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Abstract—Zonisamide and topiramate are two antiepileptic drugs known to induce weight loss in epilepsy patients. These molecules
were recently shown to act as carbonic anhydrase (CA) inhibitors, being presumed that the weight loss may be due to the inhibition
of the mitochondrial isozymes CA VA and CA VB involved in metabolic processes, among which lipid biosynthesis. To better
understand the interaction of these compounds with CAs, here, we report a homology modeling and molecular dynamics simula-
tions study on their adducts with human carbonic anhydrase VA (hCA VA). According to our results, in both cases the inhibitor
sulfamate/sulfonamide moiety participates in the canonical interactions with the catalytic zinc ion, whereas the organic scaffold
establishes a large number of van der Waals and polar interactions with the active site cleft. A structural comparison of these com-
plexes with the corresponding homologues with human carbonic anhydrase II (hCA II) provides a rationale to the different affinities
measured for these drugs toward hCA VA and hCA II. In particular, our data suggest that a narrower active site cleft, together with
a different hydrogen bond network arrangement of hCA VA compared to hCA II, may account for the different Kd values of zon-
isamide and topiramate toward these physiologically relevant hCA isoforms. These results provide useful insights for future design
of more isozyme-selective hCA inhibitors with potential use as anti-obesity drugs possessing a novel mechanism of action.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Selectivity of enzyme inhibitors for closely related en-
zyme isoforms is particularly important for the drug de-
sign of either pharmacological tools or potential drugs.
An interesting example is offered by the family of the
a-carbonic anhydrases (CAs, EC 4.2.1.1), with at least
16 different isoforms isolated and characterized up to
now in humans, which play important physiological
and pathological roles.1,2 Many of these CA isozymes
were recently shown to be targets for the drug design
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of inhibitors with various medicinal chemistry applica-
tions. None of the presently available, clinically used
CA inhibitors (among which acetazolamide, methazol-
amide, ethoxzolamide, dichlorophenamide, dorzola-
mide, or brinzolamide) shows selectivity for a specific
isozyme, although their affinity for most of them varies
to a large extent.3

Among the different applications of this class of phar-
macological agents, the possible use of CA inhibitors
(CAIs) for the management of obesity is of particular
interest, since two of them with antiepileptic effects,
namely topiramate (TPM)4 and zonisamide (ZNS)5

(Fig. 1), are known to induce weight loss in epilepsy pa-
tients after pharmacological treatment. Moreover, sev-
eral controlled clinical trials have been performed to
evaluate the potential of TPM for the treatment of
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Figure 1. ZNS and TPM chemical structures.
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obesity and metabolic disorders.6–10 Since using of other
CAIs has also been associated with weight loss,11 it was
presumed that some of these actions may be due to the
inhibition of the mitochondrial isozymes CA VA and
CA VB,12,13 which are involved in metabolic processes
such as the biosynthesis of lipids.14–16

Recently, X-ray crystallographic studies showed the
binding mode of ZNS and TPM to hCA II, the most
ubiquitous isoform of this enzyme, and one of the most
active catalysts known in nature.4,5 In these studies, it
was also reported that while ZNS shows a slightly high-
er affinity for hCA VA than for hCA II in certain exper-
imental conditions (Table 1),5 TPM shows higher
affinity for hCA II than for hCA VA.4 In the present
study, these results are explained by means of a model-
ing investigation on the binding of ZNS and TPM to
hCA VA. These results may bring novel insights into
Table 1. hCA II and hCA VA inhibition data with ZNS and TPM by

means of a spectrophotometric dansylamide binding assay

Compound Kd
c (nM)

hCA IIa hCA VAb

ZNS 47.6 ± 2.4 20.6 ± 0.3

TPM 13.8 ± 0.4 25.4 ± 0.6

Inhibitor and enzyme were preincubated for 1 h prior to assay.
a Human recombinant enzyme.
b Human full length recombinant enzyme.16

c Mean value from three different determinations.
the design of CAIs with selectivity for isoform VA over
isoform II.
2. Results and discussion

2.1. Chemistry and CA inhibition

The two antiepileptic drugs ZNS and TPM contain in
their molecules a sulfonamide and a sulfamate group,
respectively, and were recently shown to act as effective
inhibitors of several CA isozymes.4,5 Indeed, a host of
studies showed that the sulfonamide moiety3 and its
close relatives, the sulfamate17 and the sulfamide18 ones,
are the most appropriate zinc binding functions in the
design of efficient CA inhibitors, targeting isozymes II,
VA, VB, VII, IX, XII, and XIV. However, few studies
up to now tried to rationalize why the diverse CA iso-
zymes, although structurally quite similar in the inhibi-
tor binding site, show a quite different behavior
toward various classes of inhibitors. In the present
study, the inhibitory properties of ZNS and TPM to-
ward hCA II and hCA VA were measured by using a
dansylamide competition binding assay.19 We have mea-
sured the two inhibitors in strictly identical experimental
conditions, since they greatly influence the inhibitory
power (Table 1).

Data reported in Table 1 show that both compounds be-
have as potent inhibitors against the two investigated
CA isoforms, with dissociation constants in the range
of 13.8–47.6 nM against hCA II, and 20.6–25.4 nM
against hCA VA full length enzyme, respectively. Mea-
sured Kd values confirm previous investigations in which
a stopped-flow CO2 hydrase assay was used for monitor-
ing CA II inhibition.5 According to these data, ZNS is a
more potent hCA VA inhibitor than hCA II inhibitor
(by a factor of 2.3), whereas just the opposite is true
for TPM, which behaves as a stronger hCA II than
hCA VA inhibitor (by a factor of 1.8). The molecular
modeling studies we describe later in this paper rational-
ize these observations which may help the design of
more selective CA inhibitors targeting the mitochondrial
versus the cytosolic isozyme.
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2.2. Modeling studies

A model of G25-Q261 hCA VA domain (hCA I num-
bering system) was obtained using the available X-ray
structure of the corresponding domain from the murine
CA V (mCA V) as template20 and further refined by en-
ergy minimization and molecular dynamics simulation
as described in Section 4. hCA VA and mCA V share
76% sequence identity (Fig. 2); accordingly, the calcu-
lated model should provide a good representation of
the molecular structure of hCA VA. As already
observed for other a-carbonic anhydrases with solved
three-dimensional structure,21 the hCA VA structural
model consists of a central 10-stranded b-sheet
surrounded by several helices and additional b-strands
(Fig. 3). All geometrical arrangement of the residues
coordinating the active site Zn2+ and hydrogen bond
interactions between zinc ligands and their protein envi-
ronment are retained. The highly preserved structural
fold can be ascribed to the high number of conserved
residues between the different hCA isoforms.

As expected, the hCA VA three-dimensional model is
very similar to that of hCA II. When superimposing
the G25-Q261 hCA VA Ca atoms with those corre-
sponding in isozyme II, a low rms deviation is calculated
(1.5 Å). However, an accurate analysis reveals a number
of important local structural differences between the two
enzymes (Fig. 3). These differences are mainly localized
in the N124-G140 region, constituted by a loop/a-he-
lix/loop structure, and are originated by the insertion
of S125, and the F131Y and C206S mutations (Figs. 2
and 3). In particular, while the insertion of S125 causes
a lengthening of the loop N124-E129, Y131 and S206
are involved in two hydrogen bonds with the Q92 side
chain (Y131OH–Q92Ne2) and the amide oxygen of
hCAVA 18  VPVSVPGGTRQSPINIQWRDSVYDPQL
mCAV  22  ----CATGTRQSPINIQWKDSVYDPQL
hCAII 18  KDFPIAKGERQSPVDIDTHTAKYDPSL

hCAVA 77  SGISGGPLENHYRLKQFHFHWGAVNEG
mCAV  77  SGISGGPLGNHYRLKQFHFHWGATDEW
hCAII 77  AVLKGGPLDGTYRLIQFHFHWGSLDGQ

hCAVA 136 VGENGLAVIGVFLKLGAHHQTLQRLVD
mCAV  136 VGENGLAVIGVFLKLGAHHQALQKLVD
hCAII 136 QQPDGLAVLGIFLKVGSAKPGLQKVVD

hCAVA 195 AGSLTTPPLTESVTWIIQKEPVEVAPS
mCAV  195 PGSLTTPPLAESVTWIVQKTPVEVSPS
hCAII 195 PGSLTTPPLLECVTWIVLKEPISVSSE

hCAVA 254 RKVWASFQATNEGTRS 
mCAV  254 RKLRSSFRLDRTKMRS 
hCAII 254 RQIKASFK-------- 

Figure 2. Sequence alignment used for modeling hCA VA, showing the sequen

conserved between hCA VA and mCA V and between hCA II and hCA VA
V135 (S206Oc–V135O), respectively. Thus, both
F131Y and C206S mutations affect the orientation of
the loop/a-helix/loop region, which moves toward the
catalytic Zn2+. As a consequence, the active site cleft is
narrower in hCA VA than in hCA II. This tightening
seems to be further amplified by the A65L mutation.

On the basis of the high sequence/structural similarity
between hCA VA and hCA II, it is not surprising that
ZNS and TPM show only small differences in the affin-
ity toward both enzymes (Table 1). To assess the molec-
ular basis of the small differences observed, the models
of the ZNS– and TPM–hCA VA complexes have been
built by homology modeling, refined by energy minimi-
zation/molecular dynamics, and then compared with the
corresponding ZNS/TPM complexes with isoform II.
To check the reliability of used computational protocol,
molecular dynamics simulations were also carried out
starting from the crystallographic structure of ZNS–
and TPM–hCA II complexes, obtaining rmsd values
of 1.3 and 1.2 Å, respectively, for the backbone atoms
of the region 23–260. These findings, together with the
secondary structure comparison of the MD-relaxed
structures versus the crystallographic ones, demonstrate
the substantial preservation of the hCA II fold and of
the inhibitor–protein local interactions within com-
plexes. The energy profile and the backbone rmsd as a
function of time, reported in Figure 4, exhibit a quite
regular profile, showing that all the simulations are sta-
ble on the timescale considered for the subsequent
analysis.

The main protein–inhibitor interactions observed in the
ZNS–hCA II complex after the MD simulation are
reported in Figure 5a. A careful analysis of this figure
reveals a conserved orientation of the active site
KPLRVSYEAASCLYIWNTGYLFQVEFDDATEA
APLRVSYDAASCRYLWNTGYFFQVEFDDSCED
KPLSVSYDQATSLRILNNGHAFNVEFDDSQDK

GSEHTVDGHAYPAELHLVHWNSVKYQNYKEAV
GSEHAVDGHTYPAELHLVHWNSTKYENYKKAS
GSEHTVDKKKYAAELHLVHWN-TKYGDFGKAV

ILPEIKHKDARAAMRPFDPSTLLPTCWDYWTY
VLPEVRHKDTQVAMGPFDPSCLMPACRDYWTY
VLDSIKTKGKSADFTNFDPRGLLPESLDYWTY

QLSAFRTLLFSALGEEEKMMVNNYRPLQPLMN
QLSMFRTLLFSGRGEEEDVMVNNYRPLQPLRD
QVLKFRKLNFNGEGEPEELMVDNWRPAQPLKN

ce of hCA VA in comparison to those of mCA V and hCA II. Residues

are highlighted in red and magenta, respectively.



Figure 3. Superposition of the hCA VA homology model (magenta)

and the hCA II structure (cyan). The region N124-G140 is highlighted

in purple (hCA VA) and light blue (hCA II). The active site Zn2+ ion

coordination is shown in ball-and-stick representation.

igure 4. Plot of the potential energy (a) and backbone rmsd (b) versus

ime during 1.5 ns of MD production run of hCA II bound to ZNS

nd TPM, and hCA VA bound to ZNS, TPM and without inhibitor.

nly for hCA II protein the first 19 residues of the flexible N-terminal

ail were not included in rmsd calculation.

Figure 5. Active site region in the ZNS–hCA II (a) and ZNS–hCA VA

(b) complexes, showing residues participating in recognition of the

inhibitor molecules. Hydrogen bonds and the active site Zn2+ ion

coordination are also shown (dotted lines).
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residues, with all conserved H-bonds arranged to ensure
proper catalytic efficiency.20,22 The tetrahedral geometry
of the Zn2+ binding site and the key hydrogen bonds be-
tween the sulfonamide moiety of the inhibitor and the
enzyme active site are all retained with respect to the
X-ray structure.5 Finally, as observed in the crystal
structure, the benzisoxazole ring of ZNS is oriented to-
ward the hydrophobic part of the active site cleft
(Fig. 5a), establishing a large number of strong van
der Waals interactions with residues Q92, V121, L141,
V143, L198, T200, and P201.

All these contacts occur also in ZNS–hCA VA complex
model (Fig. 5b). On the contrary, a unique polar inter-
action distinguishes the ZNS–hCA VA complex from
the hCA II counterpart. In fact, the intramolecular
H-bond between the Y131OH group and Q92Ne2, pre-
viously described as a unique characteristic of hCA VA
enzyme, has in the ZNS–hCA VA complex a crucial role
in the proper orientation of Q92 side chain and in the
consequent formation of a H-bond interaction between
the enzyme and the inhibitor (Fig. 5b). In particular,
the Q92Ne2 atom forms a H-bond with ZNSN2 atom
characterized by a high occurrence during the simula-
tion period, and with ZNSO3 atom, even if with a minor
occurrence. Being a phenylalanine residue present at po-
sition 131 in hCA II, this interaction is claimed as the
unique structural feature accounting for the observed
differences in binding affinity between the two isozymes.

The main protein–inhibitor interactions observed in the
TPM–hCA II complex after MD simulation are depicted
in Figure 6a. According to this figure, TPM presents a
spatial arrangement similar to that observed in the
X-ray structure.4 In particular, the tetrahedral geometry
of the Zn2+ binding site and the key hydrogen bonds
between the sulfamate moiety of the inhibitor and
enzyme active site are all retained. The extended network
F

t

a

O

t

of hydrogen bonds, which in the crystal structure
strongly stabilize the organic scaffold of the inhibitor
within the enzyme active site, are all retained after MD
simulation (Fig. 6a). Such important hydrogen bonds
are: N62Nd2–TPMO6, Q92Ne2–TPMO4, T200Oc–
TPMO2. The analysis of the TPM–hCA VA complex
after MD simulation reveals that while the sulfamate
group of the inhibitor binds to the enzyme active site in



Figure 6. Active site region in the TPM–hCA II (a) and TPM-hCA

VA (b) complexes, showing residues participating in recognition of the

inhibitor molecules. Hydrogen bonds and the active site Zn2+ ion

coordination are also shown (dotted lines).
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a manner similar to that observed in the complex with
isoform II, a different network of polar interactions of
the organic scaffold distinguishes the TPM–hCA VA
complex from the TPM–hCA II one. Only the
Q92Ne2–TPMO4 H-bond is conserved in the case of
isoform VA. In fact, T200Oc is now involved in a bifur-
cated hydrogen bond with TPMO2 and TPMO6 atoms,
while the hydrogen bond interaction N62Nd2–TPMO6
is not retained in this case, as a consequence of the muta-
tion N62T (Figs. 2 and 6b). The loss of this important
polar interaction seems to be responsible for the lower
binding affinity observed for TPM toward hCA VA with
respect to that measured for hCA II. During the MD
simulations of the complex TPM–hCA VA, worthy of
noting is also the disappearance of the intramolecular
H-bond Y131OH–Q92Ne2, already observed in the
hCA VA–ZNS complex; this result being dependent on
the re-positioning of the Y131 side chain. In fact, the
presence of the bulkier TPM molecule and the conse-
quent constriction in the enzyme active site causes a par-
tial opening of the N124-G140 region, resulting in the
movement of Y131 away from the enzyme active site
(Fig. 6b).
3. Conclusion

In conclusion, a homology modeling and molecular
dynamics simulations study of the adducts of hCA VA
with the two potent inhibitors TPM and ZNS is here re-
ported. Our results show that in both inhibitors the sul-
famate/sulfonamide moiety is involved in classical
interactions with the Zn2+ ion, whereas the organic scaf-
fold establishes a large number of van der Waals and po-
lar interactions with the active site cleft. A structural
comparison with the corresponding complexes with
hCA II provides a reasonable explanation for the differ-
ent measured affinities of TPM and ZNS toward CA
isozymes. Particularly, these results suggest that a differ-
ent H-bond network arrangement in conjunction with a
narrower active site cleft may account for the different
Kd values measured for these inhibitors toward hCA
VA and hCA II. These data may be instrumental in
the design of CA inhibitors selective for isozyme VA,
to be further used as anti-obesity drugs.13
4. Experimental

4.1. Chemistry and CA inhibition

4.1.1. Materials. Recombinant hCA II and recombinant
full length hCA VA were obtained as reported earlier.23

Buffers, solvents, and salts were from Sigma–Aldrich
(Milan, Italy) of highest purity available. Topiramate
was from Johnson & Johnson, whereas zonisamide from
DaiNippon.

4.1.2. Spectrofluorometric CA inhibition studies. Dan-
sylamide competition binding assays of the two CA iso-
zymes and the test compounds TPM and ZNS have
been performed by the method of Chen and Kerno-
han,19 originally designed for measuring CA II inhibi-
tion with aromatic/heteroaromatic sulfonamides. The
spectrofluorometric studies were performed on a Per-
kin-Elmer lambda 50-BB spectrofluorometer equipped
with a magnetic stirrer and thermostated water bath.
The dansylamide stock solution (1 mM) was prepared
in 10 mM HCl and diluted in the standard Hepes
(10 mM) buffer containing 10% acetonitrile. The emis-
sion spectra of dansylamide in the absence and in the
presence of hCA II and hCA VA were acquired by fix-
ing the excitation wavelength at 330 nm, and both exci-
tation and emission slits were maintained at 5 mm with
a cutoff filter at 390 nm. The dissociation constants of
the hCA II–dansylamide and hCA VA–dansylamide
complexes were determined by titrating a fixed concen-
tration of the enzyme (0.1 lM) with increasing concen-
trations of dansylamide in different pH buffers,
containing 10% acetonitrile. The initial reaction volume
was 1.0 mL. To maximize the signal-to-noise ratio as
well as to minimize the fluorescence drift, the excitation
and emission wavelengths were maintained at 330 and
448 nm, respectively. The excitation and emission slits
were of 5 mm each. The dissociation constant of the en-
zyme–dansylamide complex was determined by analyz-
ing the binding isotherm as described by Lesburg
et al.24 The fluorescence change of the enzyme–dansyla-
mide complexes was then monitored by adding increas-
ing concentrations of sulfonamide/sulfamate inhibitors
(starting from 0.1 nM to 10 lM), and the inhibition
constants were determined as reported by Chen and
Kernohan.19

4.2. Modeling

The hCA VA sequence was retrieved from publicly
available sequence database Swiss-Prot/TrEMBL (pri-
mary accession number P35218).25 On the base of
sequence search against the PDB by using PSI-
BLAST,26 the crystallographic structure of mCA V at
2.45 Å of resolution (PDB code 1DMY)20 was identified
as the best structural template (76% sequence identity)
to model the corresponding catalytic domain
(G25-Q261) of hCA VA. The alignment of the template
and target sequences was carried out with CLUSTALW
version 1.83.27

Fifty homology models were built with MODELLER28

and their quality was assessed by using PROCHECK.29
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The best model in terms of both MODELLER objective
target function and PROCHECK g-factor was used to
build both the native form of hCA VA (WAT–hCA
VA), where the Zn2+ ion was coordinated to a water
molecule, and the starting ZNS– and TPM–hCA VA
complexes. WAT–hCA VA and the two inhibitor com-
plexes were obtained by superimposing the three Zn2+

coordination histidine residues of hCA VA model onto
the corresponding atoms of native hCA II (pdb entry
1CA2),22 ZNS– and TPM–hCA II complex structures,
respectively.4,5 Each complex was completed by addition
of all hydrogen atoms.

4.3. Molecular dynamics

Molecular dynamics simulations were performed with
AMBER8 suite of programs,30 using the parm99-
MOD2 force field.31 Atomic charges of ZNS and
TPM molecules were obtained with the RESP method-
ology.32 The X-ray structure of each inhibitor, deriving
from the corresponding complex with hCA II, was
fully optimized using GAMESS program33 at the Har-
tree–Fock level with the STO-3G basis set. Single-point
calculations on each optimized molecule were per-
formed at the RHF/6-31G* level. The resulting electro-
static potentials were thus used for the two-stage
single-conformation RESP charge fitting. Partial
charges for the three histidines, the coordination water
molecule, and the Zn2+ ion were those published by
Suarez and Merz.34 To preserve integral charge of the
whole system, the partial charges of Ca and Ha atoms
of the Zn2+ ligands and of N and H atoms of inhibitor
sulfonamide groups were modified accordingly. A
bonded approach between Zn2+ ion and its ligands en-
sured the experimentally observed tetrahedral Zn2+

coordination of the complexes during MD simulations.
Equilibrium bond distances and angles were taken
from hCA II crystal structures.4,5 Force constant val-
ues of 20 and 30 kcal/(mol Å) were used for N(His)–
Zn2+–N(His) and N(His)–Zn–N(sulfonamide) angle
bending parameters, respectively. All the torsional
parameters associated with the Zn2+ ligand interactions
were set to zero as in Hoops et al.35

The GBOBC/SA methodology36 was used to represent
solvation effects. Hydrogen-involving bond distances
were restrained with the SHAKE approach.37 The MD
integration time-step was 1.5 fs, with a cutoff of 16 Å
for non-bonded interactions. Each simulation started
with 2000 steps of conjugate gradients energy minimiza-
tion, followed by 60 ps of MD equilibration, during
which the temperature was gradually raised from 10 to
300K. The protein atom coordinates were harmonically
restrained at their original positions, with force constant
values of 5 kcal/mol�1 Å�2 during minimization and
1 kcal/mol�1 Å�2 during equilibration. Constraints were
subsequently removed, and the production run was car-
ried out at 300K for 1.5 ns. Overall translational and
rotational motion was removed every 500 steps. The
snapshots were saved every 1000 steps and analyzed
with MOLMOL program.38 Simulations were per-
formed on a 8-CPU cluster with AMD Opteron
processors.
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