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Abstract

Cystic fibrosis (CF) is an autosomal recessive genetic disease that affects different organs as the
lungs, the digestive system and the reproductive tract, also impacting on the growth of subjects. To
date, the known CFTR gene mutations are more than 2000, but in particular the most widespread is
the deletion of a phenylalanine at position 508 that involves the synthesis of a defective protein, that
it is not able to lead the correct folding and is degraded early in the proteasome. When some mutated
CFTR proteins reach the plasma membrane (PM), the activity of the channel is impaired.

Today, in addition to symptomatic therapies, molecules have been developed against the basic defect
of CFTR, in particular they are small molecules called modulators, including potentiators and
correctors. The potentiators act on the gating of CFTR allowing the correct opening, while the
correctors save the CFTR protein allowing it to obtain the correct conformation and stabilization at
the PM. The first corrector to be approved was VX-809 called Lumacaftor (by Vertex
Pharmaceuticals), for homozygous patients for the F508del-CFTR mutation.

The VX-809 was then used in combination with the potentiator VX-770 in the Orkambi (by Vertex
Pharamaceuticals) formulation to achieve a better effect. Since VX-809, both alone and in
combination with VX-770, shows some defects, it became necessary to search new molecules with
similar mechanism of action, but with fewer side effects. In this regard Vertex designed a corrector
called VX-661, which acts with similar mechanism of action, but has better pharmacokinetic
characteristics. Despite recent advances in drug therapy of CF and the improvement of patients' well-
being, there are still many problems that arise; on the one hand, the study of active molecules against
more rare mutations is necessary, on the other hand the discovery of more powerful molecules than
those commercially available.

In this thesis I report the synthesis, characterization and purification of molecules active as correctors,
of which both biological evaluation and molecular docking studies have been carried out. In particular
starting from the structure of a molecule previously synthesized by my team, called 2a, and studying
its portion, I found a common backbone to be able to decorate with different functional groups for
investigating the effect of each chemical group on the biological activity.

Hence, I got a series of more active compounds, which showed higher potency than both the
progenitor 2a (ECso = 0,08 uM) and the commercial VX-809 (ECso = 2,60 uM), whose activity was
deepened with further biochemical assays and tested in combination with other correctors in order to
study synergic or additives effects.

Through a multidisciplinary approach (bioinformatic, chemistry and biochemistry), it was possible

to obtain promising molecules as correctors of F508del-CFTR, in particular more potent than the



initial prototype, such as 34 (ECso = 0,02 uM), 42 ECso = 0,07 uM), 70 (ECs0 = 0,06 uM), 74 (ECso
=0,03 uM) and 81 (ECso = 0,03uM).
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Chapter 1: Cystic Fibrosis

1.1 Diagnosis

Cystic fibrosis (CF) is an autosomal recessive pathology that is transmitted from the parents to the
son, when the child inherits a mutated copy of the CFTR gene from both the parents. Subjects who
only have a mutated copy of the CFTR gene are healthy carriers and show no symptoms.

In the Western world the frequency of healthy carriers is one in every 25 people. When two healthy
carriers conceive a child, there is a one in four chance that the child will be born with CF.

In most cases, CF is diagnosed at birth, through a neonatal test and it is later confirmed by sweat test.
When the sweat test provides intermediate or borderline results, CF can be confirmed through other
tests such as Nasal Potential Difference (NPD) measurement and Intestinal Current Measurement
(ICM). Finally, it is important to identify which mutation is responsible for CF, to direct the patient
to the appropriate therapy.

1.1.1 Newborn Screening

In many countries, the CF Newborn Screening (NBS) has been introduced. The screening test must
be simple, safe, accurate and validated, so the NBS became concrete after the introduction of a
radioimmunological test. The test consists in the measurement of Immunoreactive Trypsinogen (IRT)
in the infant’s sample blood, drawn from the heel (Castellani et al., 2016).

The IRT is a marker of pancreatic injury. The rational use of the IRT derives from the finding of
elevated values of this enzyme in the blood of newborns affected by CF in the first months of life,
because the trypsin refluxes towards the blood circulation, probably as a result of an obstruction of
the pancreatic ducts.

The test is performed from the third - fifth day of life, but high values of IRT can also be found in
non-CF subjects. Then the subjects tested positive at the first test are subjected to a second blood test
(retesting) at 20-30 days of life, to confirm the condition of hyper-trypsinemia. In no CF subjects, in
fact, the IRT tends to normalize, while in CF subjects this parameter remains high over time.
Anyway, the diagnosis must be confirmed by a positive sweat test, detecting two CFTR disease-
causing mutations or by NPD or ICM measurement.

CF newborn screening is however very important since it paves the way for an early diagnosis; every
baby in whom the diagnosis of CF is confirmed must receive immediate follow-up and treatment in

a CF reference center.



1.1.2 Sweat Test

The sweat test is the most reliable and widely available diagnostic test in CF, in fact, the infants with
a positive NBS test are subjected for the sweat test to confirm the diagnosis of CF (Castellani et al.,
2009). It consists in the measurement of chloride concentration in sweat.

The sweat test can be performed from the age of 2 weeks on infants who are normally hydrated and
not acutely ill.

Isotonic sweat is produced in the secretory coil, but normally the sweat is hypotonic because in the
sweat duct most of the chloride is reabsorbed via the CFTR channel. In CF, reabsorption of chloride
doesn’t occur and the concentration of chloride is higher in the sweat.

The test is a functional assay, it measures the function of CFTR determining the concentration of
chloride in the sweat. In the first part of the test, sweating is induced in a small area of the forearm
with a colorless and tasteless substance (Pilocarpine), under the stimulus of a small amount of electric
current (pilocarpinic iontophoresis), this phase lasts about 5 minutes. Then the sweat is collected on
a filter paper or on a gauze or through a plastic tube wrapped in a spiral, this phase lasts 30 minutes.
Then, the collected sweat is sent to the laboratory to measure the concentration of chlorine.

The first condition necessary to consider a suitable sweat sample is the amount of sweat collected
which should not be less than 75 mg, if collected on paper/gauze, or 20 microliters, if collected with
plastic spirals (Guidelines for the performance of the sweat test for the investigation of cystic fibrosis
in the UK 2nd version; 2014).

For the diagnosis of CF, it is recommended to measure the chlorine ion (Cl) in sweat (the result is
expressed in milliequivalents per liter or per Kg (mEq/L or mEq/Kg of chlorine) or in millimole per
liter or Kg (mmol/L or mmol/Kg), (see table 1).

In some laboratories, sodium is also measured in addition to chlorine or alternately NaCl equivalents
are measured by conductivity method; the conductivity method measures the electrical conductivity
of sweat, linked to the concentration of salt molecules in sweat and their concentration is expressed
as mmol/L of NaCl. However, this measure was only validated as a screening test and not as a

confirmation test for CF diagnosis (Wayne; 2019).

Chlorine (mEq/ L) Interpretation

Age < 6 month <29 Normal
30-59 Intermediate, borderline
> 60 Elevate

Age > 6 month <39 Normal
40 - 59 Intermediate, borderline
> 60 Elevate




Table 1: Values of chlorine in the sweat, expressed in mEqg/L, and their interpretation. Elevated

values support the diagnosis of CF.

It is important to know that the sweat test, if repeated over time to the same individual, can give
different results, sometimes even in different diagnostic intervals. This phenomenon of up and down
characterizes above all those values of chlorine to the first test of the sweat that turn out intermediate
called borderline.

In recent years, the intra- as well as inter-subject variability in sweat chlorine value in patients with
CF has been better studied (Cirilli et al., 2018). The most of the variability in sweat chlorine (56%)
is determined by the specific CFTR genotype. Other causes of variability are: variation over time
(14%), environmental factors (13%), residual factors such as test variability (10%) and unique
individual factors (7%) (Collaco et al., 2016).

When the sweat test is not straight for the purpose of diagnosing disease, clinicians may require
additional diagnostic insights such as the extended genetic investigation of the CFTR gene, the

measurement of NPD or ICM (Edelman, 2010).

1.1.3 Investigation of the CFTR Gene

The CFTR gene was discovered more than 30 years ago. Today, we know that more than 2000
mutations can affect the CFTR gene, but only one mutation, F508del, is frequent and occurs in about
70% of CF alleles; by comparison all other mutations are rare. In most countries, only 6—8 mutations
have a frequency above 1% so, many patients have mutations that are rare or ultra-rare that means
only occurring in a few or even a single individual(ECFSPR annual report 2014). The panel of
mutations covers a variable frequency depending on the population. For all these reasons there is
currently no ideal genetic test capable of identifying all mutations, but it is very important to identify
the mutations responsible for CF in the individual because mutation specific therapies have become
available.

The techniques used must meet sensitivity criteria, reproducibility and speed; standard commercial
kits are available, related to an increasing degree of complexity and extension of genetic testing.
Generally, each laboratory should use a panel of mutations more common in its area that allows a
good identification rate (detection rate). The presence of two mutations makes it possible to diagnose
the disease, while, in case of identification of a single mutation, the sweat test can discriminate

between carriers and patients with only one identifiable mutation.
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The first step of genetic analysis, using techniques such as Reverse Dot Blot or Oligonucleotide
Ligation Assay, has less coverage, but allows the search for known mutations. Further genetic
analysis identifies by scanning all exons and neighboring regions, recognizes sequence variations,
and can lead to sequencing of a specific region of the CFTR gene. The most widely used techniques
for scanning are Denaturing Gradient Gel Electrophoresis, and Denaturing High Performance Liquid
Chromatography.

Currently the scanning of the gene is not integrated in the neonatal screening protocols, both for its
technical complexity and because the identification of unknown variants (not necessarily mutations

cause of disease) makes their interpretation and correlation with the phenotype difficult.

1.1.4 Nasal Potential Difference Measurements and Intestinal Current Measurement

NPD and ICM are bioassays of CFTR function, as the sweat test.

NPD is an in vivo test that measures the transmucosal voltage potential. The measure of the
transepithelial potentials of the nasal mucosa consists in evaluating the difference in potential that is
established between an electrode placed on the nasal mucosa and one placed on the skin, through an
electric potential detector (voltmeter). This difference in nasal potential, which is always negative, is
dependent on the movement of ions, chlorine and sodium, that occurs at the level of the nasal
epithelium and therefore the degree of functioning of the protein CFTR, which regulates most of the
chlorine and sodium movements (Rowe et al., 2011).

Under normal conditions NPD is around -20 millivolts (mV), in CF is mainly between -40 and -60
mV. In addition to the baseline measurement of NPD, other measurements are conducted after
perfusing the mucosa with some substances that can modify the starting NPD, depending on the
degree of functionality of CFTR: first perfusing with amiloride, that blocks sodium channel, to see
how much sodium resorption is corrected; then, with a chlorine-free solution, which in normal
conditions stimulates the secretion of chlorine through CFTR; finally, with isoproterenol, a substance
that activates the chlorine channel CFTR. The test is usually performed in children of 6 years on, but
an abbreviated protocol is available for babies (Sermet-Gaudelus et al., 2010).

The weakness of NPD is the intra-subject variability and that there’s no universal values, so every

laboratory can use his own cut-off values.
ICM is a useful technique to explore the functionality of the CFTR channel, but unlike NPD, this

measurement cannot be made in vivo, but is obtained by using a mucosal fragment of the last portion

of the rectum that is inserted in a Ussing chamber (ex vivo test).
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In patients with CF, intestinal chlorine secretion is impaired, while absorptive processes remain
normal or are increased. There is thus a clear difference in ICM between CF and healthy.
The ICM technique allows the direct registration of CF-induced changes in electrogenic
transepithelial ion transport (chlorine, bicarbonate and potassium) in a CI™ secretory epithelium, and
on the basis of pharmacological criteria is able to discriminate between CFTR-mediated CI" secretion
and secretion through alternative anion channels.

The principal diagnostic criterion are the direction and magnitude of two substances, carbachol and
histamine (De Jonge et al., 2004). The response to carbachol and histamine in intestinal tissue
contains two components: a lumen positive current by apical potassium efflux and a lumen negative
current by CFTR mediated chloride secretion. In ICM of healthy person, the potassium efflux is
masked by the much larger chloride efflux. In people with CF, the current is reversed because only
the potassium efflux is present.

Since a fragment of rectal mucosa (about 2-3mm) must be removed by biopsy, although rectal biopsy
is a common practice, this type of test still shows limits, as it is not without risks, so it is used more
rarely, in case of more difficult diagnoses, especially for confirmation of CF in the absence of two
disease-causing CFTR mutations, exclusion of CF despite intermediate sweat test or age groups

unsuitable for nasal potential difference measurements (Derichs et al., 2010).
1. 2. CFTR Protein
1.2.1 CFTR Structure

The cystic fibrosis transmembrane conductance regulator CFTR protein is a member of ATP- binding
cassette (ABC) transporters, a family of membrane protein that use the energy derives to ATP
hydrolysis to pump substrates across cellular membrane. The CFTR protein is the only member of
ABC transporter that act as an ion channel. It’s located on the apical membrane of epithelial cells
where it allows the flow of anions as chloride, bicarbonates and thiocyanate.

CFTR share the common architecture of 2 transmembrane domains TMDs and 2 nucleotide binding
domains NBDs that form the unit of transport, as the other ABC transporters (see Figure 1). Unique
to CFTR is, instead, a regulatory region as well as long N- and C- terminal extensions about 80 and

30 residues, respectively (Cant et al., 2014).
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Figure 1. Structure of the cystic fibrosis transmembrane conductance regulator (CFTR) protein

(Farinha et al., 2013).

Each TMD of CFTR consist of 6 membrane- spanning alfa- helices (TM1-12) that form a pore
through ions can flow. NBDs contain two ATP binding sites, each formed by the Walker A and
Walker B sites on the 'head' of an NBD and the ABC specific signature sequence (LSGGQ) located
on the tail of the opposite NBD (Vergani et al., 2005).

The unique regulatory domain, located between two TMD-NBD complexes, contains multiple
consensus serine/threonine residues for PKA-dependent phosphorylation; phosphorylation of the R
domain is essential for the activation of CFTR proteins (Seibert et al., 1999). However, the detailed
mechanism of how the R domain regulates the channel remains unclear.

CFTR’s pore and gate reside in its TMDs so, the interfaces between NBDs and TMDs likely play an
important role in coupling NBDs motion and gate opening in TMDs.

In the cryo-electron microscopy structures is reported a portion of the R domain density located in
proximity to the interface between NBD1 and the intracellular loop (ICL) 4 (connecting TM10 and
TM11); it is noted that many disease-associated mutations, including the most common F508del, are
clustered in this region. There are also studies suggesting that several mutations located at this
interface, as F508del, are associated with slower phosphorylation-dependent activation (Wang et al.,
2000; Chin et al., 2017). Further NMR studies provide evidence that the F508del mutation may affect

phosphorylation-modulated domain—domain interactions (Kanelis et al., 2010).

1.2.2 Asymmetry in CFTR
The ABC transporters usually have TMD1 and TMD2 structurally similar, so the proteins show a
twofold symmetry of the TMDs along the central axis, but CFTR’s TMD2 is quite different from its
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TMDI1 in that TMS8 bears a short segment of loop-like structure, interrupting the continuity of the
helix. The distorted segment of TM8 impinges toward the central vertical axis of the pore. The
accompanied lateral displacement of TM7 away from the core of the protein arrange for a TM7
located at a different position than its counterpart TM1. This breakdown of twofold symmetry
explains why TM7 does not contribute to the pore formation (Wang et al., 2014; Zhang and Hwang,
2015), whereas TM1 is pore-lining (Wang et al., 2011; Gao et al., 2013). This same local
impingement of TMS also enables its contacts with TM9 and TM 12, which are not seen between their
counterparts TM2, TM3, and TM6 in TMDI. These structural deviations away from twofold

symmetry may explain some of the existing data supporting the asymmetry of the pore.

1.2.3 CFTR as Anion Channel

CFTR is an anion channel; some positively charged residues, such as K190 (TM3), R248 (TM4), and
R370 (TM6), located at the cytoplasmic entrance of the channel, may attract chlorine from the bulk
solution to the interior of the pore (El Hiani and Linsdell, 2015). Some charged residues seen within
the internal vestibule, such as K95, R352, and R303 (Zhang and Chen, 2016; Liu et al., 2017), may
tune the energetic profile within the internal vestibule to allow the flow of anions from the
cytoplasmic entrance to the interior of CFTR. These charged side chains could work as individual
“anion binding sites” (Linsdell, 2017), or the role of positively charged residues in the internal
vestibule could be to create a favorable electropositive potential for anion (Hwang et al., 2018). In
addition, an important role, assumed by the positively charged residues in the pore, is to neutralize
the negatively charged side chains that may pose unfavorable local energetic profile for anion
permeation. Collectively, an energetically favorable profile for anion movement in the pore requires
a balanced and well-tuned cross talk, involving multiple charged residues along the permeation
pathway, although different charged residues may play different functional roles in gating,

permeation, or even protein folding/maturation.

1.2.4 Function of CFTR under Normal Conditions

CFTR is a transmembrane protein that functions as an anionic channel and has an important role in
the secretion and absorption of electrolytes and fluids, regulating the composition of the mucus in
secretory epithelia.

In sweat glands CFTR is involved in the secretion of chlorine (primary sweat) and in its absorption
(final sweat). In particular, the sweat gland consists of a secretory coil, located in the hypodermis,
and an absorptive duct that leads to the skin surface. CFTR is expressed both in the secretory coil and

in the epithelial cells, lining the excretory duct. In the secretory coil occurs the formation of the
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primary sweat that’s isotonic with the blood plasma. Under normal condition, the reabsorption of
salts takes place in the excretory duct to avoid a significant loss of salts (Quinton, 2007).

In particular, the excretory duct is covered by epithelial cells that carry CFTR on the apical
membrane, which reabsorbs chlorine, and because of a functional interaction, the ENaC channel
absorbs sodium in the epithelial cells. In this way the concentration of electrolytes in the final sweat

is decreased by 5-6 times compared to that of the primary sweat and to that of the plasma.

At the level of the bronchi, pancreas and intestines the functional need is to properly moisturize the
mucus. In these organs, Cl" flows through CFTR from the inside of the cell outwards (e.g. the
bronchial lumen), where it meets the mucus and, together with the sodium ion (Na*), which follows
the destiny of Cl (they form the saline aggregation), guides the secretion of water from the inside to

the outside of the cell, resulting in a fluidizing effect on mucus (Figure 2).
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Figure 2. Schematic representations of ion transport in airway epithelia.

CI secretion across the epithelial cell apical membrane depends on the CFTR channel opening and
number, and creates the driving force for Na® secretion across the epithelial cells through the
paracellular pathway, with water following osmotically via aquaporins or the paracellular pathway
(ANO1 = anoctamin-1; AQP = aquaporins; NKCC1 = Na-K-Cl cotransporter), (Hanssens et al.,
2021).

CFTR secretes bicarbonate in the lungs, pancreas, salivary glands, intestines and reproductive tract,
while it reabsorbs bicarbonate in the sweat glands. Bicarbonate controls the pH of the liquid layer at
the surface of epithelial cells where the protein is expressed (Zajac et al al., 2021). In addition,
correlations between CFTR expression levels, bicarbonate secretion and defense against pathogens

have also been reported; bicarbonate is an essential component of ASL and it has the role of
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maintaining its pH neutral, promoting antimicrobial activity to protect the lungs against infection.

Bicarbonate inhibits bacterial growth, lung colonization, and biofilm formation (Dobay et al., 2018).

Beside its role in innate immunity related to ion transport, the CFTR protein is also expressed in
macrophages and neutrophils (Yoshimura et al., 1991).

The alveolar macrophages help maintain immunological and physiological homeostasis in the lungs
and are the front line of cellular defense against pathogens that were not eliminated by the mechanical
defenses of the airways. They also participate to start inflammatory response and to recruit activated

neutrophils into the alveolar spaces, through the synthesis and secretion of cytokines and chemokines.

1.2.5 Biogenesis and Trafficking of CFTR

The CFTR gene, located on chromosome 7, encodes a 1480 amino-acids protein. The gene is
transcribed in the nucleus, the m-RNA moves to the cytosol and is translated on the ribosomes of the
endoplasmic reticulum (ER). The polypeptide is folded and inserted in the ER lipidic bilayer, at the
same time. CFTR interacts with different chaperons to achieve the correct folding.

Molecular chaperones are a family of proteins that primarily play their role in determining the proper
folding of other proteins. In particular, they ensure the achievement and maintenance of the correct
conformational state of newly synthesized polypeptide chains; they direct the assembly of
multienzyme complexes; they act on damaged proteins to facilitate their re-folding or degradation.
When CFTR is correctly folded, it can move to the Golgi complex where it gradually assumes the
mature form, in particular a molecule of mannose is replaced by a more complex oligosaccharide
(Farinha et al., 2016).

The composition of glycan chain is useful to monitor trafficking of CFTR biochemically trough
western-blot technique, in fact CFTR has two N-glycosylation sites, and the core-glycosylated,
immature ER form (B band) is easily distinguishable from the Golgi-processed form (C band) with

its heterogeneous glycan chains.

The presence of a protein, called COP II is necessary for CFTR to reach the Golgi; COP II is located
at the ER and allows CFTR to maintain the correct folding. Once completed the maturation process,
CFTR is transferred to the plasmatic membrane PM of the cells through vesicles.

The half-life of CFTR at the PM is about 12-24 h. The CFTR pool at the membrane is maintained by
a balance between anterograde trafficking, endocytosis recycling to the membrane and lysosomal

degradation.
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CFTR is subjected to multiple protein quality control (PQC). The quality control is made at two
levels, at the ER, as CFTR is synthesized, and in post- ER compartments, after its folding and
trafficking. The PQC build a pathway that can lead to the degradation or to the folding of proteins, in
fact some factors bind to CFTR to promote the folding and the maturation of the protein, but other

factors recognize unfolded CFTR and lead these proteins to degradation (Estarbrooks et al., 2020).

The first components that interact with CFTR are the molecular chaperons named HSP90 and HSP70
(Heat shock proteins).

The chaperone HSP70 has ATPase activity; in the ATP-bound state, the monomeric HSP70 cannot
bind substrate polypeptide stably, whereas, in the ADP-bound state, the substrate is tightly bound.
Two classes of co-chaperones regulate the HSP70 ATPase cycle: DNAJ co-chaperones that stimulate
ATP hydrolysis and substrate binding by HSP70 through a conserved J domain; and the nucleotide
exchange factors (NEFs) that promote the release of ADP from HSP70, re-binding of ATP and
dissociation from substrate.

In a cycle (Figure 3), first, HSP 70 is in the ATP bound state and does not bind substrate polypeptide;
then a substrate-binding DNAJ co-chaperone contacts HSP70 to stimulate ATP hydrolysis. In the
ADP-bound state HSP 70 binds substrate and the DNAJ dissociates. At the end, NEF co-chaperone
promotes the exchange of ADP for ATP and dissociates, so HSP 70 returns in the ATP-bound state.
(Palleros et al., 1993; Szabo et al., 1994; Mayer and Bukau, 2005; Kampinga and Craig,
2010; Young, 2010; Hartl et al., 2011).

ATP + P
Substrate
/ \\J

HSP70 ADP

) f\v

ATP NEF

DNAJ

Figure 3. ATPase cycle of HSP70 (Young 2014), see details in the test.
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In particular, the co-chaperone DNAIJ1 activates the binding of HSP70 to CFTR promoting the
correct folding of the protein. Then, the co-chaperone HOP transfers CFTR from HSP 70 to HSP 90
to complete the folding. (Young, 2014).

Another important chaperon is calnexin (CNX); it’s located in the ER where affects the folding of
CFTR transmembrane domains. While the binding of CNX to CFTR can prevent pro-degradation
quality control proteins from binding immaturely folded CFTR, studies also suggest that CNX can
obstruct channel maturation. In fact, inhibition of CNX improves trafficking of wildtype-CFTR (WT)
from the ER to the PM. However, such inhibition has little effect on F508del-CFTR, perhaps
indicating that F508del is targeted for degradation prior to the role of CNX in the quality control
pathway.

(Rosser et al., 2008; Farinha et al., 2005).

When CFTR isn’t corrected folded, it’s tagged with ubiquitin, a 76-amino acid polypeptide that
signals the release of CFTR from the ER membrane to the degradation. This process of ubiquitination
involves the lysine residues of the proteins. Rather than trafficking to the cell membrane, ubiquitin-
tagged CFTR is hydrolyzed by the proteolytic chymotrypsin-like activity of the proteasome (Oberdorf
etal., 2001).

The ubiquitin-proteasome endoplasmic reticulum-associated protein degradation (ERAD) pathway
process requires 3 enzymes, E1, E2 and E3. The first step begins with the activation of E1 trough the
ATP hydrolysis. The E1 enzyme catalyzes the C-terminus of ubiquitin and then transfers ubiquitin to
an E1 active site cysteine residue (Mulder et al., 2016).

Next, E2 ubiquitin-conjugating enzymes are recruited to El-ubiquitin complex and catalyze the
transfer of ubiquitin to the active site cysteine of E2.

E3 ubiquitin ligases bind both E2 enzymes and substrates while transferring ubiquitin from the E2 to
the substrate. E3 ubiquitin ligases often transfer multiple ubiquitin polypeptides to a substrate,
creating a polyubiquitin chain. Ubiquitinated proteins are then trafficked to the proteasome for
degradation.

To date, several E3 ubiquitin ligases have been shown to ubiquitinate CFTR. For example, RMA1
(sometimes called RNF5) and its homologue RNF185, ubiquitinate misfolded CFTR following
NBDI translation.

Unlike RMA1 and RNF185, the E3 ubiquitin ligase CHIP only acts on fully translated CFTR. As
RMA1, RNFI185, and CHIP are unable to directly bind to CFTR, these proteins ubiquitinate
misfolded CFTR through adaptor proteins. Specifically, RMA1 and RNF185 require Derlin-1, while
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CHIP binds HSP70. HSP70 often promote CFTR folding, so CHIP is able to deviate this chaperone
to trigger ERAD (Strub and McCray., 2020). The HSP 70-CHIP complex functions at the cell surface
quality control, where promotes the degradation of misfolded CFTR, already located at the PM, in
the lysosome.

In conclusion, the chaperone HSP 70 is involved both in the folding of CFTR and in its degradation.

1.2.6 Classes of Mutations

To date, more than 2000 mutations of the CFTR gene are reported in the Cystic Fibrosis mutation
database (CFTR1 Database) and about 15% of the genetic variants is not associated with a clinical
phenotype. Mutations have been divided into 6 classes (Figure 4) correlating their effect on the final
protein.

This approach is helpful because it relates to the molecular and cellular processes in gene translation

and protein processing and has some useful clinical correlates.

Class I mutations lead to no protein synthesis or translation of truncated forms. They result from
splice site abnormalities, frameshifts due to deletions or insertions, or nonsense mutations, which
generate premature termination codons (no protein production).

Examples of Class I mutations include R553X and G542X, the second most common CFTR mutation.

Class II mutations lead to a misfolding protein that fails to achieve conformational stability in the
endoplasmic reticulum and fails to reach the Golgi apparatus, so, CFTR isn’t fully glycosylated and
it does not traffic to the PM. The protein is identified as misfolded by ERAD quality control
mechanisms and is prematurely degraded by proteasomes (folding and trafficking defect).
Belonging to this class is the F508del; it is the most common mutation to cause CF, affecting about
82% of the CF individuals and it is caused by a three base pair deletion on exon 11 that results in the
loss of a phenylalanine at residue 508. This mutation leads to CFTR protein misfolding that is arrested
by the ER quality control, precluding its processing and trafficking to the PM, the protein is targeted
and prematurely degraded by proteasomes. A small amount of the mutant protein may evade the
quality control checkpoints and reach the PM, but it’s affected by a defective gating and a reduced
protein stability (Okiyoneda et al., 2010).

Class III mutations cause a gating channel defect, although the protein is located at the PM (gating
defect).
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This type of mutation is usually located in the NBD or in the phosphorylation sites of the regulatory
domain of CFTR.

Examples of III class mutations are G551D and S1255P. G551D is the third most common CFTR
mutation and produces a protein that, after reaching the cell membrane, has about 100-fold lower
open probability than that of wild-type. Dimerization of the NBDs of CFTR forms two ATP binding
pockets, termed ABP1 and ABP2. Whereas binding of ATP to ABP1 helps to stabilize the open
channel conformation of CFTR, channel opening is dependent on ATP binding of ABP2 (Bompadre
et al., 2007). The G551D mutation, is located in ABP2, the second ATP binding pocket of CFTR,
and its presence prevents ATP binding, thus inhibiting opening of the CFTR channel. (Bompadre et
al., 2008).

The S1255P mutation, found in NBD2, alters the ATP-binding pocket, resulting in gating instability
(Zeitlin, 1999).

Class IV mutations cause a defect in channel conductance with a reduction in CFTR-dependent
chloride transport ( decreased conductance).

Mutations affecting channel pore activity often arise in arginine residues (e.g., R117H, R347P,
R334W). Some Class IV mutations, including R117H, also decrease the open probability of CFTR.
(Yu et al., 2016).

Class V mutations lead to a reduction in protein abundance of functional CFTR caused by a reduced
synthesis or inefficient protein maturation ( reduced protein abundance).

The most prevalent examples of Class V mutations include ¢.3717+12191C>T and ¢.3140-26A>G.

Class VI mutations cause a reduced stability of CFTR at the PM, which results in increased
endocytosis and degradation by lysosomes, and reduced recycling to the PM (unstable protein).
Examples include c¢.120del123 and F508del when rescued by low temperature or correctors

(rPhe508del) (Marson et al., 2016).

Mutations in classes I, IT and I1I are also known as minimal function mutations since they demonstrate
a very little CFTR activity, while those in classes IV, V, and VI are known as residual function
mutations, since they demonstrate some CFTR function, although it is lower compared to the wild
type CFTR. For this reason, mutations in class I, Il and III are usually associated with a more severe

disease than the last three classes.
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Figure 4. Classes of mutations (Strub and McCray, 2020).

1.3 Cystic Fibrosis Disease

Cystic fibrosis is a multi-organ disease characterized by a wide spectrum of symptoms. Different
genotypes correspond to different phenotypes. The classic image of the patient with CF shows a
patient suffering from digestion problems, linked to pancreatic insufficiency, and chronic pulmonary
obstruction, with recurrent bacterial infections. In addition, the large clinical variability suggests that
factors not directly related to CFTR also play an important role in the development of individual

clinical history (Drumm et al., 2005).

1.3.1 Lung Disease

The lung is an organ affected very early, inflammatory markers are found in the bronchial fluid and
the lung structure damage is highlighted by High Resolution Chest Tomography in asymptomatic
children (Tiddens, 2002). In fact, the lack of CFTR or its malfunction leads to a lower water content
in the periciliary fluid and to an abnormal dense mucus. The mucus becomes particularly viscous
because mutated CFTR down-regulates the ENaC channel, located on the apical membrane of
epithelial cells, too, causing an over-absorption of sodium and a consequent reduced hydration of
mucus. The viscous secretions at the level of the lungs compromise the ciliary activity and the
pulmonary clearance (Tang et al., 2014). The lack or malfunction of CFTR is also related to an
increase in the inflammatory response and a reduced activity of the defense mechanisms. The
inflammatory response of the lung is characterized by excessive neutrophil infiltration, pro-

inflammatory cytokine production, and the presence of free elastases released by neutrophils.
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Elastase, along with other enzymes, such as cathepsin S and metalloproteases, cause lung lesions that
are worsened by the presence of reactive oxygen species (ROS). CFTR is also involved in the
transport of glutathione and thiocyanate, both with an important role as antioxidants in the lungs
(Linsdell and Hanrahan; 1998; Conner et al., 2007).Two glutathione molecules react in the presence
of the enzyme glutathione peroxidase reducing hydrogen peroxide to water, while the thiocyanate
reacts with hydrogen peroxide generating hypothiocyanin, harmless in the lung tissue. As these ROS
defense systems fail, the lung suffers high oxidative stress. Bacterial, fungal and viral infections are
facilitated in this pro-inflammatory environment.

The bacteria that most commonly cause the development of infections in the CF patient are
Staphylococcus Aureus, Haemophylus Influenzae and Pseudomonas Aeruginosa. Staphylococcus
Aureus is the most commonly identified bacterium in standard cultures and is found in more than
30% of children during the first 6 months of life (Sly et al., 2009).

When these microorganisms are found in the lower respiratory tract of infants and young children,
they are associated with lung inflammation, even in the absence of symptoms.

P. aeruginosa is a significant pathogen due to clinical decline and increased mortality (Emerson et
al., 2002). Infection with P. aeruginosa occurs early in life, with median age of first detection at
around 2 years and as early as 3 months of age (Mott et al., 2012). In add, the environment, together
with host and bacterial factors, plays a part in acquiring infection with this organism. Detection and
eradication of P. aeruginosa during the preschool years may prevent the morbidity and mortality
associated with chronic P. aeruginosa infection, but it doesn't seem enough to prevent the
development of structural lung disease (Wainwright et al., 2011) or lower lung function. Structural
damage to the lung is the endpoint of the pathophysiological injury incurred through infection and
inflammation. Lung function is diminished after diagnosis of CF in infants after newborn screening
and is characterized by reduced forced expiratory flows and volumes, elevated functional residual
capacity and lung clearance index, suggesting airway obstruction, air trapping, and ventilation
inhomogeneity, respectively (Hoo et al., 2012).

Infection with a proinflammatory pathogen in the first 2 years modifies disease progression, resulting
in persistent impairments to respiratory function. Early surveillance and interventions need to identify
and eradicate infections with respiratory pathogens, not just with P. aeruginosa, until modifying
agents are available. The infants who remain free of pulmonary infections during infancy could

improve lung function and minimize structural lung disease (Ramsey et al., 2014).

1.3.2 Gastrointestinal Disease

The intestine, pancreas and liver are the organs the most affected in the gastrointestinal apparatus.
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PANCREAS

CFTR is expressed in ductal epithelial cells in the pancreas where the lack of CFTR function results
in reduced water content of the pancreatic secretions and decreased pH. The luminal content has an
increased viscosity and the presence of pancreatic enzymes cause obstruction and progressive
destruction of the acini, inflammation and fibrosis.

The developing of pancreatic exocrine insufficiency cause fat malabsorption and it is detectable at
birth in 60-80 % of affected infants and causes malnutrition and poor growth (Cipolli et al., 2007).
Related to malnutrition and a lower absorption of D vitamin, there is the problem of bone disease like
risk of osteopenia, osteoporosis, and vertebral fractures (Sermet-Gaudelus et al., 2011). It’s worsted
by the severity of lung disease, poor mobility, use of steroids, circulating inflammatory cytokines,
and increased bone turnover.

Episodes of pancreatitis are recurrent and, in the long term, there’s a total loss of enzyme secretion.
In older ages, parenchymal progressive destruction leads to the CF-related diabetes.

CF-related diabetes has distinctive peculiarities that make it different from type 1 and type 2: it
originates from reduced secretion of insulin, but is also partially due to insulin resistance, particularly
during acute pulmonary exacerbations. Its insurgence is associated with worsening of the respiratory
disease, but good control of hyperglycemia reduces the number of respiratory exacerbation and slows
down pulmonary disease progression.

INTESTINE

In the intestine CFTR guides bicarbonate secretion and it is essential to buffer gastric acidity and to
allow expansion and hydration of the intestine mucus. Meconium ileus affects approximately 20 %
of CF neonates and is more frequently associated with severe mutations (Dupuis et al., 2016). Older
patients may exhibit constipation and may develop a sub-occlusive or occlusive manifestation called
distal intestinal obstructive syndrome.

LIVER

CFTR is expressed in epithelial cells of the biliary duct and regulates bile acid independent bile flow.
Viscous bile may cause obstructive liver disease progressing to multilobar biliary cirrhosis and portal
hypertension. The prevalence of severe liver disease peaks in adolescence and about 5 % of patients

may require liver transplantation (Flass and Narkewicz; 2013).

1.4 Therapies

1.4.1 Symptomatic Therapies
Current therapies treat the symptoms of pathology and include antibiotics, anti-inflammatory agents,

mucolytics, hypertonic nebulized saline formulations, use of pancreatic enzymes and lung
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transplantation (Ashlock and Olson, 2011; Cuthbert et al., 2011).

The main goals of CF therapy are to promote clearance of secretions, control lung infections, provide

adequate nutrition and prevent intestinal obstruction.

Diet: in children with CF the energy requirement is greater because of lung infections and
decreased intestinal absorption, even in the presence of adequate intake of pancreatic
enzymes. The diet must be hypercaloric (on average equal to 120-150% of the levels normally
recommended for subjects of the same sex and age), the content of lipids and proteins must
be augmented. The share of carbohydrates should promote the intake of starches with a
percentage of sugars with rapid absorption not exceeding 10%. It is necessary to ensure an
adequate intake of mineral salts and in particular sodium, especially in the hot season or during
gastroenteritis, fat-soluble vitamins and vitamin B12 in subjects who have had extensive
intestinal resections.

Use of gastro-protected pancreatic enzymes: the patient with pancreatic insufficiency takes
digestive enzymes at each meal in a dose appropriate to the absorption of the ingested fats and
according to the degree of pancreatic insufficiency of the subject.

Aerosol therapy: it is carried out with several sessions throughout the day, with the aim of
hydrating the airways and conveying different classes of drugs such as bronchodilators and
corticosteroids, antibiotics, recombinant human DNAase, Hypertonic saline and other
moisturizing agents.

Respiratory physiotherapy: it aims to keep the lungs free from secretions. The removal of
thick and viscous mucus from the airways reduces the possibility of infection; also keeping
the respiratory apparatus free of secretions improves breathing, helping the drugs to perform
their best action. The techniques used and the time commitment required must be
individualized. Respiratory physiotherapy is recommended 1 to 4 times a day. After draining
each lung segment, the patient is encouraged to cough, blow, and perform forced exhalations.
Voluntary coughing and repeated forced exhalation with positive expiratory pressure (PEP-
mask) may also be useful to eliminate mucus.

Antibiotic therapy: viscous mucus obstructing the respiratory tract promotes the proliferation
of bacteria. Antibiotic therapy, preferably aerosol, plays an important role in infection control.
This should be prescribed only on the basis of the result of the microbiological analysis of
bronchial secretions obtained after coughing or by pharyngeal aspiration. This examination
should be repeated every 2 or 3 months. In particular, attention must be paid to the treatment
of Pseudomonas aeruginosa infection, to prevent it from becoming chronic. The first infection

with Pseudomonas aeruginosa must be dealt with promptly, to eliminate the germ preventing
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its chronicization. In the treatment of chronic infection, however, it would be good to
implement a rotation of the prescribed drugs in combination with high doses and in
associations, to prevent the occurrence of resistance to the antibiotics themselves.

- Anti-inflammatory therapy: oral corticosteroids are indicated in infants with prolonged forms
of bronchiolitis and in those patients with refractory bronchospasm, allergic
bronchopulmonary aspergillosis and inflammatory complications. Prolonged use of
corticosteroid therapy may slow the deterioration of lung function; due to steroid
complications it is not recommended as a routine treatment. Ibuprofen, administered for
several years, appears to reduce the rate of deterioration of respiratory function.

- Night Oxygen Therapy and Support with Non-invasive Ventilation: it is necessary for patients
with advanced lung disease, who experience nocturnal hypoxemia and hypercapnia,

especially during infectious exacerbations of pulmonary disease.

1.4.2 Therapies Against the Basic Defect

Currently the most interesting therapeutic approach is represented by therapies that treat pathogenic
mechanisms or that are aimed to correct the defects underlying the loss of function of CFTR. In recent
years particular molecules, called modulators, have been introduced in therapy. CFTR modulator
drugs enhance or restore the expression, function, and stability of defective CFTR in different ways
and in relation to their effect on CFTR mutation, they are classified in five groups: potentiators,
correctors, stabilizers, read-through agents and amplifiers.

Potentiators are compounds that restore or enhance the channel open probability of CFTR.
Correctors are molecules that rescue folding, processing and trafficking to the PM of a CFTR mutant.
These compounds may act by distinct mechanisms, but they usually enhance protein conformational
stability during the ER process.

Read-Through agents are compounds that induce a ribosomal over-reading of a premature terminator
codon, enabling the incorporation of a foreign amino acid in that place and the continued translation
to the normal end of the transcript (Pranke et al; 2018).

Stabilizers are agents that anchor CFTR at the PM, preventing its removal and degradation by
lysosomes (Fukuda and Okiyoneda, 2018).

Amplifiers are compounds that increase the expression of CFTR mRNA and the biosynthesis of the
CFTR protein (Giuliano et al; 2018).
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1.4.3 Potentiators

About 5% of mutation causing CF are mutations of class III and IV, so they need a potentiator to
restore the gating defect. Genistein in figure 5, an isoflavone, was one of the earliest compounds
identified as potentiator, it shown to bind and inhibit protein-tyrosine kinase with an increased in the
cAMP levels and a potentiation of the activity of CFTR in cells (Illek et al., 1995). However, in

clinical application it was not useful.

Figure S. Structure of Genistein.

Some years later, Vertex identified a small molecule, called VX-770 in figure 6, or Ivacaftor, by High
Throughput Screening, that partially restored activity of CFTR in cell lines expressing G551D
mutation and in primary bronchial epithelial cells (Van Goor et al; 2009).

VX-770 demonstrated to increase the forced expiratory volume in one second (FEV1), a measure of
lung function, by 10% after 2 weeks of treatment in adult patients; to improve the weight (>2.5 kg
over 48 weeks) of patients and to reduce the sweat chloride levels.

For these reason, VX-770 passed the clinical studies and in 2012, the Food and Drug Administration
and the European Medicinal Agency approved its use (Kalydeco, Vertex Pharmaceuticals) for CF

patients older than 6 years and carrying at least one G551D mutation.
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Figure 6. Structure of Ivacaftor (VX-770).

Now, Ivacaftor has been approved for 38 different mutations (Sheppard et al., 2017), including gating,
residual function, splicing and conduction mutations, increasing the number of individuals that can
find a benefit in this drug. Ivacaftor shows to slow the lung deterioration and reduce pulmonary
exacerbation, (McKone et al; 2014); it’s linked to a better body mass index and a better quality of

life. In add, it improves pancreatic function and muco-ciliary clearance.
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Despite the demonstrated benefits, lung function decline at long terms. However, today in clinical
trial there are novel candidates with promising effects, as QBW251 (Novartis), CTP-656 (Concert
Pharmaceuticals) and GLP1837 (AbbVie/ Galapagos) (Quon et al., 2016). The obstacle to developing
such compounds is that there is currently little understanding of existing potentiators' action

mechanisms (including Ivacaftor).

1.4.4 Correctors

Correctors are molecules that can act as pharmacological chaperones, so they bind directly to
misfolded CFTR, or as proteostasis regulators that modulate the interaction between CFTR and
protein homeostasis such as chaperones, cochaperones, kinases, or ubiquitin ligases that affect the
synthesis, folding, stability, and trafficking to the plasma membrane of the mutant CFTR. In all the
case, these compounds allow the passage of CFTR through the ER quality control checkpoints
(Lukacs and Verkman, 2012), increasing the number of mutant CFTR at the PM. In particular,
pharmacological chaperones have been classified, based on their molecular targets, in three classes:
class I correctors stabilize NBD1 with TMD1 or TMD?2 interfaces; class II correctors stabilize NBD2
and its interfaces with other CFTR domains; class III correctors directly stabilize NBD1 (Okiyoneda
et al., 2013). This classification is utilized to evaluate combinations of molecules with a possible
complementary mechanism of action. In fact, correctors of the same type do not exhibit additive
effects and are proposed to share a similar mechanism, while correctors from different classes seem
to act through different mechanisms, and some of these can be combined to synergistically promote

CFTR folding (Farinha et al., 2013; Pedemonte et al., 2005; Veit et al., 2018, 2020).

The first corrector approved was VX-809 or Lumacaftor (figure 7), discovered by Vertex
Pharmaceuticals. It causes a rescue of CFTR on cells with the F508del mutation and in primary
bronchial epithelial cells (Van Goor et al; 2011). VX-809 is considered a type 1 corrector (Okiyoneda
etal., 2013).
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Figure 7. Structure of Lumacaftor (VX-809).
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In a 2014 study, Baroni et colleagues (Baroni et al; 2014) observed that VX-809 was homogeneously
distributed in the phospholipid bilayer and acted through membrane perturbation; later studies
proposed instead that VX-809 acted directly on CFTR; in fact, VX-809 binds to purified CFTR and
stabilizes F508del-CFTR after its rescue at the cell surface (Eckford et al., 2014), but the binding
site was unknown (Farinha and Canato 2017; Okiyoneda et al. 2013; Ren et al. 2013).

Different functional studies have demonstrated that VX-809 promotes folding of isolated TMDI,
stabilizing truncated CFTR fragments that contain complete TMDI1 (Loo et al., 2013; Ren et al.,
2013).

These functional studied have been recently supported by Fiedorczuk and Cheng (Fiedorczuk and
Chen, 2022) that determining the cryo-EM structure of VX-809 related to CFTR in both the NBD-
separated conformation and in the NBD-dimerized conformation, demonstrated that VX-809 binds
to CFTR in both conformations, pointing out that VX- 809 binding site is in TMD1.

Once the N-terminal TMD1 is synthesized, it adopts a tertiary structure that is intrinsically unstable
in the ER membrane. Binding of type 1 corrector as VX-809, stabilizes TMD1, making it less
susceptible to targeted degradation by protein quality control machinery. By stabilizing TMD1, the
overall probability of creating a fully assembled structure increases and thus allosterically rescue
many disease-causing mutants residing in other parts of CFTR (Fiedorczuk and Chen, 2022).

In addition to these data on TMDI, NMR spectroscopy, differential scanning calorimetry, and
statistical analysis conducted previously, revealed VX-809 binds to NBDI1 directly and in addition,
allosteric coupling between the binding site and the distant F508 position, at the NBD1:ICL4 interface
(Hudson 2017).

In this context, the Rusnati’s research group reported surface plasmon resonance (SPR) studies on
F508del-NBD1 performed with the corrector VX-809 (Rusnati et al., 2018), molecular docking and
dynamics simulations, highlighting a statistically significant correlation between the observed
binding capability to F508del-NBD1 and the results of the computational methods, supporting a key
role played at the NBD1 level of CFTR by the corrector VX-809.

Moreover, Baatallah and colleagues (Baatallah et al., 2021) explored the potential VX-809 binding
sites in both TMD1 and NBD1, by combining blind docking and molecular dynamics simulations
with biochemical experiments. They showed that VX-809 can be stably accommodated in an TMD1
groove and described an allosteric coupling linking this site to the F508del region on NBD1, hence,

same authors observed that VX-809 has another binding site in NBDI.
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Although these promising results in vitro, Lumacaftor alone didn’t give beneficial effects on patients
in clinical, but a significant improvement in lung function was given by the cotreatment with
Ivacaftor. In 2015 the FDA and the EMA approved Orkambi, by Vertex Pharmaceutical, a
combination of Lumacaftor and Ivacaftor. This novel drug has reported clinical benefits in F508del
homozygous patients, older than 12 years, as a reduced number of pulmonary exacerbations,
improvement in the body mass index and slower lung deterioration (Konstan et al; 2017). Recently,
Orkambi has been approved also for homozygous patients older than 2 years.

Interaction between Lumacaftor and Ivacaftor have a negative impact on the rescue of F508del-CFTR
protein. Chronic Ivacaftor exposure (>1 puM) reduces Lumacaftor-rescued CFTR in F508del-
expressing cells (Cholon et al., 2014; Veit et al., 2014). Lumacaftor also triggers cytochrome P450
3A4 activation, resulting in reduced plasma concentration of Ivacaftor (Scheneider, 2018). Such
findings underline the importance of better studying the interactions between different drugs. For
these reasons other molecules with corrector activity have been developed starting from the structure
of Lumacaftor, as Tezacaftor or VX-661(Fig. 8). VX-661 is structurally an analogue of VX-809, it
turns out to have the same mechanism of action, so it is classified as corrector type 1, but its
pharmacokinetic characteristics are better than those of VX-809, as well as also appears to be reduced
the number of side effects.
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Figure 8. Structure of Tezacaftor (VX-661).

In 2018, cotreatment between VX-661 and VX-770 was approved, marketed as Symdeko, which in
clinical trials showed similar effects to Orkambi in homozygous F508del patients, but other
heterozygous patients (F508del with G551D or other residual function mutations) are more
responsive to Symdeko than Orkambi (Donaldson et al., 2018; Rowe et al., 2017).

Symdeko is the treatment of CF in patients aged 6 years and older who have two copies of the F508del
mutation, or who have at least one mutation in the CF gene that is responsive to treatment with this
dual therapy.

Symdeko decreases sweat chloride levels, improves lung function (FEV1) and lowers the risk of

having a pulmonary exacerbation.
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Since that administration of combination of molecules that act simultaneously in multiple sites of the
CFTR pathway has an additive or synergic effect on the rescue of mutated CFTR, a new formulation
containing two correctors and a potentiator, in particular Elexacaftor, Tezacaftor, and Ivacaftor
(Trikafta, Vertex Pharmaceuticals, Boston, MA) has recently been approved. It is indicated for
patients with CF 12 years of age and older who have at least 1 mutation in the F508del gene,
regardless of their second mutation type. This increases the eligibility for CFTR modulating therapy
to around 90% of patients who have CF (Ren et al., 2018).

Elexacaftor (Fig. 9) is a next generation corrector that exhibits additive or synergistic effects in
combination with a type 1 corrector and with the potentiator, leading to markedly increased PM
expression of F508del-CFTR (Veit et al., 2020). Although the mechanism of action of Elexacaftor is
not fully known, it has been proposed to act as a corrector type 3. Even if, recently data by Laselva
(Laselva et al., 2021) showed that Elexacaftor, exhibited dual activity as both corrector and

potentiator and suggested that the potentiator activity contributes to its pharmacological activity.

Figure 9. Structure of Elezxcaftor (VX-445).

This drug combination provides potential therapy to many patients who had previously been excluded
from CFTR modulation therapy due to the nature of their genetic mutations. The efficacy
demonstrated in clinical trials exceeds the currently available therapies related to lung function,

quality of life, sweat chloride reduction, and reducing exacerbations.
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Chapter 2: Methods and Instrumentations

2.1 High Performance Liquid Chromatography

The HPLC, high performance liquid chromatography, is the instrumental version of the column liquid
chromatography; in the same manner as all chromatographic techniques, it allows to separate two or
more compounds present in a mixture, exploiting the affinity balance between a "stationary phase",
placed inside the chromatographic column, and a "mobile phase" that flows through it.

It is considered to be one of the most efficient analytical techniques, both in quantitative and in
qualitative analysis. In particular, the greater the affinity of a molecule for the stationary phase, the
longer it will take to elute from the column.

The time taken by the analyte to go through the column is referred to as "retention time". HPLC
differs from classical chromatography in that separation is carried out at high pressures, up to 400
bar; this allows a much faster and more efficient separation than traditional chromatography, although

the cost is much higher.

HPLC techniques can be classified according to phase polarity, in fact chromatography can be in
direct phase, if the stationary phase is polar and the mobile phase is apolar, or reverse phase, if the
stationary phase is apolar and the mobile phase is polar. Moreover, chromatographic techniques are
distinguished according to the physical and chemical principles that influence the distribution
between the two phases, in adsorption chromatography, repartition (based on hydrophobicity),
dimensional exclusion (based on size), ion exchange (based on charge), affinity (based on ligand
specificity). The interactions that occur between the substances to be separated and the two phases
(mobile and stationary) are weak, and they are hydrogen bonds, dipole-dipole interactions, dipole-
induced dipole interactions, Van der Waals forces, Coulomb attraction and steric interactions. The

mechanisms of separation are closely linked to the types of interaction.

The mobile phase must meet some requirements such as: immiscibility with the stationary phase,
ability to solubilize the sample, compatibility with the detector, low viscosity, low corrosivity, high
purity, low volatility and controlled pH.

The elution is also defined as isocratic, if the same solvent or a mobile phase consisting of different
solvents maintain the same composition during the elution, or gradient, if the composition of the

mobile phase during the analysis changes.
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Loading of a column varies between analytical and preparative HPLC; normally micrograms of
substance are used in analytical HPLC while milligrams are used in preparative HPLC. In any case it
is important that the substance to be injected is well dissolved in appropriate solvent.

Among the advantages of this technique, we find: the reduced size of the column, which avoids
problems of longitudinal deviations (movements of the longitudinal mobile phase) and the presence
of alternative paths, the flow rate of the mobile phase (passage of the mobile phase through the
column) that is constant and adjustable, the execution speed that is reduced. In addition, greater

accuracy and precision thanks to the small amounts of compound required for the analysis is found.

2.1.1 HPLC: instrumentation

The components of the HPLC equipment are (Figure 10):

* The containers of the mobile phase, downstream of which there is often a degassing system that
prevents the formation of gas bubbles at the exit of the column, which may interfere with the

performance of the detector.

- Manipulator
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" Switching valve
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———— Vials containing fractions

Mixer
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Figure 10. HPLC instrumentation

* The pumps that allow the flow of the mobile phase through the column to the exit, where the detector
is located. Considering the small size of the stationary phase, the presence of a pumping system allows
to speed up the separative process and to obtain a better resolution.

* The sample introduction system.

* The column, the only part of the instrument in which the separation of analytes takes place.

* The detector that’s usually a UV-VIS detector; it records the absorbance of analytes in real time,
based on their ability to absorb visible UV radiation, in a wavelength range between 190 nm and 820
nm, providing both qualitative and quantitative information.
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2.1.2 Pumping System
The ideal characteristics of an HPLC pump are: ability to work at high pressures; maintaining a
constant and pulsation-free flow; good reproducibility; corrosion resistance.

There are three main types of pumps:

Alternative pump: can be either single piston or pair of pistons. The pistons move back and forth
inside a tight cylinder and work at staggered times. The solvent flow is regulated by two valves that
open and close in synchrony with the piston. This system is the one most frequently used because the

costs are low and allows a good versatility and adaptability to changing gradient during the analysis.

Screw-driven syringe pump: it consists of a cylinder, inside which the solvent is located, pushed by
a piston. The latter is driven by a motor connected to a "worm" screw that allows you to keep the
flow constant and easily controllable. It has, however, disadvantages like high costs, a large footprint

and poor tank capacity.

Pneumatic or constant pressure pump: the solvent is contained in a flexible vessel compressed from
the outside with a gas under pressure. Unlike the other two pumps, the output capacity and the
pressure are limited and, in addition, the flow speed depends on the viscosity of the solvent. However,

it has a number of advantages, including the low costs, the ease of use.

2.1.3 System for the Introduction of the Sample

The most used sample loading system in HPLC is the one that uses an external capillary, of known
volume, called a "sample loop". This method allows to obtain a high reproducibility of injection of
the sample, moreover it can be used for preparative, semi-preparative and analytical analyses, thanks
to the presence of interchangeable loops, characterized by variations in injection volume from 1l to
5000ul.

The sample is injected with a special syringe by holing the septum present in the system, favoring the
entry into an injection chamber. At this point, acting on the injection valve, the flow can be diverted
through the "sample loop" containing the injected sample, allowing the entry into the analytical
column. This system allows the mobile phase to flow from the pump to the column, injecting the

solution directly into the loop.
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2.1.4 Columns

Between the injector and the column there is the pre-column, whose main task is to "mechanical
filter" because it removes any impurities, undissolved particles and contaminants, prolonging the life
of an analytical column. It has an internal composition similar to that of the column although the
particle sizes are larger, to minimize the pressure drop at the extremes.

The stationary phase is packed in a column usually made of stainless steel or polymers, (Polyether
ether ketone -PEEK), materials resistant to the application of high pressures. The analytical column
has a length varying between 5 and 25 cm, an internal diameter between 3 and 5 mm and internally
contains particles of homogeneous size and characterized by a very fine grain size, from 3 to 10 um.
Column fills are mainly of two types: film particles, consisting of a non-porous spherical core (silica
or glass) coated with a thin layer of microporous and porous microparticles that ensure greater
efficiency and have a greater load capacity of the sample. The most used filling materials are silica,

alumina, styrene-divinylbenzene copolymers, ion exchange resins.

One of the most used column types is the C18 column where the support is based on hydrolyzed
silica. The silanol groups reacted with the appropriate alkyl halide (CisH37Cl), but due to steric
hindrance a part of the hydroxyls remains free; then a pickling reaction with trimethylchlorosilane,
to avoid the presence of centers of excessive polarity is used. The result is a silica granule
functionalized with alkyl chains that form a fluid monomolecular layer. The stationary phase is liquid
as it is a chemically bound stationary phase.

The advantages of this type of stationary phase lie in the high mechanical stability and in the high-

pressure resistance.

2.1.5 Detectors

There are several types of detectors, including electrochemical detectors, detectors based on refractive
index change, diffuse light detectors in evaporation, but the most used are those based on the sample’s
ability to absorb UV and/or visible light.

A good detector must have a number of features, such as adequate sensitivity, good stability and
reproducibility, linear response for multiple orders of magnitude, short response time, high ease of
use and reliability. Moreover, it must have uniformity of response towards all analytes or, conversely,
high specificity for particular compounds, preferably non-destructive detection and small internal
volume to avoid band widening.

The detectors usually have an optical path between 2 mm and 10 mm and volumes between 0.5ul and

10ul. The most commonly used spectral region is that of UV, especially with wavelengths ranging
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from 190 nm to 380 nm, infrared and visible regions are more rarely used. Mercury, deuterium or
tungsten lamps are common.

Nowadays, diode array detectors are preferred, called "diode-arrays", which allow to measure in real
time the entire UV spectrum of the analyte.

Spectrometric detectors are also widespread, which are able to identify the analytes at the HPLC
column output based on their mass, resulting in coupled HPLC-mass spectrometer (HPLC-MS)

systems.

2.1 Mass Spectrometry

The mass spectrometry is an analytical technique used for qualitative and quantitative analysis. The
wide use of this method is linked to its extreme sensitivity, selectivity, specificity, speed and
efficiency.

The principle on which it is based is that a molecule in the gas phase is ionized by the detachment of
an electron; in this way a radical cation (molecular ion) is formed, which is partly fragmented by
generating neutral radicals, which the instrument does not detect, and cations and radical cations
(fragment ions). The molecular ion and the various ions that originate by fragmentation are
discriminated on the basis of their mass/charge ratio and revealed by a detector. The result is the mass
spectrum, which represents the relative abundance of ions as a function of their mass/charge ratio
(m/z).

Each molecule therefore has its own characteristic and specific fragmentation, which depends both
on the nature of the molecule and on the operating conditions of ionization. This technique makes it
possible to measure molecular masses (both nominal and exact) and to obtain fragmentation profiles
that are specific to each compound. It is possible through this analysis to identify the structure formula

of unknown compounds, even in the presence of small quantities.

2.2.1 Mass Spectrometer: instrumentation

The mass spectrometer (Fig. 11) consists of a series of basic elements:

* System for sample introduction

* lonization source: ion generation system

* Analyzer: separates ions according to their m/z ratio

* Detector: detects ions emerging from the analyzer and measures their abundance

* Data processing system
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Figure 11. Scheme of a mass spectrometer (http://www.premierbiosoft.com/tech notes/mass-

spectrometry.html)

The mass spectrometer operates under high vacuum conditions (10-6-10-5 Torr) because the impact

between ions and  atmospheric gas could cause a loss of  ionization.

2.2.2 Introduction of the Sample

The introduction of the sample (in the order of micrograms) into the mass spectrometer may take
place in the solid state, in the liquid state or in the gaseous state. Solid samples can be found in volatile
or non-volatile form. In the first case the samples are introduced into the ionization chamber with the
help of a vacuum-tight heating probe; the non-volatile ones are dissolved in a solvent and analyzed
through an ionization system such as the technique called "thermospray" or "electrospray". The liquid
sample can be introduced via an HPLC system located upstream of the spectrometer or via an infusion
pump (direct introduction). Finally, the gaseous samples are introduced through a gas
chromatography system, to separate the mixture of interest, and through the use of flow control

valves.

2.2.3 Tonization Source

The sample must be ionized in a special ionization chamber to be analyzed, where the electron beam
is produced by an ionic source that varies depending on the technique used. Among the various
devices, some allow only positive fragments to be analyzed, while others allow the detection of
negative ions (anions).

In addition, some ionization techniques operate at high energy and lead to a strong fragmentation
("hard" techniques), while others operate at low energy, producing a lower number of ions ("soft"
techniques).

Ionization can be carried out by these systems:

1. Electronic impact (EI)

2. Chemical ionization (CI)

3. Electrospray (ESI)
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- lonization by electronic impact
Starting from an incandescent tungsten filament, an electron beam is generated; these move towards
the anode and hit the electron sphere of the molecule, transferring the energy necessary for the loss
of an electron and generating a radical cation.

In this way the molecular ion M.+ is formed according to this reaction:

M+e =M +2¢

The molecular ion mass does not differ significantly from the mass of the starting molecule M. In the
mass spectrum, the molecular ion peak is called the molecular peak. Through the collision with
electrons, it has acquired an energy that can fragment; the fragments of the molecule come from a
positively charged ion, so they can be positive or neutral loads. The positive ions pass through a series
of plates drilled in the center, called accelerator plates, with increasing positive potential, and they
are then ejected through an exit slit. The ions are generated at a very high energy level and there may

be extensive fragmentation, so this ionization technique is classified as a "hard" technique.

- Chemical ionization
This technique is mainly used for molecules such as hydrocarbons, esters, alcohols, amines, amino
acids and small peptides that by means of EI would give an excessive fragmentation, not making the
molecular peak visible to the spectrum. This technique is based on the interaction of the vaporized
sample with an ionized reagent; the quasi-molecular ion (M+H+) is obtained, increased by a unit of
mass with respect to the molecular ion. The quasi-molecular ion has a lower tendency to rupture than
the electronically impacted molecular ion. Chemical ionization is therefore classified as a "soft"

technique.

- Electrospray
In the electrospray system the sample is passed through a capillary tube under tension. In this way
the sample is nebulized and ionized: droplets of liquid form, which, thanks to a coaxial flow of inert
gas, generate a spray; the latter is positively charged and moves into a capillary kept vacuum and
negative potential. On the way to the analyzer the solvent from the droplet begins to evaporate thanks
to a reverse flow of nitrogen, kept at a temperature of about 300° C. This generates a population of
single, unsolved positive ions moving towards the analyzer, passing through the sampler cone and a
low-pressure zone. Electrospray produces little fragmentation, so it is a "soft" technique that is usually

used as an interface for HPLC-MS.

37



2.2.4 Analyzer
The analyzer allows to differentiate the ions generated, according to their mass/charge ratio. Among

the most common are:

- Magnetic analyzer: consists of a tube approximately 1 meter long, with a given radius of curvature
and immersed in a magnetic field. The ions coming out of the ionization chamber enter the analyzer
tube and, due to the effect of the magnetic field, undergo a deviation from their rectilinear trajectory
(deflection phenomenon). The new curvilinear trajectory has a radius of curvature that is directly
proportional to the momentum of the ion and inversely proportional to the magnetic field. Thus, for
a certain value of the magnetic field and the potential, there will be only one value of mass for which
the deflection radius coincides with the radius of curvature of the tube; only the ions that have this
value of mass are able to exit the tube. Operating at constant potential and through a scan of the
magnetic field it is possible to make ions at different mass exit from the tube at different times. This

type of analyser allows to achieve better resolutions.

- Quadrupole analyzer: consists of four cylindrical metal bars which delimit the path followed by ions
from the ionization chamber and directed to the detector. The bars are held to an oscillating
electromagnetic potential so that, when the two vertical bars have positive potential, the horizontal
bars have negative potential, and vice versa. The ions, accelerated by the accelerator plates, enter the
tunnel delimited by the bars and are repelled by positive poles and attracted by negative poles.
However, due to the oscillation of the quadrupole, the ions assume a zig-zag trajectory and end up
unloading on one of the bars, except those that, for a certain value of oscillation frequency, have a
kinetic energy such that the motion becomes sinusoidal and can exit the tunnel and enter the detection
system. By scanning the oscillation frequency of the field, it is possible to extract ions with increasing

molecular mass.

- Ion trap analyzer: consists of three electrodes (in practice there is an annular electrode placed
between two semi-spherical input and output electrodes) which serve to trap and accumulate ions in
a small cavity; the ion trap, in order to obtain a high sensitivity. The two side electrodes have a small
hole in the center, through which the ions pass. The mass spectrum is generated by varying the electric
potential in order to eject the ions in sequence, from the trap towards the detector, according to a

mass/charge (m/z) increasing value.
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- Time-of-flight analyzer: the principle on which it is based is that ions of different mass/charge value
have equal energy, but different speeds after acceleration in the ionization chamber. As a result, each

ion passes through the analyzer using a different time.

2.2.5 Detector

The detector collects ions and generates an electrical signal proportional to their abundance. The
generated signal is then digitized and converted into mass spectrum thanks to a data analysis system.
The detector is usually electric and is able to perceive only a value of m/z at a time. In the case of an
electro-multiplier detector, the inner surface is covered with an electro-emissive material that, when
hit by an ion, emits an electron. The electron is in turn accelerated towards the surface, causing the
emission of another electron, generating a cascade effect. This system leads to a remarkable

amplification of the signal, up to a million times.

2.2.6 HPLC-MS Coupling

The mass spectrometry coupled to liquid chromatography represents the cutting-edge technology for
the detection and characterization of organic molecules, becoming one of the most powerful
analytical tools of modern times. The mass spectrometer coupled to the liquid chromatograph allows
the detection of eluted species in the liquid phase from a column. The main problem encountered in
this technique was to couple the mass spectrometer, which requires a gas phase sample, with liquid
chromatography, which requires the liquid phase sample. The problem was overcome by vaporizing
the sample and removing most of the solvent, as it generates a volume of gas that is 10-1000 times

greater than that of the gas transport in gas chromatography.

Currently the most widely used method is based on the electrospray ionization system at atmospheric
pressure, in conditions of low flow speed. The HPLC system is usually a microsized capillary LC
system with flow rates around microliters per minute (ul/min). Alternatively, some interfaces allow
higher flow rates, ranging from 1 to 2 ml/min, which are typical of conventional HPLC conditions.
By combining HPLC with mass spectrometry, you can also isolate unsolved peaks and monitor only
a selected mass. This technique then provides information about molecular mass, structural

information, and accurate quantitative analysis.

2.3 Nuclear Magnetic Resonance Spectroscopy
Nuclear Magnetic Resonance Spectroscopy (NMR) is an instrumental analytical technique that

provides detailed information on the structure of molecules by observing the behavior of atomic
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nuclei in a magnetic field. After immersing the molecule in a strong magnetic field, the absorption of
a radio frequency radiation (100 to 1000 MHz) is measured, which causes nuclear spin transitions in
particular atoms such as 'H or 13C.

Using the NMR technique, we can observe only nuclei that have a nuclear magnetic moment of spin
that is oriented like the needle of a compass in an applied magnetic field.

Nuclear spin is generated by the protons and neutrons that make up the nucleus. These particles have
1/2 spin and behave as if they were rotating around their axis.

In some atoms (such as '>C) protons and neutrons are present in even numbers, so the spins are all
paired, one in opposition to the other and the atomic nucleus has spin result I equal to zero.

In other atoms, (such as 'H, '3C) protons or neutrons are present in odd numbers and therefore at least
one nucleon is unpaired and the nucleus has a non-zero resulting spin 1.

As the applied field Bo increases, the frequency of Larmor increases and the energy difference
between the two levels increases, too. Since, however, this difference in energy is very small, the
population of nuclei in the two states is practically identical with a very small prevalence for the low
energy state, aligned with the field.

The few excess nuclei, aligned with the magnetic field Bo, allow to generate the NMR signal.

2.3.1 Energy Absorption

If the sample is irradiated with an electromagnetic radiation frequency equal to the Larmor frequency,
there is an interaction of the magnetic component of the radiation with the nuclear magnetic moments
(also these oscillating at the Larmor frequency). The energy of the radiation can thus be transferred
to the nuclei. Each absorption of radiation involves a change of orientation of the nuclear spin that
passes from aligned with the field to opposite the field. When this spin transition occurs, it is said that
the nuclei are in resonance with the applied radiation, hence the name of Nuclear Magnetic

Resonance, NMR.

2.3.2 Production of the NMR Signal

In the first NMR instruments, the analysis was performed by irradiating the sample, immersed in the
magnetic field Bo, with a beam of radio waves of increasing frequency in order to excite in sequence
all the nuclei under examination and then the magnitude of the absorbed radiation was recorded. This
technique, however, is too slow and is no longer used.

In modern FT-NMR instruments the signal is generated with the pulse method and the Fourier

transform. With this technique all the nuclei of a species are simultaneously excited by a radio
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frequency pulse that contains all the necessary frequency range, the data are then processed at the
computer with the technique of the Fourier transform.

The essential steps to obtain the NMR spectrum of a sample using the FT-NMR pulse technique are
as follows:

1) Introduction of the sample into a strong Bo magnetic field to orient the nuclear spins and produce
an excess of nuclei with the spin aligned to the field.

2) Application of a radio frequency pulse to produce an excess of excited nuclei with spin as opposed
to the field (duration: some microseconds).

3) FID recording, the signal emitted by the nuclei while the nuclear spins return to equilibrium
(duration: about one second).

The collected signal is an oscillating signal with frequency n, the Larmor frequency of the nucleus
under examination, which dampens over time and is called FID, Free Induction Decay.

4) Mathematical processing of data by computer, applying the Fourier transform, to obtain the NMR
spectrum as a function of frequencies.

Starting from a graph as a function of time, the FID, we get a new graph as a function of frequencies,
called the NMR spectrum, which shows the frequency absorbed and then emitted by the hydrogen
atoms in the molecule.

If the sample contains nuclei with different resonance frequencies, these are all excited at the same
time by the radio frequency pulse, and therefore the collected FID signal is a complex curve, called
interferogram, given by the combination of several simple FID, one for each frequency absorbed by
the nuclei.

In order to go back to the single frequencies that have generated the complex FID path, by combining
with each other, it is necessary to apply a mathematical procedure, called Fourier transform, that
allows to pass from the graph as a function of time, the FID, to the graph as a function of the

frequencies, the NMR spectrum.

2.3.3 Chemical Shift

The various hydrogen atoms absorb at slightly different frequencies depending on their chemical
surroundings. A hydrogen atom, in fact, depending on the electronegativity of the atom to which it is
linked, can be more or less immersed in its own electrons of bond. These are charged particles and,
when subjected to the Bo magnetic field, produce an electronic circulation that generates a small bi-

induced magnetic field opposite the much stronger one applied.
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If hydrogen is bound to low-electronegative atoms, it is more immersed in the bonding electrons and
feels a more intense bi-induced magnetic field, which decreases more the applied field and then
undergoes the transition to a lower frequency.

If, on the other hand, the proton is bound to more electron-negative atoms, it is less shielded by the
bonding electrons and is invested by a weaker induced field and thus feels a more intense effective
field and absorbs at higher frequencies.

The frequency change absorbed is called chemical shift. To quantify the chemical shift, it is necessary
to identify a reference hydrogen to which to associate the zero value of the scale. By convention, zero
has been attributed to the hydrogens of tetramethylsilane Si(CH3)4 which are among the most strongly
shielded, due to the low electronegativity of silicon and for this reason the chemical shifts of normal
organic molecules are always positive.

Absolute chemical shift is the difference between the absorbed frequency (in Hz) of the test hydrogen
and that of the hydrogen of tetramethylsilane, taken as a reference.

The relative chemical shift measured in ppm (Hz/MHz) is used, which is independent of the applied
field, so it is equal in all NMR instruments whatever the intensity of the applied magnetic field. For
"H-NMR, the scale extends from 0 to 12 ppm; for 3C-NMR it is much larger and covers the range 0-
220 ppm.

2.3.4 Peak Area

A further feature of "H-NMR spectroscopy is that the signal strength is proportional to the number of
hydrogens that generate the signal; that is, the peak area (the integral) is directly proportional to the
number of hydrogens that produced them. Integrations are given as the simplest integers that are
obtained from the ratio between the areas of the peaks

In *C-NMR spectrometry, however, the area of the peaks is not related to the number of carbons that
produce that signal due to the way the signal is collected, so areas are not taken into account in

spectrum interpretation.

2.3.5 NMR Spectrometer: instrumentation

The commercial spectrometers used are of two types:

+ Continuous wave spectrometers

* Pulse spectrometers, which in turn are divided into two subcategories:
1) Time domain pulse spectrometers

2) Fourier transform pulse spectrometers
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Continuous wave instruments use magnets (usually permanent magnets or electromagnets) that
produce a field of a few tenths of Tesla.
They were almost supplanted in 1970 by Fourier transform spectrometers, which, despite being more

expensive than continuous wave spectrometers, are now predominant in the market.

- Continuous wave spectrometers
In spectral analysis, to observe many nuclei, you have to vary either the amplitude of By , or the
frequency of the B; radio frequency pulse .
To analyze the different nuclei contained in the sample, the continuous wave spectrometers
use two techniques:
1) Change in frequency
The amplitude of B; is kept constant, while the frequency is varied. By analyzing two different nuclei,
they are characterized by different resonance frequencies (v;, v2).
2) Change in the force of the field
The frequency of B is fixed at a reference value for a particular nucleus, while the amplitude of the

field By is varied by the current circulating in the adjustment coils.

- Pulse spectrometer
In these instruments, a radio frequency pulse Bi (fixed frequency) directed at an angle to By is
periodically sent to the sample immersed in a fixed By field.
To avoid saturation of the spin system the pulses must have a small duration, usually less than 10us.
Between one impulse and another, an interval of more than one second is usually expected to allow
complete relaxation of the magnetization at the application of the next impulse.
The signal detected by the coil, which between an RF pulse and the other decays over time, is the
FID.
The FID knows its maximum value after applying the pulse and decays exponentially to zero after

the pulse is terminated due to relaxation.

- Fourier transform pulse spectrometers
Their operation is similar to that seen for spectrometers in the time domain, as they also send radio
frequency pulses to the sample, with the difference that the FID is digitized and the Fourier transform
is performed on the obtained samples.
By performing the Fourier transform, we can pass from a representation in the time domain to a

representation in the frequency domain, that is, to the signal spectrum.
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The block diagram of the architecture of Fourier transform spectrometers is shown in Figure 12.
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Figure 12. Scheme of the Fourier transform spectrometer

The pulse generator, after receiving a signal composed of the v, radiation produced by a crystal

continuous oscillator, sends the radio frequency pulse to the RF transmitter (transmitting coil).

The coil is intended to send the pulse to the sample.

Once the RF pulse has ceased, the same coil that was used with the transmitter function is now placed
in the receiver function to capture the decay signal.

The FID, once received by the coil, is amplified and transmitted to a phase-sensitive detector, which

makes the difference between the v, crystal signal and the v, nuclear signals to give an output signal

in the time domain.
The signal in the time domain will be sampled and then on the acquired samples the Fourier transform

will be performed in order to obtain the signal spectrum.
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2.3.6 Magnets

The sensitivity and resolution of the various spectrometers depend on their magnet.

The three important characteristics of a magnet are the strength, stability and homogeneity of the field
produced.

By examining a sample with nuclei of different elements within it, it is important that the strength of
the By field is high in order to achieve high resolution.

Moreover, having higher By values increases the excess of population in the low state of energy with
a consequent increase in amplitude of the NMR signal which depends on the square of Bo.

There are three different types of magnets:

1. Permanent

They are the least expensive magnets, do not require electric currents to produce the field, but

suffer from not high field stability. Field variations can be caused by changes in temperature.

The strength of the field produced is also low and can vary between 0.4 and 1.4 T.

2. Electromagnets

They are huge and more expensive than permanent magnets. However, they reach higher By values
than permanent magnets and even superconductors with values up to 34 T.

However, to reach such high field values they require large currents, which give rise to dissipative
effects in the form of heat.

3. Superconductors

The intensity of the field produced varies between 6 and 18 T.

The advantages of this type of magnets are high values of By , great stability, acceptable operating
cost and small size compared to electromagnets.

The cylindrical solenoid is immersed in liquid helium inside the Dewar container which includes an
outer coating filled with liquid nitrogen. Thanks to this system, it is possible to ensure a temperature
of 4 K in order to nullify the electrical resistance and ensure the behavior of the wire as a
superconductor.

Having canceled the resistance, you can ensure a strong and stable magnetic field.

2.3.7 Systems to Ensure the Stability of the Magnetic Field

In order to ensure the stability of the magnetic field, the locking system is adopted, which consists of
a coupling of the magnetic field.

First, a nucleus, that gives rise to a strong NMR (lock signal) signal at different frequencies than those

of the other nuclei of interest, is chosen.
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The lock signal frequency is constantly monitored and compared with the reference frequency
produced by the radio frequency oscillator.

When the By field changes, the difference between the lock signal and the reference frequency is sent
to coils placed in the magnet to increase or decrease the By field of the amount needed to re-establish
the coupling between the two values.

The reference substance may be external (external lock) to the sample to be analyzed, or contained
as a solvent within the sample (internal lock).

In current monitoring systems, deuterium is used as a reference signal.

To ensure the homogeneity of the field, or its uniformity in the region of space containing the sample,
two other methods are used:
- Adjustment coils: the shape of the magnetic field can be varied within small limits by passing
currents through pairs of metal spirals.
- Sample rotation: this technique consists in rotating the sample around its longitudinal axis

using an air flow that moves a turbine inserted into the tube containing the sample.

2.3.8 Systems to Reduce Noise Overlapping on the NMR Signal

In order to obtain a good signal in such a way that the noise does not have a significant effect in the
measurement, we try to make the signal-to-noise ratio S/N as large as possible. Radio frequency
pulses are sent at high power with a series of RF filters, so as to pass the useful signal to RF and
eliminate the noise that falls outside the filter band.

As an alternative, you can adopt another technique called CAT or signal averaging, that consists in

making more scans, sum the n signals obtained and then divide the resulting by n.

2.3.9 Processing the Collected Data
After the NMR signal data has been collected in the computer’s memory, various processes can be

performed that raise the sensitivity or improve the shape of the peaks in the frequency domain.

2.3.10 Probes for the Sample

The purpose of the sample probe is to keep the material to be analyzed, contained in a glass tube, in
a fixed position at which the field is homogeneous.

In addition, it contains the turbine to rotate the sample, temperature variation systems, and the

transmission and receiving coils.
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2.3.11 Digitation

The signal from the RF amplifier (v, ) is sent to a phase sensitive detector which operates the
subtraction between the signal from the v, oscillator and the NMR v, signal.

The detector, by subtracting, transforms the v, radio frequency signal into an audio signal, so that
digitation is easier.

Then, according to the Nyquist theorem, the audio signal will be sampled at a frequency of at least
twice the frequency of the signal.

Finally, the transform of Fourier will be executed on the acquired signals.

2.4 Fluorescence Assay to Test CFTR Activity
2.4.1 Basics of YFP Proteins

The anion sensitivity of yellow fluorescent protein (YFP) can be used to perform cellular assays for
the functional evaluation of anionic channels and transporters. YFP, derived by mutagenesis from
GFP (green fluorescent protein), has a pocket, located near the chromophore, which is capable of
binding anions such as CI', I', Br’, thiocyanate and nitrate. The anion bond makes the chromophore
non-fluorescent, thereby extinguishing the YFP. It must be considered that anions do not bind YFP
with equal affinity: in particular I" is a better ligand than CI". This feature is the basis of cellular assays
in which the exchange between CI- and I through anionic channels and transporters is visualized
through fluorescence variations.

For this type of test, the original YFP is not used, but mutants generated later to improve their

sensitivity to I' (Jayaraman et al., 1999; Galietta et al., 2001).

The YFP protein cannot enter the cells by "loading", but must be introduced by stable or transient
transfection. The channel or transporter to be evaluated (e.g. CFTR) may already be present in the

target cells or may be introduced into the same cells by transfection together with YFP.

2.4.2 Principle of the Test

Cells expressing the YFP protein (or a mutant thereof), balanced in a physiological saline solution,
are exposed to a high concentration of I (usually 100 mm). As soon as added, the I" begins to enter
the cell through ion channels or carrier permeable to it. The influence of I" determines a progressive
quenching of the fluorescence due to the binding with the YFP protein. The greater the transport of
I (therefore the activity of the channel or the carrier under test), the faster the extinguishing of the
fluorescence will be. The YFP test is therefore a kinetic-dependent test in which cell fluorescence
should be measured without interruption, before and after the addition of I". It is not necessary to
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acquire the signal until the maximum shutdown because the required data is the initial speed of
shutdown. Sampling of the first 15-30 seconds after the addition of I" is sufficient to evaluate the

transport.
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Chapter 3: Experimental Section

3.1 Background

In the Laboratory of Organic Synthesis and Mass Spectrometry at the CEBR, where I did my PhD
thesis period, molecules belonging to the class of aminoarilthiazoles (AATs) had been studied. AATs
had shown activity in previous studies (Pedemonte et al., 2011; Pesce et al., 2015), in particular
exhibiting a dual function both as correctors and as potentiators. This property favored its use, not
only on mutation F508del- CFTR, that causes the defect of “trafficking”, but also on mutations
G1349D and G551D, which cause the defect of "gating".

In addition, many AATs showed synergistic action when tested in the presence of VX-809. In fact,
the action of some AATs combined with VX-809, on cell lines used as a model, was able to generate
a marked rescue of the CFTR protein.

In order to develop molecules with greater efficacy, activity and safety than the currently compounds
“ligand-based" and QSAR studies have been conducted to identify a number of chemo-descriptors
belonging to different classes of active correctors studied in the literature. Thanks to this approach a
mathematical model that could predict the biological behavior of a certain corrector was produced
(Liessi et al., 2018).

This equation was then used as a filter for the rational design of new structures to be synthesized and
tested as F508del-CFTR correctors. In particular, a first library of compounds defined as "hybrids"
obtained by merging the suitably modified portion of VX-809 and AATs has been designed (Fig. 13).

VX-809 FRAGMENT FEATURES THIAZOLE-CONTAINING CORE

:

NOVEL LIBRARIES of VX-809
and AAT HYBRID CORRECTORS
X
R\(@%/H DIOXOLE MOIETY SUBSTITUTION
N
Y
l =\ CICLOPROPYL MODIFICATIONS
~ R1 (INSATURATION)
THIAZOLE RING SUBSTITUTION ON 4
R2 AND/OR 5 POSITION

Figure 13. Design of VX-809 and AATs’ Hybrids.
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Most of the compounds have been synthesized by conjugating dioxolcyclopropancarboxylic acid with
2-aminothiazoles or suitably modified amino derivatives (Liessi et al., 2018).

Maintaining the benzodioxole group of VX-809 appears a recurrent strategy also taking into account
the results obtained with GLPG-2222 (Fig. 14) (Wang et al., 2018) and with other correctors
described by AbbVie and Galapagos companies, in which this substituent was tethered to the chroman

or to tetrahydropyran ring (Kym et al., 2016).
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Figure 14. Structure of GLPG-2222.

The activity as correctors of a first series of hybrid compounds designed using the mathematical filter

described above is shown in figure 15.

m 25uM
1 6.5uM
< 7 2uM
N 0.25uM
VX-809
22 *
=
°
® ; B .
o - _
57 . .
O 4 ;
T\ R G
Z Z
/ /
Z 7
% Z
7 /
4 4
o) BZ 7
2a 2b 2c 2d 3d 3e 4d 5c 6C 6d

Figure 15. Effect of more active compounds on CFTR rescue. The bar graph shows the normalized
activity after 24h of treatment of the compounds, tested at different concentrations, on CFBE410

cells transfected with F508del-CFTR. The activity was measured with the YFP test. The horizontal

50



non dotted line indicates the level of activity of cells treated with the VX-809 corrector (1 pm). The
dotted line indicates the activity of cells treated only with DMSO (Liessi N. et al., 2018).

For some compounds a good activity can be observed compared to the medium (treatment with
DMSO), confirming that the compounds belonging to this library maintained the functional
interactions established by VX-809 and providing significant activities as correctors. Among them, a
number of analogues was identified featuring values in terms of CFTR rescue ability comprised

between 0.09 and 0.2 uM, with compound 2a being the most active (ECso = 0.087 uM).

3.2 Aim of the Thesis

The aim of my thesis is to synthetize, characterize and purify new active and potent molecules assayed
in biological tests as F508del-CFTR correctors, useful alone or in association with other drugs to
allow the rescue of the CFTR protein.

In particular I started by the structure of compound 2a, in Fig. 16, previously developed by my Team

and I modified every portion to obtain a functional backbone to decorate.

Based on the previous data (Liessi et al., 2018), in which the thiazole ring was modified at different
positions, we have identified that the most active compound 2a (ECso= 0.087 uM) was characterized
by a substitution at position 5 of the thiazole ring with benzoyl group and phenyl ring linked at the

thiazole position 4.

Figure 16. Structure of compound 2a

In addition, my Team has already demonstrated that substitution at position 5 of the thiazole ring was
necessary for a good activity, since the most active derivatives of the previous series contained a

substituent at position 5 (Liessi et al., 2018).
I divided the promising compound 2a in three portions to study as every moiety influenced the

biological activity (Figure 17).

In fact, compound 2a can be divided into three fragments that can be studied one at time.
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A C
B

Figure 17. Considered portion to examinate compound 2a. Portion A in yellow is the
benzo[d][1,3]dioxole; portion B in pink is the cyclopropane carboxamide; portion C in light blue is

the aminothiazole cycle.

I have studied in order:
- The role of the benzo[d][1,3]dioxole (portion A)
- The role of the cyclopropane carboxamide (moiety B)
- The modification on the substituents of the thiazole (cycle C)
Only in the last condition, I obtained two different libraries of compounds in which I have studied

first the substitutions at position 5 and then the substitution at position 4 of the thiazole ring (Fig.18).
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Figure 18. Libraries of compounds derived by the modification of portion C in compound 2a

In add, the group of Computational Chemist of Department of Pharmacy proceed with molecular
docking studies focused on the prototype 2a, to explore the structure-activity relationship (SAR)

within the hybrid series and to point out novel beneficial chemical substitutions to decorate the

52



thiazole ring. Moreover, the selection of the most promising compounds to be synthesized has been
performed also taking into account the information and mathematical prediction of the QSAR model

previously built and published.

All designed compounds were synthesized and tested to investigate the structure-activity
relationships as correctors of F508del-CFTR.
By using the YFP functional assay on F508del-CFTR CFBE410- cells, we tested the compounds after
24 h incubation at three different concentrations to determine the ECso values of the compounds as
correctors of F508del- CFTR. Activity was then compared to that of cells treated with vehicle alone
(DMSO) or with the corrector VX-809 (1 uM).

Molecular docking studies were also carried out to study how my hybrids bind “in silico” to CFTR,

particularly on the NBDI1 portion, and compared to the docking of VX-809.

3.3 Chemistry

First, I decided to synthetize a compound in which I replaced the benzodioxole portion (portion A)
with another aromatic ring (compound 4). For the compound 4 a traditional Hantszch protocol was
used to furnish (2-amino-4-phenylthiazol-5-yl)(phenyl)methanone 2. In particular it was achieved in
high yield by the condensation of-bromo-1-,3-diphenylpropane-1,3-dione 1 with thiourea in refluxing
ethanol. The aminothiazole was conjugated with 1-(4-chlorophenyl)cyclopropanecarboxylic acid 3
with HATU/DIPEA activation in anhydrous N, N- DMF to afford the derivative 4 in good yield (40-
50%) (Schemel).

0= £ Tl £F

Scheme 1. Reagents and conditions: a) thiourea, ethanol, reflux, 2 h; 75% b) HATU, DIPEA, N,N-
DMF, 50°C, 18-24 h, 40-45%

To obtain the compounds with different portion B as Sb, 6b and 7b, the synthesis of amide derivatives

of 2-aminothiazoles were achieved by reaction of 2 with the suitable carboxylic derivatives (5a-7a)

53



with HATU/ DIPEA activation in anhydrous N,N - DMF leading to final compounds in good yields
(45%) (Scheme 2).
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2 6a X= CH,-CH(CHs) 6b X= CHy-CH(CH)
7a X= CH=CH 7b X= CH=CH

Scheme 2. Reagents and conditions: a) HATU, DIPEA, N,N- DMF, 50°C, 18- 24h, 45%

Then, I explored the role of the portion B synthetizing ethyl 2-(benzo[d][1,3]dioxol-5-yloxy)-2-
methylpropanoate 10 that was prepared by reaction of ethyl-2-bromoisobutyrate and
benzo[d][1,3]dioxol-5-0l 8 in anhydrous N,N - DMF at room temperature in the presence of K2COs.
Hydrolysis of substituted ester under aqueous basic conditions yielded acid derivative 9. Amide

coupling of 9 with 2-amino-4-phenylthiazol-5-yl)(phenyl)methanone 2 afforded final compound 10

in low yield (22%) (Scheme 3).
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Scheme 3. Reagents and conditions: a) ethyl- 2- bromoisobutyrate, K;COs, N,N-DMF, RT, 16 h; b)
KOH 6N, ACN, 60° C, 3 h, 61%; c) (2-amino-4-phenylthiazol-5-yl)(phenyl)methanone, HATU,
DIPEA, N,N-DMF, 50°C, 24h, 22%

Finally, to complete the study of the portion B, I decided to synthetize the compound 16 in which the
thiazole ring (portion C) was separated from the amide group (portion B) by a methylene. To obtain
compound 16, N-benzoyloxycarbonyl glycinamide 11 was thionated with Lawesson reagent in
toluene at reflux to give benzyl (2-amino-2-thioxoethyl)carbamate 12. Compound 12 condensed with
the appropriate alfa-bromodione 1 in ethanol, at reflux, to obtain the thiazole ring protected with the

benzoyl group 13. Then, benzyl ((5-benzoyl-4-phenylthiazol-2-yl)methyl)carbamate 13 was
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deprotected with acid solution and the product 14 reacted with 1-(benzo[d][],3]dioxol-5-
yl)cyclopropane-1-carboxylic acid 15, via activation of carboxylic group with uronium salts, to give

the final compound 16 in low yield (23%) (Scheme 4).

Scheme 4. Reagents and conditions: (a) Lawesson reagent, toluene, 110°C, 4 h; (b) EtOH, reflux, 1-
2 h; (¢) HBr/ CH3COOH 33%, 70°C, 24h; (d) HATU, DIPEA, N,N-DMF, 45°C, 24h (23%).

After this, I started to study the portion C evaluating the importance of a phenyl ring at position 4 of
the thiazole cycle. For this purpose, I synthetize compound 19d and 20d. For the synthesis of these
compounds (Scheme 5), the synthetic strategy hinged on a reaction between a substituted thiazole in
position 5 and cyclopropanecarboxylic acid derivative. The functionalized thiazoles used for the
substitution step were obtained via adaption of reported thiazole synthesis (Bodio et al., 2011).
Thiourea 17 was quantitatively activated as bis-thiazadiene 18 with excess of commercially available
N,N-dimethylformamide dimethylacetal in methanol. The thiazole ring was formed after addition of
the corresponding alfa-bromoketones 19a and 20a in tetrahydrofuran (THF). Intermediates 19b-20b,

which were not isolated, were deprotonated “in situ” by addition of triethylamine. The second imine,
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used here as a protecting group, was subsequently removed with methylamine in water to form the
expected products 19¢ and 20¢ in good yield.

The final products 19d and 20d were obtained by condensation of the 2-amino-thiazole with the
carboxylic group of cyclopropanecarboxylic acid derivatives as previously described (Scheme 4) in

good yields (30-50%).
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Scheme 5. Reagents and conditions: a) N, N- Dimethyl formamide dimethyl acetal, DCM, reflux, 4
h; b) THF, TEA, RT to reflux, 18-20 h; ¢) 33% aq CH;NH., THF, rt, 24 h; d) HATU, DIPEA, N,N-
DMEF, 50° C, 24-36 h (30- 50%).

To synthesize derivatives 29, 30 and 31 and all the compounds of the first library (32 — 58) I applied
the same synthetic route reported in Scheme 6, but starting from aliphatic, heteroaromatic,

heterocycle or aromatic haloketones (Scheme 4) (For R groups see the table 5 and 6).

To obtain the similar backbone, I synthetize first the aminothiazole portion, utilizing a convergent
synthesis in accord with the Wang protocol, with some modifications (Wang et al., 2014) and then I
conjugated the thiazole portion with 1-(benzo[d] [1,3] dioxol-5-yl)cyclopropanecarboxylic acid.

A protected carbamothioyl amide was conjugated with substituted a-bromoketone, to obtain a
selective introduction of the substituent groups on the thiazole ring.

The reaction of 4-(methoxy)benzaldehyde 21 and 1-[4- (methoxy)phenyl]methanamine 22 heated in
refluxing methanol and followed by the reduction with NaBHi, gives bis((4-(methoxy)
phenyl)methyl)amine 23 in high yield (90%) .
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Bis ((4-(methoxy) phenyl) methyl) amine 23 condensed with benzoylisothiocyanate 24, to give a
protected carbamothioyl amide 25 in high yield (> 50%).

Condensation of protected carbamothioyl amide 25 and a-halo ketone 26 in N,N-DMF, afforded the
thiazolic derivatives 27, this step, followed by deprotection in acid conditions and long times, give
the aminothiazole 28 which was then further conjugated with 1-(benzo[d] [1,3] dioxol-5-
yl)cyclopropanecarboxylic acid 15 to produce the desired analogues 29 — 58 in low yields (11-38% )
(Scheme 6).

This last synthetic step was achieved by reaction of 2-amino- thiazole with the carboxylic group of

cyclopropane carboxylic acid derivatives with uronium salt activation in anhydrous solvents.
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Scheme 6. Reagents and conditions: (a) methanol, reflux, 3 h; (b) NaBH4, 0 °C to RT, 10 h; (c)
acetone, 0 °C, 2 h; (d) N,N-DMF, 85 °C, 3 h; (e) TFA, 100 °C, 36-48h; (f) HATU, DIPEA, N,N-
DMEF, 50 °C, 24-48 h (11-38%).

In details, to obtain compound 46 belonging to the first library, I had to synthetize the bromo-ketones
63 with a particular procedure; I started from acetylacetone 59 that condensed with an excess of N,N-
dimethylformamide dimethyl acetal (DMF-DMA) to give enamine 60. The reaction between enamine
60 and benzimidamine 61 afforded the corresponding pyrimidine derivatives 62. Compound 62 is
brominated at position alfa of the ketone group with copper (II) bromide in a selective manner to

obtain compound 63 (Scheme 7).
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Scheme 7. Reagents and conditions: (a) DMF- DMA, 100°C, 2 h; (b) EtOH, reflux, 3 h; (¢) CuBr,
dioxane, 50°C, 1 h, then 85°C, 30 minutes.

Once obtained the desired bromo-ketone, it reacts with compound 25, as previously cited in scheme

6, to obtain the final product 46.

To synthetize compounds of the second library (69 — 96), with different substituents on the phenyl at
position 4, I utilized a similar scheme of synthesis with a modification in the first steps of the reaction.
The appropriate acyl chloride 64 reacts with ammonium thiocyanate in acetone to give the decorated
thiocyanate 65.

Condensation of thiocyanate 65 with bis(4-methoxybenzyl)amine 23, achieved in the same way
described, allows a protected carbamothioyl amide 66 in high yield (>50%) to be obtained.
Compound 66 condensed with the appropriate alfa bromo-ketones 26 in DMF to give the protected
2-aminothiazole 67. The amino group of 67 was deprotected in acid condition and long time to afford
compound 68. In the last step, aminothiazole 68 is conjugated with 1-(benzo[d] [1,3] dioxol-5-
yl)cyclopropanecarboxylic acid 15 via activation of acid group with uronium salts to obtain the

desired products 69-96 (Scheme 8).
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Scheme 8. Reagents and condition: (a) MeOH, reflux, 3 h; (b) NaBH4, 0 °C to RT, 10 h; (¢) NH4SCN,
acetone, 0°C, 2 h; (d) acetone, RT, 2- 3 h; (e) N,N-DMF, 85 °C, 3 h; (f) TFA, 100 °C, 36-48h; (g)
HATU, DIPEA, N,N-DMF, 50 °C, 24-48 h (16 - 43%).
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3.4 CFTR assay

CFBE41o0- cells expressing F508del-CFTR and halide-sensitive yellow fluorescent protein (HS-YFP)
are platted on 96-well transparent black microplates (Corning Life Sciences, Acton, MA) at a density
0f 50,000 cells/well and held at 37 °C in 5% CO2 for 24 hours. For the corrector assay, the CFBE41o-
cells are treated for 24 hours with the compounds to be tested, with or without the VX-809 as the
reference corrector. At the time of testing, the culture medium is removed and the cells are gently
washed with saline solution (PBS) complete with divalent ions (137 mm NaCl, 2.7 mm KCI, 1 mm
CaCly, 0.5 mm MgClz, 1.5 mm KH 2PO4, 8.1 mm NaxHPOg4 at pH 7.4). After washing, the cells are
incubated for 25 minutes at 37° C with 60 pl of PBS plus 20 pm of forskolin (which stimulates the
production of intracellular cAMP, to maximize phosphorylation of the CFTR protein) and 50 um of
genistein (as a potentiator).

At the time of testing, CFBE410- or FRT cells are transferred to a microplate reader (FluoStar Galaxy;
BMG Labtech) to determine the activity of CFTR. The microplate reader is equipped with high
quality YFP excitation (HQ500/20X: 500 10 nm) and emission (HQ535/30M: 535 15 nm) filters
(Chroma Technology Corp., Brattleboro, VT). The test consists of a continuous fluorescence reading
for 14 seconds, 2 seconds before and 12 seconds after injection of a solution containing I- (165 pl of
PBS modified with Cl- replaced by I-; the final concentration of I- in the well is 100 mm). After
background subtraction (i.e., cell-free basal fluorescence), the data is normalized with respect to the
initial fluorescence values. To determine fluorescence quenching (QR) due to I-influence, the data
corresponding to the final 10 seconds for each well are interpolated with an exponential function to

derive the initial slope (df/dt).

Cell cultures:

* Bronchial epithelial cell line CFBE410™ in which F508del-CFTR is co-expressed with the halide-
sensitive yellow fluorescent protein (HS-YFP), grown with MEM (Minimum essential medium) soil.
* FRT cells in which HS-YFP and F508del-CFTR are co-expressed, cultivated with soil Coon’s
modified Ham’s F-12.

Both media are added with fetal calf serum 10%, glutamine 2 mm, penicillin 100 U/ml and

streptomycin 100 g/ml.
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Chapter 4: Results and Discussion

4.1 Role of the Portion A and of the Portion B
I divided the structure of the progenitor compound 2a in three parts and first of all I studied the role
of portion A and B in modifying the activity.

In particular, portion A and B were modified one a time.

B

Figure 19. Structure of the progenitor compound 2a. Portion A and portion B are highlighted in
yellow and in pink. These portions were modified one at time to extrapolate their role in the corrector

activity in F508del-CFTR.

I started to investigate the role of the benzo[d][1,3]dioxole (A), hence, I replaced it by p-chlorophenyl
and I obtained the compound 4, not active (Table 2).

This data confirmed the results obtained by Doiron (Doiron et al.; 2019) on VX-809 and analogues;
in fact, substituting the benzodioxole portion of both VX-809 and of one of its structural analogues
(in which the pyridine ring was replaced by a phenyl) with a methoxyphenyl, the corrector activity
turned out of approximately 50% reduced.

I can conclude that the portion A is fundamental for the biological activity.

Then I examined portion B, keeping intact the aminothiazole core of 2a (portion C) and the
benzo[d][1,3]dioxole portion (portion A). I’ve synthetized 4 molecules in which I have modified the

cyclopropane carboxamide:
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Compound 5b without the cyclopropane ring
Compound 6b without the cyclopropane ring and with isobutyramide portion
Compound 7b without the cyclopropane ring and with acrylamide portion

Compound 10 without the cyclopropane ring and with aryloxy-2-methylpropanamide moiety

In all the cases compounds were not active as correctors (Table 2).

Thanks to this information I can confirm the importance of the benzo[d][1,3]dioxole cyclopropane

carboxamide moiety for corrector activity.

Finally, I synthetized compound 16 (Table 2), in which the carboxy amide (portion B) has been

spaced by a methylene from the thiazole core (portion C), to increase the distance between portion B

and C, but this modification led to a compound not active.

Table 2- Compounds with modifications to study the importance of the benzo[d][1,3]dioxole

cyclopropane carboxamide moiety (A+B) for corrector activity

Compound Structure Activity
4 O No Active
Cl o N < o
s
"W
5b O No Active
o) o N o
AT
(@] N S
SR
6b O No Active
o N 0
A
<°©/7)LN13 ;
0 Y
7b

O No Active
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16 No Active

4.2 Role of the Portion C

Finally, I studied the role of the aminothiazole portion (portion C, fig. 20).

(o
AL

Figure 20. Structure of the progenitor compound 2a. Portion C is highlighted in light blue. Portion

C was modified with different chemical groups to study how different functional groups impacted on

the corrector activity in F508del-CFTR.

First, I have demonstrated that the C-4 aryl group of the 2-aminothiazole is crucial for activity, as its

removal, in 19d (ECso=2.57 uM) and 20d (ECso= 9.3 uM) led to decreasing activity with respect to
the progenitor (ECso=0.087 uM) (Table 3).

Then I decided to fix the aromatic ring in 4 and to study only the modification at position 5, with the

aim to obtain correctors with an increased potency and activity, in comparison with compound 2a.
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Table 3 — Compounds without substituents at position 4 of the thiazole cycle

Compound

Structure

ECso (uM)

19d 2.57
(@]
(@) N
{ ng
(@) N*S o)

9.3

20d

\
@]
O
(0] N
< &Q
(0] NJ\S o)

Therefore, I inserted a different keto group respect to the benzoyl one, as an aliphatic like methyl in
29, heteroaromatic like pyridine in 30 and heterocycle like morpholine in 31 (Table 4). All the
substitutions were made in the same position. Only compound 30 (ECso= 0.79 uM) had a certain
activity, while compound 29 (ECso= 2.72 uM) and, overall, 31 (ECso = 8.5 uM) led to decreasing
activity with respect to the progenitor 2a (ECso= 0.087 uM), demonstrating the importance of the

benzoyl group at position 5 on the thiazole ring.

Table 4 — Hybrids with the replacement of the phenyl ring in 5 with different moieties

© 0 Né R
T I A

Compound R ECso (uM)
29 -CH3 2.72
30 0.79
N
|/
31 8.50
(\NE%
O
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Understood both the importance of the phenyl ring in position 4 and the benzoyl in 5, I explored
several substitutions in the phenyl ring at position 5, obtaining a first library of compounds with

modifications in 5 and leaving the ring unchanged in 4 (see Table 5).

At first, [ examined the para position so, I introduced a small group like p-methoxy, obtaining a weak
active molecule 32 (ECso = 0.45uM) respect the progenitor 2a (ECso = 0.087uM). Then, the
replacement of the p-methoxy with its bioisoster, p-thiomethyl in compound 33, led to an increase in

potency (ECso= 0.10uM).

After that, I lengthened the alkyl portion of compound 32, inserting a p-propoxy group, in this way,
I obtained compound 34 (ECso= 0.017uM), that shows an increased activity respect the progenitor
2a. Finally, I introduced a p-trifluoromethoxy, increasing the lipophilicity, and I obtained compound

35 of weak activity (ECso = 0.36uM).

I then synthesized a further series of hybrids characterized by the presence of the carboxyl group; by
inserting an acid group in para, a not active molecule 36 was obtained (ECso = 7,31uM); the same
result was evaluated with an amide group 37, while the esterification of the acid group with ethanol
results in a more active compound 38 (ECso = 0.41uM), although in this series I have not obtained

any promising compounds.

Since in the first series the compound 34 with aliphatic chain showed a good activity, I synthesized
a compound with p-pentyl substituent 39 (lacking of the ethereal bridge), but unfortunately, I have
not achieved improvements in the activity (ECso = 0.43uM).

The presence of a hetero atom between the alkyl chain and the aromatic ring seems to be ameliorative
for the activity of the molecule, so I tried to insert a tertiary amino group, obtaining compound 40

with good activity (ECso = 0.21uM), although less than 2a.

I have therefore inserted in para position, a bulky halogen like bromine 41, without obtaining any

improvement in the activity (ECso = 0.53uM).
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Finally, I synthesized a small series of compounds that have another cycle in para, like a p-phenyl,
obtaining one of the most active molecules of the library 42 (ECso = 0.07uM), an aromatic heterocycle
that resulted in a molecule 43 that is not so active (ECso = 1.06 uM) and an aliphatic heterocycle in
which the heteroatom is directly linked to the phenyl, obtaining a partially active compound 44 (ECso
=0.37uM). Then, by introducing a sterically bulkier ring, like a benzodioxol 45, I obtained a molecule
with a good activity (ECso = 0.11uM). Finally, I synthetize a compound in which between the ketone
group and the phenyl ring, I placed a pyrimidine ring 46, creating a bulkier substituent with a good
activity (ECso = 0.28 uM).

To understand the importance of the position of the substituent, I moved some groups from the para
position to the meta one.

The presence of the methoxy group in meta gave a compound 47 more active than the analogue para
substituted (ECso= 0.10 uM vs 0.45 uM); so, I moved the same group in ortho 48, confirming also
in this case, a better activity (ECso = 0.14 uM).

Moving the bromine from the para position to the meta, 49, an increase of the activity was observed
(ECs0=0.18 uM vs 0.53 uM); therefore, I synthesized a compound that brought in meta position, a
less bulky halogen, like the fluorine 50, increasing the activity (ECso = 0.13 uM).

About compound 34, on the other hand, the same substituent in meta, instead of para, provides
compound 51 with a good activity (ECso = 0.16 uM), but not comparable with 34, which is the most

active of the entire series. The same situation I observed with the m-phenyl 52 (ECso = 0.25 uM).

In the last round of substitutions, I’ve been dealing with compounds that are bisubstituted on phenyl.
Compound 53 with a methoxy group in para and a second methoxy group in ortho, show a weak
activity (ECso = 0.40 uM), but also in this case moving the methoxy group from the para position to
the meta, 54, 1 observed an increase in the activity (ECso = 0.11 uM). Keeping the p-methoxy and

inserted a halogen in meta, as in compound 55, there is no improvement in the activity (ECso= 0.41

uM).

I replaced the methoxy group with a more hydrophilic group, like the hydroxy, and substituted the
meta position, first, with an unsaturated alkyl chain in compound 56 and then, with a more polar

group 57, obtaining good results only in the first case (ECso = 0.28 uM and 13.7 uM). Finally, I
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moved the hydroxy group from the para to the ortho position and simultaneously I inserted a halogen

in meta, in compound 58, but in this case, the activity has been lost (ECso=1.60 uM). Only the mono-

substituted molecules with the halogen in meta (ECso=0.18 uM and 0.13 uM) maintain the activity.

Table 5 - First Library of Hybrids with different pattern of substitutions at position 5 of the thiazole

ring
G % *8 :
O N~ S
k 0
Compound ECso (uM)
32 0.45
~o
33 0.10
~s
34 L/Lz, 0.017
\/\O
35 0.36
LF
F~ O
36 7.31
HO
O
37 Not active
—HN
(0]
38 0.41
\/O
O
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0.43

0.21

0.53

0.07

1.06

0.37

0.11

0.28

0.10

0.14

0.18

Br

S

0

Br

39

40

41

42

43

44

45

46

47

48

49
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50 - s 0.13
51 __o B 0.16
52 0.25
53 ~0 0.40
~o” t
54 >0 0.11
o\
55 ol 0.41
~o
56 W 0.28
HO
57 0 13.70
HZNJ€©}K
HO
58 OH 1.60
Cl

I have therefore synthetized a second library of hybrids taking into account some information deduced
from substituents in position 5 and applying modifications at position 4 at the thiazole ring (Table 6).
As previously reported, the phenyl in 4 was maintained because its presence is fundamental for the
corrector activity, so I decorated the phenyl ring in 4 with different substituents. In this way I obtained

other information about the relationship with structure and corrector biological activity.
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I choose to maintain the active chemical groups, used in the previous library, as the p- methoxy; the

m-methoxy; the p-thiomethyl; the p-phenyl and the p-pyrrolidine.

First, I inserted a p-methoxy group in 4 on the backbone of compound 2a and I obtained a molecule
69 showing a decreased activity (ECso = 0.35 uM) respect to 2a (ECso = 0.087 uM). Then, I fixed the
para-methoxy in 4 working on substitution in 5, as:

a p-methoxy 70 (ECso=0.064uM )

a p-trifluoromethoxy 71 (ECso = 0.14uM ).

a p-thiomethyl 72 (ECso = 0.10uM )

a p-phenyl 73 (ECso = 0.14 uM)

a p-pyrrolidine 74 (ECso = 0.033 uM) and

a m-methoxy 75 (ECso = 0.12 pM)

to evaluate as this substituent (p-methoxy) can influence the activity.

In all the cases the substitution in 4, at the presence of a substituent on the benzoyl group in 5, resulted
beneficial in the activity of the molecules. In particular compounds 70 with the p-methoxy and 74

with the p-pyrroline demonstrated to be more active than the progenitor 2a.

I synthetized a second pattern of hybrids in which I studied the influence of the methoxy group in
meta, at position 4. In this case, when at position 5 is present a p-methoxy 76 the molecule is active
(ECso = 0.19 uM), but the activity decreased moving the methoxy group from the para to the meta
position 77 (ECso= 0.21 uM) and with thiomethyl 78 (ECso = 0.36 uM). The activity resulted also
decreased with a second cycle, as the p- phenyl 79 (ECso = 0.74 uM) and the p-pyrrolidine 80 (ECso
=0.60 uM). In all these cases the presence of the methoxy group in meta respect than in para in 4,
lead to a lowering in the activity.

The only molecule that shown a good activity in this series was decorated with a p-trifluoromethoxy

group 81 in 5 (ECso = 0.037 uM).

Then, the importance of the methoxy group on the phenyl ring in 4 was broadened by synthetizing
analogues moving the methoxy group in ortho. Based on the promising effects shown by the
compounds wearing in 5 p-methoxy and p-trifluoromethoxy, I maintained the same functional groups
and I obtained two compounds, 82 and 83 respectively, still active (ECso = 0.22 uM and 0.15 uM),

although the para and meta substitutions were optimal.
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I therefore studied if a polar group could give beneficial effect on the bioactivity, so I synthetized two
molecules with p-hydroxy in 4; I chose to maintain the p-methoxy 84 and p-trifluoromethoxy 85
groups at position 5. The activities of these compounds are lower than the analogues with p-OCH3 in
4, as 70 and 71 (ECso= 0.24 uM and 0.36 uM respect to 0.064 uM and 0.14 uM). So, I can conclude

that an increased polarity at position 4 of the hybrid leads to a decreasing in activity.

Then, I investigated the effects of elongation of the chain in 4 on the bioactivity. I synthetized two
molecules decorated on the phenyl ring in 4 with p-butoxy group and I maintained p-methoxy 86 and
p-trifluoromethoxy groups 87 in 5; they have similar values of ECso = 0.29 uM and 0.28 puM, but I
observed a decrease in the bioactivity, again, in comparison to the analogue with p-OCHj3 in 4

(compounds 70 and 71). So, the elongation of the alkyl chain in 4 is detrimental.

Finally, I decide to deepen the study about best compounds of the first library, as the hybrids
substituted in 5 with the p-phenyl 42 (ECso= 0.07 uM), the p-thiomethyl 33 (ECso = 0.10 uM) and
the m-methoxy 47 (ECso = 0.10 uM) groups.

Regarding the structure with the p-phenyl in 5, the presence in 4 of a p-methoxy 73 and of a m-
methoxy 79, as previously seen, led in the first case to an active compound while in the second give
a significant decrease in activity. So, different pattern of substitutions in 4 as a p-ester 88, p-
thiomethyl 89 and a pyridine 90, gave interesting results (ECso= 0.12 uM - 0.13 uM - 0.13 uM),
although none of them are as active as compound 42. On the contrary, the presence of a p-chloride

91, a more lipophilic group, led to a decrease in activity (ECso = 0.64 uM).

Then, I examined the compound with the methoxy group in meta position in 5. As already seen, the
presence of a p-methoxy group in 4 gives a compound 75 with good activity (ECso = 0.12 uM), while
with the insertion of m-methoxy group in 4, as in compound 77, the activity is slightly decreased
(ECso = 0.21 uM). Expanding this series, I insert new groups like a p-thiomethyl 92, a p-chloride 93
and a pyrrolidine 94 but, in all the cases the activity was decreased (ECso = 0,28 uM — 0.37 uM —
1.52 uM).

Eventually, I considered the molecule containing the thiomethyl in 5. The insertion of a p-methoxy
group in 4, as in compound 72, didn’t change the activity, while the presence of a m-methoxy group
78 had a detrimental effect. The derivative with two symmetric thiomethyl in para position of the

phenyl rings 95 caused a decrease in the activity (ECso = 0.30 9uM). Finally, I synthetized a
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compound containing the p- methyl carboxylate 96 in position 4, that shown a higher activity (ECso

=0.076 uM) if compared to many of this library.

Table 6 — Second Library of Hybrids with modifications at position 4 and 5 of the thiazole ring

<O]©XOL N'
(0] N S
5 (0]

R!
R

g

Compound R (5) R’ (4) ECso (uM)
69 “/12 0.35
~o
70 0.064
>0 ~o
71 0.14
E
F7 0 ~o
72 } 0.10
s ~o
73 0.14
® °
74 “/n: L/Lz 0.033
N ~o
75 0.12
O
~o
76 0.19
o | o
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4.3 Discussion

I compared the results obtained by the hybrids belonging of the first library, with the phenyl ring in

4 free, and by the hybrids of the second library, with different pattern of substitutions in 4, fixed the

same functional group on the benzoyl ring in 5.
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The presence of a p-methoxy group on the benzoyl group in 5 is always accepted, if the phenyl in 4
was substituted with any chemical group, like methoxy moiety in para 70 (ECso= 0.064 uM), in meta
76 (ECs50=0.19 uM) and ortho 82 (ECs0=0.22 uM) position or a p-hydroxy 84 (ECs0=0.24 uM) and
p- butoxy 86 (ECs0=0.29 uM) groups. In add, when there’s a p-methoxy in 5 the activity is higher

when the ring in 4 take a functional group respect the analogue 32 unsubstituted in 4 (ECs50=0.35uM).

In the presence of a p-trifluoromethoxy in 5 the compound is well tolerated with a substituent in 4
as methoxy group in para 71 (ECs50=0.14 uM), in meta 81 (ECs50=0.037 uM) and in ortho 83
(ECs50=0.15 uM) or a p-butoxy 87 (ECs0=0.28 uM), and the activity ameliorates respect the analogue
unsubstituted 35 in 4 (ECs0=0.36 uM); on the contrary with a more polar group 85 in 4, as the hydroxy
moiety, the activity is the same of the hybrid of the first series (ECs50=0.36 uM).

In the presence of a p-thiomethyl in 5, there is no precise trend because while with a p-methoxy 72
in 4 the activity is maintained (ECs0=0,10 uM), as the unsubstituted analogue 33 in 4 (ECs0=0.10uM),
with a p-ester 96 the activity is really increased (ECs50=0.076 uM), but with a p-thiomethyl 95 or a
m-methoxy 78 the activity is decreased (ECs50=0.30 uM and 0.36 uM).

With the p-pyrrolidine ring in 5, the presence of a p-methoxy group 74 in 4 is very advantageous
(ECs50=0.033 uM), on the contrary moving the methoxy group from the para to the meta position 80
is detrimental (ECs0=0.6 uM) respect the analogue with the phenyl ring unsubstituted 44 in 4
(ECs50=0.37uM).

Regarding the m-methoxy group in 5 the corrector activity is higher if the phenyl in 4 is without
substituents as in compound 47 (ECso = 0.10uM).

At last, with the p-phenyl in 5, the biological activity resulted decreased with a function group
decorating the ring in 4 respect compound 42 (ECso =0.07uM), but the introduction of some
substituents as the p-methoxy 73 (ECso =0.14 uM), the p-methyl ester 88 (ECso =0.12 uM), the p-
thiomethyl 89 (ECso =0.13 uM) and the p-pyridine 90 (ECso =0.13 uM) preserve the activity, even if
the insertion of p-chloride 91 (ECso =0.64 uM) and m-methoxy 79 (ECso =0.74 uM) are detrimental
for the activity.
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These data taken together have allowed me to identify which portions of the molecule are fundamental
in furnish the corrector activity and to identify some hybrids that can become a starting point for

developing new molecules with better activity.

4.4 Further Biological Assays on the First Library Hybrids
I selected the most active compounds belonging to the first library to subject them to further
investigations, as:

- the trans epithelial electrical resistance and potential difference measurements (TEER/PD), to
study the ability of the novel derivates to rescue F508del-CFTR on primary cultures of human
bronchial epithelial cells, from a CF patient homozygous for the F508del mutation;

- the Western blot (WB), to evaluate biochemically the rescue of processing defect;

- the surface plasmon resonance (SPR) to evaluate the effective capacity of the compounds to
bind F508del-CFTR in collaboration with .

I choose 33 (ECso= 0.10 uM) and 42 (ECso = 0.07 uM) to test in TEER/PD and in WB assays.
These biochemical tests have been conducted at U.O.C of Molecular Genetic (G. Gaslini).

Epithelia for 24 h were treated with test compounds at different concentrations: 33 (5 - 0.5 - 0.05
uM), 42 (10 — 1 - 0.1 uM), and with a positive control as VX-809 1 uM or vehicle alone (DMSO) as
negative control, and then assayed.

Trans epithelial electrical resistance was measured before and after stimulation with forskolin (20

uM) plus genistein (50 uM) to totally activate CFTR. It was then measured after addition of the CFTR
inhibitor PPQ-102 (30 uM) to fully block CFTR activity.
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Figure 21. Compounds 33 and 42 rescue F508del-CFTR activity in primary bronchial epithelia.

The graph reports the equivalent short-circuit current (calculated from TEER/PD measurements) in

F508del/F508del bronchial epithelia, treated for 24 h with test compounds at the indicated
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concentration, or VX-809 (1 uM), or vehicle alone (DMSO). Data are expressed as means + SD, n =
3.

The bar graphs of Figure 21 show the delta between the values of electrical resistance measured
before and after CFTR inhibition, converted into its reciprocal conductance.
As it appears evident, long-term treatment of CF primary bronchial epithelia with compounds 33 and

42 significantly increased both CFTR-mediated conductance and equivalent short-circuit current.

Then, the selected compounds 33 and 42 were assayed in the WB to evaluate F508del-CFTR
expression pattern. In WB, CFTR protein is detected as two bands:
- band B, of approximately 150 kDa, that corresponds to partially glycosylated CFTR residing
in the ER;
- band C, of approximately 170 kDa, that is the fully processed (mature) CFTR that has passed
through the Golgi.
The prevalent form in cells expressing WT CFTR is band C. Lysates of cells expressing F508del-
CFTR show primarily band B, consistent with the severe trafficking defect caused by the mutation.
F508del-CFTR/HS-YFP expressing CFBE410-cells were treated with DMSO as vehicle alone, with
test compounds 33 and 42 (0.5 uM) or with the positive control VX-809 (1 uM), to evaluate the effect
of hybrid compounds on CFTR electrophoretic mobility. After 24 h, cells were lysed and lysates were
subjected to SDS-PAGE followed by western blotting.
Western blot images were analyzed with Imagel software. For each lane, CFTR bands, analyzed as
ROI, were quantified after normalization for GAPDH to account for total protein loading.
Treatment of F508del-CFTR cells with corrector VX-809 significantly enhanced expression of
mature CFTR (band C), resulting in a change in the C band/B band ratio. Similarly, also the treatment
with my compounds resulted in a significant increase in the C band/B band ratio, comparable to that

obtained following treatment with VX-809 (Figure 22).
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Figure 22. Biochemical analysis of the F508del-CFTR expression pattern.

(A) Electrophoretic mobility of F508del-CFTR in 2 different preparations of CFBE41o0- cells, treated
for 24 hours with vehicle or test compounds (0.5 uM) or VX-809 (1 uM). Arrows indicate complex-
glycosylated (band C) and core-glycosylated (band B) forms of CFTR protein. (B) The bar graph
reports the densitometric analysis (means + SEM, n = 3) of band C/band B ratio normalized to

GAPDH. **P < 0.01 versus control (ANOVA with Dunnett’s post hoc test).

To demonstrate in which part of the protein these structures are linked and probably that the
mechanism of action of our hybrids involved the direct interaction with the mutated protein we exploit
the potential of surface plasmon resonance (SPR) to evaluate the effective capacity of the compounds
to bind CFTR protein. Hence, I selected two different compounds 34 (0.017 uM) and 42 (0.07 uM)
to bind to F508del-CFTR, exploiting a biosensor recently described by D’Ursi (D’Ursi et al., 2019),
in which the mutated protein was immobilized in membrane-like lipid vesicles as to resemble the
F508del-CFTR environment in vivo.

Increasing concentrations of 34 and of 42 were injected onto the biosensor containing F508del-CFTR
provided saturable and dose-dependent binding curves (Fig. 23) that allowed to calculate the Kd
values. Kd resulted equal to 38.2 £ 5.1 mM for 34 and 89.3 = 35.3 mM for 42.

VX-809 was used as a positive control and bound F508del-CFTR with similar affinity (Kd value

equal to 72.8 = 19.5 mM) in the same experimental condition.

78



of ‘Mm{ WLWq{A\L'W‘» " 1 25

51 ¢ 44 04 N4 4 0

RU

20 20

T T

-20 k1 » Iﬂ 1t ﬂ" 1t 1t fl T+t & | 0 . .
0 350 700 1050 1400 0 37,5 75 112,5 150
time (s) concentration (uM)

Figure 23. Left panels: Blank-subtracted sensor-grams derived from a single cycle analysis of 34
(upper panel) or of 42 (lower panel) both at 9.4, 18.8, 40, 37.5, 75, 150 uM injected on the F508del-
CFTR biosensor. White and black arrows point to the start and end of the injections, respectively.
Right panels: Steady-state analysis of 34 (upper panel) or of 42 (lower panel) injected onto the
F508del-CFTR-containing biosensor (same doses as above).

The results shown are representative of other three that gave similar results.

Finally, to confirm the hypothesis that my hybrids act as corrector of type 1, I decided to test some
of my compounds in combinations with VX-809 and VX-661 (the commercial drug available as type
1 correctors), to verify that they did not present any additive or synergistic effects.

So, we tested 33, 34, 42 in combination with VX-809 and VX- 661, in CFBE4lo-cells stably
expressing F508del-CFTR in the YFP functional assay. Cells were treated for 24 h with single test
compounds or their combinations and then assayed (Fig. 24). No additive or synergistic effect was
observed when combining 33, 34 and 42 with VX-809 or VX- 661, supporting the hypothesis that all

these compounds possibly share the same binding site.
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Figure 24. Analysis of corrector combinations. F508del-CFTR activity determined in CFBE41o—
cells with the HS-YFP.
Cells were treated with 42 (0.2 uM), 33 (1 uM), 34 (1 uM), VX-809 (1 uM) or VX-661 (10 uM), as

single agents or as combinations. **P < (.01 (ANOVA with Tukey’s post hoc test).

4.5 Further Biological Assays on the Second Library Hybrids

To corroborate the corrector activity of these new derivatives, I choose the most active compounds
to test in further biochemical assay.

I selected 74 (ECso=0.033 uM) and 81 (ECso= 0.037 uM) to test the ability of these compounds to
rescue F508del-CFTR on well-differentiated primary cultures of human bronchial epithelial cells.
Test were performed on cells from two different F508del homozygous subjects (donor codes: HBE73
and HBE93) by using electrophysiological techniques.

Bronchial epithelia were then treated for 24 hours with DMSO vehicle alone as negative control, or
with compounds 74, 81 (50 nM and 1 puM), or with VX-809 as positive control (at the same
concentrations used for test compounds).

The following day, epithelia were mounted in Ussing chambers for measurement of chloride
transepithelial transport by short-circuit current measurements. After blocking epithelial sodium
channel (ENaC) activity with amiloride, cells treated with vehicle (DMSO) showed little CFTR
function, as indicated by the small response to the membrane-permeable cAMP analog CPT-cAMP

and the potentiator VX-770. The low activity of F508del-CFTR in the apical membrane was
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confirmed by adding the selective CFTR inhibitor, CFTRinh-172, which caused a relatively small
current drop.

As expected, 24 h incubation with corrector VX-809 resulted in dose-dependent significant F508del-
CFTR rescue, as evidenced by the marked current increase elicited by stimulation with CPT-cAMP
and VX-770 and the amplitude of the current drop caused by CFTRinh-172.

Epithelia treated with 74 and 81 showed significant increase in CFTR-dependent function as

compared to DMSO-treated epithelia, although the rescue observed was lower than that achieved

following treatment with VX-809.
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Figure 25. Evaluation of the effect of hybrid derivatives 74 and 81 on F508del-CFTR activity
measured on human primary bronchial epithelia derived from two CF patients.

A. Representative traces from Ussing chamber recordings of human primary bronchial epithelia
derived from a homozygous F508del patient (donor code: HBE73) following 24 h treatment with
DMSO alone or indicated test compounds.

B. Dot plots summarizing CFTR-mediated currents from Ussing chamber recordings of human
primary bronchial epithelia derived from two homozygous F508del patients (donor codes: HBE73
and HBEO93) treated as described in A. Analysis of variance was calculated for the groups. Asterisks

indicate statistical significance versus negative control: * P <0.05; ** P <0.01; *** P <0.001.
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Then, 3 hybrids, as 70 (ECso = 0.064 uM), 74 (ECso = 0.033 uM) and 81 (ECso = 0.037 uM) were
utilized to biochemically study the rescue of the trafficking defect by analyzing the electrophoretic
mobility of mutant CFTR protein.

In addition, to estimate the effect of our molecules on CFTR expression pattern, we treated F508del-
CFTR/HS-YFP expressing CFBE410-cells for 24 h with test compounds 70, 74 and 81 (50 nM and
1 uM) VX-809 as positive control or DMSO as vehicle alone.

The next day, cells were lysed and the obtained lysates were subjected to SDS-PAGE followed by
western blotting. Western blot images were analyzed with ImagelJ software. CFTR bands, analyzed
as ROI, were quantified in each lane after normalization for GAPDH as loading control. The treatment
of F508del-CFTR cells with 70, 74 and 81 resulted in a significant enhancement in the C band/B band
ratio, similar to that with VX-809, see Figure 26.
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Figure 26. Biochemical analysis of the F508del-CFTR expression pattern.

A. The Western Blot image shows the electrophoretic mobility of F508del-CFTR in CFBE41o0- cells,
treated for 24 h with vehicle alone or test compounds (as indicated). Arrows indicate mature,
complex-glycosylated (band C) and immature, core-glycosylated (band B) forms of CFTR protein.
B. Quantification of the C band / B band ratio in experiments as in A. Data are shown as mean + SD
(n =3 independent experiments). Asterisks indicate statistical significance versus negative control: *

P <0.05; ** P <0.01.

I have previously shown that the combination of our hybrids with VX-809 or VX-661 showed no
additive or synergistic effect, sustaining the concept that all these hybrids may have the same binding
site.

Now, to further characterize the activity of these novel compounds, we tested the novel derivates 70,

74 and 81, along with VX-809 as positive control, in combination with VX-445 (3 uM), at today
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considered a type 3 corrector, in CFBE410-cells stably expressing F508del-CFTR by using the YFP
functional assay.

Cells were treated for 24 h with test compounds at different concentrations, in combination with VX-
445 (3 uM), and then assayed after maximal stimulation of F508del-CFTR in the presence of
forskolin (20 uM) plus VX-770 (1 uM). The three novel derivatives as well as VX-809 showed a
clear additive effect with VX-445, in particular the combinations based on 74 and 81 were as effective
as the combination with the positive control VX-809 in terms of maximal rescue and activity at low
concentration (Fig. 27). These results can further confirm the putative mechanism of action of our

hybrids, as type 1 correctors.
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Figure 27. Functional analysis of corrector combinations. F508del-CFTR activity was determined
in CFBE41o0- cells with stable expression of the HS-YFP. Cells were treated for 24 h with VX-445
(3 uM) alone or in combination with 70, or 74, or 81, or VX-809 at different concentrations (from
102 nM to 10 uM). The YFP-based assay was performed after stimulation of CFTR activity with
forskolin (20 uM) plus VX-770 (1 uM).
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4.6 Molecular Docking Studies

Beyond QSAR prediction, the computational chemist group of the Pharmacy Department performed
preliminary docking studies to gain further useful information to guide the rational design of new 2a
analogues.

In this context, the research group of University of Brescia by Rusnati, SPR studies performed with
the corrector VX-809 on F508del-NBD1, molecular docking and dynamics simulations. These
studies supported a key role played at the NBD1 - CFTR by the corrector VX-809 to rescue CFTR
and demonstrated a strong agreement between the theoretical prediction and the experimental SPR-
based data (Rusnati et al., 2018).

Then, the computational chemist team of Genova proceed to apply molecular docking studies around
the human F508del-CFTR NBD1 domain and described two putative binding positioning for the
corrector VX-809, namely POS1 and POS2.
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Fig. 28. Selected docking poses of VX-809 within the CFTR hNBD1 domain as POS1 (A) and POS2
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(B). The most important residues are labelled.

As shown in Fig. 28A (POS1), the oxygen atom of the carboxamide group of VX-809 is involved in
one H-bond with the N659 side- chain, while the carboxylic group is engaged in H-bonds with T460
and G461 and in ionic contacts with K464. The aromatic rings of VX-809 occupy the protein pocket
delimited by S573, G576, V603 and A655, exhibiting van der Waals contacts while the benzo-dioxole
core is projected towards Y577 and E656.

Concerning POS2 (Fig. 28B), two H-bonds with the key residues K464 and T465 are formed by the
two oxygen atoms of the benzodioxole core. The negatively charged carboxylic group of the corrector
is H-bonded to the backbone of E656. The overall positioning recognized as POS2 allowed VX-809
to occupy the same binding pocket described for POSI, since the aromatic rings and all the

substituents are placed in proximity to the previously cited G461, V603, A655 and N659.
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Then, compound 2a was examined, showing a docking mode similar to those of VX-809 in POS2.
So, our computational team performed also docking studies on my hybrids to better investigate their
putative mechanism of action. Here, I report the molecular docking of some of the best compounds

in the libraries.

The most potent compound 34 displayed a similar docking positioning with those observed for VX-
809, highlighting the importance of bulky, flexible and quite lipophilic groups linked at the benzoyl
moiety. The benzodioxole moiety of 34 is H-bonded to G461, K464 and T465, while the oxygen atom
of the benzoyl group displays contacts with the backbone of E656 and the propoxy group features
hydrophobic contacts with the aromatic ring of Y577.
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Figure 29. Docking mode of 34 (C atom; orange) in comparison with that of VX-809 (C atom; light
green) (A) at the hNBD1 domain of the F508del CFTR mutant.

(A)

This kind of docking mode was shared by most of the other promising hybrids, such as 33 featuring

a thiomethyl group onto the para position of the benzoyl substituent.
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Figure 30. Docking mode of 33 (C atom; dark cyan) (A) in comparison with that of VX-809 (C atom;
light green) (A) at the hNBD1 domain of the F508del CFTR mutant.

Analogues of compound 33, as compound 72 (EC50 =0.10 uM) and 96 (EC50 = 0.076 uM), bearing
a p-OCH3 or a p-methyl ester phenyl in position 4 of the thiazole ring, got comparable or higher

potency then the precursor 33. As shown in Figure 31, the derived docking poses for all of them
guarantee contacts with the protein region delimited by W1063, V1293, and K1351, in add,
compound 96 more potent than 72, exhibits additional H-bonds with 1177 and E267
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Figure 31. Docking positioning (starting from left) of the hybrid precursor 33 and of the newly
synthesized analogues 72 and 96 at the modelled F508del-CFTR.

Compound 42 (EC50 = 0.07 uM) is characterized by the biaryl moiety and displayed a switched
positioning fig. 32, probably caused by the steric hindrance due to the bulky biaryl group. In any case,
this docking mode allowed maintaining the aforementioned key contacts with N659, K464 and T465
while interaction with E656 or Y577 appeared to be both involved in stabilizing the compound at the
hNBD1 domain.
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70\

Figure 32. Docking mode of 42 (C atom; yellow) in comparison with that of VX-809 (C atom; light
green) (A) at the hNBD1 domain of the F508del CFTR mutant.

The analogues of compound 42 with same bi-aryl motif in 5 showed good corrector ability only when

combined with small H-bonding groups at the para position of the phenyl ring at position 4.

In accordance with these data, the most promising derivatives, disclosed in the second library of
molecules, featured a methoxy substituted phenyl ring tethered at the position 4 of the main thiazole,
as described for compounds 70 (EC,, = 0.064 uM), 74 (EC,, = 0.033 uM), and 81 (EC,, = 0.037
uM). Here, I reported the docking mode of compound 74, the most potent molecule of this last series.
Compound 74, displaying the p-OCH3-phenyl substituent in position 4, moved this portion of the
corrector towards the same crevice of the protein, interacting with the surrounding residues W1063.
It maintained the key contacts with K1351 thanks to the carboxamide group, and it was H-bonded by
the benzodioxole oxygen atoms to 11296, (Figure 33).
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Figure 33. Docking positioning at the modelled F508del-CFTR of 9b (C atom; light sea green) and
74 (C atom; purple).

In addition, it shown further H-bonds with L.1062 by means of the methoxy group in 4. It should be
noticed that the bulkier substituent in 5 of 74 was projected towards the deeper crevice delimited by

W496, K1060, and W1063, featuring n—r stacking.
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Conclusion

In this work, I started from a molecule previously synthesized my laboratory, named 2a (ECso = 0,087
uM) , and active as a corrector against F508del- CFTR and I synthetize analogues taking into account
each structural portion to understand which moieties were needed to maintain biological activity.
Once determined the backbone of the molecule, I proceeded through the decoration of the two
aromatic rings with different functional groups, obtaining two different libraries of molecules, in
order to optimize the corrector activity and obtain more potent compounds.

The synthesis, characterization and purification of each molecule was followed by functional
biological tests and in particular the most active compounds were subjected to further biochemical
tests, obtaining the following information about my new compounds:

- they bind directly to the CFTR protein (confirmed by SPR as observed in silico through molecular
docking studies)

- they increase the rescue of the trafficking defect of CFTR (confirmed by WB)

- they may be classified as type 1 correctors (having no additive effect /synergy with VX-809, type
1 corrector taken as reference, but showing such effect with VX-445, type 3 corrector as reference;
docking studies confirm the binding of compounds with NBDI1, too).

In this work in which a multidisciplinary approach was utilized, merging computational, synthetic
and biological methods, it was possible to obtain more potent compounds than the progenitor
compound 2a, as compound 34 (0.017 uM), 42 (0.07 uM), 74 (0.033 uM ), 81 (ECso= 0.037 uM)
and 70 (0.064 uM), exploitable also in combination with other molecules with different mechanism
of'action against the mutation F508del-CFTR. My approach highlighted the effectiveness of VX-809-

like derivatives, exhibiting the thiazole main core, as endowed with F508del CFTR corrector ability
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Experimental

Chemistry

Reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar, VWR and Zentek used as
received unless otherwise indicated.

Solvent removal was accomplished with a rotary evaporator at ca.10e50 Torr. The analytical
instrument used was an Agilent 1260 HPLC. The analytical HPLC column was a Phenomenex C18
Luna (4.6 250 mm, 5 mm).

The preparative HPLC was Agilent 1260 Infinity preparative HPLC and the column used for
preparative chromatography was a Phenomenex C18 Luna (21.2 x 250 mm, 15 mm). The analysis of
the intermediates and the raw products was performed by liquid chromatography-electrospray mass
spectrometry (HPLC-ESI-MS) using an Agilent 1100 series LC/MSD ion trap instrument.

HRMS experiments were performed using Q Exactive Orbitrap instrument by Thermo Scientific.
The nuclear magnetic resonance (NMR) spectrometer was a Varian Gemini 200 MHz.

The proton spectra were acquired at 200 MHz while carbon spectra were acquired at 50 MHz, at room
temperature. Chemical shifts are reported in d units (ppm) relative to TMS as an internal standard.
Coupling constants (J) are reported in Hertz (Hz).

All the raw powders obtained were purified with preparative HPLC using the following gradient:
from 0 to 5 min at 20% eluent B, then from 5 min to 40 min to 100% eluent B, from 40 to 45 min at
100% eluent B. Eluent A was water with 0.1% formic acid (FOA) and eluent B was acetonitrile with
0.1% FOA. All analogues submitted for testing were judged to be of 95% or higher purity based on
analytical HPLC/MS analysis.

Compound purity was determined by integrating peak areas of the liquid chromatogram, monitored

at 254 nm.

2-amino-4-phenylithiazol-5-yl(phenyl)methanone (2)

2-bromo-1, 3- diphenylpropano-1, 3-dione 10 (300.3 mg, 1 mmol) and thiourea (77 mg, 1 mmol) in
anhydrous EtOH (2 ml) was stirred at reflux until the reaction was judged complete (about 2 h)
(HPLC-MS).

The solvent was concentrated under reduced pressure and the mixture partitioned between
dichloromethane and H»O. The organic layer was washed with brine and dried over anhydrous
Na»S04.The organic phases were concentrated in vacuum and the crude product, verified by HPLC
and MS was purified with preparative HPLC to give the final product as white solid with purity
higher than 95% ,as confirmed by HPLC-MS (211 mg, 75%).

90



'"H NMR (200 MHz, DMSO-d6) & 7.98 (s, 2H,NH);7.42-7.35 (m, 2H,arom); 7.32-7.26 (m,
1H,arom); 7.23 (m,2H,arom); 7.17 (m, 3H,arom); 7.11 (m, 2H,arom).

BCNMR (75 MHz, DMSO-d6) d 188.5,170.9, 157.9, 138.5, 133.8, 131.7, 129.6, 128.5, 128.3, 127.7,
127.3, 122.5.

HRMS (ESI) calculated for C1sH13N20S [M + H]" 281.0743, found 281.0761.

N-(5-benzoyl-4-phenylthiazol-2-vl)-1-(4-chlorophenyl)cyclopropanecarboxamide (4)

A mixture of 1-(4-chlorophenyl)cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol), HATU (38 mg,
0.1 mmol) and DIPEA (38 pL, 0.1 mmol) was dissolved in anhydrous N,N- DMF (1 mL) and stirred
for few minutes. To the solution 2-amino-(4-phenylthiazol-5-yl) phenylmethanone 11 (28 mg, 0.1
mmol) was added. The reaction was stirred at 50 °C for 36 hours. After completeness, the mixture
was purified by using preparative HPLC. The title compound was obtained as pale brown oil with
purity of >95% confirmed by HPLC-MS (23 mg, 50%).

"H NMR (200 MHz, DMSO-d6): & 11.98 (s, 1H, broad, NH); 7.88-6.79 (m, 13H, arom); 1.73-1.45
(m, 2H, cyclopr); 1.43-1.16 (m, 2H, cyclopr).

13C NMR (50 MHz, DMSO-d6): & 188.2, 171.8, 159.7, 153.1, 146.8, 146.3, 138.5, 131.6, 129.2,
128.7,127.8, 124.2,123.1, 121.3, 118.4, 113.0, 110.2, 107.8, 100.6, 30.2, 15.5.

HRMS (ESI) calculated for C26H20CIN202S : [M + H]+ 459.09339; found 459.09273

2-(benzo/d][1,3]dioxol-5-vl)-N-(5-benzoyl-4-phenylthiazol-2-yl)acetamide (5b)
2-(benzo[d][1,3]dioxol-5-yl)acetic acid (18 mg, 0.1 mmol), DIPEA (38 uL, 0.1 mmol) and HATU

(42 mg, 0.1 mmol) were dissolved in in anhydrous N,N- DMF (1 mL). Then, to the solution was
added 2-amino-(4-phenylthiazol-5-yl) phenylmethanone 11 (28 mg, 0.1 mmol). The reaction was
heated to 50 °C for 15 hours. The purification of the final product was performed by preparative
HPLC to obtain the title compound as pale-yellow oil with purity of >95% as confirmed by HPLC-
MS (20 mg, 45%).

"H NMR (200 MHz, DMSO-d6): & 11.87 (s, 1H, broad, NH); 7.81-6.84 (m, 13H, arom); 6.00 (s, 2H,
OCH20); 3.12 (s, 2H, ArCH>C(0)).

3C NMR (50 MHz, DMSO-d6): & 188.4, 171.5, 159.7, 158.3, 152.7, 146.8, 146.3, 138.5, 131.8,
129.3, 128.7,127.9, 124.3, 123.2, 121.3, 118.5, 113.1, 110.3, 107.8, 100.6, 41.7.

HRMS (ESI) calculated for C2sH19N>O4S : [M + H]+ 443.10654; found 443.10554

3-(benzo/d][1,3]dioxol-5-vl)-N-(5-benzovl-4-phenylithiazol-2-yl)-2-methylpropanamide (6b)
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3-(benzo[d][1,3]dioxol-5-yl)-2-methylpropanoic acid (21 mg, 0.1 mmol) was dissolved in 1 mL of
anhydrous N, N- DMF with HATU (38 mg, 0.1 mmol) and DIPEA (38 uL, 0.1 mmol). The reaction
was stirred at room temperature and after 5 min and 2-amino-(4-phenylthiazol-5-yl)
phenylmethanone 11 (28 mg, 0.1 mmol) was added. The solution was heated to 50 °C until
completeness (about 20 h). The purification of the final product was performed by preparative HPLC.
The title compound, afforded as pale-yellow oil, had a purity of >95% as confirmed by HPLC-MS
(21 mg, 45%).

"H NMR (200 MHz, DMSO-d6): 8 11.98 (s, 1H, broad, NH); 7.82-6.79 (m, 13H, arom); 6.01 (s, 2H,
OCH20); 2.96 (m, 1H, CH); 2.78 (d, J = 6.2 Hz, 2H, ArCH2); 1.18 (d, 3H, J = 6.8 Hz, CH3).

13C NMR (50 MHz, DMSO-d6): & 187.6, 171.3, 159.7, 159.1, 153.1, 146.8, 146.3, 138.4, 131.8,
129.2,128.7,127.9, 124.2,123.2, 121.2, 118.4, 112.8, 110.2, 107.8, 100.6, 40.4, 36.8, 16.1.

HRMS (ESI) calculated for C27H23N204S : [M + H]+ 471.13784; found 471.13753

(Z)-3-(benzo[d][1,3]dioxol-5-yl)-N-(5-benzoyl-4-phenylthiazol-2-yl)acrylamide (7b)
((Z2)-3-(benzo[d][1,3]dioxol-5-yl)acrylic acid (19 mg, 0.1 mmol), HATU (38 mg, 0.1 mmol) and
DIPEA (38 uL, 0.1 mmol) were dissolved in anhydrous N,N- DMF (1 mL) and stirred for 5 min.

Then, 2-amino-(4-phenylthiazol-5-yl) phenylmethanone 11 (28 mg, 0.1 mmol) was added. The
mixture was heated to 50 °C overnight and then purified by preparative HPLC. The final product was
afforded as a pale brown oil with purity of >95% as confirmed by HPLC-MS (18 mg, 40%).

"H NMR (200 MHz, DMSO-d6): § 12.02 (s, 1H, broad, NH); 7.86-6.75 (m, 13H, arom); 6.34 (d, ] =
8.6 Hz, H, CH=); 6.22 (d, J = 8.6 Hz, H, CH=); 6.05 (s, 2H, OCH20).

3C NMR (50 MHz, DMSO-d6): & 188.1, 172.1, 159.7, 158.0, 153.2, 146.8, 146.3, 144.3, 138.4,
131.8,129.3,128.7, 127.9, 127.7, 124.1, 123.2, 121.2, 118.5, 112.8, 110.2, 107.8, 100.6.

HRMS (ESI) calculated for C26H1sN204S : [M + H]+ 454.09872; found 454.09772

2-(benzo/d][1,3]dioxol-5-vloxy)-N-(5-benzoyl-4-phenylthiazol-2-vl)-2-methylpropanamide (10)
Benzo[d][1,3]dioxol-5-0] 15 (138.0 mg, 1 mmol) and K>2CO3 (414 mg, 3 mmol) were dissolved in

N,N- DMF (1 mL). The solution was stirred for 10 min at room temperature and then ethyl 2-bromo-
2-methylpropanoate (176 pl, 1.2 mmol) was added. The resulting reaction mixture was stirred at room
temperature for 16 h. The residue was taken up in EtOAc and washed with H>O and brine, dried over
Na»S04, and concentrated under reduced pressure to afford the product, ethyl 2-(benzo[d][1,3]dioxol-
5-yloxy)-2-methylpropanoate, as a yellow oil (176.0 mg, 70%).
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Ethyl 2-(benzo[d][1,3]dioxol-5-yloxy)-2-methylpropanoate was dissolved in ACN (2 mL) and KOH
6N was added dropwise (1 mL). The reaction was stirred at T= 60 °C until complete hydrolysis (about
3h).

The mixture was then cooled to room temperature and concentrated under reduced pressure. The
residue was taken up in H>O, acidified with IN HCI and extracted with EtOAc / NaHCO3 IN (3 x 3
mL). The combined organic layers were washed with brine, dried over Na;SQO4, and concentrated
under reduced pressure to afford 2-(benzo[d][1,3]dioxol-5-yloxy)-2-methylpropanoic acid 16 (136.0
mg, 61%).

To a solution of 2-(benzo[d][1,3]dioxol-5-yloxy)-2-methylpropanoic acid (33.6 mg, 0.15 mmol) in
N,N- DMF, HATU (51.3 mg, 0.15 mmol) and DIPEA (57.7 uL, 0.15 mmol) were added and stirred
for 5 minutes at room temperature. Then, 2-amino-(4-phenylthiazol-5-yl) phenylmethanone 11 (42
mg, 0.15 mmol) was added and the resulting mixture stirred to T = 50°C for 24 h.

The final product was purified by preparative HPLC, and the peak of interest was concentrated under
vacuum to  obtain  2-(benzo[d][1,3]dioxol-5-yloxy)-N-(5-benzoyl-4-phenylthiazol-2-yl)-2-
methylpropanamide as a yellow powder, with purity of >95% as determined by HPLC-MS (15.9 mg,
22%).

"H NMR (200 MHz, DMSO-d6): 8 11.89 (s, 1H, broad, NH); 7.87-6.73 (m, 17H, arom); 6.02 (s, 2H,
OCH20); 1.22 (s, 6H, 2CH3).

13C NMR (50 MHz, DMSO-d6): & 186.8, 171.9, 159.7, 159.1, 152.8, 146.8, 146.3, 143.2, 138.5,
135.6, 132.6, 131.8, 130.6, 129.2, 128.7, 127.9, 127.3, 126.7, 125.7, 124.2, 123.2, 121.2, 118.6,
112.9,110.2, 107.8, 100.6, 58.2, 22.5.

HRMS (ESI) calculated for C27H23N205S : [M + H]+ 487.13276; found 487.13252

1-(benzo/[d][1,3]dioxol-5-yI)-N-((5-benzovl-4-phenylithiazol-2-vl)methvl)cyclopropane-1-
carboxamide (16)

N- benzyloxycarbonyl glycinamide (208.2 mg, 1 mmol) was solved in toluene and stirred for few

minutes; then Lawesson reagent was added portionwise (323.5 mg, 0,8 mmol). The reaction was
stirred at 110°C for 4 hours. Then toluene was removed in vacuum, and ethyl acetate and NaOH (aq)
1% were added to the mixture; organic phase and aqueous phase were separated and the aqueous
phase was extracted with ethyl acetate for 3 times (3 x 5 mL). The organic phases were combined,
dried over NaxSO4, and concentrated under reduced pressure to afford benzyl (2-amino-2-
thioxoethyl)carbamate (180 mg, 80%).

Benzyl (2-amino-2-thioxoethyl)carbamate (112 mg, 0.5 mmol) was dissolved in absolute EtOH
(2mL) and a solution of 2-bromo-1,3-diphenylpropane-1,3-dione (151 mg, 0.5 mmol) solved in EtOH
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was added dropwise. The reaction is maintained at reflux for 2 h. Then, the solvent was removed and
the mixture was taken up in EtOAc and washed with H O (3 x 5 mL), dried over NazSOs,
concentrated under reduced pressure and lyophilized to obtain benzyl ((5-benzoyl-4-phenylthiazol-
2-yl)methyl)carbamate (175.6 mg, 82%).

Benzyl ((5-benzoyl-4-phenylthiazol-2-yl)methyl)carbamate (175.6 mg, 0.4 mmol) was dissolved in
a solution of HBr / Acetic acid 33% (4mL) and stirred at 70°C for 24 - 48 h. The mixture was taken
up in ethyl acetate and washed with an aqueous saturated solution of bicarbonate (3 x 5 mL). The
organic phase was discarded, then the aqueous layer was extracted with ethyl acetate for 2 times. This
organic phase was dried over Na;SQO4, concentrated under reduced pressure and lyophilized to give
(2-(aminomethyl)-4-phenylthiazol-5-yl)(phenyl)methanone (25mg, 21%).
Benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol), HATU (34.2 mg, 0.09
mmol) and DIPEA (38 pL, 0.1 mmol) were resuspended in anhydrous N,N- DMF (1 mL) at room
temperature. After 5 min a solution of (2-(aminomethyl)-4-phenylthiazol-5-yl)(phenyl)methanone
(25 mg, 0.09 mg) in N,N- DMF was added, and the resulting mixture was heated to 50 °C for 24
hours. Preparative HPLC was used to purify the final product. The peak of interest was concentrated

to obtain a powder with a purity higher than >95%, as confirmed by HPLC-MS (10.0 mg, 23%).

1-(Benzo/d][1,3]dioxol-5-vI)-N-(5-(4-methylbenzovl) thiazol-2-yl)cvclopropanecarboxamide (19d)

N,N-Dimethyl formamide dimethyl acetal (1036 mL, 7.8 mmol) was added to a suspension of
thiourea (198 mg, 2.6 mmol) in DCM (2 mL). The mixture was heated at reflux for 4 h. The solvent
was removed and the residue was crystallized from diethyl ether to obtain (1E, 1’ E)-N’,N”’ -
thiocarbonylbis (N,N-dimethylformimidamide) (400 mg, 83%). ESI-MS: m/z 187.1 (M b H) p.

(1E, I’E)-N’ N’ -Thiocarbonylbis-N,N-dimethylformimidamide (100 mg, 0.53 mmol) was
suspended in THF (1 mL) and 2-bromo- methylacetophenone (113 mg, 0.53 mmol) was added. The
mixture was stirred at room temperature for 15 min and then TEA (147 mL, 1.16 mmol) was added
and the mixture was heated at reflux for 18 h. The mixture was concentrated under vacuum and after
extraction with EtOAc (3 x 3 mL), washed with H>O (3 x 2 mL). The organic phase was dried over
Na>S04, concentrated under reduced pressure to obtain (Z)-N’-(5-(4-methylbenzoyl) thiazol-2-yl)-
N,N- dimethylformimidamide (108 mg, 70%). ESI-MS: m/z 273.1 (M p H) p.

A 33% (wt./wt.) aqueous methylamine (400 mL) was added to a solution of (Z)-N’-(5-(4-
methylbenzoyl)thiazol-2-yl)-N,N-dimethylformimidamide (101 mg, 0,37 mmol) in THF (1 mL) and
the mixture was stirred for 24 h at room temperature. The mixture was concentrated under vacuum
and after extraction with EtOAc (3 x 3 mL), washed with H>O (3 x 2 mL). The organic phase was

dried over Na>SOs4, concentrated under reduced pressure to obtain a pale, yellow oil. Crystallization
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in acetonitrile furnishes (2-aminothiazol- 5-yl) (p-tolyl)methanone (36 mg, 45%). ESI-MS: m/z 219.1
[MpH]p.

Benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (33 mg, 0.16 mmol) was resuspended in
anhydrous N,N- DMF (1 mL), HATU (61 mg, 0.16 mmol) and DIPEA (56 mL, 0.16 mmol) were
added. After 5 min, (2-aminothiazol-5-yl) (p-tolyl) methanone (35 mg, 0.16 mmol) in anhydrous
N,N- DMF (500 mL) was added. The reaction was kept at T = 50° C until completeness (about 24 h).
The mixture was concentrated under vacuum and after extraction with EtOAc (3 x 3 mL), washed
with H>O (3 x 2 mL). The organic phase was dried over Na>SOs, concentrated under reduced pressure
and purified by preparative HPLC. The peak of interest was concentrated to obtain the title compound
as pale, yellow solid with purity of >95% as determined by HPLC-MS (32.4 mg, 50%).

"H NMR (200 MHz, DMSO-d6): d 11.87 (s, broad, 1H, NH); 8.05 (s, 1H, arom); 7.81¢6.78 (m, 7H,
arom); 6.04 (s, 2H OCH-0); 2.32 (s, 3H, CH3); 1.81e1.42 (m, 2H, CHa, cyclopr); 1.41e1.00 (m, 2H,
CHa, cyclopr).

BCNMR (50 MHz, DMSO-d6) d 186.2, 173.6, 146.8, 146.3, 137.0, 133.1, 129.6, 129.1, 121.3, 110.8,
107.2,101.2, 30.3, 24.6, 15.5.

HRMS (ESI) calculated for C22H19N204S: [M b H]p 407.10654; found 407.10608.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(4-methoxybenzoyl) thiazol-2-yl)cyclopropanecarboxamide
20d
(1E, I’E)-N’ N’ -Thiocarbonylbis-N,N-dimethylformimidamide (100 mg, 0.53 mmol) was

suspended in DCM (1 mL) and 2-bromo- 40-methoxyacetophenone (121 mg, 0.53 mmol) was added.
The mixture was stirred at room temperature for 15 min and then TEA (147 mL, 1.16 mmol) was
added. The mixture was heated at reflux for about 20 h. At the end of the reaction the solution was
concentrated under vacuum and after extraction with EtOAc (3 x 3 mL), washed with H>O (3 x 2
mL). The organic phase was dried over Na>SOs, concentrated under reduced pressure to obtain (Z)-
N’-(5-(4- methoxybenzoyl) thiazol-2-yl)-N,N-dimethylformimidamide (108 mg, 70%).

ESI-MS: m/z 290.1 [MpH]p.

A 33% (wt./wt.) aqueous methylamine (600 mL) was added to a solution of (Z)-N’-(5-(4-
methoxybenzoyl)thiazol-2-yl)-N,N-dime- thylformimidamide (108 mg, 0.37 mmol) in THF (1 mL)
and the mixture was stirred for 24 h at room temperature. The solution was then concentrated under
vacuum and after extraction with EtOAc (3 x 3 mL), washed with H>O (3 x 2 mL). The organic phase
was dried over Na>SOs, concentrated under reduced pressure to obtain a yellow oil. Crystallization
in acetonitrile furnishes (2- aminothiazol-5-yl) (4-methoxyphenyl)methanone (46 mg, 53%). MS
ESI-MS: m/z 235.1 [MpH]p.
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Benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (39 mg, 0.19 mmol) was resuspended in
anhydrous N,N- DMF (1 mL), HATU (72 mg, 0.19 mmol) and DIPEA (66 mL, 0.19 mmol) were
added. After 5 min, (2-aminothiazol-5-yl) (4-methoxyphenyl)methanone (45 mg, 0.19 mmol) in
anhydrous N,N- DMF (500 mL) was added. The reaction was kept at T= 50° C until completeness
(about 36 h).

The mixture was concentrated under vacuum and after extraction with EtOAc (3 x 3 mL), washed
with H>O (3 x 2 mL). The organic phase was dried over, concentrated under reduced pressure and
purified by preparative HPLC. The peak of interest was concentrated to obtain the title compound as
brown solid with purity of >95% as determined by HPLC-MS (26.6 mg, 33%).

"H NMR (200 MHz, DMSO-d6): d 11.87 (s, broad, 1H, NH); 8.08 (s, 1H, arom); 7.79¢6.81 (m, 7H,
arom); 6.04 (s, 2H OCH-0); 3.89 (s, 3H, CH3); 1.78e1.41 (m, 2H, CHa, cyclopr); 1.40e1.03 (m, 2H,
CHa, cyclopr).

BCNMR (50 MHz, DMSO-d6) d 182.7,171.9, 146.9, 146.3, 137.1, 133.0, 129.7, 128.8, 121.4, 110.8,
107.2,101.2, 55.9, 30.3, 15.5.

HRMS (ESI) calculated for C22H19N20sS: [M b H]p 423.10146; found 423.10098.

N-(5-Acetvi-4-phenvithiazol-2-yl)-1-(benzo/d][1,3]dioxol-5- yl)cvclopropanecarboxamide (29)

A mixture of (4-methoxyphenyl) methanamine (535 mL, 4 mmol) and 4-(methoxy)benzaldehyde
(595 mL, 4.8 mmol) in methanol (2 mL) was heated to reflux for 3 h, then cooled to T= 0° C, NaBH4
(228 mg, 6 mmol) was added portion wise to the reaction and the resulting mixture was stirred at
room temperature for about 10 h. Solvent was removed under reduced pressure and the residue was
partitioned between ethyl acetate (EtOAc) and H>O. The combined organic layers were washed with
H>0, and then dried over anhydrous Na>SOs. After filtration, solvent was removed in vacuum to
afford bis [4-methoxyphenyl]methylamine (962 mg, 94%) as a colorless oil which was used in the
next step without further purification. ESI-MS: m/z 258.0 [MpH]p.

To a solution of benzoylisothiocyanate (140 mL, 1 mmol) in acetone (1 mL) cooled at T = 0° C, bis
[4-methoxyphenyl|methyl- amine (257 mg, 1 mmol) in acetone (1 mL) was added at this temperature
and stirred for an additional 1 h.

The mixture was concentrated under reduced pressure, to afford N-(bis(4-methoxybenzyl)
carbamothioyl)benzamide (398 mg, 95%) as yellow sticky oil which was used in the next step without
further purification. ESI-MS: m/z 421.0 [MpH]p.

A solution of 1-bromopropan-2-one (68.0 mg, 0.5 mmol) and N-(bis(4-
methoxybenzyl)carbamothioyl)- benzamide (210 mg, 0.5 mmol) in N, N- DMF (3 mL) was stirred at

T = 85° C for 3 h. After cooling to room temperature, the mixture was partitioned between EtOAc
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and H>O. The organic layer was washed with brine and dried over anhydrous Na>SOs. After filtration,
solvent was removed in vacuum and the residue was stirred in trifluoroacetic acid (TFA) (4 mL) at
T= 80° C for 24 - 36 h until complete deprotection. Most of TFA was removed under reduced
pressure. The residue was then neutralized with NaHCO3 1 N, and then extracted with EtOAc for 3
times. The combined organic layers were washed with brine and dried over anhydrous Na>SOs. After
filtration, the solution was concentrated and further crystallized in acetonitrile to afford 1-(2-amino-
4-phenylthiazol-5-yl)ethan-1-one (77 mg, 71%) as a brown solid. ESI-MS: m/z 328.1 [MpH]p.
Benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) was resuspended in
anhydrous N,N - DMF (1 mL); HATU (38 mg, 0.1 mmol) and DIPEA (35 mL, 0.2 mmol) were added.
The reaction was vigorously stirred for 5 min and (32.7 mg, 0.1 mmol) in anhydrous N,N- DMF (500
mL) 1-(2-amino-4-phenylthiazol-5-yl)ethan-1-one (22.0 mg, 0,1 mmol) was added. The reaction was
kept at T = 50° C until completeness (18 - 24 h) and then purified by preparative HPLC. The peak of
interest was concentrated to obtain the title compound as yellow solid with purity of >95% as deter-
mined by HPLC-MS (9.6 mg, 24%).

"H NMR (200 MHz, DMSO-d6): d 11.94 (s, broad, 1H, NH); 7.64€6.59 (m, 8H, arom); 6.02 (s, 2H
OCH:0); 2.62 (s, 3H, CH3); 1.74e1.43 (m, 2H, CHa, cyclopr); 1.40e1.16 (m, 2H, CH>, cyclopr).
BCNMR (50 MHz, DMSO-d6) d 192.5, 180.4, 164.2, 151.0, 146.8, 146.3,137.0, 131.9, 129.2, 128.7,
127.5,116.0, 110.2, 107.6, 101.2, 30.3, 29.7, 15.6.

HRMS (ESI) calculated for C22H19N204S: [M b H]p 407.10655; found 407.10611.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-nicotinoyl-4- phenylthiazol-2 yl)cyclopropanecarboxamide (30)

Compound 30 (16 mg, 34%) was prepared from (2-amino-4- phenylthiazol-5-yl) (pyridin-3-
yl)methanone (28 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg,
0.1 mmol) in the same manner as described for compound 29 until completeness (24 h) as brown oil.
"H NMR (200 MHz, DMSO-d6): d 12.04 (s, broad, 1H, NH); 8.62¢8.22 (m, 3H, arom); 7.93¢6.76
(m, 9H, arom); 6.06 (s, 2H OCH-0); 1.73e1.41 (m, 2H, CHa, cyclopr); 1.37¢1.02 (m, 2H, CHoa,
cyclopr).

BCNMR (50 MHz, DMSO-d6)d 178.8,171.5, 164.3,155.0, 151.7, 146.9, 146.3, 141.8, 138.3, 136.9,
133.2,129.2,128.7, 127.5, 124.4, 116.0, 111.8, 107.8, 101.2, 30.3, 15.5.

HRMS (ESI) calculated for C26H20N304S: [M b H]p 470.11745; found 470.11708.
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Figure 34. HRMS spectra of compound 30
1-(Benzo/d][1,3]dioxol-5-vI)-N-(5-(morpholine-4- carbonyl)-4-phenylthiazol-2-

vl)cyclopropanecarboxamide (31)

Compound 31 (12.8 mg, 27%) was prepared from (2-amino-4- phenylthiazol-5-yl)
(morpholino)methanone (29 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid
(20.6 mg, 0.1 mmol) in the same manner as described for compound 29 until completeness (24 h) as
yellow solid.

"H NMR (200 MHz, DMSO-d6): d 11.91 (s, broad, 1H, NH); 7.72¢6.58 (m, 8H, arom); 6.03 (s, 2H
OCH:0); 3.72 (t, J 14 6.8, 4H, OCH20); 2.67 (t, J 1/4 6.8, 4H, NCH); 1.78e1.43 (m, 2H, CHa,
cyclopr); 1.41e1.06 (m, 2H, CHa, cyclopr).

BCNMR (50 MHz, DMSO-d6) d 176.3, 169.8, 162.5, 151.2, 146.9, 146.4,137.0, 131.1, 129.2, 128.7,
127.5,116.0, 110.8, 10.2, 101.2, 56.2, 42.8, 30.3, 15.6.

HRMS (ESI) calculated for C25sH24N305S: [M b H]p 478.14366; found 478.14327.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(4-methoxybenzoyl)-4- phenylthiazol-2-yl)

cyclopropanecarboxamide (32)

Compound 32 (18.9 mg, 38%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-
methoxyphenyl)methanone (31 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown solid.

"H NMR (200 MHz, DMSO-d6): d 11.80 (s, broad, 1H, NH), 7.78¢6.92 (m, 12H, arom), 6.04 (s, 2H
OCH:0), 3.76 (s, 3H, OCH3), 1.63e1.42 (m, 2H, CH», cyclopr), 1.41e1.16 (m, 2H, CH>, cyclopr).
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3C NMR (50 MHz, DMSO-d6): d 187.2, 162.5, 159.0, 154.8, 146.9, 146.3, 131.8, 131.2, 129.7,

128.8, 128.1, 127.5,123.2, 113.1, 110.2, 107.8, 100.6, 97.2, 55.1, 30.2, 15.4.
HRMS (ESI) calculated for CosH23N205S: [M b H]p 499.13276; found 499.13224.
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Figure 35. "H NMR spectra of compound 32
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Figure 36. '°C NMR spectra of compound 32

1-(Benzo/d][1,3]dioxol-6-vl)-N-(5-(4-(methylthio)benzoyl)-4-phenylithiazol-2-yl)

cyclopropanecarboxamide (33)

Compound 33 (12.7 mg, 25%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-(methylthio)
phenyl) methanone (32.7 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid
(20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as yellow solid.

"H NMR (200 MHz, DMSO-d6): d 11.89 (s, broad, 1H, NH); 7.71¢6.57 (m, 12H, arom); 6.02 (s, 2H
OCH:0); 2.37 (s, 3H, SCH 3); 1.68e1.42 (m, 2H, CH>, cyclopr); 1.40¢1.09 (m, 2H, CH>, cyclopr).
13C NMR (50 MHz, DMSO-d6): d 187.3, 165.7, 158.6, 153.9, 146.9, 146.3, 131.8, 130.9, 129.6,
128.9, 128.1, 127.4, 123.1, 114.5, 110.2, 107.8, 100.6, 98.7, 51.8, 30.3, 15.5.

HRMS (ESI) calculated for C28H23N204S2: [M p H]p 515.10992; found 515.10971.
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Figure 37. HRMS spectra of compound 33

1-(Benzo/d][1,3]dioxol-5-vl)-N-(4-phenyl-5-(4- propoxybenzoyl)thiazol-2-yl)

cyclopropanecarboxamide (34)

Compound 34 (9.6 mg, 18%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-propoxyphenyl)
methanone (34 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg, 0.1

mmol) in the same manner as described for compound 29 as pale, yellow solid.
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"H NMR (200 MHz, DMSO-d6): d 11.94 (s, broad, 1H, NH); 7.65¢6.58 (m, 12H, arom); 6.01 (s, 2H
OCH20); 3.93 (t, 2H, J 1/4 7.0, OCH,CH>); 1.85¢e1.44 (m, 4H, 2H, OCH>CH,, p 2H, CH>, cyclopr);
1.41e1.09 (m, 2H, CHa, cyclopr); 0.96 (t, 3H, J 1/4 7.0, CH>CH3).

3C NMR (50 MHz, DMSO-d6): d 178.1, 164.7, 156.5, 153.8, 146.9, 146.4, 132.2, 131.3, 129.6,
128.9, 128.2, 127.5, 123.1, 113.6, 110.2, 107.8, 100.6, 99.2, 57.8, 30.3, 22.7, 15 .4.

HRMS (ESI) calculated for C30H27N20sS: [M b H]p 527.16406; found 527.16388.
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Figure 38. HRMS spectra of compound 34

1-(Benzo/d][1,3]dioxol-5-vl)-N-(4-phenyl-5-(4- (trifluoromethoxy)benzovi)thiazol-2-yl)

cyclopropanecarboxamide (35)

Compound 35 (12.5 mg, 23%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-
(trifluoromethoxy)phenyl)methanone (36 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclo-
propanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as
pale brown solid.

"H NMR (200 MHz, DMSO-d6): d 12.03 (s, broad, 1H, NH), 7.76€6.79 (m, 12H, arom), 6.05 (s, 2H
OCH:0), 1.65¢1.43 (m, 2H, CHa, cyclopr), 1.41e1.04 (m, 2H, CHa, cyclopr).

13C NMR (50 MHz, DMSO-d6): d 187.6, 172.5, 160.4, 154.9, 146.9, 146.3, 136.3, 133.6, 131.7,
130.8, 129.2, 128.2, 127.2, 124.4, 123.2, 119.8, 110.2, 107.8, 100.6, 30.3, 15.5.

HRMS (ESI) calculated for C2sH20F3N20sS: [M b H]p 553.10449; found 553.10404.
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4-(2-(1-(Benzo/d][1,3]  dioxol-5-yl) cyclopropanecarboxamido)-4-phenylthiazole-5-carbonyl)
benzoic acid (36)

Compound 36 (9.9 mg, 19%) was prepared from 4-(2-amino-4- phenylthiazole-5-carbonyl)benzoic
acid (32.4 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg, 0.1
mmol) in the same manner as described for compound 29 as brown solid.

"H NMR (200 MHz, DMSO-d6): d 13.18 (s, 1H, broad, COOH); 11.99 (s, broad, 1H, NH); 8.02¢6.73
(m, 12H, arom); 6.03 (s, 2H OCH>0); 1.68e1.43 (m, 2H, CHa>, cyclopr); 1.40e1.05 (m, 2H, CHo,
cyclopr).

13C NMR (50 MHz, DMSO-d6): d 187.7, 171.6, 168.8, 154.6, 146.9, 146.3, 137.0, 131.3, 130.2,
129.4, 128.7, 128.2, 127.5, 123.1, 113.1, 110.2, 107.8, 100.6, 30.3, 15.5.

HRMS (ESI) calculated for CosH21N206S: [M b H]p 513.11202; found 513.11179.

4-(2-(1-(Benzo/d] [1,3]dioxol-5-yl) cyclopropanecarboxamido)-4-phenylthiazole-5-carbonyl)-N-
methylbenzamide (37)

Compound 37 (12 mg, 11%) was prepared from 4-(2-amino-4- phenylthiazole-5-carbonyl)-N-
methylbenzamide (68 mg, 0.2 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (41
mg, 0.20 mmol) in the same manner as described for compound 29 as brown oil.

"H NMR (200 MHz, DMSO-d6): d 12.01 (s, 1H, broad, NH); 11.75 (s, broad, 1H, NH); 7.71¢6.63
(m, 12H, arom); 6.03 (s, 2H OCH:0); 2.43 (s, 3H, CH3N); 1.72e1.46 (m, 2H, CHa, cyclopr);
1.42e1.11 (m, 2H, CHa, cyclopr).

13C NMR (50 MHz, DMSO-d6): d 187.8, 172.3, 167.8, 154.1, 146.8, 146.3, 136.6, 131.8, 130.3,
129.3, 128.8, 128.1, 127.5, 123.2, 113.5, 110.2, 107.8, 100.6, 38.5, 30.3, 15.5.

HRMS (ESI) calculated for C29H24N305S:[M p H]p 526.14366; found 526.14343.

Ethyl4-(2-(1-(benzo/d][1,3]dioxol-5-vl) cyclopropanecarboxamido)-4-phenylthiazole-5-

carbonyl)benzoate (38)

Compound 38 (18.4 mg, 34%) was prepared from ethyl 4-(2- amino-4-phenylthiazole-5-carbonyl)
benzoate (35.2 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg, 0.1
mmol) in the same manner as described for compound 29 as brown solid.

"H NMR (200 MHz, DMSO-d6): d 12.05 (s, broad, 1H, NH), 7.84¢6.82 (m, 12H, arom), 6.03 (s, 2H
OCH20), 4.45 (q, J 14 7.2, 2H, OCH2CH3), 1.67¢1.48 (m, 2H, CHa, cyclopr), 1.41e1.04 (5H, m,
2H, CHa, cyclopr b superimposed t, J 14 7.2, 3H, OCH>CH3).
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13C NMR (50 MHz, DMSO-d6): d 188.2, 172.5, 164.5, 160.5, 155.0, 146.9, 146.3, 141.1, 133.6,
131.9, 131.7, 129.5, 128.7, 128.3, 128.2, 127.3, 124.3, 123.2, 110.2, 107.8, 100.6, 60.7, 30.3, 15.5,
13.6.

HRMS (ESI) calculated for C30H25sN206S: [M b H]p 541.14332; found 541.14314.
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Figure 41. "H NMR spectra of compound 38

mmmmm

R
o g nw
@ b 3
. aan

13.662

nnnnnn

110.270
107.842
.744

8
9
5:
1
14
1
//»1
131
124.307
\—123.275

188.295
100.648

———172.566
e/ 16056
/

I
140 120

Figure 42. >*C NMR spectra of compound 38

104



1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(4-pentvibenzoyl)-4- phenylthiazol-2-yl)

cyclopropanecarboxamide (39)

Compound 39 (13.5 mg, 25%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-
pentylphenyl)methanone (35 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid
(20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as pale, yellow solid.

"H NMR (200 MHz, DMSO-d6): d 11.90 (s, broad, 1H, NH), 7.61¢6.76 (m, 12H, arom), 6.05 (s, 2H
OCH:0), 1.65¢1.42 (m, 2H, CHa, cyclopr), 1.41e1.05 (m, 6H, 2H, CH>, cyclopr p 4H, CH>CH>),
0.98¢0.72 (m, 7H, CH2CH>CH3).

13C NMR (50 MHz, DMSO-d6): d 188.4, 172.3, 159.5, 174.2, 146.9, 146.3, 134.8, 133.8, 131.8,
128.9, 128.8, 128.0, 127.6, 127.3, 124.3,123.2,110.2, 107.8, 100.6, 34.5, 30.3, 30.1, 29.7, 28.5, 21.5,
15.4, 13.4.

HRMS (ESI) calculated for C32H31N204S: [M b H]p 539.20044; found 539.20018.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(4-(diethylamino) benzoyl)-4-phenylthiazol-2-yl)

cyclopropanecarboxamide (40)

Compound 40 (12.5 mg, 23%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-(diethylamino)
phenyl)methanone (35 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6
mg, 0.1 mmol) in the same manner as described for compound 29 as white solid.

"H NMR (200 MHz, DMSO-d6): d 11.94 (s, broad, 1H, NH), 7.79¢6.85 (m, 12H, arom), 6.05 (s, 2H
OCH20), 2.83 (q, 4H, J 1/4 6.8, NCH>), 1.65¢e1.41 (m, 2H, CHa, cyclopr), 1.40e1.09 (m, 2H, CHo,
cyclopr), 1.04 (t, 6H, J 1/4 6.8, CH3CH2N).

13C NMR (50 MHz, DMSO-d6): d 188.3, 172.3, 163.2, 160.6, 155.2, 146.9, 146.3, 134.2, 133.7,
131.9, 131.6, 129.2, 128.7, 128.3, 128.1, 127.4, 124.3, 123.1, 110.2, 107.8, 100.6, 51.8, 30.3, 15.5,
13.8.

HRMS (ESI) calculated for C31H30N304S: [M b H]p 540.19569; found 540.19544.

1-(Benzo/d][1,3]dioxol-5-vI)-N-(5-(4-bromobenzoyl)-4- phenylthiazol-2

vl)cyclopropanecarboxamide (41)

Compound 41 (17.5 mg, 32%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-
bromophenyl)methanone (35.9 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown solid.

'"H NMR (200 MHz, DMSO0-d6) d 12.02 (s, 1H, NH), 7.68¢6.91 (m, 12H, arom), 6.06 (s, 2H,
OCH:0), 1.72¢1.44 (m, 2H, CHa, cyclopr), 1.38¢1.12 (m, 2H, CHa, cyclopr).
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3C NMR (50 MHz, DMSO-d6) d, 187.8, 172.4, 160.2, 154.5, 146.9, 146.3, 136.3, 133.6, 131.8,
130.7, 130.6, 129.2, 128.3, 127.4, 125.8, 124.1, 123.3, 110.2, 107.8, 100.6, 30.3, 15.5.
HRMS (ESI) calculated for C27H20BrN204S: [M b H]p 547.03271; found 547.03215.
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Figure 43. "H NMR spectra of compound 41
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N-(5-([1,10-biphenyl]-4-carbonyl)-4-phenylthiazol-2-yl)-1- (benzo/d][1,3]dioxol-5-yl)

cyclopropanecarboxamide (42)

Compound 42 (15.3 mg, 28%) was prepared from [1, 10- biphenyl]-4-yl (2-amino-4-phenylthiazol-
5-yl)methanone (35.7 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclo- propanecarboxylic acid (20.6
mg, 0.1 mmol) in the same manner as described for compound 29, as a yellow solid.

"H NMR (200 MHz, DMSO-d6): d 12.01 (s, 1H, broad, NH); 7.92¢6.76 (m, 17H, arom); 6.05 (s, 2H
OCH:0); 1.78e1.44 (m, 2H, CHa>, cyclopr); 1.42¢1.08 (m, 2H, CH>, cyclopr).

3C NMR (50 MHz, DMSO-d6): d 188.2, 172.2, 156.8, 153.2, 146.9, 146.3, 140.7, 137.9, 133.2,
131.3,129.3, 128.9, 128.2, 127.4, 123.1, 110.2, 107.8, 100.6, 30.3, 15.4.

HRMS (ESI) calculated for C33H25N204S: [M b H]p 545.15349; found 545.13351.
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Figure 45. HRMS spectra of compound 42

1-(Benzo/d][1,3]dioxol-5-vl)-N-(4-phenyl-5-(4-(thiophen-2- vl)benzoyl)thiazol-2-yl)

cyclopropanecarboxamide (43)

Compound 43 (11.7 mg, 21%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-(thiophen-2-
yl) phenyl)methanone (36.2 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclo- propanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown oil.
"H NMR (200 MHz, DMSO-d6): d 11.96 (s, 1H, broad, NH); 7.95¢6.73 (m, 15H, arom); 6.04 (s, 2H
OCH:0); 1.73e1.42 (m, 2H, CHa>, cyclopr); 1.40e1.05 (m, 2H, CH>, cyclopr).
3C NMR (50 MHz, DMSO-d6): d 176.8, 172.1, 159.7, 154.3, 146.9, 146.2, 137.6, 137.0, 133.4,
131.7,131.3, 129.6, 128.8, 128.2, 127.5, 123.2, 113.4, 110.2, 107.8, 100.6, 30.3, 15.5.
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HRMS (ESI) calculated for C31H23N204S2: [M p H]p 551.10992; found 551.10971.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(4-phenyl-5-(4-(pyrrolidin- 1-vl)benzoyl)thiazol-2-yl)

cyclopropanecarboxamide (44)

Compound 44 (11.5 mg, 21%) was prepared from (2-amino-4- phenylthiazol-5-yl) (4-(pyrrolidin-1-
yl)phenyl) methanone (35 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclo- propanecarboxylic acid
(20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as pale yellow oil.

"H NMR (200 MHz, DMSO-d6): d 12.08 (s, 1H, broad, NH); 7.82¢6.75 (m, 12H, arom); 6.01 (s, 2H
OCH:0); 2.97 (m, 4H, CH2N); 1.88¢1.43 (m, 6H, 4H CH2CH_, p 2H, CH>, cyclopr); 1.40e1.12 (m,
2H, CHa, cyclopr).

13C NMR (50 MHz, DMSO-d6): d 187.7, 170.3, 160.2, 154.7, 146.9, 146.3, 131.8, 131.0, 129.6,
128.7,128.2,127.5,123.3, 113.2, 110.2, 107.8, 100.6, 48.2, 30.3, 18.6, 15.4.

HRMS (ESI) calculated for C31H2sN304S: [M b H]p 538.18004; found 538.17987.

1-(Benzo/d][1,3dioxol-5-v)-N-(5-(benzo/d][], 3/dioxole-5- carbonyl)-4-phenylthiazol-2-yl)

cyclopropanecarboxamide (45)

Compound 45 (15.5 mg, 30%) was prepared from (2-amino-4- phenylthiazol-5-yl) (benzo [d] [1,3]
dioxol-5-yl)methanone (32.4 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid
(20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown oil.

'"H NMR (200 MHz, DMSO-d6) d 12.08 (s, 1H, NH); 7.77¢6.68 (m, 11H, arom); 6.07 (s, 2H,
OCH:0); 6.03 (s, 2H, OCH-0); 1.64¢1.41 (m, 2H, CHa, cyclopr); 1.41e1.00 (m, 2H, CHa, cyclopr).
BCNMR (50 MHz, DMSO-d6)d 178.8,171.4,159.3, 154.8, 151.5, 146.9, 146.3, 137.0, 131.2, 128.8,
128.1,127.4,123.2, 114.6, 110.3, 107.8, 100.6, 30.3, 15.4.

HRMS (ESI) calculated for CosH21N206S: [M b H]p 513.11203; found 513.11187.

1-(benzo/[d][1,3]dioxol-5-yI)-N-(5-(4-methyl-2-phenyipyrimidine-5-carbonyl)-4-phenylithiazol-2-

yl)cyclopropane-1-carboxamide (46)

A mixture of (4-methoxyphenyl) methanamine (535 mL, 4 mmol) and 4-(methoxy)benzaldehyde
(595 mL, 4.8 mmol) were dissolved in methanol (2 mL) and heated to reflux for 3 h, then cooled to
T=0° C, NaBH4 (228 mg, 6 mmol) was added portion wise to the reaction and the resulting mixture
was stirred at room temperature overnight. Methanol was removed in vacuum and the residue was
taken up in ethyl acetate (EtOAc). The organic layer was washed with water (3 x 5 mL), and then

dried over anhydrous Na»SOs. After filtration, solvent was removed to afford bis [4-
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methoxyphenyl]methylamine (962 mg, 94%) as a colorless oil which was used in the next step
without further purification. ESI-MS: m/z 258.0 [MpH]p.

To a solution of benzoylisothiocyanate (140 mL, 1 mmol) in acetone (1 mL) cooled at T = 0° C, bis
[4-methoxyphenyl]methyl- amine (257 mg, 1 mmol) in acetone (1 mL) was added at this temperature
and stirred for 1 h.

The mixture was concentrated under reduced pressure, to afford N-(bis(4-methoxybenzyl)
carbamothioyl)benzamide (398 mg, 95%) as yellow sticky oil which was used in the next step without
further purification. ESI-MS: m/z 421.0 [MpH]p.

Then, N,N- dimethylformamide dimethyl acetal (DMF-DMA) (398 pL, 3 mmol) was mixed with
acetylacetone (155 pL, 1,5 mmol) and stirred at 100°C for 2 h. Benzimidamide (180,2 mg, 1,5 mmol)
dissolved in EtOH, was directly added in the reaction mixture and the reaction was maintained at 75°
C for 3 h. The solvent was removed under pression, the residue was taken up in dichloromethane
(DCM) and washed with water for 3 times (3 x 5 mL). The organic phase was dried over anhydrous
NaSO4 and after filtration, solvent was removed to obtain 1-(4-methyl-2-phenylpyrimidin-5-
yl)ethan-1-one, as a powder (140 mg, 44%).

1-(4-methyl-2-phenylpyrimidin-5-yl)ethan-1-one (140 mg, 0,7 mmol) was brominated with CuBr;
(312 mg, 1,4 mmol) in dioxane (3 mL). The mixture was stirred at 50° C for 1 h and at 85 °C for
additional 30 minutes to afford a selective bromination in position alfa of the ketone group. The
solvent was evaporated in vacuum and the residue was dissolved in ethyl acetate and washed with
water (3 x 5 mL). The organic layer was dried over anhydrous Na>SOg, filtered, the solvent was
removed to give 2-bromo-1-(4-methyl-2-phenylpyrimidin-5-yl)ethan-1-one, that was lyophilized
(145 mg, 71%).

A solution of 2-bromo-1-(4-methyl-2-phenylpyrimidin-5-yl)ethan-1-one (145 mg, 0.5 mmol) and N-
(bis(4-methoxybenzyl)carbamothioyl)- benzamide (210 mg, 0.5 mmol) in N, N- DMF (3 mL) was
stirred at T = 85 °C for 3 h. After cooling to room temperature, the mixture was partitioned between
EtOAc and HO. The organic layer was washed with brine and dried over anhydrous Na,SO4. After
filtration, solvent was removed in vacuum and the residue was stirred in trifluoroacetic acid (TFA)
(4 mL) at T = 80° C for 36 h until complete deprotection. Most of TFA was removed under vacuum.
The residue was then neutralized with NaHCO3 1 N, and then extracted with EtOAc for 3 times (3 x
5 mL). The organic phase was washed with brine and dried over anhydrous Na>SOj4. After filtration,
the solution was concentrated and further crystallized in acetonitrile to afford (2-amino-4-
phenylthiazol-5-yl)(4-methyl-2-phenylpyrimidin-5-yl)methanone (75 mg, 40%) as a brown solid.
Benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) was resuspended in

anhydrous N,N - DMF (1 mL); HATU (38 mg, 0.1 mmol) and DIPEA (35 mL, 0.2 mmol) were added.
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The reaction was vigorously stirred for 5 min and (2-amino-4-phenylthiazol-5-yl)(4-methyl-2-
phenylpyrimidin-5-yl)methanone (37 mg, 0.1 mmol) in anhydrous N,N- DMF (0.5 mL) was added.
The reaction was stirred at T=50° C until completeness (24 h) and then purified by preparative HPLC.
The peak of interest was concentrated to obtain the title compound as yellow solid with purity of

>95% as determined by HPLC-MS (12 mg, 21%).

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(3-methoxybenzoyl)-4- phenylthiazol-2-yl)

cyclopropanecarboxamide (47)

Compound 47 (10.8 mg, 22%) was prepared from (2-amino-4- phenylthiazol-5-yl) (3-
methoxyphenyl)methanone (31 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as pale brown oil.

"H NMR (200 MHz, DMSO-d6): d 12.04 (s, 1H, broad, NH); 7.94¢6.76 (m, 12H, arom); 6.04 (s, 2H
OCH:0); 4.01 (s, 3H, CH30); 1.71e1.44 (m, 2H, CH2, cyclopr); 1.40e1.02 (m, 2H, CHa, cyclopr).
13C NMR (50 MHz, DMSO-d6): d 177.4, 164.6, 158.4, 154.2, 146.9, 146.2, 131.8, 131.1, 129.7,
128.8, 128.1, 127.4,123.2, 113.7, 110.2, 107.8, 100.6, 98.1, 55.6, 30.2, 15.4.

HRMS (ESI) calculated for CosH23N205S: [M b H]p 499.13276; found 499.13245.
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Figure 46. HRMS spectra of compound 47

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(2-methoxybenzoyl)-4- phenylthiazol-2-yl)

cyclopropanecarboxamide (48)
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Compound 48 (11 mg, 22%) was prepared from (2-amino-4- phenylthiazol-5-yl) (2-methoxyphenyl)
methanone (31 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6 mg, 0.1
mmol) in the same manner as described for compound 29 as brown oil.

"H NMR (200 MHz, DMSO-d6): d 10.97 (s, 1H, broad, NH); 7.68¢6.69 (m, 12H, arom); 6.02 (s, 2H
OCH:0); 3.98 (s, 3H, CH30); 1.68¢1.43 (m, 2H, CH2, cyclopr); 1.42¢1.03 (m, 2H, CHa, cyclopr).
3C NMR (50 MHz, DMSO-d6): d 175.7, 163.1, 158.9, 154.4, 147.0, 146.3, 131.7, 131.1, 129.6,
128.9, 128.1, 127.5, 123.2, 113.8, 110.2, 107.8, 100.6, 97.7, 55.3, 30.3, 15.5.

HRMS (ESI) calculated for C2sH23N205S: [M b H]p 499.13276; found 499.13276.

1-(Benzo/d][1, 3]dioxol-5-yl)-N-(5-(3-bromobenzovl)-4- phenylthiazol-2-yl)

cyclopropanecarboxamide (49)

Compound 49 (16 mg, 29%) was prepared from (2-amino-4- phenylthiazol-5-yl) (3-
bromophenyl)methanone (35.9 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as pale brown solid.

"H NMR (200 MHz, DMSO-d6): d 12.03 (s, 1H, broad, NH); 8.18¢6.81 (m, 12H, arom); 6.06 (s, 2H
OCH:0); 1.78e1.45 (m, 2H, CHa», cyclopr); 1.44e1.05 (m, 2H, CH>, cyclopr).

3C NMR (50 MHz, DMSO-d6): d 188.3, 172.1, 159.3, 155.3, 146.9, 146.3, 137.0, 131.2, 129.6,
129.0, 128.2, 127.5, 123.3, 114.2, 110.2, 107.8, 100.6, 30.3, 15.5.

HRMS (ESI) calculated for C27H20BrN204S: [M b H]p 547.03271; found 547.03219.

1-(Benzo/d][1,3]dioxol-5-y1)-N-(5-(3-fluorobenzoyl)-4- phenylthiazol-2-yl)

cyclopropanecarboxamide (50)

Compound 50 (13 mg, 27%) was prepared from (2-amino-4- phenylthiazol-5-yl) (3-
fluorophenyl)methanone (30 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid
(20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as white solid.

"H NMR (200 MHz, DMSO-d6): d 11.93 (s, 1H, broad, NH); 8.01¢6.74 (m, 12H, arom); 6.05 (s, 2H
OCH:0); 1.73el1.44 (m, 2H, CH», cyclopr); 1.42e¢1.08 (m, 2H, CH»z, cyclopr).
3C NMR (50 MHz, DMSO-d6): d 188.0, 171.5, 158.7, 156.2, 146.9, 146.3, 137.0, 133.4, 131.1,
129.7, 128.8, 128.2, 127.6, 123.2, 113.8, 110.2, 107.8, 100.6, 30.3, 15.5.

HRMS (ESI) calculated for C27H20FN204S: [M b H]p 487.11277; found 487.11243.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(4-phenyl-5-(3- propoxyvbenzovl)thiazol-2

vl)cyclopropanecarboxamide (51)

111



3-(Prop-1-yloxy)acetophenone (356 mg, 2 mmol) synthetized starting from 3-hydroxyacetophenone
and was brominated with CuBr> using the general procedure previously described (Liessi et al.,
2018), providing 2-bromo-1-(3-propoxyphenyl)ethanone intermediate (460 mg, 90%). The purity
was verified by HPLC-MS without further purification.

A solution of 2-bromo-1-(3-propoxyphenyl)ethanone (128 mg, 0.5 mmol) and N-(bis(4-
methoxybenzyl)carbamothioyl)-benzamide (210 mg, 0.5 mmol) in N,N - DMF (3 mL) was stirred at
T = 85 °C for 3 h. After TFA deprotection and crystallization in acetonitrile (2-amino-4-
phenylthiazol-5-yl) (3-propoxyphenyl)methanone (118 mg, 70%) was isolated. ESI-MS: m/z 339.1
[MpH]p.

(2-Amino-4-phenylthiazol-5-yl) (3-propoxyphenyl)methanone (34 mg, 0.1 mmol) and benzo [1,3]
dioxol-5- ylcyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) was then conjugated in the same
manner as described for compound 29 to furnish, after HPLC purification, the title compound as pale
brown oil (11 mg, 21%).

HRMS (ESI) calculated for C30H27N20sS: [M b H]p 527.16406; found 527.16385.

N-(5-([1,10-biphenyl]-3-carbonyl)-4-phenylthiazol-2-yl)-1- (benzo/d][1,3]dioxol-5-vl)cyc

lopropanecarboxamide (52)

1-([1,10-Biphenyl]-3-yl)ethanone (196 mg, 1 mmol) was brominated with N-bromosuccinimide
(NBS) using the general procedure previously described (Liessi et al; 2018) providing [1,10 -
biphenyl]-3-carbonyl bromide intermediate (202 mg, 73%). The purity was verified by HPLC-MS
without further purification.

A solution of [1,10 -biphenyl]-3-carbonyl bromide intermediate (130 mg, 0.5 mmol) and N-(bis(4-
methoxybenzyl)carbamothioyl)- benzamide (230 mg, 0.5 mmol) in N,N - DMF (3 mL) was stirred at
T = 85°C for 3 h. After TFA deprotection and crystallization in acetonitrile [1,10-biphenyl]- 3-yl (2-
amino-4-phenylthiazol-5-yl)methanone (60,5 mg, 34%) was isolated. ESI-MS: m/z 357.1 [MpH]).
[1,10 -Biphenyl]-3-yl (2-amino-4-phenylthiazol-5-yl)methanone (36 mg, 0.1 mmol) and benzo [1,3]
dioxol-5-yl-cyclo- propanecarboxylic acid (20.6 mg, 0.1 mmol) was then conjugated in the same
manner as described for compound 29 to furnish, after HPLC purification, the title compound as pale,
yellow solid (12.5 mg, 23%).

"H NMR (200 MHz, DMSO-d6): d 12.01 (s, 1H, broad, NH) 8.27¢6.82 (m, 17H, arom); 6.04 (s, 2H
OCH:0); 1.69¢1.42 (m, 2H, CH», cyclopr); 1.41e1.03 (m, 2H, CH>, cyclopr).

3C NMR (50 MHz, DMSO-d6): d 187.9, 171.8, 157.4, 153.3, 146.9, 146.3, 141.7, 137.8, 137.2,
131.3, 129.4, 128.8, 128.1, 127.5, 123.1, 110.2, 107.8, 100.6, 30.3, 15.6.

HRMS (ESI) calculated for C33H25N204S: [M b H]p 515.15349; found 545.15331.
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1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(2,4-dimethoxybenzoyl)- 4-phenylithiazol-2-yl)

cyclopropanecarboxamide (53)

Compound 53 (18.1 mg, 34%) was prepared from (2-amino-4- phenylthiazol-5-yl) (2,4-
dimethoxyphenyl)methanone (34 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown solid.

'"H NMR (200 MHz, DMSO-d6) d 11.98 (s, 1H, NH); 7.62¢6.64 (m, 11H, arom); 6.04 (s, 2H,
OCH0); 3.73 (s, 3H, OCH3); 3.62 (s, 3H, OCH3); 1.70e1.45 (m, 2H, CH>, cyclopr); 1.39¢1.09 (m,
2H, CHa, cyclopr).

BCNMR (50 MHz, DMSO-d6) d 176.4, 170.6, 160.2, 155.3, 152.2, 146.9, 146.3, 133.8, 131.4, 128.9,
128.2,126.7,123.2,117.8, 113.6, 110.2, 107.8, 100.6, 55.4, 55.2, 30.3, 15.5.

HRMS (ESI) calculated for C2o0H25N206S: [M b H]p 529.14332; found 529.14298.

1-(Benzo/d][1,3]dioxol-5-vl)-N-(5-(2,5-dimethoxybenzoyl)- 4-phenylithiazol-2-yl)

cyclopropanecarboxamide (54)

Compound 54 (13.8 mg, 26%) was prepared from (2-amino-4- phenylthiazol-5-yl) (2,5-
dimethoxyphenyl)methanone (35 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown solid.

'"H NMR (200 MHz, DMSO-d6) d 11.85 (s, 1H, NH), 7.47¢6.53 (m, 11H, arom); 6.02 (s, 2H,
OCH0); 3.64 (s, 3H, OCH3); 3.47 (s, 3H, OCH3); 1.72e1.47 (m, 2H, CH>, cyclopr); 1.37¢1.16 (m,
2H, CHa, cyclopr).

BCNMR (50 MHz, DMSO-d6)d 172.3,160.4, 155.2, 152.2, 149.9, 146.9, 146.3, 133.5, 131.7, 128.8,
128.1,126.7,123.3, 117.0, 113.5, 111.9, 110.3, 107.8, 100.6, 55.3, 55.2, 30.3, 15.5.

HRMS (ESI) calculated for C2o0H25N206S: [M b H]p 529.14332; found 529.14301.
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1-(Benzo/d][1,3]dioxol-5-vI)-N-(5-(3-chloro-4- methoxybenzoyl)-4-phenylthiazol-2-yl)

cyclopropanecarboxamide (55)

Compound 55 (14.5 mg, 27%) was prepared (2-amino-4- phenylthiazol-5-yl) (3-chloro-4-
methoxyphenyl)methanone (40 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclo- propanecarboxylic

acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as brown oil.
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'"H NMR (200 MHz, DMSO-d6) d 12.14 (s, 1H, NH); 8.03¢6.75 (m, 11H, arom); 6.06 (s, 2H,
OCH:0); 3.77 (s, 3H, OCH3); 1.78e1.46 (m, 2H, CHa, cyclopr); 1.42e1.10 (m, 2H, CHa, cyclopr).
BCNMR (50 MHz, DMSO-d6) d 184.5,171.5,162.2,156.8, 153.1, 146.8, 146.3, 140.5, 137.2, 131.2,
128.8, 128.2,123.3, 118.1, 113.6, 110.2, 107.7, 100.6, 55.3, 30.3, 15.6.

HRMS (ESI) calculated for C2sH22CIN20sS: [M p H]p 533.09379; found 533.09336

N-(5-(3-allyl-4-hydroxybenzoyl)-4-phenylthiazol-2-yl)-1- (benzo/d][1,3]dioxol-5-yl)

cyclopropanecarboxamide (56)

Compound 56 (10 mg, 19%) was prepared from (3-allyl-4- hydroxyphenyl) (2-amino-4-
phenylthiazol-5-yl)methanone (34 mg, 0.1 mmol) and benzo [I,3]dioxol-5-yl-cyclo-
propanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 29 as
brown oil.

"H NMR (200 MHz, DMSO-d6) d 12.02 (s, 1H, NH); 9.73 (s, 1H, OH); 7.88¢6.72 (m, 11H, arom);
6.05 (s, 2H, OCH20); 5.95¢5.61 (m, 1H, CH,CH=CH>); 4.92¢4.68 (m, 2H, CH,CH=CH>); 3.18 (d, J
=15.2, 2H, CH,CH=CH>»); 1.77¢1.43 (m, 2H, CH>, cyclopr); 1.42¢1.14 (m, 2H, CHa, cyclopr).
BCNMR (50 MHz, DMSO-d6)d 178.4,170.5,161.1, 156.2, 152.9, 146.9, 146.3, 145.2, 136.9, 136.5,
131.2, 128.8, 128.3, 123.4, 114.2, 110.2, 107.8, 100.6, 34.9, 30.3, 15.6.

HRMS (ESI) calculated for C30H25N20sS: [M b H]p 525.14841; found 525.14803.

5-(2-(1-(Benzo/d][1,3]dioxol-5-vl) cyclopropanecarboxamido)-4-phenylthiazole-5-carbonyl)-2-
hydroxybenzamide (57)

Compound 57 (12.5 mg, 24%) was prepared from 5-(2-amino-4- phenylthiazole-5-carbonyl)-2-
hydroxybenzamide (34 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-cyclopropanecarboxylic acid (20.6
mg, 0.1 mmol) in the same manner as described for compound 29 as brown oil.

"HNMR (200 MHz, DMSO-d6) d 11.89 (s, 1H, NH); 11.38 (s, 1H, OH); 8.55 (s, 2H, NH>); 7.64€6.68
(m, 11H, arom); 6.05 (s, 2H, OCH-0); 1.72¢1.42 (m, 2H, CHa, cyclopr); 1.42¢1.05 (m, 2H, CHa,
cyclopr).

BCNMR (50 MHz, DMSO-d6) d 180.4, 172.6, 168.3,159.7, 155.5, 152.8, 146.9, 146.3, 137.1, 131.3,
128.9, 128.2, 126.7, 123.4, 113.9, 110.2, 107.7, 100.6, 30.3, 15.5.

HRMS (ESI) calculated for CosH22N306S: [M b H]p 528.12292; found 528.12282.

1-(Benzo/d][1,3]dioxol-5-vI)-N-(5-(5-chloro-2- hyvdroxybenzovl)-4-phenvlithiazol-2-yl)

cyclopropanecarboxamide (58)
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Compound 58 (11.2 mg, 11%) was prepared from (2-amino-4- phenylthiazol-5-yl) (5-chloro-2-
hydroxyphenyl)methanone (66 mg, 0.19 mmol) and benzo [1,3]dioxol-5-yl-cyclo- propanecarboxylic
acid (39 mg, 0.19 mmol) in the same manner as described for compound 29 as brown oil.

"H NMR (200 MHz, DMSO-d6) d 12.06 (s, 1H, NH); 10.84 (s, 1H, OH); 8.01¢6.71 (m, 11H, arom);
6.05 (s, 2H, OCH0); 1.73e1.45 (m, 2H, CHa», cyclopr); 1.43e1.05 (m, 2H, CH>, cyclopr).

BCNMR (50 MHz, DMSO-d6) d 185.6,172.7,160.9, 155.9, 153.3, 146.9, 146.2, 141.8, 137.3, 131.1,
128.9, 128.1, 123.2, 117.5, 113.8, 110.2, 107.7, 100.6, 30.3, 15.5.

HRMS (ESI) calculated for C27H20CIN20sS: [M p H]p 519.07814; found 599.07781.

1-(benzo/[d][1,3]dioxol-5-yl)-N-(5-benzoyl-4-(4-methoxyphenyl)thiazol-2-yvl)cyclopropane-1-
carboxamide (69)

4-methoxybenzoyl chloride (270.8 pL, 2 mmol) was dissolved in acetone and at this solution was

added ammonium thiocyanate (304.4 mg, 4 mmol) at T= 0°C. After two hours, bis(4-
methoxybenzyl)amine (620.0 mg, 2.4 mmol), obtained by 4-(methoxy)benzaldehyde and (4-
methoxyphenyl)methanamine as already described [28], was added to the mixture and the reaction
was stirred at room temperature. After completion of the reaction, as monitored by HPLC, acetone
was removed by rotavapor and to the residue were added ethyl acetate (EtOAc) and H>O. The organic
layers were washed with water (3 x 3.5 mL), dried over anhydrous Na>SOj4 and filtered. Ethyl acetate
was removed under reduced pressure to give N-(bis(4-methoxybenzyl)carbamothioyl)-4-
methoxybenzamide (720.0 mg, 80%) as yellow oil, that was used in the next step without further
purification.

2-bromo-1-phenylethan-1-one (39.8 mg, 0.2 mmol) was dissolved in N,N- DMF and N-(bis(4-
methoxybenzyl)carbamothioyl)-4-methoxybenzamide (90.1 mg, 0.2 mmol) was added; the reaction
was heated to 85 °C for 2 hours. The mixture was cooled to room temperature and then, ethyl acetate
and water were added. The organic phase was washed with brine, dried over anhydrous Na;SO4 and
filtered. After removing solvent in vacuum, the product obtained was resuspended in trifluoroacetic
acid (TFA) (4 mL) and stirred at T = 100°C for 48 hours. Most of TFA was evaporated by using
rotavapor and a solution of NaHCO; 1N was added to neutralize the residue. Then the mixture was
extracted by ethyl acetate (3 x 5 mL), the organic phase was dried over anhydrous Na>SOg, filtered
and concentrated to afford (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(phenyl)methanone. (2-
amino-4-(4-methoxyphenyl)thiazol-5-yl)(phenyl)methanone was crystallized in acetonitrile to give a
pure product (45.3 mg, 73%).

A solution of benzo[ 1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol),HATU (34.2
mg, 0.09 mmol) and DIPEA (38 pL, 0.1 mmol) was dissolved in anhydrous N,N- DMF and stirred at
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room temperature for 5 min. Then, (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(phenyl)methanone
(31.0 mg, 0.1 mmol) in anhydrous N,N- DMF was added and the mixture was heated to 50 °C for 24
h.

Preparative HPLC was used to purify the product and after concentration of the peak of interest, the
final product was obtained with a purity higher than 95% . The purity of the compound was
determined by HPLC-MS . Then the product was lyophilised and afforded as a powder (12.5 mg,
25%).

"H NMR (200 MHz, DMSO-d6): 8 12.01 (s, 1H, broad, NH); 7.72-6.79 (m, 12H, arom); 6.02 (s, 2H,
OCH:0); 3.64 (s, 3H, OCH3); 1.63-1.44 (m, 2H, cyclopr); 1.38-1.11 (m, 2H, cyclopr).

13C NMR (50 MHz, DMSO-d6): § 188.2, 171.8, 159.8, 159.1, 153.8, 146.8, 146.3, 138.5, 131.8,
130.6, 128.8, 126.4, 123.2,121.1, 118.4, 113.1, 112.6, 110.2, 107.8, 100.6, 54.6, 30.2, 15.4.

HRMS (ESI) calculated for C2sH23N20sS : [M + H]" 499.13276; found 499.13264

1-(benzo/d][1,3]dioxol-5-yl)-N-(5-(4-methoxybenzoyl)-4-(4-methoxyphenyl)thiazol-2-

yl)cyclopropane-1-carboxamide (70)

Compound 70 (13.5 mg, 26%) was obtained from (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(4-
methoxyphenyl)methanone (34.0 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 69.

"H NMR (200 MHz, DMSO-d6): 8 11.91 (s, 1H, broad, NH); 7.53-6.72 (m, 11H, arom); 6.02 (s, 2H,
OCH0); 3.62 (s, 3H, OCH3); 3.57 (s, 3H, OCH3); 1.64-1.42 (m, 2H, cyclopr); 1.39-1.10 (m, 2H,
cyclopr).

13C NMR (50 MHz, DMSO-d6): & 186.4, 172.2, 159.7, 159.1, 158.3, 153.7, 146.8, 146.3, 138.6,
135.1,131.7, 128.8, 126.2, 124.5, 123.2, 121.3, 118.3, 113.8, 112.6, 110.2, 107.8, 100.6, 54.7, 30.2,
15.4.

HRMS (ESI) calculated for C20H25N206S :[M + H]" 529.14332; found 529.14552

1-(benzo/[d][1,3]dioxol-5-yl)-N-(4-(4-methoxyphenvl)-5(4(trifluoromethoxy)benzoyl)thiazol-2-

yl)cyclopropane-1-carboxamide (71)

Compound 71 (10 mg, 17%) was obtained from (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(4-
(trifluoromethoxy)phenyl)methanone (39.4 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 69.
"H NMR (200 MHz, DMSO-d6): 8 12.01 (s, 1H, broad, NH); 7.76-6.82 (m, 11H, arom); 6.03 (s, 2H,
OCH:0); 3.66 (s, 3H, OCH3); 1.65-1.40 (m, 2H, cyclopr); 1.37-1.08 (m, 2H, cyclopr).
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3C NMR (50 MHz, DMSO-d6): & 188.1, 172.3, 159.2, 153.4, 146.8, 146.3, 144.6, 139.9, 133.5,
131.8,131.4,129.2,128.1,126.2,123.9, 123.2,122.7,121.1, 118.4, 112.9, 110.2, 107.8, 100.6, 54.6,

30.2, 15.4.
HRMS (ESI) calculated for C20H22F3N206S : [M + H]" 583.11506; found 583.11454

1-(benzo/[d][1,3]dioxol-5-yl)-N-(4-(4-methoxyphenyl)-5-(4-(methylthio)benzovl)thiazol-2-

yl)cyclopropane-1-carboxamide (72)

Compound 72 (14.7 mg, 27%) was obtained from (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(4-
(methylthio)phenyl)methanone (0.1 mmol, 35.6 mg) and benzo[l,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 69.
"H NMR (200 MHz, DMSO-d6): & 11.84 (s, 1H, broad, NH); 7.59-6.69 (m, 11H, arom); 6.02 (s, 2H,
OCH:0); 3.68 (s, 3H, OCH3); 2.45 (s, 3H, SCH3); 1.62-1.46 (m, 2H, cyclopr); 1.35-1.14 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6): & 187.7, 172.2, 159.2, 159.1, 153.1, 146.8, 146.3, 144.4, 133.3,
131.8,130.4, 129.2, 126.1, 124.0, 123.2, 122.8, 112.9, 110.2, 107.8, 100.6, 54.7, 30.2, 15.4, 13.5.
HRMS (ESI) calculated for C20H25N>0sS, : [M + H* 545.12048; found 545.11966
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Figure 49. "H NMR spectra of compound 72.
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172.270

Figure 50. *C NMR spectra of compound 72.

N-(5-([1,1"-biphenyl]-4-carbonyl)-4-(4-methoxyphenyl)thiazol-2-yl)-1-(benzo[d][1,3]dioxol-5-
vl)cyclopropane-1-carboxamide (73)

Compound 73 (13.2 mg, 23%) was obtained from [1,1'-biphenyl]-4-yl(2-amino-4-(4-
methoxyphenyl)thiazol-5-yl)methanone (38.0 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 69.
"H NMR (200 MHz, DMSO-d6): 8 11.91 (s, 1H, broad, NH); 7.86-6.65 (m, 16H, arom); 6.03 (s, 2H,
OCH:0); 3.64 (s, 3H, OCH3); 1.62-1.46 (m, 2H, cyclopr); 1.34-1.07 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 188.3, 172.3, 159.6, 159.1, 153.9, 146.9, 146.3, 143.3, 138.5,
136.2, 131.8, 130.5, 129.3, 128.6, 127.9, 126.4, 126.2, 125.8, 123.2, 112.8, 110.2, 107.8, 100.6, 54.6,
30.2, 15.5.

HRMS (ESI) calculated for C34H27N20sS : [M + H]" 575.16405; found 575.16323
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1-(benzo/d][1,3]dioxol-5-yl)-N-(4-(4-methoxyphenyl)-5-(4-(pyrrolidin-1-yl) benzovl)thiazol-2-

yl)cyclopropane-1-carboxamide (74)

Compound 74 (11.4 mg, 20%) was obtained from (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(4-
(pyrrolidin-1-yl)phenyl)methanone (38.0 mg, 0.1 mmol) and benzo[l,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 69.
"H NMR (200 MHz, DMSO-d6): 8 11.64 (s, 1H, broad, NH); 7.81-6.37 (m, 11H, arom); 6.04 (s, 2H,
OCH:0); 3.72 (s, 3H, OCH3); 3.56-3.19 (m, 4H, pyr); 2.18-1.85 (m, 4H, pyr); 1.76-1.12 (m, 6H, 2h
pyr + 4H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 186.1, 171.9, 158.7, 157.5, 150.4, 149.4, 146.9, 146.3, 131.9,
131.5,129.7, 126.5, 123.5, 123.2, 122.7, 113.1, 110.3, 107.8, 100.6, 54.7, 46.9, 30.2, 24.4., 15.3.
HRMS (ESI) calculated for C32H30N305S : [M + H]" 568.19060; found 568.18943

1-(benzo/d][1,3]dioxol-5-yl)-N-(5-(3-methoxybenzoyl)-4-(4-methoxyphenyl)thiazol-2-

yl)cyclopropane-1-carboxamide (75)

Compound 75 (22.7 mg, 43%) was obtained from (2-amino-4-(4-methoxyphenyl)thiazol-5-yl)(3-
methoxyphenyl)methanone (34.0 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 69.

"H NMR (200 MHz, DMSO-d6): 8 11.86 (s, 1H, broad, NH); 7.30-6.61 (m, 11H, arom); 6.01 (s, 2H,
OCH0); 3.67 (s, 3H, OCH3); 3.61 (s, 3H, OCH3); 1.60-1.42 (m, 2H, cyclopr); 1.28-1.04 (m, 2H,
cyclopr).

13C NMR (50 MHz, DMSO-d6): & 188.4, 172.3, 159.7, 159.1, 158.3, 153.9, 146.8, 146.3, 138.6,
131.8, 130.5, 128.9, 126.2, 123.2, 123.1, 121.0, 118.3, 113.0, 112.7, 110.2, 107.8, 100.6, 54.7, 30.2,
15.4.

HRMS (ESI) calculated for C2oH2sN206S : [M + H]" 529.14332; found 529.14276
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Figure 53. '"H NMR spectra of compound 75.
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Figure 54. *C NMR of compound 75.
1-(benzo/d][1,3]dioxol-5-vl)-N-(5-(4-methoxybenzoyl)-4-(3-methoxyphenyl)thiazol-2-

yl)cyclopropane-1-carboxamide (76)
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Ammonium thiocyanate (152.2 mg, 2 mmol) was added to a solution of 3-methoxybenzoyl chloride
(141.0 uL, 1 mmol) in acetone (1.5 mL) and the mixture was stirred at T = 0°C for 2 hours.

To the suspension was added bis(4-methoxybenzyl)amine (308.0 mg, 1.2 mmol ) and the reaction
was stirred at room temperature. After completion, acetone was removed in vacuum; the residue was
added to EtOAc and water. The organic phases were washed with H,O (3 x 3 mL), then dried over
anhydrous Na»SQOs, filtered and evaporated to afford N-(bis(4-methoxybenzyl)carbamothioyl)-3-
methoxybenzamide (347.0 mg, 77%) as yellow oil, that was used in the next step without further
purification.

2-bromo-1-(4-methoxyphenyl)ethan-1-one (45.0 mg, 0.2 mmol) was dissolved in N,N- DMF and N-
(bis(4-methoxybenzyl)carbamothioyl)-3-methoxybenzamide (90.1 mg, 0.2 mmol) was added; the
reaction was heated to 85°C for 3 hours. The mixture was cooled to room temperature and was
extracted by ethyl acetate and washed with H,O (3 x 3 mL). The organic layer was dried over
anhydrous Na>SO4 and filtered. Ethyl acetate was removed by rotavapor. The compound was
resuspended in TFA (about 5 mL) and heated to 100°C until complete deprotection (36 h). Most of
TFA was evaporated in vacuum, then, a solution of NaHCO3 1N was added to the residue to neutralize
the acid and the product was extracted with EtOAc (3 x 5 mL). The organic phase was washed with
brine, dried over anhydrous Na;SOs and filtered. After concentration, (2-amino-4-(3-
methoxyphenyl)thiazol-5-yl)(4-methoxyphenyl)methanone was crystallized in acetonitrile (47.2 mg,
69%).

Benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol) was dissolved in anhydrous
N,N - DMF (1 mL) with DIPEA (38 pL, 0.1mmol) and HATU (34.2 mg, 0.09 mmol). After 5 min, a
solution of (2-amino-4-(3-methoxyphenyl)thiazol-5-yl)(4-methoxyphenyl)methanone (35.0 mg, 0.11
mmol) was added portion wise to the mixture. The reaction was heated to 50 °C and stirred until
completeness (24 h). The mixture was purified by preparative HPLC to afford the title compound
with purity higher than 95%, as confirmed by HPLC-MS. (13.5 mg, 26%).

"H NMR (200 MHz, DMSO-d6): & 11.85 (s, 1H, broad, NH); 7.68-6.86 (m, 11H, arom); 6.01 (s, 2H,
OCH0); 3.61 (s, 3H, OCH3); 3.58 (s, 3H, OCH3); 1.67-1.43 (m, 2H, cyclopr); 1.39-1.11 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6):  187.8, 172.4, 159.7, 159.2, 158.4, 153.9, 146.8, 146.3, 138.5,
131.8, 130.5, 128.9, 126.3, 123.2, 121.2, 118.4, 113.2, 112.7, 110.2, 107.8, 100.6, 54.7, 30.2, 15.4.
HRMS (ESI) calculated for C20H25N206S : [M + H]" 529.14332; found 529.14262
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Figure 55. MS spectra of compound 76.

1-(benzo/d][1,3]dioxol-5-yl)-N-(5-(3-methoxybenzoyl)-4-(3-methoxyphenyl)thiazol-2-

yl)cyclopropane-1-carboxamide (77)

Compound 77 (22.3 mg; 42%) was obtained from (2-amino-4-(3-methoxyphenyl)thiazol-5-yl)(3-
methoxyphenyl)methanone (34.0 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 76.

"H NMR (200 MHz, DMSO-d6): 8 11.93 (s, 1H, broad, NH); 7.28-6.71 (m, 11H, arom); 6.01 (s, 2H,
OCH0); 3.58 (s, 3H, OCH3); 3.56 (s, 3H, OCH3); 1.65-1.41 (m, 2H, cyclopr); 1.38-1.12 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6): & 188.5, 172.4, 159.9, 158.2, 153.7, 146.8, 146.3, 138.5, 135.1,
131.7,128.8, 128.4, 124.6, 123.2, 121.4, 121.0, 118.5, 114.6, 113.9, 112.9, 110.2, 107.8, 100.6, 54.6,
54.5,30.2,15.4

HRMS (ESI) calculated for C20H2sN206S : [M + H]" 529.14332; found 529.14270
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Figure 56. MS spectra of compound 77.

1-(benzo/[d][1,3]dioxol-5-yl)-N-(4-(3-methoxyphenyl)-5-(4-(methylthio)benzov!)thiazol-2-

yl)cyclopropane-1-carboxamide (78)

Compound 78 (18.5 mg, 34%) was obtained from (2-amino-4-(3-methoxyphenyl)thiazol-5-yl)(4-
(methylthio)phenyl)methanone  (35.6 mg, 0.1 mmol) and benzo[l,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 76.
"H NMR (200 MHz, DMSO-d6): 8 11.91 (s, 1H, broad, NH); 7.50-6.73 (m, 11H, arom); 6.01 (s, 2H,
OCH:0); 3.60 (s, 3H, OCH3); 2.44 (s, 3H, SCH3); 1.62-1.41 (m, 2H, cyclopr); 1.36-1.10 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6): § 187.7, 172.3, 159.3, 158.2, 152.6, 146.8, 146.3, 144.6, 134.9,
133.1, 131.8, 129.2, 128.6, 124.2, 123.2, 121.3, 114.6, 113.9, 110.2, 107.8, 100.6, 54.5, 30.2, 15.4,
13.5.

HRMS (ESI) calculated for C20H25N205S2 : [M + H]+ 545.12048; found 545.11985
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Figure 58. °C NMR spectra of compound 78.
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N-(5-([1,1"-biphenyl]-4-carbonyl)-4-(3-methoxyphenvl)thiazol-2-vl)-1-(benzo[d][ 1,3 ]dioxol-5-

yl)cyclopropane-1-carboxamide (79)
Compound 79 (12.7 mg, 22%) was obtained from [1,1'-biphenyl]-4-yl(2-amino-4-(3-

methoxyphenyl)thiazol-5-yl)methanone (38.6 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-
cyclopropanecarboxylic acid ((20.6 mg, 0.1 mmol) in the same manner as described for compound
76.

"H NMR (200 MHz, DMSO-d6): 8 11.82 (s, 1H, broad, NH); 7.88-6.69 (m, 16H, arom); 6.01 (s, 2H,
OCH:0); 3.59 (s, 3H, OCH3); 1.68-1.40 (m, 2H, cyclopr); 1.38-1.12 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 188.2, 171.8, 159.7, 159.2, 152.7, 146.9, 146.3, 143.7, 138.4,
136.0, 131.8, 130.6, 129.4, 128.6, 127.9, 126.5, 126.2, 125.9, 123.6, 123.2, 110.2, 107.8, 100.6, 54.7,
30.3, 15.5.

HRMS (ESI) calculated for C34H27N20sS : [M + H]" 575.16405; found 575.16313

1-(benzo/[d][1,3]dioxol-5-yl)-N-(4-(3-methoxyphenyl)-5-(4-(pyrrolidin-1-yl) benzovl)thiazol-2-

yl)cyclopropane-1-carboxamide (80)

Compound 80 (11.4 mg, 20%) was obtained from (2-amino-4-(3-methoxyphenyl)thiazol-5-yl)(4-
(pyrrolidin-1-yl)phenyl)methanone  (38.0 mg, 0.1 mmol) and benzo[l,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 76.
"H NMR (200 MHz, DMSO-d6): 8 11.78 (s, 1H, broad, NH); 7.80-6.48 (m, 11H, arom); 6.02 (s, 2H,
OCH:0); 3.60 (s, 3H, OCH3); 3.51-3.15 (m, 4H, pyr); 2.22-1.86 (m, 4H, pyr); 1.72-1.15 (m, 6H, 2H
pyr + 4H, cyclopr).

13C NMR (50 MHz, DMSO-d6): & 186.3, 172.3, 158.7, 157.4, 150.6, 149.4, 146.8, 146.3, 131.8,
131.4, 129.6, 126.5, 123.5, 123.1, 122.7, 113.0, 110.3, 107.8, 100.6, 54.6, 46.8, 30.2, 24.4, 15.3.
HRMS (ESI) calculated for C32H30N30sS : [M + H]" 568.19060; found 568.18983
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Figure 59. MS spectra of compound 80.

1-(benzo/d][1,3]dioxol-5-vl)-N-(4-(3-methoxyphenvl)-5-(4-(trifluoromethoxy)benzovl)thiazol-2-

yl)cyclopropane-1-carboxamide (81)

Compound 81 (12.0 mg, 21%) was obtained from ((2-amino-4-(3-methoxyphenyl)thiazol-5-yl)(4-
(trifluoromethoxy)phenyl)methanone (39.0 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-
cyclopropanecarboxylic acid ((20.6 mg, 0.1 mmol) in the same manner as described for compound
76.

"H NMR (200 MHz, DMSO-d6): 8 12.00 (s, 1H, broad, NH); 7.74-6.82 (m, 11H, arom); 6.02 (s, 2H,
OCH:0); 3.61 (s, 3H, OCH3); 1.70-1.44 (m, 2H, cyclopr); 1.42-1.11 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 187.6, 172.3, 159.6, 153.5, 146.8, 146.3, 144.6, 140.1, 133.7,
131.8,131.3,129.3,128.3,126.2,123.4,123.2,122.9,122.6,121.1,118.3,112.9, 110.2, 107.8, 100.6,
54.7,30.2, 15.4.

HRMS (ESI) calculated for C20H22F3N206S : [M + H]" 583.11506; found 583.11445

1-(benzo/d][1,3]dioxol-5-yl)-N-(5-(4-methoxybenzoyl)-4-(2-methoxyphenyl)thiazol-2-

vl)cyclopropanecarboxamide (82)

2-methoxybenzoyl chloride was synthetized as previously described [40] with some modification.
Briefly, to a solution of 2-methoxybenzoic acid (152 mg , I mmol) in anhydrous dichloromethane
(DCM) (2 mL) were added few drops of N,N -DMF and thionyl chloride (198 puL, 2.5 mmol ) at T=
0°C. The reaction was stirred at T= 80 °C for 2 hours and then at T= 50 °C overnight. The reaction
mixture was concentrated in vacuum to afford the crude 2-methoxybenzoyl chloride, controlled with

GC-MS, as yellow oil (150 mg, 88% ). A mixture of 2-methoxybenzoyl chloride ( 68 mg, 0.4 mmol)
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in acetone (1 mL) and ammonium thiocyanate (60.8 mg, 0.8 mmol) was stirred for about 2 h, at T =
0°C.

Bis(4-methoxybenzyl)amine (128.5 mg, 0.5 mmol ) was added to the reaction and the resulting
mixture was stirred for 3 h at room temperature. Acetone was removed by rotavapor and EtOAc and
H>0 were added to the residue. The organic phase was washed with water (3 x 3.5 mL), dried over
anhydrous NaxSOs, filtered and concentrated under reduced pressure to afford N-(bis(4-
methoxybenzyl)carbamothioyl)-2-methoxybenzamide (150.0 mg, 83%), a yellow oil, that was used
in the next step without further purification.

To a solution of 2-bromo-1-(4-methoxyphenyl)ethanone (56.0 mg, 0.2 mmol) in N,N - DMF was
added portionwise N-(bis(4-methoxybenzyl)carbamothioyl)-2-methoxybenzamide (50.0 mg, 0.2
mmol) and the resulting mixture was stirred at T = 85°C for 3 h. At room temperature, to the mixture
were added EtOAc and H>O. The organic layers were washed with brine, dried over anhydrous
NazSOq, filtered and concentrated. The residue was stirred in TFA (4 mL) and heated to 100°C for
48 hours. Most of TFA was removed in vacuum and the residue was neutralized using a solution of
NaHCOj; IN. The extraction of the compound was performed with EtOAc (3 x 5 mL) and then the
layers were washed with brine, dried over anhydrous Na>SOj4 and filtered. After concentration, (2-
amino-4-(2-methoxyphenyl)thiazol-5-yl)(4-methoxyphenyl)methanone was used in the next step
without purification (45.0 mg, 66%).

Benzo [1,3] dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol), HATU (34.2 mg, 0.09
mmol) and DIPEA (38 pL, 0.1mmol) were dissolved in in 1 mL of anhydrous N,N - DMF.

After few  minutes a  solution of  (2-amino-4-(2-methoxyphenyl)thiazol-5-yl)(4-
methoxyphenyl)methanone (34 mg, 0.1 mmol) was added portionwise to the reaction and the
resulting mixture was stirred at T = 50 °C (36 h). The purification was made by preparative HPLC.
The peak of interest was concentrated to give the final product with purity of >95% as confirmed by
HPLC-MS (12.0 mg, 23%).

"H NMR (200 MHz, DMSO-d6): 8 11.76 (s, 1H, broad, NH); 7.71-6.88 (m, 11H, arom); 6.02 (s, 2H,
OCH0); 3.65 (s, 3H, OCHs3); 3.61 (s, 3H, OCH3); 1.73-1.45 (m, 2H, cyclopr); 1.42-1.09 (m, 2H,
cyclopr).

13C NMR (50 MHz, DMSO-d6): & 188.1, 171.7, 159.6, 159.2, 157.9, 153.8, 146.8, 146.2, 138.5,
131.8, 131.0, 128.9, 126.3, 123.5, 123.2, 121.1, 118.4, 113.2, 112.7, 110.2, 107.8, 54.7, 53.9, 30.2,
15.4.

HRMS (ESI) calculated for C2oH25N206S : [M + H]" 529.14332; found 529.14266
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1-(benzo/d][1,3]dioxol-5-vl)-N-(4-(2-methoxyphenyl)-5-(4-(trifluoromethoxy)benzovl)thiazol-2-

vl)cyclopropanecarboxamide (83)

Compound 83 (15.1 mg, 26 %) was obtained from (2-amino-4-(2-methoxyphenyl)thiazol-5-yl)(4-
(trifluoromethoxy)phenyl)methanone (39 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 82.
"H NMR (200 MHz, DMSO-d6): 8 11.92 (s, 1H, broad, NH); 7.75-6.91 (m, 11H, arom); 6.03 (s, 2H,
OCH:0); 3.66 (s, 3H, OCH3); 1.68-1.42 (m, 2H, cyclopr); 1.40-1.13 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): § 187.2, 172.1, 159.5, 153.4, 146.8, 146.3, 144.5, 140.1, 133.6,
131.8,131.2,129.3,128.1,126.2, 123.3,123.2,122.7,122.6,121.1,118.3, 112.9, 110.2, 107.8, 100.6,
54.7,30.2, 15.5.

HRMS (ESI) calculated for C2o0H22F3N206S : [M + H]" 583.11506; found 583.11478

1-(benzo/d][1,3]dioxol-5-yl)-N-(4-(4-hydroxyphenyl)-5-(4-methoxybenzoyl)thiazol-2-

yl)cyclopropane-1-carboxamide (84)

4-(benzyloxy)benzoyl chloride (246.0 mg, 1 mmol) was dissolved in acetone and at this solution was
added ammonium thiocyanate (152.0 mg, 2 mmol) at T= 0°C. After two hours, bis(4-
methoxybenzyl)amine (310.0 mg, 1.2 mmol), was added to the mixture and the reaction was stirred
at room temperature. After completion of the reaction, as monitored by HPLC, acetone was removed
by rotavapor and to the residue were added ethyl acetate (EtOAc) and H>O. The organic layers were
washed with water (3 x 3.5 mL), dried over anhydrous Na>xSO4 and filtered. Ethyl acetate was
removed under reduced pressure to give 4-(benzyloxy)-N-(bis(4-
methoxybenzyl)carbamothioyl)benzamide (420.0 mg, 80%) as yellow oil, that was used in the next
step without further purification.

2-bromo-1-(4-methoxyphenyl)ethan-1-one (45.5 mg, 0.2 mmol) was dissolved in N,N- DMF and 4-
(benzyloxy)-N-(bis(4-methoxybenzyl)carbamothioyl)benzamide (105.2 mg, 0.2 mmol) was added;
the reaction was heated to 85 °C for 2 hours. The mixture was cooled to room temperature and then,
ethyl acetate and water were added. The organic phase was washed with brine, dried over anhydrous
Na»SOj4 and filtered. After removing solvent in vacuum, the product obtained was resuspended in
TFA (4 mL) and stirred at T = 100°C for 48 hours, to complete deprotection of both amine and
hydroxy groups. Most of TFA was evaporated by using rotavapor and a solution of NaHCO3 IN was
added to neutralize the residue. Then the mixture was extracted by ethyl acetate (3 x 5 mL), the
organic phase was dried over anhydrous Na>SOg, filtered and concentrated to afford (2-amino-4-(4-
hydroxyphenyl)thiazol-5-yl)(4-methoxyphenyl)methanone, that was crystallized in acetonitrile to
give a pure product (47.2 mg, 72%).
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A solution of benzo[ 1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol), HATU (34.2
mg, 0.09 mmol) and DIPEA (38 pL, 0.1 mmol) was dissolved in anhydrous N,N - DMF and stirred
at room temperature for 5 min. Then, (2-amino-4-(4-hydroxyphenyl)thiazol-5-yl)(4-
methoxyphenyl)methanone (33.0 mg, 0.1 mmol) in anhydrous N,N - DMF was added and the mixture
was heated to 50 °C for 24 h.

The mixture was extracted in ethyl acetate and washed with water (3 x 5 mL). Then, the organic phase
was dried over anhydrous Na;SOs, filtered and concentrated. The residue was resuspended in a
solution of ACN (1 mL) and NaOH 10% at room temperature for 3 h, to hydrolase the undesired ester
formed between the free hydroxy group and the benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid.
The solvent was removed by rotavapor, the residue was taken to acid pH with HCI 2N to give a
precipitate that was washed three times with water.

Preparative HPLC was used to purify the final product and after concentration of the peak of interest,
the product was obtained with a purity higher than 95% . The purity of the compound was determined
by HPLC-MS . Then the product was lyophilised and afforded as a powder (12.5 mg, 24%).

1-(benzo/d][1,3]dioxol-5-vI)-N-(4-(4-hydroxyphenyl)-5-(4-(trifluoromethoxy)benzovi)thiazol-2-

yl)cyclopropane-1-carboxamide (85)

Compound 85 (15.1 mg, 26%) was obtained from (2-amino-4-(4-hydroxyphenyl)thiazol-5-yl)(4-
(trifluoromethoxy)phenyl)methanone (38 mg, 0.1 mmol) and benzo [1,3]dioxol-5-yl-

cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 84.

1-(benzo/[d][1,3]dioxol-5-yl)-N-(4-(4-butoxyphenyl)-5-(4-methoxybenzoyl)thiazol-2-

yl)cyclopropane-1-carboxamide (86)

A mixture of ammonium thiocyanate (152.2 mg, 2 mmol) and 4-butoxybenzoyl chloride (190.0 pL,
1 mmol) in acetone (2.0 mL) was stirred at T = 0°C for 2 hours.

To the suspension was added bis(4-methoxybenzyl)amine (308.0 mg, 1.2 mmol ) and the reaction
was stirred at room temperature. After completion, acetone was removed in vacuum; the residue was
added to EtOAc. The organic phases were washed with H,O (3 x 3 mL), dried over anhydrous
NaySO4, filtered and evaporated to obtain  N-(bis(4-methoxybenzyl)carbamothioyl)-4-
butoxybenzamide (310.0 mg, 63%) as yellow oil, that was used in the next step without further
purification.

2-bromo-1-(4-methoxyphenyl)ethan-1-one (45.0 mg, 0.2 mmol) was dissolved in N,N - DMF and N-
(bis(4-methoxybenzyl)carbamothioyl)-4-butoxybenzamide (98.1 mg, 0.2 mmol), solved in N,N -

131



DMF, was added dropwise; the reaction was heated to 85°C for 3 hours. The mixture was cooled to
room temperature and was extracted by ethyl acetate and washed with H>O (3 x 3 mL). The organic
layer was dried over anhydrous Na,;SO4 and filtered. Ethyl acetate was removed by rotavapor. The
compound was resuspended in TFA (about 5 mL) and heated to 100°C until complete deprotection
(48 h). Most of TFA was evaporated in vacuum, then, a solution of NaHCO3 1N was added to the
residue to neutralize the acid and the product was extracted with EtOAc (3 x 5 mL). The organic layer
was washed with brine, dried over anhydrous Na>SO4 and filtered. After concentration, (2-amino-4-
(4-butoxyphenyl)thiazol-5-yl)(4-methoxyphenyl)methanone was crystallized in acetonitrile (35.0
mg, 46%).

Benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol) was dissolved in anhydrous
N,N - DMF (1 mL) with DIPEA (38 pL, 0.1mmol) and HATU (34.2 mg, 0.09 mmol). After 5 min, a
solution of (2-amino-4-(4-butoxyphenyl)thiazol-5-yl)(4-methoxyphenyl)methanone (35.0 mg, 0.09
mmol) was added portion wise to the mixture. The reaction was heated to 50 °C and stirred until
completeness (24 h). The mixture was purified by preparative HPLC to afford the title compound
with purity higher than 95%, as confirmed by HPLC-MS. (10.5 mg, 20%).

1-(benzo/d][1,3]dioxol-5-yl)-N-(4-(4-butoxyphenyl)-5-(4-(trifluoromethoxy)benzoyl)thiazol-2-

yl)cyclopropane-1-carboxamide (87)

Compound 87 (13.0 mg, 21%)was obtained from (2-amino-4-(4-butoxyphenyl)thiazol-5-yl)(4-
(trifluoromethoxy)phenyl)methanone (43.0 mg, 0.lmmol) and benzo [1,3]dioxol-5-yl-

cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 86.

Methyl 4-(5-(/1,1"-biphenyl]-4-carbonyl)-2-(1-(benzo[d][ 1,3 ]dioxol-5-yl)cyvclopropane-1-

carboxamido)thiazol-4-yl)benzoate (88)

Methyl 4-(chlorocarbonyl)benzoate (198.6 mg, 1 mmol) was dissolved in acetone (1 mL) and
ammonium thiocyanate (152.2 mg, 2 mmol) was added at 0°C; the reaction was stirred for about 2 h,
at this temperature.

Bis(4-methoxybenzyl)amine (308.4 mg, 1.2 mmol ) was added to the reaction and the resulting
mixture was stirred for 2 h, at room temperature. The mixture was concentrated under reduced
pressure and the residue was diluted by water and extracted with EtOAc. The organic phase was dried

over anhydrous NaSO; and filtered.  After concentration, methyl  4-((bis(4-
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methoxybenzyl)carbamothioyl)carbamoyl)benzoate was afforded (254.0 mg, 53%), as a yellow oil,
that was used in the next step without further purification.

A solution of 1-([1,1'-biphenyl]-4-yl)-2-bromoethan-1-one (55.0 mg, 0.2 mmol ) and methyl 4-
((bis(4-methoxybenzyl)carbamothioyl)carbamoyl)benzoate (95.7 mg, 0.2 mmol) in N,N - DMF was
stirred at T = 85°C. After 3 hours, the mixture was cooled to room temperature, diluted in water and
extracted with EtOAc (3 x 5 mL). The organic layer was dried over anhydrous Na,;SOj4 and filtered.
Solvent was removed by rotavapor and the residue was resuspended in TFA (4 mL) and heated to
100°C for 48 h. The reaction was concentrated by rotavapor and the residue was neutralized preparing
a solution of NaHCOs3 1N. The mixture was extracted with EtOAc (3 x 5 mL), the organic layers were
dried over anhydrous Na>SO4 and filtered.

After concentration, methyl 4-(5-([1,1'-biphenyl]-4-carbonyl)-2-aminothiazol-4-yl)benzoate was
crystallized in absolute ethanol (45.6 mg, 55%).

A mixture of benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol), DIPEA (38
puL, 0.1 mmol) and HATU (34.6 mg, 0.09 mmol) was dissolved in anhydrous N,N - DMF.

After few minutes a solution of methyl 4-(5-([1,1'-biphenyl]-4-carbonyl)-2-aminothiazol-4-
yl)benzoate (41.5 mg, 0.1 mmol) was added to the reaction and the resulting mixture was stirred at T
=50 °C for 42 hours. To purify the product, preparative HPLC was used and it allowed to obtain the
title compound with purity higher than 95% as confirmed by HPLC-MS (12.7 mg, 21%).

"H NMR (200 MHz, DMSO-d6): 8 11.87 (s, 1H, broad, NH); 7.81-6.63 (m, 16H, arom); 6.02 (s, 2H,
OCH:0); 4.06 (s, 3H, CH30); 1.72-1.44 (m, 2H, cyclopr); 1.40-1.15 (m, 2H, cyclopr).

13C NMR (50 MHz, DMSO-d6): & 188.2, 172.3, 166.4, 159.6, 159.1, 153.4, 146.9, 146.3, 143.4,
138.5,136.1,131.8,130.5,129.2,128.4,127.9,126.4,125.9,123.2,121.2,118.5,112.8,110.2, 107.8,
100.6, 52.5, 30.3, 15.5.

HRMS (ESI) calculated for C3sH27N206S : [M + H]" 603.15897; found 603.15834
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Figure 60. MS spectra of compound 88.

N-(5-([1,1"-biphenyl]-4-carbonyl)-4-(4-(methylthio)phenyl)thiazol-2-yl)-1-(benzo[d][1,3]dioxol-5-

yl)cyclopropane-1-carboxamide (89)

To a solution of 4-methylthiobenzoic acid (80 mg, 0.5 mmol) in anhydrous dichloromethane (DCM)
(2 mL) were added few drops of N,N - DMF and thionyl chloride (91 pL, 1.25 mmol ) at T = 0°C.
The reaction was stirred at T = 80 °C and then at T = 50°C overnight. The reaction mixture was
concentrated in vacuum to afford crude 4-(methylthio)benzoyl chloride, controlled with GC-MS, as
colourless oil (75 mg, 81% ).

A mixture of 4-(methylthio)benzoyl chloride (75 mg, 0.4 mmol) in acetone (1 mL) and ammonium
thiocyanate (60.8 mg, 0.8 mmol) was stirred for about 2 h, at T= 0°C.

Bis(4-methoxybenzyl)amine (128.5 mg, 0.5 mmol ) was added to the reaction and the resulting
mixture was stirred for 3 h at room temperature. The solvent was evaporated by rotavapor and the
residue was diluted with water and extract with EtOAc (3 x 5 mL). The organic phase was dried over
anhydrous Na;SO4 and filtered. Solvent was removed in vacuum to give N-(bis(4-
methoxybenzyl)carbamothioyl)-4-(methylthio)benzamide (131.0 mg, 70%), a yellow oil, that was
used in the next step without further purification.

To a solution of 1-([1,1'-biphenyl]-4-yl)-2-bromoethan-1-one (55.0 mg, 0.2 mmol ) in N,N - DMF
was added portionwise N-(bis(4-methoxybenzyl)carbamothioyl)-4-(methylthio)benzamide (93.3 mg,
0.2 mmol) and the resulting mixture was heated to 85°C. After 2 hours the reaction was completed
as monitored by HPLC, cooled to room temperature and the mixture was partitioned between EtOAc
and H>O. The organic layer was washed with brine and dried over anhydrous Na>SO4. The organic
phase was filtered and ethyl acetate was evaporated by rotavapor. The residue was resuspended in

TFA (4 mL) and heated to 100°C for 48 hours. TFA was evaporated in vacuum and the residue was
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neutralized with a solution of NaHCO3 IN. After having extracted with EtOAc (3 x 3 mL), the organic
layers were dried over anhydrous Na>SO4 and filtered.

After concentration, [1,1'-biphenyl]-4-yl(2-amino-4-(4-(methylthio)phenyl)thiazol-5-yl)methanone
was crystallized in acetonitrile (52.3 mg, 65%).

Benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid (21.0 mg, 0.1 mmol), HATU (34.2 mg, 0.09
mmol) and DIPEA (38 pL, 0.1 mmol) were resuspended in anhydrous N,N - DMF (1 mL) at room
temperature. After 5 min a solution of [1,1'-biphenyl]-4-yl(2-amino-4-(4-(methylthio)phenyl)thiazol-
5-yl)methanone (40.0 mg, 0.1 mmol) was added and the resulting mixture was heated to 50 °C for 40
hours. Preparative HPLC was used to purify the final product. The peak of interest was concentrated
to obtain a powder with a purity higher than >95%, as confirmed by HPLC-MS (13.0 mg, 22%).

"H NMR (200 MHz, DMSO-d6): 8 11.89 (s, 1H, broad, NH); 7.85-6.70 (m, 16H, arom); 6.04 (s, 2H,
OCH:0); 2.48 (s, 3H, SCH3); 1.69-1.43 (m, 2H, cyclopr); 1.38-1.09 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 188.1, 172.1, 159.6, 159.2, 152.8, 146.9, 146.3, 144.2, 138.5,
135.9,131.8,130.7,129.4,128.6,127.9,126.2,125.8,123.2,121.2,118.4,114.7,112.8,110.2, 107.8,
100.6, 30.3, 14.5.

HRMS (ESI) calculated for C34H27N204S; : [M + H]" 591.141216; found 591.14013

N-(5-([1,1"-biphenyl]-4-carbonyl)-4-(pyridin-3-vl)thiazol-2-vl)-1-(benzo/d][1,3]dioxol-5-

yl)cyclopropane-1-carboxamide (90)

A solution of nicotinoyl chloride (141.6 mg, 1 mmol) in acetone (1 mL) was cooled at T = 0°C and
then ammonium thiocyanate (152.2 mg, 2 mmol) was added and stirred for 2 h, at this temperature.
Bis(4-methoxybenzyl)amine (308.0 mg, 1.2 mmol ) was added to the reaction and the resulting
mixture was stirred for 2 h at room temperature. Acetone was evaporated under vacuum, the residue
was diluted with water and extracted with EtOAc. The organic layers were dried over anhydrous
MgSOs and filtered. After concentration, N-(bis(4-methoxybenzyl)carbamothioyl)nicotinamide
(312.0 mg, 74%), was afforded as a yellow oil, that was used in the next step without further
purification.

A solution of N-(bis(4-methoxybenzyl)carbamothioyl)nicotinamide (84.3 mg, 0.2 mmol) and 1-
([1,1'-biphenyl]-4-yl)-2-bromoethan-1-one (55.0 mg, 0.2 mmol) in N,N - DMF was heated to 85°C
until completes. To the mixture were added EtOAc and H,O. The organic layer was dried over
anhydrous Na>SOg4 and filtered. After concentration, the residue was dissolved in TFA (4 mL) and
heated to 100°C. After complete deprotection, TFA was removed by rotavapor and to the residue was
added a solution of NaHCO3 IN to neutralize the residual acid. The compound was extracted with

EtOAc (3 x 5 mL) and then, the organic phases were dried over anhydrous Na;SOj.
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After concentration, [1,1'-biphenyl]-4-yl(2-amino-4-(pyridin-3-yl)thiazol-5-yl)methanone was
crystallized in acetonitrile (48.6 mg, 68%).
[1,1'-biphenyl]-4-yl(2-amino-4-(pyridin-3-yl)thiazol-5-yl)methanone (35.7 mg, 0.1 mmol) was
dissolved in anhydrous N,N - DMF and a mixture of benzo[ 1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (21.0 mg, 0.1 mmol), HATU (34.2 mg, 0.09 mmol) and DIPEA (38 pL, 0.1 mmol) in N,N -
DMF was added to the solution, after 5 minutes of activation .

The resulting mixture was heated to 50 °C for 48 h. The purification of the final product was made
by preparative HPLC to obtain a compound with a purity higher than 95% as confirmed by HPLC-
MS (11.0 mg, 20%).

"H NMR (200 MHz, DMSO-d6): § 12.01 (s, 1H, broad, NH); 8.03-6.98 (m, 16H, arom); 6.05 (s, 2H,
OCH:0); 1.79-1.48 (m, 2H, cyclopr); 1.42-1.12 (m, 2H, cyclopr).

13C NMR (50 MHz, DMSO-d6): § 187.8, 172.2, 159.7, 159.1, 153.4, 149.3, 147.7, 146.3, 138.5,
136.0,131.9,131.3,129.2,128.7,127.9,126.2,124.0,123.2,121.2,118.4,112.9, 110.2, 107.8, 100.6,
30.2, 15.5.

HRMS (ESI) calculated for C3:H23N304S : [M + H]" 545.14091; found 546.14856
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Figure 61. MS spectra of compound 90.

N-(5-([1,1"-biphenyl]-4-carbonvl)-4-(4-chlorophenyl)thiazol-2-yl)-1-(benzo/d][1,3]dioxol-5-

yl)cyclopropane-1-carboxamide (91)

To a solution of 4- chlorobenzoyl chloride (102.6 pL, 0.8 mmol) in acetone (1 mL) cooled at T =
0°C, ammonium thiocyanate (121.6 mg, 1.6 mmol) was added and stirred for 2 h at this temperature.
Bis(4-methoxybenzyl)amine (246.7 mg, 0.96 mmol ) was added to the mixture and the reaction was

stirred for 2 h, at room temperature. Solvent was removed, the residue was diluted with water and
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then the extraction was made by EtOAc. The organic phase was dried over anhydrous MgSO4 and
filtered. Solvent was removed by rotavapor to obtain N-(bis(4-methoxybenzyl)carbamothioyl)-4-
chlorobenzamide (330 mg, 91%) as pale-yellow oil, that was used in the next step without further
purification.

1-([1,1'-biphenyl]-4-yl)-2-bromoethan-1-one (55.0 mg, 0.2 mmol) was dissolved in N,N - DMF and
N-(bis(4-methoxybenzyl)carbamothioyl)-4-chlorobenzamide (91.0 mg, 0.2 mmol) was added; the
mixture was heated to 85°C. After 2 hours the solution was diluted with water and extracted with
EtOAc (3 x 5 mL). The organic layer was dried over anhydrous Na,SO4 and filtered. After
concentration, the residue was resuspended in TFA (4 mL) and heated to 100°C until complete
deprotection (36 h). After removing TFA by rotavapor, the residue was neutralized with NaHCO3
IN, and then an extraction was made by EtOAc (3 x 5 mL). The organic layers were washed with
brine, dried over anhydrous MgSOs and filtered. After concentration, [1,1'-biphenyl]-4-yl(2-amino-
4-(4-chlorophenyl)thiazol-5-yl)methanone was crystallized in acetonitrile (32.0 mg, 41%).
Benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic acid (16.5 mg, 0.08 mmol) was dissolved in
anhydrous N,N - DMF (1 mL) with DIPEA (31 pL, 0.08 mmol) and HATU (27.4 mg, 0.07 mmol).
After few minutes, a solution of [1,1'-biphenyl]-4-yl(2-amino-4-(4-chlorophenyl)thiazol-5-
yl)methanone (32.0 mg, 0.08 mmol) was added to the solution and the reaction was heated to 50 °C
until completeness (36 h). The final product was purified by preparative HPLC. The peak of interest
was concentrated and lyophilized to obtain the title compound as a powder with purity of >95% as
confirmed by HPLC-MS (14.8 mg, 32,0%).

"H NMR (200 MHz, DMSO-d6): 8 11.98 (s, 1H, broad, NH); 7.73-6.81 (m, 16H, arom); 6.01 (s, 2H,
OCH:0); 1.64-1.40 (m, 2H, cyclopr); 1.38-1.12 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 187.9, 172.4, 159.9, 152.7, 146.8, 146.3, 143.6, 138.4, 136.0,
132.9,132.6,131.7,130.7,129.4, 128.6, 127.9, 127.4,126.5,125.9, 124.5,123.2, 110.2, 107.8, 100.6,
30.2, 15.5.

HRMS (ESI) calculated for C33H24CIN2O4S : [M + H]" 579.11452; found 579.11385
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Figure 62. "H NMR spectra of compound 91.
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1-(benzo/[d][1,3]dioxol-5-yl)-N-(5-(3-methoxybenzovl)-4-(4-(methylthio)phenvl)thiazol-2-

yl)cyclopropane-1-carboxamide (92)

Compound 92 (13.1 mg, 24%) was obtained from (2-amino-4-(4-(methylthio)phenyl)thiazol-5-yl)(3-
methoxyphenyl)methanone (36.0 mg, 0.1 mmol) and benzo[ 1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 89.

"H NMR (200 MHz, DMSO-d6): 8 11.79 (s, 1H, broad, NH); 7.66-6.71 (m, 11H, arom); 6.02 (s, 2H,
OCH:0); 3.60 (s, 3H, OCH3); 2.44 (s, 3H, SCH3);1.65-1.42 (m, 2H, cyclopr); 1.40-1.13 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6): & 186.5, 171.9, 159.3, 158.1, 151.5, 146.8, 146.3, 135.1, 133.2,
131.9, 129.3, 128.6, 123.2,121.2, 115.1, 113.0, 112.8, 110.2, 107.8, 100.6, 54.7, 30.2, 15.4, 13.4.
HRMS (ESI) calculated for C20H25N>05S5 : [M + H]" 545.12048; found 545.11990

1-(benzo/d][1,3]dioxol-5-yl)-N-(4-(4-chlorophenyl)-5-(3-methoxybenzovl)thiazol-2-

yl)cyclopropane-1-carboxamide (93)

Compound 93 (8.7 mg, 16%) was obtained from (2-amino-4-(4-chlorophenyl)thiazol-5-yl)(3-
methoxyphenyl)methanone (34.5 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 93.

"H NMR (200 MHz, DMSO-d6): 8 11.98 (s, 1H, broad, NH); 7.84-6.85 (m, 11H, arom); 6.02 (s, 2H,
OCH:0); 3.60 (s, 3H, OCH3); 1.74-1.46 (m, 2H, cyclopr); 1.41-1.15 (m, 2H, cyclopr).

13C NMR (50 MHz, DMSO-d6): & 186.9, 172.0, 159.8, 152.7, 146.8, 146.3, 143.6, 138.4, 131.7,
129.4, 128.6, 127.9, 126.3, 124.3, 123.2, 121.2, 112.9, 110.2, 107.8, 100.6, 54.6, 30.2, 15.4.

HRMS (ESI) calculated for C2gH22CIN2OsS : [M + H]+ 533.09378; found 533.09371

1-(benzo/[d][1,3]dioxol-5-yl)-N-(5-(3-methoxybenzovl)-4-(pyridin-3-yl)thiazol-2-yl)cyclopropane- I -
carboxamide (94)
Compound 94 (12.5 mg, 25%) was obtained from (2-amino-4-(pyridin-3-yl)thiazol-5-yl)(3-

methoxyphenyl)methanone (32.0 mg, 0.1 mmol) and benzo[ 1,3]dioxol-5-yl-cyclopropanecarboxylic
acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 90.

"H NMR (200 MHz, DMSO-d6): 8 11.72 (s, 1H, broad, NH); 8.10-7.02 (m, 11H, arom); 6.05 (s, 2H,
OCH:0); 3.62 (s, 3H, OCH3); 1.77-1.45 (m, 2H, cyclopr); 1.42-1.16 (m, 2H, cyclopr).

3C NMR (50 MHz, DMSO-d6): & 187.6, 172.1, 159.8, 159.2, 153.1, 149.3, 147.7, 146.3, 138.6,
135.8,131.8, 129.2, 128.7, 127.9, 123.4, 123.2, 121.3, 118.4, 112.8, 110.2, 107.8, 100.6, 54.7, 30.2,
15.4.

139



HRMS (ESI) calculated for C27H22N30sS : [M + H]" 500.12801; found 500.12716

1-(benzo/d][1,3]dioxol-5-yI)-N-(5-(4-(methylthio)benzovl)-4-(4-(methylthio)phenvi)thiazol-2-

vl)cyclopropanecarboxamide (95)

Compound 95 (12 mg, 21%) was obtained from 2-amino-4-(4-(methylthio)phenyl)thiazol-5-yl)(4-
(methylthio)phenyl)methanone ~ (37.2 mg, 0.1 mmol) and benzo[l,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 89.
"H NMR (200 MHz, DMSO-d6): 8 11.89 (s, 1H, broad, NH); 7.64-6.71 (m, 11H, arom); 6.01 (s, 2H,
OCH20); 2.47 (s, 3H, SCHs); 2.42 (s, 3H, SCH3);1.63-1.42 (m, 2H, cyclopr); 1.39-1.14 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6): § 187.2, 172.2, 159.8, 159.2, 153.1, 146.8, 146.3, 138.5, 131.9,
129.3, 128.7,127.9, 124.2, 123.2, 121.3, 118.4, 112.8, 110.2, 107.8, 100.6, 30.2, 15.4, 13.5.

HRMS (ESI) calculated for C2o0H25N204S; : [M + H]+ 561.09763; found 561.09670

Methyl 4-(2-(1-(benzo[d][1,3]dioxol-5-vl)cyvclopropane-1-carboxamido)-5-(4-
(methylthio)benzoyl)thiazol-4-yvl)benzoate ( 96)

Compound 96 (143 mg, 25%) was obtained from methyl 4-(2-amino-5-(4-
(methylthio)benzoyl)thiazol-4-yl)benzoate (39.0 mg, 0.1 mmol) and benzo[1,3]dioxol-5-yl-
cyclopropanecarboxylic acid (20.6 mg, 0.1 mmol) in the same manner as described for compound 88.
"H NMR (200 MHz, DMSO-d6): 8 11.96 (s, 1H, broad, NH); 7.79-6.78 (m, 11H, arom); 6.01 (s, 2H,
OCH:0); 4.12 (s, 3H, CH30); 2.41 (s, 3H, SCH3);1.65-1.42 (m, 2H, cyclopr); 1.39-1.12 (m, 2H,
cyclopr).

3C NMR (50 MHz, DMSO-d6): & 188.7, 172.3, 165.7, 159.7, 159.1, 152.4, 146.8, 146.3, 138.6,
131.8, 129.2, 128.6, 127.8, 126.3, 124.1, 123.2, 121.4, 113.1, 110.2, 107.8, 100.6, 52.8, 30.2, 15.4,
13.5.

HRMS (ESI) calculated for C30H25N206S:2 : [M + H]" 573.11539; found 573.11438

Biological evaluations

Cell culture

The bronchial epithelial cell line CFBE410-with stable co- expression of F508del-CFTR and the
halide-sensitive yellow fluorescent protein (HS-YFP) was cultured with MEM medium sup-
plemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/mL

streptomycin.
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Fluorescence assay for CFTR activity

CFBE41o0-cells with expression of mutant CFTR and HS-YFP were plated on clear-bottom 96-well
black microplates (Corning Life Sciences, Acton, MA) at a density of 50,000 cells/well and kept at.
37 C in 5% CO2 for 24 h. For the corrector assay, CFBE410-cells were treated for further 24 h with
compounds and/or VX-809 or VX-661. After treatment, the culture medium was removed and cells
in each well were stimulated for 30 min at 37 C with 60 mL PBS (containing 137 mM NaCl, 2.7 mM
KCI, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 1 mM CaCl2, and 0.5 mM MgCl2) plus forskolin (20
mM) and genistein (50 mM).

At the time of assay, microplates carrying CFBE410-cells were transferred to a microplate’s reader
(FluoStar Galaxy; BMG Labtech, Offenburg, Germany). The plate reader was equipped with high
quality excitation (HQ500/20X: 500 £+ 10 nm) and emission (HQ535/30 M: 535 £ 15 nm) filters for
YFP (Chroma Technology, Brattleboro, VT). The assay consisted of a continuous 14 s fluorescence
reading with 2 s before and 12 s after injection of an iodide containing solution (165 mL of a modified
PBS containing I- instead of Cl-; final I- concentration in the well: 100 mM). Data were normalized
to the initial background-subtracted fluorescence. To determine fluorescence quenching rate
associated with I- influx, the final 10 s of data for each well were fitted with an exponential function
to extrapolate initial slope (dF/dt).

Dose-response relationships from each experiment were fitted with the Hill equation using the Igor

software (WaveMetrics) to calculate EC50, maximal effect, and Hill coefficient.

Transepithelial electrical resistance (TEER) evaluation

Primary bronchial epithelial cells obtained from one patient with CF (homozygous for F508del
mutation) were seeded at high density on porous membranes (200.000 cells for 0.33-cm2 mini-
Transwell inserts (Corning, code 3379) for transepithelial European Journal of Medicinal Chemistry
208 (2020) 112833 electrical resistance (TEER). To test putative correctors, compounds were added
to the basolateral medium for 24 h at 37 C and 5% CO2, before measuring the TEER. Control
epithelia were treated with vehicle alone (DMSO). TEER was measured in each well under basal
conditions, after ENaC inhibition with apical amiloride (10 mM), after CFTR stimulation with
forskolin (10 mM) and genistein (50 mM) on both sides, and after CFTR inhibition with apical
PPQ102 (30 mM). After each treatment, we waited 10 min before recording electrical parameters.
The TEER values for each well were con- verted into short-circuit current equivalent by Ohm’s law.

The TEER values were converted into TEEC.
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Biochemical analysis of CFTR expression pattern

CFBE41o0-cells stably expressing mutant CFTR and HS-YFP were grown to confluence on 60-mm
diameter dishes and treated for 24 h with test compounds or vehicle alone. After 24 h cells were lysed
in RIPA buffer containing a complete protease inhibitor (Roche). Cell lysates were subjected to
centrifugation at 12000 rpm at 4 C for 10min. Supernatant protein concentration was calculated using
the BCA assay (Euroclone) following the manufacturer’s instructions. Equal amounts of protein (10
mg) were separated onto gradient (4e15%) Criterion TGX Precast gels (Bio-rad laboratories Inc.),
transferred to nitrocellulose membrane with Trans-Blot Turbo system (Bio-rad Laboratories Inc.) and
analyzed by Western blotting. Proteins were detected using monoclonal anti-

CFTR (596, Cystic Fibrosis Foundation Therapeutics, University of North Carolina, Chapel Hill) or
mouse monoclonal anti-GAPDH (cl.6C5; Santa Cruz Biotechnology, Inc) followed by horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (Abcam), and subsequently visualized by
chemiluminescence using the SuperSignal West Femto Substrate (Thermo Scientific).
Chemiluminescence was monitored using the Molecular Imager ChemiDoc XRS System. Images
were analyzed with ImageJ software (National Institutes of Health). Bands were analyzed as ROI,
normalized against the GAPDH loading control. Data are presented as mean + SEM of in- dependent

experiments.

Statistics

Each experimental condition was tested in three independent experiments, each one performed with
three biological replicates (n 14 9). The KolmogoroveSmirnov test was used to evaluate the
assumption of normality. Statistical significance of the effect of single treatments on CFTR activity
or expression was tested by parametric 1-way ANOVA followed by the Dunnet multiple com-
parisons test (all groups against the control group) as post-hoc test. In the case of combination of
treatments, statistical significance was verified by ANOVA followed by the Tukey test (for multiple
comparisons) as post-hoc test. Normally distributed data are expressed as mean + SD or mean + SEM,
as indicated, and significances are two-sided. Differences were considered statistically significant

when P was less than 0.05.

Surface plasmon resonance binding assays

His-tagged human intact F508del-CFTR protein purified as described (O’ Ryan et al., 2012; Pollock
et al., 2014) was provided by Prof. R.C. Ford, Manchester University, UK. Lipids [synthetic
phospholipid blend (Dioleoyl) DOPC: DOPS [(7:3 w/w)] were from Avant Polar Lipids (Alabaster,
AL). CHAPS and cholesteryl hemi succinate (CHS) Tris salt were from Sigma-Aldrich (St Louis,
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MO). Carboxy-methyl dextran CMS5 sensor chip, anti-His antibody, 1-ethyl-3-(3-diaminopropyl)-car-
bodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were from GE-Healthcare
(Milwaukee, WI).

A BlAcore X-100 instrument (GE-Healthcare) was used. The preparation of the biosensor containing
F508del-CFTR in a membrane-like lipid environment was prepared as described [38]. Briefly, anti-
His antibody was immobilized on a CMS5 sensor chip by standard amine-coupling chemistry. After
sensor chip equilibration by injection of DOPC:DOPS (7:3 W/W) 0.075 mg/mL, 0.02% CHS, 0.1%
CHAPS (DOPC:DOPS running buffer), human His-tagged intact F508del-CFTR (10 mg/mL, Hepes
50 mM, pH 7 containing NaCl 150 mM DOPC: DOPS (7:3 W/W) 363 mg/mL, 0.06% CHS, 0.3%
CHAPS (DOPC:DOPS-F508del-CFTR buffer), was injected on the anti-His surface, allowing the
capture of about 1125 RU. A sensor chip coated with anti-His antibody alone was used for blank
subtraction.

To evaluate their F508del-CFTR-binding capacity, compounds were injected over the sensor chip at
increasing concentration in PBS, 0.05% surfactant P20 and 5% DMSO, pH 7.4 (PBS-DMSO) by
adopting the single cycle model [46]. Dissociation Constant (Kd) values were calculated by steady
state analyses performed by fitting the proper form of Scatchard’s equation for the plot of the bound

resonance units (RU) at equilibrium versus the compound concentration in solution.
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