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A lately discovered carbonic anhydrase (hCA, EC 4.2.1.1), the mitochondrial hCA VB, was
cloned, expressed, and purified. Kinetic parameters proved it to be 3.37 times more effective
than hCA VA as a catalyst for the physiological reaction, with ke; = 9.5 x 10° s and k../Ku
= 9.8 x 10" M! s, being second only to hCA II among the 16 isoforms presently known in
humans. We investigated the inhibition of hCA VB with a library of sulfonamides/sulfamates,
some of which are clinically used compounds. Benzenesulfonamides were ineffective inhibitors,
whereas derivatives bearing 4-amino, 4-hydrazino, 4-methyl, 4-carboxy moieties or halogenated
sulfanilamides were more effective (Ki’s of 1.56—4.3 uM). Among the 10 clinically used
compounds, acetazolamide, benzolamide, topiramate, and indisulam showed effective inhibitory
activity (Ki’s of 18—62 nM). Three compounds showed better activity against hCA VB over
hCA II, among which were sulpiride and ethoxzolamide, which were 2 times more effective
inhibitors of the mitochondrial over the cytosolic isozyme. hCA VB is a druggable target and

some of its inhibitors may lead to the development of novel antiobesity therapies.

1. Introduction

At least 15 isoforms of the widely spread metalloen-
zyme carbonic anhydrase (CA, EC 4.2.1.1) were discov-
ered up to now in humans, all belonging to the a-CA
gene family.! =5 These are hCA I through hCA XIV, but
there are two mitochondrial enzymes, denoted hCA VA
and hCA VB,%7 which leads to the final number of 15
isozymes (although they are numbered from I to XIV).
Isozymes CA VB and CA XIV were the last to be
discovered by Nishimori’s group,?82 who sequenced the
genes encoding these proteins, mapped them on differ-
ent chromosomes (isozyme VB is situated on chromo-
some X whereas CA XIV on chromosome 1) expressed
the enzymes, and studied their tissue distribution.®-82
Isoform CA XV has very recently been reported, but it
is not expressed in humans or other primates (where it
is encoded by a pseudogene), being however quite
abundant in rodents and other vertebrates.sP

The first mitochondrial CA discovered, isoform CA
VA, which is present only in hepatocytes,®?712 was
shown mainly by Forster’s group to be involved in
several important biosynthetic reactions, such as lipo-
genesis, gluconeogenesis, and ureagenesis, among
others.?~13 The catalytic mechanism of CA VA is not so
well understood,'* although the murine enzyme (mCA
VA) has been crystallized and its X-ray structure
reported by Christianson’s group.!® Thus, the coordina-
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tion of the catalytically critical Zn(II) ion in the active
site of all a-CA isozymes, including CA VA, is identi-
cal: three histidine residues (His94, 96, and 119, CA I
numbering) and a water molecule/hydroxide ion, which
acts as a nucleophile in the hydration of carbon dioxide
to bicarbonate and a proton (the physiological reaction
catalyzed by these metalloenzymes).1:1516 However, in
contrast to isozyme CA II, the most investigated and
physiologically relevant isoform,16 which possesses a
histidine residue in position 64, acting as a proton
shuttle between the active site and the environment in
the rate-determining step of the catalytic cycle,! CA VA
has a Tyr residue in that position, which probably acts
as a rather inefficient proton-transfer group at the
physiologic pH. Indeed, the catalytic activity of CA VA
at pH values of 7.0—7.5 is lower compared to that of
the very efficient isozyme II,'* but it should be also
stressed that the pH of mitochondria where CA VA is
present is around 8.5, so in vivo its activity may be
higher.! Recently, our group showed!’~20 that CA VA
is a druggable target and that sulfonamide/sulfamate
inhibitors directed against this isoform may have ap-
plications for the development of antiobesity drugs,21:22
due to the impaired provision of substrate (i.e., bicar-
bonate) for carboxylating enzymes involved in fatty acid
biosynthesis, such as pyruvate carboxylase and acetyl-
coenzyme A carboxylase, ensued by inhibition of CA
VA.21-23 Indeed, CA inhibitors (CAls) targeting diverse
isozymes are clinically used as antiglaucoma drugs,’16
diuretics,'® and in the treatment of epilepsy and some
minor neurological disorders,?425 whereas some of them
show promising applications as antitumor agents.26:27
Different isozymes of the 15 mentioned above are being
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Figure 1. Alignment of amino acid sequences of CAVA and VB. The N-terminal underlined segments indicate a putative signal
sequence for mitochondrial localization. Note CA VB has two additional cysteine residues (bold face) indicated by triangles.
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Figure 2. An alignment of active-site residues of CAs VA and VB with CA II. Thirty-six active site residues that were previously**
defined as forming the active site are aligned; +, active-site hydrogen bond network; Z, zinc-liganded histidine. Three residues of
CA 1II that participate in the hydrogen bond network are replaced with different residues in the mitochondrial isozymes (shown
in boxes). In comparison with CA II, eight residues are substituted in CA VB and two additional substitutions are observed in CA
VA (bold boxes). Residue numbers are based on the CA I sequence.!®

targeted for such applications, mainly by sulfonamide,
sulfamate, or sulfamide compounds, some of which act
as low nanomolar inhibitors.28:2

CA VB has a much wider tissue distribution®730 as
compared to CA VA, suggesting different physiological
roles for the two mitochondrial isozymes. Indeed, Nishi-
mori’s and Sly’s groups showed CA VB to be present in
pancreas, kidney, salivary glands, spinal cord, heart,
and skeletal muscle, but not in the liver, where CA VA
is present.®7:30 On the other hand, the precise catalytic
activity, as well as susceptibility to inhibition, of this
widely distributed isoform has never been investigated
up to now. Here we report the first such study showing
that CA VB is catalytically more efficient as compared
to CA VA and that this isoform is also a druggable
target. An inhibition study with a library of 34 sulfona-
mides/sulfamates has been performed by using this
newly characterized isozyme cloned/purified in a new
expression system. Many potent inhibitors were de-
tected that may be useful both in the design of novel
applications of CAls as well as in explaining possible
side effects of some of the clinically used drugs from this
family of pharmacological agents.

Results

hCA VB Cloning, Purification, and Catalytic
Activity. The alignment of amino acid sequences of the

Table 1. Kinetic Parameters for CO2 Hydration Reaction
Catalyzed by the Cytosolic a-CA Isozymes I—III, the
Mitochondrial Isoforms hCA VA and hCA VB, and the
Transmembrane Isozymes hCA XII (catalytic domain) and hCA
XIV (full length), at 20 °C and pH 7.5, and Their Inhibition
Data with Acetazolamide
(5-acetamido-1,3,4-thiadiazole-2-sulfonamide), a Clinically Used
Sulfonamide

K;
activity keat/ K (acetazolamide)
isozyme® level Reat(s™)  (M™ls1) (nM)
hCAI low 2.0 x 10° 5 x 107 250
hCAII very high 1.4 x 108 1.5 x 108 12
hCA III very low 1.0 x 104 3 x 105 300000
hCAVA low 2.9 x 10> 2.9 x 107 63
hCA VB  high 9.5 x 105 9.8 x 107 54
hCAXII low 4.20 x 105 3.5 x 107 5.7
hCAXIV low 3.12 x 105 3.9 x 107 41

¢h = human.

two mitochondrial isoforms CA VA and VB is shown in
Figure 1, whereas the 36 active site amino acid residues
of isozymes hCA II, VA, and VB are shown in Figure 2.

The catalytic activity of several a-CA isozymes of
human origin, among which are also hCA II, VA, and
VB, is shown in Table 1.

Chemistry and CA Inhibition. Sulfonamides in-
vestigated for the inhibition of the mitochondrial en-
zymes hCA VA and hCA VB, of types 1—24 are shown
below. Derivatives AAZ through IND are clinically used
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drugs: acetazolamide (AAZ), methazolamide (MZA),

ethoxzolamide (EZA), and dichlorophenamide (DCP) are
the classical, systemically acting CAIs.!® Dorzolamide
(DZA) and brinzolamide (BRZ) are topically acting
antiglaucoma agents,’* and benzolamide (BZA) is an
orphan drug belonging to this class of pharmacological
agents,?! whereas topiramate (TPM) is a widely used
antiepileptic drug.?2 Sulpiride (SLP)3? and indisulam
(IND)34 were recently shown by this group to belong to
this class of pharmacological agents. Compounds 1, 2,
4-6, 11, 12, 18—20, 23, and AAZ through SLP are
commercially available, whereas 3, 7—10,35 13—17,36:37
21, 22,38 and 243° were prepared as reported earlier by
this group (Chart 1). Inhibition data of these sulfona-
mides/sulfamates against isozymes hCA II, VA, and VB
are shown in Table 2

Discussion

hCA VB Cloning, Purification, and Catalytic
Activity. The mitochondrial isoform hCA VB has been
cloned from the cDNA previously described® in a bacte-
rial expression system in order to produce large amounts
of protein needed for medicinal chemistry purposes (see
Experimental Section for details). In the previous work,5
an eukaryotic expression system (COS-7 cells) has been
employed for obtaining CA VB. In this work, a GST-
hCA VB construct was obtained both for the full length
enzyme (of 36.4 kDa)® as well as for the truncated
enzyme lacking the first N-terminal 33 amino acid
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residues (which represents a putative mitochondrial
signal sequence).’ However, this last construct (but not
the first one) was toxic to the prokaryotic cells in which
we intended to express the protein (Escherichia coli
strain BL21), and thus, no truncated hCA VB could be
obtained by this approach. The full length enzyme was
on the other hand obtained in soluble form without
complications by the GST-fusion protein method, lead-
ing to a simplified procedure for obtaining large amounts
of protein needed for inhibitor screening purposes. The
GST part of the fusion protein was cleaved with
thrombin and hCA VB further purified by affinity
chromatography, as for other CA isozymes ultimately
purified by the same approach (such as CA VII, IX, and
XII, among others).40—42

The kinetic parameters for the CO3 hydration reaction
catalyzed by this new mitochondrial isozyme, as well
as other isoforms that are targets for the drug design
(such as hCA 1, II, VA, XII, and XIV), are shown in Table
1. It may be observed that hCA VB is about 3.37 times
more effective as a catalyst for COy hydration to
bicarbonate as compared to hCA VA, with a k., of 9.5
x 105 s7! and kc,/Ky of 9.8 x 107 M1 s71 (at pH 7.5
and 20 °C). Thus, hCA VB is second only to hCA II as
a catalyst for the physiological reaction (hCA II is the
most effective human isoform investigated to date and
also one of the best biocatalysts known in nature).16
Indeed, hCA VB is almost 2 times more effective than
the slow red blood cell isozyme hCA I, being also more
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Table 2. hCA II, VA, and VB Inhibition Data with Compounds
1—24 and the Ten Clinically Used Derivatives AAZ through
IND

Ki* (mM)
inhibitor hCA IT? hCA VA? hCA VB?
1 295 15300 9560
2 240 32000 3650
3 300 7700 3500
4 320 4700 2430
5 170 27600 12300
6 160 42400 8950
7 60 9300 4220
8 110 7400 4300
9 40 7600 3540
10 70 9400 3300
11 63 9400 6560
12 75 4170 6210
13 60 2300 2150
14 19 2160 2075
15 2 34 30
16 46 176 24
17 50 121 42
18 33 17000 10200
19 30 54 41
20 12 43 30
21 80 9300 7450
22 125 8700 7000
23 133 2650 1560
24 125 9600 3400
AAZ 12 63 54
MZA 14 65 62
EZA 8 25 19
DCP 38 630 21
DZA 9 42 33
BRZ 3 50 30
BZA 9 37 34
TPM 10 63 30
SLP 40 174 18
IND 15 79 23

@ Errors in the range of 5—10% of the shown data, from 3
different assays. ® Human recombinant isozymes, stopped flow COg
hydrase assay method.*8

active than isozymes XII or XIV for the physiological
reaction catalyzed by CAs. The least effective among the
active CA isozymes is CA III, which has a very low
catalytic activity (Table 1).16 It may also be observed
from the data of Table 1 that all these isozymes except
CA III are susceptible to inhibition by acetazolamide,
the CAI par excellence (see extensive discussion later
in the text).16

Among the a-CA gene family, hCA VB shows the
highest degree of similarity in amino acid sequence,
64.2%, with the other mitochondrial isozyme, hCA VAS®
(Figure 1). However, there is a different number of
cysteine residues in the two proteins, which are possibly
involved in intramolecular disulfide bond formation:%:43
CA VA contains four cysteine residues, whereas CA VB
has six. The additional two cysteines in CA VB (at
positions 149 and 219; see Figure 1) probably further
stabilize its molecular structure as compared to that of
CA VA and thus may explain the higher activity of
isoform VB. The 36 amino acid residues forming the
active site in the human o-CAs** were aligned for the
two mitochondrial CAs (VA and VB) with those corre-
sponding to CA II (Figure 2). Three residues of CA II
that take part in the active-site hydrogen bond network
critical for the catalytic/inhibition mechanism (indicated
by boxes in Figure 2) are replaced with different
residues in the mitochondrial CAs. These residues are
Tyr7 (replaced with Thr7), His64 (replaced with Tyr64),

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 24 7863

and Asn67 (replaced with Leu67 in CA VB and with
GIn67 in CA VA). These amino acid substitutions may
explain the lower catalytic activity of the two mitochon-
drial CAs as compared to CA II, since His64 plays an
important role in catalysis. However, the proton shuttle
residue of CA VA (and VB) is not known at this moment.
Among these active site residues, interestingly, CA VB
has eight substitutions as compared to CA II, whereas
CA VA has two other additional substitutions. An
important amino acid for the binding of inhibitors?745
to the active site among those discussed here is 131,
which is Phe in CA II and VB and Tyr in CA VA.
Computer analysis of the total amino acid sequences
showed higher homology of CA II with CA VB (54.9%)
as compared to that of CA VA (51.0%). These findings
might explain the higher catalytic activity of CA VB as
compared to CA VA and the different affinity for
inhibitors of the three isozymes (see later in the text),
furnishing a basis for the rational drug design of CA
VB-targeted inhibitors. Indeed, some of the amino acid
residues mentioned above (i.e., those in positions 67 and
131) were shown to be involved in the binding of
sulfonamide/sulfamate inhibitors by means of X-ray
crystallography of enzyme—inhibitor adducts.27:45

Chemistry and hCA VB Inhibition. Sulfonamides
and sulfamates are among the clinically used CAls.1~416
A library of such derivatives, including the simple
aromatic/heteroaromatic derivatives 1—24 and the 10
clinically used compounds AAZ through IND were
included in this study, basically for two reasons: (i) most
of the compounds 1—24 were used as lead molecules for
designing potent inhibitors targeting other CA isozymes,
such as CA 1, II, IV, VA, VII, IX, and XII, among others,
by the tail approach (i.e., derivatization of the free
amino/hydrazine/hydroxy moieties contained in their
molecule).13416.29.37 Thus, it in not improbable that
detecting good hCA VB inhibitors among such simple
sulfonamides may thereafter lead to the development
of more effective inhibitors; (ii) the inhibition profile
against hCA VB of the clinically used compounds AAZ
through IND may be important both for explaining
possible side effects of some of these derivatives as well
as for the design of novel therapeutic applications, for
them or some of their derivatives.

The following SAR may be drawn from the inhibition
data of Table 2. (i) Several compounds investigated here,
such as 1, 5, 6, 11, 12, 18, 21, and 22, showed weak
hCA VB inhibitory properties, with inhibition constants
in the range of 6.21—12.3 M. It may be observed that
all these compounds are either simple 2- or 4-substituted-
benzenesulfonamide or benzene-1,3-disulfonamide de-
rivatives, bearing moieties such as amino, aminomethyl/
ethyl or hydroxymethyl/ethyl. (ii) The following deriva-
tives were medium potency hCA VB inhibitors (Ki’s in
the range of 1.56—4.3 uM): 2—4, 7—10, 13, 14, 23, and
24. These compounds either belong to the benzensul-
fonamide group of derivatives bearing 4-amino, 4-hy-
drazino, 4-methyl, or 4-carboxy moieties or are haloge-
nated sulfanilamides (derivatives 7—10). Two such
derivatives are heteroaromatic sulfonamides (13 and
14), being in fact the deacetylated precursors of two
clinically used drugs, AAZ and MZA, respectively. (iii)
A rather large number of derivatives, such as 15—17,
19, 20, and the 10 clinically used drugs AAZ through
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IND showed strong inhibitory activity against the
mitochondrial isozyme hCA VB, with inhibition con-
stants in the range of 18—62 nM. It may be observed
that from the chemical point of view these derivatives
are quite heterogeneous, with both aromatic sulfona-
mides/bis-sulfonamides (such as the sulfanilylsulfona-
mides 16 and 17, the 1,3-benzenedisulfonamide DCP,
IND, or SLP), heteroaromatic compounds (15, 19, 20,
AAZ, MZA, EZA, DZA, BRZ, and BZA), and sulfamate
TPM showing this compact behavior of potent hCA VB
inhibitors. It is interesting to note that the most efficient
hCA VB inhibitors detected up to now were EZA (K; of
19 nM) and SLP (K; of 18 nM). (iv) The mitochondrial
isozyme hCA VB has an inhibition profile with these
derivatives quite different from those of the other
mitochondrial isoform, hCA VA, or the ubiquitous
cytosolic isozyme hCA II (Table 2). Thus, generally,
isozyme hCA II showed the highest affinity for these
inhibitors, followed by the mitochondrial isozyme hCA
VB, whereas the other mitochondrial isozyme, hCA VA,
was the least inhibitable by this class of sulfonamides/
sulfamates. However, several important exceptions to
this rule have been evidenced. For example, three of the
investigated compounds, 16, DCP, and SLP, showed the
highest affinity just for this new isozyme, hCA VB, over
the other two investigated here (hCA VA and hCA II).
Thus, the selectivity ratio of these compounds (for hCA
VB over hCA II) was 1.91 for 16 and SLP and 1.80 for
DCP, meaning that these three derivatives were on
average almost 2 times more effective inhibitors of the
mitochondrial isozyme hCA VB than of the cytosolic
isoform hCA II. Comparing the selectivity ratio of these
derivatives for the inhibition of isozyme hCA VB over
isozyme hCA VA, the selectivity ratios are much better,
in the range of 7.33 for 16, 30.00 for DCP, and 9.66 for
SLP, respectively. Thus, it is obvious that, even from
this small library of derivatives investigated, it is
possible to evidence compounds with selectivity for this
new mitochondrial isozyme over the related isoform
hCA VA or the ubiquitous cytosolic isozyme hCA II.
However, many of the clinically used sulfonamides, such
as AAZ, MZA, and BZA, showed almost the same
potency against the two mitochondrial isozymes hCA
VA and hCA VB. It is interesting to note that TPM, a
compound showing important antiobesity effects that
are probably due to the inhibition of the mitochondrial
isozyme hCA VA,172! is a 2 times more effective hCA
VB inhibitor (K; of 30 nM) as comparted to hCA VA
inhibitor (K; of 63 nM). At this point it may be important
to investigate in detail the role of this new isoform (hCA
VB) in lipogenesis, provided that potent and rather
selective inhibitors have been evidenced in this study.

4. Conclusions

The first hCA VB inhibition study is presented here.
The full length 36.4 kDa enzyme has a high catalytic
activity with the following kinetic parameters at 20 °C
and pH 7.5, for the COq hydration reaction: k¢t = 9.5
x 10% s71 and keo/ Ky = 9.8. 107 M1 s71. A large series
of sulfonamides and a sulfamate have been tested for
their interaction with this isozyme as well as the other
mitochondrial enzyme (hCA VA) and the cytosolic,
ubiquitous isoform hCA II. Simple benzenesulfonamides
were ineffective hCA VB inhibitors, with inhibition
constants in the range of 6.21—12.3 uM, whereas better
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inhibitors were detected among such derivatives bearing
4-amino, 4-hydrazino, 4-methyl, or 4-carboxy moieties
or among halogenated sulfanilamides (K;’s in the range
of 1.56—4.3 uM). The 10 clinically used compounds,
acetazolamide, methazolamide, ethoxzolamide, dichlo-
rophenamide, dorzolamide, brinzolamide, benzolamide,
topiramate, sulpiride, and indisulam, showed effective
hCA VB inhibitory activity, with inhibition constants
in the range of 18—62 nM. The new mitochondrial
isoform shows higher affinity for these inhibitors as
compared to hCA VA, but the most sulfonamide-avid
isozyme remains hCA II. Only three compounds showed
better activity against hCA VB over hCA II, among
which were sulpiride and ethoxzolamide, which were
almost 2 times more effective inhibitors of the mito-
chondrial over the cytosolic isozyme. hCA VB is thus a
druggable target and some of its inhibitors may lead to
the development of novel antiobesity therapies.

Experimental Section

Chemistry. Compounds 1, 2, 4—6, 11, 12, 18—20, 23, and
AAZ through SLP are commercially available from Sigma-
Aldrich, Merck, Alcon, or Johnson & Jonson, whereas 3,
7-10,% 183—-17,%637 21, 2238 and 243%° were prepared as
reported earlier by this group.

The GST-hCA VB Fusion Protein. The cDNA fragment
encoding the open reading frame of hCA VB was amplified
from the ¢cDNA clone previously obtained® (Accession No.
AB021660) by PCR using adopter primers including EcoR 1
and Sal I recognition sequences (italic in the following
sequences, respectively): 5'-CCCGAATTCTCAAGCTAAA-
GATGGTGGTGA-3' and 5'-TTGTCGACGGGGTTGCTTGGCT-
GGTGGC-3'. The PCR reaction was hot-started with incuba-
tion for 1 min at 94 °C and consisted of 35 cycles of 30 s at 94
°C, 30 s at 55 °C, and 90 s at 72 °C. The PCR products were
cleaved with EcoR I and Sal I, purified and cloned in-frame
into the pGEX-4T2 vector (Amersham). The proper cDNA
sequence of the hCA VB insert included in the vector was
reconfirmed by DNA sequencing. The constructs were then
transfected into E. coli strain BL21 for production of the GST-
hCA VB fusion protein, similarly to the procedure already
described for hCA IX and XII.4146 Following induction of the
protein expression by adding 1 mM isopropyl-3-D-thiogalac-
topyranoside, the bacteria were harvested and sonicated in
PBS. The cell homogenate was incubated at room temperature
for 15 min and homogenized twice with a Polytron (Brink-
mann) for 30 s each at 4 °C. Centrifugation at 30 000g for 30
min afforded the supernatant containing the soluble proteins.
The obtained supernatant was then applied to a prepacked
glutathione Sepharose 4B column (Amersham). The column
was extensively washed with buffer and then the GST-hCA
VB fusion protein was eluted with a buffer consisting of 5 mM
reduced glutathione in 50 mM Tris-HCI, pH 8.0. Finally the
GST part of the fusion protein was cleaved with thrombin. The
advantage of this method is that hCA VB is purified easily
and the procedure is quite simple. The obtained hCA VB was
further purified by sulfonamide affinity chromatography,*” the
amount of enzyme being determined by spectrophotometric
measurements and its activity by stopped-flow experiments,
with CO; as substrate.*®

CA Inhibition Assay. An Applied Photophysics stopped-
flow instrument has been used for assaying the CA-catalyzed
COg hydration activity.*® Phenol red (at a concentration of 0.2
mM) has been used as indicator, working at the absorbance
maximum of 557 nm, with 10 mM Hepes (pH 7.5) as buffer,
0.1 M NaySO4 (for maintaining constant the ionic strength),
following the CA-catalyzed COs hydration reaction for a period
of 10—100 s. The COq concentrations ranged from 1.7 to 17
mM for the determination of the kinetic parameters and
inhibition constants. For each inhibitor at least six traces of
the initial 5—10% of the reaction have been used for determin-



Carbonic Anhydrase Inhibitors

ing the initial velocity. The uncatalyzed rates were determined
in the same manner and subtracted from the total observed
rates. Stock solutions of inhibitor (1 mM) were prepared in
distilled—deionized water with 10—20% (v/v) DMSO (which
is not inhibitory at these concentrations), and dilutions up to
0.01 nM were done thereafter with distilled—deionized water.
Inhibitor and enzyme solutions were preincubated together for
15 min at room temperature prior to assay, to allow for the
formation of the E—I complex. The inhibition constants were
obtained by nonlinear least-squares methods using PRISM 3,
from Lineweaver—Burk plots, as reported earlier, and repre-
sent the mean from at least three different determinations.4!
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