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Boronic acids are an interesting but still poorly studied class of carbonic anhydrase inhibitors. Previous in-
vestigations proved that derivatives incorporating aromatic, arylalkyl, and arylalkenyl moieties are low micro-
molar to millimolar inhibitors for several a- and p-CAs involved in pathologic states.

Here we report a high-resolution X-ray study on two classes of boronic acids (phenyl and vinyl) in complex

with hCA II. Our results unambiguously clarify the binding mode of these molecules to the human carbonic
anhydrase active site, which occurs through their tetrahedral anionic form, regardless of the nature of the
organic scaffold. Data here presented contribute to the understanding of the inhibition mechanism of boronic
acids that can be fruitfully used for the rational design of novel and effective isozyme-specific carbonic anhydrase

inhibitors.

1. Introduction

Boronic acids are organic compounds that contain a trivalent boron
atom bonded to a carbon atom and two hydroxyl groups, arranged in a
trigonal planar geometry [1]. These molecules have peculiar chemical
properties. Indeed, since the boron atom has only six valence electrons,
boronic acids act as mild organic Lewis acids forming in water tetra-
hedral adducts with a carbon-like configuration. In these adducts a
negative charge is formally assigned to the boron atom, but in fact
delocalized on the three heteroatoms [1] (Scheme 1).

Boronic acids can be classified as alkyl-, alkenyl-, alkynyl-, and aryl-
derivatives depending on the nature of the R-group directly bonded to
the boron atom, which significantly influences the chemical properties
of the molecules, including their acidity [1,2]. These compounds are
highly attractive for synthetic purposes since they exhibit a moderate
reactivity profile, are stable and are easy to handle. Moreover, they are
considered “green” compounds due to their low toxicity and their
degradation into the environmentally friendly boric acid [1]. They are
also very promising tools in medicinal chemistry and various boron-
based compounds have shown remarkable efficacy as anticancer, anti-
bacterial, antiviral, and antiparasitic agents, among others [3-7].

* Corresponding authors.

Indeed, some boronic acid-based drugs have been approved by Food and
Drug Administration and by European Medicines Agency for the treat-
ment of several pathologies, such as Bortezomib and Ixazomib for
multiple myeloma therapy [3,8-10]. Additionally, others are under
investigation in clinical trials, such as Dutogliptin for the treatment of
diabetes mellitus (type II), Delanzomib which has been in phase II
clinical trials for the treatment of multiple myeloma, and Talabostat
which is currently in phase II trial for treatment of advanced solid
cancers (NCT04171219) [10-12] (Fig. 1).

Carbonic anhydrases (CAs) are ubiquitous metalloenzymes, present
in most living organisms, which catalyze the reversible hydration of
carbon dioxide to bicarbonate and proton [13-15]. Fifteen different
isoforms have been identified in humans, which differ in catalytic
properties, cellular localization and tissue distribution, and have been
shown to be involved in a large number of physio/pathological pro-
cesses [16,17]. For this reason, many human CAs (hCAs) have been
recognized as important targets for the design of inhibitors with
biomedical applications [13]. To date, the most investigated CA in-
hibitors (CAls) are aromatic/heterocyclic sulfonamides, some of which
have found applications as diuretics, anti-epileptics, antiglaucoma, anti-
obesity, and anticonvulsant agents [17]. Others are currently being
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Scheme 1. Ionization equilibrium of boronic acids in water

investigated in clinical trials, such as SLC-0111, which is in Phase Ib/II
clinical trials for the treatment of advanced metastatic solid tumors
[18,19]. However, these drugs often lack selectivity against the different
isoforms; therefore, the development of more selective CAls is an ever-
growing research field. To this end, a huge number of new classes of
inhibitors, alternative to sulfonamides, have been investigated, resulting
in the production of new CAls, some of which exhibit very promising
properties. For example, coumarins were demonstrated to be highly
selective inhibitors of the tumor associated isoforms hCA IX and hCA XII
and showed significant capabilities in inhibiting tumor metastasis in
experimental models [20].

Boronic acids have been scarcely explored as CAls. The first CA in-
hibition studies on such compounds were carried out using phenyl
boronic acid (PhB(OH);), which showed millimolar inhibition proper-
ties against most hCA isoforms [21-23]. Subsequently, inhibition assays
were conducted on a series of derivatives incorporating aromatic, ary-
lalkyl, and arylalkenyl moieties against human a-CAs (isoforms I, II, IX,
and XII) and p-CAs from the pathogenic fungi Cryptococcus neoformans
(Can2) and Candida albicans (Ncel03) [24,25]. These assays confirmed
the CA inhibition capability of such compounds and highlighted the
essential role of the R-group in determining the inhibition potency of
these molecules, which ranged from low micromolar to millimolar in-
hibitors [24,25]. More recently, the peptidomimetic proteasome inhib-
itor Bortezomib was also assayed as an inhibitor of hCAs and many
B-CAs from pathogenic fungi, bacteria, insects, and plants, revealing
inhibition constants in the micromolar range [26-28]. Surprisingly,
although these data strongly indicated the potential of boronic acids in
the development of new CAls, the inhibition mechanism of these mol-
ecules remained unstudied for a long time. Only in 2024 Rasheed and
coworkers reported the crystallographic structure at 2.60 A resolution of
the phenyl-boronic acid derivative 1 (Fig. 2) in complex with hCA 1II
[29], providing a first structural hypothesis on the binding mode of these
molecules to the CA active site.

In particular, these authors concluded that compound 1 bound to the
hCA II active site with the boron atom in its trigonal planar form (Fig. 3)
[29]. This finding was quite surprising to us, as several previous studies
indicated the capability of boronic acids to form complexes with Lewis
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bases, such as hydroxide anions, and electron-donating groups, like OH
moieties of Ser or Thr residues from enzyme active sites, leading to
tetrahedral species [3,10,30-34]. Thus, due to the presence of the highly
nucleophilic zinc-bound hydroxide ion in hCA II, the formation of a
tetrahedral B(III) species coordinated to the catalytic zinc ion, was ex-
pected [24]. This discrepancy prompted us to further investigate this
peculiar class of CAIs carrying out detailed structural studies. Here, by
determining the high-resolution crystal structures of two different types
of boronic acids (phenyl and vinyl) in complex with hCA II, we elucidate
the binding mode of this class of CAls to the active site of hCAs, paving
the way for further investigations of these molecules in the development

of isoform-selective CAIs.
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Fig. 2. Chemical structures of selected CAIs.
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Fig. 3. Active site view of hCA II/1 adduct (PDB code 8IGF) [29].
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Fig. 1. Chemical structures of some boronic acid-based approved drugs or in clinical trials.
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Table 1
Data collection and refinement statistics for the hCA II/inhibitor adducts.
Crystal parameters hCA1I/2 (pH = hCA1I/2 (pH = hCA 1I/3
8.5) 7.4)
(PDB code (PDB code (PDB code
9GFV) 9GFW) 9GFX)
Space group P2; P2, P2,
a(A) 42.54 42.20 42.48
b (;\) 41.36 41.44 41.52
cA) 72.25 72.08 72.56
B 104.3 104.4 104.4
Data collection
statistics
Resolution (;\) 35.6-1.14 40.9-1.07 41.2-1.35
(1.16-1.14) (1.09-1.07) (1.37-1.35)
Temperature (K) 100 100 100
Total reflections 259,767 600,889 339,153
Unique reflections 87,111 (4,208) 103,340 (4,889) 54,273 (2,703)
Completeness (%) 98.1 (96.1) 97.1 (92.3) 100 (100)
<I>/<o(D)> 13.8 (2.1) 17.8 (4.5) 14.8 (3.1)
Redundancy (%) 3.0 (2.6) 5.8 (4.6) 6.2 (6.0)
Rme,ge" 0.078 (0.475) 0.074 (0.371) 0.104 (0.605)
Rueas 0.095 (0.596) 0.081 (0.422) 0.114 (0.661)
Rpim” 0.052 (0.355) 0.032 (0.199) 0.044 (0.262)
cc1/2” 0.989 (0.703) 0.998 (0.916) 0.996 (0.803)
Refinement statistics
Resolution (10\) 35.6-1.14 40.9-1.07 41.2-1.35
Ruork” (%) 12.9 14.1 12.6
Reree” (%) 14.5 16.2 14.8
r.m.s.d. from ideal
geometry:
Bond lengths A) 0.014 0.013 0.014
Bond angles (°) 1.9 1.9 2.1
Number of protein 2,048 1,058 2,048
atoms
Number of inhibitor 11 11 12
atoms
Number of water 219 209 190
molecules
Average B factor %)
All atoms 10.9 11.7 14.3
Protein atoms 9.8 10.9 13.4
Inhibitor atoms 10.1 12.4 18.4
Water molecules 21.5 20.0 24.0

? Rmerge = ZhlaZi|LithkD)- < I(hkD) > |/ZpuZili(hkD; Rmeas = Zh{n(hkl)/[n
(hKD-113"2%;|Gi(hk1)- < I(hKD) > |/ZpaZili(hkD); Rpim = Zna{1/[n(hkD-11}"2%]
Li(hkD- < I(hKD) > |/ZpqZili(hkl), where Ij(hkl) is the intensity of an observation
and < I(hkl) > is the mean value for its unique reflection; summations are over
all “n” reflections.

b CC1/2 = [Zi(a- < a>)/Zi(bi- < b>)1/[Zi(ai- < a>)? Zi(bi- < b>)?1"/% where
a; and b; are the intensities of unique reflections merged across the observations
randomly assigned to subsets A and B, respectively, and < a > and < b > are
their averages.

¢ Rwork = Zh||Fo(h)|-|Fe()||/Zh|Fo(h)|, where F, and F, are the observed and
calculated structure-factor amplitudes, respectively. Rge. was calculated with
2.0 % (hCA11/2, pH = 8.5), 2.1 % (hCA 11/2, pH = 7.4) or 2.9 % (hCA I1/3) of the
data excluded from the refinement.

2. Material and methods
2.1. Crystallization and data collection

hCA II native crystals were grown at 20 °C using the hanging drop
vapor diffusion method. Two precipitant solutions were used to obtain
suitable crystals at different pH values. In particular, for crystals ob-
tained at pH 8.5, we used a crystallization condition containing 1.3 M
sodium citrate and 0.1 M Tris-HCl, whereas for crystals obtained at pH
7.4, we used a reservoir solution consisting of 2.8 M (NH4)2SO4, 50 mM
Tris-HCl, and 5 mM 4-(hydroxymercurybenzoate). In both cases equal
volumes of protein (10 mg/mL) and precipitant solution were mixed and

International Journal of Biological Macromolecules 282 (2024) 136873

Fig. 4. Active site region of the hCA II/2 complex crystallized at pH 8.5 (A, B)
or pH 7.4 (C). D) Structural superposition of the hCA II/2 adducts crystallized at
pH 8.5 (green) and pH 7.4 (yellow). In A and C the cA-weighted (2Fo-Fc) map
contoured at 1.0 o, relative to the inhibitor molecule is shown. In B residues
involved in hydrogen bonds and hydrophobic interactions (<4 A) are displayed.
In all panels continuous lines indicate zinc ion coordination, whereas dashed
lines indicate hydrogen bond distances.

equilibrated against 0.5 mL reservoir containing the same precipitant
solution. Crystals grew within two days up to an average size of 0.3 mm
x 0.3 mm x 0.2 mm. All complexes were obtained by the soaking
technique. In particular, 1 M DMSO stock solution of each inhibitor was
diluted up to 40 mM in the precipitant solution, containing up to 10-15
% (v/v) glycerol as cryoprotectant. Few hCA II native crystals were
transferred and kept overnight in a 2 pL drop of these freshly prepared
inhibitor solutions. Complete sets of diffraction data were collected at
100 K, at the Synchrotron source Elettra in Trieste, Italy, using the
Dectris Pilatus 6 M detector. Intensity data were processed and scaled
using the program HKL3000 [35]. Data collection statistics are shown in
Table 1.

2.2. Structure determination and refinement

Initial phases of the three hCA II/inhibitor complexes were calcu-
lated using the PDB entry 1CA2 [36] with waters removed. The struc-
tures were refined using the program REFMACS [37], whereas model
building and map inspections were performed using the program O [38].
Several rounds of restrained refinement and anisotropic temperature
factor refinement alternated with manual rebuilding were necessary to
reduce the crystallographic R-work/R-free values to the ones reported in
Table 1. The stereochemical quality of the three models was finally
assessed using Procheck [39] and Whatcheck [40] programs. Co-
ordinates and structure factors have been deposited in the Protein Data
Bank (accession codes are reported in Table 1).

3. Results and discussion

To clarify the binding mode of boronic acids to hCAs, we selected a
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H94

H119
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Fig. 5. Structural superposition of the active sites of hCA II/1 (orange) and hCA
11/2 (green) adducts.

micromolar hCA 1I inhibitor (K; 10.8 M) from a series of compounds
previously investigated by Winum and collaborators [24]. This com-
pound, 4-methylphenyl-boronic acid (compound 2 in Fig. 2), which has
a chemical structure very similar to 1, was characterized in its complex
with hCA II using X-ray crystallography. Crystals of the hCA II/2 adduct
were obtained following a procedure well described in the literature
[41-45]. In particular, native hCA II was crystallized by the hanging
drop vapor diffusion method at pH 8.5, and the obtained crystals were
soaked in the precipitant solution containing the inhibitor at a concen-
tration of 40 mM. Data were collected up to 1.14 A resolution. Inter-
estingly, the analysis of the electron density maps in the enzyme active
site, from the early stages of crystallographic refinement, revealed fea-
tures compatible with the binding of the inhibitor in its tetrahedral
anionic form (Scheme 1 and Fig. 4A), differing from what reported in the
study of Rasheed and colleagues [29]. In detail, the boronate moiety was
tetrahedrally coordinated to the catalytic zinc ion through one oxygen
atom, which was also involved into a hydrogen bond interaction with
Thr199 side chain OH. A second hydrogen bond interaction between
another boronate oxygen atom and Thr199 backbone amide along with
some hydrophobic interactions between the organic scaffold of the in-
hibitor and residues into the enzyme active site also contributed to the
stabilization of the complex (Fig. 4B).

Compounds 1 and 2 differ only in the group at the para position
relative to the boronic acid moiety (Fig. 2). Thus, the observation that 1
binds the enzyme in its trigonal planar form, whereas 2 binds as a
boronate, is quite intriguing, especially because, as seen in the structural
superposition reported in Fig. 5, no other significant differences are
observed in the position of the organic scaffolds of the two inhibitors in
the enzyme active site.

To rule out the possibility that the observed differences were due to
varying experimental conditions, particularly the pH values of the
crystallization solutions (pH 7.4 in Rasheed's paper and pH 8.5 in our
case), we prepared new crystals of the hCA II/2 adduct using the same
crystallization solution utilized by Rasheed and colleagues [29]. We
collected data up to 1.07 A resolution and analyzed the structure. Again,
our findings showed compound 2 bound to the enzyme active site in its
tetrahedral anionic form, with a binding mode perfectly superimposable
to that observed at pH 8.5 (Fig. 4C and D).

Thus, in our opinion, considering the significant difference in
structural resolution between the previously analyzed hCA II/1 adduct
[29] and the hCA II/2 adducts here reported, the observed differences
could be ascribed to the lower resolution of the structure of the first
adduct which did not allow for an unambiguous interpretation of the
electron density. On the contrary, the very high resolution of our
structures provides a very clear view of the inhibitor binding mode. It

International Journal of Biological Macromolecules 282 (2024) 136873

Ho«(;),\OH
+ H0 _— [::I:)o +H

Fig. 6. A) Ionization equilibrium of benzoxaborole in water; B,C) details of the
binding modes of benzoxaborole to the zinc ion in the hCA II active site. Two
binding modes were observed: monodentate (B) and bidentate (C) (PDB code
5JQ0) [51].

F131

Fig. 7. Active site region of the hCA II/3 complex. The cA-weighted (2Fo-Fc)
map, contoured at 1.0 o, relative to the inhibitor, and residues involved in
hydrogen bonds and hydrophobic interactions (<4 A) are shown. Continuous
lines indicate zinc ion coordination, whereas dashed lines indicate hydrogen
bond distances.

should also be stressed that the findings reported in this paper agree with
our previous studies on benzoxaborole derivatives, another class of
boronic compounds, known to have good CA inhibition activities
[46-48]. Indeed, benzoxaboroles also coordinate the catalytic zinc ion
of the CA active site in their tetrahedral anionic form [49-51] (see
Fig. 6).

To further characterize boronic acids as CAls, we also investigated
the effect of the nature of the organic scaffold on the binding mode of
these molecules to the CA active site. In particular, using the same
procedure described for the compound 2, we obtained crystals of the
complex between hCA II and an alkenyl-boronic acid, namely trans-2-
phenylvinylboronic acid (compound 3 in Fig. 2. K; against hCA II 534
pM) [24]. In this case as well, we obtained very high-resolution data
(1.35 A) and were able to unambiguously determine the binding mode
to the active site. As clearly shown in Fig. 7, like compound 2 the phe-
nylvinylboronic acid 3 binds the enzyme in its tetrahedral anionic form
and coordinates the zinc ion through one of its hydroxyl oxygens.
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Fig. 8. A) Structural superposition of the hCA II/2 adduct (green) with hCA II/4 adduct (PDB code 6GDC, magenta) in the active site region [52]. B) Solvent
accessible surface of the protein in the hCA II/2 adduct. Residues of active site which are different between isoforms 1II, IX, and XII are highlighted in red. Cyan
asterisks indicate possible modification sites on the inhibitor phenyl ring for the development of new boronic acid inhibitors. C) Structure-based sequence alignment
between hCA 1II, hCA IX and hCA XII. Residues delimiting the active site cavity are marked with asterisks, those differing between the three isoforms are colored in
red, whereas helical regions and beta strands are indicated with red cylinders and yellow arrows, respectively.

These findings further indicate that, regardless of the nature of the
organic scaffold, the binding mode of boronic acids to the CA active site
is associated with their tetrahedral anionic form. However, based on our
observations, it is difficult to establish whether it is the anionic tetra-
hedral form of these inhibitors that binds directly to the CA active site or
if this form is obtained by the reaction of the electron-deficient trigonal
planar boron atom with the highly nucleophilic zinc-bound hydroxide
anion.

Undoubtedly, in this form boronic acids can optimally interact with
the enzyme, establishing, beyond the zinc ion coordination, polar in-
teractions with Thr199 residue, analogous to what is observed in the
case of benzenesulfonamides, the CAIs par excellence [13]. This is
clearly shown in Fig. 8A which describes the structural superposition of
2 and the simple benzenesulfonamide 4 [52] (Fig. 2), when bound to the
hCA II active site. The two inhibitors present an identical binding mode
to the enzyme in terms of hydrogen bond network and of orientation of
the organic scaffold (Fig. 8A). This observation opens the way for the

development of boronic acid derivatives, adopting the same strategy
used for benzenesulfonamides, the so-called “tail approach”. This
approach involves appending different moieties, referred to as tails, to
the phenyl ring to facilitate the interaction of the inhibitor with the more
external regions of the hCA active site, which are characterized by the
highest variability between the various isoforms [13,53]. In particular,
with regard to the tumor-associated hCA IX and hCA XII, the main dif-
ferences compared to hCA II are placed on the rim of the active site,
mainly in the helical region containing residues 131-135 (Fig. 8B and
C). The replacement of the methyl group of compound 2 with larger
substituents, or the introduction of tails on the phenyl ring in meta po-
sition relative to the boronic acid moiety, could lead molecules able to
interact with this region, thus enhancing their selectivity.

4. Conclusion

In conclusion, the data here reported provide evidence that boronic
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acids bind to the CA active site in their deprotonated anionic form,
forming adducts similar to those formed by classical sulfonamide in-
hibitors. These data, together with studies previously reported by
Winum and colleagues [24,25], strongly indicate the need for further
investigations on these molecules aimed at developing new derivatives.
By changing or derivatizing the R-group, or introducing tails in the meta
position of the phenyl ring, molecules can be developed that are able to
interact with the less conserved regions of the active site and finely
modulate the affinity toward the different CA isoforms.
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