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Carbonic Anhydrase Inhibitors: Stacking with Phel31 Determines Active Site
Binding Region of Inhibitors As Exemplified by the X-ray Crystal Structure of a
Membrane-Impermeant Antitumor Sulfonamide Complexed with Isozyme II
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Structure for the adduct of carbonic anhydrase II with 1-N-(4-sulfamoylphenyl-ethyl)-2,4,6-
trimethylpyridinium perchlorate, a membrane-impermeant antitumor sulfonamide, is reported.
The phenylethyl moiety fills the active site, making van der Waals interactions with side chains
of GIn192, Vall121, Phel131, Leul98, Thr200. The 2,4,6-trimethylpyridinium functionality is at
van der Waals distance from the aliphatic chain of Ile91 being involved in strong offset face-
to-face stacking with Phel31. Analyzing X-ray crystal structures of such adducts, two binding
modes were observed: some inhibitors bind with their tail within the hydrophobic half of the
active site, defined by residues Phel31, Val135, Leul98, Pro202, Leu204. Other derivatives
bind with their tail in a different region, pointing toward the hydrophilic half and making
strong parallel stacking with Phel31. This interaction orients the inhibitor toward the
hydrophilic part of the active site. Impossibility to participate in it leads to its binding within
the hydrophobic half. Such findings are relevant for designing better inhibitors targeting
isozymes II, IX, and XII, some of which are overexpressed in hypoxic tumors.

Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1)173 consti-
tute interesting targets for the design of pharmacologi-
cal agents useful in the treatment or prevention of a
variety of disorders such as glaucoma,* 7 acid—base
disequilibria,® epilepsy®!® and other neuromuscular
diseases,!! altitude sickness,!? edema,!3 and obesity.1415
A quite new and unexpected application of the CA
inhibitors (CAIs) regards their potential use in the
management (imaging and treatment) of hypoxic tu-
mors,!6 since at least two CA isozymes, i.e., CA IX and
XTI, of the 15 presently known in humans are predomi-
nantly found in tumor cells and lack (or are present in
very limited amount) in normal tissues.!’"1° The in-
volvement of these enzymes, which catalyze the simplest
physiological reaction, COs hydration to bicarbonate and
a proton, in many physiological/pathological processes
as well as the fact that generally different isoforms of
the 15 mentioned above are involved in such particular
processes allows for the development of diverse medici-
nal chemistry applications of their inhibitors.” Thus, as
mentioned above, CA IX and XII are the targets for the
development of novel antitumor therapies,>20-21 CA II
and XII for the development of antiglaucoma drugs,>%
CA Va and CA Vb for the design of new antiobesity
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agents,?2 and CA VII for the development of anticon-
vulsant/antiepileptic drugs,'® whereas nonvertebrate
CAs, such as for example the o-CA present in Plasmo-
dium falciparum, may lead to novel types of antimalaria
drugs,?® and the -CAs from Mycobacterium tuberculosis
may lead to antimycobacterial agents of new genera-
tion,%* to cite only the most important isozymes inves-
tigated ultimately for drug design purposes.

Most of the potent CAls investigated up to now are
constituted of an aromatic/heterocyclic sulfonamide” or
sulfamatel® scaffold, to which tails that induce water
solubility (or other desired physicochemical properties)
are attached. Compounds incorporating other zinc-
binding groups have also been investigated.?

These derivatives directly bind by means of the
deprotonated sulfonamide/sulfamate moiety to the cata-
lytically critical Zn(II) ion of the enzyme active site, also
participating in a multitude of polar and hydrophobic
interactions with amino acid residues of the cavity.
Typically, clinically used sulfonamide/sulfamate CAls
show potencies in the low nanomolar range against the
physiologically relevant isozymes, such as CA I, II, V,
and IX."15 X-ray crystal structures are available for
many adducts of pharmacologically relevant inhibitors
mainly with isozymes I, II, and IV.25-3% Among such
compounds recently investigated in some detail by this
group are the topically acting antiglaucoma derivatives
1-3,303133 the sulfamate EMATE 4, also acting as
steroid sulfatase inhibitor,3® topiramate 5, an antiepi-
leptic widely used clinically,® the antitumor drug
indisulam (E7070) 6 (in phase II clinical trials),?” the
antipsychotic sulpiride 7,35 the COX-2 selective inhibitor
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celecoxib 8,28 or the fluorine-containing thiourea 9 also
showing good inhibition of the tumor-associated isozyme
IX (Chart 1).3° For all these compounds, the X-ray
structures in complexes with the physiologically most
relevant isozyme, CA II, have been reported at a good
resolution (between 1. 50 and 2.10 A) providing impor-
tant information on the binding modes of these mol-
ecules within the enzyme active. In particular, the
aromatic/heteroaromatic sulfonamide/sulfamate moiety
of all these inhibitors occupies the same position within
the hCA 1II active site, making several van der Waals
interactions with the side chains of GIn92, Vall21,
Phel31, Leul98, and Thr200, in addition to the Zn(II)
coordination by means of the sulfonamide/sulfamate
nitrogen atom, and participation of the zinc anchor
moiety to a network of hydrogen bonds involving the
gate-keeper?® residues Thr199 and Glul06. In contrast,
two different orientations of the tails used to function-
alize these molecules may occur within the enzyme
active site: (i) the tails of some inhibitors, such as 2, 3,
4, and 9, bind within the hydrophobic half of the CA II
active site,2> 27 making favorable and extensive van der
Waals interactions with amino acid residues present
there (such as Phel31, Val135, Leul98, Pro202, Leu204);
(i1) the tails of some other derivatives, such as 1, 6, and
7, present a different orientation, pointing toward the
hydrophilic half of the CA II active site defined by
residues Asn62, His64, Asn67, and GIn92 and making
a strong parallel stacking interaction with Phe131.30-38
A third type of binding has been observed for topiramate
5 and celecoxib 8, as these compounds practically
completely fill the entire CA II active site, due to their
quite bulky scaffold,?® but no detailed discussion will
be made here on this kind of molecules. Thus, an
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important question has arisen during these studies:
what are the factors that influence the orientation of
an inhibitor when bound to the enzyme active site
toward the hydrophobic or hydrophilic part of it? This
question is particularly relevant for the design of
isozyme-selective CAls, mainly targeting the cancer-
associated isozymes CA IX and XII, which possess
several different amino acid residues as compared to CA
II just among the ones involved in the binding of
inhibitors, such as for example 131 (which is Phe in CA
II, Val in CA IX, and Ala in CA XII).3° Here we report
the X-ray crystal structure of the adduct of a positively
charged, membrane-impermeant sulfonamide3°~42 CAI,
1-N-(4-sulfamoylphenyl-ethyl)-2,4,6-trimethylpyridini-
um perchlorate 10, with the human isozyme hCA II.
This structure may shed some light both in understand-
ing the binding mode of inhibitors within the CA II
active site as well as for the design of better, isozyme-
selective compounds targeting the tumor-associated
isozyme CA IX, since 10 has recently been shown to
diminish in vitro the acidification of hypoxic tumors
overexpressing this isozyme and may thus constitute
an interesting lead for designing antitumor sulfona-
mides with enhanced activity.!®

Results and Discussion

Chemistry and CA inhibition. The positively
charged sulfonamide 10 has been prepared by using
pyrylium salts chemistry as reported earlier.394445
Inhibition data with derivatives 1—10 against the
physiologically relevant isozymes hCA II and hCA IX
are shown in Table 1.46

It has previously been shown by our group that the
only approach for achieving membrane impermeability



Carbonic Anhydrase Inhibitors

Table 1. HCA II and IX Inhibition Data with Compounds
1-10
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Table 2. Data Collection and Refinement Statistics of the hCA
1I-10 Adduct

Ki* (nM)
compound hCA II® hCA IX¢
1 1.5 29
2 5.0 18
3 14 16
4 10 30
5 5.0 58
6 15 24
7 40 31
8 21 16
9 19 15
10 21 14

@ Mean value from three different determinations (errors were
in the range of £5% of the reported values). ® Human cloned
isozyme. ¢ Catalytic domain of the human recombinant isozyme.

with low molecular weight compounds is the design of
positively charged CAlIs, which being permanently
charged are restricted to the extracellular space.39~45
Tetraalkylammonium-substituted compounds or pyri-
dinium derivatives, of which 10 is a representative, are
membrane-impermeant and thus selectively inhibit only
CA isozymes present in the extracellular space, such
as the tumor-associated isozymes CA IX and XII.39:43
In addition, by making use of the versatile chemistry
of pyrylium salts,** such pyridinium derivatives may
easily be synthesized bearing a varied range of substi-
tution patterns at the pyridinium ring.#9~45 Indeed,
many representatives of such classes have been reported
in recent years, showing that such compounds may lead
to effective inhibitors of isozymes CA II, IV, and IX.40-45
Although isozyme-selective compounds have not been
detected, in vivo or ex vivo, it has been demonstrated
that such derivatives inhibit only the extracellular CA
isozymes.40~45 This was particularly useful for experi-
ments done with the tumor-associated isozyme CA IX:
recently it has been demonstrated, by using the pyri-
dinium derivative 10, that CA IX is involved in acidi-
fication of hypoxic tumors, and that this process may
be reverted by inhibiting the enzyme.!6 Indeed, as seen
from data of Table 1, 10 is a potent CA IX inhibitor,
with an inhibition constant of 14 nM, but it also acts as
a strong inhibitor of the cytosolic, physiologically rel-
evant isozyme CA II (K1 of 21 nM). However, in vivo,
due to the membrane impermeability of 10, it is prob-
able that the selective inhibition of the membrane-
associated isozymes is achieved, without appreciable
inhibition of the cytosolic isozyme CA II. This has
previously been demonstrated in several models by us,
both for in vivo as well as ex vivo experiments*0~%3 and
would confer a restricted number of side effects to
potential drugs of this type. Indeed, in tumor cell
cultures, compound 10 appreciably inhibited the tumor
acidification produced by CA IX, and preliminary in vivo
data show it to possess the same type of effect in vivo
after ip administration in rats (unpublished results from
this laboratory). Due to the salt-like character and
membrane impermeability of this compound, it is im-
probable that it would be administered per os, and the
parenteral administration would be necessary, similarly
to that of other antitumor drugs, such as E7070 6.16:37

Data of Table 1 also show that the other sulfonamides/
sulfamates discussed here act as effective inhibitors of
both isozymes of interest, with inhibition constants in

Data Collection Statistics (20.00—2.00 A)
temperature (K) 100

total reflections 96668
unique reflections 16435
completeness (%)
overall 91.1
outermost data shell 60.1
Rsyma
overall 0.067
outermost data shell 0.16
mean I/o(I)
overall 16.3
outermost data shell 5.3
Refinement Statistics (20.00—2.00 A)
R-factor® (%) 20.4
R-free® (%) 25.1
rmsd from ideal geometry:
bond lengths (A) 0.007
bond angles (deg) 1.85
number of protein atoms 2060
number of water molecules 198
average B factor (A2%) 17.85

@ Reym = 2|I; — UO|/ZL; over all reflections. ® R-factor= S|F, —
F|/ZF,; R-free calculated with 10% of data withheld from refine-
ment.

the range of 1.4—40 nM against hCA II, and 14—58 nM
against hCA IX, respectively. Usually hCA II shows a
higher affinity for most of these inhibitors as compared
to hCA IX, the only exceptions being celecoxib 8, the
thiourea 9, and the pyridinium derivative 10, which all
act as better hCA IX than hCA II inhibitors. These
results may be explained as due to the quite high
similarity between active sites of the two isozymes (the
X-ray crystal structure of hCA IX was not reported, so
that the sequence homology between the two isozymes
is being considered in the following discussion). Indeed,
the architecture of the two active sites seems to be quite
similar, as the catalytically relevant residues involved
in Zn(II) coordination (His94, His96, and His119), the
gate-keeper residues (Thr199 and Glul06), and the
proton shuttle (His64) are identical in the two iso-
zymes.2639 However, some residues involved in inhibitor
binding, such as 131, which is Phe in CA II and Val in
CA IX, are different and may explain the differences in
inhibitor binding reported in Table 1. Such differences
may also lead to the design of inhibitors with a certain
degree of selectivity for one of these isozymes.®

X-ray Crystallography. The binding mode of 10 to
hCA II was analyzed by determining the crystal-
lographic structure of the protein—inhibitor complex.
Crystals of the adduct were isomorphous with those of
the native protein,26 allowing for the determination of
the crystallographic structure by difference Fourier
techniques. The model was refined using the CNS
program*’ to crystallographic R-factor and R-free values
of 0.204 and 0.251, respectively. The statistics for data
collection and refinement are shown in Table 2.

The overall quality of the model was high, with 98.6%
of the nonglycine residues located in the allowed regions
of the Ramachandran plot (data not shown). The
analysis of the electron density maps around the
catalytic site allowed placement of one inhibitor mol-
ecule in the active site of the enzyme. The topology of
the inhibitor binding within the active site is shown in
Figure 1.
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Figure 1. Ribbon diagram of the hCA II-10 complex. The
inhibitor, metal coordinating residues H94, H96, H119, and
the zinc ion are represented in ball-and-stick.

The structure of the enzyme was not affected by
binding of the inhibitor, as shown by the rmsd calcu-
lated over all the Ca atoms between the hCA II-10
complex and the unbound enzyme?® (rmsd 0.35 A).
Clear electron density was visible for the entire inhibitor
(Figure 2) and the protein, except for the first two
N-terminal residues. Structural analysis revealed that

Thr199

Menchise et al.

the tetrahedral geometry of the Zn?" binding site and
the key hydrogen bonds between the sulfonamide
moiety of the inhibitor and enzyme active site are all
retained with respect to other hCA II—sulfonamide
complexes for which X-ray structures have been re-
ported”15 (Figure 3). In particular, the ionized nitrogen
atom of the sulfonamide is coordinated to the zinc ion
(2.03 A), displacing the hydroxyl ion/water molecule
found in the native enzyme.26® The zinc coordination
sphere is completed by the imidazolic nitrogens of His94
(2.02 A), His96 (1.96 A), and His119 (2.09 A). The
sulfonamide nitrogen is also involved in a hydrogen
bond with the hydroxyl group of Thr199 (2.71 A), which
in turn interacts with the Glul060E1 atom (2.55 A).
The sulfonamide oxygen O1 accepts a hydrogen bond
from the backbone NH moiety of Thr199 (2.79 A), while
02 is 2.91 A away from the zinc ion, weakly contributing
to its coordination site. The phenylethyl moiety fills the
active site channel of the enzyme, making various van
der Waals interactions (distance < 4.5 A) with the side
chains of GIn92, Val121, Phel31, Leul98, and Thr200
(Figure 3). The 2,4,6-trimethylpyridinium functionality
is at van der Waals distance from the aliphatic chain
of I1e91 and is implicated in a strong offset face-to-face
stacking interaction with the Phel31 aromatic ring. Its
positively charged nitrogen is not involved in any direct
binding to the protein, but it is stabilized by several

Thr199

Figure 2. Simulated annealing omit |2F, — F.| electron density map, computed at 2.00 A, and contoured at 1.0 ¢ for the hCA
II-10 complex . The catalytic site region is shown. The inhibitor molecule is identified with the “I” label.

His

Figure 3. Stereoview of the active site region in the hCA II-10 complex showing the residues participating in recognition of the
inhibitor molecule, reported in magenta. Hydrogen bonds and the active site Zn(II) ion coordination are also shown (dotted lines).
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Phel31
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Vall2l

His94

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 18 5725

Phel31

Vall2l

His94

His119

Figure 4. Stereoview of the superimposition of hCA II—inhibitor adducts: 10 is reported in magenta, 1 in purple, 2 in dark-
green, 7 in cyan, and 9 in yellow. Amino acid residues critical for inhibitor recognition, the Zn(II) ion, and its three protein

ligands are also shown.

dipolar interactions with water molecules present in a
solvent channel located in the active site. The peculiar
interaction of the pyridinium moiety with Phel31 has
been observed only for the indisulam 6 and sulpiride
7%5 benzensulfonamide inhibitors and the thiadiazoline
sulfonamide inhibitor 1 up to now.31:34 In fact, in the
corresponding enzyme—inhibitor adducts the pentafluo-
rophenyl moiety of 1, the chloroindole moiety of 6, and
the N-ethylpyrrolidine moiety of 7 are also involved in
strong parallel stacking interactions with Phe131.313
In contrast, the tail used to functionalize the other
inhibitors discussed here, such as 2, 3, 4, or 9, were
found to be oriented toward the hydrophobic pocket of
hCA TI, formed by residues Phel31, Val135, Leul98,
Pro202, Leu204.30-32-34,36-38 The presence of the positive
charge on the pyridinium ring of 10 does not appear to
be correlated to its orientation, since the neutral tail
moieties of compounds 1, 6, and 7 are found in the same
position within the enzyme active site.31:3

A stereoview of the superimposition of the inhibitors
1,2,7,9, and 10 when bound to hCA II (Figure 4) helps
us to rationalize the different binding modes of CAIs to
the enzyme active site. The analysis of this structural
superimposition suggests that differences in the spatial
arrangement of these compounds are related to the
inhibitor length and the possibility to make an offset
face-to-face stacking with the phenyl moiety of Phel31.
In particular, inhibitors 1, 7, and 10 present an optimal
structure for establishing this very favorable parallel
stacking interaction with Phel31 aromatic moiety de-
scribed above, while the longer benzenesulfonamide
derivatives 2 and 9%%32 are only engaged in weaker
hydrophobic interactions in the opposite side of the
active site cleft. This behavior is quite well exemplified
by the highly different binding of 1 and 9. These
molecules, sharing the same pentafluorophenyl moiety,
assume an opposite orientation in the hCA II active site,
with the tail of 1 pointing toward the hydrophilic region,
and the tail of 9 lying in the hydrophobic half of the
active site, probably because of the difference in the
length of the molecular fragment connecting the sul-
fonamide and pentafluorophenyl moieties, and of the
possibility only of the CgF5 moiety of 1 to participate in
a favorable stacking with Phe131.

Conclusions

The X-ray crystal structure for the adduct of hCA II
with 1-N-(4-sulfamoylphenyl-ethyl)-2,4,6-trimethylpy-
ridinium perchlorate, a membrane-impermeant sulfona-
mide showing antitumor activity, is reported in this
paper. The sulfonamide nitrogen of the inhibitor is
coordinated to the zinc ion of the enzyme active site,
also being involved in a network of hydrogen bonds with
the gate-keeper residues Thr199 and Glul06. The
phenylethyl fragment makes various van der Waals
interactions with the side chains of GIn92, Vall21,
Phel31, Leul98, and Thr200. The 2,4,6-trimethylpyri-
dinium functionality is at van der Waals distance from
the aliphatic chain of I1e91 and is involved in a strong
parallel stacking interaction with the Phel31 aromatic
ring. Analysis of several other X-ray crystal structures
of hCA II-sulfonamide/sulfamate adducts led to the
proposal of two principal binding modes: some inhibi-
tors bind with their tail within the hydrophobic half of
the CA II active site, defined by amino acid residues
Phel31, Val135, Leul98, Pro202, Leu204. A second
group of derivatives, including the positively charged
sulfonamide investigated here, bind with their tail in a
different region of the active site, pointing toward the
hydrophilic half of it and making an offset face-to-face
stacking with Phe131. It appears that this last interac-
tion orients the inhibitor toward the hydrophilic part
of the active site, whereas impossibility to participate
in this stacking leads to the binding of inhibitors within
the hydrophobic half. These findings are relevant for
the design of better inhibitors targeting isozymes II, IX,
and XII, these being overexpressed in hypoxic tumors
and correlated with bad disease prognosis.

Experimental Section

Chemistry and CA Inhibition. The positively charged
sulfonamide 10 was prepared from 4-aminoethylbenzene-
sulfonamide (Sigma-Aldrich, Milan, Italy) and 2,4,6-trimeth-
ylpyrylium perchlorate** as reported earlier.*> Other inhibitors
were either commercially available (topiramate, celecoxib,
sulpiride) or were prepared as described in the previous
work.30-38 The recombinant CA isozymes investigated here
(hCA II and hCA IX) were obtained from the corresponding
¢DNAs by the procedure published earlier.?*3 Buffers and
inorganic reagents were of the highest purity, commercially
available compounds from Sigma-Aldrich (Milan, Italy).
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An SX.18MV-R Applied Photophysics stopped-flow instru-
ment has been used for assaying the CA-catalyzed CO
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 NaySO, (for maintaining constant the ionic strength),
following the CA-catalyzed CO; hydration reaction for a period
of 10—100 s. The COs 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-
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 performed 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 represent the mean from at least three different
determinations.*®

Crystallization, X-ray Data Collection, and Refine-
ment. The hCA II-10 complex was obtained by adding a 10-
molar excess of the inhibitor to a 10 mg/mL protein solution
in 100 mM Tris- HC] pH 8.5. Crystals of the complex were
obtained by the hanging drop vapor diffusion technique at 4.0
°C. The drop consisted of 2 uL of the complex solution and 2
uL of the precipitant solution containing 2.5 M (NH4)2SO4 in
100 mM Tris-HCI (pH 8.2) and 5 mM 4-(hydroxymercuryben-
zoate) to improve the crystal quality.

Data collection was carried out on a Nonius DIP2030
imaging plate using Cu Ka radiation and one crystal of
dimensions 0.3 mm x 0.3 mm x 0.5 mm. The crystal diffracted
up to 2.00 A resolution. Diffracted intensities were processed
using the hkl crystallographic data reduction package (Denzo/
Scalepack).*® A total of 96 668 reflections were measured (unit
cell parameters: ¢ = 42.17 A, b = 41.39 A, c = 72.04 A, and
p = 104.29°) and reduced to 16 435 unique reflections (como-
pleteness = 91.1%, R-sym = 6.7% in the 20.00—2.00 A
resolution range).

The structure of the complex was analyzed by difference
Fourier techniques, using the PDB file 1CA22% a5 a starting
model for refinement. Water molecules were removed from the
starting model prior to structure factor and phase calculations.
The crystallographic R-factor and R-free, calculated in the
20.00—2.00 A resolution range, based on the starting model
coordinates, were 0.308 and 0.350, respectively. Fourier maps
calculated with 3F, — 2F. and F, — F. coefficients showed
prominent electron density features in the active site region.
After an initial refinement, limited to the enzyme structure
(R-factor 0.229 and R-free 0.270), a model for the inhibitor was
easily built and introduced into the atomic coordinates set for
further refinement, which proceeded to convergence with
continuous map inspection and model updates. The refinement
was carried out with the program CNS*” while model building
and map inspections were performed using the program 0.4
The final crystallographic R-factor and R-free values calculated
for the 14 625 observed reflection (in the 20.00—2.00 A
resolution range) were 0.204 and 0.251, respectively. The
refined model included 2081 complex atoms, 21 atoms belong-
ing to the inhibitor, and 198 water molecules. The rms
deviations from ideal value of bond lengths and bond angles™
were 0.007 A and 1.85°, respectively. The average temperature
factor (B) for all atoms was 17.85 A2 The stereochemical
quality of the model was assessed by Procheck.’! The most
favored and additionally allowed regions of the Ramachandran
plot contained 98.6% of the nonglycine residues. The statistics
for refinement are summarized in Table 2. Coordinates and
structure factors have been deposited in the Brookhaven
Protein Data Bank (accession code 1ZES).
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