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The interaction of human carbonic anhydrase (hCA) 
isozymes I and I1 with boron derivatives was invest- 
igated by kinetic and spectroscopic studies. These 
derivatives, tested as new inhibitors of carbonic 
anhydrase, are sulfonamide and non-sulfonamide 
boron derivatives and some of them proved to be 
moderately efficient inhibitors of hCA I and hCA 11, 
their activities being comparable to those of the un- 
substituted sulfonamides, the classical inhibitors of 
these zinc enzymes. Ph,BOH, one of the compounds 
with the highest affinity for hCA I1 in the present 
study, has been docked within the active site. After 
minimisation it was found situated at 7.9A from 
zinc, within the hydrophobic half of the active site, 
in Van der Waals contacts with the amino acid res- 
idues: Val 121, Phe 130, Val 135, Leu 141, Val 143, Val 
207 and Pro 201. This is the first time that a CA 
inhibitor has been found to bind at the edge of the 
active site cavity, similarly to the CA activator his- 
tamine, which binds on the hydrophilic half. This 
finding may be of importance also for the design of 
novel types of inhibitors with increased affinity for 
the different CA isozymes. 

Keywords: Carbonic anhydrase, Enzyme inhibitors, Boron 
derivatives, Sulfonamides, Phenol, Docking 

INTRODUCTION 

Carbonic anhydrase is a zinc-metalloenzyme 
which catalyzes the reversible hydratation of 
carbon dioxide to the bicarbonate ion.'& Until 
now, 14 different CA isozymes have been isol- 
ated in higher vertebrates, including 

The zinc ion is situated at the bottom of the 
enzyme's active site and is coordinated to three 
histidine residues and a water molecule/hydro- 
xide The catalytic mechanism of this 
enzyme has been widely investigated.'Pz0 
It starts with the nucleophilic attack of the 
zinc-hydroxyl ligand on the COz molecule 

*Corresponding author. Tel.: 39-055-2757551. Fax: 39-055-2757555. E-mail: cts@bio.chim.unifit.it. 
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126 C. CHAZALETTE et al. 

bound within a hydrophobic pocket nearby.lP2' 
The bicarbonate formed which is coordinated 
to the metal is then released into solution upon 
binding of a new water molecule to the Zn(I1) 
ion. A proton transfer to the solvent regenerates 
the active zinc-hydroxyl  specie^.^ 

Unsubstituted sulfonamides RS02NH2 are 
known to be efficient inhibitors of this enzyme.4p8 
X-Ray studies have shown that sulfonamide 
inhibitors are bound to the Zn(I1) ion in the 
enzyme's active site by replacing the Zn-bound 
H20/0H-, the metal ion remaining thus in its 
predilect tetrahedral geometry. The stability 
of the enzyme/inhibitor complex is achieved 
by other important active site interactions, such 
as hydrogen bonds between the inhibitor and 
amino acid residues present at the entrance of 

Sulfonamide inhibitors are widely used as 
diuretics or for the treatment of diseases such 
as glaucoma, epilepsy and many 

Sulfonamide derivatives incorporating german- 
ium(IV), phosphorus(V) and antimony(V) have 
already been tested as CA inhibitors.26p27 Some 
of them proved to be efficient inhibitors, maybe 
because there is an additional coordination 
between the enzyme and the inhibitor, promoted 
by the metal ion or some of its l i g a n d ~ ? ~ , ~ ~  

Taking into account the interesting activity 
of the Ge(IV), P(V) and Sb(V) derivatives men- 

the cavity.6,142122 

MeszBF 1 

Mes2BNHz 2 

Mes2BNHNH2 3 

tioned above, we report here the synthesis of 
some new boron compounds, some of which 
are sulfonamide derivatives, which have been 
assayed as inhibitors of two CA isozymes, hCA 
I and hCA II. Due to the smaller size of boron, 
as compared to germanium and antimony, it 
was expected that the B(II1) derivatives would 
be able to readily enter into the active cavity of 
the enzyme. Thus, the affinity for the enzyme 
would be increased and the inhibitor would be 
more efficient. The results presented here seem 
to confirm this idea, as some of these boron 
derivatives showed good activities as inhibitors 
of the two CA isozymes mentioned above. These 
activities are comparable to those of the unsub- 
stituted aromatic sulfonamides, the classical 
inhibitors of these zinc enzymes. 

Compounds 1-8 investigated for their interac- 
tion with CA isozymes in the present study are 
shown below. 

MATERIALS AND METHODS 

Chemistry 

All reactions were carried out under nitrogen 
and with dry solvents. NMR spectra were 
recorded on Briicker AC 80 ('H) and AC 200 
(I3C and **B) spectrometers, chemical shifts being 

Mes2BOH 8 
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BORON LNHIBITORS OF CARBONIC ANHYDRASE 127 

reported as 6 values, in ppm, relative to tetra- 
methylsilane as internal standard. IR spectra 
were conducted on a Perkin-Elmer 1600 FTIR 
spectrometer and mass spectra on a HP 5889 in 
the electron impact mode (70 eV) or on a Ryber- 
mag R10-10 spectrometer operating in the 
electron impact mode or by chemical desorption 
(DCi/CH4). Melting points were measured on 
a Leitz microscope. 

Preparation of dimesitylfluoroborane, 1 This 
was prepared by the method described in 
reference 28. 

To magnesium (4.92 g; 0.20 mol) in 15 ml THF, 
was added under stirring MesBr (39.88g; 
0.20mol) in 150ml THF at room temperature. 
After 2h stirring at 2 0 T ,  BF3.Me20 (12.4g; 
0.10mol) was added dropwise over 30 minutes. 
After 12 h further stirring at room temperature, 
THF was replaced by pentane and the magnes- 
ium salts were filtered off. The white residue 
obtained by evaporation of the solvent in 
vacuum was recrystallized in pentane to give 
24.96g of a white powder of Mes2BF. Yield: 
93%. m.p.: 76°C. 'H-NMR (CDC13) ppm: 2.30 
(s, 6H, P-CH~), 2.34 (s, 12H, 0-CH3), 6.87 (s, 4H, 
C6H2). 13C-NMR (CDC13) ppm: 21.42 (p-CH3), 

(CZ), 128.64 (C3), 140.67 (C,). "B-NMR (CDCl,) 
ppm: 53.00. MS C18HZ2BF (EI): Mt': 268 
(48%); M+' - CH3: 253 (100%); M+' - MesH: 
148 (82%). 

Preparation of dimesitylaminoborane, 229 MeszBF 
(1.30g; 4.80mmol) in 5ml C6H6 was added at 
room temperature to NaNH2 (0.19 g; 4.80 mmol) 
in 3ml C6H6. After 18h stirring at room tem- 
perature, the NaF was centrifuged off. Evapora- 
tion of the solvent under vacuum gave 1.12g of 
a white powder of MeszBNHz. Yield: 88%. m.p.: 
170 "C. IR (CDC13): 3375 and 3453 cmp'(NH2). 
'H-NMR (CDCl,) ppm: 2.33 (s, 18H, o-CH3+ 

l3C-NMR (CDC13) ppm: 22.81 (p-CH3), 21.17 
(0-CH,), 140.69 (Cz), 128.22 (C3), 137.47 (C4). 
"B-NMR (CDCl,) ppm: 44.14. MS Cl8HZ4BN (EI): 
M+': 265 (13%); M+' - MesH 145 (100%). 

22.41 (0-CHs), 137.79, 137.97 (Ci)/ 142.47, 142.54 

P-CH~), 6.85 (s, 4H, C~HZ), 4.44 (s, 2H, NH2). 

Preparation of dimesitylhydrazinoborane, 3 To 
hydrazine (5.00mmol; 1M in THF) in 5ml 
THF, was added at -70°C with stirring BuLi 
(4.64mmol; 1.6M in hexane). After 1 h stirring 
at room temperature, Mes2BF (1.24g; 4.64 mmol) 
was added dropwise. After 2 h  further stirring 
at room temperature, THF was replaced by 
benzene, LiF was centrifuged off and benzene 
replaced by pentane. The white residue obtained 
by evaporation of the solvent in vacuum was 
washed twice with pentane yielding 0.93g of a 
white powder of Mes2BNHNH2. Yield: 73%. 
m.p.: 130-132°C. IR (CDC13): 3322 and 
3385 cm-' (NHz), 3340 cm-I (NH). 'H-NMR 
(CDC13) ppm: 2.28 (s, 18H, CH3)/ 6.79 (s, 2H, 

5.73 (s, lH, NH). ',C-NMR (CDCl,) ppm: 21.10, 
21.17 (P-CH~), 22.07,22.85 (0-CH3), 140.56,141.42 

CI8Hz5BN2 (EI): M+*: 280 (62%); Mf' - MesH: 
160 (60%); M+' - NH2: 264 (3%). 

Preparation of dimesityl-diphenylaminoborane, 
4,' As previously described, MeszBF (1.07 g; 
4 mmol) in 3 ml THF added at room temperature 
to diphenylaminolithium prepared from Ph2NH 
(0.68g; 4mmol) and t-BuLi (4mmol; 1.7M in 
pentane), gave 1.1Og of Mes2BNPh2 as a white 
solid. Yield: 66%. 'H-NMR (CDC13) ppm: 2.20 (s, 
6H, P-CH~), 2.18 (s, 12H, 0-CH3), 6.60 (s, 4H, 
C6H2), 6.99-7.02 (m, 10H, C6H5). 13C-NMR 
(CDCl,) ppm: 21.09 (p-CH,), 22.5 (0-CH3), 

C6H2), 6.83 (s, 2H, C~HZ), 3.68 (s, 2H, NHz), 

(Cz), 127.96, 128.38 (C,), 137.62, 137.71 (C4). MS 

138.52 (C'), 140.93 (Cz), 127.90 (C,), 137.11 (C4), 
149.30 (Ci!), 127.41 (Cy), 127.76 (C~J),  127.74 (C4t). 
"B-NMR (CDC13) ppm: 48.91. MS C30H32BN 
(EI): M+*: 417 (61%); Mf* - MesH: 297 (100%). 

Preparation of dimesityl-N-methyl-N-phenylami- 
noborane, 530 Mes2BF (1.60 g; 6 mmol) reacted 
with Ph(Me)NLi prepared from N-methylaniline 
(0.64g; 6mmol) and t-BuLi (6.00mmol; 1.7M 
in pentane) at room temperature in THF 
leading to 1.57g of a yellow solid identified 
as MeszBN(Me)Ph. Yield: 74%. m.p.: 120 "C. 
'H-NMR (CDC13) ppm: 2.07 (s, 6H, p-CH3), 2.28 

NCH3)/ 6.54-6.81 (m, 5H, C6H5). 13C-NMR 
(s, 12H, 0-CH3), 7.06 (s, 4H, C~HZ), 3.25 (s, 3H, 
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128 C. CHAZALETTE et al. 

(CDC13) ppm: 40.03 (NCH3), 21.07 (p-CH3), 22.51 
(O-CH,), 138.00 (Cl), 140.34, 140.54 (CZ), 128.05, 
128.21 (C3), 136.83, 137.19 (C,), 149.37 (Cl)), 
124.66 (Cr), 127.72 (C~T), 124.27 (C4t). MS 
CZ5H3,,BN (EI): M+*: 355 (13%); M+* - MesH: 

Preparation of dirnesifyl paru-toluenesulfonamido- 
borune, 6 To a solution of p-toluenesulfonamide 
(0.60g; 3.51mmol) in 5ml THF at -78°C was 
added with stirring f-BuLi (3.51 mmol; 1.7M in 
pentane). After 2 h stirring at room temperature, 
MeszBF (0.94g; 3.51mmol) in 5ml THF was 
added to the mixture. After 5 h further stirring 
at room temperature, LiF was centrifuged off. 
The white residual powder (0.97g) obtained by 
evaporation of the solvent in vacuum was iden- 
tified as Mes2BNHSO2C6Hq-CH3. Yield: 67Y0. 
m.p.: 118-120 "C. IR (CDC13): 3267cm-' (NH). 
'H NMR (CDC13) ppm: 2.22 (s, 3H, p-CH3), 2.29 
(s, 3H, p-CH3), 1.97 (s, 6H, O-CH3), 2.18 (s, 6H, 
O-CH3), 6.72 (s,  2H, C6H2), 6.76 (s, 2H, C6H2), 2.41 
(S, 3H, p-CH&H4), 7.15 (d, 2H, Jbc=9HZ, Hb), 
7.36 (d, 2H, Jbc=9Hz, Hc). 13C-NMR (CDCl3) 

235 (100%). 

ppm: 21.10, 21.32 (p-CH3), 22.77, 22.89 (O-CH3), 
137.78 (C,), 139.81, 140.72 (C,), 129.27 (C3), 
138.46 (c4), 141.80 (c,), 127.53 (Cb), 127.69 (cc), 
144.03 (C,), 21.64 (CHSa). "B-NMR (cDc13) 
ppm: 48.40. MS C25H30BN02S (EI): M+*: 419 
(15%); M+* - Mes: 300 (80%). 

Preparation of dimesitylsu2fonamidoborane, 7 
Following the procedure used for Mes2BNH- 
S02C6~p-CH3: To LNHS02C6H4NH2 prepared 
from sulfonamide (0.70g; 4.04mmol) in 10ml 
THF and f-BuLi (4.07mmol; 1.7M in pentane) 
was added Mes2BF (1.09g; 4.07mmol) to give 
0.45 g of Mes2BNHS02C6H4p-NH2 as a white 
powder after washing twice with pentane. Yield: 
27%. m.p.: 80-82"C. IR (DMSO): 3389 and 
3478 cm-I (NH,), 3255 cm-' (NH). 'H-NMR 
(DMSO) ppm: 2.17 (s, 6H, p-CH3), 2.04 (s, 12H, 
O-CH3), 6.67 (s,  4H, C&), 6.52 (d, 2H, 
3Jbc=7.2HZ, Hb), 7.21 (d, 2H, 3Jb,=7.2H~, Hc), 
5.92 (s, lH, NH), 6.74 (s, 2H, NH,). I3C- 
NMR (DMSO) ppm: 20.87 (p-CH,), 21.95 
(O-CH3), 140.07 (C,), 127.69 (C3), 137.90 (C4), 

152.79 (Ca), 112.10 (cb), 128.53 (Cc). MS 
C24H29BN202S (EI): M+*: 420 (26%); M+* - Mes: 

Preparation of dimesifylboronic acid, BZ8 To 
dimesitylfluoroborane (0.51 g; 1.90 mmol) in 
2ml THF was added with stirring at room tem- 
perature a large excess of NH40H (5ml). Ben- 
zene was added after 3 h further stirring at 20 "C. 
The benzene phase was separated and dried 
on Na2S04. After evaporation of the solvent, 
the white residue (0.32g) was identified to 
Mes,-BOH. Yield: 63%. m.p.: 141 "C. IR (CDC13): 
3598 cm-' (OH free), 3410 cm-' (OH bonded). 
'H-NMR (CDC13) ppm: 2.30 (s, 18H, CH3), 6.85 

(CDC13) ppm: 21.29 (p-CH3), 22.52 (O-CH3), 

"B-NMR (CDC13) ppm: 49.29. MS C I ~ H ~ ~ B O  
(EI): Mf*: 266 (4%); Mf* - MesH: 146 (2%). 

301 (100%). 

(s ,  4H, C6H2), 5.94 (s, lH, OH). I3C-NMR 

136.92 (Ci), 141.19 (C2), 128.47 (C3), 139.00 (C4). 

Biochemistry 

Human CA I and CA I1 cDNAs were expressed 
in Escherichia coli strain BL21 (DE3) from the 
plasmids pACA/HCA I and pACA/HCA I1 
as previously describes31p32 (the two plasmids 
were a gift from Prof. Sven Lindskog, Umea 
University, Sweden). Cell growth conditions 
were those described by Lindskog's group,31r32 
and enzymes were purified by affinity chromato- 
graphy according to the method of Khalifah 
ef ~ 1 . ~ ~  Enzyme concentrations were determined 
spectrophotometrically at 280 nm, using a molar 
absorptivity of 49mM-'.cm-' for CA I and 
54 mIv-l. cm-' for CA 11, respectively, based 
on Mr = 28.85 kDa for CA I, and 29.3 kDa for 
CA 11, r e spec t ive~y .~~ ,~~  

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 Solutions of sub- 
strate were prepared in anhydrous acetonitrile; 
the substrate concentrations varied between 
lo-' and M. A molar absorption coefficient 
(E  = 18,400 M-l. cm-l) was used for the 4-nitro- 
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BORON INHIBITORS OF CARBONIC ANHYDRASE 129 

phenol formed by hydrolysis under the condi- 
tions of the experiments (pH 7.80), as reported 
by Pocker and Stone.36 Ionic strength was 
maintained constant at 0.1 with Na2S04. Non- 
enzymatic hydrolysis rates were always sub- 
tracted from the observed rates. Duplicate 
experiments were done for each inhibitor, 
and the values reported throughout the paper 
are the averages of such results. IC50 repre- 
sents the molarity of inhibitor producing a 50% 
decrease in the enzyme catalyzed hydrolysis of 
4-nitrophenyl acetate. Enzyme concentrations 
were: 10.7nM for hCA I and 3.9nM for hCA 11. 
Co(I1)-CA I1 has been prepared as described 
previously.16 

Calculations and Docking 

All the molecular mechanics and dynamics 
calculations were done with the program MOE 
(Molecular Operating En~ironment).~' The start- 
ing point for the modelling of inhibitor binding 
within the CA active site was from the X-ray 
structure of the adduct of phenol with hCA I1 
reported by Christianson's This struc- 
ture is not deposited in the Brookhaven Protein 
Database and was available directly from its 
authors. The second phenol molecule, bound 
distantly (15A) from the Zn(I1) ion has been 
removed from the active site, whereas the 
phenol molecule bound within the hydrophobic 
pocket has been replaced by diphenylboronic 
acid. A number of 30 minimisation cycles have 
been performed with a tether constraint on 
the heavy atoms gradually lowered till complete 
relaxation. 

RESULTS AND DISCUSSION 

Dimesitylfluoroborane 1 was prepared by the 
Grignard reaction (Scheme 1) in a manner 
similar to that described in reference 28 and 
this compound was the starting material for 
obtaining all others boron derivatives (2) to (8) 
investigated here. Dimesitylboronic acid was 
obtained by ammoniacal hydrolysis of (1) as 
described in the l i t e r a t ~ r e . ~ ~  The amino and 
sulfonamido derivatives were prepared by amino- 
metallation of (1) according to Scheme 1. 

The amino groups linked to the boron atom 
were chosen either from a sterically non- 
hindered series, in order to obtain small amino- 
boron substituents (2,3) or on the contrary, from 
an aromatic series (4, 5) in order to compare the 
arylsulfonamide-boron derivatives (6, 7) with 
the corresponding unsubstituted sulfonamides, 
known to act as efficient CA  inhibitor^.^*^ B-N 
bonds are known to be very stable because of the 
return of the nitrogen electron free pair in the 
vacant orbital of the boron at0m.4~'~' However, 
an electron-attracting substituent on nitrogen 
enhances the reactivity towards water, yielding 
the corresponding boron-hydroxy compound.39 
We chose to work with mesityl groups on 
the boron because of their stabilization effects 
towards hydrolysis demonstrated for other 
such organo-metallic  derivative^.^' 

Inhibition data for compounds 1-8 towards 
isozymes hCA I and hCA 11, with 4-nitrophenyl 
acetate as substrate, are shown in Table I. 

As seen from the above data, the dimesityl- 
boronic acid (8), the corresponding amine (2) 
and the hydrazine (3) behave as efficient 

SCHEME 3 
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TABLE I Inhibition of isozymes hCA I and I1 with inhib- 
itors of type 1-8. Sulfanilamide and 4-toluenesulfonamide 
were included as standards, being well known sulfonamide 
inhibitors 

Inhibitor 

1 
2 
3 
4 
5 
6 
7 
8 
4-Toluenesdfonamide 
Sulfanilamide 

ICSO (N)* 
hCA I** hCA Us* 

36 (5) 30 (2) 
9 (0.5) 2.2 (0.3) 
10 (1) 3.6 (0.4) 
> 3000 > 3000 
> 3000 > 3000 
54 (4) 43 (2) 
59 (3) 44 (1) 
12 (1) 3.4 (0.2) 
22 (2) 2.5 (0.1) 
28 (3) 3.0 (0.2) 

'Mean (standard error from 3 determinations). **Enzyme 
concentrations were: 10.7nM for hCA I and 3.9nM for hCA II. 

inhibitors of both CA isozymes, with potencies 
comparable to those of the unsubstituted aro- 
matic sulfonamides, the classical inhibitors of 
these zinc enzymes. 

Disubstitution of the nitrogen atom with aryl 
or aryl/alkyl moieties, such as in compounds (4) 
and (5), leads to completely inactive compounds 
as CA inhibitors. The N-monosubstitution by 
a p-toluenesulfonamide or sulfanilamide group 
(compounds 6 and 7, respectively) has as a 
consequence the maintaining of activity, but it 
is drastically reduced as compared to that of 
the unsubstituted parent compound (2) (and 
the unsubstituted sulfonamides). The fact that the 
measured activities are quite different from 
those obtained in the presence of the hydrolysis 
products of compounds (6) and (7) (i.e., dimes- 
itylboronic acid and unsubstituted sulfon- 
amides), confirm that these activities are due 
indeed to compounds (6) and (7) themselves. It 
also seems of interest to have NH2 or OH group 
next to boron in these new CA inhibitors, due to 
the possibility the interaction of such moieties 
with active site residues important for catalysis 
(i.e., the metal ion, or the metal ion bound water 
molecule/hydroxide ion). But, regarding the 
activities of compounds (2) and (3), the distance 
between the NH2 group and boron does not 

have any effect on the biological activity. If may 
also be noted that there are no changes in 
activity when the terminal CH3 in compound (6) 
is replaced by a NH2 (compound 7) moiety. The 
derivatives (l), (2), (3), (6), (7) and (8) are more 
efficient hCA 11 than hCA I inhibitors. 

Detailed information regarding the binding of 
these inhibitors within the enzyme active site 
could not be obtained by means of X-ray crystal- 
lographic studies of enzyme-inhibitor adducts, 
due to the low solubility of compounds (1-8) 
in aqueous solution, as well as due to their 
unknown stability in such systems. Furthermore, 
spectroscopic studies of adducts of Co(II)-CA I1 
with these new inhibitors were not at all inform- 
ative since the spectra of the adducts were 
similar with those of the uncomplexed enzyme 
(data not shown). The only other compounds 
that interact with CA but without changing the 
electronic spectrum of Co(II)-CA are 
the only competitive inhibitor (with COP as 
substrate) of this enzyme?8 and histamine, a 
powerful CA The X-ray crystal- 
lographic structures of both these complexes with 
hCA I1 have been reported re~ent ly . '~ ,~~ It appeared 
thus of interest to try to dock one of the inhibitors 
described here within the CA active site, starting 
from the crystallographic structure of one of 
the adducts mentioned above, and phenol was 
chosen since being more hydrophobic than his- 
tamine it is more structurally related to the 
inhibitors described in this paper. A simple, struc- 
turally related compound with the boronic acid 
inhibitor (8) was chosen for the molecular mod- 
eling experiment i.e., diphenylboronic acid, 
Ph2BOH. Compound (8) (and presumably its 
congener Ph2BOH) is a moderately-strong hCA 
II inhibitor, with an IC50 value of 3.4 pM (Table 
I), being much more effective than phenol, 
which possesses an inhibition constant of 
10 mM against the same i ~ o z y m e . ~ ~  Phenol binds 
to the enzyme in a very specific manner. It forms 
a strong hydrogen bond with the zinc-bound 
water molecule from the hCA 11 active site, being 
at a distance of about 48, from Zn(I1) (i.e., the 
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distance Zn-0 (from phenol) is precisely 3.9 A).38 
Phenol is bound within the hydrophobic half of 
the CA active site, being in Van der Waals 
contacts with the residues Val 121, Val 143, Leu 
198, Thr 199 and Trp 209, as shown by the valu- 
able X-ray crystallographic study of Nair et ~ 1 . ~ ~  
After the calculation performed in the present 
study by docking Ph2BOH within the hCA I1 
active site, we observed that the boronic acid 
inhibitor was placed exactly within the 
hydrophobic site of the enzyme cavity, but more 
distant than phenol. More precisely, the oxygen 
atom of Ph2BOH is situated at 7.9A from zinc 
(Figure l), being in Van der Waals contacts with 
the following amino acid residues: Val 121, Phe 
130, Val 135, Leu 141, Val 143, Val 207 and Pro 
201 (all of which line the hydrophobic half of 
the CA active site - Figure 2).14,18 The similarity 
between the binding of this hydrophobic inhib- 
itor (Ph2BOH) and that of histamine to hCA II1"M 

is of great interest. Both these compounds 
bind at the entrance of the active site, but unlike 
histamine which prefers the hydrophilic half 
(being in close contact with residues His 64 and 
Gln 92), Ph2B0H prefers the hydrophobic half of 
the active site (Figures 1 and 2). Histamine, and 
other activators of the same type, participate in 
proton shuttling processes between the active 
site and the reaction medium, by means of their 
proton accepting moieties. Their binding is thus 
achieved in the same region of the active site 
where the "natural" proton shuttle of the 
enzyme is located, i.e., His 64.15r1s,44 On the con- 
trary, phenol and the hydrophobic inhibitor 
Ph2BOH bind at the opposite site of the cavity, 
within the hydrophobic half of it : phenol near 
the Zn(I1) ion, within the postulated C02-bind- 
ing site (which could not be precisely shown up 
to now) whereas Ph2BOH binds at a more dis- 
tant site, obturating in this way the access of 

FIGURE 1 Diphenylboronic acid (in pink) docked within the active site of hCA 11. The three zinc (red sphere) ligands, His 94, 
Hi5 96 and His 119 (in blue) are also shown. The inhibitor is bound on the hydrophobic half, at the entrance of the active site 
cavity, with the OH moiety at 7.93a from zinc. (See Color Plate I). 
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FIGURE 2 Interactions between PhPBOH and the hCA 11 active. The following moieties are shown: the Zn(II) ion and its 
three histidine ligands (His 94, His 96, His 119); the hydrophobic residues in close contact with the inhibitor molecule (Val 121, 
Phe 130, Val 135, Leu 141, Val 143 and Val 207), Gln 92 (situated towards the hydrophilic half of the active site) and Thr 199 
(which orients the zinc bound hydroxide ion for catalysis). Four water molecules (Wat 325, 327, 328 and 362) are also present 
in the neighbourhood of the bound inhibitor. (See Color Plate II). 

substrates to the nucleophilic ZnOH species. 
This may explain the increased efficiency of 
around 10000 times of Ph2BOH over PhOH 
in inhibiting hCA II. It must also be noted that 
the OH moiety of Ph2BOH points towards the 
hydrophilic part of the active site (Figure 2) 
and that at least three water molecules are 
present in that region too. 

These findings may be of importance for the 
design of novel types of CA inhibitors: a com- 
pound possessing a strong zinc-binding function 
(for example of the sulfonamide type) but also 
structural elements that allow its interaction 
with this new hydrophobic binding site shown 
here for the first time, might show an increased 
efficiency towards the different CA isozymes, 
and also’ raises the possibility of designing 
isozyme-specific inhibitors. These results are 
interesting from an aspect of developing new 
drugs possessing less undesired side effects, 
because of their selectivity for diverse CAs. 
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