm"1: 635 (P=S), 1176 (S02 sym.), 1380 (S02 asym), 1715 
(COOMe), 3160 (NH); 'H-NMR (DMSO-d6), δ, ppm: 1.20 (t, 6H, 2Me), 3.65 (s, 3H, Me from COOMe), 
4.10 (m, 4H, 2CH2), 7.90 (d (AB), 2H, ArH), 8.10 (d (AB), 2H, ArH), JAB = 8 Hz. MS, m/z: 303 (M-S02, 
46 %). Analysis, found: C, 39.40; H, 5.01; N, 3.92; P, 8.53%. C12H18N06PS2 (367) requires: C, 39.22; H, 
4.94; N, 3.81; P, 8.43 %. pKa = 4.09. 

Compound 6a: m.p. 188-189°C; IR(KBr), cm"1: 625 (P=S), 1175 (S02 sym.), 1385 (S02 asym), 1690 
(COOH), 3160 (NH); 'H-NMR (DMSO-d„), δ, ppm: 7.10-7.30 (m, 10H, 2Ph), 7.90 (d (AB), 2H, ArH), 8.10 
(d (AB), 2H, ArH), JAB = 8 Hz. MS, m/z: 339 (M-PhSH, 25 %). Analysis, found: C, 50.49; H, 3.35; N, 
3.42; P, 6.99%. C19H l6N06PS2 (449) requires: C, 50.78; H, 3.59; N, 3.12; P, 6.89 %. 
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Compound 6b: m.p. 138-139°C; IR(KBr), cm"': 640 (P=S), 1176 (S0 2 sym.), 1375 (S0 2 asym), 1715 
(COOMe), 3160 (NH); 'H-NMR (DMSO-d6), δ, ppm: 3.65 (s, 3H, Me from COOMe), 7.10-7.30 (m, 10H, 
2Ph), 7.90 (d (AB), 2H, ArH), 8.10 (d (AB), 2H, ArH), JAB = 8 Hz. MS, m/z: 353 (M-PhSH, 100 %). 
Analysis, found: C, 52.01; Η, 4.03; Ν, 3.26; Ρ, 6.39%. C20H18NO6PS2 (463) requires: C, 51.83; Η, 3.91; Ν, 
3.02; Ρ, 6.68 %. 

Compound 7a: m.p. 225 °C (dec.); IR(KBr), cm"1: 625 (P=S), 1175 (S02 sym.), 1385 (S02 asym), 1690 
(COOH), 3160 (NH); 'H-NMR (DMSO-d6), δ, ppm: 0.95 (s, 6H, 2 Me), 3.90-4.00 (m, 4H, 2CH2), 7.90 (d 
(AB), 2H, ArH), 8.10 (d (AB), 2H, ArH), JAB = 8 Hz. MS, m/z: 301 (M- S02 , 10 %). Analysis, found: C, 
39.60; H, 3.92; N, 4.10; P, 8.09%. C12H16N06PS2 (365) requires: C, 39.44; H, 4.14; N, 3.83; P, 8.42 %. 

Compound 7b: m.p. 225 °C (dec.); IR(KBr), cm"1: 625 (P=S), 1175 (S02 sym.), 1385 (S02 asym), 1715 
(COOMe), 3160 (NH); 'H-NMR (DMSO-d6), Ö, ppm: 0.95 (s, 6H, 2 Me from the 5,5-dimethyl-l,2,3-
dioxaphosphorinanic ring), 3.65 (s,3H, Me from COOMe), 3.90-4.00 (m, 4H, 2CH2), 7.90 (d (AB), 2H, 
ArH), 8.10 (d (AB), 2H, ArH), JAB = 8 Hz. MS, m/z: 315 (M- S02 , 100 %). Analysis, found: C, 41.05; H, 
5.06; N, 3.88; P, 7.89%. C13H18N06PS2 (365) requires: C,41.15; H, 4.78; N, 3.69; P, 8.16 %. 

Results and Discussion 

Derivatives 5b-7b were prepared by the nucleophilic substitution of the chlorine atom from 
thiophosphoryl chlorides 8 with the sodium salt of 4-carboxymethyl-benzenesulfonamide 9, at 80-90°C, 
working in highly polar aprotic solvents.1516 Methyl esters 5b-7b were thereafter hydrolyzed in alkaline 
medium and derivatives 5a-7a were obtained after addition of hydrochloric acid (Scheme 1). 

I 5 

5bc R= Et 
8 9 6bc R= Ri 

s 7b: R,R = = M e SC~ 
m A _ 

1)NeOH FD 
w t > 5a: R= Me 

6a:R=Fh 

7a: I —DC Schemel 

The new derivatives 5-7 were characterized by standard procedures (IR and 'H-NMR spectroscopy, 
mass spectrometry and elemental analysis - see Materials and Methods for details). These data confirmed the 
proposed structures of the new compounds. Thus, in the IR spectra of all derivatives 5-7 the P=S vibrations 
were detected at 625-640 cm"1, the two S0 2 vibrations in the range 1175-1180 cm'1, and 1385-1390 cm"1, 
respectively, the NH stretching vibration in the region 3100 - 3200 cm"1, , whereas the v(C=0) band was 
detected at 1690 cm"1 for the carboxylic acids 5a-7a, and 1715 cm 1 for the methyl esters 5b-7b. No S-H 
stretching vibrations were observed in the region 2200 - 2500 cm'1 in the IR spectra of these derivatives.1516 

In the 'H-NMR spectra of the new compounds the signals of each moiety was detected in its normal 
range,1617 whereas in their mass spectra it is to note that molecular ions were not present, but fragmentation 
processes typical for this kind of P(V) occurred. 18 21 Thus, for derivatives 5 and 7, S02 elimination was 
observed (which occurs after an intramolecular transposition, and then the M-S02 ion is detected).18'19 For the 
diphenoxy-derivatives 6, another specific behavior ' ' was evidenced: after a thione-thiol isomerisation, the 
corresponding molecular ions eliminate a thiophenol molecule, and the M-PhSH ions are obtained. Elemental 
analysis data for the new derivatives were within ± 0.4 % of the theoretical values calculated for the proposed 
formulae. 
Inhibition of isozymes CA I and II with the synthesized derivatives 5-7 is shown in Table I. 
As seen from the above data, all P(V) derivatives behave as stronger inhibitors than the sulfonamides from 
which they derive (9 and 10), towards both investigated CA isozymes. Methyl esters were more active than 
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the corresponding free acids. On the other hand, the other moieties substituting the phosphorus atom greatly 
influenced the activity. Thus, the diethoxy derivatives 5 were more active than the compounds 7 containing 
the 5,5-dimethyl-l,2,3-dioxaphosphorinanic ring, which in turn were more active than the diphenoxy-
substituted inhibitors 6. This is obviously correlated with the volume of these groups substituting the 
phosphorus atom: the more compact they are, the corresponding compounds inhibit more strongly the two 
CA isozymes. As for other classes of compounds interacting with CA,4 5 22 it seems that the most effective 
inhibitors in this series of P(V) derivatives should contain both hydrophobic as well as hydrophylic moieties 
in their molecule, which assure a favorable interaction with amino acid side chains within the active site, 
stabilizing the enzyme-inhibitor adducts. On the other hand, CA II is more susceptible to inhibition by this 
class of compounds, as compared to CA I. 

Table I: CA inhibition with compounds 5-7. For comparison, data for 4-carboxybenzenesulfonamide 10 and 
its methyl ester 9 are also included. IC50 represents the molarity of inhibitor producing a 50% decrease of 
enzyme specific activity for 4-nitrophenyl acetate hydrolysis. 

Inhibitor ^ ( μ Μ ) 
CA Ia CA IIb 

5a 74 4.5 
5 b 55 1.6 
6a 110 10.5 
6 b 98 8.7 
7a 87 8.1 
7 b 62 3.9 
9 119 18 
1 0 145 29 

a[CA I] = 8 μΜ, in 10 mM Hepes buffer, pH 7.8; 
b[CA II] = 1.3 μΜ, in 10 mM Hepes buffer, pH 7.8. 

In the previous report regarding the interaction of CA II with P(V) derivatives,3 it was 
shown that the structurally-related derivatives 2-4 act as non-competitive inhibitors with the physiological 
substrate of the enzyme, C0 2 , and we hypothesized that they are probably directly bound to the Zn(II) ion 
within th enzyme active site, similarly to the unsubstituted sulfonamides. A direct confirmation of the above 
hypothesis was obtained in the present work, by studying the interaction of compounds of type 2-7,10 with 
Co(II)-substituted CA Π. 

12 23 25 
The Co(II) ion is a good spectroscopic probe, ' " and Co(II)CA has very characteristic electronic, 

NMR and EPR spectra, which are highly sensitive to the environment around the metal ion, constituting an 
easy approach for studying the interaction of this enzyme with inhibitors, activators or substrates.23 26 

In Table II the electronic spectral data for adducts of Co(II)CA II with inhibitors derivatives of P(V), 
of type 2-7, (and the sulfonamide 10 for comparison) are shown. 

As shown by earlier studies of Bertini's group,'2"23"23 four bands are seen in the electronic spectrum of 
Co(II)CA II in the region 400-750 nm, which are highly pH dependent and sensitive to the environment 
around the metal ion. Unsubstituted sulfonamides, such as acetazolamide (5-acetylamino-l,3,4-thiadiazole-2-
sulfonamide, a clinically used CA inhibitor4) which directly bind in ionized form to the metal ion,4'27 lead to 
intense electronic spectra, characterized primarily by molar absorptivities over 300 M '.cm"1 and the shift of 
the two bands from 616.5 and 640 nm in the spectrum of the pure enzyme, to wavelengths under 600 nm.12 

This is just the type of spectrum seen for the adduct of Co(II)CA II with 4-carboxy-benzenesulfonamide 10, 
shown in Table II. It was in fact envisageable that this simple aromatic sulfonamide would bind in a similar 
way to heterocyclic derivatives such as acetazolamide or other of its congeners for which the crystal structures 
were recently reported.28'29 Thus, the P(V) derivatives of type 2-4 previously reported as CA inhibitors,3 as 
well as 5-7 for which this action was reported here, seem to bind in a similar manner to the unsubstituted 
sulfonamide 10, as judged from the similarities of the electronic spectra of these adducts (Table Π). 
Practically the first two bands in these electronic spectra (those around 520 and 545 nm) underwent slight 
modifications in the spectra of the P(V) adducts as compared to the spectra of the pure enzyme (except for the 
fact that they are much more intense), whereas the last two bands undergo major changes: shifts under 600 
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Table II: Electronic spectral data (in the range 400-750 nm) for adducts of Co(II)CA II with inhibitors 2-7 
and 10. Enzyme concentrations were in the range 0.5-1.2 mM and pH values specified in each case. Inhibitor 
concentrations were in the range 1.0-1.5 mM. 

Adduct pH Band position ,nm (molar absorptivity [Μ"1 χ cm'1]) 

pure enzyme 6.0 520 (180); 550 (250); 616.5 (135); 640 (100) 
pure enzyme 8.0 520 (280); 550 (380); 616.5 (280); 640 (260) 
2 (R=EtO; Ar=4-H2N-C6H4) 7.6 520 (275); 575 (380); 600 sh (300) 
3 (R=EtO; Ar=4-MeC6H4; X=S) 7.6 520 (290); 575 (350); 595 sh (270) 
4 (R=Ph; R'=Et; Ar=4-MeC6H4) 7.6 519 (290); 574 (335); 597 sh (280) 

5a 7.6 521 (320); 545 (200); 572 (500); 595 sh (450) 
5b 7.6 520 (300); 545 (210); 570 (520); 597.5 sh (445) 
5b 5.8 519 (200); 547 (210); 570 (380); 596 sh (250) 
6b 7.6 520 (290); 545 (210); 570 (510); 595 sh (450) 
7b 7.6 520 (310); 547 (220); 570 (500); 600 sh (470) 
10 7.6 519 (350); 545 (210); 575 (520); 595 sh (500) 

nm and an even greater intensification. The nature of the substitution at the carboxyl moiety in derivatives 5-
7 seems not to influence this binding, as the methyl esters 5b-7b and the free acid 5a had quite similar 
spectra in their adducts with the cobalt-enzyme. For the most active derivative, 5b, the spectrum was also 
recorded at different pH values, showing that binding does not change significantly in the pH range 5.5 - 8.0. 
As the pKa of this compound is 4.09, it is clear that in the pH range in which the binding was studied, this 
compound is in the anionic form (RO)2P(=S)N"—Ar. 

The increased CA inhibitory properties of the phosphoryl-substituted sulfonamides of type 2-7 is 
probably also due to the acidifying effect of the (thio)phosphorylic group upon the S0 2NH proton. As a 
consequence, the formation of the conjugated base, responsible for binding to the enzyme is favoured. 

In conclusion, this study reports the synthesis, characterization and CA inhibitory properties of P(V) 
derivatives possessing carboxybenzenesulfonamide moieties in their molecules. The obtained derivatives are 
stronger inhibitors than the unsubstituted sulfonamides from which they were prepared and they bind in 
ionized form to the metal ion within the enzyme active site, as shown by spectroscopic measurements on the 
Co(II)-substituted CA. 
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