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Abstract

Abstract

Protein kinases (PKs) ardamily of 518 enzymes that catalyze the phosphorylation of substrates containing
serine, threonine or tyrosine residues (Ser/Thr/Tyr). One of the members of this superfamily is Casein Kinase
1 (CK1l), a subset that is ¢d&€rdasdedilbmy pairtiicaudfacr m:
the PhD thesis is focused. This target is involved in several physiological processes modulating different
signaling pathways and deregulations can lead to the development of pathological conditions icahating
circadian rhythm disorders and neurodegenerative
diseases (AD; PD) and Amyotrophic Lateral Sclerosis (ALS) which are all characterized by
hyperphosphorylation of proteins and accumulatbaggregates contributing to trigger neuroinflammatory

and neurodegenerative processes. Given the role o
target tobe studed. In this PhD thesis, series of AAdlPo mp et i t i ve CK1 (nhdéveldpadioi t or s
obtain promising candidates that can be used as tools in neurodegenerative diseases. Several heteroaromati
systems have been functionalized to outline and deepen a stractiwity relationship profile (SAR).
Metabolismbased, new scaffdlbased and molecular simplificatidrased strategies has been applied to gain

the fixed goal.

Synthesis and characterization of bexjthfiazole derivativesa metaboBmbased strategy

Riluzole 34), an approved drug for ALS, is characterized by anciatieid and unclear mechanism of action.

It has proved to reduce the excitotoxic effects o
research group in which | conducted the Riridl the collaborators of Padua, havesilico postulated and
experimentally demonstrated an aofi viéyloft 8B4 hResl w
underwent a strong hepatic and extrahepatic metabolism; one of the main metabolites produced is the
hydroxylamine that is subjected daick glucurongeonjugation Therefore, the first purpose is represented by

the achievement of this metabolite to esS4ablish
hydroxylamine metabolite3Q) displaysan IGoi n t he hi gh mi cr o moabreeswiththenge o
reported one for riluzole. This represents an important achievement since provides the validation of the
hypot hesi s f omediaddactidm can he®ne Gfkht echanisms of action explicated by riluzole.
Moreover, a series of futionalized derivatives has been developed to modify phase Il metabolism of the
approved candidate. Several types of alkyl and arylalkyl chains have been introduced and most of the
synthesized compounds have proved to be inactive with the exception dfgeigtive that has registered

an act i vi t7p. lroadditidn, athdhersstitting point is represented by the hydrazine deriviive (

that, according to the computational studies, seems to conserve the capability of binding the target.
Surprishgly, ithasrevealedandgof 3. 64 €M denoting a marked i mprov
structureactivity relationship profile of this series, the hydrazine moiety has been functionalized with linear
and branched chains as well as aryl andalkyl groups. All the developed compounds have proved to be
active excepting ethylhexyl derivative and, in particular, isopentyl and benzyl candidates have proved to be
the best of the series achievingsgof 0.92 98) and 1.62 99), respectively. Fial derivatives have been
characterized from biochemical and biological point of view. The $BBneability using BBEPAMPA

(Parallel Artificial Membrane Permeability Assay) has been predicted and all the synthesized compounds have
proved to be permeableloreover, the ATRcompetitive behavior as well as the stability effect of the binding
towards the target with TSA (Thermal Shift Asshgye been carried out for the best compound of the series.

To explore a preliminary selectivity profile of candidatéset s cr eeni ng on GSK3b, an
in neurodegeneration has been performed for riluzole, its hydroxylamine metabolite and the two best
derivatives; Nhydroxylamine metabolite has reported aglCf 23 . 1 e M, i n the same |

one f or CHnlitioass&ys am aeurbbjastoma cell lines{S¥bY) has been performed; preliminary
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MTT (3-(4,5dimethythiazol2-yl)-2,5diphenytetrazoliumbromidg test to establish if derivatives are toxic

has highlighted a strong toxicity for-hydroxylamine metabolite39). Neuroprotection assays, conducted for
compounds that have displayed to be harmless for cells, have been denoted an important effect of riluzole but
nonpositive contributions for best derivatives of the series. Thus, a preliminary Western Blot analysis has
been carried out for riluzole but the drug has not determined a decrease in the phosphorylatiedfliDP
conclusion, preliminary results have been achieved by assaying riluzadesophilamodels overexpressing
TDP-43: an improvement in the lifespafflies has been observed. Nevertheless, further results are required

to validate all the collected data.
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Developmenbdf tri- and tetrasubstituted pyrazinesew scaffoldbased strategy

A routinely screening of Hmouse molecules designed focompletely different purpose has highlighted the
activity on midoindlariamge df three teisubgtiuted 2amino pyrazines bearir@fluoro-
6-methylpyridire at the €osition and 4luorophenyl ring at the-$focation. The three compounds differ for

the alkyl chain introduced at thep®sition of the scaffold. Stamg from these compounds, several moieties

have been inserted in 3 of the 4 positions of the nucleus trying different combinations in order to enhance the
activity towards CK1u. -&kylmerivats/gsmavé lzeeni assaypdroa theetarg or s
revealing the crucial substitution at théoBation to obtain activity. This SAR hypothesis has been confirmed

by developing 3amino derivatives functionalized with afldlorophenyl at the focation: without moieties at

the 5position, these compountisave reported no activity towards Cl
4-fluorophenyl moiety at the-position while inserting an ester at the@&sition: ethyl ester derivative showed

anlGoo f 1 2 125). Idehdstifigly, the exploration of the iit@n 5 of the ring has led to promising results:
introducing a double fluorophenyl ring & and-6 location, an Iggo f 1 . 83) has leer{ achieved and

the activity improves when#uorophenyl moiety has been substituted with pyridiokieving an 16 of 69.0

nM (138, the best compound of the series. Then, functionalizing bis fluorophenyl derivative with amino
groupsatthesposi ti on such as pi pe rlZzozhasheen redched Chamging natire y ¢
of substituent,nserting a butyl chain at thel@cation, the activity improved 0, ICso= 0. 20 & M) . Gi
promising results of the series, biochemical and biological investigations have been conducted. Firstly, the
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BBB-permeabilities have been evaluategniBerazne derivative as well as the most potent compound of the
series have displayed borderline values while the double fluorophenyl candidate has shown a CNS+ feature
according to the performed BBBAMPA. The ATRcompetitive behavior as well as the capabilitgtabilize

the target have been evaluated for the most potent candidate. Moreover, the most promising derivatives have
been screened on GSK3b: it is inter éasedserigstavardse x p |
other kinases. The derivda ves have proved to be inactive on GS
have been assayed on neuroblastoma cell lines: they have proved to be harmless for cells in MTT assay at the
concentrations of 5 and 10 arMhe mbshactiveederivatiye has shewntai o n
neuroprotective effect at the concentration of 1
conducted to observe a decrease in -ABRhosphorylation; in this case two contradictory results have been
obtained suggesting that further investigations are required to confirm the results.

Trisubstituted pyrazines
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135Tri azines as CKI1d inhibitors: a simplificat

The bicyclic derivatives-(7-amina5-(benzylaminoj[1,2,4]triazolo[1,5a][1,3,5]triazin-2-yl)benzenl,3-diol

(35 that has reported an 4€o f 0.18 €M on CK1u0. Moreover, it ha
peripheral blood lymphocytes as well as neuroblastoma cells. The synthetic strategy to obtain
[1,2,4]triazolo[1,5a]triazine (TT) derivatives involves eight steps and, in particulae, intramolecular
cyclization leads to low yields. In order to simplify the synthetic approach, a molecular simplification has been
applied functionalizing the 1,3{5iazine nucleus opening the possibility to develop a quick and deep SAR
profile. Severakubstituents have been considered: amino moieties have been inseHgak#iph of the
scaffold maintaining poly methoxy and hydroxyphenyl groupsdiked by a linker of different size and
nature including hydrazide, alkyl chain, amino moiety al$ ageureido group. A few compounds of the series
have proved to be active in the high micromolar range, the best one displayed@rf IC 1 9 1®8). ls M (
activity suggests that it behammore as fragment than full inhibitor; therefore, a molecularibyas been
developed by fusing N-benzyt4,6-dichloro-1,3,5triazin-2-amine and 4-fluoro-1H-indazol3-amine
heteroaromatic molecule discovered in a FragriBased Drug Discovery work published by the research
group that r eport e tenwlecular bybrid has deyermméd arRidhpro9emeniin thellC
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(142 3.86 ¢M) confirming this strategy as chall en
competitive CK1d inhibitor. Moreover, t hatonabout eeni
the activity towards another kinase involved in neurodegeneration, has led to an inactive derivative.
Nevertheless, despite the promising Cpt8dicted permeability of the candidate, itheitro investigation on
neuroblastoma cell lines has highlighted a strong toxicity of the derivative in MTT assay. Thus, applying this
strategy the optimization of the compound by functionalizing the indazole fragment can be avaitabld to

allow the developmd of a new series of inhibitors.
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Le proteink i na s i sono undi mportante famiglia di 518 enz
contengono residui di serina, treonina o tirosina. Uno dei membri di questa superfamiglia é la @asein K

1, un insieme di enzimi composto da sei isoflerm | 6 iU$GK1Ilpin padicolare, é la proteina su cui si
focalizza questa teQuesto bersaglio € coinvolto in diversi processi fisiologici che modulano diversi percorsi

di segnalazione e le deregolazioni possono portare allo sviluppo di congtiatofdgiche tra cui cancro,

di sturbi del ritmo circadiano e mal attie neurodeg
nel morbo di Parkinson (AD; PD) e nella sclerosi laterale amiotrofica (SLA), che sono tutti caratterizzati da
iperfosforilazione delle proteinee accumulo di aggregati che contribuiscono a innescare processi
neur oinfiammator. e neurodegenerativi. Dato il r
interessante bersaglio da studiare. In questa tesidiadttar, sono state sviluppate
competitivi per ottenere candidati promettenti che possono essere utilizzati come strumenti nelle malattie
neurodegenerative. Diversi sistemi eteroaromatici sono stati funzionalizzati per delinpprefenaire un

profilo di relazione strutturattivita (SAR). Per raggiungere I'obiettivo prefissato sono state applicate nuove
strategie basate sul metabolismo, basate su scaffold e basate sulla semplificazione molecolare.

Sintesi e cetterizzazione dierivati benzofllthiazolici:u n a s t metabosmbased i

I riluzolo (34), un farmaco approvato per la SLA, é caratterizzato da un meccanismo d'azione intricato e poco
chiaro. Ha dimostrato di ridurre gli effetti citotossici del glutammataceelello mitigando la progressione

della malattia. Il gruppo di ricerca in cui ho condotto il dottoratealaboratori di Padova, hanno postulato

in silico e dimostrato sperimentalmente un'attivita di questo candidato si €iluna 1G, di 16.1¢M. Il

riluzolo (34) ha subito un forte metabolismo epatico ed extraepatico; uno dei principali metaboliti prodotti &
l'idrossilammina che viene sottoposta a rapida glucuronoconiugazione. Pertanto, il primo scopo é rappresentato
dal raggiungimento di questo mbtdita per stabilire un legame aggiuntivo tra Ckelil riluzolo (34). Il
metabolita Nidrossilammirico (39) ha mostrato un 1§ nell'intervallo micromolare di 3% €M che concorda

con quello riportato per il riluzolo. Questo rappresentaisuitato importante poiché fornisce la convalida
dellipotesi per cui I'azione mediata da GKiuo essere uno dei meccanismi di azione esplicati dal riluzolo.
Inoltre, & stata sviluppata una serie di derifatizionalizzati per modificare il metabolisndi fase Il del
candidato approvato. Sono stati introdotti diversi tipi di catene alchiliche e arilalchiliche e la maggior parte dei
composti sintetizzati si é rivelata inattiva ad eccezione del derivato pentilico che ha registrato un‘attivita di
4.40 M (73). Inoltre, un altro punto di partenza e rappresentato dal derivato dell'idrd2)neh€, secondo

gli studi computazionali, sembra conservare la capacita di legare il bersaglio. Sorprendentemente, ha rivelato
un IGso di 3.64 €M che denota un netto migramento dell'attivita. Per delineare il profilo della relazione
strutturaattivita di questa serie, la porzione di idrazina é stata funzionalizzata con catene lineari e ramificate,
nonché gruppi arilici e arilalchilici. Tutti i composti sviluppati sheodimostrati attivi ad eccezione del
derivato etilesile e, in particolare, i candidati isopéit# benziici si sono dimostrati i migliori della serie
raggiungendo rispettivamentesi&i 0.92 98) e 162 (99). | derivatifinali sono stati caratteriati dal punto

di vista biochimico e biologico. La permeabildétraverso 18BBB utilizzandoil test BBB-PAMPA (Parallel
Artificial Membrane Permeability Assay) € stgieedettae tutti i composti sintetizzati si sono dimostrati
permeabili. Inoltre, il comportamento competitiveul'ATP e I'effetto di stabilita del legame verso il bersaglio

con TSA (Thermal Shift Assay) sono stati eseguiti per il miglior composto della serie. Per esplorare un profilo
preliminare di selettivita dei candidati, lo screening &SK3®, un'altra chinasi coinvolta nella
neurodegenerazione, e stato eseguitd péwzolo, il suo metabolita idrossilammao ei due migliori derivati;

Il metabolita Nidrossilammiico ha riportato un 16 di 23.1 €M, nello stesso intervallo per gleregistrato

per CK1l. Infine, sono stati eseguiti saggi vitro su linee cellulari di neuroblastoma (SY5Y); il test
preliminare MTT (3(4,5dimetiltiazol2-il)-2,5-difeniltetrazolio bromuro) per stabilire se i derivabno

innocui 0 menohanno evidenziato una forte tossicita per il metabolitadhbssilamminco (39). | saggi di
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neuroprotezione, condotti per composti che si sono dimostnatossiciper le cellulehanno condottadun
importante effetto del riluzolo ma contributi non positpér i migliori derivatidella serie. Pertanto, per il
riluzolo e stata effettuata un'analisi preliminare di Western Blot ma il farmaco non ha determinato una
diminuzione della fosforilazione di TD#3. In conclusione, risultati preliminari sono statieauti
somministrandail riluzolo in modelli di Drosophila che sovraesprimono TD#3: & stato osservato un
miglioramento della durata della vita delle mosche. Tuttavia, sono necessari ulteriori risultati per convalidare

tutti i dati raccolti.
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Sviluppo dipirazinetri- e tetrasostitute u na str ategi a bassmdffeldssul | dut

Uno screeningdi routine di molecole interne progettate per scopi completamente diversi ha evidenziato
I'attivita su CK1i nell'intervalloalto micromolarepertre 2amminopirazine tetraostituite recatm la 2-fluoro-
6-metilpiridina in posizione 6 & gruppo4-fluorofenil nella posizione 5. | tre composti si differenziano per la
catena alchilica introdotta in posizione 3 dalt@ffold Partendo da questi composti, divengippisono stdt

inserii nelle posizioni3 e 4 del nucleo provando diverse combinaziahfine di potenziare l'attivita verso
CK14. Alcuni precursori sintetici di deriva8-alchilici sono stati saggiati sul bersaglio rivelando cruciale la
sostituzione in posizione 5 per ottenere l'attivita. Questa ipotesi SAR é stata confermatargloliep ati
3-amminici funzionalizzati con un-#uorofenile in posizione 6: senzsostituentiin posizione 5, questi
composti non hanno riportato alcuna attivita verso &K situazione cambia introducendaruppo 4-
fluorofenilico in posizione 5 matre si inserisce un estere in posizione 3: il derivato dell'estere etilico ha
mostrato undCso di 123 eM (125. E interessante notare che I'esplorazione della posizione 5 dell'anello ha
portato a risultati promettenti: introducendo un doppio anellordfeailico in posizione-5 e -6, & stato
raggiunaundCso di 1.86 M (137) e l'attivita migliora quando la frazionefliorofenilica é stato sostit@ida
unapiridina raggiungendo WCso di 69.0 nM (L38), il miglior composto della serie. Quindi, funzadizzando

il bis-fluorofenil derivato con gruppi amminici in posizione 3 come la piperazina, si e raggiunta l'attivita di
0.86e¢M (136). Cambiando la natura del sostituente, inserendo una catena butilica in posizione 3, I'attivita
migliora (120, ICso= 0.20¢M). Dati i risultati promettenti della serie, sono state condotte indagini biochimiche
e biologiche. In primo luogo, sono state valutate le permeasiti@verso |8BB: il derivato 3piperazirico
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cosi come il composto piu potente della serieneamostrato valororderline mentre il candidat@on un
doppio fluorofenile ha mostrato una caratteristica CNS+ secondo #HBEBPA eseguito. || comportamento
ATP-competitivo e la capacita di stabilizzare il bersaglio sono stati valutati per il canplidatotente. Inoltre,

i derivati piu promettenti sono stagaggiatisu GSK®: é interessante esplorare la selettivita di questa nuova
serie verso altre chinasi. | derivatisono dimostrati inattivi su GSIR3l composti piu potenti della serie sono
stati testati su linee cellulari di neuroblastoma: si sono dimostrati innocui per le cellule nel test MTT alle
concentrazioni di 5 e 16M; nel saggio di neuroprotezione, in particolare, il derivato piu attivo ha mostrato
un effetto neuroprotettivo allaoncentrazione di EM. L'esperimento preliminare Western Blot & stato
condotto per osservare una diminuzione della fosforilazione di43kh questo caso sono stati ottenuti due
risultati contraddittori che suggeriscono la necessita di ulteriori indpgirdonfermare i risultati.
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1,3,5Triazines come inibitori di CKil: una strateqgia di semplificazione

Il derivato biciclico 5(7-ammina5-(benzilammino)1,2,4]triazolo[1,5a][1,3,5]triazir2-il)benzenl,3- diolo

(35) ha riportato ueiCsodi 0.18 ¢M su CK1il. Inoltre, si & dimostratoam citotossico nei confronti di linfociti

e delle cellule di neuroblastoma. La strategia sintetica per ottenere dérRdftriazolo[1,5a]triazirici (TT)
prevede otto passaggi e, in particolare, la ciclizzazione intramolecolare porta a basser e=@pkficare
l'approccio sintetico, & stata applicata una semplificazione molecolare funzionalizzando il nucleo 1,3,5
triazinico aprendo la possibilita di sviluppare un profilo SAR rapidapprofondito Sono stati considerati
diversi sostituentigruppi amminid sono state inseritin posizione 6 dellscaffold mantenendo i gruppi
polimetossi e idrossifendi come R collegati da urdinker di diversa dimensione e natura tra guiiddazide,

una catenaalchilica, un gruppoammini@ o ureidco. Alcuni composti della serie si sono dimostrati attivi
nell'altorangemicromolare, il migliore ha mostrato @@so di 19.6 eM (174). La sua attivita suggerisce che
si comporti piu come frammento che come inibiwoepleto; pertanto, un ibrido molecolare é stato sviluppato
fondendo | N¥benzit4,6-dicloro-1,3,5triazinr2-ammina e la 4-fluoro-1H-indazol3-ammina, molecola
eteroaromatica scoperta in un lavatiofragmentbasedpubblicato dal gruppo di ricerca che hportato
un‘attivita di 249 ¢M. L'ibrido molecolare ha determinato un miglioramento del'l(142, 3.86 £¢M)
confermando questa strategia conmeente Questa molecola e stata confermata come un initdiaC& 10
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ATP-competitivo. Inoltre, lo screening su GSKIhe permette di ottenere alcune informazioni sull'attivita
nei confronti di un‘altra chinasi coinvolta nella neurodegenerazione, ha portatdedvato inattiveu questo
target Tuttavia, nonostante la promettente permeabilita del candidato, l'indagiit® su linee cellulari di
neuroblastoma ha evidenziato una forteitta del derivato nedaggiodel'MTT. Pertanto, applicando questa
strategia, I'ottimizzazione del composto mediante la funzionalizzazione del frammentoitadazdlessere
condottaper consentire lo sviluppo di una nuova serie di inibitori.
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1. Introduction

1. Introduction

1.1 Protein Kinases

The PhD thesis focuses tiredevelopmentof ATR omp et i ti ve Casein Kinase 1 |
Kinomeis partitioned in about 20 lipid kinases and 518 proteinkin€s&s1 i i s compri sed i n
of humanProtein Kinases (PKghatareencoded ¥ 1.7% of human gese' Among clusteof PKs 478are

eukaryotic PIs (ePKs) and40are composed Hgck sequencesmilarity with ePksbuthave utknown activity

and arecalled atypical proteikinases (aPKas represented fig. 1. 123

human kinome

lipid kinases protein kinases

|
| |

atypical (aPK) eukaryotic (ePK) —

Figure 1: Human kinora subdivisionand ePK tree representation setting out kinase families that share a similarity in kinase
domain. Abbreviations are given in specific chaptér.

Depl?&msphoryiation

Figure 2: Schematic representation phosphorylation?

—
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1. Introduction

Protein kinaseare able to catalyze the phosphorylation of substrates containing serine, threonine or tyrosine
residues (Ser / Thr /-phgsphpryinoiety df adanosiné tephosphatey (ATtPhoa hydroxy
group ofa speciifc aminoacidic residue, therefore it is possible to further divideiRISer/Thr kinases and

Tyr kinaseqFig. 2).

To understand the mechanism of phosphotransfer reaction several efforts have been cauiadthatized

in the review of Wangt al °® The mechnism of this reaction can be concerted or stepwise in the associative
or dissociative kinds. The concerted one representedrial Aof Schemel involves a single transition state
metaphosphatike, in which thephosphoryl groubindsin a noncovalent manneboth nucleophile and
leaving group The associative stepwise mechanism consists in addition and elimination phases with the
formation of pentavalent phosplorane intermediatewhile the dissociative one proceeds through the
producton of nonrcovalent transition adduct with either nucleophile and monomeric metaphosptiaeene

1, Panel B). The vast majority of the ATP recruited by kinase as a cofactor in the catalytic process is Mg
bound ATP: the bivalent metaMg?* or less frequeht Mn?*, helps to stabilize the charge of tA®P
(adenosine diphosphatepving group®

Associative phosphotransfer reaction

A +
i 1 i
Nu: + 'O-P-X-R — > | Num—"Rr-=-X-R}| ——— Nu—P-0O" + X-R
(')_ 0 O o
Metaphosphate-like
Dissociative phosphotransfer reaction
B
O R @) )
5 f Nu [l
0-P-X-R P ——— Nu=P-0" * X-R
o o o o}

Schemel: Associative (Panel A) and dissociative (Panel B) phosphotransfer reactions

Theubiquitously expressn of PKs affects many physiological aspects in cells including proliferajiomyth,

and death. The capability of kinasegtuticipate in several signaling pathways with complicated and tricky
mechanisms in which a plenty of players are involved middeseproteins promising and challenging targets.
Dysregulations can lead to the development of pathological conditions such as circadian rhythm disorders,
cancer and neurodegenerative disedses.

1.1.3.Architecture ofProteinKinases

PKs have the peculiarity to share common features in their architecture; the typicedlsinicture is
composedyy N-terminallobe with five-s t r a nstieetch nfil  -leelix cdlled the chelix and Gterminal

| obe ¢ onsi-selicéesThe twio domains are ¢bnnected by the hinge region that defines the ATP
binding pocketand this site appears to be conserved in kan@presenting a limit in the design sélective

kinase inhibitorsThanks to the studies conducted by Hangs and Hunter in 1885 ieepossible to know

lots of aminoacidic sequences in kinasepeningthe possibility of elucidating key structural elements and
crucial functions of these gieins.Several structuratomponentgompose the active site kihasesandthey

are essential for the enzymatic activity. Among these features the activation loop, catalytic loop, P loop and
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C-helix mustbe mentioneilnd descripted in detail i n ttheprotdnol | ow
kinaseof interest(Fig. 3). "#°

Figure3:r epresentation of CK1U and structural key el ement
loop (yellow), Gh el i x (green), catalytic loop (red) ardildiurge
PDB code: 4HNF.

1 : the phosphatéinding loop(orange inFig. 3) is a glycinerich domainin N-terminal lobethat
is conserved in kinomanddefined with themotif Gly-X-Gly-X-X-Gly (Gly-SerGly-SerPheGly in
C K 1.Urhis loop helps to stabilize the phosphates of ATP during catafysiaminoacid of lysine
oftheRl oop t hat -sheetinINermiaal dordaifLys-38fn CK) results attractive residue
for the development foselective covalent inhibitors due to its catalytic activity targeted by an
appropriate electrophilic portioff:1+1213

1 : this loop(yellow in Fig. 3) is composed by 20 to 30 aminoacidic residstasting
from DFG motif (AspPheGly), which ishighly conservedextending to the APEluster(Ala-Pro-
Glu) inthe C-terminal lobeshaping a cleft for the location of substraithe Asp residueof DFG in
the active conforimgt iicn oafi etnh ee dandiagyporketanditisd e o
able to coordiate the magnesiumiean!l | owi ng its interactionThei th o
activation statementoutdfc&nfm@asmatciamn:s wti héatbhad toi ¢
the hinge region by blocking the catalytic activity of the enzgnegenting the binding with substrate.
In addition, in this scenario Asp and Phe of DFG motif switch roles and positions allowing Phe to
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occupy the ATFbinding sitebut someevidencesre also collected by Moeéi al about intermediate
situations betweeactivation and inactivation of kinas@sig. 4). %141516

C-helix

and "inter" as intermediate stai@range).The superposition
Phe sidechains is shown for tyrosine kinases EGFR f
(Epidermal Growth Factor Receptor)

f C-helix: this section (green ifig. 3) istheu n i g-lwekx inUN-terminal lobe of kinase. When the
enzyme assumes theiae conformation, the conserved @d included in Ghelix is able to establish
a salt bridge with a Ly32i n -stbaBdof P-loopand this interaction appears conserved in ePK family
2,8

9 Catalytic loop: (red in Fig. 3) in the C-terminal lobe is localizedhe catalytic loop of kinase
characterized by the HRD motif (HA&rg-Asp) in which the residue @afspartate plays an important
role in the reaction between the enzyme and the substrattur i ng t {preosphate group,f er
Asp deprotonates the hydroxy moiety of substrate allowing its nucleophilic attack towards ATP. In
CK1d the cat aisey tesidoes 12638 pith the conpespondingonsensusequence
DVKPDN (Asp-Val-Lys-Pro-Asp-Asn) crucial for the ATP binding?!

1 Hinge regior: (light bluein Fig. 3) is the connection between the two lobes of the kinad# defines
the ATRbindingpocket | n CK1U it i s r e peErlLdsGdMet82CGIUB3H eu84 he s ¢
Leu85Gly86). This is a key element in the architecture of the enzyme because lendw itself
housing of ATPcompetitive inhibitors. Figure 5 represents the catalytic pocket fohet
accommodation of AT”Me t 8 2, gateadepgare,d iis a parti cul ar Figesi du
3 which is a key aminacid for the accessibility at the level of catalytic motif of enzyme. Mutations
of gatekeeper residue can influerthe affinity and selectivityof small molecule inhibitors analso
drug resistance®11718
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Figure 5: representation of Cl
highlights the ATFbinding pocket of th&inase. PDB cod
4HGT, GCdtystallized aith ADP.

l2Casein Kinase 1 isoform u (CK1u)
Protein casein kinase(CK1) gets its name from the capability to phosphoryilatgtro casein (milk protein).
This enzymecomprisess even i sof or ms : and theirfiranscdpiion vadadts (E\A8l the U , 0
isoforms are expressed in humans exceptiieb o n e .  Talighyhon®lbggof kinase domains (51
98% of conserved sidues)schematically representedig. 6, while Cterminal domain results in different
lengths. e highest similarithas been reportdsie t ween i sofbrms o and U.
N-terminus kinase domain C-terminus
B CKla  32-a18k0a [
m CK1y1  4s84kpa ]
I CK1y2 730a B
B CK1y3  se4-s22k0a |
| CKIS  serzcn [N
| oKt waee [N
DT IO i mHnim e conserved amino acids

Figure 6: schematic alignment of CK1 isoforms {82.2 kDa). The light green zone represents the conserved kinase domain while
N- and Gtermini portions(dark greeniffer. 17

The seven isoforms of CK1uU are ubiquitously expr:
cytopl asm and nuc lagpaass tovbd thel beuntbntbeneicanpdnant Qi1 family.?°

The discussion wil/l b e f oencodirgd CINKLD twhsdirstly sadafed bym U
Gravestalin1993and it consists in a sequence of 1284 nuc
in different organisms and three TVs humans As shown inTable 1, sequences of human TVs appear
conserved until residug99. "*
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Tablel: Partial alignment of sequences of F81 of CK1 0.

11.

HomoSapiens TV1
(1-415)
HomoSapiens_TV2
(1-409)
HomoSapiens_TV3
(1-427)

Overthe years ev er al crystal

inhibitors. The chronological list of structures Homo Sapienis reported it able 2

Table2:cr yst al structures of CK1u
PDB code Ligands Resolution (A)
3UYS SO 2.3
4HNF 16W 2.07
4AHGT 15G 1.80
3UzP 0CK 1.94
3UYT 0CK, SQ 2.00
ATWC 37J, BOG, DMS, GOL, 170
SOy
4KBK 1QG, SQ 2.10
4KBC 1QJ, EDO, S® 1.98
4KBA 1QM, SG& 1.98
4KB8 10N, 1QO0, S® 1.95
5MQV D5Q, S& 2.15
50KT 9XK, ACT, GOL, SQ 2.13
6GZM CIT, GOL, LCI 1.59
6RU8 ADP, EDO, NA, SQ 1.92
6RU7 ADP, EDO, NA 2.08
6RUG ADP, EDO, NA, SQ 2.05
TPTF ADN, AMP, EDO, SQ 1.96
7P7G AMP, CIT, EDO 1.70
7P7H AMP 2.40
6RCG EDO, KOE 1.40
6RGH EDO, KOE, NA, SQ 1.45
4TN6 PFO, SQ 2.41
CK1 is regulated byther proteinkinases: it i s

R e s i -890)are highlmgintes & ryellvd Adgpted/ by ref.

RLHRGAPVNISSSDLTGRQDTSRMSTSRSIPFEHHGK

RLHRGAPVNISSSDLTGRQDTSRMSTSIRGRVASSGLQSVVHR------------

RLHRGAPVNISSSDLTGRQDTSRMSTSRSRDMASLRIHAARQGTRCRPQRPRRTY

st r uct wndecscrystallized@ikh ligand$ ande e

cAMP-dependent protein kinase (PKA), CBCi k e

PKA was found to phosphorylaia vitro andin vivo Ser3700 f

the phosphorylation of substratéRegarihgt h e

functions included intracellular traffici n g ,

mo d u |

n

chronol ogical order:

Year
2012
2012
2012
2012
2012

2012

2013

2013

2013

2013

2017

2018

2018

2020

2020

2020

2022

2022

2022
To be published
To bepublished
To be published

CK1u and

ation of

Reference
21

21
22
21
21

23

24
24
24
24
25
26
27
28
28
28
29
29
29

PDB

de mon st rcan beghosphbrdated by h e

nase 2 (CLK2), protein

the resul t
i sof or m Bndcoivarkers fenee deportediithe k i e
interaction with protein 18-3. 143-3 is an important member that can regulate several physiological

cel | cycl e

phosphorylated by the just discussed protein determining the modulation of different cellular fudttions.

Interestingly, itis well knownthatkC1 G and

U

ar e

| es s a-tetminal éomarhoecsr
and he autophosphorylation of these kinases is an important regulation mechanism studiedibotand

t h

in vivo. Maintenance of dephosphorylation statuas detecteéh vivo. This evidence suggests that kinases
consume ATP in this cycle decreasing their activity confirming the key role of protein phosphatases in the
modulation of kinases? CK1 is able to intercalate in several processes and, as reported, can take action

downstream of other kinases preferring-ph®sphorylatetiegativechargedsubstrates bearing tkensensus

(
\
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1. Introduction

sequence pS/pX-X-S*/T* in which S*/T* representheamino acidargetof phosphorylationNevertheless,
non-canonical motif such as-ISS have found to be phosphorylatedwiell-known substrates including
nuclear factor of activatedd@ e | | s ( N-Eafedinwha@sasignabing pathway is discussed in the following
chapter.®2 Other phosphorylation clusters have been reppffiedexample sequence KMR-K/R-X-X-S/T
suggesting that, despite the ability to phosphorylate primed substrates, CKlifaatilg to phosphorylate
alsounprimed substrate®3*

CK1lUu results a@incpitismpliessli ngséwaegak signal i ngatapnat hway
Hedgehog, Hippo andp3 pathwaysthusplayingan importantole in the setting of physiological functions.

Its deregulation can lead to the development of several diseases such as circadian rhyths) disweeand
neurodegenerative pathologicainditions.

1.3.Cellular signaling pathwayand development of cancer

Upstream of the development of a disease there is a deregulation of a biochemical pathway and to describe the
significant role of Casein Kinase, Wn t -¢afenin, Hippp Hedgehogand p53 signaling pathways are

di scussed in following chapter to understand the
cancers as well as the complexity of interconnections bettegarious membensnpliedin thesepathways.

It appears clear that inhibitors of this target can be useful as tools for the investigation of cancer conditions.

1.3.1.Wn t -¢afenin signaling pathway

Wnt name of th&Vn t -¢afenin signaling pathwagkes t s name f r ovngldsthe desé oanod
for Drosophilas e g me n t p dntegrateidbt, y t ehred vie r t3eamdcentroés lots of rnioldgicad)

and physiological functionand it is firely regulated The crucial role of the perfect coordination of this
pathway is reflected in several features including organogenesis, cell determinatidhe aratulation of

primary axis formation®® The aberrant counterpart of this pathwaylddead to the development of several
pathological conditionsthe first connection between the deregulation and the development of diseases was
discovered in 1990s: the gene encoded for Adenomatous Polyposis Coli (APC) has been traced back to the
occurrere of familial adenomatous polyposis, a type of cantéf.Mutations at the ke e | -catdnin §ene

could determine a wide range of tumors including hepatocellular carcinoma, colon cancer, melanoma and
sebaceous skin cancét39404142 \Wnt signaling pathway can be divided into canonical andaamonical in

relation to theb-catenindependence? In the canonical oné¢hepresencef Wntsignalthat binds thérizzled

(Fzd) receptor andlipoprotein RecepteRelated RP) co-recepta determines the turning on of the pathway.

43 The signaleads tathe intracellularphosphorylation of LRP& its PPPSPxS motly CK1 and GSK3f
members of the Axin complexc S K 3rfediatedphosphorylatioris the primaryeventin the pathwaythat
primesCK1 to phosphorylatéhe S (serinein the PPPSPx3notif of LRP6.444° The double phosphorylation

of LRP6 generates the docking site fortheéreci t ment of t he Axin complex cal
members are Axi n, U~aRGhe inda&ighdbDisbenetled @dtelns that move from the
plasma membran&*® Thisprovides he st abi |l i zation of the A-xgatenr com
that translocates at the léwaf nucleusbinding several transcription factonscluding TCF/LEF (TFcells
factors/lymphoid enhancer factor), TBX5-bx transcription factor 5) and HHE U (- h ynguoiblei faator

1 U%Intheabsence f Wnt sicanaln,i nt tecbhbuited by the fdisrup
Ser4d 5 by CK1U33aSed7 andriThdSle rby GSK3b det er mi Tiansducini t s r
Repeat Containing E3 Ubiquitirétein Ligase catalyzing the polyubiquitylatianSer19. The catalysis of

this reaction pr o nrcpténs bytthe erossome systedr&*¥*%°° dhre camdnicabWnt

signaling pathway discussed above in its activation and inactivation phases is represeéigted iBven if

the isoform U pHepaphwaytalsoehe other isoformedf @asein iKinase are involved; LRP6

( )
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is phosphorylated by CK1lo with a positive regul at
and complicated regulatioH°™®21 n addi ti on, ®&adctvatea bydWniGigrialiradacingit in

the phosphorylation of Axin complex in several sites determining the disruption of the complex and,
consequent | y, -tateenedeaifjthesignalingpatmwaydsf héd acti ve mode. Ck
a rol e i n t h-eatesintlabhks tb thezaatipn obDDX30(RNA belicase) recruited during the Wnt
activation and this isoform is able to phosphoryl
caten | n .17,51,53,54

The noncanonical Wripathway is defined s -cafenin independent. Wnt signal, in this casan bind

Frizzled receptor recruiting Dishevelled. Through an inhibitory effect on DAAM1 (Dishvelled Associated
Activator of Morphogenesis 1), Dvl receptor affects the GPTase Rho determining the attdfaROCK

(Rho kinase) and JNKc-Jun Nterminal kinase)leading to the rearrangement of cytoskeleton and
transcriptional respons&>°%57 The same response of Wnt signal just described is also given by the triggering
of phospholipase C activity via Frizd&PCRmediated G-protein coupled receptermediated)the result is
provided by the relase of intracellular calciurf®®%°F i nal |y, isoforms G and U
positive regulation of noganonical Wnt pathway phosphorylating DYRishvelled)and, thus, providing the
activation of Rho/JNK cascadg?5354

l QA BIRWVMEKY K LYKAOAMSRY P VA Y 3

Frizzled LRP I m Frizzled

Dishevelled CKla
J N
{ GSK—SB): B-Catenin HP)

" \ L

Axln ‘..‘.
( Bcalenml O
o

=
l\ﬂ- CElEI'IIn/, _

mediated
proteclysis

F

B-Cateni “_/'

Figure 7: representation of activated and inhibited WWignaling pathway. In the presence of Wnt signal (activated pathwa
Axin complex is stabilized determining the accumulationtamda n s | o ecaténin atthe level offmucleus switching on the
transcription. Without Wnt signal (inhibited -pateninfiTheynag
is created usin@ioRender

1.3.2.Hippo pathway

Hippo pathway is involved in several processes including the modulation of cell proliferation and apoptosis.
51 Deregulation of this finely regulated system can lead to the development of pathological cormaiifiarhec

several types of cancefhe signaling pathway starts with tpp@osphoriation of large tumor suppressor
LATS1/2 bymammaliarSte20-like kinase MST1/2, ortholog of Drosophila Hippdhelped by adaptor protein
Salvador WW45) and MOB kinase activator 1 A/B (MOB1A/B)LATS1/2 is able to phosphorylate YAP
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(Yes-associate protein) and TAZ (Tafazzin protein) and this event triggers the inhibition of YAP/TAZ leading

to the failure of nuclear interaction with the targets TEAD (TEA domain) which is a transcription factor and
SMAD (SMA/mothers against decapentaplegic) determiningptiesphodegromediateddegradationof
YAP/TAZ.175283%4T he just described mechanism is applied w
in this way the nuclear transcriptian cyclin E and diapl, celtycle and death regulatoiis,locked.C K 1 U

and U are found as msndeuthepareoableto domrol bevepapsteps pfatte pathaay.
LATS phosphorylates on S881 TAZ protein, and this is considered as a trig event for thaC K 1 & / U
mediated phosphorylation of phosphodegron of TAZ protein providing its degradation as a result. In addition
the TAZ phosphorylationonS& 11 caused by the isoform U has prov
the ubiquitylatim of TAZ. 16255 Moreover, Xuet al. reporeda possible connection between Higoal Wnt

pathway providing an idea of the complexity of interactions and concatenations between several members
and effectors of pathwayig vivo. MST1/2 can bind CK1U preventing
determining t-taeninphtlovayk of Wnt / b

1.3.3.Hedgdnog pathway

The Hedgehog pathway medominant in child organism smits role in the organogenesigile in adults it
isimportantin renewing of epithelia of internal organs. Deregulations associated with this pathway can lead
to the development of several cancer types including bafiatarcinoma, medulloblastomas, gliomas and
gastrointestinal and prostate canc&f’686%70 Upstream of the pathway there is the activation of PTCH
(membrane receptor Patched) by three Hh ligaBdsic Hedgehog (Shh), Indian Hedgehog (Ihh) and Desert
Hedgehog (Dhh). When ligands are absent, PTCH inhibits the activitpads membrane smoothened (SMO)
blocking the signal transmission at the level of nucleus via glassaciated oncogene transmission factors
GLI1, GLI2, GLI3.Consequently P KA, GSK3b and CK1 are able to pho
available forthe proteolytic degradatioby suppressing the activity of SURdJuppressor of fusedpene
negative regulator of Hedgehog pathwiioreover, SUFU prevents the activation of Hh genes by binding

GLI in cytoplasm and nucleu¥:”* Whenthiscascade s i n t he fAono modality, ir
PTCH leading to the release 8MO and then activation of GLI factors that translocate at the nuclear level to
start thetranscriptionas reported iffig. 8.1 nt er est i ngly, a cruci alverol e

been proved by examining thegsphorylation of GiL55 of an homologn Drosophilaof GLI2 and GLI3 that
has resulted the trigger event for the successive degradation of transcription factors and CK1 is also involved
in the positive regulation of SM®: 73747576

34

—
| —



1. Introduction

Off On

SMO

TN
— @

"y
lii ”ﬂlﬂfﬂ”

SMO BTCH |
oo, ¥ - ~— Primary cillium
(_SUFU ) —( G2
T Axoneme
(Pra)
il
("suru’) l

- e

4¢ e

.;_;_f'c.
Hh target LR
genes OFF

Protein
Gli3R degradation

Figure 8: Hedgehog pathway: when | igands are absent, GL I
of ligand, GLI factors can translocate at nuclear level activating the gene transcriptiGimage created usinBioRender

1.3.4.The response in DNA damage

Tumor suppressor protein p53 is an important member in the regulation of tissue integrity preventing cell
damages and proliferation of cells that can lead to the development of cancerogenic coffditienkevels

of p53 are finely regulated but, after various stimuli, the increase of activation is ref@mvedal functions

are associated to p53ncluding apoptosis, autophagy and the repairment of yAegulating lots of
transcription factors’’ The regulation of this key effector is carried out by MDM2 (murine double minute
clone 2) via negative feedback: p53 is able to activate MDM2 that establishes the ubiquitylation of p53
maintaining basal levels in a physiologicahdition.”® Moreover, MDM2 acts with an argipoptotic role by
switching E2F1 from negative to a positive regulator of the progression of cell cycle. Subjected to a stress
condition tha determines a damage at the level of DNA, p53 inhibits MDM2 but the activity of this effector
depends also to its phosphorylation state kinases mediafEus suggests that several signaling pathways

can modulate p53/MDM2 regulation | nt er esti ngly, CK1 isoforms U,
in response to a DNAadma g e , carpliodphiorylate p53 at the level of T8 and Sef0 determining the
impairment of the interaction with MDM2 and providing the binding with p300 resulting in the final activation

of p53. Neverthelessinder physiological conditions,s of or ms & and U are abl e a
MDMZ2 by phosphorylating several residues suggesting a crucial role of CK1 in the regulation of this signaling
pathway.”®

All the described pathways are involved in the development of several cancer dibeasesppears evident
the important role of Casel{inase 1 that results a promising target for its multifaceted features.

1.4.Circadian rhythm disorders

Circadian rhythm involves all the processes included in the daily setup of cells and their functionami24
deregulation of these factors cande® the development of sleeping problems, metatltiieasesand
neurological disorders. In this scenario, the main characters ar¢HEHERL and PER2period proteinsand
CRY (CRY1 and CRY2)proteins whose expression levels are finely regulated indmpendent manner

35

—
| —



1. Introduction

during the day. These effectors can interact with CLERBKALI -responsive circadian gene transcription
regulating themselves expression at the nuclear I€&/&.1 0 d e t e mhibitioneofthe ttrdnscription

process by reducing the binding affinity of CLOGMALI on DNA but it is also implied in the
phosphoryl ation of PER and in degradation of this
action.''® The CKtmediated phosphorylation is explicated at the level of Casein Kinase Binding Domain
(CKBD) that resulted conserved in PER proteins. Between the CKBD site there are two important domains:

Degron and FASP and they are cruéalthe regulation of circadian rhythm functiofT he i sof or ms
U can establish a bal ance betduetetheisbferq prefetemdfisien and
this equilibrium is called #fplFig.8 p h@Kslwii tpchhoods.p hlonr yplae

|l eading to iTrCPdengdacdatidomhbl|l e the U isoform pref
against the polyubiquitgtion.3*

Figure9: representation of the role of CK1d and CK1U0 in
and FASP domains, respectively. The two isoforms can balance their effects in the modulation of PER, the main cha
developrant of circadian rhythm disorder¥

1.5.Neurodegenerate diseaseand the role of CK1

CK 1i8 involved in neurodegenerative diseases and results an appealing target to inviestitjate
development ofpossible candidates for the treatment of these pathological conditions since the poorly
commercial results in which the drugs are limited and often directed to treat only symiphignsnase is

i mplicated in the pathogdd®me Kkiinnswfn 64| ah siermsred § PMDi) s
Lateral Sclerosis (ALS).

151A1 zhei mer 6s di sease

The disease of Alzheimer is a neurodegenerative disorder characterized by the occumdenwnté The

familial AD is linked by mutations at the levefithe amyloid precursor or presenilin genes but also the causes
unknown sporadic AD is widely spread all over the world; it is complicated to establish the origin of this

di seasebds type since there are | odrmthedevelbpmentobthes an.
pathological conditior®! AD is characterized by the occurrence of memory deficits, cogritidedanguage
impairments andconsequentlythe failure in daily activities®?®® Hallmarks of this disease comprise the
formation at the microscaplevel of senile plaques composed by the aggregation and the accumulation of
Amy | o A @ pefitide(and neurofibrillary tangl¢slFTs)that are the result of the hypegsphorylation of

Tau pr adcanpaniedbyeuronal loss and the insurgence of a neuroinflammatory (Fapesd. &
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