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Carbonic anhydrase inhibitors: Valdecoxib binds to a
different active site region of the human isoform II as compared
to the structurally related cyclooxygenase 11
‘selective’ inhibitor celecoxib
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Abstract—The high resolution X-ray crystal structure of the adduct of human carbonic anhydrase (CA, EC 4.2.1.1) isoform II (hCA
IT) with the clinically used painkiller valdecoxib, acting as a potent CA II and cyclooxygenase-2 (COX-2) inhibitor, is reported. The
ionized sulfonamide moiety of valdecoxib is coordinated to the catalytic Zn(II) ion with a tetrahedral geometry. The phenyl-isox-
azole moiety of the inhibitor fills the active site channel and interacts with the side chains of GIn92, Vall121, Leul98, Thr200, and
Pro202. Its 3-phenyl group is located into a hydrophobic pocket, simultaneously establishing van der Waals interactions with the
aliphatic side chain of various hydrophobic residues (Vall35, 11e91, Vall21, Leul98, and Leul41) and a strong offset face-to-face
stacking interaction with the aromatic ring of Phel31 (the y1 angle of which is rotated of about 90° with respect to what was
observed in the structure of the native enzyme and those of other sulfonamide complexes). Celecoxib, a structurally related
COX-2 inhibitor for which the X-ray crystal structure was reported earlier, binds in a completely different manner to hCA II as
compared to valdecoxib. Celecoxib completely fills the entire CA II active site, with its trifluoromethyl group in the hydrophobic
part of the active site and the p-tolyl moiety in the hydrophilic one, not establishing any interaction with Phel31. In contrast to
celecoxib, valdecoxib was rotated about 90° around the chemical bond connecting the benzensulfonamide and the substituted isox-
azole ring allowing for these multiple favorable interactions. These different binding modes allow for the further drug design of var-
ious CA inhibitors belonging to the benzenesulfonamide class.

© 2005 Elsevier Ltd. All rights reserved.

A recently developed class of pharmacological agents
incorporating primary sulfamoyl moieties in their mol-
ecule is constituted by the cyclooxygenase-2 (COX-2)
selective inhibitors acting as painkillers, with at least
two clinically used drugs, valdecoxib 1 and celecoxib
2.'3 Tt has recently been shown by our group? that
such sulfonamide COX-2 ‘selective’ inhibitors (unlike
the methylsulfone ones, such as rofecoxib—Vioxx™)
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also act as potent inhibitors of several isoforms of
the metallo-enzyme carbonic anhydrase (CA, EC
42.1.1),%% some of which are strongly involved in
tumorigenesis.”® Although the selectivity issue of this
class of pharmacological agents has very much been
challenged ultimately, leading to the withdrawal of
Vioxx from the market by Merck,* the potent antitu-
mor activities of celecoxib and valdecoxib may still
be exploited clinically, being probably due also to the
inhibition of the tumor-associated CA isoforms CA
IX and CA XII.23

In a previous work from this laboratory,!® we have
investigated the interaction of coxibs 1 and 2, as well
as that of the clinically used, classical sulfonamide CA
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inhibitors acetazolamide 3, methazolamide 4, dichlor-
ophenamide 5, and dorzolamide 6 with several physi-
ologically relevant CA isozymes, such as CA I and 11
(cytosolic forms), CA IV and CA IX (membrane-asso-
ciated isozymes). Furthermore, the X-ray crystal struc-
ture of the hCA Il—celecoxib adduct has been
resolved at high resolution,'® explaining thus at the
molecular level why these COX-2 ‘selective’ inhibitors
also interact in a very favorable manner with the
CA active site, leading to nanomolar COX-2/CA
inhibitors (it may thus be clearly stated that these
compounds are not at all selective inhibitors). In the
same paper, we showed that similar to the classical
sulfonamide CA inhibitors of types 3-6, coxibs 1
and 2 are also useful as systemically/topically acting
antiglaucoma agents in an animal model of the
disease.!”

To better understand the interactions of these agents
with the CAs and also with the purpose of using such
data for the rational drug design of benzenesulfon-
amide-based inhibitors, we report here a high resolution
X-ray crystallographic study for the adduct of valdecox-
ib 1 with the physiologically most relevant and wide-
spread CA isozyme, i.e., hCA I1.*° We also report
here, for the first time, the inhibition data of coxibs 1
and 2 against the tumor-associated isoform hCA XII.!!

Data of Table 1'%!3 clearly show that coxibs 1 and 2 act
as weak inhibitors (Kis in the range of 50-54 uM) of the
cytosolic slow isozyme hCA I (similar to the clinically
used topically acting sulfonamide dorzolamide 6),'*
whereas the other investigated sulfonamides of types
3-5 are much more effective inhibitors of this isozyme
(Kis in the range of 50-1200 nM). Against the

Table 1. CA inhibition data with standard, clinically used sulfonamide inhibitors (3-6) and the COX-2 selective inhibitors valdecoxib 1 and

celecoxib 2

Compound Inhibitor K; (aM)?
hCA 1° hCA TI° bCA TV® hCA 1X¢ hCA X11¢

1 Valdecoxib 54,000 43 340 27 13

2 Celecoxib 50,000 21 290 16 18

3 Acetazolamide 250 12 70 25 5.7

4 Methazolamide 50 14 36 27 3.4

5 Dichlorophenamide 1200 38 380 50 50

6 Dorzolamide 50,000 9 43 52 3.5

#Errors in the range of 5-10% of the reported values, from three determinations.

®Human cloned isozymes, esterase assay method.'?
“Isolated from bovine lung microsomes, esterase assay method.
4 Human cloned isozymes (catalytic domain), CO, hydrase assay method."
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physiologically most relevant isoform, hCA 1I, the two
coxibs 1 and 2 show good inhibitory activity, with inhi-
bition constants in the range of 21-43 nM, of the same
order of magnitude as the clinically used sulfonamides
3-6 (Kis in the range of 9-38 nM). The membrane-
bound isoform of bovine origin bCA IV also showed
lower affinity for coxibs 1 and 2 (Kis in the range of
290-340 nM, in the same range as that of dichlorophe-
namide 5), whereas the other sulfonamides behaved as
better inhibitors of this isozyme (Kjs in the range of
36-70 nM for compounds 3, 4, and 6). Similar to hCA
II, the two tumor-associated isozymes hCA IX and
hCA XII were prone to inhibition by coxibs 1 and 2,
which showed inhibition constants in the range of 16—
27nM against hCA IX, and 13-18 nM against hCA
XI1, respectively. These values are in the same range
as those of the other sulfonamides investigated here, of
types 3-6 (Table 1), and may explain the significant anti-
tumor activity” of such compounds.

To understand the molecular basis responsible for the
high binding affinity of valdecoxib 1 toward hCA 1I,
and also the differences of inhibition between 1 and 2,
we solved the crystal structure of valdecoxib 1 com-
plexed to hCA I1.!> The three-dimensional structure
was analyzed by different Fourier techniques, the crys-
tals being isomorphous to those of the native enzyme.'’
The model was refined using the CNS program!’ to
crystallographic R-factor and R-free values of 0.185
and 0.200, respectively. The statistics for data collection
and refinement are shown in Table 2. The overall quality
of the model was high, with 100% of the non-glycine res-

Table 2. Crystal parameters, data-collection, and refinement statistics
for the hCA II-valdecoxib 1 adduct

Crystal parameters

Space group P2,

Unit-cell parameters (A, °) a=42.05
b=41.32
c=171.76
B =104.26

Data-collection statistics (20.00-1.46 A )

Temperature (K) 100

Total reflections 134,163

Unique reflections 39914

Completeness (%) 96.0 (91.7)

Ry 0.073 (0.244)

Mean I/sigma (1) 15.0 (4.9)

Refinement statistics (20.00-1.46 A )

R-factor®(%) 18.5

R-free® (%) 20.0

rmsd from ideal geometry:

Bond lengths (A) 0.005

Bond angles (°) 1.4

Number of protein atoms 2084

Number of inhibitor atoms 22

Number of water molecules 342

Average B factor (Az) 13.71

Values in parentheses refer to the highest resolution shell.

* Roym = 2|I; — (D/ZI;; over all reflections.

® R-factor = X|F, — FJ/ZF,; R-free calculated with 5% of data with-
held from refinement.

Figure 1. Ribbon diagram of the hCA II-valdecoxib 1 complex. The
inhibitor, metal coordinating residues His94, His96, His119 and the
zinc ion are represented in ball and stick.

idues located in the allowed regions of the Ramachan-
dran plot.

In particular, the analysis of the electron density maps
around the catalytic site allowed us to locate one inhib-
itor molecule into the active cavity of the enzyme. The
topology of the inhibitor binding to the hCA II active
site is shown in Figure 1. The structure of the enzyme
in the valdecoxib—hCA II complex exhibited only minor
conformational changes when compared to that of the
native protein, with a rmsd of 0.35 A. Clear electron
density was visible for the entire inhibitor (Fig. 2) and
the protein, except for the first two N-terminal residues.

Several polar and hydrophobic interactions stabilized
the inhibitor within the hCA II active site. Indeed,
the ionized N atom of the sulfonamide moiety of val-
decoxib is coordinated to the catalytic Zn(II) ion with
a tetrahedral geometry (N1-Zn(IT) =1.91 A), displac-
ing the hydroxide ion usually present in the active site
of the uninhibited enzyme.!® In addition, this nitrogen
atom was also hydrogen bonded to the hydroxyl group
of Thr199 (N1-ThrOG = 2.73 A), which in turn inter-
acted with the Glul060E1 atom (2.55 A). On the other
hand, one sulfonamide oxygen was hydrogen bonded
to the backbone amide of Thr199 (ThrN-
O1 =2.80 A), whereas the other one was at a distance
of 2.96 A from the Zn(II) ion. All these interactions
have already been described for other sulfonamide/sul-
famate-containing CA inhibitors for which the struc-
ture has been solved in complexes with various CA
isozymes. !0-20-30

The phenyl-isoxazole moiety of valdecoxib filled the
active site channel of the enzyme and interacted with
the side chains of GIn92, Vall21, Leul98, Thr200, and
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Figure 2. Stereo view of the active site region in the hCA II-valdecoxib complex. The simulated annealing omit |2F, — Fy| electron density map,'’
relative to the inhibitor molecule, is shown. Residues coordinating the metal ion and participating in recognition of the inhibitor molecule are also

reported.

Pro202 (distance < 4.5 10\) (Fig. 2). Besides these interac-
tions, the 3-phenyl group present in the inhibitor mole-
cule was located into a hydrophobic cavity,
simultaneously establishing van der Waals interactions
with the aliphatic side chain of various hydrophobic res-
idues (Vall35, 11e91, Vall21, Leul98, and Leul4l) and a
strong offset face-to-face stacking interaction with the
aromatic ring of Phel31. To optimize the binding to val-
decoxib, the y1 angle of this latter residue (Phel31) was
rotated about 90° with respect to what was observed in
the structure of the native enzyme and the other com-
plexes solved so far, and in which this type of interaction
has been reported.!?:19-30

Figure 3 shows a structural overlay of valdecoxib 1 and
celecoxib 2'° bound to hCA 1II, as determined by the
superposition of hCA II active site residues. It should
be stressed again that both compounds are clinically
used painkillers, mainly acting as COX-2 inhibitors
(in addition to their strong CA inhibitory properties).
In both cases, the organic scaffold of the inhibitor
(i.e., the isoxazole ring of 1 or the pyrazole ring of 2)
did not establish polar interactions with the enzyme
active site, but participated in a large number of hydro-

Leu204

Pro202

phobic contacts. This similarity was reflected by a rath-
er comparable value of the Kj for the two inhibitors
against hCA II (Table 1). However, even though val-
decoxib and celecoxib are structurally similar, they
show a very different location when bound to the en-
zyme active site. In fact, celecoxib completely filled
the entire CA 1I active site, with its trifluoromethyl
group in the hydrophobic part of the active site and
the p-tolyl moiety in the hydrophilic one (and this
may also explain why it is approximately a two times
stronger hCA II inhibitor as compared to valdecoxib).
Consequently, the p-tolyl moiety of celecoxib did not
establish any interaction with the side chain of
Phel31. In contrast to this, valdecoxib was rotated
by about 90° around the chemical bond connecting
the benzenesulfonamide and the substituted isoxazole
ring. This rotation placed the 3-phenyl substituent of
the inhibitor in a different position and allowed,
together with the aforementioned movement of
Phel31, the strong stacking interaction with this aro-
matic residue. It was, in fact, recently demonstrated
by our group that just this interaction with Phel3l
(or its absence) orients the active site binding region
of inhibitors within the hCA II cavity,® allowing thus

His9

Figure 3. Stereo view of the hCA 1II active site complexed with valdecoxib 1 (red) and celecoxib 2'° (blue) brought to optimal structural overlay.
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for further insights into the rational drug design of CA
inhibitors.

In conclusion, the high resolution X-ray crystal struc-
ture of the adduct of hCA II with the clinically used
painkiller valdecoxib, acting as a potent CA II and
COX-2 inhibitor, is reported, showing that the sulfon-
amide moiety participates in the classical interactions
with the Zn(II) ion, whereas the phenyl-isoxazole moi-
ety interacts with residues GIn92, Vall2l, Leul98,
Thr200, and Pro202. The 3-phenyl group of the inhib-
itor is located into a hydrophobic pocket and establish-
es van der Waals contacts with the aliphatic side chain
of various hydrophobic residues and a strong offset
face-to-face stacking interaction with the aromatic ring
of Phel31. Celecoxib, a structurally related COX-2
inhibitor for which the X-ray crystal structure was
reported earlier, binds in a completely different manner
to hCA 1II as compared to valdecoxib. Celecoxib com-
pletely fills the entire CA II active site, with its trifluo-
romethyl group in the hydrophobic part of the active
site and the p-tolyl moiety in the hydrophilic one, not
establishing any interaction with Phel31. These differ-
ent binding modes allow for the further drug design
of various CA inhibitors belonging to the benzenesulf-
onamide class.
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