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Carbonic anhydrase inhibitors: The X-ray crystal structure
of ethoxzolamide complexed to human isoform II reveals
the importance of thr200 and gIn92 for obtaining
tight-binding inhibitors™
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Abstract—Ethoxzolamide, an almost forgotten inhibitor of the metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1), is the only clas-
sical inhibitor whose structure in adduct with any isoform was not reported yet. We report here the inhibition data of this molecule
with the 12 catalytically active mammalian isozymes (CA I-CA XIV) and the X-ray crystal structure with the cytosolic, ubiquitous
isoform CA II. These data are presumably useful for the design of novel CA inhibitors, targeting various CA isozymes, considering
that ethoxzolamide was already the lead molecule to obtain the second generation inhibitors, dorzolamide and brinzolamide, clin-
ically used antiglaucoma agents with topical action, as well as various other investigational agents.

© 2008 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs, EC 4.2.1.1) are metallo-en-
zymes that catalyze a very simple physiological reaction,
the conversion of the carbon dioxide to the bicarbonate
ion and protons.!* In humans 15 different a-CAs iso-
forms were isolated, 12 of which are catalytically active
(CAs I-VA, CAVB, CAVI, CA VII, CA IX, and CAs
XII-X1V), whereas the CA-related proteins (CARPs
VIII, X, and XI) are devoid of catalytic activity. Among
the active isozymes five are cytosolic (CA 1, CA II, CA
III, CA VII, and CAXIII), four are membrane-associ-
ated (CA 1V, CA IX, CA XII, and CA XIV), CA VA
and CA VB are mitochondrial isoforms, and CA VI is
secreted in saliva.!"'° The active site of most CAs con-
tains a Zn>" ion which is essential for catalysis. It is
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coordinated to three protein histidine residues, His94,
His96, and Hisl19, in a tetrahedral geometry with
H,O or OH™ as the fourth ligand. The latter is the active
species, acting as a potent nucleophile.’”’

The CA-catalyzed reaction is involved in respiration and
transport of CO,/bicarbonate between metabolizing tis-
sues and lungs, pH and CO, homeostasis, electrolyte
secretion in a variety of tissues/organs, biosynthetic
reactions (such as gluconeogenesis, lipogenesis, and ure-
agenesis), bone resorption, tumorigenicity, and many
other physiological and pathological processes.® ' As
a consequence in the last years many of the CA isozymes
have become important therapeutic targets with the po-
tential to be inhibited or activated to treat a wide range
of disorders.!"1°

Two main classes of CA inhibitors (CAls) are known:
the metal-complexing anions, and the unsubstituted sul-
fonamides and their bioisosteres (sulfamates and sulfa-
mides), which bind to the Zn®* ion of the enzyme
either by substituting the non-protein zinc ligand to
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generate a tetrahedral adduct or by addition to the metal
coordination sphere, generating trigonal-bipyramidal
species.! !9 Acetazolamide 1, methazolamide 2, ethoxzo-
lamide 3, and dichlorophenamide 4, as well as the more
recent drugs dorzolamide 5 and brinzolamide 6 (Fig. 1)
are classical sulfonamide CAIs clinically used in the
therapy of different pathologies such as glaucoma,
acid-base disequilibria, epilepsy and other minor neuro-
muscular disorders, or as diuretics.!> The inhibitory ef-
fects of these molecules against the mammalian isoforms
CA I-XIV (of human, hCA, or murine, mCA origin) are
shown in Table 1. As can be seen from these data, a seri-
ous drawback of most of these CAls is the lack of selec-
tivity for inhibiting the different isozymes with various
medicinal chemistry applications.!!-1°

X-ray crystallography is obviously a very useful tool for
the rational drug design of more selective enzyme inhib-
itors, and excellent examples for its applications to CAI
drug design targeting various isozymes are avail-
able 120681721 Thys, all sulfonamides 1-6 except
ethoxzolamide 3 have been crystallized in adducts with
various isozymes, such as CA I, II, III, IV, VA, and
XII among others.!-?>-6-817-21 The fact that ethoxzola-
mide 3 has been neglected from this point of view is
rather surprising for at least two reasons: (i) ethoxzola-
mide is a drug (indeed not widely utilized nowadays)
mainly used for the treatment of edema due to conges-
tive heart failure, and for drug-induced edema, in addi-
tion to its applications as antiglaucoma agent;">2? (ii)
ethoxzolamide was clearly the lead molecule used to de-
sign the second generation CAIs dorzolamide 5 and
brinzolamide 6. In fact, the structural similarities be-
tween the three drugs are immediately obvious. How-

ever, as seen from data of Table 1, although these
compounds present a similar chemical structure, they
have a rather different inhibition profile. In fact, while
ethoxzolamide 3 indiscriminately inhibits all CA iso-
zymes except CA II1,!! in the nanomolar or subnanom-
olar range, dorzolamide S and brinzolamide 6 present
selectivity for the inhibition of some isozymes over the
other ones. Indeed the newer agents do not inhibit
appreciably CA I, CA III, and CA IV. Thus, to identify
the molecular basis responsible for the different inhibi-
tion profile of these compounds, the crystal structure
of ethoxzolamide 3 in complex with the main CA iso-
zyme, hCA II, has been solved and compared with the
previously reported structures of the adducts hCA II-
57 and hCA 11-6.'7

The hCA II-3 complex was prepared and crystallized
using experimental conditions previously reported for
other sulfonamide CA inhibitors>® and the structure
was solved using the difference Fourier method,
using the structure of the native hCA II as starting
model.>*>~?7 Following the X-ray crystallographic refine-
ment a clear continuous feature of electron density was
present in the active site. Inhibitor 3 was perfectly
accommodated to the shape of this electron density
(Fig. 2). The binding of ethoxzolamide 3 to the enzyme
active site did not perturb the enzyme 3D structure. As a
matter of fact, the superimposition of all the Co atoms
of the hCA II protein in the investigated adduct with
those of the protein in the unbound form'® yielded a
rmsd value of 0.33 A. The main protein—inhibitor inter-
actions observed for this hCA II-sulfonamide adduct
are schematically depicted in Figure 3. It may be
observed that ethoxzolamide participates in various
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Figure 1. Chemical structure of the clinically used CAls 1-6 and of the new candidate 7.
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Table 1. Inhibition data with some of the clinically used sulfonamides 1-7 against isozymes I-XIV (the isoforms CA VIII, X, and XI are devoid of
catalytic activity and probably do not bind sulfonamides as they do not contain Zn>* ions)

Isozyme* Ki® (nM)
1 2 3 4 5 6 7
hCA I¢ 250 50 25 374 50,000 45,000 7.5
hCA 1I° 12 14 8 9 9 3 7.2
hCA II1° 2x10° 7%10° 1x10° 6.3 % 10° 7.7% 10° 1.1x10° 1.4x10°
hCA 1V® 74 6200 93 95 8500 3950 9000
hCA VA® 63 65 25 81 42 50 1100
hCA VB° 54 62 19 91 33 30 1100
hCA VI° 11 10 43 134 10 0.9 2650
hCA VII® 2.5 2.1 0.8 6 3.5 2.8 89
hCA I1X¢ 25 27 34 43 52 37 102
hCA X11¢ 5.7 3.4 22 56 3.5 3.0 110
mCA XIII° 17 19 50 1450 18 10 2633
hCA XIV¢ 41 43 25 1540 27 24 48
#h, human; m, murine isozyme.
® Mean from at least three different determinations by a stopped flow CO, hydrase assay.
¢ Full-length enzyme.
d Catalytic domain.
Table 2. Crystal parameters, data collection and refinement statistics
Cell parameter ' e
Space group P2?
a, b, c A) 42.21, 41.36, 72.03 Phe131
B (A) 104.35
Data collection statistics
Resolution (A) 20.00-1.80
Temperature (K) 100
Total reflections 66,927
Unique reflections 21,636 Gin92
Completeness (%)* 95.9 (80.8)
Ryym™® 0.061 (0.134)
Mean I/sigma (I)* 14.9 (8.4)
Refinement statistics
Resolution (A) 20.00-1.80 Thr199
Rfaclorc (%) 18.0
Riree” (%) 21.4
Rmsd from ideal geometry
Bond lengths (A) 0.007
Bond angles (°) 1.4
Number of protein atoms 2088 His96 His119
Number of inhibitor atoms 16
Number of water molecules 303
Average B factor (Ab) 13.95

#Values in parentheses refer to the outermost data shell.

o Roym = Z|I, — (D)/ZL; over all reflections.

€ Riactor = Z|Fy — FJ//ZF,; Rgee calculated with 5% of data withheld
from refinement.

hydrophobic and polar interactions with residues delim-
itating the active site cavity, when bound to hCA II. In
particular, its deprotonated sulfonamide group is com-
plexed to the metal ion present within the hCA II active
site, similarly to what is observed for the same moiety in
other inhibitors whose structure has been solved in com-
plex with the enzyme (Fig. 3).>” Moreover, the 6-eth-
oxy-benzothiazolyl scaffold was found to be located in
the active site channel being involved in several van
der Waals interactions with the side chains of residues
GIn92, Vall21, Phel31, Leul98, Thr200, Pro201, and
Pro202. Finally, the endocyclic nitrogen atom of the

Figure 2. Active site region in the hCA II-3 complex. The simulated
annealing omit |2F, — F| electron density map relative to the
inhibitor molecule, computed at 1.80 A and contoured at 1.0, is
shown.

inhibitor was observed to be hydrogen bonded to
Thr2000G1 atom both directly and through a bridging
water molecule (see Fig. 3).

As the second generation CAls dorzolamide and brinzo-
lamide clearly show a close structural similarity to
ethoxzolamide, as mentioned earlier, we performed a
structural overlay of ethoxzolamide 3 and dorzolamide
5/brinzolamide 6, when complexed to hCA II (Fig. 4A
and B), in order to understand the influence of the addi-
tional substituents present in the second generation
inhibitors, on the affinity for the enzyme. Figure 4 shows
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Figure 3. Schematic representation of the active site region in the hCA
11I-3 complex, showing residues participating in recognition of the
inhibitor molecule. Hydrogen bonds and the active site Zn>* ion
coordination are also shown (dotted lines).

that the binding of these compounds to the enzyme ac-
tive site is rather similar. Particularly, the three hetero-

A

T200

cyclic rings of inhibitors 3, 5, and 6 overlap quite well,
all of them establishing both polar and hydrophobic
interactions with residues delimiting the enzyme active
site. Worth noting is that in all the three hCA Il-inhib-
itor adducts a key role in the stabilization of the inhib-
itor within the enzyme active site is played by the
protein residue Thr200, which is hydrogen bonded to
the endocyclic nitrogen atom in the case of hCA I1-3 ad-
duct and to the nitrogen of the ethylamino substituent in
the case of hCA I1-5 and hCA 11-6 adducts (see Fig. 4A
and B). The endocyclic SO, moieties of dorzolamide 5
and brinzolamide 6 participate in an additional H-bond
interaction with residue GIn92 (Fig. 4A and B), which
with ethoxzolamide makes only a van der Waals interac-
tion (Fig. 3). From this structural comparison it emerges
that although compounds 5 and 6 present two bulky
substituents on the bicyclic ring with respect to ethoxzo-
lamide 3, these moieties do not interfere negatively with
the inhibitory properties of these molecules toward hCA
II. As a consequence all three derivatives 3, 5, and 6
show comparable inhibition constants toward hCA II
(see Table 1). On the contrary the presence of the bulky
substituents may have a significant effect in the inhibi-
tion of other CA isoforms, generating the differences
in the inhibition profile observed in Table 1, as probably
they interact (positively or in clashes) with various ami-
no acid residues which are different in the diverse CA
isozymes. As an example the different inhibition behav-
ior of these three molecules toward hCA I will be ana-
lyzed. Data of Table 1 show that while ethoxzolamide
3 is a good inhibitor of this isoform (K7 of 25 nM), com-
pounds 5 and 6 do not inhibit significantly this enzyme
(Kis in the range of 45-50 pM). Several amino acid ‘sub-
stitutions’ are observed between hCA II and hCA T ac-
tive sites, namely Phel31/Leu, I1e91/Phe, Glu69/Asn,

H119

H96

Figure 4. Superposition of hCA ITI-inhibitor adducts: 3 is reported in red, 5 in green (A) and 6 in cyan (B). The Zn>* ion and its three catalytic

histidines are also shown.
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Asn67/His, Asn62/Val, Thr200/His, Vall35/Ala, and
Leu204/Tyr. Among them, the replacement of Thr200
in hCA II by His200 in hCA I could be responsible of
the very different binding of the three studied inhibitors
to the active site of these enzymes. Thus, whereas in the
case of the ethoxzolamide this substitution causes only
the loss of the hydrogen bond interaction between the
Thr2000G1 atom and the endocyclic nitrogen atom of
the inhibitor, in the case of brinzolamide and dorzola-
mide this amino acid substitution probably causes not
only the loss of a hydrogen bond but also a significant
steric hindrance between the rather bulky histidine resi-
due and the ethylamino moieties present in inhibitors 5
and 6. The presence of another moiety in position 6 of
the bicyclic rings of 5 and 6, that is, a methyl moiety
in dorzolamide and a methoxypropyl one in brinzola-
mide, probably does not allow a compact rearrangement
of these molecules within the hCA I active site, thus
hampering a productive binding and explaining their
ineffective hCA 1 inhibitory activity as compared to
ethoxzolamide 3.

In conclusion, the structural analysis reported here, for
the complex of ethoxzolamide with the ubiquitous CA
isoform II, suggests that the introduction of bulky sub-
stituents on the bicyclic ring system of CAls may repre-
sent a powerful strategy to obtain compounds with
diverse inhibition profiles and selectivity for the various
mammalian CAs. Some success in this field has been re-
cently recorded, although a lot of work still has to be
performed. An interesting example may be furnished
by sulfonamide 7, recently reported by Giizel et al.?®
This compound has also been designed considering
ethoxzolamide 3 as lead molecule. The main difference
between 3 and 7 consists in the fact that: (i) the sulfa-
moyl moiety is attached on the benzene ring in 7 and
not on the five-membered heterocyclic one, as in ethox-
zolamide 3; (ii) the two compounds possess rather isos-
teric groups in the 2 position (a sulfamoyl moiety in 3
and a carbohydrazide one in 7), but the last compound
incorporates a very bulky substituent next to it (in the
3rd position), that is, a phenyl moiety, which is absent
in ethoxzolamide. Analyzing the inhibition data of this
new molecule (Table 1), it may be observed that it is a
very effective inhibitor of isoforms CA I and II, a weaker
inhibitor of isozymes CA VII, IX, XII, and XIV (in the
range of 48-110 nM), whereas it does not inhibit all
other isoforms. Thus, the introduction of a very bulky
substituent to the bicyclic ring system makes compound
7 a much more selective CAI as compared to all deriva-
tives 1-6 discussed above (and with clinical applica-
tions).! These findings may allow important lessons
for the drug design of CAls incorporating such bicyclic
rings.
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