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Cloning, Characterization, and Inhibition Studies of a f-Carbonic Anhydrase from Brucella suis
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A f-carbonic anhydrase (CA, EC 4.2.1.1) from the bacterial pathogen Brucella suis, bsCA 1, has been
cloned, purified, and characterized kinetically. bsCA 1 has appreciable activity as catalyst for the hydration
of CO, to bicarbonate, with a ke, of 6.4 x 10° s and key/Kyy of 3.9 x 107 M~ '-s7!. A panel of 38
sulfonamides and one sulfamate have been investigated for inhibition of this new 5-CA. All types of acti-
vities have been detected, with Kjs in the range of 17 nM to 5.87 uM. The best bsCA 1 inhibitors were
ethoxzolamide (17 nM), celecoxib (18 nM), dorzolamide (21 nM), valdecoxib, and sulpiride (19 nM).
Whether bsCA 1 inhibitors may have application in the fight against brucellosis, an endemic disease and the
major bacterial zoonosis, producing debilitating infection in humans and animals, warrants further studies.

Introduction

Infections caused by bacteria represent one of the main
causes of mortality and morbidity worldwide." Antibiotics are
successfully used in fighting bacterial diseases, but the emer-
gence of new pathogens, the reemergence of bacteria whose
incidence had previously declined (such as Mycobacterium
tuberculosis for example),” the antibiotic resistance of many
common bacterial strains to several classes of antibiotics, as
well as the potential of using bacteria as bioterrorism agents,
led to considerable hurdles in fighting bacterial infections in
recent years.' > Such facts led to a renewed interest in the
discovery of antibacterials able to act on novel molecular
targets, circumventing the drug resistance problems.?

Brucella spp. are facultative intracellular pathogens respon-
sible of the most widespread zoonosis worldwide, known as
brucellosis or Malta fever.> > Brucellae are small Gram-
negative o-proteobacteria, with several species infecting
various vertebrates, from fish to primates, among which
Brucella melitensis is the least host specific and also the most
infectious for humans.*~> The other highly infectious species
are Brucella suis (the primary host being the pig) and Brucella
abortus (cattle), but more recently human cases of infection
with the whale pathogen, Brucella cetaceae, have also been
reported.” Why such a re-emerging disease is so difficult to
fight, is due to the fact that these pathogenic bacteria have
developed strategies to hide from immune recognition.> >

This bacterium is able to cause enormous losses in agri-
culture and is endemic in several areas such as the Mediterra-
nean Europe, Middle East, and Latin America. The incidence
of human brucellosis may be as high as 200 per 100 000

inhabitants. Human brucellosis is a highly disabling disease
which may last for weeks, resulting in chronic forms especially
when not treated.® Brucella is extremely infectious by aerosol
(10 bacteria are sufficient to contract disease) and is consid-
ered as a potential bioterrorism agent,® especially as strains
resistant to antibiotics used in the treatment of human
brucellosis may be easily obtained and no human vaccine is
available.” Furthermore, it is worth pointing out the emer-
gence of resistant strains in clinical isolates recently reported
in Turkey and Balkanic countries.’

The growing information resulting from bacterial geno-
mics>® 71 led to new targets for the design of mechanism-
based drugs.'® The genome sequences of several Brucella sp.
have been reported to date.® Among the many proteins
encoded in these genomes are also the carbonic anhydrases
(CAs,“EC4.2.1.1)," zinc enzymes present in many pathogens
such as the protozoa Plasmodium falciparum,'? the bacterium
Helicobacter pylori,"® fungi such as Candida albicans, and
Cryptococcus neoformans,' and the widespread bacterial
pathogen Mycobacterium tuberculosis."> Many of the o- or
fB-class enzymes present in these pathogens started to be
investigated as new drug targets in the search of novel agents
devoid of drug resistance problems.''”'*> By searching for
metalloenzyme-specific sequence motifs within the Brucella
suis genome,® two CA-encoding genes belonging to the S-class
CA family (BR1829 and BRA0788) were identified. Consi-
dering these 8-CAs as possible new targets, we report here the
cloning, characterization, and inhibition studies with a panel
of sulfonamides/sulfamates of the first S-CA from B. suis,
denominated here bsCA 1.
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Results

bsCA 1 Cloning, Purification, and Catalytic Activity. bsCA
1 was cloned and purified as His-tagged protein as reported
for similar $-CAs from fungal or bacterial pathogens (see
Experimental Protocols for details)."*”'> The protein is a
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Figure 1. SDS-PAGE of the purified bsCA 1 (lane 2) compared to
ladder (Biorad) (lane 1) stained with Coomassie blue, under denatu-
ring conditions, when the monomeric 25 kDa 3-CA is observed.
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homodimer constituted of two 25 kDa monomers (Figure 1),
and its amino acid sequence and phylogenetic analysis shown
in Figures 2 and 3, demonstrate it to be related to the 5-CAs
from Escherichia coli, Haemophilus influenzae, and H. pylori,
some of which have been investigated in detail by this and
other groups.'¥ ™8

The catalytic activity of bsCA 1 for the physiologic reac-
tion, i.e., CO, hydration to bicarbonate and protons,l L9 4g
shown in Table 1, where the catalytic activity of a-CAs of
human origin as well as that of f-CAs from several bacterial
pathogens are also shown for comparison.

bsCA 1 Inhibition with Sulfonamides and Sulfamates.
Table 2 shows bsCA 1 inhibition data with a panel of 38 sulfona-
mides and one sulfamate (obtained for the CO, hydration
reaction catalyzed by CAs),'” some of which are clinically
used drugs,ll such as acetazolamide AAZ, methazolamide
MZA, ethoxzolamide EZA, dichorophenamide DCP, dor-
zolamide DZA, brinzolamide BRZ, benzolamide BZA, to-
piramate TPM, zonisamide ZNS, sulpiride SLP, indisulam
IND, celecoxib CLX, and valdecoxib VLX (Chart 1). The
simpler derivatives 1—26 (Chart 2) were also included in the
study as they represent the most extensively used scaffolds
for designing potent or isoform-selective CAls targeting
human CAs (hCAs).!! Data for the inhibition of the domi-
nant isoforms hCA I and II'' as well as those of another
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Figure 2. Amino acid sequence of bsCA 1 aligned with that of other bacterial 5-CAs, including the two enzymes from E. coli (T and T2),"”
H. influenzae (P45148),'® and the three 5-CAs from M. tuberculosis, RV3588C Rv3273 and Rv1284."32% Conserved amino acid residues in

these -CAs are indicated by black boxes. The four zinc-bindin
numbering is based on the E. coli CynT2 numbering system).'

%remdues 2Cys, *Asp, “®His, and °! Cys, are indicated by the “z” sign (residue
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Figure 3. Anevolutionary tree analysis subdivides six bacterial 5-CAs into two groups, bsCA 1 clusters with the H. influenzae and E. colicynT2
enzymes. Bootstrap consensus tree of 1000 replicates.

Table 1. Kinetic Parameters for CO, Hydration Reaction Catalyzed by Some Human a-CA Isozymes at 20 °C and pH 7.5, and -CA Enzymes from
Brucella suis (bsCA 1), Helicobacter pylori (hpCA), and Mycobacterium tuberculosis (Rv1284 and Rv3273) at 20 °C, pH 8.3, in 20 mM TRIS-HCl
Buffer and 20 mM NaCl, and Their Inhibition Data with Acetazolamide AAZ (5-Acetamido-1,3,4-thiadiazole-2-sulfonamide), a Clinically Used Drug

enzyme class activity level Keat (sfl) keat/ Kin M~ sTh K (acetazolamide) (nM)
hCA I“ a medium 2.0 x 10° 5.0 x 107 250
hCA 11“ a high 1.4 % 10° 1.5% 108 12
hCA VA a low 2.9 x 10° 2.9 %107 63
hCA XII* a low 42x%10° 3.5% 107 5.7
hCA XIV* a medium 3.1x10° 3.9x 107 41
hpBCA® B medium 7.1 x10° 4.8 %107 40
Rv1284” B medium 3.9x%10° 3.7 x 107 480
Rv3273" B medium 43x10° 4.0 x 107 104
bsCA 1° B medium 6.4 % 10° 3.9 x 107 63

“Human recombinant isozymes, stopped flow CO, hydrase assay method (pH 7.5), from ref 11,13c. ” Recombinant enzymes, stopped flow CO, hydrase
assay method (pH 8.3), from ref 13c,15. “Recombinant bsCA 1, stopped flow CO, hydrase assay method (pH 8.3), this work.

C

bacterial S-class enzyme, H. pylori hpBCA reported earlier' (1) The open-active site, with the Zn(II) ion coordinated

with these compounds, are also included in Table 2, for by 2 Cys and one His residues, and the fourth zinc

comparison. ligand being a water molecule/hydroxide ion, which is
responsible for the catalysis.'>~°

(i1) Closed-active site enzymes, with the Zn(IT) ion coor-

Discussion

bsCA 1 Cloning, Purification, and Catalytic Activity. bsCA
1 was cloned as hexa-histidyl-tagged fusion protein from the
BRAO0788 gene (accession number NC_004311) identified as
a putative 5-CA,® and presents an identical sequence to the
clones previously deposited in GenBank (accession no.
NP_699962). This gene encodes a protein of 219 amino acid
residues, which belongs to the 5-CA class, and has a mole-
cular weight (as a monomer) of 25 kDa (Figure 1). bsCA 1
has 51.0% homology with the E. coli Cyn T2 enzyme, 45.6%
homology with the H. influenzae enzyme, and 27.1% homo-
logy with the E. coli Cyn T -CA.

Aligment of the amino acid sequence of bsCA 1 with that
of other bacterial $-CAs recently investigated by this and
other groups (Figure 2),"*~%° such as the E. coli T2 and T
enzymes,'® the CA from H. influenzae,'” as well as the
mycobacterial enzymes encoded by the genes Rv3558c,
Rv1284, and Rv3273, evidenced that bsCA 1 possesses all
the amino acids residues typical of f-CAs and involved in the
catalytic cycle of this class of enzymes: i.e., the Zn(II) binding
residues Cys52, Asp54, His108, and Cysl11, as well as the
Asp54-Arg56 dyad involved in the opening/closing of the
active site.”” Indeed, in the case of the 8-CAs there are two
types of metal ion coordination within the enzyme active site:

dinated by 2 Cys, one His and one Asp residues, in the
tetrahedral geometry typical of Zn(II) in metallo-
enzymes.'??° For these enzymes, no water coordi-
nated to the metal ion is present at pH values <8, as
shown in an excellent crystallographic work from
Jones’ group on the mycobacterial enzymes Rv3558¢c
and Rv1284.2° However, at pH values >8, a con-
served Arg residue in all 5-CAs investigated so far
(belonging to the catalytic dyad mentioned above)'®
makes a salt bridge with the Asp coordinated to
Zn(II), liberating the fourth Zn(II) coordination posi-
tion, which may be occupied by an incoming water
molecule/hydroxide ion.?’ Thus, the catalytic activity
of the B-CAs possessing the closed active site can be
measured only at pH values > 8 (and this is the reason
why we measure the catalytic/inhibitory activity of
enzymes from this class at pH values of 8.3, see
Experimental Protocols for details). On the basis of
the amino acid sequence, it is impossible to predict
whether a f-CA will have a close or open active site.
For example, the enzyme from the fungal pathogen
Cryptococcus neoformans, Can2, was recently crystal-
lized by one of our groups in collaboration with
Steegborn’s group.'*® It has been shown that Can2
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Table2. Human (h) hCA L II, and Bacterial Enzyme (hpCA and bsCA I)
Inhibition Data with Compounds 1—26 and the Clinically Used
Derivatives AAZ—VLX

Ki"(nM)
inhibitor hCA I hCA I1° hpBCA€ bsCA 19
1 45400 295 16400 5870
2 25000 240 1845 2500
3 28000 300 8650 2400
4 78500 320 2470 1580
5 25000 170 2360 768
6 21000 160 3500 880
7 8300 60 1359 1070
8 9800 110 1463 800
9 9650 73 nt¢ 243
10 14000 124 nt 345
11 5800 63 973 4830
12 8400 75 640 940
13 8600 60 2590 1210
14 9300 19 768 1430
15 6 2 64 70
16 1.4 0.3 nt 186
17 40 5 nt 27
18 164 46 187 1050
19 185 50 71 745
20 109 33 38 21
21 95 30 39 48
22 690 12 37 33
23 55 80 236 754
24 21000 125 218 865
25 23000 133 450 340
26 24000 125 15250 1035
AAZ 250 12 40 63
MZA 50 14 176 54
EZA 25 8 33 17
DCP 1200 38 105 58
DZA 50000 9 73 21
BRZ 45000 3 128 26
BZA 15 9 54 75
TPM 250 10 32 57
ZNS 56 35 254 1850
SLP 1200 40 35 19
IND 31 15 143 50
CLX 50000 21 nt 18
VLX 54000 43 nt 19

“Errors in the range of 5—10% of the shown data, from three
different assays. ®Human recombinant isozymes, stopped flow CO,
hydrase assay method, from ref 11,13c¢. “ Recombinant hpCA, stopped flow
CO, hydrase assay method, from ref 13c. Recombinant bsCA 1, stopped
flow CO, hydrase assay method, this work. “nt = not tested.

possesses an open active site, and the enzyme is an
effective catalyst for the CO, hydration reaction.'*®
Thus, on the basis of these facts, we cannot establish
what type of active site bsCA 1 possesses, i.e., whether
Asp 54 is coordinated to the metal ion at pH < 8
(closed active site), or whether it is interacting perma-
nently with Arg56 (in the Asp-Arg dyad mentioned
above), which is critical for orientating the substrate
and generating the nucleophilic species of the enzyme
crucial for catalysis.

A brief phylogenetic analysis of bsCA | and other bacter-
ial B-CAs (Figure 3) showed this new enzyme to be more
closely related with the CynT2 and H. influenzae enzymes
investigated earlier by Cronk’s group,'®!” both of which
possess a closed active site, i.e., four protein ligands (2 Cys, 1
His, and 1 Asp residue). However, as shown by Cronk
et al.,'®!” Covarrubias et al.,”® and by us,'>!® this type of
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enzyme shows CO, hydrase activity at pH values over 8.
Thus, it is rather probable that bsCA 1 may have a closed
active site at pH < 8, but the full evidence may be obtained
only by resolving the 3D structure of bsCA 1 by means of
X-ray crystallography.

As shown in Table 1, we have measured the activity of
bsCA 1 and compared it to that of other a-class enzymes of
human origin, known to be drug targets, such as hCA 1, II,
VA, XII, and XIV as well as the 8-CAs from bacterial
pathogens, such as H. pyloriand M. tuberculosis (2 isoforms,
Rv1284 and Rv3273, were included in this comparison).
These data show that similarly to the bacterial enzymes from
H. pyloriand M. tuberculosis investigated earlier,'™'> bsCA 1
has a significant activity as catalyst for the conversion of CO,
to bicarbonate (at pH 8.3), with a ke, of 6.4 x 10° s and
keat/ Kin of 3.9 % 107 M~ '-s7!. Thus, bsCA 1 was a better
catalyst for the physiological reaction than the human iso-
forms hCA VA and hCA XII (know to be antiobesity?! and
anticancer' " drug targets, respectively) and showed similar
levels of activity with the bacterial S-class enzymes from
Helicobacter and Mycobacterium, investigated earlier.'>" It
can be also observed that all these enzymes are appreciably
inhibited by the clinically used sulfonamide compound,
S-acetamido-1,3,4-thiadiazole-2-sulfonamide (see Discus-
sion later in the text).

bsCA 1 Inhibition with Sulfonamides and Sulfamates. Ta-
ble 2 shows bsCA 1 inhibition data with a panel of 38
sulfonamides and one sulfamate (obtained for the CO,
hydration reaction catalyzed by CAs)," some of which are
clinically used drugs'' such as acetazolamide AAZ, metha-
zolamide MZA, ethoxzolamide EZA, dichorophenamide
DCP, dorzolamide DZA, brinzolamide BRZ, benzolamide
BZA, topiramate TPM, zonisamide ZNS, sulpiride SLP,
indisulam IND, celecoxib CLX, and valdecoxib VLX. The
simpler derivatives 1—26 were also included in the study, as
they represent the most extensively used scaffolds for design-
ing potent or isoform-selective CAIs.?*** Data for the
inhibition of the dominant isoforms hCA T and II° as well
as those of the related enzyme from H. pylori, hpfCA,
investigated earlier for its interaction with sulfonamides,'*
are also included in Table 2, for comparison reasons. The
following structure—activity relationship (SAR) can be ob-
served from data of Table 2:

(i) Afirst group of sulfonamides, including 1—4,7, 11, 13,
14, 18, and ZNS, showed modest, micromolar inhibi-
tory activity against bsCA 1, with inhibition constants
in the range of 1035—5870 nM. It may be observed that
they include simple benzenesulfonamides substituted
in ortho- or para- with compact groups such as amino,
hydrazino, methyl (1—4, 26), as well as derivatives
possessing more than one substituent in various posi-
tions of the phenyl ring (e.g., 7 and 11). The sulfanilyl-
substituted homosulfanilamide 18 also belongs to this
subgroup, proving that only the length of the inhibitor
molecule is not a decisive factor influencing strong CA
inhibitory activity. Furthermore, the heterocyclic sul-
fonamides 13, 14, and ZNS belong to the same sub-
group, although they do not share any structural
similarity with compounds mentioned above, except
for the sulfamoyl group, present in all the investigated
derivatives, as it is one of the best zinc-binding groups
for the design of CA inhibitors (CAIs).?’

(i) Compoundssuchas5,6,8—10,12, 16, 19, and 2325,

showed more effective bsCA 1 inhibitory activities,
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Chart 1. Structures AAZ—VLX
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with Kjsin the range of 186—940 nM (Table 2). Again,
these sulfonamides belong to rather heterogeneous
chemotypes, with mono-para-substituted benzenesul-
fonamides incorporating aminoalkyl, hydroxyalkyl,
or carboxyl moieties (5, 6, and 23—25), di-, and tri-,
tetra-substituted benzenesulfonamides incorporating
amino, halogeno, and another sulfamoyl group (8—10
and 12), as well as the heterocyclic, aminobenzola-
mide derivative 16 (the best CAI against bsCA 1 in this
subgroup, with a Kj of 186 nM). Similarly to 18
discussed above, compound 19, possessing an extra
CH, moiety is a medium potency inhibitor (K of 745
nM) being slightly more effective compared to its
congener 18 (Kj of 1050 nM).

(iii) The best bsCA 1 inhibitors reported here include
derivatives 15, 17, 20—22, and all the clinically used
compounds except ZNS, which as discussed above,
was a weak, micromolar inhibitor. These compounds
showed inhibition constants in the range of 17—75
nM (Table 1). It may be observed that SAR is again
rather complicated. Thus, 17 and 20 as well as DCP,
SLP, IND, CLX, and VLX, are benzenesulfonamide
derivatives possessing a rather bulky para-substitu-
ent, of the sulfamoyl-phenyl-carboxamidoethyl type

for 17, pyrimidinylamino for 20, and the more com-
plicated scaffolds incorporating the substituted-
pyrazole/isoxazole from celecoxib and valdecoxib. Pre-
sumably these more complex scaffolds (compared to
compounds discussed earlier) lead to more favorable
contacts between the enzyme active site and the
inhibitor, which has as a consequence the stabiliza-
tion of the enzyme—inhibitor complex. DCPis a 1,3-
benzenesulfonamide incorporating also two chlorine
atoms as substituents of the benzene ring. It may be
observed that DCP is a 83 times better bsCA 1 inhi-
bitor compared to 11, another benzene-1,3-disulfo-
namide derivative, possessing a not so different sub-
stitution pattern compared to DCP. The same may be
said by comparing the 12 and DCP, with the last
compound being 16 times a better bsCA 1 inhibitor
compared to 12 (which is also a substituted benzene-
1,3-disulfonamide). All these data show that minor
modifications in the inhibitor scaffold have profound
consequences for the interaction with the enzyme
active site and thus the potency of the inhibitor. SLP
has two substituents at the benzene ring, a compact
one (MeO) in para and a bulkier one in meta.
Indisulam, on the other hand, is a bis-sulfonamide
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Chart 2. Structures 1-26
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which has a secondary sulfamoyl group in para to the
SO,NH; one, which also incorporates the bulky chloro-
aminoindole moiety.All other derivatives from this
subgroup, except topiramate TPM, are heterocyclic
sulfonamides incorporating 1,3,4-thiadiazole, 1,3,4-
thiadiazoline, benzothiazole, thienothiopyran, or thie-
nothiazine ring systems on which the SO,NH, moiety

o)
19
I
@(S)\SOZNHZ
cl
22
SO,NH,
©/NHNH
26

and diverse other substituents are grafted. Again, this
substitution pattern is critical for the bsCA 1 inhibi-
tory activity of such derivatives. For example, 13, the
deacetylated precursor of acetazolamide, is a weak
bsCA 1 inhibitor (Kj of 1210 nM). Its acetylation as in
AAZ leads to a 19.2 times more effective inhibitor,
whereas the benzenesulfonylated compound BZA is
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16.1 times a better inhibitor (Table 2). Excellent
inhibitory activity was observed for the bicyclic, fused-
ring heterocyclic sulfonamides such as 21, EZA, DZA,
and BRZ, which had Kis < 50 nM. The best bsCA 1
inhibitors were ethoxzolamide (17 nM), celecoxib
(18 nM), valdecoxib, and sulpiride (19 nM both), as
well as compound 20 and DZA (21 nM). Thus, a
rather large number of sulfonamides (and one sulfa-
mate, TPM) showed very effective bsCA 1 inhibitory
activities, with Kjs in the range of 17—60 nM
(Table 2).

(iv) bsCA 1 has an inhibition profile with sulfonamides
quite distinct from that of the human a-class enzymes
hCA I and II or the bacterial -class enzyme from
H. pylori hppCA investigated earlier'"'* (Table 2).
Thus, all the investigated compounds inhibit all these
CAs but with very diverse profiles. No bsCA 1-selec-
tive inhibitor has been detected so far in this
study.

Conclusions

The [-carbonic anhydrase (CA, EC 4.2.1.1) from the
bacterial pathogen Brucella suis, bsCA 1, has been cloned,
purified, and characterized kinetically. bsCA 1 has appreci-
able activity as catalyst for the hydration of CO, to bicarbo-
nate, with a ke, of 6.4 x 10° s, and kea/Km of 3.9 x 107
M~ '.s7". A panel of sulfonamides and one sulfamate have
been investigated for inhibition of this new 5-CA. All types of
activities have been detected, with Kjs in the range of 17 nM to
5.87 uM. The best bsCA 1 inhibitors were ethoxzolamide
(17 nM), celecoxib (18 nM), valdecoxib, and sulpiride (19 nM
both), as well as dorzolamide (21 nM). Whether bsCA 1
inhibitors may have application in the fight against brucello-
sis, an endemic disease producing invalidating infection in
humans and animals, warrants further studies.

Experimental Protocols

Chemistry. Compounds 1—26 and AAZ—VLX are either
commercially available (Sigma-Aldrich) or were prepared as
described earlier.>**

Cloning, Protein Expression, and Purification of bsCA 1. The
CA-encoding gene BRA0788 (accession number NC_004311),
described here as bsCA 1, was specifically amplified by PCR
using B. suis 1330 chromosomal DNA as template and OPJ17-
foward primer (5-GCGGGCATATGCCCATGAAGAAC-
GATC-3") and OPJ18-reverse primer (5-GCGCGGGATCCT-
TATTCTGCCGGTTGGCAGG-3'), which contain BamHI
and Ndel recognition sequences (underlined), respectively. The
PCR products were digested with BamHI and Ndel and ligated
to BamHI-and-Ndel-digested pET15b (Novagen) prior to in-
troduction into E. coli strain DH5a.. The integrity of the cloned
gene was verified by sequencing, using primers OPJ17 and
OPJ18 described above. The construct pET15bCA was then
transformed into E. coli strain BL21(DE3) for production of the
6x(His)-CA fusion protein. E. coli BL21(DE3) harboring
pET15bCA was grown at 37 °C in two liters of Luria—Bertani
medium supplemented with 50 ug/mL ampicillin. When the
culture reached an optical density at 600 nm (ODgyy) of
approximately 0.6, expression of 6x(His)-CA protein was in-
duced by the addition of isopropyl-thio-$-p-galactoside (IPTG)
to a final concentration of 1 mM and growth was continued for
5 h. Cells were then harvested by centrifugation at 3500 rpm at
4 °C for 20 min and broken by sonication in buffer A (200 mM
KCl, 50 mM Tris-Cl (pH 7.5), 10% glycerol, 0.1% Nonidet
P-40, 1 mM phenylmethylsulfonyl fluoride, 2 uM pepstatin A)
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supplemented with 0.5 mM dithiothreitol and 0.2 mM disodium
EDTA. All subsequent steps were performed at 4 °C. After
centrifugation (13000 rpm, 20 min), the soluble extract was
treated with streptomycin sulfate to remove ribosomes and
nucleic acids. The suspension was then centrifuged at 13000
rpm for 15 min, and the supernatants were dialyzed against 2 L
of sonication buffer A for 1 h. The dialyzed lysates were mixed
with Talon Co”*-affinity resin (Clontech) that has been equili-
brated with buffer I (20 mM Tris-HCl (pH 8.0), 5 mM
p-mercaptoethanol, 10% glycerol, 1 mM phenylmethylsulfonyl
fluoride, 2 uM pepstatin A, and 0.1% Nonidet P-40) supple-
mented with 150 mM KCI. The resin and bound His-tagged
protein were collected by centrifugation and washed with buffer
I containing 500 mM KCI and 10 mM imidazole. A subsequent
wash was performed with buffer I supplemented with 125 mM
KCl and 75 mM imidazole without Nonidet P-40. The 6x(His)-
CA protein was eluted with buffer I containing 125 mM KCland
150 mM imidazole without Nonidet P-40. Elution fractions
were free of detectable contaminating proteins as determined
by Coomassie blue staining of sodium dodecyl sulfate (SDS)-
polyacrylamide gels. The fractions containing the His-tagged
proteins (estimated purity, >95%) were pooled and dialyzed
prior to lyophilization. The purified bsCA 1 was dialyzed
sequentially against the following buffer, buffer B (125 mM
KCl, Tris-HCI (pH 7.5), imidazole 100 mM), buffer C (50 mM
KCl, Tris-HCI (pH 7.5), imidazole 50 mM), and buffer D
(10 mM Tris-HCI (pH 8.3)). The Hisg tag has been removed in
a small sample of the protein by treatment with enterokinase
(Sigma-Aldrich). However, the catalytic activity and acetazola-
mid inhibition of the His-tagged and untagged enzymes were
identical (data not shown) so that the data of Tables 1 and 2 refer
to the enzyme with the (6x)His-tag.

CA Catalytic Activity and Inhibition. An Applied Photophysics
stopped-flow instrument has been used for assaying the CA
catalyzed CO, hydration activity.'” Phenol red (at a concentra-
tion of 0.2 mM) has been used as indicator, working at the
absorbance maximum of 557 nm, with 10—20 mM Hepes
(pH 7.5, for a-CAs) or TRIS (pH 8.3 for 8-CAs) as buffers and
20 mM Na,SO, (for a-CAs) or 10—20 mM NaCl, for 5-CAs (for
maintaining constant the ionic strength), following the initial
rates of the CA-catalyzed CO, hydration reaction for a period of
10—100 s. The CO, 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 determining the initial
velocity. The uncatalyzed rates were determined in the same
manner and subtracted from the total observed rates. Stock
solutions of inhibitor (10 mM) were prepared in distilled—
deionized water, and dilutions up to 0.01 nM were done there-
after with distilled—deionized water. Inhibitor and enzyme
solutions were preincubated together for 15 min at room tempe-
rature prior to assay in order to allow for the formation of the
E—I complex. The inhibition constants were obtained by non-
linear least-squares methods using PRISM 3, whereas the kine-
tic parameters for the uninhibited enzymes from Lineweaver—
Burk plots, as reported earlier, ' and represent the mean from at
least three different determinations.

Acknowledgment. This research was financed in part by a
grant of the 6th Framework Programme of the European
Union (DeZnlT project, to C.T.S. and A.S.) and by the grant
CNRS MIE-2007 (Programme “Maladies Infectieuses Emer-
gentes” Centre National de la Recherche Scientifique, France,
to S.K. and J.-Y.W).

References

(1) (a) Nickerson, C. A. Schurr, M. J. Molecular Paradigms of In-
fectious Disease: a Bacterial Perspective; Springer Verlag; Munich,
2006; pp 1—617; (b) Payne, D. J.; Gwynn, M. N.; Holmes, D. J;



2284 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 5

Pompliano, D. L. Drugs for bad bugs: confronting the challenges of
antibacterial discovery. Nat. Rev. Drug Discovery 2007, 6, 29—40. (c)
Tsolis, R. M.; Young, G. M.; Solnick, J. V.; Baumler, A. J. From bench
to bedside: stealth of enteroinvasive pathogens. Nat. Rev. Microbiol.
2008, 6, 883-892.

(2) (a) Dye, C. Doomsday postponed? Preventing and reversing epi-
demics of drug-resistant tuberculosis. Nat. Rev. Microbiol. 2009, 7,
81-87. (b) Ginsberg, A. M. Emerging drugs for active tuberculosis.
Semin. Respir. Crit. Care Med. 2008, 29, 552-559. (c) Showalter, H.
D.; Denny, W. A. A roadmap for drug discovery and its translation to
small molecule agents in clinical development for tuberculosis treat-
ment. Tuberculosis 2008, 88 (Suppl 1), S3-S17.

(3) Gorvel, J. P. Brucella: a Mr. “Hide” converted into Dr. Jekyll.
Microbes Infect. 2008, 10, 1010-1013.

(4) (a) Whatmore, A. M. Current understanding of the genetic diver-
sity of Brucella, an expanding genus of zoonotic pathogens. Infect.,
Genet. Evol. 2009, 9, 1168—1184. (b) Guerra, H. The brucellae and their
success as pathogens. Crit. Rev. Microbiol. 2007, 33, 325-331.

(5) Godfroid,J.; Cloeckaert, A.; Liautard, J.-P.; Kohler, S.; Fretin, D.;
Walravens, K.; Garin-Bastuji, B.; Letesson, J.-J. From the disco-
very of the Malta fever’s agent to the discovery of a marine
mammal reservoir, brucellosis has continuously been a re-emerging
zoonosis. Vet. Res. 2005, 36, 313-326.

(6) (a) Pappas, G.; Papadimitriou, P.; Akritidis, N.; Christou, L.;
Tsianos, E. V. The new global map of human brucellosis. Lancet
Infect. Dis. 2006, 6, 91-99. (b) Franco, M. P.; Mulder, M.; Gilman,
R. H.; Smits, H. L. Human brucellosis. Lancet Infect. Dis. 2007, 7,
775-786. (c) Pappas, G.; Panagopoulou, P.; Christou, L.; Akritidis, N.
Brucella as a biological weapon. Cell. Mol. Life Sci. 2006, 63, 2229—
2236.

(7) (a) Baykam, N.; Esener, H.; Ergonul, O.; Eren, S.; Celikbas, A. K.;
Dokuzoguz, B. In vitro antimicrobial susceptibility of Brucella
species. Int. J. Antimicrob. Agents 2004, 23, 405-407. (b) Sungur,
G. K.; Hazirolan, D.; Gurbuz, Y.; Unlu, N.; Duran, S.; Duman, S. Ocular
involvement in brucellosis. Can. J. Ophthalmol. 2009, 44, 598—601.
(c) Ravanel, N; Gestin, B.; Maurin, M. In vitro selection of fluoro-
quinolone resistance in Brucella melitensis. Int. J. Antimicrob. Agents.
2009, 34, 76-81.

(8) (a) DelVecchio, V. G.; Kapatral, V.; Redkar, R. J.; Patra, G;
Mujer, C.; Los, T.; Ivanova, N.; Anderson, I.; Bhattacharyya, A.;
Lykidis, A.; Reznik, G.; Jablonski, L.; Larsen, N.; D’Souza, M .;
Bernal, A.; Mazur, M.; Goltsman, E.; Selkov, E.; Elzer, P. H.;
Hagius, S.; O’Callaghan, D.; Letesson, J. J.; Haselkorn, R.;
Kyrpides, N.; Overbeek, R. The genome sequence of the facultative
intracellular pathogen Brucella melitensis. Proc. Natl. Acad. Sci.
U.S.A. 2002, 99, 443-448. (b) Paulsen, I. T.; Seshadri, R.; Nelson,
K. E.; Eisen, J. A.; Heidelberg, J. F.; Read, T. D.; Dodson, R. J;
Umayam, L.; Brinkac, L. M.; Beanan, M. J.; Daugherty, S. C.; Deboy,
R. T.; Durkin, A. S.; Kolonay, J. F.; Madupu, R.; Nelson, W. C.; Ayodeji,
B.; Kraul, M.; Shetty, J.; Malek, J.; Van Aken, S. E.; Riedmuller, S.;
Tettelin, H.; Gill, S. R.; White, O.; Salzberg, S. L.; Hoover, D. L.;
Lindler, L. E.; Halling, S. M.; Boyle, S. M.; Fraser, C. M. The Brucella
suis genome reveals fundamental similarities between animal and plant
pathogens and symbionts. Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
13148-13153. (c) Halling, S. M.; Peterson-Burch, B. D.; Bricker, B. J.;
Zuerner, R. L.; Qing, Z.; Li, L. L.; Kapur, V.; Alt, D. P;; Olsen, S. C.
Completion of the genome sequence of Brucella abortus and compar-
ison to the highly similar genomes of Brucella melitensis and Brucella
suis. J. Bacteriol. 2005, 187, 2715-2726.

(9) Kohler, S.; Foulongne, V.; Ouahrani-Bettache, S.; Bourg, G.;
Teyssier, J.; Ramuz, M.; Liautard, J. P. The analysis of the
intramacrophagic virulome of Brucella suis deciphers the environ-
ment encountered by the pathogen inside the macrophage host cell.
Proc. Natl. Acad. Sci. U.S.A4. 2002, 99, 15711-15716.

(10) (a) Liautard, J. P.; Jubier-Maurin, V.; Boigegrain, R. A.; Kohler, S.
Antimicrobials: Advantages of a strategy blocking specifically
intracellular multiplication. Trends Microbiol. 2006, 14, 109-113.
(b) Joseph, P.; Turtaut, F.; Kohler, S.; Winum, J.-Y. Inhibitors of
Histidinol Dehydrogenases as Antibacterial Agents. In Drug Design
of Zinc-Enzyme Inhibitors: Functional, Structural, and Disease
Applications; Supuran, C. T.; Winum, J. Y. Eds.; Wiley: Hoboken,
NJ, 2009, pp 937—950; (c) Winum, J.-Y.; Kohler, S.; Scozzafava, A.;
Montero, J.-L.; Supuran, C. T. Targeting bacterial metalloenzymes: a
new strategy for the development of anti-infective agents. Anti-Infect.
Agents Med. Chem. 2008, 7, 169—179.

(11) Supuran, C. T. Carbonic anhydrases: novel therapeutic applica-
tions for inhibitors and activators. Nat. Rev. Drug Discovery 2008,
7, 168—181.

(12) (a) Krungkrai, J.; Krungkrai, S. R.; Supuran, C. T. Carbonic
anhydrase inhibitors: inhibition of Plasmodium falciparum carbo-
nic anhydrase with aromatic/heterocyclic sulfonamides—in vitro
and in vivo studies. Bioorg. Med. Chem. Lett. 2008, 18, 5466-5471.

Joseph et al.

(b) Krungkrai, J.; Supuran, C. T. The alpha-carbonic anhydrase from the
malaria parasite and its inhibition. Curr. Pharm. Des. 2008, 14, 631—
640.

(13) (a) Nishimori, I.; Minakuchi, T.; Morimoto, K.; Sano, S.; Onishi,
S.; Takeuchi, H.; Vullo, D.; Scozzafava, A.; Supuran, C. T. Carbo-
nic anhydrase inhibitors: DNA cloning and inhibition studies of
the alpha-carbonic anhydrase from Helicobacter pylori, a new
target for developing sulfonamide and sulfamate gastric drugs.
J. Med. Chem. 2006, 49, 2117-2126. (b) Nishimori, I.; Onishi, S.;
Takeuchi, H.; Supuran, C. T. The o and f3 classes carbonic anhydrases
from Helicobacter pylori as novel drug targets. Curr. Pharm. Des.
2008, /4, 622—630. (c) Nishimori, I.; Minakuchi, T.; Kohsaki, T,
Onishi, S.; Takeuchi, H.; Vullo, D.; Scozzafava, A.; Supuran, C. T.
Carbonic anhydrase inhibitors. The S-carbonic anhydrase from Helico-
bacter pylori is a new target for sulfonamide and sulfamate inhibitors.
Bioorg. Med. Chem. Lett. 2007, 17, 3585-3594.

(14) (a) Innocenti, A.; Miihlschlegel, F. A.; Hall, R. A.; Steegborn, C.;
Scozzafava, A.; Supuran, C. T. Carbonic anhydrase inhibitors.
Inhibition of the f-class enzymes from the fungal pathogens
Candida albicans and Cryptococcus neoformans with simple anions.
Bioorg. Med. Chem. Lett. 2008, 18, 5066-5070. (b) Schlicker, C.;
Hall, R. A.; Vullo, D.; Middelhaufe, S.; Gertz, M.; Supuran, C. T,
Miihlschlegel, F. A.; Steegborn, C. Structure and inhibition of the CO,-
sensing carbonic anhydrase Can2 from the pathogenic fungus Crypto-
coccus neoformans. J. Mol. Biol. 2009, 385, 1207—1220. (c) Innocenti,
A.; Hall, R. A.; Schlicker, C.; Miihlschlegel, F. A.; Supuran, C. T.
Carbonic anhydrase inhibitors. Inhibition of the beta-class enzymes
from the fungal pathogens Candida albicans and Cryptococcus neofor-
mans with aliphatic and aromatic carboxylates. Bioorg. Med. Chem.
2009, 77, 2654-2657. (d) Isik, S.; Kockar, F.; Aydin, M.; Arslan, O.;
Ozensoy Guler, O.; Innocenti, A.; Scozzafava, A.; Supuran, C. T.
Carbonic anhydrase inhibitors. Inhibition of the f3-class enzyme from
the yeast Saccharomyces cerevisiae with sulfonamides and sulfamates.
Bioorg. Med. Chem. 2009, 17, 1158-1163.

(15) (a) Minakuchi, T.; Nishimori, I.; Vullo, D.; Scozzafava, A.;
Supuran, C. T. Molecular cloning, characterization and inhibition
studies of the Rv1284 f-carbonic anhydrase from Mycobacterium
tuberculosis with sulfonamides and a sulfamate. J. Med. Chem.
2009, 52, 2226-2232. (b) Nishimori, I.; Minakuchi, T.; Vullo, D.;
Scozzafava, A.; Innocenti, A.; Supuran, C. T. Carbonic anhydrase
inhibitors. Cloning, characterization, and inhibition studies of a new
p-carbonic anhydrase from Mycobacterium tuberculosis. J. Med.
Chem. 2009, 52, 3116-3120. (c) Giizel, O.; Maresca, A.; Scozzafava,
A.; Salman, A.; Balaban, A. T.; Supuran, C. T. Discovery of low nano-
molar and subnanomolar inhibitors of the mycobacterial -carbonic
anhydrases Rv1284 and Rv3273. J. Med. Chem. 2009, 52,4063-4067.
(d) Carta, F.; Maresca, A.; Suarez Covarrubias, A.; Mowbray, S. L.;
Jones, T. A.; Supuran, C. T. Carbonic anhydrase inhibitors. Char-
acterization and inhibition studies of the most active [-carbonic
anhydrase from Mycobacterium tuberculosis, Rv3588c. Bioorg.
Med. Chem. Lett. 2009, 19, 6649—-6654.

(16) Cronk, J. D.; Rowlett, R. S.; Zhang, K. Y.; Tu, C.; Endrizzi, J. A.;
Lee, J.; Gareiss, P. C.; Preiss, J. R. Identification of a novel
noncatalytic bicarbonate binding site in eubacterial -carbonic
anhydrase. Biochemistry 2006, 45, 4351-4361.

(17) Cronk, J. D.; Endrizzi, J. A.; Cronk, M. R.; O’Neill, J, W.; Zhang,
K. Y. Crystal structure of E. coli f-carbonic anhydrase, an enzyme
with an unusual pH-dependent activity. Protein Sci. 2001, 10,911—
922.

(18) (a) Smith, K. S.; Jakubzick, C.; Whittam, T. S.; Ferry, J. G.
Carbonic anhydrase is an ancient enzyme widespread in prokar-
yotes. Proc Natl Acad Sci U.S.A. 1999, 96, 15184-15189. (b)
Rowlett, R. S. Structure and catalytic mechanism of the [-carbonic
anhydrases. Biochim. Biophys. Acta 2010, 1804, 362-373.

(19) Khalifah, R. G. The carbon dioxide hydration activity of carbonic
anhydrase. 1. Stop-flow kinetic studies on the native human
isoenzymes B and C. J. Biol. Chem. 1971, 246, 2561-2573.

(20) (a) Suarez Covarrubias, A.; Larsson, A. M.; Hogbom, M.;
Lindberg, J.; Bergfors, T.; Bjorkelid, C.; Mowbray, S. L.; Unge,
T.; Jones, T. A. Structure and function of carbonic anhydrases
from Mycobacterium tuberculosis. J. Biol. Chem. 2005, 280, 18782—
18789. (b) Suarez Covarrubias, A.; Bergfors, T.; Jones, T. A.; Hogbom,
M. Structural mechanics of the pH-dependent activity of the 5-carbonic
anhydrase from Mycobacterium tuberculosis. J. Biol. Chem. 2006,
281, 4993-4999.

(21) (a) Supuran, C. T.; Scozzafava, A.; Casini, A. Carbonic anhydrase
inhibitors. Med. Res. Rev. 2003, 23, 146-189. (b) Supuran, C. T.
Carbonic anhydrase inhibitors in the treatment and prophylaxis of
obesity. Expert Opin. Ther. Pat. 2003, 13, 1545-1550. (c) Supuran,
C. T.; Di Fiore, A.; De Simone, G. Carbonic anhydrase inhibitors as
emerging drugs for the treatment of obesity. Expert Opin. Emer-
ging Drugs 2008, 13, 383-392. (d) De Simone, G.; Di Fiore, A.;



Article

(22)

(23)

Supuran, C. T. Are carbonic anhydrase inhibitors suitable for obtain-
ing antiobesity drugs? Curr. Pharm. Des. 2008, 14, 655-660. (e)
Scozzafava, A.; Mastrolorenzo, A.; Supuran, C. T. Carbonic anhydrase
inhibitors and activators and their use in therapy. Expert Opin. Ther.
Pat. 2006, 16, 1627-1664.

(a) Thiry, A.; Dogné, J. M..; Masereel, B.; Supuran, C. T. Targeting
tumor-associated carbonic anhydrase IX in cancer therapy. Trends
Pharmacol. Sci. 2006, 27, 566-573. (b) Stiti, M.; Cecchi, A.; Rami, M.;
Abdaoui, M.; Barragan-Montero, V.; Scozzafava, A.; Guari, Y.; Winum,
J. Y.; Supuran, C. T. Carbonic anhydrase inhibitor coated gold nano-
particles selectively inhibit the tumor-associated isoform IX over the
cytosolic isozymes I and II. J. Am. Chem. Soc. 2008, 130, 16130—
16131.

(a) Scozzafava, A.; Briganti, F.; Ilies, M. A.; Supuran, C. T.
Carbonic anhydrase inhibitors synthesis of membrane-impermeant
low molecular weight sulfonamides possessing in vivo selectivity
for the membrane-bound versus the cytosolic isozymes. J. Med.
Chem. 2000, 43, 292-300. (b) Scozzafava, A.; Menabuoni, L.;
Mincione, F.; Briganti, F.; Mincione, G.; Supuran, C. T. Carbonic
anhydrase inhibitors. Part 74. Synthesis of water-soluble, topically
effective, intraocular pressure-lowering aromatic/heterocyclic sulfona-
mides containing cationic or anionic moieties: is the tail more important
than the ring? J. Med. Chem. 1999, 42,2641-2650. (c) Supuran, C. T.;
Nicolae, A.; Popescu, A. Carbonic anhydrase inhibitors. Part 35.

(24)

(2%

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 5 2285

Synthesis of Schiff bases derived from sulfanilamide and aromatic
aldehydes: the first inhibitors with equally high affinity towards
cytosolic and membrane-bound isozymes. Eur. J. Med. Chem. 1996,
31,431-438.

(a) Scozzafava, A.; Menabuoni, L.; Mincione, F.; Briganti, F.;
Mincione, G.; Supuran, C. T. Carbonic anhydrase inhibitors:
perfluoroalkyl/aryl-substituted derivatives of aromatic/heterocyc-
lic sulfonamides as topical intraocular pressure lowering agents
with prolonged duration of action. J. Med. Chem. 2000, 43, 4542—
4551. (b) Scozzafava, A.; Menabuoni, L.; Mincione, F.; Supuran, C. T.
Carbonic anhydrase inhibitors. A general approach for the preparation
of water soluble sulfonamides incorporating polyamino-polycarboxy-
late tails and of their metal complexes possessing long lasting, topical
intraocular pressure lowering properties. J. Med. Chem. 2002, 45,
1466-1476.

(a) Supuran, C. T.; Winum, J. Y. Introduction to zinc enzymes as
drug targets. In Drug Design of Zinc-Enzyme Inhibitors: Functional,
Structural, and Disease Applications; Supuran, C. T., Winum, J. Y.
Eds.; Wiley: Hoboken, NJ, 2009; pp 3—12; (b) Winum, J.-Y.; Montero,
J.-L.; Scozzafava, A.; Supuran, C. T. Zinc binding functions in the
design of carbonic anhydrase inhibitors. In Drug Design of Zinc-
Enzyme Inhibitors: Functional, Structural, and Disease Applica-
tions; Supuran, C. T., Winum, J. Y. Eds.; Wiley: Hoboken, NJ, 2009;
pp 39—72.



