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Combinated ligand- and pharmacophore-based virtual screening approaches were used to discover novel
potential pharmacophores acting as carbonic anhydrase (CA, EC 4.2.1.1) inhibitors (CAls). A free database
of commercially available compounds was screened through drug-like filters using a four-point pharma-
cophore, and followed by docking calculation within the active site of an X-ray structure of isoform CA II.
One compound, bearing a trifluoro-dihydroxy-propanone moiety, showed an interesting, selective inhib-
itory activity in low micromolar range against this isoform versus CA 1. The chemical originality of this
new pharmacophore can represent an important bioisosteric alternative to the sulfonamido-based func-
tionalities, thus leading to the development of a new class of CAls.

© 2011 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs) are an ubiquitary group of
metalloenzymes, which have crucial physiological roles in
prokaryotes and eukaryotes.! Such enzymes are efficient cata-
lysts for the reversible hydration of carbon dioxide to bicarbonate,
an essential reaction for all living organism. In humans, many CA
isoforms are thus involved in several cellular and physiological
processes and are consequently implied in a plethora of disease
or pathological conditions. To date, one of the main classes of CA
inhibitors (CAls) is constituted by the unsubstituted sulfonamides
and their bioisosteres (Fig. 1).

The active site of most CAs contains a zinc ion [Zn(II)] as a metal
cofactor, which is essential for catalysis.'” It has been reported
that sulphonamide-type inhibitors bind to the Zn(Il) ion of the
enzyme by substituting the non-protein zinc ligand to generate a
tetrahedral adduct.? In the course of the last years, several SAR
studies combinated with X-ray crystallographic data led to identify
a general binding mode of the sulfonamide CAls (Fig. 2a and b).
This can be schematized as a structure bearing three main
moieties: (i) the Zinc Binding Function (ZBF), (ii) an aromatic
scaffold, and (iii) a high variable tail.

Experimental data indicate that the ZBF is fundamental for the
inhibitory activity of the inhibitors acting as zinc binders
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Figure 1. Representative sulfonamido- and sulfonamido-based pharmacophores of
CAls.

(e.g., derivatives belonging to the sulfonamide, sulfamate or sulf-
amide families, carboxylates).!~ Furthermore, the aromatic scaf-
fold ensures the appropriate positioning of the ZBF and stabilizes
the enzyme-inhibitor complex interacting with the hydrophobic/
hydrophilic residues of the active site. The tail, almost always lo-
cated in pseudo-para or meta position with respect to the ZBF, is
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Figure 2. (a) Classical sulfonamides’ binding mode; (b) Schematic representation of generic sulfonamido-based CAls.

responsible for secondary interactions that confer better stability
and high affinity to the enzyme-ligand complex.! As more CAls
are entering clinical trials, due to both the toxicity and relative
non-specificity of the sulfonamido-like functionality, it is impor-
tant to develop diverse chemical classes of selective inhibitors,
especially isozyme-specific compounds, bearing different ZBF.

In this context, together with other traditional strategies, com-
putational approaches demonstrated their utility in the modern
drug discovery of novel and potent CAls.* Among them, virtual
screening (VS) is one of the most interesting computational tools
for rapid discovery of novel and original chemical entities provided
of potential activity.>® This method is used with the goal to detect
molecules in waste compound libraries, in order to increase the hit
rate in subsequent biological assays.”®

The present study was aimed on searching for new potential
and original pharmacophoric motifs for CAls by using a VS strategy,
to be submitted to further chemical optimization. On these bases,
combinated pharmacophore- and ligand-based VS approach was
performed by using MOE (Molecular Operative Environment)
platform.®

The outline of the experimental strategy was the following:
first, the construction of a suitable pharmacophore model; second,
the virtual screening of free database by means of docking proce-
dures; third, the study of the poses on CA Il enzyme model of the
most interesting selected compounds. After these bioinformatic
analyses, we validated the results obtained by performing CA I/II
catalytic activities in in vitro enzyme assays employing a
stopped-flow instrument for assaying the CA-catalyzed CO, hydra-
tion activity.'®

In particular, after a careful analysis of RCSB Protein Data Bank,
34 available high-resolution X-ray crystallographic structures of
CA II in complex with different sulfonamides were selected and,
to retain the common structural features into a putative pharma-
cophoric region, an alignment procedure was performed!! (Fig. 3).

Therefore, a suitable four-point pharmacophore was derived; it
consisted by (a) the classical ZBF as metal ligator, (b) two H-bond
acceptor functions, and (c) an aromatic hydrophobic region (Fig. 4).

Among all selected systems, the ligand-protein complex with
pdb code 2NNO appeared a suitable CA Il enzyme model (com-
plexed with the 4-carboxyethyl benzene-sulfonamide)'? to be used
as a target structure for preliminary docking studies. Prior to the
execution of the VS experiment, the pharmacophore model and
the docking settings were tested using a training database contain-

ing previously reported 566 CAls, having a K; ranging from 10 to
107 '°M. Therefore, the docking procedure was tested by
cross-docking all the ligands. The pharmacophore/docking model
recognized 417 compounds, which represent ~75% of the database.
Noting the heterogeneity of the structures in the database and the
fact that the four-point pharmacophore was developed with a lim-
ited number of highly active CAls, we considered this a reasonable
result and we used this model as filter in the initial stage of the VS
procedure. So, the free ZINC'® lead-like database containing
972,608 of commercially available compounds was screened in a
hierarchical fashion, using fast 2D filters, 3D pharmacophore
searches, and protein-ligand docking.'® This database was built
by filtering the main database ZINC after selection of structures
that satisfied good drug-likeness criteria (log P < 3.5; molecular
weight <350 and rotatable bounds <7), to avoid a pre-filtering
operation like Lipinski’s rules. Furthermore, a washing procedure
was performed in order to remove possible incongruous structures
(i.e., presence of wrong bound valence, incorrect charges, presence
of transition elements). The first stage of screening was constituted
by an one-step procedure that analyzed each structure by perform-
ing a conformational analysis coupled to a pharmacophore search.
In the second stage, the resulting database of 37,398 hits was
treated to remove the structures containing S atoms reducing it
to 4603 hits. A docking evaluation was then performed using
FlexX,!> thus resulting in a library of 688 poses related to 29
structures.

Finally, a refinement docking procedure using AutoDock 4.2.1
was carried out,'® and a unique original structure (1) was identi-
fied (Fig. 5).

According to docking results, the amino acid residues Thr200
and Thr199, located near the catalytic metal ion, are involved in
the binding of compound 1 (Fig. 6).

These residues were shown to be very important for the activity
of CA and for the binding of substrates/inhibitors, such as sulfam-
ide, sulfamic acid and a host of more complex primary sulfona-
mides/sulfamates.! The estimated free binding energy values
(AGbind) of the docked positions, expressed in kcal/mol, indicated
favourable interactions and tight binding of 1 with key aminoacid
residues on the CA 1II active site. In particular, with
AGbind = —8.84 kcal/mol (Table 1), 1 shared better energy results
than the other 28 selected compounds (data not shown).

We also found that 1 is involved in complexation with the Zn?*
ion, thus revealing the already observed accommodation for
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Figure 3. Snapshot of the catalytic site with all 34 ligands used for the development of the pharmacophore model.
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Figure 4. Pharmacophore model represented into the active site. Schematic view and distance geometries of the pharmacophore functions (rectangular insert).

sulfonamide-containing compounds within the CA active site
(Fig. 6). Presumably, the dihydroxy-keto moiety is potentially able
to establish a coordination bond with Zn?* ion through the depro-
tonated dihydroxy system. In fact, the electron-withdrawing char-
acter of the trifluoro-group present on the pharmacophore
fragment might contribute in enhancing the acidity of geminal
diol, thus favouring its metal chelating properties (carboxylates,
which contain a rather ‘similar pharmacophore, COO~’, were found

bound to the Zn(II) ion within several CA isoforms active sites“9),

Furthermore, the software estimated a putative inhibition constant
of 0.33 UM (Table 1), that resulted approximately in the same order
of magnitude as the experimentally obtained data (see below).
Then, we performed calculation of electronic density with the
aim of understanding how structural changes can affect substrate
charge distributions. Figure 7 displays the three-dimensional
molecular electrostatic potential (MEP) surfaces for monodeproto-
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Figure 5. Schematization of the VS workflow.

nated inhibitors 1~ and 2~ (the sulfonamide-related compound),
which were generated from ab initio DFT method (B3LYP/6-
311G). The most nucleophilic regions (negative electronic poten-
tial) are shown in red, while the electrophilic regions (positive/
neutral electrostatic potential) are shown in blue/green. A more in-
tense region of negative electrostatic potential around the 2-hy-
droxy-3-oxo-2-olate group of 1- and the monodeprotonated
sulfonamide moiety of 2~ were observed. These results can further
explain the similar disposition of these inhibitors within the active
site, particularly the interaction with the Zn?" ion as observed.

To assess the biological activity, compound 1 was purchased by
Aurora Fine Chemicals Ltd, and then tested for the ability to inhibit
CA I and II isoforms catalytic activities.!” Interestingly, 1 showed

Table 1

Docking results for compound 1
Compound focd M.BE. E.F.E.B® ELC, K¢
1 5/5 -7.62 —-8.84 0.33 uM

2 foce = Number of distinct conformational clusters found, out of 100 runs/Num-
ber of multi-member conformational clusters found, out of 100 runs.

> M.B.E. = Mean binding energy.

¢ E.F.E.B = Estimated free energy of binding.

4 E.LC., K; = Estimated inhibition constant, K.

anti-CA II activity in the low micromolar concentration range (K;
CA Il =9 pM, Table 2), as predicted by the docking studies. Since
this value falls into the average hit potency values for all VS studies
(range from ~4 to ~19 uM),® it fulfills the criteria for a useful hit,
which must exceed a specific potency threshold against the target
(e.g., <10 uM inhibition).# Finally, Table 2 reports the inhibition re-
sults of 1 compared to the classical CAI Acetazolamide, 5-acetam-
ido-1,3,4-thiadiazole-2-sulfonamide (AZA). Although compound 1
was less potent than reference compound towards CA II (K; CA
=9 um and K; CA II=0.012 uM, for 1 and AZA, respectively), it
resulted approximately 45-fold more active in inhibiting the
human CA II isoform with respect to CA [ (K; CA II=9 pm vs K;
CA 1=410 pM), thus demonstrating similar specificity toward CA
Il isoform as compared to reference compound (K; ratios = 45 and
75, for 1 and AZA, respectively).

Summary: One of the main goal in the CA field is the
development of new CAIs that combine adequate inhibitory
activity and selectivity with lower toxic effect than classical CAls.
In this context, the identification of new structures capable to
interact with the CA zinc metal cofactor without bear the sulfon-
amido group can be a suitable strategy. The work presented here
reports the identification of an original ZBF, obtained by means
of combinated pharmacophore- and docking-based VS approaches.
A free database of commercially available compounds was
screened through drug-like filters by a four-point pharmacophore
of CA I inhibitors and by docking within the active site of a CA Il
model structure. One of them (1), that bear a trifluoro-dihy-
droxy-propanone moiety, showed an interesting inhibitory activity
in low micromolar concentration range towards human CA II iso-
form. Analysis of the docking pose provided structural insights into
the binding mode of compound 1 within the enzymatic active site.
Due to its chemical originality, this compound can be used as a lead

Figure 6. (A) Proposed binding mode of compound 1. Dashed lines highlight hydrogen and metal transition ligands. (B) Compound 1 located in the active site tunnel.
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Figure 7. MEPs derived from B3LYP/6-311G calculations for 1~ and from B3LYP/6-311+G(d) 2~ (the sulfonamide-related inhibitor). The increase of negative charges comes

from the blue/green (positive/neutral) to red (negative).

Table 2
Inhibition activities of compound 1 in comparison the reference CA inhibitor
acetazolamide (AZA)

Compound Ki (uM)? K; ratios K; hCA I/K; hCA 11
hCA 1 hCA 1l

1 410 9.0 45

AZA 0.90 0.012 75

2 Errors in the range of 5-10% of the shown data, from three different assays, by a
CO, hydration stopped-flow assay.

for further development. Work is in progress to extend this virtual
screening method in terms of scoring functions, databases, and tar-
get structures, as well as on synthesizing a set of derivatives.
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