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The crystal structures of 2-(4-benzhydrylpiperazin-
1-yl)-N-(4-sulfamoylphenyl)acetamide in

complex with human carbonic anhydrase Il and

VIl provide insights into selective CA

inhibitor development
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2-(4-Benzhydrylpiperazin-1-yl)-N-(4-sulfamoylphenyl)acetamide is an effective human carbonic anhydrase
(hCA) inhibitor designed through the tail approach using the acetamide moiety as linker and the
benzhydrylpiperazine group as tail. Here we report the crystal structures of this compound in complex
both with the ubiquitous hCA Il and the brain-associated hCA VII, showing that in agreement with the
previously reported inhibition constants, the inhibitor is stabilized by a higher number of polar and
hydrophobic interactions in the active site of hCA VII compared to hCA Il. Results point out the
conformational flexibility of the linker and the tail length as fundamental features to establish significant
differences in the number of favorable enzyme/inhibitor interactions and consequently in the inhibition
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Introduction

Human carbonic anhydrases (hCAs, EC 4.2.1.1) are zinc-containing
enzymes, which catalyze a very simple reaction: the reversible
hydration of carbon dioxide to bicarbonate and proton ions." So
far, 15 different hCAs have been identified which differ in their
catalytic activity, subcellular localization and tissue distribution.
Among the 12 catalytically active isoforms, 5 are cytosolic (hCA I-III,
VII, and XIII), 4 are membrane-bound (hCA IV, IX, XII, and XIV), 2
are mitochondrial (hCA VA and VB), and 1 is secreted in milk and
saliva (hCA VI).>? All catalytically active hCAs share a common
three-dimensional structure characterized by a central B-sheet
surrounded by helical connections and additional p-strands, with
the active site located in a large conical cavity that spans from the
protein surface to the center of the molecule. This cavity is divided
into two very different environments: the first one is delimited by a
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selectivity against the two hCA isoforms.

cluster of hydrophobic amino acids which facilitate the binding of
the CO, substrate,*> while the other one consists of hydrophilic
residues which assist the catalytic reaction.®® The catalytic zinc ion
is located at the bottom of the active site cavity and is coordinated
by three conserved histidine residues and one water molecule/
hydroxide ion.

hCA VII is one of the least understood cytosolic isoforms.
This enzyme is mainly expressed in some brain tissues, such as
the cortex, hippocampus and thalamus regions.”*° It promotes
the neuronal excitation® establishing a GABAergic transmission
functionally excitatory, supplying the bicarbonate gradient that
results in the efflux of HCO;~ ions through GABA, receptors."’
Moreover, hCA VII has been proposed to play a role in the
control of neuropathic pain, thus suggesting that its inhibition
may represent a novel pharmacologic mechanism for the treat-
ment of this pathology."> Recently, a role for hCA VII reactive
cysteines towards oxidative insult has been proposed.”>™*

Three different classes of CA inhibitors (CAls) have been char-
acterized so far: (i) molecules that bind to the catalytic zinc ion, such
as primary sulfonamides and their isosteres (sulfamates and
sulfamides),">"” dithiocarbamates,'® and xanthates;'? (i) molecules
which anchor to the zinc-coordinated water molecule/hydroxide ion,
as observed for phenols®®*" and polyamines;* (iii) compounds
occluding the active site entrance, as reported for coumarins®>* and
lacosamide.®® Several inhibitors belonging to these classes have
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Fig.1 (A) Schematic representation of CAl design by the “tail approach”.
(B) Chemical structure of 2-(4-benzhydrylpiperazin-1-yl)- N-(4-sulfamoylphenyl)
acetamide 1.

been designed and tested against hCA VIL**?° however, although
showing good inhibition efficiency, they are generally poorly selec-
tive; for this reason, new molecules are continuously synthesized
and tested to identify more selective hCA VII inhibitors.

A promising method to gain selective CAls is the so-called tail
approach applied to benzenesulfonamide derivatives.>**" Such
an approach consists in appending a variety of chemical frame-
works (tail) to the benzenesulfonamide zinc-binding group
(ZBG), by means of a suitable chemical linker, with the aim to
reach the regions of the CA active site which show a major amino
acid variability.>* Ureas, thioureas, secondary sulfonamides are
only some examples of utilized linkers (Fig. 14).>"373°

Recently, a new series of 2-(4-substituted piperazin-1-yl)-N-(4-
sulfamoylphenyl)acetamide derivatives was developed using the
tail approach®' where the acetamide moiety constituted the linker,
whereas substituted piperazines, which are heterocyclic building
blocks widely used to develop potent CAIs,**>® represented the
tail. Among these molecules, the 2-(4-benzhydrylpiperazin-1-yl)-N-
(4-sulfamoylphenyl)acetamide (compound 1 in Fig. 1B) revealed to
be particularly interesting, since it showed preferential inhibition
of the hCA VII isoform with a K; value of 8.9 nM with respect to the
ubiquitous hCA II (K; of 43.2 nM).>! To better understand the
molecular basis of the observed selectivity, the crystal structures of
compound 1, in complex both with the ubiquitous hCA II isozyme
and the brain-associated isoform hCA VII, were determined. The
obtained results open new perspectives for the structure-based
drug design of novel inhibitors selective for hCA VII with respect
to hCA I

Results and discussion

Crystals of the hCA II/1 complex were prepared by co-crystallization
experiments, whereas those of hCA VII/1 were obtained using the
soaking technique. Data collection and refinement of both adducts
were performed as reported in the Experimental section (see
Table 1 for statistics).

In both complexes the inspection of the initial |F, — F|
electron density maps clearly revealed the binding of one
inhibitor molecule in the active site (Fig. 2A and B). The inhibitor
binding does not alter hCA II and hCA VII three-dimensional
structures as shown by the low r.m.s.d. values calculated by
superposition of all the Co atoms of the hCA 1I/1 and hCA VII/1
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Table 1 Data collection and refinement statistics for hCA Il and hCA VII

adducts
hCA 11/1 hCA vII/1
Cell parameters
Space group P2, P2,2:2
Cell dimensions (A, ©) a=42.3 a=66.8
b=413 b =88.6
c=71.6 c=44.3
B =104.3
Number of independent 1 1
molecules
Data collection statistics
Wavelength (A) 1.54178 1.54178
Resolution limits (A) 26.6-1.79 35.7-2.05
Total reflections 105028 61105
Unique reflections 21893 16529
Redundancy 4.8 3.7
Completeness (%) 96.9 95.8
(86.9) (88.0)
R-Merge* 0.053 0.053
(0.206) (0.375)
Rmeas” 0.059 0.061
(0.244) (0.503)
Rpim° 0.024 0.029
(0.127) (0.330)
cc/2? 0.946 0.683
(D/{a(D) 22.2 (5.8) 17.0 (2.0)
Refinement statistics
Resolution limits (A) 26.6-1.79 33.4-2.05
R-Work® (%) 16.4 19.6
R-Free® (%) 19.9 24.1
R.m.s.d. from ideal geometry
Bond lengths (A) 0.010 0.008
Bond angles (°) 1.6 1.5
Number of protein atoms 2092 2063
Number of inhibitor atoms 33 33
Number of water molecules 206 103
Average B factor (A%)
All atoms 13.49 25.26
Protein atoms 12.84 25.04
Inhibitor atoms 15.88 28.42
Waters 19.72 28.71
PDB accession code 6ZR8 6ZR9

® R-merge = > S |L;(hkl) — (I(hkD))| /> 3" Ii(hkl), where I(hk) is the
hicl i hkl i

intensity of an observation and (I(hkl)) is the mean value for its

unique reflection; summations are over all reflections. > Rmeas =

SN (kD) /N (hid) — 1312 <37 | 1 (hkd) — (I(hk))| /> > Ii(hkl). © Rpim =

Ikl i Ikl i

S {1/N(hkl) = 132 xS |1 (hkl) — (L(hkd))| /S S 1 (hkT). @ €C1/2 = (%) —

hkl i hkl i

(D*/(1?) — (D> + o’ (values refer to the highest resolution shell).

¢ R-work = " ||Fo(hkl)| — |Fo(hkl)||/ Y |Fo(hkl)| calculated for the
hil hkl

working set of reflections. R-Free is calculated as for R-work, but from
data of the test set that was not used for refinement (test set size (%) =
5.0 and 6.0 for hCA II and hCA VII adduct, respectively). Values in
parentheses refer to the highest resolution shell (1.83-1.79 A and 2.09-
2.05 A for hCA 11 and hCA VII adduct, respectively).

adducts with those of the native proteins (r.m.s.d. values of 0.3 A
and 0.2 A for hCA 1I/1 and hCA VII/1, respectively).

A careful inspection of the two structures shows that the
benzenesulfonamide moiety of the inhibitor presents a similar
binding mode to both enzymes. Indeed, as also observed for

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 2 Active site region of the hCA II/1 (A) and hCA VII/1 (B) adducts
showing the cA-weighted [2F, — F.| simulated annealing omit map
(contoured at 1.00) relative to the inhibitor molecule. The zinc ion
coordination (continuous lines), hydrogen bonds (dashed lines) and resi-
dues involved into van der Waals interactions are also depicted.

other CAIs containing the same ZBG,' the deprotonated
nitrogen atom of sulfonamide moiety coordinates the catalytic
zinc ion with a tetrahedral geometry, displacing the water
molecule/hydroxide ion present in the native enzymes.***°
Additional hydrogen bond interactions with Thr199 residue
further stabilize the inhibitor binding. Finally, the phenyl ring
establishes in both structures strong van der Waals contacts
(distance <4.0 A) with several residues (Fig. 2A and B).

In contrast, differences between the two structures are
observed when the acetamide moiety is considered.

Indeed, by superimposing hCA II/1 and hCA VII/1 adducts it
is possible to notice that this linker can adopt two different
orientations in the enzyme active site (Fig. 3A), thanks to the
different values that the dihedral angle C1-C2-N3-C4 can
assume (Fig. 3B).

In hCA 1I/1 adduct this angle measures —7.6° and the
carbonyl oxygen atom points towards Pro202 residue, being
engaged only in water-mediated hydrogen bonds with protein
residues. On the contrary, in hCA VII/1 complex, this dihedral
angle measures 178.2°, with the carbonyl oxygen atom pointing
towards GIn92 side chain and forming a weak hydrogen bond
interaction with its NE2 atom (Fig. 2). Several differences are also
observed when the benzhydrylpiperazine group is considered.
Indeed, even if in both structures this moiety is oriented toward
the same region of the active site, with the benzhydryl tail
located on the border of the cavity, local adjustments are
observed to take into account the different residues present in
the two enzymes (Fig. 3A). It is well known that the rim of the CA
active site cavity is the most variable region among the different
isoforms.*® In particular, the small hydrophobic pocket deli-
neated by Val135, Pro202 and Leu204 which accommodates the
inhibitor tail in the hCA 1I/1 adduct differs for two amino acid
substitutions, namely Val135 — Ala135 and Leu204 — Ser204,
from hCA VII. These substitutions make the pocket wider allowing
compound 1 to find a structural arrangement able to optimize
protein/inhibitor interactions. As a consequence, in the hCA II/1
complex the benzhydrylpiperazine establishes 6 strong van der

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 3 (A) Structural superposition of compound 1 when bound to hCA I

(green) and hCA VII (magenta) showing residues involved into van der
Waals interactions with benzhydrylpiperazine tail. The asterisk refers to
residues that differ in the two isoforms. (B) Schematic representation of the
two dihedral angles: a, which determines the two different orientations of
the acetamide linker, and b, which is responsible for the linker plasticity.

Waals contacts with enzyme residues, whereas in hCA VII/1
adduct this is twice the number (see Table 2) (Fig. 2).

These structural data are in line with the reported inhibition
constants.”" Indeed, the higher affinity of 1 for hCA VII com-
pared to hCA II can be rationalized considering that the
inhibitor is stabilized by a higher number of polar and hydro-
phobic interactions in the active site of hCA VII compared to
hCA II. Moreover, since it has been already reported that the
H-bond interaction with GIn92 does not play a dominant role in
the enzyme-inhibitor binding,>” the higher affinity of com-
pound 1 towards hCA VII can be mostly attributed to van der

Table 2 Number of van der Waals interactions (<4.0 A) of compound 1
with hCA Il and hCA VII

Residue hCA 11 hCA VII

Benzenesulfonamide moiety
Gln 92
His 94
Val 121
Leu 198
Thr 199
Thr 200

SR
W = U= N =

Acetamide linker
Phe 131
Leu 198
Pro 202

[ENNEINEN
I

Benzhydrylpiperazine tail
Phe 131 —
Gly 132
val/Ala“ 135
Pro 202
Leu/Ser” 204

=N N |
NN N | N =
N

Total 8

“ Residues different between hCA II and hCA VII.
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Waals interactions, which are higher than those established
with hCA II along the entire inhibitor scaffold (see Table 2).

Fig. 4 reports the structural superposition of compound 1,
when bound to hCA II and hCA VII active site, with several other
CAIs containing an acetamide moiety as a liker between the
benzenesulfonamide ZBG and the ring tail.*'™*’

It is interesting to observe that, despite a substantial conserva-
tion in the benzenesulfonamide location, the orientation of both
the acetamide moiety and the tail can be strongly different. In
particular, the acetamide presents two main orientations rotated
of about 180° like those observed for compound 1 in the active site
of hCA II and hCA VII, whereas the ring tails occupy different
regions of the active site thanks to the conformational plasticity of
the N3-C4-C5-N6/C6 dihedral angle of the linker (in some
inhibitors the N6 atom is substituted by a carbon atom indicated
as C6) (see Fig. 3B and Table 3).

This dihedral angle can assume multiple values, differently
from what observed for the most utilized ureido linker. Indeed,
in the latter case the single C-C bond is substituted by a partial
double C-N bond and the corresponding dihedral angle can
only assume 0° and 180° values, thus strongly limiting the
possible positions of the tail within the enzyme active site.***®

Experimental
Protein expression and purification

Home-made hCA II and hCA VII were obtained following the
experimental procedure previously reported by our group.***°
Regarding hCA VII, a mutated form where the cysteine residues

Pl

Fig. 4 Superposition of some benzenesulfonamide derivatives containing
the acetamide linker when bound to the CA active site with 1 in the
conformation observed in the complex with hCA Il (green) and hCA VII
(magenta). 5T74 is colored in yellow, 60EO is colored in purple, 5NXV in
blue (for this compound a double conformation is observed), 30YS in
orange, 60DZ in red, and 3R17 in cyan. hCA Il is represented as a surface-
model.
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Table 3 Dihedral angle values of acetamide linker belonging to some CAls
structurally characterized in complexes with hCA 1l and hCA VIl isoforms

C1-C2-N3-C4
PDB  dihedral angle N3-C4-C5-N6/C6 Inhibitor chemical
code (%) dihedral angle (°) structure
6ZRS8 7.6 154.4
6ZR9 178.2 —98.5
SO,NH,
I F N\/ ~ /O/
o SO,NH,
3R16 179.1 —91.5 m /©/
N
s o SO,NH,
3R17  —224 133.6 \
N
o SO,NH,
4ILX 1768 ~100.6 @\)L /@
N
o SO,NH,
30YS  178.4 ~101.1 @ /©/
N
H
H
NYO SO,NH,
60DZ  165.0 ~165.4 N\)CJ)\ Q/
N
(o] H
R_o
SO,NH.
60E0  150.8 155.3 T 0 O/ 2
W
o) H
goo SO,NH,
5T74 156.9 —177.8 N /©/
QKN
5NXVY —0.35 —81.2
5NXV° —177.7 81.2 0)[‘%/ SO,
N—N /©/
3ML2  168.6 —93.2

igiuj“““

“ hCAII structure containing the inhibitor in conformation (a b hcan

structure containing the inhibitor in conformation (b).

in position 183 and 217 were mutated into serines was used,
since this mutant is more suitable for crystallization.*

X-ray crystallography
Crystals of the hCA II/1 adduct were obtained using the co-
crystallization technique. In particular, the complex was prepared
by adding a 5-fold excess of the inhibitor to a 10 mg mL " protein
solution. The mixture was equilibrated for 30 minutes at room
temperature and then used for the crystallization experiments.
Drops were obtained by mixing 1 pL of enzyme/inhibitor solution
with 1 pL of precipitant solution containing 1.2 M sodium citrate,
0.1 M Tris-HCI, pH 8.5 and further equilibrated over a well
containing 500 pL of precipitant. Crystals suitable for X-ray
analysis appeared in the drops within 2-3 days and grew to a
maximum dimension of 0.3 x 0.25 x 0.3 mm? in about one week.
Crystals of the hCA VII/1 adduct were obtained using the
soaking technique at room temperature and the vapor diffusion

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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hanging drop method. Equal volumes of enzyme (5 mg mL™" in
0.02 M Tris-HCl pH 8.0 and 0.1 M NaCl) and precipitant
solution (25% v/v Peg 3350, 0.2 M ammonium acetate and
0.1 M Tris pH 8.5) were mixed and equilibrated against 500 puL
reservoir containing the same precipitant. Then, 0.1 uL of a
solution containing 2.5 mM compound 1 dissolved in 100%
DMSO was added to a 1 uL drop of hCA VII crystals, which were
kept in this soaking solution overnight.

hCA 1I/1 and hCA VII/1 crystals were then transferred in a
freshly prepared precipitant solution containing the inhibitor
and glycerol as cryo-protectant at the concentration of 15% (v/v)
and 25% (v/v) for hCA II and hCA VII, respectively, prior to be
frozen in a gaseous nitrogen stream. Complete X-ray data were
collected using a copper rotating anode generator developed by
Rigaku and equipped with a Rigaku Saturn CCD detector.
Diffraction data were processed and scaled using the
HKL2000 program (HKL Research).’® All data collection statis-
tics are reported in Table 1.

The initial phases of hCA II/1 and hCA VII/1 structures were
calculated using the atomic coordinates of the unbound
enzymes (PDB accession code 1CA2 and 6GAT for hCA II and
hCA VII, respectively) with waters removed.***° The structures
were refined using the CNS program,” whereas model building
and map inspections were performed using the program 0.>>
Topology files for inhibitor 1 were obtained using the PRODRG
server.>® Refinement statistics for hCA II and hCA VII adducts
are reported in Table 1. Coordinates and structure factors have
been deposited in the Protein Data Bank (accession codes 6ZR8
and 6ZR9 for hCA II/1 and hCA VII/1, respectively).

Conclusions

Two main results can be derived from the study here reported:
(i) the acetamide moiety is an ideal linker to connect a ZBG and
a suitable tail in the design of CAls. Indeed, thanks to its
conformational flexibility, the tail can bind in different regions
of the active site cavity establishing as many as possible
interactions with enzyme residues; (ii) the molecular deter-
minants responsible of the different inhibition constants of
compound 1 against hCA VII and hCA II isoforms have been
identified highlighting that, due to the tail length, inhibitor 1
can reach the border of the active site cavity which is the most
variable region among the different CA isoforms. This permits
significant differences in the number of favorable enzyme/
inhibitor interactions and consequently, gaining selectivity in
inhibiting the two hCA isoforms.

In conclusion, these studies open new perspectives in the
structure-based drug design of selective CA inhibitors, suggest-
ing that an acetamide linker and very long tails are excellent
tools to achieve this goal.
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