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New compounds containing a novel zinc binding group (salicylaldoxime system) were identified as effec-
tive inhibitors of carbonic anhydrases (CAs). This structural motif seems to bind the catalytic zinc ion of
CAs, revealing itself as a new valid alternative to the sulfonamide group. Computational procedures were
used to investigate the binding mode of this class of compounds, within the active site of CAII. This study
suggests that the salicylaldoxime moiety binds the zinc ion through the oxime oxygen atom that also
forms an H-bond with T199. The results herein obtained will allow the development of new CA-inhibitors
bearing the salicylaldoxime moiety.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Carbonic anhydrases (CAs) are widespread, distributed zinc
metalloenzymes. They belong to a superfamily of ubiquitous
metalloproteins and catalyze the reversible hydration of CO2 to
form HCO3

�, which is involved in many biosynthetic reactions,
among which are gluconeogenesis, lipogenesis, the synthesis of
some amino acids, and pyrimidine nucleotide biosynthesis. More-
over, these enzymes are involved in pH homeostasis, bone resorp-
tion, ion transport, electrolyte secretion in a variety of tissues,
calcification, and tumorigenesis.1 The metal ion is critical for catal-
ysis, as the apoenzyme is devoid of any catalytic activity.2

In mammals, 16 CA isozymes or CA-related proteins have been
identified and mainly differ in their subcellular localization,
catalytic activity and tissue distribution. Five CAs are cytosolic
(CAI-III, VII, and XIII), two are mitochondrial (CAVA and VB), one
is secreted (CAVI), and the others are membrane-bound (CAIV,
IX, XII, XIV and XV).3 Many CA subtypes constitute interesting
targets for the design of pharmacological agents useful for the
treatment of various pathologies such as glaucoma, neurological
disorders, obesity, cancer, epilepsy and osteoporosis.4

Classical CA inhibitors are constituted by primary sulfonamides,
which coordinate the zinc ion with their terminal deprotonated
nitrogen atom and form hydrogen bonds with Thr199. The side ef-
fects often associated to the use of sulfonamide derivatives have
led to the development of new zinc binding groups (ZBGs).5 To
ll rights reserved.
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date, sulfamates, sulfamides, phenols6 and polyamines7 have been
reported to be efficient ZBGs; furthermore, very recent studies on
matrix metalloproteinase inhibitors by Klebe and co-workers
found four new CA ZBGs with micromolar activities and different
zinc coordination geometries.5 Here we report another CA ZBG,
discovered starting from known estrogen receptor modulators,
constituted by the salicylaldoxime moiety.8 The experimental
studies were developed together with in silico techniques, aimed
to propose a reliable binding disposition for this new class of CA
inhibitors.

2. Results and discussion

2.1. CA inhibition studies

Starting from our library of estrogen receptor ligands,9–12 we se-
lected, as a preliminary experimental analysis, eight candidates
characterized by the presence of a salicylaldoxime system substi-
tuted with different aryl and halogen atoms (see Table 1). We se-
lected these compounds for investigating the possible interaction
of the salicylaldoxime system with the zinc ion.

The inhibition data for compounds 1–8 against four CA isoforms
(hCAI, II, IX, XII) are listed in Table 1. 3,5-Difluorophenol was added
as a reference compound. All the analyzed compounds showed
inhibition potencies (Ki) against the tested isoforms in the range
of 2.3–10.2 lM.

All the tested compounds showed very similar inhibition
activities, thus suggesting that the analyzed substitutions did not
affect the interactions of the ligand with the enzyme. The analyzed
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Table 1
Inhibition data for compounds 1–9.
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Compound Ki (lM)a

hCAI hCAII hCAIX hCAXII

1 7.27 3.74 7.04 5.53
2 3.98 2.30 6.02 4.31
3 9.13 4.13 6.99 4.24
4 6.93 3.66 10.19 5.94
5 7.57 4.96 7.08 4.77
6 6.90 3.32 10.18 4.53
7 7.88 6.35 6.43 7.45
8 7.65 5.87 7.72 3.14
3,5-Difluorophenol 38.81 339.79 0.944 70.22

a Mean from 3 different assays. Errors were in the range of ±5% of the reported
values.

Figure 1. Superimposition of the compound 2 best docking poses into CAII,
considering the catalytic zinc ion with a tetrahedral (colored yellow) or a trigonal
bipyramidal (colored light blue) coordination geometry.

1512 T. Tuccinardi et al. / Bioorg. Med. Chem. 21 (2013) 1511–1515
compounds supposedly interact with the zinc ion through either
the salicylaldoxime system, or the 4-hydroxyphenyl substituent.
However, the generally good inhibition potency of compound 4,
that differs from the other compounds for the replacement of the
p-hydroxy with a p-methoxy group in the aryl substituent, strongly
support the interaction of the salicylaldoxime portion with the zinc
ion.

2.2. Docking studies

A knowledge of the binding mode of these compounds within
CAs is of recognized importance for improving the design of new
CA inhibitors. To achieve this goal, the existence of an inhibitor–
enzyme complex model may greatly facilitate computer-aided
structure optimization by using a scaffold-constrain docking pro-
cedure.13 These studies showed that compounds 1–8 efficiently
bind CAs, where the salicylaldoxime system was expected to play
the role of ZBG. The most accurate way to get information on the
inhibitor–enzyme binding mode is undoubtedly by X-ray crystallo-
graphic studies of the corresponding complexes. However, in the
absence of these important experimental evidences, theoretical ap-
proaches have been widely accepted as secondary tools to produce
reliable results. With this aim, we focused our attention on the
binding geometry of this new ZBG (in particular, compound 2 with
CAII, since this combination displayed the lowest Ki value) and car-
ried out a series of computational approaches based on docking,
quantum mechanical (QM), and hybrid quantum mechanical/
molecular mechanical (QM/MM) calculations. Although docking
calculations had already been successfully applied to CA inhibitors,
the coordination of the reported ZBG with CAs had never been pre-
dicted before. Therefore, to support the reliability of our docking
calculations and to have a deeper analysis of the ZBG interactions,
both QM and QM/MM approaches were applied to the docking
results.

Docking of compound 2 into CAII was conducted to provide pos-
sible binding hypotheses of the ZBG. GOLD software was used for
this purpose, as it proved to be a good method for docking CA
inhibitors.14,15 As reported in detail in the Experimental Section,
two docking runs were carried out, considering the catalytic zinc
ion either with a tetrahedral, or a trigonal bipyramidal coordina-
tion geometry. The two docking runs converged in a unique ligand
binding mode (see Fig. 1) with the salicylaldoxime group coordi-
nating the zinc ion through the oxime oxygen atom that also
formed an H-bond with T199. The remaining part of compound 2
did not show important additional interactions, with the exception
of the aromatic ring of the salicylaldoxime system, which interacts
with L198, showing a disposition similar to that of the aromatic
ring of other known arylsulfonamide CA inhibitors.16

2.3. QM studies

To confirm the reliability of the docking results, QM optimiza-
tion of the interaction between the ZBG and CAII was carried out.
The catalytic zinc binding region was taken from the X-ray crystal
structure (3V7X PDB code16) and the ligand coordinates were re-
trieved from the docking results. Simplifications on the binding site
were made, and only the main atoms around the ZBG were in-
cluded, while compound 2 was replaced by 2-chloro-salicyl-
aldoxime as a simpler model. The complex was submitted to
purely quantum mechanics optimization, using Gaussian software,
with the B3LYP chemical model and the LANL2DZ and the 6–
31++G(d,p) basis set. The QM optimization converged into solu-
tions that are very similar to the starting docking geometry. As



Figure 2. Final structure of the QM optimization (6–31++G(d,p) basis set) and
superimposition with the docking results for compound 2.

Figure 4. Minimized average structures resulting from the MD simulation of the
CAII–2 complex. The docking result for compound 2 (colored blue) has been
reported as a reference structure.
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shown in Figure 2, the most important differences concerned the
H-bond network: both QM optimizations determined the deproto-
nation of the oxime oxygen with a shift of the hydrogen from the
ligand to T199, and in this conditions E106 appears to be proton-
ated by the starting hydrogen of T199.

2.4. QM/MM ONIOM optimization

In order to further confirm the obtained geometries and to fur-
ther analyze the ligand-protein H-bond network a QM/MM ONIOM
approach17 was applied to the starting docking complex. Using this
method, the molecular segment with the highest interest, in terms
of binding interaction, was quantum mechanically treated, while
the rest of the system was treated by means of classical mechanics,
thus saving considerable computational expenses. The CAII–2 com-
plex was divided into two layers; the first layer corresponded to
the fragments previously analysed by the QM approach and the
rest of the system was considered as the second layer. Two calcu-
lations were carried out, for both calculations the second layer was
analysed using the MM theory and the AMBER force field whereas
the first layer was analysed using the B3LYP chemical model and
both the LANL2DZ and the 6–31++G(d,p) basis set. Both QM/MM
calculations converged to a unique solution that was very similar
to that obtained using the QM approach. In particular, as shown
in Figure 3, the salicylaldoxamide maintained the coordination
Figure 3. Final structure of the QM/MM optimization (6–31++G(d,p) basis set). The
docking result for compound 2 (colored blue) has been reported as a reference
structure.
with the zinc ion and oxime oxygen appeared to be deprotonated
with the shift of hydrogen to T199 and the protonation of E106.
With regards to the remaining part of the ligand, the 30-fluoro sub-
stituent showed a weak H-bond with H64 and the oxygen atom of
the 40-hydroxy group of the phenolic substituent formed an H-
bond with N67.

2.5. QM/MM dynamic simulation

As a last step, we further analyzed the CAII–2 complex by
means of a QM/MM molecular dynamic (MD) simulation. Many
authors in the field of drug design have used this approach with
good success in finding the correct interactions in biological sys-
tems.18,19 In particular in our case this approach could be very use-
ful for further confirming the interaction geometry of the ZBG and,
most importantly, for analyzing the interactions of the remaining
part of the molecule. We used the QM/MM module recently imple-
mented in AMBER11,20 by applying the density functional theory-
based tight-binding (DFTB) Hamiltonian model in the QM sys-
tem.21 The complex, in an explicit solvent environment, was sub-
jected to two minimization steps and three MD steps, the last
one consisting of 4 ns of QM/MM MD simulation (see the Experi-
mental Section for details). As shown in Figure S1 in the Supple-
mentary Data, the complex seemed to be stable during the
simulations. By analyzing the root-mean-square deviation (rmsd)
of all the heavy atoms from the X-ray structures, we observed an
initial increase due to the equilibration of the system, followed,
after 500 ps, by a stabilization of the rmsd value around 1.1 Å.

Regarding the geometry of the ligand, we analyzed the rmsd of
the position of the ligand with respect to the starting structure dur-
ing the simulation. During the first 1400 ps the ligand appeared to
maintain a disposition very similar to that of the starting structure,
then in the last 3600 ps it showed a rmsd value between 0.4 and
0.8 Å. This movement of the ligand determined the loss of the
two H-bonds with H64 and N67. However, as shown in Figure 4
and Figure S2 in the Supplementary Data, this phenomenon
seemed to be determined by the instauration of a favorable p–p
interaction of the aromatic substituent with F131, which strongly
stabilizes the ligand interaction. With regards to the ZBG, it
showed a disposition which is very similar to the starting docked
structure, with the formation of the H-bond with T199.

3. Conclusions

A new class of CA inhibitors interacting with the hCAI, II, IX,
and XII isoform is herein reported. The salicylaldoxime nucleus
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constitutes a promising novel ZBG to be used in new classes of car-
bonic anhydrase inhibitors. A computational approach was em-
ployed to analyze the binding mode of these new type of
inhibitors with carbonic anhydrases and, in particular, to disclose
the binding geometry of the ZBG. These findings indicate that the
salicylaldoxime scaffold can be considered as a new lead for the
development of carbonic anhydrase inhibitors.

4. Experimental Protocols

4.1. CA inhibition

An Applied Photophysics stopped-flow instrument has been
used for assaying the CA catalysed CO2 hydration activity.22

Phenol red (at a concentration of 0.2 mM) has been used as indi-
cator, working at the maximum absorbance of 557 nm, with
20 mM Hepes (pH 7.5) as buffer, and 20 mM Na2SO4 (for main-
taining constant the ionic strength), following the initial rates
of the CA-catalyzed CO2 hydration reaction for a period of 10–
100 s. The CO2 concentrations ranged from 1.7 to 17 mM for
the determination of the kinetic parameters and inhibition con-
stants. For each inhibitor at least six traces of the initial 5–10%
of the reaction have been used for determining the initial veloc-
ity. The uncatalyzed rates were determined in the same manner
and subtracted from the total observed rates. Stock solutions
of inhibitor (0.1 mM) were prepared in distilled-deionized water
and dilutions up to 0.01 nM were done thereafter with distilled-
deionized water. Inhibitor and enzyme solutions were preincu-
bated together for 15 min–72 h at room temperature (15 min)
or 4 �C (all other incubation times) prior to assay, in order to al-
low for the formation of the E–I complex or for the eventual ac-
tive site mediated hydrolysis of the inhibitor. Data reported in
Table 1 show the inhibition after 15 min incubation, as there
were no differences of inhibitory power when the enzyme and
inhibitors were kept for longer periods in incubation.23 The inhi-
bition constants were obtained by non-linear least-squares
methods using PRISM 3, as reported earlier,24 and represent
the mean from at least three different determinations. The four
CA isozymes used in the experiments were recombinant ones,
obtained as reported earlier.25–28

4.2. Docking calculations

Compound 2 was built using Maestro 9.029 and it was mini-
mized with Macromodel 9.7.30 The conjugated gradient method
was applied, until a convergence value of 0.05 kJ/Å mol was
reached, using the MMFFs force field and a water environment
model (generalized-Born/surface-area model), with a distance-
dependent dielectric constant of 1.0. The minimized ligand was
then subjected to a conformational search of 100 steps, using an
algorithm based on the Monte Carlo method, with the same force
field and parameters used in the minimization. The structure of
CAII was extracted from the RCSB Protein Data Bank31 (PDB code
3V7X16). Hydrogen atoms were added by means of Maestro, and
the region of interest used by the docking program GOLD version
4.032 was defined in order to contain the residues within 15 Å from
the original position of the ligand in the X-ray structure. In the
docking calculations, the catalytic zinc ion was set to have either
a tetrahedral or a trigonal bipyramidal coordination geometry.
The ‘allow early termination’ option was deactivated. The cluster-
ization was set for an rmsd limit of 0.75 Å between the different
docking solutions. The remaining GOLD default parameters were
used, and the ligand was submitted to 100 genetic algorithm runs
by applying the Chemscore fitness scoring function. The clustered
structures obtained from the two docking runs were then
compared.
4.3. QM studies

Geometry optimization was performed by means of quantum
mechanical calculations derived from the Gaussian 09 software.33

The results of the docking calculations of compound 2 into CAII
was used as the starting structure. Only the most important atoms
of the binding site region were taken into account, that is. the
catalytic zinc ion, the imidazole rings of the three His residues sur-
rounding it, the E106 carboxylic group, T199 side chain, and the sal-
icylaldoxime group of compound 2. The QM calculation was carried
out using the B3LYP chemical model and two different basis sets
(i.e., the LANL2DZ and the 6–31++G(d,p) basis set). A direct self-
consistent field (SCF) method with a SCF convergence criterion of
10�5 was used. The backbone atoms of the residues were kept fixed.

4.4. QM/MM ONIOM optimization studies

The ONIOM calculations were carried out using Gaussian 09.33

The results of the docking calculations of compound 2 into CAII
was used as the starting structure. Two layers were considered;
the first layer was constituted by the most important atoms of
the binding site region were taken into account (i.e. the catalytic
zinc ion, the imidazole rings of the three His residues surrounding
it, the E106 carboxylic group, T199 side chain, and the salicyl-
adoxime group of compound 2) whereas the second layer was con-
stituted by the rest of the system. The first layer was analyzed by
the B3LYP chemical model and two different basis sets (i.e., the
LANL2DZ and the 6–31++G(d,p) basis set), whereas the second
layer was analyzed through using the MM theory and the AMBER
force field. The a-Carbon of the residues were kept fixed during
the calculations.

4.5. QM/MM MD calculations

The calculations were performed using AMBER 11.20 MD simu-
lations were carried out using the parm03 force field at 300 K. The
results of the docking calculations of compound 2 into CAII was
used as starting structure. Compound 2 was treated as an anionic
ligand, and E106 was considered in the protonated form. The com-
plex was placed in a rectangular parallelepiped water box, an ex-
plicit solvent model for water, TIP3P, was used, and the complex
was solvated with a 10 Å water cap. Sodium ions were added as
counterions to neutralize the system. Prior to the MD, two minimi-
zation steps were carried out. In the first stage, the protein was
fixed using a harmonic force constant of 500 kcal/mol Å2 and only
the positions of the water molecules were minimized. In the sec-
ond stage, the entire system was minimized by applying a har-
monic force constraint of 15 kcal/mol Å2 on the a-carbons, the
zinc ion, and the corresponding coordinating atoms (from the pro-
tein and the ligand). The first minimization consisted of 5000 steps
with a combined algorithm, namely the sequential use of Steepest
Descent (SD) and Conjugate Gradient (CG) methods, for the first
1000 and the last 4000 steps, ‘respectively’, while the second
one consisted of 10,000 steps with 2000 SD and 8000 CG steps.
Particle mesh Ewald50 (PME) electrostatics and periodic boundary
conditions were used in the simulation. The MD trajectory was
conducted using the minimized structure as the starting conforma-
tion. The time step of the simulations was 2.0 fs with a cutoff of
10 Å for the nonbonded interaction, and SHAKE was employed to
keep rigid all bonds involving hydrogen atoms. Constant volume
was carried out for 200 ps, during which the temperature was
raised from 0 to 300 K (using the Langevin dynamics method).
Next, under constant pressure, an 800 ps MD simulation was car-
ried out at 300 K. During these two MD steps, the same constraints
were applied as described for the second minimization step.
General Amber force field (GAFF) parameters were assigned to
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the ligands, while partial charges were calculated using the AM1–
BCC method as implemented in the Antechamber suite of AMBER
11. A 4 ns MD simulation was then performed using the hybrid
QM/MM method of AMBER 11. The QM region was described by
the DFTB theory21 and contained the catalytic zinc ion, the imidaz-
ole rings of the three His residues surrounding it, the E106 carbox-
ylic group, T199 side chain, and the salicyladoxime group of
compound 2. Aside from those atoms within the QM region, the
same constraints of the previous MD were applied.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmc.2012.08.057.
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