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ABSTRACT

Recent studies identified the benzoxaborole moiety as a new zinc-binding group able to interact with car-
bonic anhydrase (CA) active site. Here, we report a structural analysis of benzoxaboroles containing urea/
thiourea groups, showing that these molecules are very versatile since they can bind the enzyme assum-
ing different binding conformations and coordination geometries of the catalytic zinc ion. In addition, the-
oretical calculations of binding free energy were performed highlighting the key role of specific residues
for protein-inhibitor recognition. Overall, these data are very useful for the development of new inhibitors

with higher selectivity and efficacy for various CAs.

Introduction

Carbonic anhydrases (CAs) are metalloenzymes that catalyse the
reversible hydration of carbon dioxide to bicarbonate and pro-
ton'%. CAs are widespread in organisms belonging to all life king-
doms (i.e. bacteria, archaea, and eukarya) and evolved into eight
distinct families, namely o, f, 7, 6, {, 1, 0, and 1. «-CAs are present
mainly in vertebrates, fungi, protozoa, corals, algae, in the cyto-
plasm of green plants, and in some bacteria®. -CAs have been
found in bacteria, algae, and chloroplasts of both monocotyledons
and dicotyledons, as well as in many fungi and archaea®. y-CAs
have been reported in archaea, bacteria, and plants®, whereas -
and (-CAs are found only in marine photosynthetic eukaryotes®®,
n- and 0-CAs have been discovered in Plasmodium species and in
the marine diatom Phaeodactylum tricornutum, respectively®'®.
Finally, the new 1-CA subclass was recently identified in the mar-
ine diatom Thalassiosira pseudonana'’. All human (h) CAs belong
to the o-class, with 12 catalytically active isoforms so far identified.
These enzymes are extensively distributed in many tissues and
organs, where they are involved in several essential physiological
processes such as pH and CO, homeostasis, respiration, transport
of COy/bicarbonate, electrolyte secretion, biosynthetic reactions,
bone resorption, and calcification®'%. Consequently, their dysregu-
lated expression level and/or abnormal enzymatic activity may be
related to pathological conditions. For this reason, hCAs have
been recognised as targets for the design of inhibitors or activa-
tors useful for biomedical applications' >,
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To date, several classes of CA inhibitors (CAls) have been bio-
chemically and structurally characterised, with sulphonamides and
their isosteres (sulphamates and sulphamides) being the most
studied"'®. However, very often the developed inhibitors were
poorly selective, being able to inhibit indiscriminately all or most of
the hCA isozymes"?'. With the aim to obtain more selective CAls,
recent years saw the continuous development and testing of mole-
cules containing new chemotypes such as the carboxylates, poly-
amines, sulfocoumarins, and coumarins'’'. Among them the
benzoxaborole derivatives were recently shown to have good inhibi-
tory properties against - and f-CAs from pathogenic fungi and pro-
tozoans?>*3, as well to be effective on different hCA isoforms (Table
1)?*. In particular, the lead compound benzoxaborole 1 was shown
to act as a selective hCA | and hCA Il inhibitor and to bind the
enzyme active site in its tetrahedral anionic form independently
from the pH used in crystallisation experiments (Figure 1).
Interestingly, two different binding modes were observed: in the first
one, one of the hydroxyl groups of the benzoxaborole was anchored
to the catalytic zinc ion, completing its tetrahedral coordination
(Figure 1(B)), whereas, in the second one, the inhibitor was bound
to the zinc ion with two of its oxygen atoms, generating a trigonal
bipyramidal coordination geometry of zinc (Figure 1(C))**. The sub-
stitution pattern at the benzoxaborole ring was deeply investigated
too, showing that benzoxaboroles containing urea and thiourea moi-
eties (compounds 2 and 3 in Table 1) were able to discriminate
between the different CA isoforms®*. Based on these interesting
data, in this article, we further extend the characterisation of ureido/
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Table 1. Inhibitor activity of benzoxaborole compounds against the hCA isoforms 1, II, IX, and XII, as reported in the manuscript by Alterio et al.2*
K; (nM)
Inhibitor hCA | hCA 1l hCA IX hCA Xl
1 /OH 5690 8180 >50,000 >50,000
B
\
0]
2a H H /OH 654 730 1060 240
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hig 0
(0]
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Figure 1. Schematic representation of benzoxaborole Lewis/Bransted acidic properties (A). Binding of benzoxaborole to hCA Il active site (PDB accession code 5JQ0)**
showing its tetrahedral (B) or trigonal bipyramidal coordination (C) to the catalytic zinc ion.

thioureido-benzoxaboroles by means of X-ray crystallography and
binding free energy calculations.

Materials and methods
X-ray crystallography

Crystals of homemade hCA Il in complex with 2a, 2b, 3a, and 3b
were prepared by the soaking technique?®. In particular, hCA II
native crystals were grown at room temperature using the vapour
diffusion hanging drop method. Equal volumes of protein
(10mg/mL in 0.02 M Tris-HCl pH 8.0) and precipitant solution

(1.3 M sodium citrate, 0.1 M Tris—HCI, pH 8.5) were mixed and
equilibrated against 1 mL reservoir, containing the same precipi-
tant solution. A few enzyme crystals were then transferred in a
2ulL drop of freshly prepared precipitant solution containing
40 mM inhibitor and 10% (v/v) glycerol as cryoprotectant agent.
These crystals were kept in the soaking solution overnight for
hCA II/3a and hCA II/3b adducts, whereas a very long soaking
time was necessary for hCA 1l/2a and hCA 1I/2b (1 week for both
cases). Crystals were frozen in a gaseous nitrogen stream prior to
the diffraction experiment without further manipulations.

A complete X-ray data set was collected at 100 K by a copper
rotating anode generator developed by Rigaku and equipped with
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Table 2. X-ray diffraction data collection and refinement statistics.

hCA lI/2a hCA 11/2b hCA 1I/3a hCA 11/3b
Cell parameter
Space group P2, P2, P2, P2,
Unit cell parameters A, °) a=424 a=424 a=424 a=424
b=414 b=414 b=415 b=415
c=719 c=722 c=720 c=721
p=1042 p=1042 B=1045 B=1045
Data collection statistics
Resolution limits (&) 24.6-2.07 20.0-1.58 25.4-1.72 26.7-1.70
Temperature (K) 100 100 100 100
Total reflections 58731 154167 92543 117353
Unique reflections 14691 32939 24550 26109
Redundancy 4.0 47 3.8 4.5
Completeness (%) 98.0 (97.3) 98.3 (87.5) 94.3 (80.1) 96.5 (75.1)
R-merge* 0.125 (0.385) 0.062 (0.354) 0.092 (0.423) 0.062 (0.389)
Rmeas® 0.143 (0.464) 0.068 (0.429) 0.105 (0.538) 0.068 (0.493)
Rpim"I 0.068 (0.253) 0.028 (0.236) 0.050 (0.328) 0.028 (0.295)
<I>/<o()> 10.0 (2.7) 20.8 (3.1) 11.6 (2.2) 19.4 (2.5)
Refinement statistics
Resolution limits (A) 24.6-2.07 20.0-1.58 25.4-1.72 26.7-1.70
R-work** (%) 18.4 16.9 17.6 18.1
R-free®* (%) 229 19.7 209 20.7
r.m.s.d. from ideal geometry:
Bond lengths (A) 0.009 0.011 0.010 0.011
Bond angles (°) 1.4 1.7 1.6 1.5
Number of protein atoms 2039 2047 2051 2051
Number of inhibitor atoms 21 22 21 22
Number of water molecules 108 207 156 152
Average B factor (A%
All atoms 13.96 14.44 12.77 15.57
Protein atoms 13.56 13.37 1212 14.92
Inhibitor atoms 25.19 26.46 11.47 22.42
Water molecules 19.41 23.71 21.47 23.40
PDB accession code 6RVF 6RVK 6RVL 6RW1

*R-merge = XZhkIZili(hkl)-<I(hkl)>|/ ZhkIZili(hkl), where li(hkl) is the intensity of an observation and <I(hkl)> is the mean value for its

unique reflection; summations are over all reflections.

SRmeas = Sy {N(hKD)/IN(hkD)-11} 22| 1(hkD)-<I(hkD)> |/ T Zili(hkl).
IRpim = T { 1/IN(hKD-11} 22 lithkl)-<I(hKD)> |/ ZpeZii(hki).
**Rfactor = X|Fo-Fc|/ZFo.

R-free is calculated as for R-work, but from data of the test set that was not used for refinement (Test Set Size = 7% for hCA 1l/2a, 3.2% for

hCA 11/2b, 4.5% for hCA 1I/3a, and 4.2% for hCA [I/3b).

Values in parentheses are referred to the highest resolution shell (2.11-2.07 A for hCA 11/2a, 1.61-1.58 A for hCA 11/2b, 1.75-1.72 A for hCA II/

3a, and 1.73-1.70 A for hCA 11/3b).

a Rigaku Saturn CCD detector. Diffraction data were processed
and scaled wusing program HKL2000 (HKL Research, Inc.,
Charlottesville, VA)*®. Data collection statistics are reported in
Table 2. The initial phases of hCA Il/inhibitor structures were cal-
culated using the atomic coordinates of the native enzyme with
waters removed (PDB entry 1CA2)%". Electron density for all inhibi-
tors was observed in the difference map after a single round of
refinement. A model for each inhibitor was then built and intro-
duced into the atomic coordinates for further refinement, which
proceeded to convergence with alternating cycles of water addic-
tion, manual rebuilding with the O program?®, and energy mini-
misation and B-factor refinement with the CNS program?*3°,
Topology files for all compounds were obtained using the
PRODRG server’'. Refinement statistics for all hCA Il/inhibitor
adducts are summarised in Table 2. Coordinates and structure fac-
tors have been deposited in the Protein Data Bank (accession
codes 6RVF, 6RVK, 6RVL, and 6RW1 for hCA ll/2a, hCA Il/2b, hCA
II/3a, and hCA II/3b, respectively).

Computational analysis

Theoretical calculations were carried out on the four crystallo-
graphic complexes of hCA Il with 2a, 2b, 3a, and 3b as well as on
two model complexes with 3a" and 3b". The latter models were
obtained by substituting the oxygen atom of urea moiety with a

sulphur atom in the hCA ll/2a-b crystal structure, using the
Builder module of Insight Il package (Insight2000, Accelrys, San
Diego, CA). The partial atomic charges for ligands were obtained
by quantum mechanical (QM) calculations (B3LYP/6-31G*) using
the Gaussian16 software (Gaussian, Inc., Wallingford, CT)*? through
the restrained electrostatic potential (RESP) fitting procedure as
implemented in the PyRED server**3*, Since benzoxaborole deriv-
atives bind to the catalytic metal ion in their tetrahedral anionic
form?*, the total charge for ligands was set at —1 e. According to
our previous works®, a charge of +1.5 e was used for the zinc
ion. The General AMBER® and the AMBERff14SB force fields®’
were used for the ligands and proteins, respectively®®. Van der
Waals parameters for the Zn>" ion were adopted from the work
of Li and Merz*’ (6=1.271; ¢ (kcal/mol) = 0.00330286). Since
boron atom is not parametrised in Amber-derived force fields, it
was substituted with carbon, as reported in other modelling stud-
ies*®*!however, retaining the partial atomic charge of boron
atom computed by PyRED as described above.

The binding free energies (AGbind in kcal/mol) for crystallo-
graphic complexes and the theoretical models were calculated
using the molecular mechanics/generalised Born surface area
(MM/GBSA)  method*?***  implemented in  AmberTools18%*.
Moreover, to identify the key protein residues responsible for the
ligand-binding process, the binding free energy was decomposed
on a per-residue basis.



According to MM/GBSA method, the binding free energy was
estimated as follows:

AGbind = Gcomplex*Gprotein*Gligand (1)

where AGy,ng is the binding free energy and Gcompiexs Gproteins and
Giigana are the free energies of complex, protein, and ligand,
respectively. In details:

AGping = AEmm + AGso1—TAS )
AEMM = AEelec + AEvdW (3)
AGgo) = AGgg + AGsa 4)

where AGy,g is the binding free energy in solution, AEyy is the
molecular mechanics energy, which comprises van der Waals
(AE,qw) and electrostatic (AEelec) contributions; AGy is the solv-
ation energy, and includes electrostatic (AGgg) and nonpolar
(AGsp) interactions. The electrostatic solvation energy (AGgg) is
evaluated using the Generalised Born method*’, and the non-
polar contribution is computed by the Linear Combination of
Pairwise Overlaps (LCPO) method*®. TAS is the change of conform-
ational entropy on ligand binding, which is not included in our
calculations. Indeed, for comparison of similar ligands, it is accept-
able to exclude the entropy contribution in practise***’.

Results

To elucidate the binding mode of ureido/thioureido-benzoxabor-
ole derivatives to the CA active site, we carried out a crystallo-
graphic study of the ubiquitous hCA Il in complex with
compounds 2a, 2b, 3a, and 3b (Table 1), characterised by the
presence of a phenyl ring anchored to the urea/thiourea group
through a linker of variable length. hCA Il was selected as a model
isoform for these studies since it is easy to crystallise and numer-
ous data are available on adducts that it forms with inhibitors
belonging to different classes'.

Crystals of hCA Il adducts were obtained by soaking experi-
ments following a protocol well described in literature®**8, In par-
ticular, native crystals of hCA Il were grown using the hanging
drop vapour diffusion technique at pH 8.5 and the obtained crys-
tals were then transferred into a freshly prepared precipitant solu-
tion containing also the inhibitor. Data collection and refinement
of all structures were performed as reported in the experimen-
tal section.

Analysis of the electron density maps since initial stages of the
crystallographic refinement revealed that, as previously reported?,
all benzoxaborole derivatives bind to the catalytic metal ion in
their tetrahedral anionic form. Electron density maps were well
defined for the whole inhibitor molecule in the case of hCA II/
thiourea adducts, whereas a greater conformational variability was
observed for the phenyl substituent of urea derivatives (Figure 2).
The inhibitor binding did not alter hCA Il three-dimensional struc-
ture. Indeed, the r.m.s.d. values calculated by superposition of all
the Ca atoms of the hCA Il/inhibitor adducts with those of the
native protein were very low (rm.s.d. values in the range
of 0.18-0.21 A).

A careful analysis of the hCA ll/2a and hCA Il/2b adduct struc-
tures showed that both inhibitors bind to the enzyme active site
in a similar way, coordinating the catalytic zinc ion in tetrahedral
geometry through one of the hydroxyl groups of the benzoxabor-
ole moiety (Figure 2(A,B)), and being stabilised by many other
polar and hydrophobic interactions. The conformations of the two
inhibitors in the catalytic cavity are very similar (Figure 3(A)) with
few differences related to the lengths of the phenyl-urea tails. The
comparison of these structures with the previously reported
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compound 2¢** showed that, despite a rather similar orientation
of the benzoxaborole skeleton in the active site, the latter com-
pound coordinates the zinc ion in a trigonal bipyramidal geometry
(Figure 3(A)). Based on this finding and in agreement with previ-
ously reported data®®, it is reasonable to assume that the two zinc
coordination geometries, the tetrahedral and the trigonal bipyra-
midal, are in this case energetically equivalent and small changes
in the orientation of the benzoxaborole skeleton can allow the
transition from one to the other.

Superposition of compounds 3a and 3b, when bound to the
enzyme active site, showed that, as observed for the urea-containing
compounds, the binding modes of the two thiourea derivatives are
similar to each other (Figure 3(B)). In this case, the two inhibitors
bind the metal ion with two of their oxygen atoms, generating a tri-
gonal bipyramidal coordination geometry. Additional polar and
hydrophobic interactions contribute to stabilise the binding
(Figures 2(C,D)).

In contrast, great differences are observed when the two
groups of compounds are compared with each other. Indeed,
even if compounds 2a and 2b differ from 3a and 3b only for one
atom (an oxygen atom instead of a sulphur one) (see Table 1),
their arrangement in the enzyme active site is completely different
(Figure 4). One of the main differences is related to the geometry
of the urea/thiourea moiety, which is trans-trans in the case of 2a
and 2b and trans-cis in 3a and 3b (Figure 5). A question comes
spontaneously to mind at this point: have urea and thiourea moi-
eties an intrinsic preference for trans-trans and trans-cis geometry,
respectively, that leads them to adopt a different binding orienta-
tion within the active site or are there specific protein/inhibitor
interactions which influence this geometry and are responsible for
their different binding mode to the enzyme?

To answer this question, a detailed analysis of urea and thio-
urea bis-phenyl derivatives contained in the Cambridge Structural
Database (CSD)* was carried out. This analysis revealed that these
molecules do not have intrinsic conformational preferences, but
they can assume both trans-trans and trans-cis conformations
depending on the nature of the phenyl substituents and on the
chemical environment (data not shown). Thus, the different bind-
ing geometries assumed by urea and thiourea derivatives within
the hCA Il active site are induced exclusively by specific interac-
tions with the enzyme residues. Based on the inhibition data
reported in Table 1, showing that ureido-benzoxaboroles have
greater affinity for hCA Il with respect to thiourea derivatives, it
can be supposed that the binding conformation observed for
compounds 2a and 2b is energetically more favoured with respect
to that adopted by compounds 3a and 3b. Thus, to understand
why thiourea-containing inhibitors do not assume the same con-
formation of urea-containing ones, binding free energy calcula-
tions were performed by using the MM/GBSA theoretical
method***3, This method allows decomposing the binding free
energy on a per-residue basis in order to identify key protein resi-
dues responsible for the inhibitor binding mode. Calculations
were carried out on the four crystallographic complexes as well as
on two model complexes (hCA ll/3a* and hCA 11/3b™) obtained by
substituting the oxygen atom of urea moiety with a sulphur atom
in the hCA I1l/2a and hCA 1l/2b crystal structures. The latter two
structures represent hypothetical models in which thiourea deriva-
tives would adopt the same binding conformations observed for
the corresponding urea derivatives.

Table 3 reports the protein residues giving a major contribu-
tion to the ligand-binding energy in the case of the crystallo-
graphic complexes, whereas Table 4 reports the same data for the
model complexes. In the latter case, the energy differences with
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Figure 2. gp-weighted |2Fo — Fc| map (contoured at 1.0 o) relative to the inhibitor molecule in the hCA Il adduct with 2a (A), 2b (B), 3a (C), and 3b (D). The zinc ion
coordination and residues with a distance less than 4.0 A from the inhibitor are also reported. Continuous lines show zinc ion coordination, whereas dashed lines indi-

cate potential hydrogen bonds.

Figure 3. Structural superposition of benzoxaborole derivatives containing the
urea (A) or thiourea (B) moiety. Compounds 2a, 2b, and 2c are colored in green,
purple and orange, respectively, whereas inhibitors 3a and 3b are in red and
cyan. The zinc ion coordination is also reported.

respect to the crystallographic structures are reported. The zinc
ion contribution to ligand binding energy is not reported since, as
reported in the literature, it is affected by the overestimation of
the electrostatic interactions due to the high positive charge of
Zn2+ 50'

For what concerns the crystallographic complexes, the protein
residues mainly contributing to the binding are the same for all
the ligands with quite comparable extents. In detail, Phe131,
Val135, and Pro202 participate in the inhibitor binding through
van der Waals (vdW) interactions (Table 3). These residues form a
wide hydrophobic pocket at the mouth of the catalytic cleft,
which is able to accommodate the phenyl ring of each ligand
(Figure 2). Val143 and Leu198, located in the interior of the bind-
ing pocket, are involved in stabilising vdW and electrostatic inter-
actions with the ligands, interacting with the benzoxaborole ring
(Table 3). In addition, Thr199 and Thr200, at the bottom of the
active site, establish electrostatic interactions with the inhibitors.
Finally, GIn92, located at the entry of the active site, also
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Figure 4. Superposition of ureido- and thioureido-benzoxaboroles. Inhibitors 2a
(green) and 3a (red) containing the shorter linker are showed in panel A,
whereas compounds 2b (purple) and 3b (cyan) in panel B.
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Figure 5. Schematic representation of trans-trans and trans-cis conformations of
benzoxaboroles containing urea/thiourea groups.

contributes to inhibitor stabilisation. However, it is worth noting
that a very strong polar interaction is observed in the case of hCA
II/3b adduct, due to a hydrogen bond between the sulphur atom
of thiourea moiety and GIn92 side chain, which is absent in the
case of the other derivatives (Table 3 and Figure 2).

Regarding the model complexes (Table 4), the energy differen-
ces with respect to the crystal adducts are close to zero for all res-
idues except for Phe131, which shows a destabilising energy
contribution equal to 15.0 and 1.5 kcal/mol for derivatives 3a" and
3b*, respectively. These data indicate that thiourea derivatives
would experience a significant destabilising interaction with
Phe131 if they would adopt the same binding conformation of
urea derivatives, likely due to an increase of the steric hindrance
between their CS group and the Phe131 ring. These data suggest
that the thiourea moiety turns towards a trans-cis conformation,
to avoid this unfavourable interaction.

Our energetic calculations can help also to rationalise the inter-
esting inhibition profile of the thiourea derivatives against the dif-
ferent hCA isoforms, with a particular focus on hCA IX and Xl
which have been recently recognised as valuable targets for can-
cer treatment and diagnosis®'. Indeed, inhibition assays showed
that these compounds inhibit with greater efficiency the tumour-
associated hCA IX and Xl with respect to the ubiquitous hCA II
(Table 1). This can be explained based on the substitution of
Phe131 with a valine and an alanine in hCA IX and XII (Figure 6),
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Table 3. Per-residue decomposition of the binding free energy (kcal/mol) com-
puted by the MM/GBSA method for the crystallographic hCA Il adducts.

hCA Il/2a hCA 11/2b hCA Il/3a hCA 11/3b
AGping-GIn92 —1.059 —1.555 —1.690 3772
AEyqw —0.483 —0.601 —-0.73 1.088
Eotec —0.146 ~1358 0314 —5.189
AGgg —0.034 0.909 —0.959 1.004
AGsp —0.396 —0.505 —0315 —0.675
AGping-Phe131 —1.224 —2349 —2295 —2.165
AE,qw —0379 1323 —1.445 ~1612
AF e —0.451 —0338 —0.036 0.127
AGgg 0.496 0.555 0387 0.487
AGsy —0.89 —1.243 —1.201 —1.167
AGping-Val135 ~1.622 —1.500 —1.243 —1.483
AE g —0.72 —0.66 —0671 —0.783
Eoec —0.331 —0.403 —0.058 —0.176
AGes 0.078 0.179 0.009 0.117
AGsp —0.650 —0616 —0523 —0.641
AGping-Val143 —0.863 —1.493 —1.752 -1.614
AE,qw 0.276 —0.51 —0.786 —0.714
AF e —1.158 —~1.024 —0.938 —0.903
AGgg 0612 0.538 0.562 0.527
AGsy —0.593 —0.497 —0.590 —0.524
AGping-Leu198 ~7392 —7.211 ~7.292 ~7.062
AEyqw —2.569 234 —2423 —2.496
Eotec —3.666 —3.789 —3.864 -37
AGgs 0.752 0.794 0.775 0.876
AGsp ~1.909 ~1.876 —1.780 1742
AGping-Thr199 —3374 —2.879 —3.350 —3.238
AE,qw 0.003 1.454 1917 1.889
AF e —296 —3.466 —4.495 —4243
AGgg 0277 —0.128 0.018 —0.101
AGsy —0.694 —0.739 —0.790 —0.783
AGping-Thr200 —2611 ~1.883 —3.683 —3616
AEyqw —1.037 ~0.092 —1.285 1212
Eotec ~1.618 ~191 ~1343 ~1326
AGes 0917 1.048 0.018 0.05
AGsp —0.873 —0.929 ~-1.073 ~1.128
AGuing-Pro202 —2.775 —1.886 —1.647 —2456
AE,qw —1.484 —0.764 —0.704 ~1303
AF e —0916 —0.408 —0.401 —0.654
AGgg 0.707 0312 0.296 0473
AGsy —1.082 ~1.026 —0.838 0972

Only residues contributing more than —1.0 kcal/mol to the binding are reported.
AE,qw: van der Waals contribution; AE...: electrostatic contribution; AGgg: gen-
eralised-Born solvation contribution; AGsa: non-polar solvation contribution.

Table 4. *Binding free energy differences (kcal/mol) between hCA ll/3a" and
hCA 11/3b™ models and hCA I/2a and hCA I/2b crystallographic structures.

Ad* Ab®
AGhing-GIn92 —0.044 —0.135
AGping-Phe131 15.054 1.486
AGing-Val135 0.409 —0.075
AGping-Val143 —0.001 0.005
AGying-Leu198 —0.106 0.110
AGping-Thr199 0.009 0.043
AGing-Thr200 —0.050 —0.11M
AGping-Pro202 —0.080 —0.011

*hCA II/3a1- hCA 11/2a.
ShCA 1I/3b™ - hCA 11/2b.

respectively. Indeed, these two smaller residues likely do not cre-
ate the steric hindrance, originated by Phe131 in hCA I, for the
positioning of the inhibitor CS group and permit an energetically
more favoured arrangement of thiourea derivatives. These hypoth-
eses are in agreement with previously reported structural stud-
ies"*852 which evidenced the important role of CA residue in
position 131 in protein-inhibitor recognition and support the idea
that region encompassing residues 131-135 constitutes a “hot
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hca II 2
hca IX 2

hca II 99 SLDG-QGSEHTVDKKKYARELHLEHWNT-KYG QPDG
hca IX 99 AAGR-PGSEHTVEGHRFPAEIHVEHLST-AFAR DL GRPGG
hca XII 99 hPNDPHGSEHTVSGQHFAAELHT HYNSDLY P! IKSEGLJ

hCca II 197
hCca IX 197
hca XII 1987

-

CNPTV

—QSHWRYGGDP---PWPRVSPACAGRFQSPVDIRPQLAAFCPALRPLELLGFQLPPLPELRLRNNGHSVQLTLPP---GLEMALG-PGREYRAL
~GSKWTYFGPDGENSWSKKYPSCGGLLOSPIDLHSDILOYDASLTPLEFQGYNLSANKQFLLTNNGHSVKLNLPS---DMHIQG--LOSRYSAT)

LHLHWG
A A

—SHHWGYGKHNGPEHWHKDFPZRKGERQSPVDIDTHTAKYDPSLKPLSVS—YDQA——TSLRILNNGHAFNVEFDDSQDKRVLKGGPLDGTYRLIIFHFHWG
LHLHWG

LGIFLKVG-SAKPGLOKVVDVLDSIKTKGKSADFTNFDPRGLLPESL-DYWTYFG
LAAFLEEGPEENSAYEQLLSRLEEIAEEGSETQVPGLDISALLPSDFSRYFQYEG
LAVLIEMG-SFNPSYDKIFSHLOHVKYKGQEAFVPGFNIEELLPERTRAEYYRYRG

5 LLECVTRIVLKEPISVSSEQVLKFR-KLNFNGEGE-PEELMVDNWRPAQPLEKNRQIKASFK
ST P CAQGVINTVENQTVMLSAKQLHTLSDTLWGP--~--~— GDSRLOQLNFRATQPLNGRVIEASFP
S TVEFRNPVQISQEQLLALETALY CTHMDDFSPREMINNFRQVOQKFDERLVYTSFES

Figure 6. Structure-based sequence alignment of hCA Il with the catalytic domain of tumor-associated hCAs IX and XII. Catalytic triad residues, Thr199 and Glu106 are
indicated with a triangle, while hydrophobic and polar residues involved into protein-inhibitor binding are highlighted in red and cyan, respectively.

zone”? to be targeted for the design of novel CAls with increased

selectivity.

Altogether, studies reported here demonstrate that ureido- and
thioureido-benzoxaborole derivatives are an interesting class of
versatile CAls. Indeed, these molecules can bind the enzyme active
site assuming different binding conformations and coordination
geometries depending on the interactions established with the
enzyme active site residues. This feature can be efficiently used to
design molecules with enhanced selectivity for pharmaceutically
relevant hCA isoforms.
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