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Introduction

Carbonic anhydrases (CAs) are widespread zinc-dependent en-
zymes present in eukaryotes and prokaryotes.[1] At this point,
16 mammalian isozymes have been discovered and are charac-
terized by their cellular localization, tissue distribution, and cat-
alytic activity. The 13 active isozymes catalyze the reversible
hydration of carbon dioxide to bicarbonate (CO2 +

H2O$HCO3� + H+). They play crucial physiological roles in
such processes as acid–base homeostasis, electrolyte secretion,
ion transport, and biosynthetic reactions. Herein we focused
on the human cytosolic isoform VII, which plays a role in neu-
ronal excitability and therefore has a direct implication in seiz-
ures and epilepsy.[2] CA VII is localized in the cytosol and has
high catalytic activity. Like CA II, it is inhibited by sulfona-
mides[3] and metal-complexing anions.[4] Among the cytosolic
CAs, the mechanism of action and inhibition of CA VII is less
understood. Recently, data reported by Ruusuvuori et al. im-
plied the involvement of intracellular CA VII in neuronal excita-
tion.[5] In fact, CA VII provides bicarbonate anion, which is able
to mediate a current through channels coupled to GABAA re-
ceptors. The GABAergic transmission is therefore not always in-
hibitory, but can be excitatory in certain circumstances, such as
synchronous firing during neuronal plasticity or epileptic activi-
ty.[5, 6] GABAA-mediated responses become depolarizing during
periods of intense neuronal firing and are associated with bi-
carbonate efflux by way of GABAA receptors. The depolarizing
GABAergic potentials may contribute highly to the enhance-
ment of excitability owing to the increase in extracellular po-
tassium that occurs directly after GABAergic depolarization (ex-

citation).[7,8] Moreover, the study by Perez Velazquez supports
the role of CA VII in maintaining the bicarbonate gradient, re-
sulting in an efflux of HCO3

� ions through GABAA receptors,
possibly upon the breakdown of the chloride gradient.[6] This
bicarbonate flux is cancelled by membrane-permeating drugs
that suppress the activity of cytosolic carbonic anhydrase, sup-
porting the implication of CA VII in neuronal excitation.[6]

Notably, however, seizures cannot be attributed to only one
CA isozyme in particular. Indeed, Halmi et al. showed that CA II
and XII are strongly induced in rat brain after status epilepticus
induced by kainic acid.[9] Moreover, variation in pH has funda-
mental importance in regulating neuronal excitability.[7] Small
changes in intra- and extracellular pH have been shown to
alter the function of ligand-gated and voltage-gated channels.
Studies with CA XIV knockout mice have revealed that this iso-
zyme can regulate activity-dependent pH shifts, particularly al-
kaline transients.[10]

Convulsions are common neurological disorders in clinical medi-
cine and are triggered by several mechanisms. The enhancement
of neuronal excitability can be related, among other factors, to
GABAergic depolarization. Carbonic anhydrase (CA) VII contrib-
utes to this electrophysiological behavior by providing bicarbon-
ate anion, which can mediate current through channels coupled
to GABAA receptors. Among the cytosolic CAs, the mechanism of
action and inhibition of CA VII is less understood. We present
herein the pharmacological evaluation of both enantiomers of

an indanesulfonamide compound substituted by a pentafluoro-
phenyl moiety against CA VII and five other human CA isoforms
to evaluate their selectivity. The investigated compounds are
powerful inhibitors of hCA VII, with Ki values in the range of 1.7–
3.3 nm, but their selectivity needs to be improved. A molecular
modeling study was conducted to rationalize the structure–activi-
ty relationships and provide useful insight into the future design
of selective hCA VII inhibitors.
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We have been engaged in the synthesis of racemic indane-
sulfonamides, which were previously tested against the physio-
logically relevant CA I and II and against the cancer-related
CA IX.[11,12] In a continuation of our research in the field of CA
and to extend our knowledge of hCA VII in particular, the in-
hibitory potency of both R and S enantiomers of compound 1
against hCA VII was evaluated (Figure 1). To our knowledge,
the impact of optical isomerism has yet to be described for
hCA VII inhibition, and stereoselectivity in biological molecular
recognition processes is extremely important for rational drug
design. To assess the selectivity of both enantiomers, inhibitory
activities were also determined against five other hCA isoforms
(hCA I, II, IX, XII, and XIV). hCA I and II are considered to have
physiological relevance, whereas the others have been attrib-
uted to pathologies such as epilepsy. In addition to in vitro en-
zymatic evaluation, a maximal electroshock seizure test was
also performed in mice to evaluate the anticonvulsant proper-
ties.
In an attempt to rationalize the structure–activity relation-

ships (SARs) obtained, we carried out docking studies of (R)-1
and (S)-1 with CA VII and five other isozymes. For this purpose,
homology modeling was first performed to predict the 3D
structure of the hCA VII protein, for which crystallographic data
are not yet available. Subsequently, this allowed us to compare
the active site of the six isoforms to highlight specific residues
of CA VII and then to focus on the design of selective CA VII in-
hibitors. Such compounds will be used as pharmacological
tools to better understand the functional relevance of hCA VII
to seizures and excitatory activity.

Results and Discussion

CA inhibition and anticonvulsant studies

The inhibitory potency of (R)-1 and (S)-1 was first evaluated
against hCA VII and then against five isoforms of hCA, namely
hCA I, II, IX, XII and XIV, to assess their selectivity. These were
compared with the inhibitory potency of three sulfonamide
compounds (2–4, Figure 1) described recently as hCA VII inhibi-
tors[3] and of standard CA inhibitors used in the treatment of
epilepsy: acetazolamide (AZA) and topiramate (TPM). For TPM,
inhibition of CA does not always constitute its primary mecha-
nism of action.[2] Indeed, it blocks the voltage-gated Na+ chan-
nel, potentiates GABAergic transmission, and blocks the kai-
nate/AMPA receptor. The data are listed in Table 1.
The racemic compound 1 is characterized by powerful inhib-

itory potency against hCA VII, similar to the potencies of the
reference inhibitors. However, 1 is less selective than TPM, as 1
also inhibits CA IX, XII, and XIV. Selectivity is observed only for
the physiologically relevant CA I and II, as weak inhibition is
observed for these isoforms. The relative potency of drug ste-
reoisomers can have many permutations: there may be equi-
potency or differing potency with additive agonistic, partial, or
antagonistic effects. The separation of the racemic mixture of
1 was therefore necessary to study 1) the impact of optical iso-
merism on hCA VII inhibition and 2) the stereoselectivity to-
wards other CA isoforms. Both (S)-1 and (R)-1 share the same

inhibition profile against hCA VII, though (S)-1 is shown to be
more selective for CA VII than (R)-1. However, (S)-1 is still quite
active against CA IX, XII, and XIV.
Regarding the activity of each separate enantiomer and of

the racemic mixture against hCA I and hCA II, we observe that
the very weak inhibition of (S)-1 coupled with the better inhib-
ition of (R)-1 leads to an intermediate Ki value. Surprisingly, the
racemate improves the Ki value against hCA XIV relative to the
Ki values of each separate enantiomer. A synergistic effect by
both enantiomers in the racemic mixture is therefore expected.
The inhibitory potency of (R)-1 towards hCA IX is greater than
its corresponding enantiomer (S)-1, confirming our previous
hypothesis of the binding mode predicted by docking stud-
ies.[11]

Because compound 1 showed good inhibitory potency
against several hCA isoforms implicated in excitatory electro-
physiological current, particularly against hCA VII, we decided
to evaluate its anticonvulsant properties through the maximal
electroshock seizures test. Our model was first validated with
two reference anticonvulsant drugs: AZA and TPM. AZA acts
only through the inhibition of CA, whereas several mechanisms
of action are attributed to TPM. At a dose of 50 mgkg�1 body
weight for a period of 2 h, TPM protected 68.7% of the mice
and AZA protected only 12.5%. Our compounds 1 (racemate),
(R)-1, and (S)-1 tested at the same dose led to the same extent

Figure 1. Structures of carbonic anhydrase inhibitors.

Table 1. Inhibition data for 1–4 and anticonvulsant sulfonamides in clini-
cal use.

Ki [nm]
[a]

Compd hCA I hCA II hCA VII hCA IX hCA XII hCA XIV

AZA 250[13,14] 12.3[15] 2.5[13,14] 25[16] 5.7[16] 41[16]

TPM 250[13,14] 10.3[15] 0.87[13,14] 1590[16] 3800[16] 1460[16]

1 770[14] 490[14] 1.9 3.5[14] 5.5 7.3
(R)-1 150 60 3.3 4.0 1.0 106
(S)-1 1299 3459 1.7 14 6.0 38
2 185[3] 50[3] 6.5[3] NT[b] NT[b] NT[b]

3 164[3] 46[3] 5.6[3] NT[b] NT[b] NT[b]

4 109[3] 33[3] 6.8[3] NT[b] NT[b] NT[b]

[a] Errors are in the range of 3–5% of the reported values. [b] NT=not
tested.
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of protection by AZA (12.5%). At a dose of 150 mgkg�1, TPM
and AZA protected 100% of the mice, whereas 1, (R)-1, and
(S)-1 still exhibited weak anticonvulsant effects (12.5% of pro-
tected mice). However, these indanesulfonamide compounds
display a ClogP value of 1.54, which suggests they are suffi-
ciently lipophilic to cross the blood brain barrier. It is too early
to conclude that CAs may not be involved at all in the etiology
of convulsions. Indeed, data published by Masereel et al.
showed that parameters other than CA inhibition and lipophi-
licity, such as protein binding and pKa, may also strongly influ-
ence in vivo anticonvulsant properties.[17] Several other sulfona-
mide compounds that specifically target each CA isoform im-
plicated in convulsions should be designed and synthesized to
highlight the exact role(s) of CA in epileptic disorders.

Molecular modeling

Docking studies were conducted to rationalize the observed
SARs of both enantiomers of 1 against hCA VII and five other
isoforms. Crystal structures of human carbonic anhydrase I
(PDB code: 1HCB),[18] II (1A42),[19] and XII (1JD0)[20] were used,
whereas hCA IX, XIV, and VII were first modeled, because crys-
tallographic information is not yet available from the PDB[21]

for these three isoenzymes. In a second step, and to highlight
specific residues of hCA VII, sequence alignment and active site
superposition were performed. Finally, from the simulated
binding modes of (R)-1, (S)-1, and reference hCA VII inhibitors
(Figure 1),[3] structural modifications were proposed to enhance
the selectivity of 1.

Homology modeling of hCA XIV and VII

A model of human CA isoform IX was built from the available
X-ray crystal structure of murine CA XIV as previously de-
scribed.[11] The human CA isoform XIV was modeled from the
murine homologue (PDB code: 1RJ5; 2.8 K).[22] They share
82.5% sequence identity, and the model obtained is therefore
reliable, as shown by the Ramachandran plot (see Supporting
Information); 92.2% of the residues are situated in the allowed
regions, and the remaining 7.8% are in disallowed space.
Human CA II (PDB code 1A42; 2.25 K)[19] provides the highest

sequence identity (56%) with the human VII isoform and was
used to build the hCA VII model ; 94.5% of the residues are in
the allowed region, and 5% in the disallowed one. These re-
sults show that the different models are sufficiently reliable for
further docking studies.

Sequence alignment and superposition of the six isoforms

To identify the conserved and specific residues of each isoform,
and particularly those of CA VII, sequence alignments (Figure 2)
and 3D structure superimpositions were performed (Figure 3).
In general, the overall fold of the six isozymes (Figure 3a) is
quite similar, as observed by the root mean square deviation
(RMSD) ranging from 0.43 to 1.31 K (Table 2), and the residues
of the active site being relatively conserved (Figures 2–3b).
The active site of each isoform is cone-like, characterized by

two sides: polar and hydrophobic. The active site of CA I differs
most from the others and is smaller and narrower than the
other enzymes.[1] Several changed residues can be highlighted
and are suspected to be important for the binding of inhibitors
to hCA VII in comparison with the other isoforms (Table 3).
From this analysis, it is notable that Phe131 and Gly132 are
present only in hCA II and hCA VII, whereas Lys91 and Ser204
constitute specific residues of the hCA VII active site. All these
amino acids are located in the hydrophobic portion of the
active site, except Lys91, which is at the interface between the
hydrophilic and hydrophobic pockets. These data are relevant
for the design of future selective hCA VII inhibitors.

Docking

To examine the reliability of our approach, we performed dock-
ing validation studies on two carbonic anhydrase–ligand com-
plexes selected from the PDB (1JD0 and 1A42). Both ligands
(acetazolamide (AZA) in CA XII and brinzolamide in CA II) of
known crystallographic structures were successfully placed
(RMSD<2 K) by the GOLD docking protocol (data not shown).
(R)-1 and (S)-1 were docked in the active site of the six iso-

forms using the program GOLD.[23] The resulting complexes
were then minimized with Discover3.[24] As the sulfonamide in-
hibitors are known to bind the zinc ion of CA, the nitrogen
atom of the sulfonamide moiety of (R)-1 and (S)-1 was com-
plexed to the zinc in a tetrahedral coordination geometry. In
each complex, hydrogen bond interactions are observed be-
tween the sulfonamide group and Thr199, as observed in
most of the crystal structures.
Globally, both enantiomers lie in an extended conformation

along the hydrophilic pocket of the active site towards Trp5 in
the six isoforms. In isoform VII, the indane ring of (S)-1 is sur-
rounded by His94, Gln92, Gln67, Thr200, and Ser65 (Fig-
ure 4a,b). A shared H bond between the carbonyl group,
Gln67, and Asn62 is observed. The pentafluorophenyl moiety
lies close to Pro202, Pro201, Trp5, His64, and Ser65, making
hydrophobic contact with Trp5. Even if the indane group of
(R)-1 has a different position (Figure 4a,b), the same interac-
tions are observed for both enantiomers. The calculated inter-
action energies are �36.8 and �36.2 kcalmol�1 for (S)-1 and
(R)-1, respectively. This observation is in accordance with the
inhibition data (Table 1).
In contrast, (S)-1 and (R)-1 do not share the same interac-

tions in binding the hydrophilic pockets of hCA I and II. For ex-
ample, in both hCA I and hCA II, the pentafluorophenyl group
of (R)-1 is in contact with Trp5, which is not the case for (S)-1.
In both isoforms, the calculated interaction energy is better for
(R)-1 (�47.0 and �37.1 kcalmol�1 in hCA I and II, respectively)
than it is for (S)-1 (�43.8 and �34.4 kcalmol�1 in hCA I and II,
respectively), explaining the greater inhibitory potency of (R)-1.
The differences between the enantiomers in isoform IX were

described previously.[11] In hCA XII, there is a slight difference in
positioning between the two enantiomers, but their interac-
tion energy is quite similar (�39.3 and �40.4 kcalmol�1 for (S)-
1 and (R)-1, respectively). A shared H bond is observed be-
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tween the carbonyl moiety of (R)-1 and Asn62 and Gln92,
whereas (S)-1 is hydrogen bonded to Thr200.
The differences in binding mode of a specific enantiomer

between the various CA isoforms are quite subtle. For exam-
ple, in hCA I, some interactions such as the H bond with Gln67
are lost; this is expected because the active site is quite differ-
ent from the other isoforms (Q67H, T200H, N62V). Owing to
the Q67N variation of hCA II, this H bond is also lost.

These analyses show that residues such as Asn62, Gln67,
Gln92, and Trp5, involved in specific interactions, seem impor-
tant in the binding of indanesulfonamide compounds. Unfortu-
nately, their binding mode does not involve specific residues
of hCA VII, such as Lys91 or Ser204. To design more selective
compounds, it would be interesting to add groups that orient
the inhibitor towards these residues of the hydrophobic
pocket.

Structural modifications

Three potent CA VII inhibitors (2–4, Figure 1), recently de-
scribed,[3] were also docked in the active site of hCA VII to com-
pare them with the indanesulfonamide family and to provide
useful insight for structural modifications to enhance activity
and selectivity towards hCA VII.
Compounds 2 and 3 bind similarly in the hydrophilic pocket

(data not shown), and the sulfone of the N-alkyl sulfonamide
group is hydrogen bonded with Asn62 and Gln67. Moreover,
another H bond is observed between Tyr7 and the NH2

Figure 2. Sequence alignment of human CA isoforms I, II, VII, IX, XII, and XIV. The conserved active site residues are marked with * and colored in dark gray.
Non-conserved active site residues are marked with + and colored in light gray.

Table 2. RMSD of the trace of the six isoforms.

RMSD [K]
hCA I hCA II hCA VII hCA IX hCA XII

hCA I – – – – –
hCA II 0.99 – – – –
hCA VII 1.01 0.43 – – –
hCA IX 1.2 1.01 0.93 – –
hCA XII 1.31 1.10 1.11 0.87 –
hCA XIV 1.14 0.97 0.93 0.54 0.96
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moiety. In contrast with the extended conformation of the
studied compound, 2 and 3 are bent with the terminal NH2
group pointing inside the active site towards Tyr7, His64,
Ser65, and His96. These inhibitors do not seem to target spe-
cific residues of hCA VII.
The aminopyrimidine group of compound 4 stacks with

Phe131, orienting the inhibitor towards the hydrophobic part
(Figure 4c). This specific interaction was already observed for
other molecules in complex with the CA II isozyme.[25,26] In ad-
dition, one of the nitrogen atoms of the pyrimidine is hydro-
gen bonded to Lys91, which is a specific residue of isoform VII.

To enhance the selectivity of (S)-1 towards hCA VII, and
based on the binding mode of 4, we suggest substitution of
the indane ring of (S)-1 with an aminopyridine group (Fig-
ure 4d). This additional moiety would establish interactions
with the hydrophobic pocket. The proposed molecule was
docked in hCA VII and shows a better interaction energy than
(S)-1 (�41.9 kcalmol�1). The pyridine group stacks with
Phe131, and the nitrogen atom of the new pyridine ring is hy-
drogen bonded to Lys91, enhancing the selectivity for hCA VII
(Figure 4e).

Conclusions

Convulsions are among the most common neurological disor-
ders in clinical medicine and are triggered by several mecha-
nisms. The enhancement of neuronal excitability can be relat-
ed, among others, to GABAergic depolarization (excitation). In
this context, carbonic anhydrase (CA) VII has been highlighted
for its contribution to this electrophysiological behavior. The
design of selective hCA VII inhibitors would help our under-
standing of the particular role of CA VII in epilepsy.
In this context, the in vitro inhibitory potency of both enan-

tiomers of indanesulfonamide 1 towards hCA VII was evaluated
and compared with that toward five other isoforms, namely
hCA I, II, IX, XII, and XIV. This analysis determined (S)-1 to be
more selective than (R)-1, and therefore the best candidate to
be modified to enhance CA VII selectivity.
A model of human CA isoform VII was built from the avail-

able X-ray crystal structure of hCA II. This allowed a compari-
son of the active sites of various isoforms to highlight specific
residues of CA VII. Docking studies of (R)-1, (S)-1, and reference
inhibitors in the hCA VII model provided ideas for targeting the
CA VII-specific residue, Lys91. We therefore propose, as an ex-
ample, to substitute the indanesulfonamide by an aminopyri-
dine group, which is able to target this particular residue.

Experimental Section

Synthesis : The synthesis of compound 1 has already been de-
scribed.[11] The synthesis scheme of (R)- and (S)-indanesulfonamides
is similar to those described previously.[11] The (R)- and (S)-1-amino-
indanes were purchased from Fluka and used in the preliminary
step of the synthesis. All optical rotations were determined at the
sodium D line using a PerkinElmer polarimeter 343 (1 dm cell).

Figure 3. a) Superimposition of the six CA isoforms, with VII (green), I (cyan),
II (magenta), IX (yellow), XII (salmon), and XIV (gray) ; b) active site of CA VII,
I, II, IX, XII, and XIV.

Table 3. Residue variation of isoforms I, II, IX, XII, and XIV with respect to
VII.

Isoform Variation from Consensus[a]

I V62N, H67Q, F91K, A121V, L131F, A132G, H200T, Y204S
II A65S, N67Q, I91K, V135A, L204S
IX L91K, V131F, D132G, L135A, A204S
XII K67Q, T91K, A131F, S132G, S135A, N204S
XIV H60T, T65S, A91K, L131F, S132G, Y204S

[a] Residue numbers are those of isoform I. Variations in bold italics are
specific to isoform VII.
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Figure 4. a) View of the active site of hCA VII (green) with (S)-1 (light gray) and (R)-1 (magenta). The zinc ion and catalytic histidine residues are colored in
light pink and light green, respectively; b) schematic representation of (S)-1 (dark) and (R)-1 (gray) inside the hCA VII active site; c) binding mode of 4 (dark
orange) in the active site of hCA VII in comparison with that of (S)-1 (light gray) ; d) schematic representation of a proposed new selective compound inside
the hCA VII active site; e) binding mode of the proposed new compound (light gray) in the active site of hCA VII compared with that of 4 (dark orange).
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(R)-1-pentafluorophenylamido-5-sulfonamide ((R)-1): The title
compound was formed according to the general procedure.[11]

Yield: 70.7%; [a]20D =�0.147 (c=10 mgmL�1 in EtOH); mp: 233.6–
235.2 8C; 1H NMR (400 MHz; [D6]DMSO): dH=9.45–9.40 (1H, br, NH),
7.71–7.68 (1H, m, Ar-H), 7.44–7.41 (2H, br, SO2NH2), 7.37 (1H, s, Ar-
H), 7.32 (1H, s, Ar-H), 5.51–5.47 (1H, m, CH), 2.98–2.88 (2H, m, CH2),
2.56 �2.53 (1H, m, CH2), 1.92–1.86 ppm (1H, m, CH2) ; anal. calcd
for C16H11F5N2O3S: C 47.29, H 2.73, N 6.89 S 7.89; found: C 47.95, H
2.73, N 6.97, S 7.97.

(S)-1-pentafluorophenylamido-5-sulfonamide ((S)-1): The title
compound formed according to the general procedure.[11] Yield:
57.5%; [a]20D =+0.150 (c=10 mgmL�1 in EtOH); mp: 233.8–
235.7 8C; 1H NMR (400 MHz; [D6]DMSO): dH=9.48–9.43 (1H, br, NH),
7.71 (1H, m, Ar-H), 7.47–7.45 (2H, br, SO2NH2), 7.40 (1H, s, Ar-H),
7.35 (1H, s, Ar-H), 5.55–5.52 (1H, m, CH), 3.1–2.90 (2H, m, CH2),
2.56 �2.54 (1H, m, CH2), 1.93–1.92 ppm (1H, m, CH2) ; anal. calcd
for C16H11F5N2O3S: C 47.29, H 2.73, N 6.89, S 7.89; found: C 47.59, H
3.09, N 6.75, S 7.93.

Pharmacological evaluation : Carbonic anhydrase inhibition : CA I
and II were supplied by Sigma–Aldrich. The recombinant CA VII, IX,
XII, and XIV enzymes were obtained as reported previous-
ly.[3, 4,13,27, 28] A stopped-flow instrument (SX.18MV-R, Applied Photo-
physics) was used for the carbonic anhydrase CO2 hydration activi-
ty assays. This method was described previously by our research
group.[8]

Maximal electroshock seizure test : Compounds were tested for their
anticonvulsant activity against the maximal electroshock seizure
(MES) test. The experiments were carried out on male OF1 mice
(28–40 g, Charles River Laboratories) after acclimatization for at
least one week. All experimental procedures applied in this study
were conducted at the University of Namur (Belgium) and were ap-
proved by the Ethics Committee of the University of Namur. The
animals were housed under standard laboratory conditions (ambi-
ent temperature of 20 8C, natural light–dark cycles). Tap water and
pellets were freely available before the experiment. Each experi-
mental group consisted of eight animals. The synthesized com-
pounds and the reference antiepileptic drugs (topiramate) were
suspended in an aqueous solution of 1% Tween 80 (Acros Organ-
ics) administered intraperitoneally (ip) 2 h before stimulation in a
standard volume of 3 mLkg�1 at doses of 50 mgkg�1 or
150 mgkg�1 body weight for the other compounds. Control ani-
mals received appropriate volumes of carrier alone. Topiramate
and acetazolamide were purchased from Sigma.

The electroconvulsions were produced by a Hugo Sachs generator
(15 mA, 50 Hz, 500 V, 200 ms, Rodent Shocker Type 221, Freiburg,
Germany) and delivered via saline-moistened eye electrodes. A
drop of UnicaOne (oxybuprocaOne·HCl 4 mgmL�1, Th�a Pharma, Bel-
gium) was instilled in the eye prior to application of the electrodes
in order to induce local anesthesia and to ensure good conductivi-
ty of the electroshock current. Abolition of the hind-leg tonic ex-
tension component of the seizure is defined as protection.

Computational methods : All computational experiments were
conducted on a Silicon Graphics Octane2 workstation, running
under the IRIX 6.5 operating system.

ClogP calculations : The lipophilicity of the target compounds used
for the in vivo measurements reported was calculated with the
program ChemDraw Ultra 6.0.1.

Homology modeling : The human carbonic anhydrase (CA) VII and
XIV sequences were obtained from the Swiss-Prot database. Se-
quence analysis was performed using BLAST (BLOSUM62 matrix).[29]

Human CA II (PDB code: 1A42) and murine CA XIV (PDB code:
1RJ5) were selected as the most appropriate templates. The Esy-
Pred3D program (available at http://www.fundp.ac.be/urbm/bioin-
fo/esypred/) was used.[30] This automated homology modeling tool
compares results from various multiple alignment algorithms to
derive a “consensus” alignment between the target sequence and
the template. Then, a 3D model (built with Modeler) is provided.
The resulting model was energy minimized using the ESFF force
field (Discover3[24]/InsightII[31]) after the addition of H atoms fixed at
physiological pH 7.4 and the coordination of the zinc ion in a tetra-
hedral geometry. Quality verification of the model was performed
with Procheck 3.0 with a pseudo-resolution of 2.0 K.[32]

Docking studies : Docking of the inhibitors into the six isoforms was
performed using the GOLD program.[23] GOLD is based on a genet-
ic algorithm, performing docking of flexible ligands into proteins
with partial flexibility in the neighborhood of the active site (Ser,
Thr, Tyr, and Lys). Default settings were used for the genetic algo-
rithm parameters. A tetrahedral geometry was imposed on the
zinc binding site; 20 solutions were generated and ranked by
GOLD score. To take protein flexibility into account, the complexes
were then refined with Discover3 (ESFF force field). The energy-
minimization process is performed in two steps: the steepest de-
scent algorithm, reaching a convergence of 10.0 kcalmol�1K�1, fol-
lowed by the conjugate gradient to reach a final convergence of
0.01 kcalmol�1K�1.

Pictures : The figures were produced using PyMOL.[33]
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