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a b s t r a c t

The X-ray crystal structures of the adducts of human carbonic anhydrase (hCA, EC 4.2.1.1) II complexed
with two aromatic sulfonamides incorporating 2-thienylacetamido moieties are reported here. Although,
the two inhibitors only differ by the presence of an additional 3-fluoro substituent on the 4-amino-ben-
zenesulfonamide scaffold, their inhibition profiles against the cytosolic isoforms hCA I, II, III, VII and XIII
are quite different. These differences were rationalized based on the obtained X-ray crystal structures,
and their comparison with other sulfonamide CA inhibitors with clinical applications, such as acetazola-
mide, methazolamide and dichlorophenamide. The conformations of the 2-thienylacetamido tails in the
hCA II adducts of the two sulfonamides were highly different, although the benzenesulfonamide parts
were superimposable. Specific interactions between structurally different inhibitors and amino acid res-
idues present only in some considered isoforms have thus been evidenced. These findings can explain the
high affinity of the 2-thienylacetamido benzenesulfonamides for some pharmacologically relevant CAs
(i.e., isoforms II and VII) being also useful to design high affinity, more selective sulfonamide inhibitors
of various CAs.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The carbonic anhydrase (CA, EC 4.2.1.1) family of enzymes is
widespread in mammals, including humans, and comprises a
rather high number of isoforms: primates possess 15 CA isoforms
(CA I-CA VA, CA VB–CA XIV) whereas in non primate mammals
an additional isoforms, CA XV has been described.1–6 Many of these
enzymes are drug targets.2 Indeed, CA inhibitors (CAIs) have vari-
ous clinical applications as diuretic, antiglaucoma, antiobesity or
ll rights reserved.
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antitumor drugs.2 CA are responsible for specific physiological
functions, and drugs with such a diversity of actions target differ-
ent CA isozymes.2–6 Sulfonamides and sulfamates constitute the
principal type of classical CAIs,2 whereas other chemotypes (cou-
marins, polyamines and phenols), were only recently investigated
in detail for such an action.7–10 The inhibitors of the sulfon-
amide/sulfamate type bind as anions to the catalytically critical
Zn(II) ion from the enzyme active site, also participating in many
other interactions (hydrogen bond networks; van der Waals con-
tacts, stacking, etc.) with amino acid residues from the hydropho-
bic and hydrophilic halves of the enzyme active site, as shown by
X-ray crystallographic studies of enzyme–inhibitor complexes.1–6

X-ray crystal structures are available for many adducts of several
isozymes (i.e., CA I, II, IV, VA, VII, IX, XII, XIII and XIV) mostly with
sulfonamides, and with several sulfamates/sulfamides.11 Recently,
different families of non-classical inhibitors have also been inves-
tigated from the crystallographic viewpoint, allowing for a better
understanding of the various inhibition mechanisms of these
enzymes.11

http://dx.doi.org/10.1016/j.bmc.2011.05.006
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Table 1
hCA I, II, III, VII and XIII inhibition data with sulfonamides 1, 2 and AAZ, MZA and DCP
as standard inhibitors, by a stopped-flow CO2 hydration assay method20

Compound KI
b (nM)
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Several sulfonamide CAIs such as acetazolamide AAZ, methazo-
lamide MZA, ethoxzolamide EZA or dichlorophenamide DCP, are
clinically used as systemic antiglaucoma agents for more than
50 years.12 More recently, two topically acting antiglaucoma sul-
fonamides are also available, dorzolamide DZA and brinzolamide
BRZ.12 However the main drawback of these compounds, and of
many sulfonamides reported so far in the literature,3–6 is their lack
of selectivity, as they usually inhibit most of the catalytically active
isoforms, in the low nanomolar - micromolar range.2b,c

Recently, one of our groups reported a class of aromatic/hetero-
cyclic sulfonamides incorporating 2-thienylacetamido moieties in
their molecule, which showed good selectivity ratios for inhibiting
some CA isoforms, such as for example CA VII over CA II and I.13

Among these derivatives, sulfonamides 1 and 2 differing only by
the presence of a supplementary fluorine atom in 2 compared to
1, triggered our attention for several reasons. Both 1 and 2 were
observed to be low nanomolar hCA VII (h = human) inhibitors
(KIs in the range of 6.2–7.0 nM), and recently it has been estab-
lished that this brain-associated cytosolic isoform may be the tar-
get of drugs against neuropathic pain.14 In addition, 1 and 2 were
less effective as inhibitors of other two cytosolic isoforms, hCA I
and II, which are widespread in many tissues and thus constitute
offtargets when the inhibition of other such enzymes are required.
Indeed, 1 and 2 showed inhibition constants in the range of 61–
161 nM against hCA I and of 50–390 nM against hCA II.13a Two is-
sues thus raised regarding the inhibitory properties of these two
structurally related compounds: why the presence of a fluorine
atom in 2 leads to a hCA II inhibitor 7.8 times less effective com-
pared to 1? The second question is: why these two compounds
show highly effective hCA VII inhibitory activity? In order to ad-
dress these questions we report here the X-ray crystal structure
of the two compounds in complex with hCA II as well as a detailed
study for their interactions with all cytosolic CA isoforms, that is,
hCA I, II, III, VII and XIII.
hCA Ia hCA IIa hCA IIIa hCA VIIa hCA XIIIa

1 61 50 8 � 105 6.2 125
2 161 390 12 � 105 7.0 437
AAZ 250 12 2 � 105 2.5 17
MZA 50 14 7 � 105 2.1 19
DCP 1200 38 6.8 � 105 26 23

a Recombinant cytosolic isoform.
b Errors in the range of ±5–10% of the reported value, from three different

determinations.
2. Results and discussion

2.1. Chemistry and CA inhibition

Sulfonamides 1 and 2 incorporate the thienylacetamido moiety
which was shown earlier to be associated with a very potent inhi-
bition of the cytosolic isoforms hCA VII.13a Furthermore, these
compounds were also shown to act as less effective inhibitors of
the widespread cytosolic isoforms hCA I and II,13a which constitute
offtargets if hCA VII inhibition should be the therapeutic target of
interest. Another structural feature of the two compounds is the
presence of the sulfanilamide scaffold in their molecule: the
unsubstituted sulfanilamide in 1, and the 3-fluorosulfanilamide
in 2. Thus, the two compounds differ only by the presence of an
additional fluorine atom in 2 with respect to 1, but their inhibition
against hCA I and II is rather diverse (Table 1).13a Indeed, in the pre-
vious work we have assayed the inhibition of compounds 1 and 2
(as well as many other structurally related derivatives) against
these three cytosolic isoforms (hCA I, II and VII) of the five
presently known. However, two other such cytosolic enzymes are
known in humans, the muscle-associated hCA III,15,16 and the less
investigated and understood hCA XIII.17–20 hCA III was reported to
possess a low CO2 hydrase activity (compared to hCA I and II)15 and
to be also less susceptible to inhibition with sulfonamides, due to
the presence of the bulky residues Phe198 in the middle of its ac-
tive site, which hinders the binding of inhibitors.15,16 hCA XIII on
the other hand has a higher catalytic activity (for the physiologic
reaction) compared to hCA III, but at least one order of magnitude
lower compared to hCA I and II.17–19 However, similar to hCA I and
II, this isoform is sensitive to sulfonamide inhibitors.17–19 Indeed,
the clinically used drugs such as AAZ, MZA or DCP show inhibition
constants in the range of 17–23 nM against CA XIII,2b but in the
range of 2–7 � 105 nM against CA III.2b It appeared thus of interest
to investigate how compounds of type 1 and 2 behave against
these two less investigated CAs.
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Data of Table 1 show that compounds 1 and 2 show a weak
inhibition of isoform hCA III, similar to all other known sulfona-
mides 15,16 (KIs of 8–12 � 105 nM) whereas their affinity for hCA
XIII is medium, with inhibition constants of 125–437 nM.20 Thus,
compounds 1 and 2 are indeed selective for the inhibition of hCA
VII over the other cytosolic isoforms hCA I, II, III and XIII.

2.2. X-ray crystallography

In order to better understand the effect of the placement of a
fluorine atom on the benzene ring of 4-substituted-benzenesulfon-
amide CAIs, X-ray crystallographic studies were performed on 1
and 2 in complex with hCA II. The crystal structures were deter-
mined to 1.6 and 1.7 Å resolution, using protocols as previously de-
scribed.21,22 Both compounds were refined with full occupancy
with B-factors that were comparable to the side chains within
the hCA II active site (Table 2). Both compounds displaced the cat-
alytic zinc-bound solvent, such that the sulfonamide amine nitro-
gen bound directly to the zinc (distance �2.0 Å). The N and O2

atoms of the sulfonamide were also within hydrogen bond dis-
tances (2.9–3.0 Å) of OG1 and N of Thr199. This observation is con-
sistent with other sulfonamide inhibitors bound to CAs.2b

Also both compounds interacted predominantly through Van
der Waals contacts with residues Val 121, Phe 131, Val 143, Leu
198, Thr 199, Thr 200, Pro 201, Val 207, Trp 209 and Pro 202, 1 with
349 Å2 (74.5%) and 2 with 359 Å2 (74.0%) of their surface area in
contact with hCA II (Fig. 1A, 1 (green) and 1B 2 (cyan)).

For compound 1, the C5–C4–N7–C8 and C8–N9–C10–C11 tor-
sion angles are �1� and �125�, respectively. The C5–C4–N7–C8
torsion angle is essentially planar and the O8 carbonyl oxygen
points towards Gln 92, on the Phe 131 side of the active site. While
the C8–N9–C10–C11 torsion angle permits the preceding thio-
phene ring to be orientated with the sulfur, S14, pointing toward
Pro 202, on the opposite side of the active site to Phe 131 (Fig. 1A).

In case of compound 2, the C5–C4–N7–C8 and C8–N9–C10–C11
torsion angles were 158� and 124�, respectively. The C5–C4–N7–C8
torsion angle, being almost 180� to that of compound 1. This
Table 2
Data reduction and model refinement statistics for the hCA II adducts of su

Data collection statistics

Compound 1
PDB accession number 3R
Temperature (K) 10
Wavelength (Å) 1.5
Spacegroup P2
Unit-cell parameters (Å, �) a =
Total number of measured reflections 11
Total number of unique reflections 30
Resolution (Å) 50
Rsym

a 0.0
I/rI 20
Completeness (%) 93
Redundancy 3.8
Refinement statistics
Rwork (%)b 15
Rfree (%)c 17
Residue Nos. 25
No of protein atoms (including alternate conformations) 21
No of drug atoms 18
No of H2O molecules 32
R.M.S.D: bond lengths (Å), angles (�) 0.0
Ramachandran statistics (%): most favored, additionally allowed,

and generously allowed regions
97

Average B factors (Å)2: all, main-, side-chain, ligands, solvent 16

a Rsym = RI � <I>|/R<I>.
b Rwork = (R|Fo| � |Fc|/R|Fobs|) � 100.
c Rfree is calculated in the same manner as Rwork, except that it uses 5%
d Values in the parenthesis represents highest resolution bin.
torsion angle change can be attributed to the fluorine atom, F5, at-
tached to the benzene ring, as having both the F5 and O8 atoms in a
cis-configuration would create steric hindrance, hence the torsion
angle flips to prevent such a clash from occurring. This has the ef-
fect of placing the O8 carbonyl oxygen towards Pro 202, away from
Phe 131. In addition the C8–N9–C10–C11 torsion angle is rotated,
which has the effect of rotating the thiophene ring, to be almost
perpendicular to its position observed in compound 1, although
the S14 atom occupies the same spatial location (Fig 1B).

Superposition of the two structures (Ca R.M.S.D. 0.05 Å) reveals
that they almost occupy the same volume of the hCA II active site,
though the orientation of the O8 carbonyl oxygen points in oppo-
site directions of the active site and the thiophene ring is closer
to the Pro 202 and Val 135 for compound 2 (Figs. 1 and 2). Thus,
the placement of a fluorine atom on the benzene ring causes a ste-
ric clash for compound 2 which is elevated by a cis to trans transi-
tion of the carbonyl oxygen atom and a torsional angle adjustment
of the thiophene ring.

2.3. Docking studies of five different inhibitors in hCA VII, hCA
III, hCA I and hCA XIII active sites

The X-ray crystal structures of hCA VII23 and hCA XIII24a (in
complex with AAZ) were recently reported by De Simone’s group.
Thus, we decided to investigate by docking studies the way in
which compounds 1, 2, and AAZ, MZA and DCP bind to the cyto-
solic isoforms hCAI, hCAIII, hCAVII and hCA XIII (Fig. 3).

Compound 2 investigated in the present study was a weaker
inhibitor than compound 1 against hCA II, probably because of
the presence of the supplementary fluorine atom, which is located
in a hydrophobic environment in close proximity to residues
Phe131 and Val121 in the hCA II active site. The hydrophobic nat-
ure of these residues is conserved across all hCA isoforms investi-
gated here. It is envisageable that the presence of a hydrophilic
atom (fluorine) in a hydrophobic enzyme pocket makes 2 a weaker
inhibitor in comparison to 1, which has no halogen atom attached
to it. In addition, the carbonyl oxygen O8 of compound 2 points
lfonmides 1 and 2

2
16 3R17
0 100
4 1.54

1 P21

42.4, b = 41.4, c = 72, b = 104 a = 42.4, b = 41.3, c = 71.9, b = 104
4,473 45,252
,225 23,896
–1.6 (1.66–1.6)d 50–1.7 (1.76–1.7)d

7 (0.27)d 0.04 (0.13)d

.7 (4.9)d 16.6 (6.9)d
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.1 15.1
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.0, 3.0, 0.0 97.0, 3.0, 0.0

.0,12.4, 15.7,19.6, 28.3 19.0,15.8, 19.1,22.2, 29.9

of the reflection data omitted from refinement.



Figure 1. Stereo stick representation of hCA II active site complexed with (A) 1 (green) and (B) 2 (cyan). The active-site zinc is depicted as a gray sphere. The electron density
is represented by a 1.2 r-weighted 2Fo � Fc Fourier map (blue mesh). Amino acids are as labeled. Figure made using PyMOL (DeLano Scientific).

Figure 2. Superposition of hCA II complexed with 1 (green) and 2 (cyan). The zinc is
depicted as a gray sphere. Figure made using PyMOL (DeLano Scientific).
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towards the carbonyl group of Pro201 of hCA II, thus placing it in a
charge repulsive environment, which is not encountered in the
hCA II–1 complex. Here, we have thus a nice example that a rela-
tively minor change in the chemical structure of a sulfonamide
CAI has significant consequence to its affinity for the enzyme,
strongly influencing its binding within the active site. As we
stressed above, the presence of the fluorine makes 2 a 7.8 times
less potent hCA II inhibitor compared to the structurally related 1.
Among all isoforms studied here, the inhibition of hCA III was
weaker than that of the other ones (Table 1). The rationale for this
is clear, as hCA III has a bulky hydrophobic residue (Phe198) in the
middle of the active site cavity, which is a leucine in the other four
studied isoforms. This bulky residue effectively prevents any siz-
able inhibitor to bind into the active site, which is obvious also
from Figure 3, showing Phe198 with its bulky phenyl moiety
placed in the region where sulfonamides bind in the adducts with
other cytosolic isoforms, such as hCA I, II and XIII.

The present data also showed that the best inhibition with com-
pounds 1 and 2 was against hCA VII (Table 1). This potent inhibition
is probably due to the presence of Lys93 in hCA VII, an amino acid
residue which is unique only to this isoform, providing a hydro-
philic and flexible amino acid residue in the middle of the active
site, which furnish an additional interaction point for the inhibitor.
Based on a model generated using Coot,29 Lys93 can have an alter-
nate conformation leading to the formation of a hydrogen bond
with either the carbonyl oxygen of compound 1 or the fluorine atom
present in compound 2, thereby further stabilizing the inhibitor–
hCA VII complexes. When this residue is replaced by a bulky side
chain such as Arg91 (in the case of hCA XIII and hCA III) the inhibi-
tion with compounds 1 and 2 is weaker compared to hCA VII, most
likely because the flexibility of Arg91 is reduced compared to that of
the lysine present in hCA VII, also leading to steric clashes. In addi-
tion, hCA VII also has a smaller side chain (Ala137) close to the ac-
tive site instead of hydrophobic, bulkier Val135 (present in hCA II
and XIII), which might facilitate the easier binding of inhibitors
within the hCA VII active site. The observation that Lys93 could
be involved in a possible additional hydrogen bond for the hCA
VII adducts of these inhibitors might be extended also to the other



Figure 3. Stereo stick representation of the superposition of hCA I (pink), hCA II (green), hCA III (yellow), hCA VII (wheat), and hCA XIII (purple) active sites complexed with
(A) 1, (B) 2, (C) AAZ, (D) MZA, and (E) DCP. The active-site zinc is depicted as a gray sphere. Amino acids positions are labeled using hCA II numbering. Figure made using
PyMOL (DeLano Scientific).
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compounds studied, such as AAZ, MZA, DCP. This fact was corrob-
orated by the lower KIs measured for these sulfonamides against
this isoform (compared to hCA I, II, III and XIII), which is the most
inhibited by sulfonamides among all the cytosolic CAs (Table 1).

Excluding the poor inhibition of hCA III observed for all studied
compounds, DCP showed the weakest inhibition against hCA I
among the other cytosolic isoforms (Table 1). This is the only inhib-
itor used in the present studies bearing two sulfonamide moieties,
and its X-ray structure in complex with hCA II was reported earlier
by one of our groups.24b In the case of hCA I, the residues closest to
the second sulfonamide moiety of DCP were His200 and Val62
(Fig. 3), which correspond to Thr202 and Asn62 in case of hCA II.
The presence of the sulfonamide group close to His200 may result
in charge repulsions, leading to the observed weaker inhibition of
DCP against hCA I (Table 1). On the other hand, the presence of
Asn62 in case of hCA II (which is highly polar and flexible), can sta-
bilize interactions with a sulfonamide group close to it, thus mak-
ing DCP a rather potent inhibitor for hCA II, hCA VII and hCA XIII
(compared to hCA I and III). The presence of the bulky side chain
residue His200 in the hCA I active site also leads to a 20 fold de-
crease in inhibition with AAZ compared to hCA II. However in case
of the MZA–hCA I complex, the presence of the additional methyl
group of the inhibitor in the hydrophobic pocket makes it a better
inhibitor of hCA I compared AAZ. Collectively these results help us
understand the affinity/selectivity of different sulfonamide
inhibitors towards the cytosolic CA isoforms, which show a great



S. Biswas et al. / Bioorg. Med. Chem. 19 (2011) 3732–3738 3737
variation in their inhibition profile for this class of pharmacologi-
cally important compounds, even in the presence of minimal struc-
tural changes of inhibitors, such as; the comparison of 1 having a
better KI than 2 for all the CA isoforms tested, and MZA exhibiting
selectivity over AAZ only for hCA I (Fig. 3).

3. Conclusions

The X-ray crystal structure of the adducts of hCA II complexed
with two aromatic sulfonamides incorporating 2-thienylacetamido
moieties is reported here. The two inhibitors only differ by the
presence of an additional 3-fluoro substituent on the 4-amino-ben-
zenesulfonamide scaffold of one of them, but their inhibition pro-
files against the cytosolic isoforms hCA I, II, III, VII and XIII are quite
different. These differences were rationalized based on the ob-
tained X-ray crystal structures, including in the comparison other
sulfonamide CA inhibitors with clinical applications, such as AAZ,
MZA and DCP. Specific interactions between the structurally differ-
ent inhibitors and amino acid residues present only in some of
these isoforms have been shown, which explain the high affinity
of the 2-thienylacetamido benzenesulfonamides for some pharma-
cologically relevant CAs such as isoforms II and VII, and might be
useful for the drug design of isoform-selective sulfonamide inhib-
itors of various CAs.

4. Experimental

4.1. Chemistry and CA inhibition

Sulfonamides used in this work were reported earlier (1 and
2)13 or are commercially available from Sigma-Aldrich (Milan,
Italy). An Applied Photophysics stopped-flow instrument has been
used for assaying the CA catalysed CO2 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 20 mM
Hepes (pH 7.5) as buffer, and 20 mM Na2SO4 (for maintaining con-
stant the ionic strength), following the initial rates of the CA-cata-
lyzed CO2 hydration reaction for a period of 10–100 s. The CO2

concentrations ranged from 1.7 to 17 mM for the determination
of the kinetic parameters and inhibition constants. For each inhib-
itor 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 to-
tal observed rates. Stock solutions of inhibitor (0.1 mM) were pre-
pared in distilled-deionized water 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, in order to allow for the forma-
tion of the E–I complex. The inhibition constants were obtained
by non-linear least-squares methods using PRISM 3, as reported ear-
lier,13 and represent the mean from at least three different deter-
minations. CA isoforms were recombinant ones obtained in
house as reported earlier.7–10,13

4.2. X-ray crystal structure determination

hCA II was purified to electrophoretic homogeneity according to
previously described protocol.3 Co-crystals of the hCA II – 1, – 2
complexes were obtained using the hanging drop vapor diffusion
method.25 Drops of 5 lL (0.5 mM hCA II; 1 mM compound; 0.1% di-
methyl sulfoxide (DMSO); 0.8 M Sodium Citrate; 50 mM Tris–HCl;
pH 8.0) were equilibrated against 1 ml precipitant solution (1.6 M
sodium citrate; 50 mM Tris–HCl; pH 8.0) at room temperature
(�20 �C). Prior to collecting X-ray diffraction datasets, the crystal
were cryoprotected using 25% glycerol in the precipitant solution
containing 2 mM drug solution and flash cooled in gaseous nitro-
gen stream. Data were collected at 100 K using a R-AXIS IV++ image
plate (IP) system with OsmicVarimax optics and a Rigaku RU-H3R
Cu rotating anode operating at 50 kV and 22 mA. The crystal to IP
distance was 76 mm in case of compound 1 and 80 mm in case of
compound 2. The oscillation steps were 1� with 5 min exposure per
image. Indexing, integration and scaling were performed using
HKL2000.26

The structures of hCAII bound to compound 1 and 2 were solved
by using hCAII as a model (PDB accession code 2ILI).2d Initial phases
were obtained by molecular substitution using PHASER in ccp4
suite.27 Refinement proceeded with 5% of the data allocated for Rfree

calculations using PHENIX version 1.7.28 The ligand coordinates
were generated using eLBOW in PHENIX and subsequently
merged using Coot.29 After several cycles of refinement alternated
with manual refitting of the model and solvent placement the
models converged. The validity of the final model was assessed
by PROCHECK.30 Complete refinement statistics are included in
Table 2.

4.3. Structure–activity relationship and alignment of different
CA isoforms

The hCA I (PDB accession number 3LXE),31 VII (PDB accession
number 3ML5)23 and XIII (PDB accession number 3CZV)24a coordi-
nates were superimposed onto hCA II complexed with compounds
1, 2, AAZ, MZA and DCP. The align option in PyMOL was used to
superimpose different CA isoform structures. This feature in Py-
MOL calculates the RMSD values for different superimposed struc-
tures and makes a best possible alignment of them. In case of
compounds 1 and 2 the hCAII structure reported here was used
as a reference structure and various CA isoform structures without
ligands were superimposed onto them. Similarly the hCAII struc-
ture in complex with DCP (2POU) was used as a reference structure
to generate Figure 3E. In case of AAZ and MZA, hCA VII structure
(3ML5) and hCAI (1BZM), respectively, were used as the reference,
all other unliganded forms of CA were used as the moving struc-
tures for superposition. After aligning the structures in PyMOL
the active site residues were highlighted and shown in stick form
(Fig. 3). The differences in amino acids at various inhibitor-interac-
tion regions was also analyzed using the SSM superpose option in
Coot.29 The figures were made using PyMOL.32
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