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Abstract

Cells do not live in isolation; they are actually bombarded continuously by
innumerable stimuli from their environment which cause signal cascades in
the whole cell. Kinases are key factors in mediating this "rhapsody" of
signals in the extra and intracellular communication network. Due the
massive list of cellular processes in which kinases are involved with, it is
not surprising that their physiological malfunction or deregulation is related
with a number of human pathologies, including different cancers types,
neurodegenerative diseases as well as viral infections. The identification of
the role of specific kinases in the progression of specific diseases give us the
possibility of exploiting their inhibition as a therapeutic strategy.

The Parkinson’s disease (PD) related kinase leucine-rich repeat kinase 2
(LRRK?2) and its pathogenic mutant form G20/9S have been extensively
studied in the last decade, because their importance as enzymatic targets
against the neurodegenerative disease PD. Although, a few LRRK2
inhibitors having been published in the last years, to the best of our
knowledge, only a few reports have been published on the selective
inhibition of the G2019S mutant over wild type LRRK2. In this regard, we
design and characterize a library of small molecules able to inhibit the
enzymatic activity of LRRK2. We were able to identify promising
compounds selective towards the G2079S form, which are good candidates
for further biological investigations.

On the other hand, traditionally antiviral drug discovery has been mainly
focused on the inhibition of viral targets, leading to the development of
highly specific drugs to fight specific infections. As a consequence of the
high mutation rate of RNA viruses, the major problem with compounds that
directly target specific viral proteins is the rapid emergence of new drug-
resistant viral strains. Using in vitro assays, we identified active compounds
that were able to inhibit the kinase activity of the cellular enzyme
Phosphatidylinositol 4 kinase III beta (PI4KIIIB) at micromolar
concentrations. Because this kinase has been described to be exploit by
several ssSRNA+ virus to their replication, we propose these inhibitors as a
valuable starting point in the developing of novel broad-spectrum antivirals.



Indeed, in cell based experiments some of the tested compounds
demonstrate to be active against a representative panel of enteroviruses.

The last part of my work during my PhD internship has been focused on the
characterization of new Indolyl aryl sulfone (IAS) as HIV-1 nonnucleoside
reverse transcriptase inhibitors. IAS have been shown to potently inhibit
RNA-dependent DNA polymerization of wild type (wf) and drug resistant
mutants of HIV-1. Herein, we describe the mechanism of inhibition of a
selected IAS derivative (RS5187) that shows high inhibitory potency
against the wt and the drug resistant mutant K/03N-Y181C forms of HIV-1
reverse transcriptase (RT). Our results demonstrate that these compounds
inhibit RT displaying a different mechanism against the w¢ or the mutated
form, suggesting new strategies for the development of inhibitors showing
high potency of action towards mutants resistant to the current antiretroviral
therapy.
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1. Introduction

1. Introduction

Kinases are by definition enzymes with the capability to phosphorylate a
receptor aminoacidic residue located on a protein substrate or a lipidic
residue. The reversible phosphorylation of proteins and lipids is a modulator
mechanism of several cellular functions across all the living organisms.
Until now, due to the understanding of the human genome sequence, more
than 500 protein and lipid kinases have been identified (Manning G et al.,
2002). According to the type of substrate, kinases can be classified into two
large groups: protein kinases and lipid kinases. Protein kinases are further
divided into Serine-Threonine Kinases, which phosphorylate the -OH group
of the serine or threonine residues, and Tyrosine Kinases, which
phosphorylate the -OH group of the aminoacidic residue tyrosine on their
substrates. Phosphoinositide lipid kinases (PIKs) phosphorylate lipids
present in the cell, both on the plasma membrane and on the membranes of
the organelles, generating phosphorylated variants of phosphatidylinositol
(PtdIns), that are critical for second messenger signaling and cellular
remodeling (Brown J and Auger K, 2011).

The phosphorylation cascades orchestrated by kinases regulate important
and critical cell pathways and, for this reason, the activities of kinases are
finely regulated in cells. However, mutations and dysregulation of kinases
are well-known to contribute to the development of many human disorders,
including neurodegenerative disorders and several types of cancer (Manning
G et al., 2002). Therefore, kinases are considered important targets against
different oncologic, neurodegenerative and even viral diseases.

The knowledge of the role of kinases in normal and pathological conditions
led to the development of several drugs directed against the enzymatic
activity of target kinases in order to treat the disease by correcting their
deregulation.

12



[. Introduction

1.1. PART I: LEUCINE RICH REPEAT KINASE 2 (LRRK2) IN
PARKINSON'S DISEASE

1.1.1. PARKINSON’S DISEASE:

Pathological and Clinical features of PD
Parkinson’s disease (PD) is a chronic and progressive movement disorder of

the central nervous system (CNS), typically represented by tremor rigidity
and slowness of the movement (Massano J and Bhatia K, 2012) PD is the
second most common neurodegenerative disease worldwide just after
Alzheimer’s disease, affecting 5 million people (GBD 2015 disease and
injury incidence and prevalence collaborators, 2016) and resulting in about
117,400 deaths globally (GBD 2015 mortality and causes of death
collaborators, 2016).

The predominant motor symptoms are collectively named "parkinsonian
syndrome" or "parkinsonism" (Samii A et al, 2004), but mental and
behavioral problems may also occur even if PD has been traditionally
consider as a motor disorder (de Lau L and Breteler M, 2006). The specific
group of symptoms of PD varies from person to person, but usually, the
primary motor signs of PD include tremor of the hands, arms, legs, jaw and
face as well as bradykinesia or slowness of movement, rigidity and postural
instability accompanied to impaired balance and coordination.

The motor symptoms are known to be the consequence of the neuronal
degeneration caused by the cell death in the substantia nigra pars compacta
region, which is defined as the main pathological characteristic of the PD
patients (Samii A et al, 2004). The main effects of cell degeneration in this
area are the low levels of dopamine, as well as the pathological
depigmentation of this area, caused by the loss of nigrostriatal dopaminergic
neurons, typical of several neuropathologies (Segura-Aguilar J, 2017). In
most of cases the disease symptoms are manifested when about 80% of
dopamine at striatum and 50% of dopaminergic neurons in the substantia
nigra are lost (Fearnley J and Lees A, 1991).

13
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The cause of the cell death in this region is still poorly understood but
coincides with the formation and accumulation of protein in inclusions
bodies, known as Lewy bodies, in the affected neurons. These intracellular
structures are the pathological hallmarks of the disease (Christine C and
Aminoff M, 2004).

The neurologist Frederic Lewy (1885-1950) in 1912 detected for the first
time the Lewy bodies in the brains of PD patients. Nowadays these
eosinophilic inclusions are classified by their morphology and location, into
those found within the substantia nigra in the brain stem, with a
characteristic dense core surrounded by a halo of radiating fibrils, and
cortical Lewy bodies that not exhibit particular distinctions between the
nucleus and the halo (Uversky V, 2017).

In general, Lewy bodies are spherical masses mainly composed by the
protein a-synuclein associated with neurofilament proteins (i.e. keratin).
Moreover, ubiquitin and tau proteins, which stabilize microtubules in
neurons of the central nervous system, may also be present (Massano J and
Bhatia K, 2012).

The v-synuclein is a protein particularly abundant in neurons, especially in
presynaptic terminals. Recent studies showed that high concentration of a-
synuclein and ubiquitinated proteins in Lewy bodies suggest a fault in
protein degradation pathway, such as proteosomal degradation or autophagy
(de Lau L and Breteler M, 2006; Uversky V, 2017). However, the
mechanism that leads, from the accumulation of proteins in the neuron's
cytoplasm to the formation of Lewy bodies is still unclear. Although Lewy
bodies are a pathological characteristic of PD, they are also characteristic of
some variants of dementia and Alzheimer's disease (Christine C and
Aminoff M, 2004).

1.1.2. PD Diagnostic.

The pathophysiology behind cognitive and neuropsychiatric symptoms in
PD is undoubtedly complex and individually variable. Reliable biomarkers
that can be applied for early diagnosis and for the surveillance of disease

14
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progression are the basis of clinical treatments and the discovery of several
genetic factors linked to PD offer the opportunity to use them as biomarkers
for the identification of individuals at risk. However, given the
polymorphism present in idiopathic PD where normal aging, genetics and
environmental factors are involved, definitive biomarker and diagnostic
laboratory tests are current not yet available. For this reason, the clinical
diagnosis in the early stages of the disease represent an open challenge,
being based mainly on physical examination that evaluates the improvement
of symptoms after dopamine treatment. Some neuroimaging technologies,
like Magnetic Resonance Imagine (MRI) or Positron Emission Tomography
(PET), using markers to trace the dopamine levels on the brain, can be used
to a more accurate diagnosis and rule out disorders that could give rise to
similar symptoms (Samii A et al, 2004; Christine C and Aminoff M, 2004;
Mandel S et al., 2010; Gerlach M et al., 2012; Barber T et al., 2017).
Unfortunately, such lack of biomarker for PD leads to a high the rate of
misdiagnosis (Atashrazm F and Dzamko N, 2016; Gerlach M et al, 2012).

1.1.3. Treatments for Parkinson’s Disease.

Finding a suitable treatment for PD patients is very difficult for several
reasons. The PD is a degenerative disease with a progressive development,
which means that it will worsen over time and, as the disease progresses, the
effectiveness of the drugs decreases becoming increasingly difficult to
control the symptoms. Over the years, many agents and therapeutic
approaches have been tested. As a result, there are currently new therapies
and approaches available to treat PD in its different stages, moreover
nowadays many promising treatments continue to be evaluated either in the
laboratory or clinical trials in order to meet the unmet needs of this disease.
In a general view, there is widespread consensus in the classification of
treatments for PD: non-pharmacological therapy, pharmacotherapy,
functional neurosurgery, transplantation and gene therapy (Kakkar A and
Dahiya N, 2015).

15
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1.1.3.1.Pharmacotherapy.

Among the forms of treatment, pharmacotherapy is considered the most
efficient in the early stages of PD (Chieng L et al, 2015), it can be divided
into dopaminergic and non-dopaminergic treatments.

1.1.3.1.1. Dopaminergic Therapy.

Many of the characteristic symptoms of PD are due to a deficiency of
dopamine in the brain (Samii A et al, 2004). So, the first option to contain
the early symptoms of the disease consists of dopamine compensation
strategies (administration dopamine agonist). Despite its efficacy, this
therapy just works as a palliative measure for early motor symptoms since it
does not influences the continuous neuronal loss (Clarimén J and
Kulisevsky J, 2013; Kakkar A and Dahiya N, 2015).

Levodopa (L-DOPA), and other dopamine agonists, are widely used instead
of dopamine (Chieng L et al, 2015) since it is unable to cross the blood-
brain barrier (BBB). However, when administered alone, only 5-10% of L-
DOPA reach the dopaminergic neurons. The rest is metabolized into
dopamine elsewhere, causing several of the side effects of Levodopa
treatment, including nausea, dyskinesia and hypotension (Samii A et al,
2004).

Pharmacological treatment, especially the long-term use of levodopa, can
lead to some motor complications. In these circumstances “on” periods can
manifest, in which the patient has an adequate response to antiparkinson
medication with an improvement of the clinical symptoms. Subsequently
“off” periods occur, in which the response to levodopa decreases and the
symptomatology of the disease, such as tremor or difficulty walking, return
despite the treatment (Nutt J, 2001; Brodsky M et al., 2010). The short half-
life of levodopa may be the main cause of these fluctuations (Samii A et al,
2004; Elshoff J et al., 2015).

Akinesia of awakening and wearing-off phenomenon are considered as
predictable motor fluctuations as they follow a clear dose-response pattern.
On the other hand, non-predictable “on-off” phenomenon has a complex

16
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relationship with medication intakes where the “on” and “off” periods
alternate without an apparent relation with levodopa doses. (Lees A, 1989;
Samii A et al, 2004)

There are other drugs that may be useful in the treatment of motor
symptoms that are usually administered if one dopamine agonist is not well
tolerated by the patient. However, levodopa remains the most potent drug
and the backbone along the antiparkinson treatment despite its severe side
effects observed after long term treatment (Elshoff J ez al., 2015; Patil A et
al., 2017).

1.1.3.1.2. Non- dopaminergic therapy.

In general, peripheral dopadecarboxylase inhibitors (carbidopa or
bencerazide) are given in combination with levodopa to prevent its
anticipated conversion into dopamine, thus increasing the amount of L-
DOPA in the central nervous system (Etminan M et al, 2003). In addition,
other drugs are included into the therapy in order to decrease the side effects
due to peripheral dopamine accumulation derived from dopamine agonist
treatments.

Domperidone is a drug that acts as a dopamine antagonist, blocking
selectively the dopaminergic receptors. Domperidone does not cross the
BBB, therefore it blocks the dopamine receptor D2 (Lees A, 1989; Elshoff J
et al., 2015) without worsen the disease. In PD patients under PD treatment
the drug is used to relieve nausea and vomiting (Elshoff J et al., 2015).
Monoamine oxidase (MAO)-B inhibitors, as Azilect (rasagiline) and
Zelapar (selegiline), act against the enzymatic activity of MAO, which is
found mainly in both neurons and astroglia, and outside the CNS in brain, in
liver and in intestinal mucosa. MAO regulates the metabolic degradation of
catecholamines and serotonin in the CNS and peripheral tissues and is
divided in types A and B, with the latter representing the major form in the
human brain (Kakkar A and Dahiya N, 2015; Elshoff J et al., 2015).
Therefore, inhibition of MAO-B, specifically avoids dopamine degradation
in the brain.

17
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Catechol-O-methyltransferase (COMT) inhibitors prevent the peripheral
breakdown of levodopa. This increases the overall bioavailability of
levodopa and its concentration in the brain, prolonging the clinical response
to dopamirgenic therapy.

Anticholinergic drugs block the neurotransmitter acetylcholine in the central
and the peripheral nervous system. Restoring the balance between the levels
of acetylcholine and dopamine, in PD patients this treatment decreases
tremor, and may alleviate rigidity and bradykinesia.

1.1.3.2. New approved drugs.

Safinamide (Xadago) has been approved in 2017 as a complement in the
treatment of PD with levodopa/carbidopa in patients with “off” episodes.
Xadago significantly increases daily “on” time without dyskinesia. It is a
selective, reversible MAO-B inhibitor with favorable pharmacokinetic and
side-effect profiles (Dézsi L and Vécsei L, 2014). Differently from other
MAO-B inhibitors, other than increasing the stability of dopamine in the
brain, it also blocks the release of glutamate, an important neurotransmitter
which in PD acts as a neurotoxin (Blandini F ef al., 1996).

1.1.3.3. Deep Brain Stimulation.

As mentioned above the use of dopaminergic and non-dopaminergic drugs
could effectively improve mobility and reduce dyskinesias, but long-term
medical management is often complicated. Similar to the pharmacological
treatments currently available, surgical options offer symptomatic benefits.
Deep brain stimulation (DBS) consist in electric stimulation of specific
areas of the brain exerted by electrodes placed on one or both cerebral
hemisphere, connected to a neurostimulator device. Through the electrodes,
electrical impulses are send to the areas of the brain that control movement,
located in subthalamic nucleus or the globus pallidus interna. The electrical
pulses block signals that cause the motor symptoms of PD (Chieng L ef al.,
2015; Kakkar A and Dahiya N, 2015; Sidiropoulos C et al., 2017; Fang J
and Tolleson C, 2017).
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DBS represent a treatment choice for patients with advanced PD motor
symptoms, particularly those in whom symptoms cannot be adequately
controlled with drugs. In terms of mobility, emotional well-being, bodily
discomfort and activities of daily living, neurostimulation has proven to be
more effective than medication alone (Deuschl G et al., 2006; Kurtis M et
al., 2016). Although DBS has been approved by the FDA since 1997 as a
useful tool to counteract the motor symptoms of PD, the exact mechanism
with which DBS acts as well as the impact on non-motor symptoms
continues to be ambiguous (Kurtis M et al., 2016).

1.1.4. Genetics of Parkinson’s Disease

Although the etiology of most of PD cases is still unknown, the
identification of specific genetic defects on PD familiar cases contributed to
shed light on the molecular mechanisms that determine PD pathogenesis
(Chen C et al., 2012; Gatto E et al., 2013; Hardy J et al., 2009).

Some factors such as the natural aging, diet and lifestyle, over the years,
have been considered as risk agents for PD, even if none of them is
considered essential for PD outcome and progression. Only in 1997 it was
discovered that recurrent mutations occur in the SNCA gene in patients with
PD (Mata I et al., 2006; de Stefano A et al., 2002). The SNCA gene encodes
alpha-synuclein, the major component of Lewi Bodies (Massano J and
Bhatia K, 2012; Du T et al., 2015; Uversky V, 2017). Since then, several
families have been identified with parkinsonism with a clear Mendelian
inheritance and other "PD genes" associated with familiar forms of PD have
been discovered. About 10% of PD cases are caused by monogenetic forms
(de Lau L and Breteler M, 2006; Gatto E et al., 2013).

Nowadays, inherited mutations that cause familial PD, mostly missense
mutations, have been identified in 18 genes (Atashrazm F and Dzamko N,
2016), which are predominantly involved in protein quality control and
mitochondrial metabolism (Table. 1). All these mutations are associated
with altered function(s) of the associated genetic product (Table. 1).
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Table 1: Monogenic forms of Parkinson’s disease

PD
PROTEIN OTHER
LOCUS GENE CHROMOSOME INHERITANCE PROTEIN FUNCTION PHENOTYPE PHENOTYPE
o- TS Young onset.
PARK1 | SNCA 4q21-23 AD _ release and oung onset,
synuclein T rapid progession
Early
PARK2 | Parkin 645.5-q27 AR Parkin ~ Ubiquitin - Youngonset,  dystonia,
ligase slow progession and
dyskinesia
Similar to .
*
PARK3 | Unknown 2pl13 AD idiopathic PD Dementia
PARK4 | SNCA 4pl6 AD SNCA Youngonset, o entia
dementia
LDloile i (Cs Similar to
PARKS UCHLI 4pl4 AD UCHL-1 terminal L .
riise idiopathic PD
PTEN-
lﬁiizzd Young onset,
PARK6 | PINKI 1p36 AR PINK 1 protection  Penign course,
against levodoPa
mitochondrial responsive
dysfunction
Protection Similar to
PARK7 | DI 1p36 AR DJ-1 against - idiopathic PD,
oxidative levodopa
stress responsive
Membrane Late-onset.
trafficking, indistin, uisheible
PARKS | LRRK2  12pll-2-ql13-1 AD LRRK2 role in ne .
from idiopathic
cytoskeletal PD
dynamics
Parkinsonism
with spasticity, =~ Dementia,
PARKY | ATP1342 1p36 AR dementia, and pyramidal
supranuclear syndrome
palsy
PARK10 | Unknown 1p32 Unknown
PARKI11 | GIGYF2 2q36-37 Unknown No definite
NURRI | Unknown — 2q22-q23 AD NRanz  Nuelear
receptor

Data were extrapolated from: De Stefano A ef al., 2002; Cuervo A et al., 2004; Bonini N
and Giasson B, 2005; de Lau L and Breteler M, 2006; Clarimén J and Kulisevsky J, 2013;
and Gasser, 2015.
"Candidate genes in this region: Transforming growth factor-a. (TGFA), cytochrome P450
retinoid metabolizing protein (P450RAI- 2), sepiapterin reductase (SPR, or 7,8-
dihydrobiopterin: NADP oxidoreductase), and the N-acetyltransferase 8 (putative) 2

(CML2)
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Familial PD forms usually exhibit some differences in the symptoms and
disease progression rather than idiopathic PD. For example, mutations in -
synuclein are often associated with a more aggressive form than idiopathic
PD (Bonini N and Giasson B, 2005; Uversky V, 2017). On the contrary,
recessively inherited PINK1 mutations displays a much earlier onset and
often a more severe course of the disease (de Lau L and Breteler M, 2006).

1.1.4.1.Leucine-Rich Repeat Kinase 2 and Parkinson’s Disease
Leucine-Rich Repeat Kinase 2 (LRRK?2) is a large (280 kDa) multi-domain
serine-threonine kinase, encoded in humans by the PARKS gene. LRRK2
belongs to leucine rich repeat kinase family, since it contains several copies
of a signature aminoacidic repeat module called leucine-rich domain
(Goring S et al., 2014). The expression of LRRK2 has been identified on
several brain regions as cerebral cortex, substantia nigra and caudate
putamen (Westerlund M et al., 2008; Chen C et al., 2012) but seems to be
more abundant in kidney, lung, spleen and testis of mammals (Maekawa T
et al., 2010). LRRK2 also, appears to be a relatively abundant protein of
human peripheral blood mononuclear cells including, CD14+ monocytes,
CD19+ B-cells, and CD4+ as well as CD8+ T-cells. Moreover, LRRK?2
expression is up-regulated in cultured macrophages in the presence of
microbial structures and lentiviral particles, and its activity contributes to
interferon y signaling (Hakimi M et al., 2011).

LRRK2 influences the activity of several transcription factors. It has been
shown that LRRK2 positively regulates microglial inflammation via the
nuclear factor kB (NF-xB) pathway by stimulation of expression and by
phosphorylation of the inhibitor IxkBa (inhibitor of xB) (Gardet A et al.,
2010; Kim B et al., 2012; Hongge L et al., 2015). Furthermore, Recent
studies demonstrate that Na'/K'-ATPase activity is considerably lower in
dendritic cells isolated from mice lacking functional LRRK2 (LRRK2"). By
direct phosphorylation LRRK2 is able to up-regulate the activity of the
forkhead box transcription factor FoxOl1, in addition, LRRK2 activity also
contributes in the regulation of reactive oxygen species (ROS) production
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and in the monocyte maturation (Gardet A et al., 2010; Thévenet J et al.,
2011). Some studies report that LRRK2 deficiency leads to nuclear up-
regulation of NFAT (Jabri B et al., 2011; Liu Z et al., 2011) which is
expressed in most cells of the immune system but it is also involved in the
development of cardiac, skeletal muscle, and nervous systems.

Table 2: LRRK2 pathogenic and putatively pathogenic mutations.

Aminoacid

Location Amil?oac‘id conservation across Domain Diseas‘e
substitution vertebrates segregation
Exon 19 R793M Yes“ Ankyrin repeat NR
Exon 21 Q930R Yes NR
Exon 24 R1067Q Yes LRR NR
Exon 24 S1096C In mammals LRR NR
Exon 24 L1114L NA Splicing Yes
Exon 25 11122V Yes LRR Yes
Exon 27 S1228T Yes LRR NR
Exon 29 11371V Yes Roc NR
Exon 31 R1441C Yes Roc Yes
Exon 31 R1441G Yes Roc Yes
Exon 31 R1441H Yes Roc NR
IVS31 NA NA Splicing NR
Exon 32 R1514Q In mammals COR NR
IVS33 NA NA Splicing NR
Exon 35 Y1699C Yes COR Yes
Exon 38 M1869T Yes COR NR
Exon 40 R1941H Yes Kinase NR
Exon 41 12012T Yes Kinase Yes
Exon 41 G2019S Yes Kinase Yes
Exon 41 12020T Yes Kinase Yes
Exon 48 T23561 No WD40 NR
Exon 48 G2385R No WD40 NR

“Except M in mouse, ” Except in chicken.
Abbreviations: IVS=intervening sequence; NA=not applicable; NR=Not reported.
Data were extrapolated from Mata I ef al., 2006.
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In neurobiology and pathology, LRRK?2 became an important target since its
mutations has been associated with both autosomal-dominant and late-onset
sporadic PD cases (Yun H et al., 2011; Cookson M, 2010). Importantly,
differently from all the other familial PDs, the clinical features of LRRK2
PD are indistinguishable from the idiopathic form (Shen J, 2004; Hardy J et
al., 2009) (Table 1). The most common LRRK2 mutations in PD are the
missense mutations located within the catalytic kinase domain or in the
ROC-COR tandem GTPase domain (Tab. 2). These mutations are present in
ratio of 5-13% of familial PD and 1-5% of sporadic PD (Chen C et al.,
2012; Fell M et al., 2015). All these mutations increase the level of auto-
phosphorylation of LRRK?2 (Atashrazm F and Dzamko N, 2016), enhancing
its kinase activity. Among those mutation, G2019S is the most common
pathological one. The other four LRRK2 mutations (R/441C, R1441G,
Y1699C, and 12020T) are much less common, having been identified in only
a small number of patients (Hardy J et al., 2009; Clarimoén J and Kulisevsky
J, 2013). The biological consequence of enhanced LRRK?2 activity is still
poorly understood. However, studies in cell lines or in animal models such
as in flies, worms, and mice have shown that overexpression of G20/9S
LRRK?2 may favor neuronal degeneration (Hardy J et al., 2009).

Inhibition of LRRK2 kinase activity, and in particular of the pathogenic
mutant G2019S, has been proposed as an attractive therapeutic strategy for
the treatment of PD (Hatano T et al., 2009; Mark et al., 2010). Among the
first-generation selective compounds, LRRK2-IN-1 appeared to be a
promising agent for PD therapeutic studies. In fact, it presents high
selectivity and potency against both LRRK2 wr and its mutant form
G2019S. However, its bulky size and impermeability through the BBB
limited the LRRK2-IN-1 use in vivo. Moreover, LRRK2-IN-1 cause a
number of off-target effects relating to inflammatory pathways (Deng X et
al.,2011; Luerman G et al., 2014). Among the second generation of LRRK2
inhibitors, HG-10-102-1 shows interesting features. During in vivo
examination, following intraperitoneal administration at a dose of 100
mg/kg, this inhibitor was able to cross the BBB and completely inhibit
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LRRK2 activity in mouse brain. However, with lower doses of 10 and 30
mg/kg, HG-10-102-1 could only partially inhibit LRRK?2 in brain (Choi H et
al., 2012). Despite a few LRRK2 inhibitors having been published in the
last years (Kirrane T et al., 2012; Kramer T et al., 2012), only a few reports
have been published on the selective inhibition of the G2019S mutant over
wild type LRRK2 (Franzini M et al, 2013; Lang C et al, 2015).
Considering that the physiological and pathological functions of this kinase
remain poorly understood, it would be desirable to identify novel chemical
probes able to selectively inhibit the pathogenic G2079S LRRK?2 mutant.

1.2.PART II: PHOSPHATIDYLINOSITOL KINASES AND THEIR
ROLES IN CANCER AND VIRAL INFECTIONS

Phosphoinositide lipid kinases (PIKs) are the enzymes responsible for the
production of the different species of phosatidylinositol (PtdIns) (Scheme
1). PIKs are widely distributed throughout the cell where their enzymatic
activity on PtdIns can change their reactivity and localization. PI3Ks
purified from rat liver were the first mammalian lipid kinases to be
discovered (Carpenter C et al., 1990); today, a total of 18 PIKs have been
described divided into three major subfamilies PI3Ks, PI4Ks and PIPK /
PIP5Ks (Scheme 1).

PtdIns and its derivatives known as phosphoinositides (PIs), consist in a
family of lipids of the class of the phosphatidylglycerides. They represent
only 10 to 20% of total cellular phospholipids (Balla T, 2013) and a very
small part of total lipids present in the cellular membrane compartments.
The biosynthesis of PtdIns is catalyzed by phosphatidylinositol synthase in
the endoplasmic reticulum (ER) (Kim Y et al., 2011) from myo-inositol and
CDP-diacylglycerol (CDP-DG) (Agranoff B et al., 1958; Benjamins J and
Agranoff B, 1969).

Structurally PtdIns consist of a glycerol backbone esterified to two fatty
acids chains and a phosphate group attached to a cyclic polyol myo-inositol
at the position D1. This inositol head group possesses five hydroxyls ready
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for phosphorylation located in positions D2 through D6. However, only -
OH groups located at positions D3, D4 and D5 (Top of Scheme 1) are
naturally phosphorylated, giving rise to seven PtdIns derivatives (Balla T,
2013) (Scheme 1).

There is a hierarchical organization in the production of Pls as well as of its
distribution between the various membrane compartments. As a PI moves
outward from the nucleus toward the plasma membrane, the extent of
inositol lipid phosphorylation is increased. In this manner, the endoplasmic
reticulum and nuclear envelope mainly contain PtdIns. The endosomal
compartments, including the Golgi, contain monophosphorylated PtdIns,
such as PtdIns4P or PtdIns3P. The plasma membrane has the PtdIns(4,5)P,
and PtdIns(3,4,5)Ps. The only exception is PtdIns(3,5)P, that is formed at
the multivesicular body, which is an endomembrane compartment (Balla T,
2013).

The phosphorylation of PtdIns is a key determinant for a wide variety of
cellular functions including cell growth and proliferation. Several signaling
proteins are recruited to specific cellular locations through interaction with
the PIs via inositide-binding protein modules, such as the pleckstrin
homology domains (PH-domains) (Moravcevic K et al., 2012). PIs can also
regulate particular ion channels by interacting with molecules that reside in
the membrane, such is the case of PtdIns4P and PtdIns(4,5)P, that regulate
the transient receptor potential vanilloid 1 (TRPVI1) cation channel
(Hammond G et al., 2012).

The deregulation on the activity of PIKs may allow the development of
many pathologies particularly related to their physiological functions,
including some forms of cancer and diabetes (Brown J and Auger K, 2011).
An example is, gain-of-function mutations in PIK3CA, which encodes the
catalytic subunit pl10a of PI3K, these mutations are related with
endometrial (Cheung L ef al., 2011) and colorectal cancer (Jaiswal B et al.,
2009).

25



1. Introduction

Ptdins4P Ptdins5P Pldins3P
Ptdins(4,5)P; Pidins(3 4)P, Piding(3,5)°,
Ptdins(3.4,5/P;
N N\
Kinases Phosphatases
1. PIKA, PI4KB PI4K2A, PIAK2B 8, SACIMIL, (Sac1), SYNJ1/2 77
(Sttd, Pik1, Lsb6) 9. SYNJ1, SYNJ2, OCRL, INPPSB, INPPSE,
2. PIPSKIPIKfyve 77 INPPSF, (InpS1, Inp52, Inps3)
3. PI3KC3,{Vps3d), PI3KC2A 10. TMEMSS 72
4. PIPSK1A, PIPSK1B, PIPSK1C (Mss4) 11. MTMs, MTMRs
5. PIPSK2A", PIPSK28", PIP5K2C* 12, INPPAA, INPP4B
6. PIPSKPIKfyva (Fab1) 13. SAC3 (Figd)
7. PIIKCA, PI2KCB, PI3KCG, PIIKCD 14. PTEN
15. SHIP1. SHIPZ, INPPSE, INPPS., INPPSK
< o v

Scheme 1: Phosphatidylinositol (PtdIns) structure and interconversions between various
phosphoinositides and the enzymes catalyzing these reactions. The yeast enzymes are listed
in parentheses. Where there is some ambiguity it is indicated by “??”. * PIP5K2s are 4-
kinases that act on PtdIns5P. (Scheme extrapolated from Balla T, 2013)
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1.2.1. PI4KIIIB

In mammals, four enzymes (PI4Ks) are able to phosphorylate the 4-OH of
PtdIns to generate PtdIns4P (Scheme 1). PI4Ks fall into two classes, defined
as type II and type III. In first place Type II PI4Ks (PI4KII a and B) are
enzymes of ~55 kDa, that showed high affinity for ATP (K= ~10-50 uM).
One of the most noteworthy characteristics of PI4KIIs is that they can be
strongly inhibited by adenosine (K= ~10-70 pM). On the other hand, the
isoforms PI4KIIlo and PI4KIIIB constitute the Type III of the PI4Ks family.
These enzymes are less sensitive to adenosine (K; > 1 mM) but they are
instead inhibited by wortmannin (ICsp= ~50-100 nM). PI4KIllo. and
PI4KIIIB have similar primary structures, with a molecular mass greater
than 200 kDa, but differ in tissue and subcellular distribution (Balla T et al.,
1997; Balla A and Balla T, 2006; Chu K et al, 2010; Gehrmann T and
Heilmayer L, 1998; Nakagawa T et al., 1996).

Experiments in yeast demonstrate that PI4KIIIf is mainly Golgi and nucleus
located (Strahl T et al., 2005). The localization of PI4KIIIB at Golgi can be
attributed to the interactions of PI4KIIIB (at residues 125-169), with a small
Ca’+ binding protein frequenin (NCS-1 in mammalian cells), and Arfl
(GTPase ADP-ribosylation factor 1) (Bourne Y et al., 2001; Hilfiker S,
2013), these interactions promote the recruitment and binding of PI4KIIIR to
the Golgi. Instead, the localization of PI4KIIIB in the cytoplasm is mediated
by Rabll, a protein involved in a large number of cellular trafficking
processes (Prekeris R et al., 2000; Takahashi S et al., 2012). In particular,
Rab11 binds to PI4KIIIB at residues 401-516, without affecting the PI4KIIIR
enzymatic activity (de Graaf P et al., 2002). From the cytoplasm, PI4KIIIp
can be recruited to the Golgi by Acyl- CoA-binding domain containing
protein 3 (ACBD3). Even if PI4KIIIB can shuttle to the nucleus from
cytoplasm, its nuclear function(s) remain unclear (de Graaf P et al., 2004).
However, it was demonstrated that PKD (vesicular-transport-regulator
protein kinase D) mediated the phosphorylation of PI4KIIIB at Ser268
(Hausser A et al., 2005). Such modification promotes the interaction of
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PI4KIIIB with 14-3-3 proteins, an event that inhibit the nuclear localization
of PI4KIIIB (Demmel L et al., 2008).

The phosphorylated product of PI4KIIIB, Phosphatidylinositol 4-phosphate
(PtdIns4P), is a monophosphorylated form of PtdIns. This lipid is bind by
pleckstrin homology (PH) domains of oxysterol-binding proteins, ceramide
transfer proteins, or by four-phosphate-adaptor protein 1 and 2 (FAPP1 and
FAPP2) (Dornan G et al., 2016), all involved in lipid transfer functions. The
positively charged surface of PH domains on these proteins mediates the
interactions with the negatively charged PtdIns4P and its derivatives
(Bottomley M et al., 1998). Through these interactions, PI4KIIIB and its
phosphorylated products are thought to play a critical role in mediating
membrane trafficking in the Trans-Golgi Network (TGN).

PtdIns4P is also an essential precursor of the secondary messengers
PtdIns(4,5)P, and PtdIns(3,4,5)P5. The first one is an important component
in the formation of the cleavage furrow during cytokinesis (Field S et al.,
2005), while PtdIns(3,4,5)P;, that diffuses through the cytoplasm, which,
because of its solubility, interacts with inositol triphosphate receptors on the
ER, causing the release of calcium and raising the level of intracellular
calcium. PtdIns(3,4,5)P; also participate in signal transduction processes. In
immune cells for example, PtdIns(3,4,5)P; interacts with the
phosphoinositide phospholipase C (PLCyl) activity via activation of Tec-
family tyrosine kinases, in a processes controlled by SHIP1
(Phosphatidylinositol-3,4,5-trisphosphate 5-phosphatase 1) (Fluckiger A et
al., 1998).

Moreover, PtdIns(4,5)P, and PtdIns(3,4,5)Ps interact with different binding
domains (included PH domain) rich in basic residues of cytoskeletal
proteins such as cortexillin I, gelsolin, N-WASP, vinculin and profilin
(Niggli V, 2001). As a result, serving as an anchor to the plasma membrane
for all these proteins, both PtdIns(4,5)P, and PtdIns(3,4,5)P; are able to
influence the cytoskeletal organization. The levels of these lipids in cell can
be increased or decreased upon stimulation, depending on cell type and
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stimulus (Czech, 2000), contributing to modulation of cell membrane
organization.

1.2.2. PI4KIIIB Structure

PI4KIIIB is a large (92 kDa) multi-domain enzyme (Nakagawa T et al.,
1996) (Fig. 1) and, similarly to PI4KIIla, it contains a conserved catalytic
domain that shows similarity to the catalytic domain of PI3Ks. It also
possesses a lipid kinase unique domain (LKU), which is predicted to be
helical. The LKU domain is followed by the frequenin (Fq)/NCS-1 binding
site. Moreover, PI4KIIIB present a conserved Ser-rich segment that contains
several phosphorylation sites, including PKD phosphorylation site at
Ser268, where PI4KIIIB can be phosphorylated and, consequently, activated
(Hausser A et al., 2005). PI4KIIIB in its structure also presents a loop within
the N-lobe, located in its kinase domain (Fig. 1) (Dornan G et al., 2016).
PI4KIIIB also contains N-terminal proline rich sequences (Pro-rich), whose
function is the less known among the PI4KIIIB domains (Balla T, 2013) of
the kinase domain. Finally, PI4KIIIB shuttles between the nucleus and the
cytoplasm, in its structure PI4KIIIB possess several Leu-rich sequences that
could serve as binding sites for nuclear localization and nuclear export
(Heilmeyer L et al., 2003).

Kinase domain

Pro-rich Helical Ser-rich
: : 8294 N-Lobe
1 1
¥ T ITE U D )

Figure 1: PI4KIIIB domain organization.

1.2.3. PI4KIIIB and Cancer

As mentioned above, among PIKs family, PI3K has been largely associated
with diverse cancer onset (Table 3) promoted by gain-of-function mutations
in the catalytic subunit p110a of PI3K. Moreover, there are many activators
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of PI3K that in cancer are mutated or overexpressed as KRAS mutations in
endometrial and colorectal cancer (Cheung L et al., 2011) or ERBB?2
overexpression, in breast cancer (Slamon D et al/, 1989; Lynch T et al, 2004;
Oda K et al. 2008).

Even if PI3K is the main PIK associated with different types of cancer, the
deregulation of PI4KIIIB or malfunction of its PI products can also lead to a
malignant transformation. It has been suggested that PI4KIIIB, like PI3Ks,
also plays a role in breast cancer oncogenesis, since PI/4KB, the gene
encoding PI4KIIIB, has been found to be highly expressed in breast tumors
(Curtis C et al., 2012; Morrow A et al., 2014). It is well known that
PI4KIIIB regulates breast epithelial morphogenesis (Pinke D and Lee J,
2011). In breast cancer PI4KIIIB overexpression increases the PI3K-
dependent Akt activation, a serine-threonine kinase that regulates multiple
biologic processes that is found deregulated in many cancers (Cheng J et al.,
1996; Franke et al., 1997; Vivanco I and Sawyers C, 2002; Carpten J et al.,
2007; Chu K et al., 2010;). The mechanism underlying this process is still
unclear but it was found that the higher level of Akt kinase activity
following PI4KIIIB overexpression is independent from its kinase function
(Morrow A et al., 2004). PI4KIIIB is also a downstream effector of
eukaryotic elongation factor 1 alpha 2 (¢éEF1A2), a transforming gene that is
highly expressed in both breast and ovarian cancer (Anand N et al., 2002;
Tomlinson V et al., 2005).
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Table 3: The PIKs, physiological role and associated diseases

NAME S P ROLE Pathogenic
associates
Cytoskeletal
PI4KIII/ 8 organization, cell wall . .
g integrity, sphingolipids ¥ 1o Q1S€aSES,
£ PtdIns PtdIns4P {tegty, Sphungotip Hepatitis C
M metabolism, transfer Virus (HCV)
PI4KA j mediator between Golgi ’
~ and ER.
ﬁ Golgi related functions, Breast cancer
I/)Ilfllﬁgf E PtdIns PtdIns4P C};‘;)kl{leSlS,. trafficking cystic fibrosis,
gulator in the late . .
Viral diseases.
% secretory pathway.
2 % Membrane recruiter of
~§~ 2 clathrin adaptors AP-1, Gaucher
g 5 AP-3 and GGAs, disease, late
= Pl4K2a <+ PtdIns PtdIns4P endocytosis, Lysosomal onset spino-
= = trafficking of cerebellar
n = glucocerebrosidase degeneration.
= § enzyme.
2: PI4K28 &= PtdIns PtdIns4P NID
< . Golgi-prevacular
on
= — compartments-vacuola
2 =2 trafficking, Membrane
= PBBKC3 = &  Ptdlns PtdIns3P & : NID
72} @ g rearrangement in
% S multivesicular bodies,
= o autophagy, endocytosis.
] —
= PIPSKIA %  Ptdlns4P  PtdIns(4,5)P, FogR-mediated NID
8 2 phagocytosis, actin cycle.
g i
z PIPSKIB &  Ptdlns4P  PtdIns(4,5)P, LTS Eialn FE0ep o NID
A endocytosis
[y Clathrin-mediated
PIPSKIC &  PtdinsdP  Prdins(4,5)p, ~ Crdocylosisinneurons, —p o ncer
- e production of vesicles in
§ chromaffin cells.
S pipskoa 8 Ptdlns5P  PtdIns(4,5)P, NID
8, £
S PIPSK2B f o PSP Pidins(4.5)P, NID
& a
PIP5SK2C é PtdIns5SP PtdIns(4,5)P, NID
H
= o
PIPSK3 2% { Ptdins3P  PtdIns(3,5)P, Multivesicular body NID
il pathway, autophagy.
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Colorectal and

PI3Ka/ Insulin/IGF1-mediated endometrial
regulation of cellular cancer,
sl ARGl grO\g;/th and metabolism,  glioblastoma
PI3KCA angiogenesis. and other
cancer forms
PI3KB/ Clathrin-mediate Can induce
endocytosis, insulin- tumorigenesis
PI3KCB PtdIns(4,5)P;  PtdIns(3,4,5)P, mediate signals, B-cells under PTEN
development. loss.
PI3Ky/ 2 Protein kinase activity,
g phosphorylation of MEK
k) M protein, Chemotaxis of  Inflammatory
g o neutrophils and diseases
5 ~ PtdIns(4,5)P, PtdIns(3,4,5)P, P . ’
M PIBKCG —_ macrophages, chemokine colorectal
< 2 responses, inflammation, cancer.
has O patelet aggregation, T-
¥ cell signaling.
< .
S PI3KS/ Al!erglc,
&~ autoimmune
and pulmonary
Support immune cells d1seas§s,
PtdIns(4,5)P, PtdIns(3,4,5)P, functi chronic
PI3KCD unctions. lymphocytic
leukemia,
multiple
myeloma,
PIBKC2a. A Clathrin-mediated
/ ~ 8 endocytosis and
= = PtdIns PtdIns3P trafficking, insulin- NID
PI3KC2A ﬁ Y related functions, liver
O regeneration.

Classification of PIKs according to their substrate, enzymatic function in cell and

associated diseases. aType IT PIPKs seem to be more important in the control of PtdIns5P
than in the production of new PtdIns(4,5)P, but its specific roll remain elusive (Clarke J et al.,
2010).

NID: Non-independent diseases related with this specific enzyme have been reported, P:
Product, S: Substrate. Data in this table were obtained from: Audhya A et al., 2000; Babst M
et al., 2002; Bairstow S et al., 2006; Balla T, 2013 Berger P et al., 2006; Bielas S et al., 2009;
Bohnacker T et al., 2009; Carpten J et al, 2007; Clarke J et al., 2010; Coppolino M et al.,
2002; Cheung L et al, 2011; Czech M, 2000; Dominguez V et al., 2006, Foukas L et al.,
2006; Gaidarov I et al., 2001; Garcia-Bustos J et al., 1994; Itakura E et al., 2008; Jia S et al.,
2008; Jovic M et al., 2012; Krauss M et al., 2003; Padron D et al.,, 2003; Rozelle A et al.,
2000; Sasaki T et al., 2000a; Sasaki T et al., 2000b; Simons J et al., 2009; Sun Y et al., 2010;
Trotter P et al., 1998 ; Yamamoto A et al., 1995 and Yoshida S et al., 1994.
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1.2.4. PI4KIIIB and viral diseases

Traditionally, antiviral drug discovery has been mainly focused on the
inhibition of viral targets, leading to the development of highly specific
drugs to fight specific infections. As a consequence of the high mutation
rate of RNA viruses, the major problem with compounds that directly target
specific viral proteins is the rapid emergence of new drug-resistant viral
strains. A strategy to overcome this issue is to target host factors that are
essential for the viral replication cycle but dispensable for host cell survival.
Other than avoid resistance onset, this approach has another important
advantage: since viruses belonging to the same genus or family usually
share the same cellular pathways for replication, targeting a host factor may
allow the development of effective broad-spectrum antiviral compounds
(Ujjan I et al., 2015).

Human enterovirus infections are considered one of the major causes of
acute exacerbations in chronic pulmonary diseases like asthma, chronic
obstructive pulmonary disorder and cystic fibrosis in children and adults
(Leigh R and Proud D, 2015). In most enteroviruses, the membrane protein
3A interacts with host proteins Arfl (ADP-ribosylation factor 1) and GBF1
(Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1)
(Wessels E et al; 2007; Teterina N et al., 2011), to enhance the recruitment
of PI4KIIIB to host membranes. After its recruitment, PI4KIIIB generates a
PtdIns4P lipid-enriched microenvironment to which the viral RdRp 3D
(RNA-dependent RNA polymerase) can bind and initiate the viral RNA
replication (Hsu N et al., 2010). However, the viral 3A activation of
PI4KIIIB is far from being fully understood because different enteroviral 3A
proteins have different capacities to activate PI4KIIIB. For example, in
Coxsackie virus B which also belongs to enterovirus genus, the 3A-
dependet recruitment of PI4KIIIB has been shown to be independent of
both, GBF1 and Arfl (Dorobantu C et al., 2014), highlighting the
complexity of viral activation of PI4KIIIp.

Even if the viral activation of PI4KIIIp is not fully understood, its relevance
for viral infections is clear as well as its relevance as broad-spectrum viral
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target. Importantly, chemical inhibition of PI4KIIIB does not influence cell
viability, probably because the PtdIns4P amount produced by other PI4Ks
could support cell trafficking and signaling, but it is not sufficient to sustain
viral RNA synthesis (Altan-Bonnet N and Balla T, 2012; la Marche M et
al., 2012).

A major aim in the development of PI4KIIIs inhibitors is to achieve
selective inhibition of the B isoforms over the o one. In fact, unselective
inhibition of o and @ isoforms lead to cell toxicity. Among the PI4KIIIs
inhibitors with antiviral activity against enterovirus, PIK93 is the most
relevant one (ICso=19 nM). Even if PIK93 can inhibit the catalytic activity
of PI4KIIIP isoform at nanomolar concentrations, it is not selective because
it is able to effectively inhibit PI4KIIla too (ICs50=39 nM) (Arita M et al.,
2011; MacLeod A et al., 2013; Boura E and Nencka N, 2015).
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1.3. PART III: HIV-1 Reverse Transcriptase

1.3.1. HIV/AIDS

From its "public appearance" in 1981, the global pandemic caused by the
human immunodeficiency virus (HIV) infection and its consequent
Acquired Immunodeficiency Syndrome (AIDS) have become one of the
most relevant public health issues around the world. In 2016 were reported
1.8 millions of new infections and 1.2 millions deaths due to HIV-related
infections. In the same year, it has been estimated that approximately 36.7
million people are infected with HIV worldwide (Cohen M et al., 2008;
GBD 2015 disease and injury incidence and prevalence collaborators, 2016;
GBD 2015 mortality and causes of death collaborators, 2016).

Table 4: HIV/AIDS in numbers

HIV/AIDS IN NUMBERS
Global prevalence Number of deaths
(thousands) (thousands)
2005 /2015
201 2 2015
015 Variation (%) 005
HIV/AIDS 37277 21,1 1791 1192
Tuberculosis 8 861 9,2 1347 1112
HIV/AIDS— 258 17,9 351 211
tuberculosis
HIV/AIDS resulting - ., 23,6 1 440 980
in other diseases
Sexually transmitted
diseases excluding 1145527 16,9 135 108

HIV

Prevalence: Global prevalence for 2015, percentage change of counts between 2005
and 2015 for all causes. Percentage change in counts between 2005 and 2015.
HIV/AIDS—tuberculosis: Tuberculosis in HIV-positive people

Deaths: Global deaths in 2005 and 2015 for all ages and both sexes combined between
2005 and 2015
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Sub-Saharian Africa region continues to be the most affected by the virus.
On the other hand, more recent epidemiological data (Cohen M et al., 2008;
GBD 2015 mortality and causes of death collaborators, 2016) show that
some countries in this same region had very large gains in life expectancy
from 2005 to 2015, due to the better accessibility to antiretroviral drugs. In
Asia and Latin America, the percentage of infected people has also declined
due to increasingly effective preventive and informative campaigns.
Nowadays, AIDS mortality has reduced worldwide mainly because of the
great efforts made to make antiretroviral drugs more accessible around the
world, greatly improving the quality of life of infected patients (GBD 2015
mortality and causes of death collaborators, 2016).

1.3.2. Human Immunodeficiency Virus (HIV)

HIV is a retrovirus of the genus Lentivirus, of which two main types have
been identified: HIV-1 and HIV-2, which are the only human Lentiviruses.
their genetic identity is about 40%, and are differentiated by the antibody
response that their respective envelope proteins induce in the host organism
(Sharp P and Hahn B, 2011; Garg H and Joshi A, 2017)

The HIV-1 serotype is the most widely diffused worldwide and is classified
into many subgroups. The sub-group M (main) contains 8§ different sub-
types (nominated with the letters from A to H), which exhibit difference in
their sequence of the glycoprotein gp120 around 30 and 40%. HIV-1 sub-
group M is the responsible for most infections worldwide, with sub-type B
being the most frequent in infected populations in North America and
Europe. Finally, the sub-group O (out-group), which is relatively rare, is
found just in Cameroon, Gabon and France. On the other hand, the less
frequent type HIV-2 is prevalently isolated in Western-Africa, Portugal and
Brazil (Gallo R, 2000).

HIV is phylogenetically related with the Simian Immunodeficiency Virus
(SIV), a Lentivirus HIV-related that infects non-human primates. Several
strains of SIV have been isolated from different species of African-
monkeys. These viruses seem non-pathogenic for some host species, such as
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the case of genus of primates Cercopithecus. At the same time, SIV-strain
that are non-pathogenic for some species could result pathogenic to other
ones (Sharp P and Hahn B, 2011). In the case of Cercopithecus, the
abundant presence of the virus among the populations of this genus suggest
a long co-existence history that allowed them to evolve in parallel.

1.3.2.1. HIV structure and genome

HIV have an outer surface predominantly spherical, with a diameter about
of 100 nm. Externally is surrounded by the viral envelope which derives
from portions of the host cell membrane. This lipid layer includes some
copies of the HIV envelope glycoproteins gp120 and gp41. More inwardly,
it exhibits a structure called matrix (MA) that is composed by pl7 protein
and contain the conical viral capsid that is composed by p24 protein
(Frankel A and Young J, 1998).

Table 5: HIV Viral proteins

Structural Regulatory Auxiliary Proteins with enzymatic
Proteins Proteins Proteins Activity
-Gag -Tat -Vpr -Reverse Transcriptase
-MA -Rev -Vpu (RT)
-CA -Nef -Vif -Protease (PR)
-NC -Integrase (IN)
pé
-Env
-SU
-T™M

-Gag-Pol precursor

Summary of the main viral proteins in HIV-1. Table adapted from Frankel A and Young
J, 1998.

Inside the capsid there are two copies of the positive single-stranded RNA
genome of about 9,7 kb. The three polycistronic genes of the retrovirus
family gag, pol and env, and other six additional genes: tat, vpr, rev, vif, nef,
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and vpu (vpx in HIV-2, also found in SIV), constitute the viral genome
(Frankel A and Young J, 1998).

Each terminal end of the genome possesses repeated sequences or Long-
Terminal-Repeats (LTR), of approximately 640bp, that include regulatory
elements for gene expression such as sites for polyadenylation, transcription
factors binding sites, regulatory sequences, as well as transactivation and
inhibitory regulation sequences. The viral core also contains the viral
enzymes reverse transcriptase (RT), integrase (IN), protease (PR) and,
additionally, the proteins p6, p7, vif, vpr, nef (Fig. 2) (Frankel A and Young
J, 1998).

MA CA NC p6

Figure 2: HIV-1 genome and virion.

1.3.2.2. HIV replication cycle and tropism:

1.3.2.2.1. Entry to the cell

Viral particles can initiate the infection to the host as a virion or through the
contact with other infected cells, bloodstream and / or through the mucous
membranes represent to be the most effective routes of transmission, being
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the main targets immune cells such as CD4+ T-cells, macrophages, and
microglial cells.

HIV-1 entry to target cells through interaction of the virion envelope
glycoproteins gp120 with the membrane receptor CD4 (Cluster of quadruple
Differentiation). Such receptor is a 55 kDa cell surface glycoprotein
expressed mainly in mature T lymphocytes, which represent the main HIV
target, as well as on monocytes and macrophages (Chan D et al., 1997,
Zeitlmann L ef al., 2001; Sudharshan S and Biswas J, 2008; Arrildt K et al.,
2012). CD4 exerts a fundamental role in the immune response. It possesses
four domains (D1- D2- D3- D4) and acts binding to relatively invariant sites
on class II major-histocompatibility-complex outside the peptide binding
site (Maddon P et al., 1985; Wang J et al, 1990; Bui V and Nguyen T,
2016).

Gpl120 forms a complex with gp41. Upon the interaction between gpl120
and CD4 a vast conformational change take place in gpl120 itself and in
gp41. In particular, such rearrangements involve hydrophobic regions in the
N-terminal sequence of gp41 that take contacts with the cellular membrane,
allowing the fusion with the viral envelope (Chan D and Kim P, 1998; Gallo
S et al., 2003; Blumenthal R et al., 2012).

However, the solely presence of CD4 is not sufficient for viral entry (Doms
R and Peiper S, 1997). Membrane surface receptors CXCR4 or CCRS,
which are receptors for chemokine SDF-1 and chemokine MIP-1 alpha,
MIP-1 3 and RANTES, are also critical factors in the entry process, acting
as co-receptors during the virus-cell fusion. (Chan D and Kim P, 1998).

1.3.2.2.2. HIV Nuclear import

Soon after the entry of the virus into the cytoplasm, the viral core undergoes
to an uncoating process, during which most of the capsid is eliminated,
while nucleocapsid, viral-protein-R (Vpr), integrase, and a small portion of
matrix remain still associated (Miller M et al., 1997, Fassati A and Goff S,
2001). As uncoating goes on, the viral RT reverse transcribes the single
stranded RNA genome into a double stranded DNA, named provirus. At this

39



[. Introduction

point, the provirus associates with viral and cellular proteins to form a high
molecular weight nucleoprotein complex called pre-integration-complex
(PIC). PIC translocation to perinuclear compartment is greatly facilitated by
the cytoskeleton-dependent active intracytoplasmic movement (McDonald
D et al, 2002; Jayappa K et al, 2012). Subsequently, PIC reaches the
nucleus through nuclear pore complexes and integrates into genomic DNA
through the activity of IN (Lewis P ef al., 2002; Greene W and Peterlin B,
2002).

Other retroviruses, such as murine leukemia virus (MLV), are only able to
infect dividing cells because lacks nuclear import ability and depends solely
on nuclear membrane dissolution during mitosis to access host cell genomic
DNA (Springett G ef al., 1989; Roe T et al., 1993; Lewis P and Emerman
M, 1994). On the contrary, HIV-1 has the ability to successfully infect non-
dividing cells (Gartner S ef al., 1986) as well as dividing cells (Christ F et
al., 2008); a feature that plays a crucial role in infection establishment,
disease progression, and AIDS pathogenesis.

In a single infected cell, only one to three provirus are integrated in the host
genome. After integration, the HIV provirus lies transcriptionally silent and
immunologically inert (Dahabieh M et al., 2015). This latent phase lasts as
long as the infected cell life, so the period of time of viral latency can vary
between few hours to years depending of the cellular type.

1.3.2.2.3. HIV Genetic expression

Under circumstances that are not entirely clear, but that in T cells may be
controlled by the heat shock protein 90 (Hsp90) (Anderson I et al., 2014),
the T cell adopts a cellular state that promotes and sustains productive HIV
transcription, and virus production resumes.

The gene expression of HIV-1 genes can be distinguished in an early and a
late phase. The regulatory genes encoding for fat and rev are first expressed.
Tat and Rev protein are then imported in the nucleus where they fulfill their
regulatory function. Tat, in particular, increases the transcription frequency
and increases the elongation efficiency of viral mRNA. Rev, on the other
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hand, has the function of stabilizing and transporting transcripts of structural
genes into the cytoplasm, both unspliced or partially spliced. Rev
accumulation inhibits the further synthesis of its mRNA and that of Tat,
allowing late phase to take place. In this phase, coding transcripts are
produced for the Gag and Gag-Pol polyproteins that are sent to the cell
membrane where the protease process theme to mature proteins. Part of the
full-length RNAs, is not translated, but will be used as a single stranded
positive RNA genome in new viral particles (Jacks T, 1990; Coffin J ef al.,
1997).

When the synthesis of structural proteins is completed, they are assembled
in new virions at the inner face of the cell membrane. The glycoproteins
gpl120 and gp41 are inserted into the cell membrane through exocytotic
vesicles. Then, by “budding”, the virus acquires the envelope consisting of
portions of the cytoplasmic cell membrane. Finally, a large number of new
virions are released from the cell surface, which alters the ionic and osmotic
flow of the cell, resulting in lysis of the cell surface (Rosenberg Z and Fauci
A, 1989; Levy J, 1993; Sundquist W and Kriusslich H, 2012).

1.3.2.2.4. HIV-1 reverse transcriptase (RT)

Reverse transcriptase (RT) was discovered more than 40 years ago and until
now it is considered the most important target in the antiviral therapy
against HIV.

Before the viral genome can be integrated into the host chromosome, it must
first be reverse transcribed into a DNA duplex. This event is essential in the
life cycle of the virus. Moreover, retro transcriptase activity is unique to the
retrovirus and it is not present in human cells. For this reason, after HIV was
discovered, the reverse transcription / DNA-polymerization step in HIV
replication was immediately considered as a primary therapeutic target.

1.3.2.2.5. RT synthesis and structure
The first RT-structure of HIV-1 was obtained in the early 1990s, where the
enzyme was present in complex with the non nucleosidic inhibitor
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nevapirine. Since then, it has been known that HIV-1 RT is composed by a
66 and a 51 kDa subunit polypeptide heterodimer (p66 / p51), which is
encoded by a single open reading frame of the Gag-Pol precursor
polyprotein. During viral assembly, PR cleaves such polypeptide releasing
the mature proteins, including p66. At this point, p66 forms a homodimer
that is further recognize by PR. This time the protease cleaves a single p66
subunit, generating the mature heterodimer p66/p51. Subunit p66 catalyzes
the DNA polymerase and Ribonuclease H activities of RT. This subunit
presents an open extended structure with a large active- site cleft resembling
a right hand and composed of palm, thumb and fingers subdomains. On the
other hand, p51 forms a closed compact structure incapable of participating
in catalysis. Instead, p51 have complementary support role providing
structural support to p66, facilitating p66 loading onto a template-primer
and stabilizing the appropriate p66 conformation during tRNA-primed
initiation of reverse transcription (Le Grice S et al., 1991; Kohlstaedt L et
al., 1992; Jacobo-Molina A et al., 1993: Amacker Mand Hiibscher, 1998).

1.3.2.2.6. The process of reverse transcription

Many viral and cellular factors are involved in the process of reverse
transcription, but the two essential enzymatic activities that are necessary to
carry out reverse transcription are both present in RT: the RNA and DNA-
dependent DNA polymerase activity and the RNase H that degrades RNA if
it is part of an RNA-DNA duplex (Gallo R, 2000; Hu and Hughes, 2012).
To perform the retro-transcription RT needs both a primer and a template.
While the single stranded viral RNA constitutes the template, a host
tRNA;" serves as a primer for the synthesis of the first strand of DNA.
tRNA;"™* anneals to a sequence near the 5> end of the viral RNA (LTR
region) known as primer-binding-site (Pbs). Reverse transcription initiates
from the annealed 3’ end of tRNA;"Y primer. DNA synthesis creates an
RNA-DNA hybrid that is substrate for RNase H activity. Degradation of the
5’ end of the viral RNA (Fig. 3B) partially exposes the newly synthesized
minus-strand DNA (Fig. 3B). This DNA portion is then annealed to the 3’
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end of the viral RNA using as a bridge the direct repeats (R) ends of the
viral RNA (Fig. 3C). After that, the DNA synthesis can continue along the
length of the genome simultaneously with RNase H dependent RNA
degradation (Fig. 3C) (Panganiban and Fiore, 1988, Hu and Temin, 1990,
Hu and Hughes, 2012). The polypurine track, a purine-rich sequence in the
RNA genome (ppt) is not processed by RNase H and serves as the primer
for the synthesis of the second DNA strand. Interestingly, there are two ppt
sequence in HIV-1, one at the 3’ end of the RNA and the other near the
middle of the genome. It is not fully clear the function of this second one,
but the 3’ ppt is essential for viral replication. The synthesis of the second
strand of DNA continues until it reaches the annealed tRNA3™"* (Charneau
et al., 1992) (Fig. 3E), which is then removed by RNase H. The subsequent
extension of the plus and minus strands is the final step of the formation of a
new double stranded viral DNA (Hu and Temin, 1990) (Fig. 3F).

A RUS | Pbs gag pol env PRty Us R

B R US |pbs gag pol env PPt u3 R
ey

Cc |pbs gag pol env ppt| U3 R

Yy <

D | Pbs gag pol env ppty U3 RU5
E |pbs gag pol env ppt; U3 R U5 N
F

U3 R U5 pbs gag pol env pptI U3 R US

&

G u3s R U5 lpbs gag pol env pptl U3 R U5

LTR LTR

Figure 3: Retroviral reverse transcription
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1.3.3. HIV-1 control strategies and the drug resistance problem.
HIV/AIDS is one of the leading infectious causes of death for adults
worldwide (GBD 2015 mortality and causes of death collaborators, 2016).
In general, to control the spread of a viral infection the main objectives are
the development of an antiviral treatment capable of eradicating the disease
and the preparation of an effective vaccine to prevent the infection.
Unfortunately, none of these goals have been achieved yet with HIV-1
infection. At present, only pharmacological therapy can slow down the
course of infection.

One of the biggest problems in the development of antiviral therapies lies in
the ability of viruses to exploit the host metabolic machinery, which makes
difficult to identify active molecules that selectively inhibit viral replication
without affecting the normal functions in the host cell. This can be achieved
by targeting viral enzymes not present in the cells, such as reverse
transcriptase. The other major problem is the ability of RNA viruses to
acquire resistance mutations, which lead to poor efficacy of the therapies
over time.

Currently, none of the approved drugs is able alone to suppress successfully
the HIV infection. Unfortunately, when these drugs are used alone, the viral
burden in infected patients increases again in a short period of time. The
reason for this event is that drug-resistant HIV-1 variants evolve under the
selective pressure of the pharmacological regimen, making the monotherapy
an ineffective approach.

Currently, HIV-1 therapy is based in the simultaneous administration of
cocktails of different drugs but, despite the efficiency of this treatment and
even if with a slower rate, resistant mutations are still selected. The reasons
that underline the onset of resistant mutations rely in the error prone DNA
synthesis by RT. In fact, lacking a proofreading activity, RT introduces one
misincorportation per 10* nucleotides incorporated. Moreover, HIV-1
exhibits a high replication rate, allowing the rapid generation of many new
variants, thus enhancing the probability to select a resistant mutant. Not
surprisingly, the reverse transcription/DNA polymerization step in HIV-1
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replication was immediately considered as a prime drug target (Das K and
Arnold E, 2013; Garbelli A et al., 2017).

Nowadays, HIV/AIDS therapy includes antiretroviral drugs that inhibit the
viral proliferation, drugs used in the treatment and prevention of various
opportunistic infections or tumors and also, drugs focused on strengthening
the patient's immune system.

1.3.4. High Activity Anti-Retroviral Therapy (HAART).

Currently, the most effective treatment for HIV-1 infection is HAART.
During this treatment, drugs with different mechanism against HIV-1 RT
belonging to three families, nucleoside and non-nucleoside reverse
transcriptase inhibitors (NRTIs and NNRTIs), and protease inhibitors (PIs),
are administered at the same time to the patient (Clumeck N and De Wit S,
2000). The therapy usually includes the combination of two NRTIs with one
NNRTI, two NRTIs in combination with one PI, or the combination of three
NRTIs (Gulick R et al., 1997, Hammer S et al., 1997, Detels R et al., 2001;
Beck E et al., 2004; Garbelli A et al., 2017).

The combined antiretroviral regimens have proved to be more effective
against viral replication. Nowadays, most of the HIV drug resistance
emerges because of incomplete adherence. As new drugs have been
developed, HAART regimens became more efficient and better tolerated,
with the emergence of resistance that became less frequent. (Gill V et al.,
2010).

Other pharmacological approaches complementary to HAART have been
proposed. Mega-antiretroviral-therapy consists in the administration of a
higher number of drugs than those normally supplied with HAART.
Although this therapeutic option is difficult to apply because the odds of
developing intolerance are higher. Another option is the programmed
interruption of therapy. In this therapeutic scheme, the treatment is
interrupted in order to control the selective pressure produced by the
continuous use of drugs, thus avoiding the frequent appearance of new
mutant forms resistant to the therapy. However, this approach lacks of
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experimental confirmation (Loutfy M and Walmsley S, 2002; Wang Y ef
al., 2007).

1.3.5. HIV Reverse Transcriptase Inhibitors (RTIs).

1.3.5.1.Nucleoside reverse transcriptase inhibitors (NRTIs).

NRTIs are analogs of canonical nucleosides. After entering in the cells,
cellular kinases phosphorylate these compounds turning them to their active
form. In this triphosphated form NRTIs compete with the natural
nucleotides for incorporation by RT. However, this inhibitors lac the —OH
group in the C-3 of the sugar ring. For this reason, once incorporated in a
nascent DNA strand they avoid further additional phosphodiester bond
formation, acting as chain terminators

The first NRTI discovered was azidothymidine (AZT), also known as
Zidovudine, a thymidine analogue modified by the substitution of the
hydroxyl group at C-3 of the ribose with an azide (N;) group. Cellular
enzymes convert AZT into the effective 5'-triphosphate (AZTTP) form that
is incorporated preferably by RT that, differently from mammalian DNA
polymerase (pols), poorly discriminate AZTTP, as well as the others NRTIs,
from the natural nucleotides (Huang P et al., 1990). AZT is still used in
clinic and is the most widely used drug in symptomatic and asymptomatic
patients with low levels of CD4+ T-lymphocytes. Currently, many other
NRTIs are approved for the clinical use (Table 6).
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Table 6: Common drug-resistant mutations in HIV-1 RT and Protease and their

effects on viral fitness

Mutation

Drugs most affected

Fitness compared with wt virus (%)

HN-1 reverse transcriptase

NRTIs
M41L
K65R
K70R
L74v
Q145M/L
Q151M
M184V
M184V/K65R
210w
T215Y

NNRTIs
L1001
K103N
V106A
Y181C/
Y188C/L
G190A
G190S
P225H
P236L

Mutation
Protease

M486l/L

154V

V82A/F/T

184V

D4T, 2DV

ABC, DDI, TDF

D4T, ZDV

ABC, DDI

all NRTls and NNRTIs

all NRTIs {except TDF, 3TC and FTC)
3TC, FTC

3TC, FTC, ABC, DDI, TDF

all NRTIs {except 3TC, FTC)

D4T, 2DV

NWP, EFV, ETR, RPV
NWP, EFV

NWP, EFV

NW, EFV, ETR
NWP, EFV, RPV
NWP, EFV

NWP, EFV

EFV

NWP, EFV

Drugs most dfected

ATV, FPV, IDV, LPV, NFV, TPV
AllPls
AllPls
All Pls

80
55-68
97

90

1

100
10-57
30

21

85

100

100

65-100

100

50-100

83

21-50

100

35-50

Fitness compared with wt virus (%6)

79
90
79-100
90

Table extracted from Garbelli A et al., 2017.
DA4T, stavudine; ZDV, zidovudine; ABC, abacavir; DDI, didanosine; TDF, tenofovir
disoproxil fumarate; 3TC, lamivudine; FTC, emtricitabine; NVP, nevirapine; EFV,
efavirenz; ETR, etravirine; RPV, rilpivirine; ATV, atazanavir; FPV, fosamprenavir;
IDV, indinavir; LPV, lopinavir; NFV nelfinavir; TPV, tipranavir.
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An essential feature of NRTIs is their selectivity for RT over host
polymerases. However, even if with a low frequency, they are also
incorporated by cellular polymerases, especially by DNA polymerase y
Such characteristic determines NTRIs induced adverse effects, especially
hepatotoxicity. To improve NRTIs selectivity, chemical modifications have
been explored not only in the sugar moiety, but also in the nucleobases
structure. Moreover, some NRTIs take advantage from the poor ability of

RT to discriminates between D and L ribose form. (Soudeyns H et al.,
1991).

1.3.5.1.1. Non-nucleoside reverse-transcriptase inhibitors (NNRTIs)
NNRTIs (Table 6) are RT inhibitors that do not resemble the nucleotide
structure and, therefore, do not compete with natural nucleotides and are not
incorporated in the nascent DNA strand. NNRTIs are important components
of several combination therapies. These compounds do not require
metabolic activation, they are extremely selective for HIV-1 RT, thus
restricting their interaction with cellular enzymes and reducing the drug
associated toxicity.

NNRTIs bind RT in a hydrophobic pocket (NNRTIs binding site -NNBS)
nearby but distinct from the polymerase active site at the base of the thumb
of p66. Such compounds interact with the amino acids in this pocket, which
rotate outwards. This movement produces a conformational change in the
p66 thumb that remain in an over-extended conformation, disturbing the
catalytic site, blocking the incorporation of the incoming nucleotide and so
the synthesis of DNA (Kohlstaedt L et al., 1992; Ren J et al., 1995).
Structural differences of various NNRTIs can influence their mode of
binding, making it possible that different NNRTIs might have slight
differences in their mechanism of inhibition. Due to difference in
conformational shape, there is no NNRTI binding pocket in p51.

The first generation of NNRTI, such as nevirapine and delavirdine
(Campiani G et al., 2002), has been discovered through large-scale
screening of libraries molecules. However, a single amino acid substitution
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in the NNBP can confer full resistance towards these drugs. Efavirenz and,
more recently, etravirine, are second- and third-generation, respectively,
NNRTIs that were selected not only based on their activity against RT wt,
but also evaluating their potency against RT resistant mutants toward first
generation NNRTIs (Clotet B, 1999). However, despite the efforts made to
select inhibitors active towards all the RT resistant mutants, under the
selective pressure of the therapy, HIV is able to select mutations that confer
resistance against all the currently approved RTIs (Clotet B, 1999).
Mutations conferring resistance to NNRTIs generally consist of amino acid
substitutions within the binding pocket (Maga G et al., 1997; Baldanti F et
al., 2003), which reduces the number of interactions between drug and
enzyme, decreasing their affinity. Because different NNRTIs bind to the
same enzyme site, such mutations confer cross-resistance to multiple
inhibitors.

Among the new synthesized NNRTIs, derivatives belonging to the category
of Indolyl Aryl Sulfones (IAS) have been shown to be of considerable
interest. IAS are endowed with potent inhibitory activities against HIV-1 RT
wt and most of clinically relevant RT mutant strains. Studies of
conformational behavior of IAS demonstrate that compounds belonging to
this family are capable to retain the pharmacophoric interactions with the
enzyme because of the plasticity of their structure, being even capable to
reorient themself within the NNBS (Massarotti A and Coluccia A, 2016).
Furthermore, it is well known that IAS do not display an unique mechanism
of action. Drug binding studies (Cancio R ef al., 2005) demonstrated that the
IAS affinity is highly dependent on the inhibition association rate. Indeed,
based on the substituents introduced on the common drug pharmacophore,
IAS derivatives demonstrated to selectively target the NNBS upon its
structural reorganization caused by the formation of the RT (wt or mutated)
binary and ternary complexes (Silvestri R et al., 2003; Cancio R et al.,
2005; Silvestri R and Artico M, 2005; de Martino G et al., 2006; Famiglini
V et al., 2017). The ability of IAS to bypass the steric barriers within NNBS
imposed by mutations K/03N, Y181C, and KI03N-Y181C, make them an
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interesting option to fight back the evolutionary capacity of HIV-1 to
acquire resistance toward the approved NNRTIs. Moreover, the study of
IAS mechanism of action will provide new insights in the knowledge of the
capacities of their structure, which will help in the development of improved
generations of these derivatives.
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2. Aims of the research

Target therapy is nowadays one of the most used approaches for the
development of new drugs for the treatment of different pathologies,
including neurodegenerative diseases, different cancers and viral infections.
The goals of my research during my PhD internship were to contribute in
the development of new inhibitors of different enzymes that are validated
targets in different pathologies, providing useful information on their
mechanisms of action. Our research group, in collaboration with the group
lead by Professor M. Radi, from University of Parma and with the group
from university “La Sapienza” of Rome lead by Professor R. Silvestri,
participate in the discovery and improvement of novel inhibitors. Our
collaboration network starts with the development of virtual models of
target enzymes in complex with their substrates. This allows the
identification of the binding sites and the design of new drugs. Then, a
structural-based virtual screening is employed applying different filters such
as pharmacophore modelling, drug-like property calculations and docking
simulations. It is important to underlie that, already in this phase, several
important parameters like water solubility, membrane permeability,
molecular stability and cytochrome 450 toxicity, are being estimated. Only
compounds capable to overcome these filters are then synthesized and sent
to our laboratory in Pavia for the analysis of their inhibitory potency by in
vitro enzymatic assays. The compounds with better profiles are tested for
their selectivity against other related and unrelated enzymatic targets. The
candidate compounds are further investigated for their mechanism of
inhibition, in order to elucidate the kinetic properties underlying the
interaction with their target. Once our analyses are completed, our results
are sent back to University of Parma (in the case of compounds analyzed in
PART I and II) or to University “La Sapienza” (in the case of the
compounds analyzed in PART III). There, based on the biological results,
the virtual models undergo to a re-evaluation and a further improvement.
Starting from the identified lead compounds, new libraries of molecules are
designed, virtually screened, synthesized and biological evaluated (both in
vitro and ex vivo). Such iterative process continues for multiple cycle,
improving the potency and selectivity of the compounds. The final goal is
the identification of highly active molecules showing biological features that
allow their investigation in animal models and, hopefully, in clinical trials.
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3. Materials and methods

3.1.PART I: Leucine Rich Repeat Kinase 2 (LRRK?2)
3.1.1. Invitro LRRK2 inhibition assay.
Recombinant LRRK2 wt (968-end) was purchased from Signalchem,
recombinant G2019S mutant (970-end) was from Life Technologies.
Assay conditions: LRRK2 reaction were performed in 10 mM MOPS/NaOH
pH 7.2, 0.8 mM EDTA, 2mM EGTA, 50 ng/ul BSA, 0,0013% NP40, 3 uM
Na-orthovanadate, 10% DMSO, 10 mM MgClI2, 12.5 uM ATP/[y-33P]ATP,
100 uM LRRKtide (Signalchem) RLGRDKYKTLRQIRQ, 10ng active
enzyme. To avoid plastic adsorption of enzymes and peptide, all reactions
were performed using protein low-binding tubes (LoBind, Eppendorf).
All reactions were performed in 10 pl at 30 °C for 10 min. Reactions were
stopped by adding 5Sul of phosphoric acid 0.8%. Aliquots (10 pnL) were then
transfer into a P30 Filtermat (PerkinElmer), washed five times with 75 mM
phosphoric acid and once with acetone for 5 min. The filter was dried and
transferred to a sealable plastic bag, and scintillation cocktail (4 mL) was
added.
Spotted reactions were read in a scintillation counter (Trilux, Perkinelmer).
Data were plotted using GraphPad Prism 5.0. ICsy values were obtained
according to Equation (1), where v is the measured reaction velocity, V is
the apparent maximal velocity in the absence of inhibitor, I is the inhibitor
concentration, and ICs is the 50% inhibitory dose.
Eq. 1 v = V/{1+(I/ICsp)}

3.1.4. Inhibition mechanism.

G2019S kinase activity assays were performed in the presence of different
fixed amounts of inhibitor with varying ATP substrate concentrations. Data
were plotted using GraphPad Prism 5.0. Data were analyzed according to
Michaelis—-Menten equation and K app and Vmaxapp Were derived. K;” and
K’ values were determined using equation (2) and (3) respectively.

Eq.2 Ko app=Km(1+[1]/K5)

Eq.3 Vmax.app=Fmax/(1+[1]/K;””)

All experiments were repeated three times
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3.1.5. Kinase Panel.

All Tyrosine and Serine/Threonine kinases reaction were performed
according to manufacturer’s instructions, using 10-50 ng of enzyme. The
nature of the substrates and their concentration are reported in Table 6. For
some kinases, NP-40 or BSA was added. All reactions were performed in 10
pl at 30 °C for 10 min using protein low-binding tubes (LoBind,
Eppendorf). Reactions were stopped, transferred to filter and counted as in
LRRK2 in vitro assay. PI4KB was purchased from Proginase. Reaction was
performed according to manufacturer’s instruction and detected using ADP-
Glo™ Lipid Kinase Assay (Promega).

Table 6. Kinase panel. Additional reaction condition and substrates.

Peptide ATP NP-40 BSA
Kinase Peptide substrate
substrate [pM] | [uM] | % [mg/ml]

Src (Millipore) KVEKIGEGTYGVVYK 250 100 0.00087
GSK3p

GSK3 Substrate (Signalchem) | 4 1 0.0013
(Signalchem)
Hck (Proginase) KVEKIGEGTYGVVYK 50 2
FAK (Proginase) | KVEKIGEGTYGVVYK 50 1 0.0013
DYRK1A

KKISGRLSPIMTEQ-NH2 50 170
(Millipore)
ABL (Promega) KKGEAIYAAPFA-NH2 38 20 0.0013
FLT3 (Proginase) | KVEKIGEGTYGVVYK 50 2 0.013
CDK2/CycA2

Histone H1 0.02mg/ml 2 1
(Proginase)
CDK9/CycT1

CDKtide (Signalchem) 20 1 1
(Proginase)
CDK9/CycK

CDKtide (Signalchem) 20 1 1
(Signalchem)
CDK6&/CycD1

RB-CTF (Proginase) 1.22 1 1
(Signalchem)
CDK4/CycD1

RB-CTF (Proginase) 1.525 1 1
(Slgnalchem)

S6 Kinase/Rsk2 Substrate
Pim1 (Millipore) 50 1 0.013

Peptide 2 (Millipore)
PidKp

PI:PS (1:3) 200 20
(Proginase)
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3.2. PART II: Phosphatidylinositol Kinases
3.2.1. In Vitro Kinase Inhibition Assays.
Recombinant full length, HIS6-tagged PI4KIIIB was purchased from
ProQinase (Germany); recombinant full-length, GST tagged PI4KIlla was
from Life Technologies. Recombinant full-length, HIS6-tagged (PI3K-a)
and full-length, myc-tagged (p85a) PI3K-a/p85a were purchased from
ProQinase (Germany).
Assay Conditions: PIAKIIIP, PI4KIIla, and PI3K- a/p85a reactions were
performed in 10 pL using 20 mM Tris-HCI pH 7.5, 0.125 mM EGTA, 2
mM DTT, 0.04% Triton, 3 mM MgCI2, 3 mM MnCl2, 20 uM ATP, 0.01
uCi y-P33 ATP, 200 uM Pi:3PS, 10% DMSO, 0.4 ng/uL of PI4KIIIB, 16
ng/uL of PI4KlIlla, and 7.6 ng/uL of PI3K-a/p85a. All reactions were
performed at 30 °C for 10 min. Reactions were stopped by adding 5 pL of
phosphoric acid 0.8%. Aliquots (10 puL) were then transferred into a P30
Filtermat (PerkinElmer) and washed five times with 0.5% phosphoric acid
and four times with water for 5 min. The filter was dried and transferred to a
sealable plastic bag, and scintillation cocktail (4 mL) was added. Spotted
reactions were read in a scintillation counter (Trilux, Perkinelmer). ICs
values were obtained according to eq 1.
Lipidic Substrate Preparation: Phosphatidylinositol (PI, Sigma) and 2-
oleoyl-1-palmitoyl-sn-glycero-3-phospho-L-serine  (PS, Sigma) were
dissolved in chloroform/methanol 9:1 and mixed at a 1:3 ratio. After
chloroform/methanol evaporation, water was added to 1:62.5 w/v and the
mixture was sonicated to clarity.

3.2.2. Kinase Panel.

All tyrosine and serine/threonine kinase reactions were performed according
to the manufacturer’s instructions, using 10— 50 ng of enzyme. Details on
the nature of the substrates and their concentration are reported in table 6.
For some kinases, NP-40 or BSA was added. All reactions were performed
in 10 pL at 30 °C for 10 min using protein low-binding tubes (LoBind,
Eppendorf). Reactions were stopped, transferred to filter, and counted as
described in PART 1.
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3.3.PART III: HIV-1 Reverse Transcriptase

3.3.1. Chemical reagents

The labelled nucleotide [metyl-3H] Thymidine Triphosphate ([H]TTP)
30Ci/nmol, the poly(rA) homopolymer and oligo(dT) oligomers were
provided by GE Healthcare-Amersham Biosciences, while the unlabeled
dTTPs were purchased from Boehringer and from Roche Molecular
Biochemicals. The glass fibre filter FILTERMAT A were provided by
PerkinElmer. All the other ultra-pure reagents were provided by Applichem,
Merck, Sigma-Aldrich and VWR.

3.3.2. Protein purification

RT wt and its mutant forms K/03N, Y181C and the double mutant K/03N-
Y181C where purified by fast protein liquid chromatography (FPLC).
Purification buffers

Lysis buffer: KPO4 pH 7.4 0,1 M; NP40 0,01 % and H2O. Equilibrium
buffer: Tris HCI pH 7.5 25 mM; NaCl 50 mM; Imidazole pH 8 5mM;
Glycerol 5 % and H2O. Eluition buffer: Tris HC] pH 7.5 25 mM; NaCl 50
mM; Imidazole 500 mM; Glycerol 5% and H2O.

Expression and purification of reverse transcriptase (RT) enzyme:

The plasmids containing the genes of RT wr and of the drug resistant
mutants K/03N, YI81C and the double mutant KI/03N/YI8IC were
employed to transform E. coli cells (BL21 strain), for the production and
purification of the recombinant RT enzyme, tagged with a histidine tail
(His-tag) at the N-terminus.

E. coli BL21 transformed with the corresponding expression plasmid were
cultured in LB with 50 pg/ml of ampicillin at 37°C in agitation for 12 hours.
10 mL of this culture were then transferred into 1 L of LB until ODggo= 0.4.
ImM Isopropyl-B-D-Thiogalactoside (IPTG) was added for the induction of
RT gene expression. After that, culture was grown in agitation for 4 hours at
37°C and then centrifuged at 10.000 rpm for 15 minutes at 4 °C. The
obtained pellets were lysed with 2.5 ml of lysis buffer for each 1g of
centrifuged bacteria pellet and 0.1 mg/mL lysozyme for 30 minutes on ice.
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The liquid phase was then sonicated and centrifuged at 36000 rpm, for 60
min at 4°C.

The supernatant, containing the enzyme was thus loaded into a NiNTA
Hitrap column (GE Healtcare) in which the matrix is associated with
nitroacetic acid that interacts with the nickel ion, forming four bounds with
it. Now, the ion still possesses two couples of free electrons that coordinate
imidazole groups of histidine side chains in His-tag (in the N-ter of the
protein). The elution of RT was executed through a gradient solution of
imidazole (50mM — 0.5M) that competed with His tails in coordinating ions
of the NiNTA complex on the matrix.

Before loading the supernatant, the column was equilibrated with 10 column
volume of equilibrium buffer. During the elution were recovered 50 fraction
of 200 pl each. In order to verify the presence of the enzyme, the fractions
were analysed through SDS-PAGE assay, using 10% of polyacrylamide gel
and Comassie Blue staining. The fractions containing acive enzyme,
identified through an activity assay, were divided in aliquots and stored at -
80°C.

3.3.3. Invitro RT enzymatic assays

The oligo(dT)/poly(rA) hybrid was used as primer/template in the RNA-
dependent DNA polymerase reaction of RT while *[H]TTP constituted the
nucleotidic substrate. The reaction was monitored through a radiolabelled
incorporation.

Nucleic acids substrate: The poly(rA) homopolymers and the
complementary oligo(dT) oligomers were mixed in a 1:10 ratio with Tris-
HCI 25 mM (pH 8.0) containing KCl 22 mM. The sample was heated at
70°C for 5 minutes and it was cooled down to room temperature.

Nucleotide substrate: 100 pL of *[H]TTP ethanol:water 50:50, 30 Ci/nmol
(Perkinelmer) were dried in a vacuum centrifuge (SAVANT) and
risuspended in 64 uL H,O and 3.1 pL dTTP 10mM. The obtained *[H]TTP
solution was 500uM, 1490 cpm/pmol.

Assay conditions: RT reaction was performed in 50 mM Tris-HCI pH 7.5;
ImM DTT; BSA 0.2 mg/mL; Glycerol 2 %; 10 mM MgCl,; 10% DMSO;
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200nM Poly(rA)/oligo(dT); 10uM *[H]TTP 1490 cpm/pmol and 0.125uL of
Purified enzyme.

Reactions were performed in 15 pl at 37 °C for 20 min. Aliquots (10 pL)
were then transfer into a glass fibre filter FILTERMAT A, washed three
times with cold trichloroacetic acid 5% (TCA) and once with ethanol
(EtOH). The filter was dried and transferred to a sealable plastic bag, and
scintillation cocktail was added.

Spotted reactions were read in a scintillation counter (Trilux, Perkinelmer).
Data were plotted using GraphPad Prism 5.0. ICsy values were obtained
according to eq. 1

3.3.4. Inhibition mechanism
RT RNA-dependent DNA polymerase activity assays of HIV-1 RT wr and
KI103N-Y181C mutant were performed in the presence of different fixed
amounts of inhibitor with varying one of the two substrate concentrations
while the other one was kept at a fixed saturating concentration. Data were
plotted using GraphPad Prism 5.0. Data were analyzed according to
Michaelis—Menten equation and K, app and Vimax.app Were derived.
Data of initial V (Vj) of these experiments where also represented by the
double reciprocal Lineweaver-Burk plots (1/V vs 1/[ Poly(rA)oligo dT]) of the
inhibition of HIV-1 RT wt by RS5187 (Fig. 13).
For the evaluation of the Ki values relative to the different mechanistic RT
forms, Kmapp and Vmaxapp variation. obtained from Michaelis—-Menten
analysis of RS5187 toward HIV-1 RT wt, were then used in the following
equations.

e Relatively to the free enzyme [E]:

Eq° 4 Vmax.app INA]:Vmax/(1+[I]/KiA)

Where Ki* was derived analyzing Viacapp' " as a function of RS5187
concentration.
e For the binary complex [E:NA]:

Eq° 5 Vmax.app [TTPl= max/(1+[I]/KiB)
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Where K;” was estimate analyzing the variation of Viaxapp' . as function of
the concentration of RS5187.
e For the ternary complex [E:NA:TTP]:

Eq. 6 Konapp =K m(1+[1]/K)
Eq.7 Keapp =K (1+[1)/K;)

Where K;© was derived studying the variation of both substrate affinities
Kmlapp[NA] and Km_app[TTP] as function of the concentration of RS5187. The
final value of K is represented by the media of the values obtained from
equation 6 and equation (7).

The K; value of RS5187 toward HIV-1 RT K/03N-Y181C mutant form was
estimated using the equation (8)

Eq. 8 Vm.app=V max(1+[1]/Ki)

All experiments were repeated three times

3.3.5. Association / dissociation rate analysis.

The analysis of association (k,,) and dissociation (kes) rates of RS5187
toward HIV-1 RT wt and the drug resistant mutant form K/03N-Y181C was
perform in association assays at different time points, toward each
mechanistic form of the enzymes.

Assay conditions: In first place this analysis was apply to the free enzyme
[E], where 0.25 pL of purified enzyme were pre-incubated at 37 °C, for
different period of times with RS5187 (100nM vs RT wt and 300nM vs
KI103N-Y181C), in a solution containing 50 mM Tris-HCI pH 7.5; 1mM
DTT; BSA 0.2 mg/mL; Glycerol 2 %; MgCl, 20mM. Subsequently, such
mixture was diluted with a mixture containing 50 mM Tris-HCI pH 7.5;
ImM DTT; BSA 0.2 mg/mL; Glycerol 2 %; MgCl, 20mM and the
substrates Poly(rA)/oligo(dT) and *[H]TTP 1490 cpm/pmol for the final
concentration of 150nM and 10uM respectivelly. This avoids later enzyme—
inhibitor association and allows the reaction to start. To evaluate the
association/dissociation rates toward the binary complex [E:NA], 0.25 pL of
purified enzyme were pre-incubated at different time points with RS5187
(100nM  vs RT wr and 300nM vs KIO3N-YI8IC) and 1uM
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Poly(rA)/oligo(dT) at 37 °C, in order to promote the formation of the binary
complex, in a solution containing 50 mM Tris-HCI pH 7.5; ImM DTT;
BSA 0.2 mg/mL; Glycerol 2 %; MgCl, 20mM. Then, a solution containing
50 mM Tris-HCI pH 7.5; ImM DTT; BSA 0.2 mg/mL; Glycerol 2 %;
MgCl, 20mM and °[H]TTP 1490 cpm/pmol for a final concentration of
10uM, was used to dilute the preliminary-solution and to allow the reaction
to start. Finally, RNA-dependent DNA polymerase assay to evaluate the
ternary complex [E:NA:TTP] was performed pre-incubating at 37 °C, 0.25
pL of purified enzyme with 1uM Poly(rA)/oligo(dT) and 5uM dTTP at
different time points, in a solution containing 50 mM Tris-HCl pH 7.5;
ImM DTT; BSA 0.2 mg/mL; Glycerol 2 %; MgCl, 20mM. After pre-
incubation, such mixture was diluted with a second solution containing 50
mM Tris-HCI pH 7.5; 1mM DTT; BSA 0.2 mg/mL; Glycerol 2 %; MgCl,
20mM and *[H]TTP 1490 cpm/pmol in a final concentration of 10puM,
which allowed the start of the reaction. All reactions were incubated at 37
°C for 10 min. Aliquots (10 puL) were then transfer into a glass fibre filter
FILTERMAT A and acid-precipitated radioactivity was measured as
described above.

Data, representing the percentage of residual enzymatic activity after
inhibitor exposure at the zero-time point and at different time points, was
then plotted against time using GraphPad Prism 5.0. and analyzed by one
phase decay analysis through the equation (9), where YO is the percentage
of residual enzymatic activity when the pre-incubation time is zero.
AMPLITUDE is the residual enzymatic activity value at infinite times,
expressed in the same units as Y0. kg, is the rate constant, expressed in
inverse seconds. Results of this analysis were used to estimate the k,, and
kon parameters using the equation (10) and (11)

Eq. 9 Y=(Y0 - AMPLITUDE)*exp(-Kpp*X) + AMPLITUDE
Eq. 10 Kapp = Kon/([I]1Kj))
Eq. 11 Kot= Kon(Kj)
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4. Results

The synthesis of the compounds evaluated in PART I (Table 7) and PART
IT (Fig. 10 and Table 9) has been performed by the laboratory of Prof.
Marco Radi at the University of Parma (see the attached original
manuscripts for detailed information about the synthesis of these
compounds). Compound RS5187, a derivative belonging to the indolyl-aryl-
sulfone family, analyzed in PART III was synthetized by the laboratory of
Prof. Romano Silvestri at University “La Sapienza”, Rome.

4.1. PARTI: Targeting LRRK2

4.1.1. Characterization of heteroaryl-hydrazones derivatives by a
multicomponent pharmacophore fragment decoration approach.

The inhibition potency of the heteroaryl-hydrazones compounds 9c¢-1, 12
and 13 synthesized by multicomponent approaches (Table 7) towards both
LRRK2 wild type (wf) and the G2019S mutated form was evaluated in cell-
free assays. A preliminary screening was initially conducted to select the
most promising compounds for additional biological studies (Fig. 5).

Table 7: Heteroaryl-hydrazone derivatives
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“ Isolated yield. b Compound 12 is the result of copper-catalyzed oxidation and ulterior
microwave-assisted Buchwald amination with 4-(2-aminoethyl)morpholine of 9i.
“Compound 13 derived from reacting the latter compound 9g with 4-(4-methylpiperazin-
1-yl)benzoic acid under standard coupling conditions. (For detailed information
concerning to the process of compounds synthesis please refer to the original
manuscripts).

Among the quinoline derivatives, the most interesting compounds were
found to be those bearing a hydroxyl or methoxy substituent on the right
part of the molecule (9d, f, g) while pyridine derivatives (9h—j) generally
showed poor inhibitory potency. Despite its high micromolar activity, the
novel tetrahydroquinoline-3-carbonitrile derivative 9k could be also
considered as an interesting starting point for future chemical exploration.

B LRRK2 G2019S % residual activity
100 1 M LRRK2 wt % residual activity

ol
w

|
--i
L1 |
L1 | ]
L1 | |

9
9d
9e
of
9
9h
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9j
9k
9l
12
13

DMSO

Figure 5: Inhibitory effect of synthesized compounds against LRRK2 wt (red bars) and
G2019S (blue bars) expressed as % residual activity at 100 uM concentration of the
inhibitors. *% residual activity for compounds 9d, f, g was reported at 50 Mm

Another promising result was obtained from the screening of the
triazolo[4,3-a]pyridine derivative 12 while the complete loss of activity
converting compound 9g into 13 may provide useful indications to refine
the docking models.
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Table 8: Potency of compounds 9d, f, g and 12 against LRRK2 (wt and G2019S
mutant) and their inhibitory effect on selected kinases.

IDso (uM)“ Ki (pm)”
Kinase 9d 9f 9g 12 Bosutinib Sorafenib
LRRK2 wt 3.0 (4 326 (7.5 2.7 (2.4)° 32.0 (3.5)° 0.3 (L5) 0.7 (0.07)
LRRK2 G2019S 0.9 4.8 1.3 9.1 0.2 9.7

% Inhibition at 100 pM Kg (nM)?
Kinase 9d 9f 9g 12 Bosutinib Sorafenib
Src 31 5 21 40 1 NA
GSK3p 0 1 0 14 NA® NA
Hck 0 0 0 0 3.4 8500
FAK 11 1 13 8 570 NA
DYRK1A 0 9 22 26 NA NA
ABL 43 6 24 19 0.1 130
FLT3 50 3 62 0 2200 13
CDK2/cycA2 9 3 12 22 NA 8700
CDK9/cycT1 0 1 0 24 NA NA
CDK9/cycK 53 2 24 38 NA NA
CDK6/cycD1 42 1 40 18 NDf ND
CDK4/cycD1 9 7 16 10 NA NA
Pi4KB 32 0 31 3 NA NA
Pim1 20 3 43 29 NA NA|

“EC50 values are the mean of at least three independent experiments. Standard errors were
all within 10% of the mean. ® K; values were extrapolated from Garofalo A et al, 2013. ¢
wt/G2019S activity ratio (LRRK2 specificity index). ¢ Ky values were extrapolated from
Davis M et al, 2011. * NA = not active./ND = not determined.

In the next phase, inhibition potencies of compounds 9d, f, g and 12 were
further investigated in dose-dependent experiments and IDsy values for
LRRK2 wt and G2019S were determined. Furthermore, the specificity of the
compounds was tested against a panel of selected kinases (Table 8). Two
well-known kinase-targeting drugs (Bosutinib and Sorafenib), recently
investigated as LRRK2 inhibitors, (Liu Z et al, 2014) were also included in
Table 8 for comparison purposes. It was interesting to note that, compared
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to Bosutinib and Sorafenib, our compounds showed a better selectivity
profile for the mutant form, as indicated by the higher wt/G2019S activity
ratio (LRRK2 specificity index) and by the very low inhibitory potency
against all the tested kinases. Although Bosutinib and Sorafenib were not
developed as LRRK2 inhibitors, their good inhibitory efficacy against a few
of the kinases reported in Table 8 is representative of the incomplete
selectivity that characterizes most of the common kinase-targeting drugs.
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Figure 6: Kinetic analysis of the kinase reaction in the presence of different concentrations
of LRRK2 G2019S inhibitors 9d, f, g and 12. Variation of the reaction velocity of LRRK2
G2019S as a function of ATP concentration at different fixed concentrations of 9d (A), 9f
(B), 9¢g (C) and 12 (D). Each reaction was performed as described in the methods section.
Values are the means of three independent experiments. Error bars represent £S.D.

We then investigated the mechanism of inhibition of compounds 9d, f, g
and 12 toward the pathogenic G20/9S mutant. LRRK2 G2079S kinase
reactions were conducted by titrating ATP at different fixed doses of the
compounds (Fig. 6, eqn. 2). Trends of the apparent affinities (Km,app) and
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apparent maximal velocities (Vmax,app) Obtained from this analysis were then
studied as a function of inhibitor concentration (Fig. 7 and 8).
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Figure 7: Determination of inhibitors' affinities for the LRRK2 G2019S free enzyme
complex. Variation of the Ky, 4y, values of LRRK2 G2019S determined as shown in Fig. 6
as a function of 9d (A), 9f (B), 9g (C) and 12 (D) concentration. K;’ values are reported at
the top of each graph. Data analysis was performed as described in methods section. Values
are the means of three independent experiments. Error bars represent +S.D.

For all these compounds, the K, opp Values increased with increasing dose of
inhibitor, underlying a competitive mechanism of action toward ATP. In
particular, compound 12 inhibited the G2019S reaction without affecting the
Viaxapp parameter (Fig. 8D), thus resulting in a pure ATP-competitive
mechanism of inhibition. On the other hand, increasing the concentration of
compounds 9d, f and g resulted in a decrease in Viaxapp values, revealing
these compounds as mixed-type inhibitors against G2019S, being able to
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compete with ATP to form a complex with the free enzyme ([E]—[E : I])
and also to bind to the enzyme in complex with ATP
([E:ATP]—[E:ATP:1)).

Ki"=1.8uM £0.15 Ki"=18.4 uM #4.1

Vmax 45, (pmol x 10min)
Vmax,p, (pmol x 10min'1)
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Figure 8: Determination of inhibitors' affinities for the [LRRK2 G2079S : ATP] complex.
Variation of the Vpyaxapp values of LRRK2 G2079S determined as shown in Fig. 6 as a
function of 9d (A), 9f (B), 9g (C) and 12 (D) concentration. K;" values are reported at the
top of each graph. Dotted line in (D) was obtained from data linear interpolation. Data
analysis was performed as described in methods section. Values are the means of three
independent experiments. Error bars represent +S.D.

The affinity for the free enzyme (K,) was calculated for each compound
according to eqn (2) and reported in Fig. 7; the affinity for the binary
complex was calculated according to eqn (3) and reported in Fig. 8. The
mixed-type inhibitors 9f and 9g showed a higher affinity toward the free
enzyme than toward the [E:ATP] complex, with K, values about 5-fold
lower than their K;". Interestingly, compound 9d, which exhibited the
highest affinity toward the [E:ATP] complex among the tested compounds,
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showed also comparable K/ and K;"” values. This is of particular interest
since the intracellular ATP concentration is quite higher than that used in
the in vitro assays, and this could affect the activity of purely ATP-
competitive inhibitors. The mixed-type inhibitor 9d (and to a lesser extent 9f
and 9g) showed the ability to inhibit the catalytic activity of the LRRK2
G2019S mutant at low micromolar concentrations even when the enzyme is
already bound to the ATP. This peculiar mechanism of action makes 9d a
promising candidate for further biological investigations and an interesting
tool to identify a possible allosteric pocket on the LRRK?2 kinase.
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4.2.PART II: PHOSPHATIDYLINOSITOL KINASES:
Targeting PI4KIIIfR

4.2.1. Identification of multitarget agents active as broad-spectrum
antivirals.
Complete information about design and synthesis of PI4KIIIf inhibitors,
analyzed in this section is detailed in the attached original manuscripts.
Compound selection was based mainly on the ranking score and visual
inspection of the PI4KIIIB catalytic site. Thirteen commercially available
compounds (5—17, Figure 9), were selected for biological investigation.
These computational results were confirmed on the recently released crystal
structure of PI4KIIIP co-crystallized with PIK93, a known PIKs inhibitor,
and this structure (PDB ID: 4DOL) was used for all the following
simulations (Burke J ef a/, 2014)

PI4KIIIp: ICs; = 0.48 uM

EV71 (EV group A): ECs = 0.92 uM
CVB3 (EV group B): EC5y = 2.17 yM
PV1 (EV group C): ECs, = 3.09 yM

Figure 9. Chemical structure of compounds selected by virtual screening and activity
profile of the hit compound 17.
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These commercially available compounds were then tested both against the
PI4KIIIB enzyme and in a virus-cell-based replication assay (laboratory of
virology and experimental chemotherapy of the Rega Institute for Medical
Research, Leuven, Belgium). In particular, these compounds were evaluated
for antiviral activity against a panel of Enteroviruses (EVs ) that are
representative of all major species: EV group A (EV71), group B
(coxsackievirus B3, CVB3, and echovirus 11, ECHOI11), group C
(poliovirus 1, PV1), group D (enterovirus 68, EV68), rhinovirus group A
(RV02) and rhinovirus group B (RV14). Among the selected compounds,
only the bithiazole 17 showed activity in cell-free and cell-based assays
(Figure 9) and possesses a chemical scaffold (the bithiazole) of a known
family of CFTR correctors (Figure 9) (Pedemonte N ef al, 2005a;
Pedemonte N et al, 2005b; Yoo C et al, 2008). Compound 17 was therefore
selected as a promising starting point for further structure-based
optimization.

Chemical structure of compounds synthesized and evaluated in this section
are represented in Figure 10.

Synthesized compounds against PI4KIIIB
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Figure 10: Schematic representation of compounds synthesis and chemical structure. (For
detailed information please refer to the original manuscripts).

Biological analysis and antiviral activity.

All the synthesized compounds were initially evaluated for their inhibitory
potency against PI4KIIIP kinase in vitro and for their cell-based antiviral
activity: EV71 was used as the primary target for SAR exploration since
compound 17 revealed the best and most reproducible antiviral activity
against this virus. In particular, the antiviral activity against EV71 was
evaluated in EV71-induced CPE-reduction assay in rhabdomyosarcoma
(RD) cells. Both the ECsy values and the CCsy values were measured.
Uninfected, treated cells were also inspected under the microscope to
evaluate whether the compounds altered normal cell morphology. The ECs
and CCs, values allowed us to calculate the selectivity index (SI), defined as
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CCso/ECsp. Compound 3 was used as a positive control. Results are

summarized in Table 9.

Table 9: Activity of synthesized derivatives in PI4KIIIB Inhibition assay and in virus-cell-
based EV71 assay.

compd PI4K IS IC,, (uM)“ EV71 ECy, (M)

17

25a
25b
25¢
25d
25e
25f
25g
26a
26b
26¢
26d
30a
30b
35a
35b
35¢
35d
38

42a
42b
46

47a
47b
3\‘1

0.48
0.27
0.32
21.89
18.85
>50
>50
4.67
7.69
>50
1.82
>50
3.95
12.40
2.48
2.63
1.55
3.71
>50
NA
NA
50.00
NA
NA
0.06

092 +2.75
0.38 +£0.10
0.27 + 0.05
2.0+ 095
0.51 +0.14
>44.6
>58.7

1.42 + 0.04
NA/

NA

2+ 0.04
NA

477 £ 0.28
NA

1.93 £ 0.81
NA

1.2 +0.16
0.68 + 0.04
>90.2

NA

NA

8.58 +£ 0.77
NA

NA

0.73

EV71 CCy, (uM)” EV71 CCy, (uM)°  SI¢

16.5 + 9.04
10.1 + 4.82
7.94 + 1.24
25.8 + 5.06
5754212
ND*

ND

423 +4.94
ND

ND

8.87 + 3.85
ND

209 £ 6.97
ND

18.6 + 6.01
ND

9.17 £ 0.85
5.59 £0.32
85.7

ND

ND

>12§

9.73 + 0.87
6.37 +2.46
8.83 + 0.89
30.1 £9.93
11.8 + 4.56
ND

ND

101.0 + 15.8
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

64.2

ND

ND

142.0 £ 62.8
ND

ND

17.9
26.6
29.4
12.9
11.3
ND
ND
29.7
ND
ND
4.4
ND
4.4
ND
9.64
ND
59
82
ND
ND
ND
6
ND
ND

Sl‘l

10.6
23.6
327
15.0
23.1
ND
ND
71.1
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

“Values are the mean of at least three independent experiments. “CC50 values were
assessed by MTS method. “‘CC50 values were determined by microscopically detectable
alteration of cell morphology. “Selectivity index (SI = CC50/EC50). eND = not determined.

fNA = not active.

A close correlation between the antiviral activity measured in the cell-based
assay and the inhibitory potency of the PI4KIIIP kinase was observed, with
only a few exceptions. The best results were obtained via modifying the left
part of the molecule. In particular, compounds 25a, b, bearing respectively a
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Table 10: Evaluation of the broad-spectrum antiviral activity of the most potent derivatives against a representative panel

of enteroviruses.
CVB3 ECHO11 PV1 EV68 RV14 RV02

EC,, CCq cen cEn
compd ECg, (uM) CCqp (uM) ECq (uM) CCyg (uM) ECgy (uM) CCyo (uM) (uM)  (uM) ECgy (uM)  (uM) ECy, (#M) (uM)
17 217 101 +33.6 1.57+023  >268 3.09 3269 NA® ND” >268 ND NA” ND
252 216 89.1 + 162 097 12+£407 <152 549+ 142 NA  ND NA ND »259 ND
25b ND 209 +3.83 072+005 507+ 124 <141 507+13 138 309 485+109 ND 201+005 ND
25¢  3.87 023 588 +7.14 351 293+ 1.78 2.86 £0.36 303 £3.66 ND  ND 10.6 + 0.7 ND 10.6 + 0.2 ND
25d 219023 451 +444 177 +0.13 1454276 223+04 145+276 NA  ND >230 ND 2.05+036 ND
25g 274 +0.17 80.1 +697 293 124+794 133+19 124+794 ND ND >232 ND ND ND

“NA = not active. °ND = not determined
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propanamide and a pivalamide moiety instead of the acetamide function of
compound 17, showed a very promising antiviral activity.

Compounds 25a, b inhibited PI4KIIIB and exhibited a significant antiviral
effect at sub-micromolar concentrations, demonstrating a better activity than
compound 17. Compound 25g, characterized by the Boc amino group,
proved to be the most interesting compound of the entire series showing the
highest selectivity index in the EV71 cell-based assay. Also changing the
right portion of hit compound 17 gave interesting results (compounds 35a,
¢, d). The central bithiazole scaffold proved to be essential for antiviral
activity, as changing it gave inactive compounds (compounds 38, 42a, b).
Finally, the reported compounds 46, 47a, b were devoid of antiviral activity
and PI4KIIIp inhibition activity.

Table 11: Evaluation of the antiviral activity of compound 25g against EV71 clinical

isolates
ECso (M)
Genogroup strain Genbank compd 25g
B2 11316 ABS575927 <1.39
BS TW/96016/08 GQ231942 21.00
TW/70902/08 GQ231936 3.58
C2 HO08300 461#812 0.97
C4 TW/1956/0S GQ231926 <1.39
TW/2429/04 GQ231927 1.17

“All values are based on at least three independent dose—response curves.

On the basis of these activity data, and considering that the SI of a
promising antiviral candidate should be at least greater than 10, compounds
17, 25a—d, and 25g were selected for further studies. The broad-spectrum
activity of the six selected compounds was evaluated against a panel of EVs
representative of all major groups: EV group B (coxsackievirus B3 and
echovirusl1, ECHO11), group C (poliovirus 1), group D (enterovirus 68),
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rhinovirus group A (RV02), and rhinovirus group B (RV14). Results are
reported in Table 10.

The selected compounds showed micromolar and sub-micromolar activity
against different EVs within the tested panel. In addition, the antiviral
activity of the less toxic compound 25g was confirmed against a
representative panel of EV71 clinical isolates. As shown in Table 11, we
could confirm the activity of compounds 25g against the clinically relevant
EV71 specimens. Only the (sub)genogroup B5 appeared to be less sensitive.
Furthermore, we evaluated the lipid kinase isoform selectivity of our best
PI4KIIIB inhibitors by testing them in an in vitro inhibition assay on the
related enzyme PI4KIlla and PI3K-a/p85a (Table 12).

Table 12 Inhibitory effect of selected compounds against members of PIK family and
profiling of compound 25g against a small panel of unrelated kinases

PI4KIIIS PI4KIIer PI3K-a/p8Sa
compd  ICq, (uM)“ % residual activity at 100 uM“ compd  kinase % residual activity at 100 uM"

17 0.48 S2 37 25g Src FL 32
25a 0.27 72 40 GSK3/ 79
25b 0.32 71 93 Hck FL 100
25¢ 21.89 73 85 FAK 82
25d 18.85 81 54 DYRKIA 88
25g 4.67 69 64 ABL FL 53
35a 248 58 81 FLT3 59
35¢ 1.55 71 S1 CDK2/cA2 62
35d 3.71 73 100 CDK9/cT1 57

CDK9/cK 49

CDK6/cD1 25

Piml 70

“Values are the mean of two independent replicates.

Results showed a higher specificity of the tested bithiazole derivatives for
the PI4KIIIB isoform with poor inhibition of both PI4KIlla and PI3K-
a/p85a at 100 uM concentration of each compound. The specificity of
compound 25g was also tested on a small panel of unrelated kinases: it
shows only a low inhibitory effect on Src and CDK®6. Despite the latter
enzymes being involved in cell cycle regulation and representing common
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targets of antitumor compounds, 25g did not show any toxicity or
morphology alteration at antiviral concentration in the tested cell lines. In
addition, recent studies indicated that Src inhibitors have no effect on EV71
replication (Ford-Siltz L et al, 2014), while CDK6 seems to be down-
regulated in response to EV71 infection (Leong V and Chow W, 2006).
Overall, the collected biological data indicate that a fine chemical tuning of
the bithiazole substituents is needed to generate compounds able to
specifically inhibit the PI4KIIIP kinase and block the replication of different
EVs.
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4.3.PART III:
Targeting HIV-1 RT

4.3.1. RT purification

We took advantage of the 6xHis tag at the N-terminal of recombinant RTs
to purify each RT form (wt¢, KI103N, Y181C and K103N/Y181C) through a
single affinity chromatographic step (see Materials and methods section).
For each purification, the eluted fractions were tested for the presence of the
recombinant protein by coomassie stained SDS page. Subsequently,
Bradford quantification and enzymatic activity of each positive fraction
were performed. Fraction showing high purity and high activity were
pooled, stored at -80°C and used for the subsequent analysis. Typical pool
concentrations were between 60 and 80 mg/mL with a purity that exceed
90%.

kDa 21 18 15 12 9 6 M FT L W kDa 49 45 42 39 36 M 33 30 27 24
70 o 70 - < P66
- —— — - B o~ 4
-1 -1 R
. - b - .
B o ﬁ
— PO B

Figure 12: Example of RT purification outcome: Coomassie staining SDS-PAGE of
KI103N/Y181C. M: marker; L: supernatant; FT: flow through; W: wash; 6-49: eluate
fractions. Arrows indicate bands of about 51 and 66 kDa, corresponding to the molecular
weight of the two monomers that compose HIV-1 RT

4.3.2. Evaluation of the inhibition potency of a library of new IAS
derivatives.

We evaluated a library of new IAS derivatives synthesized in the laboratory

of Prof. R. Silvestri at University “La Sapienza” in Rome, for their ability to

inhibit NNRTIs resistant mutants both in vitro and in vivo.
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Inhibition assays using recombinant enzymes showed that the majority of
the compounds were highly active toward RT wt, as well as toward the
single mutants K/03N (Lys103Asn) and Y/81C (Tyrl81Cys) (Table 13).
However, the tested molecules exhibited inhibition potencies about an order
of magnitude lower against the double mutant K/03N-YI81C. This
observation was expected, since this feature was common for other IAS
library that we previously characterized (Famiglini V et al. 2017). RS5187
and RS5561 represents an exception, showing ICsg values in the same range
against both RT wr¢ (RS5187 ICso =83) and K/03N-Y181C (RS5187 ICsy
=76) enzymes. The results are summarized in Table 13, in which we also
reported the ICsy values for the compounds reference nevirapine (NVP),
efavirenz (EFV) and etravirine (ETV), NNRTIs currently used in the clinic,
as well as AZT, an approved NRTI.

Similar results were obtained by our collaborator at the University of
Barcelona when the different IASs were evaluated for their ability to inhibit
viral proliferation in MT-4 cells. The obtained EC50 (Effective
concentration of compound to inhibit by 50% cell death induced by the viral
replication) well correlated with the results obtained in vitro (table 13).
Most of the compounds were highly active toward the wt and single mutant
forms of the enzyme. On the other hand, they generally inhibited the
KI103N-Y181C strain growth with a lower potency (from one order of
magnitude to the complete loss of activity). This was not the case of
RS5187 and RS5561, which did not lose their activity against the double
mutant.

To understand the molecular reasons that underline such activity against
KI103N-YI181C, we decided to investigate the mechanism of action of
RS5187 against the RT wt and toward the drug resistant double mutant form
KI03N-YI181C.

78



4. Results

Table 13: IAS derivatives (RS) tested in vitro and in vivo against HIV-1 RT wt and its
drug resistant mutant forms K703N, Y181C and K103N-Y181C double mutant.

Wt KI03N Yi81C KI03N-Y181C
ICsp (nM) (Iig/i; ICsp (nM) ECs) (nM) ICsp (nM) ECs) (nM) ICsp (nM)
5196 nd >0.7 nd 20+8 nd na nd
5029 nd <0.7 nd 44422 nd 6089 + 6946 nd
5194 69 <0.7 106 <0.7 81 967 £154 375
5187 83 <0.7 73 <0.7 61 620 76
5561 19 <0.7 7 <0.7 57 23.5+£43 15
5431 nd <0.7 nd 19+2 nd 662 + 103 nd
5103 68 <0.6 2 11£22 33 110 + 88 45
5422 nd <0.7 nd 0.7 nd na nd
5188 61 <0.7 45 <0.7 50 704 +85.3 628
5105 92 <0.7 nd 2247 nd na nd
5111 38 <0.7 79 22+7 178 na 188
5386 nd 3749 nd 41£11 nd na nd
5384 nd 4374456 nd 47.6£9.5 nd 3555+1818 nd
5286 208 18.5+0 12 7.4+0 12 34 3667 +£907 842
5328 nd <0.7 nd 21+14 nd 1008+816 nd
5363 nd <0.7 nd 10£10 nd 600 +£703 nd
5364 nd <0.6 nd 2+0.4 nd 1123+ 1194 nd
5393 nd <0.7 nd 4.1£6.0 nd na nd
5432 nd <0.7 nd <0.7 nd 331+ 145 nd
5365 nd 166+0 nd 85+19 nd 4307 £ 2816 nd
5394 nd 151£1.7 nd 1.9+1.9 nd 4621 + 2348 nd
NVP 400 >3756 7000 >3756 >20000 >3756 nd
EFV 80 130£180  >20000 160+180 400 >317 nd
AZT 10 16 +12 20 6.0+3,4 164 16 £13 nd
ETV 23 nd 16 nd 25 nd 68

ECs represents the Anti-HIV-1 activity of RS compounds and reference compounds NVP,
EFV and AZT against mutant HIV-1 strains. ECs: effective concentration (nM) to inhibit
by 50% cell death induced by the indicated mutant HIV-1 strain, as evaluated with the
MTT method in MT-4 cells. Data are mean values of two to three independent experiments
each one in triplicate. ICsy: The half maximal inhibitory concentration obtained by in vitro
assays against HIV-1 RT wt ant its mutant forms K/03N, Y181C and K103N-Y181C double
mutant. Data are mean values of three independent experiments. nd: no data. na: non active
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4.3.3. The Mechanism of Action of RS5187.

4.3.3.1. Kinetic parameters of RS5187 toward HIV-1 RT wt.

To evaluate the mechanisms of action of RS5187 we performed a reverse
transcriptase reaction maintaining the inhibitor and a reaction substrate
(nucleic acid or nucleotide) at fixed concentrations, while increasing the
concentrations of the other substrate (see Method section). The variations of
the apparent V..., and K., values for each substrate were studied as a
function of the inhibitor concentration. The collected data are summarized
in figure 13.

During the RNA-dependent DNA polymerization, catalyzed by HIV-1 RT,
the enzyme displays an obligatory order of substrate binding. Initially, RT
binds the nucleic acid (NA) to form the binary complex [E:NA]. The
formation of this complex induces the subsequent binding of the nucleotide
(TTP) with the formation of the ternary complex [E:NA:TTP].

RT wt
Km/Vmax poly(rA)oligo dT vs RS5187

A B
g 100 DMSO
- RS5187 37,5nM
° . RS5187 75nM
E w RS5187 150nM
R
S 40
3
3 20
8
= 0 200 400 600 -0,25 0715 20,05 J 0,05 0,15 0,25

Poly(rA)/oligo dT [nM] 0,05 [Poly(rA)olig dT]* [nM]

DMSO RS5187 37,5nM RS5187 75nM RS5187 150nM
Vmax.app™*! (%) 100 46.97 32.6 11.86
Km.app™*! (nM) 48.57 19.56 14.39 7.359

Std. Error
Vmax.app 5.64 3.663 2.204 0.6755
Km.app 9.159 6.609 4526 2.455
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RS5187  RS5187 RS5187

RT wt Km/Vmax 3HTTP vs RS5187 DMSO e 2500
2 100
2 Vmax.app!
8 a0 { § = DMSO % 100 5639 29.06  9.08
£ = RS5781 30nM Km.app ™™
g o -+ RS5781 90nM (M) 18.14  9.18  4.44 1.54
g - RS5781225nM
% 4 Std. Error
=1
% ? Vmax.app 11.16 6274 5009 1354
= 50 100 150 Km.app 5978  3.615 3232 1249

3HTTP [uM]

Figure 13. RS5187 Mechanism of Action Against RT wt in Increasing Concentrations
of (A and B) Poly(rA)/oligo dT and (C) 3HTTP: Kinetic analysis of DNA polymerase
activity in the presence of different concentrations of non-nucleoside reverse transcriptase
inhibitor RS5187. (A) Variation of the reaction velocity of RT wr as a function of nucleic
acid (NA) substrate concentration at different fixed concentrations of RS5187. Values
above are the means of three independent experiments. (B) Same data used in the analysis
in (A) were used to exemplify the mechanism displayed by RS5187 against RT w¢ in a
linear plot representation through the Lineweaver-Burk double-reciprocal analysis. (C)
Variation of the reaction velocity of RT wt as a function of TTP concentration at different
fixed concentrations of RS5187. Values are the means of three independent experiments.
Error bars represent £S.D

To evaluate the analysis of the mechanism of action of RS5187 against RT
wt, toward the free enzyme [E], as well as toward the binary and ternary
complexes, we performed the reverse transcriptase reaction maintaining a
substrate at a fix concentration while titrating the second one at different
concentrations of the inhibitor. In this way, we demonstrated that in both
cases Vmaxapp and Kmapp values decreased (Fig. 13), according to a mixed-
type mechanism of action against both substrates. This means that RS5187
would bind reversibly to the allosteric site of the enzyme without competing
with the substrates. Moreover, according to this mechanism of action, the
inhibitor can bind preferentially to the enzyme bound to its substrates, both
in the binary complex or in the ternary one (Fig. 14), increasing the apparent
affinity of RT wr for its substrates. This is likely due to an effect of the
inhibitor on the rate of dissociation of the substrates from the enzyme.
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The determination of the mechanism of action allows us to calculate the
dissociation to equilibrium constant (K;) values of RS5187 for the free
enzyme [E] (Ki*), as well as for the binary [E:NA] (K;®) and the ternary
complex [E:NA:TTP] (K;°) (Figure 15 A, B and C respectively).

Where

_ [ES][1]
=TSty

Figure 14: Mechanism of inhibition displayed by RS5187 vs RT wt¢

In particular, the affinity of the inhibitor for the free enzyme (K;*) was

derived analyzing Viacapp. " as a function of RS$5187 concentration, while

analyzing the Viaxapp ) as function the inhibitor allowed to calculate its
affinity for the binary complex. To extrapolate the affinity of RS5187 for
the ternary complex (K;) the average (Kum.app ) between the Ky app' - and
Km.app[TTP] were analyzed as function of the inhibitor concentration (see
Methods section for detailed information). This analysis shows very small
differences of K; between the complexes. Thus, the binding of the substrates
to the enzyme did not disturb the apparent Ki of the inhibitor, while the
binding of the inhibitor affects the dissociation of the substrates from the
enzyme.

Although the potency of drug—target binding interactions measured by the
K and association / dissociation rate constants are distinct parameters, they
are nevertheless interdependent and their relation is expressed as Ki = kon /
kos. Thus, the affinity of a molecule for its target depend on the velocity of
binding, described by the association constant (ko,), and by its ability to
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remain in contact with the binding site, defined by the dissociation rate
constant (ko). High ko and/or low kg describes a high affinity inhibitor.

A B C
150 KA[E]=31.35 nM 150 K{B[ENAJ=36.51 nM 20 KC[E:NA:TTP]=28.36 nM
S —~
X S -
< 100 s ] 15
= & 100 2
Z = Ta
: - =
| 5o % 50 v
> 55 54
0 b o L
0 50 100 150 0 50 100 150 200 0 y T T T
RS5187[nM] RS5187[nM] 0 50 100 150 200

RS5187[nM]

Figure 15: Dissociation constants of RS5187 and the free enzyme (A), the binary
complex (B), or the ternary complex (C). Trends of the apparent affinities and apparent
maximal velocities obtained from the analysis of Mechanism of action on Fig. 13 were then
studied as a function of inhibitor concentration.

In order to determine the binding stability of RS5187 to the allosteric site of
the enzyme, the rates of association (k,,) and dissociation (ko) were
analyzed for all the three catalytic complexes of RT wt in the presence of
100 nM RS5187 (see methods section for analysis details). Results of such
analysis is summarized in Fig. 16 and Table 14.

One Phase Decay
2 100 - [E
g ” [E] [E:NA] [E:NA:TTP|
L
E e Y0 83.51 94.53 71.15
£ AMPLITUDE | 3474 54.32 62.17
®
=
g = Kapp 0.01766  0.1305 0.01857
s o : : ; Std. Error 0,001 0,001 ND
M 0 100 200 300

TIME [SEC]

Figure 16: One phase decay analysis of RS5187 tested against the HIV-1 RT wr.

100 nM RS5187 where pre-incubated with the free enzyme (circles), RT and NA (squares)
or RT, NA and TTP (triangles) at different time points. Data where analyzed as described in
materials and methods section.
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Table 14: Binding affinities and kinetic parameters of the Indolyl-Aryl-Sulfone derivative
inhibitor RS5187 against HIV-1 RT wt.

IG5 Ki [nM] Kon (@M s Kotr (57
[nM] [E] [E:NA] [E:NA:TTP] [E] [E:NA] [E:NA:TTP]  [E] [E:NA] [E:NA:TTP]
RS5187 83 314 36.5 28.4 13x1075  96x107° 15x1075 42x10™*  349x107*  41x107*

Relationships among the association and dissociations rates of RS5187 for the
different enzymatic forms of RT wt

Kon = [E; NA] > [E: NA: TTP] > [E]

Kot = [E: NA] > [E] > [E: NA: TTP]

RS5187 demonstrate to associate about 6.7-fold faster, to the binary
complex [E:NA] than to the ternary complex [E:NA:TTP] or toward the free
enzyme [E]. However, other than binding more quickly to the binary
complex, RS5187 remains associated about 10-fold less to the same
complex with respect to free enzyme and to the ternary complex (Table 14).

4.3.3.2.Kinetic parameters of RS5187 toward HIV-1 RT drug resistant
mutant K103N-Y181C.

Analysis of the mechanism of action of the indolyl-aryl-sulfone derivative

RS5187 tested against the RNA-dependent DNA polymerase activity of

HIV-1 drug-resistant mutant RT K/03N/Y181C was performed as in the

analysis above against the wt form.

A

Km/Vmax Poly(rA)/oligo dT DMSO RS5187 RS5187  RS5187
o . RTKIOIN-YISIC vs RS5187 - 75nM _ 150nM_ 300nM
£ max.app 100 766 5964 32.59
8 -s- DMSO ( ")[NA]
g ® = RS5187 75 nM Km.app 8319 1077 1252 1042
£ -+ RS5187 150 nM (nM)
GE) 40 -+ RS5187 300 nM Std. Error
©
3 20
% Vmax.app 9.6 8.906 8.529 2.758
] o0 . . . ) Km.app 1648  24.11 3222 16.87

0 50 100 150 200

Poly(rA)/oligo dT [nM]
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B
Km/Vmax 3HTTP RS5187 RS5187  RS5187
RT K103N-Y181C vs RS5187 DMSO g0 M 150nM  300nM
;:’g 100 -e- DMSO Vmax.app!" ™!
8 80 -=- RS5187 50nM (%) 100 61.68  36.06 21.32
.% -+ RS5187 150nM Km.app™
£ ® 1 -¥- RS5187 300nM (M) 5.16 3.47 2.27 3.16
% 40 Std. Error
é 20 1%
8 max.app 2.70 5.07 2.84 2.95
S om T T ]
0 50 100 150 Km.app
SHTTP ] 0.565 1.24 0.856 1.947

Figure 17: RS5187 Mechanism of Action Against RT Drug Resistant Mutant Form
K103N-Y181C with Increasing Concentrations of (A) Poly(rA)/oligo dT and (B)
3HTTP: Kinetic analysis of RNA-dependent DNA polymerase activity of RT K103N-
Y181C in the presence of different concentrations of non-nucleoside reverse transcriptase
inhibitor RS5187. (A) Variation of the reaction velocity of RT K/03N-Y181C as a function
of Poly(rA)/oligo dT concentration at different fixed concentrations of RS5187. Values are
the means of three independent experiments. (B) Variation of the reaction velocity of RT
KI103N-Y181C as a function of *"HTTP concentration at different fixed concentrations of
RS5187. Values are the means of three independent experiments. Error bars represent =£S.D

Variation of the reaction velocity of RT double mutant Y/8/C-KI103N as a
function of Poly(rA)/oligo dT concentration at different fixed concentrations
of RS5187 shows that the Viaapp " values decrease markedly while
Km_app[NA] values remain more or less stable. Interestingly the
complementary analysis on the second substrate (TTP) exhibit the same
trend, in this case Vimaxapp . values decreases five-fold in contrast with the

[TTP] Values, which variation is insignificant. This disturbance in the

Ko app
apparent velocity of reaction without altering the affinity of the both
substrates demonstrate that non-nucleoside HIV-1 reverse transcriptase
inhibitor RSS5187, reversibly binding the allosteric site, with a non-
competitive mechanism of action against the NA and TTP substrates of
HIV-1 RT double mutant Y/81C-K103N. Therefore, theoretically it can bind
to both the free enzyme and the enzyme-substrate complexes, in this way

neither [E:I] nor [E:S:I] forms products.
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One Phase Decay
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Figure 18: One phase decay analysis of RS5187 tested against the HIV-1 RT drug
resistant mutant K103N-Y181C, obtained at 37 °C from association assays with RS5187
300nM were pre-incubated at different time points with the free enzyme [E], with the
[E:NA] and [E:NA:TTP] complexes (see methods section).

Being a non-competitive inhibitor, the dissociation constant (K;) of RS5187
is equal to the ICsy value (IC50=76 nM). Taking this premise into
consideration and using the k.p, values provided by the one phase decay
analysis in figure 18 we proceeded to determine the velocity of association /
dissociation (kon / kofr) described in table 15.

Table 15: Binding Affinities and Kinetic Parameters of the Indolyl-Aryl-Sulfone
Derivative non-competitive Inhibitor RS5187 against HIV-1 RT drug resistant mutant
KI103N-Y181C.

-1 -1 -1
Ki 50 kon (nM N ) Koff (S )
[nM] E] [E:NAT  [E:NA:TTP] [E] [E:NAT  [E:NA:TTP]
RS5187 76 11x10° 10x10~° 43x10° 87x10 77x10°° 323 x10 °

Relationships among the association and dissociations rates of RS5187 for the
different enzymatic forms of RT K103N/Y181C

Kon = [E: NA: TTP] > [E] > [E: NA]

Kot = [E: NA: TTP] > [E] > [E: NA]

RS5187 displays a velocity of association toward the ternary complex
[E:NA:TTP] greater than whose toward the free enzyme [E] and the [E:NA]
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complex. A similar trend was found in the dissociation velocity parameters
(kofr) which means that theoretically, the indolyl-aryl-sulfone derivative
RS5187 could bind the ternary complex [E:NA:TTP] four-fold faster than to
the other complexes but could remain associated to this complex for a
shorter time than to the free enzyme or the binary complex.

87



5. Discussion

5. Discussion

Due to the number of cellular processes in which protein and lipid kinases
are involved, their physiological malfunction or deregulation are related
with numerous human pathologies including different cancer types and
neurodegenerative diseases. Furthermore, they can also act as essential
mediator factors during viral infections. The discovery of diseases caused by
alteration of kinases activity allows the possibility of exploiting kinases
inhibition as a therapeutic strategy.

In recent years, it has been shown that mutations in LRRK?2 are recurrent in
familial Parkinson’s disease. For this reason, LRRK?2 is consider as an
important molecular target for the development of an effective therapy.
Actually, several highly active inhibitors have been developed. However,
such molecules are not able to discriminate between the wf and the mutated
LRRK2 forms. Despite the biological function of LRRK2 is still not
completely elucidated, it is possible that its inhibition would lead to adverse
effects in the long term. In collaboration with Dr. Radi from the University
of Parma, we evaluated a new library of heteroaryl-hydrazone derivatives as
LRRK2 inhibitors through in vitro studies resulting in the identification of
compounds with different anti-LRRK2 activity against both the wr and
G2019S mutant form. Among them, the most interesting compounds were
found to be those bearing a hydroxyl or methoxy substituent on the right
part of the molecule (9d, f and g) and the triazolo[4,3-a]pyridine derivative
compound 12. These compounds are endowed with a low micromolar
activity, and when were tested against a small panel of selected kinases
showed good LRRK?2 specificity index (wt/G2019S activity ratio), showing
even better selectivity profile than two well- known kinase-targeting drugs,
Bosutinib and Sorafenib. In order to elucidate the molecular mechanism that
underlie the inhibition preference toward the LRRK2 mutant, we
investigated the mechanism of inhibition of those molecules. Not
surprisingly, we found different mechanism of inhibition among the
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compounds. Compound 12 demonstrated to be able to inhibit the catalytic
activity of G2019S displaying a pure ATP-competitive mechanism of
inhibition. Furthermore, Compounds 9d, 9f and 9g displayed a mixed-type
inhibition when tested against the activity of the pathogenic mutant G2019S.
This mechanism of inhibition allows the compounds to bind the free enzyme
competing with the ATP, but also to bind to the enzyme when it is already

in complex with ATP. Among them, compound 9d, prove to be of particular
interest since displayed comparable affinities toward the free enzyme (Kj')
and the enzyme in complex with the ATP (K;”). This result could be
important because the high concentration of ATP in physiological
conditions, could affect the performance of purely ATP-competitive
inhibitors. All together, these results place the synthetized heteroaryl-
hydrazone derivatives as good candidates for the development of new,
higher potent and G2019S selective derivatives.

In recent years, the focus on the development of antiviral compounds is
shifting from a strategy based on targeting viral proteins, to an approach
considering host cell targets as well. This, because viruses are obligatory
intracellular parasites, whose replicative cycle heavily depends on host cell
factors. This approach miught have two main advantages: since cellular
proteins are less prone to mutate, drug resistance may be less likely to
occur; in addition, different viruses often depend on the same host cell
proteins, thus targeting these essential cofactors might allow the
development of brad spectrum antiviral agents, currently lacking in the
clinics.

PI4KIIIB is considered a valuable target for the treatment of many viral
infections. PI4KIIIB converts PtdIns into PtdIns4P and is involved in
vesicular trafficking and membrane remodeling pathways in different
tissues. Enteroviruses (EV) hijack PI4KIIIB to produce membrane platforms
enriched in PtdIns4P which serve as molecular anchoring for the EV
replication machinery. The most important issue regarding the development
of PI4KIIIRB inhibitors rely on their selectivity. In fact, chemical inhibition of
PI4KIIIB does not influence cell viability, probably because the PtdIns4P
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amount produced by the related PI4KIIla could support cell trafficking and
signaling. However, poorly selective inhbitiros targeting both PI4KIIIf and

PI4KIIla kinases could induce cellular toxicity. Twenty-five compounds
synthetized by Prof. Marco Radi at the University of Parma, were tested
against the PI4KIIIB enzyme in cell-free assays. The best inhibitory profile
was that displayed by compound 25a, which contains a propanamide moiety
and 25b compound bearing a pivalamide substituent in the same location.
25a and 25b were able to inhibit PI4KIII} at nanomolar concentrations,
closely matching data obtained in cell-based assays where these inhibitors
exhibit a significant antiviral effect at the same concentration range. The
activity of compounds 25a-d, 25g and 17 against a panel of enteroviruses
also place these compounds as interestingly broad-spectrum antivirals. On
the other hand, compounds 38, 42a and 42b were inactive when were tested
against the viral replication. Interestingly, the central bithiazole scaffold was
substituted in these compounds, demonstrating that this structure is critical
for antiviral activity and PI4KIIIB inhibition. In vitro specificity assay
demonstrated that compounds 25a, 25b and 25g selectively target the
isoform B. This is of particular interest since some toxicity risks may be
expected as result of off-target inhibition of other PI4K isoforms, which
could support cell trafficking and signaling when PI4KIIIB is inhibited
(Balla T, 2013). At the same time and despite its high micromolar activity,
compound 25¢g proved to be the most interesting compound of the entire
series, showing the highest selectivity index and less toxicity during cell-
based assays. The features of compounds 25a, 25b and 25g in this study
represent a valuable starting point to develop novel broad-spectrum antiviral
compounds based on the host targets.

HIV-1 RT continue to be the main anti-HIV-1 target in the HAART
regimen. However, despite the efficacy of the actual treatment, its selective
pressure leads to resistant mutants development. We thus evaluated a set of
NNRTIs of the IAS family against wt RT as well as against the main
resistant forms that emerged during the therapy. These IAS derivatives
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result in variable potency in the nanomolar range against RT wr, but also
displayed interesting potencies against the double mutant K/03N-Y181C.
Compound RS5187 was selected because the inhibitory potency displayed
against both RT wr and the drug resistant mutant form K/03N-YI18IC.
RS5187 is endowed with high inhibitory potency, being able to effectively
inhibit the RT wr activity (IC50=83nM) and the drug resistant mutant
KI103N-Y181C (IC50=76nM) with comparable efficiency.
When the mechanisms of inhibition were analyzed, RS5187 demonstrated a
mixed- type mechanism toward the wt form. This mechanism suggests that
RS5187 binds to the [E:NA] and/or [E:NA:TTP] complexes, affecting their
breakdown. The study of the affinities of RS5187 for each mechanistic form
of RT wt showed that the inhibitor targeted with similarly affinities the
different reaction intermediates [E], [E:NA] and [E:NA:TTP]. Interestingly,
the main determinant for this mechanism was the inhibitor association rate.
RS5187 binds 6.7-fold faster, but dissociates about 10-fold faster from the
binding site of the [E:NA] secondary complex of RT wt, than the free RT or
the ternary complex, which remained unchanged.

In contrast, RS5187 resulted to possesses a fully non-competitive
mechanism of inhibition toward K/03N-YI81C mutant form. Thus, in
principle this compound can inhibit the K/03N-YI181C enzymatic activity
without influencing the affinity for the substrates. Contrary to that observed
against RT wz, RS5187 is capable of discriminating against the [E:NA:TTP]
ternary complex, binding it 4- folds faster than the free enzyme or the
secondary complex, but dissociating 5-folds faster from the same complex.
Thus, RS5187 against both wt or K/03N-Y181C mutant displays higher
association rates when the enzyme was already in complex with one or two
of its substrates. This, however, is compensated by a faster dissociation rate,
which explains why the equilibrium constants Ki are similar for all three
enzymatic forms. RS5187 thus displays two diverse mechanism of
inhibition against two forms of the same enzyme which could means that
this IAS derivative possesses a flexible and adaptable structure that can
interact dynamically with the allosteric site of HIV-1 RT making it able to
bypass the steric barriers imposed by the K/03N-Y181C mutation. Moreover
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is evident that in certain mode, the structural changes in the binding site due
to K/03N-Y181C mutation and / or due conformational changes occurring
during formation of the ternary complex plus the flexible and dynamical
structure that accompanied to IAS derivatives allows to RS5187 to bind
[E:NA:TTP] faster in K/03N-Y181C than in wt. Thus, this scaffold could be
the basis for further structure-activity relationship studies, in order to make
derivatives which retain the faster association rates, but achieve also slow
dissociation from the ternary complex. Improving the knowledge of the
mechanisms of inhibition surrounding the IAS derivatives structure helps in
the selection of new compounds with improved inhibitory profiles against
the drug resistant form of HIV-1 RT K/03N-Y181C.
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Herein we report the development of a new versatile chemical tool for the rapid identification of LRRK2-
targeting probes as potential anti-Parkinson's agents. Based on the structure of recently identified inhibi-
tors, we decided to develop a new multicomponent approach to explore the biologically relevant space
around their key pharmacophore fragment. The combination of organo/metal catalysis and microwave-
assisted technology, allowed us to quickly generate highly functionalized heteroaryl-hydrazone derivatives
for biological investigation. Enzymatic studies on the synthesized compounds allowed the identification of
promising compounds endowed with a good LRRK2 specificity index (wt/G2019S activity ratio), low affinity
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approved in the last 10 years came from phenotypic ap-
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the classical chemistry-based phenotypic approaches at the
center of an integrated multidisciplinary drug-discovery plat-
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fragment may play a key role in the identification of novel biologically relevant chemical probes.

approaches to rapidly produce highly functionalized mole-
cules represents therefore an essential medicinal chemistry
tool for different drug-discovery campaigns: diversity-oriented
synthesis (DOS), combinatorial chemistry and biology-
oriented synthesis (BIOS) are widely used to explore the bio-
logically relevant chemical space."® In particular, exploring
the chemical space around a privileged scaffold (privileged-
substructure-based diversity-oriented synthesis, pDOS) has
been considered as a suitable strategy for the systematic
enhancement of molecular diversity to discover new probes
for chemical biology and drug discovery.” In analogy with the
pDOS approach and as a continuation of our interest in the
development of microwave-assisted and multicomponent strate-
gies for the synthesis of new chemical probes,” > we decided to
build a fast and versatile diversity-oriented synthesis around a
key pharmacophore fragment. This pharmacophore fragment-
decoration approach could be considered as a good compromise
between a target-based and a phenotypic drug discovery ap-
proach. Specifically, we became interested in the biological versa-
tility of the heteroaryl-hydrazone pharmacophore moiety and in
its potential for the discovery of new anti-Parkinson agents."
Among heteroaryl-hydrazones, 2-quinoline derivatives have been
studied as antineoplastic drugs (1, 2, Fig. 1),"*** while 2-pyridine
derivatives displayed interesting anti-inflammatory (3, Fig. 1),
anticancer (4, Fig. 1) and broad-spectrum antimicrobial activities
(5, Fig. 1)."°'® Interestingly, a recent study identified (E)-2-(2-
arylidenehydrazinyl)quinolone derivatives (6, Fig. 1) as selective
inhibitors of leucine-rich repeat kinase 2 (LRRK2) that has been
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Fig. 1 Representative biologically relevant heteroaryl-hydrazones 1-6.

associated with both autosomal-dominant and late-onset spo-
radic Parkinson's disease (PD) cases.'” Inhibition of LRRK2
kinase activity, and in particular of the pathogenic mutant
G2019S, has been proposed as an attractive therapeutic strat-
egy for the treatment of PD.?*?' Despite a few LRRK2 inhibi-
tors having been published in the last years,>° to the best of
our knowledge, only a few reports have been published on
the selective inhibition of the G2019S mutant over wild type
LRRK2.*"*® Considering that the physiological and patholog-
ical functions of this kinase remain poorly understood, it
would be desirable to identify novel chemical probes able to
selectively inhibit the pathogenic G2019S LRRK2 mutant.
Herein we report the development of a microwave-assisted
proline/Pd-catalysed multicomponent approach for the rapid
synthesis of substituted heteroaryl-hydrazones and their
biological evaluation as LRRK2 inhibitors, both WT and
G2019S mutant. The classical approach for the synthesis of
substituted heteroaryl-hydrazones I requires the conversion
of heteroaryl halides II into hydrazino derivatives III by
heating in an excess of hydrazine hydrate (approach A,
Scheme 1).** Heteroaryl-hydrazones are finally obtained by
coupling hydrazino derivatives III with the appropriate alde-
hydes or ketones IV in refluxing ethanol using acetic acid as
catalyst.>>*® Alternatively, the less explored approach B
(Scheme 1) requires the preliminary conversion of aldehydes
or ketones IV into the corresponding hydrazones V followed
by Pd-catalyzed coupling with heteroaryl halides II to give the
desired heteroaryl-hydrazones I. Only a few examples on the
application of the latter approach have been reported in the
literature while, to the best of our knowledge, no multicom-
ponent strategies for the synthesis of heteroaryl-hydrazones I
have been reported so far.’”°

Multicomponent approaches display the advantage of
atom and cost efficiency that, coupled with microwave irradi-
ation, could permit the quick generation of compound librar-
ies with high chemical variability for drug discovery pur-
poses.”® A new microwave-assisted multicomponent approach
for the direct synthesis of substituted heteroaryl-hydrazones I
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Scheme 1 Approaches for the synthesis of heteroaryl-hydrazones I.

could therefore represent a valuable tool to further explore
the structure-activity relationships of quinolone-based
LRRK2 inhibitors and to discover new active scaffolds.

We initially focused our attention on the development of a
single-step multicomponent procedure following the syn-
thetic approach A: a mixture of 2-chloroquinoline 7a, hydra-
zine monohydrate and ketones 8a-c¢ was irradiated in a
sealed microwave tube at 120 °C (Scheme 2). Compounds 9a
and b were thus obtained in good yields after 15 min while
compound 9c was never obtained even under harsh reaction
conditions. The same protocol also failed when we replaced
the ketones 8a-c with different aldehydes, giving a complex
mixture of many side products. Given the poor versatility of
the above approach, we decided to investigate the possibility
of developing a microwave-assisted multicomponent strategy
based on the synthetic approach B. As far as we know, the
microwave-accelerated catalytic amination of heteroaryl ha-
lides with hydrazone derivatives has never been addressed
before and could be exploited to quickly generate highly func-
tionalized heteroaryl-hydrazones starting from commercially

o
h NaHg4  H,0
+NaFg H0 + X R
_ Ry I > Ro
N cl _

7a 8a-c

N
NN
H
Ry

9a, Ry = CH3, Ry= 3-CF; (Y: 62%)

9b, Ry = Ph, R, = H (Y: 55%)

9¢, Ry = CHg, Ry= 3-NO, (Y: 0%)
Scheme 2 Three component synthesis of heteroaryl-hydrazones
9a-c. Reaction conditions: EtOH, MW, 120 °C, 15 min.

This journal is © The Royal Society of Chemistry 2015
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available aldehydes/ketones, hydrazine and heteroaryl halides
(see Scheme 5). We decided to optimize the first step of this
new protocol in toluene because the following Pd-catalyzed
amination of heteroaryl halides frequently requires this sol-
! Different temperatures, reaction times and catalysts
(sodium tert-butoxide, acetic acid and r-proline) were used in
order to improve the conversion of aldehydes or ketones IV
into the corresponding hydrazones V. After several attempts,
the best reaction conditions were found to be the irradiation
of ketones with hydrazine monohydrate in a sealed micro-
wave tube at 300 W for 15 minutes in the presence of a cata-
Iytic amount of r-proline to give the hydrazones 10b-d in
good yields (Scheme 3). For the second step of the protocol
we extensively evaluated the Pd-catalyzed coupling of aryl ha-
lides with benzophenone hydrazone reported by different re-
search groups.*>™** In order to quickly obtain highly function-
alized heteroaryl-hydrazones our preliminary experiments
were inspired by the works published by Maes et al., who de-
veloped a fast microwave-assisted Pd-catalyzed amination of
aryl chlorides with aromatic and aliphatic amines.">"® After
different pivotal studies to choose the best catalyst system,
we selected 2-dicyclohexylphosphino-2'-(N,N-dimethylamino)-
biphenyl (DavePhos) as the ligand and Pd(OAc), as the Pd(0)
source. We applied the procedure proposed by Maes et al. to
the coupling of hydrazones 10b-d and 2-chloroquinolines 7a
and b using t-BuONa as a base in combination with a solu-
tion of 2% Pd(OAc),/4% DavePhos in toluene. The substituted
heteroaryl-hydrazones 9b-d were obtained by microwave
heating at 150 °C for 10 minutes (Scheme 4). Finally we com-
bined the optimized steps I and II in a single one-pot two-
step protocol: this new organo/metal catalyzed strategy links
the advantages of the multicomponent procedures with those
of microwave-assisted reactions (Scheme 5). In the optimized
protocol, a mixture of substituted aldehydes or ketones 8b-n
and hydrazine monohydrate in toluene was irradiated in a
sealed microwave tube at 300 W for 15 minutes in the pres-
ence of a catalytic amount of r-proline. After that time,
heteroaryl chlorides and -BuONa were added to the same re-
action vessel and the mixture was flushed under argon atmo-
sphere for a few minutes before adding a toluene solution of
2% Pd(OAc),/4% DavePhos previously prepared. The desired
heteroaryl-hydrazones 9b-n were quickly obtained in moder-
ate to good yields after microwave irradiation at 150-180 °C
for 10-20 minutes (Table 1). To demonstrate the efficiency of

vent.

o HzN\‘
Ry | >Ry + NoHa - H0 —  R; | X R,
7 =
8b-d 10b, Ry = Ph, Ry = H (91%)

10c, Ry = Me, R; = 3-NO; (89%)

10d, Ry = H, R, = 4-OCHj3 (85%; 287%)
Scheme 3 First step optimization. Reaction conditions: L-proline,
toluene, MW, 300 W, 15 min. *Conventional heating, toluene, reflux,
90 min.
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9b, Ry =Ph, R, = H, Rs = H (69%)

9¢, Ry = Me, Ry = 3-NO,, Ry = H (51%)

9d, Ry = H, R, = 4-OCHs, Ry = CHy (57%; 268%)
Scheme 4 Second step optimization. Reaction conditions: Pd(OAc),,
DavePhos, t-BuONa, toluene, MW, 150 °C, 10 min. “Conventional
heating, toluene, 100 °C, 16 h.

our protocol, the synthesis of compound 9d was also
conducted step by step under conventional heating (CH) con-
ditions: as reported in Schemes 3 and 4; the yield of each
step is comparable with those obtained under microwave-
assisted conditions but, in the latter case, compound 9d was
obtained in only 25 minutes (18 h under CH) after a single
chromatographic purification. This protocol was efficiently
applied to a series of cheap and commercially available build-
ing blocks, allowing us to easily decorate the aryl-hydrazone
pharmacophore fragment. Different heteroaryl chlorides pro-
vided a different core scaffold to the final compounds:
2-chloroquinoline (compounds 9b, ¢, e, f, m, n), 2-chloro-4-
methylquinoline ~ (compounds  9d, g), substituted
2-chloropyridines (compounds 9h-j) and substituted 2-chloro-
5,6,7,8-tetrahydroquinoline (compounds 9k and 1). On the
other hand, different aldehydes and ketones projected differ-
ent functional groups in the surrounding space of the final
compounds: substituted ketones (compounds 9b, ¢, e, f) and
benzaldehydes (compounds 9d, g-n). Overall, the final com-
pounds 9b-n were obtained after only 25-35 min each
followed by a single chromatographic purification, instead of
multiple synthetic steps/purifications. In addition, aryl/
heteroaryl-hydrazones can also be used as versatile key inter-
mediates to increase their molecular complexity by easy con-
version into different heterocycles, such as indoles, pyrazoles
and triazolopyridines.””° We attempt this additional molec-
ular complication on compound 9i, since the chlorine in

8b-n 10b-n 9b-n
Scheme 5 Optimized one-pot two-step protocol. Reaction condi-
tions: (a) hydrazine monohydrate, L-proline, toluene, MW, 300 W, 15
min; (b) heteroaryl chloride, t-BuONa, Pd(OAc),, DavePhos, toluene,
MW, 150-180 °C, 10-20 min.
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Table 1 Heteroaryl-hydrazone derivatives
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position C3 could be further displaced by different nucleophiles
(Scheme 6). Copper-catalyzed oxidation®” of 9i yielded the
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corresponding [1,2,4]triazolo[4,3-a]pyridine intermediate 11,
which was then submitted to a microwave-assisted Buchwald

This journal is © The Royal Society of Chemistry 2015
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Scheme 6 Synthesis of compound 12. Reaction conditions: (a) CuCl,, DMF, 90 °C, 1 h; (b) 4-(2-aminoethyl)morpholine, t-OBuNa, Pd(OAC)2, rac-

BINAP, toluene, MW, 120 °C, 10 min.

amination with 4-(2-aminoethyl)morpholine to give the
desired compound 12 in good overall yields. Finally, we also
decided to modify one of the quinoline derivatives (9g)
on the basis of the docking studies reported for similar
compounds (6) on a LRRK2 homology model." Since the
4-pyridyl substituent of compound 6 was proposed to occupy
a solvent-exposed region just outside the ATP-binding pocket,
we decided to attach a polar methylpiperazine moiety, com-
mon to different kinase inhibitors, to the hydroxyl group
of compound 9g. Reacting the latter compound with
4-(4-methylpiperazin-1-yl)benzoic acid under standard cou-
pling conditions afforded the desired derivative 13 in high
yields, as described in Scheme 7.

The inhibition potency of the synthesized compounds
(9¢-1, 12 and 13) towards both LRRK2 wild type (wt) and the
G2019S mutated form was evaluated in cell-free assays: a pre-
liminary screening was initially conducted to select the most
promising compounds for additional biological studies
(Fig. 2). Among the quinoline derivatives, the most interest-
ing compounds were found to be those bearing a hydroxyl or
methoxy substituent on the right part of the molecule (9d, f, g)
while pyridine derivatives (9h-j) generally showed poor inhib-
itory potency. Despite its high micromolar activity, the novel
tetrahydroquinoline-3-carbonitrile derivative 9k could be also
considered as an interesting starting point for future chemi-
cal exploration. Another promising result was obtained from
the screening of the triazolo[4,3-a]pyridine derivative 12 while
the complete loss of activity converting compound 9g into 13

13
Scheme 7 Synthesis of compound 13. Reaction conditions:
4-(4-methylpiperazin-1-yl)benzoic acid, EDC HCl, DMAP, dry CH,Cl,,
25°C, 12 h.
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may provide useful indications to refine the docking models.
In the next phase, inhibition potencies of compounds 9d, f, g
and 12 were further investigated in dose-dependent experi-
ments and IDs, values for LRRK2 wt and G2019S were deter-
mined. Furthermore, the specificity of the compounds was
tested in a panel of selected kinases (Table 2). Two well-
known kinase-targeting drugs (Bosutinib and Sorafenib), re-
cently investigated as LRRK2 inhibitors,** were also included
in Table 2 for comparison purposes. It was interesting to note
that, compared to Bosutinib and Sorafenib, our compounds
showed a better selectivity profile as indicated by the higher
wt/G2019S activity ratio (LRRK2 specificity index) and by the
very low inhibitory potency against all the tested kinases. Al-
though Bosutinib and Sorafenib were not developed as
LRRK2 inhibitors, their good inhibitory efficacy against a few
of the kinases reported in Table 2 is representative of the
poor selectivity that characterizes most of the common
kinase-targeting drugs. We then investigated the mechanism
of inhibition of compounds 9d, f, g and 12 toward the patho-
genic G2019S mutant. LRRK2 G2019S kinase reactions were
conducted by titrating ATP at different fixed doses of the
compounds (Fig. 3, ESI{ eqn (1)). Trends of the apparent af-
finities (Km,app) and apparent maximal velocities (Vimax,app)
obtained from this analysis were then studied as a function
of inhibitor concentration (Fig. 4 and 5). For all these

B LRRK2 G2019S % residual activity
M LRRK2 wt % residual activity

o
a
2
[=]

Fig. 2 Inhibitory effect of synthesized compounds against LRRK2 wt
(red bars) and G2019S (blue bars) expressed as % residual activity at
100 pM concentration of the inhibitors. *% residual activity for
compounds 9d, f, g was reported at 50 uM.
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Table 2 The potency of compounds 9d, f, g and 12 against LRRK2 (wt and G2019S mutant) and their inhibitory effect on selected kinases

IDso (1M)* Ki (uMm)”
Kinase 9d 9of 9g 12 Bosutinib Sorafenib
LRRK2 wt 3.0 (4)° 32.6 (7.5)° 2.7 (2.4)° 32.0 (3.5)° 0.3 (1.5)° 0.7 (0.07)°
LRRK2 G2019S 0.9 4.8 1.3 9.1 0.2 9.7

% Inhibition at 100 uM Kq (nM)?
Kinase 9d of 9g 12 Bosutinib Sorafenib
Sre 31 5 21 40 1 NA
GSK3p 0 1 0 14 NA® NA
Hck 0 0 0 0 3.4 8500
FAK 11 1 13 8 570 NA
DYRK1A 0 9 22 26 NA NA
ABL 43 6 24 19 0.1 130
FLT3 50 3 62 0 2200 13
CDK2/cycA2 9 3 12 22 NA 8700
CDK9Y/cycT1 0 1 0 24 NA NA
CDK9/cycK 53 2 24 38 NA NA
CDK6/cycD1 42 1 40 18 ND/ ND
CDK4/cycD1 9 7 16 10 NA NA
PidKp 32 0 31 3 NA NA
Pim1 20 3 43 29 NA NA

“ ID;, values are the mean of at least three independent experiments. Standard errors were all within 10% of the mean. b K; values were
extrapolated from ref. 25. © wt/G2019S activity ratio (LRRK2 specificity index). ¢ Ky values were extrapolated from ref. 48. © NA = not active.’ ND =

not determined.
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Fig. 3 Kinetic analysis of the kinase reaction in the presence of different concentrations of LRRK2 G2019S inhibitors 9d, f, g and 12. Variation of
the reaction velocity of LRRK2 G2019S as a function of ATP concentration at different fixed concentrations of 9d (A), 9f (B), 9g (C) and 12 (D). Each
reaction was performed as described in the ESL.{ Values are the means of three independent experiments. Error bars represent +S.D.

compounds, the Ky, app values increased with increasing dose
of inhibitor, underlying a competitive mechanism of action
toward ATP. In particular, compound 12 inhibited the
G2019S reaction without affecting the Viaxapp Parameter
(Fig. 5D), thus resulting in a pure ATP-competitive mecha-
nism of inhibition. On the other hand, increasing the
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concentration of compounds 9d, f and g resulted in a de-
crease in Vipayapp values, revealing these compounds as
mixed-type inhibitors against G2019, being able to compete
with ATP to form a complex with the free enzyme ([E] — [E:I])
and also to bind to the enzyme in complex with ATP
([E:ATP] — [E:ATP:I]). The affinity for the free enzyme (K;) was
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Fig. 5 Determination of inhibitors' affinities for the [LRRK2 G2019S:
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calculated for each compound according to eqn (2) (see the
ESIf) and reported in Fig. 4; the affinity for the binary com-
plex was calculated according to eqn (3) (see the ESI}) and
reported in Fig. 5. The mixed-type inhibitors 9f and 9g
showed a higher affinity toward the free enzyme than toward
the [E: ATP] complex, with K;’ values about 5-fold lower than
their K;". Interestingly, compound 9d, which exhibited the
highest affinity toward the [E:ATP] complex among the
tested compounds, showed also comparable K;' and K;"
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values. This is of particular interest since the intracellular
ATP concentration is quite higher than that used in the
in vitro assays, and this could affect the activity of purely
ATP-competitive inhibitors. The mixed-type inhibitor 9d (and
to a lesser extent 9f and 9g) showed the ability to inhibit the
catalytic activity of the LRRK2 G2019S mutant at low micro-
molar concentrations even when the enzyme is already bound
to the ATP. This peculiar mechanism of action makes 9d a
promising candidate for further biological investigations and
an interesting tool to identify a possible allosteric pocket on
the LRRK2 kinase.

Conclusions

We herein presented the application of a new
pharmacophore fragment-decoration strategy for the identifi-
cation of new LRRK2-targeting chemical probes as potential
anti-Parkinson agents. Starting from the knowledge of a key
pharmacophore substructure common to a few LRRK2 spe-
cific inhibitors, we develop a versatile microwave-assisted
proline/Pd-catalyzed multicomponent approach for the rapid
synthesis of substituted heteroaryl-hydrazones. This novel
synthetic protocol was efficiently applied to a series of cheap
and commercially available building blocks, allowing us to
easily decorate the heteroaryl-hydrazone pharmacophore frag-
ment. Additional molecular complication was also generated
by simple modifications of the final compounds. In vitro bio-
logical evaluation of the synthesized compounds allowed us
to quickly identify a few promising LRRK2 inhibitors (9d, f, g
and 12) endowed with a low micromolar activity, good LRRK2
specificity index (wt/G2019S activity ratio), low affinity towards
a small panel of selected kinases and a mixed-type inhibition
against the pathogenic G2019S mutant. Among these com-
pounds, 9d, 9f and 9g resulted in a mixed-type inhibition to-
wards G2019S, being able to bind also to the enzyme in com-
plex with the ATP substrate. This is of particular interest since,
differently from purely ATP-competitive inhibitors, the inhibi-
tory activity of these compounds should not be affected by the
high intracellular ATP concentration. In summary, our results
demonstrate how a diversity-oriented approach based on a key
pharmacophore fragment could represent an efficient strategy
for the identification of new chemical probes of biological
interest. Further studies on the optimization of the identified
compounds and on the comprehensive elucidation of their
mechanism of action will be reported in due course.

Experimental
General

All commercially available chemicals were purchased from
both Sigma-Aldrich and Alfa Aesar and, unless otherwise
noted, used without any previous purification. Solvents used
for work-up and purification procedures were of technical
grade. TLC was carried out using Sigma-Aldrich TLC plates
(silica gel on Al foils, SUPELCO Analytical). Where indicated,
products were purified by silica gel flash chromatography on
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columns packed with Merck Geduran Si 60 (40-63 um). 'H
and *C NMR spectra were recorded on BRUKER AVANCE
300 MHz and BRUKER AVANCE 400 MHz spectrometers.
Chemical shifts (0 scale) are reported in parts per million
(ppm) relative to TMS. '"H NMR spectra are reported in this
order: multiplicity and number of protons; signals were char-
acterized as follows: s (singlet), d (doublet), dd (doublet of
doublets), ddd (doublet of doublet of doublets), t (triplet), m
(multiplet), bs (broad signal). HPLC/MS analyses were
conducted on an Agilent 1100 series equipped with a Waters
Symmetry C18 column (3.5 um, 4.6 x 75 mm) and a MS de-
tector (Applied Biosystem/MDS SCIEX, with API 150EX ion
source). Elemental analyses were performed on a Perkin-
Elmer PE 2004 elemental analyzer, and the data for C, H, and
N were all within 0.4% of the theoretical values.

Microwave irradiation experiments

Microwave reactions were conducted using a CEM Discover
Synthesis Unit (CEM Corp., Matthews, NC). The machine
consists of a continuous focused microwave power delivery
system with an operator-selectable power output from 0 to
300 W. The temperature inside the reaction vessel was moni-
tored using a calibrated infrared temperature control
mounted under the reaction vessel. All experiments were
performed using a stirring option whereby the reaction mixtures
are stirred by means of a rotating magnetic plate located below
the floor of the microwave cavity and a Teflon-coated magnetic
stir bar in the vessel.

General procedure for the one-pot two-step synthesis of func-
tionalized heteroaryl-hydrazone derivatives (9b-n)

Substituted ketone/aldehyde (0.73 mmol), hydrazine mono-
hydrate (0.73 mmol), -proline (0.15 mmol) and 1 mL of an-
hydrous toluene were placed in a dried 10 mL microwave
tube equipped with a magnetic stir bar and a septum, and
the colorless mixture was irradiated at 300 W for 15 minutes
in the microwave apparatus (maximum pressure: 250 psi;
maximum temperature: 200 °C; power max: OFF; stirring:
ON). The solution became light yellow and the TLC, eluting
with petroleum ether/ethyl acetate, 6/4 (vol/vol), showed the
complete conversion of ketone/aldehyde into the correspond-
ing hydrazone. Subsequently heteroaryl chloride (0.61 mmol)
and t-BuONa (0.98 mmol) were added and the tube was
flushed with argon for 1 minute. Then, 1 mL of a stock solu-
tion of the catalyst [Pd(OAc), (27.0 mg, 0.12 mmol) plus
DavePhos (96 mg, 0.24 mmol) in anhydrous toluene (10 mL)
stored under Ar atmosphere] was added and the resulting
mixture was stirred and flushed with argon for an additional
2 minutes. Next, the tube was heated under microwave irradi-
ation at 150 °C for 10 minutes (for compounds 9b-g, j, m, n)
or for 20 minutes (for compounds 9k, 1) or at 180 °C for 20
minutes (for compounds 9h, i) (maximum power input: 300
W; maximum pressure: 250 psi; power max: OFF; stirring:
ON). After cooling to room temperature the dark red reaction
mixture was filtered over Celite and the resulting solution
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was evaporated under reduced pressure. The residue was
purified by silica gel flash chromatography (petroleum ether/
ethyl acetate, from 9/1 to 7/3), affording pure, target
heteroaryl-hydrazones (9b-n).

2-(2-(Diphenylmethylene)hydrazinyl)quinoline (9b)

Starting from benzophenone and 2-chloroquinoline, the title
compound was obtained as a yellow solid (53% yield). 'H
NMR (300 MHz, CDCl,) ¢ 8.59 (s, 1H), 8.1 (d, J = 8.9 Hz,
1H), 7.91 (d, J = 8.9 Hz, 1H), 7.69-7.66 (m, 4H), 7.62-7.59 (m,
3H), 7.44-7.30 (m, 7H). >C NMR (75 MHz, CDCl;) ¢ 160.6,
155.5, 138.5, 137.9, 132.4, 129.9 (2C), 129.6, 129.1, 129.0 (2C),
128.8, 128.5, 128.3 (2C), 128.1, 127.9, 127.8, 126.9 (2C), 123.3,
110.1. MS (ESI) m/z 324.2 [M + H]', 346.3 [M + Na]".

(E)-2-(2-(1-(3-Nitrophenyl)ethylidene)hydrazinyl)quinoline (9c)
Starting from 3'-nitroacetophenone and 2-chloroquinoline,
the title compound was obtained as a yellow solid (33%
yield). '"H NMR (400 MHz, CDCl;) J 8.67 (s, 1H), 8.21-8.12
(m, 3H), 7.75-7.64 (m, 5H), 7.58 (t, J = 7.6 Hz, 1H), 7.36 (bs,
1H), 2.38 (s, 3H). '*C NMR (100.6 MHz, CDCl;) 6 155.3, 148.6,
146.1, 140.4, 138.7, 136.2, 131.4, 130.2, 129.3, 128.8, 127.9,
126.2, 123.6, 122.9, 120.6, 109.9, 29.7. MS (ESI) m/z 307.2 [M +
H]", 329.3 [M + Na]".

(E)-2-(2-(4-Methoxybenzylidene)hydrazinyl)-4-methylquinoline
(99)

Starting 4-methoxybenzaldehyde and 2-chloro-4-
methylquinoline, the title compound was obtained as a yellow
solid (39% yield). 'H NMR (400 MHz, DMSO-dg) d 11.12 (s,
1H), 8.03 (s, 1H), 7.88 (d, J = 7.4 Hz, 1H), 7.67 (d, J = 8.4 Hz,
2H), 7.61-7.55 (m, 2H), 7.49 (s, 1H), 7.31 (t, J = 6.8 Hz, 1H),
7.00 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H), 2.65 (s, 3H). °C NMR
(100.6 MHz, DMSO-d) 6 160.3, 156.0, 147.4, 145.9, 139.8,
129.9, 128.5, 128.1 (2C), 126.6, 126.1, 124.6, 122.6, 114.7 (2C),
110.3, 55.7, 19.1. MS (ESI) m/z 292.1 [M + H]', 314.3 [M + Na]".

from

(E)-2-(2-(1-Phenylethylidene)hydrazinyl)quinoline (9¢)

Starting from acetophenone and 2-chloroquinoline, the title
compound was obtained as a yellow solid (32% yield). 'H
NMR (400 MHz, CDCl;) ¢ 8.11 (d, J = 9.0 Hz, 1H), 7.86 (d, ] =
7.6 Hz, 2H), 7.81 (d, J = 8.9 Hz, 1H), 7.75 (t, J = 7.5 Hz, 2H),
7.64 (t, J = 7.4 Hz, 1H), 7.46-7.28 (m, 5H), 2.37 (s, 3H). *C
NMR (100.6 MHz, CDCl,) d 155.3, 148.6, 138.7, 137.9, 132.1,
130.1, 129.8, 128.6, 128.4 (2C), 127.8 (2C), 125.9, 124.7, 115.7,
110.2, 29.7. MS (ESI) m/z 262.2 [M + H]', 284.1 [M + Na]".

(E)-2-(1-(2-(Quinolin-2-yl)hydrazono)ethyl)phenol (9f).

Starting from 2'-hydroxyacetophenone and 2-chloroquinoline,
the title compound was obtained as a yellow solid (41%
yield). "H NMR (300 MHz, CDCl;) § 12.35 (bs, 1H), 8.09 (d, J =
6.9 Hz, 1H), 7.73-7.63 (m, 3H), 7.48 (d, J = 7.4 Hz, 1H), 7.37-
7.27 (m, 4H), 7.04 (d, J = 8.2 Hz, 1H), 6.92 (m, 1H), 2.41
(s, 3H). "*C NMR (100.6 MHz, CDCL;) 6 158.1, 154.4, 149.6,
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146.8, 139.2, 130.6, 130.4, 127.8, 127.2, 126.1, 124.9, 123.8,
119.8, 119.1, 117.5, 108.9, 29.7. MS (ESI) m/z 278.4 [M + H]",
300.4 [M + Na]".

(E)-4-((2-(4-Methylquinolin-2-yl)hydrazono)methyl)phenol (9g)
Starting from  4-hydroxybenzaldehyde and 2-chloro-4-
methylquinoline, the title compound was obtained as a yellow
solid (42% yield)."H NMR (400 MHz, DMSO-dg) 6 11.05 (bs,
1H), 9.79 (s, 1H), 7.99 (s, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.60-
7.58 (m, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.48 (s, 1H), 7.27 (t,] =
7.4 Hz, 1H), 6.83 (d, J = 8.3 Hz, 2H), 2.64 (s, 3H). *C NMR
(100.6 MHz, DMSO-ds) & 158.7, 156.1, 147.8, 146.0, 140.3,
129.8, 128.2 (2C), 126.8, 126.6, 124.6, 124.4, 122.5, 116.1 (2C),
109.8, 19.1. MS (ESI) m/z 278.2 [M + H]', 300.1 [M + Na]".

(E)-2-(2-(4-Methoxybenzylidene)hydrazinyl)pyridine (9h)

Starting from 4-methoxybenzaldehyde and 2-chloropyridine,
the title compound was obtained as a light yellow solid (45%
yield). "H NMR (400 MHz, CDCl;) ¢ 8.90 (s, 1H), 8.16 (d, J =
4.2 Hz, 1H), 7.76 (s, 1H), 7.64 (d, J = 8.7 Hz, 2H), 7.62-7.60
(m, 1H), 7.38 (d, J = 8.4 Hz, 1H), 6.94 (d, J = 8.7 Hz, 2H), 6.78
(dd, J = 6.4, 5.3 Hz, 1H), 3.86 (s, 3H). *C NMR (100.6 MHz,
CDCly) 6 160.3, 157.2, 147.3, 139.2, 138.2, 127.9 (2C), 127.8,
115.3, 114.2 (2C), 107.5, 55.4. MS (ESI) m/z 228.2 [M + HJ',
250.3 [M + Na]".

(E)-3-Chloro-2-(2-(3,4-dimethoxybenzylidene)hydrazinyl)pyridine
(9)

Starting  from  3,4-dimethoxybenzaldehyde and  2,3-
dichloropyridine, the title compound was obtained as a yellow
solid (40% yield). "H NMR (300 MHz, CDCl,) & 8.48 (s, 1H),
8.26-8.25 (m, 1H), 8.00 (s, 1H), 7.57 (d, J = 7.5 Hz, 1H), 7.49
(s, 1H), 7.15 (d, J = 7.9 Hz, 1H), 6.87 (d, J = 8.0 Hz, 1H), 6.76~
6.75 (m, 1H), 3.97 (s, 3H), 3.92 (s, 3H). **C NMR (75 MHz,
CDCly) 6 150.6, 150.2, 149.3, 146.9, 144.2, 137.1, 127.2, 121.9,
115.6, 114.2, 110.6, 108.5, 56.1, 55.9. MS (ESI) m/z 292.2 [M +
HJ", 314.1 [M + Na]".

(E)-2-(2-(4-Methoxybenzylidene)hydrazinyl)-4,6-
dimethylnicotinonitrile (9j)

Starting from 4-methoxybenzaldehyde and 2-chloro-4,6-
dimethylpyridine-3-carbonitrile, the title compound was
obtained as a yellow solid (48% yield). '"H NMR (400 MHz,
CDCl;) 6 8.49 (s, 1H), 7.76 (d, J = 8.2 Hz, 2H), 7.73 (s, 1H),
6.95 (d, J = 8.2 Hz, 2H), 6.60 (s, 1H), 3.85 (s, 3H), 2.50 (s, 3H),
2.43 (s, 3H). *C NMR (100.6 MHz, CDCl;) ¢ 161.3, 160.8,
156.2, 154.7, 141.5, 130.1, 128.8 (2C), 127.1, 116.7, 116.5,
114.2 (2C), 55.3, 24.5, 20.8. MS (ESI) m/z 281.4 [M + HJ',
303.3 [M + Na]".

(E)-2-(2-(4-Methoxybenzylidene)hydrazinyl)-4-phenyl-5,6,7,8-
tetrahydroquinoline-3-carbonitrile (9k)

Starting from 4-methoxybenzaldehyde and 2-chloro-4-phenyl-
5,6,7,8-tetrahydroquinoline-3-carbonitrile, the title compound
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was obtained as an orange solid (44% yield). 2-Chloro-4-
phenyl-5,6,7,8-tetrahydroquinoline-3-carbonitrile was prepared
from 2-ox0-4-phenyl-1,2,5,6,7,8-hexahydroquinoline-3-
carbonitrile, as previously described by our research group.®
'H NMR (400 MHz, CDCl,) & 8.51 (s, 1H), 7.77 (s, 1H), 7.73
(d, J = 8.2 Hz, 2H), 7.53-7.46 (m, 3H), 7.30-7.28 (m, 2H), 6.91
(d, J = 8.2 Hz, 2H), 3.83 (s, 3H), 2.93-2.90 (m, 2H), 2.39-2.36
(m, 2H), 1.87-1.86 (m, 2H), 1.72-1.70 (m, 2H). ’C NMR
(100.6 MHz, CDCl;) 6 161.3, 160.7, 156.6, 153.4, 141.6, 136.4,
132.4, 128.8 (2C), 128.7 (2C), 128.1, 127.2 (2C), 122.6, 116.8,
114.2 (2C), 113.6, 55.3, 33.3, 26.7, 22.8, 22.5. MS (ESI) m/z
383.3 [M + HJ', 405.4 [M + Na]".

(E)-4-(2-Chlorophenyl)-2-(2-(4-methoxybenzylidene)hydrazinyl)-
5,6,7,8-tetrahydroquinoline-3-carbonitrile (91)

Starting from 4-methoxybenzaldehyde and 2-chloro-4-(2-
chlorophenyl)-5,6,7,8-tetrahydroquinoline-3-carbonitrile, the ti-
tle compound was obtained as an orange solid (51% yield).
2-Chloro-4-(2-chlorophenyl)-5,6,7,8-tetrahydroquinoline-3-
carbonitrile was prepared from 4-(2-chlorophenyl)-2-oxo-
1,2,5,6,7,8-hexahydroquinoline-3-carbonitrile, as previously de-
scribed by our research group.® '"H NMR (400 MHz, CDCly) ¢
8.57 (s, 1H), 7.75 (d, J = 8.4 Hz, 2H), 7.71 (s, 1H), 7.56-7.53
(m, 1H), 7.45-7.39 (m, 2H), 7.25-7.21 (m, 1H), 6.91 (d, J = 8.4
Hz, 2H), 3.83 (s, 3H), 2.92-2.88 (m, 2H), 2.33-2.29 (m, 2H),
1.89-1.88 (m, 2H), 1.71-1.69 (m, 2H). "*C NMR (100.6 MHz,
CDCl,) 6 161.2, 160.8, 156.4, 153.5, 141.8, 135.4, 132.2, 130.3,
129.9, 129.5, 128.8 (2C), 127.4, 127.2, 122.9, 116.4, 114.3 (2C),
114.1, 55.3, 33.1, 29.7, 25.9, 22.5. MS (ESI) m/z 417.2 [M +
H]', 439.3 [M + Na]".

(E)-2-(2-(4-(Methylthio)benzylidene)hydrazinyl)quinoline (9m)
Starting from 4-(methylthio)benzaldehyde and 2-chloro-
quinoline, the title compound was obtained as a yellow solid
(38% yield). "H NMR (400 MHz, CDCl;) J 8.60 (s, 1H), 8.25-
8.23 (m, 1H), 7.83-7.77 (m, 3H), 7.60-7.56 (m, 4H), 7.48 (t, ] =
7.6 Hz, 1H), 7.21 (d, J = 8.1 Hz, 2H), 2.49 (s, 3H). *C NMR
(100.6 MHz, CDCl;) ¢ 154.5, 147.4, 139.3, 138.4, 130.1, 129.6,
128.7, 128.5, 127.9 (2C), 127.6, 127.3, 126.3 (2C), 126.2, 117.5,
15.6. MS (ESI) m/z 294.1 [M + H[", 316.2 [M + Na]".

(E)-N,N-Dimethyl-4-((2-(quinolin-2-yl)hydrazono)methyl)aniline
(9n)

Starting from 4-(dimethylamino)benzaldehyde and 2-chloro-
quinoline, the title compound was obtained as a yellow solid
(41% yield). '"H NMR (400 MHz, CDCl;) § 8.55 (s, 1H),
8.20 (d, J = 8.2 Hz, 2H), 7.83-7.77 (m, 3H), 7.61-7.55 (m, 3H),
7.45 (t, J = 7.6 Hz, 1H), 6.67 (d, J = 8.0 Hz, 2H), 2.98 (s, 6H),
3C NMR (100.6 MHz, CDCl;) § 154.9, 151.2, 147.5, 142.3,
138.1, 129.4, 128.7, 128.3 (2C), 127.5, 126.3, 125.2, 123.5,
117.7 (2C), 112.0, 40.4 (2C). MS (ESI) m/z 291.2 [M + HJ’,
313.2 [M + NaJ".
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Synthesis of 8-chloro-3-(3,4-dimethoxyphenyl)-[1,2,4]triazolo-
[4,3-a]pyridine (11)

A solution of CuCl, (369 mg, 2.74 mmol) in DMF (4.5 mL)
was added to a stirred solution of 9i (400 mg, 1.37 mmol) in
DMF (4.5 mL) and the mixture was heated at 90 °C for an
hour. After cooling to room temperature, 20 mL of water and
0.5 mL of 30% ammonia solution were added, followed by ex-
traction with ethyl acetate (3 x 20 mL). The collected organic
phases were washed with an aqueous solution of LiCl (5%)
and brine, dried over Na,SO, and evaporated under vacuum
to give the product as a beige solid (95% yield). "H NMR (400
MHz, CDCL;) 6 8.17 (d, J = 6.8 Hz, 1H), 7.30 (s, 1H), 7.25 (d,
J = 8.4 Hz, 1H), 7.22 (d, J = 8.4 Hz, 1H), 6.97 (d, J = 7.2 Hz,
1H), 6.79 (t, ] = 7.0 Hz, 1H), 3.91 (s, 3H), 3.88 (s, 3H). MS (ESI)
m/z 290.2 [M + HJ", 312.3 [M + Na]".

Synthesis of 3-(3,4-dimethoxyphenyl)-N-(2-morpholinoethyl)-
[1,2,4]triazolo[4,3-a]pyridin-8-amine (12)

In a microwave tube a mixture of 11 (50 mg, 0.17 mmol),
4-(2-aminoethyl)morpholine (68 pL, 0.51 mmol), +-OBuNa (33
mg, 0.35 mmol), rac-BINAP (32 mg, 0.051 mmol), Pd(OAc), (8
mg, 0.034 mmol) and dry toluene (1 mL) were heated at 120
°C for 10 min in the microwave apparatus (maximum power
input: 300 W; maximum pressure: 250 psi; power max: OFF;
stirring: ON). After cooling to room temperature water was
added, followed by extraction with ethyl acetate. The col-
lected organic phases were washed with brine, dried over
Na,SO, and evaporated under vacuum. The residue was puri-
fied by silica gel flash chromatography (dichloromethane/
methanol 96/4) to give the desired compound as a white solid
(86% yield). '"H NMR (400 MHz, CDCl;) 6 7.63 (d, J = 6.9 Hz,
1H), 7.40 (s, 1H), 7.33 (d, J = 8.3 Hz, 1H), 7.02 (d, J = 8.3 Hz,
1H), 6.70 (t, J = 7.0 Hz, 1H), 6.04 (d, J = 7.3 Hz, 1H), 5.88-5.87
(m, 1H), 3.95 (s, 6H), 3.76-3.73 (m, 4H), 3.36 (dd, J = 11, 5.5
Hz, 2H), 2.74 (t, ] = 6.0 Hz, 2H), 2.54-2.52 (m, 4H). "*C NMR
(100.6 MHz, CDCl;) 6 150.4, 149.6, 147.6, 145.5, 136.3, 120.5,
119.8, 115.9, 111.8, 111.3, 110.5, 97.3, 66.9 (2C), 56.6, 56.1, 56.0,
53.4 (2C), 39.4. MS (ESI) m/z 384.1 [M + H]",406.2 [M + Na]".

Synthesis of (E)-4-((2-(4-methylquinolin-2-
ylhydrazono)methyl)phenyl 4-(4-methylpiperazin-1-yl)benzoate
(13)

A solution of 4-(4-methylpiperazin-1-yl)benzoic acid (44 mg,
0.20  mmol), (E)-4-((2-(4-methylquinolin-2-yl)hydrazono)-
methyl)phenol 9g (50 mg, 0.18 mmol), EDC HCI (63 mg, 0.33
mmol) and DMAP (37 mg, 0.30 mmol) in dry CH,Cl, was
stirred at room temperature overnight. At the end of the reac-
tion water was added, followed by extraction with CH,Cl,.
The collected organic phases were washed with brine, dried
over Na,SO, and evaporated under vacuum. The residue
was purified by silica gel flash chromatography
(dichloromethane/methanol 95/5) to give the desired com-
pound as a yellow solid (93% yield). '"H NMR (400 MHz,
DMSO-dg) 6 11.34 (s, 1H), 8.10 (s, 1H), 7.96 (d, J = 8.4 Hz,
2H), 7.91 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 8.0 Hz, 2H), 7.64-
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7.55 (m, 3H), 7.34-7.29 (m, 3H), 7.06 (d, J = 8.0 Hz, 2H),
3.37-3.35 (m, 4H), 2.67 (s, 3H), 2.47-2.45 (8s, 4H), 2.23 (s,
3H). ’C NMR (100.6 MHz, DMSO-d,) ¢ 164.8, 156.0, 154.9,
151.6, 147.6, 146.3, 139.0, 133.3, 132.0 (2C), 129.9, 127.6 (2C),
126.8, 126.6, 124.8, 124.6, 122.9 (2C), 117.1, 113.8 (2C), 109.8,
54.7 (2C), 46.9 (2C), 46.2, 19.1. MS (ESI) m/z 480.2 [M + HJ",
502.1 [M + Na]".
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ABSTRACT: Enteroviruses (EVs) are among the most frequent infectious Antiviral Cystic Fibrosis
agents in humans worldwide and represent the leading cause of upper

respiratory tract infections. No drugs for the treatment of EV infections are

Plaking

currently available. Recent studies have also linked EV infection with gats CFTR

pulmonary exacerbations, especially in cystic fibrosis (CF) patients, and the
importance of this link is probably underestimated. The aim of this work was
to develop a new class of multitarget agents active both as broad-spectrum
antivirals and as correctors of the F508del-cystic fibrosis transmembrane
conductance regulator (CFTR) folding defect responsible for >90% of CF

simultaneously act as correctors of the F508del-CFTR folding defect and as
broad-spectrum antivirals against a panel of EVs representative of all major

species.

H INTRODUCTION

Enteroviruses (EVs) are positive-sense single-stranded RNA
viruses, classified into 12 species, including four human EV
species (EV-A to EV-D), three species of human rhinoviruses
(RV-A to RV-C), and five EV species that only infect animals."
EVs are responsible for a great variety of clinical manifestations,
especially in young children, which may result in life-threatening
neurological complications (e.g, encephalitis, meningitis, and
poliomyelitis-like paralysis).zﬁ‘ Furthermore, RV infections are
now considered one of the major causes of acute exacerbations in
chronic pulmonary diseases like asthma, chronic obstructive
pulmonary disorder (COPD), and cystic fibrosis (CF) in
children and adults.” Physicians pay particular attention to
patients who already suffer from respiratory diseases, such as CF
or asthma, as they could be particularly affected by an additional
EV infection.® An increasing number of studies also suggest that
respiratory viruses, in particular, EV and RV, contribute
significantly to CF pulmonary exacerbations, hospitalization,

v
’
‘g

cases. We report herein the discovery of the first small molecules able to ""‘.‘/\:_'lf\_G/l“_"T

BALANCE

decreased lung function, and predisposition to bacterial
colonization.” The mechanistic link between viral infections
and deterioration of CF lung function is not fully understood,
and their impact is probably underestimated, especially in young
children.® Despite their high clinical and socioeconomic impact,
to date there is no approved antiviral therapy for the prophylaxis
and/or treatment of EV infections, and the management of
patients is currently limited to symptomatic treatment and
supportive care. Therefore, there is an unmet need for broad-
spectrum antiviral drugs as a rapid defense strategy against EV
infections and virus-related exacerbations.

Nowadays, host factors are considered as very attractive targets
for the development of antiviral drugs because they are unlikely
to mutate and develop resistance in response to therapy.’
Moreover, since viruses belonging to the same genus or family
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Figure 2. Chemical structure of compounds selected by virtual screening and activity profile of the hit compound 17.

usually share the same cellular pathways for replication, targeting
a host factor may allow the development of effective broad-
spectrum antiviral compounds.'® Although some toxicity risks
may be expected from inhibiting a host factor, it should be kept in
mind that most drugs currently used in therapy target host
proteins with excellent therapeutic outcomes and acceptable
safety profiles. In particular, it has been well documented that the
host lipid kinase phosphatidylinositol 4-kinase 1113 (PI4KIIIS) is
critical for RNA replication of several EVs.'T* P4KIIIS
belongs to the phosphatidylinositol 4-kinases (PI4Ks) that
synthesize phosphatidylinositol 4-phosphate (PI4P) from
phosphatidylinositol (PI). PI4P is involved in signaling and
cellular trafficking mainly at the Golgi and trans-Golgi network
(TGN), it contributes to defining the characteristics of plasma
membranes, and it activates a variety of ion channels, including
CETR.*™"® Four PI4K isoforms have been identified in
mammals, classified as type II (PI4Kller and PI4KIIf) or type
111 (PI4Kllle and PI4KIIIf) based on their primary sequences
and catalytic properties.'” Type III PI4Ks are hijacked by several

ss(+)RNA viruses (especially from Flaviviridae, Picornaviridae,
and Coronaviridae families) to remodel cellular membranes and
generate PI4P lipid-enriched organelles specialized for viral
replication.”

A few PI4KIII inhibitors with antiviral activity against a panel
of picornaviruses have been reported recently (Figure 1). 223
Generallz chemical inhibition of PI4KIIIf does not influence cell
viability.™ One possible explanation might be that while the
small amounts of PI4P produced by other PI4K isoforms could
be enough to support cell trafficking and 51§nalmg, it would not
be sufficient to sustain viral RNA synthesis.” A major aim in the
development of PI4KIIIs inhibitors is to achieve selective
inhibition of the a or f isoforms. Among known PI4KIIIs
inhibitors, compound 1 (PIK93) is about 100-fold more potent
against the PI4KIIIf isoform, although it also has detectable
activity toward PI3-kinases.”**®

Considering the growing need for novel broad-spectrum
antivirals to fight emerging epidemics and the link between
respiratory viruses and pulmonary exacerbation in CF patients,
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our aim was the development of a new class of multitarget agents
active both as broad-spectrum antivirals (by targeting PI4KIIIf)
and as correctors of the F508del-CFTR folding defect
responsible for >90% of CF cases. We here report the discovery
of the first small-molecule compounds able to simultaneously act
as moderately efficacious correctors of the F508del-CFTR
folding defect and broad-spectrum antivirals against a panel of
EVs (linked to CF pulmonary exacerbations).

B RESULTS AND DISCUSSION

Drug repurposing and polypharmacology are two very attractive
approaches in modern drug discovery. The first offers the
possibility of recycling known drugs or advanced drug candidates
developed for a different disease. The second results in
simultaneous action on different targets/diseases with a single,
rationally designed drug.””** In particular, polypharmacology
aims at producing multitarget agents whose interference with
multiple biochemical pathways offers an advantage—in terms of
drug load, efficacy and safety—over combination therapy. This
approach is well suited to complex diseases that generally require
the simultaneous administration of many different drugs.
Considering the increasing number of reports on the connection
between EV infections and pulmonary exacerbations in CF
patients, we reasoned that an ideal drug candidate for such
closely related diseases might be a multitarget agent able to act, at
the same time, on proteins/pathways implicated in EV
replication (PI4KIIS) and on FS08del-CFTR biogenesis. At
the beginning of this work, the X-ray structures of the above
targets were not available for a structure-based study. We
therefore developed a PI4KIII homology model to be used for
the design of PI4KIIIf inhibitors, selecting those whose chemical
scaffolds resemble known CFTR correctors/potentiators. The
structure of the complex of PI3Ky with compound 1 (PDB ID:
2CHZ)*® has been used to build the homology model of
PI4KIIIS by using Prime software (see Experimental Section):
this structure shows an identity of 30%, a positive of 52% and a
score of 322. The presence of 1 in the structure of PI3Ky allowed
us to identify its likely binding site in PI4KIIIf and hypothesize
its binding mode. A 10 ns molecular dynamics simulation on the
modeled PI4KIII} protein containing compound 1 was
performed using the software Desmond.”” In the latter
(equilibrated) part of the trajectory (last 2 ns) 100 frames
were extracted and clusterized on the basis of RMSD. Five
clusters were obtained. All PI4Kf inhibitors available in
Pubchem™ were docked in the compound 1 binding site of
each cluster and the frame with the best correlation between
docking score and enzymatic activity was selected for virtual
screening. A high-throughput docking (HTD) approach was
then applied to the compound 1 binding site in our PI4KIIIS
model to identify high affinity hits within the Asinex database
collection.”’ Compound selection was based on the ranking
score and visual inspection of the PI4KIII/ catalytic site, but also
took into account the 2D similarity to known CFTR correctors/
potentiators. Thirteen commercially available compounds (5—
17, Figure 2), four of which (6, 11, 16, and 17) resemble known
CFTR correctors,”>>> were selected for biological investigation.
These computational results were confirmed on the recently
released crystal structure of PI4KIIIS cocrystallized with
compound 1, and this structure (PDB ID: 4DOL) was used for
all the following simulations.>

These commercially available compounds were then tested
both against the PI4KIIIf enzyme and in a virus-cell-based
replication assay. In particular these compounds were evaluated

for antiviral activity against a panel of EVs that are representative
of all major species: EV group A (EV71), group B (coxsackievirus
B3, CVB3, and echovirus 11, ECHO11), group C (poliovirus 1,
PV1), group D (enterovirus 68, EV68), rhinovirus group A
(RV02) and rhinovirus group B (RV14). Among the selected
compounds, only the bithiazole 17 showed activity in cell-free
and cell-based assays and possesses a chemical scaffold (the
bithiazole) of a known family of CFTR correctors (Figure 2).3333
Compound 17 was therefore selected as a promising starting
point for further structure-based optimization.

Chemistry. Compound 17 was initially resynthesized to
validate the biological activity of the commercial sample and to
set up a synthetic protocol for its chemical diversification starting
from cheap and commercially available building blocks (Scheme

1).

Scheme 1“
S o o 4 N /\g_<o b N /\g_@
+ — | —_— |
HN™ O NH, A
: ? cl H,NT S HzNJ\S Br
18 19 20 21
HoN HaN__R i
2! 2!
c Y 23| d
S
2 2

e S
S - NN
NN \/g’(\/)\ Q(
o) _
)L N NJ\N/QY HQN)\S NN
N H IS 2 o]
H 17

“Reagents and conditions: (a) EtOH, reflux, 12 h, 95%; (b) 48%
aqueous HBr, Bry, 1,4-dioxane, 60 °C, 3 h, 90%; (c) (i) benzoyl
isothiocyanate, DCM, rt, 12 h, (ii) NaOH 1 N, THF, reflux, 3 h, 72%;
(d) EtOH, reflux, 1 h, 84%; (e) acetyl chloride, Et;N, DCM, tt, 15 h,
77%.

Thiourea 18 was condensed with 3-chloro-2,4-pentadione 19
in refluxing ethanol to afford 1-(2-amino-4-methylthiazol-S-
yl)ethanone 20 in nearly quantitative yield,*® followed by
bromination a to the carbonyl to give compound 21. The
subsequent condensation of intermediate 21 with 1-(3-
acetylphenyl)thiourea 23 gave bithiazole 24 that was finally N-
acetylated to obtain the desired compound 17. Thiourea 23 was
synthesized by the reaction of 3’-aminoacetophenone 22 with
benzoyl isothiocyanate, followed by a basic hydrolysis to remove
the benzoyl group.®’

Docking studies on compound 17 (see Molecular Modeling
and SAR section) showed a pattern of interactions within the
ATP-binding pocket of PI4KIIIS very similar to that of the
reference compound 1. The proposed binding mode of 17
suggested that two main portions of this molecule could be
functionalized to explore the biologically relevant chemical
space: (i) the 2-amino group on the 4-methylthiazole ring (left
part) and (ii) the phenyl ring (right part). We first explored the
chemical space around the left part of compound 17, introducing
bulkier groups and urea/thiourea functions in place of the
acetamide moiety. The intermediate 24 represents in fact an
advanced intermediate that could be easily functionalized on the
2-amino group to give a series of functionalized derivatives
(25a—g and 26a—d) (Scheme 2).

Compound 24 was first reacted with different acyl chlorides or
anhydrides to obtain compounds 25a—g, while the urea/thiourea
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Scheme 2“

0.
o -

24 b

. >LN Vx

H
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25¢c: R' =CFy
25d: R' = Ph
25e: R! = 4-IPh
25f: R! = 4-MePh
25g: R' = t-BuO

&Q

25a-g

26a: R2=Ph, X =
26b: R2=Ph, X =
26¢c: R2 = Cy, X

X

o
S
o
26d: R2 = Cy, S

26a-d

“Reagents and conditions: (a) method A (for 25a—c), R'COCI (for 25a,b) or (R'CO),0 (for 25¢), Et;N, DCM, 1t, 12—15 h, 65-80%; method B
(for 25d—f) R'COCI, Et;N, DCM, reflux, 15 h, 65—75%; method C (for 25g), (R'CO),0, Et;N, DMF, 50 °C, 12 h, 63%; (b) R®NCX, pyridine,

reflux, 12—18 h, 52—69%.

derivatives 26a—d were synthesized by reacting 24 with the
appropriate isocyanates/isothiocyanates. We also decided to
replace the acetamide moiety of compound 17 with chain-
extended ureidic groups for the SAR development. Unfortu-
nately, the synthesis of compounds 30a,b following the approach
described above would have required very expensive isocyanates.
Thus, an alternative synthetic approach was used for the
synthesis of 30ab (Scheme 3): starting from 1-(2-amino-4-

Scheme 3“
o]
o N/€_<O o NN
N\ a o N\ b |
b% — A M P N Ks
HN" S Pho” N NN
20 27 28a,b
\ D )\ )\/g—“
S N N
H 30a: R' = 4-CBn 29a,b

30b: R = 1-adamantyl

“Reagents and conditions: (a) diphenyl carbonate, NaH, DMF, rt, 30
min, 67%; (b) 4-chlorobenzylamine (for 28a) or 1-adamantylamine
(for 28b), THF, 50 °C, S—6 h, 61—93%; (c) 48% aqueous HBr, Br,,
1,4-dioxane, 60 °C, 3 h, 88—92%; (d) EtOH, reflux, 1 h, 78—83%.

methylthiazol-S-yl)ethanone 20, reaction with diphenyl carbo-
nate gave good yields of the desired phenyl carbamate 27 that
reacted readily with the appropriate amines to give the urea
intermediates 28a,b.>® Similar to the synthesis of compound 17,
the bromination @ to the carbonyl and the subsequent
condensation of intermediates 29a,b with the 1-(3-
acetylphenyl)thiourea 23 gave the desired compounds 30a,b.
We next explored the right part of compound 17, keeping the
2-acetamido group on the left part of the molecule unchanged
and modifying the substitution pattern of the phenyl ring on the
right part. Since the acetamide moiety on the left part of the
molecule was conserved, intermediate 20 was conveniently
acetylated before the bromination a to the carbonyl (Scheme 4).
Final compounds 35a—d were quickly obtained in good yields by
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reacting 32 with substituted thioureas 34a—d, previously
synthesized from the corresponding amines 33a—d.

Scheme 4“
o]
H, N)\S /“\N s NS Br
2 N N
20 31
H 1
H,N__~ R HN__N R
7S c S
¥ TS( |
Z o]
33a-d 34a-d )\H
a:R'=H, c:R' =3-OMe 35a:R'=
b:R!=3-OH d:R'=4-Ac 35b: R =
35c:R' =
35d: R' = 4-Ac

“Reagents and conditions: (a) acetyl chloride, pyridine, THF/DCM, 0
°C, 3 h, 87%; (b) Br,, 1,4-dioxane, S0 °C, 22 h, 84%; (c) (i) benzoyl
isothiocyanate, DCM, rt, 12 h, (ii) NaOH 1 N, THF, reflux, 2 h, 72—
78%; (d) EtOH, reflux, 1 h, 71—85%.

Then we decided to modify the central bithiazole scaffold of
the hit compound 17, to get additional SAR information. As
described in Scheme 5, we first introduced an imidazole ring by
reacting intermediate 21 with the 1-(3-acetylphenyl)guanidine
36, obtamed by treating 3’-aminoacetophenone 22 with
cyanamide.” Compound 38 was thus synthesized by acylation
of the intermediate 37 with acetyl chloride.

A scaffold hopping approach (FAF-drugs2 server)* was also
employed to identify alternatives to the bithiazole scaffold:
among the molecules proposed by the software, the asymmetrical
N,N'-diarylthiourea scaffold was considered the most promising
on the basis of its synthetic accessibility and the antiviral activity
of some closely related analogues reported in the literature."
Intermediate 41 was easily obtained by addition of 3'-
aminoacetophenone 22 to 3-nitrophenyl isothiocyanate 39,
followed by reduction of the nitro group with iron powder in
acidic ethanol (Scheme 6). The subsequent acylation of the
amino group led to final compounds 42a,b.

Moreover we noted high chemical similarity between
compound 17 and compound 46, a known inhibitor of DC-
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“Reagents and conditions: (a) cyanamide, HNO;, EtOH/H,0, reflux,
24 h, 73%; (b) Et;N, EtOH, reflux, 12 h, 82%; (c) acetyl chloride,
Et;N, DCM, tt, 8 h, 47%.
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“Reagents and conditions: (a) DCM, rt, 18 h, 88%; (b) Fe, HC],
EtOH, reflux, 2 h, 75%; (c) acetyl chloride (for 42a) or trimethylacetyl
chloride (for 42b), pyridine, THF, rt, 2 h, 67—69%.

SIGN (dendritic cell (DC)-specific intercellular adhesion
molecule-3 grabbing nonin'cegrin).42 The role of DC-SIGN in
the binding and transmission of different pathogens, including
EVs, has been well investigated43 So we decided to evaluate the
antiviral effect of compound 46 in a virus-cell-based assay and its
activity on PI4KIIIS. As described in Scheme 7, compound 46
was synthesized following the procedure previously reported for
compound 17.

Finally, we decided to prepare two compounds (related to the
hit 17) known in the CFTR field to evaluate the potential role of
the CFTR channel in viral replication: (i) compound 47a, which
is active in correcting the FS08del-CFTR defect and, (ii)
compound 47b, which is inactive in correcting the F508del-
CFTR defect (Figure 3). Compound 47ab were synthesized
following the procedure reported in the literature.**

Biology. All the synthesized compounds were initially
evaluated for their inhibitory potency against PI4KIIIf kinase
in vitro and for their cell-based antiviral activity: EV71 was used
as the primary target for SAR exploration since compound 17
revealed the best and most reproducible antiviral activity against
this virus. In particular, the antiviral activity against EV71 was
evaluated in EV71-induced CPE-reduction assay in rhabdosar-
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Figure 3. Chemical structures of compounds 47a,b.

coma (RD) cells. Both the ECg values and the CCs, values were
measured. Uninfected, treated cells were also inspected under
the microscope to evaluate whether the compounds altered
normal cell morphology. The ECy,and CCy values allowed us to
calculate the selectivity index (SI), defined as CCgy/ECs.
Compound 3 was used as a positive control. Results are
summarized in Table 1.

A close correlation between the antiviral activity measured in
the cell-based assay and the inhibitory potency of the PI4KIIIf
kinase was observed, with only a few exceptions. The best results
were obtained via modifying the left part of the molecule. In
particular, compounds 25a,b, bearing respectively a propana-
mide and a pivalamide moiety instead of the acetamide function
of compound 17, showed a very promising antiviral activity.

Compounds 25a,b inhibited PI4KIII} and exhibited a
significant antiviral effect at sub-micromolar concentrations,
demonstrating a better activity than compound 17. Compound
25g, characterized by the Boc amino group, proved to be the
most interesting compound of the entire series showing the
highest selectivity index in the EV71 cell-based assay. Also
changing the right portion of hit compound 17 gave interesting
results (compounds 35a,c,d). The central bithiazole scaffold
proved to be essential for antiviral activity, as changing it gave
inactive compounds (compounds 38, 42ab). Finally, the
reported compounds 46, 47a,b were devoid of antiviral activity
and PI4KIIIf inhibition activity.

On the basis of these activity data, and considering that the SI
of a promising antiviral candidate should be at least greater than
10, compounds 17, 25a—d, and 25g were selected for further
studies. The broad-spectrum activity of the six selected
compounds was evaluated against a panel of EVs representative
of all major groups: EV group B (coxsackievirus B3 and
echovirus11, ECHOL1), group C (poliovirus 1), group D
(enterovirus 68), rhinovirus group A (RV02), and rhinovirus
group B (RV14) (see the Experimental Section for details).
Results are reported in Table 2. The selected compounds showed
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Table 1. Activity of Synthesized Derivatives in PI4KIIIf Inhibition Assay and in Virus-Cell-Based EV71 Assay

compd PI4K I1IS ICy, (uM)” EV71 ECy, (uM) EV71 CCy, (uM)” EV71 CCyy (uM)" NE N
17 0.48 092 +2.75 16.5 + 9.04 9.73 + 0.87 179 106
25a 027 038 = 0.10 10.1 + 4.82 637 +2.46 266 23.6
25b 0.32 027 +0.05 7.94 + 124 8.83 + 0.89 294 327
25¢ 21.89 2.0 +095 25.8 + 5.06 30.1£9.93 129 15.0
25d 18.85 051 +0.14 575+ 212 11.8 + 456 113 23.1
25¢ >350 >44.6 ND* ND ND ND
25F >50 >55.7 ND ND ND ND
25g 4.67 142 + 0.04 423 + 494 1010 + 15.8 29.7 711
26a 7.69 NA/ ND ND ND ND
26b >50 NA ND ND ND ND
26¢ 1.82 2 +0.04 8.87 +3.85 ND 44 ND
26d >50 NA ND ND ND ND
30a 395 477 +028 209 + 6.97 ND 44 ND
30b 12.40 NA ND ND ND ND
35a 248 1.93 + 0.81 18.6 + 6.01 ND 9.64 ND
35b 2.63 NA ND ND ND ND
35¢ 15§ 124016 9.17 + 0.85 ND 59 ND
35d 371 0.68 + 0.04 559 +0.32 ND 82 ND
38 >50 >90.2 85.7 642 ND ND
42a NA NA ND ND ND ND
42b NA NA ND ND ND ND
46 50.00 8.58 + 0.77 516 +27.1 142.0 + 62.8 6 ND
47a NA NA ND ND ND ND
47b NA NA ND ND ND ND
3¢ 0.06 0.73 >125

“Values are the mean of at least three independent experiments. *CCy, values were assessed by MTS method. “CCy, values were determined by
microscopically detectable alteration of cell morphology. dSelectivity index (SI = CCyy/ECsp). °ND = not determined. /NA = not active. *Ref 13.

Table 2. Evaluation of the Broad-Spectrum Antiviral Activity of the Most Potent Derivatives against a Representative Panel of

Enteroviruses
CVB3 ECHO11 PV1 EV68 RV14 RV02

Ty @y CCqy CCrq
compd  ECy (uM)  CCg (uM)  ECso (M) CCg (uM)  ECq (uM)  CCqo (M) (uM)  (uM)  ECgo (uM)  (uM)  ECso (uM)  (uM)
17 217 101 +33.6 1574023  >268 3.09 >269 NA“ ND”  >268 ND  NA" ND
25 216 89.1+162 097 12 + 407 <152 549+142 NA ND  NA ND  >259 ND
256 ND 2094383  072+005 507+124 <14l 507+13 138 309 485+£109 ND  201+005 ND
25¢ 3874023 S88+7.14 351 293+178  286+036 303+366 ND  ND 10.6 + 0.7 ND 106 +02 ND
25d 2194023 4514444 1774013 1454276 223404 145+27.6 NA  ND >230 ND  205+036 ND
25 274+017  80.1+697 293 1244794 13319 124+794 ND  ND >232 ND ND ND

“NA = not active. "ND = not determined.

micromolar and sub-micromolar activity against different EVs
within the tested panel. In addition, the antiviral activity of the
less toxic compound 25g was confirmed against a representative
panel of EV71 clinical isolates. As shown in Table 3, we could

Table 3. Evaluation of the Antiviral Activity of Compound 25g
against EV71 Clinical Isolates

ECso (M)
Genogroup strain Genbank compd 25g
B2 11316 ABS575927 <1.39
BS TW/96016/08 GQ231942 21.00
TW/70902/08 GQ231936 3.58
Cc2 HO08300 461#812 0.97
C4 TW/1956/05 GQ231926 <139
TW/2429/04 GQ231927 117

“All values are based on at least three independent dose—response
curves.

confirm the activity of compounds 25g against the clinically
relevant EV71 specimens. Only the (sub)genogroup BS
appeared to be less sensitive. Furthermore, we evaluated the
lipid kinase isoform selectivity of our best PI4KIIIf inhibitors by
testing them in an in vitro inhibition assay on the related enzyme
PI4KIllar and PI3K-a/p8Sa (Table 4).

Results showed a higher specificity of the tested bithiazole
derivatives for the PI4KIIIf isoform with poor inhibition of both
PI4KIIla and PI3K-a/p85a at 100 uM concentration of each
compound. The specificity of compound 25g was also tested on a
small panel of unrelated kinases: it shows only a low inhibitory
effect on Src and CDK6. Despite the latter enzymes being
involved in cell cycle regulation and representing common
targets of antitumor compounds, 25g did not show any toxicity
or morphology alteration at antiviral concentration in the tested
cell lines. In addition, recent studies indicated that Src inhibitors
have no effect on EV71 replication,“ while CDK6 seems to be
down-regulated in response to EV71 infection.*® Finally,
compounds reported in Table 4 were evaluated for their CFTR
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Table 4. Inhibitory Effect of Selected Compounds against Members of PIK Family and Profiling of Compound 25g against a Small

Panel of Unrelated Kinases

PI4KIIIS PI4KIIx PI3K-a/p85a
compd ICso (uM)“ % residual activity at 100 uM*
17 048 52 37
25a 027 7 40
25b 0.32 71 93
25¢ 21.89 73 85
25d 18.85 81 54
25g 467 ) 64
35a 2.48 58 81
35¢ 155 71 51
3sd 371 73 100

“Values are the mean of two independent replicates.

compd kinase % residual activity at 100 uM“
25g Src FL 32
GSK3f 79
Hck FL 100
FAK 82
DYRKIA 88
ABL FL S3
FLT3 59
CDK2/cA2 62
CDK9/cT1 §7
CDK9/cK 49
CDK6/cD1 28
Pim1 70

corrector/potentiator activity, to identify molecules that may be
endowed with dual antiviral/CFTR modulator activity. As shown
in Figure 4A, some of the compounds (25a, 25d, 25g) acted as
CFTR correctors, increasing steady-state levels of F508del-
CFTR at the plasma membrane after chronic (24 h) incubation.
Compound 48 (Lumacaftor), the leading corrector drug,*” was
used as a benchmark. This increased CFTR plasma membrane
density was measured with a recently developed assay exploiting
a CFTR fusion to a pH-sensitive protein.*® The improvement in
biogenesis also led to increased anion permeability, estimated
from fluorescence quenching of a CFTR-fused YFP probe
following extracellular I~ addition (Figure 4B). None of the
compounds acted as “potentiators” rapidly increasing anion
permeability, when added only immediately prior to I” addition
(Figure 4C). The approved potentiator drug 49 (Ivacaftor) was
used as a comparison.49 Overall, the drug-induced changes in the
iodide entry rate and in membrane density followed similar
patterns, suggesting that the chemically corrected molecules of
F508del-CFTR that reached the plasma membrane displayed an
ion-channel function similar to those corrected by treatment with
48. However, compound 25d appears to increase CFTR
membrane density more than expected from its effect on anion
permeability (Figure 4D). Further studies will be required to
understand the underlying mechanism. Overall, the collected
biological data indicate that a fine chemical tuning of the
bithiazole substituents is needed to generate compounds able to
specifically inhibit the PI4KIIIf kinase and block the replication
of different EVs while also correcting the F508del-CFTR folding
defect. It is interesting to note that the most promising CFTR
correctors (25a, 25d, 25g) are also the most active broad-
spectrum antivirals and represent the first example of multitarget
agents for tightly associated pulmonary diseases like EV infection
and CF.

Molecular Modeling and SAR. The hit compound 17 was
docked with the Glide software®” (SP) in the ATP binding site of
the PI4KIIIf crystal structure (PDB ID: 4DOL)** centering the
grid on compound 1. The predicted binding mode and
interaction profile of compound 17 is very similar to that of
compound 1 (Figure 5). The NH-acetamide moiety of 17 is
hydrogen bonded to VALS98, which also interacts with the
thiazole nitrogen. The thiazole ring is involved in a Pi—Pi
stacking with TYRS83, while the phenyl ring is involved in a Pi—
cation interaction with LYS549. The O carbonyl moiety is
hydrogen bonded to LYS377. Moreover, the binding mode is

completed by a series of hydrophobic interactions involving
LEU383, ALA602, VALS99, VAL602, LEU663, ILES9S,
TYRS83, ILE671, ILE673, PRO381, and LEU374. The first
series of derivatives of the hit compound 17 encompasses
different substitution on the left part of the molecule (right part
as per Figure S—7 representation) by replacing the methyl group
of the acetamide moiety with different groups. Changing the
methyl of the acetamide with an ethyl or tert-butyl group (25a,b)
caused a 2-fold increase of potency, but the substitution with
more hydrophobic and therefore more sterically bulky groups
first reduced the potency (25d) and then led to a complete loss of
activity (25e,f). The limit seems to be a fert-butoxycarbonyl
group (25g) which still maintains low micromolar activity
(Figure 6).

The substitution of the acetamide methyl with a CF; (25c¢)
weakened the inhibition (45-fold decrease) not due to steric
reasons, but probably because of the electron withdrawing
properties of the CF; group. Changing the acetamide moiety
with a ureidic moiety caused a slight decrease in potency (26a,c
and 30a,b). The ureidic portion seems to interact with a double
hydrogen bond to VALS98, but at the same time, the
hydrophobic NH substituent moves away from the protein
resulting in a solvation penalty (Figure 6). Finally, modifying a
ureidic group with a thioureidic moiety caused a complete loss of
activity (26b,d).

The second series of derivatives of the hit compound 17
comprises different substitutions on the right part of the
molecule (left part as per Figures 5—7 representation) by
changing the substitution pattern of the phenyl ring. A change in
the position of the acetyl group reduces the potency by about 10-
fold (35d), and the same happens by introducing hydroxy and
methoxy groups in the meta position (35b,c). The precise
positioning of the hydrogen-bond acceptor on the phenyl ring
seems therefore important in improving the affinity for the
enzyme. Surprisingly, the deletion of the ketonic group reduces
but does not abolish activity (35a). The lack of the substituent on
the phenyl ring deletes a hydrogen bond, but allows optimization
of the other interactions, in particular, the Pi—cation with lysine
549.

The last series of derivatives of the hit compound 17
encompasses modifications of the bithiazole scaffold and closely
related analogues reported as DC-SIGN inhibitors and CFTR
correctors. Replacement of the thiazole group of compound 17
with an imidazole (38) or conversion of the bithiazole scaffold
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Figure 4. Effects of selected compounds on CFTR biogenesis and
function. All treatments were carried out alongside low temperature
incubation, known to improve F508del-CFTR membrane-localization
and used to increase the fluorescence signal. (A) FS08del-CFTR-
pHTomato present at the plasma membrane was quantified following 24
h incubation in 10 M of each drug. Incubation with 48 (Lumacaftor)
was assessed in parallel, as a positive control. (B) Anion permeability
quantified using a YFP-F508del-CFTR probe following 24 h treatment
asin (A). (C) Compounds (10 #M) do not cause an immediate change
in anion permeability. Potentiator compound 49 (Ivacaftor) was used as
a positive control. (D) For most compounds, there is a similar ratio
describing an increase in membrane density over anion permeability as
caused by 48 (Lumacaftor).

into a N,N'-diarylthiourea (42a,b) changes the binding mode
and abolishes the activity. Finally, also the DC-SIGN inhibitor 46
and CFTR correctors 47a,b presented a suboptimal interaction
profile with PI4KIIIf and resulted in a complete loss of activity.
As reported by Warrem et al,”" docking programs and scoring
functions present a few limitations in correlating subtle structural
differences of active ligands with their enzymatic activity. This
error is quite limited within homologous series of compounds,
but it can be very important for structurally unrelated
compounds.®> Our docking studies were in fact able to
distinguish between active and inactive compounds, but it is no
coincidence that the reference compound 3, whose scaffold is
very different from those of our series, showed a docking score
that is not in line with its enzymatic potency (Table S). The most
active compounds 17, 25a, and 25b also showed the best

specificity for PI4KIIIf over PI4KIlle, which seems to depend
on the steric hindrance of the acetamide substitution. In fact,
considering compounds 17, 25a, 25b, 25g, and 25d that differ
only for the bulkiness of the amide substituents in position C2 of
the thiazole (methyl, ethyl, tert-butyl, tert-butoxy, and phenyl,
respectively), the affinity for PI4KIIla decreases going from 17 to
25d (see Table 4).

The higher the bulkiness in C2 of the thiazole, the lower the
affinity for PI4KIIlar over PI4KIIIS with the phenyl substituent
(25d) representing the highest tolerated hindrance after which
the inhibition of PI4KIIIf is also compromised. The reason for
the specificity of these compounds toward PI4KIIIS seems to
depend on the different opening (compared to the a isoform) of
a specific loop that in the 8 isoform goes from ILE595 to ILE604
(Figure 7). In fact, in this portion of protein, the sequence of
PI4KIIIS resembles more the sequence of PI3K (¢, 7, and &) than
the sequence of PI4KIIIa. In particular, the presence of a cysteine
residue in position 30 of PI4KIIIa (corresponding to proline 597
in PI4KIIIf) could change the fold of this “selectivity loop”.

B CONCLUSIONS

An increasing number of reports suggest a causal link between
EV infections and pulmonary exacerbations in CF patients. We
report the discovery of a new class of multitarget agents active as
broad-spectrum antivirals and correctors of the F508del-CFTR
folding defect. To identify these drug candidates, we first carried
out a virtual screening on the PI4KIIIf (a host protein involved
in EV replication) catalytic site to select commercially available
compounds: our choice was based on the best-predicted affinity
for the target kinase and 2D similarity (in a few cases) to known
CFTR correctors/potentiators. Among the selected compounds,
hit 17 showed activity in cell-free PI4KIIIf inhibition assay and
cell-based EV replication assays and was therefore considered a
promising starting point for further structure-based optimization.
A small collection of analogues of compound 17 was then
designed, synthesized, and biologically evaluated for their (i)
activity against panel of EVs representative of all major groups;
(i) inhibition of lipid kinases PI4KII14, PI4Klll, and PI3K-a/
p8Sa; (iii) corrector/potentiator activity on F508del-CFTR.
Three compounds (25a, 25d, 25g) were finally identified as
novel multitarget agents able to act as broad-spectrum antivirals
(EV family) and as correctors of FS08del-CFTR folding defect.
These compounds represent a valuable starting point to develop
a novel polypharmacological approach for the treatment of
closely related pulmonary diseases such as CF and EV infections
with a single pill.

B EXPERIMENTAL SECTION

Molecular Modeling. Homology Modeling. The structure of
PI4KIIIS was built with the Prime’® 38013 software on the basis of the
crystal structure 2CHZ using ClustalW for sequence alignment and
knowledge-based as the building method. The structure of PI4KIIIa was
built with the online server 3D-JIGSAW®" on the basis of the crystal
structure 4DOL.

Molecular Dynamics. The structure of modeled PI4KIIIf was
aligned to the 2CHZ structure. Compound 1 was extracted from 2CHZ
and was manually introduced in the structure of PI4KIIIf. A molecular
dynamics simulation of the resulting complex was performed using
Desmond v40013. The complex was neutralized using sodium
counterions. The complex and the counterions were immersed in a
orthorhombic periodic SPC water bath that extended about 10 A in each
direction. After an initial default relaxation protocol, a MD production
run was performed for 10 ns with a time step of 2 fs.
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Figure S. (a) Predicted binding mode of the hit 17 (magenta sticks) superimposed to compound 1 (green sticks) into the binding site of PI4KIIIS. (b)

2D ligand interaction diagram of 17.
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Figure 6. (a) Superimposed binding modes of compounds 17 (purple sticks), 25a (orange sticks), 25b (green sticks), and 25g (pink sticks) into the
binding site of PI4KIIIf. (b) Superimposed binding modes of compounds 26a (orange sticks), 26¢ (green sticks), and 30a (pink sticks) into the binding
site of PI4KIIIS. (c) 2D ligand interaction diagram of 25b. (d) 2D ligand interaction diagram of 30a.

Virtual Screening. From the last 2 ns of the dynamics simulation 100
frames were extracted and clustered on the basis of RMSD. Five clusters
were generated. The protein representative of each cluster was
processed with the Schrodinger Suite 2014-3°° Protein Preparation
Wizard tool. On each structure a grid was generated with the software

Glide 65013 centering the grid on compound 1, and then all PI4KIIIf
ligands available from the Pubchem database were docked with the SP
protocol. Structures were selected for virtual screening on the basis of
their enrichment factor. The Mid Asinex database was extracted from
the ZINC database®® and docked in the binding site of compound 1
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Table S. Correlation between I1Cy, and Docking Score for the
Synthesized Compounds

PI4K NI ICy,  docking PI4K B IC;,  docking
compd (uM)“ score’  compd (uM)* score”

35d 3.71 —8.297 25e >50 —7.431
30b 12.40 —8.222 26d >50 —74
26a 7.69 —8.172 25f >50 —7.356
26¢ 1.82 —8.108 38 >50 —7.355
17 0.48 —8.035 42a >50 —7.251
25a 0.27 —8.012 26b >50 —7.144
25d 18.85 —7.983 42b >50 —7.052
30a 3.95 =7.97 25¢ 21.90 —6.678
35b 2.63 =7.726 3¢ 0.06 —6.553
46 50.00 —7.644 47b >50 —6.424
25g 4.67 —7.63 47a >50 —6.148
35¢ 1.55 —7.605 25e >50 —7.431
35a 248 -7.6
25b 0.32 —7.484

“Values are the mean of at least three independent experiments.
bDocking score was calculated by the software Gold and expressed as
kcal/mol. “Ref 13.

Figure 7. Observed binding mode of 25a (yellow sticks) superimposed
to compound 1 (magenta sticks) into the binding site of PI4KIIIf
(green ribbons). The orange ribbons represent the modeled structure of
PI4KIIIa.

using compound 1 as the center of the grid. The software Glide 65013
with the SP protocol was used for high throughput docking. The best
1000 compounds in terms of the docking score were selected and
submitted to one more docking cycles of docking with the XP protocol.
On the basis of the docking score and a visual inspection, 25 compounds
were selected and 13 compounds were purchased.

Ligand Preparation. Ligands were prepared with the LigPrep®” tool
available in the Schrédinger Suite 2015-4. Ionization states were
generated at pH 7.0 + 2.0 with Epik.

Ligand Docking. The X-ray coordinates of PI4KIIIf in complex with
compound 1 were extracted from the Protein Data Bank (PDB code
4DOL). The structure was then processed with the Schrodinger Suite
2015-4 Protein Preparation Wizard tool.”® The A Chain was selected,
water molecules were removed, and an exhaustive sampling of the
orientations of groups, whose hydrogen bonding network needs to be
optimized, was performed. Finally, the protein structure was refined to
relieve steric clashes with a restrained minimization with the OPLS3
force field® until a final RMSD of 0.30 A with respect to the input
protein coordinates.

Docking studies were performed using Glide® 69017 with the SP
protocol. The protein structure, prepared as described above, was used

to build the energy grid. The enclosing box was centered on the
cocrystallized ligand. All parameters were set to their default value. The
docking protocol was validated by redocking the cocrystallized ligand
(compound 1).

Chemistry. General. All commercially available chemicals were
purchased from both Sigma-Aldrich and Alfa Aesar and, unless
otherwise noted, used without any previous purification. Solvents
used for workup and purification procedures were of technical grade.
Dry solvents used in the reactions were obtained by distillation of
technical grade materials over appropriate dehydrating agents. Reactions
were monitored by thin layer chromatography on silica gel-coated
aluminum foils (silica gel on Al foils, SUPELCO Analytical, Sigma-
Aldrich) at 254 and 365 nm. Where indicated, products were purified by
silica gel flash chromatography on columns packed with Merck Geduran
Si 60 (40—63 um). 'H and C NMR spectra were recorded on
BRUKER AVANCE 300 MHz and BRUKER AVANCE 400 MHz
spectrometers. Chemical shifts (§ scale) are reported in parts per million
relative to TMS. "H NMR spectra are reported in this order: multiplicity
and number of protons; signals were characterized as s (singlet), d
(doublet), t (triplet), q (quadruplet), m (multiplet), and bs (broad
signal). ESI-mass spectra were recorded on an API 1S0EX apparatus and
are reported in the form of (m/z). Elemental analyses were performed
on a PerkinElmer PE 2004 elemental analyzer. Melting points were
taken using a Gallenkamp melting point apparatus and were
uncorrected. All final compounds showed chemical purity >95% as
determined by elemental analysis data for C, H, and N (within 0.4% of
the theoretical values).

Synthesis of N-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithia-
zol]-2'-yl)acetamide (17). Et;N (84 uL, 0.60 mmol) was added to a
stirred suspension of intermediate 24 (100 mg, 0.30 mmol) in dry DCM
(4 mL) at 0 °C. After 15 min acetyl chloride (32 uL, 0.45 mmol), diluted
in dry DCM (0.5 mL), was added dropwise. The resulting solution was
warmed to room temperature and stirred for 15 h. Next, H,0 and DCM
were added and the aqueous phase was extracted twice with DCM. The
combined organic phases were washed with brine, dried over Na,SO,,
and evaporated. The crude was purified by flash chromatography using
DCM/MeOH (98/2) as eluent to afford compound 17 as a yellow solid.
Yield 77%; mp 244—246 °C. MS (ESI) [M + H]*: 373.3 m/z. "H NMR
(DMSO-dg 300 MHz): §2.14 (s, 3H), 2.51 (s, 3H), 2.63 (5, 3H), 6.95 (s,
1H),7.48 (t, 1H,J=7.9 Hz), 7.56 (d, 1H, ] = 7.9 Hz),7.77 (d, 1H,] = 7.9
Hz), 8.51 (s, 1H), 10.56 (s, 1H), 12.06 (s, 1H). 3C NMR (DMSO-d4
100.6 MHz): & 17.56, 22.92, 27.42, 103.25, 116.75, 120.52, 121.44,
121.65, 129.79, 138.11, 141.81, 143.21, 143.29, 155.58, 162.92, 168.73,
198.28. Anal. (C;7H,¢N,0,S,) C, H, N.

Synthesis of 1-(2-Amino-4-methylthiazol-5-yl)ethanone (20). A
solution of thiourea 18 (283 mg, 3.72 mmol) and 3-chloro-2,4-
pentanedione 19 (419 4L, 3.72 mmol) in ethanol (20 mL) was heated at
reflux for 12 h, and then the reaction mixture was cooled down to 0 °C.
The precipitate was separated by filtration over a Buchner funnel and
washed with cold ethanol and ether to afford the product 20 as a white
solid. Yield 95%. MS (ESI) [M + H]*: 157.2 m/z. 'H NMR (DMSO-d,
400 MHz): 5 2.4 (s, 3H), 2.52 (s, 3H), 9.49 (bs, 2H).

Synthesis of 1-(2-Amino-4-methylthiazol-5-yl)-2-bromoethanone
(21). A suspension of intermediate 20 (500 mg, 3.20 mmol) in 48% HBr
solution in water (10 mL) was warmed to 60 °C. A solution of Br, (148
4L, 2.88 mmol) in 1,4-dioxane (10 mL) was added dropwise, and the
reaction mixture was heated at 60 °C for 3 h. After being cooled to room
temperature, saturated aqueous NaHCO; solution and ethyl acetate
were added, and the aqueous phase was extracted three times with ethyl
acetate. The combined organic phases were washed with brine, dried
over Na,SO,, and concentrated under a vacuum to obtain compound
21, used in the next step without any further purification. Yield 90%. MS
(ESI) [M + HJ*: 2350 m/z, [M + 2 + H]*: 237.1 m/z. "H NMR
(DMSO-dg 400 MHz): 5 2.46 (s, 3H), 4.48 (s, 2H), 9.18 (bs, 2H).

Synthesis of 1-(3-Acetylphenyl)thiourea (23). Benzoyl isothiocya-
nate (547 uL, 407 mmol) was added dropwise to a solution of 3'-
aminoacetophenone 22 (500 mg, 3.70 mmol) in dry DCM (12 mL), and
the mixture was stirred at room temperature for 12 h. The solvent of
reaction was evaporated, the residue was dissolved in THF/NaOH 1 N
(1/1,15 mL), and the mixture was refluxed for 3 h. After being cooled to
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room temperature, H,O and ethyl acetate were added, and the aqueous
phase was extracted twice with ethyl acetate. The combined organic
phases were dried over Na,SO, and evaporated. The resulting solid was
crystallized from ether. Yield 72%. MS (ESI) [M + H]*: 195.1 m/z. 'H
NMR (DMSO-dg 400 MHz): 5 2.57 (s, 3H), 7.46 (t, 1H, J = 7.9 Hz),
7.55 (bs, 2H), 7.70—7.73 (m, 2H), 8.03 (s, 1H), 9.89 (s, 1H).

Synthesis of 1-(3-((2'-Amino-4'-methyl-[4,5'-bithiazol]-2-yl)-
amino)phenyl)ethanone (24). Intermediates 21 (200 mg, 0.85
mmol) and 23 (165 mg, 0.85 mmol) were suspended in ethanol (S
mL), and the mixture was heated at reflux for 1 h. Then saturated
aqueous NaHCOj; solution and ethyl acetate were added to the mixture,
and the aqueous phase was extracted three times with ethyl acetate. The
combined organic phases were washed with brine, dried over Na,SO,,
and concentrated under a vacuum. Ether was added to the crude, and the
solid obtained was filtered over a Buchner funnel, washed with ether, and
used in the following step without any further purification. Yield 84%.
MS (ESI) [M + H]*: 331.3 m/z. "H NMR (DMSO-d, 300 MHz): 52.35
(s,3H),2.60 (5, 3H), 6.67 (s, 1H), 7.09 (bs, 2H), 7.46 (t, 1H, ] = 7.9 Hz),
7.55(d, 1H, ] = 7.9 Hz), 7.75 (d, 1H, ] = 7.9 Hz), .40 (s, 1H), 10.55 (s,
1H).

General Procedure for the Synthesis of Compounds 25a—g. (a)
Method A (for 25a—c). Et;N (84 uL, 0.60 mmol) was added to a stirred
suspension of intermediate 24 (100 mg, 0.30 mmol) in dry DCM (4
mL) at 0 °C. After 15 min the proper acyl chlorides or anhydride (0.45
mmol), diluted in dry DCM (0.5 mL), were added dropwise. The
resulting solution was warmed to room temperature and stirred for 12—
15 h. Next, H,O and DCM were added, and the aqueous phase was
extracted twice with DCM. The combined organic phases were washed
with brine, dried over Na,SO,, and evaporated. The crude was purified
by flash chromatography using DCM/MeOH (98/. 2) as eluent.

(b) N-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-
yl)propionamide (25a). Yield 75%; mp 244—246 °C. MS (ESI) [M +
HJ*: 387.1 m/z. '"H NMR (DMSO-d, 400 MHz): § 1.11 (t, 3H, ] = 7.5
Hz), 245 (q, 2H, ] = 7.5 Hz), 2.52 (s, 3H), 2.64 (s, 3H), 6.95 (s, 1H),
7.50 (t, 1H, = 7.9 Hz),7.57 (d, 1H, ] = 7.9 Hz), 7.82 (d, 1H, ] = 7.9 Hz),
8.47 (s, 1H), 10.56 (s, 1H), 12.03 (s, 1H). *C NMR (DMSO-d, 100.6
MHz): 8 9.63, 17.56, 27.43, 28.69, 103.25, 116.72, 12047, 121.49,
121.63, 129.82, 138.11, 141.82, 143.24, 143.33, 155.62, 162.94, 172.36,
198.28. Anal. (C,gH,sN,0,S,) C, H, N.

(c) N-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-yl)-
pivalamide (25b). Yield 80%; mp 232—234 °C. MS (ESI) [M + H]":
4154 m/z."H NMR (DMSO-dg 400 MHz): § 1.25 (s, 9H), 2.53 (5, 3H),
2.63 (s, 3H), 6.95 (s, 1H), 7.50 (t, 1H, ] = 7.9 Hz), 7.57 (d, 1H, ] = 7.9
Hz),7.85 (d, 1H, ] =7.9 Hz), 8.43 (s, 1H), 10.57 (s, 1H), 11.79 (s, 1H).
13C NMR (DMSO-dg 100.6 MHz): & 16,45, 26.90, 27.05 (3x), 39.24,
102.80, 117.29, 120.96, 122.25, 122.46, 129.67, 138.02, 140.79, 142.33,
143.58, 156.98, 163.28, 176.67, 198.36. Anal. (C,0H,,N,0,5,) C, H, N.

(d) N-(2-((3-Acetylphenyl)amino)-4’-methyl-[4,5'-bithiazol]-2'-
yl)-2,2,2-trifluoroacetamide (25c). Yield 65%; mp 254—256 °C. MS
(ESI) [M + H]": 427.1 m/z. "H NMR (DMSO-d 400 MHz): 5 2.54 (s,
3H), 2.63 (s, 3H), 7.14 (s, 1H), 7.50 (t, 1H, ] = 7.9 Hz), 7.58 (d, 1H, ] =
7.9 Hz), 7.75 (d, 1H, ] = 7.9 Hz), 8.47 (s, 1H), 10.64 (s, 1H), 14.05 (s,
1H). 3C NMR (DMSO-d 100.6 MHz): 5 15.84, 27.41, 105.27, 115.80,
116.68, 120.50, 121.44, 121.79, 129.86, 138.12, 141.59, 143.31, 143.48,
155.43, 163.45, 168.73, 198.21. Anal. (C,,;H;F,N,0,S,) C, H, N.

(e) Method B (for 25d—f). Et;N (84 uL, 0.60 mmol) was added to a
stirred suspension of intermediate 24 (100 mg, 0.30 mmol) in dry DCM
(4 mL) at 0 °C. After 15 min the proper acyl chlorides (0.4S mmol),
diluted in dry DCM (0.5 mL), were added dropwise. The resulting
solution was warmed to room temperature and heated at reflux for 15 h.
Next, H,0 and DCM were added, and the aqueous phase was extracted
twice with DCM. The combined organic phases were washed with brine,
dried over Na,SO,, and evaporated. The crude was purified by flash
chromatography using DCM/MeOH (99/1) as eluent.

(f) N-(2-((3-Acetylphenyl)amino)-4’-methyl-[4,5'-bithiazol]-2'-yl)-
benzamide (25d). Yield 75%; mp 199—200 °C. MS (ESI) [M + H]*:
435.3 m/z. "H NMR (DMSO-d, 400 MHz): §2.58 (s, 3H), 2.66 (s, 3H),
7.02 (s, 1H), 7.49-7.66 (m, SH), 7.83 (d, 1H, ] = 7.9 Hz), 8.12 (d, 2H, ]
=7.8Hz),8.50 (s, 1H), 10.59 (s, 1H), 12.62 (s, 1H). *C NMR (DMSO-
dy 100.6 MHz): & 17.42, 27.4, 103.60, 116.76, 121.52, 121.66, 128.61,

129.02, 129.06 (2x), 129.83 (2x), 132.59, 13331, 138.12, 141.82,
14323, 143.29, 15572, 163.02, 167.79, 198.30. Anal. (C5,H;N,O,S,)
C H, N.

(g) N-(2-((3-Acetylphenyl)amino)-4’-methyl-[4,5'-bithiazol]-2'-
yl)-4-iodobenzamide (25e). Yield 65%; mp 220—223 °C. MS (ESI)
[M + H]*: 561.3 m/z. "H NMR (DMSO-d, 400 MHz): 5 2.58 (s, 3H),
2.66 (s, 3H), 7.01 (s, 1H), 7.50 (t, 1H, J = 7.9 Hz), 7.58 (d, 1H, ] = 7.9
Hz),7.81 (d, 1H, ] = 7.9 Hz), 7.88 (d, 2H, ] = 8.5 Hz), 7.94 (d, 2H, ] =
8.5 Hz), 8.50 (s, 1H), 10.58 (s, 1H), 12.70 (s, 1H). 3C NMR (DMSO-
dy 100.6 MHz): & 17.33, 27.45, 101.14, 103.65, 116.77, 121.03, 121.51,
121.67, 129.82, 13044 (2x), 13234, 137.95 (2x), 138.12, 141.81,
143.16, 143.29, 154.99, 163.02, 165.15, 198.30. Anal. (C,,H,,IN,O,S,)
C, HN.

(h) N-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-
yl)-4-methylbenzamide (25f). Yield 72%; mp 243—244 °C. MS
(ESI) [M + H]*: 4492 m/z. "H NMR (DMSO-dg 400 MHz): & 2.40
(s,3H), 2.58 (s, 3H), 2.66 (s, 3H), 7.01 (s, 1H), 7.36 (d, 2H, J = 8.0 Hz),
7.50 (t, 1H, J=7.9 Hz),7.57 (d, 1H, ] = 7.9 Hz), 7.82 (d, 1H, ] = 7.9 Hz),
8.02 (d, 2H, ] = 8.0 Hz), 8.50 (s, 1H), 10.58 (s, 1H), 12.55 (s, 1H). °C
NMR (DMSO-dg 100.6 MHz): § 17.76, 21.55, 27.44, 103.55, 116.75,
120.52, 121.51, 121.66, 128.63 (2x), 129.62 (2x), 129.83, 131.51,
138.13, 141.42, 141.83, 143.26, 143.39, 155.78, 163.00, 168.09, 198.31.
Anal. (C53HyN,0,8,) C, H, N.

(i) Method C (for 25g). Et;N (84 uL, 0.60 mmol) was added to a
stirred suspension of intermediate 24 (100 mg, 0.30 mmol) in dry DMF
(4 mL) at 0 °C. After 15 min Boc anhydride (0.60 mmol), diluted in dry
DMF (0.5 mL), was added dropwise under vigorous stirring. The
resulting solution was warmed to room temperature and heated at 50 °C
for 12 h. Next, H,O and ethyl acetate were added, and the aqueous phase
was extracted twice with ethyl acetate. The combined organic phases
were washed with brine, dried over Na,SO,, and evaporated. The crude
was purified by flash chromatography using DCM/MeOH (98/2) as
eluent.

(j) tert-Butyl (2-((3-acetylphenyl)amino)-4’-methyl-[4,5'-bithia-
zol]-2'-yl)carbamate (25g). Yield 63%; mp 235236 °C. MS (ESI)
[M + H]*: 4315 m/z. "H NMR (DMSO-d 400 MHz): 6 1.50 (s, 9H),
247 (s, 3H), 2.63 (s, 3H), 6.92 (s, 1H), 7.49 (t, 1H, ] = 7.9 Hz), 7.56 (d,
1H, ] = 7.9 Hz), 7.80 (d, 1H, ] = 7.9 Hz), 8.50 (s, 1H), 10.54 (s, 1H),
11.39 (s, 1H). ®C NMR (DMSO-d 100.6 MHz): 6 17.51, 27.42, 28.37
(3x), 79.61, 103.15, 116,70, 120.03, 121.24, 121.65, 128.34, 138.55,
141.83, 143.41, 143.62, 155.67, 157.03, 168.39, 198.32. Anal.
(CyH»N,0;38,) C, H, N.

General Procedure for the Synthesis of Compounds 26a—d. A
solution of intermediate 24 (100 mg, 0.30 mmol) and the proper
isocyanate or isothiocyanate (0.4S mmol) in pyridine (2 mL) was heated
at reflux for 12—18 h. The mixture was cooled to room temperature and
diluted with ethyl acetate. The organic phase was washed with saturated
aqueous NH,CI solution and brine, dried over Na,SO,, and
concentrated under a vacuum. The crude was purified by flash
chromatography using DCM/MeOH (98/2) as eluent.

(a) 1-(2-((3-Acetylphenyl)amino)-4’-methyl-[4,5'-bithiazol]-2'-yl)-
3-phenylurea (26a). Yield 59%; mp 236—239 °C. MS (ESI) [M + H]":
450.3 m/z. "HNMR (DMSO-dg 400 MHz): 52.51 (s, 3H), 2.64 (s, 3H),
6.92 (s, 1H), 7.05 (t, 1H, J = 7.4 Hz), 7.33 (t, 2H, ] = 7.4 Hz), 7.48—7.52
(m, 3H),7.57 (d, 1H, ] = 7.8 Hz), 7.80 (d, 1H, ] = 7.8 Hz), 8.47 (s, 1H),
8.99 (s, 1H), 10.52 (s, 1H), 10.55 (s, 1H). *C NMR (DMSO-d, 100.6
MHz): § 17.29, 27.43, 102.86, 116.73, 119.02 (2x), 121.46, 121.62,
123.17, 128.20, 129.39 (2x), 129.83, 138.10, 139.17, 139.43, 141.83,
14336, 151.90, 155.68, 162.92, 198.35. Anal. (C,,H,oN;0,S,) C, H, N.

(b) 1-(2-((3-Acetylphenyl)amino)-4’-methyl-[4,5'-bithiazol]-2'-yl)-
3-phenylthiourea (26b). Yield 65%; mp 217—218 °C. MS (ESI) [M +
H]": 466.4 m/z. "H NMR (DMSO-d, 400 MHz): 6 2.54 (s, 3H), 2.64 (s,
3H), 6.99 (s, 1H), 7.07 (t, 1H, J = 7.4 Hz), 7.32 (t, 2H, ] = 7.4 Hz), 7.48
(t, 1H,]=7.8 Hz),7.57 (d, 1H, ] = 7.8 Hz), 7.69 (d, 1H, ] = 7.8 Hz), 7.73
(d, 2H, J = 7.4 Hz), 8.57 (s, 1H), 10.20 (s, 1H), 10.59 (s, 1H), 12.68 (s,
1H). ®C NMR (DMSO-d, 100.6 MHz): 5 17.30, 27.60, 103.92, 116.74,
121,50, 121.77, 122.48, 127.80, 12820 (2x), 128.84 (2x), 129.81,
138.12, 138.30, 139.89, 141.73, 142.96, 155.60, 163.20, 176.12, 198.28.
Anal. (C,,H,oN50S,) C, H, N.
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(c) 1-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-yl)-
3-cyclohexylurea (26¢). Yield 69%; mp 197—198 °C. MS (ESI) [M +
H]*: 456.4 m/z. "H NMR (DMSO-dg 400 MHz): & 1.14—1.38 (m, 6H),
1.52—1.56 (m, 1H), 1.64—1.68 (m, 2H), 1.80—1.83 (m, 2H), 2.45 (s,
3H), 2.61 (s, 3H), 6.53 (d, 1H, ] = 7.8 Hz), 6.84 (s, 1H), 7.48 (t, 1H, ] =
7.8 Hz),7.56 (d, 1H, ] = 7.8 Hz), 7.85 (d, 1H, J = 7.8 Hz), 8.41 (s, 1H),
10.09 (s, 1H), 1052 (s, 1H). *C NMR (DMSO-d; 100.6 MHz): &
17.53, 24.67, 25.58, 2741 (2x), 33.12 (2x), 48.44, 102.47, 116.67,
12057, 121.45, 121.57, 129.81, 138.07, 141.85, 143.61, 147.01, 155.38,
157.13, 162.82, 198.29. Anal. (Cp,H,N;O,S,) C, H, N.

(d) 1-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-yl)-
3-cyclohexylthiourea (26d). Yield 52%; mp 234—236 °C. MS (ESI) [M
+ H]*: 472.3 m/z. "H NMR (DMSO-dg 400 MHz): & 1.24—1.37 (m,
6H), 1.52—1.56 (m, 1H), 1.63—1.67 (m, 2H), 1.85—1.93 (m, 2H), 2.49
(s,3H), 2.63 (s, 3H), 6.96 (s, 1H), 7.47 (t, 1H, ] = 7.8 Hz), 7.56 (d, 1H, ]
=7.8 Hz),7.85 (d, 1H, ] = 7.8 Hz), 8.41 (s, 1H), 9.55 (s, 1H), 10.57 (s,
1H), 1141 (s, 1H). 3C NMR (DMSO-d 100.6 MHz): 5 17.84, 24.38,
25.56, 27.50 (2x), 31.80 (2x), 52.62, 103.47, 116.67, 121.45, 121.58,
121.74, 129.79, 137.20, 138.11, 141.65, 142.93, 146.01, 163.00, 171.90,
198.11. Anal. (C5,H,;N50S;) C, H, N.

Synthesis of Phenyl (5-Acetyl-4-methylthiazol-2-yl)carbamate
(27). 1-(2-Amino-4-methylthiazol-S-yl)ethanone 20 (1000 mg, 6.40
mmol) was added to a suspension of NaH 60% dispersion in mineral oil
(768 mg, 19.20 mmol) in DMF (15 mL) at 0 °C. Diphenyl carbonate
(3428 mg, 16.0 mmol) was added while cooling, and the reaction
mixture was stirred for additional 30 min at room temperature. H,0 and
ethyl acetate were added and the aqueous phase was extracted three
times with ethyl acetate. The combined organic phases were washed
twice with an aqueous solution of LiCl (5% w/w) and brine, dried over
Na,SO,, and concentrated under vacuum. Ether was added to the crude
and the white solid obtained was filtered over a Buchner funnel, washed
with ether, and used in the following step without any further
purification. Yield: 67%. MS (ESI) [M + H]*: 277.2 m/z. '"H NMR
(DMSO-d, 400 MHz): 52.52 (s, 3H), 2.57 (s, 3H), 7.27—7.34 (m, 3H),
7.44—7.48 (m, 2H), 12.71 (s, 1H).

General Procedure for the Synthesis of Compounds 28a,b. The
proper amine (1.09 mmol) was added to a solution of intermediate 27
(300 mg, 1.09 mmol) in dry THF (15 mL). The mixture was heated at
50 °C for 5—6 h, after which H,O and ethyl acetate were added, and the
reaction mixture was cooled down to room temperature. The aqueous
phase was extracted twice with ethyl acetate, the combined organic
phases were washed with brine, dried over Na,SO,, and concentrated
under a vacuum. The crude was purified by flash chromatography using
DCM/MeOH (97/3) as eluent.

(a) 1-(5-Acetyl-4-methylthiazol-2-yl)-3-(4-chlorobenzyl)urea
(28a). Yield: 61%. MS (ESI) [M + H]": 3242 m/z. 'H NMR
(DMSO-d, 300 MHz): 5 2.49 (s, 3H), 2.62 (s, 3H), 4.34 (d, 2H, ] = 5.7
Hz), 7.18 (bs, 1H), 7.33 (d, 2H, ] = 8.2 Hz), 740 (d, 2H, ] = 8.2 Hz),
11.02 (s, 1H).

(b) 1-(5-Acetyl-4-methylthiazol-2-yl)-3-(adamantan-1-yl)urea
(28b). Yield: 93%. MS (ESI) [M + H]": 334.5 m/z. 'H NMR
(DMSO-ds 300 MHz): 5 1.64—1.65 (m, 6H), 1.93—1.95 (m, 6H),
2.05-2.06 (m, 3H), 2.49 (s, 3H), 2.63 (s, 3H), 6.42 (s, 1H), 1021 (s,
1H).

General Procedure for the Synthesis of Compounds 29a,b. A
suspension of the proper intermediate 28a,b (0.62 mmol) in 48% HBr
solution in water (2 mL) was warmed to 60 °C. A solution of Br, (42 uL,
0.81 mmol) in 1,4-dioxane (2 mL) was added dropwise, and the reaction
mixture was heated at 60 °C for 3 h. After being cooled down to room
temperature, saturated aqueous NaHCO; solution and ethyl acetate
were added, and the aqueous phase was extracted three times with ethyl
acetate. The combined organic phases were washed with brine, dried
over Na,SO,, and concentrated under a vacuum. Intermediates 29a,b
were used in the next step without any further purification.

(a) 1-(5-(2-Bromoacetyl)-4-methylthiazol-2-yl)-3-(4-
chlorobenzyl)urea (29a). Yield: 88%. MS (ESI) [M + H]": 402.4 m/
2 [M + 2 + HJ*: 4043 m/z [M + 4 + H]": 4063 m/z. '"H NMR
(DMSO-d; 300 MHz): 5 2.49 (s, 3H), 4.34 (d, 2H, ] = 5.7 Hz), 4.46 (bs,
2H), 7.18 (bs, 1H), 7.36 (d, 2H, J = 8.2 Hz), 7.43 (d, 2H, ] = 8.2 Hz),
1123 (s, 1H).

131

(b) 1-(Adamantan-1-yl)-3-(5-(2-bromoacetyl)-4-methylthiazol-2-
yl)urea (29b). Yield: 92%. MS (ESI) [M + H]*: 4123 m/z, [M + 2 +
H]*: 414.3 m/z. "H NMR (DMSO-d, 300 MHz): § 1.65—1.67 (m, 6H),
1.93-1.95 (m, 6H), 2.06—2.08 (m, 3H), 2.49 (s, 3H), 4.49 (bs, 2H),
643 (s, 1H), 10.31 (s, 1H).

General Procedure for the Synthesis of Compounds 30a,b. A
suspension of intermediate 23 (100 mg, 0.51 mmol) and the proper
compound 29a,b (0.51 mmol) in ethanol (6 mL) was heated at reflux for
1 h. After being cooled down to room temperature, saturated aqueous
NaHCO; solution, H,O, and ethyl acetate were added, and the aqueous
phase was extracted three times with ethyl acetate. The combined
organic phases were washed with brine, dried over Na,SO,, and
concentrated under a vacuum. The crude was purified by flash
chromatography using DCM/MeOH (97/. 3) as eluent.

(a) 1-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-yl)-
3-(4-chlorobenzyl)urea (30a). Yield 78%; mp 240—241 °C. MS (ESI)
[M + H]*: 498.2 m/z. "H NMR (DMSO-dg 400 MHz): 5 2.47 (s, 3H),
2.61 (s, 3H), 4.34 (d, 2H, ] = 5.7 Hz), 6.86 (s, 1H), 7.09 (bs, 1H), 7.33
(d,2H, J = 8.2 Hz), 7.40 (d, 2H, ] = 8.2 Hz), 7.48 (¢, 1H, ] = 7.8 Hz), 7.55
(d, 1H, ] =7.8 Hz), 7.83 (d, 1H, J = 7.8 Hz), 8.42 (s, 1H), 10.51 (s, 1H),
10.53 (s, 1H). *C NMR (DMSO-dg 100.6 MHz): & 17.50, 27.41, 42.73,
102.57, 116.67, 120.01, 121.45, 121.58, 12878 (2x), 129.54 (2x),
129.82, 131.89, 138.08, 139.25, 141.84, 143.21, 143.55, 154.41, 157.67,
162.84, 198.30. Anal. (C,3H,CIN;O,S,) C, H, N.

(b) 1-(2-((3-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-yl)-
3-(adamantan-1-yl)urea (30b). Yield 83%; mp 227—230 °C. MS (ESI)
[M + H]*: 508.5 m/z. "H NMR (DMSO-d, 400 MHz): 5 1.65—1.67 (m,
6H), 1.93—1.95 (m, 6H), 2.05—2.06 (m, 3H), 2.49 (s, 3H), 2.63 (s, 3H),
6.78 (s, 1H), 6.97 (s, 1H), 7.49 (t, 1H, ] = 7.8 Hz), 7.56 (d, 1H, ] = 7.8
Hz),7.81 (d, 1H, J = 7.8 Hz), 8.46 (s, 1H), 10.21 (bs, 1H), 10.59 (s, 1H).
13C NMR (DMSO-d, 100.6 MHz): 6 1639, 27.47, 29.29 (3x), 36.32
(3x), 4173 (3x), 51.16, 103.55, 116.76, 119.09, 121.49, 121.63, 129.83,
138.08, 139.61, 141.76, 142.58, 152.13, 158.27, 163.05, 198.32. Anal.
(Cy6HN;0,8,) C, H, N.

Synthesis of N-(5-Acetyl-4-methylthiazol-2-yl)acetamide (31).
Intermediate 20 (1000 mg, 6.40 mmol) was suspended in THF/
DCM (3/2, 12 mL), and the mixture was cooled down to 0 °C. Pyridine
(1.3 mL) was added, followed by the dropwise addition of acetyl
chloride (683 uL, 9.60 mmol). The reaction mixture was stirred at 0 °C
for 3 h. Next, H,O and ethyl acetate were added, and the aqueous phase
was extracted three times with ethyl acetate. The combined organic
phases were washed three times with saturated aqueous NH,Cl solution
and brine, dried over Na,SO, ,and concentrated under a vacuum.
Intermediate 31 was used in the next step without any further
purification. Yield: 87%. MS (ESI) [M + HJ*: 199.3 m/z. '"H NMR
(DMSO-d 400 MHz): 5 2.17 (s, 3H), 2.46 (s, 3H), 2.56 (s, 3H), 12.44
(s, 1H).

Synthesis of N-(5-(2-Bromoacetyl)-4-methylthiazol-2-yl)-
acetamide (32). A solution of Br, (388 yL, 7.6 mmol) in 1,4-dioxane
(8.6 mL) was added dropwise to a stirred solution of intermediate 31
(1200 mg, 6.05 mmol) in 1,4-dioxane (23 mL). The mixture was heated
at 50 °C for 22 h. After being cooled down to room temperature,
saturated aqueous NaHCOj solution and ethyl acetate were added, and
the aqueous phase was extracted three times with ethyl acetate. The
combined organic phases were washed with brine, dried over Na,SO,,
and concentrated under a vacuum. The crude was purified by flash
chromatography using DCM/acetone (95/5) as eluent. Yield 84%. MS
(ESI) [M + H]*: 277.3 m/z, [M + 2 + H]*: 279.4 m/z. "H NMR
(DMSO-d, 400 MHz): 52.11 (s, 3H), 2.46 (s, 3H), 4.52 (bs, 2H), 12.44
(s, 1H).

General Procedure for the Synthesis of Intermediates 34a—d.
Benzoyl isothiocyanate (547 yL, 4.07 mmol) was added dropwise to a
solution of the appropriate aniline 33a—d (3.70 mmol) in dry DCM (12
mL), and the mixture was stirred at room temperature for 12 h. The
solvent of reaction was evaporated, the solid was dissolved in THF/
NaOH 1 N (1/1, 15 mL), and the mixture was refluxed for 2 h. Next,
H,O and ethyl acetate were added, and the aqueous phase was extracted
three times with ethyl acetate. The combined organic phases were dried
over Na,SO, and evaporated. Crystallization from ether afforded
intermediates 34a—d.
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(a) 1-Phenylthiourea (34a). Yield 72%. MS (ESI) [M + H]*: 153.1
m/z. "H NMR (DMSO-dg 300 MHz): 5 7.09—7.14 (m, 1H), 7.30—7.42
(m, 6H), 9.67 (s, 1H).

(b) 1-(3-Hydroxyphenyl)thiourea (34b). Yield 74%. MS (ESI) [M +
H]": 169.2 m/z. "H NMR (DMSO-d, 300 MHz): 5 6.50—6.54 (m, 1H),
6.74—6.77 (m, 1H), 6.87—6.88 (m, 1H), 7.09 (t, 1H, ] = 8.0 Hz), 7.32—
7.36 (bs, 2H), 9.4 (s, 1H), 9.58 (s, 1H).

(c) 1-(3-Methoxyphenyl)thiourea (34c). Yield 75%. MS (ESI) [M +
H]": 183.3 m/z. "H NMR (DMSO-d, 300 MHz): § 3.74 (s, 3H), 6.67—
670 (m, 1H), 6.90-6.94 (m, 1H), 7.11~7.13 (m, 1H), 7.22 (t, 1H, ] =
8.1 Hz), 7.46—7.49 (bs, 2H), 9.73 (s, 1H).

(d) 1-(4-Acetylphenyl)thiourea (34d). Yield 78%. MS (ESI) [M +
HJ*: 195.4 m/z. "H NMR (DMSO-d; 300 MHz): § 2.49 (s, 3H), 7.79—
7.83 (m, 2H), 7.87—8.03 (m, 4H), 10.69 (s, 1H).

General Procedure for the Synthesis of Compounds 35a—d. A
solution of intermediate 32 (50 mg, 0.18 mmol) and the proper thiourea
34a—d (0.18 mmol) in ethanol (2.5 mL) was heated at reflux for 1 h.
After being cooled down to room temperature, saturated aqueous
NaHCO; solution, H,O and ethyl acetate were added, and the aqueous
phase was extracted three times with ethyl acetate. The combined
organic phases were washed with brine, dried over Na,SO,, and
concentrated under a vacuum. The crude was purified by flash
chromatography using DCM/MeOH (97/3) as eluent.

(a) N-(4'-Methyl-2-(phenylamino)-[4,5'-bithiazol]-2'-yl)-
acetamide (35a). Yield 85%; mp 187—189 °C. MS (ESI) [M + H]":
331.1 m/z. "H NMR (CDCI, 400 MHz): § 2.19 (s, 3H), 2.57 (s, 3H),
6.58 (s, 1H), 7.10~7.12 (m, 1H), 7.36—7.42 (m, 4H), 8.18 (s, 1H),
11.94 (s, 1H). 3C NMR (CDCl, 100.6 MHz): 5 17.00, 23.07, 102.63,
118.50 (2x), 121.29, 123.32, 129.54 (2x), 140.15, 142.70, 14331,
156.66, 164.76, 167.92. Anal. (C,sH,,N,0S,) C, H, N.

(b) N-(2-((3-Hydroxyphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-
yl)acetamide (35b). Yield 71%; mp 148—149 °C. MS (ESI) [M + H]":
347.2 m/z. "H NMR (acetone- ds 400 MHz): & 2.26 (s, 3H), 2.51 (s,
3H), 6.52—6.54 (m, 1H), 6.78 (s, 1H), 7.15—7.18 (m, 2H), 7.27 (s, 1H),
8.45 (s, 1H), 9.30 (s, 1H), 10.85 (s, 1H). '3C NMR (acetone- ds 100.6
MHz): 8 16.51, 21.90, 101.85, 104.58, 108.75, 109.12, 12091, 129.81,
14239, 143.14, 143.95, 15528, 15821, 163.25, 167.72. Anal.
(C1sH1N,0,8,) C, H, N.

(c) N-(2-((3-Methoxyphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-
yl)acetamide (35¢). Yield 74%; mp 118—119 °C. MS (ESI) [M + H]":
361.2m/z. "HNMR (DMSO-ds 400 MHz): 52.14 (s, 3H), 2.48 (s, 3H),
3.82 (s, 3H), 6.53 (d, 1H, J = 8.2 Hz), 6.90 (s, 1H), 6.98 (s, 1H, J = 82
Hz),7.20 (t, 1H, ] = 82 Hz), 7.71 (s, 1H), 1042 (s, 1H), 12.06 (s, 1H).
BC NMR (DMSO-dg 100.6 MHz): § 17.53, 22.93, 55.52, 102.71,
105.60, 107.78, 109.65, 120.81, 130.02, 142.77, 142.90, 143.12, 155.59,
160.40, 162.96, 168.75. Anal. (C,H;¢N,0,S,) C, H, N.

(d) N-(2-((4-Acetylphenyl)amino)-4'-methyl-[4,5'-bithiazol]-2'-
ylacetamide (35d). Yield 79%; mp 233—23S °C. MS (ESI) [M +
H]": 373.2m/z."H NMR (DMSO-dg 400 MHz): 52.15 (s, 3H), 2.51 (s,
3H),2.54 (s, 3H), 7.07 (s, 1H), 7.77 (d, 2H, ] = 8.7 Hz), 7.97 (d, 2H, ] =
8.7 Hz), 10.79 (s, 1H), 12.11 (s, 1H). *C NMR (DMSO-d, 100.6
MHz): § 17.49, 22.93, 26.82, 104.38, 11633 (2x), 120.33, 130.34,
13042 (2x), 143.41, 145.48, 152.60, 155.63, 162.37, 168.83, 196.63.
Anal. (C;;H,(N,0,8,) C, H, N.

Synthesis of 1-(3-Acetylphenyl)guanidine (36). Nitric acid (164 uL,
3.70 mmol) was added to a solution of 3’-aminoacetophenone 22 (500
mg, 3.70 mmol) in ethanol (10 mL), followed by addition of a solution
of cyanamide (778 mg, 18.5 mmol) in a minimal amount of water. The
mixture was heated at reflux for 24 h and concentrated in a vacuum. After
being cooled to 0 °C, ether was added and the precipitate was separated
by filtration over a Buchner funnel. Then saturated aqueous NaHCO;
solution and ethyl acetate were added to the solid, and the aqueous
phase was extracted three times with ethyl acetate. The combined
organic phases were washed with brine, dried over Na,SO, and
concentrated under a vacuum to obtain compound 36, used in the next
step without any further purification. Yield 73%. MS (ESI) [M + H]*:
178.2 m/z. "H NMR (DMSO-ds 300 MHz): 5 2.57 (s, 3H), 7.49 (bs,
3H), 7.58—7.60 (m, 2H), 7.76—7.78 (m, 1H), 7.88 (s, 1H), 9.67 (bs,
1H).

Synthesis of 1-(3-((4-(2-Amino-4-methylthiazol-5-yl)-1H-imida-
zol-2-yllamino)phenyl)ethanone (37). A solution of intermediate 36
(150 mg, 0.85 mmol) in ethanol (S mL) was added dropwise to a
solution of compound 21 (200 mg, 0.85 mmol) and Et;N (118 uL, 0.85
mmol) in ethanol (10 mL). The mixture was heated at reflux for 12 h,
after which H,O and ethyl acetate were added. The organic phase was
washed with saturated aqueous NH,ClI solution and brine, dried over
Na,SO,, and concentrated under a vacuum to obtain compound 37,
used in the next step without any further purification. Yield 82%. MS
(ESI) [M + H]*: 3143 m/z. "H NMR (DMSO-d, 400 MHz): 5 2.37 (s,
3H),2.64 (5,3 H),7.09 (s, 1 H), 7.65 (t, IH, ] =7.9 Hz),7.79 (d, 1H, ] =
7.9 Hz), 7.94 (d, 1H, ] = 7.9 Hz), 8.04 (s, 1H), 9.50 (bs, 2H), 10.56 (s,
1H), 12.01 (s, 1H).

Synthesis of N-(5-(2-((3-Acetylphenyl)amino)-1H-imidazol-4-yl)-
4-methylthiazol-2-yl)acetamide (38). Et;N (89 uL, 0.64 mmol) was
added to a stirred suspension of intermediate 37 (100 mg, 0.32 mmol) in
dry DCM (4.5 mL) at 0 °C. After 15 min acetyl chloride (34 uL, 0.48
mmol), diluted in dry DCM (0.5 mL), was added dropwise. The
resulting solution was warmed to room temperature and stirred for 8 h.
Next, H,O and DCM were added, and the aqueous phase was extracted
three times with DCM. The combined organic phases were washed with
brine, dried over Na,SO,, and evaporated. The crude was purified by
flash chromatography using DCM/MeOH (97/3) as eluent. Yield 47%;
mp 222-225 °C. MS (ESI) [M + H]": 356.2 m/z. "H NMR (DMSO-d
400 MHz): 5 2.14 (s, 3H), 2.37 (s, 3H), 2.65 (s, 3H), 7.11 (s, 1H), 7.66
(t,1H,J=7.9 Hz),7.79 (d, 1H,] = 7.9 Hz), 7.94 (d, 1H, ] = 7.9 Hz), 8.05
(s, 1H), 10.56 (s, 1H), 11.84 (s, 1H), 12.06 (s, 1H). *C NMR (DMSO-
ds 100.6 MHz): & 17.56, 22.56, 27.42, 116.75, 1199, 120.51, 121.65,
12771, 129.79, 138.10, 140.81, 14321, 143.28, 154.98, 162.89, 168.63,
198.32. Anal. (C,;H,,N;0,S) C, H, N.

Synthesis of 1-(3-Acetylphenyl)-3-(3-nitrophenyl)thiourea (40). 3'-
Aminoacetophenone 22 (300 mg, 2.22 mmol) was added to a solution
of 3-nitrophenyl isothiocyanate (400 mg, 2.22 mmol) in dry DCM (6.50
mL). The solution was stirred at room temperature for 18 h. The
precipitate was separated by filtration over a Buchner funnel and washed
with ether, affording compound 40 as a white solid. Yield 88%. MS (ESI)
[M + H]*: 3162 m/z. "H NMR (DMSO-dg 400 MHz): 5 2.58 (s, 3H),
7.52(t,1H,J = 7.9 Hz),7.63 (t, 1H, ] = 8.1 Hz), 7.76—7.78 (m, 2H), 7.92
(d, 1H, J = 7.9 Hz), 7.98 (d, 1H, ] = 8.1 Hz), 8.07 (s, 1H), 8.56 (s, 1H),
1031 (bs, 1H), 1033 (bs, 1H).

Synthesis of 1-(3-Acetylphenyl)-3-(3-aminophenyl)thiourea (41).
Iron powder (1490 mg, 26.67 mmol), water (7 mL), and concentrated
HCI (4 drops) were added to a solution of compound 40 (400 mg, 1.27
mmol) in ethanol (35 mL). After heating at reflux for 2 h, the mixture
was filtrated hot, washed with ethanol, and concentrated in a vacuum.
The crude was purified by flash chromatography using DCM/MeOH
(98/2) as eluent. Yield 75%. MS (ESI) [M + H]*: 286.1 m/z. "H NMR
(CDCl, 400 MHz): 5 2.58 (s, 3H), 3.20—3.51 (bs, 2H), 6.59—6.62 (m,
2H), 6.68 (d, 1H, ] =7.7 Hz), 7.18 (t, 1H, ] = 7.8 Hz), 7.45 (t, 1H, ] = 7.8
Hz), 7.74-7.79 (m, 2H), 7.95 (s, 1H), 8.05 (s, 1H), 8.38 (s, 1H).

General Procedure for the Synthesis of Compounds 42a,b. The
proper acyl chloride (0.53 mmol) was added to a stirred solution of
intermediate 41 (100 mg, 0.35 mmol) and pyridine (56 4L, 0.70 mmol)
in dry THF (4 mL). The resulting solution was stirred at room
temperature for 2 h, after which H,O and ethyl acetate were added, and
the aqueous phase was extracted three times with ethyl acetate. The
combined organic phases were washed with brine, dried over Na,SO,
and concentrated under a vacuum. The crude was purified by flash
chromatography using DCM/MeOH (99/1) as eluent.

(a) N-(3-(3-(3-Acetylphenyl)thioureido)phenyl)acetamide (42a).
Yield 67%; mp 171—173 °C. MS (ESI) [M + H]*: 328.1 m/z. "H NMR
(DMSO-dg 400 MHz): 52.04 (s, 3H), 2.57 (s, 3H), 7.16—7.19 (m, 1H),
725 (t, 1H, J = 7.9 Hz), 7.35=7.37 (m, 1H), 747 (t, 1H, ] = 7.9 Hz),
7.71-7.79 (m, 3H), 8.07 (bs, 1H), 9.89 (s, 1H), 9.96 (s, 1H), 9.98 (s,
1H). 3C NMR (DMSO-d, 100.6 MHz): 23.43, 27.23, 11620, 117.10,
119.38, 123.64, 124.55, 128.90, 128.98, 129.04, 136.97, 139.64, 140.17,
140.52, 168.56, 180.27, 197.97. Anal. (C,,H,,N,0,8) C, H, N.

(b) N-(3-(3-(3-Acetylphenyl)thioureido)phenyl)pivalamide (42b).
Yield 69%; mp 157—159 °C. MS (ESI) [M + H]*: 370.3 m/z. "H NMR
(DMSO-dg 300 MHz): 8 122 (s, 9H), 2.57 (s, 3H), 7.14 (d, 1H, J = 7.9
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Hz), 7.25 (t, 1H, ] = 7.9 Hz), 7.42=7.50 (m, 2H), 7.71—7.80 (m, 3H),
8.06 (bs, 1H), 925 (s, 1H), 9.89 (s, 1H), 9.94 (s, 1H). 3C NMR
(DMSO-dg 100.6 MHz): & 27.23, 27.65 (3x), 30.90, 116.29, 117.14,
119.35, 123.68, 124.71, 128.88, 128.92, 129.10, 137.43, 139.65, 140.20,
140.52, 176.96, 180.27, 197.97. Anal. (C,0H,5N;0,8) C, H, N.

Synthesis of 1-(4-(Dimethylamino)phenyl)thiourea (44). Benzoyl
isothiocyanate (543 yL, 4.04 mmol) was added dropwise to a solution of
N,N-dimethyl-p-phenylenediamine 43 (500 mg, 3.67 mmol) in dry
DCM (12 mL), and the mixture was stirred at room temperature for 12
h. The solvent of reaction was evaporated, the solid was dissolved in
THF/NaOH 1 N (1/1, 15 mL), and the mixture was refluxed for 3 h.
Next, H,O and ethyl acetate were added, and the aqueous phase was
extracted three times with ethyl acetate. The combined organic phases
were dried over Na,SO, and evaporated. The resulting solid was
crystallized from ether. Yield 80%. MS (ESI) [M + H]*: 196.4 m/z. 'H
NMR (DMSO-dg 300 MHz): 8 2.88 (s, 6H), 6.69 (d, 2H, J = 8.7 Hz),
7.08 (d, 2H, J = 8.7 Hz), 7.55 (bs, 2H), 9.58 (s, 1H).

Synthesis of N°-(4-(Dimethylamino)phenyl)-4'-methyl-[4,5'-bi-
thiazole]-2,2’-diamine (45). Intermediates 21 (150 mg, 0.64 mmol)
and 44 (125 mg, 0.64 mmol) were suspended in ethanol (6 mL), and the
mixture was heated at reflux for 30 min. Then saturated aqueous
NaHCO; solution and ethyl acetate were added to the mixture, and the
aqueous phase was extracted three times with ethyl acetate. The
combined organic phases were washed with brine, dried over Na,SO,
and concentrated under a vacuum. Ether was added to the crude and the
solid obtained was filtered over a Buchner funnel, washed with ether and
used in the following step without any further purification. Yield 77%.
MS (ESI) [M + H]*: 332.2 m/z. "H NMR (DMSO-dg 400 MHz): § 2.47
(s,3H), 2.86 (s, 6H), 6.72 (s, 1H), 6.76 (d, 2H, ] = 8.8 Hz), 7.43 (d, 2H, ]
= 8.8 Hz), 921 (bs, 2H), 10.58 (s, 1H).

N-(2-((4-(Dimethylamino)phenyl)amino)-4'-methyl-[4,5'-bithia-
zol]-2'-yl)propionamide (46). Et;N (84 L, 0.60 mmol) was added to a
stirred suspension of intermediate 45 (100 mg, 0.30 mmol) in dry DCM
(4 mL) at 0 °C. After 1S min propionyl chloride (39 uL, 0.45 mmol),
diluted in dry DCM (0.5 mL), was added dropwise. The resulting
solution was warmed to room temperature and stirred for 8 h. Next,
H,0 and DCM were added and the aqueous phase was extracted twice
with DCM. The combined organic phases were washed with brine, dried
over Na,SO,, and evaporated. The crude was purified by flash
chromatography using DCM/MeOH (98/2) as eluent. Yield 68%;
mp 222-224 °C. MS (ESI) [M + H]*: 388.3 m/z. "H NMR (DMSO-d,
400 MHz): § 110 (t, 3H, ] = 7.6 Hz), 243 (q, 2H, ] = 7.6 Hz), 2.47 (s,
3H),2.86 (s, 6H), 6.73 (s, 1H), 6.76 (d, 2H, ] = 8.8 Hz), 7.43 (d, 2H, ] =
8.8 Hz), 9.90 (s, 1H), 11.98 (s, 1H). *C NMR (DMSO-d; 100.6 MHz):
5 878, 16.88, 30.43, 40.46 (2x), 101.02, 113.74 (2x), 120.67 (2x),
121.44, 131.54, 143.10, 144.02, 147.72, 155.12, 165.29, 171.76. Anal.
(C1sHyN508,) C, H, N.

Biology. Antiviral Assays—Materials and Methods Assay Prep-
aration. Enterovirus (EV). Rhabdosarcoma (RD) cells, Vero cells and
Hela-Rh cells, subcultured in cell growth medium [MEM Rega3 (Cat.
No. 19993013; Invitrogen) supplemented with 10% FCS (Integro), S
mL of 200 mM L-glutamine (25030024) and S mL of 7.5% sodium
bicarbonate (25080060)] at a ratio of 1:4 and grown for 7 days in 150
cm? tissue culture flasks (Techno Plastic Products), were harvested and
seeded in a 96-well plate at a cell density of 20 000 cells/well in assay
medium (MEM Rega3, 2% FCS, S mL L-glutamine and S mL sodium
bicarbonate) to perform standardized antiviral assay against EV71 and
EVD68, CV and PV, RV02 and RV14, respectively.

Antiviral Activity and Cytotoxicity Determinations. Compounds
were prepared as DMSO stock solution with a final compound
concentration of 10 mM. The compound profiling setup was performed
employing a Freedom EV0200 liquid handling platform (Tecan). The
evaluation of the cytostatic/cytotoxic as well as the antiviral effect of
each compound was performed in parallel within one run. Three 8-step
1-to-S dilution series were prepared (starting from 100 M) in assay
medium added to empty wells (picornaviruses: 96-well microtiter plates,
Falcon, BD) or in the medium present on top of preseeded cells.
Subsequently, SO uL of a 4X virus dilution in assay medium (assay
medium supplemented with 15 mL MgCl, 1 M (Sigma, M1028) in case
of RV) was added followed by 50 uL of cell suspension. The assay plates
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were returned to the incubator for 2—3 (picornavirus, 35 °C for RV)
days, a time at which maximal cytopathic effect (CPE) for picornaviruses
is observed.

For the evaluation of cytostatic/cytotoxic effects and for the
evaluation of the antiviral effect in the case of PV, CV, RV, the assay
medium was replaced with 75 uL of a $% MTS (Promega) solution in
phenol red-free medium and incubated for 1.5 h (37 °C, 5% CO,, 95—
99% relative humidity). Absorbance was measured at a wavelength of
498 nm (Safire2, Tecan) and optical densities (OD values) were
converted to percentage of untreated controls.

Analysis of the raw data, quality control of each individual dose—
response curve and calculation, if possible, of the ECy;, ECgp, and CCs,
values was performed employing ViroDM, a custom-made data
processing software package. The ECy, and ECy, (values derived from
the dose—response curve) represent the concentrations at which
respectively 50% and 90% inhibition of viral replication would be
observed. The CCs, (value derived from the dose—response curve)
represents the concentration at which the metabolic activity of the cells
would be reduced to 50% of the metabolic activity of untreated cells.

The ECyy, ECyy, and CCs =+ SD were, whenever possible, calculated
respectively as the median of all the ECsy, ECy, or CCy, values derived
from the three individual dose—response curves. The selectivity index
(SI), indicative of the therapeutic window of the compound, was
calculated as CCs/ECs,. No further statistical analysis was performed.

CFTR Assays. The effects of compounds on CFTR biogenesis and
function were measured using newly developed assays exploiting CFTR
fusion probes with anion-sensitive YFP' and pH-sensitive pHToma-
t0.” Lipofectamine transfection was used for transient transfection of
HEK293 cells. Cells plated in 96-well plates were incubated with the
YFP-CFTR- or CFTR-pHTomato-encoding plasrnid48 using Lipofect-
amine 2000 (Life Technologies), according to manufacturer’s
instructions. Following transfection, cell plates were returned to the
37 °C incubator for 24 h. Plates were further incubated at 30 °C for 24 h
prior to imaging, with or without additional drug treatment.

All imaging was carried out using ImageXpress (ImageXpress Micro
XLS, Molecular Devices); an image-acquisition system equipped with
wide-field inverted fluorescence microscope and fluidics robotics.
Images were obtained with a 20X objective, using excitation/emission
filters 472 + 30 nm and 520 + 35 nm, for YFP-CFTR and 531 + 20 nm,
and 592 + 20 nm for CFTR-pHTomato. In the latter assay, eGFP and
Hoechst nuclear stain images were also acquired for each well, using
excitation/emission filters 472 + 30 nm and 520 + 35 nm, and 377 + 25
nm and 447 + 30 nm, respectively. For each plate, the laser intensity and
exposure were optimized to achieve the highest possible fluorescence
while avoiding both photobleaching and saturation (illumination
intensity 100—150/225 cd, and exposure 0.1-0.2 s)

For the YFP-CFTR assays, before imaging, cells were washed twice
with 100 yL of standard buffer (140 mM NaCl, 4.7 mM KCl, 1.2 mM
MgCl,, S mM HEPES, 2.5 mM CaCl,, 1 mM glucose, pH 7.4). Images
were taken for 150 s at a frequency of 0.5 Hz. A total of 50 uL
extracellular I” (as standard buffer with 140 mM NaCl replaced with 300
mM Nal; resulting in 100 mM final [I"]) was added at 20 s, and
activating compounds (50 M Forskolin alone or together with 10 uM
compounds for acute treatment) were added at 60 s.

For the CFTR-pHTomato assay, before imaging, cells were washed
twice with 100 uL of standard buffer (as above). During imaging,
extracellular pH was changed using addition of 50 L of pH 6 buffer (as
standard buffer, with S mM HEPES replaced with 10 mM MES: final
[MES] 3.3 mM, ~pH 6.5), and 50 uL pH 9 buffer (as standard buffer,
with S mM HEPES replaced with 100 mM Tris: final [Tris] 25 mM,
~pH 8.8). Two pHTomato images (acquisition frequency 0.5 Hz) were
taken in each condition. To account for variation in transfection
efficiency the pHTomato fluorescence was normalized using average
fluorescence intensity of a soluble eGFP, coexpressed in the cytosol.
Because the rise in pHTomato fluorescence falls largely within the 6.5—
8.8 pH range,” the change in fluorescence obtained upon increasing
extracellular pH (AF,epprane) Was used as an estimate of membrane-
exposed CFTR.

In Vitro Kinase Inhibition Assays. Recombinant full length, HIS6-
tagged PI4KIIIS was purchased from ProQinase (Germany);
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recombinant full-length, GST tagged PI4KIlla was from Life
Technologies. Recombinant full-length, HIS6-tagged (PI3K-a) and
full-length, myc-tagged (p8Sa) PI3K-ar/p8Sa was purchased from
ProQinase (Germany).

Assay Conditions. PI4KI1If3, P14KlIlq, and PI3K- a/p8S5a reactions
were performed in 10 L using 20 mM Tris-HCI pH 7.5, 0.125 mM
EGTA, 2 mM DTT, 0.04% Triton, 3 mM MgCl,, 3 mM MnCl,, 20 uM
ATP, 0.01 uCi y-P33 ATP, 200 uM Pi:3PS, 10% DMSO, 0.4 ng/uL of
PI4KIIIS, 16 ng/uL of PI4KlIla, and 7.6 ng/uL of PI3K- a/p85a. All
reactions were performed at 30 °C for 10 min. Reactions were stopped
by adding S uL of phosphoric acid 0.8%. Aliquots (10 uL) were then
transferred into a P30 Filtermat (PerkinElmer) and washed five times
with 0.5% phosphoric acid and four times with water for S min. The filter
was dried and transferred to a sealable plastic bag, and scintillation
cocktail (4 mL) was added. Spotted reactions were read in a scintillation
counter (Trilux, Perkinelmer). IC, values were obtained according to
eq 1, where v is the measured reaction velocity, V is the apparent
maximal velocity in the absence of inhibitor, I is the inhibitor
concentration, and ICy is the 50% inhibitory concentration.

v=V/{1+ (I/IC)} (1)

Lipidic Substrate Preparation. Phosphatidylinositol (P, Sigma) and
2-oleoyl-1-palmitoyl-sn-glycero-3-phospho-L-serine (PS, Sigma) were
dissolved in chloroform/methanol 9:1 and mixed at a 1:3 ratio. After
chloroform/methanol evaporation, water was added to 1:62.5 w/v and
the mixture was sonicated to clarity.

Kinase Panel. All tyrosine- and serine/threonine kinase reactions
were performed according to the manufacturer’s instructions, using 10—
50 ng of enzyme. Details on the nature of the substrates and their
concentration are reported elsewhere.” For some kinases, NP-40 or
BSA was added. All reactions were performed in 10 L at 30 °C for 10
min using protein low-binding tubes. Reactions were stopped,
transferred to filter, and counted as reported in ref 59. PI4KIIIf was
purchased from Proginase. Reactions were performed according to the
manufacturer’s instructions and detected using ADP-Glo lipid kinase
assay (Promega).
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