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Abstract—The X-ray crystal structure for the adduct of human carbonic anhydrase (hCA) II with sulpiride, a sulfonamide deriva-
tive clinically used as antipsychotic drug, has been resolved at a resolution of 1.6 A. This compound is an effective inhibitor of the
physiologically most relevant isozyme hCA II (K; of 40 nM), being only a moderate or moderate-weak inhibitor of the cytosolic
isozyme hCA I (K; of 1200 nM) and the membrane-bound isozyme hCA 1V (K; of 620 nM). Sulpiride shows CA inhibitory prop-
erties of the same magnitude as dichlorophenamide, a clinically used antiglaucoma sulfonamide, or valdecoxib, a COX-2 selective
inhibitor recently shown to inhibit CA. The binding of sulpiride to the hCA II active site is similar to that of other sulfonamide
inhibitors, considering the interactions of the sulfonamide zinc anchoring group, but differs considerably when the organic scaffold
of the molecule is analyzed. Indeed, one unprecedented hydrogen bond involving the imino moiety of the carboxamido group of
sulpiride and a water molecule was observed, together with a unique stacking interaction of the N-methyl-pyrrolidine ring of the
inhibitor and the aromatic ring of Phe 131 of the enzyme active site, which has been observed only recently in another CA-—

sulfonamide complex.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The sulfonamides and their close derivatives such as the
sulfamates constitute an important class of drugs, with
several types of pharmacological agents possessing
antibacterial, anti-carbonic anhydrase, diuretic, hypo-
glycemic, anticancer, antithyroid or protease inhibitory
activity among others.' A large number of structurally
novel sulfonamide/sulfamate derivatives originally
designed for a certain specific biological activity, such as
the antiepileptic drug topiramate 1,%° the anticancer
derivative indisulam 2,7 the steroid sulfatase inhibitor
EMATE 3.8° or the COX-2 selective inhibitors cel-
ecoxib 4 and valdecoxib 5'%!" — all of which possess
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sulfonamide/sulfamate moieties in their molecule —
were recently shown by this group to behave as potent
inhibitors of the metallo-enzyme carbonic anhydrase
(CA, EC 4.2.1.1).>7%! Furthermore, the X-ray crystal
structures for the adducts of inhibitors 1-5 with the
major human CA isozyme, hCA II, have also been
reported, being then shown that this originally unde-
sired and unexpected biological activity (i.e., CA inhi-
bition) may be valuable from the pharmacological point
of view, leading to potentially novel applications of
these compounds/drugs.>7->-! The high affinity of com-
pounds 1-5 for different CA isozymes is primarily due
to the presence of the strong zinc binding functions of the
sulfonamide/sulfamate type in their molecules, as well as
to favorable interactions between their organic scaffold
and amino acid residues present within the hCA II active
site, leading generally to low nanomolar affinity for this
isozyme (more precisely in the range of 5-40 nM).>!!
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The antipsychotic drug sulpiride 6, a selective dopamine
D2/D3 antagonist,'>!'3 also incorporates a primary sul-
fonamide moiety in its molecule, but its CA inhibitory
properties were not investigated up to now. Sulpiride is
widely used clinically in the treatment of schizophrenic
or depressive disorders, its proposed mechanism of
action implying a selective modulation of the dopami-
nergic system in the mesocorticolimbic area, important
for cognitive processing of internal and external cues,
related to survival.'>!3 It is presently not known whe-
ther the potential CA inhibitory action of this sulfona-
mide drug may have clinical significance.

In this paper, we report a detailed CA inhibitory study
with sulpiride. Three major human CA (hCA) isozymes,
namely hCA I, IT and I'V were investigated for their inter-
action with the drug, and the X-ray crystal structure for
the adduct of hCA II with sulpiride is also reported here.

2. Chemistry and CA inhibition

Sulpiride 6 is commercially available. The racemic mix-
ture is used clinically, since both enantiomers possess
similar biological activity.'* Levo-sulpiride has been
used on the other hand in our enzymatic and crystal-
lographic experiments reported here, in order to avoid
the formation of two complexes with the enzyme. The
other sulfonamides/sulfamates used as reference com-
pounds were either commercially available (1, 4-9) or
prepared as previously reported (2 and 3).%8 Inhibition
data against three CA isozymes with the six compounds
1-6 and the standard, clinically used CA inhibitors

acetazolamide AZA (7), methazolamide MZA (8) and
dichlorophenamide DCP (9) are shown in Table 1.
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These data clearly indicate that sulpiride 6 acts as an
efficient CA inhibitor against the three investigated iso-
zymes CA I, 11, and IV, with potencies comparable to
those of reference sulfonamide/sulfamate drugs, or
clinically used CA inhibitors as diuretics, antiglaucoma
agents, antiepileptics and so on.'=® Thus, against the red
blood isozyme CA I, 6 behaves as a moderate inhi-
bitor, with an inhibition constant of 1200 nM, exactly
as dichlorophenamide 9, a sulfonamide in clinical use as
antiglaucoma agent.'> The other two benzenesulfon-
amides investigated, celecoxib 4 and valdecoxib 5 are
much weaker CA I inhibitors as compared to 6 and 9,
whereas compounds 1-3 and 7, 8 act as more potent CA
I inhibitors, with K; values in the range of 31-250 nM
(Table 1). Against the physiologically most relevant and
rapid isozyme, CA II, sulpiride 6 shows the same level of
inhibition as dichlorophenamide 9 and valdecoxib 5, with
K; values in the range of 3843 nM, whereas the other
compounds investigated here are more effective inhibitors,
with K; values in the range of 5-21 nM. An intermediate
level of inhibition between those of the two cytosolic iso-
zymes discussed above has been observed for sulpiride 6
against the membrane-associated isozyme CA 1V, with an
inhibition constant of 620 nM. Sulpiride is thus one of the
weakest CA IV inhibitors in the small series of com-
pounds investigated here, since the other benzenesulfo-
namides 4 and 5 showed K; values in the range of 290-380
nM, whereas the heterocyclic derivatives and the sulfa-
mates (1, 2, 7 and 8) acted as much stronger CA 1V inhi-
bitors with K; values in the range of 36-70 nM (Table 1).

Table 1. CA inhibition data with standard inhibitors and the deri-
vatives 1-6*

Inhibitor ICso (nM)P
hCA I¢ hCA 1I¢ b/hCA TV¢

1 250 5 54 (bCALV)
2 31 15 65 (bCAIV)
3 37 10 nt

4 50,000 21 290 (bCAIV)
5 54,000 43 340 (bCAIV)
6° 1200 40 620 (hCAIV)
AZA 250 12 70 (bCAIV)
MZA 50 14 36 (bCAIV)
DCP 1200 38 380 (bCAIV)

nt, not tested.

2 Inhibitors were incubated with enzymes for 15 min prior to assay.

YErrors in the range of 5-10% of the reported value, from three
determinations.

¢ Human cloned isozymes, esterase assay method.'#

dIsolated from bovine lung microsomes, esterase assay method.'*

¢ Human cloned isozymes, CO, hydration stopped-flow method.!>
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3. Crystallography

The hCA 1I-6 adduct obtained by co-crystallization,
was subjected to detailed X-ray crystallography.!® Soft-
ware developed by Bruker Nonius was used, as follows:
Proteum package for data acquisition and manipu-
lation; Cosmo for strategy calculation; Saint+ for inte-
gration and processing; ProScale for Scaling, and
SHELXTL for solution and refinement.!” Other Soft-
ware used: Xfit for view and fit the structure and
Protcheck to check the final structure.'® The soaked
crystal was isomorphous to the native enzyme, being
mono-clinic P2; with the following cell parameters:
a=42.18, b=41.38, ¢=72.09, p=104.4°. The Fourier
maps 2Fo-Fc and Fo—Fc were then calculated, where
Fc and phases were obtained from the native hCA II
model from which all the water molecules have been
omitted. The difference Fourier maps after the first
refinement cycle, before the assignment of water mole-
cules, already showed clear evidence for the presence of
the inhibitor bound within the active site. Dataset was
93% complete, with a redundancy of ca. 2, giving an
overall Rsym of 4.79% for data up to 1.6 A. The crystal
clearly diffracted further, but due to time constraints
was only collected up to 1.6 A. The last refinement cycle
yielded a final R factor of 0.21 (R, =0.23) with a final
temperature factor of the inhibitor atoms ranging
between 8.5 and 24.0 A2, The final number of water
molecules was 194 and the final rmsd from ideal geo-
metry for bond lengths and angles were 0.01 A and 1.8°,
respectively. The statistics of data collection and refine-
ment are shown in Table 2. A final refinement resolution
of 1.6 A has been achieved.

The structure refinement allowed us to observe the spa-
tial arrangement of the inhibitor within the active site of
the enzyme (Fig. 1), whereas the electron density map of
sulpiride bound to hCA 1II is shown in Figure 2. The
schematic, detailed representation of the interactions of
6 with the metal ion and amino acid residues/water

Table 2. Statistics of data collection and refinement for the hCAII-
sulpiride adduct

Sulpiride-hCA II complex

Resolution range (A) 35-1.6
Space group P2,
Unit cell (A, ° for B) a=42.18, b=41.38, c=72.09,
B=104.4
No. of unique reflections 30,046
Completeness (%) 93.0
Ry (%) 4.79
Refined residues 261
Refined water molecules i 194
Resolution range in refinement (A) 30-1.6
Reryst (Fo>40 Fo; Fy) 21.3,19.2
Riree (Fo>40 Fp) 23.0
Rms deviations,
Bond lengths (A) 0.01
Bond angles (°) | 1.8
Average B value (A?) 19.6
Ramachandran plot
Most favored (%) 89.4
Additionally allowed (%) 10.1
Generously allowed (%) 0.5
Disallowed (%) 0.0

molecules present in the hCA II active site are shown in
Figure 3.

As may be seen from these figures, the ionized sulfon-
amide moiety of 6 has replaced the hydroxyl ion/water
molecule coordinated to Zn(II) in the native enzyme
(Zn—N distance of 1.83 A), as in other hCA II-sulfon-
amide complexes for which the X-ray structures have
been reported (Fig. 3).'°722 An important note is that
the Zn—-N bond is appreciably shortened in this complex
as this distance is usually around 1.95-2.10 A.'°~22 This
shortening may be considered as a first factor favoring
the good affinity of 6 for hCA II. The Zn(II) ion
remains in its stable tetrahedral geometry, being coor-
dinated, in addition to the sulfonamidate nitrogen of 6,
by the imidazolic nitrogens of His 94, His 96 and His
119. The proton attached to the sulfonamidate nitrogen
atom of the inhibitor also makes a hydrogen bond with
the hydroxyl group of Thr 199, which in turn accepts a
hydrogen bond from the carboxylic group of Glu 106
(Fig. 3). One of the oxygen atoms of the coordinated
sulfonamidate moiety makes a hydrogen bond with the
backbone amide of Thr 199 (O-H distance of 2.79 A),
whereas the other one is semi-coordinated to the cata-
lytic Zn(IT) ion (O—Zn distance of 3.15 A). These inter-
actions are generally seen in all complexes of hCA 11
with sulfonamide/sulfamate inhibitors.!~22 The benze-
nesulfonamide part of 6 lies in the hydrophobic part of
the active site cleft, where it makes van der Waals
interactions with the side chains of Ile 91, Val 121, Val
143, Leu 198 and Pro 202, whereas the methoxy group
is oriented towards the hydrophilic part of it, making
van der Waals contacts with residues Gln 92, Ser 197
and Thr 200 (Fig. 3). The NH group of the carbox-
amido moiety of sulpiride is then involved in one
hydrogen bond (of 3.19 A) with a water molecule not
previously evidenced in any other sulfonamide—hCA II
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Figure 1. Binding of sulpiride 6 within the hCA II active site (CPK
color coding).
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Figure 2. Electron density map of sulpiride 6 bound within hCA II
active site.

complex, whereas the CO group of the same moiety
does not participate in any hydrogen bonds, a situation
similar with that of another benzene—carboxamide inhi-
bitor for which the X-ray structure has recently been
reported by us.?> Also the nitrogen atom of the N-
methyl-pyrrolidine moiety does not make hydrogen
bonds with amino acid residues of the active site. But a
rarely evidenced interaction in other CA-—sulfonamide
complexes has as protagonist just this moiety: indeed,
the N-methyl-pyrrolidine ring of sulpiride participates
in a strong and very favored stacking interaction with
the phenyl ring of Phe 131, a moiety known to be cri-
tical for the binding of inhibitors possessing cyclic side
chains (Fig. 4).2! This was recently shown to be the case
in the complex of the perfluorobenzoyl analogue of
methazolamide in complex with hCA II, in which the
same stacking has been evidenced between the per-
fluorophenyl ring of the inhibitor and Phe 131.%!

4. Conclusions

The antipsychotic drug sulpiride behaves as an efficient
CA inhibitor, mainly against CA II, being less effective
an inhibitor of isozymes I and IV. Indeed, against the
physiologically most relevant isozyme hCA 11, sulpiride
shows a K; of 40 nM, being on the other hand only a
moderate or moderate-weak inhibitor of the cytosolic
isozyme hCA 1 (K; of 1200 nM) and the membrane-
bound isozyme hCA IV (K; of 620 nM). Sulpiride shows
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Figure 3. Detailed schematic representation of inhibitor 6 binding
within the hCA II active site (figures represent distances in A)

PHE 131

SULP

Figure 4. Stacking interaction between the phenyl ring of Phe 131 and
the N-methyl-pyrrolidine ring of sulpiride bound to hCA II. The
Zn(II) ion (magenta sphere) and its three ligands (His 94, 96 and 119)
are also evidenced.

CA inhibitory properties of the same magnitude as
dichlorophenamide, a clinically used antiglaucoma sul-
fonamide or valdecoxib, a COX-2 selective inhibitor
recently showed to inhibit CA. The binding of sulpiride
to hCA 1I allowed us to observe the usual interactions
of the sulfonamide anchor with the zinc ion and the
gate-keeping residues Thr 199 and Glu 106, whereas
the benzene ring primarily interacts with the hydro-
phobic half of the active site. The methoxy moiety lies
towards the hydrophilic part of the active site, whereas
the N-methyl-pyrrolidine ring participates in a strong
stacking interaction with Phe 131. It is not known
actually whether this relatively powerful binding of sul-
piride to different CA isozymes has consequences from
the pharmacological point of view, or whether some of
its biological activity is due just to inhibition of physio-
logically relevant CAs (it is for example reported that
sulpiride is one of the few antipsychotic drugs not pro-
ducing obesity,>? a feature also shared by the anti-
epileptic topiramate 1 and considered to be due to
inhibition of the mitochondrial isozyme CA V34). It
must be anyhow stressed that at clinically used dosa-
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ges'? of this drug, at least CA II should be significantly
inhibited and it would be important to know whether

this

phenomenon has any pharmacological/physi-

ological consequences for the patients undergoing anti-
psychotic therapy with sulpiride.?

10.
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