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Carbonic anhydrase inhibitors: X-ray crystallographic studies
for the binding of 5-amino-1,3,4-thiadiazole-2-sulfonamide
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Abstract—The X-ray crystal structures of 5-amino-1,3,4-thiadiazole-2-sulfonamide (the acetazolamide precursor) and 5-(4-amino-3-
chloro-5-fluorophenylsulfonamido)-1,3,4-thiadiazole-2-sulfonamide in complex with the human isozyme II of carbonic anhydrase
(CA, EC 4.2.1.1) are reported. The thiadiazole-sulfonamide moiety of the two compounds binds in the canonic manner to the zinc
ion and interacts with Thr199, Glu106, and Thr200. The substituted phenyl tail of the second inhibitor was positioned in the hydro-
phobic part of the binding pocket, at van der Waals distance from Phe131, Val 135, Val141, Leu198, Pro202, and Leu204. These
structures may help in the design of better inhibitors of these widespread zinc-containing enzymes.
� 2006 Elsevier Ltd. All rights reserved.
The metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1)
catalyzes a very simple but critically important physiolog-
ical reaction: the interconversion between carbon diox-
ide, generated in huge amounts in all metabolic
processes, and the bicarbonate ion.1–6 Inhibitors of these
zinc-containing enzymes show a multitude of applica-
tions as diuretic, antiglaucoma, antiobesity or antitumor
drugs, being also used as diagnostic tools.1–6 Various CA
isoforms are responsible for specific physiological func-
tions, and drugs with such a diversity of actions target dif-
ferent isozymes of the 15 presently known in humans.2–6

In all of them, the inhibitor is bound as anion to the cat-
alytically critical Zn2+ ion, also participating in extensive
hydrogen bond networks and van der Waals interactions
with amino acid residues both in the hydrophobic and
hydrophilic halves of the enzyme active site, as shown
by X-ray crystallographic studies of such enzyme–inhibi-
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tor complexes.7–14 Among the three main classes of po-
tent CA inhibitors (CAIs) described up to now, the
sulfonamides, the sulfamates, and the sulfamides, the first
one is the most investigated, since classical, clinically used
drugs such as acetazolamide 1, methazolamide 2, ethox-
zolamide 3, dichlorophenamide 4, dorzolamide 5, and
brinzolamide 6 all belong to it.1–6 X-ray crystal stuctures
are available for adducts of several isozymes (i.e., CA I, II,
IV, V, XII, and XIV)7–14 mostly with sulfonamides, with
several sulfamates and few sulfamides.10

Novel sulfonamide derivatives are thus constantly syn-
thesized and investigated as inhibitors of various CA en-
zymes (from vertebrates or other organisms) in the
search of compounds with selectivity for some of the
many physiologically relevant isoforms, or for new
applications, since the clinically used drugs 1–6 unselec-
tively inhibit many CA isozymes and as a consequence,
show many undesired side effects.1–6 For example, a
fluorescent sulfonamide recently reported by our group
is in clinical development as a diagnostic agent, allowing
the imaging of acute hypoxic tumors which are non-re-
sponsive to classical chemo- and radio-therapy.7,15
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Benzolamide 7, an orphan drug16,17 behaving as a very
potent CAI, although quite similar structurally with
acetazolamide, 1, the CAI par excellence,1 possesses dif-
ferent physico-chemical properties, due to the presence
of the second, highly acidic (pKa of 3.4)17 sulfonamide
moiety in its molecule. In consequence, 7 is much more
polar than 1, does not possess antiglaucoma properties
when given systemically (in contrast to acetazolamide
or methazolamide), and to a certain extent, crosses bio-
logical membranes much more difficultly as compared to
other CAIs in clinical use.1,16,17 However, benzolamide 7
was very much used as a lead molecule for the design of
diverse CAIs,16,18,19 since the X-ray crystal structures of
some of its derivatives with CA II12,20 showed very
favorable binding between the enzyme and inhibitor.
The modifications of the molecule needed to ‘correct’
some of its physico-chemical properties were those
regarding its too hydrophilic character and lack of
water/lipid solubility. Indeed, some benzolamide deriva-
tives reported by this group, which incorporated poly-
halogenophenylsulfonamide moieties instead of the
phenylsufonamide one of 7, of types 8 and 9 among oth-
ers,19,21 were shown to generally maintain the excellent
inhibitory properties of the lead compound 7, but also
to possess much higher solubility both in water as well
as organic solvents (due to the presence of the halogen
atoms in their molecules) as well as excellent penetrabil-
ity through biological membranes. Some of these com-
pounds (such as 8)19 were shown to act as excellent
inhibitors of isoforms CA II and IV (involved in glauco-
magenesis) and to possess topical activity as antiglauco-
ma agents in an animal model of the disease, whereas
others, among which 9, were shown to strongly inhibit
the tumor-associated transmembrane isoform CA IX
(in addition to CA I and II, the classical, cytosolic iso-
forms).21 In order to better understand the interactions
between such potent CAIs and the enzyme at molecular
level, which might be quite useful for the design of com-
pounds with improved pharmacological properties, we
investigated by means of X-ray crystallography the
binding of derivatives 8 and 9 to the widespread, physi-
ologically most important isoform of CA, that is, hCA
II (h means enzyme of human origin).

The crystallographic structures of adducts of these two
compounds with hCA II were solved by difference
Fourier techniques, the crystals being isomorphous with
those of the native protein.22 The crystallographic R-fac-
tor and R-free, calculated in the 20.00–1.55 Å resolution
range for the structure of the hCA II–8, were 0.194 and
0.215, respectively, while the last refinement cycle of the
hCA II–9 structure yielded a R-factor of 0.184 and a
R-free of 0.223, calculated in the 20.00–2.10 Å resolu-
tion range. For both structures, 100% of the non-glycine
residues were located in the allowed regions of the
Ramachandran plot. The statistics for data collection
and refinement are summarized in Table 1.

The superimposition of all the Ca atoms of the hCA II
proteins in the two adducts with those of the protein in
the unbound form (PDB code 1CA2)22 yielded to
r.m.s.d. values of 0.35 and 0.36 Å, respectively. According



Figure 1. Active site region in the hCA II–10 complex. The inhibitor is

shown associated with simulated annealing omit |2Fo � Fc| electron

density map,25 computed at 1.55 Å and contoured at 1.0r.

Table 1. Crystal parameters, data-collection and refinement statistics

for the hCA II–10 and hCA II–9 complexes

hCA II–10 hCA II–9

Crystal parameters

Space group P21 P21

Unit-cell parameters (Å,�) a = 42.11 a = 42.10

b = 41.31 b = 41.40

c = 71.89 c = 71.73

b = 104.35 b = 104.31

Data collection statistics

Resolution range (Å) 20.00–1.55 20.00–2.10

Temperature (K) 100 100

Total reflections 85,927 38,885

Unique reflections 34,175 12,269

Completeness (%) 97.8 (86.0) 87.0 (75.6)

R-sym* 0.048 (=0.164) 0.080 (0.236)

Mean I/sigma(I) 15.8 (5.52) 13.4 (4.85)

Refinement statistics

Resolution range (Å) 20.00–1.55 20.00–2.10

R-factor** (%) 0.194 0.184

R-free** (%) 0.215 0.223

r.m.s.d. from ideal geometry

Bond lengths (Å) 0.007 0.009

Bond angles (�) 1.4 1.3

Number of protein atoms 2049 2059

Number of inhibitor atoms 10 44

Number of water molecules 198 161

Average B factor 13.7 18.9

Values in parentheses refer to the highest resolution shell.
* Rsym =

P
|Ii � hIi|/

P
Ii; over all reflections.

** Rfactor =
P

|Fo � Fc|/
P

Fo; Rfree calculated with 5% of data withheld

from refinement.
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to these values, the three-dimensional structure of the
hCA II molecule within both complexes was very similar
to that observed in the unbound enzyme and in other hCA
II–inhibitor complexes reported to date.3,4

Inspection of the electron density maps around the cat-
alytic site in the hCA II–8 structure clearly showed the
presence of one inhibitor molecule bound within the ac-
tive site. However, already from the first stage of the
refinement the shape of the electron density around
the inhibitor did not appear compatible with its chemi-
cal structure. In particular, no electron density was ob-
served for the 2,3,5,6-tetrafluorophenylsulfonyl moiety,
suggesting a cleavage of the secondary sulfonamide
bond present in 8. The structure of the species formed
after the release of the 2,3,5,6-tetrafluorophenylsulfonyl
group, that is, 5-amino-1,3,4-thiadiazole-2-sulfonamide
10, perfectly fitted the shape of the electron density
(Fig. 1). In fact, we obtained the high resolution X-ray
crystal structure of the adduct of hCA II with 10, and
not with 8. In this structure, the tetrahedral geometry
of the Zn2+ binding site and the key hydrogen bonds be-
tween the sulfonamide moiety of the inhibitor 10 and the
enzyme active site were all retained with respect to other
hCA II–sulfonamide complexes solved so far.1–3 Thus,
the ionized sulfonamide moiety displaced the hydroxyl
ion/water molecule present in the native enzyme, coordi-
nating the zinc ion through its nitrogen atom (2.00 Å).
This nitrogen atom was also involved in a hydrogen
bond with the hydroxyl group of Thr199 (2.72 Å), which
in turn accepted a hydrogen bond from Glu106OE1
atom (2.58 Å). One sulfonamide oxygen formed a
hydrogen bond with the backbone NH moiety of
Thr199 (2.96 Å), while the other one was semi-coordi-
nated to the Zn2+ ion (3.05 Å). The thiadiazole ring
was located in the active site channel where it was in-
volved in several van der Waals interactions with the
side chains of residues Gln92, Val121, Phe131, Leu198,
Thr199, and Thr200. One nitrogen of the heterocyclic
ring participated in a hydrogen bond with the hydroxyl
group of Thr200 (2.87 Å) and the other one was bound
to a water molecule by means of another hydrogen bond
(2.87 Å). The exocyclic nitrogen atom was hydrogen
bonded to two water molecules (3.01 and 3.28 Å, respec-
tively), while other water molecules and one glycerol
molecule filled the active site pocket of the protein.
The main protein–inhibitor interactions are schematical-
ly shown in Figure 1.

The analysis of the structure of the hCA II–9 adduct
clearly showed the presence of one inhibitor molecule
in the active site, which in this case was entirely defined
by the electron density map, indicating that the inhibitor
was not hydrolyzed. A second molecule of inhibitor 9,
with an occupancy factor of 0.8, was found in the region
close to residue Cys206 (outside the active site), stabi-
lized by a face-to-face stacking interaction between its
substituted-phenyl ring and the benzene ring of the
4-(hydroxymercury)benzoic acid, a compound usually
used in the crystallization solution for enhancing the
quality of the crystals, which is covalently bound to
Cys206.7–14 This crystallographic artifact did not affect
the binding mode of compound 9 within the enzyme
active site, since this second molecule was located on
the surface of the protein, far away of the catalytic site
(data not shown).

The inhibitor 9 (situated within the active site) presented
all the interactions generally observed in the complexes
of hCA II with sulfonamides and sulfamates.1–3 The
main protein–inhibitor interactions are schematically
depicted in Figure 2. In particular, the deprotonated
primary sulfonamide nitrogen atom coordinated the
Zn2+ ion (1.98 Å) and was involved in a hydrogen bond



Figure 2. Active site region in the hCA II–9 complex. The inhibitor is

shown associated with simulated annealing omit |2Fo � Fc| electron

density map,25 computed at 2.10 Å and contoured at 1.0r.
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with the side-chain oxygen of Thr199 (2.64 Å), which
was also hydrogen bonded to the Glu106OE1 atom
(2.40 Å). One oxygen of the primary sulfamoyl moiety
also accepted a hydrogen bond from the backbone
NH of Thr199 (2.88 Å), while the other one was
2.98 Å away from the catalytic Zn2+ ion. The tetrahe-
dral coordination site of the Zn2+ ion was completed
by the imidazolic nitrogens of His94, His96, and
His119. Several polar and hydrophobic interactions sta-
bilized the organic scaffold of the inhibitor 9 within the
enzyme active site. In particular, the thiadiazole ring was
located in the active site channel where it established
several van der Waals interactions with side chains of
residues Gln92, Val121, Phe131, Leu198, Thr199, and-
Thr200, and it was hydrogen bonded with one of its
nitrogen atoms to the hydroxyl group of Thr200
(3.19 Å), similar to the derivative 10 discussed above.
One oxygen of the secondary sulfonamide moiety made
a hydrogen bond with a water molecule (3.25 Å), while
the second one was hydrogen bonded to an oxygen of
one glycerol molecule (2.70 Å), which in turn was
stabilized by hydrogen bond interactions with the side
chain of Gln92 and Asn67, two residues located toward
the entrance of the enzyme active site. Finally the
substituted phenyl tail of 9 was positioned in the hydro-
phobic part of the binding pocket, at van der Waals dis-
tance from residues Phe131, Val135, Val141, Leu198,
Pro202, and Leu204 (all of them known to be important
for their interaction with other thiadiazolesulfonamide
derivatives complexed with hCA II).1,3,12,20

Although 8 and 9 have quite similar structures (being
halogeno-substituted benzolamides) and the arrange-
ment of their thiadiazolyl-sulfonamide moieties within
the active site of the enzyme is very similar, the chemical
behavior of the two molecules as evidenced by these
studies is substantially different. Compound 8 was found
in the active site in the hydrolyzed form, the electron
density maps being defined for its precursor, 10, that
is, 5-amino-1,3,4-thiadiazole-2-sulfonamide. It is inter-
esting to note that although 10 is the precursor of the
most investigated and used CAI, acetazolamide 1, its
complexes with CA isozymes have never been investigat-
ed up to now by means of X-ray crystallography. In-
deed, compound 10 is a rather weak CA II inhibitor
(KI of 60 nM) as compared to acetazolamide 1 (KI of
12 nM) or the derivative 9 (KI of 0.3 nM).1,21 On the
other hand, 9 is entirely defined by the electron density
maps. This can be ascribed to the different substitution
pattern of the phenylsulfonamide moiety in compounds
8 and 9, which affects the polarization of the sulfur–
nitrogen bond of the secondary sulfonamide moiety.
In particular, the inductive effect due to the four highly
electronegative fluorine atoms on the phenyl ring (com-
pound 8) makes the sulfur atom much more susceptible
to nucleophilic attack and ultimately to hydrolysis. The
inductive effect due to the two halogen atoms in com-
pound 9 is probably less intense, and it is counteracted
by the electron-donating resonance effect of the amino
group in the para position. This makes 9 unsusceptible
to hydrolysis. Indeed, although 8 and its congeners were
very effective and pharmacologically appropriate CAIs
for a putative use as topically acting antiglaucoma
drugs, they were not developed clinically due to their
lack of stability, and hydrolysis after several days/weeks
in solution.19 On the contrary, compounds possessing
the substitution pattern present in 9 (i.e., a 4-amino
group and only one or two halogen atoms) are not sen-
sitive to hydrolysis, making them much more appropri-
ate for various pharmacological applications.21,23
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