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2-Mercaptobenzoxazole is a widely used organic scaffold in med-
icinal chemistry. By means of kinetic and structural studies, we
demonstrate that this molecule can effectively be used to inhibit
hCAs showing a peculiar binding mode. The results reported here
can pave the way for the development of selective CA inhibitors.

Human carbonic anhydrases (hCAs) are zinc-containing enzymes
that catalyze the reversible hydration of carbon dioxide to
bicarbonate ion and proton.' In humans, 12 catalytically active
isoforms have been identified, which differ in tissue distribu-
tion, kinetic properties, oligomeric arrangement and sensitivity
to inhibitors." Based on their sub-cellular localization, these
isoforms can be classified into four different groups: cytosolic
(CA 1, II, III, VII, XII), mitochondrial (CA VA and VB),
membrane-associated (CA 1V, IX, XII and XIV) and secreted
(CA vI)."? A large number of structural studies showed that, as
expected on the basis of their high sequence homology, these
isoforms present a high structural similarity of the catalytic
domain, which is characterized by a central twisted mainly
antiparallel B-sheet surrounded by helical connections and
additional B-strands. The active site is located in a wide and
deep cavity, containing a zinc ion at the bottom, tetrahedrally
coordinated by three conserved His residues and a water
molecule/hydroxide ion," which is essential for the catalytic
mechanism. A small pocket delimited by the conserved resi-
dues Val121, Val143, Leu198 and Trp209 within this cavity
constitutes the CO, binding site (Fig. S1, ESI?).

hCAs are involved in a wide range of physiological processes in
many tissues and organs, such as pH regulation, gas exchange,
ion transport, bone resorption, fatty acid metabolism, and many
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others; thus abnormal levels or activities of these enzymes are
commonly associated with various diseases."” For this reason, in
recent years, CAs have become well-established drug targets and
many CA inhibitors (CAIs), mostly belonging to the sulfonamide
class, have been developed and clinically used for the manage-
ment of a variety of disorders such as glaucoma and edema, or
used as anticonvulsants, and antiobesity and antitumor drugs."?
However, since the currently clinically used CAIs generally do not
show high selectivity for a specific isozyme,"> new molecules are
constantly being investigated with the aim to develop isozyme-
specific compounds devoid of undesired side effects. Carboxylates,
phenols, carbamates, benzoxaboroles, polyamines, mercapto-
benzothiazoles, sulfocoumarins and coumarins are only some
examples of the huge number of new chemotypes that have
been characterized as hCA inhibitors until now."*”
Benzoxazole (Fig. 1) and its derivatives are important mole-
cular scaffolds that play a central role in the drug discovery
process thanks to their wide spectrum of pharmacological
properties.® " Indeed, several drugs containing a benzoxazole
core are actually available on the market. Benoxaprofen, box-
azomycin B, calcimycin, chlorzoxazone and flunoxaprofen are
some examples.'> Among the various benzoxazole derivatives,
2-mercaptobenzoxazoles (Fig. 1) constitute a very interesting
compound family due to their applications not only in organic
synthesis, but also in the biomedical field as antibacterial,
antiviral, anti-inflammatory, analgesic and anthelmintic
agents.”*'” Moreover, interesting studies have shown that the
complexes of 2-mercaptobenzoxazoles with various transition
metals possess a cytotoxic activity against cancer cells.®
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Fig.1 Chemical structures of benzoxazole, benzensulfonamide (BNZ),
2-mercaptobenzoxazole (1) and its sulfonamide derivative (2).
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Table 1 Inhibition data of hCA isoforms |, Il, IX and XII with compounds 1,
2, BNZ and AAZ

K“ (uM)

Cmp. hCA 1 hCA 11 hCA IX hCA XII

1° 88.4 0.97 20.7 1.9

2¢ 2.9 0.48 0.03 0.007
BNZ? 0.086 0.101 0.097 0.090

AAZ 0.25 0.012 0.026 0.006

% Mean from 3 different assays, by a stopped flow technique (errors
were in the range of +5-10% of the reported values). ? Inhibition values
@6 h incubation. ¢ Inhibition values @15 min incubation. ¢ Data were
taken from Di Fiore et al.**

Recently, some aminomethyl and alkoxymethyl 2-
mercaptobenzoxazole derivatives have been investigated for
their inhibition properties against hCAs. These compounds,
found to be potent inhibitors of isoforms I and II, emerged as
new and interesting candidates for the development of drugs
towards CA-related diseases.” However, almost no information
is currently available on their inhibition mechanism. To get
more insights into the CA inhibition properties of this class of
molecules, in the present study, we report the synthesis and the
kinetic characterization of 2-mercaptobenzoxazole (1), as well as
the crystallographic structure of the complex that this molecule
forms with hCA II. The comparison with its sulfonamide deriva-
tive 2 (Fig. 1) is also described, providing interesting perspectives
on the utilization of 2-mercaptobenzoxazoles as selective CAIs.

2-Mercaptobenzoxazole 1 was obtained by a single step
synthesis treating 2-aminophenol with thiophosgene at 0 °C
in dry tetrahydrofuran.'®*° A stopped-flow CO, hydratase assay**
was used to investigate the inhibition activity of this compound
against the human CA isoforms of particular relevance such as
I, II, IX and XII. The obtained data were compared with the
reference inhibitors benzensulfonamide (BNZ) and acetazolamide
(AAZ) and are reported in Table 1.

2-Mercaptobenzoxazole 1 inhibited hCA isoforms in the
range of 0.97-88.4 uM after at least 6 hours incubation, in
agreement with the kinetic trend of aryl thiol containing
compounds previously reported."””*> Compound 1 showed
preferential inhibition of the hCA II isoform with a K; of
0.97 pM, followed by hCA XII (K; 1.9 uM). Of interest are the
selectivity indexes (SIs) of 1 within the cytosolic and the tumor
related hCA isoforms. The SI of the former (Sl K; hCA I/K; hCA II)
is 91.1 and of the latter (SIgm: Ky hCA IX/K; hCA X1I), it is 10.9. Such
results are quite indicative of the high degree of hCA isoform
selectivity of the mercaptobenzoxazole scaffold, which therefore
may be considered for further biomedical development.

To elucidate the binding mode of 2-mercaptobenzoxazoles
to the CA active site, the crystallographic structure of the
adduct formed by compound 1 with the best inhibited iso-
form (hCA II) was determined. Crystals of the complex were
obtained by soaking techniques and were isomorphous with
those of the native protein,>® allowing for the analysis of
the three-dimensional structure by difference Fourier tech-
niques. Data collection and refinement statistics are reported
in Table S1 (ESIY).
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Fig. 2 (A) gA-weighted (|2F,—Fc|, ¢c) simulated annealing omit map
(contoured at 1.00) relative to the inhibitor molecule in the hCA I1I/1
complex. (B) Details of the interactions of 1 with the enzyme active site.
Residues involved in polar and hydrophobic interactions are shown.
Continuous lines indicate zinc ion coordination and dashed lines indicate
H-bond distances.

Inspection of the electron density maps at several stages of
refinement clearly indicated the binding of one inhibitor
molecule within the hCA II active site cavity (Fig. 2A). The
binding of this molecule did not generate significant changes
in the hCA II structure. Indeed, the r.m.s.d. for the super-
position of the corresponding Co atoms between the native
enzyme and the enzyme-inhibitor complex was 0.3 A.

2-Mercaptobenzoxazoles are well known for their ability to
bind metal ions,**® using various binding modes: either a
monodentate coordination through the exocyclic sulfur or the
endocyclic nitrogen atom, or bidentate coordination through
both sulfur and oxygen/nitrogen atoms.”” In the hCA II/1
adduct, a monodentate coordination of the inhibitor was
observed. Indeed, the 1 sulfur atom binds to the metal ion,
changing its coordination from the tetrahedral one, observed in
the native enzyme, to a distorted trigonal bipyramidal one
(Fig. 2B). The two axial positions of the bipyramid were occu-
pied by His96 and the sulfur atom of 1, while the three
equatorial positions were occupied by His94, His119 and the
zinc-bound solvent molecule, which, as a consequence of the
inhibitor binding, slightly moved from its canonical position®*
(Fig. S2, ESIt). Surprisingly, the Zn-S distance (2.75 A) was
longer than what was expected based on the sum of the
covalent radii (2.33 A).>®?° However, an extensive analysis of
Zn-S coordination distance in the Cambridge Structural
Database®® showed the presence of several pentacoordinated
zinc complexes with different sulfur donor ligands, character-
ized by a Zn-S distance even longer than 2.75 A.293%32

It is worth noting that the inhibitor sulfur atom is located
approximately in the same position occupied by CO, in the
hCA II/substrate complex®® (see Fig. S3, ESIT). Compound 1 also
established a hydrogen bond interaction between its endocyclic
oxygen and the zinc-bound solvent molecule (Fig. 2B), which
was assumed to be a water molecule in agreement with the
hCA II neutron structure solved at pH 9.>* Both the coordina-
tion to the zinc ion and the hydrogen bond to the zinc-bound
water molecule have been extensively described as a way to
anchor inhibitors to the CA active site.®*3° To date, only a few
inhibitors, mainly very small molecules such as acetate, per-
chlorate and thiocyanate®>*”*% (Fig. S4, ESIt), have been shown
to adopt simultaneously both binding modes. Thus, this is the

This journal is © The Royal Society of Chemistry 2020
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first evidence of such an event for a more complex molecule. No
other hydrogen bond interaction was observed between the
enzyme and the inhibitor molecule, but some van der Waals
contacts with residues GIn92, His94, His119, Val121, Phe131,
Leu198, Thr199, Thr200 and Trp209 were observed (Fig. 2B).
Interestingly, the sequence alignment between the investigated
hCAs (see Fig. S5, ESIT) revealed that protein residues in the
hCA 1I/1 complex that interact with the inhibitor are not all
conserved in the other isoforms, thus suggesting possible
modifications in the binding of 1 to the diverse isoforms and
explaining the differences observed in the inhibition constants
(see Table 1).

The structural superposition between the hCA II/1 and
hCA 1I/BNZ* adducts showed that, despite the very different
chemical structure of these two molecules and their diverse bind-
ing modes to the metal ion (trigonal bipyramidal for the first and
tetrahedral for the second), their organic scaffold occupies a similar
position within the enzyme active site (Fig. 3). These results suggest
that, as largely described for benezenesulfonamides," the aromatic
ring of 2-mercaptobenzoxazoles can be derivatized to establish
further interactions with the less conserved regions of the CA
catalytic cavity.

To further investigate the different inhibition behaviour of
the mercaptobenzoxazole moiety and the classical primary
sulphonamide, a derivative containing a sulfonamide moiety
in position 5 of the benzoxazole ring (see compound 2 in Fig. 1)
was synthesized, tested as an inhibitor and characterized by
X-ray crystallography. Synthesis was carried out as described for
compound 1, using 2-aminophenol-4-sulfonamide as a starting
compound.'®?® Again, a stopped-flow CO, hydratase assay was
used to investigate the inhibitory properties of this compound,
showing that the introduction of the canonical sulfonamide
metal binding moiety' determined a radical change in the
kinetic profile. Indeed, compound 2 showed its inhibition
potency after 15 min incubation, thus suggesting that the
sulfonamide moiety was the real metal coordination species,
ruling out the thiol as a competing moiety."”>* As reported in
Table 1, compound 2 poorly inhibited the cytosolic isoforms
hCA I and II (K;s of 2.9 and 0.48 uM, respectively), whereas it
effectively inhibited hCA IX and XII (Kis of 30 and 7 nM,
respectively). Interestingly, although the inhibition potencies
of 2 against the isoforms here considered were generally

Fig. 3 Stereo view of the structural superposition between compound 1
(red) and BNZ (blue, PDB code 2WEJ), when bound to the hCA Il active
site.>® Continuous lines indicate Zn coordination.
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improved in comparison to 1 (see Table 1), the calculated SIy
and SI,, were heavily reduced (6.0 and 4.3, respectively).

Similar to the hCA II/1 complex, the crystals of the hCA 11/2
adduct were obtained by soaking techniques. In Table S1 (ESIT)
are summarized all the statistics for data collection and refine-
ment. Different from the hCA II/1 complex, in this case, the
analysis of the electron density maps revealed the binding to
the enzyme of two inhibitor molecules: one in the active site
cavity (Fig. 4A) and the other on the protein surface, in a cleft
already described for other hCA Il/inhibitor complexes®
(see Fig. S6, ESIT). The binding of this second inhibitor molecule
will not be discussed here, since it occurs far from the active site,
thus it is not correlated with the inhibition properties of the
molecule. In contrast, the binding of the molecule in the active
site will be analysed in detail since it is clearly associated with the
inhibitory potency of the investigated compound. As described for
the hCA II/1 complex, also in this case the binding of the inhibitor
to hCA 1I did not generate significant changes in the enzyme
structure (r.m.s.d. for the superposition of hCA II Co atoms in the
bound and unbound form is 0.3 A).

Interestingly, 2 showed a binding mode to the enzyme
completely different with respect to 1. Indeed, in this case,
the sulfonamide moiety coordinates the catalytic zinc ion,
establishing the canonical interactions observed in other CA/
sulfonamide adducts’ (see Fig. 4B). Consequently, the 2-
mercaptobenzoxazole ring is rotated by about 180° with respect
to 1, with the exocyclic sulfur pointing toward the exit of the
active site cavity (Fig. S7, ESIt). Two water-mediated hydrogen
bond interactions are present between the inhibitor and
Thr2000G1 and Pro2010 (Fig. 4B). Several van der Waals
contacts between the bicyclic ring and residues Gln92, His94,
Val121, Phe131, Leu198, Thr200 and Pro201 further stabilize
the binding. It is worth noting that, as also suggested by our
kinetic data, although containing two zinc binding moieties,
the anchoring to the metal ion of compound 2 is mediated only
by the sulfonamide, clearly indicating that sulfonamide is a
zinc binding group much stronger than the sulphur atom of
2-mercaptobenzoxazole. This is a very interesting finding
since benzenesulfonamides, although very potent inhibitors,

Fig. 4 (A) cA-weighted (|2F,—F.|, ¢c) simulated annealing omit map
(contoured at 1.00) relative to the inhibitor molecule in the hCA 11/2
complex. (B) Details of the interactions of 2 with the hCA Il active site.
Residues involved in polar and hydrophobic interactions are shown.
Continuous lines indicate zinc ion coordination, whereas dashed lines
indicate H-bond distances.
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are generally poorly selective against the different CA isoforms.
A huge number of papers have reported the introduction on the
phenyl ring of substituents that, interacting with the less
conserved regions of the CA active site, should induce selectivity.
However, very often, due to the dominant contribution of the
sulfonamide moiety in the interaction with the enzyme, the
presence of these substituents has only a marginal effect on the
enzyme-inhibitor affinity, thus not allowing the discrimination
between the different isoforms.”>*! In the case of 2-mercapto-
benzoxazoles, the presence of a less strong zinc binding
moiety could cause a greater influence of the ring substituents
on the inhibitor binding affinity and consequently could allow
the obtainment of more selective CAIs.

In conclusion, our results clearly indicate that 2-
mercaptobenzoxazole represents an interesting lead compound
alternative to the classical sulfonamides for the development of
selective CAIs. Even if the absence of the sulfonamide moiety
on one side reduces the affinity for the enzyme, on the other
side, it opens the possibility to finely modulate the selectivity
for a specific CA isozyme. Indeed, by using the so-called tail
approach, largely applied for benzensulfonamide inhibitors,"
different chemical groups can be introduced on the aromatic
ring, allowing the targeting of the most variable regions in the
active site of the various CA isozymes.
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