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ABSTRACT

A large library of saccharin and acesulfame derivatives has been synthesised and evaluated against four
isoforms of human carbonic anhydrase, the two off-targets hCA /Il and the tumour related isoforms hCA
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IX/XII. Different strategies of scaffold modification have been attempted on both saccharin as well as ace-

sulfame core leading to the obtainment of 60 compounds. Some of them exhibited inhibitory activity in
the nanomolar range, albeit some of the performed changes led to either micromolar activity or to its
absence, against hCA IX/XIl. Molecular modelling studies focused the attention on the binding mode of
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these compounds to the enzyme. The proposed inhibition mechanism is the anchoring to zinc-bound
water molecule. Docking studies along with molecular dynamics also underlined the importance of the
compounds flexibility (e.g. achieved through the insertion of methylene group) which favoured potent

and selective hCA inhibition.

1. Introduction

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metalloen-
zymes which catalyse the reversible hydration of CO, to bicarbon-
ate and proton'™. This quite simple reaction, that is very slow at
physiological conditions, is involved in many fundamental proc-
esses such as respiration and transport of CO,/bicarbonate, pH
and CO, homeostasis, gluconeogenesis, lipogenesis and ureagene-
sis, bone resorption and many others®>®. Among the eight CA
families discovered so far (o, f, 7, 0, {, n, 0, 1), «-CA are further
grouped in 15 diverse human (h) isoforms, involved in a variety of
physiological functions and pathological conditions®'2. In particu-
lar, the two transmembrane carbonic anhydrases IX and Xl are
also known as “tumor-related” isoforms, being overexpressed
(mainly the isoform IX) in hypoxic tumors'>™'®, Unceasing efforts
have been done and a lot of studies are ongoing aimed at discov-
ering novel chemical libraries able to effectively inhibit hCA IX
and XII'922, Albeit classical CAs inhibitors take advantage of the
presence of primary sulphonamide group'®%*72¢, in the last years
a large number of compounds devoid of this chemical functional-
ity have been discovered and evaluated as effective hCAs inhibi-
tors”’ 3%, Among the scaffolds frequently used for the
development of “non classical” inhibitors of human carbonic anhy-
drases, saccharin and acesulfame have a great importance. Since
the discovery of its inhibitory activity against carbonic

anhydrase®', saccharin caught the attention as a valuable hit com-
pound for the design of novel molecules acting against hCAs. In
the past years several research groups, including ours, developed
numerous hCAs inhibitors based on this promising scaffold®>~3,
The approaches used to modify this nucleus were based whether
on the derivatization of the benzene moiety to retain the cyclic
sulphonamide secondary group, or on its derivatization to obtain
N-substituted saccharins. Our research group focused mostly on
the second one, synthesising a large library of N-alkyl, N-benzyl or
N-benzoylmethylene derivatives®”~°. Pursuing our efforts in devel-
oping novel inhibitors of carbonic anhydrase, in this paper we
report a large library of derivatives aimed to further explore the
saccharin scaffold, taking advantage of a variety of design strat-
egies. The first strategy used (Figure 1(a)) relies on the replace-
ment of the saccharin nitrogen with unsaturated and branched
alkyl chain, benzyl or benzoyl methylene moieties, as already pro-
posed by our research group in the past years. Indeed, these sub-
stituents could represent a corollary for the robust structure-
activity relationships already published.

The second one (Figure 1(b), i), is based on the removal of the
methylene bridge included in the benzyl substituted derivatives.
In this way we tried to evaluate, on one hand, the effects resulting
from the loss of conformational freedom and, on the other, the
consequences of the direct binding of the sulphonamide nitrogen
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Figure 1. (a) The first design strategy proposed in this paper; (b) design and retrosynthetic approach for novel hCAs potential inhibitors.

atom to the phenyl ring. In fact, the removal of the methylene
linker affects the electronic distribution, due to the onset of conju-
gation between the electron pair of nitrogen with the n-electrons
of the phenyl ring, previously prevented by the presence of
CH, group.

Besides, the synthesis of these saccharin derivatives, consisting
of a multistep approach, has been studied ad hoc to obtain in
each step potential inhibitors for hCAs (Figure 1(b), ii and iii).
Indeed, the acid intermediates (ii) possess two functional groups
suitable for anchoring the zinc ion or the relative anchored water
in the catalytic active site (-SO,NH- and COOH, respectively);
moreover, they reflect the structure of the opened saccharins
reported by Ivanova et al., that exhibited improved selectivity
than their parent closed analogues against the tumour related iso-
forms of hCA (hCA IX and XlI)*®. These acid derivatives were
obtained through the hydrolysis of the ester precursors that could
be themselves potential inhibitors of the hCAs since they retain
the secondary sulphonamide group. Moreover, considering the
esterase activity of hCAs*®, these molecules, if not active as esters,
could undergo the enzyme-mediated hydrolysis in the active site
acting as putative prodrugs of the acid compounds. The deriva-
tives belonging to the sub-groups ii and iii of Figure 1(b) can also
be considered the isosteres of a series of compounds recently
reported by our group (Figure 1(b), iv and v)*'. These inhibitors,
even if devoid of any zinc binding group (ZBG), resulted active
selectively against hCA IX in the pM range, prompting us to con-
sider that the replacement of -CH, by -NH could improve the
activity against hCAs.

The third design strategy was inspired from the findings
achieved in our recent paper about a series of saccharin/isoxazole

and saccharin/isoxazoline derivatives (Figure 2)*. These com-
pounds were gifted with an isoxazole or isoxazoline linker which
disconnected the methylene moiety from the phenyl ring, result-
ing in the strong affinity for hCA IX and hCA XII along with select-
ivity over hCA | and hCA Il (Figure 2(A)). Thus, based on these
good results, we proposed the replacement of the isoxazole
“linker” with the triazole one, that resulted advantageous for some
hCAs inhibitors (Figure 2(B))**™°. The triazole ring is, similar to the
isoxazole one, an aromatic five-membered heterocyclic ring, even
if it contains only the nitrogen heteroatom in spite of the oxygen/
nitrogen ones of the isoxazole core. Moreover, it is able to estab-
lish stacking interactions in the lipophilic side of the active site as
the isoxazole, and it is easy to insert through the well-known
“click” azide-alkyne cycloaddition. For some of these derivatives
the hydrolytic ring opening and/or the introduction of an add-
itional methylene group between the N1 of the triazole and the
phenyl ring bound to it, have also been evaluated. Indeed, the
ring opening can lead to the same improvements discussed above
as well as the insertion of the methylene group would increase
the “flexibility” of the tail interrupting the electronic conjuga-
tion, too.

Similar to saccharin, the other artificial sweetener potassium
acesulfame (Ace K) is a valid scaffold used for the development of
hCA inhibitors (Figure 3). It has been largely explored both for its
capability to inhibit carbonic anhydrase®’, or after oxygen/nitro-
gen derivatization with different substituents (i.e. (un)saturated
alkyl chains, (un)substituted benzyl or benzoylmethylene moi-
eties)>”*8, These latter exhibited good inhibitory activity against
hCA IX and XII, although some of them retained residual activity
against the off-targets hCA I/Il. Taking advantage of the
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Figure 2. The third approach for the saccharin scaffold development.
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substitution approaches proposed for the saccharin-based com-
pounds, we tried to translate the first and the third design strat-
egies on the acesulfame scaffold (Figure 3(a,b)). By adjusting the
synthesis conditions (see below), we were able to preferentially
address the propargylation and then the triazole assembling,
either at the oxygen or nitrogen of the acesulfame core to achieve
N- and O-substituted analogues, respectively (Figure 3(b)). Even in
this case, the insertion of an additional methylene group, discon-
necting the phenyl group from the N1 of the triazole ring, was
attempted. Seeing as how some compounds differing only for the
nucleus (saccharin or acesulfame), it is also possible to evaluate
the effects on the activity and selectivity of the molecules retain-
ing the same tail but not the main core.

2. Experimental protocols
2.1. Chemistry

Unless otherwise specified, the reactions reported in this paper
were performed under nitrogen atmosphere in washed and oven-
dried glassware at room temperature. The solvents (anhydrous or
not) and the reagents involved in the chemical and biological
experimental protocols were used as supplied. If solvent mixtures
are described, their ratio was expressed as volume.olume. The
melting points of each compound were measured on a Stuart®

CH, insertion
B evaluation

melting point apparatus SMP1 and the related temperature values
reported in (uncorrected) °C. Proton ('H) and Carbon ('*C) nuclear
magnetic resonance spectra were recorded at 400.13 (or 300) and
101.03 (or 76) MHz respectively, on a Bruker spectrometer using
the solvents (CDCl;, DMSO-ds, CDsOD and CDsCN) at room tem-
perature. The final concentration of the samples was of ~5 mg/mL
for "H-NMR acquisition and ~25mg/mL for the recording of the
13C-NMR ones. Chemical shifts are presented as & units (parts per
millions) using the solvent signal as the internal standard. 'H spec-
tra are described as reported below: oy (spectrometer frequency,
solvent): chemical shift/ppm (multiplicity, J-coupling constant(s),
number of protons, assignment). '>C spectra are described as
reported below: Jc (spectrometer frequency, solvent): chemical
shift/ppm (assignment). Coupling constants J are valued in Hertz
(Hz) using these abbreviations to indicate the splitting: s - singlet;
d - doublet; t - triplet; g - quadruplet; m — multiplet. If needed, it
is also reported the abbreviation br - to indicate the broad shape
of the specific peak.

Silica for column chromatography was purchased from Sigma-
Aldrich (Milan, ltaly) (high purity grade, pore size 60 A, 230-400
mesh particle size). Reactions and purifications were checked by
TLC performed on 0.2 mm thick silica gel-aluminium backed plates
(60 F254, Merck) and their visualisation performed under ultra-vio-
let irradiation (254 and 365nm). If given, systematic compound
names were generated by ChemBioDraw Ultra 12.0 in accordance
to the IUPAC nomenclature. The HPLC analyses performed for pur-
ity evaluation were accomplished employing the Shimadzu
Prominence-i LC-2030C 3D system endowed with autosampler, bin-
ary pump, column oven and a photodiode array detector (PDA).
The separation was obtained through the use of the column
Kinetex Biphenyl, 5um, 100 A (Phenomenex, Bologna, ltaly) at a
constant flow of 1.0ml min~', employing an isocratic elution. For
the acesulfame derivatives (50-60), closed saccharins (1-4, 29-46)
as well as the opened ones containing the ester functional group
(5-16), were employed the two eluents water (solvent A) and
acetonitrile (solvent B) mixed in the constant ratio of 50:50 (v:v).
For the opened saccharins containing the carboxylic acid group
(17-28, 47-49) the two solvents were added with 0.1% of tri-
fluoroacetic acid (TFA) maintaining the ratio 50:50 (v:v); all the
runs were completed in 10 min. All the analyte solutions were pre-
pared in acetonitrile (acetonitrile plus 0.1% of TFA for acidic deriv-
atives) at the concentration between 0.5-2mg mL~", and 5uL
were directly injected for the HPLC analysis. All compounds
reported were >96% HPLC pure. The solvents used in the HPLC
analysis were acetonitrile, purchased from Carlo Erba Reagents
and mQ water 18 MQ cm, obtained from Millipore’s Direct-Q3 sys-
tem. All the synthetic procedures and characterisation data for
each compound were reported as Supplementary data.
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Scheme 1. Synthetic procedure for derivatives 1-4 and 50-52.

2.2. CA inhibition screening assay

An Applied Photophysics stopped-flow instrument has been used
for assaying the CA-catalyzed CO, hydration activity*®. Phenol red,
at a concentration of 0.2 mM, has been used as an indicator, work-
ing at the maximum absorbance of 557 nm with 20mM Hepes,
4—(2-hydroxyethyl)-1-piperazineethanesulfonic acid, (pH 7.5 for
o-CAs) as buffer and 20 mM Na,SO, (for maintaining constant the
ionic strength, but without inhibiting the enzyme). The initial rates
of the CA-catalysed CO, hydration reaction were followed for a
period of 10—100s. The CO, concentrations ranged from 1.7 to
17 mM for the determination of the kinetic parameters and inhib-
ition constants. For each inhibitor, at least six traces of the initial
5—10% of the reaction have been used for determining the initial
velocity. The uncatalyzed rates were determined in the same man-
ner and subtracted from the total observed ones. Stock solutions
of each inhibitor (0.1 mM) were prepared in distilled — deionized
water and dilutions up to 0.01 nM were done thereafter with dis-
tilled — deionized water. Inhibitor and enzyme solutions were pre-
incubated together for 15 min at room temperature prior to assay
to allow for the formation of the E—I complex. The inhibition con-
stants were obtained by nonlinear least-squares methods using
the Cheng-Prusoff equation and represent the mean from at least
three different determinations. Errors were in the range of +
5—10% of the reported K values. Human CA isoforms were recom-
binant enzymes obtained in-house as reported earlier’®™2, The
enzyme concentrations in the assay system were as follows: hCA |,
13.2nM; hCA II, 8.4nM; hCA IX, 7.9 nM; hCA XII, 15.2 nM.

2.3. Molecular modelling

The crystal structure of CA IX (pdb 5DVX)>* and CA XII (pdb
1JCZ)*>* were prepared using the Protein Preparation Wizard tool
implemented in Maestro-Schrodinger suite, assigning bond orders,
adding hydrogens, deleting water molecules, and optimising H-
bonding networks**. Energy minimisation protocol with a root
mean square deviation (RMSD) value of 0.30 was applied using an
Optimised Potentials for Liquid Simulation (OPLS3e) force field.
3D ligand structures were prepared by Maestro®>and evaluated
for their ionisation states at pH 7.4+ 0.5 with Epik®>. OPLS3e force
field in Macromodel**was used for energy minimisation for a max-
imum number of 2500 conjugate gradient iteration and setting a

convergence criterion of 0.05kcal mol™"A~". The centroid of the
zinc-bound water molecule was selected as grid centre and Glide
used with default settings. Ligands were docked with the standard
precision mode (SP) of Glide®>and the best 5 poses of each mol-
ecule retained as output. The best pose for each compound to CA
IX and CA XII, evaluated in terms of anchorage, hydrogen bond
interactions and hydrophobic contacts, was submitted to a MD
simulation using Desmond®® and the OPL3e force field.
Specifically, the system was solvated in an orthorhombic box
using TIP4PEW water molecules, extended 15A away from any
protein atom. It was neutralised adding chlorine and sodium ions.
The simulation protocol included a starting relaxation step fol-
lowed by a final production phase of 100ns. In particular, the
relaxation step comprised the following: (a) a stage of 100 ps at
10K retaining the harmonic restraints on the solute heavy atoms
(force constant of 50.0kcal mol™'A™2) using the NPT ensemble
with Brownian dynamics; (b) a stage of 12ps at 10K with har-
monic restraints on the solute heavy atoms (force constant of
50.0kcal mol~"A™?), using the NVT ensemble and Berendsen
thermostat; (c) a stage of 12ps at 10K and 1atm, retaining the
harmonic restraints and using the NPT ensemble and Berendsen
thermostat and barostat; (f) a stage of 12ps at 300K and 1atm,
retaining the harmonic restraints and using the NPT ensemble
and Berendsen thermostat and barostat; (g) a final 24 ps stage at
300K and 1atm without harmonic restraints, using the NPT
Berendsen thermostat and barostat. The final production phase of
MD was run using a canonical NPT Berendsen ensemble at tem-
perature 300 K. During the MD simulation, a time step of 2 fs was
used while constraining the bond lengths of hydrogen atoms with
the M-SHAKE algorithm. The atomic coordinates of the system
were saved every 100 ps along the MD trajectory. Protein and lig-
and RMSD values, ligand torsions evolution and occupancy of
intermolecular hydrogen bonds and hydrophobic contacts were
computed along the production phase of the MD simulation with
the Simulation Interaction Diagram tools implemented in Maestro.

3. Results and discussion
3.1. Chemistry

Derivatives 1-4 and 50-52 were synthesised according to our pre-
viously published protocols®’, consisting in the nucleophilic
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Scheme 2. Synthetic procedure for derivatives 5-16, 17-28 and 29-40.

substitution reaction between saccharin or potassium acesulfame
with the proper electrophile at 80°C for 24-48h as appropriate
(Scheme 1(a,b)). These reactions were performed in DMF, in the
presence of freshly ground anhydrous potassium carbonate
(K,CO3) for saccharin derivatives (Scheme 1(a)); Ace K did not
require the adding of further base to activate the nucleophile site,
being employed as potassium salt (Scheme 1(b)).

Derivatives 29-40 were synthesised using the multistep pro-
cedure reported in Scheme 2; by selecting this synthetic pathway
we were able to obtain also the derivatives 5-28, that are syn-
thetic precursors and opened analogues of the com-
pounds 29-40.

The first step, leading to the ester intermediates 5-16, involved
the reaction between the methyl 2-(chlorosulfonyl)benzoate
(Scheme 2, X) and the proper aniline in DCM at 0°C, in the pres-
ence of pyridine which worked both as base and catalyst. In this
regard, the first attempted synthetic strategy provided for one sin-
gle addition of the aniline to the solution of methyl 2-(chlorosulfo-
nyl)benzoate in pyridine. Since the yield had not been satisfying,
different methods were attempted and the best one resulted in
the portioned addition of the methyl 2-(chlorosulfonyl)benzoate
to the solution of aniline and pyridine over a period of 45 min.

The ester derivatives (5-16) were hydrolysed to the corre-
sponding acids (17-28) employing potassium hydroxide dissolved
in a mixture of water/1,4-dioxane in the ratio 80/20 (v/v). The iso-
thiazolone ring closure was achieved taking advantage of the
mixed anhydride method, used to activate carboxylic acid group®®.
The synthesis was performed in tetrahydrofuran using ethyl chlor-
oformate as activating agent in the presence of triethylamine,
affording the saccharin-based compounds 29-40.

For the synthesis of the molecules 41-46 (and the opened
analogues 47-49) we exploited a multistep approach, too
(Scheme 3). Indeed, we performed at first the preparation of the
intermediates consisting of propargylated saccharin and the
proper phenyl or benzyl azide, which then reacted in the final
“click” reaction giving the final compounds in good vyield.
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The propargylated saccharin (Scheme 3, S1) was synthesised
accordingly to our published procedure that involves the nucleo-
philic substitution between saccharin and propargyl bromide in
DMF, at 80°C for 48h in the presence of potassium carbonate®.
The azide intermediates were synthesised through the nucleo-
philic aromatic substitution between the diazonium salt of the
suitable aniline or benzylamine prepared in situ and the sodium
azide. Then, the so obtained intermediates were “clicked” in the
final reaction in the presence of a catalytic amount of copper iod-
ide, DIPEA and acetic acid following the procedure reported by
Shao and colleagues®’. Compounds 47-49 were attained through
the hydrolysis of their closed analogues using NaOH dissolved in
a mixture of MeOH/H,0 in the ratio 50/50 (v/v).

The synthesis of the acesulfame derivatives endowed with the
triazole “linker” moiety was performed in a similar manner
(Scheme 4). However, by finely regulating the synthetic conditions
of the Ace K propargylation step, we specifically addressed the
derivatization on the nitrogen or oxygen to obtain N- (53-54) or
O-substituted (55-60) acesulfame analogues, respectively. In par-
ticular, we observed as the N-propargylated derivative was the
main product by conducting the synthesis at 80°C (Scheme 4,
ACEN); on the contrary, performing the reaction at lower tempera-
ture (0°C), we attained the O-propargylated one as primary prod-
uct (Scheme 4, ACEO). These intermediates were reacted along
with the phenyl/benzyl azides, seen before in the final “click” reac-
tion, with the same conditions adopted for saccharin derivatives.
All the compounds have been characterised by melting point, TLC
parameters, 'H and '>C NMR. Their purity was evaluated through
HPLC analysis, employing two different methods: the first used for
acesulfame derivatives (50-60), closed saccharins (1-4, 29-46) as
well as opened saccharins containing methyl ester group (5-16);
the second one used for opened saccharin derivatives with car-
boxylic acid group (17-28, 47-49). In particular, the compounds
were analysed using isocratic elution with a binary mobile phase
composed by water and acetonitrile (added of 0.1% with
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trifluoroacetic acid for the acidic derivatives) and were >96%
HPLC pure (See Supporting information).

3.2. Inhibition of hCA I, ll, IX, and XII

The data reported in Tables 1-2 show how the inhibitory activity
of the compounds 1-60 is strictly influenced by the substituent
group/linker bound to the saccharin and acesulfame cores. In gen-
eral, these derivatives were less effective than the previously
reported ones by our research group®” =%, however, some of

Ry N3 0
| < >—(—’)n
| . NV\N n

O/S\‘:O N=N
CH3COOH, o)
DIPEA, Cul, DCM Ry
53-54

om LS - Oy
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CH4COOH,
DIPEA, Cul, DCM

1,53, 55; Ry = H n=0 :
Il,60; R, =H =1
Ill, 54, 57; R, = 4-Cl n=0
IV, 58; R, = 4-Br n=0 !
V, 56; R, = 4-CH3 n=0 !
VI, 59; Ry= 4-OCHj, n=0 :

them retained nanomolar activity and selectivity against hCA IX
and XII.

3.3. Saccharin-based derivatives

The inhibitory activity data of saccharin derivatives are reported in
Table 1. Compound 1, endowed with the unsaturated/branched
prenyl group (3-methylbut-2-en-1-yl) bound at the nitrogen atom
of saccharin core, exhibited exclusive inhibitory activity against
the tumour related isoforms hCA IX and Xl (K, hCA I/l >
1000 uM). The two isoforms were inhibited in the nanomolar



Table 1. Inhibition data of selected human CA isoforms (hCA I, II, IX and XII)
with saccharin-based derivatives 1-49 reported here and the standard sulphona-
mide inhibitor acetazolamide (AAZ) by a stopped flow CO, hydrase assay*.

Ki (uM)
Structure hCAl hCAIl hCAIX hCAXI
1 OJ_< >1000 >1000 0.39 0.23
O
S
0,
2 OQ >1000 >1000 0.30 0.22
o
S
0,
3 1000 >1000 0.10 13
o} j}m z =z
O
S
0O,
4 0 O >1000 >1000 >1000  0.41
@E“,NJLQ
S NO,
0,
5 ¢ >1000 >1000 596  >1000
O/
80
HNW[:j
6 0 >1000 >1000 261.8 >1000
&O/
80,
QL
F
7 ¢ >1000 >1000 427.5 >1000
©\)’Lo/
80
Be
cl
8 o >1000 >1000 9553  >1000
©\)’LO/
80,
g\
Cl
9 0 >1000 688.7 67  >1000
©\)ko/
%0,
Rt
Br
(continued)
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Table 1. Continued.

Structure

Ki (M)

hCAl hCAll

hCA IX hCA XII

Cx,

L,

§O
HN\©\
OCHj;

(@]
§O
L
H
(o]
: Sp
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: S
HN
H
(0]
: §O
HN
O
O

O/
2
CF
(0]

O/
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0

NO,
O/
2
NO,

O/
| 02
(0]

o/
50,
NJ@
O/

2
-
2

o
&OH
s,
HN

O

3

>1000 >1000

5626 >1000

>1000 >1000 >1000 >1000

>1000 >1000

>1000 >1000

>1000 >1000

>1000 >1000

>1000 >1000

>1000 >1000

62.8

68.2

39.7

57.6

933

46.5

>1000

>1000

>1000

>1000

>1000

>1000

(continued)
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Table 1. Continued.

Table 1. Continued.

K (um) K (uM)
Structure hCAl hCAIl hCAIX hCAXI Structure hCAl hCAIl hCAIX hCAXI
18 0 >1000 >1000 458 >1000 26 0 >1000 >1000 >1000 >1000
&OH OH
§02 §02
HN\©\ HN
F
19 0 <1000 >1000 >1000 >1000 27 0 >1000 >1000 >1000 >1000
L "
SO, $02
HN : HN
cl
o
20 >1000 >1000 >1000 >1000 o o 51000 >1000 >1000 >1000
[ ] OH ©\)'LOH
$02 50,
HN. : HN
cl i ~OCHj
o}
21 >1000 >1000 728 >1000 4 0 >1000 >1000 >1000 >1000
OH
)
S0, S
HN O
\©\B 30 0 >1000 >1000 >1000 >1000
.
N F
22 o >1000 >1000 848  >1000 CEf O
Ly '
SO, 31 O Cl >1000 4778 6400 >1000
|
S
CF;4 0,
23 (0] >1000 >1000 >1000 >1000 32 0o >1000 >1000 >1000 >1000
o OO
S
SO, 0>
HN
\© 33 0o >1000 >1000 869.1 >1000
Cr-Os
NO, S
0,
24 o >1000 66.9 024  >1000
©5kOH 34 0 >1000 >1000 >1000 >1000
O
o, Cr,
HN 0,
\©\N02 35 0o NO, >1000 >1000 >1000 >1000
25 o >1000 >1000 >1000 >1000 CEfN‘@
&OH 0,
SO, 36 0o >1000 >1000 4435 >1000
HN
N NO,
S
o7}

(continued)

(continued)
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Table 1. Continued.

Ki (uM) Ki (um)
Structure hCA1l hCAIl hCAIX hCAXI Structure hCAl hCA Il hCAIX hCAXI
37 0 >1000 >1000 >1000 >1000 47 o >1000 >1000 9269 >1000
Cr-O- CL>
0, \\(/\’/\l
38 0o >1000 >1000 >1000 >1000 N=N
CEZ{N—@ 48 o >1000 >1000 >1000 >1000
82 &OH CHs
0 S—NH /©/
39 >1000 >1000 >1000 >1000 0, \\_(/\N
Cﬁ{N%i >—< n=N
S
0O, 49 o >100 >100 19 4.5
40 0 >1000 >1000 >1000 >1000 &OH
©ﬁ<N~@>OCH3 S, /N
g n=N
0,
AAZ 250 12 25 57
41 o >1000 >1000 >1000 >1000
L
% W:\ range, with a little preference for the isoform Xl (K, hCA IX =
z N\*N/N 390 nM; K, hCA XIl = 230 nM). The derivatives 2 and 3, endowed
\© with 2- and 3-chlorobenzyl group respectively, as well as 4, bear-
ing the 3-nitrobenzoyl methylene moiety, were ineffective against
42 Q >1000 808 7586 >1000  the off-targets hCA | and Il. Compound 4 did not exhibited activity
©[1<N against hCA IX, too (K; hCA IX > 1000 uM), while it inhibited hCA
s 3:\ Xl in the high nanomolar range (K, hCA Xl = 410nM).
0z N. N Interestingly, the removal of the carbonyl group, turning from
N \©\ benzoyl methylene moiety to the benzyl one (2 and 3), improved
cl the activity against hCA IX. In particular, compound 2 bearing the
43 0 >1000 764 5376 >1000 chloro atom in the meta position of the phenyl ring was three
times more potent than the ortho-chloro analogue 3 (2, K; hCA IX
S/N% = 100nM; 3, K; hCA IX = 300 nM). Instead, an opposite inhibitory
0, N~\N profile was observed against hCA Xll, since 3 displayed better
N” @ activity than 2 (2, K; hCA XIl = 220nM; 3, K, hCA XIl = 1300 nM).
Br With the aim to investigate the importance of the methylene
“linker” included in the benzyl group, we attempted the removal
44 o >1000 >1000 669.6 >1000 . . . X .
of this moiety leading to a series of compounds in the opened
©[/<N (5-28) as well as in the closed (29-40) form. In this regard, three
s w—:\ different “sub-series” were evaluated. The first (5-16) is based on
©: N. N the opened saccharin core containing the methyl ester group in
N
\©\CH spite of the carboxylic acid one that is present in the second sub-
3 group (17-28). All these derivatives have on the carbon atom
45 0] >1000 >1000 666.1 >1000 nheighbouring to the one bearing the ester/carboxylic acid func-
XN tional groups, a secondary sulphonamide whose the nitrogen
| /\S/Nw\\ atom binds to a (un)substituted phenyl rings. The third sub-group
0, N~\N includes closed saccharin derivatives substituted at the nitrogen
N’ \©\ with the same (un)substituted phenyl groups of the opened ana-
OCH; logues (29-40).
All  these compounds were less effective than their
46 ? >100  >100 209 74 “counterpart” containing the methylene bridge. With regard to
©[Z<N the derivatives in the opened form, only compound 9, bearing
s 3:\ the 4-bromophenyl ring, exhibited a weak affinity for hCA IX
02 N. —NM© although in the micromolar range (K hCA XIl = 6.7 uM). All the
N other methyl ester opened saccharins were almost or completely
(continued)  ineffective against all the tested isoforms (see Table 1).

Compounds 17-28, bearing the carboxylic acidic group in spite of
the methyl ester one, exhibited an inhibitory profile similar to that
observed for compounds 5-16. However, compound 24,
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Table 2. Inhibition data of selected human CA isoforms (hCA I, II, IX and XII)
with acesulfame-based derivatives 50-60 reported here and the standard sul-
phonamide inhibitor acetazolamide (AAZ) by a stopped flow CO,
hydrase assay®.
Ki (LM)°®
Structure hCA1 hCAIl hCAIX hCAXI
50 >1000 >1000 0.33 0.24
(o) =
o7
51 o >1000 >1000 2.7 0.27
rLN/\Q
O/soz
52 o >1000 >1000 0.47 2.0
Cl
LT
o 2 cl
53 o >1000 >1000 >1000 >>1000
o ne
O/SOZ N:N
54 9] >1000 >1000 >1000 >>1000
O
0/802 N:N
55 >1000 >1000 >1000 >1000
N N=N
|
‘O/SOZ
56 >1000 >1000 >1000 >1000
0/\(\INI<DICH3
‘ SR
|
.SO
o 2
57 >1000 >1000 >1000 >1000
O/\(\IN’@'G
N N=N
|
‘O/SOZ
58 >1000 >1000 >1000 >1000
0/\(\”’@,&
N N=N
|
‘O/SOZ
59 >1000 >1000 >1000 >1000
N=p
‘ \N N
SO
o 2
>100 >100 1.1 >100

60 O/Y\N

AAZ 250 12 25 5.7

®Mean from 3 different assay, by a stopped flow technique (errors were in the
range of £ 5-10% of the reported values).

containing the p-nitrophenyl group bound at the nitrogen of sul-
phonamides, displayed an effective inhibition towards hCA IX (K,
hCA IX = 240nM), retaining a residual activity against hCA I,
although in the high micromolar range (K, hCA Il = 66.9 uM). The
ring closure, leading to the derivatives 29-40, was unproductive
because of the absence of inhibitory activity against all the hCA
isoforms evaluated. Indeed, regardless of the chemical properties
of the nitrogen substituents, no activity better than 443 uM (36)
was observed against hCA IX; furthermore, all these compounds
were inactive against hCA | and XlI, and only compound 31 exhib-
ited an extremely weak activity against hCA Il (31, K, hCA Il =
477.8 uM). Thus, in the light of these results it is undisputable that
the methylene linker, removed to obtain compounds 5-40, is fun-
damental for the activity. The reason of this structural requirement
could be related to the degrees of freedom that this linker confers
to the phenyl moiety, giving it the opportunity to “search” for
points of interactions inside the active site. Moreover, it cannot be
excluded that in compounds 5-40 the presence of a direct bond
between the nitrogen and the phenyl ring, may change the elec-
tronic distribution, affecting negatively the placement inside the
active site, making also the secondary sulphonamide of the
opened forms (5-28) ineffective in rising the activity.

Inspired by these observations and considering the good
results gained by the insertion of the isoxazole/isoxazoline hetero-
cyclic linker in our previous work*’, we tried to evaluate the
effects caused by the insertion of triazole core between the
methylene group and the phenyl ring, substituting the isoxazole
one (41-49). This replacement did not elicit the desired results,
because most of these analogues were devoid, or almost, of
inhibitory activity against the evaluated isoforms. Compound 41,
the simplest one of these group of derivatives, did not exhibit
inhibition towards all the tested isoforms (K, hCA I/II/IX/XIl >
1000 uM). The introduction of substituents, placed at the para pos-
ition of the phenyl ring bound to the triazole N1, affected only
slightly the activity against hCA Il and IX, whereas did not amelior-
ate the affinity towards hCA Xl (see Table 1). The only change
that dramatically improved the inhibitory activity was the insertion
of a second methylene group that “disconnected” the triazole N1
from the phenyl ring bound it. As one can see for compound 46,
that is the analogue of 41 containing that methylene moiety, the
increment of inhibitory activity was remarkable, turning from an
absence of affinity against the tumour related isoforms (K, hCA IX/
XIl > 1000 uM) to a micromolar inhibitory activity against the two
target isoforms (K, hCA IX = 20.9 uM; K; hCA XIl = 7.4 uM). A com-
parable effect, coming from the addition of the methylene group,
was observed for 47 and 49, which are the hydrolytically obtained
opened analogues of 41 and 46, respectively. In fact, compound
47, devoid of the “extra” methylene group, was ineffective against
all the tested isoforms (as well as the compound 48 differing from
the former for p-methyl substitution on the phenyl ring); on the
contrary, derivative 49, endowed with the additional methylene
group, exhibited low micromolar inhibitory activity exclusively
against the two cancer related isoforms, even better than the
closed analogue 46 (46, K, hCA IX = 20.9 uM; K; hCA IX = 7.4 uM;
49, K, hCA IX = 1.9 uM; K; hCA IX = 4.5 uM). Therefore, though the
presence of the triazole ring in spite of the isoxazole/isoxazoline
ones did not positively affect the inhibitory activity, some informa-
tion can be examined. In particular, we observed that similarly to
what detected for saccharins 5-40, the presence of the methylene
group between the N1 of triazole ring and the phenyl group
improves the activity (see the couples 41/46 and 47/49) as well
as the hydrolytic ring opening seems to increase the inhibitory
activity against the tumour related isoforms hCA IX and XII.
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Figure 4. Predicted binding mode of compounds 2 and 46 into (A, C) CA IX and (B, D) CA XII active site. H-bonds and m-n stackings are represented as black and
blue dashed lines, respectively. Dashed bonds occupancy over the MD simulation is indicated as percentage, among which underlined is the occupancy of the anchor-
age to the zinc-bound water. Water molecules are shown as red spheres. Amino acids are labelled with one letter symbols: A, Ala; H, His; K, Lys; L, Leu; N, Asn; P, Pro;

Q, GIn; S, Ser; T, Thr; V, Val; W, Trp.

3.4. Acesulfame-based derivatives

The inhibitory activity data of acesulfame derivatives are reported
in Table 2. Compounds 50-52 are acesulfame derivatives substi-
tuted at the nitrogen atom with (un)substituted benzyl groups
(51 and 52) or with the prenyl one (50). These molecules exhib-
ited selectivity against hCA IX and XlI, missing affinity towards the
off-target isoforms (50-52, K, hCA I/l > 1000 uM). Among the
three derivatives, 50 exhibited the better inhibition profile against
hCA IX and XIl (K, hCA IX = 330nM; K hCA XIl = 240nM).
Compound 51, bearing the unsubstituted benzyl group, inhibited
efficiently the isoform Xl (K, hCA XIl = 270nM), and in a lesser
extent the isoform IX (K, hCA IX = 2.7 uM). On the contrary, 52,
containing the 3,4-dichloro benzyl group, exhibited preference for
hCA IX, which was inhibited in the nanomolar range (K; hCA IX =
2.7 uM), instead of hCA XII, that was affected only at the micromo-
lar range (K; hCA XIl = 2.0uM). In order to evaluate the effects
provoked by the insertion of the triazole linker on the acesulfame
scaffolds, compounds 53-54 (N-substituted) and 55-60 (O-substi-
tuted) were synthetised and assessed against the hCA isoforms

seen before. These molecules missing appreciable activity against
these enzymes, as previously observed with saccharin derivatives.
In fact, satisfactory inhibitory activity was not found regardless of
the position of the substituents on the acesulfame core (O- or N-
substituted) and of the groups bound at the phenyl ring (see
Table 1). However, as already observed for saccharin derivatives,
the insertion of an additional methylene group between the phe-
nyl ring and the triazole N1 led to the onset of a low micromolar
activity against hCA IX for compound 60, the only active of this
series (K, hCA IX = 1.1uM). In the light of the above, the data
obtained from the acesulfame derivatives confirm those observed
for saccharins, namely that the insertion of additional methylene
group, between the triazole N1 and the phenyl ring, positively
affected their inhibitory activity.

4. Molecular modelling studies

A subset of CAls, namely compounds 2, 46, 49 and 51, endowed
with the best CA IX and Xll inhibitory profiles, was selected to
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Figure 5. Predicted binding mode of compounds 49 and 51 into (A, C) CA IX and (B, D) CA XIl active site. H-bonds and m-rt stackings are represented as black and
blue dashed lines, respectively. Dashed bonds occupancy over the MD simulation is indicated as percentage, among which underlined is the occupancy of the anchor-
age to the zinc-bound water. Water molecules are shown as red spheres. Amino acids are labelled with one letter symbols: A, Ala; H, His; K, Lys; L, Leu; N, Asn; P, Pro;

Q, GIn; S, Ser; T, Thr; V, Val; W, Trp.

study the interaction mechanism driving the inhibition profiles
reported in Tables 1 and 2. A computational protocol, consisting
of joint docking procedure and MD simulations, was used to
investigate the compounds binding mode within CAs IX and XII
(see Experimental Section), considering the derivatives as CAls
anchoring to zinc-bound water molecule basing on a number of
considerations: (i) zinc-binder CAl chemotypes, such as primary
sulphonamides, sulfamates and sulfamides, mono- and dithiocar-
bamates, or hydroxamates, mainly act in the deprotonated form,
as anions, straightly coordinating the Zn(ll) ion from the enzyme
active site?®; (i) saccharin 1-4, 29-46 and acesulfame 50-60
derivatives bearing a tertiary sulphonamide moiety cannot interact
with the targets in the deprotonated form; (iii) although the
deprotonation of the secondary sulphonamide group of hydro-
lysed saccharin derivatives 5-28 and 47-49 is possible, its internal
position in the molecules does not allow it to coordinate the Zn
ion due to the steric hindrance of the groups surrounding the
negatively charged sulphonamide; (iv) crystallographic evidence

showed that deprotonated sulphonate moieties, which possess
similar features as the SO, group of the here reported saccharin
and acesulfame compounds, drive CA inhibition by anchoring to
the zinc-bound water molecule/hydroxide ion (not by coordin-
ation to the zinc ion)®°. This led us to consider in our in silico
studies the nucleophile mediated anchoring mechanism for deriv-
atives 2, 46 and 51. Likewise, crystallographic evidence showed
that carboxylic acids as 49, except for few cases, act as CAls
anchoring to the zinc-bound nucleophile?®.

Thus, dockings were performed including the Zn-bound water
molecule in the target and the reliability of poses for derivatives
2, 46, 49 and 51 within CA IX and XII active sites (Figures 4 and
5) assessed with MD simulations. The MD trajectories showed the
stability of the anchorage to the zinc-bound water molecule that
persists for >70-80% of the simulation time; moreover, the
ligands maintain constant hydrophobic contacts with different
portions of the active sites. In both CA IX and XlI saccharin deriva-
tives 2 and 46 are H-bond anchored by one S=O group to the



metal-coordinated water that is, in turn, H-bonded to side chain
hydroxyl group of Thr199 (Figures 4 and 5). The other S=0 group
of both ligands accepts one H-bond by Thr199 backbone NH, but
just 2 also engages in hydrogen bonding with the side chain
hydroxyl group of Thr200 (O- - -H-O Tyr200). Of note, this H-bonds
network persists for most MD simulations mainly contributing to
the pose stability. Moreover, the C=0 group of the ligands
engages direct or water bridged H-bonds with GIn67 and GIn92
which fluctuate over the MD computations. The N-benzyl group
of derivative 2 accommodates in the pocket lined by Trp5, His64
and Asn62 forming VdW contacts and n-7 interactions with the
aromatic residues. This cleft is only partially occupied by the 1-
benzyl-1,2,3-triazol-4-yl N-pendant of derivative 46 over the MD
course making the docking poses less stable, and thereby provid-
ing a plausible explanation of the worst CA IX and XlI inhibitory
profile of 46 compared to 2 (Figures 4 and 5). The interaction
mode of 2 and 46 within both CA IX and XIlI can explain the lower
up to absent CAs inhibition observed for the N-phenyl saccharin
derivatives 29-40 and 1-phenyl-1,2,3-triazole 41-45.

In fact, the lack of a methylene spacer between the heterocycle
and the aromatic pendant (as in 29-40) or between the triazole
and the outer aromatic ring (as in 41-45) hampers a suitable
ligand/target complementarity interaction and stable accommoda-
tion of the pendant in the pocket formed by Trp5, His64 and
Asn62 (Supplementary Figure S1).

Both in CA IX and XII active sites, the hydrolysed saccharin 49
anchors to the zinc-bound water molecule by the carboxylate
group, that also engages one H-bond with Thr199 backbone NH
(Figure 5(A,B)). Its negatively charged sulphonamide group
SO,NH™ takes part to a network of H-bonds involving multiple res-
idues of the binding cavity: GIn92 by a fluctuating water-bridged
H-bond (N-H- - -(H)OH- - -GIn92) and Tyr200 (N-H- - -O-Thr200). In CA
IX, the hydroxyl side chain of Thr200 is also in H-bond contact
with the ligand triazole N3 atom, and 7n-7 contacts are formed by
the indole moiety of Trp5 and the outer phenyl ring of 49. In con-
trast, the placing of the 1-benzyl-1,2,3-triazol-4-yl N-pendant
within the pocket formed by Trp5, His64 and Asn62 in CA XIl is
less stable over the MD course with respect to CA IX, as well as
the water bridged H-bond formed by the triazole NH and Asn62
and the =#-m interactions (Figure 5(B)). Again, the absence of a
methylene spacer between the sulphonamide and the aromatic N-
pendant, as in the methyl esters 5-16 and carboxylic acids 17-28,
translates into a lower CA IX and Xl inhibition activity of these
derivatives when compared to 49. However, the drop of efficacy
was lower than that observed with saccharin analogues most
likely because of the greater conformational flexibility and adapta-
tion capability within the active site of the hydrolysed ligands
than cyclized compounds. Surprisingly, while a total loss of CA XII
inhibition activity was observed for 5-28, their medium micromo-
lar profile against CA IX is likely to be related to the hydrophobic
features of the CA IX active site and to the larger size of its cleft
able to host the benzoate group when the triazole ring brings
both a phenyl and benzyl moiety. As already observed for 47 and
48 the absence of the methylene spacer between the triazole
and the outer aromatic ring, produced a whole loss of action
against CAs.

Likewise, in both CA IX and Xll, acesulfame 51 anchors to the
zinc-bound water molecule through the sulfimide S=O0 (Figures
5(C,D)) and the anchorage strengthened by another H-bond
occurring between the other S=0 group and Thr199 backbone
NH. The carbonyl group of 51 is involved in a network of water-
bridged H-bond with Asn62, Asn/Lys67 (CA IX/XIl) and GIn92.
Interestingly, the N-benzyl moiety stably accommodates (>65%
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MD) within the pocket formed by Trp5, Tyr7, His64, Asn62 and
His96 engaging VdW contacts. On the basis of the depicted bind-
ing mode, a 1-phenyl-1,2,3-triazol-4-yl N- or O-pendant drops the
inhibitory action of acesulfame derivatives 53-59 because of steric
hindrance reasons in CA IX and XII active sites. Consistently to the
inhibition profile in Tables 1 and 2, the binding mode predicted
for 2, 46, 49 and 51 in CA IX and Xll is likely not allowed in the
narrower and hindered active site of CA | and Il (Supplementary
Figure S2), in which the used computational protocol was not
able to find reliable solutions®.

5. Conclusions

The design, synthesis and biological activity of novel saccharin-
and acesulfame-based compounds have been described. The dif-
ferent approaches attempted for the development of the new
inhibitors underlined the importance of the flexibility for the cor-
rect distribution of the molecular fragments inside the hCA IX/XII
active site. Indeed, the removal of the methylene group in the N-
benzyl saccharins to obtain the N-phenyl analogues elicited detri-
mental effects, with the only exception of the opened-saccharin
derivative 24. Similarly, for the triazole bearing derivatives, the
insertion of a second methylene group separating the triazole
moiety from the outer phenyl ring improved the activity. Docking
and MD studies described the most probable binding mode of
the four most active compounds (2, 46, 49, 51) based on the
anchoring to zinc-bound water, also confirming and explaining
the correlation between inhibitory activity and the ability to
occupy sites in order to establish interactions that influenced the
binding affinity.
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