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ABSTRACT

Abstract

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metalloenzymes encoded in most
organisms of the tree of life and classified in eight evolutionarily unrelated families: a-, -,
v-, 0-, -, -, 6- and 1-CAs. The CAs catalyse a simple, but physiologically crucial reaction
for all living beings, that is the reversible hydration of carbon dioxide to bicarbonate and
proton. The CAs are involved in respiration, pH and CO> homeostasis, transport of
CO2/HCOs and a multitude of biosynthetic reactions in many organisms. Fifteen a-class
CA isoforms were identified in human, which are further implicated in electrolytes
secretion in many tissues/organs, metabolic reactions such as gluconeogenesis, lipogenesis,
ureagenesis, bone resorption, calcification, and carcinogenesis. As a result, a multitude of
human physio/pathological processes which show abnormal expression or activity of
specific human CAs could be target of pharmacological intervention based on CA
modulation.

In addition, a number of a-, B-, y- and n-CAs was identified in many bacteria, fungi and
protozoa that are human pathogens. In this context, CAs were shown to be crucial for the
virulence, growth or acclimatization of the parasites in the hosts with their inhibition, that
produces growth impairment and defects in the pathogen, being a promising strategy for
chemotherapy.

The research activity included in this Ph.D. thesis fits in the context of the spreading
interest of the scientific community on CAs as drug targets for the treatment of a multitude
of disorders. Thus, a set of projects involving drug-design, synthesis and biological
evaluation of new CAs modulators, among which most based on the multi-target approach,
were the focus of the three-years Ph.D. cycle.

In recent years, the choice of multi-potent hybrid agents is spreading worldwide and
overcoming the co-administration of multiple drugs because of improved
pharmacokinetics, better patient compliance, reduced drug-drug interactions as well as a
synergistic effect in the treatment of the pathology. Thus, in the present Ph.D. thesis I
exploited the validated efficacy of CA inhibition in the treatment of many disorders for
designing several multi-target strategies including CAls against cancer, inflammation,
glaucoma and infections. My activity included both design, synthesis and in vitro kinetic
evaluation by a Stopped-flow assay of the new CAI derivatives.



ABSTRACT

As first and second projects of the Ph.D. period, two series of multi-target nonsteroidal
anti-inflammatory drug (NSAID) - CAI derivatives for the management of rheumatoid
arthritis were reported, which differ for the type of linker, amide or ester, connecting the
active portions. A coumarin scaffold was chosen as CAI to induce a selective inhibition of
CA IX and XII, that are overexpressed in inflamed tissues. In spite of a different plasma
stability, and thus predicted pharmacokinetics, a subset of multi-potent derivatives from
both series showed more efficient pain-relieving action than clinically used NSAIDs in a
rat model of rheumatoid arthritis. Of note, the derivatives were shown in vitro and in silico
to produce cyclooxygenase 1/2 inhibition even as integral hybrids.

In contrast, for pharmacologically hitting glaucoma, CAls of the sulfonamide type were
assembled with portions able to block the Bi-adrenergic receptors that, as hCA II, 1V and
XIlI, are involved in the pathogenesis of the ocular disorder. Multi-potent derivatives
identified within the series were evaluated in a rabbit model of glaucoma and showed to
possess more effective internal ocular pressure lowering properties as eye drops than the
leads, clinically used dorzolamide and timolol, and even the combination of them which is
a globally marketed antiglaucoma medication.

Both sulfonamide and coumarin scaffolds were incorporated as CA IX and XII inhibitors
in nitric oxide (NO)-donor derivatives based on a benzofuroxan scaffold, that was shown to
induce a potent cytotoxic action against several types of cancer cells as well as an
antimetastatic activity. Further, benzofuroxans were recently shown to possess activity
against Trypanosoma cruzi, Mycobacterium Tuberculosis and Leishmania, which was
assumed to be enhanced by inhibiting the a- and B-CAs encoded in these pathogens. To
date, the outcomes of this study are limited to design, synthesis and in vitro kinetic
assessment.

As it was recently found that two of the world’s most marketed sweeteners, saccharin
(SAC) and acesulfame K (ACE), selectively inhibit the tumor-associated CAs IX and XIlI
over ubiquitous CAs, we planned a drug design strategy that considered SAC and ACE as
leads and produced a new CAI chemotype, namely the 2H-benzo[e][1,2,4]thiadiazin-
3(4H)-one 1,1-dioxide (BTD). Many synthesized derivatives showed enhanced potency
and in some cases selectivity, when compared to the leads against the target CA 1X and XI|I
over off-target isoforms. A subset of compounds displayed effective cytotoxic action

against A549, PC-3 and HCT-116 cell lines and anticancer effects on apoptotic markers.



ABSTRACT

During my Ph.D. period, | performed a multitude of kinetic studies with inhibitors and
activators of several isoforms of CA belonging to the classes a, B, v, 6, {, n and 6. These
studies allowed to draw up the inhibition or activation profiles of hundreds of derivatives
from collaborators of us. Additionally, 1 performed the ex novo complete kinetic
characterization of the CA isoforms identified in the protozoan human parasite Entamoeba

histolytica and in the coral Stylophora pistillata.
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CHAPTER 1. CLASSIFICATION, BIOCHEMISTRY AND STRUCTURE OF CARBONIC ANHYDRASES

Chapter 1. Classification, Biochemistry and Structure of Carbonic

Anhydrases

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metalloenzymes spread in most
organisms of the tree of life and classified in eight evolutionarily unrelated families: a-,
B-, v-, 8-, &=, M-, 0- and 1-CAs.}'? CAs were primarily identified in red blood cells of
bovine, and successively shown to exist in all mammalian tissues, as well as in plants,
algae and bacteria.!® The ubiquity of CAs is owed to the catalysis of a simple, but
physiologically crucial reaction for living beings,® that is the reversible hydration of

carbon dioxide to bicarbonate and proton (Equation 1).
CO2+H20 < HCOs + H* (Eq.1)

In fact, as the carbon dioxide hydration occurs slowly at the pH values typically marking
most tissues and organisms (turnover number - Keat - of 107 s1), enzymes able to catalyse
it evolved for handling the great loads of CO. produced by most organisms, making its
substrates easily available for physiologic processes and tuning acid-base equilibria.l® As
a result, CAs are present in organisms of all life kingdoms (Bacteria, Archaea, Eukarya).
The CAs are among the fastest enzymes known effectively speeding up the rate of the
overall reaction up to 106 s1.14

Respiration, pH and CO; homeostasis, transport of CO/HCOsz and a multitude of
biosynthetic reactions are physiologic processes in which CAs play crucial roles in many
organisms.1* Additionally, in mammals, CAs are involved in electrolytes secretion in
many tissues/organs, metabolic reactions such as gluconeogenesis, lipogenesis,
ureagenesis, bone resorption, calcification, and tumorigenicity.’>?* In algae,
cyanobacteria and plants, these enzymes promote the photosynthesis,®® whereas in
diatoms CAs play a pivotal role in CO; fixation and in the SiO. cycle.! In pathogen
microorganisms, such as bacteria, fungi and protozoa, CAs were shown to be crucial for

the virulence, growth or acclimatization of the parasites in the hosts.*?
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1.1  Carbonic Anhydrases

As stated above, the CAs are classified in eight evolutionarily unrelated families: a-, -,
Y-, 0-, C-, -, 6- and 1-CAs 112

The o-CAs are present in vertebrates, protozoa, algae, corals, bacteria and green
plants.}!2 The B-CAs have been identified in bacteria, fungi, Archaea, algae and
chloroplasts of both mono- and dicotyledons.??>2 The y-CAs are encoded in Archaea,
bacteria and plants.® The §-CAs were found in marine phytoplankton, such as
haptophytes, dinoflagellates, diatoms and chlorophyte prasinophytes,® whereas {-CAs
seem to be present only in marine diatoms.* A unique n-CA has been identified to date in
the protozoa Plasmodium falciparum.” Recently, 6-CAs were detected in the marine
diatom Phaeodactylum tricornutum?! and the first iota-CA was identified in the marine
diatom Thalassiosira pseudonana.’

A collection of kinetic and X-ray crystallographic data enabled a detailed comprehension
of the structure—function relationship in the CAs superfamily.?!42” These metalloenzymes
are catalytically effective when a metal ion is bound within the active site cavity. The
catalytic system commonly include a metal(ll) ion in a tetrahedral geometry, three
coordinated amino acid residues, and a water molecule/hydroxide ion completing the
coordination sphere. Zn(lIl) is the metal ion spread in all CA genetic families, but it can
be exchanged with Cd(ll) in {-CAs* and Fe(ll) is presumably present in y-CAs in
anaerobic conditions.2 A Co(ll) ion can replace the zinc ion in several a-CAs not giving a

significant loss of the catalytic efficiency.®

1.2  Catalytic Mechanism of Carbonic Anhydrases

H,O
E-M?*— OH" + CO, =—= E-M?*~ HCO5 =—= E-M**-H,0 + HCO3 (Eq.?2)
E-M?*- H;0 + B =<—= E-M?- OH" + BH* (Eg.3)

In all CA classes the catalytic mechanism occurs in two steps (Eqg. 2 and 3). The metal
hydroxide species of the enzyme (E-M?*-OH") is that catalytically active. In the first step
of reaction this species acts as strong nucleophile (at neutral pH) against the CO-
molecule bound in a hydrophobic pocket nearby, with consequent formation of HCOs".
Therefore, the bicarbonate ion is displaced by a second water molecule and released
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outwards (Eg. 2). When a water molecule is bound to the zinc ion, the enzyme is in its
acidic, catalytically inactive form. In the second and rate-determining step, the
catalytically active metal hydroxide species is regenerated by a proton transfer reaction
from the metal bound water to an exogenous proton acceptor or to an active site residue,
represented by B in Equation 3.1 The overall catalytic mechanism is shown in Figure
1A. In the catalytically very active isozymes, (such as human isoforms 11, 1V, VI, VII, IX,
XI1, X1l and XIV), the proton transfer process is assisted by a histidine residue placed at
the entrance of the active site (His64 known as "proton shuttle residue™), or by a cluster
of histidines (Figure 1B), which protrudes from the rim of the active site to the surface of
the enzyme, thus assuring efficient proton-transfer pathways.? The absence of His64 in

other CAs markedly decreases their catalytic efficiency.
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Figure 1. (A) Schematic representation of the CA catalytic mechanism; (B) His64, known as "proton
shuttle residue” and cluster of His residues which ensure an efficient proton-transfer pathway (shown in
hCA I1, PDB 3KKX).

A catalytic turn-over reaching Kea/Km values over 108 M? x s in some a- and {-CAs
places CAs among the most efficient natural catalysts.?® This efficient catalysis is also
due to a peculiar architecture common among all CA families that differentiates the
active site in two very different environments: one is made of hydrophobic residues and
the other is lined by hydrophilic amino acids.*?® Indeed, a possible explanation assigns
to the hydrophobic part the role of entrapping the CO. molecule and identifies in the

hydrophilic one the escape outwards of the polar species produced by the CO> hydration
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reaction.? The latter process was demonstrated at least for the protons, which are aided by
a network of water molecules and His residues to reach the outside of the cavity.®

1.3 Characteristics of the Major Families of Carbonic Anhydrases

Here following, the structural characteristics of the main classes of CAs, that are a,  and
v, are discussed. A specific section is dedicated human CAs and their distribution in the
human body. The research activity carried out in the present Ph.D. thesis focused CA

isoforms belonging to o and [ classes as drugs target.

1.3.1 a-Carbonic Anhydrases

Figure 2. Schematic illustration of domain composition and subcellular localization of catalytically active
human o-CA:s.

a-CAs are spread in vertebrates, protozoa, algae, corals, bacteria and green plants. A
wealth of studies allowed to identify sixteen different isozymes in mammals, and several
other isozymes in non-mammalian vertebrates.}?> Undeniably, the most important a-CAs
subset is represented by the fifteen isoforms identified to date in human.!®" These
isoenzymes differ by molecular features (Table 1), oligomeric arrangement, cellular
localization, distribution in organs and tissues, expression levels, kinetic properties and
response to different classes of inhibitors.’® Twelve are catalytically active isoforms (I,
I, 11, 1V, VA, VB, VI, VII, IX, XII, X, XIV), whereas the remaining three (VIII, X,
Xl), called CA-related proteins (CARPS), have no activity as they lack one or more

histidine residues coordinating the zinc ion in the active site.'



CHAPTER 1. CLASSIFICATION, BIOCHEMISTRY AND STRUCTURE OF CARBONIC ANHYDRASES

Table 1. Organ/Tissue Distribution, Subcellular Localization, CO, Hydrase Activity and Diseases in which
each isoform is involved.

Organ/tissue Subcellular Keat/Km Diseases in which the
distribution localization (Mt isoform is involved
Erythrocytes, . .
CAl gastrointestinal tract, Cytosol 5.0x 10" | Retinal/cerebral edema
Erythrocytes, eye,
gastrointestinal tract, Glaucoma, edema,
CAll bone osteoclasts, Cytosol 1.5x 108 epilepsy, altitude
kidney, lung, testis, sickness, cancer
brain

Skeletal muscle,

CAI adipocytes

Cytosol 2.5x10° Oxidative stress

Kidney, lung, pancreas,
CA IV | brain capillaries, colon, | Membrane-bound | 5.1 x 107
heart muscle, eye

Glaucoma, retinis
pigmentosa, stroke

Obesity, diabetic

CA VA Liver, brain Mitochondria 2.9 x 107 .
cerebrovascular disease

Heart and skeletal
muscle, pancreas,

CAVB - . Mitochondria 9.8 x 107 Obesity
kidney, spinal cord,
gastrointestinal tract
CA VI Sallvary;r;cri] dn;ammary Secreted 4.9 x 107 Cariogenesis
CAVII CNS Cytosol 8.3x107 | EPilepsy, neuropathic
pain
CA IX Tumors,rgzitggéntestlnal Transmembrane | 5.4 x 107 Cancer
Renal, intestinal,
CAXII reproductive epithelia, | Transmembrane | 3.5 x 107 Cancer, glaucoma
eye, tumors
cA x| Kidney, brain, lung, gut, Cytosol 1.1x 107 Sterility
reproductive tract
CA X1V Kidney, brain, liver, Transmembrane | 3.9 x 107 | Epilepsy, rethinopathies

skeletal muscle

Human CAs can be grouped into four different subsets depending on their subcellular
localization (Figure 2). CA 1, 11, 111, VI, VIII, X, X1, XIIII are cytosolic proteins, CA VA
and VB are present in the mitochondrial matrix, CA VI is a secreted enzyme, CA IV is a
glycosylphosphatidylinositol (GPI)-anchored protein and CA IX, XII and XIV are trans-
membrane isoforms.® These enzymes are widely distributed in many tissues and organs

where they are involved in a wealth of essential physiological processes. Thus, their
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dysregulated expression and/or abnormal activity can result in severe pathological
conditions (Table 1).

Thr200

\ Tyr7 - 7
<Py Leu198
(‘71 Thr199 Woo

ater

S Y

g
His64
/ @ fTe
\

Figure 3. (A) Ribbon diagram of hCA Il structure (PDB code 1CA2), which has been chosen as
representative CA isoform. The active site Zn?* coordination is also shown. Helix and B-strand regions are
coloured in red and yellow, respectively. (B) View of CA Il active site. The Zn?* is tetrahedrally
coordinated by the three catalytic histidines and a water molecule/hydroxide ion, which is engaged in a
well-defined network of hydrogen bonds. Water molecules are indicated as red circles.

The 3D structures of all human isoforms except CA VB was determined which show that
these enzymes hold common structural features independently on their subcellular
localization. In fact, in agreement with the high sequence identity among hCA isoforms,
structural studies have demonstrated that all these enzymes share the same fold
characterized by a central ten-stranded B-sheet, surrounded by o- and 310- helices and
additional B-strands (Figure 3A). The active site is located in a large conical cavity, about
15 A deep, at the base of which the zinc ion is accommodated, coordinated by three
conserved histidine residues (His94, His96 and His119) and the solvent
molecule/hydroxide ion. The Zn?*-bound water molecule/hydroxide ion is involved in a
network of hydrogen bonds which enhance its nucleophilicity (Figure 3B). In particular,
it establishes a hydrogen bond with the hydroxyl moiety of the conserved Thr199 residue
and with two water molecules, located on two opposite sides: the first one, also called the
“deep water”, is located in a hydrophobic cavity delimited by conserved residues in
position 121, 143, 198, and 209, while the second one is in a hydrophilic environment
toward the entrance of the active site (Figure 4A).

As generally stated in paragraph 1.2, these two peculiar active site environments are

supposed be responsible of the rapid catalytic cycle of CO to bicarbonate; in fact, the
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hydrophobic region is necessary to sequester the CO: substrate and orient the carbon
atom for nucleophilic attack by the zinc-bound hydroxide (Figure 4B), while the
hydrophilic region creates a well-ordered hydrogen-bonded solvent network, which is
necessary to allow the proton transfer reaction from the zinc-bound water molecule to the
bulk solvent (Figure 4C).1328

Figure 4. (A) Solvent accessible surface of CA Il. Residues delimiting the hydrophobic half of the active
site cleft are shown in red (lle91, Phel31, Vall2l, Vall35, Leul4l, Vall43, Leul98, Pro202,
Leu204Val207 and Trp209), while residues delimiting the hydrophilic one is shown in blue (Asn62, His64,
Asn67 and GIn92). Active site of CA Il showing: (B) the position of CO, molecule (PDB code 2VVA), and
(C) the binding of the bicarbonate ion (PDB code 2VVB). The Zn?* coordination and polar interactions are
also reported.

A detailed comparison between all hCA isoforms reveals that the main sequence and
structural differences between these enzymes are observed in the region 127-136 (Figure
3A), which thus has to be considered a “‘hot spot’” in the structure-based drug design of
selective hCA inhibitors.?® The 12 catalytically active isoforms show also important
differences in the quaternary structure; indeed, whereas CAs I-1V, VA, VB, VII, Xlll and
XIV are monomers, CAs VI, IX and XII are dimers. Interestingly, the dimeric interface is
different in each one of these hCA dimers. One of the most important achievements of
CA structural studies is the obtainment of 3D models of the full-length CA IX and CA
XII. Indeed, in both cases other domains are present beyond the CA catalytic one (Figure
5).2%30 These models represent an important starting point for the rational drug design of
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specific inhibitors with potential applications as diagnostic and therapeutic tools in

tumour treatment.

Figure 5. Proposed models of full-length CA IX (A) and CA XII (B) on the cell membrane. Both CA 1X
and CA XII contain an extracellular CA domain, a transmembrane region (cyan) and an intracellular tail
(green). Additionally, CA IX contains a proteoglycan-like (PG) domain (magenta) at the N-terminus.

Differently, the bacterial a-CAs, such as those identified in Sulfurihydrogenibium
yellowstonense, Sulfurihydrogenibium azorense and Neisseriagonorrhoeae, are dimers
formed by two identical active monomers.'?

Additionally, a-CAs possess a certain catalytic versatility that enables the fulfilment of
several other hydrolytic processes presumably involving non-physiological substrates.
These reactions include the hydration of cyanate to carbamic acid (Equation 4), or of
cyanamide to urea (Equation 5), the aldehyde hydration to gem-diols (Equation 6), the

hydrolysis of carboxylic, sulfonic and phosphate esters (Equations 7-9).?

_ 0
0O=C=N + H/O\H - ,ICI: (Eq 4)
H,N" TOH
0
N=—NH, + O =— L (Eq. 5)
H,N~ ~NH,
j\ o OH
s ~ H
+ H H — (Eq. 6)
R® H R™ “OH
0 o 0
)J\ /R' + H/ \H —_— + RV_OH (Eq 7)
R™ O R” ~oH
0
b gy =— p + Ar—OH
Ars P—OH HH T -ROH r (Eq. 8)
0" on OH
0.0 0.0
Y + PON _— \// + —
S___R D S R'—OH Eq. 9
R0 H H R on (Eq.9)
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1.3.2 p-Carbonic Anhydrases

Arg72

e His124
@

His127

Figure 6. (A) Overall structure of the B-CA from fungi Cryptococcus Neoformans (Can2) dimer. One
monomer is colored magenta, while the other one is colored sea green. The Zn?* ions are shown as orange
spheres. (B) Active site of Can2. Coordination of the active-site Zn(Il) by Cys68, His124, Cys127, and a
water molecule is shown by colored dashed lines, and Asp70-Arg72 salt bridge is colored black.

The B-class CAs are broadly distributed and identified in plants, yeast, bacteria, archaea,
fungi, and invertebrates.’® Conversely from o-class isozymes, p-CAs are oligomers
formed by two or more identical subunits, generally dimers, tetramers and octamers
(Figure 6A). The monomers consist primarily of a-helices that surround a 2-1-3-4
ordered B-sheet and show /B fold unique to these enzymes. The monomer has a
molecular weight of 25-30 kDa and the active form of the enzyme requires two subunits
to reconstitute the catalytic site.™>3! The active site exists at the dimer interface and
contains hydrophobic and hydrophilic areas similarly to hCAs. The residues of the
catalytic triade are highly conserved among -CA isoforms: the Zn(ll) ion is coordinated
by two Cys residues, a residue of His and the carboxyl group of a residue of Asp or
alternatively a water molecule/hydroxide ion (Figure 6B and Figure 7). The B-CA from
fungi Cryptococcus Neoformans (Can2) was taken as representative).1%3

At a pH of 7.5 or lower, the B-CA active site, formed by residues belonging to two
different subunits, is “locked, since the carboxyl group of an aspartic acid coordinates the
zinc ion, thus completing the coordination sphere (Figure 7A). For pH values higher than

8.3, the enzyme active site was instead found in its open and active form, due to the salt
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bridge that the aspartate residue forms with an arginine residue conserved in all the p-
CA.1012L A molecule of water/hydroxide ion completes the tetrahedral geometry
coordination pattern of the metal ion (Figure 7B). The catalytic mechanism of B-CAs

with the active site in the "open" form is rather similar to a-class enzymes.
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0:2.0
o T
2 © _H
O)\/ . o
! Asp residue i Asp residue
L 2+ i
A A _Zn%
N \ S/\ VO SN
" — 5 Cys residue HN'™N \‘S SN
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His residue
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Figure 7. Inactive (A) and active (B) forms of B-CAs active sites.

1.3.3 y-Carbonic Anhydrases

Up to now y-Class CAs have been identified in archaea, bacteria and plants.® Cam, the
carbonic anhydrase from the methanoarcheon Methanosarcina thermophila, is the
prototype of the y-class.>> The crystal structure of Cam showed that one monomer
consists of seven complete turns of a left-handed parallel B-helix topped by a short a-
helix, followed by a second C-terminal a-helix which is positioned antiparallel to the axis
of the B-helix (Figure 8A).*> Each face of the beta-helix is comprised of parallel beta-
strands, containing two or three residues each, and is connected to the subsequent face by
a 120° turn, so that the cross section of the f-helix resembles an equilateral triangle. Each
turn of the B-helix contains two type II B-turns positioned between strands 1 and 2 and
between strands 2 and 3 and is completed by a loop, connecting strand 3 with strand 1 of
the next turn. The interior of the helix is dominated by hydrophobic interactions between
aliphatic side chains of residues originating from equivalent positions in adjacent turns of
the helix. The active enzyme is a homotrimer resulting from the packing of three left
handed B-helices with the axis all parallel (Figure 8B and 8C). Three residues, Arg59,

Asp61 and Asp76, are important amino acids for trimer formation. Arg59 forms a salt
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bridge with Asp61 of the same monomer and Asp76 of another monomer. These three
residues are almost entirely conserved in all proteins sharing homology with Cam.

The active site is localized at the interfaces between two subunits. In the active site a
Zn(II) ion is coordinated by His81 and His122, which extend from equivalent positions of
adjacent turn of one monomer, and by His117 located in a neighbouring monomer
(Figure 8C). Two water molecules complete the zinc coordination sphere forming a
distorted trigonal bipyramidal geometry. The two water molecules are within hydrogen

bond distance of the side chain of GIn75 and Glu62.'3*?

e

Glu62
GIn75

W
w °
©. 7n>

o His81
His117 H

is122

Figure 8. Ribbon representation of the Cam trimer. (A) Top view of the enzyme / HCO3™ complex (PDB
IQRL). (B) Side view (PDB 1QRG). The overall fold is a left-handed [-helix, consisting of three
untwisted, parallel B-sheets connected by left-handed crossovers. (C) Metal coordination within the active
site which consists in a distorted trigonal bipyramidal geometry. Residues belonging to different subunits
are depicted using different colours.
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Chapter 2. Carbonic Anhydrases as drug targets

2.1  Human Carbonic Anhydrases

Human CAs have been the first isoforms to have been studied as drug-targets from both
the inhibition and activation standpoints.> Human CA inhibitors (CAls) have written a
long pharmacological history in many fields due to the involvement of CAs in a variety
of important physio/pathological processes such as respiration, pH regulation,
calcification, gluconeogenesis, lipogenesis or tumorigenesis.’>?* In contrast, CA
activators have been much less studied to date.’®3* Nonetheless, as a subset of CAs is
abundant in the brain and was shown to be activatable by drug-like compounds, the
possibility to design agents that enhance cognition have been recently emerging, with
potential therapeutic applications in aging and neurodegenerative diseases as well as
tissue engineering.1 13

CAls of the sulfonamide/sulfamate type have been long used as diuretics, systemic anti-
convulsivants, topically acting anti-glaucoma agents or for the treatment of altitude
sickness.1>2434 More recently CAls have shown promising results as anti-obesity, anti-
inflammatory, anti-neuropathic pain and anti-tumor agents/diagnostic tools.*3-24

CAls of the first-generation show an isoform promiscuous inhibitory activity, which
leads to serious side effects for all pathologies in which they are used.® Hence, in the last
decades some innovative strategies were adopted to produce isoform-selective
sulfonamide-like derivatives as well as new classes of isoform-specific CAls were
produced which showed alternative mechanisms of action. Understanding the factors
governing selective inhibition of the single isoforms is clearly of pivotal importance and
represents the breakthrough step to yield potential drugs which avoid the serious side
effects due to promiscuous inhibition in the treatment of all pathologies in which CAls
will be employed.® In fact, the great potential of hCAs as drug targets resides in the wide
multitude of diseases that can be targeted by selectively modulating the different
isoforms. 348

CA | is abundantly expressed in red blood cells and colon, but is still considered an
“orphan target” as it remains an “obscure object” for medicinal chemists.’>® Further

difficulties have been encountered in developing CA | selective inhibitors.! However,
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several pieces of evidence have demonstrated that CA | is involved in some types of
anemia and chronic acidosis, diabetic macular edema and the proliferative diabetic
retinopathy.1328

The deregulation of the activity of the most physiologically relevant CA 1l has important
pathological consequences in one or more tissues, such as glaucoma, edema, epilepsy,
and is also involved in other pathologies such as acute mountain sickness?® and,
apparently, atherosclerosis?® and osteoporosis.?® CA 1l is also a target for imaging in
various pathological conditions, in organs where the enzyme is present, such as the brain
and cerebrospinal fluid or the gastrointestinal tract.™®

Inhibition of CA 11l has not been determined to be advantageous for treating several
diseases.’®* On the contrary, several natural and non-natural amino acid and
aromatic/heterocyclic activators of CA 11l have been discovered, which might increase
the defense mechanism against reactive oxygen species (ROS) in hepatocytes especially
in the case of hepatotumorogenesis or infection by hepatitis B or C virus or might be
beneficial therapeutics aimed to treat obesity.?®3” However, because CA 111 has recently
been proposed to be associated with acute myeloid leukemia and the progression of liver
carcinoma, CA IlI specific inhibitors may have potential against in tumor proliferation
and invasiveness in myeloid and liver tissue.>

CA IV was proven to be a promising drug target in the treatment of glaucoma,
inflammation, retinis pigmentosa, some types of brain cancers and stroke.35-3

The involvement of CA VA and VB in de novo lipogenesis and the clear indications that
the antiepileptic drugs topiramate and zonisamide (also potent inhibitors of the
mitochondrial CAs) elicit significant weight loss in obese patients suffering with epilepsy
led pharmaceutical companies to show interest in hCA V enzymes as novel drug targets
for the treatment of obesity.*® Activators of CA V (probably CA VB) might have clinical
potential in diabetes, due to the implication of CA V in glucose-mediated insulin
secretion from pancreatic B-cells.?® CAVA has been also recently proposed as a specific
target for prevention of diabetic cerebrovascular pathology.™

It could be speculated that the caries-inducing effect of CA VI is a result of enzymatic
activity, and thus the inhibition of CA VI could reduce carcinogenesis. A CA inhibitor
might be added to oral hygiene products, such as toothpaste, mouthwash, tooth varnish,

and chewing gum, to reduce the risk for the formation of enamel caries lesions.*>#*
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CA VII might represent a safe drug-target in the treatment of febrile seizure or eventually
other epileptiform diseases as it is involved these pathologies and almost uniquely
expressed in the central nervous system (CNS).284 As the treatment with acetazolamide
in combination with midazolam synergistically reduces neuropathic allodynia after spinal
nerve damage,*” CA VII together with CA 1l may represent a new drug target for
managing neuropathic pain. Considering the importance of pH and ion homeostasis in
reproductive organs to ensure a normal fertilization, the use of CA XIllII inhibitors could
be used for the development of anti-contraceptive agents.>

Data are available on the involvement of CA XIV in some retinopathies and
epileptogenesis, which make CA XIV inhibitors useful agents for the management of

such diseases.®’

pH,=7.2-7.4

Figure 9. pH modulation machinery in hypoxic tumor cells. HIF-1 upregulates the expression of glucose
transporters (GLUT1), glycolytic enzymes and proteins involved in pH regulation: monocarboxylate
transporter (MCT), V-type H*ATP (V-ATPase), Na*/H* exchanger (NHE), bicarbonate co-transport
(NBC), anion exchanger (AE), carbonic anhydrase IX (CA 1X) and XII (CA XII).

The tumor (and inflammation) associated CA 1X and XII deserve a specific section as
main focus of the Ph.D. thesis. These CAs were consistently validated as drug-targets and
markers of disease progression in many solid tumors.?3%349 Qverexpression of tumor-
associated CAs is part of tumor cells adaptive responses to hypoxic conditions.*® In fact,
the inadequate delivery of oxygen to tumor cells (hypoxia) does induce a shift to the

glycolytic metabolism. The high glycolytic rate of tumor cells leads to an increased
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production of acid metabolites, including lactate, carbon dioxide and protons that creates
an intracellular acidosis (pHi) incompatible with the basic cellular functions. To survive
and reduce intracellular acidification, cells activate complex molecular mechanisms
involving ion exchangers, pumps, transporters and carbonic anhydrases, which maintain a
slightly alkaline pH; acidifying the extracellular environment (pHe) (Figure 9).%

CA IX was even more studied in this context being almost uniquely overexpressed in
hypoxic tumors by major pathway of HIF-1 transcription factor and serving as
prognostic/predictive factor for hypoxic, aggressive, and malignant tumors.?®4°
Nonetheless, both CA IX and XII were shown to be involved in chemoresistance, tumor
cell migration, invasion and maintenance of cancer cell stemness.**?3

In addition, CA 1X and XII were lately identified to be overexpressed in inflamed tissues,
being likely implicated in the acidification marking these tissues.*

Furthermore, CA X1 is also a validated target for the treatment of glaucoma.®*

The 3D structures are available for all human isoforms except CA VB and are of
significant importance for structure-based drug design campaigns for yielding disease-

targeting CA selective modulators.>®-%

2.2 Carbonic Anhydrases from pathogens

CA:s are also emerging as innovative targets for the development of anti-infective agents
with novel mechanisms of actions to overcome cross resistance shown against various
existing anti-microbial drugs. A plethora of a-, -, y-CAs were cloned and characterized
in many bacterial, fungal and protozoan pathogens and were shown to be promising anti-
infective targets, though to date no CAI as anti-microbial agent is available for clinical
use. CAs are essential in the pathogens life cycle and their inhibition can lead to growth
impairment and defects.®>®® One of the best studied bacterial a-CA is the one from the
gastric pathogen provoking ulcer and gastric cancer, Helicobacter pylori.”> In fact, the
genome of H. pylori encodes two CAs with different subcellular localization: a
periplasmic a-class CA (hpaCA) and a cytoplasmic B-class CA (hpBCA).”%"2 These two
enzymes were shown to be catalytically efficient, exhibiting an almost identical activity
as the human isoform hCA I in the CO> hydration reaction, and are highly inhibited by

many clinically used sulfonamides/sulfamates.” Since the efficacy of H. pylori

15



CHAPTER 2. CARBONIC ANHYDRASES AS DRUG TARGETS

eradication therapies currently employed has been decreasing due to drug resistance and
side effects of the commonly used drugs, the dual inhibition of a- and/or -CAs of H.
pylori could be applied as an alternative therapy against the infection or for the
prevention of gastroduodenal diseases provoked by this widespread pathogen.’*"?

Vibrio cholerae is a Gram-negative bacterium, causative agent of cholera, that colonizes
the upper small intestine where sodium bicarbonate, an inducer of virulence gene
expression, is present at a high concentration. V. cholera utilizes the CA system to
accumulate bicarbonate into its cells, thus suggesting a pivotal role of this
metalloenzymes in the microbial virulence.” V. cholera encodes CAs of three distinct
classes, which are called VchCAo, VchCAP and VchCAy. These enzymes are efficient
catalysts for CO hydration.”"

CAs are also abundantly spread in fungi and yeasts.?">80 Saccharomyces cerevisiae,”
Candida albicans”™'® and Candida glabrata’’" have only one B-CA, whereas multiple
copies of B-CA- and a-CA-encoding genes were reported in other fungi.”® A recent work
demonstrated that these CAs play an important role in the COz-sensing of the fungal
pathogens and in the regulation of sexual development.”” Finally, another yeast, which
has been investigated in detail for the presence of CAs is Malassezia globosa, which
induced the production dandruff.8% As the above-mentioned fungi/yeasts, it contains only
one B-CA, denominated MgCA. Few protozoan parasites have been investigated for the
presence and druggability of CAs. The malaria-provoking Plasmodium falciparum
encodes the unique example of n-CA identified to date.”’®® An a-CA has also been
cloned and characterized in the unicellular protozoan Trypanosoma cruzi, the causative
agent of Chagas disease.”*® The enzyme (TcCA) has a very high catalytic activity for the
CO2 hydration reaction, being similar kinetically to the human isoform hCA 1.

In addition, another B-CA from the unicellular parasitic protozoan Leishmania donovani
chagasi (LdcCA), which causes visceral leishmaniasis was identified, cloned, and

characterized.®

2.3 Main Categories of Carbonic Anhydrase Inhibitors

The mechanisms through which CAs are inhibited or activated have been studied for

decades and are well-understood processes. However, new discoveries in the field
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continuously emerge.>8127 Four inhibition mechanisms have been Kinetically and
structurally validated, while a significant subset of CA inhibitors lacks mechanistic
characterization yet. A superimposition of compounds binding to the representative CA 1l
by four distinct inhibition mechanisms is depicted in Figure 10 and a classification is

reported below:
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Figure 10. (A) hCA Il active site with three superimposed inhibitors: acetazolamide (blue); phenol
(yellow), hydrolyzed natural product coumarin (green). The hydrophobic half of the active site is colored in
red, the hydrophilic one in blue. His64, the proton shuttle residue is in green (surface representation) (PDB
files codes: 3HS4, 3F8E, 4QY3). The hydrophobic adjacent pocket where inhibitors bind outside the active
site is shown in yellow with a benzoic acid derivative represented in magenta. The detailed interactions for
the binding of the four inhibitors, with their different inhibition mechanisms are shown in (B) for
acetazolamide, (C) for phenol, (D) for the 2-hydroxy-cinammic acid derivative and (E) for the benzoic acid
derivative.
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- the zinc-binders, among which inorganic anions, sulfonamides and their bioisosters
(sulfamates, sulfamides, etc), dithiocarbamates (and bioisosters), hydroxamates,
carboxylic acids, phosphates, benzoxaboroles (Figure 10B).9-111

- compounds that anchor to the zinc-bound water molecule/hydroxide ion, such as
phenols, polyamines, sulfocoumarins, thioxocoumarins (Figure 10C).112-119

- compounds that occlude the entrance of the active site, namely coumarins and their
bioisosters (Figure 10D).120-127

- compounds binding out of the active site (this inhibition mechanism has been shown for
2-(benzylsulfonyl)-benzoic acid — Figure 10E).128

Compounds such as secondary/tertiary sulfonamides, N-substituted saccharin, imatinib
and nilotinib inhibit specific CA by unknown mechanism of action.*?%130

The three main subsets of CAls are discussed below.

2.3.1 Zinc binders
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Figure 11. Schematic illustration of the key interactions between a zinc-binder and a representative human
CA active site.

Compounds containing a zinc binding group (ZBG) directly coordinate the metal ion with
a tetrahedral or trigonal bipyramidal geometry, displacing the zinc-bound nucleophile
(water molecule or hydroxide ion; Figure 11).1%%! In addition, the ZBG interacts with
various residues nearby the metal ion, mainly by hydrogen bonds (such as with Thr199, a
conserved residue in all a-CAs), whereas the scaffold of the inhibitor participates in
several other interactions with the hydrophilic and/or hydrophobic areas of the active site.
The sulfonamide group (R-SO2NH>) is the most important and widely used zinc binding
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function for designing CAIs, ! with at least 20 such compounds in clinical use for
decades or clinical development in the last period (Figure 12).87%
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Figure 12. Examples of clinically used or studied sulfonamides.

A wealth of X-ray crystallographic evidences showed the binding mode of the zinc-
binder type CAls, to which sulfonamides and their bioisosters sulfamates and sulfamides
belong. The latter binds in deprotonated form to the Zn(Il) ion from the enzyme active
site, replacing the zinc-bound water molecule and retaining the tetrahedral coordination

geometry (Figure 13).1,2,90,91,93
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Figure 13. Schematic illustration of the key interactions between a primary sulfonamide and the hCA 1l
active site as determined by X-ray crystallography.
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It is commonly accepted that the sulfonamide group is the ideal ZBG for the CAs as it
combines a negative charge of the deprotonated nitrogen with the positively charged zinc
ion and, on the other hand, the presence of one proton on the coordinated nitrogen atom
satisfies the hydrogen bond acceptor character of Thr199 OG1 atom.*3?

The first- and second-generation sulfonamide CAls and their sulfamate/sulfamide analogs
act as non-selective and rather efficient inhibitors of all CA isoforms. The consequence of
this inhibition profile is the multitude of undesired side effects due to inhibition of
isoforms not involved in the targeted pathology. This was and it is in fact the main
drawback of the first- and second-generation CAls, although they are still in clinical
use.l® As most differences among hCAs active site occur at the entrance of the cavity,
compounds which would interact with that part may lead to isoform-selective inhibitors.
The idea to attach “tails” to the scaffolds of the sulfonamide inhibitors thus emerged in
1999,°%3 and indeed led to a certain degree of isoform selectivity already with the initial
derivatives for which it has been proposed. Originally conceived for the design of water
soluble, antiglaucoma sulfonamides,®- the tail approach was subsequently extended for
the design of a multitude of CAls possessing a variety of desired physico-chemical
properties, among which membrane impermeability,® enhanced liposolubility,®” and
more importantly, isoform-selective inhibitory profiles.® In fact, nowadays it is the most
used synthetic approach for designing CAls belonging to a variety of classes. The main
outcome to date of the application of the tail approach is an ureidobenzenesulfonamide
SLC-0111 (Figure 12), selective inhibitor of CAs IX and XII over CAs | and Il, which
successfully completed Phase | clinical trials for the treatment of advanced, metastatic
hypoxic tumors over-expressing hCA X, and is currently in Phase Ib/Il clinical trials in a
multi-center, open-label study of oral in combination with gemcitabine (administered i.v.)
in subjects affected by metastatic pancreatic ductal adenocarcinoma.®®1%

Beyond sulfonamides, in the last period a multitude of new ZBG for CAs have been
identified, among which carboxylates,!%1% hydroxamates,'°"1%® phosphonates!®® and
lately crucial advances have been made in this field with mono- and
dithiocarbammates, %1% xanthates,® thioxanthates,'®® boroles,*° phosphonamidates'®
and selenols'!! identified as novel zinc-binders. X-ray crystallographic evidence was
achieved for dithiocarbamates (Figure 14A) and their derivatives,'®® hydroxamates,®’

some carboxylates,'® one phosphonate,'®® and some boroles (Figure 14B).*° It should be
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stressed that a certain versatility was observed in the binding mode of some such ZBGs,
with hydroxamates and boroles coordinating the metal ion in monodentate or bidentate

manners.*!
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Figure 14. Active site view of the hCA 11 adduct with (A) a DTC (PDB 3P5A) and (B) benzoxaborole
(PDB 5JQT).

2.3.2 Anchorage to the metal-bound water/hydroxide ion
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Figure 15. Compounds which anchor to the Zn(ll)-coordinated water molecule/hydroxide ion. The
anchoring group (AG) is of the phenol, amino, carboxylic acid, ester (COOR), sulfonate type.

Phenols, polyamines (e.g. spermine and spermidine), some carboxylates, sulfocoumarins
(after having been hydrolysed by the sulfatase activity of a-CAs to the corresponding
hydroxyphenyl-o-ethenylsulfonic acid), and thioxocoumarins have been chronologically

shown to anchor to the zinc-bound water molecule/hydroxide ion by means of X-ray
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crystallography (Figure 15).112-119131 The anchoring is granted by a H-bond between the
zinc-ligand and a precise anchoring group (AG) in the inhibitor of the OH, NH,, COOH,
COOCH3 and SOsH type. As in the case of zinc-binders, the ligand/target adduct is
stabilized by further interactions the inhibitor scaffold establishes with amino acid
residues from the active site.

The phenol is anchored to the Zn-bound hydroxide ion (preponderant species at the pH at
which the experiments were done) by a hydrogen bond between the donor zinc bound
hydroxide ion and the ligand OH.1*? In addition, a second hydrogen bond involves the
gate-keeping residue Thr199, whose backbone NH group participates in a second
hydrogen bond with the phenol (Figure 16A). Spermine binds in a rather similar manner
as phenol, although with a slightly different network of hydrogen bonding (Figure
16A).14 Thus, one of the primary amine moieties of the inhibitor, probably as ammonium
salt, anchors by means of a hydrogen bond to the zinc-coordinated water
molecule/hydroxide ion, and also makes a second hydrogen bond with the side chain OH
group of Thr199. The other terminal primary amine of spermine participates in hydrogen
bonding with Thr200 and Pro201 (Figure 16B). The sulfonic acid from the hydrolized
sulfocoumarin derivative was found to anchor to the Zn-bound hydroxide ion, thus
making this CA inhibition mechanism much more general than initially considered when

phenols were discovered as inhibitors (Figure 16C).118
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Figure 16. Active site view of the hCA Il adduct with (A) phenol, (B) spermine (PDB 3KWA) and (C)
hydroxyphenyl-w-ethenylsulfonic acid deriving from sulfocoumarin hydrolysis (PDB 4BCW).
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2.3.3 Occlusion of the active site entrance
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Figure 17. Schematic representation of compounds occluding the entrance to the active site. AG represents
an anchoring group, of the phenol, carboxylic acid or amide type for sticking at the entrance of the active
site cavity whereas the tail, when present, interacts with residues at the outer edge of the cleft.

The third main CA inhibition mechanism consists in the active site entrance occlusion
(Figure 17). These inhibitors bind further away from the metal ion compared to the zinc
binders in compounds anchoring to the zinc coordinated water molecule.®>®! The
occlusion of the entrance of the binding site cavity as inhibition mechanism has been
evidenced for the first time for coumarins,'?° but thereafter other compounds such as the
antiepileptic drug lacosamide,*? 5- and 6-membered lactones and thiolactones or
quinolinones!?1% were observed to possess significant CA inhibitory properties
probably sharing a common mechanism of action (Figure 18).

X-ray crystallography studies primarily conducted on the coumarin derivatives isolated
from the Australian plant Leionema ellipticum showed that coumarins (as the
sulfocoumarins) acts as prodrug - at least- in human CAs and are hydrolysed to the active
species 2-hydroxycinnamic acids by the CA esterase activity (Figure 18).1%° In fact,
unexpectedly the electron density data for the hCA 11 adduct with coumarins revealed that
the actual inhibitory species is the coumarin hydrolysed form that, depending on how
bulky the moieties attached on the scaffold are, might bind as cis isomers (Figure 19A) or
as trans-isomers (Figure 19B). Indeed, for not bulky substitution pattern on the coumarin
scaffold the trans isomer was observed in the CA active site, whereas for bulkier such

groups the isomerization did not occur.
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Figure 18. Proposed inhibition mechanism of CAs by coumarins/thiocoumarins, leading to cis- or trans-2-
hydroxy/mercapto-cinnamic acids. A) Hydrolysis of the lactone ring. B) Movement of the hydrolysis
product (as cis stereoisomer) towards the entrance of the active site cavity. C. Cis-trans isomerisation of the
hydrolysis product.?

The most notable aspect of this inhibition mechanism is the fact that the inhibitors bind in
an active site region where most significant differences in the amino acid compositions
among hCAs occur.r® This produces important consequences in the inhibition profiles
exhibited by such a class of derivatives which showed a unique isoform-selective action.
In fact, wide series of diversely substituted coumarin/thiocoumarin derivatives were
investigated which reported significantly selective inhibition against isoforms such as CA
IX, XII, X111 and X1V over the ubiquitous CA I and 11.120-127
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Figure 19. CA-mediated hydrolysis of (A) the coumarin extracted from Leionema ellipticum and (B)
coumarin. (C) Active site view of the superimposed hCA Il adducts with of the coumarins hydrolysis
products shown in panel A (blue, PDB 3F8E) and B (green PDB 5BNL).

2.4  Carbonic Anhydrase Activators

CA activation with biogenic amines, such as histamine, amino acids and peptides was
reported in the early 40s, but it was validated only in the late 90s.! Using methods such as
stopped-flow kinetic assays, spectroscopy and X-ray crystallography, the CA activators

(CAAs) were shown take part in the catalytic cycle, as shown in equation 10 below 33132
134

EZn?*-OHz + A~—=[EZN?*~OH; - A]~——=[EZn**~HO" - AH']~——EZn?*-HO" + AH" (Eq. 10)

The CAA binds within the enzyme active site with formation of enzyme — activator
complex, in which the activator participates to the rate-determining step of the catalytic
cycle, which is the proton shuttling between the zinc coordinated water and the reaction
medium. In many CA isoforms, His64 placed in the middle of the CA active site plays
this role through its imidazole moiety with a pKa in the range of 6-7.% In the enzyme-
activator complexes, this proton transfer reaction is achieved in a more efficient manner
both by His64 and the activator molecule. The activator does not influence Kwm (the
affinity for the substrate) but has an effect on kest Of the enzyme-catalyzed reaction,
leading thus to the efficient formation of the nucleophilic species of the enzyme (EZn?*—
HO"). 1333
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Figure 20. hCA 11 complexed with CAAs and the hydrolyzed coumarin (2-hydroxycinamic acid).
Histamine is shown in green (PDB 1AVN) D-Phe in magenta (PDB 2EZ7) and D-Trp in cyan (PDB 3EFI).
2-Hydroxycinnamic acid (in yellow, PDB 5BNL) is also superimposed to the hCA Il — activator adducts. a)
Complete view of the enzyme / ligands superimposed adducts. b) Active site view of the three activators
and the hydrolyzed coumarin in a slightly different orientation, compared to panel A.

To date, several X-ray crystal structures of CAAs bound to several hCA isoforms have
been reported (Figure 20).132137 The histamine-hCA 11 adduct crystallography was the
first published such study,'®? and successively activators of the amines and amino acid
type, such as L- and D-His, L- and D-Phe, D-Trp and L-adrenaline were studied by this
technique.>13132-137 Al these activators except D-Trp bind in the same region of the CA
active site, which has been denominated the activator binding site A (Figure 20).% In this
position, at the entrance of the active site and not far away from His64, the activator
participates in favorable interactions with several amino acid residues and water
molecules, supplementing the proton shuttling effects of His64.

It is supervising the activator binding site and the coumarin-binding site are in fact
superimposable, as shown in Figure 20.

A series of drug design studies are also available for CAAs, mainly using histamine and
histidine as lead molecules.>** Some of these compounds showed increased affinity for
many CA isoforms (compared to histamine), but the level of isoform selectivity achieved

up to now is very poor.?

26



Part |1

Chemistry and Enzyme Kinetics Projects



CHAPTER 3. AT THE FOREFRONT OF MEDICINAL CHEMISTRY WITH MULTI-TARGET STRATEGIES INCLUDING
CARBONIC ANHYDRASES INHIBITORS

Chapter 3. At the Forefront of Medicinal Chemistry with Multi-Target

Strategies Including Carbonic Anhydrases Inhibitors

3.1 Scope of the thesis: drug-design, synthesis and biological evaluation of molecular

hybrids including CAls for treating a multitude of diseases

In the context of pharmacologic strategies hitting multiple targets in physio-pathological
processes, the choice of multi-potent agents is spreading worldwide overwhelming the
co-administration of multiple drugs.®-14! In fact, pharmacokinetic and metabolic issues
deriving from multiple drugs intake are reduced by administration of a single multi-target
agent, which provides an improved pharmacokinetic, better patient compliance, reduced
drug-drug interactions as well as a synergistic effect in the treatment of the pathology.'*®
It is important to correctly accomplish the molecular hybridization approach between
scaffolds affecting the distinct targets to avoid the loss of multi-target action. The
achievement of balanced hybrids which equally affect the two systems is desirable to
trigger a synergic effect at the biological level.14°

The involvement of CAs in a multitude of diseases, mainly in an isoform-specific
manner, have paved the way for decades to combination therapies such as in the case of
eye drops for the treatment of glaucoma.® Moreover, it should be noted that even SLC-
0111, which successfully completed Phase 1 clinical trials for the treatment of advanced,
metastatic hypoxic tumors over-expressing CA X, is currently in Phase Ib/ll clinical
trials in combination with gemcitabine (administered i.v.) in subjects affected by
metastatic pancreatic ductal adenocarcinoma because of an intense synergic anticancer
efficacy.!®

Hence, it is now time to exploit the validated efficacy of CA inhibition in the treatment of
many disorders such as cancer, inflammation, glaucoma, infections, by the extensive
design of multi-target CAls which has been limited to few studies up to now.

In the present Ph.D. thesis several multi-target strategies including CAls have been
designed with the main aim of hitting inflammation, glaucoma and cancer. My work
included both design, synthesis and in vitro kinetic evaluation of the molecular hybrids.
All projects were supervised by Dr. Alessio Nocentini (except for Project/Series A,
supervised by Dr. Fabrizio Carta). In addition, | performed further enzyme kinetic studies
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to characterize ex novo new CAs isolated for the first time by the pathogenic protozoa
Entamoeba histolytica and from the coral Stylophora pistillata.

The discussion of the research done in the Ph.D. period will be discussed below

according to the several undertaken projects.
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3.2 Design and Synthesis of Novel Nonsteroidal Anti-Inflammatory
Drug and Carbonic Anhydrase Inhibitor Hybrids for the Treatment of
Rheumatoid Arthritis (Series A)

Rheumatoid arthritis (RA) is a chronic and systemic inflammatory disease caused by a
faulty autoimmune response, which primary affects the lining of the joints, thus causing
erosion of the cartilage, bone damage, and joints deformity at the later stages. The
dimension and the impact of RA in the society are well reported within the Rochester
Epidemiology Project.!? Data showed that in the period 1995-2007, each year about
4.1% of the American population was diagnosed with RA. The incidence of the disease
was strictly age dependent, being present in 0.9% among patients aged 18—34 years, 5.4%
among those aged over 85 years, with the peak (8.9%) in the population aged between 65
and 74 years. Data analysis of the same period among gender showed that the incidence
rates increased to 2.5% each year in women; conversely a decrease of about 0.5% was
observed in men.*> RA symptoms have high impact on the life quality of the affected
patients, who are progressively unable to carry out activities in every domain of their
lives such as work, social relations, and leisure, 43144

A number of studies have shown high hydrogen ions concentration in various
inflammatory diseases, such as RA and its pediatric form defined as juvenile idiopathic
arthritis (JIA).>® Therein, local acidosis has been indicated as the valid linker between
inflammation and the associated pain.!** The pH of the synovial fluid of RA patients was
testified to vary according to the intensity of the inflammatory state. In the early
inflammatory phases marked by a predominance of polymorphonuclear leukocytes, the
concentration of hydrogen ions is relatively low (pH around 7.4), but the progression of
inflammation and change in cell type to the mononuclear phagocytic cells drove the pH
to values around 6.5.'* The low pH reduces the proliferation of lymphocytes and
polymorphs, impairs chemotaxis and inhibits antibody production. The progressive
acidity triggers swelling, pain, stiffness, and redness in the joints. Furthermore, the local
pH imbalance can also affect the tissues around the joints, such as the tendons, ligaments,
muscles causing at later stages joints deformity up to the loss of joint function.!#

Several CA isoforms have been identified in joint ailments, including CA I which is over-

expressed in the synovium of the patients with ankylosing spondylitis (AS),38:146-148
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Transgenic mice over-expressing CA 1 showed aggravated joint inflammation and
destruction.'® Furthermore, antibodies to CA III and IV have been identified in
rheumatoid arthritis.!" The latter study also witnessed that the CA activity in RA was
significantly higher than that of the control groups.

The first report of the potentiality of CAls as antiarthritic drugs dates back to 1991.!2
Nolan et al. showed that sulfonamide CAls, such as acetazolamide (AAZ), ethoxzolamide
(ETZ), methazolamide (MZA), and dichlorphenamide (DCP), reduced paw edema and
attenuated the deterioration of the joints of rats with adjuvant arthritis, but the authors
ascribed their activity in the chronic model of inflammation to inhibition of bone
resorption. As a breakthrough in the field of CA in inflammation, in 2016 Cimaz et al.
demonstrated that isoforms CA IX and XII, which are usually expressed in hypoxic
tumors, are also overexpressed in inflamed synovium of patients affected by JIA.® As
stated above, over the last two decades these isoforms have been at the forefront of the
research over CA inhibitors area as new targets for the treatment/imaging of hypoxic
tumors. The discoveries made on anticancer selective CA IX/XII inhibitors might be
applied in the treatment of inflammation with CAls because as a common aim with
antitumor strategies there is the reduction of extracellular acidity avoiding side effects
deriving from inhibition of ubiquitous CAs.

State-of-the-art RA pharmacological treatments include two main classes. Disease-
modifying antirheumatic drugs (DMARDs), such as methotrexate, are able to slow or
stop the course of the disease improving physical function and inhibiting progression of
joint damage. On the other hand, therapies that improve symptoms, such as nonsteroidal
anti-inflammatory drugs (NSAIDs), that act on cyclooxygenase (COX) or pain
medications are used widespread as adjunctive symptomatic therapy to reduce pain and
swelling.2>14%-150 Usually a therapeutic RA protocol accounts for the combination of both
drug classes along with the recommendation to conduct proper physical activities, with
the intent to tackle the symptoms as well as the progression of the pathology. 14151
Despite recent progresses in RA treatment, there is still no effective cure. Many research
efforts are constantly reported in the literature, thus offering innovative diagnostic tools,
new biological targets, and a multitude of potential drug lead compounds. %2163
Considering the interplay between various CA isoforms and the arthritis-like diseases, we

attempt here to target several of the enzymes presumably involved in this condition by
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dual inhibitors incorporating both a CA-binding moiety (of the coumarin type) and a
COX inhibitor of the NSAID type, the most widely used pain-relief medication to date.!*°
In this first Ph.D. project, we report the design, synthesis of low molecular weight hybrid
compounds containing a selective hCA IX and/or XII inhibitor head, such as the
coumarin one,120:121.125.164-166 |inked through a physiologically cleavable amide linker to a
commercially available, clinically used NSAID tail, of the carboxylic acid type
cyclooxygenase inhibitor (indomethacin, sulindac, ketoprofen, ibuprofen, diclofenac,
ketorolac, etc.). The ability of such compounds to inhibit the relevant hCAs activity as
well as to reduce the pain symptoms was assessed by means of in vitro kinetics and in
vivo RA model, respectively. Our scope was not to investigate cyclooxygenase inhibition
role in RA with the hybrid compounds, which is well documented for decades, but to
show that CA IX/XIl inhibition may represent an additional anti-inflammatory
mechanism, poorly investigated at this moment for the management of RA.

The drug design rational of this project is based upon the synthesis of small
molecular hybrids containing a selective hCA X (XII) inhibitor head linked through a
physiologically cleavable amide linker to a carboxylic acid NSAID (COX inhibitor) tail
ina 1:1 ratio (Figure 21).

CA LV, IX, XII
inhibitors
(@]
/U\ 5 /| 0._0
(vsao} y o TR L

Alkyl spacer

Figure 21. General Structures of amide-based hybrid compounds CAI-NSAID.

As mentioned above, we did not expect COX inhibitory activity of our compounds once
the COOH moiety essential for this COX inhibition has been derivatized.®

Since the 6- and 7-substituted coumarins are usually reported selective inhibitors of the
hCA IX/XII over the other isoforms,!?6:127:167.168 \we planned our hybrids on these
moieties, thus ensuring they are committed with our recent findings on hCA IX and XIlI
overexpression in synovium specimen of JIA affected patients.>® For the scope of this
work we considered a simple two-carbon linear unit spacer connecting the hCA 1X (XII)
inhibitor head and the NSAID terminal section. In particular, we focused on the

ethanolamine fragment, which allows us (i) to insert a physiologically cleavable moiety,
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such as the amide, by making use of the NSAID carboxylic function and (ii) to install the
biologically compatible and not cleavable ether moiety, thus virtually ensuring a single
break point on the hybrid, and (iii) all needed synthetic intermediates are easily accessible
by means of efficient procedures.

As reported in Scheme 1, the 6- and 7-coumarin substituted hybrids A19-34 respectively
were obtained by coupling the commercially available NSAIDs A1-8 by means of their
N-hydroxysuccinamide (NHS) activated esters A9-16, with the in situ liberated amines
Al17 and A18 (Scheme 2).

EDCI'HCI o)
0 NHS 0 CFs COO Y \/N\/ 3 N OO0
I Ve Ga- S $
RO OH pMrary | B © @/—/ DMFdry — aNNF
0 H,N >\—NH
R

A17=6-0-alkyl A19-26=6-0-alkyl

Al-8 A9-16 A18=7-0-alkyl A27-34=7-0-alkyl

Al=Indometacin AS5=Dichlofenac

A2=Sulindac A6=Flurbiprofen
A3=Ketoprofen A7=Naproxen
A4=Tbuprofen A8=Ketorolac

Scheme 1. General Synthetic Scheme of Hybrid Compounds A19-34.

The key intermediates A17, A18 were obtained by means of Williamson’s etherification
of the commercially available 6-and 7-hydroxycoumarins with the Boc-protected 1-
bromoethylamine A35, followed by deprotection with trifluoroacetic acid (TFA) (Scheme
2).
. cF,c00 ©
ol T+ S g %’ v ij bo @H @j
60°C % y 0°C

6-OH/7-OH Coumarin A35 A36,37 A17,18

Scheme 2. Synthesis of the Key Intermediates A17 and A18.

All final compounds (Figure 22) as well as their intermediates were characterized by
means of 'H, 3C, ®F NMR spectroscopy and High-Resolution Mass Spectrometry
(HRMS) and were >95% pure, as determined by High Performance Liquid
Chromatography (HPLC).
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A24 A25 A26

A23

A3l

Figure 22. Structures of the compounds A19-34.

All synthesized compounds, A19-34, were tested in vitro for their inhibitory
properties against the physiological relevant hCA isoforms (1, I, IV, VII, IX, and XII) by
means of the stopped-flow carbon dioxide hydration assay,'®® and their activities were
compared to the standard CAI acetazolamide (Table 2). Overall, the data reported in
Table 2 clearly showed that all compounds were ineffective in inhibiting the highly
abundant cytosolic hCA | and Il as well as the central nervous system (CNS) expressed
hCA VII (inhibition constant - K; - > 10 uM). The only exception was represented from
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the coumarin substituted at 7-position with ketoprofen (A29), which was a high
nanomolar hCA Il inhibitor (K, = 85.4 nM).

Table 2. hCA I, 11, 1V, VII, IX, and XII Inhibition Data with Compounds A19-34 by a Stopped-Flow CO;
Hydrase Assay.!°

Ki" (nM)
Hybrid NSAID hCAl | hCAIl [hCAIV| hCAVII |hCAIX| hCA XII
A19 Indometacin | >10000 | >10000 2.6 >10000 31.3 59.1
A20 Sulindac | >10000 | >10000 | 7.5 >10000 | 30.8 81.7
A21 Ketoprofen | >10000 | >10000 | 4.4 >10000 | 54.7 | >10000
A22 Ibuprofen [ >10000 | >10000 | 0.44 | >10000 | 112.9 | >10000
A23 Diclofenac | >10000 | >10000 5.6 >10000 28.9 92.6
A24 | Flurbiprofen | >10000 | >10000 | 0.81 | >10000 | 235 5.9

A25 Naproxen >10000 | >10000 | 0.79 >10000 31,8 >10000
A26 Ketorolac >10000 | >10000 | 0.73 >10000 106.9 >10000

A27 Indometacin | >10000 | >10000 8.3 >10000 20.1 6.5
A28 Sulindac >10000 | >10000 9.0 >10000 27.9 7.7
A29 Ketoprofen | >10000 85.4 9.5 >10000 178.9 57.8
A30 Ibuprofen | >10000 | >10000 9.1 >10000 | 258.2 39.0
A3l Diclofenac | >10000 | >10000 9.1 >10000 89.7 80.8

A32 Flurbiprofen | >10000 | >10000 8.8 >10000 159.4 >10000
A33 Naproxen >10000 | >10000 9.4 >10000 145.7 >10000
A34 Ketorolac >10000 | >10000 9.8 >10000 114.3 80.7

AAZ B 250 12 74 25 25 5.7
*Mean values from three different assays. Errors were within £5—10% of the reported values (data not
shown).

The following structure—activity-relationships (SARs) for the remaining hCA isoforms
are reported.

(i) The membrane bound hCA 1V, which is of interest since it seems to be overexpressed
in RA (at least antibodies against this isoform were reported in the RA patients’
samples),® was highly inhibited by the compounds included in this study. All compounds
showed K; values in the low nanomolar range and between 0.44 and 9.8 nM, thus
significantly more potent when compared to the standard CAI acetazolamide (K, = 74.2
nM). The 6-substituted coumarins (A19-26) were 1.2- to 20.7-fold more potent than the
7-substituted ones (A27-34) in inhibiting the hCA 1V isoform.
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(i) Interesting data were obtained for the tumor associated and RA overexpressed hCA
IX isoform, as the 6-substituted compounds A19, A20 and A23, A24, A26 showed K,
values of 23.5 and 31.8, thus comparable to the standard CAl AAZ (K, = 25.1 nM). The
introduction at the 6-position of the coumarin scaffold of either ibuprofen (A22) or
naproxen (A25) determined loss of the inhibitory activity (K, values of >100 nM). Within
the 7-substituted series, only the compounds A27 and A28 were effective inhibitors of
hCA IX (K, values of 20.1 and 27.9 nM, respectively), whereas the diclofenac
counterpart (A31) was a high nanomolar inhibitor (K, of 89.7 nM). All other compounds
were ineffective, thus demonstrating that the substitution position at the coumarin ring
resulted in potent effects on the inhibition potencies of these compounds.

(iii) The second RA relevant hCA isoform (i.e., XII) was potently inhibited by the 6-
coumarin substituted flurbiprofen derivative A24 (K, = 5.9 nM), with a potency
comparable to the standard CAl AAZ (5.7 nM). The introduction at the same position of
the coumarin scaffold of all the NSAIDs herein considered determined either decrease
(A19, A20, A23) or loss (A21, A22, A25, A26) of the hCA XII inhibition potency (see
data in Table 2). Swap of the NSAID moieties from the 6- to the 7-position of the
coumarin ring determined a significant increase of the inhibition potency of the
derivatives A27-30 with K, values in the low—medium nM range (Table 2). Noteworthy
the indomethacin and the sulindac derivatives (A27, A28) were particularly active in
inhibiting the hCA XII, with K| values of 6.5 and 7.7 nM, respectively, thus comparable
to the standard CAlI AAZ (5.7 nM). Conversely, introduction of the diclofenac and
naproxen moieties at the 7-position of the coumarin scaffold (A31 and A23) determined a
slight increase of the inhibition potencies with K; values of 80.8 and 92.6 nM,
respectively. Finally, the inhibition activities of the flurbiprofen A32 and ketorolac A34
derivatives were unvaried and worsened compared to their 6-substituted counterparts
(Table 2).

The pain relief efficacy of compounds A19, A24, and A27-32 and A34 (10 mg
kg™! p.o.) was evaluated in a rat model of rheumatoid arthritis induced by intra-articular
(ia) complete Freund’s adjuvant (CFA) injection. The in vivo study was conducted by Dr.
Lorenzo Di Cesare Mannelli and Prof. Carla Ghelardini, Neurofarba Dept., University of
Florence. The effects of compounds herein reported were compared with 100 mg kg

ibuprofen, the classical NSAID administered at the active dosage usually employed in
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this model.2’® The hypersensitivity to a mechanical noxious stimulus (Paw Pressure Test)

is reported in Figure 23171172
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Figure 23. Acute pain-relieving effect of A19, A28, A30, A32, A34 and ibuprofen (A4) in a rat model of
rheumatoid arthritis induced by CFA ia injection measured through Paw Pressure Test.

Data collection at day 14 after CFA injection showed that the reference group (vehicle +
vehicle; 1% CMC) had a nociceptive threshold stable over the time course of the
experiments and that the pain threshold of the ipsilateral paw of the CFA + vehicle group
was significantly decreased when compared to the reference (47.6 £ 1.2 g and 65.3 + 1.0
g, respectively). A single oral administration of the 7-susbstituted coumarin ibuprofen
derivative (A30) was able to significantly increase the weight tolerated on the ipsilateral
paw at 15 min (58.7 + 1.3 g) and with a maximum effect between 30 and 45 min (63.8 +
1.3 g and 61.3 + 1.3 g, respectively) after treatment. The antinociceptive effect
completely disappeared at 75 min (Figure 23). Interestingly, the effect of ibuprofen per se
administered at a 10-fold higher dosage peaked 15 min after administration lasting up to
30 min. The sulindac derivative A28 increased the pain threshold of the ipsilateral paw
starting 15 min after administration (56.7 + 0.8 g), and the antihypersensitivity effect was
still significant after 30- and 45-min. Compounds A19, A32, and A34 induced a
significant reduction of hypersensitivity showing comparable efficacy (about 56 g). The
effect peaked at 15 min and disappeared 45 min after treatment (Figure 23). Compounds
A24, A27, A29, and A31 were not able to counteract the hypersensitivity induced by
CFA ia injection (data not shown). Moreover, none of the compounds herein considered
altered the pain threshold of the contralateral paw, thus suggesting that these molecules

do not influence the normal pain sensitivity.
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The compound efficacies were also evaluated by means of the incapacitance test against
the spontaneous pain. We measured the hind limb weight bearing alterations caused by
unilateral damage (Figure 24).

60

A
. an p
504 o i ’
; 4 A .
2 40 . i y
. .
= :
= = 304 \ T *‘ A ug' —&— vehicle + vehicle
23 N g4 ; ® CFA + vehicle
5 -2 \ & / A— CFA+ A28
El \ e - N
2 = 20 i w—CFA + A30
e / 4— CFA + A32
<3 ¥ o ®— CFA + A34
3 104 " .k ¥ O—CFA + A19
= # CFA + ibuprofen
s I /'l N
T 0] yd T~
-10 T T T T T T
0 15 30 45 60 75
Time (min)

Figure 24. Acute pain-relieving effect of A19, A28, A30, A32, A34 and ibuprofen (A4) in a rat model of
rheumatoid arthritis induced by CFA ia injection measured through Incapacitance Test.

As above reported, the difference between the weight burdened on the contralateral and
the ipsilateral paw (Aweight) was significantly increased in the CFA + vehicle treated
animals compared to the control group (45.6 + 3.5 g and 2.5 + 3.4 g, respectively). Such
results obtained after compounds acute treatments matched those recorded with the paw
pressure test previously reported in Figure 23. The best performing compound was the 7-
coumarin substituted ibuprofen (A30) at a concentration of 10 mg kg2, which was able to
fully reduce the Aweight between 30 and 45 min after treatment (7.9 + 1.3 gand 11.1 +
1.6 g, respectively). The effect lasted up to 60 min. On the contrary compounds A19,
A28, and A32 partially reduced the postural imbalance starting from 15 min until 30 min
after administration. The effect of ibuprofen (100 mg kg™?) per se was comparable to that
induced from these latter compounds.

In this first project, we report for the first time the design and synthesis of a series
of low molecular weight NSAID—CALI hybrids as agents for the treatment of RA and
related inflammatory diseases. Most compounds showed in vitro potency as inhibitors of
the RA overexpressed hCA IV, IX, and XII, with K; values in the low nanomolar range.
The ability of the obtained compounds to affect the inflammation process was assessed
by means of the paw-pressure and incapacitance tests on a CFA induced arthritis model
in rats. Among the compounds considered, the 7-coumarin substituted ibuprofen

derivative A30 showed a potent antihyperalgesic effect, which was maintained for 60 min

37



CHAPTER 3. AT THE FOREFRONT OF MEDICINAL CHEMISTRY WITH MULTI-TARGET STRATEGIES INCLUDING
CARBONIC ANHYDRASES INHIBITORS

after administration. Hybrid A30, which is the most relevant compound in this research,
showed interesting antihyperalgesic effects, and its inhibitory activity on hCAs was
limited to the isoforms IV and XII and not IX. Inhibitors of the hCA 1V, IX, and XIlI,
such as A19, A28, and A30, failed instead in the in vivo RA model. We demonstrated for
the first time that NSAID—CALI hybrids are highly promising tools for the treatment of
symptoms, such as pain, originating from RA and related diseases in an animal model of
this disease. Furthermore, the inhibition of the RA overexpressed hCA isoforms IV, IX,
and XII can significantly contribute to reduction of the joint local acidosis and thus to
restore the humoral and cellular immunity processes which are hampered in such

pathologies.

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in Silvia Bua, et al. J. Med. Chem. 2017, 60, 1159-1170.
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3.3 Bioisosteric development of multi-target NSAID - carbonic
anhydrases inhibitor anti-arthritic agents: synthesis, enzyme Kinetic,

plasma stability and anti-inflammatory evaluation (Series B)

Basing on the multi-target approach, which is gaining raising interest among medicinal
chemists worldwide, we reported a series of hybrid compounds (series A) which
incorporate in a single molecule a CA-inhibiting moiety and a COX inhibitor of the
NSAID type linked by amide bonds.!”*!7* The latter was supposed to be hydrolyzed in
vivo by specific amidases, releasing the two anti-inflammatory portions.

Successively, the chemical stability of the NSAID-coumarin hybrids towards spontaneous
or enzymatic hydrolysis (phosphate buffer solution, human and rat plasma) was evaluated
by application of tandem mass spectrometry mode (LC-MS/MS) methods to gain insights
on their behavior in biological matrices and to address their optimization (Table 3).!7°
This study was conducted by Prof. Gianluca Bartolucci, Neurofarba Dept., University of

Florence.

Table 3. t 2 of amides samples (A19-33) by drug stability studies.

t1/2 (min)
H-Plasma | R-Plasma
A19 >240 >240
A20 >240 >240
A21 >240 >240
A22 >240 >240
A23 >240 >240
A24 >240 >240
A25 >240 >240
A27 >240 >240
A28 >240 >240
A29 >240 >240
A30 >240 >240
A31 >240 >240
A32 >240 >240
A33 >240 >240

Amides
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All compounds were stable in all the tested matrices at the used experimental conditions.
Therefore, it has been reasonable to assume that these amide-linked compounds reach the
target tissues unmodified. However, a successive hydrolysis in the inflamed synovium
cannot be excluded as well as an anti-inflammatory action as non-cleaved multi-targeted
compounds.
Hence, an additional set of hybrid compounds (Series B) containing a NSAID and a
coumarin fragment was designed by bioisosteric substitution of the amide moiety to ester,
which more easily undergoes cleavage by esterases and/or acidic conditions present in the
target tissues (Figure 25). The main aim of the present study was the obtainment of in
vivo more cleavable multi-target derivatives than those previously reported, to evaluate
their effectiveness as CAls and to assess their anti-inflammatory and analgesic effects in
vitro/vivo.

Again, CAls of the coumarin type were chosen to achieve a selective inhibition of
CA 1V, IX and XII over the ubiquitous CA I and IL'"*!7 The adopted molecular
hybridization strategy foresees also in this case a 1:1 ratio for the CAI and the NSAID
portions which have been spaced by 2-carbon and linked by an ester bond to compare the

results to those of the previously reported amide-linked derivatives.

CA LV, IX, XII CA LV, IX, XII
inhibitors inhibitors
(0] (0]
P ,Qo - | e - P oZ | o
NSAID N S _ NSAID o7 R _
Alkyl spacer Alkyl spacer
Serie A Serie B

Figure 25. Bioisosteric substitution of the amide moiety (A19-34) to ester (B3-16).

The key intermediates B1 and B2 were obtained by nucleophilic substitution of the
commercially available 6- and 7-hydroxycoumarins with the 2-chloro-ethanol (Scheme

3).

o o HO/\/CI
= cho3, KI
HO—— |
NN DMEF, 90 °C
6-OH/7-OH Coumarin B1 6-O-alkyl

B2 7-O-alkyl

Scheme 3. Synthesis of the intermediates B1 and B2.
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As reported in Scheme 5, the final hybrids B3-16 were obtained in good yields by linking
intermediates B1 and B2 to commercially available NSAIDs A1-7 by a coupling reaction
with EDCI-HCI and catalytic DMAP in dry DMF under a N, atmosphere.

All final compounds (Scheme 4 and Figure 26) as well as intermediates were purified by
silica gel column chromatography eluting with the appropriate mixture of EtOAc/n-
hexane and were >95% pure, as determined by HPLC and were characterized by means

of 'H, 13C, 'F NMR spectroscopy and HRMS.

DMAP
e —— O
DMF >_
R

B1 or B2 Al-7 B3-9 6-0-alkyl

B10-16 7-O-alkyl
Al=Indometacin AS=Dichlofenac
A2=Sulindac A6=Flurbiprofen
A3=Ketoprofen ~A7=Naproxen
A4=Ibuprofen

Scheme 4. General synthetic path of compounds B3-9 and B10-16.

Also reported molecular hybrids (B3-16) were evaluated for their inhibition
against the cytosolic CA I, II and VII and the membrane-bound CA IV, IX and XII by
using a Stopped-flow CO; hydrase assay method.!®® The clinically used AAZ was used as
standard drug in the kinetic assessment (Table 4). The inhibition profiles of B3-16 were
compared to those measured for the amide-based analogs previously reported (A19-25,
A27-33).!73
The following SAR can be drawn up according to the inhibition data shown in Table 4.
The alcohol intermediates B1 and B2 showed inhibition profiles that are compliant to
literature data and to the scope of the project that consists in the selective targeting of CA
IV, IX and XII over ubiquitous CAs. Inhibition constants (Kjs) span in the range 6.8-8.4
nM against CA 1V, 305.6-334.6 nM against CA IX, and 236.1-250.9 nM against CA XII,
whereas no inhibition of CAs I, II and VII was detected below 10 pM. The switching of
the alcoholic pendant from the 6- to 7- position of the coumarin scaffold had no influence
on the CAs inhibition.

The inhibition profiles reported in Table 4 for the esters B3-9 and B10-16 depict a
scenario superimposable with that previously reported for amide-based CAI/NSAID
hybrids (Series A, Figure 22). Specifically, the ester-based compounds act as inefficient
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inhibitors of the cytosolic isoforms CA I, II and VII with Kis above 10 uM, showing, in
contrast, great potency, and thus selectivity, against CA IV, IX and CA XII. Compounds
B3 and B4 are the unique exceptions to this general trend, because they showed Ki of
815.8 and 746.6 nM against CA VII, respectively. In contrast, the amide analog of
derivative B12 had been the outlier of its series because of an 85.4 nM Kj unexpectedly

measured against CA I1.

B10 B11 O 0 B12 B13

c1\©/c1
B14 BI5 B16

Figure 26. Structures of the compounds B3-16.
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Table 4. Inhibition data of CA I, CA II, CA IV, CA VII, CA IX and CA XII with alcohols B1 and B2
hybrids B3-16 (K, Ester), amide-based analog compounds A19-33 (K; Amide)!”®, and the standard inhibitor
acetazolamide (AAZ) by a stopped flow CO, hydrase assay.'®

K Ester (nM)a/ K amide (nM)b
Cmpd NSAID hCAl | hCA Il | hCA IV |hCAVII |hCA IX | hCA XIlI

B1 - >10uM |[>10puM| 6.8 | >10uM | 3056 | 250.9
B2 - >10puM [>10 M| 84 | >10uM | 3346 | 236.1
583 | Indometacin | 710 WM [>10 M| 3.7 8158 | 27.7 515

>10uM [>10 M| 2.6 >10uM | 31.3 59.1
>10uM |>10uM | 6.5 746.6 19.3 96.5
>10uM [ >10puM | 7.5 >10uM | 30.8 81.7
>10uM [>10puM | 2.3 >10uM | 36.9 83.1
>10uM |>10uM | 4.4 >10uM | 547 | >10 uM
>10uM [ >10uM | 3.6 >10uM | 253 459.0
>10uM |>10puM | 0.44 | >10uM | 1129 | >10 uM
>10uM | >10uM | 2.2 >10uM | 335 87.5
>10uM [ >10puM | 5.6 >10uM | 28.9 92.6
>10uM [>10puM | 7.3 >10uM | 28.0 7.7
>10uM [>10puM | 0.81 | >10uM | 235 59
>10uM [>10uM | 6.8 >10 uM 44 827.9
>10uM [>10 M| 0.73 | >10uM | 106.9 | >10 uM
>10uM |>10puM | 7.1 >10uM | 428 68.4
>10uM [ >10uM | 8.3 >10uM | 20.1 6.5
>10 uM | >10 uM 17 >10uM | 33.3 6.3
>10uM [ >10uM | 9.0 >10uM | 27.9 7.7
>10uM [ >10uM | 6.7 >10uM | 354 55.4
>10uM| 854 9.5 >10uM | 178.9 57.8

B4 Sulindac

B5 Ketoprofen

B6 Ibuprofen

B7 Diclofenac

B8 Flurbiprofen

B9 Naproxen

B10 Indometacin

B11 Sulindac

B12 Ketoprofen

>10 uM | >10 uM 6.5 >10 pM 3.9 53
BI3 | fbuprofen | oum|>10um| 91 |>10um | 2582 | 390
>10 uM | >10 uM 4.3 >10 uM 4.5 88.1

B14 | Diclof
iclotenac I 1oum|>10uM| 93 |>toum | 897 | 808

>10 uM | >10 uM 7.5 >10 uM 37 >10 uM
>10 uM | >10 uM 8.8 >10uM | 1594 | >10 uM
>10 uM | >10 uM 6.3 >10 uM 13.3 73.7
>10 uM | >10 uM 8.8 >10uM | 114.3 80.7
AAZ - 250 12 74.2 25 25.1 5.7

a. Mean from 3 different assays by a stopped flow technique (errors in the range of & 5-10 % of
the reported values); b. Data from ref. 173.

B15 | Flurbiprofen

B16 Naproxen

The membrane-bound CA IV exhibits the greatest inhibition by B3-9 and B10-16 among
the screened CAs with Kis spanning between 2.2 and 17.0 nM. Generally, the 6-
substituted coumarins (B3-9) produce a lightly more efficient inhibition (Kis of 2.2-7.3
nM) than the 7-substituted ones (B10-16, Kjs ranging between 4.3 and 17.0 nM). The
diclofenac derivative B7 reported the best CA IV inhibitory activity with a Kj of 2.2 nM
as well as its ketoprofen analog which shows a K; of 2.3 nM. Among the 7-substituted

43



CHAPTER 3. AT THE FOREFRONT OF MEDICINAL CHEMISTRY WITH MULTI-TARGET STRATEGIES INCLUDING
CARBONIC ANHYDRASES INHIBITORS

coumarins, the diclofenac derivative B14 is the most potent CA IV inhibitor with a K; of
4.3 nM. When the 6- to 7- position switching has no effect on the inhibitory activity of
most couples such as B8/B15 (Kis of 7.3 and 7.5 nM) and B9/B16 (Kis of 6.8 and 6.3
nM), an almost 3-fold drop of efficacy was measured with the indomethacin couple
B4/B11 (Kis of 6.5 and 17.0 nM).

It should be noted that no ester shows a subnanomolar efficacy against CA IV, in contrast
to some amide-based analogs such as those of B6, B8 and B9 (Kis of 0.44-0.81 nM).

The membrane-associated isoform CA IX is efficiently inhibited by derivatives B3-9,
B10-16. K;s of the first subset (B3-9) span from 4.4 nM (B9) to 36.9 nM (B5) whereas
those of B10-B16 range between 3.9 nM (B13) to 42.8 nM (B10). The best CA IX
inhibitory activities were measured with compounds B9, B14 and B15 which report
single-digit Kis of 4.4, 3.9, and 4.5 nM, respectively. Interestingly, the ibuprofen
(B6/B13) and diclofenac (B7/B14) derivatives couples show a 6- and 7-fold increase of
efficacy upon swapping the substitution position from 6- to 7- (Kj values from 25.3 and
3.9 nM for ibuprofen and from 33.5 to 4.5 nM for diclofenac). While most other couples
of positional isosters do not display significant K; differences, uniquely for the naproxen
pair B9/B16 a 3-fold decrease of inhibition efficacy was reported by switching from the
6- to 7- position on the coumarin scaffold (K value from 4.4 to 13.3 nM).

Except for compounds B3, B4, B5, B7, B8, B10 and B11 which do not exhibit
significantly different CA IX inhibition compared to the amide-based analogs, the other
ester derivatives act as 4- to 66-fold more potent CA IX inhibitors than the corresponding
amides. Specifically, the naproxen compound B8 in the 6-substituted subset and the
ibuprofen (B13) and diclofenac (B14) derivatives in the 7-substituted series show
enhanced inhibitory profiles against CA IX upon switching the amide linker to an ester,
1.e. 24, 66 and 19 times, respectively.

The other tumor-associated isoform, CA XII, is in the whole less inhibited than CA IX by
esters B3-9, B10-16, though some such derivatives, that are B8, B11 and B13, report
single-digit K; values (5.3-7.7 nM). While the half compounds exhibit CA XII inhibition
in the 50-100 nM, the 6-substituted coumarins B6 and B9 demonstrate a weaker efficacy
which occurs in the high nanomolar range (Kis of 459.0 and 827.9 nM). Solely the
flurbiprofen derivative B15 does not inhibit CA XII up to 10 uM, in similar manner with

its amide analog. In this case the 7-substituted compounds (B10-16) were shown to act as
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better inhibitors than their isosters B3-9. Except for the sulindac, ketoprofen and
diclofenac isosters B3/B10, BS/B12 and B7/B14 that show no significantly different Kis
within the couple, the other pairs of compounds report marked variations in the K; values
when swapping the substitution position from 6- to 7-, with the exception of the
flurbiprofen couple B8/B15 in which the 6-substituted derivative is a low nanomolar CA
XII inhibitor and its isoster does not inhibit the isozyme up to 10 puM. The inhibition
efficacy increases by 11 times in the naproxen couple B9/B16 (K; from 827.9 to 73.7
nM), and 15-fold inhibition enhancements were measured within the couple B4/B11 (K
from 96.5 to 6.3 nM). This enhancement increases to 86-fold with the ibuprofen
derivatives B6/B13 (K from 459.0 to 5.3 nM), and reach a maximum in the flurbiprofen
couple, being B8 a single-digit nanomolar inhibitor and B1S inactive against CA XII.
Nine ester compounds within the two subsets show no significant variations of CA XII
inhibition when compared to their amide-base analogs. In contrast, esters B4, B6, B9, and
B13 are more efficient (7- to above 20-fold) CA XII inhibitors than the corresponding
amides, whereas solely the indometacin derivative B10 acts a 10-fold weaker CAI against
this isoform than the amide-based analog.

Drug stability studies in phosphate buffer solution (PBS) and plasma matrices
were conducted for compounds B3-9, B10-16 to evaluate whether the swapping of the
amide linker with the more cleavable ester could endow them with a prodrug character,
having in fact previously assessed the plasma stability of the corresponding amide
derivatives. Both human and rat plasma were used to investigate the hydrolytic efficiency
of plasma enzymes of both species against the NSAID ester derivatives and figure out the
behavior of the hybrid molecules in biological matrices. The PBS media was included in
the study to evaluate the spontaneous hydrolysis that can occur due to the characteristic
of the solution (pH or ionic strength). This study was carried out by using liquid
chromatography coupled with a mass spectrometer operating in tandem mass
spectrometry mode (LC-MS/MS) that is considered the method of choice for quantitative
determination of drugs and their metabolites in biological matrices, in terms of sensitivity
and specificity. This study was conducted by Prof. Gianluca Bartolucci, Neurofarba

Dept., University of Florence.
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All the tested compounds resulted stable in PBS media, while various behaviors were
noted in plasmatic matrices. It was quite unexpected to observe all esters rapid hydrolysis

in rat plasma (t'% spanning between <I to 5.5 min), and not in human media (Table 5).

Table S. t 4 of esters B3-16 compared to that of the corresponding amides of series A.

Amides t12 (min) Esters t12 (min)
H-Plasma | R-Plasma H-Plasma | R-Plasma
Al9 >240 >240 B3 >240 2.8
A20 >240 >240 B4 >240 2.0
A21 >240 >240 BS >240 5.5
A22 >240 >240 B6 >240 16.6
A23 >240 >240 B7 31 4.7
A24 >240 >240 B8 12 2.1
A25 >240 >240 B9 >240 3.5
A27 >240 >240 B10 >240 3.2
A28 >240 >240 B11 32 <1
A29 >240 >240 B12 18 <1
A30 >240 >240 B13 >240 1.3
A3l >240 >240 B14 >240 24
A32 >240 >240 B15 >240 1.1
A33 >240 >240 B16 >240 <1

In detail, solely the couple of derivatives of ketoprofen (BS and B12) and diclofenac (B7
and B14) are hydrolyzed both in human and rat plasma. Therefore, the human plasma
hydrolytic enzymes have the ability to cleave the ester bond depending on the type of
NSAID present in the hybrid compound. It is worth to note that also the coumarinic part
of the molecule affect the hydrolytic process. In fact, the 6-substituted coumarins BS and
B7 show a hydrolysis t’2 which is two times (31 and 32 min respectively) that of the 7-
substituted isomers B12 and B14 (12 and 18 min respectively). Therefore, the collected
information indicate that most esters derivatives exhibited human plasma stability.

A subset of NSAID-CAI compounds was selected to assess in vitro their anti-
inflammatory effects. The pair of amide-linked ibuprofen derivatives A22 and A30 of
series A (Figure 22) was selected as A30 had shown the best in vivo anti-inflammatory
efficacy;'” hence, the ibuprofen esters couple, undergoing hydrolysis in rat plasma, was

assessed in vitro as well. Both esters of ketoprofen (B5 and B12), that showed to undergo
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rapid hydrolysis in plasma from both species, were also selected, as well as the pair of
diclofenac amide derivatives (Figure 22), among which A31 oddly had not exhibited in
vivo anti-inflammatory action.!”® This study was conducted by Dr. Laura Lucarini and

Prof. Emanuela Masini, Neurofarba Dept., University of Florence.

A22,30 = Ibuprofen
A23,31 = Diclofenac

Figure 27. Structures of amide derivatives assayed in vitro as anti-inflammatory.

Two in vitro tests were performed to assess the effects of the selected compounds on the
arachidonic acid cascade in inflammation processes, namely platelet aggregation to
evaluate the COX-1 (ubiquitous) inhibition (Figure 28) and the reduction of prostaglandin
E> (PgE2) production to appraise the COX-2 (over-expressed in inflammation) inhibition
(Figure 29).!7%1"7 Tt should be stressed that derivatives showing COX-2 selective
inhibition profiles over COX-1 might be preferred for their increased anti-inflammation

activity and in order to avoid the side effects related to the ubiquitous isoform

inhibition.!”
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Figure 28. Inhibition of platelet aggregation with compounds B5, B12, B6, B13, A22, A30, A23 and A31,
standard NSAIDs and the CAI AAZ as comparison. Concentration of drugs 10 uM. Values represent the
mean % of four independent experiments.

Among the tested standard NSAID, ibuprofen showed the best inhibition of platelet
aggregation, that is more than 60%, whereas that of diclofenac and ketoprofen resulted to
be by about the 15% and 25 %, respectively. All the assayed hybrids showed a lower

platelet aggregation inhibition than the corresponding reference NSAID with a decrease
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spanning in the range 5-30%, except the diclofenac amide derivative A31, that is slightly
more potent that the standard. As for the inhibition exhibited by isomers within each pair,
the 7-substitution on the coumarin ring produced a more pronounced inhibition effect that
6-substitution in case of amide derivatives A22-A30 and A23-A31. In contrast, when an
ester bond linked the two inhibitory portions, the 6-substitution of the coumarin ring
turned out to be preferred, particularly as in the case of the ibuprofen pair B6-B13 (ca.

30% inhibition variation). The CAI AAZ did not produce significant inhibition of platelet

inhibition.
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Figure 29. Inhibition of PgE, production induced by LPS in RAW 264.7 macrophages treated with the
selected compounds, using A) diclofenac, B) ibuprofen and C) ketoprofen as standard. PgE> production of
naive cells (not treated with LPS) is 34.50+2.78 pg/mL, while PgE, levels of vehicle (LPS-treated) cells is
2437+93.17 pg/mL. Values represent the mean + SEM of eight independent experiments (*p<0.05 vs AAZ).

The evaluation of the anti-COX-2 effect of the selected compounds was made evaluating
the level reduction of its enzymatic product PgE,.!”¢ AAZ, the standard NSAIDs and the
hybrid derivatives were assayed at the concentrations of 1uM and 100uM.

Figure 28A shows the effect of the assayed diclofenac derivatives to PgE» production.
Diclofenac at both tested concentrations yielded a great reduction of PgE> levels
(126.0+£7.35 pg/mL at 1 uM and 22.3+4.9 pg/mL at 100 uM) when compared to the
vehicle (LPS-treated) cells (2437+£93.17 pg/mL). Such a potent efficacy is held by the 7-
substituted amide derivative A31 (103.0£7.65 pg/mL and 15.15+0.85 pg/mL,
respectively), whereas it dropped for its isomer A23. In fact, the latter, 6-substituted
coumarin, led to a 75% reduction at 100uM in comparison to cells treated only with
vehicle (579.1£14.75 pg/mL and 2437 +£93.17 pg/mL, respectively), but did not produce
any effect at 1uM concentration (3891£1296 pg/mL), resulting to be comparable with
AAZ effect (3394+207.0 pg/mL).

Ketoprofen provoked a PgE» level reduction comparable to that produced by diclofenac

(Figure 29C) at both screened concentrations (116.1£3.1 pg/mL at 1 uM and 14.90+3.3
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pg/mL at 100 uM). The two ketoprofen ester derivatives B5S and B12 reported a feebly
more potent effect than the reference NSAID at 100uM (27.85+2.85 pg/mL and
14.60+2.0 pg/mL, respectively), and comparable with it at 1uM (83.85+1.25 pg/mL and
95.95+12.95 pg/mL, respectively). Unlike the diclofenac amide derivatives A23-A31,
differences in the in vitro effect depending on the coumarin substitution position were not
observed.

Ibuprofen and its screened amide and ester derivatives resulted to be the weakest
modulators of PgE> production here measured (Figure 29B). First, ibuprofen 1uM was
reported to drop the PgE> production just below the 50% (554.9+49.40 pg/mL), whereas
PgE> production dropped below 1% when the NSAID concentration was raised to 100uM
(14.65+1.35 pg/mL). The in vitro profiles of its amide derivatives A22 and A30 and of
the 7-substituted ester B13 are almost superimposable with the reference ibuprofen at
1uM (A22, 1306+£289.2 pg/mL; A30, 1286+56.5 pg/mL; B13, 677.0+£26.70 pg/mL) and
approximately 4-fold worse than the NSAID at 100uM (A22, 46.90+£3.8 pg/mL; A30,
44.20+4.8 pg/mL; B13, 45.0£1.4 pg/mL). The 6-substituted ester B6 did not report
variations in the PgE; level reduction raising the concentration from 1uM (1052+64.60
pg/mL) to 100 uM (961.6+119.7), with PgE> production settling at 50%, approximately,
in comparison to cells treated only with vehicle. Thus, the substitution position of the
coumarin ring becomes again significant in the pair of ibuprofen ester derivatives B6-
B13, contrariwise to what happens with the amide analogs.

According to literature data, diclofenac and ketoprofen, as well as their derivatives,
inhibit COX-2 more markedly than COX-1, contrariwise to the inhibition profiles shown
by ibuprofen and its derivatives.!”” On the whole, none among the tested hybrid
derivatives showed a particularly enhanced COX-2 based anti-inflammatory action when
compared to their reference NSAID. In contrast, one could aim to hold the reference
NSAID capability to lower PgE> level, decreasing instead the inhibition of platelet
aggregation that derives from COX-1 inhibition. The analysis of the in vitro results from
this new standpoint shows that: (i) the diclofenac amide derivative A23 is not a good
candidate because, though exhibiting a minor COX-1 effect than diclofenac, its COX-2
based anti-inflammatory action dropped when compared to the reference compound; (i)
conversely, its 7-substituted isomer A31 inhibit platelet aggregation more potently than

diclofenac, even if inducing a great PgE> level reduction; (iii) among ibuprofen
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derivatives, solely the ester B13 is noteworthy, owing to a 30% less platelet aggregation
inhibition than ibuprofen, notwithstanding the COX-2 related effect is almost 4-fold
lower than the reference; (iv) both ketoprofen ester derivatives, particularly the 7-
substituted coumarin B12, experience a small decrease of COX-1 related anti-
inflammatory effect, when reporting a good PgE> level reduction profile at both assayed
concentrations.

According to the expected mechanism of action, the CAI AAZ is inactive in vitro
because does not directly affect COX enzymes. The CAI is expected to act as an adjuvant
in vivo at the level of the inflamed tissue where it can reduce the acidification alleviating
the symptoms.

The furnished data do not allow to work out a detailed relationship between the prodrug
character of the ester compounds and the measured anti-inflammatory in vitro efficacy.
Nevertheless, one could speculate that, as for the stable amide derivatives, also the
activities measured in vitro for BS, B6, B12, and B13 owe to the complete, not cleaved
hybrids. In fact, though the platelet aggregation inhibition assay is conducted in platelet-
enriched human plasma, the experimental times are too short to provide significant
hydrolysis of the ketoprofen esters, whereas those of ibuprofen are stable in such a media.
In the PgE: level assessment assays, the experiments are performed on macrophages cell
cultures, thus no kind of hydrolysis is expected.

The experimental evidence of the amide compounds stability, or slow degradation

of the esters in human plasma, added to the tested compounds in vitro anti-inflammatory
action as integral hybrids, focused the matter on their mode of binding to human COX-1
and COX-2. Of note, in literature a crystal structure of a COX-1 in adduct with
flurbiprofen methyl ester is reported, which testifies that the presence of a free
carboxylate is not mandatory to bind the COXs active site.
The crystal structures of COX-2 from human is available in the protein data bank.'” On
the contrary, the availability in the data bank of ovine COX-1 solved complexes made it
possible to build a homology model of the human isoform (template 1HTS5,' 89%
sequence identity, Figures 30A and B).
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Figure 30. A) Sequence alignment between human and ovine COX-1 (PDB 1HT5), B) Ramachandran plot
of hCOX-1 model.

The four ibuprofen derivatives A22, A30, B6, B13, which showed a greater action in the
platelet aggregation inhibition test, were docked with COX-1 to assess whether the
functionalization of ibuprofen carboxylic group with coumarin amines or alcohols
enables or hinders the NSAID-like binding mode.

The binding mode of amides A22, A30 and ibuprofen to the COX-1 active site is shown
in Figure 31, while the interaction mode of esters B6 and B13 compared to the reference

NSAID is depicted in Figure 32.

Figure 31. A) Superimposition of the predicted binding orientations of ibuprofen, A22 and A30 to hCOX-1
(homology model). Upper view of the COX-1 complex with B) ibuprofen, C) A22 and D) A30.
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Figure 32. A) Superimposition of the predlcted binding orientations of ibuprofen, B6 and B13 to hCOX-1
(homology model). Upper view of the COX-1 complex with B) ibuprofen, C) B6 and D) B13.

The 4-isobutylphenyl group of the NSAID and the a-methyl group of ibuprofen
accommodated in hydrophobic pockets lined by Y384, W386, V348, L351, S529, L530
and 1522 (Figure 31A) and L111, L114 and L92 (Figure 31B), respectively.

The superimposition of the predicted binding orientations of ibuprofen and the amides
A22, A30 (Figure 31A) and the esters B6, B13 (Figure 32A) suggested that the binding to
the target is driven by the NSAID portion of the hybrids and that the interactions
exploited by the carboxylic moiety of ibuprofen with R119 and Y354 are, as expected,
missed in the ester and amide derivatives. However, the coumarin portion of these
compounds may establishes additional hydrophobic, n-cation and dipolar interactions at
the outer edge of the active site (Figures 31C-D and 32C-D).

In detail, the amide and ester groups of B6, B13, A22 and A30 were in H-bond distance
with Y354 and R119 (Figures 31C-D and 32C-D), which additionally established =-
cation interactions with the coumarin portion of amides A22 and A30. Moreover, the
aromatic scaffolds in B6 and B13 formed hydrophobic contacts with T88, V118 and L114
and polar interaction with R82 (Figure 32C-D).

The two ketoprofen esters BS and B12, which showed a greater PgE, production
inhibition, were accordingly docked with hCOX-2, as well as their reference NSAID.
Outcomes from docking (Figure 33A-B) showed that the position of the NSAID portion
was substantially preserved with respect to the precursor carboxylic acid, with the
obvious exception of the salt bridge with R120 (Figure 33B). However, the esters groups
of BS and B12 are still H-bonded with R120 and the coumarin portions (which are
mutually 180° tilted) accommodated in the hydrophobic pocket lined by P86, V89, 93,
Y115, V116 and were able to establish m-cation contacts with R120 (Figure 33A). Not
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surprisingly, due to the 96% sequence identity of the binding sites, a completely similar

binding mode was predicted for BS and B12 with the murine COX-2 (data not shown).
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Figure 33. A) Superimposition of the predicted binding orientations of ketoprofen, BS and B12 to hCOX-2
(PDB 5KIR). B) Upper view of the ketoprofen / hCOX-2. C) RMSD analysis of the protein backbone and
ligands heavy atoms over the 100 ns MD.

The docking procedure was complemented with a 100 ns long molecular dynamic (MD)
simulation performed on the predicted binding orientations of the in vitro most promising
derivatives B5 and B12. While the protein is subjected to small conformational
variations, the plots in Figure 33 report intriguing dynamic evolution of the ligands
complexed with hCOX-2 during the 100 ns.

The analysis of the simulation showed the stability of the positioning over 100 ns of the

BS and B12 NSAID portions and ethylenic linkers (Figure 33C).

] 3l
18 7 1 0 18 I 0 28 =3
1l | Il | 1l I | Il | Il
]‘?\ 1 10, =8 19 1 | LU
1 1" 17 11
5 B5 5 B12
+*
-+
a d 4
*
*o Y
PR
= 3 :3
+*
) + + = *
e b +
£ ! 2
2 2
= = 4
+e *
PR,
1 ¢ 1 ?
* - ’...‘
» +
L S S I -’ L SRR S A *
0 o
01 23 4567 8 91011121314151617181920202223242526272820303132133 0123 45 67 8 910111213141516171819202122232425262726290303132133
Atom number Atom number

Figure 34. RMSF analysis of the heavy atoms of B5 and B12 along the MD course.

In contrast, the coumarin scaffolds of both ligands met significant changes, though at the

different times along the course of the MD (Figure 33C and 34).
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Figure 35. Dynamics evolution of BS binding mode to hCOX-2 over the course of 100 ns. A) Frame at to
after relaxation protocol of the ligand/target complex. B) Superimposition of frames at 16.7 and 17.0 ns. C)
Frame at 100 ns.

The positioning of BS within the COX-2 active site was shown to be rather stable for the
first 15 ns (Figure 35A), with RMDS fluctuating around 1.5 A (Figure 33C). From that
moment on, the coumarin ring progressively lost contacts with R120 and, aided by the
concomitant displacement of the tyrosine residue Y115, reached a new position where it
was stabilized by m-m interactions occurring with the aromatic side chain of the amino
acid (Figure 35B). As the simulation progresses, the coumarin ring found a definite
placing within the hydrophobic environment lined by V89, W100, V103, 1112, L93, Y115
and F357 (Figure 35C).

Figure 36. Dynamics evolution of B12 binding mode to hCOX-2 over the course of 100 ns. The ligand
colours darken over the dynamic simulation.

The evolution of B12 binding to hCOX-2 turned out to be more complex (Figures 36 and
37). As already described for BS, the coumarin portion initially broke away from R120

(Figures 36 and 37B). However, after 20 ns it came back to its original positioning
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(Figures 36 and 37A-C). Within the interval 10-25 ns, the ligand underwent a series of
conformational changes driven by the repositioning of Y115 (Figure 37C), which
culminated into the definitive settling of the coumarin portion within the hydrophobic

area lined by V89, V103, 1112, 193, 192, Y115 (Figure 37D).

Figure 37. Dynamics evolution of B12 binding mode to hCOX-2 (PDB 5KIR) over the course of 100 ns.
A) Frame at ty after relaxation protocol of the ligand/target complex. B) Frame at 5 ns. C) Superimposition
of frames at 25.4, 26.8 and 27.3 ns. C) Frame at 100 ns.

Data from MD testified the stability of the COX-2 / ligands adduct, although it turned out
that the coumarin portion of the hybrids might occupy two different, but commonly
hydrophobic environments within the active site, according to the movement of tyrosine
residue Y115.

Gathering kinetic, stability, in silico, and in vitro data, ketoprofen ester derivatives
B5 and B12 were chosen to move in vivo. The study was again conducted by Dr. Lorenzo
Di Cesare Mannelli and Prof. Carla Ghelardini, Neurofarba Dept., University of Florence.
The acute effects of BS and B12 in a rat model of rheumatoid arthritis induced by the
intra-articular injection of Complete Freund’s Adjuvant. In Figure 38A, the
hypersensitivity to a mechanical noxious stimulus (Paw pressure test) is shown. In the
CFA + vehicle group (red line), the weight tolerated on the ipsilateral paw decreased to
40.1 + 0.7 g in comparison to the control value of 68.5 + 1.0 g recorded in vehicle +
vehicle-treated animals (black line). These two groups, treated with 1% CMC, displayed
a nociceptive threshold that was stable over the time course of the experiments (from 0
min to 60 min). Compound B5 administered orally evoked an anti-hypersensitivity effect
in a dose dependent manner; the higher dose of 30 mg kg™! increased the pain threshold of
the ipsilateral paw up to 53.8 £ 1.3 g 15 min after treatment, up to 64.4 + 1.6 g after 30
min and up to 50.0 = 0.5 g after 45 min. The effect disappeared at 60 min. Compound BS
at 10 mg kg™ partially increased the pain threshold at 15 min, fully counteracted the
hypersensitivity of the ipsilateral paw induced by CFA injection 30 min after
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administration and lost its efficacy at 45 min. The lower dose (3 mg kg™') slightly
counteracted the hypersensitivity only 30 min after treatment reaching the value of 49.4 +
0.6 g. Compound B12 was tested only at 30 mg kg™!, but was ineffective, similarly to its
amide analogue (series A).!”> Higher doses of B12 were not attempted due to the low
solubility of the compound. Ketoprofen was used as reference drug at the dose of 30 mg
kg!. This drug was effective in relieving hypersensitivity induced by CFA injection, and
the pain threshold of the ipsilateral paw was increased 15 and 30 min after treatment

without reaching the values of the control group (Figure 38A).
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Figure 38. Acute pain-relieving effect of BS and B12. A) Paw pressure test was performed to evaluate the
hypersensitivity to noxious mechanical stimuli. B) Incapacitance test was performed to evaluate the hind
limb weight bearing alterations measured as postural imbalance related to pain. Data are expressed as the
difference between the weight applied on the limb contralateral to the injury and the weight applied on the
ipsilateral limb (A weight). Measurements were performed on day 14 after CFA intra-articular injection.
Compounds were suspended in 1% CMC and orally acutely administered, evaluating the pain threshold
over time. Ketoprofen 30 mg kg-1 was used as reference drug. Control animals were treated with vehicle.
The values represent the mean of 10 rats performed in two different experimental sets. ~P<0.01 vs vehicle
+ vehicle treated animals. *P<0.05 and **P<0.01 vs CFA + vehicle group.

Unilateral pain was also able to cause hind limb weight bearing alterations and the
postural unbalance related to spontaneous pain was evaluated by incapacitance test
(Figure 38B). The difference between the weight burdened on the contralateral and the
ipsilateral paw was significantly increased in the CFA + vehicle treated animals compared
with the control group (51.2 £ 1.0 g and 1.3 £ 1.0 g, respectively). This difference
remained stable over the time course of the experiments (0 — 60 min). Compound BS5
significantly reduced the Aweight value in a dose dependent manner after a single
administration. In particular, 30 mg kg™ reduced the postural unbalance starting from 15

min and peaking 30 min after treatment. The effect lasted up to 45 min. The 10 mg kg!
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dose was active from 15 min to 30 min while the dose of 3 mg kg™! was effective only 30
min after BS administration. Compound B12 was active only 30 min after treatment.
Likewise, the results obtained by the Paw pressure test, ketoprofen (30 mg kg'') was
effective in reducing postural unbalance 15 and 30 min after treatment (Figure 38B).

The effect of the reference drug ketoprofen at 30 mg kg was comparable to B5 at the
same dose after 15 min after administration, but partially dropped after 30 min, whereas
at this time the effect of BS was even increased at 10 mg kg™!. In contrast to BS, the effect
of ketoprofen did not last up to 45 min. In the incapacitance test (Figure 38B), ketoprofen
at 30 mg kg! showed comparable effect with 1/3 of the dose of BS after 15 min post-
administration. The effect of ketoprofen decreased after 30 min reaching an equal one
with BS at 1/10 of the dose. Conversely the effect of BS increased at 30 min, lasting up to
45 min.

As it unexpectedly happened with several compounds of series A and B which were
assayed in vivo, - e.g. its corresponding amide derivative - compound B12 lacked pain-
relieving effects in the used rat model. Because BS and B12 show almost superimposable
kinetic and in vitro profiles, further unevaluated processes take place which hinder B12
pain-relieving efficacy. It should be stressed that even A31, that was shown to possess a
valuable COX-2 inhibition-based activity in vitro, had produced no pain-relieving action

when assayed in vivo.'”?
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Figure 39. Comparison between the acute pain-relieving effect of BS 30 mg kg-1 and equimolar quantity of
the CAI 3 (13.4 mg kg-1), ketoprofen (16.5 mg kg-1) and their co-administration B1 + ketoprofen (13.4 mg
kg-1 and 16.5 mg kg-1, respectively) in the A) Paw pressure test and B) Incapacitance test. Compounds
were suspended in 1% CMC and orally acutely administered, evaluating the pain threshold over time.
Control animals were treated with vehicle. The values represent the mean of 10 rats performed in two
different experimental sets. ~*P<0.01 vs vehicle + vehicle treated animals; *P<0.05 and **P<0.01 vs CFA
+ vehicle group; °P<0.05 and °°P<0.01 vs CFA + BS treated group.'”
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Furthermore, the anti-hyperalgesic efficacy of 30 mg kg™ of compound B5 was compared
to that evoked by the equimolar doses of the single drug CAIl B1 and ketoprofen (13.4 mg
kg™ and 16.5 mg kg, respectively) as well as the equimolar co-administration of both
(Bl+ketoprofen) (Figure 39). The results were surprising. The 6-(2-
hydroxyethoxy)coumarin Bl showed to possess an unexpectedly marked anti-
hyperalgesic action that started 15 min after injection and peaked at 30 min both in the
Paw pressure and Incapacitance tests (reaching the values of 51.7 + 0.8 g and 18.4 £ 0.5
g, respectively). The anti-hyperalgesic action was found to be significantly greater than
that evoked by equimolar amount of ketoprofen, solely except for 45 min post-
administration in the Incapacitance test. The action of coumarin B1 was found to be even
similar to the effect evoked by hybrid B5 in the Incapacitance test uniquely at 15 min.
However, the hybrid B5 shows a significantly higher efficacy than equimolar doses of
B1, ketoprofen and mainly their mixture in the Paw Pressure, and Incapacitance Test.
These data indicate a significant synergistic effect of the hybrid in comparison to the

mixture of single drugs which testifies the efficacy of the adopted multi-target strategy.

# vehicle + vehicle CFA +A30 10 mg k'
& vehicle + vehicle CFA +A30 10mg kg ®— CFA + vehicle #— CFA + ibuprofen 100 mg kg
@ CFA + vehicle #— CFA + ibuprofen 100 mg kg

70 I > e P2 .
- A = A . -
- - * > .
65 L d -
.
~ 60 - 2 35
on el
Z 55 . B8 s
DR o 5 .
2 'Y =
Z 50 ~ 5 201
S 154
5 g B
454 s 104
. Y 8 5. s
404 F A 4 i e

o ¢ o 04 - -

T T T T T T T T T T T T
0 15 30 45 60 75 0 15 30 45 60 75

Time (min) Time (min)

Figure 40. Acute pain-relieving effect of A30 in comparison to ibuprofen in the A) Paw pressure test and
B) Incapacitance test.!”

To make a comparison between the ester and the amide best acting in vivo, the
antihyperalgesic action of A30 was reproduced in Figure 13 compared to the reference
NSAID ibuprofen.!” Compound A30 had shown a similar pain-relieving trend during the
experiments, but more potent than BS, because exerting a comparable effect at 1/3 of the
dose (10 mg kg'). A full analgesic dose of ibuprofen (100 mg kg™') was found to be

slightly more active than A28 in the Paw pressure test after 15 min, but showed a rapid
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drop of the effect, whereas A30 continued to relieve pain up to 60 min. In contrast, the in
vitro results showed that A30 is weaker than ibuprofen in inhibiting platelet aggregation
and reducing PGE; levels, implicating probable pharmacokinetics aspects which induce
different in vivo behaviours.
As marked differences exist between the antihyperalgesic profiles of B5 and the mixture
B1l+ketoprofen, the ester can be supposed to act also as multi-target integral agent in the
target site and not only through the single portions after cleavage. Alternatively, the
improved anti-inflammatory profile of the integral ester hybrid can be rationalized as an
upgraded pharmacokinetics (as foreseen by the multi-target approach) which can enhance
its absorption or drive the molecule to the target inflamed site, where the cleavage might
occur and both single drugs act concomitantly and synergistically.
In contrast, it is reasonable to assume that the amides act uniquely as integral hybrids,
possessing improved pharmacodynamics and pharmacokinetics with respect to the single
drugs.

The successively acquired evidence of the plasma stability of amide-linked
NSAID-CAI hybrid derivatives'” aroused interest for gaining insights on their
antinociceptive mechanism of action. Hence, we have here extended our studies on these

multi-target agents for the management of rheumatoid arthritis'’>!7*

carrying out a
bioisosteric substitution of the amide bond, which links the two inhibitory portions, to a
more cleavable ester group. The new derivatives held and sometimes showed improved
inhibitory profiles against the target CAs IV, IX and XII. Plasma stability studies showed
the achievement of prodrug compounds because all derivatives reported a quick cleavage
in rat plasma and some of them to be subjected to human plasma esterases according to
the bore NSAID portion. A selection of derivatives, from both amides and esters series,
was assayed in vitro to evaluate COX-1 (platelet aggregation inhibition) and COX-2
inhibition (reduction of PgE, production).'”®!80 Interestingly, the ketoprofen ester
derivatives BS and B12 experience a small decrease of COX-1 related anti-inflammatory
effect than the reference NSAID, maintaining a comparable PgE: level reducing activity.
According to the amides and esters behavior in plasma and in vitro, the binding mode of

some such derivatives to COX-1 and COX-2 was studied in silico, showing that the

functionalization of the carboxylic group did not hinder the NSAID-like mode of action.
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Data from MD with COX-2 revealed that the coumarin portion of the hybrids occupies
two different, but commonly hydrophobic environments within the active site. The most
promising compounds, BS and B12, were evaluated by the paw-pressure and
incapacitance tests using an in vivo RA model. Of note, compounds B5 showed a
significantly major efficacy than equimolar doses of B1, ketoprofen and mainly their co-
administration (Bl+ketoprofen). These new studies allowed a more comprehensive
understanding of the pharmacodynamics and pharmacokinetics of this class of multi-
target derivatives. In fact, as marked differences exist between the antihyperalgesic
profiles of B5 and the mixture Bl+ketoprofen, the ester can be supposed to also act as
multi-target integral agent in the target site and not only through the single drugs after
cleavage. Alternatively, the improved anti-inflammatory profile of the integral ester
hybrid can be rationalized as an upgraded pharmacokinetic (as foreseen by the multi-
target approach) which can enhance its absorption or drive the whole molecule to the
target inflamed site, where the cleavage might occur and both single drugs act
concomitantly and synergistically.

In contrast, it is reasonable to assume that the amides act uniquely as integral hybrids,
possessing improved pharmacodynamics and pharmacokinetics with respect to the single
drugs.

Finally, the pain-relieving action of B5 has to be credited mainly to COX-2 over COX-1
inhibition, as shown by the NSAID and hybrid anti-inflammatory profiles measured in
vitro. Hence, though the slightly minor analgesic effect of BS with respect to A30, a
minor set of side effects should be expected which could induce a better tolerability of the

pain-relieving treatment.

The experimental procedures are reported in Chapter 5.
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3.4 Discovery of B-adrenergic receptors blocker - carbonic anhydrase

inhibitor hybrids for multitargeted anti-glaucoma therapy (Series C)

Glaucoma is a leading cause of irreversible visual impairment and blindness, affecting
more than 55 million people worldwide with a discouraging estimate of 80 million in
2020.181184 Glaucoma consists of a group of diseases characterized by a retinal and optic
neuropathy, where progressive visual field loss is often associated with chronic elevation
of intraocular pressure (IOP).181:185

The increase in IOP results from the malfunction of ciliary processes and the trabecular
meshwork in the anterior chamber of the eye. These tissues physiologically support an
adequate pressure in the eye by regulating aqueous humor secretion and its drainage. The
main ionic constituent of the aqueous humor is bicarbonate. This fluid is present in the
region between cornea and the lens (Figure 41), and its secretion and flow from the
ciliary body to the anterior chamber leads to the homeostatic control of the 10p 181182
Glaucoma occurs when an increase in 10P occurs, which is due to either an excessive
retention of aqueous humor within the anterior chamber or to an excessive secretion of
the fluid (Figure 41).3418L18518 Qpen-angle glaucoma (OAG) and angle-closure
glaucoma (ACG) are the two most common types of primary glaucoma, with OAG being
the most common in the Americas and Europe.'®"188 ACG is due to the impaired drainage
of the aqueous humor from the anterior chamber. Conversely, this angle is constitutively
open in OAG, but the drainage of the humor is diminished. The cause of the altered flow
is unknown in OAG and under extensive investigation.'818218 Because of the
asymptomatic nature of chronic glaucoma, up to 50% of people in the industrialized
world are unaware of their diagnosis and do not receive the required treatment. 18
Multiple treatments for glaucoma exist and are chiefly separated into pharmacologic,
laser, and surgical therapies.'®# In most individuals, pharmacologic therapy is the first
therapy of choice for 10P reduction and generally includes the use of topically acting
agents, such as eye drops, that reduce aqueous humor production, as well as agents that
raise the outflow facility.3*187-18% |_owering IOP is the cornerstone of glaucoma therapy,
since each additional millimeter of mercury 10P increase can lead to an 11% increase in

the risk of glaucoma progression.'*
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Figure 41. Mechanism and available pharmacologic treatments for glaucoma.%

The clinically available drugs include sympathomimetic stimulants (epinephrine),
parasympathomimetic agents (pilocarpine), B-blockers (timolol), CAl (acetazolamide and
dorzolamide), and prostaglandin derivatives (latanoprost and travoprost) (Figure 42).
These classes of drugs can be used alone or in various combinations,34187-192

B-Blockers reduce IOP via blockade of the sympathetic nerve endings in the ciliary
epithelium, reducing the production of aqueous humour.**®* Among the topically-acting -
blockers available for the treatment of glaucoma, there are non-selective agents, which
target both B1- and p2-adrenoceptors, and cardio-selective drugs, which block only the p1-
receptors.’®? In the past, B-blockers were the most common first line topical glaucoma
medication, however the use of more efficient prostaglandin analogues became the
primary course of treatment during the 1990s.1#°

When monotherapy alone is not effective in controlling IOP, other drugs with different
mechanisms of action can replace or be added in conjunction with beta-blockers or
prostaglandin analogues.'®> Commonly used second-line agents include topical CAls.
Inhibition of CAs in the ciliary processes reduces aqueous humor secretion, probably by
slowing the rate of bicarbonate production and therefore reducing the transport of water
and osmotically obligated sodium within the fluid. As a result, the aqueous humour
secretion decreases, leading to a reduction of 10P up to 25-30%.176183184 |f necessary,
CAls such as acetazolamide, methazolamide, ethoxzolamide, and dichlorophenamide can
still be used as systemic antiglaucoma drugs, though they may show a wide range of

undesired side effects in some patients.%41%
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Compliance is the major challenge with adding multiple drops. It has been demonstrated
that increasing the number of drop bottles to a patient’s treatment results into a negative
influence on patient adherence.'® Fixed combination therapies have been developed and
are currently available in the clinic. For example, the combination of a B-blocker
(timolol) and CAI (dorzolamide, DZA) represents one of the most used therapeutic
options.%?

The current therapies are often inadequate given that topical glaucoma therapy is
burdened by the need for multiple classes of medications to control 10P,*%® undesired side
effects,’® and barriers such as patient compliance’®” and difficulty with proper drop
instillation.’® New needed pharmacotherapies for glaucoma should exhibit favourable
benefit-risk profiles and alternative mechanisms of action relative to current therapies.*®’
This can be achieved by either increasing efficacy (ocular hypotensive efficacy),
decreasing adverse events, or both.

In this third project, we proposed a multi-targeted approach for the treatment of glaucoma
by design, synthesis, and biological in vitro/vivo evaluation of a series hybrid drugs
which concomitantly affect the B-adrenergic receptors and carbonic anhydrases in the
eye.

Therefore, an approach consisting of single-molecule, multi-targeted compounds
was chosen over the co-administration of single drugs due to potential therapeutic
benefits. 140141199200 The hybrid drug strategy has been previously applied to target
glaucoma by carbonic anhydrase inhibition. CAI — nitric oxide (NO) donor hybrids stood
out amongst the most effective topically active agents.?°%-2%2 Since hypertensive glaucoma
patients show a decreased content of NO/cGMP in the aqueous humor, it has been shown
that NO-donors can decrease IOP in normal and pathological conditions. One such
compounds was twofold more efficient than dorzolamide to reduce high IOP
characteristic of this disease in an animal model.?*

The herein reported derivatives feature a benzene sulfonamide moiety, representing the
CA inhibitory fragment, and the aryloxy-2-hydroxypropylamine portion of B-blockers

such as propranolol and timolol (Figure 42).
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Figure 42. Molecular structures of clinically used B-blockers and anti-glaucoma CAI drugs.

Primary sulfonamides (Figure 42), such as AAZ or BRZ, have represented the first-
generation CAls and have been clinically used for almost 70 years as anti-glaucoma
agents.}?% Dorzolamide, a second-generation CAI, was the first topically acting
sulfonamide used clinically as an anti-glaucoma medication. It is indicated for the

reduction of elevated IOP in patients with open-angle glaucoma or ocular hypertension

that do not sufficiently respond to p-blockers 319419
OH
0__NRR, OH
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N
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Figure 43. Design of aryloxy-2-hydroxypropylamine sulfonamides dual-targeted agents.

Modulation of the B-ARs was investigated by swapping the substituents appended at the
aryloxy-2-hydroxypropylamine moiety, which is a rather common hallmark of B-blockers
and thus maintained in the hybrids structure (Figure 43). The aryloxy-2-
hydroxypropylamine portion was directly appended at the benzenesulfonamide scaffold
(derivatives C22-29) or alternatively detached by means of an ethylbenzamide spacer
(derivatives C9-18). In this second case, uniquely small aliphatic amines were considered

in the B-blocker portion, owing to the hydrophobic nature of the spacer.
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The incorporation of such 2-hydroxypropilamine moieties at the benzenesulfonamide
scaffold (both direct and spaced) represents an application of the CAI “tail approach”, %
204205 the most common method to develop isoform selective inhibitors within the zinc-
binders class. This approach explores the modulation of moieties appended at the
aromatic/heterocyclic ring present in the scaffold of the CAls in order to selectively

promote interactions with isoform unique residues at the entrance of the active site cavity.
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Scheme 5. General synthetic procedure for compounds C9-18.

| participated in the two synthetic strategies planned to obtain these hybrid compounds.
Preparation of the first series molecules C9-18 shared a common key epoxy intermediate
C8, for which the synthetic route is illustrated in Scheme 5. Coupling of
ethylamminobenzenesulfonamide C2 with freshly prepared 4-acetoxybenzoyl chloride
C2 generated amide C4, which was therefore deacetylated with sodium methoxide and
protected on the sulfonamide group with N,N-dimethylformamide dimethyl acetal.
Reaction of the resulting phenol C6 with allyl bromide followed by epoxidation of the
olefinic function in presence of Oxone and acetone provided for intermediate C8.
Epoxide ring opening (C8) to afford 2-hydroxypropylamine derivatives C9-18 was
achieved by treatment with an excess of varied primary and secondary amines. Reaction
with primary amines occurred with an additional and unexpected cleavage of the
sulfonamide protecting group, resulting directly in the 2-hydroxypropylamine derivatives
C9-16. Because secondary amines were not able to carry out the deprotection process,
treatment in acidic media was necessary to free the sulfonamide group and generate

compounds C17-18.
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In a similar manner, preparation of the second series of molecules C22-29 (Scheme 6)
shared the common epoxy intermediate C21, which was obtained by reacting the N-
protected 4-hydroxybenzenesulfonamide C20 with epibromohydrin in presence of
Cs2COs. Epoxide C21 was reacted with different amines and subsequently treated in
acidic media in the case of secondary amines to give the 2-hydroxypropylamine
derivatives C22-29. These synthetic strategies were adopted to provide C9-18 and C22-
29 as racemates, since the mixture of both enantiomers was deemed more suitable to

initially seek for biological activity.
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Scheme 6. General synthetic procedure for compounds C22-29.

Therefore, | evaluated the CA inhibition profiles of compounds of this third

project in addition to AAZ as standard inhibitor, against four physiologically relevant
isoforms, hCA I 1l, IX, and XII. The choice of these isoforms was based upon: hCA II
and XI1 are upregulated in the eyes of glaucoma patients**18 and might be responsible
for increased blood flow and thus the oxygen supply in hypoxic neovascular retinic
tissues; hCA IX has been found to be upregulated in the hypoxia-suffering cells of the
retinal pigment epithelium;*?2% and hCA 1| is the main off-target isoform for the
therapeutic application of CAls in the reported ocular diseases.! The following SAR can
be gathered from the inhibition data reported in Table 6.
(i) The cytosolic isoform hCA | was effectively inhibited by most of the sulfonamides of
the first series with inhibition constants ranging in the low nanomolar range, between 6.6
and 59.1 nM. Conversely, the benzenesulfonamides directly bearing the 2-
hydroxypropylamine (C22-29) moieties were found to act as weaker inhibitors with Kis
spanning between 74.5 and 750.8 nM. The sec-butyl and benzyl bearing derivatives C24
and C26 stood out from the others with K;s less than 100 nM. All the first series
compounds and C24, C26-28 from the second series were stronger inhibitors compared
to the clinically used AAZ (K, value of 250 nM).
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Table 6. Inhibition data of human CA isoforms hCA I, Il, IX and XII with sulfonamides C9-18, C22-29
reported here and the standard sulfonamide inhibitor acetazolamide (AAZ) by a stopped flow CO; hydrase
assay.'6°

Ki (nM)?
Cmpd R R hCA 1 | hCA Il | hCA IX |hCA XII
C9 -CHs H 20.2 14.1 1.7 15
C10 -CH;CH; H 9.3 488 | 221 1.9
C11 -CH,CH,CHs H 52.2 18.4 7.4 15
C12 -CH(CHa), H 8.9 3.0 61.8 18.1
C13 | -CH(CHs)sCH,CHs H 458 | 55.7 | 536 2.8
c14 -C(CHa)s H 59.1 161 | 831 238
C15 -CH,Ph H 35.6 1.9 74.7 2.4
C16 -CH,CH,0H H 33.2 16.6 5.8 27.7
C17 -CH2CH20CH,CHo- 6.9 15 7.0 4.1
c18 - CH(CHa)2 -CH(CH3); | 6.6 1.2 6.0 1.6
C22 -CHs H 750.8 | 11743 | 234 4.9
c23 -CH(CH): H 3504 | 1555 | 47.6 44.4
C24 |- CH(CH)sCH2CHs H 745 | 2406 | 107.7 | 586
C25 -C(CHa)s H 2343 | 1741 | 954 41.9
C26 -CH,Ph H 854 | 441 | 931 72.4
C27 -CH2CH:Ph H 1456 | 750 | 59.2 39.8
C28 -CH,CH,OPh H 1831 | 152 | 846 82.2
C29 -(CH,CH2N(CHs)(CH.CHo)- | 2306 | 489 | 1265 | 164.1
AAZ - - 250 12 25 5.7
DZAP - - 50000 9 52 35

a. Mean from 3 different assays, by a stopped flow technique (errors were in the range of £ 5-10 %
of the reported values). b. From ref. 1

(ii) The physiologically dominant isoform hCA Il was strongly inhibited by all reported
sulfonamides (K values ranging between 1.5 and 75.0 nM, Table 6), apart from the
second series compounds incorporating small substituents (methyl, isopropyl, sec-butyl
and tert-butyl) on the amine moiety (C22-25), whose K;s spanned from 155.5 to 1174.3
nM. The hCA Il inhibition profiles showed the efficacy of the spacer-containing
compounds. It is worth mentioning that the bulkiest derivatives of the first seriess C15
(benzylamine, K; 1.9 nM), C17 (morpholine, K; 1.5 nM) and C18 (diisopropylamine, K|
1.2 nM) as well as those of the second series C26-29 (Kis ranging between 15.2 and 75.0
nM) exhibited the strongest hCA 11 inhibition profiles within each subset. Despite a
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generally comparable efficacy with the standard AAZ (K, value of 12 nM), only
compounds C12, C15, C17 and C18 exhibited a stronger effectiveness.
(iii) The data in Table 6 depicted similar inhibitory trends against the membrane-
associated isoforms hCA 1X and XII, which were strongly inhibited by most derivatives.
In detail, the Kis for the first series of derivatives against hCA 1X spanned from 1.7 (C9,
methylamine) to 83.1 nM (C14, tert-butylamine), whereas the efficacy of compounds
C22-29 was weaker with inhibition constants ranging between 23.4 (C22, methylamine)
and 126.5 nM (C29, N-methylpiperazine), not permitting a rationale for a SAR. Again,
only compounds C9-11, C16-18 among the benzamide-bearing derivatives and
compound C22 in series two were found to possess at least comparable efficacy to the
AAZ (K, of 25 nM).
(iv) Most of the spacer-supplied compounds demonstrated strong hCA XIlI inhibitory
effectiveness (Kis ranging between 1.5 and 4.1 nM), except for C12 (isopropylamine),
C14 (tert-butylamine) and C16 (ethanolamine), which showed a 10-fold diminished
activity (Kis of 18.1-27-8 nM). Among the spacer-devoid derivatives, compound C22,
that incorporated a methyl group on the amine moiety, exhibited low nanomolar efficacy
(K of 4.9 nM), whereas the remaining compounds were significantly weaker with
inhibition constants ranging between 39.8 and 164.1 nM.
(v) Noteworthy, the first series of derivatives were shown to be generally more
efficacious against the hCAs in comparison to the directly linked dual-derivatives, to a
greater extent against the cytosolic isozymes hCA | and Il. The second series compounds
C22 and C23, which bear a methyl and isopropyl group appended at the amine moiety,
were able to target hCA IX and XII with selectivity over the cytosolic isozymes
(selectivity ratio hCA 11 / IX of 50.2 and 3.2 and hCA 11 / XII of 240.5 and 3.5,
respectively). The inhibition profiles of compounds C22 and C23 indicate a potential to
target several CAs-associated diseases without causing the typical side-effects of non-
selective inhibitors in systematically administered treatments.

The B-adrenergic receptors (B-ADRSs) binding properties of compounds C9-18
and C22-29 were evaluated, in addition to propranolol and atenolol?%?%7 as standard j-
blockers, against the human cloned Bi- and B2-ADRs receptors expressed in HEK293T
cell membranes. The study was conducted by Dr. Rosanna Matucci, Neurofarba Dept.,
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University of Florence.The following remarks can be drawn from the data reported in
Table 7.

Table 7. Inhibition binding constants (pKj) of the tested compounds for human cloned Bi- and B.-ADRS
expressed in HEK293T cell membranes.

Cmpd R R1 pKi?
C9 -CH3 H <4 <4
C10 -CH,CH3 H <4 <4
C11 -CH,CH,CHj3 H <4 <4
C12 -CH(CHs) H <4 <4
C13 - CH(CH)3CH2CHs3 H <4 <4
Cl4 -C(CHs)s H <4 <4
C15 -CH2Ph H <4 <4
C16 -CH,CH,0OH H <4 <4
C17 -(CH2CH3)O(CH2CHy)- <4 <4
C18 - CH(CH3), - CH(CHj3), <4 <4
C22 -CH; H <4 <4
Cc23 -CH(CHs) H 4.98+0.06 | 4.50+0.05
C24 -CH(CH)3CH.CH3 H 4.81+0.03 | 4.52+0.13
C25 -C(CHa)3 H 4.87+0.06 | 5.30+0.08
C26 -CH2Ph H 4.10£0.03 <4
c27 -CH,CHPh H 4.57+0.02 | 4.40£0.02
C28 -CH,CH,0OPh H 5.18+0.05 | 4.55+0.03
C29 -(CH2CH2)N(CH3)(CH2CHy)- <4 <4
Propranolol ® - 7.93+0.03 | 8.76+0.02
Atenolol ® - 5.82+0.14 | 5.02+0.20
Timolol ¢ - 8.27+0.08 | 9.68+0.02

a. Values are reported as mean + SEM of 3-5 experiments, each one performed
in duplicate; b. Racemate; c. From ref. 195,196.

The competition binding experiments did not show striking affinities of the multi-targeted
derivatives. The data in Table 7 highlight the absence of binding affinity reported towards
both the B1 and Bo-ADRs for the spacer-endowed derivatives C9-18, which were not able
to compete with [?H]-CGP12177 at the receptor subtypes below 100 puM. Conversely,
interesting pKi values can be gathered from the binding curves measured for the second
series compounds (C22-29). Most derivatives were found to exhibit low micromolar
affinities for both B-ADRS subtypes (except C22 and C29).
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When the tert-butylamine bearing C25 showed approximately a three-fold B2/p1
selectivity (below 10 uM for the P2-AR subtype), the remaining derivatives showed
preferential affinity for the B1-AR, with the highest selectivity (over four-fold) reported
for C28 (Figure 44). The incorporation of a simple methyl group or N-methylpiperazine
moiety in the 2-hydroxylpropyl portion deprives respectively C22 and C29 of any
affinity for both receptors subtypes up to 100 uM.
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Figure 44. Inhibition of [*H]-CGP12177 specific binding to membrane homogenates of HEK293T cells
which stably express the B1- and B2-adrenergic receptors by increasing concentration of compound (A) C25
and (B) C28. The curves were fitted using the standard four parameter logistic equation and are the mean £
S.E.M. from 3-4 independent experiments. Non- specific binding was determined in the presence of 10 uM
propranolol. Y-axis: normalized Bound/Total bound.

The K, values measured for most compounds C23-28 were comparable to the racemic
standard PB-blocker atenolol (low micromolar range).?%2% Moreover, the K; of C25
against the B2-subtype exceed that reported for the clinically used drug. Such results are
of interest in terms of single enantiomer binding constants evaluation for future
developed derivatives.

Although the similarity between derivatives C22-29 (sulfonamide-bearing) and clinically
used B-blockers, such as atenolol, practolol and celiprolol (which possess an amide or
urea group appended at the same position of the aromatic scaffold) indicates analogue
functional tendency, further investigations with this respect are currently ongoing.

The X-ray crystal structure of hCA Il was determined in complex with
compounds C12 and C23 (Table 8). The crystallographic study was conducted by Dr.
Carrie Lomelino and Prof. Robert McKenna, Dept. of Biochemistry and Molecular
Biology, University of Florida. Compounds C12 (R enantiomer) and C23 (S enantiomer)
were observed to bind directly to the active site zinc and displace the catalytic water, as is
expected for sulfonamide-based compounds (Figure 45A, 45B). Hydrogen bonds were
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Figure 45. Surface representation of hCA 1l in complex with A. compound C12 (represented as green
sticks) and B. compound C23 (represented as cyan sticks).

Figure 46. Active site view of hCA Il in complex with A. compound C12 (green) and B. compound C23
(cyan). Hydrogen bonds are represented as black dashes with distances labelled in angstroms.
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Figure 47. Surface representation of hCA Il in complex with crystal contact inhibitors. hCA Il in complex
with A. compound C12 (green) and B. compound C23 (cyan). Hydrophobic and hydrophilic residues are
labeled and colored (orange and purple, respectively).
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observed between the nitrogen and oxygen atoms of the sulfonamide and Thr199 (2.7-2.8
and 3.04, respectively) (Figure 45A, 45B).

The presence of the spacer in compound C12 resulted in the formation of an additional
hydrogen bond between the carbonyl and Q92 side chain (3.0A). This observation
rationalizes the stronger binding affinity of compound C12 for CA Il in relation to the
direct compound C23 (Figure 42A). Both inhibitors were further stabilized by van der
Waals interactions with active site residues 191, V121, F131, L141, and L198 in the case
of compound C12 and residues Q92, V121, F131, V135, L198, and P202 for compound
C23 (Figure 46A, 46B).

Steric hindrance between the benzene ring in spacer-containing compound C12 and F131
shifted the tail of this compound toward the interface between the hydrophobic and
hydrophilic regions of the active site, allowing a second molecule to bind between
monomers within the crystal lattice (Figure 47).

This secondary inhibitor molecule interacts directly with hCA 11 through hydrogen
bonding with D72 (2.6 and 2.74) and is further stabilized through an interaction with the
NH group of the active site-bound C12 (2.94) (Figure 48). Similarly, two additional
molecules of compound C23 were observed to bind outside the hCA 1l active site,

thought to bind due to crystal packing (Figure 47).

Figure 48. hCA Il (gray) in complex with a secondary C12 (green) molecule due to crystal packing.
Hydrogen bonds are represented as black dashes with distances labeled in angstroms.
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Table 8. X-ray crystallography statistics.

Sample CAIl_C12 CAll_C23
PDB Accession Code 5WLV SWLT
Spf’gfmiLZE‘opnsce" a=42.6,b :Pfi.a, c=725; |a=427,b :Pji.s, c=727;
p=104.3 B=104.5
Resolution (A) 30.8 - 1.4 (1.42 - 1.40) 40.3 - 1.6 (1.60 - 1.57)
Total Reflection 69.038 53.038
I/lo 21.3(2.8) 17.1(2.2)
Redundancy 3.2(3.1) 4.0 (4.0)
Completeness (%) 99.4 (99.5) 90.2 (92.7)
Reryst (%) 14.5 (22.3) 14.5 (18.9)
Rfree (%) 16.7 (25.5) 17.6 (25.0)
Rsym (%) 5.2 (40.4) 6.8 (54.8)
Rpim 3.4 (27.6) 3.5(28.7)
# of Protein Atoms 2099 2094
# of Water Molecules 234 213
# of Ligand Atoms 60 76

Ramachandran stats (%0):
Favored, allowed, 97.3,2.7,0 96.9,3.1,0
generously allowed

Avg. B factors (A?):
Main-chain, Side-chain, 15.2,19.5, 40.0 14.4,18.7,41.3
Ligand

rmsd for bond lengths,

angles (A.°) 0.006, 0.939 0.006, 0.918

In spite of not striking B-ADR-binding affinities, several molecules within the
second series demonstrated a multi-targeted action and excellent and suitable water
solubility to be formulated as 1% eye drops at the neutral pH value. We investigated the
intraocular pressure lowering properties of some of these compounds, more precisely,
C23 (iso-propylamine, for which the X-ray crystal structure in complex with hCA 1l was
reported), C25 (tert-butylamine) and C27 (phenethylamine) in a rabbit model of
glaucoma. The morpholine-bearing compound C17 of the first subset was included in the
study to evaluate the IOP lowering efficacy of a uniquely CA inhibitory derivative 2920
DZA hydrochloride and timolol, as well as their combination (1% + 0.25%, in the
clinically used ratio) were used for comparison as standard drugs, with a control using
the vehicle (hydroxypropylcellulose at 0.05%). The 1% compounds eye drops were
administered to rabbits with high IOP, induced by the injection of 0.1 mL of hypertonic
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saline solution (5% in distilled water) into the vitreous of both eyes. The benzamide
derivative C17 was a strong, low nanomolar inhibitor for hCA 11, IX and XII (K;s of 1.5,
7.0 and 4.1 nM), but lacked activity on the B-ADR. On the contrary, compounds C23,
C25 and C27 showed a significant, low micromolar action against the B1- and B2-ADR, at

the expense of a weaker efficacy against target hCAs (Figure 49).

Vehicle
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Timolol
DRz

DRZ+
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Figure 49. Drop of intraocular pressure (AIOP, mmHg) versus time (min) in hypertonic saline-induced
ocular hypertension in rabbits, treated with 50 uL of 1 % solution of compounds C17, C23, C25, C27.
Timolol 0.25%, DRZ 1% and their association (DRZ+timolol) were used as reference drugs. Data are
analysed with 2way Anova followed by Dunnett’s multiple comparison test. * p<0.05 C17 and DRZ vs
vehicle at 60'; ** p<0.005 timolol and DRZ+timolol vs vehicle at 60'; *** p<0.001 C27 vs vehicle at 60";
****n< 0.0001 C23 and C25 vs vehicle at 60'.

The dual agents C23, C25, C27 were more effective than standard DRZ and timolol with
IOP decreases of 8.25, 10.75 and 6.75 mmHg at 60 min post-administration, respectively
(Figure 49). Compound C25 stood out as the most efficient one, with a twofold enhanced
efficacy in comparison to DRZ and timolol, which caused an IOP decrease of 4.75
mmHg and 5.73 at 60 min post-administration, respectively. Noteworthy, 1% eye drops
of the multi-targeted derivatives were more effective than the combination of the CAl and
B-blocker leads in the ratio 1% + 0.25%. CAIl C17 showed to lower IOP at 60 min post-
administration in a comparable manner to the standards. Compounds C17, C23 and C25
showed similar IOP lowering effectiveness after 2 h post-administration in the range
6.33-6.75 mmHg, with C27 excelling among the others producing an 10P drop of 8.0
mmHg. The IOP drops produced by all assayed derivatives were greater that those
occurring using the standard drugs and their combination (3.0, 3.54, 5.0 mmHg,
respectively). When compounds C23 and C25 were more active after 60 min post-

administration, compounds C17 and C27 reached the greater efficacy after 120 min.
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Derivatives C17, C23 and C25 maintained IOP lowering action at 4 h post-administration
(3.25-3.67 mmHg), when timolol and the drugs combination were barely active and DRZ
lost its efficacy. A significant enhancement in the 10P lowering efficacy of dual-agents
C23, C25, C27 with respect to C17 (that uniquely inhibit the CAs) was observed at 60
min post-administration, whereas the range thinned after 2-hours, with the multi-target
C27 standing out anyhow as the most efficient compound. It is worth stressing that C17
inhibits hCA 11 and XII much more potently (K;s of 1.5 and 4.1 nM) than the C23, C25,
C27 (Kis in the range 75.0-174.1 and 39.8-44.4 nM, respectively). As a result, it is
reasonable to ascribe the powerful 10OP lowering efficacy of C17, that did not possess a
dual action, to the orders of magnitude greater hCA 11 and XII inhibition than C23, C25,
C27. Hence, the more effectual 10P lowering action of the hybrids compounds, in spite
of a remarkably weaker CA inhibition than derivative C17, witnesses the concomitant,
although unbalanced (nanomolar vs micromolar) modulation of two physiological
systems, namely CAs and B-ADRs.

With the incidence of glaucoma steadily growing because of both demographic
expansion and population aging, new pharmacologic therapies that possess more
favourable benefit-risk profiles are needed. These can be achieved by either increasing
efficacy (ocular hypotensive efficacy), decreasing adverse events, or both. The
combination of a B-blocker and a CAIl included in eye drops is one of the clinically-
available options to treat glaucoma and is extensively used. In the present project, a novel
single molecule, multi-targeted approach was chosen over the co-administration of single
drugs due to varied potential therapeutic benefits, such as an improved effect onto the
intricate biochemical processes involved in disease pathology. Concomitant modulation
of B-adrenergic and CA systems present in the eye was achieved by combining
benzenesulfonamide fragments of classical CAls with 2-hydroxypropylamine fragments
of known, clinically used B-blockers, such as propranolol or timolol. The resulting two
series of molecules, which differ by the spacer incorporated between the
pharmacophores, were investigated for their inhibitory activity against target (hnCA II, IX
and XII) and off-target (hCA 1) hCAs as well as for their effectiveness to modulate the
B1- and P2-ARs. A first subset of derivatives reported no multi-targeted modulatory
efficacy, with a remarkable CA inhibitory potency at the expense of a void affinity to p-
ADRs. The second subset of hybrid molecules exhibited a slightly worsening of CA
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inhibition profiles, with the affinity to f-ADRs raising to micromolar range, which is
comparable to racemic B-blocker atenolol.

The X-ray crystal structure of hCA 1l was determined in complex with compounds C12
and C23, namely the isopropyl-substituted derivatives of both series. Multi-target
derivatives C23, C25, C27 were shown to possess more effective IOP lowering
properties than the lead, clinically used dorzolamide and timolol, and their combination
based onto the balanced multi-targeted modulation. The reported evidence supports the
proof-of-concept of adrenergic receptors blocker - carbonic anhydrase inhibitor hybrids
for anti-glaucoma therapy with an innovative mechanism of action. These spread the way
of the research of more effective anti-glaucoma agents acting on the two systems in a
more powerful and balanced manner. Identification of eutomers within the racemic
mixtures will be of help in enhancing efficacy into B-ADRs without significantly

affecting the compounds CA inhibitory activity.

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in Alessio Nocentini, et al. J. Med. Chem. 2018, 61, 5380-5394.
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3.5 Multi-potent hybrids assembled by CA inhibitors and NO-donors as
antitumor and anti-infective drugs: synthesis and Kinetic evaluation
(Series D)

In this context of cancer growth, invasion and metastatization, NO also plays a crucial
role.?X® NO is a key mediator with important functions in mammalian physiology and
pathophysiology. High levels of NO and its metabolic derivatives, the reactive nitrogen
species (RNS) and reactive oxygen species (ROS), have profound effects on tumor cells
proliferation, angiogenesis and metastasis.?® Recently, Bao N. et al. and Huang Z. et al.
showed that the production of this gasotransmitter by NO-releaser compounds provokes
cytotoxicity against human carcinoma cells in vitro and anti-metastatic activity in
vivo.?1+212 NO-donors, such as the furoxans, are stable in acidic and basic conditions, and
produce high levels of NO which lead to a potent cytotoxic action against several types of
cancer cells.?%

Since 1990, a number of NO-donor hybrids based on the benzofuroxan scaffold have
been produced and tested in various disease models. Hybrids that incorporate a
benzofuroxan NO-donor portion might possess a multitude of pharmacological activities
and low toxicity.?!® The initial application of NO-donor hybrids limited to cardiovascular
and inflammatory disorders has been considerably gradually extended to other fields,
such as in the treatment of infections, neurodegenerative and gastrointestinal disorders,
and cancer. Indeed, literature is plenty of hybrid derivatives constituted by a NO-donor
portion combined with NSAIDs, H-antagonists, Ca?*-channel blockers, a: and pa
antagonists.?3214

In search of alternative anticancer multi-target strategies based on CA IX/XII inhibition,
we designed and synthesized of new type of hybrid which incorporates in a single
molecule a CA inhibitory portion and a NO-donor fragment (Figure 46). This multi-target
strategy based on a benzofuroxan scaffold endowed with CA inhibitory action was
additionally scheduled with a view to anti-infective drugs.?%*-2% In fact, benzofuroxans
were shown to possess anti-Trypanosoma cruzi, antitubercular and anti-Leishmania
activity, whereas CAs from pathogens are known to be often crucial for the

microorganism life and their inhibition to impair the growth.?15-217
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NO-donor
portion

Figure 50. General Structures of hybrid compounds CAI-NO donors.

The chemistry of benzofuroxans is widely described in literature.?'® These scaffolds are
intensively used in organic chemistry as intermediates in the synthesis of several
chemotypes.?t?

Herein, the hybrids compounds were designed and produced by connecting a CA
inhibiting moiety of the sulfonamide or coumarin type with the benzofuroxan by amide or
ester bonds. Several spacers separating the two portions of the hybrid were investigated
(Figure 50).

The synthetic strategy for the preparation of the final compounds includes D2 as key
intermediate (Scheme 7). Oxidation of 4-amino-3-nitrobenzoic acid D1 by an excess of
commercial hypochlorite solution in alkaline medium at 0°C provides an easier, efficient
and rapid method to produce the carboxylic acid D2. The latter was reacted with
sulfonamides D3-D13 or coumarins D14-D20, with possess primary/secondary amine or
alcoholic groups for coupling reaction to yield hybrids D21-D26, D27-D31 and D32-
D38. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride and 1-hydroxy-7-
azabenzotriazole and/or 4-dimethylaminopyridine and/or N-hydroxysuccinimide were
used as coupling agents. Two distinct chemotypes for CA inhibition were chosen for
thoroughly exploring the SAR against target/off-target CA isoforms. In particular, the
subset of coumarin derivatives was prepared to yield a selective inhibition of the tumor-
associated CA IX and XII, of interest for the anticancer application. In contrast, the
subset of sulfonamide compounds was produced to investigate the anticancer effect of a
promiscuous CA inhibition, however searching for a certain degree of selectivity for the
target CAs activity, achieved exploring multiple kinds and combinations of tails
appended to the inhibitory chemotype (Scheme 7). Further, the subset of NO-donor

sulfonamides was scheduled for testing against CAs from pathogens which are not
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affected by coumarin CAls. Compounds D21-D26, D27-D31 and D32-D38 were fully
characterized by spectroscopic and physicochemical methods.
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D3, D21: X=NH; n=0; R= m-SO,NH, D9, D27: R= CgHs D14, D32: X=NH; n=2; 6-subst
D4, D22: X=NH; n=0; R= p-SO,NH, D10, D28: R= 4-F-CgH, D15, D33: X=NH; n=2; 7-subst
D5, D23: X=NH; n=0; R= 0-OH, m-SO,NH, D11, D29: R= 2-furyl D16, D34: X=0; n=0; 6-subst
D6, D24: X=NH; n=1; R= p-SO,NH, D12, D30: R= CH,CgHs D17, D35: X=0; n=0; 7-subst
D7, D25: X=NH; n=2; R= p-SO,NH, D13, D31: R= CH,CN D18, D36: X=0; n=2; 7-subst
D8, D26: X=0; n=0; R= p-SO,NH, D19, D37: X=0; n=3; 6-subst
D20, D38: X=0; n=3; 7-subst

Scheme 7. General synthetic procedure for compounds D21-38.

All the newly synthesized NO-donor derivatives (D2, D21-D38) were evaluated
for the inhibition of the cytosolic off-target isozymes hCA | and Il and membrane-bound
target isoforms hCA IX and XII by using Stopped-flow CO; hydrase assay method.

Acetazolamide was used as reference drug. The results are reported in Table 9.

(1) All tested sulfonamides were found to be feeble inhibitors of the cytosolic isoform
hCA | with K;s in the range of 83.1-7658.8 nM. The comparison with the reference drug
AAZ revealed that only compound D24 was found to better inhibit hCA | (off-target for
designing antitumor agents) than AAZ. The carboxylic acid D2 showed no activity
against the ubiquitous isoform. As expected, coumarins D32-D38 do not inhibit hCA 1
below 10 pM.

(i) Sulfonamides D21-D31 showed efficient to moderate activity against the
physiologically dominant isoform hCA 11 with Kis ranging from 38.0 to 946.8 nM,
whereas uniquely D23 reported a micromolar K, of 6.9 uM. As D23, which shows the
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aromatic sulfonamide group in meta to the linker, the 3-substituted D21 reported the
second worst inhibition with a K; of 946.8 nM.

Table 9. Inhibition data of human CA isoforms I, I, IX, XII with compounds D21-38 and the standard
inhibitor acetazolamide (AAZ) by a Stopped Flow CO; Hydrase Assay.'®

Cmpd Ki* (nM)
hCA | hCA 11 hCA IX | hCAXIlI

D2 >10000 732.8 1651.2 88.9
D21 7658.8 946.8 41.5 66.3
D22 791.5 38.0 69.7 0.98
D23 8447.8 6909.6 61.1 5.4
D24 83.1 53.5 37.9 48.8
D25 445.1 90.1 12.6 26.1
D26 736.0 52.8 38.7 20.3
D27 617.5 462.8 10.4 8.5
D28 416.7 67.9 25 4.8
D29 601.6 88.1 23.1 6.3
D30 831.4 453.9 14.9 6.4
D31 622.9 64.7 20.3 T
D32 >10000 >10000 23.6 7.0
D33 >10000 >10000 86.6 25.0
D34 >10000 >10000 15.8 3.9
D35 >10000 | >10000 303.8 7.7
D36 >10000 | >10000 111.7 19.8
D37 >10000 | >10000 48.5 8.6
D38 >10000 >10000 36.3 33.0
AAZ 250.0 125 25.0 5.7

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

The carboxylate D2 also weakly affected hCA 11 activity with a K, of 732.8 nM. The best
hCA Il inhibitor in the seriess was D22 (K, = 38.0 nM), which has no spacer between the
two fragments and the primary sulfonamide group is placed at the para position of the
aromatic ring, while its ester analogue D26 showed a weaker K, of 52.8 nM. It is curious
to note that the introduction of a methylene spacer in D22 structure as in the compound
D24, caused a slight deterioration of activity leading to a K, of 53.5 nM. Analogy in the
hCA 11 inhibition was found between D28 (K, of 67.9 nM) and D31 (K, of 64.7 nM),
though they differ for the substituent at the amide linker which include a third aromatic
ring in D28 and a 2-CN-ethyl group in D31. The removal of the fluorine atom of D28
resulted in a 6.8-fold worsening of the inhibitory activity for compound D27, which
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showed a K; of 88.1 nM. Compounds D27 and D30 reported very similar K;s (462.8 and
453.9 nM, respectively), showing that the length of the R spacer has no incidence on the
hCA Il inhibitory capacity. Finally, the coumarin derivatives D32-D38 did not report any
inhibitory activity below 10 uM.

(iti))  The target hCA IX was considerably inhibited indistinctly by the reported
sulfonamides and coumarins with K;s in the range 2.5 — 1651.2 nM. Among them,
compounds D21, D27, D28, D30, D31, D32 and D34 showed better activity than the
standard AAZ. In particular, the best inhibitor was compound D28, with a K; of 2.5 nM.
The derivative unsubstituted on the phenyl ring, D27, and the phenethyl D30 reported a
worsening of the hCA 11 inhibitory capacity (Kis = 10.4 and 14.9 nM, respectively). The
sulfonamide position at the aromatic ring did not significantly affect the inhibitory
capacity, as it is possible to notice from the K;s of compounds D21 (K; = 41.5 nM) and
D22 (K; = 69.7 nM). In contrast, the switch from methylene (D24 with K, of 37.9 nM) to
ethylene spacer led to a 3-fold inhibition increase (compound D25 with K| of 12.6 nM). It
is worth noting that the best Kis in the coumarins subset were reported by the 6-
substituted heterocycles; in fact, compounds D32 and D34 (Kis = 23.6 and 15.8 nM)
showed better Ks than their 7-substituted analogues D33 and D35 (K;s = 86.6 and 303.8
nM). However, the introduction of a propylenic spacer in compounds D37 (6-substituted)
and D38 (7-substituted) reversed this observed trend as they showed K;s of 36.3 and 48.5
nM respectively. Carboxylate D2 inhibited hCA 1X in a low micromolar range (K, of
1651.2 nM). In general, the sulfonamides turned out to be better inhibitors against CA IX
than the assayed coumarins, though the latter reconfirmed their IX/11 selectivity.

(iv)  hCA XIlI was also effectively inhibited by all derivatives with Ks starting from
0.98 nM, and a slight inhibition worsening exhibited uniquely by compounds D2, D21
and D31 (K= 88.9, 66.3 and 77.7 nM, respectively). Carboxylate D2 was the worse hCA
X1 inhibitory benzofuroxan of the series with a K; of 88.9 nM. Sulfonamide D22 was
instead the best inhibitor of the series with a subnanomolar K; of 0.98 nM. It is certainly
interesting to note that in the first subset (D21-D26), the best Kis were reported by
compounds which did not have spacer (D21-D23 and D26) to connect the fragments, in
comparison to compounds D24 and D25 with methylene and ethylene spacers,
respectively. The sulfonamide group at the para position of phenyl ring was once again

preferred over the replacement in meta position. Unexpectedly, the bulky compounds
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(D27-D31) reported better inhibitory activity compared to the other sulfonamide
derivatives of the first set (D21-D26). Except for compound D31, the other compounds
showed K| less than 10.0 nM. The presence of the fluorine atom in compound D28
produced an excellent K of 4.8 nM. Similar K;s were found for D27, D29 and D30 (Kis =
8.5, 6.3 and 6.4 nM, respectively). Also, in the coumarin subset, compound D34 showing
the coumarin portion substituted at the 6-position and directly linked to the NO-donor
scaffold showed a K; of 3.9 nM, whereas the inhibition was 2-fold worsened by the
introduction of a propylenic spacer as in the compound D37 (K, of 8.6 nM). The
replacement of the amide linker (compounds D32 and D33) with an ester did not have a
considerable influence on the inhibitory potency of these compounds against CA XI|I.
This project is currently under further and detailed investigations. The promising
CA:s inhibition results led us to proceed measuring the hybrids NO-releasing profiles and
to assess their anticancer action. Screening against CAs from Leishmania and
Trypanosoma cruzi strains have been also scheduled to address the potential anti-

infective action residing in this type of multi-target derivatives.

The experimental procedures are reported in Chapter 5.
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3.6 “A Sweet Combination”: an expansion of saccharin and acesulfame
K based compounds for selectively targeting tumor-associated carbonic
anhydrases IX and XII (Series E)

The main challenge encountered in the design of anticancer CAls has been the lack of
iIsoform-selectivity exhibited by the most classical inhibitory chemotypes, namely the
sulfonamides and their bioisosteres.>* A comparison of the 12 catalytically active human
CAs shows a high homology between the active sites that complicates the design of
disease-associated selective inhibitors.?'® Nonetheless, a plethora of strategies have been
developed to overcome this issue, including the optimization of classical CAls (i.e. the
tail approach, which led to SLC-0111, the first-in-class CAl entering clinical trials for the

treatment of hypoxic tumors)® or the use of alternative chemotypes adopting different
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Figure 51. Active site view of the CA IX adduct with A) SAC (PDB: 4RIV) and B) ACE (PDB 5WGP).

The cyclic sulfonamide saccharin (SAC), the oldest artificial sweetener, has recently
entered this topic. SAC, which is 450 times sweeter than sucrose, was shown to
selectively discriminate among the diverse isoforms, distinctly from classical CAls such
as AAZ.2° It is, in particular, a selective nanomolar inhibitor of CA IX, showing weaker,
micromolar inhibition of the ubiquitous CA 1 and 11 (60-fold 11/1X selectivity).?® It is
cyclic acylsulfonamide, which is much more acidic than primary sulfonamides, functions
as a zinc binding group (ZBG) within the CA active site (Figure 51). X-ray and neutron
crystallography studies pointed out that alternative interactions with residue GIn67

(leading to remodelling of H-bonds and water orientations) contributed to the CA IX
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preferential binding of SAC compared to CA 1l (that reports an Asn in position 67).220-22
A SAC derivative, called SGC (saccharin-glucose conjugate), was designed utilizing the
tail approach with a polar carbohydrate linked by a triazole as the tail moiety of the CA
inhibitor.?° It showed even further enhanced selectivity for CA IX over both CA | and
CA 11 (>1000-fold), with the specificity of binding explained by evident differences in
interacting active site residues between CA Il and CA IX.

Another FDA approved food additive, acesulfame K (ACE, a cyclic acylsulfamate), was
recently kinetically and structurally characterized with CAs.??? Interestingly, ACE
induced no inhibition of CA I, Il and XII while inhibiting CA IX in the low micromolar
range, with its weak inhibition being likely due to the absence of the aromatic core
(Figure 51). Furthermore, it exhibits different active site binding modes between
isoforms, namely coordinating the Zn(ll) ion via the aromatic nitrogen in the case of CA
IX, and anchoring to zinc-bound water molecule/hydroxide ion in CA 1l. This behaviour
is reflected by ACE demonstrating measurable inhibition toward CA IX but not to other
CA isoforms.??? This study showed the value of ACE as a lead compound for designing
new CA IX specific inhibitors.

In this context, libraries of N- and/or O-substituted SAC and ACE derivatives have been
recently reported as potent and selective inhibitors of CA IX and XI1.12°223 Nonetheless,
this type of functionalization decoupled these chemotypes away from a zinc-binder
character (or water-anchoring) promoting likely alternative binding modes, which have
not yet been elucidated.

Here a new series of SAC- and ACE-based derivatives is reported by combining and
developing the lead chemotypes structures to produce cyclic ureidosulfonamides, namely
2H-benzole][1,2,4]thiadiazin-3(4H)-one 1,1-dioxides (BTD), which preserve a zinc-
binding group and include another foothold for ligand/target interactions and/or
functionalization (Figure 52).

Although sulfimides have been long deemed to possess no or weak CA inhibitory action,
in 2007 SAC was shown to induce the selective inhibition of the tumor-associated CAs
over ubiquitous isoforms.??® Successive X-ray and neutron crystallography studies
supplied significant insights about the CAs inhibition profiles of SAC, and in 2018 even
the 6-membered cyclic acylsulfamate sweetener ACE was kinetically and structurally

proved to display a CA 1X selective inhibitory action.??4?% To methodically explore the
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chemical space that induces cyclic acylsulfonamides or sulfamates to yield specific
inhibition of CA 1X and XII, an approach to merge SAC and ACE structures was
developed and is here reported, producing a series of cyclic ureidosulfonamides E18-
E37. The redesigned scaffold BTD preserves the zinc-binding group of SAC and ACE
and includes another interaction and/or functionalization point (the NH between the

carbonyl and the aromatic ring).
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Figure 52. Rational development of benzothiadiazin-3-one 1,1-dioxides (BTD), based on the structures and
inhibition profiles of SAC and ACE.

In order to identify new CA inhibitory scaffolds, previous screens of a library of
chemotypes'®’ included the unsubstituted 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-
dioxide E18, further supporting the production of such a series as this derivative was
shown to hold selectivity for CA IX/XII over CAs | and Il. Here an extended SAR study
was worked out by appending a wealth of substituents both in R and R1 position (Figure
2) by exploiting a more versatile synthetic procedure than that reported by Bozdag M. et
al. for E18.%%" Instead of treating o-aminobenzenesulfonamide with phosgene, which does
not allow accessible BTD functionalization, a forward strategy recently proposed by
Zhang and Kornahrens (for providing new classes of aldose reductase and irreversible
serine hydrolase inhibitors, respectively)??422° is here applied and extended.

The adopted synthetic procedure is depicted in Scheme 8. Chlorosulfonyl isocyanate
(CSI) was treated at -40°C with commercially available variously substituted anilines
(E1-E14), N-methylanilines (E15, E16) and indoline (E17) using nitromethane or
nitroethane as solvent to yield the intermediates chlorosulfamoylureas Pa-q. Thus,
aluminium trichloride (AICl3) was added and temperature risen to 110°C to promote a

Friedel-Crafts-like core cyclization. The absence of a base and a very low temperature are
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important to avoid reaction of the aniline with the sulfamoyl portion of CSI. In contrast,
the choice of nitromethane or nitroethane is driven by the necessity to use a polar aprotic
solvent which can span from markedly under-zero temperatures to over 100°C without
solidifying or boiling. Reaction attempts with markedly electron-poor anilines of the
nitro-, sulfonamido- or polyhalo-substituted types crashed with their low reactivity in

both reaction steps.

©/NH2
R . Re
N 00 E18: R=H

HoH Y E19: R=5-CHj
= R ] Nj(N‘,,S\jC' A RL ] SNH o E20, R=7-CH,
CH3NO, or CH3CH,NO, X o OO 110°C XN N o E21:R=5,7-d!CH3
-40°C. 15 min Bamn 45 min H E22: R=5,8-diCH3
’ E1gEsy 23 R=6.8-diCH;
E24: R=5-F
H E25: R=7-F
& AN E26: R=5-Cl
R—— Y
N ‘ H 0 0 E27: R=7_C|
Q\/p E15.E16 N N. /C| A|C|3 \S/\ E28: R=5-Br
oIS Neo ’ N -G B E29: R=7-Br
CH3CH,NO, X 0 00 | 110°c N N/&O E30: R=7-OCH,
Csl -40°C, 15 min Boyp 45 min ‘ E31: R=5,6-benzo
E32: R=H
E32E33  E33:R=7-Cl
H
N
o ’ 0P
N__N__Cl -
E17 s AICI; NH
CH3CH,NO, 000 110°C N o
-40°C, 15 min Bq 45 min
E34

Scheme 8. Synthesis of 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxides E18-E34.

The 5- and 7-methyl derivatives E19 and E20 were also oxidized with potassium
permanganate to give benzoic acids E35 and E36 respectively, as illustrated in Scheme
10. The 7-methoxy-BTD underwent demethylation by treatment with 1.0 M BBrs in
DCM to produce alcohol E37 (Scheme 9).
Compounds E18-E37 were obtained in high yields and characterized by means of *H-,
13C-, F-NMR spectroscopy and HRMS. Compounds used in biological assays
were >95% pure, as determined by HPLC (see Chapter 5 for details). Sodium salts,
thereof, were in case produced by treating BTD derivatives with NaOH in methanol.
Compounds E18-E37 were assayed in vitro for their inhibitory action against six
physiologically relevant human hCA isoforms — i.e. the cytosolic I, 1l (ubiquitous
isoforms) and VII (defined as a CNS-associated isozyme) and the membrane associated

IV (overexpressed in some CNS tumors), IX and XIlI - by means of a Stopped-Flow CO-
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hydrase assay using the clinically used drug AAZ as a standard.®® The following SAR

can be assembled from the data reported in Table 10.
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Scheme 9. Synthesis of derivatives E35-E37.

Table 10. Inhibition data of human CA isoforms I, 11, IV, VII, IX, XII with compounds E18-E37 and the
standard inhibitor acetazolamide (AAZ) by a Stopped Flow CO, Hydrase Assay.*5°
8 O\\//O
RK | SoNH
5 WO
Ry
Ki(nM)?2
Cmpd | R Rt | "hCA 1 [hCA I1]hCA IV ]| hCA VII | hCA IX | hCA XIi
E18P H H 866.0 | 150.3 | 675.3 465.8 78.7 53.1
E19 5-CHj3 H 968.7 | 143.8 1228 975.3 63.9 69.3
E20 7-CH3 H 1066 | 871.7 | 896.6 956.0 45.8 74.3
E21 5,7- H 1274 | 763.5 1637 690.9 25.8 38.3
E22 5,8- H 2541 | 2192 1427 1899 367.6 458.7
E23 6.8- H 1920 | 2936 2692 1790 408.5 764.0
E24 5-F H 546.7 | 140.1 | 461.0 125.5 58.4 42.7
E25 7-F H 1289 | 533.6 | 708.6 435.5 19.1 24.9
E26 5-Cl H 930.2 | 685.5 1031 389.3 28.2 42.5
E27 7-Cl H 1864 1141 1748 1178 56.9 70.8
E28 5-Br H 2324 | 526.9 | 853.6 620.3 73.3 75.8
E29 7-Br H 4403 | 2362 1557 467.8 31.0 96.6
E30 [ 7-OCH3| H 3809 1922 1945 1364 35.8 64.5
E31 5,6- H 2071 | 483.6 2674 3949 60.2 104.9
E32 H CHs | 3406 | 853.1 3459 7507 139.5 181.5
E33 7-Cl CHsz [>10000| 2337 5885 3238 188.9 325.7
E34 5-CH>-CH»- 6857 1060 3894 1282 273.4 247.2
E35 5- H 5783 | 2445 379.8 2796 91.2 27.0
E36 7- H [>10000| 6775 76.1 4965 98.7 15.5
E37 7-OH H 1894 | 3024 | 452.4 2565 88.1 34.6
SAC® - >10000| 5950 7920 10 103 633
SCGH - >10000[>10000| n.d. n.d. 50 600
ACE® - >10000[>10000| n.d. n.d. 2400 >10000
AAZ - 250 12.5 74.0 2.5 25.0 5.7

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

b. data in agreement with ref. 153; c. data from ref. 215; d. data from ref. 216; e. data from ref. 218.
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Most compounds among E18-E37 inhibited the ubiquitous off-target CA | in the
micromolar range with K; spanning between 1066 and over 10000 nM, whereas the
unsubstituted (E18), 5-CHs (E19), 5-F (E24) and 5-ClI (E26) derivatives were high
nanomolar inhibitors (K;s in the range 546.7-968.7 nM).

The physiologically dominant CA 11 was shown to be slightly more inhibited by BTDs
than CA | as a minor number of compounds acted in the micromolar range, from 1060 to
6775 nM (E27, E29, E30, E33-E37) and most displayed medium to high nanomolar K;s
(in the range 140.1-871.7 nM). The unsubstituted (E18), 5-CHs (E19) and 5-F (E24)
derivatives resulted to be the most potent CA Il inhibitors of the series with K;s of 150.3,
143.8 and 140.1 nM), showing that the CA 1l active site efficiently tolerates solely small
substituents appended at the 5-position of the scaffold.

CA 1V was inhibited in a comparable range with CA | by BTDs E18-E37 with most
compounds functioning with K;s between 1031 and 5885 nM, and a small subset (E18,
E20, E24, E25, E28) acting in the high nanomolar range (461.0-896.6 nM). Of note is the
case of derivatives bearing hydrophilic groups on the aromatic ring, that are E35-E37,
which showed enhanced CA 1V inhibitory properties such as the 76.1 nM K, of the 7-
carboxy-BTD E36. The presence of a markedly hydrophilic pocket is a unique hallmark
of CA 1V active site structure that might account for the inhibition data shown by E35-
E37.2%

The other cytosolic isoform CA VII showed, in contrast, an inhibition profile that
resembled that of CA I, according significant similarities existing between their active
sites.??* Nonetheless, the 5-F-BTD E24 solely displayed a K below 200 nM (125.5 nM)
and the halogen swapping with a chlorine atom produced the second best CA VII
inhibitor with a K; of 389.3 nM. Also, the unsubstituted (E18), 7-F (E25) and 7-Br (E29)
derivatives reported K;s minor than 500 nM (435.5-467.8 nM), whereas the 5-CHs-
derivative E19 showed a worsening of CA VII inhibition when compared to CA Il (from
143.8 t0 975.3 nM).

In agreement with the planned drug-design, the inhibitory profiles measured against CA
IX for BTDs E18-E37 deviate from those of the other assayed isoforms. The compounds
K values spanned between 19.1 and 473.4 nM. A rather flat inhibition trend can be seen

from data in Table 10 for derivatives acting on CA IX below 100 nM, as K;s lie in the
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range 31.0-98.7 nM, except for the 5,7-diCHs (E21), 7-F (E25) and 5-Cl (E26)
derivatives which resulted to be the best CA IX inhibitor of the study with K;s of 25.8,
19.1 and 28.2 nM, respectively. A subset of compounds, among which the 5,8-diCH3
(E22) and 6,8-diCHs (E23) derivatives and the N-substituted E32-E34 reported, in
contrast, over 100 nM K;s which spanned from 139.5 and 408.5 nM.

Again, structural similarities between CA IX and XII active sites yielded analogies in the
inhibitory profiles of the two isoforms with BTDs E18-E37.22* CA XII was, in fact,
efficiently inhibited by most derivatives with K;s settling in the range 15.5-764.0 nM.
While the 7-F derivative E25 retained one of the most efficient activities with a K, of
24.9 nM, a worsening can be observed for E21 and E26 (K, of 38.3 and 42.5 nM). In
contrast, an inhibition increase with respect to CA 1X was shown by the carboxy and
hydroxy derivatives E35-E37 (K;s in the range 15.5-34.6 nM), with the 7-carboxy E35
resulting the best CA XII inhibitor of the series. It should be stressed that one of the
dissimilarities in the active site architectures of the tumor-associated CAs is the presence
of a set of Thr and Ser residues uniquely in CA XII, which might produce H-bond
networks accounting for the E35-E37 inhibition potency. Again, the 5,8-diCH3 (E22) and
6,8-diCH3 (E23) derivatives and the N-substituted E32-E34 reported the weakest CA XIlI
inhibition.

Overall, most compounds of the BTD series showed significantly improved CA IX and
XII inhibitory action than the lead SAC (Ks of 103 and 633 nM) and ACE (Ks of 2400
and >10000 nM), but also reported an increased binding to CA I, Il and 1V with respect to
the leads. A marked drop of efficacy was instead displayed by E18-E37 against CA VII
compared to SAC (Ks of 10 nM).

As for the selectivity of action of the newly reported CAls, the selectivity index (SI) for
CA IX and XII over the remaining isoforms are reported in Table 11. It is noteworthy that
all derivatives are selective inhibitors of the tumor-related CAs over off-target ones, with
the unique exception of compound E36 in the IV/IX ratio (SI = 0.8). Almost all
substitution patterns on the BTD scaffold induced better I1/IX and 11/XI1I SI than the
unsubstituted E18 (1.9 and 2.8, respectively), ranging from 2.3 to 68.6 and 2.1 to 437.1,
respectively. While Sl calculated for CA VII settle in a comparable range with CA I,
those reported for CA |, Il and IV are markedly greater, reaching a value major than
645.2 for E36 in the I/XII ratio.
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While Sl calculated for the clinically used AAZ are easily exceeded by BTDs E18-E37,
it is reasonable to comment on their comparison with SI measured for SAC, SCG and
ACE. In spite of a more efficient inhibition of off-target CAs by the BTDs than the leads,
comparable or even more favourable S| could be extrapolated for many compounds of the
series from the inhibition data of Table 11. In fact, depending on the substitution pattern
on the main scaffold some derivatives, such as E29, E30 and E36 in the 1I/1X ratio and
many more in the 11/XI1 ratio, showed increased selectivity than the lead SAC, with the
ACE SI being difficult to comment because of its weak CA inhibition. A subset of
derivatives might even compete with SCG in terms of I/XII and 11/XIl specificity of

action.

Table 11. Selectivity index (SI) calculated for human CA IX and XII over off-targets isoforms as ratio
between K;s.

Selectivity index (SI)
Cmpd R R VX /X VX VI XTI IVIXT VIHEX
E18P H H | 11.0 1.9 8.6 5.9 16.3 | 2.8 | 12.7 8.8
E19 5-CH3 H | 15.2 2.3 19.2 | 153 | 140 | 2.1 | 17.7 | 141
E20 7-CH3 H | 233 | 190 | 196 | 209 | 143 | 11.7 | 12.1 | 12.9
E21 [57-diCHs| H | 49.4 | 29.6 | 63.4 | 268 | 33.2 | 19.9 | 42.7 | 18.0
E22 |5,8-diCHs| H 6.9 6.0 3.9 5.2 5.5 4.8 3.1 4.1
E23 [6,8-diCHs| H 4.7 7.2 6.6 4.4 2.5 3.8 3.5 2.3
E24 5-F H 9.4 2.4 7.9 2.1 128 | 3.3 | 10.8 2.9
E25 7-F H | 675 | 279 | 371 | 228 | 51.8 | 21.4 | 285 | 175
E26 5-ClI H | 329 | 243 | 365 | 138 | 21.9 | 16.1 | 24.3 9.2
E27 7-Cl H | 328 | 20.1 | 30.7 | 20.7 | 26.3 | 16.1 | 24.7 | 16.6
E28 5-Br H | 317 7.2 116 | 85 307 | 7.0 | 11.3 8.2
E29 7-Br H | 1420 | 76.2 | 50.2 | 151 | 456 | 245 | 16.1 4.8
E30 | 7-OCHs | H | 106.4 | 53.7 | 54.3 | 38.1 | 59.1 | 29.8 | 30.2 | 21.1
E31 [5,6-benzo| H | 34.4 80 | 444 | 656 | 197 | 46 | 255 | 37.6
E32 H CH| 244 6.1 | 248 | 53.8 | 188 | 4.7 | 191 | 414
E33 7-Cl CH|>529 | 124 | 31.2 | 171 | >30.7 | 7.2 | 18.1 9.9
E34 5-CH,-CHo- 25.1 3.9 142 | 4.7 277 | 43 | 15.8 5.2
E35 | 5-COOH | H | 634 | 26.8 | 42 | 30.7 | 2142 | 90.6 | 14.1 | 103.6
E36 | 7-COOH | H | >101. | 68.6 | 0.8 | 50.3 | >645. |437.1| 4.9 | 320.3
E37 7-OH H | 215 | 343 | 51 | 29.1 | 547 | 874 | 13.1 | 74.1
SAC® - >07.1| 578 | 769 | 0.1 |>158| 94 | 125 | <0.1
SCGd - >200. | >200. | nd. | nd. | >16.7 |>16.7| n.d. n.d.
ACE® - >4.2 | >4.2 | nd. n.d. n.d. n.d. n.d. n.d.
AAZ - 10.0 0.5 3.0 0.1 439 | 2.2 | 13.0 0.4
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Crystal structures of CA Il and CA IX-mimic in complex with cyclic
ureidosulfonamide inhibitors E18, E21, E25, E26, and E32 were determined in order to
analyse compound binding and rationalize the observed inhibition profiles. The
crystallographic study was conducted by Dr. Carrie Lomelino and Prof. Robert
McKenna, Dept. of Biochemistry and Molecular Biology, University of Florida. Overall,
these compounds bind similarly to the lead compounds SAC and ACE (bound in CA IX)
(Figure 53).

A. B.

Figure 53. Overlay of ureidosulfonamide compounds E18 (orange), E21 (green), E25 (purple), E26 (blue),
E32 (yellow) and lead compounds SAC (pink, PDBs: 2Q1B in CA Il, 4RIV in CA IX-mimic) and ACE
(salmon) (CA IX-mimic only, PDB:5WGP) in A. CA Il and B. CA IX-mimic.

As such, the aromatic N interacts directly with the zinc, displacing the zinc-bound water
that is essential for catalytic activity, in addition to DW and W1 of the proton wire, which
facilitate the transfer of a proton to bulk solvent during catalysis. Inhibitor binding was
determined to be stabilized by the formation of hydrogen bonds between the compound
carbonyl and T199 side chain hydroxyl in addition to inhibitor sulfonamide and T199
backbone amide. Binding is further supported by VDW interactions with active site
residues such as V121, F131 (CA I1), V135, L141, V143, L198, T200, P202, and W209
(Figure 54).
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Figure 54. Binding of ureidosulfonamide compounds displayed in the active sites of CA Il (gray) and CA
IX-mimic (pale cyan). Hydrophobic residues are shaded orange and hydrophilic residues purple. The E18
(panel A and B, PDBs 6U4Q and 6U4T), E21 (panel C and D, PDBs 6UGN and 6UGO), E25 (panel E and
F, PDBs 6UGR and 6UGZ), E26 (panel G and H, PDBs 6UGP and 6UGQ), and E32 (panel J, PDB 6UHO0)
inhibitors are shown as orange, green, purple, blue, and yellow sticks, respectively.

These five compounds all exhibit a greater affinity for CA 1X over the off-target,
ubiquitous CA II. Interestingly, an overlay of each inhibitor bound in CA Il and CA IX
demonstrates that these inhibitors bind in a similar orientation in both isoforms (Figure
55) (excluding E32 which was only determined in CA I1), which has also been previously
observed for SAC binding. Therefore, the observed specificity for CA IX is likely
attributed to the feasibility of inhibitor movement and entry into the active site. CA IX
has a larger hydrophobic pocket, along which substrate and many inhibitors travel, due to
residue V131 in place of F131 in CA Il. The decrease in steric hindrance of this residue at
the opening of the active site facilitates the binding of bulkier, aromatic compounds such

as these ureidosulfonamides.
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Figure 55. Overlay of inhibitors bound in CA Il and CA IX-mimic. Inhibitors are displayed in the active
site of CA IX-mimic as sticks. A. E18 (orange), B. E21 (green), C. E25 (purple), and D. E26 (blue).

Compounds E21, E25, E26 have similar affinities for CA IX that are approximately 3-
and 7-fold higher than those of E18 and E32, respectively. Generally, the affinity of the
inhibitor is observed to increase with the hydrophobicity of substitutions. Substitution of
two positions or the addition of a halogen increases the number and/or strength of VDW
and hydrophobic interactions with surrounding active site residues. Although the
structure of E32 was not determined in complex CA IX-mimic, an overlay of the five
compounds in CA Il shows that E32 is shifted, reflecting the weakest affinity observed
for both CA Il and CA 1X. This observation can be attributed to steric hindrance of the
addition methyl group on the N with the side chain of T200, likely forcing the compound
to bind in a less energetically favorable orientation.

The in vitro anti-proliferative potential of the five BTDs (E18, E21, E25, E26,
E32) was examined toward three human cancer cell lines, namely A549 (lung), PC-3
(prostate) and HCT-116 (colon)??622° cancer cell lines using MTT reduction assay as

described by T. Mosmann?®

and utilizing staurosporine as a reference anticancer drug.
The five BTDs were evaluated under both normoxic and hypoxic conditions, where the
cobalt (1) chloride hexahydrate was adopted as chemical inducer of HIF-1a to establish
the hypoxic condition.?®! The results are expressed as ICso values and listed in Table 12.

The presented ICso (Table 12) revealed that the examined BTDs (E18, E21, E25, E26,
E32) exhibited excellent to moderate growth inhibitory activity toward the tested cancer
cell lines (A549, PC-3 and HCT-116). In particular, the assayed BTDs were more
effective toward colon HCT-116 cells than A549 and PC-3 cells, except BTDs E21 and
E26 which displayed an enhanced growth inhibitory activity against PC-3 cells under the

hypoxic condition.
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Table 12. In vitro anti-proliferative activity of compounds E18, E21, E25, E26, E32 against lung A549,
prostate PC-3 and colon HCT116 cancer cell lines under normoxic and hypoxic conditions.

1Cs0 (uM)?
Compound A549 PC-3 HCT116
Normoxia | Hypoxia | Normoxia [ Hypoxia | Normoxia | Hypoxia
E18 3.53+0.16 | 2.68+0.31 [ 13.95+0.75 | 12.25+1.1 | 1.30+0.06 | 1.50+0.53
E21 4.77+0.22 | 5.74+0.28 | 6.31+0.41 | 0.82+0.06 | 3.85+0.22 | 4.18+0.27
E25 18.32+1.3 | 15.01+£0.92 | 11.98+1.2 | 6.53+0.43 | 3.86+0.19 | 2.73%0.14
E26 10.88+0.73 | 7.35+0.36 | 16.23+0.92 [ 3.52+0.24 | 5.26+0.36 | 7.57+0.51
E32 19.86+0.97 | 16.34+2.1 | 23.76+1.92 | 16.93+0.99 | 10.88+0.41 | 7.13+0.38
Staurosporine | 7.47+£0.39 | 13.22+0.82 | 4.91+0.17 | 5.92+0.24 | 8.86+0.33 | 16.15+0.57

a. ICsp values are the mean £ S.D. of three separate experiments.

As for the activity against HCT-116, the data displayed in Table 12 ascribed to all
the examined BTDs excellent efficacy in inhibiting the growth of the cells under both
normoxic (ICso in the range 1.30 — 10.88 puM) and hypoxic (ICsq in the range 1.50 — 7.57
pM) conditions. In particular, compounds E18 and E25 were found to be the most potent
of the series against HCT-116 cells under hypoxic conditions with ICso values of
1.50+0.53 and 2.73+0.14 uM, respectively. In contrast, compounds E18 and E21
emerged as the most potent derivatives against A549 cells under both normoxic (ICso =
3.53+0.16 and 4.77+0.22 puM, respectively) and hypoxic (ICso = 2.68+0.31 and 5.74+0.28
UM, respectively) conditions. Compoun E21, instead, showed the best growth inhibitory
activity against PC-3 cells with 1Cso values of 6.31+0.41 and 0.82+0.06 uM under
normoxic and hypoxic conditions, respectively.

The SAR outcomes illustrate that the substituents on the BTD scaffold such as in
E21, E25 and E26 increase the growth inhibition action against prostate PC-3 cells
compared to the unsubstituted E18. On the other hand, N-4 methylation (E32), produced
a worsening of effectiveness against the three tested cancer cell lines in comparison to N-
4 unsubstituted analogue E18. Notably, such methylation decreased the CA IX and XIlI
inhibitory activities as well.

The ability of E18 and E25 to provoke apoptosis in colon HCT-116 cells was
assessed by measuring the expression levels of apoptosis hallmark parameters upon
treatment with the compounds at their ICso concentrations (1.30 and 3.86 pM,
respectively) (Figure 51, Tables 13 and 14). The exposure of HCT-116 cells to E18 and
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E25 induced a significant down-regulation of the expression levels of the anti-apoptotic
protein Bcl-2 by approximately 59% and 42%, respectively, with a concurrent 8.12- and
4.73-fold increase, respectively, in the expression of the pro-apoptotic protein Bax,
compared to the control. Accordingly, the Bax/Bcl-2 ratio was calculated to be boosted

by 21.4- and 8.6-fold, respectively, in comparison to the control (Figure 56, Table 13).
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Figure 56. The numbers of fold increase in Bax/Bcl-2 ratio and expression levels of Bax, caspase-3,
caspase-9, and p53 in HCT116 cancer cells upon treatment with BTDs E18 and E25, in comparison to the
control.

Thereafter, the expression levels of active caspase-3, caspase-9 and p53 tumor suppressor
protein were evaluated. Treatment of HCT-116 cells with E18 and E25 led to a
significant increase in the expression levels of the pro-apoptotic caspase-3 (by 21.7- and
16.3-fold, respectively), caspase-9 (by 11.7- and 8.2-fold, respectively), and p53 (by
25.5- and 15.3-fold, respectively), compared to control (Figure 56, Table 14).

After their Kinetical and structural characterization as selective inhibitors of the
tumor-associated CAs IX and XII, the sweeteners SAC and ACE have entered the topic
of anticancer CAls. Here, a drug design strategy over the structures of SAC and ACE
was reported which produced a new series of 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one
1,1-dioxides. Many such derivatives showed enhanced potency (CA IX K;s in the range
19.1-473.4 nM; CA XII K;s in the range 15.5-764.0 nM) and in some cases selectivity
(171X selectivity index between 2 and 76; 11/XII selectivity index between 2 and 440)
when compared to the leads against the target CA IX and XII over off-target isoforms. A
thorough X-ray crystallographic study conducted on 5 derivatives with both CA 11 and
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IX-mimic enabled to speculate that the larger hydrophobic pocket in CA IX than CA II,
along which substrate and many inhibitors travel, facilitates the binding of bulkier,
aromatic compounds such as these ureidosulfonamides. A subset of compounds selected
for the in vitro evaluation of their anticancer properties (E18, E21, E25, E26 and E32)
exhibited a greater efficacy against colon HCT-116 than A549 and PC-3 cells, except
E21 and E26 which displayed an enhanced growth inhibitory action against PC-3 cells
under the hypoxic conditions. In particular, BTDs E18 and E25 (ICso against HCT-116
cells of 1.30+0.06 and 3.86+0.19 uM in normoxia, and 1.50+0.53 and 2.73+0.14 uM in
hypoxia, respectively) were selected for further assessing their effect on apoptosis
markers in HCT-116 cells. Treatment with E18 and E25 led to a significant increase in
the expression levels of the pro-apoptotic proteins Bax, caspase-3, caspase-9, and p53 and
a down-regulation of the anti-apoptotic protein Bcl-2. These outcomes indicate that SAC
and ACE, widely used as sweeteners might be used for designing promising leads for the

development of new anticancer drugs.

Table 13. Effect of BTDs E18 and E25 on the expression levels of Bcl-2 and Bax in HCT116 cancer cells
treated with each compound at its ICso concentration.

Bax (pg/mg of | Bcl-2 (ng/mg of i
Compound Total Protein | Total Protein) Bax/Bcl-2
E18 348 £18.4 2.326 +0.12 0.15
E25 202.7 £ 8.55 3.295+0.17 0.06
Control 42.85+3.17 5.735+0.29 0.007

Table 14. Effect of BTDs E18 and E25 on the expression levels of active caspases-3 and -9, and p53 in

HCT116 cancer cells treated with each compound at its ICso concentration.

Caspase-3 Caspase-9
Compound (ngp;mg) (ngp/mg) P53 (Pg/mg)
E18 514.7 £ 18.3 24.99 + 1.52 1124 +42.1
E25 387.1+12.8 17.44 £ 0.96 672.6 +22.6
Control 23.73+2.17 2.13+0.17 44.04 +2.91

The experimental procedures are reported in Chapter 5.
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Chapter 4. Kinetic Characterization of Carbonic Anhydrases from the
pathogenic protozoan Entamoeba histolytica and from the coral

Stylophora pistillata

During my Ph.D. period | performed a multitude of kinetic studies with inhibitors and
activators of several isoforms of CA belonging to the classes a, B, v, 6, {, n and 0. The
kinetic assessments were conducted by a Stopped Flow Assay.'%® These studies allowed
to draw up the inhibition or activation profiles of hundreds of derivatives from
collaborators of us.

Of note, | performed the ex novo complete kinetic characterization of the CA isoforms
identified in the protozoan human parasite Entamoeba histolytica and in the coral
Stylophora pistillata. These CAs were produced by Prof. Seppo Parkkila from Tampere
University and Dr. Clemente Capasso from the Istitute of Biosciences and Bioresources,
CNR of Naples, respectively.

4.1 Entamoeba histolytica

Entamoeba histolytica is a pathogenic protozoan human parasite causing amebiasis,
which can be expressed as colitis or abscess of intestines or liver.2%22%3 The common
symptoms are diarrhea, colitis, and dysentery, but the majority of infections are
asymptomatic.2®2233 E histolytica is ingested with contaminated food or water as mature
cysts, which excystate in the small intestine. The released trophozoites will then invade
the large intestine.?®? E. histolytica is capable of lysing human tissues, killing immune
effector cells by contact-dependent cytolysis.?*??3 The parasite has many virulence
mechanisms, as it can adhere to host cells with multi-subunit GalGalNAc lectins, degrade
the host extracellular matrix with cysteine proteases, and lyses target cells with
amoebapores.?*® The invasive forms of the infection generally include cyst formation in
the liver, which can lead to complications such as pleural effusion, due to the rupture of
the cyst.?*? Rarely, they also disseminate through other extraintestinal organs (e.g. the
brain or pericardium).2223 Although there are effective medications for treating E.
histolytica, therapies for the invasive forms produce many adverse side effects, 2?3 and

there are additional limitations to such therapies, among which is an increasing
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prevalence of resistance to commonly used drugs, which emphasizes the need for new
drug targets against this protozoan.?*32%® Thus, the research group of Prof. Seppo Parkkila
decided to clone and investigate in detail the B-CA present in this pathogenic protozoan.
On my side, | performed the complete kinetic evaluation of the catalytic activity, and
anion and sulfonamides inhibition profile of the recombinant enzyme identified in the
genome of the pathogenic protozoan E. histolytica, denominated EhiCA.

236 and characterized with

EhiCA has been produced by the E. coli production system
mass spectrometry (MS) and SDS-PAGE. Furthermore, atomic absorption spectroscopy
allowed the Parkkila’s group to determine the presence of one zinc ion per polypeptide
chain (data not shown), which confirmed the MS data. The catalytic activity of the
recombinant EhiCA was measured and compared to those of other such enzymes,
belonging to the a-class, such as hCA | and Il. Table 15 shows that EhiCA has a
significant catalytic activity (for the physiologic reaction, CO hydration to bicarbonate
and protons), with a Kcat 0f 6.7 x 10° s and a Kcat/Km 0f 8.9 x 10" M x s%, being thus 1.8
times more effective as a catalyst, compared to the slow human isoform hCA |
(considering the Kcat/Km values). Furthermore, like most enzymes belonging to the CA

superfamily, EhiCA was inhibited by AAZ, with a K, of 509 nM (Table 15).1:1448

Table 15. Kinetic parameters for the CO; hydration reaction catalyzed by the human cytosolic isozymes
hCA | and Il (a-class CAs) at 20 °C and pH 7.5 in 10 mM HEPES buffer and 20 mM Na,SO4, and the B-
CA EhiCA form E. histolytica measured at 20 °C, pH 8.3 in 20 mM TRIS buffer and 20 mM NaClOa.
Inhibition data with the clinically used sulfonamide acetazolamide are also provided.'®

Activit : Keat/ Km Ki

Enzyme Levely Class | ket (s7) Km (MM) (M1xsh Acetazolamide (nM)
hCA | Moderate o 2 x10° 4.0 5.0 x 107 250
hCA Il Very high o 1.4 x 10° 9.3 1.5 x 108 12
EhiCA High B 6.7 x 10° 7.5 8.9 x 107 509

As seen in Figure 57, EhiCA (as all B-CAs investigated to date) has the conserved three
zinc(I1) ligands, Cys50, His103, and Cys106 (the fourth ligand is presumably a water
molecule/hydroxide ion), as well as the catalytic dyad constituted by the pair Asp52—
Arg54 (also conserved in all enzymes belonging to this class),?*"-2*° which contributes to
the enhancement of the nucleophilicity of the water coordinated to the metal ion. The
presence of these conserved amino acids, and all the structural elements connected to

them, may explain the catalytic activity of EhiCA reported in this chapter (Table 15).
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Figure 57. Multi-alignment of the amino acid sequences of the B-CAs from M. tuberculosis (isoform
MTCA1_MYCTU), Synechocystis sp. (SYNY3), V. cholerae (VIBCL), H. influenzae (HAEIN), E. coli
(ECOLI), S. typhimurium (SALTY), E. histolytica (ENTHI), and M. tuberculosis (isoform MTCA2_
MYCTU). Conserved amino acids depicted by an asterisk (*), semiconserved ones by (.) or ().

4.1.1 Inhibition
4.1.1.1 Anions

The inhibition of EhiCA was assessed with a set of inorganic simple and complex anions,
as well as small organic molecules known?*-2%° to interact with CAs, such as diethyl-
dithiocarbamate, sulfamide, sulfamic acid, phenyboronic and phenylphosphonic acid,
among others (Table 16).

The following observations can be made from the inhibition data shown in Table 16:
(i) The anions which did not show inhibitory activity against EniCA were fluoride,
chloride, and, surprisingly, cyanide and azide, which are highly effective inhibitors of a-
CAs such as hCA 1 and 11;>*® pyrodiphosphate and divanadate; perchlorate,
tetrafluroborate, hexafluorophosphate, and triflate (which usually do not significantly
inhibit any CA);?* and, again surprisingly, sulfamic acid. All these compounds did not

show significant inhibition up to a 100 mM concentration in the assay system.
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Table 16. Inhibition constants of anionic inhibitors against the a-CA isoforms hCA Il and hCA I, as well as
the B-class protozoan enzyme EhiCA, for the CO; hydration reaction at 20 °C.6°

Ki(mM)?2
Anion® hCA | hCA I EhiCA
F >300 >300 >100
Cr 200 6.0 >100
Br 63 4.1 36.8
I- 26 0.3 7.4
CNOr 0.03 0.0007 0.77
SCN- 16 0.2 7.9
CN- 0.02 0.0005 >100
N3 1.51 0.0012 >100
HCOs 85 12 0.28
COs* 73 15 2.4
NOs 35 7.0 3.6
NO2 63 8.4 1.7
HS 0.04 0.0006 6.9
HSOs 89 18 115
SO4* >200 63 21.6
SnOs* 0.83 0.57 0.51
SeOQ4> 112 118 6.0
TeO4s* 0.92 0.66 0.61
P.O7* 48.50 25.8 >100
V20* 0.57 0.54 >100
B.O7* 0.95 0.64 0.29
ReOs 0.75 0.11 7.1
RuO« 0.69 0.10 7.0
S208% 0.084 0.11 8.4
SeCN- 0.086 0.085 0.87
CS3* 0.0088 0.0087 6.0
Et:NCS2 3.1 0.00079 0.51
ClOs >200 >200 >100
BF+ >200 >200 >100
FSOs 0.46 0.79 0.086
PFe >200 >200 >100
CFsSOs >200 >200 >100
NH(SO3)2* 0.76 0.31 2.2
H2NSO2NH: 1.13 0.31 0.028
H2NSOsH 0.39 0.021 >100
PhB(OH): 23.1 38.6 0.047
PhAsOsH: 49.2 31.7 0.038

a. Errors were in the range of 3-5% of the reported
values, from three different assays. b. Sodium salt.

(if) The most effective EhiCA inhibitors were sulfamide (which is structurally highly

similar to sulfamic acid, except that the pKas of the two compounds is highly
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different)®*”24 and fluorosulfonate, as well as phenylboronic acid and phenylarsonic
acid, which showed K;s in the range of 28-86 uM. As seen in Table 16, many of these
small molecules/anions also act as inhibitors of hCA | and I, but with a rather different
efficacy.?*’

(iii) Several anions, such as cyanate, selenocyanate, bicarbonate, stannate, tellurate,
tetraborate, and N,N-diethyl-dithiocarbamate were also sub-millimolar EhiCA inhibitors,
with Kis in the range of 0.28-0.87 mM. Some of these compounds are typical metal
complexing agents (cyanate, selenocyanate, N,N-diethyt-dithiocarbamate), and their
propensity to bind the zinc ion in this B-CA explains these inhibitory activities. However,
others, (among which are bicarbonate, stannate, tellurate, and tetraborate) show less
affinity to act as metal complexing anions.?*® The inhibitory action of bicarbonate, one of
the reaction products/substrates of the CA, is particularly interesting, possibly indicating
that the enzyme is not acting as a highly efficient bicarbonate dehydratase, but instead
that the CO. hydratase activity might be crucial during the life cycle of this protozoan.
However, this speculation needs careful validation.

(iv) Many anions acted as low millimolar EhiCA inhibitors. They include iodide,
thiocyanate, carbonate, nitrate, nitrite, hydrogensulfide, selenite, perrhenate, perruthenate,
peroxydisulfate, trithiocarbonate, and imidosulfonate (K;s in the range of 1.7-8.4 mM).
(v) Anions with a less effective inhibitory action against EniCA were bromide, bisulfite,
and sulfate, with Kis in the range of 11.5-365.8 mM (Table 16).

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in Susanna Haapanen, et al. Molecules. 2018, 23, pii: E3112.

4.1.1.2 Sulfonamides

Therefore, the inhibition of EhiCA was evaluated with a series of sulfonamide/sulfamate
derivatives, some of which are clinically used drugs like diuretics, antiglaucoma,
antiepileptics, antiobesity or antitumor agents?°®2%? (Figure 58, 59 and Table 17). The
structures of the sulfonamides/sulfamates included in our study are shown in Figure 53.
They include acetazolamide AAZ, methazolamide MZA, ethoxzolamide EZA and

dichlorophenamide DCP (the classical, systemically acting antiglaucoma CA
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inhibitors),*'* dorzolamide DZA and brinzolamide BRZ, topically-acting antiglaucoma
drugs, benzolamide BZA, topiramate TPM, zonisamide ZNS, and sulthiame SLT 114249
253 Sulpiride SLP, indisulam IND, celecoxib CLX, and valdecoxib VLX, as well as
saccharin and the diuretic hydrochlorothiazide HCT were also included in the assay.2%48
The simpler sulfonamides F1-24 are known to possess CA inhibitory properties against
many mammalians and prokaryotic such enzymes®®* and are also the building blocks for

obtaining more complex CAls.247:2%
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Figure 58. Sulfonamide (F1-24) investigated as Entamoeba histolytica (EhiCA) inhibitors in the present
project.

The following SAR can be drawn from the data of Table 17:

(i) The most effective EhiCA inhibitors were the two simple compounds F16 and F17, 4-
hydroxymethyl/ethyl-benzenesulfonamides, which showed Ks ranging between 36 and
89 nM, with the longer linker derivative (F17) being a more effective CAIl compared to
the hydroxymethyl one F16. It should also be noted that F17 is a weaker hCA |1 inhibitor
(K of 125 nM) and a quite ineffective hCA I inhibitor (K, of 21 nM), making it a slightly
ameba-CA-selective compound.
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(it) Several sulfonamides were slightly less effective as EhiCA inhibitors, with Kis
ranging between 285 and 521 nM. They include F18-24 and acetazolamide AAZ (Table
17). Apart from F18 (4-carboxy-benzenesulfonamide) and F19 (a pyrimidinylamino-
benzenesulfonamide), the remaining derivatives F20-24 belong to the sulfanilyl-
sulfonamide class of CAls, which possess an elongated molecule, shown to interact
favorably with many other CAs belonging to the B-class?®2422% and, thus, leading to
effective inhibitors. For the homologous series of F22-24, the efficacy as EhiCA
inhibitors increases with the increase of the linker between the two aromatic rings. AAZ
and F20 contain the 1,3,4-thiadiazole-2-sulfonamide motif present in many potent CAIs.
In this case, aminobenzolamide F20 is a more effective EhiCA inhibitor compared to
AAZ. It is interesting to note that BZA, lacking the amino moiety present in F20, but
with an identical scaffold, is a very weak CAl, with a K; of 2471 nM (whereas it is a very
potent hCA | and Il inhibitor). Thus, minor structural changes in the molecule of the
inhibitor lead to drastic effects on their inhibitory profiles against various CAs, including

the one form the parasitic protozoan investigated here.
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Figure 59. Sulfonamide/sulfamate derivatives (AAZ-HCT) investigated as Entamoeba histolytica
(EhiCA) inhibitors in the present project.
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Table 17. Inhibition of human isoforms hCA | and hCA II, and Entamoeba Histolytica (EhiCA) with
sulfonamides F1-24 and the clinically used drugs AAZ — HCT by a stopped-flow CO- hydrase assay.

Ki* (nM)

Cmpd CAI CAI EhiCA
Fi1 28 300 2363
F2 25 240 6011
F3 79¢ 8 951
F4 785 320 833
F5 25 170 567
F6 21 160 798
F7 8300 60 >10000
F8 9800 110 >10000
F9 6500 40 >10000
F10 7300 54 4656
F11 5800 63 742
F12 8400 75 1911
F13 8600 60 821
Fi4 9300 19 579
F15 5500 80 772
F16 9500 94 89
Fi7 21 125 36
Fi18 164 46 383
F19 109 33 521
F20 6 2 385
F21 69 11 368
F22 164 46 331
F23 109 33 290
F24 95 30 285

AAZ 250 12 509

MZA 50 14 845

EZA 25 8 746

DZA 50 9 6444

BRZ 45 3 3051

BZA 15 9 2471

TPM 250 10 3100

ZNS 56 35 9595

SLP 1200 40 >10000
IND 31 15 822

VLX 54 43 >10000

CLX 50 21 >10000

SLT 374 9 6727

SAC 18540 5959 >10000

HCT 328 290 3402

*Errors in the range of 5 — 10 % of the reported data, from 3 different assays (data not shown).

(iii) The following compounds showed modest EhiCA inhibitory properties: F3-6, F11,
F13-15, MZA, EZA, DCP, and IND, with K;s ranging between 567 and 951 nM. They

belong to most  of

heterogeneous classes of sulfonamides, them  being
benzenesulfonamides (apart F13 and F14 which are the deacetylated precursors of AAZ
and MZA, thus, heterocyclic derivatives). A special mention regards F15, which is
structurally related to the most effective EhiCA inhibitors detected here, compounds F16

and F17. Indeed, F15 is 9-20 times a weaker EhiCA inhibitor compared to F16 and F17,
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although they differ only by one or two CH> functionalities. From these data, it is again
obvious that SAR is very sensitive to small changes in the molecule of the inhibitor and
that the 4-hydroxyalkyl-substituted-benzenesulfonamides may lead to highly effective
and isoform-selective CAls targeting the enzyme from this parasite.

(iv) Weak, micromolar inhibition against EhiCA was observed with F1, F2, F10, F12,
DZA, BRZ, BZA, TPM, ZNZ, SLT, and HCT (Ks ranging between 1.91-9.59 uM) as
discussed earlier. In addition, these derivatives belong to heterogeneous classes of
derivatives, but overall one may observe that they possess a bulkier scaffold and more
substituents on the aromatic/heterocyclic ring compared to the effective EhiCA inhibitors
described above.

(v) The ineffective compounds as EhiCA inhibitors (K;> 10 uM) detected here were F7—
9 (halogenated sulfanilamide derivatives), sulpiride SLP, the COX-2 inhibitors CLX and
VLX (possessing a bulky, Y-shaped molecule), and saccharin SAC, the only acylated,
secondary sulfonamide included in the project.

(vi) The inhibition profile of EniCA with sulfonamides/sulfamates is very different from
those of the human isoforms hCA | and Il, but only two compounds, F16 and F17
showed selectivity for the protozoan over the human isoforms (Table 17).

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in Silvia Bua, et al. Int. J Mol. Sci. 2018, 19, pii: E3946.

4.1.2 Activators

Additionally, we studied for the first time the activation of the B-CA from E. histolytica
with a panel of amines and amino acid derivatives. As CAAs have poorly been
investigated for their interaction with protozoan CAs, our study may be relevant for an
improved understanding of the role of this enzyme in the life cycle of E. histolytica.

The kinetic measurements were performed in the presence of the amine and amino acid
activators shown in Figure 60, such as for example L-Trp. Data of Table 18 show that the
presence of L-Trp does not change the Kwm, both for the a-class enzymes hCA I/11 as well
as the B-CA, EhiCA, investigated here. Interestingly, it influences the kea, which at 10-
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MM concentration of activator leads to a 2.83 times enhancement of the kinetic constant
for the protozoan enzyme, from 6.7 x 10° s to 1.9 x 10° s (Table 18).

Table 18. Activation of human carbonic anhydrase (hCA) isozymes I, Il, and EhiCA with L-Trp at 25 °C
for the CO; hydration reaction.1%°

Isozyme Keat™ (1) (Keat) L-Trp*™* (s Ka L-Trp ***(UM)
hCA I? 2.0x10° 3.4x10° 44.0
hCA 112 1.4 x 108 4.9x10° 27.0
EhiCAP 6.7 x 10° 1.9 x 108 5.24

* Observed catalytic rate without activator. Ky values in the presence and the absence of activators were
the same for the various CAs (data not shown).; ** Observed catalytic rate in the presence of 10 M
activator; *** The activation constant (Ka) for each enzyme was obtained by fitting the observed catalytic
enhancements as a function of the activator concentration. Mean from at least three determinations by a
stopped-flow, CO, hydrase method.6® Standard errors were in the range of 5-10% of the reported values
(data not shown); a. Human recombinant isozyme, from ref. 257; b. Protozoan recombinant enzyme.
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Figure 60. CAAs of type G1-24 used in the present study.
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Dose response curves of the activation of EhiCA in the presence of increasing
concentrations of activators were performed in order to determine the activation constants
Kas (see Chapter 5 for details). These activation data are reported in Table 19, in which,
for comparison reasons, the activation of the human isoforms hCA | and Il and of the

protozoan B-CA from Leishmania donovani chagasi (LdcCA) are also presented.

Table 19. Activation constants of hCA I, hCA Il and the protozoan enzymes LdcCA and EhiCA with
amino acids and amines 1-24. Data for hCA | and Il are from 257 and for LdcCA from 258.

No. Compound Ka™ (MM)
hCA 12 hCA 112 LdcCAP EhiCA
1 L-His 0.03 10.9 8.21 78.7
2 D-His 0.09 43 4.13 9.83
3 L-Phe 0.07 0.013 9.16 16.5
4 D-Phe 86 0.035 3.95 10.1
5 L-DOPA 3.1 11.4 1.64 16.6
6 D-DOPA 4.9 7.8 5.47 4.05
7 L-Trp 44 27 4.02 5.24
8 D-Trp 41 12 6.18 4.95
9 L-Tyr 0.02 0.011 8.05 4.52
10 D-Tyr 0.04 0.013 1.27 1.07
11 4-HyN-L-Phe 0.24 0.15 15.9 8.12
12 Histamine 21 125 0.74 7.38
13 Dopamine 135 9.2 0.81 30.8
14 Serotonin 45 50 0.62 4.94
15 2-Pyridyl-methylamine 26 34 0.23 >100
16 2-(2-Aminoethyl)pyridine 13 15 0.012 >100
17 | 1-(2-Aminoethyl)-piperazine 7.4 2.3 0.009 43.8
18 | 4-(2-Aminoethyl)-morpholine 0.14 0.19 0.94 >100
19 L-Adrenaline 0.09 96 4.89 25.6
20 L-Asn 11.3 >100 4.76 23.8
21 L-Asp 5.2 >100 0.3 23.9
22 L-Glu 6.43 >100 12.9 255
23 D-Glu 10.7 >100 0.082 30.3
24 L-GIn >100 >50 2.51 20.1

*Mean from three determinations by a stopped-flow, CO, hydrase method.'®® Standard errors were in the
range of 5-10% of the reported values (data not shown). A. Human recombinant isozymes, from ref. 257;
b. Protozoan recombinant enzyme, from ref. 258.

The SAR for the activation of EhiCA with compounds G1-24 revealed the following
observations:

(i) Some heterocyclic-alkyl amines, such as 2-pyridyl-methyl/ethyl-amine G15, G16 and
4-(2-aminoethyl)-morpholine, were devoid of EhiCA activating properties up to 100 pM
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concentration of activator in the assay system. All these compounds are structurally
related, possessing a heterocyclic ring and aminomethyl/aminoethyl moieties in their
molecules.

(if) L-His, dopamine, 1-(2-aminoethyl)-piperazine and D-Glu were poor EhiCA
activators, with activation constants ranging between 30.3 and 78.7 uM (Table 19). There
IS no strong structural correlation between these three compounds.

(iii) Many of the compounds investigated here showed medium potency efficacy as
EhiCA activators, with Kas ranging between 16.5 and 25.6 puM. They include L-Phe, L-
DOPA, L-adrenaline, L-Asn, L-Asp, L-Glu and L-GIn. It may be observed that there are
no remarkable differences of activity between the pairs L-Asp/L-Asn and L-Glu/L-Gln,
whereas D-Glu was more ineffective compared to L-Glu. This is in fact the exception, as
for other L-/D-enantiomeric amino acids investigated here, the D-enantiomer was the
most effective activator (see later in the text).

(iv) Effective EhiCA activating properties were detected for the following amino
acids/amines: D-His, D-Phe, D-DOPA, L- and D-Trp, L- and D-Tyr, 4-amino-L-Tyr,
histamine and serotonin, which showed Kas ranging between 1.07 and 10.1 pM. The best
activator was D-Tyr (Ka of 1.07 uM). In fact, for all aromatic amino acids investigated
here, the D-enantiomer was more effective as EhiCA activator compared to the
corresponding L-enantiomer. For the Phe-Tyr-DOPA subseries, the activity increased by
hydroxylation of the Phe, achieving a maximum for Tyr and then slightly decreased with
the introduction of an additional OH moiety in DOPA, but always the D-enantiomers
were better activators compared to the L-ones. The loss of the carboxyl moiety, such as in
histamine and serotonin, did not lead to important changes of activity compared to the
corresponding D-amino acids, but in the case of dopamine, the activating efficacy was
much lower compared to those of both L- and D-DOPA.

(v) The activation profile of EhiCA with amino acid and amine derivatives is rather
different from those of other CAs, among which the protozoan p-CA from LdcCA or the
a-class human CAs, isoforms hCA | and I1. For example, G17 was a nanomolar activator
for LdcCA whereas its affinity for EhiCA was of only 43.8 uM. For the moment, no

EhiCA-selective activators were detected.
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As CAAs have poorly been investigated for their interaction with protozoan CAs, our
study may be relevant for an improved understanding of the role of this enzyme in the life

cycle of E. histolytica.>%2¢

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in Silvia Bua, et al. Metabolites. 2019, 9, pii: E26.

4.2 Stylophora pistillata

Carbonic anhydrases also play a role in essential processes of coral physiology. In fact,
CA:s are involved in the carbon supply for calcium carbonate precipitation (formation of
skeletons) as well as in carbon-concentrating mechanisms for symbiont photosynthesis.?%*
In corals, most of the available results on CAs were obtained by measuring the CA
activity in crude tissue extracts using non-specific CA inhibitors or antibodies raised
against human isoforms.?62-26¢ Recently, the development of molecular biology tools
allowed the isolation and full characterization of several CA isoforms in different coral
species, such as Lobactis scutaria,®®’ Stylophora pistillata,?®®?®® and Acropora
millepora.?® In particular, analyzing the molecular data in the branching coral Stylophora
pistillata 16 a-CA isoforms in the transcriptome and genome of this scleractinian coral
were identified.261268:269.271-280 Among them, two a-CAs were isolated (STPCA and
STPCA-2, here, indicated as SpiCA1 and SpiCA2, respectively) and have been localized
in the coral-calcifying cells, within the epithelium facing the skeleton.?®82% |t has been
proposed that SpiCAl catalyzes the inter-conversion between the different inorganic
forms of dissolved inorganic carbon at the site of calcification, whereas SpiCA2 is an
intracellular enzyme, which is found as an organic matrix protein incorporated in the
skeleton.?81282 Beyond isoforms SpiCA1 and SpiCA2, the research group of Dr.
Clemente Capasso from CNR of Naples also cloned, expressed, purified and
characterized a new a-CA, named SpiCA3, which is intracellular (cytoplasmic) and
ubiquitously expressed in all the cell layers including the calcifying cells and the
symbiotic endodermal cells.

The recombinant SpiCA3 was produced as a fusion protein with a His-Tag tail in the

cytoplasm of the E. coli BL21 DE3 cells. After appropriate purification, SpiCA3 was
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aligned with the amino acid sequences of SpiCA1 and SpiCA2, previously identified in S.
pistillata and the two human isoforms, hCA | and 11, in order to identify the presence of
salient features of SpiCA3 (Figure 61).
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Figure 61. Multialignment of the a-CA amino acid sequences from human (hCAI and II) and S. pistillata
(SpiCAL, SpiCA2 and SpiCA3). Multialignment was performed with the program Muscle. hCAI
numbering system was used. Legend: zinc ligands, in red bold; “gate-keeper” residues, in blue bold;
histidine proton shuttle, in orange bold; long stretches of 31 and 35 amino acid residues, in black bold; (*),
indicates identity at a position; (), designates conserved substitutions; (.) indicates semi-conserved
substitutions.

Figure 55 shows a multi-alignment of the three a-CA isoforms encoded by the genome S.
pistillata and investigated up until now. It is readily apparent that the three coral isoforms
show the main features of a typical mammalian a-CAs. They possess the conserved: (i)
Three His ligands, which coordinate the Zn(ll) ion crucial for catalysis, (His94, His96,
and His119, hCA | numbering system); (ii) the two gate-keeping residues (Glu106 and
Thr199), which are implicated in the substrate orientation and the binding of the
inhibitors; and (iii) the proton shuttle residue (His64), which is involved in the transfer of
the proton (H*) from the water coordinated to the Zn(ll) ion to the environment,
influencing and making very fast the rate of the catalytic reaction. Furthermore, SpiCA3,

diversely from the other two coral isoforms, is a cytoplasmic protein. SpiCAl and
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SpiCAZ2 are, in fact, secreted proteins characterized by the presence of a signal peptide at
the N-terminal of their amino acid sequences (Figure 61). Interesting, the insertions and
deletions of a relatively extended number of amino acid residues along the polypeptide
chain, which affect the three coral isoforms (Figure 61), may influence the kinetic and
inhibition behavior of the coral enzymes, probably because of significant alterations of
their three-dimensional structure. For example, SpiCA3 showed a kcat = 10° s, which is
one order of magnitude higher than the kea: (10° s2) of the other two isoforms.

In detail, this isoform showed a catalytic activity 1.14-times higher than human CA Il
(Table 20) and is one of the most effective CO> catalysts among all CAs known to date
with a keat of 1.6 x 10° s and a Kea/Km 0f 1.5 x 108 Mt s,

Table 20. Kinetic parameters for the CO, hydration reaction catalyzed by the human cytosolic a-hCA
isozymes I-11, and the coral enzymes SpiCA1-3, at 20°C and pH 7.5 in 10 mM HEPES buffer, and their
inhibition data with AAZ, a clinically used drug.

Isozyme Activity Level Keat (54 Keal Km (M1 s1) | K (AAZ) (nM)
hCA | Moderate 20x10° 5.0 x 107 250
hCA I Very high 1.4x 10° 1.5x 10° 12
SpiCA1 Moderate 3.1x10° 4.6 x 107 16
SpiCA2 High 5.6 x 10° 8.3 x 10’ 74
SpiCA3 Very high 1.6 x 10° 1.5x 108 737

Intriguingly, the three coral CAs (SpiCA1l, SpiCA2, and SpiCA3) differ significantly in
their catalytic activity and susceptibility to inhibition with anions.?¢®27® Therefore, in this
project, | measured the inhibition profiles of SpiCA3 and compared it with those obtained
for SpiCA1 and SpiCA2 in the presence of inorganic anions, sulfonamides and other

small molecules known to interfere with the metalloenzymes.4257277-279

4.2.1 Inhibition
4.2.1.1 Anions

The inhibition constants of a set of inorganic simple and complex anions, against SpiCA3
and other a-CAs, such as the two human isoforms hCAI and 11, and the two S. pistillata
isoforms, SpiCAL and SpiCA2 are given in Table 21. From this table it can be noted that
the most efficient inhibitors of SpiCA3 were sulfamide, diethylthiocarbamate, azide and

cyanide, which showed a K; in the range of 0.7-80 uM. Interestingly, sulfamide was also
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an efficient inhibitor of SpiCAl1 (K, = 10 uM) and SpiCA2 (K, = 57 uM), but less
efficient for hCAIl (K; = 310 uM) and hCAIl (K; = 1130 pM). Compared to human
isoforms, poor inhibitory properties were also detected for the following anions: fluoride,
chloride, bromide, iodide, cyanate, thiocyanate, bicarbonate, carbonate, nitrate, nitrite,
hydrogensulfide, bisulfite, stannate, selenate, tetraborate, perruthenate, selenocyanate,
trithiocarbonate, triflate, fluorosulfonate and iminodisulfonate, which showed inhibition
constants in the range of 0.23-12.8 mM. Among these, bromide and iodide resulted in the
most efficient inhibitor of SpiCA1 with a K; = 9.0 and 9.7 uM. Bicarbonate, which is one
of the substrates of the CAs, shows a similar K, for the coral isoforms SpiCA1 (K, = 450
pHM) and SpiCA3 (K = 400 uM) and a very low affinity for SpiCA2 (K, = 7.81 mM).
Only the K, of SpiCAZ2 is in the range of K, observed for the human isoforms (K in the
range of 12-85 mM). Concerning carbonate, the three coral isoforms show different
characteristics. This inhibitor is 23.6- and 566-fold more effective for SpiCA2 (K, = 240
pM) and SpiCAl (K, = 10 uM) respectively than for SpiCA3 (K, = 5660 pM). Only the
K of SpiCA3 is in the range of K, observed for the human isoforms (K in the range of
15-73 mM). Many other investigated anions did not significantly inhibit SpiCA3, such as
tellurate, pyrophosphate, divanadate, perrhenate, peroxydisulfate, perchlorate, sulfamate,
phenylboronic acid, phenylarsonic acid. All of them showed K; > 100 mM against
SpiCA3. Moreover, tetrafluoroborate and perchlorate showed a K; > 200 mM against all
the enzymes used in the present study. The inhibition pattern of the three coral enzymes
shows how different the behavior of SpiCAL, SpiCA2 and SpiCA3 is towards these small
anionic molecules. The dissimilar inhibition profile may be attributed to the different
binding modes that each isoform has for the anions investigated, such as the different
interactions of the amino acid residues and the metal ion at the active site with the
inhibitors. For example, although anions were generally reported to directly coordinate to
the metal ion form the enzyme active site,2*%2%° for a B-CA from the alga Coccomyxa,®
iodide was observed anchored to the zinc-coordinated water molecule, possessing thus a
distinct inhibition mechanism. Such diverse inhibitory activity as the one observed here
may in fact be ascribed to such putative, diverse interactions with the metal ion and its
surrounding, but no detailed X-ray studies are available so far. In the branching coral
Stylophora pistillata the genome encodes for 16 CAs?®! but only three of them have been

fully characterized for their chemical properties. Our results, which show that the
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sensitivity to anions varies between the three isoforms, suggest that the coral uses the CA
isoforms to satisfy its physiological functions in different physicochemical

microenvironments.

Table 21. Inhibition constants of anionic inhibitors against isozymes hCA I, Il and VI (human, a-CA class
enzymes), and the CA from the coral Stylophora pistillata, SpiCA1-SpiCA3, for the CO, hydration
reaction, at 20 °C.169

Anion Ki" (mM)
hCA | hCA I SpiCA12 SpiCA22 SpiCA3®
F >300 >300 0.62 0.92 0.48
Cl 6 200 0.50 0.53 0.51
Br 4 63 0.0097 0.96 0.23
- 0.3 26 0.0090 33.0 0.56
CNO- 0.0007 0.03 0.59 0.69 241
SCN- 0.2 1.6 0.68 0.51 2.53
CN- 0.0005 0.02 0.58 0.86 0.050
N3 0.0012 15 0.52 4.68 0.080
HCOs 12 85 0.45 7.81 0.40
COs* 15 73 0.010 0.24 5.66
NOz 7 35 0.56 0.99 12.8
NO> 8.4 63 0.77 3.15 0.45
HS 0.0006 0.04 0.58 3.94 0.34
HSOs 18 89 0.41 0.43 5.20
SO4* 63 >200 0.91 0.33 0.61
SnOs* 0.57 0.83 nt nt 2.96
SeO4* 118 112 nt nt 5.14
TeO4> 0.66 0.92 nt nt >100
P,O+* 25.8 48.5 nt nt >100
V20r* 0.54 0.57 nt nt >100
B4O7* 0.64 0.95 nt nt 0.84
ReOs 0.11 0.75 nt nt >100
RuO«+ 0.10 0.69 nt nt 0.76
S208* 0.11 0.084 nt nt >100
SeCN- 0.085 0.086 nt nt 0.15
CSs* 0.0087 0.0088 nt nt 0.47
EtoNCSy 0.00079 3.1 nt nt 0.044
ClOs >200 >200 >200 >200 >200
BF4+ >200 >200 >200 >200 >200
FSOs nt nt nt nt 0.55
PFe nt nt nt nt nt
NH(S0s3)* nt 0.76 nt nt 0.48
H2NSO2NH2 0.31 1.13 0.010 0.057 0.0007
H2NSOsH 0.021 0.39 0.81 0.085 >100
Ph-B(OH)2 58.6 23.1 0.68 0.081 >100
Ph-AsOzH> 31.7 49.2 0.78 0.067 >100

* Mean from three different assays. a. Coral recombinant enzyme, data from Reference
271 and 272. B. This work. nt = not tested.

The experimental procedures are reported in Chapter 5 and the data and results of this
research were published in Sonia Del Prete, et al. Int. J. Mo.l Sci. 2018, 19, pii: E2128.
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4.2.1.2 Sulfonamides

Therefore, the inhibition profile of SpiCA3 was evaluated with a series of
sulfonamide/sulfamate derivatives (Figure 58 and 59) and compared to that of SpiCAL,
SpiCA2 and human a-CAs | and 1l (Table 22).26%%72 The following should be noted
regarding the inhibition of the three coral enzymes with the compounds investigated in
this study (Table 22):

(i) High potency inhibitors: most of the tested sulfonamides were effective inhibitors of
the coral isoform SpiCA1l with a K; in the range of 16-92 nM. This is the case of the
compounds F5, F7, F8, F14, F18, F19, F20, AAZ, MZA, EZA, DZA, BRZ, BZA,
TMP, VLX, CLX, SLT, and SAC. Intriguingly, most of these compounds were
moderate inhibitors of SpiCA2 and SpiCA3 showing a K; > 100 nM. The SpiCA2
inhibition profile showed only one compound (AAZ) with a K; < 100 nM; while SpiCA3
was well inhibited by compounds F17, F19, F20, F21, F23, F24, and IND.

(if) Medium potency inhibitors: a large number of simple aromatic sulfonamides, such as
derivatives F2-20, and the pharmacological sulfonamides AAZ, MZA, EZA, DZA,
BRZ, BZA, ZNS, TMP, SLP, IND, CLX, SLT, and SAC showed moderate SpiCA2
inhibitory properties with a K; in the range 105-868 nM. Intriguing, the sulfonamide
inhibition profile of SpiCA2 was characterized mainly by moderate inhibitors (Table 22).
The compounds, which resulted in effective and moderate inhibitors of SpiCALl or
moderate inhibitors of SpiCA2, such as F2, F5, F6, F7, F8, TMP, ZNS, SLP, CLX, and
SAC resulted in the worst inhibitors for the coral isoform SpiCA3. Most of these
derivatives are benzenesulfonamides with one or two simple substituents in ortho, para,
or the 3,4-positions of the aromatic ring with respect to the sulfamoyl zinc-binding
moiety.

(iii) Ineffective inhibitors: many sulfonamides, such as derivatives F1, F2, F5, F6, F7,
F8, F10, TPM, ZNS, SLP, VLX, CLX, and SAC were weak inhibitors of SpiCA3
showing a K; > 1000 nM. Interesting, the coral isoform SpiCA2 showed only one
ineffective derivative (VLX), while the SpiCA1 was the isoform better inhibited by all

the compounds used in the present study.
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Table 22. Inhibition of human a-CAs (hCA | and hCA I1l) and the three-recombinant enzyme from
Stylophora pistillata (SpiCA1L, SpiCA2, and SpiCA3) with sulfonamides F1-24 and the clinically used
drugs AAZ—HCT reported in Figure 58 and 59.

o Ki* (nM)
Inhibitor - - -
hCA 12 | hCAII? | SpiCAl1?® | SpiCA22 | SpiCA3
F1 28000 300 nt nt 5059
F2 25000 240 364 300 4276
F3 79 8 nt nt 667
F4 78500 320 614 516 694
F5 25000 170 83 508 7871
F6 21000 160 94 577 7828
F7 8300 60 75 493 3318
F8 9800 110 88 551 1815
F9 6500 40 104 540 918
F10 7300 54 nt nt 2532
F11 5800 63 367 481 856
F12 8400 75 295 840 430
F13 8600 60 105 361 275
F14 9300 19 92 357 578
F15 5500 80 nt nt 487
F16 9500 94 nt nt 199
F17 21000 125 770 701 66
F18 164 46 30 661 241
F19 109 33 25 868 83
F20 6 2 28 333 74
F21 69 11 nt nt 53
F22 164 46 nt nt 568
F23 109 33 nt nt 62
F24 95 30 nt nt 46
AAZ 250 12 16 74 737
MZA 50 14 21 132 821
EZA 25 8 39 105 56
DZA 50000 9 18 113 354
BRZ 45000 3 48 169 250
BZA 15 9 20 214 394
TPM 250 10 29 367 5828
ZNS 56 35 259 645 5513
SLP 1200 40 430 415 >10000
IND 31 15 163 394 92
VLX 54000 43 29 5710 2918
CLX 50000 21 34 690 9102
SLT 374 9 45 123 251
SAC 18540 5959 40 104 >10000
HCT 328 290 nt nt 243

* Errors in the range of 5-10% of the reported data, from 3 different assays (data not shown). a Human
recombinant isozymes and coral recombinant isoforms, stopped flow CO, hydrase assay method, from
references 271 and 282. nt = not tested.
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(iv) Human isoforms versus coral enzymes: the comparison of the inhibition profile of the
human isoforms with those of the coral enzymes showed that SpiCAL resulted very
similar to the isoform hCAII. Furthermore, the isoform hCAI was not inhibited by most
of the derivatives indicated with the numbers F1, F2, and those of the range F4-17 (K, >
1000 nM). Moreover, the clinically used agents, among which DZA, BRZ, and CLX
didn’t affect the hCAI activity, while they were high potency inhibitors for hCAII and
SpiCA1 and low potency inhibitors for SpCA2 and SpiCA3.

The gathering of coral CAs inhibition profiles may provide new insights to design tools
aimed at a better understanding of the molecular mechanisms involved in coral

biomineralization.

The experimental procedures are reported in Chapter 5 and the data and results of this

research were published in Sonia Del Prete, et al. Mar. Drugs. 2019, 17, pii: E146.
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derivatives, among which both inhibitors and activators, from collaborators of us. The
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Chapter 5. Experimental section

General Protocols

Chemistry

Anhydrous solvents and all reagents were purchased from Sigma-Aldrich, Alfa Aesar and
TCI. All reactions involving air- or moisture-sensitive compounds were performed under
a nitrogen atmosphere using dried glassware and syringes techniques to transfer
solutions. Nuclear magnetic resonance (*H-NMR, *C-NMR, °F-NMR) spectra were
recorded using a Bruker Advance 111 400 MHz spectrometer in DMSO-ds or CDCls.
Chemical shifts are reported in parts per million (ppm) and the coupling constants (J) are
expressed in Hertz (Hz). Splitting patterns are designated as follows: s, singlet; d,
doublet; t, triplet; g, quadruplet; sept, septet; m, multiplet; bs, broad singlet; dd, double of
doubles, appt, apparent triplet, appg, apparent quartet. The assignment of exchangeable
protons (OH and NH) was confirmed by the addition of D.O. Analytical thin-layer
chromatography (TLC) was carried out on Merck silica gel F-254 plates. Flash
chromatography purifications were performed on Merck Silica gel 60 (230-400 mesh
ASTM) as the stationary phase and ethyl acetate/n-hexane or MeOH/DCM were used as
eluents. Melting points (m.p.) were measured in open capillary tubes with a Gallenkamp
MPD350.BM3.5 apparatus and are uncorrected. HPLC was performed by using a Waters
2690 separation module coupled with a photodiode array detector (PDA Waters 996) and
as column, a Nova-Pak C18 4 um 3.9 mm x 150 mm (Waters), silica-based reverse phase
column. Sample was dissolved in acetonitrile 10%, and an injection volume of 45 uL was
used. The mobile phase, at a flow rate of 1 mL/min, was a gradient of water +
trifluoroacetic acid (TFA) 0.1% (A) and acetonitrile + TFA 0.1% (B), with steps as
follows: (A% : B%), 0—10 min 90:10, 10—25 min gradient to 60:40, 26:28 min isocratic
20:80, 29—35 min isocratic 90:10. TFA 0.1% in water as well in acetonitrile was used as
counterion. All compounds reported here were >96% HPLC pure. The solvents used in
MS measures were acetone, acetonitrile (Chromasolv grade), purchased from Sigma-
Aldrich (Milan - Italy), and mQ water 18 MQ, obtained from Millipore's Simplicity
system (Milan-ltaly). The mass spectra were obtained using a Varian 1200L triple
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quadrupole system (Palo Alto, CA, USA) equipped by Electrospray Source (ESI)
operating in both positive and negative ions. Stock solutions of analytes were prepared in
acetone at 1.0 mg mL™ and stored at 4°C. Working solutions of each analyte were freshly
prepared by diluting stock solutions in a mixture of mQ H>O/ACN 1/1 (v/v) up to a
concentration of 1.0 pg mL? The mass spectra of each analyte were acquired by
introducing, via syringe pump at 10 uL min', of the its working solution. Raw-data were

collected and processed by Varian Workstation, version 6.8 software.
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Carbonic Anhydrase Inhibition

a-CAs

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalysed CO> hydration activity.!®® Phenol red (at a concentration of 0.2 mM) has been
used as a pH indicator, working at the absorbance maximum of 557 nm, with 20 mM
Hepes (pH 7.5) as the buffer, and 20 mM NaxSO4 (for maintaining constant the ionic
strength), following the initial rates of the CA-catalyzed CO hydration reaction for a
period of 10-100 s at 25°C.1%° The CO- concentrations ranged from 1.7 to 17 mM for the
determination of the kinetic parameters and inhibition 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 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 the assay
buffer. Inhibitor and enzyme solutions were preincubated together for 15 min
(sulfonamides) or 6h (coumarins) at room temperature prior to assay, in order to allow for
the formation of the E-l1 complex. The inhibition constants were obtained by non-linear
least-squares methods using PRISM 3 and the Cheng-Prusoff equation, as reported
earlier,'®® and represent the mean from at least three different determinations. All hCA
isofoms were recombinant ones obtained in-house as reported earlier,? while the o-CA
SpiCA3, was obtained and purified by a diverse procedure as the one reported earlier in
the thesis.

B-CAs

An Applied Photophysics stopped-flow instrument has been used for assaying the CA
catalysed CO; hydration activity.*%® Bromothymol blue (at a concentration of 0.2 mM)
has been used as a pH indicator, working at the absorbance maximum of 557 nm, with
10-20 mM TRIS (pH 8.3) as buffer, and 20 mM NaBF4 for maintaining constant the
ionic strength, following the initial rates of the CA catalysed CO» hydration reaction for a
period of 10-100 s at 25°C. The CO2 concentrations ranged from 1.7 to 17 mM for the
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determination of the kinetic parameters and inhibition 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 manner and
subtracted from the total observed rates. Stock solutions of inhibitor (10 mM) were
prepared in distilled-deionized water and dilutions up to 0.01M were done thereafter with
the assay buffer. Inhibitor and enzyme solutions were preincubated together for 15 min
(sulfonamides) or 30 min (anions) at room temperature prior to assay, in order to allow
for the formation of the E-1 complex. The inhibition constants were obtained by non-
linear least-squares methods using the Cheng-Prusoff equation whereas the Kinetic
parameters for the uninhibited enzymes from Lineweaver-Burk plots, as reported
earlier,'®® and represent the mean from at least three different determinations. Entamoeba
histolytica was a protein, obtained and purified by a diverse procedure as the one reported

below in the thesis.
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5.1 Design and Synthesis of Novel Nonsteroidal Anti-Inflammatory Drugs and
Carbonic Anhydrase Inhibitor Hybrids for the Treatment of Rheumatoid Arthritis
(Series A)

5.1.1 Chemistry
The general chemistry protocols are reported at the beginning of the experimental section.
General procedure 1 for the synthesis of tert-butyl (2-((2-oxo-2H-chromen-6-

yh)oxy)ethyl)carbamates A19-26 and tert-butyl (2-((2-oxo-2H-chromen-7-yl)oxy)ethyl)
carbamates A27-34

EDCI'HCI o)
0 NHS 0 CFs COO Y \/N\/ 3 N OO
I Ve Ga-— S $

RO OH pMrary | B© /—/ DMFdry — aNANF

0 H,N >\—NH
R
A17=6-0-alkyl A19-26=6-0-alkyl
Al-8 A9-16 A18=7-0-alkyl A27-34=7-0-alkyl

Al=Indometacin AS5=Dichlofenac

A2=Sulindac A6=Flurbiprofen
A3=Ketoprofen A7=Naproxen
A4=Tbuprofen A8=Ketorolac

N-Hydroxysuccinimide (NHS) (1.5 eqg.) and EDCI'HCI (1.5 eq.) were added to a solution
of the appropriate carboxylic acid A1-8 (0.5 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2
atmosphere. The reaction was stirred at r.t. until starting materials were consumed (TLC
monitoring), followed by addition of 2-((2-ox0-2H-chromen-6-yl)oxy)ethan-1-ammoniun
trifluoroacetate salt A17 (1.0 eq.) or 2-((2-oxo-2H-chromen-7-yl)oxy)ethan-1-ammonium
trifluoroacetate salt A18 (1.0 eq.) and triethylamine (EtsN) (1.0 eq.). The mixture was
stirred at 60°C until starting materials were consumed (TLC monitoring), then quenched
with H2O (10 mL) to afford a precipitate which was collected by filtration or alternatively
the reaction solution was extracted with EtOAc (3 x 10 mL). The combined organic
layers were washed with H.O (3 x 20 mL), dried over Na>SOg, filtered-off and

concentrated under vacuo to give a solid that was purified by silica gel column
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chromatography eluting with the appropriate mixture of EtOAc/n-hexane to afford the
desired compounds A19-34.

General procedure 2 for the synthesis of 2-((2-oxo-2H-chromen-6-yl)oxy)ethan-1-
amonium trifluoroacetate salt Al17 and 2-((2-oxo-2H-chromen-7-yl)oxy)ethan-1-

amonium trifluoroacetate salt A18

o
CF5C00
00 /\/1}\} o K,CO;4 O~ 20 TFA 3 0.0
HOT | + Br e j< _— ot | — 0
X Z ) DMF dry o /_/ X Z DCM ®/_/ Z
60 °C }NH 0°C H,N
o
6-OH/7-OH Coumarin A35 A36,37 Al17,18

Step 1: tert-Butyl (2-bromoethyl)carbamate A35 (1.0 g, 1.0 eq.) was treated with 6-
hydroxy-2H-chromen-2-one (6-OH) and K>COs (3.0 eq) in acetone or alternatively with
7-hydroxy-2H-chromen-2-one (7-OH) (1.0 eq.) was treated in the same conditions using
dry N,N-dimethylformamide (5.0 mL) as solvent and under N2 atmospheres. The reaction
mixtures were stirred at 60 °C O.N. until consumption of starting materials (TLC

monitoring), then cooled down to r.t. and treated respectively as follows.

1) The white precipitate was filtered-off and the obtained filtrate was concentrated

under vacuo to afford the A36 as an orange residue;

i)  The reaction was quenched with a 3.0 M aqueous hydrochloric acid solution to
give a precipitate which was collected by filtration and triturated with diethyl ether to
afford the A37 as a white solid.

Step 2: tert-Butyl (2-((2-oxo-2H-chromen-6-yl)oxy)ethyl)carbamate A36 (1.0 eq) and
tert-butyl (2-((2-oxo-2H-chromen-7-yl)oxy)ethyl)carbamate A37 (1.0 eq) were dissolved
in DCM and TFA (6.0 eq) was added drop-wise to the suspension. The solution was
stirred at 0°C and then at r.t. until starting materials were consumed (TLC monitoring).
The solvent was evaporated and the obtained residue dried under vacuo to afford the
titled compounds A17 and A18 as white solids.
2-((2-Ox0-2H-chromen-6-yl)oxy)ethan-1-aminium 2,2,2-trifluoroacetate A17: 20.0%
yield; silica gel TLC Rf 0.55 (Ethyl acetate/n-hexane 50% v/v); 6 (400 MHz, DMSO-ds)
3.30 (2H, q, J 5.2, CH2NH-), 4.25 (2H, t, J 5.0, CH20), 6.54 (1H, d, J 9.2, Ar-H), 7.29
(1H, d, J 3.2, Ar-H), 7.36 (1H, d, J 2.8, Ar-H), 7.41 (1H, d, J 8.8, Ar-H), 8.06 (1H, d, J
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9.2, Ar-H); 6¢ (100 MHz, DMSO-ds) 39.3, 66.0, 112.7, 117.7, 118.5, 120.2, 121.0, 144.9,
149.2, 155.1, 161.1; 6F (376 MHz, DMSO-ds) -74.84.
2-((2-Ox0-2H-chromen-7-yl)oxy)ethan-1-aminium 2,2,2-trifluoroacetate A18: 61.3%
yield; silica gel TLC Rf 0.50 (Ethyl acetate/n-hexane 50% v/v ); 61 (400 MHz, DMSO-dg)
3.31(2H, q, J 5.2, CH2NH-), 4.31 (2H, t, J 5.16, CH20), 6.36 (1H, d, J 9.02, Ar-H), 7.03
(1H, dd, J 8.6, 2.5, Ar-H), 7.07 (1H, d, J 2.3, Ar-H), 7.70 (1H, d, J 8.66, Ar-H), 8.05 (1H,
d, J 9.2, Ar-H); 6c (100 MHz, DMSO-dg) 38.2, 65.2, 101.5, 112.8, 112.9, 113.0, 129.7,
144.4,115.3, 160.3, 160.9; 6F (376 MHz, DMSO-ds) -74.23.

General procedure 3 for the synthesis of acids A4, A5, A7 and A8

j\ HCI/MeOH )OJ\
Q@ ®
A4, A5, A7, A8

A4; R= Ibuprofene; X=Na

AS; R= Diclofenac; X= Na

A7; R=Naprossene; X= NaKetorolac; X= Trometamina
A8; R= Ketorolac; X= Trometamina

The appropriate carboxylic acid salt was treated with a 6.0 M or 12.0 M aqueous solution
of hydrochloric acid. The reaction was vigorously stirred at 0°C, warmed up to r.t. until
starting material was consumed (TLC monitoring). The obtained white precipitate was
collected by filtration, dried under vacuo to afford the title compounds A4, A5, A7 and
A8 as white solids.

Synthesis of (x)-2-(4-isobutylphenyl)propanoic acid ((£)-Ibuprofen) (A4)

(x)-1buprofen acid A4 was obtained according to the general procedure 3 earlier reported
using a 6.0 M aqueous solution of hydrochloric acid and (x)-Ibuprofen sodium salt (0.5 g,
1.0eq).

(x)-1buprofen acid A4: 89.3% vyield; silica gel TLC Rt 0.81 (Ethyl acetate/n-hexane 60%
VIV ); 81 (400 MHz, DMSO-de) 0.89 (6H, d, J 6.8, 2 x CH3), 1.37 (3H, d, J 6.8, CHa),
1.83 (1H, m, CH3CH), 3.36 (2H, s, CH2), 3.65 (1H, m, (CH3).CH), 7.13 (2H, d, J 8.0, Ar-
H), 7.22 (2H, d, J 8.0, Ar-H), 12.29 (1H, m, exchange with D,O, COOH).
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Synthesis of 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetic acid (Diclofenac) (A5)
Diclofenac acid A5 was obtained according to the general procedure 3 earlier reported
using a 12.0 M aqueous solution of hydrochloric acid and Diclofenac sodium salt (0.5 g,
1.0 eq).

Diclofenac acid A5: 70% yield; silica gel TLC R 0.45 (Ethyl acetate/n-hexane 30% v/v );
81 (400 MHz, DMSO-ds) 3.74 (2H, s, COCHy), 6.32 (1H, d, J 7.2, Ar-H), 6.89 (1H, m,
Ar-H), 7.10 (1H, m, Ar-H), 7.24 (3H, m, Ar-H), 7.57 (2H, d, J 8.0, Ar-H and NH), 12.70
(1H, m, exchange with DO, COOH).

Synthesis of (S)-2-(6-methoxynaphthalen-2-yl)propanoic acid ((S)-(+)-Naproxen) (A7)
Three tablets of Momendol® containing 0.220 g each of Naproxen sodium salt were
crushed and the obtained powder was dissolved in EtOAc and treated with a 6.0 M
aqueous solution of hydrochloric acid. The mixture was vigorously stirred at r.t. until
consumption of starting materials (TLC monitoring). The mixture was filtered-off and the
filtrate was extracted with EtOAc (3 x 10 mL). The combined organic layers were
washed with H2O (3 x 20 mL), dried over NaxSOs, filtered-off and concentrated under
vacuo to give a pale-yellow oil that was purified by silica gel column chromatography
eluting with EtOAc/n-hexane 30% v/v to afford the titled compound A7 as a white solid.
(S)-(+)-Naproxen acid A7: 82.2% vyield; silica gel TLC Rf 0.61 (Ethyl acetate/n-hexane
50% v/v ); dn (400 MHz, DMSO-ds) 1.48 (3H, d, J 7.6, CHs), 3.83 (1H, q, J 7.2,
CH3CH), 3.90 (3H, s, OCH3), 7.18 (1H, dd, J 8.8 3.8, Ar-H), 7.32 (1H, s, Ar-H), 7.44
(1H, d, J 7.2, Ar-H), 7.74 (1H, s, Ar-H), 7.82 (2H, t, J 9.6, Ar-H), 12.34 (1H, m,
exchange with D2O, COOH).

Synthesis of (£)-5-benzoyl-2,3-dihydro-1H-pyrrolizine-1-carboxylic acid (()-Ketorolac)
(A8)

(x)-Ketorolac acid A8 was obtained according to the general 3 procedure earlier reported
using a 12.0 M aqueous solution of hydrochloric acid and (z)-Ketorolac tris salt (0.3 g,
1.0 eq.).

(x)-Ketorolac acid A8: 83.6% yield; silica gel TLC Rf 0.31 (Ethyl acetate/n-hexane 50%
VIV); 81 (400 MHz, DMSO-ds) 2.78 (2H, g, J 7.2, 2 x CHHax), 4.12 (1H, t, J 7.4, COCH),
4.33 (1H, m, CHHeg), 4.44 (1H, m, CHHeg), 6.12 (1H, d, J 3.8, pyrrole-H), 6.81 (1H, d, J
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3.8, pyrrole-H), 7.55 (2H, t, J 7.6, Ar-H), 7.64 (1H, t, J 7.2, Ar-H), 7.79 (2H, d, J 7.6, Ar-
H), 12.65 (1H, m, exchange with D,O, COOH).

Synthesis of tert-butyl (2-bromoethyl)carbamate (A35)

(Boc),0 o
1.0 M NaOH,, /“\ B
—_—_—
Br/\/NH2 HBr o o N BT
A35

2-Bromoethan-1-amine hydrobromide salt (1.0 g, 1.0 eq.) was dissolved in
dichloromethane (DCM) (5.0 ml) and treated with a 1.0 M NaOH aqueous solution and
di-tert-butyl dicarbonate (Boc).0O (1.0 eq.). The mixture was vigorously stirred at r.t. until
consumption of starting materials (TLC monitoring). The reaction was quenched with a
1.0 M hydrochloric acid aqueous solution and extracted with EtOAc (3 x 15 mL). The
combined organic layers were washed with H.O (3 x 20 mL), dried over Na>SOs,
filtered-off, and concentrated under vacuo to give the titled product A35 as a colourless
oil.

tert-Butyl (2-bromoethyl)carbamate A35: 91% vyield; silica gel TLC Rf 0.78 (Ethyl
acetate/n-hexane 50% v/v); 61 (400 MHz, DMSO-dg) 1.42 (9H, s, 3 x CH3), 3.32 (2H, q,
J 6.2, NHCH), 3.46 (2H, t, J 6.4, BrCH2), 7.13 (1H, t, J 5.2,exchange with D0,
CONH).

Synthesis of 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-((2-oxo0-2H-
chromen-6-yl)oxy)ethyl)acetamide (A19)
2-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-((2-0x0-2H-chromen-
6-yl)oxy)ethyl)acetamide A19 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq) and EDCI'HCI (1.5 eq.) in a solution of Indometacin Al (0.3
g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture was stirred
at r.t. until the formation of the activated ester intermediate A (TLC monitoring, not
isolated). Then 2-((2-oxo-2H-chromen-6-yl)oxy)ethan-1-amonium trifluoroacetate salt
Al7 and triethylamine (EtsN) were added to the mixture, which was stirred at 60 °C until
starting materials were consumed (TLC monitoring), followed by quenching with H.O

(10 mL). The formed brown precipitate was filtered-off, dried under vacuo to give a
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residue that was purified by silica gel column chromatography eluting with EtOAc/n-
hexane 50% v/v to afford the titled compound A19 as a white solid.
2-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-((2-oxo0-2H-
chromen-6-yl)oxy)ethyl)acetamide A19: 65.8% yield; m.p.181-183°C; silica gel TLC
Rf 0.35 (Ethyl acetate/n-hexane 90% v/v ); dn (400 MHz, DMSO-ds) 2.24 (3H, s, CHz),
3.51 (2H, q, J 6.3, CH2NH-), 3.58 (2H, s, CH2CO), 3.78 (3H, s, OCH3), 4.09 (2H, t, J 5.2,
OCHy), 6.53 (1H, d, J 9.4, Ar-H), 6.73 (1H, dd, J 8.0 2.4, Ar-H), 6.98 (1H, d, J 8.8, Ar-
H), 7.15 (1H, d, J 2.0, Ar-H), 7.19 (1H, dd, J 8.0 2.4, Ar-H), 7.29 (1H, d, J 2.8, Ar-H),
7.36 (1H, d, J 8.8, Ar-H), 7.65 (2H, d, J 8.4, Ar-H), 7.71 (2H, d, J 8.4, Ar-H), 8.01 (1H,
d, J 9.4, Ar-H), 8.34 (1H, t, J 6.3, exchange with D>O, CONH); ¢ (100 MHz, DMSO-ds)
13.5,31.2, 38.5, 55.5, 67.1, 102.0, 111.3, 111.6, 114.3, 114.6, 116.7, 117.4, 119.3, 119.9,
129.1, 130.4, 130.9, 131.2, 134.3, 135.3, 137.6, 144.1, 148.0, 154.8, 155.7, 160.2, 167.9,
169.9; m/z (ESI positive) 545.1 [M+H]".

Synthesis of (Z)-2-(5-fluoro-2-methyl-1-(3-(methylsulfinyl)benzylidene)-1H-inden-3-yl)-
N-(2-((2-oxo0-2H-chromen-6-yl)oxy)ethyl)acetamide (A20)
(2)-2-(5-Fluoro-2-methyl-1-(3-(methylsulfinyl)benzylidene)-1H-inden-3-yl)-N-(2-((2-
0x0-2H-chromen-6-yl)oxy)ethyl)acetamide A20 was obtained according 1 to the general
procedure earlier reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of
Sulindac A2 (0.3 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction
mixture was stirred at r.t. until the formation of the activated ester intermediate B (TLC
monitoring, not isolated). 2-((2-oxo-2H-chromen-6-yl)oxy)ethan-1-amonium
trifluoroacetate salt A17 and triethylamine (EtsN) were added to the mixture, which was
stirred at 60 °C O.N. followed by 80 °C for 3hrs. Then the reaction mixture was
quenched with H>O (10 mL) and the formed precipitate was filtered-off and concentrated
under vacuo to give a yellow precipitate that was triturated with acetone to afford the
titled compound A20 as a yellow solid.
(2)-2-(5-Fluoro-2-methyl-1-(3-(methylsulfinyl)benzylidene)-1H-inden-3-yl)-N-(2-((2-
o0x0-2H-chromen-6-yl)oxy)ethyl)acetamide A20: 54.7% yield; m.p. 152-153°C; silica
gel TLC Rf 0.19 (Ethyl acetate 100%); o1 (400 MHz, DMSO-ds) 2.21 (3H, s, CH3), 2.85
(3H, s, SOCHg), 3.51 (4H, m, CH>CO and NHCH>), 4.09 (2H, t, J 5.4, OCH), 6.53 (1H,
d, J 9.6, Ar-H), 6.71 (1H, dt, J 8.2 8.0, Ar-H), 7.18 (3H, m, Ar-H), 7.31 (1H, s, Ar- H),
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7.36 (2H, s, Ar-H), 7.75 (2H, d, J 8.1, Ar-H), 7.82 (2H, d, J 8.1, Ar-H), 8.02 (1H, d, J 9.6,
Ar-H), 8.46 (1H, t, J 5.0, exchange with D,O, CONH); 6c (100 MHz, DMSO-ds) 10.5,
32.8, 38.6, 43.2, 67.1, 106.2, 110.4 (J°c¢ 23), 111.6, 116.7, 117.4, 119.3, 119.9, 123.1
(J%c-F9), 124.0, 129.3, 129.5 (3°cr 3), 130.0, 133.7, 137.9, 138.7, 140.6, 144.1, 146.3,
147.3 (J°c.r 9), 148.0, 154.9, 160.2, 162.6 (J'c-r 243), 169.3; & (376 MHz, DMSO-ds) -
113.49 (1F, s); m/z (ESI positive) 544.1 [M+H]".

Synthesis of (x)-2-(3-benzoylphenyl)-N-(2-((2-oxo-2H-chromen-6-
yh)oxy)ethyl)propanamide (A21)
(x)-2-(3-Benzoylphenyl)-N-(2-((2-o0x0-2H-chromen-6-yl)oxy)ethyl)propanamide A2l
was obtained according to the general procedure 1 earlier reported using NHS (1.5 eq.)
and EDCI'HCI (1.5 eq.) in a solution of (z)-Ketoprofen A3 (0.3 g, 1.0 eq.) in dry DMF
(3.0 mL) under a N> atmosphere. The reaction mixture was stirred at r.t. until the
formation of the activated ester intermediate C (TLC monitoring, not isolated). 2-((2-
Oxo0-2H-chromen-6-yl)oxy)ethan-1-amonium trifluoroacetate salt A17 and triethylamine
(EtsN) were added to the mixture and that was stirred at 60 °C until starting materials
were consumed (TLC monitoring), followed by quenching with H>O (10 mL) and the
mixture was extracted with EtOAc (3 x 10 mL). The combined organic layers were
washed with H,O (3 x 20 mL), dried over Na;SOs, filtered-off and concentrated under
vacuo to give a yellow bright semisolid that was purified by silica gel column
chromatography eluting with an increasing amount of EtOAc/n-hexane from 50% to 70%
v/v to afford the titled compound A21 as a white solid.
(£)-2-(3-Benzoylphenyl)-N-(2-((2-oxo-2H-chromen-6-yl)oxy)ethyl)propanamide A21:
38.4% vyield; m.p. 101-103°C; silica gel TLC Rf 0.23 (Ethyl acetate/n-hexane 90% v/v );
dH (400 MHz, DMSO-ds) 1.39 (3H, d, J 6.8 CH3), 3.46 (2H, g, J 5.6, CH2NH), 3.79 (1H,
g, J 6.8), 4.04 (2H, t, J 5.6, OCH2), 6.51 (1H, d, J 9.6, Ar-H), 7.15 (1H, dd, J 9.2 3.2, Ar-
H), 7.27 (1H, d, J 2.8 Ar-H), 7.32 (1H, d, J 9.2, Ar-H), 7.51 (1H, t , J 7.6, Ar-H), 7.56
(1H, s, Ar-H), 7.59 (2H, dd, J 8.0 3.0, Ar-H), 7.67 (1H, t, J 6.8, Ar-H), 7.70 (1H, s, Ar-
H), 7.71 (3H, d, J 1.2 Ar-H), 7.99 (1H, d, J 9.6, Ar-H), 8.38 (1H, t, J 5.4 exchange with
D20, CONH). &c (100 MHz, DMSO-de) 18.6, 38.4, 44.8, 67.1, 111.7, 116.7, 117.4,
119.3, 119.9, 128.2, 128.5, 128.60, 128.63, 129.7, 131.7, 132.8, 136.9, 137.1, 142.8,
144.1, 147.9, 154.8, 160.2, 173.4, 195.8; m/z (ESI positive) 442.1 [M+H]".
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Synthesis of ()-2-(4-isobutylphenyl)-N-(2-((2-ox0-2H-chromen-6-
yhoxy)ethyl)propanamide (A22)
()-2-(4-1sobutylphenyl)-N-(2-((2-oxo-2H-chromen-6-yl)oxy)ethyl)propanamide A22
was obtained according to the general procedure 1 earlier reported using NHS (1.5 eq.)
and EDCI'HCI (1.5 eq.) in a solution of (x)-lbuprofen A4 (0.58 g, 1.0 eq.) in dry DMF
(3.0 mL) under a N2 atmosphere. The reaction mixture was stirred at r.t. until the
formation of the activated ester intermediate D (TLC monitoring, not isolated). 2-((2-
Oxo0-2H-chromen-6-yl)oxy)ethan-1-amonium trifluoroacetate salt A17 and triethylamine
(EtsN) were added to the mixture which was stirred at 60°C until starting materials were
consumed (TLC monitoring), followed by guenching with H,O (10 mL), extracted with
EtOAc (3 x 10 mL) and the combined organic layers were washed with H>0 (3 x 20 mL),
dried over Na,SQg, filtered-off and concentrated under vacuo to give a white semisolid
that was purified by silica gel column chromatography eluting with EtOAc/n-hexane 50%
v/v to afford the titled compound A22 as a white solid.
(£)-2-(4-1sobutylphenyl)-N-(2-((2-oxo0-2H-chromen-6-yl)oxy)ethyl)propanamide
A22: 25.3% vyield; m.p. 99-101°C; silica gel TLC Rs 0.24 (Ethyl acetate/n-hexane 50%
VIV); 61 (400 MHz, DMSO-ds) 0.85 (6H, d, J 6.8, 2 x CH3), 1.33 (3H, d, J 7.2, CH3), 1.78
(1H, sept, CH(CHs).), 2.40 (2H, d, J 7.2, CH>), 3.46 (2H, q, J 5.6, NHCH>), 3.62 (1H, q,
J 7.0, CHCH3), 4.04 (2H, t, J 5.6, OCH>), 6.52 (1H, d, J 9.6, Ar-H), 7.05 (2H, d, J 8.0,
Ar-H), 7.16 (1H, dd, J 8.8 3.0, Ar-H), 7.23 (2H, d, J 8.0, Ar-H), 7.29 (1H, d, J 2.8, Ar-H),
7.35 (1H, d, J 8.8, Ar- H), 8.02 (1H, d, J 9.6, Ar-H), 8.25 (1H, t, J 5.6 exchange with
D20, CONH); éc (100 MHz, DMSO-de) 18.6, 22.1, 22.2, 29.7, 38.4, 44.3, 44.7, 67.1,
111.6, 116.6, 117.4, 119.3, 119.9, 127.0, 128.8, 139.2, 139.5, 144.1, 147.9, 154.8, 160.2,
173.9; m/z (ESI positive) 394.2 [M+H]".

Synthesis  of  2-(2-((2,6-dichlorophenyl)amino)phenyl)-N-(2-((2-oxo0-2H-chromen-6-
yhoxy)ethyl)acetamide (A23)
2-(2-((2,6-Dichlorophenyl)amino)phenyl)-N-(2-((2-oxo0-2H-chromen-6-
yl)oxy)ethyl)acetamide A23 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of Diclofenac A5 (0.3

g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture was stirred
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at r.t. until the formation of the activated ester intermediate E (TLC monitoring, not
isolated). 2-((2-Oxo0-2H-chromen-6-yl)oxy)ethan-1-amonium trifluoroacetate salt Al7
and triethylamine (EtsN) were added to the mixture which was stirred at 60°C until
starting materials were consumed (TLC monitoring), followed by quenching with H.O
(10 mL). The formed precipitate was filtered-off and dried under vacuo to give a white
residue which was triturated with acetone to afford the title compound A23 as a white
solid.

2-(2-((2,6-Dichlorophenyl)amino)phenyl)-N-(2-((2-oxo0-2H-chromen-6-
yl)oxy)ethyl)acetamide A23: 34.8 % vyield; m.p. 176-178 °C; silica gel TLC Rf 0.33
(Ethyl acetate/n-hexane 50% v/v); dn (400 MHz, DMSO-ds) 3.52 (2H, g, J 4.8, NHCH)>),
3.65 (2H, s, CHy), 4.11 (2H, t, J 5.0, OCH>), 6.32 (1H. d, J 8.0, Ar-H), 6.53 (1H, d, J 9.6,
Ar-H), 6.87 (1H, appt, J 7.4, Ar-H), 7.07 (1H, appt, J 8.2, Ar-H), 7.20 (3H, m, Ar-H),
7.35 (2H, m, Ar-H), 7.52 (2H, d, J 8.0, Ar-H), 8.02 (1H, d, J 9.6, Ar-H), 8.34 (1H, s,
exchange with D.O, NH), 8.71 (1H, t, J 4.8, exchange with D>O, CONH); 6c (100 MHz,
DMSO-ds) 39.5, 40.4, 67.9, 112.6, 116.9, 117.6, 118.3, 120.2, 120.9, 121.6, 126.0, 126.3,
128.2, 130.1, 130.4, 131.4, 138.1, 143.9, 144.9, 148.9, 155.7, 161.1, 172.9; m/z (ESI
positive) 483.0 [M+H]".

Synthesis of (£)-2-(2-fluoro-[1,1'-biphenyl]-4-yl)-N-(2-((2-0x0-2H-chromen-6-
yhoxy)ethyl)propanamide (A24)
(x)-2-(2-Fluoro-[1,1'-biphenyl]-4-yl)-N-(2-((2-ox0-2H-chromen-6-
yl)oxy)ethyl)propanamide A24 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of ()-Flurbiprofen A6
(0.2 g, 1.0 eq.) in dry DMF (3.0 mL) under a N> atmosphere. The reaction mixture was
stirred at r.t. until the formation of the activated ester intermediate F (TLC monitoring,
not isolated). 2-((2-Oxo-2H-chromen-6-yl)oxy)ethan-1-amonium trifluoroacetate salt
Al7 and triethylamine (EtsN) were added to the mixture which was stirred at r.t. until
starting materials were consumed (TLC monitoring), followed by quenching with H.O
(10 mL) and the mixture was extracted with EtOAc (3 x 10 mL). The combined organic
layers were washed with H.O (3 x 20 mL), dried over Na>SOg, filtered-off and

concentrated under vacuo to give an orange oil that was purified by silica gel column
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chromatography eluting with EtOAc/n-hexane 60% v/v to afford the titled compounds
A24 as a white solid.
(£)-2-(2-Fluoro-[1,1'-biphenyl]-4-y1)-N-(2-((2-o0x0-2H-chromen-6-
yl)oxy)ethyl)propanamide A24: 61.4% vyield; m.p. 130-131 °C; silica gel TLC Rt 0.25
(Ethyl acetate/n-hexane 50% v/v ); dn (400 MHz, DMSO-ds) 1.39 (3H, d, J 6.8, CH3),
3.46 (2H, g, J 5.4, NHCH>), 3.75 (1H, g, J 7.1, CHCHa), 4.06 (2H, t, J 5.4, OCH>), 6.51
(1H, d, J 9.6, Ar-H), 7.20 (2H, dd, J 8.8 4.0, Ar-H), 7.28 (2H, m, Ar-H), 7.35 (1H, d, J
8.8, Ar-H), 7.41 (2H, d, J 6.4, Ar-H), 7.44 (1H, d, J 4.0, Ar-H), 7.47 (2H, d, J 4.0, Ar-H),
7.51 (1H,t,J 7.6, Ar-H), 8.01 (1H, d, J 9.6, Ar-H), 8.36 (1H, t, J 5.4, exchange with D0,
CONH); ¢ (100 MHz, DMSO-de) 19.3, 39.3, 45.4, 67.9, 112.5, 115.7 (J%.F 23), 117.5,
118.3, 120.2, 120.8, 124.7 (F°c-r 3), 127.2 (I°c.r 3), 128.7, 129.5, 129.6 (J°cr 3), 131.4,
135.9, 145.0, 145.1 ( J*c.¢ 8), 148.9, 155.7, 159.0 (J'c.r 245), 161.1, 174.1; & (376 MHz,
DMSO-ds) -118.75 (1F, s); m/z (ESI positive) 432.0 [M+H]".

Synthesis of (S)-(+)-2-(6-methoxynaphthalen-2-yl)-N-(2-((2-ox0-2H-chromen-6-
yhoxy)ethyl)propanamide (A25)
(S)-(+)-2-(6-Methoxynaphthalen-2-yl)-N-(2-((2-ox0-2H-chromen-6-
yl)oxy)ethyl)propanamide A25 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of (S)-(+)-Naproxen
free acid A7 (0.23 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction
mixture was stirred at r.t. until the formation of the activated ester intermediate H (TLC
monitoring, not isolated). 2-((2-Ox0-2H-chromen-6-yl)oxy)ethan-1-amonium
trifluoroacetate salt A17 and triethylamine (EtsN) were added to the mixture which was
stirred at 60°C until starting materials were consumed (TLC monitoring), followed by
quenching with H2O (10 mL) and extracted with EtOAc (3 x 10 mL). The combined
organic layers were washed with H2O (3 x 20 mL), dried over Na,SOa, filtered-off and
dried under vacuo to give an oil which was triturated with diethyl ether. The residue
obtained was purified by silica gel column chromatography eluting with EtOAc/n-hexane
60% v/v to afford the titled compound A25 as a white solid.
(S)-(+)-2-(6-Methoxynaphthalen-2-yl)-N-(2-((2-oxo-2H-chromen-6-
yl)oxy)ethyl)propanamide A25: 43.2% vyield; m.p. 126-128 °C; silica gel TLC R¢ 0.22
(Ethyl acetate/n-hexane 60% v/v); on (400 MHz, DMSO-de) 1.43 (3H, d, J 6.8, CHs3),
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3.72 (2H, g, J 5.3, NHCH>), 3.80 (1H, g, J 6.9, CH), 3.88 (3H, s, OCHs), 4.04 (2H, t, J
5.6, OCH,), 6.51 (1H, d, J 9.6, Ar-H), 7.15 (2H, m, Ar-H), 7.28 (3H, m), 7.46 (2H, d, J
8.8, Ar-H), 7.74 (2H, m, Ar-H), 7.97 (1H, d, J 9.6, Ar-H), 8.31 (1H, t, J 5.3, exchange
with D20, CONH); &¢ (100 MHz, DMSO-ds) 18.6, 38.4, 45.0, 55.2, 67.1, 105.7, 111.7,
116.6, 117.4, 118.6, 119.2, 119.9, 125.3, 126.5, 126.7, 128.4, 129.1, 133.2, 137.4, 144.1,
147.9, 154.8, 157.1, 160.2, 173.9; m/z (ESI positive) 418.1 [M+H]".

Synthesis of  (x)-5-benzoyl-N-(2-((2-oxo0-2H-chromen-6-yl)oxy)ethyl)-2,3-dihydro-1H-
pyrrolizine-1-carboxamide (A26)
(x)-5-Benzoyl-N-(2-((2-o0x0-2H-chromen-6-yl)oxy)ethyl)-2,3-dihydro-1H-pyrrolizine-1-
carboxamide A26 was obtained according to the general procedure 1 earlier reported
using NHS (1.5 eg.) and EDCI HCI (1.5 eq.) in a solution of (+)-Ketorolac A8 (0.17 g,
1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture was stirred at
r.t. until the formation of the activated ester intermediate G (TLC monitoring, not
isolated). 2-((2-Oxo0-2H-chromen-6-yl)oxy)ethan-1-amonium trifluoroacetate salt 3a and
triethylamine (EtsN) were added to the mixture which was stirred at 60°C until starting
materials were consumed (TLC monitoring), followed by quenching with H.O (10 mL),
extracted with EtOAc (3 x 10 mL) and the combined organic layers were washed with
H20 (3 x 20 mL), dried over Na>SOyg, filtered-off and concentrated under vacuo to give a
brown residue that was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 80% v/v to afford the titled compound A26 as a white solid.
(£)-5-Benzoyl-N-(2-((2-oxo0-2H-chromen-6-yl)oxy)ethyl)-2,3-dihydro-1H-pyrrolizine-
1-carboxamide A26: 33.9% yield; m.p. 198-199 °C; silica gel TLC R 0.25 (Ethyl
acetate/n-hexane 80% v/v); 61 (400 MHz, DMSO-ds) 2.75 (2H, m, 2 x CHHa), 3.54 (2H,
q, J 4.9, NHCH>), 4.03 (1H, dd, J 8.8 4.8, CH), 4.11 (2H, t, J 5.6, OCH>), 4.39 (2H, m, 2
X CHHeg), 6.02 (1H, dd, J 4.0, pyrrole-H), 6.53 (1H, d, J 9.2, Ar-H), 6.75 (1H, d, J 4.0,
pyrrole-H), 7.26 (2H, dd, J 9.0 4.0, Ar-H), 7.35 (1H, d, J 3.2, Ar-H), 7.40 (1H, d, J 8.8,
Ar-H), 7.54 (2H, m), 7.62 (1H, m), 7.76 (1H, d, J 8.0, Ar-H), 8.05 (1H, d, J 9.6, Ar-H),
8.58 (1H, t, J 6.0, exchange with D20, CONH); 8¢ (100 MHz, DMSO-ds) 38.6, 42.8,
47.9, 67.0, 102.4, 111.7, 116.7, 117.5, 119.31, 119.33, 120.0, 124.5, 126.1, 128.4, 128.5,
131.5, 139.0, 144.1, 145.5, 148.0, 154.9, 160.2, 170.8, 183.5; m/z (ESI positive) 443.1
[M+H]*.
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Synthesis of 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-((2-oxo0-2H-
chromen-7-yl)oxy)ethyl)acetamide (A27)
2-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-((2-ox0-2H-chromen-
7-yl)oxy)ethyl)acetamide A27 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of Indometacin Al
(0.5 g, 1.0 eq.) in dry DMF (3.0 mL) under a N> atmosphere. The reaction mixture was
stirred at r.t. until the formation of the activated ester intermediate A (TLC monitoring,
not isolated).2-((2-Oxo-2H-chromen-7-yl)oxy)ethan-1-amonium trifluoroacetate salt A18
and triethylamine (EtsN) were added to the mixture, which was stirred at 60°C until
starting materials were consumed (TLC monitoring), followed by quenching with H.O
(10 mL) and the formed precipitate was filtered-off, dried under vacuo to afford the titled
compound A27 as a yellow solid.
2-(1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)-N-(2-((2-ox0-2H-
chromen-7-yl)oxy)ethyl)acetamide A27: 79.2% yield; m.p. 157-158 °C; silica gel TLC
Rt 0.26 (Ethyl acetate/n-hexane 70% v/v); én (400 MHz, DMSO-ds) 2.24 (3H, s, CH3),
3.50 (2H, g, J 5.4, NHCH>), 3.57 (2H, s, COCHy), 3.74 (3H, s, OCH3), 4.15 (2H, t, J 5.0,
OCHy), 6.33 (1H, d, J 9.6, Ar-H), 6.73 (1H, dd, J 9.0 3.87, Ar-H), 6.93 (1H, dd, J 8.8
3.73, Ar-H), 6.99 (2H, m, Ar-H), 7.14 (1H, d, J 2.4, Ar-H), 7.64 (1H, d, J 7.2, Ar-H),
7.65 (2H, d, J 8.72, Ar-H), 7.71 (2H, d, J 8.6, Ar-H), 8.02 (1H, d, J 9.6, Ar-H), 8.32 (1H,
t, J 5.8, exchange with DO CONH); &c (100 MHz, DMSO-ds) 13.5, 31.2, 38.3, 55.5,
67.1, 101.3, 102.0, 111.2, 112.5, 112.6, 112.7, 114.3, 114.6, 129.1, 129.6, 130.4, 131.0,
131.2, 134.3, 135.3, 137.6, 144.4, 155.4, 155.6, 160.4, 161.7, 168.0, 170.0; m/z (ESI
positive) 545.0 [M+H]".

Synthesis of (Z)-2-(5-fluoro-2-methyl-1-(3-(methylsulfinyl)benzylidene)-1H-inden-3-yl)-
N-(2-((2-oxo-2H-chromen-7-yl)oxy)ethyl)acetamide (A28)
(2)-2-(5-Fluoro-2-methyl-1-(3-(methylsulfinyl)benzylidene)-1H-inden-3-yl)-N-(2-((2-
oxo0-2H-chromen-7-yl)oxy)ethyl)acetamide A28 was obtained according to the general
procedure 1 earlier reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of
Sulindac A2 (0.5 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction

mixture was stirred at r.t. until the formation of the activated ester intermediate B (TLC
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monitoring, not isolated). 2-((2-Ox0-2H-chromen-7-yl)oxy)ethan-1-amonium
trifluoroacetate salt A18 and triethylamine (EtsN) were added to the mixture which was
stirred at 60°C until starting materials were consumed (TLC monitoring), followed by
quenching with H2O (10 mL) and the formed precipitate was filtered-off, dried under
vacuo to give a residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 80% v/v to afford the titled compound A28 as a yellow solid.
(Z2)-2-(5-Fluoro-2-methyl-1-(3-(methylsulfinyl)benzylidene)-1H-inden-3-yl)-N-(2-((2-
oxo0-2H-chromen-7-yl)oxy)ethyl)acetamide A28: 51.4% yield; m.p. 152-153 °C; silica
gel TLC Rf 0.15 (Ethyl acetate/n-hexane 80% v/v ); 61 (400 MHz, DMSO-ds) 2.21 (3H,
s, CH3), 2.86 (3H, s, SOCH3), 3.52 (4H, m, CH2CO and NHCH>), 4.17 (2H, t, J 5.2,
OCHy), 6.33 (1H, d, J 9.6, Ar-H), 6.71 (1H, dt, J 9.1 9.0, Ar-H), 6.97 (1H, dd, J 8.8 3.7,
Ar-H), 7.01 (1H, d, J 2.4, Ar-H), 7.13 (1H, dd, J 9.30 3.9, Ar-H), 7.19 (1H, q, J 4.4, Ar-
H), 7.38 (1H, s, Ar-H), 7.66 (1H, d, J 8.8, Ar-H), 7.75 (2H, d, J 8.2, Ar-H), 7.82 (2H, d, J
8.2, Ar-H), 8.03 (1H, d, J 9.6, Ar-H) 8.44 (1H, t, J 5.2, exchange with D20, CONH); dc
(100 MHz, DMSO-dg) 10.5, 32.8, 38.4, 43.2, 67.1, 101.4, 112.6, 112.7, 112.7, 124.0,
129.3, 129.5, 129.6, 129.6, 130.0, 133.6, 133.6, 133.6, 137.9, 138.7, 140.6, 144.4, 146.3,
146.3, 147.3, 147.4, 147.4, 155.5, 160.4, 161.7, 169.3; or (376 MHz, DMSO-de) -
113,52(1F, s); m/z (ESI positive) 544.0 [M+H]".

Synthesis of ()-2-(3-benzoylphenyl)-N-(2-((2-oxo-2H-chromen-7-
yhoxy)ethyl)propanamide (A29)

(£)-2-(3-Benzoylphenyl)-N-(2-((2-oxo-2H-chromen-7-yl)oxy)ethyl)propanamide ~ A29
was obtained according to the general procedure 1 earlier reported using NHS (1.5 eq.)
and EDCI'HCI (1.5 eq.) in a solution of (z)-Ketoprofen A3 (0.5 g, 1.0 eq.) in dry DMF
(3.0 mL) under a N2 atmosphere. The reaction mixture was stirred at r.t. until the
formation of the activated ester intermediate C (TLC monitoring, not isolated). 2-((2-
Oxo0-2H-chromen-7-yl)oxy)ethan-1-amonium trifluoroacetate salt A18 and triethylamine
(EtsN) were added to the mixture which was stirred at 60°C until starting materials were
consumed (TLC monitoring), followed by quenching with H,O (10 mL), extracted with
EtOAc (3 x 10 mL) and the combined organic layers were washed with H.O (3 x 20 mL),
dried over Na>SOg, filtered-off and dried under vacuo to give a white residue that was
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purified by silica gel column chromatography eluting with EtOAc/n-hexane 50% v/v to
afford the titled compound A29 as a white solid.
(x)-2-(3-Benzoylphenyl)-N-(2-((2-0xo0-2H-chromen-7-yl)oxy)ethyl)propanamide A29:
44.7% yield; m.p. 116-118 °C; silica gel TLC R¢ 0.16 (Ethyl acetate/n-hexane 50% v/v);
dH (400 MHz, DMSO-de) 1.39 (3H, d, J 6.8, CH3), 3.46 (2H, J 5.4, NHCH), 3.79 (1H, q,
J 6.8, CH), 4.11 (2H, t, J 5.4, OCH>), 6.31 (1H, d, J 9.6, Ar-H), 6.90 (1H, dd, J 8.6 3.6,
Ar-H), 6.97 (1H, d, J 2.4, Ar-H), 7.66 (1H, d, J 7.2, Ar-H), 7.68 (9H, m, Ar-H), 7.99 (1H,
d, J 9.6, Ar-H), 8.35 (1H, t, J 5.22, exchange with D20, CONH); éc (100 MHz, DMSO-
de) 18.6, 38.2, 44.8, 67.1, 101.4, 1125, 112.6, 112.7, 128.2, 128.5, 128.6, 128.7, 129.6,
129.7, 131.7, 132.7, 136.9, 137.1, 142.7, 144.4, 155.4, 160.4, 161.6, 173.4, 195.8; m/z
(ESI positive) 442.0 [M+H]".

Synthesis of (%)-2-(4-isobutylphenyl)-N-(2-((2-oxo0-2H-chromen-6-
yl)oxy)ethyl)propanamide (A30)
(%)-2-(4-1sobutylphenyl)-N-(2-((2-oxo0-2H-chromen-6-yl)oxy)ethyl)propanamide A30
was obtained according to the general procedure 1 earlier reported using NHS (1.5 eq.)
and EDCI'HCI (1.5 eq.) in a solution of (x)-lbuprofen A4 (0.09 g, 1.0 eq.) in dry DMF
(3.0 mL) under a N> atmosphere. The reaction mixture was stirred at r.t. until the
formation of the activated ester intermediate D (TLC monitoring, not isolated). 2-((2-
Ox0-2H-chromen-7-yl)oxy)ethan-1-amonium trifluoroacetate salt A18 and triethylamine
(EtsN) were added to the mixture which was stirred at 60 °C until starting materials were
consumed (TLC monitoring), followed by quenching with H2O (10 mL), extracted with
EtOAc (3 x 10 mL) and the combined organic layers were washed with H.O (3 x 20 mL),
dried over Na,SQg, filtered-off and concentrated under vacuo to give a brown residue that
was purified by silica gel column chromatography eluting with EtOAc/n-hexane 50% v/v
to afford a colourless oil that was triturated with diethyl ether to afford the titled
compound A30 as a white solid.
()-2-(4-1sobutylphenyl)-N-(2-((2-oxo0-2H-chromen-6-yl)oxy)ethyl)propanamide
A30: 64.3% yield; m.p. 106-108°C,; silica gel TLC Rs 0.25 (Ethyl acetate/n-hexane 50%
VIV); 61 (400 MHz, DMSO-ds) 0.85 (6H, d, J 6.6, 2 x CH3), 1.34 (3H, d, J 7.1, CH3), 1.78
(1H, sept, CH(CHs).), 2.40 (2H, d, J 7.2, CH>), 3.46 (2H, g, J 5.5, NHCH>), 3.62 (1H, q,
J 6.7, CHCHg), 4.11 (2H, t, J 5.4, OCHy), 6.33 (1H, d, J 9.6, Ar-H), 6.95 (1H, dd, J 8.4
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3.6, Ar-H), 6.99 (1H, d, J 2.4, Ar-H), 7.05 (2H, d, J 8.0, Ar-H), 7.23 (2H, d, J 8, Ar-H),
7.65 (1H, d, J 8.8, Ar-H), 8.02 (1H, d, J 9.6,Ar-H), 8.22 (1H, t, J 5.5, exchange with D0,
CONH); dc (100 MHz, DMSO-de) 18.6, 22.2 (2 x CH3), 29.7, 38.2, 44.3, 44.7, 67.1,
101.4, 112.5, 112.6, 112.7, 127.0, 128.8, 129.6, 139.2, 139.5, 144.4, 155.4, 160.4, 161.7,
173.9; m/z (ESI positive) 394.1 [M+H]".

Synthesis  of  2-(2-((2,6-dichlorophenyl)amino)phenyl)-N-(2-((2-oxo-2H-chromen-7-
yhoxy)ethyl)acetamide (A31)
2-(2-((2,6-Dichlorophenyl)amino)phenyl)-N-(2-((2-ox0-2H-chromen-7-
yl)oxy)ethyl)acetamide A31 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of Diclofenac A5
(0.25 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture was
stirred at r.t. until the formation of the activated ester intermediate E (TLC monitoring,
not isolated). 2-((2-Oxo-2H-chromen-7-yl)oxy)ethan-1-amonium trifluoroacetate salt
A18 and triethylamine (EtzN) were added to the mixture which was stirred at 60°C until
starting materials were consumed (TLC monitoring), followed by quenching with H.O
(10 mL), extracted with EtOAc (3 x 10 mL) and the combined organic layers were
washed with H,O (3 x 20 mL), dried over Na;SOs, filtered-off and concentrated under
vacuo to give a white residue that was purified by silica gel column chromatography
eluting with EtOAc/n-hexane 50% v/v to afford the titled compound A31 as a white solid.
2-(2-((2,6-Dichlorophenyl)amino)phenyl)-N-(2-((2-oxo-2H-chromen-7-
yl)oxy)ethyl)acetamide A31: 40.4% vyield; m.p. 195-196°C; silica gel TLC Rs 0.30
(Ethyl acetate/n-hexane 50% v/v); dn (400 MHz, DMSO-ds) 3.53 (2H, g, J 5.4, NHCH)>),
3.65 (2H, s, CHy), 4.18 (2H, t, J 5.6, OCH>), 6.32 (1H, d, J 8.0, Ar-H), 6.33 (1H, d, J 9.6,
Ar-H), 6.87 (1H, appt, J 7.4, Ar-H) 6.98 (1H, dd, J 8.6 3.6, Ar-H), 7.03 (1H, d, J 2.0, Ar-
H), 7.07 (1H, appt, J 7.4, Ar-H), 7.18 (1H, d, J 8.4, Ar-H), 7.22 (1H, t, J 5.4, Ar-H), 7,54
(2H, d, J 8.0, Ar-H), 7.65 (1H, d, J 8.8, Ar-H), 8.03 (1H, d, J 9.6, Ar-H), 8.30 (1H, s,
NH), 8.69 (1H, t, J 5.4, exchange with D20, CONH). éc (100 MHz, DMSO-ds) 38.4,
67.1, 101.5, 112.6, 112.7, 112.8, 116.0, 120.7, 125.2, 125.4, 127.3, 129.3, 129.6, 130.6,
137.3,143.1, 144.4, 155.4, 160.4, 161.6, 172.1; m/z (ESI positive) 483.0 [M+H]".
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Synthesis of (£)-2-(2-fluoro-[1,1'-biphenyl]-4-yl)-N-(2-((2-0x0-2H-chromen-7-
yl)oxy)ethyl)propanamide (A32)
(x)-2-(2-Fluoro-[1,1'-biphenyl]-4-yl)-N-(2-((2-ox0-2H-chromen-7-
yl)oxy)ethyl)propanamide A32 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of (z)-Flurbiprofen A6
(0.5 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture was
stirred at r.t. until the formation of the activated ester intermediate F (TLC monitoring,
not isolated). 2-((2-Oxo-2H-chromen-7-yl)oxy)ethan-1-amonium trifluoroacetate salt
A18 and triethylamine (EtsN) were added to the mixture which was stirred at 60°C until
starting materials were consumed (TLC monitoring), followed by quenching with H.O
(10 mL), extracted with EtOAc (3 x 10 mL) and the combined organic layers were
washed with HO (3 x 20 mL), dried over NaxSOs, filtered-off and concentrated under
vacuo to give a residue that was purified by silica gel column chromatography eluting
with EtOAc/n-hexane 50% v/v to afford the titled compound A32 as a white solid.
(£)-2-(2-Fluoro-[1,1'-biphenyl]-4-y1)-N-(2-((2-ox0-2H-chromen-7-
yl)oxy)ethyl)propanamide A32: 31.7% yield; m.p. 139-140 °C; silica gel TLC Rt 0.14
(Ethyl acetate/n-hexane 50% v/v); on (400 MHz, DMSO-de) 1.40 (3H, d, J 6.8, CH3),
3.50 (2H, g, J 5.4, NHCHy), 3.75 (1H, q, J 6.8, CHCH3), 4.14 (2H, t, J 5.6, OCH>), 6.32
(1H, d, J 9.6, Ar-H), 6.95 (1H, dd, J 8.8 3.7, Ar-H), 7.01 (1H, d, J 2.0, Ar-H), 7.25 (1H, s,
Ar-H), 7.27 (1H, d, J 3.2, Ar-H), 7.46 (6H, m, Ar-H), 7.64 (1H, d, J 8.8, Ar-H), 8.01 (1H,
d, J 9.6, Ar-H), 8.36 (1H, t, J 5.4, exchange with D20, CONH); 4c (100 MHz, DMSO-de)
19.3, 39.1, 45.4, 67.9, 102.3, 113.4, 113.5 (J*c¢ 6), 115.6, 115.9, 124.7 (°cr 3), 127.3
(I°c.F 13), 128.7, 129.5, 129.6, 130.5, 131.4 (J°c-r 3), 135.9, 145.0 (J*c.¢6), 145.2, 156.3,
157.4 (I'cr 245), 161.2, 162.6, 174.1; 8¢ (376 MHz, DMSO-ds) -118.75(1F, s); m/z (ESI
positive) 432.1 [M+H]".

Synthesis of (S)-(+)-2-(6-methoxynaphthalen-2-yl)-N-(2-((2-oxo0-2H-chromen-7-
yhoxy)ethyl)propanamide (A33)
(S)-(+)-2-(6-Methoxynaphthalen-2-yl)-N-(2-((2-o0xo0-2H-chromen-7-
yl)oxy)ethyl)propanamide A33 was obtained according to the general procedure 1 earlier
reported using NHS (1.5 eqg.) and EDCI'HCI (1.5 eq.) in a solution of (S)-(+)-Naproxen
A7 (0.23 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture
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was stirred at r.t. until the formation of the activated ester intermediate H (TLC
monitoring, not isolated). 2-((2-Oxo0-2H-chromen-7-yl)oxy)ethan-1-amonium
trifluoroacetate salt A18 and triethylamine (EtsN) were added to the mixture which was
stirred at 60°C until starting materials were consumed (TLC monitoring), followed by
quenching with H>O (10 mL) and the formed precipitate was filtered-off and dried under
vacuo to give a residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 60% v/v to afford the titled compound A33 as a white solid.
(S)-(+)-2-(6-Methoxynaphthalen-2-yl)-N-(2-((2-oxo-2H-chromen-7-
yl)oxy)ethyl)propanamide A33: 24% yield; m.p. 140-141 °C; silica gel TLC R 0.26
(Ethyl acetate/n-hexane 60% v/v); on (400 MHz, DMSO-dg) 1.44 (3H, d, J 7.0, CHja),
3.48 (2H, g, J 5.5, NHCH?>), 3.79 (1H, g, J 6.9, CH), 3.89 (3H, s, OCHj3), 4.12 (2H, t, J
5.6, OCH>), 6.32 (1H, d, J 9.6, Ar-H), 6.92 (1H, dd, J 8.6 3.6, Ar-H), 6.97 (1H, d, J 2.0,
Ar-H), 7.13 (1H, dd, J 8.8 3.8, Ar-H), 7.27 (1H, d, J 2.4, Ar-H), 7.46 (1H, dd, J 8.0 3.3,
Ar-H), 7.61 (1H, d, J 8.8, Ar-H), 7.74 (3H, m, Ar-H), 8.01 (1H, d, J 9.44, Ar-H), 8.29
(1H, t, J 5.6, exchange with D20, CONH); éc (100 MHz, DMSO-ds) 19.5, 39.1, 45.9,
56.1, 67.9, 102.3, 106.6, 113.4, 113.5, 113.6, 119.5, 126.2, 127.4, 127.6, 129.3, 130.0,
130.4, 134.1, 138.3, 145.3, 156.3, 157.9, 161.3, 162.5, 174.8; m/z (ESI positive) 418.0
[M+H]".

Synthesis of  (x)-5-benzoyl-N-(2-((2-oxo0-2H-chromen-7-yl)oxy)ethyl)-2,3-dihydro-1H-
pyrrolizine-1-carboxamide (A34)
()-5-Benzoyl-N-(2-((2-ox0-2H-chromen-7-yl)oxy)ethyl)-2,3-dihydro-1H-pyrrolizine-1-
carboxamide A34 was obtained according to the general procedure 1 earlier reported
using NHS (1.5 eq.) and EDCI'HCI (1.5 eq.) in a solution of (+)-Ketorolac A8 (0.2 g, 1.0
eq.) in dry DMF (3.0 mL) under a N2 atmosphere. The reaction mixture was stirred at r.t.
until the formation of the activated ester intermediate G (TLC monitoring, not isolated).
2-((2-Oxo-2H-chromen-7-yl)oxy)ethan-1-amonium trifluoroacetate salt Al18 and
triethylamine (EtsN) were added to the mixture which was stirred at 60°C until starting
materials were consumed (TLC monitoring), followed by quenching with H20 (10 mL)
and the formed precipitate was filtered-off and dried under vacuo to give a residue was
purified by silica gel column chromatography eluting with EtOAc/n-hexane 80% v/v to
afford the titled compound A34 as a white solid.
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(x)-5-Benzoyl-N-(2-((2-oxo0-2H-chromen-7-yl)oxy)ethyl)-2,3-dihydro-1H-pyrrolizine-
1-carboxamide A34: 75.4% yield; m.p. 148-149 °C; silica gel TLC R 0.14 (Ethyl
acetate/n-hexane 60% v/v); 61 (400 MHz, DMSO-ds) 2.76 (2H, m, 2 x CHHax), 3.55 (2H,
g, J 5.4, NHCH>), 4.03 (1H, q, J 4.8, CH), 4.18 (2H, t, J 5.1, OCH), 4.25 (2H, m, 2 X
CHHeg), 6.02 (1H, d, J 3.8, pyrrole-H), 6.34 (1H, d, J 9.6, Ar-H), 6.75 (1H, d, J 3.8,
pyrrole-H), 7.01 (1H, dd, J, 8.8 4.4, Ar-H), 7.06 (1H, d, J 2.4, Ar-H), 7.54 (2H, m, Ar-H),
7.63 (1H, m, Ar-H), 7.68 (1H, d, J 8.4, Ar-H), 7.77 (2H, d, J 8.0, Ar-H), 8.04 (1H, d, J
9.6, Ar-H), 8.59 (1H, t, J 5.4, exchange with D20, CONH); 6c (100 MHz, DMSO-ds)
30.8, 38.4,42.8, 47.8, 67.0, 101.4, 102.4, 112.6, 112.7, 112.8, 124.5, 126.1, 128.4, 128.5,
129.7, 131.5, 139.0, 144.4, 145.4, 155.5, 160.4, 161.7, 170.9, 183.5; m/z (ESI positive)
443.0 [M+H]".

5.1.2 Carbonic Anhydrase Inhibition

The CA inhibitory profiles of compounds belonging to series A were obtained according

to the general procedures described at the beginning of the experimental section.

5.1.3 Pain Relief Efficacy Tests
5.1.3.1 Animals

Sprague Dawley rats (Harlan, Varese, Italy) weighing 200-250 g at the beginning of the
experimental procedure were used. Animals were housed in the Centro Stabulazione
Animali da Laboratorio (University of Florence) and used at least 1 week after their
arrival. Four rats were housed per cage (size 26 cm x 41 cm); animals were fed a standard
laboratory diet and tap water ad libitum and kept at 23 + 1 °C with a 12 h light/dark cycle
(light at 7 a.m.). All animal manipulations were carried out according to the European
Community guidelines for animal care [DL 116/92, application of the European
Communities Council Directive of November 24" 1986 (86/609/EEC)]. The ethical
policy of the University of Florence complies with the Guide for the Care and Use of
Laboratory Animals of the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996; University of Florence assurance number A5278-01). Formal approval to

conduct the experiments described was obtained from the Animal Subjects Review Board
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of the University of Florence. Experiments involving animals have been reported
according to ARRIVE - Animal Research: Reporting of in Vivo Experiments —
guidelines.?® All efforts were made to minimize animal suffering and to reduce the

number of animals used.

5.1.3.2 Complete Freund’s adjuvant-induced arthritis

Articular damage was induced by injection of complete Freund’s adjuvant (CFA; Sigma-
Aldrich St Louis, MO, USA), containing 1 mg/ml of heat-killed and dried
Mycobacterium tuberculosis in paraffin oil and mannide monooleate, into the tibiotarsal
joint.170:284.285 Briefly, the rats were lightly anesthetized by 2% isoflurane, the left leg skin
was sterilized with 75% ethyl alcohol and the lateral malleolus located by palpation. A
28-gauge needle was then inserted vertically to penetrate the skin and turned distally for
insertion into the articular cavity at the gap between the tibiofibular and tarsal bone until
a distinct loss of resistance was felt. A volume of 50 pl of CFA was then injected (day 0).
Control rats received 50 pl of saline solution (day 0) in the tibiotarsal joint. Behavioral

experiments were performed 14 days after.

5.1.3.3 Administration of compounds

Compounds A19, A28, A30, A32 and A34 were suspended in a 1% solution of
carboxymethylcellulose sodium salt (CMC) and administered per os (p.0.) once on day
14. All compounds were tested at the dose of 10 mg kg, 5d was also administered at the
dose of 1 mg kg™. Ibuprofen was administered p.o. at 10 mg kg, the effectiveness of this
dosage was previously demonstrated in the same model whereas the compound was

ineffective when administered at 15 mg kg2.17°
5.1.3.4 Paw-pressure test
The nociceptive threshold of rats was determined with an analgesimeter (Ugo Basile,

Varese, ltaly), according to the method described by Leighton et al.?® Briefly, a

constantly increasing pressure was applied to a small area of the dorsal surface of the
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hind paw using a blunt conical probe by a mechanical device. Mechanical pressure was
increased until vocalization or a withdrawal reflex occurred while rats were lightly
restrained. VVocalization or withdrawal reflex thresholds were expressed in grams. Rats
scoring below 40 g or over 75 g during the test before drug administration were rejected

(25%). For analgesia measures, mechanical pressure application was stopped at 120 g.

5.1.3.5 Incapacitance test

Weight-bearing changes were measured using an incapacitance apparatus (Linton
Instrumentation, Norfolk, UK) to detect changes in postural equilibrium after a hind limb
injury.?®” Rats were trained to stand on their hind paws in a box with an inclined plane
(65° from horizontal). This box was placed above the incapacitance apparatus. This
allowed us to independently measure the weight that the animal applied on each hind
limb. The value reported for each animal is the mean of five consecutive measurements.
In the absence of hind limb injury, rats applied an equal weight on both hind limbs,
indicating postural equilibrium, whereas an unequal distribution of weight on the hind
limbs indicated a monolateral decreased pain threshold. Data are expressed as the
difference between the weight applied to the limb contralateral to the injury and the

weight applied to the ipsilateral limb (A Weight).

5.1.3.6 Statistical analysis

Behavioural measurements were performed on eight rats for each treatment carried out in
two different experimental sets. Results were expressed as mean (S.E.M.) with one-way
analysis of variance. A Bonferroni’s significant difference procedure was used as a post
hoc comparison. P-values <0.05 or <0.01 were considered significant. Data were
analysed using the Origin 9 software (OriginLab, Northampton, MA, USA).
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5.2 Bioisosteric development of multi-target NSAID - carbonic anhydrases inhibitor
anti-arthritic agents: synthesis, enzyme Kinetic, plasma stability and anti-
inflammatory evaluation (Series B)

5.2.1 Chemistry

The general chemistry protocols are reported at the beginning of the experimental section.

General procedure 4 for the synthesis of intermediates 6-(2-hydroxyethoxy)-2H-chromen-
2-one B1 and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2

HO/\/CI
A OO K,CO3, KI 2
HO—— | e, o— |
NNF DMEF, 90 °C /—/ NNF
HO
6-OH/7-OH Coumarin Bl 6-O-alkyl

B2 7-O-alkyl

2-Chloro-ethanol (1.5 eq.) was added to a suspension of 6-hydroxy-2H-chromen-2-one or
7-hydroxy-2H-chromen-2-one (1.0 g, 1.0 eq.), KoCOs3 (1.2 eq.) and KI (1.0 eq.) in dry
N,N-dimethylformamide (DMF) (4 mL) under a N> atmosphere. The reaction mixtures
were stirred at 90 °C O.N. until consumption of starting materials (TLC monitoring), then
cooled down to r.t. and quenched with H>O (10 mL), the reaction solution was extracted
with EtOAc (3 x 10 mL). The combined organic layers were washed with a saturated
solution of K>COs, brine and dried over NaxSOj, filtered-off and concentrated under
vacuo to give an oil that was purified by silica gel column chromatography eluting with

the appropriate mixture of EtOAc/n-hexane to afford B1 or B2 as white solids.

6-(2-Hydroxyethoxy)-2H-chromen-2-one (B1): 56% yield; m.p. 134-136°C; TLC: Rf =
0.14 (ethyl acetate/n-hexane 60% v/v); *H-NMR (DMSO-ds, 400 MHz): 6 3.76 (2H, q, J
=12.0, 4.2, CH,-OH), 4.06 (2H, t, J = 9.6, 4.8, O-CH»-CH»-OH), 4.94 (1H, t, J = 9.6, 4.8,
CH2-OH), 6.52 (1H, d, J = 9.6, Ar-H), 7.24 (1H, dd, J = 8.6, 3.6, Ar-H), 7.32 (LH, m, Ar-
H), 7.37 (1H, d, J = 9.2, Ar-H), 8.03 (1H, d, J = 9.6, Ar-H); 3C-NMR (DMSO-ds, 100
MHz): 6 60.4, 71.1, 112.3, 117.4, 118.2, 120.1, 120.8, 145.0, 148.7, 155.9, 161.1; MS
(ESI positive) m/z = 207.0 [M + H]".
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7-(2-Hydroxyethoxy)-2H-chromen-2-one (B2): 50% yield; m.p. 85-87°C; TLC: Rf =
0.22 (ethyl acetate/n-hexane 50% v/v); *H-NMR (DMSO-ds, 400 MHz): § 3.77 (2H, q,
CH2-OH), 4.13 (2H, t, J = 9.6, 4.8, O-CH2-CH2-OH), 4.95 (1H, t, J = 11.2, 5.6, CH>-
OH), 6.32 (1H, d, J = 9.6, Ar-H), 7.99 (1H, dd, J = 8.6, 3.6, Ar-H), 7.02 (1H, d, J = 2.0,
Ar-H), 7.66 (1H, d, J = 8.8, Ar-H), 8.02 (1H, d, J = 9.2, Ar-H); 3C-NMR (DMSO-d,
100 MHz): ¢ 60.3, 71.3, 102.1, 113.2, 113.3, 113.7, 130.4, 145.3, 156.3, 161.2, 162.9;
MS (ESI positive) m/z = 207.0 [M + H]".

General procedure 5 for the synthesis of esters B3-16

(Ij EDCI'HCI 7 =
DMAP
- 0 ,_/
/ OH DMF >;
B1 or B2 Al-7 R B3-9 6-0-alkyl
B10-16 7-O-alkyl

Al=Indometacin AS=Dichlofenac
A2=Sulindac A6=Flurbiprofen
A3=Ketoprofen =A7=Naproxen

A4=Ibuprofen

EDCI-HCI (1.2 eq.) and DMAP (0.03 eq.) were added to a solution of the appropriate
NSAID A1-7 (0.5 g, 1.0 eq.) and B1 or B2 in dry DMF (3.0 mL) under a N> atmosphere.
The reaction was stirred at room temperature until starting materials were consumed
(TLC monitoring), and then quenched with slush (10 mL). The mixture was extracted
with EtOAc (3 x 10 mL) and the combined organic layers were washed with a saturated
solution of K»CO3 (2 x 20 mL) and water (1 x 20 ml), dried over Na>SOg, filtered-oft and
concentrated under vacuo to give a crude residue that was purified by silica gel column

chromatography eluting with the appropriate mixture of solvents.

Synthesis of 2-((2-oxo-2H-chromen-6-yl)oxy)ethyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-
methyl-1H-indol-3-yl)acetate (B3)

Compound B3 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of indometacin A1 (0.15 g, 1.0
eq.) and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.11 g, 1.0 eq.) in dry DMF (2.0
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mL). The crude compound was purified by silica gel column chromatography eluting
with EtOAc/n-hexane 40% v/v to give B3 as a white solid.
2-((2-Oxo0-2H-chromen-6-yl)oxy)ethyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-
1H-indol-3-yl)acetate B3: 47% yield; m.p. 175-177°C; silica gel TLC Ry 0.47 (ethyl
acetate/n-hexane 40% v/v); ou (400 MHz, DMSO-ds) 2.24 (3H, s, CH3), 3.75 (3H, s,
OCHs), 3.85 (2H, s, CH>CO), 4.27 (2H, t, J = 4.4, OCH>), 446 (2H, t, J = 4.0,
COOCH>), 6.53 (1H, d, J=9.6, Ar-H), 6.73 (1H, dd, J = 8.0 2.4, Ar-H), 6.96 (1H, d, J =
8.8, Ar-H), 7.07 (1H, d, J=2.4, Ar-H), 7.17 (1H, dd, /= 8.0 2.4, Ar-H), 7.29 (1H, d, J =
2.8, Ar-H), 7.36 (1H, d, J = 9.2, Ar-H), 7.65 (4H, m, J = 8.4, Ar-H), 8.00 (1H, d, J = 9.6,
Ar-H); ¢ (100 MHz, DMSO-ds) 14.1, 30.2, 56.2, 63.8, 67.4, 102.5, 112.3, 112.5, 113.5,
115.5, 117.6, 118.3, 120.1, 120.6, 129.9, 131.1, 131.4, 132.0, 134.9, 136.3, 138.5, 144.9,
148.9, 155.4, 156.5, 161.0, 168.7, 171.4; ESI-HRMS (m/z) [M+H]": calculated for
C30H25CINO7 546.1314; found 546.1324.

Synthesis of 2-((2-ox0-2H-chromen-6-yl)oxy)ethyl(Z)-2-(5-fluoro-2-methyl-1-(4-
(methylsulfinyl)benzylidene)-1 H-inden-3-yl)acetate (B4)

Compound B4 was obtained according to the general procedure earlier reported adding
EDCI'HCI (2.0 eq.) and DMAP (0.03 eq.) to a solution of sulindac A2 (0.27 g, 1.0 eq.)
and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.2 g, 1.0 eq.) in dry DMF (2.0 mL)
under a N: atmosphere. The crude residue was purified by silica gel column
chromatography eluting with EtOAc/n-hexane 70% v/v to afford the titled compound B4
as a yellow solid.

2-((2-Oxo-2H-chromen-6-yl)oxy)ethyl(Z)-2-(5-fluoro-2-methyl-1-(4-
(methylsulfinyl)benzylidene)-1H-inden-3-yl)acetate B4: 47% yield; m.p. 131-133°C;
silica gel TLC Ry 0.26 (MeOH/DCM 5% v/v); 6u (400 MHz, DMSO-ds) 2.19 (3H, s,
CH;), 2.86 (3H, s, SOCH;), 3.76 (2H, s, CH2CO), 4.27 (2H, m, OCH>), 4.47 (2H, m,
COOCH:; Ar-H), 6.52 (1H, d, J = 9.6, Ar-H), 6.74 (1H, t, J = 8.0, Ar-H), 7.04 (1H, d, J =
8.0, Ar-H), 7.20 (2H, m, Ar-H), 7.35 (3H, m, Ar-H), 7.77 (4H, dd, J = 8.0 32.4, Ar-H),
8.0 (1H, d, J = 9.6, Ar-H); 6c (100 MHz, DMSO-ds) 11.2, 31.6, 31.7, 44.0, 63.8, 67.4,
111.4 (Per=24), 112.6, 117.5, 118.3, 120.1, 120.6, 124.0, 124.1, 124.8, 130.2, 130.8,
132.6 (Pcr=3), 139.3 (Pcr=3), 141.1, 144.9, 147.3, 148.9, 155.4, 160.1, 163.4 (J'c.r=

144



CHAPTER 5. EXPERIMENTAL SECTION

245), 164.6, 170.9; 8r (376 MHz, DMSO-ds) -113.36 (1F, s); ESI-HRMS (m/z) [M+H]":
calculated for C31H26FOsS 545.1429; found 545.1421.

Synthesis of (£)-2-((2-oxo-2H-chromen-6-yl)oxy)ethyl 2-(3-benzoylphenyl)propanoate
(BS)

Compound B5 was obtained according to the general procedure earlier reported adding
EDCTI'HCI (2.0 eq.) and DMAP (0.03 eq.) to a solution of (x)-ketoprofen A3 (0.145 g, 1.0
eqg.) and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.15 g, 1.0 eq.) in dry DMF (2.0
mL). The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane from 50% v/v to give BS as a white solid.
(¥)-2-((2-Ox0-2H-chromen-6-yl)oxy)ethyl 2-(3-benzoylphenyl)propanoate BS: 54%
yield; m.p. 89-91°C; silica gel TLC Ry 0.50 (ethyl acetate/n-hexane 50% v/v ); du (400
MHz, DMSO-ds) 1.46 (3H, d, J= 7.2 CH3), 4.02 (1H, q, J = 6.8, CH), 422 2H, t, J =
4.4, OCH>), 4.45 (2H, q, J=3.8, COOCH>), 6.51 (1H, d, J = 9.6, Ar-H), 7.15 (1H, dd, J
=9.2,3.2, Ar-H), 7.25 (1H, d, J = 3.2, Ar-H), 7.32 (1H, d, J = 9.2, Ar-H), 7.61 (9H, m,
Ar-H), 7.98 (1H, d, J = 8.0, Ar-H); 6c (100 MHz, DMSO-ds) 19.4, 45.1, 63.8, 67.3,
112.6, 117.5, 118.2, 120.1, 120.6, 129.3, 129.4, 129.5, 129.7, 130.5, 132.6, 133.6, 137.8,
138.1, 141.9, 144.9, 148.9, 155.3, 161.0, 174.4, 196.4 ; ESI-HRMS (m/z) [M+H]":
calculated for C27H2306 443.1489; found 443.1496.

Synthesis of (£)-2-((2-oxo-2H-chromen-6-yl)oxy)ethyl 2-(4-isobutylphenyl)propanoate
(B6)

Compound B6 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of (+)-ibuprofen A4 (0.17 g, 1.0
eq.) and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.2 g, 1.0 eq.) in dry DMF (2.0
mL). The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane from 40% v/v to give B6 as a white solid.
(¥)-2-((2-Oxo0-2H-chromen-6-yl)oxy)ethyl 2-(4-isobutylphenyl)propanoate B6: 43%
yield; m.p. 85-87°C; silica gel TLC Ry 0.65 (ethyl acetate/n-hexane 40% v/v); o (400
MHz, DMSO-ds) 0.85 (6H, d, J = 6.4, 2 x CH3), 1.40 (3H, d, J = 7.2, CH3), 1.76 (1H,
sept, CH(CHs)2), 2.40 (2H, d, J = 6.8, CH>), 3.80 (1H, q, J = 6.8, CH), 4.21 (2H, m,
OCH:>), 442 (2H, t, J=4.4, COOCH>), 6.52 (1H, d, J = 9.6, Ar-H), 7.07 (2H, d, J = 8.0,
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Ar-H), 7.17 3H, m, Ar-H), 7.28 (1H, d, J = 2.8, Ar-H), 7.35 (1H, d, J = 9.2, Ar-H), 8.01
(1H, d, J = 9.6, Ar- H); 8¢ (100 MHz, DMSO-ds) 19.5, 23.0, 30.5, 45.0, 45.1, 63.6, 67.4,
112.6, 117.5, 118.3, 120.1, 120.8, 127.9, 129.9, 138.6, 140.6, 144.9, 148.9, 155.4, 161.0,
174.8; ESI-HRMS (m/z) [M+H]": calculated for C24H270s 395.1853; found 395.1853.

Synthesis of 2-((2-oxo-2H-chromen-6-yl)oxy)ethyl,2-(2-((2, 6-
dichlorophenyl)amino)phenyl)acetate (B7)

Compound B7 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of diclofenac A5 (0.6 g, 1.0 eq.)
and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.5 g, 1.0 eq.) in dry DMF (3.0 mL).
The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 50% v/v to give B7 as a white solid.
2-((2-Oxo-2H-chromen-6-yl)oxy)ethyl,2-(2-((2,6-
dichlorophenyl)amino)phenyl)acetate B7: 53% yield; m.p. 154-156°C; silica gel TLC
Ry 0.50 (Ethyl acetate/n-hexane 50% v/v); 6x (400 MHz, DMSO-ds) 3.88 (2H, s, CH>),
430 (2H, t, J=4.8, OCH>), 4.49 (2H, t, J = 4.0, COOCH,), 6.28 (1H. d, J = 8.0, Ar-H),
6.53 (1H, d, J= 9.6, Ar-H), 6.85 (1H, appt, J = 6.8, Ar-H), 7.03 (1H, m, Ar-H), 7.08 (1H,
appt, J = 8.2, Ar-H), 7.22 (3H, m, Ar-H), 7.45 (2H, m, Ar-H), 7.54 (2H, d, J = 8.0, Ar-H),
8.01 (1H, d, J = 9.6, Ar-H); 6c (100 MHz, DMSO-ds) 37.8, 64.0, 67.4, 112.6, 116.8,
117.5, 118.3, 120.1, 120.7, 121.5, 123.9, 126.9, 128.7, 130.0, 131.6, 131.8, 138.0, 143.8,
144.9, 1489, 1554, 161.0, 172.4; ESI-HRMS (m/z) [M+H]": calculated for
C25H20C12NOs 484.0713; found 484.0708.

Synthesis of (£)-2-((2-oxo-2H-chromen-6-yl)oxy)ethyl 2-(2-fluoro-[1,1-biphenyl]-4-
yl)propanoate (B8)

Compound B8 was obtained according to the general procedure earlier reported adding
EDCTHCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of (x)-flurbiprofen A6 (0.14 g, 1.0
eq.) and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.15 g, 1.0 eq.) in dry DMF (3.0
mL). The reaction mixture was quenched with H>O (10 mL) and the obtained precipitate
was filtered-off and purified by silica gel column chromatography eluting with EtOAc/n-

hexane 50% v/v to give B8 as a white solid.
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(¥)-2-((2-Ox0-2H-chromen-6-yl)oxy)ethyl 2-(2-fluoro-[1,1'-biphenyl]-4-
yl)propanoate B8: 64% yield; m.p. 122-124°C; silica gel TLC Ry 0.50 (ethyl acetate/n-
hexane 50% v/v ); 6 (400 MHz, DMSO-ds) 1.47 (3H, d, J= 7.2, CH3), 3.98 (1H, q, J =
7.2, CH), 424 (2H, t, J = 4.4, OCH>), 4.46 (2H, q, J = 4.0, COOCH.), 6.51 (1H, d, J =
9.6, Ar-H), 7.20 (2H, dd, J = 8.8, 4.0, Ar-H), 7.26 (2H, m, Ar-H), 7.34 (1H, d, J=9.2, Ar-
H), 7.45 (6H, m, Ar-H), 7.98 (1H, d, J = 9.6, Ar-H); ¢ (100 MHz, DMSO-ds) 19.2, 44.8,
63.8, 67.3, 112.6, 115.9 (Jc.r = 23), 117.5, 118.3, 120.1, 120.7, 124.8 (Scr = 3), 127.6
(Por=3), 128.7, 129.6 (Pcr = 3), 131.6 (Pcr = 3), 135.7, 143.1 (J'cr = 8), 144.9,
148.9, 155.4, 158.6 (J'c.r = 245), 174.2; 8r (376 MHz, DMSO-ds) -118.3 (1F, s); ESI-
HRMS (m/z) [M+H]": calculated for C26H2FOs 433.1446; found 433.1451.

Synthesis of (S)-(+)-2-((2-oxo-2H-chromen-6-yl)oxy)ethyl 2-(6-methoxynaphthalen-2-
vl)propanoate (B9)

Compound B9 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of (S)-(+)-naproxen A7 (0.18 g,
1.0 eq.) and 6-(2-hydroxyethoxy)-2H-chromen-2-one B1 (0.2 g, 1.0 eq.) in dry DMF (2.0
mL). The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 40% v/v to give B9 as a white solid.
(S)-(+)-2-((2-Oxo0-2H-chromen-6-yl)oxy)ethyl 2-(6-methoxynaphthalen-2-
yl)propanoate B9: 55% yield; m.p. 100-102°C; silica gel TLC Ry 0.55 (ethyl acetate/n-
hexane 50% v/»); dux (400 MHz, DMSO-ds) 1.50 (3H, d, J = 7.1, CH3), 3.89 (3H, s,
OCH;), 398 (1H, q, J=17.1, CH), 4.21 (2H, t, J = 3.6, OCH>), 4.44 (2H, m, COOCH>),
6.51 (1H, d, J=9.6, Ar-H), 7.12 (2H, m, Ar-H), 7.20 (1H, d, J= 3.0 Ar-H), 7.29 (2H, d, J
=09.1, Ar-H), 7.41 (1H, dd, J = 8.5, 1.8, Ar-H), 7.75 (3H, dd, J = 11.6, 4.5, Ar-H), 7.94
(1H, d, J = 9.6 Hz, Ar-H); d¢ (100 MHz, DMSO-ds) 19.4, 45.3, 56.0, 63.6, 67.4, 106.6,
112.6, 117.5, 118.2, 119.6, 120.0, 120.6, 126.4, 127.1, 127.8, 129.2, 130.0, 134.2, 136.4,
144.8, 148.8, 155.3, 158.1, 161.0, 174.8; ESI-HRMS (m/z) [M+H]": calculated for
C25H2306 419.1489; found 419.1495.
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Synthesis of 2-((2-oxo-2H-chromen-7-yl)oxy)ethyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-
methyl-1H-indol-3-yl)acetate (B10)

Compound B10 was obtained according to the general procedure earlier reported adding
EDCTHCI (1.2 eq.) and DMAP (0.03 eq.) to a solution of indometacin A1 (0.27 g, 1.0
eq.) and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.2 g, 1.0 eq.) in dry DMF (2.0
mL). The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 40% v/v to afford the titled compound B10 as a yellow solid.
2-((2-Oxo0-2H-chromen-7-yl)oxy)ethyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-
1H-indol-3-yl)acetate B10:

82% yield; m.p. 143-145°C; silica gel TLC Ry 0.66 (ethyl acetate/n-hexane 60% v/v); du
(400 MHz, DMSO-ds) 2.23 (3H, s, CH3), 3.75 (3H, s, COCH>), 3.84 (2H, s, OCHj3), 4.33
(2H, t,J=4.4, OCH>), 4.46 (2H, q, J = 3.6, COOCH>), 6.33 (1H, d, J = 9.6, Ar-H), 6.72
(1H, d, J= 2.4, Ar-H), 6.90 (4H, m, Ar-H), 7.65 (5H, m, Ar-H), 8.02 (1H, d, J = 9.6, Ar-
H); o, (100 MHz, DMSO-ds) 14.1, 30.2, 56.3, 63.6, 67.6, 102.3, 102.6, 112.3, 113.5,
113.6, 113.7, 115.5, 130.0, 130.4, 131.2, 131.4, 132.1, 135.0, 136.4, 138.6, 145.2, 145.3,
156.3, 156.5, 161.2, 162.2, 168.8, 171.5 ; ESI-HRMS (m/z) [M+H]": calculated for
C30H25CINO7 546.1314; found 546.1309.

Synthesis of 2-((2-oxo-2H-chromen-7-yl)oxy)ethyl(Z)-2-(5-fluoro-2-methyl- 1 -(4-
(methylsulfinyl)benzylidene)- 1 H-inden-3-yl)acetate (B11)

Compound B11 was obtained according to the general procedure earlier reported adding
EDCTHCI (1.2 eq.) and DMAP (0.03 eq.) to a solution of sulindac A2 (0.258 g, 0.95 eq.)
and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.2 g, 1.0 eq.) in dry DMF (2.0 mL).
The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 80% v/v to afford A1l as a yellow solid.
2-((2-Oxo-2H-chromen-7-yl)oxy)ethyl(Z)-2-(5-fluoro-2-methyl-1-(4-
(methylsulfinyl)benzylidene)-1H-inden-3-yl)acetate B11: 42% yield; m.p. 155-157°C;
silica gel TLC Ry 0.19 (ethyl acetate/n-hexane 80% v/v); on (400 MHz, DMSO-ds) 2.19
(3H, s, CHs), 2.86 (3H, s, SOCH»), 3.77 (2H, s, COCH>), 4.35 (2H, d, J = 4.1, OCH>),
4.47 (2H, m, COOCH,), 6.33 (1H, d, J = 9.6, Ar-H), 6.74 (1H, dd, J = 12.4, 5.4 Ar-H),
7.00 3H, m, Ar-H), 7.20 (1H, dd, J = 8.3, 5.2, Ar-H), 7.41 (1H, s, Ar-H), 7.66 (1H, d, J =
8.6, Ar-H), 7.78 (4H, dd, J = 30.9, 8.2, Ar-H), 8.02 (1H, d, J = 9.6, Ar-H); ¢ (100 MHz,
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DMSO-ds) 11.2, 31.6, 4.0, 63.6, 67.4, 102.2, 106.9 (J'c.r= 24), 111.3 (Pcr=24), 113.4,
113.5 (Jer = 3), 113.6, 124.8, 130.2, 130.4, 130.8, 132.6 (J'c.r = 3), 139.3 (Per = 8),
141.0, 145.1, 147.3, 147.5, 147.7 (Pcr = 8), 148.0, 156.2, 161.1, 163.2 (J'cr = 245),
170.8; 8+ (376 MHz, DMSO-ds) -113,39 (1F, s); ESI-HRMS (m/z) [M+H]": calculated
for C31Ha6FO6S 545.1429; found 545.1424.

Synthesis of (£)-2-((2-oxo-2H-chromen-7-yl)oxy)ethyl 2-(3-benzoylphenyl)propanoate
(B12)

Compound B12 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.2 eq.) and DMAP (0.03 eq.) to a solution of (+)-ketoprofen A3 (0.19 g, 1.0
eq.) and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.2 g, 1.0 eq.) in dry DMF (2.0
mL). The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 40% v/v to afford the titled compound B12.
(¥)-2-((2-Ox0-2H-chromen-7-yl)oxy)ethyl 2-(3-benzoylphenyl)propanoate B12: 47%
yield; m.p. 108-110°C; silica gel TLC Ry 0.66 (ethyl acetate/n-hexane 60% v/v); 6n (400
MHz, DMSO-ds) 1.47 (3H, d, J= 7.1, CH3), 4.04 (1H, dt, J=14.2, 7.2, CH), 430 (2H, t,
J=4.2,0CH,),4.45 (2H, d, J=3.4 Hz, COOCH>), 6.32 (1H, d, J = 9.6, Ar-H), 6.90 (2H,
m, Ar-H), 7.61 (10H, m, Ar-H), 8.00 (1H, d, J = 9.6, Ar-H); 6c (100 MHz, DMSO-ds)
19.4, 45.1, 63.6, 67.3, 102.2, 113.4, 113.5, 113.6, 129.3, 129.4, 129.7, 130.3, 130.4,
132.6, 133.6, 137.8, 138.0, 141.8, 145.1, 156.2, 161.1, 162.1, 174.5, 196.5 ; ESI-HRMS
(m/z) [M+H]": calculated for C27H230¢ 443.1489; found 443.1486.

Synthesis of (£)-2-((2-oxo-2H-chromen-7-yl)oxy)ethyl 2-(4-isobutylphenyl)propanoate
(B13)

Compound B13 was obtained according to the general procedure earlier reported adding
EDCTHCI (1.2 eq.) and DMAP (0.03 eq.) to a solution of (£)-ibuprofen A4 (0.17 g, 1.0
eq.) and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.2 g, 1.0 eq.) in dry DMF (3.0
mL). The reaction mixture was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 50% v/v to afford the titled compound B13 as an oil.
(£)-2-((2-Ox0-2H-chromen-7-yl)oxy)ethyl 2-(4-isobutylphenyl)propanoate B13: 57%
yield; m.p. 96-98°C; silica gel TLC Ry 0.57 (ethyl acetate/n-hexane 50% v/v); dx (400
MHz, DMSO-dys) 0.83 (6H, d, J= 6.8, 2 x CH3), 1.40 (3H, d, J=7.2, CH;), 1.74 (1H, dp,
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J=13.5, 6.8, CH(CHaz)2), 2.39 (2H, d, J = 6.8, CH>), 3.81 (1H, q, J = 7.2, CHCH3), 4.28
(2H, t, J=4.4, OCH>), 4.42 (2H, q, J = 3.6, COOCH>), 6.33 (1H, d, J = 9.6, Ar-H), 6.93
(1H, dd, J = 8.4 3.6, Ar-H), 6.98 (1H, d, J 2.4, Ar-H), 7.06 (2H, d, J = 8.0, Ar-H), 7.19
(2H, d, J = 8.0, Ar-H), 7.65 (1H, d, J = 8.8, Ar-H), 8.03 (1H, d, J = 9.6, Ar-H); ¢ (100
MHz, DMSO-ds) 15.0, 19.4, 23.0, 30.5, 44.9, 63.4, 67.4, 102.3, 113.5, 113.6, 127.9,
129.9, 130.4, 138.6, 140.6, 145.2, 156.2, 156.3, 161.2, 162.2, 174.8; ESI-HRMS (m/z)
[M+H]": calculated for C24H2705 395.1853; found 395.1849.

Synthesis of 2-((2-oxo-2H-chromen-7-yl)oxy)ethyl 2-(2-((2,6-
dichlorophenyl)amino)phenyl)acetate (B14)

Compound B14 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of diclofenac AS (0.6 g, 1.0 eq.)
and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.25 g, 1.0 eq.) in dry DMF (3.0 mL).
The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 30% v/v to afford B14 as a white solid.
2-((2-Oxo-2H-chromen-7-yl)oxy)ethyl 2-(2-((2,6-
dichlorophenyl)amino)phenyl)acetate B14: 38% yield; m.p. 173-175°C; silica gel TLC
Rr0.36 (ethyl acetate/n-hexane 40% v/v); o (400 MHz, DMSO-ds) 3.89 (2H, s, COCH>),
4.38 (2H, m, OCH>), 4.49 (2H, m, COOCH>), 6.28 (1H, d, J = 8.0, Ar-H), 6.34 (1H, d, J
=9.6, Ar-H), 6.86 (1H, m, Ar-H), 6.97 (1H, dd, J = 8.6, 2.4, Ar-H), 7.06 (3H, m, Ar-H),
7.23 (2H, dd, J = 11.1, 5.0, Ar-H), 7.54 (2H, d, J = 8.0, Ar-H), 7.65 (1H, d, J = 8.6, Ar-
H), 8.02 (1H, d, J = 9.6, Ar-H); 3¢ (100 MHz, DMSO-ds) 37.8, 63.8, 67.4, 102.2, 113.4,
113.5, 113.6, 116.7, 121.5, 123.9, 126.8, 128.7, 130.0, 130.4, 131.7, 131.8, 138.0, 143.8,
1452, 156.2, 161.2, 162.2, 172.4; ESI-HRMS (m/z) [M+H]": calculated for
C25H20C12NOs 484.0713; found 484.0704.

Synthesis of (£)-2-((2-oxo-2H-chromen-7-yl)oxy)ethyl 2-(2-fluoro-[1,1"-biphenyl]-4-
yl)propanoate (B15)

Compound B15 was obtained according to the general procedure earlier reported adding
EDCTHCI (1.5 eq.) and DMAP (0.03 eq.) to a solution of (£)-flurbiprofen A6 (0.17 g, 1.0
eq.) and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.2 g, 1.0 eq.) in dry DMF (3.0

150



CHAPTER 5. EXPERIMENTAL SECTION

mL). The reaction mixture was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 50% v/v to afford the titled compound B15 as a colourless oil.
(£)-2-((2-Ox0-2H-chromen-7-yl)oxy)ethyl 2-(2-fluoro-[1,1'-biphenyl]-4-
y))propanoate B15: 67% yield; m.p. 111-113°C; silica gel TLC Ry 0.56 (ethyl acetate/n-
hexane 50% v/v); ox (400 MHz, DMSO-ds) 1.47 3H, d, J= 7.1, CH3), 3.97 (1H, q, J =
7.1, CHCH3), 4.32 (2H, t, J = 4.4, OCH>), 4.47 (2H, m, COOCH>), 6.32 (1H, d, J = 9.6,
Ar-H), 6.94 (1H, dd, J = 8.6, 2.4, Ar-H), 7.00 (1H, d, J = 2.4, Ar-H), 7.25 (2H, m, Ar-H),
7.46 (6H, m, Ar-H), 7.64 (1H, d, J = 8.6, Ar-H), 8.00 (1H, d, J = 9.6, Ar-H); ¢ (100
MHz, DMSO-ds) 19.2, 44.8, 63.6, 67.4, 102.2, 113.4, 113.5 (J*c.r 8), 115.9, 116.1, 124.8
(LPer =3), 127.7 (Pcr = 13), 128.7, 129.5, 129.6 (LPcr = 3), 130.5, 131.6 (Pcr = 3),
135.7, 143.0 (JPc-r = 8), 145.1, 156.2, 158.5 (J'c.r = 245), 161.2, 162.2, 174.2; 87 (376
MHz, DMSO-ds) -118.30 (1F, s); ESI-HRMS (m/z) [M+H]": calculated for C26H2FOs
433.1446; found 433.1440.

Synthesis of (S)-(+)-2-((2-oxo-2H-chromen-7-yl)oxy)ethyl 2-(6-methoxynaphthalen-2-
vl)propanoate (B16)

Compound B16 was obtained according to the general procedure earlier reported adding
EDCI'HCI (1.2 eq.) and DMAP (0.03 eq.) to a solution of (S)-(+)-naproxen A7 (0.175 g,
1.0 eq.) and 7-(2-hydroxyethoxy)-2H-chromen-2-one B2 (0.2 g, 1.0 eq.) in dry DMF (2.0
mL). The crude residue was purified by silica gel column chromatography eluting with
EtOAc/n-hexane 50% v/v to afford the titled compound B16 as a white solid.
(S)-(+)-2-((2-Oxo0-2H-chromen-7-yl)oxy)ethyl 2-(6-methoxynaphthalen-2-
y)propanoate B16: 63% yield; m.p. 123-125°C; silica gel TLC Ry 0.64 (ethyl acetate/n-
hexane 60% v/»); dux (400 MHz, DMSO-ds) 1.50 (3H, d, J = 7.2, CH3), 3.88 (3H, s,
OCH;),3.95(1H, q,J=17.1, CH), 4.29 (2H, m, OCH;), 4.43 (2H, dd, J=3.4, 5.4, OCH>),
6.32 (1H, d, J=9.6, Ar-H), 6.87 (1H, dd, J = 3.6, 8.6, Ar-H), 6.93 (1H, d, J = 2.0, Ar-H),
7.13 (1H, dd, J = 3.8, 8.8, Ar-H), 7.27 (1H, d, J = 2.4, Ar-H), 7.39 (1H, dd, J = 3.3, 8.5,
Ar-H), 7.59 (1H, d, J = 8.8, Ar-H), 7.74 (3H, m, Ar-H), 8.01 (1H, d, J = 9.0, Ar-H); 6c
(100 MHz, DMSO-ds) 19.4, 45.3, 56.0, 63.5, 67.4, 102.2, 106.6, 113.4, 113.5, 113.6,
119.6, 126.4, 127.1, 127.8, 129.3, 129.9, 130.3, 134.2, 136.4, 145.1, 156.1, 158.1, 161.1,
162.1, 174.8; ESI-HRMS (m/z) [M+H]": calculated for CzsH230¢ 419.1489; found
419.1497.
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5.2.2 Carbonic Anhydrase Inhibition

The CA inhibitory profiles of compounds belonging to Series B were obtained according

to the general procedures described at the beginning of the experimental section.

5.2.3 Drug stability study
5.2.3.1 Chemicals

Acetonitrile (Chromasolv), formic acid (MS grade), NaCl, KCl, NaxHPO4 2H>O, KH>PO4
(Reagent grade) and verapamil hydrochloride (analytical standard, used as internal
standard), ketoprofen and enalapril (analytical standard) were purchased by Sigma-
Aldrich (Milan, Italy). Ketoprofen Ethyl Ester (KEE) were obtained by Fisher's reaction
from ketoprofen and ethanol. MilliQ water 18 MQ cm was obtained from Millipore's
Simplicity system (Milan - Italy).

Phosphate buffer solution (PBS) was prepared by adding 8.01 g L' of NaCl, 0.2 g L™! of
KCI, 1.78 g L' of Na,HPO4 2H,0 and 0.27 g L' of KH,POs. Human plasma was
collected from healthy male volunteer and the rat plasma was collected from Sprague

Dawley male rats; each plasma batch was kept at -80 °C until use.

5.2.3.2 Instrumental

The LC-MS/MS analysis was carried out using a Varian 1200L triple quadrupole system
(Palo Alto, CA, USA) equipped by two Prostar 210 pumps, a Prostar 410 autosampler
and an Elettrospray Source (ESI) operating in positive ions. Raw-data were collected and
processed by Varian Workstation vers. 6.8 software.

G-Therm 015 thermostatic oven was used to maintain the samples at 37 °C during the
degradation test. ALC micro centrifugate 4214 was employed to centrifuge plasma

samples.
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5.2.3.3 Standard solutions and calibration curves

Stock solutions of analytes and verapamil hydrochloride (internal standard or ISTD) were
prepared in acetonitrile at 1.0 mg mL™ and stored at 4 °C. Working solutions of each
analyte were freshly prepared by diluting stock solutions up to a concentration of 1.0 pg
mL"! and 0.1 ug mL"! (working solution 1 and 2 respectively) in mixture of mQ water:
acetonitrile 50:50 (v/v). The ISTD working solution was prepared in acetonitrile at 33.3
ug mL™! (ISTD solution). The spiked solutions of each analyte were prepared separately,
by diluting the respective stock solutions in mQ water:acetonitrile 80:20 (v/v) solution, to
obtain a final concentration of 10 uM.

A six-level calibration curve was prepared by adding proper volumes of working solution
(1 or 2) of each analyte to 300 pL of ISTD solution. The obtained solutions were dried
under a gentle nitrogen stream and dissolved in 1.0 mL of 10 mM of formic acid in mQ
water:acetonitrile 80:20 (v/v) solution. Final concentrations of calibration levels were:
2.5,5.0,10.0,25.0, 50.0 and 100.0 ng mL-1 of analyte in the sample.

All calibration levels were analysed six times by LC-MS/MS system with the appropriate
conditions.

The calibration curve parameters (slope, intercept and R2), limit of detection (LOD) and

quantitation (LOQ) obtained for each tested compound did not reported in the thesis.

5.2.3.4 LC-MS/MS methods

The chromatographic parameters employed to analyse the samples were tuned to
minimize the run time. The column used was a Pursuit XRs C18 30 mm length, 2 mm
internal diameter and 3 pm particle size, at constant flow of 0.25 mL min™!, employing a
binary mobile phases elution gradient. The solvents used were 10 mM formic acid in
water solution (solvent A) and 10 mM formic acid in acetonitrile (solvent B) according to
the elution gradient as follows: initial at 90 % solvent A, which was then decreased to 10
% in 4.0 min, kept for 3.0 min, returned to initial conditions in 0.1 min and maintained
for 3.0 min for reconditioning, to a total run time of 10.0 min.

The column temperature was maintained at 30 °C and the injection volume was 5 uL. The

ESI source was operated in positive ion mode, using the following setting: 5 kV needle,
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42 psi nebulizing gas, 600 V shield and 20 psi drying gas at 280 °C. The analyses were
acquired in Multiple Reaction Monitoring (MRM) using 50 ms of dwell time.

5.2.3.5 Sample preparation

The sample was prepared adding 10 pL of spiked solution to 100 pL of tested matrix
(PBS or human plasma or rat plasma) in microcentrifuge tubes. The obtained solutions
correspond to 1 uM of analyte.

Each set of samples was incubated in triplicate at four different times 0, 30, 60 and 120
min at 37 °C. Therefore, the matrix stability profile of each analyte was represented by a
batch of 12 samples (4 incubation times x 3 replicates). After the incubation, the samples
were added with 300 pL of ISTD solution and centrifuged (room temperature for 5 min at
10000 rpm). The supernatants were transferred in autosampler vials and dried under a
gentle stream of nitrogen. The dried samples were dissolved in 1.0 mL of 10 mM of
formic acid in mQ water:acetonitrile 80:20 solution.

Following the procedure described above, the expected concentrations of the samples
ranging about 40-50 ng mL™!' (depends by the MW of considered analyte), values on

which the calibration curve was centered.

5.2.4 In vitro anti-inflammatory studies

The murine macrophage cell line RAW 264.7 was used to evaluated PGE> production.
The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin (10000 IU/mL)-streptomycin
(10000 pg/mL) at 37°C in a humidified incubator containing 5% CO,. The cells were left

to acclimate for 24h before any treatment.

5.2.4.1 Lipopolysaccharide induced inflammation in RAW264.7 and determination
of PGE: production

RAW 264.-7 macrophage cell line (2x10%cells/well) were cultivated on 12-well plates and
treated with 100 nM, 1uM, 10 uM and 100 uM of each compound. One hour before the
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cells were challenged with 1 pg/mL of Escherichia coli lipopolysaccharide (LPS) to
induce inflammation.?®® At the end of the treatment, 18 hours later, cell-free supernatants
were harvested, and cell lysates collected and stored at -80°C for further experiments.
The concentrations of PGE> in the supernatants of RAW 264.7 cell cultures were
determined using a PGE> ELISA kit (Cayman Chemical, Ann Arbor, MI, USA),

according to the manufacturer’s instructions.

5.2.4.2 Human platelet-rich plasm

Human platelet-rich plasma (PRP) was obtained from human whole blood from healthy
donors, who signed an informed consent. The blood draw occurs with the addition of the
anticoagulant citrate dextrose A (1:10 v/v) to prevent platelet activation prior to its use.

PRP was prepared with a process known as differential centrifugation, where acceleration
force is adjusted to sediment certain cellular constituents based on different specific
gravity.?®® Briefly, an initial centrifugation to separate red blood cells (RBC) was
followed by a second centrifugation to concentrate platelets, which were suspended in the
smallest final plasma volume. The first spin step was performed at constant acceleration
to separate RBCs from the remaining WB volume. After the first spin step, the WB
separates into three layers: an upper layer that contains mostly platelets and WBC, an
intermediate thin layer that is known as the buffy coat and that is rich in WBCs, and a
bottom layer that consists mostly of RBCs. For the production of pure PRP, upper layer
and superficial buffy coat were transferred to an empty sterile tube. The second spin step
was performed with an adequate g to obtain a soft pellet (erythrocyte platelet) at the
bottom of the tube. The upper portion of the volume that is composed mostly of platelet
poor plasma (PPP) was removed. Pellets are homogenized in lower 1/3rd (5 ml of

plasma) to create the PRP.
5.2.4.3 Platelet aggregation
Turbidimetric platelet aggregation (PA) was used to measure agonist-induced PA.

Platelet-rich plasma was stimulated with 10 uM ADP (Mascia Brunelli, Milan, Italy)
using an APACT 4 aggregometer (Helena Laboratories Italia S.P.A, Milan, lItaly).
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Platelet aggregation was evaluated, according to Born’s method, considering the maximal
percentage of platelet aggregation in response to stimulus (ADP-PA) after 5 min, both in
presence and in absence of the studied compounds at a concentration of 100 puM.?*

Platelet aggregation baseline: 77.74%, corresponding to 100% of aggregation.

5.2.4.4 Statistical Analysis

Data were reported as mean % of four independent experiments for inhibition of platelet
aggregation study and mean values (£ SEM) of eight independent experiments for PgE»
production analysis. Significance of differences among the groups was assessed by one-
way ANOVA followed by Newman-Keuls post hoc test for multiple comparisons.
Calculations were made with Prism 5 statistical software (GraphPad Software, Inc., San
Diego, CA, USA). The results were considered to be statistically significant when
p<0.05.

5.2.5 In silico studies

The primary sequence of the human COX-1 was retrieved from UniProt. The crystal
structures of ovine COX-1 (1HT5)'® was downloaded from the Protein Data Bank and
used as template in the homology modelling procedure. Prime module of the Schrodinger
suite was used in the sequence alignment and model building procedures.??* Then, the
models were submitted to loop refinements and the quality checked by the analysis of the
Ramachandran plots and by the evaluation of the QMEAN value.

COX-1 (homology model) and COX-2 (5KIR)'®® were prepared using the Protein
Preparation Wizard tool implemented in Maestro - Schrodinger suite, assigning bond
orders, adding hydrogens, deleting water molecules, and optimizing H-bonding
networks.?”® Energy minimization protocol with a root mean square deviation (RMSD)
value of 0.30 was applied using an Optimized Potentials for Liquid Simulation (OPLS3e)

290b

force field. 3D ligand structures were prepared by Maestro and evaluated for their

ionization states at pH 7.4 + 0.5 with Epik.??* Uniquely the S-enantiomer (eutomer) of

1 290d W

ibuprofen and ketoprofen was considered. OPLS3e force field in Macromode as

used for energy minimization for a maximum number of 2500 conjugate gradient
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iteration and setting a convergence criterion of 0.05 kcal mol'A™!. The docking grid was
centred on the center of mass of the co-crystallized ligands and Glide used with default
settings. Ligands were docked with the standard precision mode (SP) of Glide ?*°° and the
best 5 poses of each molecule retained as output. The best pose for each compound,
evaluated in terms of coordination, hydrogen bond interactions and hydrophobic contacts,

was refined with Prime 27

with a VSGB solvation model considering the target flexible
within 3A around the ligand.

The best scored binding poses of B5 and B12 to CA 1X were 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 15 A away
from any protein atom. It was neutralized adding a concentration of 0.15 M chlorine and
sodium ions. The simulation protocol included a starting relaxation step followed by a
final production phase of 50 ns. In particular, the relaxation step comprised the following:
(a) a stage of 100 ps at 10 K retaining the harmonic restraints on the solute heavy atoms
(force constant of 50.0 kcal mol™ A™) using the NPT ensemble with Brownian
dynamics; (b) a stage of 12 ps at 10 K with harmonic restraints on the solute heavy atoms
(force constant of 50.0 kcal mol™' A™2), using the NVT ensemble and Berendsen
thermostat; (c) a stage of 12 ps at 10 K and 1 atm, retaining the harmonic restraints and
using the NPT ensemble and Berendsen thermostat and barostat; (f) a stage of 12 ps at
300 K and 1 atm, retaining the harmonic restraints and using the NPT ensemble and
Berendsen thermostat and barostat; (g) a final 24 ps stage at 300 K and 1 atm without
harmonic restraints, using the NPT Berendsen thermostat and barostat. The final
production phase of MD was run using a canonical the NPT Berendsen ensemble at
temperature 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 RMSD, ligand RMSD/RMSF, ligand torsions evolution and occupancy of
intermolecular hydrogen bonds and hydrophobic contacts were investigated along the
production phase of the MD simulation with the Simulation Interaction Diagram tools

implemented in Maestro.
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5.2.6 In vivo anti-hyperalgesic studies

The in vivo anti-hyperalgesic protocols are described in paragraph 5.1.3.

5.2.6.1 Administration of compounds

Compounds B5 (3 — 30 mg kg™), B12 (30 mg kg™) and A30 (10 mg kg™) were suspended
in a 1% solution of carboxymethylcellulose sodium salt (CMC) and acutely per os
administered starting from day 14 after CFA intra-articular (i.a.) injection. Ketoprofen
(30 mg kg?t) and ibuprofen (100 mg kg?) were used as reference drug. The anti-
hypersensitivity effects were evaluated over time by Paw pressure test and Incapacitance

test.
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5.3 Discovery of pB-adrenergic receptors blocker - carbonic anhydrase inhibitor
hybrids for multitargeted anti-glaucoma therapy (Series C)

5.3.1 Chemistry

The general chemistry protocols are reported at the beginning of the experimental section.

Synthesis of 4-acetoxybenzoic acid (C2)?%2

A suspension of 4-hydroxy benzoic acid C1 (1.0 g, 1.0 eq.) in Ac20 (5 ml, 7.3 eq.) was
treated with four drops of H.SO4 95% and the obtained solution was stirred 3h at 60°C
under a nitrogen atmosphere. The reaction mixture was cooled to r.t., quenched with
slush (50g) and then stirred for 1.5 h to obtain a white precipitate, that was filtered and
washed with water to afford the titled compound C2.

4-Acetoxybenzoic acid C2: 82% yield; silica gel TLC Rt 0.23 (EtOAc/n-Hex 50 % v/v);
dH (400 MHz, DMSO-ds): 2.34 (s, 3H, CHs), 7.30 (d, J = 8.8, 2H, Ar), 8.02 (d, J = 8.8,
2H, Ar), 13.05 (bs, 1H, exchange with DO, COOH); ¢ (100 MHz, DMSO-ds): 21.8,
123.0, 129.3, 131.8, 154.9, 167.6, 169.8.

Synthesis of 4-(2-(4-acetoxybenzamido)ethyl)benzenesulfonamide (C4)>%

Oxalyl chloride (4.15 eq.) and DMF (0.02 eq.) were added to a solution 4-acetoxy
benzoic acid C2 (0.9 g, 1.0 eq.) in CH2Cl2 (18 ml), under a nitrogen atmosphere. The
reaction mixture was stirred 0.5 h at r.t. and at reflux temperature for 2.5 h. The volatiles
were removed under vacuum and the obtained viscous oil is dissolved in DMA (4 ml).
Pyridine (10.0 eq) and 4-(2-aminoethyl)-benzensulfonamide C3 (1.05 eq) were added to
the obtained solution under a nitrogen atmosphere, the reaction mixture was stirred for 1h
at r.t. and then was quenched with slush (30g). The pH was taken to 2 with HCI 6M, at
ice bath temperature to obtain a precipitate that was filtered and washed with water and
Et>O to afford the titled compound C4.
4-(2-(4-Acetoxybenzamido)ethyl)benzenesulfonamide C4: 83% vyield; silica gel TLC
Rt 0.30 (MeOH/DCM 10 % v/v); &1 (400 MHz, DMSO-de): 2.32 (s, 3H, CH3), 2.97 (t, J
= 7.2, 2H, CHy), 3.55 (q, J = 7.2, 2H, CHy), 7.25 (d, J = 8.4, 2H, Ar), 7.32 (s, 2H,
exchange with D20, SO2NHy), 7.47 (d, J = 8.0, 2H, Ar), 7.78 (d, J = 8.0, 2H, Ar), 7.89
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(d, J = 8.4, 2H, Ar), 8.64 (t, J = 5.2, 1H, NHCO); 8¢ (100 MHz, DMSO-de): 21.8, 35.7,
41.4,122.6,126.6, 129.5, 130.1, 133.0, 143.0, 144.7, 153.5, 166.4, 169.9.

Synthesis of 4-Hydroxy-N-(4-sulfamoylphenethyl)benzamide (C5)?%3
4-(2-(4-Acetoxybenzamido)ethyl) benzenesulfonamide C4 (1.35 g, 1.0 eq.) was added to
a freshly prepared solution of sodium (1.0 eq.) in dry methanol (40 ml) under a nitrogen
atmosphere and the resulting solution was stirred for 2h at r.t. The reaction mixture was
quenched with slush (40 g) and acidified to pH 1-2 with HCI 6M, to obtain a precipitate
that was filtered and washed with water and Et2O to afford the titled compound C5.
4-Hydroxy-N-(4-sulfamoylphenethyl)benzamide C5: 82% vyield; silica gel TLC Rs
0.22 (MeOH/DCM 10 % Vv/v); 81 (400 MHz, DMSO-de): 2.94 (t, J = 7.2, 2H, CHy), 3.51
(9, J = 7.2, 2H, CHy), 6.81 (d, J = 8.8, 2H, Ar), 7.31 (s, 2H, exchange with D0,
SO2NHy), 7.45 (d, J = 8.8, 2H, Ar), 7.71 (d, J = 8.8, 2H, Ar), 7.77 (d, J = 8.8, 2H, Ar),
8.35 (t, J = 5.2, 1H, NHCO), 9.97 (s, 1H, exchange with DO, OH); ¢ (100 MHz,
DMSO-ds): 35.9, 41.3, 115.7, 126.2, 126.7, 130.0, 130.1, 143.0, 144.9, 161.0, 166.9.

Synthesis of N-{2-[4-(1-dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-hydroxy-
benzamide (C6)

N,N-Dimethylformamide dimethyl acetal (2.0 eq.) was added to a solution of 4-(2-(4-
hydroxybemzamido)ethyl)benzenesulfonamide C5 (0.94 g, 1.0 eg.) in DMF (5 ml)
cooled to 0°C. The reaction mixture was stirred 20’ at r.t. and then quenched with H20
(40 ml) to obtain a precipitate, that was filtered and washed with water and Et»O to afford
the titled compound C6.
N-{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-hydroxy-
benzamide C6: 84% vyield; silica gel TLC Rf 0.30 (MeOH/DCM 10 % v/v); 61 (400
MHz, DMSO-de): 2.92 (m, 5H, CH2 + CHzs), 3.17 (s, 3H, CHgs), 3.50 (q, J = 6,8 , 2H,
CHy), 6.81 (d, J = 8.8, 2H, Ar), 7.41 (d, J = 8.8, 2H, Ar), 7.71 (m, 4H, Ar), 8.23 (s, 1H),
8.35 (t, J = 5.2, 1H, NHCO), 9.97 (s, 1H, exchange with DO, OH); ¢ (100 MHz,
DMSO-ds): 35.8, 35.9, 41.3, 41.8, 115.7, 126.2, 126.9, 129.9, 130.1, 141.8, 144.8, 160.6,
161.0, 166.9.
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Synthesis of 4-allyloxy-N-{2-[4-(1-dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-
benzamide (C7)

K2COs (2.0 eq.) and allyl bromide (1.2 eq.) were added to a solution of N-{2-[4-(1-
dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-hydroxy-benzamide C6 (1.0 g,
1.0 eq) in dry DMA (4 ml) under a nitrogen atmosphere. The suspension was stirred for
1.5h at 50°C and then quenched with water (40 ml). The obtained solid was filtered and
purified by silica gel chromatography eluting with 10% MeOH/DCM to afford the titled
compound C7.
4-Allyloxy-N-{2-[4-(1-dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-
benzamide C7: 74% yield; silica gel TLC R¢ 0.50 (MeOH/DCM 10 % v/v); on (400
MHz, DMSO-de): 2.93 (m, 5H, CH2 + CHg), 3.17 (s, 3H, CHs), 3.51 (g9, J = 6,8 , 2H,
CHy), 4.65 (d, J = 5.2, 2H, CH»), 5.31 (dd, J = 1.6, 10.4, 1H, CH), 5.44 (dd, J = 2, 17 .4,
1H, CH), 6.08 (m, 1H, CH), 7.02 (d, J = 8.4, 2H, Ar), 7.42 (d, J = 8.8, 2H, Ar), 7.72 (d, J
= 8.4, 2H, Ar), 7.82 (d, J = 8.8, 2H, Ar), 8.24 (s, 1H), 8.46 (t, J = 5.2, 1H, NHCO); éc
(100 MHz, DMSO-ds): 35.8, 35.9, 41.3, 41.8, 69.2, 115.1, 118.6, 126.9, 127.8, 129.8,
130.1, 134.3, 141.8, 144.7, 160.6, 161.3, 166.6.

Synthesis of N-{2-[4-(1-dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-
oxiranylmethoxy-benzamide (C8)%%*

NaHCOs (3.5 eq.) and oxone (1.0 eq.) were added to a solution of 4-allyloxy-N-{2-[4-(1-
dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-benzamide C7 (1.60 g, 1.0 eq.) in a
mixture aceton/water 3:2 (40 ml) at 0°C and the resulting suspension was stirred 15 at
the same temperature. Additional NaHCOs (3.5 eq.) and oxone (1.0 eq.) were added and
the temperature was raised to r.t. The reaction mixture was stirred at r.t. for 4h, then the
temperature was reduced again to 0°C and other two portions of NaHCO3 (3.5 eg. x 2)
and oxone (1.0 eq. x 2) were added, the second 15’ after the first. The reaction mixture
stirred at r.t. for 18h, then filtered to remove the undissolved salts and treated with an
aqueous solution of Na»S20s (5.0 eq.). The obtained suspension was concentrated in
vacuum and then extracted with ethyl acetate (4 x 25 ml). The combined organic layers
were dried over anhydrous Na>SO4 and concentrated under reduced pressure to give a
residue purified by silica gel chromatography eluting with 10% MeOH/DCM to afford
the titled compound C8.
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N-{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8: 76% yield; silica gel TLC Rf 0.50 (MeOH/DCM 10 % v/v); on (400
MHz, DMSO-de): 2.76 (dd, J = 2.6, 5.2, 1H, CH), 2.89 (t, J = 4.8, 1H, CH), 2.92 (m, 5H,
CHs + CHy), 3.17 (s, 3H, CHg), 3.38 (m, 1H, CH), 3.52 (q, J = 6,8 , 2H, CH>), 3.93 (dd, J
= 6.6, 11.4, 1H, CH), 4.43 (dd, J = 2.7, 11.4, 1H, CH), 7.05 (d, J = 8.8, 2H, Ar), 7.42 (d,
J=8.4,2H, Ar), 7.72 (d, J = 8.4, 2H, Ar), 7.82 (d, J = 8.8, 2H, Ar), 8.24 (s, 1H), 8.46 (t,
J =5.2, 1H, NHCO); éc (100 MHz, DMSO-ds): 35.8, 35.9, 41.3, 41.8, 44.7, 50.5, 70.0,
114.9, 126.9, 128.0, 129.8, 130.1, 141.8, 144.7, 160.6, 161.4, 166.6.

General synthetic procedure 6 of compounds 4-(3-alkylamino-2-hydroxy-propoxy)-N-[2-
(4-sulfamoyl-phenyl)-ethyl]-benzamide C9-18, C22-292%2%

N
04 OH o 0H 1) a’y© SONH ¢
Ac.O Y 272 SO,NH, o~ 050
TZSO» DCM, 0°C to rt., 3h o Na *y‘q
cat. H,SO, - OH
S 60°C. 3h O NSy 5 7(©/ E( MeOH, rt. 1 m/©/ DME, 0°C (éH oH
fe) P NH, fo) 2h 3 20 min N
C1 C2 Pyridine C4 Cs Cé6 0
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A Br
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DMF, 50°C, 1.5h
\N/
N/}
SO,NH, 0=8=0 N
OH R Cl NH,R KAO Oxone 078-0
" S\ R — s
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E—— — or OH R ¢
DMF, 0°C DMF, 50°C 0] O\/VNH
OH 30 min OH o.n. o._ i) NHRR; ® R
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Procedure 6.1

The proper epoxide C8 or C21 (0.25 g, 1.0 eq.) was suspended in variable volume of
primary amine or, alternatively in EtOH and treated with the appropriate primary amine
(10 eq.), and the reaction mixture was stirred at r.t. or under heating until starting
materials were consumed (TLC monitoring). EtOH and excess of amine were removed
under vacuum and the residue was triturated with water (C9-16) or with Et,O (C22-26).
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A solution of the obtained deprotected free base in HCI 1.25M in MeOH was stirred at r.t.
for 20’ and then concentrated under vacuum to give a residue that was triturated with
aceton to give the titled compounds C9-16, C22-26.

Procedure 6.2

The proper secondary amine (3 eq.) was added to a suspension of the proper epoxide C8
or C21 (0.25 g, 1.0 eq.) in EtOH (8 ml) and reaction mixture stirred at 70°C until starting
materials were consumed (TLC monitoring). EtOH and excess of amine were removed
under vacuum and the obtained residue was triturated with water (C17-18) or with Et,O
(C27-29). A solution of the resulting protected free base in HCI 1.25 in MeOH was
stirred at 80 °C in a sealed tube until starting materials were consumed (TLC
monitoring). The solvent was removed under vacuum and the obtained residue was
triturated with aceton to give the titled compounds C17-18, C27-29.

Synthesis of 4-(2-hydroxy-3-methylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydrochloride (C9)

Compound C9 was obtained according the general procedure 6.1 earlier reported. N-{2-
[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was suspended in EtOH and treated with a 35% aqueous
solution of methylamine overnight at r.t. and then the obtained free base was treated with
HCI 1.25M in MeOH (10 ml) to afford the corresponding hydrochloride salt C9.
4-(2-Hydroxy-3-methylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-benzamide
hydrochloride C9: 55% vyield; silica gel TLC R¢0.10 (TFA/MeOH/DCM 3/15/82% viv);
dH (400 MHz, DMSO-de): 2.64 (m, 3H, CHs), 2.95 (t, J = 6.8, 2H, CH>), 3.03 (m, 1H,
CH), 3.15 (m, 1H, CH), 3.53 (q, J = 7.2, 2H, CH), 4.05 (d, J = 5.2, 2H, CH2), 4.21 (m,
1H, CH), 5.95 (bs, 1H, exchange with D.O, OH), 7.04 (d, J = 8.8, 2H, Ar), 7.33 (s, 2H,
exchange with D20, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.78 (d, J = 8.4, 2H, Ar), 7.85
(d, J = 8.8, 2H, Ar), 8.53 (t, J = 5.6, 1H, CONH), 8.73 (bd, exchange with D>0, 2H,
NH:"); 8¢ (100 MHz, DMSO-ds): 33.93, 35.78, 41.31, 51.79, 65.62, 70.78, 114.98,
126.61, 127.98, 129.89, 130.06, 142.95, 144.79, 161.42, 166.56; m/z (ESI positive) 408.2
[M-CI*
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Synthesis of 4-(2-hydroxy-3-(methylamino)propoxy)-N-(4-sulfamoylphenethyl)benzamide
hydrochloride (C10)

Compound C10 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with ethylamine in EtOH overnight at r.t. and
then the obtained free base was treated with HCI 1.25M in MeOH (10 ml) to afford the
corresponding hydrochloride salt C10.
4-(2-Hydroxy-3-(methylamino)propoxy)-N-(4-sulfamoylphenethyl)benzamide
hydrochloride C10: 54% vyield; silica gel TLC Rf 0.15 (TFA/MeOH/DCM 3/15/82%
VIV);0H (400 MHz, DMSO-de): 1.27 (t, J = 7.2, 3H, CH3), 2.95 (t, J = 6.8, 2H, CH>), 3.03
(m, 3H, CH + CH2), 3.17 (m, 1H, CH), 3.52 (q, J = 7.2, 2H, CH>), 4.06 (d, J = 5.2, 2H,
CH2), 4.22 (m, 1H, CH), 5.95 (bs, 1H, exchange with D>O, OH), 7.04 (d, J = 8.8, 2H,
Ar), 7.33 (s, 2H, exchange with DO, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.78 (d, J = 8.4
Hz, 2H, Ar), 7.85 (d, J = 8.8, 2H, Ar), 8.51 (t, J = 5.6, 1H, exchange with DO, CONH),
8.71 (bd, 2H, exchange with D20, NH2"); 8¢ (100 MHz, DMSO-ds): 11.70, 35.75, 41.28,
43.30, 49.80, 65.77, 70.78, 114.95, 126.59, 127.95, 129.87, 130.03, 142.93, 144.76,
161.40, 166.52; m/z (ESI positive) 422.2[M-CIT]".

Synthesis of 4-(2-Hydroxy-3-propylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydrochloride (C11)

Compound C11 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq) was treated with propylamine (8 ml) for 8h at 50°C and
then the obtained free base was treated with HCI 1.25M in MeOH (10 ml) to afford the
corresponding hydrochloride salt C11.
4-(2-Hydroxy-3-propylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-benzamide
hydrochloride C11: 64% vyield; silica gel TLC Rt 0.24 (TFA/MeOH/DCM 3/15/82%
VIV); 8H (400 MHz, DMSO-dg): 0.95 (t, J = 6.0, 3H, CHz), 1.68 (m, 2H, CH2), 2.94 (m,
4H, 2 x CH2 ), 3.03 (m, 1H, CH), 3.17 (m, 1H, CH), 3.53 (m, 2H, CH>), 4.06 (d, J = 5.2,
2H, CH>), 4.21 (m, 1H, CH), 5.94 (bs, 1H, exchange with DO, OH), 7.04 (d, J = 8.8,
2H, Ar), 7.33 (s, 2H, exchange with D20, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.77 (d, J
= 8.4, 2H, Ar), 7.84 (d, J = 8.8, 2H, Ar), 8.50 (t, J = 5.6, 1H, CONH), 8.61 (bs, 2H,
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exchange with D20, NH2"); 8¢ (100 MHz, DMSO-de): 11.87, 19.68, 35.76, 41.30, 49.71,
50.28, 65.74, 70.80, 114.98, 126.61, 127.95, 129.89, 130.05, 142.94, 144.78, 161.44,
166.58; m/z (ESI positive) 436.2 [M-CI]".

Synthesis of 4-(2-hydroxy-3-isopropylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydrochloride (C12)

Compound C12 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with isopropylamine (5 ml) for 6h at 50°C
and then the obtained free base was treated with HCI 1.25M in MeOH (10 ml) to afford
the corresponding hydrochloride salt C12.
4-(2-Hydroxy-3-isopropylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydrochloride C12: 54% vyield; silica gel TLC Rf0.40 (TFA/MeOH/DCM
3/15/82% viv); &1 (400 MHz, DMSO-ds): 1.29 (t, J = 6.0, 6H, 2 x CH3,), 2.96 (t, J = 7.2,
2H, CHy,), 3.01 (m, 1H, CH), 3.16 (m, 1H, CH), 3.53 (q, J = 6.4, 2H, CH>,), 4.08 (d, J =
5.2, 2H, CHy,), 4.25 (m, 1H, CH), 5.95 (d, J = 5.2, 1H, exchange with DO, OH), 7.05 (d,
J = 8.8, 2H, Ar), 7.33 (s, 2H, exchange with D20, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar),
7.78 (d, J = 8.4, 2H, Ar), 7.85 (d, J = 8.8, 2H, Ar), 8.52 (t, J = 5.6, 1H, exchange with
D-0, CONH), 8.70 (bd, 2H, exchange with D20, NH2*); 8¢ (100 MHz, DMSO-dg): 24.01,
35.94, 49.27, 50.99, 69.42, 72.04, 115.05, 126.75, 126.97, 127.69, 129.96, 130.19,
143.09, 144.93, 162.07, 166.78; m/z (ESI positive) 436.2 [M-CI]".

Synthesis of 4-(2-hydroxy-3-sec-butylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydroclhoride (C13)

Compound C13 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with sec-butylamine (8 ml) overnight at r.t.
and then the obtained free base was treated with HCI 1.25M in MeOH (10 ml) to afford
the corresponding hydrochloride salt C13.
4-(2-Hydroxy-3-sec-butylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydroclhoride C13: 49% yield; silica gel TLC Rf 0.31 (TFA/MeOH/DCM
3/15/82% viv); dn (400 MHz, DMSO-ds): 0.94 (td, J = 2.0, 7.6, 3H, CHa), 1.27 (t, J =
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6.4, 3H, CHz3), 1.51 (m, H, CH), 1.82 (m, 1H, CH), 2.96 (t, J = 7.2, 2H, CH>), 3.03 (m,
1H, CH), 3.17 (m, 2H, CHy), 3.53 (g, J = 6.4, 2H, CH?>), 4.08 (d, J = 5.2, 2H, CH>), 4.26
(m, 1H, CH), 5.94 (d, J = 2.4, 1H, exchange with D20, OH), 7.05 (d, J = 8.8, 2H, Ar),
7.33 (s, 2H, exchange with D20, SO2NH), 7.46 (d, J = 8.4, 2H, Ar), 7.77 (d, J = 8.4, 2H,
Ar), 7.84 (d, J = 8.8, 2H, Ar), 8.52 (t, J = 5.6, 1H, CONH), 8.77 (bt, exchange with D20,
2H, NH2"); 8¢ (100 MHz, DMSO-dg): 10.66, 15.89, 25.90, 35.77, 41.31, 47.51, 55.88,
65.97, 70.80, 114.98, 126.61, 127.94, 129.90, 130.05, 142.95, 144.79, 161.45, 166.55;
m/z (ESI positive) 450.2 [M-CI]".

Synthesis of 4-(2-hydroxy-3-t-butylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydrochloride (C14)

Compound C14 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with t-butylamine (8 ml) overnight at r.t. and
then the obtained free base was treated with HCI 1.25M in MeOH (10 ml) to afford the
corresponding hydrochloride salt C14.
4-(2-Hydroxy-3-t-butylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-benzamide
hydrochloride C14: 47% yield; silica gel TLC Rf 0.25 (TFA/MeOH/DCM 3/15/82%
VIV); 81 (400 MHz, DMSO-ds): 0.94 (td, J = 2.0, 7.6, 3H, CHs3), 1.35 (s, 9H, 3 x CHj3),
2.96 (m, 3H, CH + CHy), 3.17 (m, 1H, CH), 3.52 (g, J = 6.4, 2H, CH>), 4.10 (d, J = 5.2,
2H, CHy), 4.26 (m, 1H, CH), 5.95 (d, J = 4.8, 1H, exchange with D-O, OH), 7.06 (d, J =
8.8, 2H, Ar), 7.33 (s, 2H, exchange with D20, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.78
(d, J=8.4,2H, Ar), 7.85 (d, J = 8.8, 2H, Ar), 8.53 (t, J = 5.6, 1H, CONH), 8.74 (bt, 2H,
exchange with D20, NH2"); d¢ (100 MHz, DMSO-dg): 25.90, 35.76, 41.29, 44.91, 57.31,
66.35, 70.76, 114.99, 126.60, 127.94, 129.88, 130.04, 142.94, 144.77, 161.44, 166.54;
m/z (ESI positive) 450.2 [M-CI]".

Synthesis of  4-(2-hydroxy-3-benzylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide (C15)

Compound C15 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
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benzamide C8 (0.25 g, 1.0 eq.) was treated with benzylamine in EtOH for 7h at 50°C to
afford the titled compound C15 as a free base.
4-(2-Hydroxy-3-benzylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-benzamide
C15: 68% vyield; silica gel TLC R 0.35 (TFA/MeOH/DCM 3/15/82% v/v); &n (400 MHz,
DMSO-dg): 2.19 (bs, 1H, exchange with DO, NH), 2.62 (m, 2H, CH>), 2.95 (m, 2H,
CH2), 3.53 (q, J = 6.4, 2H, CHy), 3.76 (s, 2H, CH), 3.97 (m, 2H, CH>), 4.07 (m, 1H,
CH), 5.04 (d, J = 4.4, 1H, exchange with DO , OH), 7.01 (d, J = 8.8, 2H, Ar), 7.32 (m,
7H, partial exchange with D20, Ar + SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.78 (d, J = 8.4,
2H, Ar), 7.81 (d, J = 8.8, 2H, Ar), 8.46 (t, J = 5.6, 1H, CONH); dc (100 MHz, DMSO-
ds): 35.79, 41.31, 52.62, 54.01, 69.07, 71.82, 114.90, 126.61, 127.43, 127.55, 128.80,
129.02, 129.82, 130.04, 141.82, 142.94, 144.79, 161.92, 166.64; m/z (ESI positive) 484.2
[M+H]*.

Synthesis of 4-(2-hydroxy-3-((2-hydroxyethyl)amino)propoxy)-N-(4-
sulfamoylphenethyl)benzamide hydrochloride (C16)

Compound C16 was obtained according the general procedure 6.1 earlier reported. N-
{2-[4-(1-dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with ethanolamine in EtOH overnight at r.t.
and then the obtained free base was treated with HCI 1.25M in MeOH (10 ml) to afford
the corresponding hydrochloride salt C16.
4-(2-Hydroxy-3-((2-hydroxyethyl)amino)propoxy)-N-(4-
sulfamoylphenethyl)benzamide hydrochloride C16: 46% yield; silica gel TLC R¢ 0.09
(TFA/MeOH/DCM 3/15/82% v/v) (MeOH/DCM 10 % v/v); 1 (400 MHz, DMSO-ds):
2.96 (t, J = 6.8, 2H, CH>), 3.03 (m, 3H, CH + CH2), 3.17 (m, 1H, CH), 3.52 (q, J = 7.2,
2H, CHy), 3.74 (m, 2H, CHy), 4.06 (d, J = 4.8, 2H, CH>), 4.27 (m, 1H, CH), 5.30 (bs,
1H, exchange with D20, OH), 5.93 (bs, 1H, exchange with D.O, OH,), 7.04 (d, J = 8.8,
2H, Ar), 7.33 (s, 2H, exchange with D20, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.78 (d, J
= 8.4, 2H, Ar), 7.85 (d, J = 8.8, 2H, Ar), 853 (t, J = 5.6, 1H, exchange with D0,
CONH), 8.80 (bd, 2H, exchange with D20, NH2"); ¢ (100 MHz, DMSO-dg): 35.75,
41.28, 50.27, 50.42, 65.65, 70.84, 114.96, 126.59, 127.93, 129.87, 130.03, 142.93,
114.76, 161.41, 166.53; m/z (ESI positive) 438.2 [M-CI]*.

167



CHAPTER 5. EXPERIMENTAL SECTION

Synthesis of 4-(2-hydroxy-3-morpholinopropoxy)-N-(4-sulfamoylphenethyl)benzamide
hydrochloride (C17)

Compound C17 was obtained according the general procedure 6.2 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with morpholine in EtOH for 5h at 70°C and
then the obtained protected free base was treated with HCI 1.25M in MeOH in sealed
tube to afford the titled compound C17 as hydrochloride salt.
4-(2-Hydroxy-3-morpholinopropoxy)-N-(4-sulfamoylphenethyl)benzamide
hydrochloride C17: 43% vyield; silica gel TLC Rt 0.20 (TFA/MeOH/DCM 3/15/82%
VIV); 81 (400 MHz, DMSO-de): 2.96 (t, J = 6.8, 2H, CH>), 2.28 (m, 4H, 2 x CH>), 3.17
(m, 1H, CH), 3.53 (m, 4H, 2 x CH>), 3.85 (m, 2H, CH>), 4.03 (m, 2H, CH>), 4.06 (d, J =
4.8, 2H, CHy2), 4.43 (m, 1H, CH), 6.04 (bs, 1H, exchange with DO, OH), 7.04 (d, J =
8.8, 2H, Ar), 7.33 (s, 2H, exchange with D20, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar), 7.78
(d, J = 8.4, 2H, Ar), 7.85 (d, J = 8.8, 2H, Ar), 8.51 (t, J = 5.6, 1H, exchange with D20,
CONH), 10.37 (bs, 1H, exchange with DO, NH*); &c (100 MHz, DMSO-ds): 35.76,
51.93, 53.56, 59.69, 63.98, 64.32, 71.10, 115.01, 126.61, 128.02, 129.91, 130.05, 142.95,
144.78, 161.41, 166.54; m/z (ESI positive) 464.2 [M-CI]*.

Synthesis  of  4-(2-hydroxy-3-diisopropylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-
ethyl]-benzamide hydrochloride (C18)

Compound C18 was obtained according the general procedure 6.2 earlier reported. N-
{2-[4-(1-Dimethylamino-ethylidenesulfamoyl)-phenyl]-ethyl}-4-oxiranylmethoxy-
benzamide C8 (0.25 g, 1.0 eq.) was treated with diisopropylamine in EtOH for 24h at
70°C and then the obtained protected free base was treated with HCI 1.25M in MeOH in
sealed tube to afford the titled compound C18 as hydrochloride salt.
4-(2-Hydroxy-3-diisopropylamino-propoxy)-N-[2-(4-sulfamoyl-phenyl)-ethyl]-
benzamide hydrochloride C18: 41% yield; silica gel TLC Rf 0.36 (TFA/MeOH/DCM
3/15/82% vlIv); 61 (400 MHz, DMSO-dg): 1.30 (m, 12H, 4 x CH3), 2.96 (t, J = 6.8, 2H,
CH2), 3.19 (m, 1H, CH), 3.33 (m, 1H, CH), 3.53 (m, 2H, CH>), 3.74 (m, 2H, 2 x CH),
4.13 (m, 2H, CHy), 4.27 (m, H, CH), 5.93 (d, J = 4.8, 1H, exchange with D.O, OH), 7.06
(d, J= 8.8, 2H, Ar), 7.33 (s, 2H, exchange with DO, SO2NH>), 7.46 (d, J = 8.4, 2H, Ar),
7.78 (d, J = 8.4, 2H, Ar), 7.85 (d, J = 8.8, 2H, Ar), 8,51 (t, J = 5.6, 1H, exchange with
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D,0, CONH), 9.01 (bs, 1H, exchange with D20, NH"); 8¢ (100 MHz, DMSO-de): 17.07,
17.94, 35.76, 51.08, 55.70, 56.55, 66.53, 70.49, 114.95, 126.60, 128.01, 129.90, 130.03,
142.95, 144.76, 161.32, 166.52; m/z (ESI positive) 478.2 [M-CI]".

Synthesis of N,N-dimethylaminomethylene-4-hydroxy-benzenesulfonamide (C20)%%
N,N-Dimethylformamide diethyl acetal (1.2 eq.) was added to a solution of 4-
hydroxybenzenesulfonamide C19 (1.5 g, 1.0 eg.) in DMF (1.5 ml) at 0°C and that was
stirred for 0.5h at r.t. The reaction mixture was treated with EtOAc (40ml) and the
obtained solid was filtered and purified by silica gel chromatography eluting with 10%
MeOH/DCM to afford the titled compound C20.
N,N-Dimethylaminomethylene-4-hydroxy-benzenesulfonamide C20: 76% vyield; silica
gel TLC Rt 0.22 (MeOH/DCM 5 % v/v); o1 (400 MHz, DMSO-ds): 2.92 (s, 3H, CHa),
3.16 (s, 3H, CHs), 6.88 (d, J = 8.4. 2H, Ar), 7.61 (d, J = 8.4. 2H, Ar), 8.18 (s, 1H,
exchange with D>O, OH); &c (100 MHz, DMSO-de): 35.9, 41.7, 116.2, 129.1, 134.2,
160.3, 161.3.

Synthesis of N,N-dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide (C21)
Epibromohydrin (1.2 eq.) was added dropwise to a suspension of N,N-
dimethylaminomethylene-4-hydroxy-benzenesulfonamide C20 (0.5 g, 1.0 eq.) and
Cs2C03 (1.5 eq.) in dry DMF under a nitrogen atmosphere and that was stirred o.n. at
50°C. The reaction mixture was quenched with slush and extracted with EtOAc
(2x20ml). The organic layers were washed with brine (4x15ml), dried over anhydrous
Na>SOs4 and concentrate under vacuum to give a residue that was triturated with Et20 to
afford the titled compound C21.
N,N-Dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21: 76%
yield; m.p. °C; silica gel TLC Rf 0.45 (MeOH/DCM 5 % v/v); 81 (400 MHz, DMSO-de):
2.75 (dd, J = 2.6, 5.0, 1H, CH), 2.89 (t, J = 4.8, 1H, CH), 2.90 (s, 3H, CHz3), 2.92 (s, 3H,
CHzs), 3.38 (m, 1H, CH), 3.93 (dd, J = 6.6, 11.4, 1H, CH), 4.45 (dd, J = 2.7, 11.4, 1H,
CH), 7.11 (d,J =7.0, 2H, Ar), 7.72 (d, J = 7.0, 2H, Ar); 6¢c (100 MHz, DMSO-dg): 35.9,
41.8,44.7,50.4, 70.2, 115.6, 128.9, 136.3, 160.5, 161.5.
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Synthesis of 4-(2-hydroxy-3-methylamino-propoxy)-benzenesulfonamide hydrochloride
(C22)

Compound C22 was obtained according the general procedure 6.1 earlier reported. N,N-
dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was suspended in EtOH and treated with a 35% aqueous solution of methylamine
overnight at r.t. and then the obtained free base was treated with HCI 1.25M in MeOH
(10 ml) to afford the corresponding hydrochloride salt C22.
4-(2-Hydroxy-3-methylamino-propoxy)-benzenesulfonamide hydrochloride C22:
42% vyield; silica gel TLC Rf 0.12 (TFA/MeOH/DCM 3/15/82% v/v); 61 (400 MHz,
DMSO-de): 2.46 (s, 3H, CH3), 2.95 (m, 1H, CH), 3.08 (m, 1H, CH), 4.02 (d, J = 4.4, 2H,
CHy), 4.16 (m, 1H, CH), 5.91 (bs, 1H, exchange with D>O , OH), 7.07 (d, J = 7.8, 2H,
Ar), 7.19 (s, 2H, exchange with D20, SO2NH>), 7.72 (d, J = 7.8, 2H, Ar), 8.83 (bd, 2H,
exchange with D20, NH,"); 8¢ (100 MHz, DMSO-ds): 33.88, 51.71, 65.54, 70.98, 115.51,
128.59, 137.46, 161.56; m/z (ESI positive) 261.1 [M-CI]*.

Synthesis of 4-(2-hydroxy-3-isopropylamino-propoxy)-benzenesulfonamide hydrochloride
(C23)

Compound C23 was obtained according the general procedure 6.1 earlier reported. N,N-
Dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with isopropylamine (5 ml) for 6h at 50°C and then the obtained free base
was treated with HCI 1.25M in MeOH (10 ml) to afford the corresponding hydrochloride
salt C23.

4-(2-Hydroxy-3-isopropylamino-propoxy)-benzenesulfonamide hydrochloride C23:
40% vyield; silica gel TLC Rs 0.24 (TFA/MeOH/DCM 3/15/82% v/v); dn (400 MHz,
DMSO-dg): 1.30 (t, J = 6.0, 6H, 2 x CH3), 3.01 (m, 1H, CH), 3.16 (m, 1H, CH), 3.35 (m,
2H, 2 x CH), 4.12 (d, J = 4.4, 2H, CHy), 4.29 (m, 1H, CH), 5.97 (bs, 1H, exchange with
D>O ,0H), 7.15 (d, J = 7.0, 2H, Ar), 7.27 (s, 2H, exchange with D20, SO2NHz), 7.80 (d,
2H, J = 7.0, Ar), 8.89 (bd, 2H, exchange with D20, NHz*); ¢ (100 MHz, DMSO-ds):
19.11, 19.56, 47.51, 50.77, 65.93, 71.03, 115.52, 128.60, 137.45, 161.59; m/z (ESI
positive) 289.1 [M-CIT]".
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Synthesis of 4-(3-(sec-butylamino)-2-hydroxypropoxy)benzenesulfonamide hydrochloride
(C24)

Compound C24 was obtained according the general procedure 6.1 earlier reported. N,N-
Dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with sec-butylamine (5 ml) for 6h at 50°C and then the obtained free base
was treated with HCI 1.25M in MeOH (10 ml) to afford the corresponding hydrochloride
salt C24.

4-(3-(Sec-butylamino)-2-hydroxypropoxy)benzenesulfonamide hydrochloride C24:
40% vyield; silica gel TLC Rf 0.32 (TFA/MeOH/DCM 3/12/85% v/v); &n (400 MHz,
DMSO-de): 0.94 (t, J = 7.6, 3H, CHa), 1.27 (t, J = 6.4, 3H, CH3), 1.53 (m, H, CH), 1.87
(m, 1H, CH), 3.03 (m, 1H, CH), 3.17 (m, 2H, CH), 4.12 (d, J = 5.2, 2H, CH>), 4.30 (m,
1H, CH), 5.97 (d, J = 2.4, 1H, exchange with D20, OH), 7.15 (d, J = 8.4, 2H, Ar), 7.27
(s, 2H, exchange with D>O, SO2NH>), 7.80 (d, 2H, J = 8.4, Ar), 8.90 (bt, 2H, exchange
with D20, NH2"); 8¢ (100 MHz, DMSO-ds): 10.7, 15.9, 25.9, 47.5, 55.9, 65.9, 71.0,
115.5, 128.6, 137.4, 161.6; m/z (ESI positive) 303.1 [M-CIT]".

Synthesis of 4-(3-(tert-butylamino)-2-hydroxypropoxy)benzenesulfonamide hydrochloride
(C25)

Compound C25 was obtained according the general procedure 6.1 earlier reported. N,N-
dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with tert-butylamine (5 ml) for 6h at 50°C and then the obtained free base
was treated with HCI 1.25M in MeOH (10 ml) to afford the corresponding hydrochloride
salt C25.

4-(3-(tert-Butylamino)-2-hydroxypropoxy)benzenesulfonamide hydrochloride C25:
43% vyield; silica gel TLC R 0.30 (TFA/MeOH/DCM 3/12/85% v/v); dn (400 MHz,
DMSO-dg): 1.36 (s, 9H, 3 x CHg), 2.97 (m, 1H, CH), 3.16 (m, 1H, CH), 4.15 (m, 2H,
CHy), 4.30 (m, 1H, CH), 5.98 (bs, 1H, exchange with DO, OH), 7.16 (d, J = 8.4, 2H,
Ar), 7.28 (s, 2H, exchange with D>O, SO2NH>), 7.80 (d, 2H, J = 8.4, Ar), 8.99 (bdt, 2H,
exchange with D20, NH2"); 8¢ (100 MHz, DMSO-de): 25.9, 45.0, 57.3, 66.3, 71.0, 115.5,
128.6, 137.4, 161.6; m/z (ESI positive) 303.1 [M-CI]".
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Synthesis of 4-(3-(benzylamino)-2-hydroxypropoxy)benzenesulfonamide hydrochloride
(C26)

Compound C26 was obtained according the general procedure 6.1 earlier reported. N,N-
dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with benzylamine (3 ml) for 8h at 50°C and then the obtained free base was
treated with HCI 1.25M in MeOH (10 ml) to afford the corresponding hydrochloride salt
C26.

4-(3-(Benzylamino)-2-hydroxypropoxy)benzenesulfonamide hydrochloride C26:
54% vyield; silica gel TLC Rt 0.34 (TFA/MeOH/DCM 3/12/85% v/v); &n (400 MHz,
DMSO-dg): 2.97 (m, 1H, CH), 3.16 (m, 1H, CH), 4.09 (d, J = 5.2, 2H, CH>), 4.24 (m,
2H, CHy), 4.33 (m, 1H, CH), 5.98 (bs, 1H, exchange with D>O ,OH), 7.12 (d, J = 7.0,
2H, Ar), 7.26 (s, 2H, exchange with D20, SO2NH>), 7.47 (m, 3H, Ar), 7.62 (m, 2H, Ar),
7.79 (d, 2H, J = 7.0, Ar), 9.43 (bd, 2H, exchange with D20, NH2"); &c (100 MHz,
DMSO-de): 49.7, 51.1, 65.6, 70.9, 115.5, 128.5, 129.5, 129.8, 131.1, 132.6, 137.4, 161.5;
m/z (ESI positive) 337.1 [M-CI]".

Synthesis of 4-(2-hydroxy-3-(phenethylamino)propoxy)benzenesulfonamide
hydrochloride (C27)

Compound C27 was obtained according the general procedure 6.2 earlier reported. N,N-
dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with phenethylamine in EtOH for 6h at 70°C and then the obtained protected
free base was treated with HCI 1.25M in MeOH in sealed tube to afford the
corresponding hydrochloride salt C27.
4-(2-Hydroxy-3-(phenethylamino)propoxy)benzenesulfonamide hydrochloride C27:
35% vyield; silica gel TLC Rs 0.37 (TFA/MeOH/DCM 3/12/85% v/v); 61 (400 MHz,
DMSO-ds): 3.05 (m, 3H, CH2 + CH), 3.24 (m, 3H, CH> + CH), 4.09 (d, J = 5.2, 2H,
CHy), 4.31 (m, 1H, CH), 6.02 (d, J = 4.8, 1H, exchange with D>O, OH), 7.14 (d, J = 8.8,
2H, Ar), 7.29 (m, 6H, partial exchange with D20, SO2NH: + Ar), 7.38 (m, 1H, Ar), 7.80
(d, 2H, J = 8.8, Ar), 9.19 (bs, 2H, exchange with D20, NH>") ; 8¢ (100 MHz, DMSO-ds):
32.3, 49.1, 50.3, 65.7, 71.0, 115.5, 127.6, 128.6, 129.5, 129.6, 137.5, 138.3, 161.6; m/z
(ESI positive) 351.1 [M-CIT".
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Synthesis  of  4-(2-hydroxy-3-((2-phenoxyethyl)amino)propoxy)benzenesulfonamide
hydrochloride (C28)

Compound C28 was obtained according the general procedure 6.2 earlier reported. N,N-
dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with 2-(phenoxy)ethylamine in EtOH for 6h at 70°C and then the obtained
protected free base was treated with HCI 1.25M in MeOH in sealed tube to afford the
corresponding hydrochloride salt C28.
4-(2-Hydroxy-3-((2-phenoxyethyl)amino)propoxy)benzenesulfonamide
hydrochloride C28: 29% vyield; silica gel TLC Rf 0.35 (TFA/MeOH/DCM 3/12/85%
VIV); 81 (400 MHz, DMSO-ds): 81 (400 MHz, DMSO-ds): 3.15 (m, 1H, CH), 3.32 (m,
1H, CH), 4.95 (m, 2H, CH>), 4.12 (d, J = 5.2, 2H, CH>), 4.34 (m, 3H, CH> + CH), 5.98
(d, J = 4.8, 1H, exchange with D.O, OH), 7.02 (m, 3H, Ar), 7.14 (d, J = 8.8, 2H, Ar),
7.27 (s, 2H, exchange with D20, SO2NH>), 7.37 (t, J = 8.0, 1H, Ar), 7.81 (d, 2H, J = 8.8,
Ar), 9.09 (bd, 2H, exchange with D20, NH2") ; ¢ (100 MHz, DMSO-dg): 47.1, 50.6,
64.1, 65.6, 71.0, 1155, 115.6, 122.1, 128.6, 130.5, 137.5, 158.6, 161.5; ; m/z (ESI
positive) 367.1 [M-CI]".

Synthesis of 4-(2-hydroxy-3-(4-methylpiperazin-1-yl)propoxy)benzenesulfonamide (C29)
Compound C29 was obtained according the general procedure 6.2 earlier reported. N,N-
dimethylaminomethylene-4-oxiranylmethoxy-benzenesulfonamide C21 (0.25 g, 1.0 eq.)
was treated with 1-methylpiperazine in EtOH for 6h at 70°C and then the obtained
protected free base was treated with HCI 1.25M in MeOH in sealed tube. The di-
hydrochloride salt of C29 was washed with aceton and thus treated with a NaHCO3(g)
saturated solution, which was extracted with EtOAc (3x20ml) and the combined organic
layers were dried over anhydrous Na>,SO4 and concentrated under reduced pressure to
give the titled compound C29.
4-(2-Hydroxy-3-(4-methylpiperazin-1-yl)propoxy)benzenesulfonamide C29: 36%
yield; silica gel TLC R¢ 0.08 (TFA/MeOH/DCM 3/12/85% v/v); 61 (400 MHz, DMSO-
de): 2.17 (s, 3H, CHs), 2.38 (m, 4H, 2 x CH2), 2.48 (m, 6H, 2 x CH2 + 2 x CH), 3.96 (m,
2H, CH>), 4.09 (m, 1H, CH), 4.93 (bs, 1H, exchange with D.O ,0OH), 7.12 (d, J = 8.8,
2H, Ar), 7.23 (s, 2H, exchange with D20, SO2NHy), 7.77 (d, 2H, J = 8.8, Ar); &c (100
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MHz, DMSO-de): 46.7, 54.3, 55.7, 61.8, 67.3, 72.4, 115.4, 128.5, 137.0, 162.1; m/z (ESI
positive) 330.1 [M-CI]".

5.3.2 Carbonic Anhydrase Inhibition

The CA inhibitory profiles of compounds belonging to Series C were obtained according

to the general procedures described at the beginning of the experimental section.

5.3.3 B-ADR -Binding assay
5.3.3.1 Plasmids

The coding region sequences (CDSs) of B1 and B2 adrenergic receptor were cloned inside
AlID-express-puro2 plasmid®®® replacing the coding sequence of Activation Induced
Deaminase (AID). We used this plasmid for the presence of an Internal Ribosome Entry
Site (IRES) sequence, which allows the expression of a reporter gene (GFP) under the
same promoter of our CDS, producing only one mRNA but two different proteins; this let
us analyze the presence and the amount of the  adrenergic receptors by FACS analysis
for GFP positive cells.

The CDS of B1 adrenergic receptor was cloned by digestion using BamHI and Apal from
pcDNAS3 Flag B: adrenergic receptor (a gift from Robert Lefkowitz -Addgene plasmid #
14698); this fragment was then blunted (using Cloned Pfu DNA Polymerase AD from
Agilent Technologies at 72°C for 15min) and cloned inside AlD-express-puro2 digested
by Nhel and Bglll.

Differently, for B> adrenergic receptor we extracted RNA from HEK293T cells (using
TRIzol — Thermo Fisher Scientific) to obtain cDNA using High Capacity cDNA Reverse
Transcription Kits (Applied Biosystems). After, we amplified the receptor by PCR adding
Nhel and BamHI restriction sites to the ends of the fragment to clone it inside AID-
express-puro2 digested by Nhel and Bglll (forward primer:
aaaGCTAGCatggggcaacccgggaacg; reverse primer: aaaGGATCCttacagcagtgagtcattt).
These plasmids were used to transfect HEK293T cells, for stably expression of B1 and 2

adrenergic receptors.
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5.3.3.2 Cell culture and transfections

HEK293T cells were cultured at 37 °C, 5% COg, in Dulbecco’s modified eagle medium
(DMEM, EuroClone S.p.A Pero, Milano, Italy) supplemented with 10% fetal bovine
serum (FBS; Carlo Erba Reagents, Cornaredo, Milano, Italy), 2 mM L -glutamine (Carlo
Erba Reagents, Cornaredo, Milano, Italy), and 1 mM penicillin/streptomycin (Carlo Erba
Reagents, Cornaredo, Milano, Italy). Transfections were performed in six-well plates (5 x
10° cells) using Lipofectamine LTX (Invitrogen, Carlsbad, CA, USA) or Geneluice
(Novagen s.r.l.,, Podenzano, Piacenza, Italy) according to the manufacturer’s instructions.
48h after transfections cells were plated in 96-well plates in medium supplemented with
puromycin (1.5 pg/ml), in several dilution to obtain single clones. Colonies were picked
after 10-14 days and only wells bearing single colonies were expanded for FACS
analysis for the presence of GFP. Clones GFP positive were then utilized for further

analysis.

5.3.3.3 Membrane preparation

HEK293T cells stably expressing the human cloned B: and B2 ADRs were grown at
approximately 80% confluence. Then, they were harvested by scraping the culture plate
with a cell scraper, washed by centrifugation at 500 g at room temperature and
homogenized in ice-cold buffer (50 mM Tris HCI, pH 7.4) with an Ultra-Turrax (IKA
Labortechnik, Staufen, Germany) twice for 20 s at half speed. The homogenates were
centrifuged for 10 min at 50,000 g at 4°C in Avanti J-26XP centrifuge (Beckman Coulter
S.p.A., Cassina de’ Pecchi, Milano, Italy). The resultant membrane pellet was
resuspended in buffer and stored frozen at -80°C. Protein concentration was determined
colorimetrically using a commercial protein determination kit based on the BCA reaction
(Thermo Scientific, Rockford, IL, USA).

5.3.3.4 Radioligand binding experiments

Saturation binding experiments were performed by incubating cell membranes (about 20

pg/ml of protein) in a total volume of 1 mL incubation buffer (50 mM Tris HCI pH 7.4),
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containing increasing concentrations (approximately 0.03-0.1-0.3-1-3 nM) of [3H]-
CGP12177 (Perkin-Elmer Life and Analytical Science, Monza, Italy). Incubations were
carried out at 25°C for 90 min. Non-specific binding was determined in the presence of
10 uM propranolol.

Reactions were terminated by rapid filtration through glass fiber filters grade MGB
(Sartorius Italy S.r.l., Bagno a Ripoli, Firenze, Italy) that had been soaked for 60 min in
0.5% polyethyleneamine using a Brandell cell harvester (Biomedical Research and
Development Laboratory, Inc Atlas Drive, Gaithersburg, MD, USA).

Filters were washed three times with 4 ml aliquots of ice-cold milliQ water and dried
before the addition of 4.5 ml of scintillation cocktail (Filter Count, Perkin-Elmer Life and
Analytical Science, Monza, Italy). The radioactivity bound to the filters was measured
using TRICARB 1100 scintillation counter (Perkin-Elmer Life and Analytical Science,
Monza, Italy).

Clones expressing about 29 pmol/mg protein and 12 pmol/mg protein of the B: and B2
ADRs respectively were used for all subsequent experiments (Supplemental Figure 3).
Competition experiments were performed by incubating 20 ug/ml of protein with
increasing amounts of test compound (from 1 nM-100 uM) and 0.2 nM [*H]-CGP12177
for B1-ADR and B2-ADR binding assay, in a final incubation volume of 250 pL in 96 well
plates (Sarstedt s.r.l., Verona, Italy). Non-specific binding was determined in the presence
of 10 uM propranolol. The incubations were terminated by rapid vacuum filtration over
WhatmanGF/B using a FilterMate harvester (Perkin-Elmer Life and Analytical Science,
Monza, Italy). Each filter was abundantly washed with ice-cold milliQ water.
Radioactivity adherent to the filters was quantified in a Topcount NXT Microplate
Scintillation Counter (Perkin-Elmer Life and Analytical Science, Monza, Italy) using
Microscint20 (Perkin-Elmer Life and Analytical Science, Monza, Italy) scintillator after 4
hours.

Stock solutions of tested compounds were made in DMSO, and dilutions were usually
made in the incubation buffer. DMSO at the highest concentration used had no effect on

binding.
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5.3.3.5 Data analysis

All experiments are conducted in duplicate and data are presented as mean + S.E.M.,
unless otherwise noted. Saturation radioligand binding experiments were analyzed by
fitting rectangular hyperbolic to the experimental data to obtain Bmax (the maximal
binding capacity) and Kd (the dissociation constant). Data from equilibrium binding
studies were corrected for non-specific binding and were analyzed by computer-aided
nonlinear regression analysis using a four-parameter logistic equation. 1Cso values were
converted to binding constants K; using the Cheng-Prusoff correction. All curve fitting
was performed using the Prism programme 5.02 (Graphpad Software, San Diego, CA,
USA).

5.3.4 X-ray Crystallography

The expression and purification of hCA Il and hCA IX-mimic were performed as
previously described.?®® hCA 1X-mimic is a molecule of hCA Il with seven active site
mutations (A65S, N67Q, E69T, 191L, F131V, K170E and L204A) to mimic the residues
in wild type hCA IX. The hCA IX-mimic is utilized due to the ease of expression and
crystallization in relation to wild type. Protein was expressed in BL21(DE3) competent
cells and purified utilizing the affinity chromatography technique on a p-
(aminomethyl)benzenesulfonamide column. Purity was verified via SDS-PAGE. The
formation of the protein-inhibitor complex was initiated utilizing the co-crystallization
technique. Crystals were grown via the hanging drop vaporization method with a 1:1
protein to precipitant solution ratio (1.6 M Na-Citrate, 50 mM Tris, pH 7.8) and growth
was observed after 2 weeks. The crystals were additionally soaked in ~10mM inhibitor
for 5 min prior to freezing.

X-ray diffraction data was collected on a Pilatus 6M detector at the Cornell High Energy
Synchrotron Source (CHESS) F1 beamline with a wavelength of 0.977 A. A crystal-to-
detector distance of 270 mm, 1° oscillation angle, and exposure time of 2 sec per image
were utilized to collect data. A total of 270 images were collected. The data was indexed,
integrated, and scaled to the P2; monoclinic space group in HKL2000.3° Molecular

replacement (search model PDB: 3KS3) was used to determine phases. Refinement of the
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structure and ligand restraint files were generated in Phenix.3%! Interactions between the

inhibitor and protein were analysed in Coot and figures generated in PyMol 3%

5.3.5 Hypertensive Rabbit IOP Lowering Studies

Male New Zealand albino rabbits weighing 1500—2000 g were used in these studies.
Animals were anesthetized using zoletil (tiletamine chloride plus zolazepam chloride, 3
mg/kg body weight, im) and injected with 0.1 mL of hypertonic saline solution (5% in
distilled water) into the vitreous of both eyes. IOP was determined using a Model
30™Pneumatonometer (Reichert Inc. Depew, NY, USA) prior to hypertonic saline
injection (basal) at 1, 2, 3, and 4 h after administration of the drug. Vehicle (phosphate
buffer pH 7.00 plus DMSO 2%) or drugs were instilled immediately after the injection of
hypertonic saline. Eyes were randomly assigned to different groups. Vehicle or drug (0.50
mL) was directly instilled into the conjunctive pocket at the desired doses (1-2%). The
IOP was followed for 4 h after drug administration. Four different animals were used for
each tested compound. All animal manipulations were carried out according to the
European Community guidelines for animal care [DL 116/92, application of the European
Communities Council Directive of 24 November 1986 (86/609/EEC)]. The ethical policy
of the University of Florence complies with the Guide for the Care and Use of Laboratory
Animals of the US National Institutes of Health (NIH Publication No. 85-23, revised
1996; University of Florence assurance number A5278-01). Formal approval to conduct
the experiments described was obtained from the Animal Subjects Review Board of the
University of Florence. Experiments involving animals have been reported according to
ARRIVE - Animal Research: Reporting of in vivo Experiments—guidelines.?® All efforts

were made to minimize animal suffering and to reduce the number of animals used.
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5.4 Multi-potent hybrids assembled by CA inhibitors and NO-donors as antitumor
and anti-infective drugs: synthesis and kinetic evaluation (Series D)

5.4.1 Chemistry

The general chemistry protocols are reported at the beginning of the experimental section.

Synthesis of 5-carboxybenzo[c][1,2,5]oxadiazole 1-oxide (D2)

To a solution of KOH (0.59 g, 2.1 eq.) in C2HsOH (57 mL) previously heated to 70°C was
added 4-amino-3-nitrobenzoic acid D1 (0.92 g, 1.0 eq.). The suspension was triturated for 15
min and then cooled to 0°C. A commercially available (=2 M) solution of sodium
hypochlorite (20 mL) was added dropwise at 0°C. The reaction was stirred at the same
temperature for 15 min, poured into ice and acidified with a 6 N HCI solution until pH 1.0
was reached. The mixture was concentrated, and the resulting precipitate was filtered off,
washed with H>O, and then dried to yield 0.78 g (84%) of an orange solid. m.p. 128-129°C;
silica gel TLC: R = 0.5 (ethyl acetate/n-hexane 80% v/v). IR (KBr): 3095-2539 (br), 1682,
1610, 1589, 1490, 1430, 1314 cm™; &1 (400 MHz, DMSO-ds): 8.00 (m, 3H, Ar-H), 13.00 (s,
1H, COOH).

General procedure 7 for the Synthesis of 4-(2-(arylalkyl)amino)ethyl)benzenesulfonamides
D9-D13

Procedure 7.1 To a solution of 4-(2-aminoethyl)benzenesulfonamide (9,99 mmol, 1.0 eq.)
in dry MeOH (40 mL), the appropriate aldehyde (1.1 eq.) was added and the mixture was
heated under stirring to reflux temperature for 0.5-4 h. Sodium borohydride (1.6 eq.) was
added portion wise at 0°C and the reaction mixture was heated under stirring to reflux
temperature for 0,5-3 h. The solvent was evaporated under vacuo, water was added (25 mL)
and neutralized with HCI 1M. The suspension was filtered, and the collected powder was
occasionally purified with flash chromatography (MeOH/DCM 5% v/v) to give the
compounds D9-D11.

Procedure 7.2 To a solution of 4-(2-aminoethyl)benzenesulfonamide (9,99 mmol, 1.0 eq.)
in dry DMF (5 mL), triethylamine (1.2 eq.) and the appropriate halide (1.1 eq.) were added

at room temperature and the mixture was stirred at 60°C for 8 h (D12) or at room
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temperature for 0,5 h (D13). The reaction mixture was quenched by addition of water (20
mL) and extracted with DCM (30 mL x 3). The organic layer was collected, washed with
brine (40 mL x 3), dried over Na>SOs, filtered and evaporated under vacuo to give the

compounds D12,13 as white/yellow powder.

Synthesis of 4-(2-(benzylamino)ethyl)benzenesulfonamide (D9)

Compound D9 was obtained according the general procedure 7.1 earlier reported using 4-
(2-aminoethyl)benzenesulfonamide (9.99 mmol, 1.0 eq.) and commercial benzaldehyde (1.1
eq.) in dry MeOH (40 mL). The reaction mixture was initially stirred to reflux temperature
for 4 h and after addition of sodium borohydride (1.6 eq.) was stirred to reflux temperature
for 2 h.

4-(2-(Benzylamino)ethyl)benzenesulfonamide D9: 96% yield; m.p. 173-175 °C; silica gel
TLC: Rs = 0.08 (TFA/MeOH/DCM 3/5/92% v/v). tH-NMR (DMSO-ds, 400 MHz): 6 7.76 (d,
J = 8.1 Hz, 2H, Ar-H), 7.42 (m, 7H, Ar-H), 7.32 (s, 2H, exchange with D20, SO>NH>,
overlap with signal at 7.42), 4.04 (s, 2H, CH>), 3.07 (m, 2H, CHy), 2.97 (m, 2H, CH). 13C-
NMR (DMSO-ds, 100 MHz): ¢ 145.87, 142.74, 141.80, 129.99, 129.05, 128.86, 127.46,
126.55, 53.77, 50.91, 36.50. MS (ESI positive) m/z =291.1 [M + H]".

Synthesis of 4-(2-((4-fluorobenzyl)amino)ethyl)benzenesulfonamide (D10)

Compound D10 was obtained according the general procedure 7.1 earlier reported using 4-
(2-aminoethyl)benzenesulfonamide (9.99 mmol, 1.0 eq.) and 4-fluorobenzaldehyde (1.1 eq.)
in dry MeOH (40 mL). The reaction mixture was initially stirred to reflux temperature for 2
h and after addition of sodium borohydride (1.6 eq.) was stirred to reflux temperature for 2 h.
4-(2-((4-Fluorobenzyl)amino)ethyl)benzenesulfonamide D10: 95% yield; m.p. 145-
147 °C; silica gel TLC: Rf = 0.21 (TFA/ MeOH/DCM 3/5/92% v/v). *H-NMR (DMSO-ds,
400 MHz): 6 7.73 (d, J = 8.2 Hz, 2H, Ar-H), 7.38 (m, 4H, Ar-H), 7.28 (s, 2H, exchange with
D-0, SO2NH>, overlap with signal at 7.38), 7.12 (t, J = 8.8 Hz, 2H, Ar-H), 3.73 (s, 2H, CH>),
2.79 (m, 4H, 2 x CHy). 6F (376 MHz, DMSO-d6): -116.18. *C-NMR (DMSO-ds, 100
MHz): 6 145.61, 142.94, 131.06, 130.98, 130.10, 126.73, 115.96, 115.75, 52.74, 50.62,
36.18. MS (ESI positive) m/z =309.1 [M + H]".
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Synthesis of 4-(2-((furan-2-ylmethyl)amino)ethyl)benzenesulfonamide (D11)

Compound D11 was obtained according the general procedure 7.1 earlier reported using 4-
(2-aminoethyl)benzenesulfonamide (9.99 mmol, 1.0 eq.) and 2-furaldehyde (1.1 eq.) in dry
MeOH (40 mL). The reaction mixture was initially stirred to reflux temperature for 4 h and
after addition of sodium borohydride (1.6 eq.) was stirred to reflux temperature for 3 h.
4-(2-((Furan-2-ylmethyl)amino)ethyl)benzenesulfonamide D11: 88% vyield; m.p. 133-
135 °C; silica gel TLC: Rt = 0.19 (TFA/ MeOH/DCM 3/5/92% v/v). *H-NMR (DMSO-ds,
400 MHz): 0 7.71 (d, J = 8.3 Hz, 2H, Ar-H), 7.56-7.49 (m, 1H, Ar-H), 7.37 (d, J = 8.3 Hz,
2H, Ar-H), 7.24 (s, 2H, exchange with D20, SO2NH>), 6.35 (dd, J = 3.1, 1.9 Hz, 1H, Ar-H),
6.20 (d, J = 3.1 Hz, 1H, Ar-H), 3.67 (s, 2H, CH>), 2.75 (m, 4H, 2 x CH>), 2.04 (bs, 1H,
exchange with DO, NH). C-NMR (DMSO-ds, 100 MHz): § 155.36, 145.73, 142.62,
129.93, 126.49, 126.48, 111.13, 107.47, 50.67, 46.21, 36.29. MS (ESI positive) m/z = 281.1
[M + H]".

Synthesis of 4-(2-(phenethylamino)ethyl)benzenesulfonamide (D12)

Compound D12 was obtained according the general procedure 7.2 earlier reported using 4-
(2-aminoethyl)benzenesulfonamide (9.99 mmol, 1.0 eq.) and (2-bromoethyl)benzene (1.1
eq.) in dry DMF (5 mL) stirred at 60 °C for 8 h (yellow powder).
4-(2-(Phenethylamino)ethyl)benzenesulfonamide D12: 73% yield; m.p. 213-215 °C,; silica
gel TLC: Rs = 0.02 (TFA/ MeOH/DCM 3/5/92% v/v). *H-NMR (DMSO-ds, 400 MHz): 6
7.78 (d, J = 8.2 Hz, 2H, Ar-H), 7.44 (d, J = 8.2 Hz, 2H, Ar-H), 7.34 (m, 3H, Ar-H), 7.26 (s,
2H, exchange with D20, SO2NH., overlap with signal at 7.25), 7.25 (m, 1H, Ar-H), 2.89 (m,
8H, 4 x CH>). 3C-NMR (DMSO-ds, 100 MHz): 6 145.71, 142.27, 141.02, 130.04, 129.47,
129.26, 126.88, 126.59, 51.35, 50.91, 36.29, 36.05. MS (ESI positive) m/z = 305.1 [M + H]*.

Synthesis of 4-(2-((2-cyanoethyl)amino)ethyl)benzenesulfonamide (D13)

Compound D13 was obtained according the general procedure 7.2 earlier reported using 4-
(2-aminoethyl)benzenesulfonamide (9.99 mmol, 1.0 eq.) and 3-chloropropionitrile (1.1 eq.)
in dry DMF (5 mL) stirred at r.t. for 0.5 h (white powder).
4-(2-((2-Cyanoethyl)amino)ethyl)benzenesulfonamide D13: 85% yield; m.p. 85-87 °C;
silica gel TLC: Rf = 0.15 (TFA/ MeOH/DCM 3/5/92% v/v). *H-NMR (DMSO-ds, 400 MHz):
0 7.72 (d, J = 8.0 Hz, 2H, Ar-H), 7.41 (d, J = 8.0 Hz, 2H, Ar-H), 7.27 (s, 2H, exchange with
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D20, SO2NH2), 2.76 (m, 6H, 3 X CHy), 2.57 (t, J = 6.6 Hz, 2H, CH2). 3C-NMR (DMSO-ds,
100 MHz): ¢ 145.72, 142.88, 130.14, 126.68, 121.19, 50.83, 45.66, 36.59, 18.88. MS (ESI
positive) m/z = 254.0 [M + H]".

General procedure 8 for the synthesis of amines D14, D15

0.0 H cho3 o TFA CF3COO
HO*\ | P o T j< d /—/ /—/
DMF dry DCM ®
60 °C 0°C HN
6-OH/7-OH Coumarin D39 D40,41 D14,15

Step 1. tert-Butyl (2-bromoethyl)carbamate D39 (1.0 g, 1.0 eq.) was treated with 6-hydroxy-
2H-chromen-2-one (6-OH) and K>COz (3.0 eq.) in acetone or alternatively with 7-hydroxy-
2H-chromen-2-one (7-OH) (1.0 eg.) in the same conditions wusing dry N,N-
dimethylformamide (5.0 mL) as solvent and under N, atmosphere. The reaction mixtures
were stirred at 60 °C overnight until consumption of starting materials (TLC monitoring),
then cooled to room temperature and treated respectively as follows.

(i) The white precipitate was filtered off, and the obtained filtrate was concentrated under
vacuo to afford D40 (tert-Butyl (2-((2-oxo-2H-chromen-6-yl)oxy)ethyl)carbamate) as an
orange residue.

(if) The reaction was quenched with a 3.0 M aqueous hydrochloric acid solution to give a
precipitate which was collected by filtration and triturated with diethyl ether to afford D41
(tert-butyl (2-((2-0xo0-2H-chromen-7-yl)oxy)ethyl)-carbamate) as a white solid.

Step 2. D40 (1.0 eq.) and D41 (1.0 eq.) were dissolved in DCM, and TFA (6.0 eq.) was
added dropwise to the suspension. The solution was stirred at 0 °C and then at room
temperature until starting materials were consumed (TLC monitoring). The solvent was
evaporated, and the obtained residue dried under vacuo to afford the title compounds D14
and D15 as white solids.

2-((2-Ox0-2H-chromen-6-yl)oxy)ethan-1-aminium 2,2,2-Tri-fluoroacetate D14: 20.0%
yield; silica gel TLC Rf = 0.55 (ethyl acetate/n-hexane 50% v/v); én (400 MHz, DMSO-de)
3.30 (2H, q, J =5.2, CH2NH-), 4.25 (2H, t, J = 5.0, CH20), 6.54 (1H, d, J = 9.2, Ar-H), 7.29
(1H, d,J = 3.2, Ar-H), 7.36 (1H, d, J = 2.8, Ar-H), 7.41 (1H, d, J = 8.8, Ar-H), 8.06 (1H, d, J
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= 9.2, Ar-H); éc (100 MHz, DMSO-ds) 39.3, 66.0, 112.7, 117.7, 118.5, 120.2, 121.0, 144.9,
149.2, 155.1, 161.1; oF (376 MHz, DMSO-ds) —74.84.
2-((2-Ox0-2H-chromen-7-yl)oxy)ethan-1-aminium 2,2,2-Tri-fluoroacetate D15: 61.3%
yield; silica gel TLC Rf = 0.50 (ethylacetate/n-hexane 50% v/v); 61 (400 MHz, DMSO-ds)
3.31 (2H, q, J = 5.2, CH2NH-), 4.31 (2H, t, J = 5.16, CH:0), 6.36 (1H, d, J = 9.02, Ar-H),
7.03 (1H, dd, J = 8.6, 2.5, Ar-H), 7.07 (1H, d, J = 2.3, Ar-H), 7.70 (1H, d, J = 8.66, Ar-H),
8.05 (1H, d, J = 9.2, Ar-H); &c (100 MHz, DMSO-ds) 38.2, 65.2, 101.5, 112.8, 112.9, 113.0,
129.7, 144.4, 115.3, 160.3, 160.9; 6F (376 MHz, DMSO-dg) —74.23.

General procedure 9 for the synthesis of alcohols D18-D20
0. .0 HO Cl or HO™"Br o. o
= K,CO;, KI =
HO—— | 3 - o— |
NNF DMF,90°C  HO{/), N F
6-OH/7-OH Coumarin D18: n=2; 7-subst

D19: n=3; 6-subst
D20: n=3; 7-subst

2-Chloro-ethanol (1.2 eq.) or 3-bromopropan-1-ol (1.5 eq.) was added to a suspension of 6-
Hydroxy-2H-chromen-2-one (6-OH) (1.0 g, 1.0 eq.) or alternatively 7-hydroxy-2H-
chromen-2-one (7-OH) (1.0 eq.), KoCOsz (1.2 eq.) and KI (1.0 eq.) in dry N,N-
dimethylformamide (DMF) (4 mL) under N> atmospheres. The reaction mixture was stirred
at 90°C O.N. until consumption of starting materials (TLC monitoring), then cooled down to
r.t. and quenched with H20 (10 mL) and was extracted with EtOAc (3 x 10 mL). The
combined organic layers were washed with a saturated solution of K>COs, brine and dried
over Na SO, filtered-off and concentrated under vacuo to give an oil, that was triturated
with diethyl ether and petroleum ether or purified by silica gel column chromatography
eluting with the appropriate mixture of EtOAc/n-hexane to afford the titled compounds D18-
D20 as a white solid.

Synthesis of 7-(2-hydroxyethoxy)-2H-chromen-2-one (D18)

Compound D18 was obtained according to the general procedure 9 earlier reported adding 2-
Chloro-ethanol (1.2 eq.) to a suspension of 7-hydroxy-2H-chromen-2-one (7-OH) (1.0 eq.),
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K2CO3 (1.2 eq.) and KI (1.0 eg.) in dry DMF (8.0 mL). The crude residue was triturated with
diethyl ether and petroleum ether to give the titled compound D18 as a white solid.
7-(2-Hydroxyethoxy)-2H-chromen-2-one D18: 50% vyield; m.p. 85-87°C; silica gel TLC:
Rr = 0.22 (ethyl acetate/n-hexane 50% v/v); *H-NMR (DMSO-ds, 400 MHz): ¢ 3.77 (2H, q,
CH2-OH), 4.13 (2H, t, J = 9.6, 4.8, O-CH2-CH>-OH), 4.95 (1H, t, J = 11.2, 5.6, CH>-OH),
6.32 (1H, d, J = 9.6, Ar-H), 7.99 (1H, dd, J = 8.6, 3.6, Ar-H), 7.02 (1H, d, J = 2.0, Ar-H),
7.66 (1H, d, J = 8.8, Ar-H), 8.02 (1H, d, J = 9.2, Ar-H); 3C-NMR (DMSO-dg, 100 MHz): 6
60.3, 71.3, 102.1, 113.2, 113.3, 113.7, 130.4, 145.3, 156.3, 161.2, 162.9; MS (ESI positive)
m/z = 207.0 [M + H]".

Synthesis of 6-(3-hydroxypropoxy)-2H-chromen-2-one (D19)

Compound D19 was obtained according to the general procedure 9 earlier reported adding 3-
bromopropan-1-ol (2.0 eq.) to a suspension of 6-hydroxy-2H-chromen-2-one (6-OH) (1.0 g,
1.0 eq.), K2CO3 (1.2 eq.) and KI (1.0 eqg.) in dry DMF (6.0 mL). The crude residue was
purified by silica gel column chromatography eluting with EtOAc/n-hexane from 50%, then
60% and finally 80 % v/v to give the titled compound D19 as a white solid.
6-(3-Hydroxypropoxy)-2H-chromen-2-one D19: 89% vyield; m.p. 124-126 °C; silica gel
TLC: Rs = 0.17 (ethyl acetate/n-hexane 60% v/v); *H-NMR (DMSO-ds, 400 MHz): ¢ 1.92
(2H, m, CH,-CH2-CH2-OH), 3.60 (2H, g, CH2-OH), 4.11 (2H, t, J = 12.8, 6.4, CH2-CH>-
CH,-OH), 4.61 (1H, t, J = 10.4, 5.2, CH,-OH), 6.52 (1H, d, J = 9.6, Ar-H), 7.24 (1H, dd, J =
8.6, 3.6, Ar-H), 7.32 (1H, d, J = 2.8, Ar-H), 7.36 (1H, m, Ar-H), 8.03 (1H, d, J = 9.6, Ar-H);
13C-NMR (DMSO-ds, 100 MHz): ¢ 32.9, 58.1, 66.2, 112.2, 117.4, 118.2, 120.1, 120.8,
145.0, 148.7, 155.9, 161.1; MS (ESI positive) m/z = 221.0 [M + H]*.

Synthesis of 7-(3-hydroxypropoxy)-2H-chromen-2-one (D20)

Compound D20 was obtained according to the general procedure 9 earlier reported adding 3-
bromopropan-1-ol (1.0 eq.) to a suspension of 7-hydroxy-2H-chromen-2-one (7-OH) (1.0
eq.), K2COs (1.2 eq.) and Kl (1.0 eq.) in dry DMF (8.0 mL). The crude residue was triturated
with diethyl ether to give the titled compound D20 as a white solid.
7-(3-Hydroxypropoxy)-2H-chromen-2-one D20: 27% yield; m.p. 75-77°C; silica gel TLC:
Ri = 0.18 (ethyl acetate/n-hexane 60% v/v); *H-NMR (DMSO-dg, 400 MHz): 6§ 1.92 (2H, m,
CH2-CH2>-CH,-OH), 3.60 (2H, q, CH>-OH), 4.18 (2H, t, J = 12.8, 6.4, CH2-CH>-CH>-OH),
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4.61 (1H, t, J = 10.4, 5.2, CH,-OH), 6.31 (1H, d, J = 9.2, Ar-H), 6.98 (1H, dd, J = 8.6, 3.6,
Ar-H), 7.00 (1H, d, J = 2.4, Ar-H), 7.65 (1H, d, J = 8.4, Ar-H), 8.02 (1H, d, J = 9.6, Ar-H);
13C-NMR (DMSO-ds, 100 MHz): § 32.8, 58.0, 66.3, 102.0, 113.2, 113.3, 113.6, 130.4,
145.2, 156.3, 161.2, 162.8; MS (ESI positive) m/z = 221.0 [M + H]".

General procedure 10 for the synthesis of hybrid compounds D21-D38

o]
D21-D26
NH, o H,NO, s
NO;  koH N 1) EDCIHCI 2) (
NaClO g (NHS, DMAP or none) Do.D13
—_— \N/ OH
EtOH dry DMF
COOH o) SozNHz
D1 D2 D27-D31

0_0O
2) MXyy ij
D14-D20

D32-D38

D3, D21: X=NH; n=0; R= m-SO,NH, D9, D27: R= CgH5 D14, D32: X=NH; n=2; 6-subst
D4, D22: X=NH; n=0; R= p-SO,NH, D10, D28: R= 4-F-C¢H, D15, D33: X=NH; n=2; 7-subst
D5, D23: X=NH; n=0; R= 0-OH, m-SO,NH, D11, D29: R= 2-furyl D16, D34: X=0; n=0; 6-subst
D6, D24: X=NH; n=1; R= p-SO,NH, D12, D30: R= CH,CgH5 D17, D35: X=0; n=0; 7-subst
D7, D25: X=NH; n=2; R= p-SO,NH, D13, D31: R= CH,CN D18, D36: X=0; n=2; 7-subst
D8, D26: X=0; n=0; R= p-SO,NH, D19, D37: X=0; n=3; 6-subst
D20, D38: X=0; n=3; 7-subst

EDCI-HCI (1.5 eq) and 1-hydroxy-7-azabenzotriazole (HOAt) and/or 4-
dimethylaminopyridine (DMAP) and/or N-hydroxysuccinimide (NHS) (1.3 eq.) were added
to a solution of the key intermediate D2 (0.5 g, 1.0 eq.) in dry DMF (3.0 mL) under a N2
atmosphere. The reaction was stirred at r.t. until the consumption of the starting material
and, thereafter, the appropriate sulfonamide or coumarin bearing a NH. or OH group (1.1
eq.) was added to the reaction mixture. The latter was stirred at r.t. and checked by TLC
monitoring to visualize the completion of the reaction, which was then quenched with slush
and HCI 1M to afford a precipitate. The powder was collected by filtration or the suspension
was extracted with ethyl acetate. The combined organic layers were washed with HCI 1M,
brine, and dried over anhydrous Na>SQyg, filtered-off, and concentrated under vacuo to give a
residue that was triturated with Et.O or purified by silica gel column chromatography eluting
with the appropriate mixture of solvents to yield the titled compounds D21-D38.
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Synthesis of 5-((3-sulfamoylphenyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide (D21)
Compound D21 was obtained according to the general procedure 10 earlier reported adding
EDCIHCI (1.5 eg.) and HOAt (1.5 eq.) to a solution of compound D2 (0.3 g, 1.0 eg.) and
commercial 3-aminobenzensulfonamide (1.1 eq.) in dry DMF (5.0 mL). After 20 min, 0.5
eq. of triethylamine (TEA) and 0.03 eq. of DMAP were added to the reaction mixture. The
crude residue was collected by filtration and the precipitate washed with water to give D21
as a yellow solid.

5-((3-Sulfamoylphenyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide D21: 79% yield;
m.p. 221-223 °C; silica gel TLC: R = 0.61 (ethyl acetate/n-hexane 70% v/v); 'H-NMR
(DMSO-dg, 400 MHz): 6 7.45 (2H, s, exchangeable with D20, SO;NHy), 7.62 (2H, m, Ar-
H), 7.92 (2H, m, Ar-H), 8.01 (1H, m, Ar-H), 8.38 (1H, s, Ar-H), 8.43 (1H, s, Ar-H), 10.86
(1H, s, exchangeable with D.O, NH); MS (ESI negative) m/z = 333.1 [M - HJ".

Synthesis of 5-((4-sulfamoylphenyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide (D22)
Compound D22 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.5 eq.) and HOAt (1.5 eq.) to a solution of compound D2 (0.5 g, 1.0 eq.) and
commercial sulfanilamide (1.1 eq.) in dry DMF (3.0 mL). After 20 min, 0.5 eq. of
triethylamine (TEA) and 0.03 eq. of DMAP were added to the reaction mixture. The crude
residue was collected by filtration to give D22 as a yellow solid.
5-((4-Sulfamoylphenyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide D22: 69% yield;
m.p. 211-214 °C; silica gel TLC: Rr = 0.40 (ethyl acetate/n-hexane 60% v/v); *H-NMR
(DMSO-ds, 400 MHz): 6 7.34 (2H, s, exchangeable with D.O, SO2NH>), 7.98 (6H, m, Ar-
H), 8.51 (1H, s, Ar-H), 10.89 (1H, s, Ar-H); MS (ESI negative) m/z = 333.0 [M - H]".

Synthesis of 5-((2-hydroxy-5-sulfamoylphenyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide
(D23)

Compound D23 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.5 eq.) and DMAP (0.03 eq.) to a solution of compound D2 (0.5 g, 1.0 eq.) and
commercial 2-Aminophenol-4-sulfonamide (1.2 eq.) in dry DMF (3.0 mL). The crude
residue was collected by filtration and then was triturated with Et.O for 24 h to give D23 as

an orange solid.
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5-((2-Hydroxy-5-sulfamoylphenyl)carbamoyl)benzo|[c][1,2,5]oxadiazole 1-oxide D23:
31% yield; m.p. 208-210 °C; silica gel TLC: Rf = 0.50 (ethyl acetate/n-hexane 80% v/v); H-
NMR (DMSO-ds, 400 MHz): 6 7.09 (1H, d, J = 8.4, exchangeable with D20, -NH>), 7.25
(2H, s, Ar-H), 7.58 (1H, dd, J = 8.4, 2.0, Ar-H), 7.93 (2H, s, Ar-H), 8.16 (1H, s, Ar-H), 8.37
(1H, s, Ar-H), 10.10 (1H, s, exchangeable with D20, -NH), 10.67 (1H, s, exchangeable with
D20, -OH); MS (ESI negative) m/z = 348.8 [M - H]..

Synthesis of 5-((4-sulfamoylbenzyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide (D24)
Compound D24 was obtained according to the general procedure 10 earlier reported adding
EDCIHCI (1.7 eq.) and NHS (1.3 eq.) to a solution of compound D2 (0.2 g, 1.0 eq.) in dry
DMF (2.0 mL). After 2.5 h the starting materials were consumed and 1.2 eq. of commercial
4-Aminomethylbenzenesulfonamide hydrochloride was treated with TEA (1.0 eq.) and were
added to the reaction mixture. The crude residue was collected by filtration, then was
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with H20 (3
x 20 mL), dried over Na>SOQg, filtered off, and concentrated under vacuo to give an oil that
was purified by silica gel column chromatography, eluting with the mixture of EtOAc/n-
hexane 50% v/v to afford an solid that was also triturated with Et2O to give D24 as a yellow
solid.

5-((4-Sulfamoylbenzyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide D24: 21% vyield,
m.p. 200-202 °C; silica gel TLC: Rr = 0.38 (ethyl acetate/n-hexane 70% v/v); *H-NMR
(DMSO-dg, 400 MHz): 6 4.59 (2H, d, J = 5.6, CH>), 7.34 (2H, s, exchangeable with D20,
SO2NHy), 7.55 (2H, d, J = 8.4, Ar-H), 7.82 (2H, d, J = 8.4, Ar-H), 7.93 (2H, m, Ar-H), 8.24
(1H, s, Ar-H), 9.48 (1H, t, J = 5.6, exchangeable with D,O, CONH); MS (ESI negative) m/z
=347.1[M - H].

Synthesis of 5-((4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide (D25)

Compound D25 was obtained according to the general procedure 10 earlier reported adding
EDCIHCI (1.7 eq.) and NHS (1.3 eq.) to a solution of compound D2 (0.1 g, 1.0 eq.) in dry
DMF (1.0 mL). After 3 h the starting materials were consumed and 1.7 eq. of commercial 4-
(2-aminoethyl)benzenesulfonamide was added to the reaction mixture. The crude residue
was collected by filtration, then was washed with acid water (5 x 2 mL) to give D25 as a

white solid.
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5-((4-Sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide D25: 89% vyield,
m.p. 206-208 °C; silica gel TLC: R = 0.18 (ethyl acetate/n-hexane 60% v/v); 'H-NMR
(DMSO-ds, 400 MHz): & 2.97 (2H, t, J = 7.4, NH-CH,.CHy), 3.58 (2H, g, J = 6.8, NH-CH.-
CHy), 7.37 (2H, s, exchangeable with D20, SO.NH>), 7.48 (2H, d, J = 8.4, Ar-H), 7.78 (2H,
d, J = 8.4, Ar-H), 7.85 (2H, s, Ar-H), 8.12 (1H, s, Ar-H), 8.97 (1H, t, J = 5.2, Ar-H); MS
(ESI negative) m/z = 361.0 [M - HJ".

Synthesis of 5-((4-sulfamoylphenoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide (D26)
Compound D26 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of compound D2 (0.5 g, 1.0 eq.) and
commercial 4-Hydroxybenzensulfonamide (1.0 eq.) in dry DMF (3.0 mL). The crude residue
was collected by filtration and then was purified by silica gel column chromatography,
eluting with the mixture of methanol/dichloromethane 1% v/v to afford D26 as a yellow
solid.

5-((4-Sulfamoylphenoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide D26: 98% vyield;
m.p. 202-204 °C; silica gel TLC: R = 0.78 (ethyl acetate/n-hexane 80% v/v); *H-NMR
(DMSO-ds, 400 MHz): 6 7.50 (2H, s, exchangeable with D20, NH), 7.61 (2H, d, J = 8.8,
Ar-H), 7.98 (4H, m, Ar-H), 8.50 (1H, s, Ar-H); MS (ESI negative) m/z = 333.9 [M - H]".

Synthesis of 5-(benzyl(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide
(D27)

Compound D27 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (2.0 eg.) and DMAP (0.03 eq.) to a solution of compound D2 (0.3 g, 1.0 eq.) and
sulfonamide intermediate D9 (1.05 eq.) in dry DMF (4.0 mL). The crude residue was
collected by filtration and then was purified by silica gel column chromatography, eluting
with the mixture of EtOAc/n-hexane 50% v/v to afford D27 as a yellow solid.
5-(Benzyl(4-sulfamoylphenethyl)carbamoyl)benzo|c][1,2,5]oxadiazole 1-oxide D27:
41% yield; m.p. 188-190 °C; silica gel TLC: Rs = 0.38 (ethyl acetate/n-hexane 60% v/v); *H-
NMR (DMSO-ds, 400 MHz): 6 2.82 (1H, m, CH2-CH2-Ph), 3.03 (1H, m, CH2-CH.-Ph), 3.53
(1H, m, CH2-CH2-Ph), 3.61 (1H, m, CH2-CH2-Ph), 4.52 (1H, s, N-CH2-Ph), 4.83 (1H, s, N-
CH2-Ph), 6.88 (1H, s, Ar-H), 7.23 (2H, m, Ar-H), 7.44 (8H, m, SO2NHz, Ar-H), 7.70 (2H, d,
J=17.6, Ar-H), 7.80 (1H, d, J = 7.9, Ar-H), ; MS (ESI positive) m/z = 353.1 [M + H]".
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Synthesis of 5-((4-fluorobenzyl)(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole
1-oxide (D28)

Compound D28 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eg.) and DMAP (0.03 eq.) to a solution of compound D2 (0.2 g, 1.0 eq.) and
sulfonamide intermediate D10 (1.0 eq.) in dry DMF (3.0 mL). The crude residue was
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with H20 (3
x 20 mL), dried over Na>SOQg, filtered off, and concentrated under vacuo to give an oil that
was purified by silica gel column chromatography, eluting with the mixture of EtOAc/n-
hexane 50% v/v to give D28 as a yellow solid.
5-((4-Fluorobenzyl)(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide
D28: 19% yield; m.p. 127-129 °C; silica gel TLC: Rt = 0.56 (ethyl acetate/n-hexane 70%
viv); tH-NMR (DMSO-ds, 400 MHz): § 2.92 (1H, m, CH2-CHz-Ph), 3.02 (1H, m, CHp-CH>-
Ph), 3.53 (1H, m, CH2-CH,-Ph), 3.61 (1H, m, CH2-CH2-Ph), 4.51 (1H, s, N-CH2-Ph), 4.81
(1H, s, N-CH2-Ph), 6.87 (1H, s, Ar-H), 7.24 (5H, m, exchangeable with D,O, SO,NH., Ar-
H), 7.36 (1H, m, Ar-H), 7.51 (2H, m, Ar-H), 7.70 (2H, d, J = 8.0, Ar-H), 7.80 (2H, d, J =
8.0, Ar-H); MS (ESI positive) m/z = 371.0 [M + H]".

Synthesis of 5-((furan-2-ylmethyl)(4-
sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide (D29)

Compound D29 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eg.) and DMAP (0.03 eq.) to a solution of compound D2 (0.2 g, 1.0 eq.) and
sulfonamide intermediate D11 (1.0 eq.) in dry DMF (3.0 mL). The crude residue was
extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with H20 (3
x 20 mL), dried over Na SO, filtered off, and concentrated under vacuo to give an orange
solid that was purified by silica gel column chromatography, eluting with the mixture of
methanol/dichloromethane 1% v/v and the obtained oil was triturated with Et.O to give D29
as a yellow solid.
5-((Furan-2-ylmethyl)(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole  1-
oxide D29: 29% yield; m.p. 147-149 °C; silica gel TLC: Rf = 0.48 (ethyl acetate/n-hexane
80% v/v); tH-NMR (DMSO-dg, 400 MHz): § 2.92 (2H, m, CH2-CHz-Ph), 3.60 (2H, m, CH;-
CH32-Ph), 4.53 (1H, s, CH»>-Furan), 4.83 (1H, s, CH»>-Furan), 6.52 (2H, m, Ar-H), 6.84 (1H, s,
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Ar-H), 7.52 (9H, m, exchangeable with D>O, SO2NH>, 7 x Ar-H); MS (ESI positive) m/z =
443.0 [M + H]*.

Synthesis of 5-(phenethyl(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-
oxide (D30)

Compound D30 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eg.) and DMAP (0.03 eq.) to a solution of compound D2 (0.2 g, 1.0 eq.) and
sulfonamide intermediate D12 (1.0 eq.) in dry DMF (3.0 mL). The crude residue was
collected by filtration and then was purified by silica gel column chromatography, eluting
with the mixture of EtOAc/n-hexane 50% v/v to give D30 as a yellow solid.
5-(Phenethyl(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide D30:
37% yield; m.p. 196-198 °C; silica gel TLC: Rf = 0.42 (ethyl acetate/n-hexane 70% v/v); *H-
NMR (DMSO-ds, 400 MHz): 6 2.85 (2H, m, CH2-CH2-Ph), 3.04 (2H, m, CH>-CH.-Ph), 3.33
(2H, m, overlapped with the water peak, CH>-CH>-Ph), 4.13 (2H, m, CH>-CH-Ph), 6.75
(1H, s, Ar-H), 6.95 (1H, s, Ar-H), 7.07 (1H, s, Ar-H), 7.26 (2H, m, exchangeable with D20,
SO2NHy), 7.36 (4H, m, Ar-H), 7.56 (2H, d, J = 8.0, Ar-H), 7.69 (2H, d, J = 8.0, Ar-H), 7.83
(1H, d, J = 8.0, Ar-H); MS (ESI positive) m/z = 367.1 [M + H]".

Synthesis of 5-((2-cyanoethyl)(4-sulfamoylphenethyl)carbamoyl)benzo[c][1,2,5]oxadiazole
1-oxide (D31)

Compound D31 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of compound D2 (0.4 g, 1.0 eq.) and
sulfonamide intermediate D13 (1.0 eq.) in dry DMF (3.0 mL). The crude residue was
collected by filtration and then was purified by silica gel column chromatography, eluting
with the mixture of methanol/dichloromethane 1% v/v to give a white solid that was
triturated with Et2O to afford D31 as a white solid.
5-((2-Cyanoethyl)(4-sulfamoylphenethyl)carbamoyl)benzo|[c][1,2,5]oxadiazole  1-oxide
D31: 23% yield; m.p. 212-214 °C; silica gel TLC: R = 0.45 (ethyl acetate/n-hexane 80%
viv); *H-NMR (DMSO-dg, 400 MHz): 6 2.94 (4H, m, CH,-CH,-Ph, CH2-CH2-CN), 3.62
(2H, m, CH2-CH2-Ph), 3.75 (1H, m, N-CH2-CH2-Ph), 3.84 (1H, s, N-CH2-CH2-Ph), 6.84
(1H, m, Ar-H), 7.44 (4H, m, Ar-H), 7.76 (4H, m, exchangeable with D20, SO2NH2, Ar-H);
MS (ESI negative) m/z = 413.9 [M - H]".
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Synthesis of 5-((2-((2-oxo-2H-chromen-6-yl)oxy)ethyl)carbamoyl)benzo[c][1,2,5]oxadiazole
1-oxide (D32)

Compound D32 was obtained according to the general procedure 10 earlier reported adding
EDCIHCI (1.7 eq.) and NHS (1.3 eq.) to a solution of compound D2 (0.1 g, 1.0 eq.) in dry
DMF (1.0 mL). After 4 h, 1.0 eq. of triethylamine (TEA) and 1.0 eq. of D14 were added to
the reaction mixture. The crude residue was collected by filtration and washed with acid
water to give D32 as a yellow solid.
5-((2-((2-Oxo0-2H-chromen-6-yl)oxy)ethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide
D32: 36% yield; m.p. 212-214 °C; silica gel TLC: Rf = 0.30 (ethyl acetate/n-hexane 70%
viv); TH-NMR (DMSO-ds, 400 MHz): 6 3.74 (2H, m, NH-CH>), 4.25 (2H, t, J = 5.4, -
OCHy), 6.54 (1H, d, J = 9.6, Ar-H), 7.29 (1H, dd, J = 9.2, 2.4, Ar-H), 7.40 (2H, m, Ar-H),
7.88 (2H, m, Ar-H), 8.05 (1H, d, J = 5.6, Ar-H), 8.20 (1H, m, Ar-H), 9.12 (1H, s,
exchangeable with D20, NH); MS (ESI negative) m/z = 366.0 [M - H].

Synthesis of 5-((2-((2-oxo-2H-chromen-7-yl)oxy)ethyl)carbamoyl)benzo[c][1,2,5]oxadiazole
1-oxide (D33)

Compound D33 was obtained according to the general procedure 10 earlier reported adding
EDCIHCI (1.7 eq.) and NHS (1.3 eq.) to a solution of compound D2 (0.06 g, 1.0 eq.) in dry
DMF (1.0 mL). After 5 h, 1.0 eq. of triethylamine (TEA) and 1.0 eq. of D15 were added to
the reaction mixture. The crude residue was collected by filtration and washed with acid
water to give D33 as a light brown solid.
5-((2-((2-Oxo0-2H-chromen-7-yl)oxy)ethyl)carbamoyl)benzo[c][1,2,5]oxadiazole 1-oxide
D33: 83% yield; m.p. 217-219 °C; silica gel TLC: Rf = 0.35 (ethyl acetate/n-hexane 70%
viv); 'H-NMR (DMSO-ds, 400 MHz): § 3.73 (2H, m, NH-CH,), 4.30 (2H, t, J = 5.4, -
OCHy), 6.33 (1H, d, J = 9.6, Ar-H), 7.02 (1H, dd, J = 9.2, 2.4, Ar-H), 7.07 (1H, m, Ar-H),
7.67 (1H, d, J = 8.4, Ar-H), 7.87 (2H, s, Ar-H), 8.02 (1H, d, J = 9.6, Ar-H), 8.16 (1H, s, Ar-
H), 9.11 (1H, s, exchangeable with D-O, NH); MS (ESI positive) m/z = 368.1 [M + H]".

Synthesis of 5-(((2-oxo-2H-chromen-6-yl)oxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide
(D34)

Compound D34 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of compound D2 (0.3 g, 1.0 eq.) and
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commercial 6-Hydroxycoumarin (1.0 eq.) in dry DMF (2.0 mL). The crude residue was
collected by filtration and then was triturated with Et,O to afford D34 as a yellow solid.
5-(((2-Oxo-2H-chromen-6-yl)oxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide D34: 49%
yield; m.p. 225-227 °C; silica gel TLC: Rt = 0.75 (ethyl acetate/n-hexane 70% v/v); *H-NMR
(DMSO-ds, 400 MHz): 6 6.62 (1H, d, J = 9.2, Ar-H), 7.58 (1H, d, J = 8.8, Ar-H), 7.69 (1H,
dd, J=8.8, 2.4, Ar-H), 7.81 (1H, d, J = 2.4, Ar-H), 7.99 (2H, s, Ar-H), 8.12 (1H, d, J = 9.6,
Ar-H), 8.50 (1H, s, Ar-H); MS (ESI negative) m/z = 324.9 [M - H]".

Synthesis of 5-(((2-oxo-2H-chromen-7-yl)oxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide
(D35)

Compound D35 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eg.) and DMAP (0.03 eg.) to a solution of compound D2 (0.3 g, 1.0 eq.) and
commercial 7-hydroxycoumarin (1.0 eq.) in dry DMF (2.5 mL). The crude residue was
collected by filtration and then was triturated with Et,O to afford D35 as a yellow solid.
5-(((2-Oxo0-2H-chromen-7-yl)oxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide D35: 62%
yield; m.p. 225-227 °C; silica gel TLC: R = 0.6 (ethyl acetate/n-hexane 70% v/v); *H-NMR
(DMSO-ds, 400 MHz): J 6.56 (1H, d, J = 9.6, Ar-H), 7.43 (1H, d, J = 8.4, Ar-H), 7.57 (1H,
s, Ar-H), 7.89 (1H, d, J = 8.4, Ar-H), 7.98 (2H, s, Ar-H), 8.15 (1H, d, J = 9.6, Ar-H), 8.51
(1H, s, Ar-H); MS (ESI negative) m/z = 324.9 [M - H].

Synthesis of 5-((2-((2-oxo-2H-chromen-7-yl)oxy)ethoxy)carbonyl)benzo[c][1,2,5]oxadiazole
1-oxide (D36)

Compound D36 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eg.) and DMAP (0.03 eq.) to a solution of compound D2 (0.3 g, 1.0 eq.) and
intermediate D18 (1.0 eq.) in dry DMF (2.0 mL). The crude residue was collected by
filtration and then was washed with water to afford D36 as a yellow solid.
5-((2-((2-Oxo0-2H-chromen-7-yl)oxy)ethoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide
D36: 43% yield; m.p. 164-166 °C; silica gel TLC: R = 0.48 (ethyl acetate/n-hexane 60%
viv); tH-NMR (DMSO-ds, 400 MHz): § 4.54 (2H, m, COO-CH-CH-0), 4.72 (2H, t, J =
4.0, COO-CH,-CH>-0OH), 6.33 (1H, d, J = 9.6, Ar-H), 7.05 (1H, dd, J = 8.8, 3.7, Ar-H), 7.12
(1H, d, J = 2.2, Ar-H), 7.67 (1H, d, J = 8.4, Ar-H), 7.85 (2H, s, Ar-H), 8.02 (1H, d, J = 9.6,
Ar-H), 8.15 (1H, s, Ar-H); MS (ESI positive) m/z = 369.1 [M + H]".
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Synthesis of 5-((3-((2-ox0-2H-chromen-6-
yhoxy)propoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide (D37)

Compound D37 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eq.) and DMAP (0.03 eq.) to a solution of compound D2 (0.1 g, 1.0 eq.) and
intermediate D19 (1.0 eq.) in dry DMF (3.0 mL). The crude residue was extracted with
EtOAc (3 x 10 mL). The combined organic layers were washed with H20 (3 x 20 mL), dried
over Na SOy, filtered off, and concentrated under vacuo to give a solid that was purified by
silica gel column chromatography, eluting with the mixture of EtOAc/n-hexane 50% v/v to
give D37 as a yellow solid.
5-((3-((2-Oxo-2H-chromen-6-yl)oxy)propoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-
oxide D37: 46% yield; m.p. 137-139 °C; silica gel TLC: Rf = 0.64 (ethyl acetate/n-hexane
80% V/v); TH-NMR (DMSO-ds, 400 MHz): 6 2.27 (2H, m, CH2-CH2-CHy), 4.25 (2H, t, J =
6.0, COO-CH2-CH,-CH>-0), 4.54 (2H, t, J = 6.0, COO-CH,-CH,-CH>-0), 6.52 (1H, d, J =
9.6, Ar-H), 7.25 (1H, dd, J = 8.8, 2.8, Ar-H), 7.34 (1H, d, J = 2.8, Ar-H), 7.36 (1H, d, J =
9.2, Ar-H), 7.86 (2H, s, Ar-H), 8.02 (1H, d, J = 9.6, Ar-H), 8.24 (1H, s, Ar-H); MS (ESI
positive) m/z = 383.0 [M + H]".

Synthesis of 5-((3-((2-oxo-2H-chromen-7-
yhoxy)propoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-oxide (D38)

Compound D38 was obtained according to the general procedure 10 earlier reported adding
EDCI'HCI (1.8 eg.) and DMAP (0.03 eq.) to a solution of compound D2 (0.3 g, 1.0 eq.) and
intermediate D20 (1.0 eq.) in dry DMF (2.0 mL). The crude residue was collected by
filtration and then was washed with water to afford D38 as a yellow solid.
5-((3-((2-Oxo0-2H-chromen-7-yl)oxy)propoxy)carbonyl)benzo[c][1,2,5]oxadiazole 1-
oxide D38: 37% yield; m.p. 176-178 °C; silica gel TLC: Rf = 0.76 (ethyl acetate/n-hexane
80% v/v); H-NMR (DMSO-ds, 400 MHz): 6 2.28 (2H, g, J = 6.0, CH2-CH>-CHy>), 4.32 (2H,
t, J = 6.0, COO-CH2-CH,-CH>-0), 4.52 (2H, t, J = 6.0, COO-CH>-CH>-CH-0), 6.31 (1H, d,
J=9.6, Ar-H), 7.00 (1H, dd, J = 8.8, 3.7, Ar-H), 7.05 (1H, d, J = 2.2, Ar-H), 7.65 (1H, d, J =
8.4, Ar-H), 7.88 (2H, s, Ar-H), 8.02 (1H, d, J = 9.6, Ar-H), 8.15 (1H, s, Ar-H); MS (ESI
positive) m/z = 383.1 [M + H]".
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5.4.2 Carbonic Anhydrase Inhibition

The CA inhibitory profiles of compounds belonging to Series D were obtained according

to the general procedures described at the beginning of the experimental section.
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5.5 “A Sweet Combination”: an expansion of saccharin and acesulfame K based
compounds for selectively targeting tumor-associated carbonic anhydrases I1X and
XI1 (Series E)

5.5.1 Chemistry

The general chemistry protocols are reported at the beginning of the experimental section.

General procedure 11 for the synthesis of compounds E18-E34

A~ _NH,
R E18: R=H
H H o\\sllo E19: R'=5-CH3
E1-14 _ NTN\S/CI AICI; _ “NH E20. R=7-GH,
R— | N — R | /& E21: R= c
CH3NO, or CH3CH,NO, N o 0o 110°C NN o :R=5,7-diCH;
. . 45 min H E22: R=5,8-diCH;
-40°C, 15 min Bamn
’ E18-E31 E23: R=6,8-diCH;
E24: R=5-F
H E25: R=7-F
_ ‘ N E26: R=5-Cl
R E27: R=7-Cl
\ | H 0.0 Re
0 0 NN o | ac 3% E28: R=5-Br
s. E15,E16 AN 8 | — o AN E29: R=7-Br
CI”"°NCO R—— | R—— |
CH3CH2N02 A (0] O O 110°C N N/go E30: R=7-OCH3
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E32,E33 E33: R=7-Cl
H
N
" %P
E17 N N.g-Cl AICl, “NH
oA | —=
CH4CH,NO, 0 00 110°C N0
-40°C, 15 min Bq 45 min
E34

A solution of chlorosulfonyl isocyanate (0.48 mL, 1.1 eq.) in the proper solvent
(nitromethane or nitroethane) was treated with a solution of the appropriate aromatic
amine (1.0 eq.) in the same solvent (5 mL) at —40 °C. The reaction mixture was stirred for
15 min before AICI3(s) (1.0 eq.) was added and then it was warmed at 110 °C and stirred
for 45 min. The resulting mixture was cooled and poured onto ice. The formed precipitate
was collected by filtration and dried to obtain a powder that was purified by silica gel
column chromatography eluting with appropriate mixture of solvents or alternatively by
dissolution in a saturated solution of NaHCOgz in 1:1 H>O/MeOH, treatment with

charcoal, filtration over Celite and re-acidification to pH 1. The precipitate was filtered in
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vacuo to afford the titled compound (E18-E34) as a fine solid that was collected by
filtration.

Synthesis of 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E18)

Compound E18 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of aniline E1 (0.46 mL, 1.0 eq.) in nitromethane (6.0 mL) to a
solution of chlorosulfonyl isocyanate (0.48 mL, 1.12 eq.) in nitromethane (6.0 mL). The
crude compound was purified by dissolution in a saturated solution of NaHCOs in 1:1
H.O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH 1.
The precipitate was filtered in vacuo to afford the title compound E18.
2H-Benzol[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E18: 31% yield; m.p. >300°C;
TLC: Rr = 0.30 (methanol/dichloromethane 20% v/v); *H-NMR (DMSO-ds, 400 MHz): ¢
7.27 (2H, m, Ar-H), 7.64 (1H, t, J = 8.0, Ar-H), 7.78 (1H, d, J = 7.6, Ar-H), 11.09 (1H, s,
exchange with D20, CONH); ¥*C-NMR (DMSO-ds, 100 MHz): 6 117.7, 122.9, 123.5,
124.1, 134.6, 136.2, 151.9; ESI-HRMS (m/z) [M-H]: calculated for C7H5N203S
197.0021; found 197.0028.

Synthesis of 5-methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E19)
Compound E19 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of O-toluidine E2 (1.0 g., 1.0 eq.) in nitroethane (8.0 mL) to a
solution of chlorosulfonyl isocyanate (0.89 mL, 1.1 eq.) in nitroethane (7.0 mL). The
crude compound was purified by dissolution in a saturated solution of NaHCOs in 1:1
H.O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH 1.
The precipitate was filtered in vacuo to afford E19 as a green solid.
5-Methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E19: 26% yield; m.p.
292-293°C; TLC: Rf = 0.13 (methanol/dichloromethane 15% v/v); *H-NMR (DMSO-ds,
400 MHz): § 2.40 (3H, s, CHa), 7.25 (1H, t, J = 7.6, Ar-H), 7.55 (1H, d, J = 7.6, Ar-H),
7.66 (1H, d, J = 7.6, Ar-H), 10.42 (1H, s, exchange with D20, CONH); *C-NMR
(DMSO-ds, 100 MHz): 6 18.4, 120.4, 124.1, 124.4, 127.3, 134.1, 136.1, 151.6; ESI-
HRMS (m/z) [M-H]": calculated for C8H7N203S 211.0177; found 211.0181.
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Synthesis of 7-methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E20)
Compound E20 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of p-toluidine E3(1.0 g., 1.0 eq.) in nitromethane (9.7 mL) to
a solution of chlorosulfonyl isocyanate (0.60 mL, 1.2 eq.) in nitromethane (6.4 mL). The
crude compound was purified by dissolution in a saturated solution of NaHCOs3 in 1:1
H.O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH 1.
The precipitate was filtered in vacuo to afford E20 as a white solid.
7-Methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E20: 40% vyield; m.p.
287-288°C; TLC: Rf = 0.30 (methanol/dichloromethane 30% v/v); *H-NMR (DMSO-ds,
400 MHz): 6 2.38 (3H, s, CH3), 7.17 (1H, d, J = 8.4, Ar-H), 7.49 (1H, dd, J = 8.0, 1.2,
Ar-H), 7.63 (1H, s, Ar-H), 11.18 (1H, s, exchange with D20, CONH); *C-NMR
(DMSO-ds, 100 MHz): ¢ 21.0, 117.8, 122.4, 123.3, 133.6, 134.0, 135.6, 151.5; ESI-
HRMS (m/z) [M-H]": calculated for C8H7N203S 211.0177; found 211.01609.

Synthesis of 5,7-dimethyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E21)
Compound E21 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 2,4-dimenthylaniline E4 (1.02 mL, 1.0 eq.) in nitromethane
(5.0 mL) to a solution of chlorosulfonyl isocyanate (0.93 mL, 1.3 eq.) in nitromethane
(5.0 mL). The crude compound was purified by dissolution in a saturated solution of
NaHCOs in 1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-
acidification to pH 1. The precipitate was filtered in vacuo to afford E21 as a white solid.
5,7-Dimethyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E21: 60% yield,
m.p. 290-291°C; TLC: Rt = 0.23 (methanol/dichloromethane 20% v/v); *H-NMR
(DMSO-de, 400 MHz): 6 2.35 (6H, d, J = 5.6, 2 x CH3), 7.37 (1H, s, Ar-H), 7.48 (1H, s,
Ar-H), 10.35 (1H, s, exchange with D20, CONH); *C-NMR (DMSO-ds, 100 MHz): ¢
18.3, 20.7, 119.9, 124.3, 127.1, 131.7, 133.7, 136.9, 151.5; ESI-HRMS (m/z) [M-H]":
calculated for COHIN203S 225.0334; found 225.0329.

Synthesis of 5,8-dimethyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E22)
Compound E22 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 2,5-dimenthylaniline E5 (1.03 mL, 1.0 eq.) in nitromethane

(8.0 mL) to a solution of chlorosulfonyl isocyanate (0.93 mL, 1.3 eg.) in nitromethane
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(7.0 mL). The crude compound was purified by dissolution in a saturated solution of
NaHCOs3 in 1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-
acidification to pH 1. The precipitate was filtered in vacuo to afford E22 as a white solid.
5,8-Dimethyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E22: 66% Yyield,;
m.p. 297-298°C; TLC: R; = 0.16 (methanol/dichloromethane 20% v/v); H-NMR
(DMSO-de, 400 MHz): 6 2.35 (3H, s, 5-CHzs), 2.57 (3H, s, 8-CH3), 7.04 (1H, d, J = 7.6,
Ar-H), 7.38 (1H, d, J = 8.0, Ar-H), 10.17 (1H, s, exchange with D20, CONH); **C-NMR
(DMSO-de, 100 MHz): ¢ 18.4, 20.0, 123.2, 124.6, 126.7, 132.9, 134.4, 135.1, 151.2; ESI-
HRMS (m/z) [M-H]: calculated for COHIN203S 225.0334; found 225.0338.

Synthesis of 6,8-dimethyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E23)
Compound E23 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 3,5-dimethylaniline E6 (1.03 mL, 1.0 eq.) in nitromethane
(5.0 mL) to a solution of chlorosulfonyl isocyanate (0.93 mL, 1.3 eq.) in nitromethane
(5.0 mL). The crude compound was purified by dissolution in a saturated solution of
NaHCOs in 1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-
acidification to pH 1. The precipitate was filtered in vacuo to afford E23 as a violet solid.
6,8-Dimethyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E23: 32% yield,;
m.p. 282-283°C; TLC: Rt = 0.11 (methanol/dichloromethane 20% v/v); *H-NMR
(DMSO-de, 400 MHz): 6 2.32 (3H, s, 6-CHzs), 2.54 (3H, s, overlap with DMSO peak, 8-
CHs), 6.89 (1H, s, Ar-H), 6.95 (1H, s, Ar-H), 11.17 (1H, s, exchange with D20, CONH);
13C-NMR (DMSO-ds, 100 MHz): ¢ 20.0, 21.9, 115.6, 119.7, 127.9, 135.5, 136.4, 144.2,
151.1; ESI-HRMS (m/z) [M-H]": calculated for COHIN203S 225.0334; found 225.0341.

Synthesis of 5-fluoro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E24)
Compound E24 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 2-fluoroaniline E7 (0.87 mL, 1.0 eq.) in nitroethane (5.0
mL) to a solution of chlorosulfonyl isocyanate (0.94 mL, 1.2 eq.) in nitroethane (5.0 mL).
The crude compound was purified by dissolution in a saturated solution of NaHCOs3 in
1:1 H.O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH
1. The precipitate was filtered in vacuo to afford E24 as a light brown solid.
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5-Fluoro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E24: 10% yield; m.p.
277-278°C; TLC: Rf = 0.48 (ethyl acetate/n-hexane 70% v/v); *H-NMR (DMSO-ds, 400
MHz): 6 7.34 (1H, m, Ar-H), 7.64 (2H, m, Ar-H), 11.31 (1H, s, exchange with D20,
CONH); BC-NMR (DMSO-ds, 100 MHz): § 118.7 (3c-r = 4 Hz), 120.5 (J°c-F = 18),
124.9 (3BcF = 6), 125.2 (J%c.F = 15), 125.8, 150.2 (J'c-F = 249), 151.5; °F-NMR (DMSO-
ds, 376 MHz) —125.93 (1F, s); ESI-HRMS (m/z) [M-H]: calculated for C7TH4FN203S
214.9927; found 214.9935.

Synthesis of 7-fluoro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E25)
Compound E25 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 4-fluoroaniline E8 (1.0 g., 1.0 eq.) in nitromethane (5.0
mL) to a solution of chlorosulfonyl isocyanate (1.02 mL, 1.3 eq.) in nitromethane (5.0
mL). The crude compound was purified by dissolution in a saturated solution of NaHCO3
in 1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to
pH 1. The precipitate was filtered in vacuo to afford E25 as a grey solid.
7-Fluoro-2H-benzol[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E25: 38% vyield; m.p.
288-289°C; TLC: Rf = 0.28 (methanol/dichloromethane 30% v/v); *H-NMR (DMSO-ds,
400 MHz): 6 7.32 (1H, m, Ar-H), 7.59 (1H, m, Ar-H), 7.72 (1H, m, Ar-H), 11.41 (1H, s,
exchange with D,O, CONH); *C-NMR (DMSO-ds, 100 MHz): § 109.6 (J%c.r = 26),
120.3 (J%c.¢ = 8), 122.5 (Bc-F = 23), 124.1 (J%cr = 7), 132.7 (J%c.e = 2), 152.1, 158.3 (I'c.
£ = 242); ®F-NMR (DMSO-ds, 376 MHz) —117.29 (1F, s); ESI-HRMS (m/z) [M-H]:
calculated for C7TH4FN203S 214.9927; found 214.9921.

Synthesis of 5-chloro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E26)
Compound E26 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 2-chloraniline E9 (0.82 mL, 1.0 eq.) in nitroethane (6.0
mL) to a solution of chlorosulfonyl isocyanate (0.89 mL, 1.3 eq.) in nitroethane (6.0 mL).
The crude compound was purified by dissolution in a saturated solution of NaHCOs3 in
1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH
1. The precipitate was filtered in vacuo to afford E26 as a white solid.
5-Chloro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E26: 34% yield; m.p.
246-247°C; TLC: R = 0.08 (methanol/dichloromethane 10% v/v); *H-NMR (DMSO-ds,
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400 MHz): 6 7.36 (1H, t, J = 8.0, Ar-H), 7.85 (2H, m, Ar-H), 10.71 (1H, s, exchange with
D20, CONH); C-NMR (DMSO-ds, 100 MHz): 6 121.5, 122.0, 125.4, 126.1, 133.1,
135.1, 151.4; ESI-HRMS (m/z) [M-H]": calculated for C7TH4CIN203S 230.9631; found
230.9626.

Synthesis of 7-chloro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E27)
Compound E27 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 4-chloroaniline E10 (1.0 g, 1.0 eq.) in nitroethane (6.0 mL)
to a solution of chlorosulfonyl isocyanate (0.82 mL, 1.2 eq.) in nitroethane (6.0 mL). The
crude compound was purified by dissolution in a saturated solution of NaHCOs3 in 1:1
H>O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH 1.
The precipitate was filtered in vacuo to afford E27 as a grey solid.
7-Chloro-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E27: 48% yield; m.p.
285-286°C; TLC: Rf = 0.11 (methanol/dichloromethane 15% v/v); *H-NMR (DMSO-ds,
400 MHz): 0 7.30 (1H, d, J = 8.8, Ar-H), 7.74 (1H, t, J = 8.0, 2.4, Ar-H), 7.86 (1H, d, J =
2.0, Ar-H), 11.47 (1H, s, exchange with DO, CONH); **C-NMR (DMSO-dg, 100 MHz):
6 120.1, 122.6, 124.5, 128.1, 134.7, 135.0, 152.0; ESI-HRMS (m/z) [M-H]": calculated
for CTH4CIN203S 230.9631; found 230.9636.

Synthesis of 5-bromo-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E28)
Compound E28 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 2-bromoaniline E11 (1.0 g, 1.0 eq.) in nitroethane (5.0 mL)
to a solution of chlorosulfonyl isocyanate (0.61 mL, 1.2 eq.) in nitroethane (5.0 mL). The
crude compound was purified by dissolution in a saturated solution of NaHCOs3 in 1:1
H>O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH 1.
The precipitate was filtered in vacuo to afford E28 as a grey solid.
5-Bromo-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E28: 25% yield; m.p.
250-251°C; TLC: Rf = 0.19 (methanol/dichloromethane 15% v/v); *H-NMR (DMSO-ds,
400 MHz): 6 7.29 (1H, t, J = 8.0, Ar-H), 7.86 (1H, d, J = 7.2 Ar-H), 8.00 (1H, dd, J = 8.4,
1.2, Ar-H), 10.28 (1H, s, exchange with D0, CONH); *C-NMR (DMSO-ds, 100 MHz):
5 111.1, 122.6, 125.8, 126.2, 134.2, 138.4, 151.4; ESI-HRMS (m/z) [M-H]: calculated
for CTH4BrN203S 274.9126; found 274.9120.
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Synthesis of 7-bromo-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E29)
Compound E29 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 4-bromoaniline E12 (1.0 g., 1.0 eq.) in nitromethane (5.0
mL) to a solution of chlorosulfonyl isocyanate (0.60 mL, 1.2 eq.) in nitromethane (5.0
mL). The crude compound was purified by dissolution in a saturated solution of NaHCO3
in 1:1 H,O/MeOH, treatment with charcoal, filtration over Celite, re-acidification to pH
1. The precipitate was filtered in vacuo to afford E29 as a white solid.
7-Bromo-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E29: 30% Vyield;
m.p. >300°C; TLC: R¢= 0.11 (methanol/dichloromethane 20% v/v); *H-NMR (DMSO-ds,
400 MHz): & 7.24 (1H, d, J = 8.8, Ar-H), 7.85 (1H, dd, J =8.8, 2.2, Ar-H), 7.95 (1H, d, J
= 2.0, Ar-H), 11.46 (1H, s, exchange with D,O, CONH); *C-NMR (DMSO-ds, 100
MHz): 1155, 120.3, 124.9, 125.2, 135.4, 137.4, 152.0; ESI-HRMS (m/z) [M-H]:
calculated for C7TH4BrN203S 274.9126; found 274.9130.

Synthesis of 7-methoxy-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E30)
Compound E30 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of p-anisidine E13 (1.0 g, 1.0 eq.) in nitromethane (4.0 mL) to
a solution of chlorosulfonyl isocyanate (0.78 mL, 1.1 eq.) in nitromethane (5.7 mL). The
crude compound was purified by silica gel column chromatography eluting with from 1
to 15% v/v MeOH/DCM to give a purple solid. The obtained solid was further purified by
dissolution in a saturated solution of NaHCOs in 1:1 H.O/MeOH, treatment with
charcoal, filtration over Celite, re-acidification to pH 1. The precipitate was filtered in
vacuo to afford E30 as a purple solid.
7-Methoxy-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E30: 17% vyield; m.p.
284-285°C; TLC: Rf = 0.15 (methanol/dichloromethane 5% v/v); *H-NMR (DMSO-dg,
400 MHz): 6 3.85 (3H, s, CHz3), 7.26 (3H, m, Ar-H), 11.15 (1H, s, exchange with D0,
CONH); BC-NMR (DMSO-dg, 100 MHz): § 56.9, 105.5, 119.7, 122.7, 123.9, 129.5,
151.8, 156.1; ESI-HRMS (m/z) [M-H]": calculated for C8BH7N204S 227.0127; found
227.0122.
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Synthesis of 1H-naphtho[1,2-e][1,2,4]thiadiazin-2(3H)-one 4,4-dioxide (E31)

Compound E31 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 1-naphthylamine E14 (1.0 g, 1.0 eq.) in nitroethane (5.0
mL) to a solution of chlorosulfonyl isocyanate (0.67 mL, 1.1 eq.) in nitroethane (5.0 mL).
The crude compound was purified by dissolution in a saturated solution of NaHCOs3 in
1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH
1. The precipitate was filtered in vacuo to afford a green semisolid, that was purified by
silica gel column chromatography eluting with 60 to 100% EtOAc/n-hexane to give a
violet solid E31.

1H-Naphtho[1,2-e][1,2,4]thiadiazin-2(3H)-one 4,4-dioxide E31: 23% yield; m.p. 293-
294°C; TLC: Rs = 0.15 (methanol/dichloromethane 15% v/v); *H-NMR (DMSO-ds, 400
MHz): 6 7.76 (3H, m, Ar-H), 7.86 (1H, d, J = 8.8, Ar-H), 8.08 (1H, d, J = 7.6, Ar-H),
8.72 (1H, d, J = 8.0, Ar-H), 11.34 (1H, s, exchange with DO, CONH); *C-NMR
(DMSO-ds, 100 MHz): ¢ 118.4, 118.8, 122.6, 123.7, 124.7, 128.5, 129.7, 129.9, 133.1,
135.9, 152.2; ESI-HRMS (m/z) [M-H]": calculated for C11H7N203S 247.0177; found
247.0183.

Synthesis of 4-methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E32)
Compound E32 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of N-methylaniline E15 (1.01 mL, 1.0 eq.) in nitroethane (5.0
mL) to a solution of chlorosulfonyl isocyanate (0.90 mL, 1.1 eq.) in nitroethane (5.0 mL).
The crude compound was purified by dissolution in a saturated solution of NaHCOs3 in
1:1 H,O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH
1. The precipitate was filtered in vacuo to afford E32 as a brown solid.
4-Methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E32: 27% yield; m.p.
257-258°C; TLC: Rf = 0.20 (methanol/dichloromethane 15% v/v); *H-NMR (DMSO-ds,
400 MHz): 6 3.47 (3H, s, CHa), 7.42 (1H, t, J = 7.4, Ar-H), 7.56 (1H, d, J = 8.4, Ar-H),
7.81 (1H, m, Ar-H), 7.89 (1H, dd, J = 8.0, 1.2, Ar-H); *3C-NMR (DMSO-ds, 100 MHz): §
325, 117.9, 122.7, 124.4, 126.1, 135.2, 137.9, 151.2; ESI-HRMS (m/z) [M-H]:
calculated for C8H7N203S 211.0177; found 211.0182.
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Synthesis of 7-chloro-4-methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide
(E33)

Compound E33 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of 4-chlor-N-methylaniline E16 (0.86 mL, 1.0 eq.) in
nitroethane (6.0 mL) to a solution of chlorosulfonyl isocyanate (0.74 mL, 1.2 eq.) in
nitroethane (6.0 mL). The crude compound was purified by dissolution in a saturated
solution of NaHCO3 in 1:1 H.O/MeOH, treatment with charcoal, filtration over Celite
and re-acidification to pH 1. The precipitate was filtered in vacuo to afford E33 as a
white solid.

7-Chloro-4-methyl-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E33: 29%
yield; m.p. 254-255°C; TLC: R = 0.20 (methanol/dichloromethane 15% v/v); *H-NMR
(DMSO-dg, 400 MHZz): 6 3.33 (3H, m, overlap with water peak, CHs), 7.57 (1H, d, J =
9.2, Ar-H), 7.85 (1H, dd, J = 6.4, 2.4, Ar-H), 7.94 (1H, d, J = 2.4); 3C-NMR (DMSO-ds,
100 MHz): 6 32.8, 120.1, 122.2, 127.4, 128.4, 134.8, 137.1, 151.2; ESI-HRMS (m/z) [M-
H]": calculated for CBH6CIN203S 244.9788; found 244.9782.

Synthesis of 5,6-dihydro-[1,2,4]thiadiazino[6,5,4-hi]indol-3(2H)-one 1,1-dioxide (E34)
Compound E34 was obtained according to the general procedure 11 earlier reported
adding dropwise a solution of indoline E17 (0.94 mL, 1.0 eq.) in nitroethane (6.0 mL) to
a solution of chlorosulfonyl isocyanate (0.95 mL, 1.3 eg.) in nitroethane (6.0 mL). The
crude compound was purified by dissolution in a saturated solution of NaHCOs3 in 1:1
H.O/MeOH, treatment with charcoal, filtration over Celite and re-acidification to pH 1.
The precipitate was filtered in vacuo to afford E34 as a grey solid.
5,6-Dihydro-[1,2,4]thiadiazino[6,5,4-hi]indol-3(2H)-one 1,1-dioxide E34: 68% yield,;
m.p. 252-253°C; TLC: R = 0.15 (methanol/dichloromethane 15% v/v); H-NMR
(DMSO-de, 400 MHz): 6 3.34 (2H, t, J = 8.6, CH>»), 4.17 (2H, t, J = 8.4, CH>), 7.26 (1H,
t,J = 7.6, Ar-H), 7.62 (2H, t, J = 8.6, Ar-H); 3C-NMR (DMSO-ds, 100 MHz): & 28.0,
47.8, 119.6, 120.9, 1249, 130.7, 133.4, 139.4, 149.2; ESI-HRMS (m/z) [M-H]:
calculated for C9H7N203S 223.0177; found 223.0173.

Synthesis of 3-oxo-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine-5-carboxylic acid 1,1-
dioxide (E35)
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Compound E19 (0.5 g, 1.0 eq.) was first suspended in H2O (30 mL) and then dissolved
during the addition of saturated aqueous NaOH (0.56 g). KMnOas (1.42 g, 3.8 eq.) was
added portion wise at 0°C, and the reaction mixture was stirred at 80°C for 12 h. The
insoluble material was removed by filtration, and the filtrate was acidified to pH 1 with
concentrated HCI. The precipitate was collected by filtration, washed with Et2O, and
dried to yield the product E35 as a white solid.
3-Ox0-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine-5-carboxylic acid 1,1-dioxide E35:
33% vyield; m.p. 285-286°C; TLC: Rt = 0.14 (methanol/dichloromethane 20% v/v); 'H-
NMR (DMSO-ds, 400 MHz): 6 7.26 (1H, t, J = 7.8, Ar-H), 7.97 (1H, d, J = 7.6, Ar-H),
8.18 (1H, dd, J = 8.0, 0.8, Ar-H), 10.58 (1H, s, exchange with D>O, CONH), 14.01 (1H,
s, exchange with D0, COOH); **C-NMR (DMSO-ds, 100 MHz): § 114.7, 122.1, 125.1,
128.8, 135.5, 139.0, 152.5, 169.3; ESI-HRMS (m/z) [M-H]: calculated for C8H5N205S
240.9919; found 240.9911.

Synthesis of 3-oxo-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine-7-carboxylic acid 1,1-
dioxide (E36)

Compound E20 (0.2 g, 1.0 eq.) was first suspended in H>O (12 mL) and then dissolved
during the addition of saturated aqueous NaOH (0.23 g). KMnOs (0.49 g, 3.3 eq.) was
added portion wise at 0°C, and the reaction mixture was stirred at 80°C for 7 h. The
insoluble material was removed by filtration, and the filtrate was acidified to pH 1 with
concentrated HCI. The precipitate was collected by filtration, washed with acid water and
Et20, and dried to yield the product E36 as a white solid.
3-Oxo0-3,4-dihydro-2H-benzo[e][1,2,4]thiadiazine-7-carboxylic acid 1,1-dioxide E36:
21% yield; m.p. >300°C; TLC: R¢ = 0.17 (methanol/dichloromethane 20% v/v); *H-NMR
(DMSO-de, 400 MHz): 6 7.37 (1H, d, J = 8.4, Ar-H), 8.19 (1H, m, Ar-H), 8.23 (1H, s,
Ar-H), 11.64 (1H, s, exchange with D20, CONH), 13.38 (1H, s, exchange with DO,
OH); 3C-NMR (DMSO-ds, 100 MHz): ¢ 118.3, 123.2, 124.4, 126.6, 135.4, 139.5, 151.8,
166.4; ESI-HRMS (m/z) [M-H]": calculated for CSH5N205S 240.9919; found 240.9923.

Synthesis of 7-hydroxy-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (E37)

A solution of E30 (0.2 g, 1.0 eq.) in dichloromethane (15 mL) was treated with BBrs3
(1.84 mL, 3.0 eq.) at —10 °C. The reaction mixture was stirred for 12 h at r.t. After
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completion of the reaction, the mixture was quenched with ice and the dichloromethane
was evaporated under vacuum. The suspended solid was filtered in vacuo to afford E37
as a grey solid.

7-Hydroxy-2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide E37: 42% vyield; m.p.
284-285°C; TLC: Rf = 0.56 (methanol/dichloromethane 30% v/v); *H-NMR (DMSO-ds,
400 MHz): § 7.12 (3H, m, Ar-H), 10.03 (1H, s, exchange with D20, OH), 11.04 (1H, s,
exchange with D20, CONH), 12.67 (1H, s, exchange with D20, SO2NH); *C-NMR
(DMSO-de, 100 MHz): 107.3, 119.6, 122.8, 124.0, 127.9, 151.7, 154.2; ESI-HRMS (m/z)
[M-H]": calculated for C7TH5N204S 212.9970; found 212.9974.

5.5.2 High resolution mass spectrometry (HR-MS) analysis

HR-MS was performed with a Thermo Finnigan LTQ Orbitrap mass spectrometer
equipped with an electrospray ionization source. Analysis were carried out in negative
ion mode monitoring the [M-H]- species, and a proper dwell time acquisition was used to
achieve 60,000 units of resolution at Full Width at Half Maximum (FWHM). Elemental
composition of compounds was calculated on the basis of their measured accurate
masses, accepting only results with an attribution error less than 5 ppm and a not integer
RDB (double bond/ring equivalents) value, in order to consider only the deprotonated
species.>® None of the screened derivatives reported PAINS alerts determined by

SwissADME server (www.swissadme.ch).

5.5.3 Carbonic anhydrases inhibition

The CA inhibitory profiles of compounds belonging to series E were obtained according

to the general procedures described at the beginning of the experimental section.
5.5.4 X-ray crystallography
CA Il and CA 1X-mimic were expressed and purified as previously described.>** The CA

IX-mimic was produced by mutating 7 residues in the active site of CA Il in order to

mimic the active site of CA IX, resulting in a construct that is more easily expressed,
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purified, and crystallized than wild type hCA I1X.3% CA 1l and CA IX were expressed in
BL21(DE3) E. coli cells induced by IPTG. The cells were then harvested and lysed for
purification via affinity chromatography with p-(aminomethyl)benzenesulfonamide resin.
Protein purity was confirmed vis SDS-PAGE and both CA 11 and CA X were diluted to a
final concentration of 10 mg/mL for crystallization. Crystals were subsequently grown
using the hanging drop vaporization method with a precipitant solution of 1.6 M
NaCitrate, 50 mM Tris, pH 7.8. Crystals were soaked in mM concentrations of the
inhibitors before transferring to a cryoprotectant of 20% glycerol and freezing in liquid
nitrogen.

Diffraction data was collected on the F1 beamline at Cornell High Energy Synchrotron
Source (CHESS) using a Pilatus 6M detector. Data sets were collected with a crystal-to-
detector distance of 250 mm, 1° oscillation angle, and exposure time of 2-3 sec for a total
of 180 images. XDS®% was used to index and integrate the data followed by Aimless®® to
scale the data to the P2; space group. The phases were then determined by molecular
replacement with a search model of CA 1l (PDB: 3KS3%%") and refinements performed in
Phenix®!. Coot was used to analyze inhibitor interactions and PyMol*%? to generate

figures.

5.5.5 Anticancer Activity
5.5.5.1 Antiproliferative activity

The three tested cancer cell lines (A549, PC-3 and HCT116) were obtained from
American Type Culture Collection (ATCC). The cells were propagated in DMEM
supplemented with 10% heat-inactivated fetal bovine serum, 1% L-glutamine (2.5
mM), HEPES buffer (10 mM) and gentamycin (50 pg/mL). The hypoxia inducer CoCl;
(100 uM) was added for the hypoxic conditions. All cells were maintained at 37 °C in a
humidified atmosphere with CO. (5%). Cytotoxicity was then evaluated following the

MTT assay?*®, as described earlier.3%®
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5.5.5.2 ELISA Immunoassay

The expression levels of the pro-apoptotic markers (Bax, caspase-3, caspase-9 and
p53), in addition to the anti-apoptotic marker (Bcl-2) were evaluated using ELISA

colorimetric Kits per the manufacturer’s instructions, as reported previously.308:30°

207



CHAPTER 5. EXPERIMENTAL SECTION

5.6 Kinetic Characterization of Carbonic Anhydrases from the pathogenic
protozoan Entamoeba histolytica and from the coral Stylophora pistillata

5.6.1 EhiCA production and purification
5.6.1.1 Vector construction

We produced the EhiCA as a recombinant protein in E. coli. The DNA sequence was
retrieved from UniProt and modified for recombinant protein production. We provided
the sequence of the insert, and the actual construction of the plasmid vector was
performed by GeneArt (Invitrogen, Regensburg, Germany). The structure of the insert
was specifically modified for production in E. coli. The insert was ligated into a modified

plasmid vector, pBVboost.

5.6.1.2 Production of the protein

The freeze-dried plasmid was prepared, according to manufacturer’s manual. Deep-
frozen BL21 Star™ (DE3) cells (Invitrogen, Carlsbad, CA, USA) were slowly melted on
ice. Once melted, 25 pL of the cell suspension and 1 pL of the plasmid solution were
combined. The suspension was kept on ice for 30 min. Heat shock was performed by
submerging the suspension-containing tube into 42 °C water for 30 s, and was then
incubated on ice for 2 min. To the tube 125 pL of S.0.C Medium (Invitrogen, Carlsbad,
CA, USA) was added, and the tube was incubated for 1 h with constant shaking (200
rpm) at 37 °C. Growth plates (gentamycin-LB medium, ratio 1:1000) were prewarmed at
37 °C for 40 min. Then, 20 pL and 50 pL of suspension was spread on two plates which
were incubated overnight at 37 °C. A volume of 5 mL preculture was prepared by
inoculating single colonies from growth plates onto an LB medium with gentamycin
(ratio 1:1000). It was then incubated overnight at 37 °C with constant shaking (200 rpm).
The production was executed according to pO-stat fed batch protocol, which is essentially
as described in Métta et al.3'° There were some alterations to the previously described
protocol: The fermentation medium did not contain glycerol, as the cell line used did not
require it. The induction of the culture was performed with 1 mM IPTG, 12 h after

starting the fermentation. Temperature was decreased to 25 °C at the time of the
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induction. Culturing was stopped after 12 h of the induction with the OD 34 (Aeoo). The
cells were collected by centrifugation, and the wet weight of the cell pellet was 303 g.
The fermentation was performed by the Tampere facility of Protein Services (PS). The
cell pellet (approximately 35 g) was suspended in 150 mL of binding buffer containing
50 mM NaxHPOs, 0.5 M NaCl, 50 mM imidazole, and 10% glycerol (pH 8.0), and the
suspension was homogenized with an EmulsiFlex-C3 (AVESTIN, Ottawa, Canada)
homogenizer. The lysate was centrifuged at 13,000 x g for 15 min at 4 °C, and the clear
supernatant was mixed with HisPur™ Ni-NTA Resin (Thermo Fisher Scientific,
Waltham, MA, USA) and bound to the resin for 2 h at room temperature on the magnetic
stirrer. Then resin was washed with the binding buffer and collected onto an empty
column with an EMD Millipore™ vacuum filtering flask (Merck, Kenilworth, NJ, USA)
and filter paper. The protein was eluted from the resin with 50 mM Na;HPOs, 0.5 M
NaCl, 350 mM imidazole, and 10% glycerol (pH 7.0). The protein was re-purified with
TALON® Superflow™ cobalt resin (GE Healthcare, Chicago, IL, USA). The eluted
protein fractions were diluted with binding buffer (50 mM Na2HPO4, 0.5 M NaCl, and
10% glycerol pH 8.0), so that the imidazole concentration was under 10 mM. The protein
binding and elution was performed as described above. The purity of the protein was
determined with gel electrophoresis (SDS-PAGE), and visualized with PageBlue Protein
staining solution (Thermo Fisher Scientific,Waltham, MA, USA). Protein fractions were
pooled and concentrated with 10 kDa Vivaspin® Turbo 15 centrifugal concentrators
(Sartorius™, Gottingen, Germany) at 4000 x g at 4 °C. Buffer exchange in 50 mM TRIS
(pH 7.5) was done using the same centrifugal concentrators. His-tag was cleaved from the
purified protein by Thrombin CleanCleave Kit (Sigma-Aldrich, Saint Louis, MO, USA),

according to manufacturer’s manual.

5.6.2 Entamoeba histolytica activity and inhibition measurements

The CA inhibitory profiles of anions and sulfonamides were obtained according to the

general procedures described at the beginning of the experimental section.
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5.6.2.1 Entamoeba histolytica activation measurements

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been
used to assay the catalytic activity of various CA isozymes for CO2 hydration reaction.®®
Phenol red (at a concentration of 0.2 mM) was used as indicator, working at the
absorbance maximum of 557 nm, with 10mMHepes (pH 7.5, for a-CAs) or TRIS (pH
8.3, for B-CAs) as buffers, 0.1M NaClOs (for maintaining constant ionic strength),
following the CA-catalyzed CO- hydration reaction for a period of 10 s at 25 °C. The
CO concentrations ranged from 1.7 to 17 mM for the determination of the kinetic
parameters and inhibition constants. For each activator 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 manner and subtracted from the total observed rates.
Stock solutions of activators (at 0.1 mM) were prepared in distilled-deionized water and
dilutions up to 1 nM were made thereafter with the assay buffer. Enzyme and activator
solutions were pre-incubated together for 30 min prior to assay, in order to allow for the
formation of the enzyme-activator complexes. The activation constant (Ka), defined
similarly with the inhibition constant K,, can be obtained by considering the classical
Michaelis—Menten equation (Equation 11), which has been fitted by nonlinear least

squares by using PRISM 3:

V = Vmax/{1 + (Km/[S]) (1 + [Al¢/ Ka)} (Eq. 11)
where [A]s is the free concentration of activator.

Working at substrate concentrations considerably lower than Kuv ([S] << Kwm), and
considering that [A]s can be represented in the form of the total concentration of the
enzyme ([E])) and activator ([Ay), the obtained competitive steady-state equation for

determining the activation constant is given by Equation 12:

v =Vo - Kal{Ka + ([A]: - 0.5{([Al: + [E]: + Ka) - ([A]: + [E]: + Ka)? - 4[Al: - [E])¥?}} (Eq. 12)
where vo represents the initial velocity of the enzyme-catalyzed reaction in the absence of

activator,135257.258
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5.6.3 Stylophora pistillata production and purification

The gene of S. pistillata encoding for the a-CA SpiCA3 (NCBI Reference Sequence:
XP_022794253.1) was identified running the “BLAST” program and using the nucleotide
sequences of the coral a-CAs as query sequence, previously identified by our groups. The
GeneArt Company (Invitrogen,Waltham, MA, USA), specializing in gene synthesis,
designed the synthetic gene (SpiCA3-DNA) encoding for a protein of 259 amino acid
residues and containing four base-pair sequences (CACC) necessary for directional
cloning at the 5’ end of the SpiCA3-DNA gene. The recovered SpiCA3-DNA gene and
the linearized expression vector (pET-100/D-TOPQO) were ligated by T4 DNA ligase to
form the expression vector pET-100/SpiCA3. BL21 DE3 competent cells (Agilent) were
transformed with pET-100/SpiCA3, grown at 37 °C and induced with 0.1 mM IPTG.
After 30 min, ZnSO4 (0.5 mM) was added to the culture medium and cells were grown
for an additional 4 h. Subsequently, cells were harvested and resuspended in the
following buffer: 50 mM Tris/HCI, pH 8.0, 0.5 mM PMSF, and 1 mM benzamidine.
Cells were then disrupted by sonication at 4 °C. After centrifugation at 12,000x g for 45
min, the supernatant was loaded onto a His-select HF Nickel affinity column (GE
Healthcare, dimension: 1.0 x 10.0 cm). The column was equilibrated with 0.02 M
phosphate buffer (pH 8.0) containing 0.01 M imidazole and 0.5 M KCI at a flow rate of
1.0 mL/min. The recombinant SpiCA3 was eluted from the column with 0.02 M
phosphate buffer (pH 8.0) containing 0.5 M KCI and 0.3 M imidazole at a flow rate of 1.0
mL/min. Active fractions (0.5 mL) were collected and combined to a total volume of 2.5
mL. Collected fractions were dialyzed against 50 mM Tris/HCI, pH 8.3. At this stage of
purification, the protein was at least 95% pure and the obtained recovery was of about 20

mg of the recombinant protein.

5.6.3 Stylophora pistillata activity and inhibition measurements

The CA inhibitory profiles of anions and sulfonamides were obtained according to the

general procedures described at the beginning of the experimental section.
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Chapter 6. Conclusions

The involvement of the CAs in a multitude of diseases, mainly in an isoform-specific
manner, have paved the way for decades to combination therapies such as in the case of
eye drops for the treatment of glaucoma. Even the sulfonamide SLC-0111, which
successfully completed Phase | clinical trials for the treatment of advanced, metastatic
hypoxic tumors over-expressing CA 1IX, is now in Phase Ib/Il clinical trials in
combination with gemcitabine in subjects affected by metastatic pancreatic ductal
adenocarcinoma because of an intense synergic anticancer efficacy.
In this Ph.D. cycle, we scheduled to exploit the validated efficacy of CA inhibition in the
treatment of many disorders for designing several multi-target strategies including CAls
against cancer, inflammation, glaucoma and infections. In fact, in recent years the choice
of multi-potent agents is spreading worldwide and overcoming the co-administration of
multiple drugs because of improved pharmacokinetics, better patient compliance, reduced
drug-drug interactions as well as a synergistic effect in the treatment of the pathology.

As first and second projects of the Ph.D. period, two series of multi-target NSAID
- CAI derivatives for the management of rheumatoid arthritis were reported, which differ
for the type of linker, amide or ester, connecting the active portions. A coumarin scaffold
was chosen as CAI to induce a selective inhibition of CA IX and XII, that are
overexpressed in inflamed tissues. In spite of a different plasma stability, and thus
predicted pharmacokinetics, a subset of multi-potent derivatives from both series showed
major antihyperalgesic action than clinically used NSAIDs in a rat model of rheumatoid
arthritis. Of note, the derivatives were shown in vitro and in silico to produce
cyclooxygenase 1/2 inhibition even as integral hybrids.

In contrast, for pharmacologically hitting glaucoma, CAls of the sulfonamide type
were assembled with portions able to block the Bi2-adrenergic receptors that, as hCA 11,
IV and XII, are involved in the pathogenesis of the ocular disorder. Multi-potent
derivatives identified within the series were evaluated in a rabbit model of glaucoma and
showed to possess more effective internal ocular pressure lowering properties as eye
drops than the leads, clinically used dorzolamide and timolol, and even the combination

of them which is a globally marketed antiglaucoma medication.
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Both sulfonamide and coumarin scaffolds were incorporated as CA IX and XiIlI
inhibitors in nitric oxide (NO)-donor derivatives based on a benzofuroxan scaffold, that
was shown to induce a potent cytotoxic action against several types of cancer cells as
well as an antimetastatic activity. Further, benzofuroxans were recently shown to possess
activity against Trypanosoma cruzi, Mycobacterium Tuberculosis and Leishmania, which
was assumed to be enhanced by inhibiting the a- and B-CAs encoded in these pathogens.
To date, the outcomes of this study are limited to design, synthesis and in vitro Kinetic
assessment.

As it was recently found that two of the world’s most marketed sweeteners, SAC
and ACE, selectively inhibit the tumor-associated CAs 1X and XII over ubiquitous CAs,
we planned a drug design strategy that took SAC and ACE as leads and produced a new
CAI chemotype, namely the 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one 1,1-dioxide (BTD).
Many synthesized derivatives showed enhanced potency and in some cases selectivity,
when compared to the leads against the target CA IX and XII over off-target isoforms. A
subset of compounds displayed effective cytotoxic action against A549, PC-3 and HCT-
116 cell lines and anticancer effects on apoptotic markers. The expression levels of the
pro-apoptotic proteins Bax, caspase-3, caspase-9, and p53 were found to significantly
increase, while Bcl-2, an anti-apoptotic protein, was down-regulated. These outcomes
indicate that combining characteristics from SAC and ACE, widely used as sweeteners,
could be used for designing promising leads for the development of new anticancer
drugs.

During my Ph.D. period, | performed a multitude of kinetic studies with inhibitors
and activators of several isoforms of CA belonging to the classes a, B, v, 6, {, n and 6.
These studies allowed to draw up the inhibition or activation profiles of hundreds of
derivatives from collaborators of us. Additionally, the CA isoforms identified in the
protozoan human parasite Entamoeba histolytica and in the coral Stylophora pistillata
were characterized for their kinetic activity, inhibition with anions and sulfonamides and

activation with a panel of amines and amino acid derivatives.
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Chapter 7. Ph.D. Internships at Institute of Biosciences and

BioResources (CNR) in Naples and Istituto Superiore di Sanita in Rome

During my second Ph.D. year, | attended a stage guest of Dr. Clemente Capasso in the
Institute of Biosciences and BioResources (CNR) in Naples. There, | extended my
knowledge on the topic Carbonic Anhydrase by the molecular biology standpoint. In
detail, 1 worked on the expression and purification of CA isoforms from the bacterium
Vibrio cholerae, for scale-up reasons as these are isozyme that intensively used in kinetic
evaluations in our Florence laboratory.

During my third Ph.D. year, | had the opportunity to be guest of Dr. Stefano Fais at the
Istituto Superiore di Sanita in Rome. Supervised by Dr. Mariantonia Logozzi, | studied in
vitro the anticancer effect of a series of compounds synthesized in our laboratories
against aggressive tumor cell lines, such as the melanoma 501MEL. | was involved in all
stages of the study from the sample’s inoculation in the cell cultures, to the electron
microscope observation, and flow cytometry to detect and measure the physico-chemical

characteristics of the cell population using the FACS.
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