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Abstract

4EA EAAT OEEZEAAOQOEITT 1T &£ POl OAET EET AOGA #+p EOI £ Oi
AT A POT COAOGOETT 1T &£# OAOAOA PAOET CATEA AEOI OAAOO ¢
sclerosis, familial advanced sleep phase syndrome, and cancer hdi@matically increased

interest in small molecule inhibitors for both therapeutic approaches andbasic research.

#1171 OANOGAT 61 Uh OAlI AAGEOA #+py ETEEAEOI OO EAOA AA
past decade. However, the existence of further fivevolutionary conserved human CK1 isoforms

that possess similar, different, or even opposite physiological and pathophysiological
implications renders the design of suitable candidates enormously complicated. Especially

EECEI U OAl AOAA # repainHEifidultBd Gidciiningte aAd hAve therefore often

been reported as redundant, rather by means of missing evidence.

The present study reports onin silico design, synthesis, and biological evaluation of novel and
optimized 4,5diaryl-imidazoles as mtent dual-specific ATRcompetitive inhibitors of CK1
EOI £ O 6 7 AT A RrR A Gactivatkd proteih Rinag ol fact, mesOprapniing
candidate 191 is among the most effective CK1 inhibitors published to date withralCsp value in
the low single-digit nanomolar range and good selectivity in a panel 0821 protein kinases.
Although its physicochemical properties require further optimization, acceptable efficacy in
different human cancer cell lines has been observed. Consequentl@l holds the potential to
serve as an important biological tool for pharmacological evaluation of CKdependent activity

such as in stem cell applications

Apart from 191, molecular modelingaided approaches led to structurally divergent but highly

potent inhibitors that have been designed in order to enhance specificity. Among the most
promising candidates,224 represented a creativeempirically generated molecule while 266

has been obtained by hybrid synthesis utilizing fragments from known compoundshat

exhibited suitable properties. Although significant impact on specificity has unfortunately not

been examined, carystallization of 191,224, and266 x EOE #+p)1 AT A DPoyy OAOA

structure-activity relationship insights that will surely prove beneficial for future attempts.






Kurzzusammenfassung

Die Identifikaton AAO 00T OAET +ET AOA #+p )OI £ Oi 1 Al O AE

Entwicklung und Progression schwerwiegender pathogener Stérungen wie der Alzheimer
Erkrankung, de amyotrophen Lateralsklerose, des familiaren vorverlagerten Schlafphasen
Syndroms und Krebs hat die Kinase zu einem attraktiven Target sowohl fir therapeutische

Aspekte, als auch fur Grundlagenforschung gemacht. Es ist daher kaum verwunderlich, dass die

BAOOOAAOI CAT EET OEAEOI EAE OAI AEOEOAO 1T EAAAOITI /

vergangenen Dekade kontinuierlich zugenommen haben. Allerdings ist die Entwicklung
derartiger Hemmestoffe durch die Existenz weiterer flinf evolutionar konservierter humaner CK1
Isoformen mit zum Teil ahnlicher, unterschiedlicher, oder sogar gegensatzlicher physiologtser

und pathophysiologischer Bedeutung erheblich erschwert. Insbesondere die hochkonservierten

) O &£ oi AT 7 OT A R OEIT A AEO EAOOA AOOAE EI AETA

wurden daher in verschiedenen Zusammenhangen als redundant klassifizt, ohne dass jedoch

ausreichend Evidenz fur diese Annahme geliefert werden konnte.

Die vorliegende Arbeit beschreibt dasn silico basierte Design, die Synthese und die biologische
Charakterisierung neuer und optimierter 4,5Diaryl-imidazole als potenteund dualspezifische
ATPET | DPAOEOEOA )T EEAEOI OAT AAO #+p ) Gdktseren Al
Protein Kinase. Tatsachlich handelt es sich bei der vielversprechendsten Verbinduh§1 um
einen der potentesten CK1 Hemmstoffe die bis heute plitiert werden konnten. Der Inhibitor
weist eine halbmaximale Hemmkonzentration im niedrigen einstelligen nanomolaren Bereich
auf, zeigt gute Selektivitat iber 321 Protein Kinasen und ist biologisch aktiv in verschiedenen
humanen Tumorzelllinien, obwohl séne physikochemischen Eigenschaften sicherlich noch e
terer Optimierung bedurfen. 191 besitzt somit das Potential als biologisches Tool in der for
schreitenden Untersuchung der pharmakologischen Bedeutung der CK1 entscheidend Beitrag zu

leisten, gerade imHinblick auf die zunehmende Anwendung Stammzebasierter Testsysteme

Abgesehen vonl191 konnten mit Hilfe computergestitzter Verfahren (Molecular Modelling)
weitere strukturell unterschiedliche und hochpotente Inhibitoren mit dem Ziel einer Erh6hung

der Spezifitdt entwickelt werden, von denen insbesondere zwei herausstachen: wahrer&®4

ein kreativ-empirisch designtes Molekiil darstellt, wurde266 durch Fragmentbasierte Hybrid-
Synthese dargestellt, wobei auf Teilstrukturen bekannter Verbindungen mit entspechend
gewilnschten Eigenschaften zuriickgegriffen wurde. Obgleich letztendlich keine signifikante
Steigerung der Selektivitat erzielt werden konnte, wurden durch KeXristallisation von 191,
224und2661 EO AAO #+py) OT A AAO bPo yyktuEWikkgdeisbung O A

aufgedeckt, die sich fraglos fir zukiinftige Bestrebungen als hilfreich erweisen werden.
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Introduction |1

1 Introduction

1.1 Protein Phosphorylation and Protein Kinases

Reversible phosphorylation is one of the most important postranslational modifications of
proteins and correspondsto the transfer ofa phosphate grouponto specific amino acid hydroxyl
moieties by covalent attachment Enzymesthat catalyze phosphate transfer reactions are e-
ferred to askinases and phosphatases. Protein kinas€PK) mediate r-phosphate transfer from
their cofactors adenosine or guanidine triphosphate (ATP, GTP) to serine and threonine
(Ser/Thr -specific kinases)or tyrosine residues (Tyr-specific kinases) Several so-called duat
specific kinases have been reported to phosphorylate all three residuéd. In contrast, cleavage

of amino acidphosphate esters is atalyzed by protein phosphatase&4.

Phosphorylation of target proteins modifies protein function, stability, and localization either by
induction of conformational rearrangement or activation and inactivaton of protein interaction
sitest. Consequently, reversible phosphorylation displays a crucial mechanism in most signal
transduction cascades in eukaryotic cells, includingg.g. metabolism, survival and apoptosis,
transcription, proliferation, and differentiation®5. Due to their physiological relevance, mosPK
act as menbers in highly regulated signaling networks of kinases and other effectord/utation
and deregulation are closely related to numerous pathopfsiological events and diseasesuch
as tumorigenesis, inflammation central nervous system (CNS) disorders, paicardiovascular
diseases, and complicatios of diabetes and osteoporosks PK have therefore become one of the

most intensively pursued targets in pharmacologicatesearch over thelast decade$?’.

518 PK are encoded in the human genome, nearl2 % of all genes,which account for phcs-
phorylation of at least30 % of the human proteomés. According to sequence analysishe hu-
man kinome is subdivided into seven distinct groupsthough the focus of the current disseg-

tion has been set to CK1 superfamil¢Figure 1).
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—E TTBK1
TTBK2 CK1§
CK1e

CK1la
_E CK1a2

CK1y2

— CK1y1

VRK3 L— ck1y3
VRK2

Figure 1 | The human kinome . Human kinases are subdividedinto seven distinct groups:
AGC= containing PKA, PKG, PKC families; CAMkKcalcium/calmodulin-dependent protein kinase;
CK1l=formerly known as casein kinase 1; CMG€containing Cdk, MAPK, GSK3, CLK families;
STE=homologs of yeast sterile 7, steite 11, sterile 20 Kkinases; TK=tyrosine Kkinases;
TKL = tyrosine kinase-like. Obviously, CK1 and CK (black arrow) family members are nonrelated.
The phylogenetic tree is taken fromMANNING et al.5. The dendrogram (right) is made in accordance

to the same publication.
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1.2 00T OAET +ET AOA #+p)

In 1969 two distinct liver enzymes were amongst the firstPK described in literature, refemred to
as casein kinases 1 and ®ith respect to their ability to phosphorylate caseinin vitro. Several
years later, in the early 1970s, the casein kinas@seudo familyo was supplemented by a third
member, the Golgi casein kinase (GK) which is in fact the onlyone of these phosphorylating
caseinin vivo. Consideringthis confusing situation,it was decided in 1994 to rename the pseudo
casein kinases in accordance to their acronym® protein kinases CK1 and CKIt is further
noteworthy that the enzymes formerly known as casein kinasesepresent phylogenetically non
related proteins which primarily share their ability to phosphorylate caseinin vitro. While CK1
and CK2 represent @tinct families, GCK hasrecently been identified as a member of the

atypical Fam20C (family with sequence simildaty 20C) protein kinase familys:.

3ET AA OEAT h OE@ AEOOET AO CATAO AT AT AET ¢ EOI Al
identified. These isoforms, together with tleir closest relatives tau tubulin kinases 1 (TTBK1)

and 2 (TTBK2) and vacciia-related kinases 13 (VRKZX3), represent one of the seven groups

(CK1) of the human kinome Figure 1). Another isofoOi A£O0T I OEA AT GEfwelhas AOAET

diverse splice variants(transcription variants, TV) add to the diversity of this family5.%11,

The CK1 family members represent evolutiong highly conserved monomeric Ser/Thrspecific
protein kinases with sequence homology referred to the catalytic domain of at least B4
amongst CK1 isoforms and lesthan 21 % towards other members of the Ser/Tr kinase supe-
family1l. Significant differencesbetween CK1 isoformsare length and primary structure of the
non-catalytic but regulatory carboxyl-terminal domains leading to molecular weights ranging
from37E$ A | # + pH $JA Ol #2uThe kighest consensus within the CK1 family display
EOI £ Oi 6 7 AT A Rr% seduénée identitpd thelr Eadalytic @aains andat least

40 % of their C-termini 91113,

CKImediated phosphorylation is generally second messenger independerdnd exclusively
relies on ATP as a csubstratel2. Early studies also suggested CK1 isoforms to be duspecific
kinases but it still remains undefined which isoforms are actually able toadditionally

phosphorylate tyrosine residues orwhether they are able todo soat allt1.12,

In detail, two transcription variants (TV1, TV2) have been identified fothe# + p E OT &£l Ol
CSNK1Dhat hasbeen mapped to chromosome 1792815, Although these variantsinclude iden-

tical small Niterminal regions (eight amino acids) and kinase domains (286 amino acids), e

C
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exclusively differ in the length of their Gtermini, leading to transcripts of 415 (TV1) and 409
(TV2) amino acids with molecular weights of 47.2 kDand 46.7 kDa respectively(Figure 2)°.

N-Terminus I Kinase Domain
[ T >
CK13d TVl MELRVGN ik
CK1d TV2 MELRVGN. T

CKle MELRVGN S

*******:******************::**:***********************:*****

CK13d TVl
CK13d TV2
CKle

******:'k:**‘k'k‘X**'k'k'k‘k**'k*'k*****‘k*'k'k**************************

DFG motif KHD
| | 1

CK1d TVl
CK13d TV2
CKle

EEXERXEEEEREEEEREEEEEEEEEEEEREEEXEREEEERERXEEXEEEETERETXEEXEX XXX

SIN motif NLS

| —| 1
CK1d TVl
CK13d TV2
CKle

EEXXRXEEEEXEREEEXEEREEEEREEEEEEREEETLEE X EXEXEREXEEEELEERREEELERELEXNERXE XY

Kinase Domain lC-Terminus
T

CK1d TVl GASRA
CK1&d TV2 GASRA
CKle GAARN

’k*'k'k‘k'k**:*‘k*'k*******'k*****‘k*‘k*‘k***********************‘k**:'k
CK13d TVl ADDAERERRDR--EERLRHSRNPATRGLPSTA-———- SGRLRGTQEVAPPTPLTPTSHTA
CK13d TV2 ADDAERERRDR--EERLRHSRNPATRGLPSTA---—-- SGRLRGTQEVAPPTPLTPTSHTA
CKle PEDVDRERREHEREERMGQLRGSATRALPPGPPTGATANRLRSAAEPVASTPASRIQPAG

ek skkkXxo o Xkks 3 X% k% k% e k%x%k .+ % E2 SRR

CK1d TVl NTSPRPVSGMERERKVSMRLHRGAPVNISSSDLTGRQDTSRMSTSQIPGRVASSGLQSVV
CK1ld TV2 NTSPRPVSGMERERKVSMRLHRGAPVNISSSDLTGRQDTSRMSTSQNSIPFEHHGK-—-—-
CKle NTSPRAISRVDRERKVSMRLHRGAPANVSSSDLTGRQEVSRIPASQTSVPFDHLGK-———

Xkkk%k :* ::**************.*:*********:'*'k: :** *

CK1d TVl HR
CK1d TV2 RS
CKle -

Figure 2s 3ANOAT AA AT ECI i AT O 1 &£ EOI Al #+p) .TReADGRREDOET 1
N-terminal domain consists of amino acids 18, followed by the kinasedomain (286 amino acids).

Identical residues within the kinase domain are highlighted in green, different residues in yellow.

The non-conserved GOAOI ET Al ATTAET O 1T &£ #+p) 46pT4a6¢ AT A #+pR
sequences. The alignment was generated by @tal Omegds OOET ¢ OOAT OAOEDO OANOAT A/
TV1 (Gene Bank AAH035581Qh # + p) 46¢ " AT A p T EAT A

EAT A" -#pttipcrp pB' AT A
ABM64212.1). For abbreviations DFG, KHDSIN,NLS cp.chapter 1.2.
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1.2.1 # + pKinase Domain Structure

# OUOOAT OOOOAOOOAO 1T £ #+p1 OET x toO&lkroténkbasdsAl AET
(Figure 3): the smaller N-terminal and thelarger Gterminal domains (obes) are connected by a

linker loop, the sacalled hinge region. This linker isincluded in a CKispecific sequence mot

and contains the highly conserved Gly86 which is suggested to be crucial for domain flexibility.

The nucleotide-binding site is positioned adjacent to the hinge whin the cleft between both

lobesit17.18,

bridging strands one andtwo. The Rloop forms the ceiling of the ATPbinding region?s.

&1 00 PO ETAT GEAAIEGRBAQAIHARI L %uh 4 (h 1) Q-lofBRO OD
Al i1 ol Al AT OAA AU Al ADPDPOI @Ei AOAT U OAOOEAATI EAIEO®D
Oi AIGE A/A 00w @ngd the T-loop (L-9D), L-EF, and L-HI. Two phosphate moiety-binding

sites (W1, W2)have been identified within this lobe (Figure 3). Both sites are located easily

accessible on the protein surface within hydrogn bonding distance taresidues Argl78, Gly215,

Lys224 (W1) and Ag157, Lys154 (W2), respectively.1s,

The highly flexible loop LEF adjacent to W1 contains a putative nuclear localization signal
(NLS) sequence at the juA O E T T whih is cprn&erved in CKE OT &1 O | rROAnother Anbtifk
within this loop is reportedly unique to the CK1 family7.19. Further optional phosphorylation
sites are situated in close proximity tothe regulatory T-loop. Especially Thrl61 andThrl74 are

likely targets for reversible phosphorylation as being egosed on the sufacet’.18,

In # + pthe T-loop is the equivalent of the secalled activation-loop (A-loop) in other protein
kinases where it is Icated between the conserved DFGand APE (Ala, ProGlu) motifs18
Interestingly, all CK1 family memberslack the APEconsensus sequencé. The appropriate
OOE DI A Othdadh witheupepuivalent functionality, is SINe within a CK1-specific sequence
motif ranging from the end ofthe T-loopT OAO 4 $ Al Gonfé@rhatidnal reavsangement
of the T-loop regulates subgrate access to the active site An additional important motif
included in the T-loop is a conserved kinesin homology domain (KHipthat is usually part of the

head regions of microtubule motor poteins1s.20,

aleu84, Leu85, Gly86, Pro87, Ser88, Leu89, Glu90, Asp91, Leu92, Plie®ige motif)

b Thr220, Lys221, Arg222, GIn223, Lys224, Tyr225 (NLS)

cSer210 Leu211,Pro212, Trp213, GIn214, Gly215, Leu216, Lys217, Ala218 (CK1L-EFfamily motif)

d Asp194, Phe195, Gly151 (DFG

e Serl181-lle-Asn183 (SIN within CK1-specific Thr184, His, Leu, Gly, lle, Glu, GIn, Ser, Arg, Arg, Asp, Asp, Leu, Glul97
f His164, lle165, Pro166, Tyr167, Arg168 (KHD)
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5Di 1T AOUOOAI T EUAQGETTh ETITAEI AOE dihdifaiioh dofnaid # +p )
AAT AA OOCCAOOAA ETAI OAET ¢ OAORIGO Al EAG xAMHA OA (
L-12 and L-x ¢ h  E AdncEtige hinge (chapter 1.2.3, Figure 8). Whether homodimers are of

any importancefor in vivosettings still has to be investigated.17.2%,

Figure 3s 3 0O0OOAO0OOO0OAT DOAOGAT OAGEIT 1T | e X&) and @termibadt lodeOA AT 1 Al

(blue) are connected by the hinge region (yellow). The nucleotide bindingite (not occupied) lies
within the cleft between the domains. Indicated by arrows are the kinesin homology domain (KHD)
and the nuclear localizaton signal (NLS).The significance of the DFEAsp, Phe, Gly)motif for
#+p) EAO 110 AAAT ThA Aoddnolatiréd iA Adaplell drémxu et al.18 and LONGENECKER
etall’s 4EA EECOOA OAAEAOO OHuakcetpal. (PERBtbOMAGHPEUAOET T AU
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In the absence of ATR* + premains in a@losed conformatiom Consequently, a slight rotation
of the N-lobe is necessary to gain access the catalytic cleft for nucleotide binding!?. According
to the pharmacophore model byTRAXLERand FURETthe ATP-pocket of protein kinasesought to
be subdivided into threedistinct regions which mediate ATRbinding (Figure 4): first, the pre-
dominantly hydrophobic adenine-binding region (AB), supporting two hydrogen bonds
(H-bonds) between hinge residues and the adenine moietysecond, thehydrophilic sugarpocket
(SB and third, the solvent-exposed and less conserveghosphate-binding region (PB). Adjacent
to these two non-conserved hydrophobic regions offer potential for the design of selec&vATR
competitive inhibitors: the hydrophobic pocket | (HPI, selectivity pockel and the olvent-
exposed hydrophobic region Il HRII, affinity pockef. HPI is lined by the gatekeeperresidue
i - AOyc¢ Bihich#lows)odprohibits access to this cavity. EspeciallydPlis occupied by

many potent kinase inhibitors®.23,

HPI
CH
er | 3
S
AB PB
N
\w \é)/o___” O@
~

HO OH |
1
T HRII Q
NH,
Asnqa3
Figure 4 | ATP-AET AET ¢ |1 T AAThE tepregsentation is in accordance with crystallization

results of CKil and magnesiumATP complex (PDB code 1CSN) and the pharmacophore model by
TRAXLER and FURET. For clarity,ater molecules are left out7.18.23,

Crystallization of yeast CKthomolog CKil with ATP and magnesium b}u et al. revealed the
exactnucleotide-binding mode for CK1 that is in e with the pharmacophore models. In detail,

two H-bonds areformed with hinge residues Asp86 (GIU83E T  # + p 1 Qn H\bAnkl Aohaie® A

by the adenine aminogroup while Leus88 (Leu85ET #+p1 qQ A&l O O wddskth® AAT T A
adenine Nlatom. N7 interacts with CKil via watermediated H-AT T AO xEOE ! OEAA
d Ovu "1 0Ovg ET '#1+Guq Efiguke 34p)hTheawiboge hydroxyl moieties

form one direct bond towards Lgx ! OPpouv ! OPpoc¢ -MEddiated optacd AT A x



8|Introduction

towards L-5B 3 A0wp | 3AOuagd tET OBtwp1j ! OP , Kgure & 1B). Rioop 3

rAROEAOAO 3AO0c¢ch "l Ucgt PBhApA AEBAARI Dig,.cWED ¢y #B1p ) #14h,
L-67, UOpoo |, UO0pon EI #+p1qQ DAOOEAEDPAOA ET OOAAE
i AcT AGEOI EIT1T EO Al APbAipAddphdtes And cobrdinkted by 167 Asnl136

i ! Ol poo  HAglre 399 )

O Glu55

Asp94

Figure 5 | Detailed ATP-binding mode in CKil . Direct and watermediated contacts between CKil
and ATP adenine (A), ribose (B), and magnesiuphosphate moiety (C). Interactions were modeled
according to XUet al. (PDP code 1CSN3.



Introduction |9

1.2.2 Substrate Recognition and SOAOOOAOAD 1T £ # + p)

, EEA Al 1 #+p /AAEAIIE & phosphitédifedted CBlr/The-specific protein kinase,
preferentially catalyzing conversion of previously phosphorylated or acidic peptides. The
canonical CK1 consensus sequence motif has beersciébed as Ser(P)/Thr(P)X-X-Ser/Thr with

X being any amino acid andhe phosphorylatable residue (®r/Thr) located Cterminal of a
phosphoserine Ser(P) or phosphothreonine Thr(P). The phosphorylated S&)/Thr (P) can also
be replaced by negatively charged acidic residues changing the motif to A&plu-X-X-Ser/Thr
with nideally being three or four. Aspresiduesare thereby slightly more effective than Glu, but
both are significantly less favored compared tophospho-primed substratesto2427, Apart from
these, noncanonical consensus sequences haveebeidentified A 8 C 8-catEriin infwhich the
phosphorylatable Ser45is implementedin a socalled SLS motiffollowed downstream by acidic
residues?. Furthermore, linking the sulfated lipids sulfatide and cholesterol3-sulfate (SCS) to
target proteins has been reported to affect CK1 i$orm-specific phosphorylation: while
sulfatide-mediated stimulation caused only a slight increase in phosphorylation of the potent
Asp/Glup-X-X-Ser/Thr | T OEA EI1 i UAT ET AAOEA, itbhigfilyd &xéités
# + (Fcatalyzed phosphate transfer to Ras homolog family member A (RhoA)Therefore,
phosphorylation of basic proteinsmay effectively be increased by SC&s a consensus motiffor

# + p | Fmediaed phosphorylation has been identified e.g. within S@8nding proteins MBP
and tau. Binding of SCS within this sequenckBowever, is suggested to be accomplished by the
first three residues, presumably Lys, Gly, Aty Apart from this, substrate specificity of CK1
isoforms seems not to be achieved by prefang different target sequencese.

The phosphate moiety-binding site W1 appears to be the major site for substrate organization
with regard to the phosphate transfer. W1 was originally detectedh crystallographic analysisas
a sufate- and tungstatebinding site, where the particular ion is coordinated via H-bonds by
Arg178 (T-loop), Gly215 (-%& q AT A , WAccording tq t8e€e observationsnolecular
modeling brilliantly visualizes the preference of CK1 isoforms for previouslyphosphorylated
substrates (Figure 6): the phosphate moiety of anin silico generated peptide, in accordance
with the canonical consensus motifis coordinated by the same residues as the sulfate/tungstate
ion whereupon the phaspho-acceptor hydroxyl group of thepeptide target Ser is directed within
H-bonding OAT CA 1 A -phoBphate! 14 dependency on the substratehe highly flexible

L-EF is able to adapt variable conformations and is likely to mediate different interactis.

9 Serd5Leu-SerXz-5-Glu/Aspn (SLS consensus modif
h Lys/Arg-X-Lys/Arg-X-X-Ser/Thr (SCShinding protein consensus motif)
i Ser(P), Ala, AlaSer (n silicopeptide sequence)

i -"0qQ
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Consequently, it has been designated aghe substratebinding loop7:18. Unprimed acidic

substrates might act in a similar way as there are several basic residues withthe T-loop
(Arg178), L-EF (Lys217, Lys221, Arg22g AT A 1 & j, UOcctqQ AAAAOOEAI A &

interactions towards the acidic cluster of peptide?s.

Figure 6 | Postulated substrate -AET AET ¢ 11T AA A0 #bimding rbokeiy WALE ADiA
silico peptide (yellow) consisting of Ser(P)}Ala-Ala-Ser is coordinated by Argl78 (TFloop, green in
A), Gly215 (L& h OAA ET ' q AT A ,UO¢c¢t j1&HKh AT OA ET 18 4EA b

placed in Hbonding OAT CA O1T x AOA O !-ghesphaie AAdsurfacedmodel (B) visualizes the

close fitting of Mg2+-! 40 AT A OOAOOOAOGA O1 OEA AAOAT UOEA Al AEOG 1
based onMARIN et al.28 (PDB code 1CSM, 4HG™®2) utilizing Schroédinger software Chapter 7.1).

In addition to the phosphatebinding moiety W1 adjacent to the ATHinding pocket several

sites within the N- and Gterminal domain participate in substrate interactions.. # + p7 AT AEET C
motifs have been ientified in different proteins such asthe PheX-X-X-Phe motif in nuclear

factor of activated T-cells 1 (NFATI1) and period 2 (PERJ or the SerGlinlle-Pro motif in

microtubule plus-end-binding protein 1 (EB1)3233, As these motifs are not necessarily localized

in proximity to the respective phosphorylation sites, it is suggested that their function refers to

proper positioning and stabilization of kinase domain and sugirate34.
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In the absence of docking motifs, the-@rminus has been observed to act im similar manner:
autophosphorylation and phosphorylation by other kinases within this region prevents
substrate-binding as the Gterminal tail subsequertly functions as a pseudesubstrate blocking

access to the binithg sitess.

Despite the factthat several substrates aren vitro targets of different CK1 family members, the
isoforms possess strongin vivo substrate specificity. This specificity is presumably ascribed to
non-conserved residues within the kinase domais as observed for the specificinteraction
AAOx AAT #PBRs &srwellfasisoform-specific phosphorylation of p53 by CKisoforms
1 h  ryhbuthdtA + p 33

In general, nore than 150 substrates have been identified for CK1 family members to date.

Although it is often difficult to assign distinct CK1 isoforms to particular substrates, more than

80 proteins have been ascribed tén vitro or in vivoPET ODET OUI A OHiferaturédAn # + p ] [
admittedly incomplete summarization of these proven CKL OOAOOOAOAénleBE.On CE QAT
addition, it is likely that in cases of inhibition or knocldown several highly related isoforms like

1 ATA r AOA AAT A O OAEA 1T OAO OA Odscageimecdddibnd OOA QA C

Table 1 | Specified in vitro and in vivo # + p) OOAOCOOABAOG 1 £ . AemmAi®©ATl O OD/
admittedly incomplete due to the fact that many CK1 substratefiave not been assigned to distinct
isoforms. The classification of substrates in this table is based on their major functioand in

association with chapter 1.2.4. Several substratesould appear in more than the assigned group.

Putative function Substrates

Key regulatory stressassociated  p5337, murine double minute2 homolog (MDM23p8, hypoxiaET AOAE AT A
factors (HIF-p 413Q

DNA-/RNA-associated proteins 41 BT EOT I A OA OR, DNA methyltéarisfergse j(Dnmt1dL, ubiquitin-

and transcription (factors) like, with PHDand RING finger domains (UHRF23, heterogeneous nuclear rib-
nucleoprotein A1 (hnRNP A133, putative RNA helicas®, forkheadbox G1
(FoxG1)y4, nuclear factor of activated Tcells 1 (NFAT131.32, yeast sterol
regulatory element-binding protein homolog (Sre1N}s, chromatin-associated

protein swi6 (Swi6)46

Ribosomeassociated proteins Ribosomal proteins L4(RPL4), L8 (RPL8), L13 (RPL13j, nucleolar protein 56
(Nop56)43, LTVH¥7.48 ENP1, Bystin (BYSE}, eukaryotic initiation factor 6 (elF6),
Tif6p4e

Mitotic and meiotic control Wee159, Rec8 meiotic recombination protein (Rec8}t, endogenous meiotic
inhibitor 2 (Emi2) 52
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Cytoskeleton and scaffolding

associated functioning

Vesicular trafficking and Golgi

associated functioning

Neurodegenerationassociated

proteins

Circadian rhythm-associated

functioning

Cancer developmeriassociated

functioning

Viral proteins

Various receptor- and second

messengerrelated proteins

1 T-tubulins3h -tubulin 253.54, microtubule-associated proteins 1A (MAP1/8} and
4 (MAP4)3, tawr9.53.55 endbinding 1 (EB1)3, stathmins3, Ranbinding protein
microtubule -organization center (RanBPM3¢, Ras homolog family membexA
and B (RhoARhoBy957, keratin 1743, connexin43 (Cx43)8, desmoglein 23,
annexin Il/lipocortin 1l 43, Sid49, protein kinase Gpotentiated myosin
phosphatase inhibitor of 17 kDa (CRIL7)¢0

Snapirp?, protein kinase D2 (PKD2%, ADRribosylation factor GTPaseactivating
protein (ARF GAP1§3

[ -secretase (BACE¢, presenilin-2 (PS2)65, cyclindependent kinase 5 (Cdk5%,
1-synucleins?, parkiné8, myelin basic protein(MBP)29, cyclic AMP response e+
ment-binding protein (CREB}9, TAR DNAbinding protein of 43 kDa (TDP43)70

Period 1-3 (PER13)71274, brain and muscle Arntlike protein 1 (BMAL1)®.75,
cryptochromes 1 (CRY1) and 2 (CRY2J5, proliferator-A AOE OAOAA OA
coactivaDi O p 4p |1qbréqeency (FRQY, white collar-1 (WG 1)78

Bido.79h -cateningo, axirts, dishevelled (DvI}5, adenomatous polyposis coli
(APC?}1, dapperla (Dprla¥?, full-length cubitus interruptus (Ci-155)83, yes
associated protein (YAP84, sprouty2 (SPRYZ¥p, fa®é, neural precursor cell
expressed developmentally dowrregulated protein 4 (NEDD4%7, metastasis
suppressor 1 (MTSS288, nucleoside diphosphate kinase A (nm2311)89,
deoxycytidine kinase (dCKj°

Simian virus 40 large Fantigen (SV40 TAQ)°t, human herpes virus (HHV) E3
ubiquitin ligase (ICP0¥2, human cybmegalovirus phosphoprotein (ppUL44)3

%OOOI CAT OA Afamflifie®in hreagt eafcerd (AIB1Y, adiponectir?s,
OOAT O ATl AOAT A OO0I T O 1 Asidepardrie-Gnd@ROT O
regulated neuronal phosphoprotein (DARPF32)97.98




Introduction |13

7 s

1.23RACOI AOET T ctilit)e #+p) !

Given its ubiquitous expression and thelarge number of substrates a tight regulation of
constitutively active and second messenger independenrt + pspems mandatory even though
CK1 family members were thoughtor many yearsto be lacking any reguiitory mechanismg®. Of
course, upstream protein kinases and phosphatases ar@ndirectly regulating # + pmediated
phosphorylation of certain substrates by adding or removing phosphatenoieties and hence
creating or eliminating consensus phosphorylation motifs. Cyclic AMPRdependent protein
kinaseA (PKA) has e.g. been reported to prime substrates for sskquent phosphorylation by
#+p5" AOEAAO OEEO ET AEOAAO OACOI AGETTh AEOAAO 1 AA
activity: regulation of# + vexpression,subcellular localization, protein-protein interaction s, and

post-translational modification.

Regulation of # + vExpression

#+p1 ADPDPAAOO OAE (bitEepiession lavels Aapybradj@tndnito its respective
physiological function in different tissues, organs, and cell typé®. Consequently, expression
levels rely to some extend on cellular circumstances and can bdaptedin stress response, e.g.
upon stimulation by viral transformation 10t or DNA-damaging effectors like topoisomerase
inhibitors etoposide and canpO1 O E A A-irddiatior(37.53r Appropriate observations exhibited

increased levels oft + UMRNA and protein as reaction to induction of p53n vivos”. Gastrine2,

adiponectin®, and presumably insulini2 have been linked to elevatedt + vexpression levels as

well.

Subcellular Localization and Protein -Protein | nteraction s

At protein level # + pig distributed between nucleus and cytoplasm andt is even covalently

attached or stably associatedto (plasma) membranes, cytoskeleton proteins, receptorsand

diverse nuclear ard cytosolic factorg1.10, This spatial sequestration appearsoth permanent

and temporary: permanent, asmammalian CK}y EO DOAAT I ET AT 61 U AUOI O1 1 E.
at the Golgi apparatus andhe endoplasmic reticulum (ER); ad temporary, as it colocalizes with

the centrosome in interphase and spindle poles in mitost&3. While nucleocytoplasmicshuttling

is often explained by the NLSgastrin has also been reported to enhance nuclear accumulation of

#+p1h DI OAT OEAIT T U AU A AéEpACEKPRY. TaeEMAjorily BfispatfalA U O OT E E

and temporal subcellular organization however,is reportedly achieved by scaffold proteins that
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i AAEAOA OANOAOOOAOETT AT A AT AET OAGCA T &£ #+p) Ol
functional complexes (Figure 7)9104, Anchoragel £ #+p)1 O 1 OCAT Akedf O AT A
mediated by theA-kinase anchoring protein 450 AKAP450 which OAAOOE OO #r+ pT AATA #
isoform-specific manner andtethers them to centrosome and Golgi appeatus without affecting

substrate interaction0s. Although AKAP450 is necessary for Golgi targeting of both isoforms and
localization T £ E O Alth® kentresomi Ghe latter does not apply to isgEl Ol # +1p )

possessesa centrosomal localization signal CLS comprising several residueshetween positons

278 and 364 within its C-terminus19, DEADbox RNAhelicase3 (DDX3) is recruDA A OT #+p ) T+
upon Whnt-activation and stimulates phosphoryldaion of dishevelled (Dvl) by acting as an

allosteric activator of CK207. Cther scaffold proteins like EB1 direct proper positioning of

protein (CK1BP) in human braint®8, In other cases complex formation is requied for
translocation to the rucleus (Figure 7)13.

'l OET OCE OAAEAEI 1 AET ¢ POT OAET O ET OAOAAO xEOE #+p)
of Gterminal truncation mutants, and although they are often phosphorylated during the

process (e.g. DDX3, EB1l, CK1BP, CRY, )PERey are not necessarily CK1l substrates
(e.g.AKAP450p3105108  Consequently, scaffold proteins represent important regulatory

mechanisms by dynamically recruiting(and sometimesinhibiting) specific isoforms upon need

and selectively creatingand channelingaccess to certain sustrates. In addition, they provide

another level of regulation as they ee tightly regulated themselveg04.105,

EOTEEV ARG * V3

P KAP450 @
AKAP450
@~ @ BT s @é@
’ \‘ O ’
l cell organelle [ - O l cell organelle

DE@ =) \‘@-
\g’ e ©/

Figure 7 | Scaffold protein -mediated subcellular spatial organization . AKAP450 anchors
#+p1 TR O 1 A AOAT A ODXBIbiAds# OLAT AT ATRAD POT 11T OAO $0I- PET OPE
PER# +p1 TR AT 1 Pl ABGAO OOAT O1 1T AAOGA OI OEA 1 O0AI AOO&r #+p" O

tion is represented by yellow stars. The figure is adapted fronGoobpet al.104,

o ..‘@gg
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Additionally, crystallographic studies of# + p 1  |&dAtiieXokmation of homodimers which is
suggested to provide another negative regulatory mechanismin vivo as intermolecular
interaction of the dimerization domains accounts for exclusion of ATP from the catalytic cleft
(Figure 8)21,

Figure 8 s (1T 11T AETl AOE UA GBJohomdrs/EL ($urppe) and 2 (green) form dimers via
interaction of their dimerization domains (A). The dimerization domain (yellow) includes various
AT ETT AAEA OAOEAOAO AEAOCPPARDOx AphandlOMBIEfAGE® 4" h AT A Ol

hinge region (B, PDB code 4HG?).

Post-translational M odification

Reversible phosphorylation represents the major mechanism ipost-translational modification

I £ #+p1h AEOEAO Aphosghdry@tidA briphodphddlationd by AtBed protein

kinases.3 OOAEAO OOET ¢ #+p) OO Odixfpdténtal dutophoSpbolylatdd EAAT C
sites within an inhibitory C-terminal domain (Figure 9 B), although not all of them seem to

influence kinase activity.Autophosphorylation of Ser318, Thr323, Thr329, Ser331, and Thr337,

but not Ser328generates sequence motifs sutmarized as Ser(Thr(P) -X-X-Y that might act as

pseudosubstratesand inhibit kinase activity, with Y being any amino acid except Ser/Th#.

Besides autophosphorylation, cAMAA AD AT AAT O BOT OAET EET AOA jo+! Qh
checkpoint kinase 1l (Chkl), cyclin Eactivated cyclindependent kinase 2 CdK2/E), and p35

activated cyclindependent kinase 5 Cdks/p35), as well as protein kinase B (Akt) and CD@ke

kinase 2 (CLK2) have been identified to participate in regulatory phosphorylation within the
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COAOI ET Al O AwmaEs Jitediredied #hogphorylation by all of these kinases led to
decreased# + p1 EE1 A GVhond\ tAeSEP&A b to be considereds the main cellular

kinase targeting predominantly Ser370in vitro andinvivot©o. @ 1 T AAT EUAOQGET T T £ 0+!
achieved by AKAP45@nediated anchorage to the centrosomdFigure 9 Q)110, Interestingly,

Ser370 which has not beerdefined as an autophosphorylation sittE O Al 0T A OAOCAO
Chkl, Akt, and CLK20 + # 4 A1 Ahowe\etadditionally phosphorylate residues which

certainly do representautophosphorylation sitest1%z112, Dephosphorylation by various Ser/Thr-

specific protein phosphatases and cleavage of the-t€rminus are mechanisms to overcome

inhibitory p hosphorylation within the C-terminal region. While multiple phosphatases are

AAI EAOAA OF AA AADAAItH cdtalfic AuBUBIEDpiote plosphatase L h 1 11 U
(PPl) has been characterized in this context®. PP1: has also been outlinedas an AKAP
OOAOOOAOAR OET OCE 110 ' +101tunh OHMGCRAFHIreC A Al

9 O)114, Interestingly, inhibitor -2 of PP% is phosphorylated by CK1, CK2, and glycogen synthase
kinase 3 (GSK3) leading to activation of PP%, even ttough the exact CK1 isoform has not been
defined (Figure 9 A)115,

Although not a proper posttranslational modification, heparin has been reported to activate

ITT1T U £O011 invid, résimaliytbyp ipteraction with the partially positively charged

Cterminus x EEAE xAO DOIT EEAEOAA itk PPROrACEermindl Avhétion.T 1T £ #-
HADAOET EO OT1EEAIT U O OADOA OBt ifteradtionboEreyGiddryl T CEA AT
compounds with the Gterminus imitating dephosphorylation can be deemed possibléFigure

9 A)19.116,

! DAOO A&£OT 1 DEI OPEI OUI AGET 1T A 6yAtheOaddphasepromotingl AOAT O
complex/cyclosome (APC/Gdny) during cell cycle exit in the developing cerebellum. APC/C

activator protein cadherin 1 (Cdhl)isoform-specifically targets CKLy for ubiquitination by the
ubiquitin E3-ligase complex APC/C and subsequent degradati¢Rigure 9 A)117.
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Figure 9 | Post-OOAT O1 AGET 1T Al OAC Medhdnisrhsl of podtrasistational regulation

(A): inactivation by Gterminal autophosphorylation (1) or phosphorylation by other kinases (4)

and subsequent activation by phosphatases (1, 4vice versg, Gterm truncation (2, 5) or

interaction with activator molecules (3). Truncation is also imaginable without previous
phosphorylation (6). # + p ) EO | AOEAA &I O AACOAAA Ogfdclets mdicatAENOE OE
ET OOEEAZEAEAT O AOEAAT AA8 OET OPET OU ktédrdikal domairE (8 AaGaptedc OEET O
from KniPPScHILDet al.9). Colocalization of C§ 1 A 0 + ! h cidmelliatedby AKAPs (C)p9z117,
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1.2.4 Physiological and Pathophysiological R A1 AOAT AA T £ #+p)

# + pmediated regulatory activity is associated with numerous physiologicahnd pathophysi-

logical processes Many of these represent responding to situations of cellular stresin Saccla-

romyces cerevisiid) AAOO #+py EITTT1T COA ( ODNA refaiOmedds OAAOIT U
nismstizi3 and E O AT  i% uppegulated through its connection to p53 in an autegulatory

feedback loop37. Upon DNA damageactivated p53 binds to ap53 response element within

CSNK1Dand initiates transcription. 4 Oi T O OOPPOAOGOI O Puvo EO PDPEI OPEI
#+prRQ AO OAOAOAI OEOAOG ET 1 OAAO O cebGeRABOA CAT |
IO ADPI POl Edaeed phosghoryfiakon atSerl5 and Thrl8 stabilizes and activates p53

by diminishing interaction with its inhibitory counterpart mouse double minute 2 homolog

(MDM2). Interestingly, MDM2 is targeted by CK] A O x Al 1 AT AcarbefherdeRdidd OUIT AOF
enhanced binding of MDM2o p53 with subsequent degradation of p53in unstressed cellsor

prepare MDM2 for ubiquitination and proteolysi®®.CKy EO Al O OOCCA@OAA Oi
late p53 by forming complexes with MDM2 under nosstress condtionsii8, Under hypoxic cond-

tions activation of p53 is initiated by transcriptional activator hypoxia-inducible factor p |

(HIF-p J which promotes cell survival under these circumstancesnd is negatively reguated by

#+p1)1 AAAEOCETTh #+p) ET &£ OAT AAO AAI 1 Ol AG- DOT AAC
tion40z42.70 translation (ribosomal assembly and biogenesigj47z49, mitosis and meiosis?oz52, and

signal ransduction®49%g8  #-mediated regulationand disorder in cytoskeletorrassociated po-

cesses, circadian rhythm, andevelopment of cancer are discussed in detail below. + p7 AEOOOEAO
phosphorylates various viral proteins, thereby playinga role in parasites infectiorfz93, Patho-
genicphosphorylation of TAR DNAbinding protein of 43 kDa (TDP-43) has been associated with

OAGCA T £ DPEUOEIT 11 CEAAI -mkdteddploeBsksBsEnotQiclandireSdarBhA 1 # + p
continuously increases tte understanding of therolsT £ #+py ET EAAI OE AT A AEC(

~

Cytoskeleton-associated Functionsand ! 1 UE A E lisBa®

-

O $

B

Lo~ ALz g 2 AN

001 OAET EET AOAs répeapeqly bdeA Gighlipktedl o beedsential for accurate cell
cycle progression, cytokinesis and vesicubr traffickings354120, ) 1 ET OAOPEAOA AAI ]
associates withmembrane structures d the trans Golgi network (TGN)where it presumably
holds regulatory tasks in the budding of clathrincoated vesiclesFurthermore, a general role in

vesicular trafficking has been suggested# + p7 ET OAOAAOO xEOE AT A PEIT OB
SNAREassocated protein snapirf36L. Supporting observationsproved UAAOO #+py ET 1 T 1

i N-ethylmaleimide-sensitive fusion protein attachment protein receptor(SNARE)
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Hrr25 involvement in vesicle budding from the endoplasmic reticulumi2t, Besides TGN

membranes # + p 1 | 1 vt miEratubes and centrosomessuggesting participation in
microtubule-mediated transport processes AO # + pge ddikin & known to contain a

KHD053, During mitosis# + py OET xO AT EAT AAA A /AAEE ltoEgéridtoxi€El O OOA
stress exposure It is therefore increasingly recruited to mitotic spindles and centrosomes, likely

in the meaning of a mitotic checkpoint signal to assure orderedearrangement of the

microtubule network and chromosome segragatio?®54 PET ODPET OUI-A DEtubulindbyE |

# + p qgirectly modulates microtubule dynamics, x E E1 A -m#diaieq phosphorylation of
microtubule-associated proteins 1A (MAP1/}, 4 (MAP4¥3h -tubulin 95354 and taw9.5355 as well

as stathmin and the Ranbinding protein in the microtubule organization center (RanBPM¥,

influences microtubule assembly, disassemb)yand stabilitys3. Consequentshn ET EEAEOET 1T 1 A
leads to p53dependent cell cycle arrest or apoptosigdepending on the cell line in questiof#120,

Retardation of cytokinesis also occurs upon CKtmediated phosphorylation and subsequent

ubiquitination and degradation of Sid4e.

Centrosomal functionsof CK1 include neurite outgrowth and ciliogenesis While neuritogenesis
requires Wnt3a-AAD AT AAT O AT A Akddié€l DA pHodpbhoryl#tieriss; formation
of primary cilia presumably comprises regulation of microtubule networks and ciliary
distribution of effector proteins. In addition, ciliogenesis alsorelies on AKAP450mediated
microtubule nucleation at the Golgi Golgi orgarization, and vesicular trafficking. Therefore,
AEOAAO ET OAOAAOQETT 1T A& #+py7 AT A OEA AT AET OET C E
coordination of AKARI50-dependent Golgi posibning22. In contrasth #+py [ ECEO Al Ol
role in Wnt5a-induced primary cilia disassembly by contributing to DvI2 phosphorylation,
Al OET OCE EOO DAOOEAEDAOGEIT OAI AET O O1 i1 AxEAO O1A

predominant centrosomal kinase in this casés.

During T-AAT 1T AAOEOAOQETT #+py 1 AT ACAO AAT OO1T OTiI A OOA
by increasing microtubule growth speed and stabilization via binding and phosphorylation of

EB133. By the way, EB1 has also been found to serve in cilmgesis,though direct association

xEOE #+p) EAO Ilinithd cohtdxBzf. OADT OOAA

Apart from physiological events, microtubuleA OOT AEAOAA DET OPET OUI AOET 1
connected with neurodegenerative disorders and especidly with the pathogenesis of

I'T UEAEIT A O@D). AB E OharadieAzed by the appearancef neurofibrillary tangles of

accumulated tau proteinand senile neuritic plagues eventually causing neurons to die# + p ) EO
upregulated more than 3Gfold in AD brain, leading to pathological hyperphosphorylation of tau

and subsequent microtubule destabilization and tau fibrillizationss125126 & OOOE A OI T OAh # +

acts as a priming kinase for GSK rmediated tau phosphorylation and activates cyclin
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dependent kinase 5 (Cdk5), another kinase particgting in phosphorylation of tauss127,
Sequential cleavage of the amyloyl DOAAODAED HG ! 00 q -sBotetase @idOAAOA O
presenilin-A A D AT A-detrddaseryields the neurotoxic peptide amyloig¢ that is the main
component of senile plaques. Both proteases are ta certain A A C O A A-regtilatgd) as
[ -secrgase and presenilin2 represent known targetsé465. Amyloid-f in turn has been reported
to stimulate CK1 activity, suggesting a vicious circléhat might explain the progressive character

of the diseasé?s,

"AOEAAO EOO '$ DAOOEAE bdyrnédiniand#arkn bot® ey Gefeail OUI AOA
nantsinthepati CAT AOGEO | £ 0AGEET OT 160 AEOAAOA

#+p)1 ET #EOAAAEAbn&tion ©OEAPSAT A EOO #
Numerous physiological processes are subject to time of dalependent regulation. Besides
external effectors such as lighttemperature, and food biochemical activity within every cell is
regulated by an autonomous circadian clockThis intracellular timer consists of transcriptional
activators and repressorsthat reciprocally regulate their own expression in an oscillating
system?29: heterodimers of brain and musck ARNTlike protein (BMAL1) or neuronal PAS
domain protein 2 (NPAS2)and CLOCHKnitiate transcription of Period (PER3), Cryptochrome
(CRY/2), and REVERB genes Furthermore, cytoplasmic PER levels are controlled by
reversible # + p yniediated phosphorylation, followed by degradation. Proteasomal digestiolis
avoided by the formation of CRY0 %2 AT i DIl AGAO OEAO AET A #+p1TrR Al /
where they repress transcription of BMALLTCLOCK target genég29.130,

About 10 % of all genes are uner control of this circadian autoregulatory feedback loop. Anong

them are of course regulators of the cell cyclesuch asWeel encoding a tyrosine kinase that

inhibits mitotic entry and is degraded in the course ¢E # -medjated phosphorylationpo.129,

PGepy EO AAOEOAOAA ObiI1T 1 OOOEOEITAI OECTAI O ATA
cross-activation of circadian (BMAL1 REV%2 ") and metabolic gene expressioft1318  #-+ p )
mediated phosphorylation represses transcriptional activity of PGP | Ainitidtes its
degradaion?e. Additionally, circadian proteins are important regulatas responding tooxidative

stress. BMALY, for instance, is a regulator of p53induced cell cycle arrest upon DNAlamage

and PER proteins possess tuar suppressor capadiy 9132135,

#+p EOI £l 01O 7 AT A rR AOA AAT Odeh protdh&ERAADPENDO ET O
subcellular localization of PER proteins areregulated by the interplay of reversible

DEI OPET OUI AGET1T AT A AAPET OPET OUI AOET T1theAedgth# + py TR
of circadian cycled33s, Interestingly, AOAT OET OCE #+py AT A #+pr EAOA
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OAAOT AAT O ET OE E Qosadsd a@rédd@ihant psitipmbechutegBOR T AA 1T £ #+p
-AOO 1 1 Ohastbean reportedto significantly lengthen circadian periods in mice’. This
I ACAOOGAOGEIT EO OOPDPI OOAA AU ET OAOOECAOEI T O A&OI I
circadian timing, whereaO # +prR E O 1 1pbrtancd3zEAndtied nioGulatériof period

lenggh OEAO EO AEAAAOAT Ol U AigmhanteA Box Ehbx) teprgsgor AT A #
prohibitin 2 (PHB2). Although the exact mechanism remains undein, knockdown of # + v
decreasesPHB2mRNA andconversely,knockdown of # + thas been reportedto increase PHB2

protein leveli3s, BMAL1, CRY1, and CRY&e phosphorylatedby # + py AT A #+prR ET A (
manner. But while BMALL,PER] and PER2 are subject to direct phosphorylation, CRY proteins

and PER3 are dependent on PER1 or PER&ing as scaffold proteinsConsequently, PERCRY
complexesAET A #+p) TrR ARYmedaiea o thé nudledsOR

Taken together, it is not surprising that alterations such as mutation and misregulatiorwithin
this network are closely associated withsleeping disoiders and even tumorigenesis, as well as
cardiovascuar and metabolic disorderg®.129. The most prominent among sleeping disorders is
probably familial advanced sleep phase syndrome (FASPS) which is characterized early
evening onsetof sleep early morning awakening, and a shortened circadian period FASE is
caused by mutation either within the CKibinding domain of human PER2or the catalytic
domain of # 3 . +(0T44A mutation), the latter expressing proteins with decreased catalytic
activity 140, In addition, circadian rhythm disruptions aregenerally connected to bipolar subjects

and have been discussed agarting point for pharmacological intervention in this context4t,

# + p-gssociated Functions in the Development of Cancer

Tumorigenesis is generally related to pathological changedue to mutation or misregulationin

various signaling pathways with the result of independently proliferating and often highly

resistant cancer cels%ODAAEAI 1 U DAOOEAEDAOET ltocélfmoliferatipn, ET DA
genomic integrity, andthe regulation of key modulator proteins in stress situations such as p53,

- $- ¢ h -8dteAin support the oncogenic importance of his protein kinase.Consequently,

mutation of either # + pitpelf T O DET OPET OUI A GQddetbd sibEt@tds@oniribBest + p 3

to cancerogenesis For instance, a gairof-function mutation within the autoregulatory

COAOI ET Al AT 1 AET , tihodgh withopt)affegti@goagtapho§phorylation, has been

identified in an adenomatous colorectal polypt2. Furthermore, different mutations affecting

ATP-binding affinity in different tumor entities lead to either elevated or reduced catalytic

activity with variable influence on tumor growth and oncogenic potential43144.# + p7 | OOAOQET T «

identified in various tumors are summarized inTable 2.
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Table2s #+p) [ OOAT 6O ET AE E££MO &iuddurad domiirOcodriirg Ghie Adint

mutation(s) is given in parentheses P66T, R69K refers to a double mutat.

Mutation Consequence Tumor entity

R324H (autoregulatory G-term) Gain of function Adenomatous colorectal polyp42
T67S (ATRbind. domain) Increased catalytic activity Colorectal cance43

I68N (ATP-bind. domain) Decreased catalytic activity Colorectal cancet43

P66T, R69K (ATPoind. domain) Decreased catalytic activity Colorectal cancet43

S97C (ATPhind. domain) Decreased AThbind. affinity Breast cancer, ductal carcinonvg4

Alterations in the expression off + vhave been described for various human tumorg§Table 3)

whereas the effect of upor downregulation strongly dependson the tissuebased cellular bak-

ground and tumor entity. Interestingly, while decreased expresgin of # + vi§q associated with

prolonged survival of patients with colorectal cancer, the same applies to elevated expression

levels in several forms of breat cancer, leukemia, and gliontd5146, In many cases it is worth
mentioning that it remains unknown whether the alteration in# + ulgvels represent cause or
consequence of oncogenic everts.

Table 3s #+p) [ EOOACOI AGEI 1T ET AmbceadkaddoOdeddasel pomakly OEOEAO
refer to # + u MRNA, although this is predominantly in accordance with updownregulation on

protein level. In cases ofaltered expressionthe reference did not specify levels compared to

healthy tissue.Reduced immunostainindhas not been specified as well.

Misregulation Tumor entity
Increased expression Chorioncarcinomag20o
Increased expression High-grade pancreatic ductaldenocarcinomag4”
Decreased expression Lymphoid neoplasmg48
Increased expression Breast tumorst49
Altered expression Colorectal cance6
Reduced immunostaining Ductal carcinomasin situ, invasive breast carcinoma®
Tumors of bladder, brain, kidney, lung, melanoma, ovarian, pancreatiaostate,
Increased expression
and hematopoietic systems4s

In addition to p53-related participation in apoptotic pathways# + pmediated phosphorylation
of Bid prevents cleavage by caspase 8 alffterefore inhibits Fasmediated apoptosis®. The anti-
apoptotic potential is of particular importance becauseresistance to apoptosis is crucial for via
ious human tumors ConsequentyET EEAEOET T 1 £ # + p ) Fe’uceEparOreaicA AT  OA

tumor growth effectively and to enhance the amount of dea@dancercells byre-senstization for
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Fasinduced apoptosig4”." AOEAAOh OEEO bPOi OEAAO AOEAAT AA OEAO
aberrant proliferation147. The Wingless/Int-1 (Wnt) AT A-catenin, Hedgehog(Hh), and Hippo

signaling pathways are further # + pdependent cascadescontributing to tissue developmaet,

growth, and homeostasisMutations in regulatory mediators as well as aberrant activation of

these pathways are frequently associated with the devepment of various human cancerg1so,

In 71 O&atenin signaling CK1 isoforms synergistically perform positive and negative

regulatory functions. Without pathway activation cU OT D1 A ©dtefid is regulated by

r -catenin destruction complexes consisting of Axirsdenomatous polyposis coli (APC), GSKr h

AT A #+p EOI A&l Ol Qctsjaha sgalffold AhdAlirealy bintis@He icompents of the

complex.# + p1 Ald h' 3xOAO0OI AAT U OOPDPIT OOAA iAdtdertte prh DE
ET AOAAOGA AET AET ¢ A ma@EninE@thusD AT | 0-&iknd frecriithénoOto 1

OEA Al i bl A8OARTIENI AEG DPEIT OPET OUI AOAA -dpmediatep 41 h OEA
phosphorylation and subsequent ubiquitination { fTrcp E3 ligase) and proteasomal

degradation. Upon pathway stimulation, binding of Wnt ligand to tansmembrane receptors

Frizzled and lowdensity lipoprotein receptor-related protein 5 or 6 (LRP5/6) is followed by

of LRP5/6. Subsequent recruitment of the ddsuction complex implies inhibition of GSko [

Axinand$ O1 DET OPEIT OUI Adnlydedby Wni-activatgr \DBX3 hpromotes GSK 1

inhibition and induces conformational changes and destruction complex dissociatiorfrinally,

[ -catenin degradation is prevented, and accumulated 1 -catenin translocates to the nucleus

where it binds T-cell factor/lymphoid enhancer factor (TCF/LEF) andinitiates transcription of

target genes Additionally, # + pmediated phosphoryation of dapper la (Dprla) disrupts the

inhibitory interaction of Dprla and Dvl and therefore activates Wnt signalirfg5.152,

4EA OTTA 1T &£ #+p3) Eignalirgiis@Enegatire rdgllaiory (n&ubeRdnsecutive
phosphorylation of full-length cubitus interruptus (Ci-155), the Drosophila melanogastehomo-
log of human gliomaassociated oncogene transcription factor@ and 3AU # + p ) -3&rigA ' 3 +
gers proteolyds and inhibits Hh target gene transcription. In the Hippo pathwayphosphoryla-
tion of transcriptional co-activator Yes-associated protein (YAP) byarge tumor suppressor K-
nase (LATSDOEI A O Arednted ph@sphorylation and subsequent ubiquitinationj §Trcp

E3 ligase) and degradationS in this case, too, targegiene transcription is prohibitedo.

Finalyh OEA ET O1 1 @dbéndent@hospBrylatiomin regulation of tumor sugpressors
sprouty 2 (SPRY2% and Fat Orosophla melanogasterhomolog of human FATSS, as well as ne-
tastasis suppressors MTSS1 (metastasis suppressor 8)and nucleoside dphosphate kinase A
(nm23-H1)89, confirms thel T AT CAT EA BT OAT OEAI 1T &£ #+py AT A OT AA

interesting drug target for cancer treatment.
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1.3 Kinase Inhibitors

The eminentposition of phosphorylation events in cellular signaling and the high prevalence of
kinase-associated mutation and dysregulation in development and progression of serious
diseaseshave already made protein kinases the most pursued drug targets in pharmacéual
reseach of the twenty-first century?. Since kinase research has predominantly been
concentrated on cancer treatmentnow inflammation, central nervous system disorders and
cardiovascular or diabetic complicationsare getting into the center of attention as wel152,
Currently, more than 20 small molecule kinase inhibitors (smKil) in clinical trials and plenty

more potential modulators at the preclinical stage e tested for these indication$s2.

Back in the early 1980s, isoquinolinesulfonamide derivatives were characterized as the first
generation of smKI that blocked kinase activity in an ATRPcompetitive manner. Pharmaceutical
research virtually kicked off with the identification of Streptomyces staurosporetisolated
bisindolyl maleimide staurosporine as the first nanomolar, but still highly norselective kinase
inhibitor in 1986153 Although nonselective and of relatively low potencyfasudil hydrochloride
progressed to clinical trials for the treatment of cerebral vasospasmand became the first
approved (Japan) smKIl in 1995153, Discouragement soon took possession ofresearch
communities as selective inhibition of protein kinases was regarded impodsle due to the highly
conserved ATPbinding site. Fortunately this was proved wrong in 1991 when Streptomyces
hygroscopiusagent rapamycin was shown tceselectively prevent activity of mammalan target of

rapamycin (MTORY 153,154,

The breakthrough of smKI in clinical use came 2001 with theFDA-approval of imatinib
(Gleeve®). ATRcompetitive tyrosine-kinase inhibitor imatinib effectively inhibits Bcr-Abl
(breakpoint cluster region-Abelson tyrosine kinase)fusion protein and represented a milestone
in targeted cancer therapy. In the course of this achievemenadditional eight kinase inhibitors
entered clinical use until 2009 and the remarkable number of further 19smKI has been
established in therapy since 2011. Intense effors have afforded more than one million
publications, 5000 crystal structures, and multiple inhibition assays targeting more than
four-fifth of the human kinome, leadingto the FDAapproval of 28 low-molecular kinase

inhibitors and threerapalogsto date (status dnuary 2016, Table 4)7.152,
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Table 4 | FDA-approved small molecule kinase inhibitors as of January 2016. FDAapproval
refers only to the first date of authorization. More than three targets for a single inhibitor are
referred to as multiple. Ser/Thr kinase (1), tyrosine kinase (2), lipid kinase (3)smKI, rapalogs
(4)6.7.152,15%158, For explanation of types | to V cpchapter 1.3.1. Abbreviations: INN, international
nonproprietary name; ALL, acute lymphoblastic leukemia AMD, agerelated macula degeneration;
B-Rafv600, B-Raf V600 mutant; CLL, chronic lymphocytic leskemia; CML, chronic myelogenous
leukemia; CRC, colorectal cancer; FL, follicular lymphoma; GIST, gastrointestinal stromal tumors;
HCC, hepatocellular cancer; IPF, idiopathic pulmonary fibrosis; MCL, mantle cell lymphomdTC,
medullary thyroid cancer; NS@, non-small cell lung carcinoma; PC, pancreatic cancerRCG renal
cell carcinoma, SEGA subependymal giant cell astrocytomaSLL small lymphocytic leukemig STS

soft-tissue sarcoma; TC, thyroid carcinomaTP, transplantation.

INN Trade name Type Targets Indications FDA approval
Dabrafenib Tafinlar® I B-Rafv600 melanoma 2013
Palbociclib Ibrane® I Cdk breast cancer 2015
Trametinib Mekinist® I MEK melanoma 2013

Vemurafenib Zelboraf® I B-Rafve00 melanoma 2011
Afatinib Gilotrif® \Y EGFRHer2 NSCLC 2013
Axitinib Inlyta® I multiple RCC 2012
Bosutinib Bosulif® | Bcr-Abl, Src CML 2012

Cabozantinib Cometrig® Il multiple MTC 2012
Ceritinib Zykadia® I ALK NSCLC 2014
Crizotinib Xalkori® I ALK, ROS1, MET NSCLC 2011
Dasatinib SpryceP I multiple CML, ALL 2006
Erlotinib Tarceve® I EGFR NSCLC, PC 2004
Gefitinib Iressa® I EGFR NSCLC 2003
Ibrutinib Imbruvica® \% BTK MCL, CLL 2013
Imatinib Gleeve@ Il multiple CML, GIST, ALL 2001
Lapatinib Tykerb® I, 1l EGFR, Her2 breast cancer 2007
Lenvatinib Lenvima® I, 1l multiple TC 2015
Nilotinib Tasigne® Il multiple CML 2007

Nintedanib Ofew ] VEGFR, PDGFR, FGF IPF 2014
Pazopanib Votrient® I multiple RCC, STS 2009
Ponatinib Iclusig® Il multiple CML, ALL 2012
Regorafenib Stivarga® Il multiple CRC, GIST 2012
Ruxolitinib JakafP I JAK myelofibrosis 2011
Sorafenib Nexava® Il multiple RCC, HCC, TC 2005
Sunitinib Sutent® | multiple RCC, GIST 2006
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Tofacitinib Xeljan2® I JAK rheumatoid arthritis 2012

? Vandetanib Caprels® I multiple MTC 2011
3 Idelalisib Zydelig® Il PI3K CLL, FL, SLL 2014
Everolimus Zortress® \Y mTOR TP, SEGA, RCC 2009

4 Sirolimus Rapamuneé® \Y mTOR TP, AMD 1999
Temsirolimus Torisel® v mTOR RCC 2007

1.3.1 Different Types of Small Molecule Kinase | nhibitors

Most kinase inhibitors, including 23 of the currently approved 28 compounds, are inhilors of
tyrosine kinases.Further four of them are inhibitors of Ser/Thr-specific kinases and idklisib
(Zydelig®) is the only one targeting a lipid kinasé 152, Considering binding mechanisrs and
structural features, smKl are subdivided into six subgroups: ATRcompetitive inhibitors (Types
I, 1l, 1 %), allosteric inhibitors (Type llI, IV), and covalent inhibtors (Type V)156.159, Several sup-

stances possess characteristics afiore than one of these binding modes

Type | inhibitors displace ATP from the active statef PKwhereas the activatiortloop resides
in the so-called DFGIn conformation. Type | pharmacophores usuallyconsist of heterocyclic
systems occupying theadenine-binding region and form H-bonds with hinge residues As this
region is highly conserved within the kinome, additimal side chains occupy the lessonserved
hydrophobic regions | and Il,adjacent to the ATPbinding site!é. Especially he non-conserved
gatekeeperresidue which regulates access thydrophobic pocket lis a central determinant for

the development of selective kinase inhibtiors54.

Type Il inhibitors stabilize the inactive conformation of kinasesEmanating from the active
state (DFGin) the Aspresidue of the DFG motif isotated by 180° (DFGout) and the active site
is blocked for ATP54. Type Il inhibition has therefore beesn called indirectly ATRcompetitivelse.
Rearangement of the activation-loop towards the inactive state permits access to another
hydrophobic pocket (deep pocketwhich is less conserved and provides additional prospecter

kinase-specific inhibition1se,

Type Il inhibitors have commonly been assumed to have an intrinsic selectivity advantage over
type | binders,though binding mode analysis wereunable to provide evidence for this thesiss.
It has further been observed thatwhile many kinases are snsitive to type Il inhibition , others
appear to be incapable of adapting the inactive DF@ut conformation. In general, DF@n/ out

rearrangement is especially common for tyrosine kinase®s. Significant differences betveen
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inhibitor binding modes | and Il are baed on their binding kinetics: while rapid association and
dissociation is common for type I, type Il exhibits slow binding kinetis and prolonged residence
time157, In addition to type | and Il binders, severalinhibitors have been identified to induce

conformations that are intermediate between active and inactive statéss.

Type | % inhibitors are recently identified intermediates of types | and Il. They occupy
domains betweenhydrophobic pocket 1and deep pocketand thereby interrupt the hydrophobic
spine (regulatory sping which is essential for kinase activitys9.160, The hydrophobic spineis a
highly conserved regulatory motif which consists of four not contiguous amino acid residues
that originate from different parts of the kinase. One of these residues is the conserved DFG
phenylalanine (Figure 10). Type | ¥z inhibitors are suggested to bind both DF& and DFGout

conformation1s9,

Figure 10 | Interruption o f the hydrophobic spine by type | ¥ inhibitors on the example of

AEAAT UT OOAAOT T A AAOEOAOE O-Activated Epfoteid &iage .i BEn@ihgC éf 1the
inhibitor (green) interrupts the hydrophobic spine (red). H-bonds (black dashed lines) are formed
towards hinge AT A -helik. Hydrophobic interaction (yellow dashed line) accommodates DFG
Phel69. Dibenzosuberone derivativel refers to (S)-N-(5-((7-(2,3-dihydroxypropoxy) -5-ox0-10,11-
dihydro-5H-dibenzo[a,d][7]annulen-2-yl)amino) -2-fluorophenyl)benzamide (1) by FiscHER et al.

The figure was modeled in accordance to the same publication (PDB code 3UV®)

Although the majority of reported smKIl inhibit target kinases in an ATRcompetitive, often
type I-dependent mannet and although several highly selective probes have been achievethe

evolutionary conservation of the ATPbinding site favors off-target effects. ATP-competitive
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inhibitors also require particular high affinity and good bioavailability to compete with
nucleotides in vivo (2-10 mm)183.189, Intense efforts are therefore invested in the developmenof

ATP noncompetitive approaches:

Allosteric inhibitors  bind outside the ATRbinding site and induce conformational changes that
negatively modulate kinase activity. The allosteric site can either be adjacent to (Typel) or
remote from the ATRbinding pocket (Type IVY. These binding sites areoften unique to single
kinasesand type Ill and IV binders therebytend to the highest degrees of selectivity known for
smKI so farisé. Especiallythe substrate-binding site is assimed to exhibit enormouspotential as
an allosteric sitels3.154, At the moment, trametinib (Mekinist®) is the only type Il inhibitor in the
market and, except of rapamycin derivativesnot a single type IVbinder has beenapproved to
datel54,

Covalent inhibitors (Type V) irreversibly bind to the activesite of target kinases. Electrophilic
moieties of the inhibitor react with nucleophilic cysteineresidues in aMICHAELaddition and are
therefore covalently attached to the ATFbinding pocket’1%6, This type of inhibition is suggested
to achieve increased specificity and potency, but concerns have beemaised about possible
toxicity 7.156, With afatinib (Gilotrif ®, 2 Figure 11) and ibrutinib (Imbruvica®) two covalent

inhibito rs have alrealy entered clinical use in 2013152,

Cl Cl
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Figure 11 | Binding mode of irreversible type V inhibitor afatinib . Afatinib (2) displays a type |
binding mode: the quinazoline core occupies the adenindinding region and forms an Hbond
towards a hinge residue. The halogensubstituted phenyl moiety extends intoHPI. But unlike type |
inhibition, the enone moiety reacts with a rucleophilic cysteine residue in aMicHAEL addition and

covalently attaches the ligand to the active site of epidermal growth factor receptor (EGFR)
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1.3.2 Limitations and Challenges of Sma Il Molecule Kinase Inhibitors

Despite tremendous achievements inkinase-concerning drug discoveryover the past years,
several challenges and limitations remain to be solvedThe majority of current smKI were
identified by high throughput screening or basd on previously approved therapeutics using
fragment-based approaches such as analogue synthesis, isosteric replacement, or compound
hybridization. Consequently, manysmKI possess structural similarity and concentrate on a small
subset of the luman kinome. Among the currently available kinase inhibitors all but two have
beendeveloped for cancer treatment1sé. In fact, only 10-15 % of the human kinome arecovered
by approved inhibitors155. Given the fact that most of the aproved smKI are type | accompanied
by several type lland | %, and only one type IlI, but not a single type IV hder, suitable assay
and modelsystems are requiredto identify allosteric sites and inactive conformation$.154, Even
in the case of type | inhibiion, high throughput screeningbasedapproaches arebecoming less
effective, due to the restricted availability of scafolds from compound libraries. Innovative

structures and reening methodswill soon become urgently needed.

Therapeutic application is often limited by rapidly evolving resstances and severe side effects

Point mutations within the Bcr-Abl kinase domain for instance,make cancer cellsresistant to

imatinib treatment?. Especially mutation of the gatekeeper residue is aommon event in drug

resistance mechanismg.154, Apart from second line kinase inhibitors which inhibit already

resistant PK, irreversible type V inhibitors are assumedbeneficial in this context. Multitarget

kinase inhibitors that block multiple signaling cascdes and combined application of different

smKIl are also suggested to preventesistance developmentas tumors are known to dynamically

adapt to the disturbance by single (target) inhibitors 6.7.162 Additionally, tumors represent
heterogeneous masses consisting of different cancer cell populatiotigat can be traced back to

different aberrant signaling pathways Thus, specific inhibition might not be capable of

effectively stemming tumor growth and evenselect for drug resistant cell§163, On the contrary,

ZHANG et al. have postulateth OEAO OEO EO A& OAEAAEIT CI U AAT CAO]
AT i DI OTAO r8Y xEOET OO0 A O Apddiitity ahd theafedid i6odd) O Al 1
In summarization, the above emphasizeghe increasing importance of personalized medicia

and geneticprofiling 6. Controlling the balarce between selectivity and beneficial effects of pr

miscuous drugs seems inevitable for reasonable clinical use of small molecule kinase inhib

tors164.165 Furthermore, tnexpected toxicity and poor solubility or bioavailability often abrogate

therapeutic use during preclinical and clinical stagestsé.162,
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1.3.3 CK1) Inhibitors

The involvemAT O T £ #+p)1 E1 éSeiche AEAOPABRADAOBAET A0 !''1 UEA
amyotrophic lateral sclerosis FASPSand cancer has dramatically increased interest in small

molecule inhibitors for therapeutic appication9.119.166, Unfortunately, the design of suitable
compounds proveshighly complicated due to the existence of several CK1 isoforms that possess

similar, different, or even opposite physitbgical and pathophysiological implicationsies,

Especiay EA EECEI U AT 1T OAOOARA GiArbifficuft © idigEfininat® ang havel A
therefore often been reported as redundant, rather by means of missing evidence. Consequently,

only a relatively small subset of CKijl inhibitors has been reported so far and not a single
representative reached clinical stages's6. Most of these small moleculesif not all of them,

represent ATRcompetitive type | inhibitors?, although it has to be noted that it remains

unknown whether the kinase is even able to adopt an inactive DF@ut conformation.
Regrettably, the comparison of these compounds proves difficulbecause theirhalf maximal

inhibitory concentrations (ICso) have been determined at different ATP concentrations andn

some cases, have not been assigned to distinct isoformfdlosteric inhibitors (type IIl) have not

been reported so far and covalent inhibitionseems unlikelydue to the absence of addressable
AUOOGAET A OAOGEAOGAO EIT Ndéthelesh sevmlOoh theOptiished k&l # + p ) 8
molecule inhibitors display high potency and good Ck&pecificity. A selection of the most

promising or interesting molecules has been classifieth this work due to mainly structural and
developmental aspects into first generation inhibitors, pyridinyl-imidazoles andisoxazoles,
benzimidazoles and-thiazoles, purines and pyrazolepyrimidines or zpyridines, and aminc

anthraquinones.

&EOOO ' Al AOmhibitars T #+py )

Isoquinoline sulfonamide derivative CK#7 (3) became the irst ever reported CK1 inhibitor in

1989, although nonselective and unable to discriminate between CK1 isoformsr to cross cell
membranesi67.168. The first compound exhibiting selectivity among isoforms followed in 2000.

IC261 (4) ET EEAEOAA #+p EOIT Al O 1 AlsoA1pwm) contpddel toET AOAA
EOT &£l Od =10 umy. Intérestingly, IC261 shows slightdeviation from the type | inhibition

concept as it stabilizes the kinase in a state midway between apo and cofachmund
structure166.169, The cellpermeable indoline compound proved valuable in several
pharmacological studiesdespite the fact that IC261 itself is a potent infmitor of tubulin
polymerization166.170, During the following decade, naturally derived compounds have been

identified by high throughput screening.Thujopsis dolabrata(-)-matairenisol (5) and anticancer
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alkaloid lamellarin 3 (6), isolated from marine invertebrates, inhibit CK1 isoforms in a

presumably ATRcompetitive manner, but with low selectivity concerning the complete
kinome171.172,

Table 5| First generation # + p iphibitors 1672169,1712173,

# Structure ICso (M) ATP (um)
Cl
| X
3 No _— 6 (CK1g73 100
oO://s\H NH2

4 p 8T | #6p) 10

¢8u | #%p) 100
5 10 (CK1ymt 10
6

81 p | #H2p 15
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Pyridinyl -imidazoles and -isoxazoles (Teardropbinder )

The 4,5-diaryl-imidazole core of these compounds originally derives from inhibitors of p38
mitogen-activated protein kinases (MAPK) which have been referred to asQeardropbinderso

due to their three-dimensional structure!®®. Selectivity over p38 MAPK isoforms is therefore a

common problem for these substancesFor instance,p38 MAPK inhibitor SB202190 (7) non-

specifically blocks # + p with moderate potency (IGo=0.6 M) and most likely without

significant isoform-selectivityl74. In 2004 D4476 (8) was identified to prevent CK1 activity

nearly an order of magnitude more potent (I6 =0.3uM) than IC261in a rather CKtspecific

manner in vitro. In a panel of 30additonal EET AOAO 111 U Doyy -dédedlenDET OPEI
kinase 1 (PDK1) were inhibited, but #houghit EO OOCCAOOAA O1T AEAOT O #+p)
among isoforms has not been reported3. Potent and rather CKZlselective inhibition was

achieved with the development ofpan# + p) TR EPFBTOME (®) By Pfizer Global
2A0AAO0AE AT A $AOAIoomiuMaT & +ip#R0.G89#M, Figure 12 A). Besides

#+p1TrR EO xAO AAOEOA IAGAEN ©@OD ORIOAOA +o.Eivdd ORAD Kl
studies revealed beneficial use in the treatment of bipolar disorder, addictive behaviognd

aberrant circadian behavioP. Promising compounds havealso been reported in 2009 byPEIFER

et al.. 3,4diaryl-isoxazole 10 proved a potent dual inhibitor £l O A} Ay Do Yy #-+1pq +
ICso=0.047umh D o § $2.59 ). Interestingly, changing the scaffold towards4,5-diaryl-

imidazole 11 significantly increasedpotency andgenerated limited isoform-selectivity £ O  # + p )

I OAO #+pRso=[0.805M0 ¥ #=R0.0J3#mMh D o 4p30.0)94#M). Oxidation of he

thioether afforded sulfoxide 12 with even enhancedisoform-selectivity § # + p 3 = 0)0#1L um,

# + p Rso=D.447uM, Do PYCso=0.041pm). Due to the acrylamide moiety,which could

potentially function as aMICHAELacceptor, covalent binding might be suggested, but is unlikely

AO 1 REOGEAO #+py 110 #+pr D hndoAséoenty NERmpelitibe A UOOA E
inhibition has been demonstrakd’é. Unfortunately, the same moéty accounts for reduced

stability and thereby limited usability in vivot48.176,

Table 6 | Pyridinyl -imidazole and -EOT @AUT 1 A #+pysaa®E] EEAEOT 00

# Structure 1Cs0 (M) ATP (um)

N=

«

H
N

7 | />—©*OH n8@ jl+p 50
N
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OCHj | N/> S\CH
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(0] N
OCH; | /> S,
N CHj

n8ag j{iB+p 100

M8mMpao Ys#+

10
M8TMYTn YyS# +
m8rt et +
.X f f 100
252 bo @y q
M8Mnmnu Ye# +
M8MmYX o Yo6# + 100

m8mnpw Ybo

m8mpp Yo# +
8T TYX Y6# + 100
n8mntp Y5bo

Benzimidazoles and B enzothiazoles ( Linearbinder )

In contrast to teardrop-like structures, benzimidazole and benzothiazole derivatives exhibit

linear pharmacophores (inearbinder)1%. Already in 1990 halogenobenzimidazole nucleoside
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5,6-dibromo-1-(f -D-ribofuranosyl)benzimidazole (13) was shown to be slightly active on non

related CK1 and CKZ7, followed by the more potent but still highly unselective
4,5,6,tetrabromo-2-mercaptobenzimidazole (14) in 2003!7® and the first substituted
benzothiazole (TG®3, 15) in 2004179.180, Several years laterthe first benzimidazole-based
linearbinders EAA AAAT AAOAI T PAA AO EECEI U bivikddThe® AT A C
most promising 16 even exhibitedET AOAAOAA AAZFET EOU Ol xAOAO EOI Al
ICso=0.040umh  # + pRr0.199#iM, Figure 12 B). Selectivity profiling over 442 kinases

revealed AAAEOQOET T Al ET EEAE Okké kinases/A (CLK1) End # {Chi4) dusl $ #
specificity tyrosine-phosphorylation-regulated kinase 1A DPYRK1A) and 1B (DYRK1B), and
phosphatidylinositol 5-phosphate 4-kinase type¢ r |} 0 ) ®BLuFdrtheér @ptimization led to

closely related and even morepotent benzimidazole 17 with increased isoform-specificity

j #+ pa=002umh # + g R0.2) pu#), favorable physiochemical properties and excellent

selectivity: in a pané of 442 protein kinasesAAAEOET 1 A1 ET EEAEOI ou AAOEOE
and wild-type and mutant forms of Fmsdlike tyrosine kinase 3 (FLF3)82. Interestingly, parallel

development of benzimidazole 18 by another research group and subsequent optimiation

towards pyrrolopyridinone 19 and derivatives achieved highly potent and selective inhibitors

Al O #+pr xEEAE xAOA 111U CorBegicdly, the Anllidyendde offi T OE A
this pyrrolopyridinone does not exhibit the typical linearbinder-character in # + p7 A OUOOAI

structures22.183,

Figure 12s #OUOOA1T OOOOAOOOAO 1 £ EI Compaktishh &f @ardsopBinddr 9p ¢ ET  #
(A, PDB code 3UZR}p4 and linearbinder 16 (B, PDB code 4TWQPLET #+p3 8
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In addition, synthesis of compounds including benzothiazole cores instead of benzimidazoles

has produced abatchi £ Bi OAT & AT A AAI 1T DAOPAGAIOAL pE)] EEAEOI
although 1G5 values of # + pirfhibition are missingand selectivity profiles seem less favorable.

Several kinases from a panel a290 kinases were also inhibitedincluding CK1 isoformsy h r ¢ h
AT A rRh #,+p AT A #,+1h $92+p! AT A $92+p"h &, 4ph
platelet-derived growth factor receptor (PDGFRj1e.

Table 7 |" AT UET EAAUT T A AT A AAT U1 OE®AWIISA AbbrepationEnl.dE BAE O1 00
defined.

# Structure 1Cs0 (M) ATP (um)

OH

13 ., n.d7 n.d.

Br. N
)
Br N
Br
Br. H
14 >:s 2.2 (CK1)7 20
N
Br H
Br

H;CO ;
m8T1 189 +
15 I Pl n.d.
m8uu fj8% +p
OCF4

F3;C
° m M8TMT M P+
16 >7NH 10
MT8pww WHL#+
>_<\ OCF3 .
F )\ n8mng 8 +p
17 /%NH . 10
F m8¢p ¥ +p
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HsC OH

CH3
MT8mp Y P3#+

18 (80¢ 8% +p n.d.
w8pyY 8% +p

M8MnMmnu 2 #+ 32
19 m8mMTnm % #+ 8
m8qup R #+ 11
F
F
(@) .
20 n8mnp ¥ +p 10

F3C s OCHj,
%NH
N

Purines and Pyrazolo -pyrimidines or -pyridines

In 2008 roscovitine derivative (R)-DRF053(21) was shown to be a potent dual inhibitor of CK1
(IC50=0.014pum) and Cdk family kinases Cdkl/cyclin B 1Cs0=0.220pum, Cdks/p25
ICs0=0.080 um) in vitro, but without discrimination of isoforms?8s, Five years laer structurally
similar trisubstituted purine compound SR2890 (22) and its derivatives were reported to &-
EEAEO AGAAIT 1T AT O=00040M),IstAKihg activity onhumartcancer cell lines, and
acceptable selectivity, hitting six offtargets out of 442 knases. Among them there were # + p R

and FLT3 wild-type and mutant kinase$gs.

The first pyrazolo-pyrimidine -based CK1 inhibitor PF4800567 (23) has been published in 2009
by Pfizer Global Research and Development. #B00567 is a highly potent and selective inhib

s o~ Az s oA~

O1T O A& O #+pj #EQORAD)DRum) rWith 1 AOO AAOEOEOQUj #i+ipy EOI A

ICs0=0.711um). In a panel of 50 additional kinases only EGFR showed significant inhibition and
in vivo studies revealed alteration of the circadian clock period?. In 2012 a novel pyrazolc
pyrimidine lead structure 24 for CK1-specific inhibition187” was postulated,although in need of

further optimization. This was followed in 2013 by the disovery of pyrazolopyridine
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MRT00033659(25) as a dual, though neither potent nor seleciveh ET EEAEQOTI O 1 A&
(ICs0 =0.8935 um) and Chk11ss,

Table 8 | Purine and pyrazolo -pyrimidineor zDPUOEAET A #+p18zBf EEAEOT 00

# Structure 1Cs0 (M) ATP (um)

0.014 (CK1)s5
0.220 (CdKL/B) 185 15
0.080 (Cdk5/p25) 185

21

NH
2 N
|
N N
e

H3C

S

CH; OH

N
Cl NZ

N
>
22 )% n8mnmt P5# + 10

HN
F
o)
r/ | " 8 15 #
N mexppe +
23 N / 10
M8Mo¢ y5# +
NH, 0
Cl
H H H H
Cl N N N N N
\[‘( \(/ | \
N 87
24 j@/ 5 N / 0.078 (CK1} n.d.
F
NH,
H
N
2 N\
H N
25 HsC N X Y T8 Ywou 18 #- 20
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Amino -anthraquinones

Sructure -based virtual screeningby Cozzaet al. in 2008 identified 5,8-diaminoanthraquinone

(26) £OT I A CcOI OP T &£ ETI x1 #+¢ ETEEAEOI OO0 O1 AA AA
potency and rather unselectivet provides a completely novel lead structure for structure-based
drugdesiCl OACAOAET C BREEAEOQOEITT 1 &£ #+p)

Table 9 | Amino-AT OEOANOET Tinhibito# 26 p§e.

# Structure 1Cs0 (M) ATP (um)

NH, O

26 O‘O n8oc j¥+p n.d.
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2 Aim of the Present Study

The importance of protein kinase CK1 in development and progression of serious diseases has
dramatically increased interestin isoform-specific inhibition as discussed irchapter s 1.2.4 and

1.3.3.In this context, especially highly conserved CK1 isoform;y;, AT A r AOA OOCCAOOA,
enormous potential. Although severaly AT A r -spddific@nbibit@$dhave been reported

so far, actually only very few of them display at least tendencies for isoformselective activity.

Conseauently, structure-activity relationship (SAR)data is rare and suitable mechanisms for the

OAOQEIT T AT AAOGECT 1 £ 1 wiHhigh seleciviyGr SilEtd tie deivalofdd.C D OT AAC
Starting point of this dissertation was the previously by PEIFERet al. designeddiaryl-imidazole

inhibitor 12176, Its excellent potency in the low nanomolar range and its tendency fasoform

1-specific inhibition marked it as a lead structure for further investigation.Unfortunately, direct

usage ofl2 was prohibited by instability based on aMICHAELacceptor present in the molecule

The inevitable optimization procedure followed a wel-established workflow for structure-based
drug development in medicinal chemistry:in silicolead structure optimization was followed by

hit synthesis and biological evaluationThe objectives were thereforesummarizedas:

(1) Design and synthesisof chemically stable potent, specific, and ideally isoform-selective

j noo-foldy#+py ETEEAEOT O OOAOOEIT ¢ £&EOT I

(2) Establishment of SAR by successivaamparison ofin silico and in vitro generated results

and identification of selectivity-determinants /£ O -#peqifig inhibition

(3) Verification of modeling results (proof of concept) by co-crystallization of potent and si-
AT A ATi Bl O1TAO ET #+py AT A OOOOAOOOAI T U OAlI AOA
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3 Molecular Modeling Strategies

Molecular modeling: provides a powerful tool for structure-based drug design in medicinal
chemistry. More than 100,000 threedimensional protein structures have been solved to date
that allow tightly focused studies of structure-activity relationships (SAR). Therefore, the
integration of experimental in vitro or in vivo methods with in silico generated results is wel
established in protein research®0.191, Despite the immense benefitwve have to accept that
molecular modeling is also a highly limited technique. The multitude of essential pameters
such as enthalpic and entropic effects, flexibilityand hydration states of proteins and ligands, as
well as the cooperative interplay of hydrophilic and hydrophobic interactions, require an
extensive knowledge of the medicinal chemist that oftergoes beyon software-mediated
calculationt91.192, Every in silico generated model requiresreasonable questioning and a definite

awareness of the difference between model and realityas summarized byBISSANTZet al.:

O&ET AT T UR AO OEA 1 AOAdhsed dgsigiiiiad iefedsédi i ifpofaht toO O OO A OC
emphasize that any modeled binding mode remains a model until it is experimentally
OAl EAAOAASBSG

3.1 In Silico Lead Structure Optimization

Starting paint for the in silico optimization of lead structure 12 was the definition of its central
pharmacophore. Therefore, the binding modeof 12 was postulated based on molecular
modeling (Figure 13), receiving nearly identical results as published byPeIFERet all76, Two
H-bonds are formed betweenhinge residue Leu85 and the 2-aminopyridine moiety (hinge-
binder). Core catalytic esidues Lys38 and Asp1494184 coordinate a structural water molecule
within the catalytic cleft which donates an Hbond towards an imidazole nitrogen of 12. The
gatekeeper residue Met82 is rotated by 180fowards Pro66 (cp. Figure 15)144.184 relative to the
#+p1 ADPIT (PDBODAIDYSAN permits access to the selectivity pockgtHPI) which is
occupied by the 4fluorophenyl moiety. Pro66 is of essential importance for selectivity as my
few kinases possessquivalent residues that allow the observed gatekeeper rotation44. The
cinnamic acid side chain ofLl2 extends into the solventexposed hydrophobic region(HRII). In
addition, lead 12 includes one chiral centerat the oxidized sulfur atom at the imidazole
2-position. Consequently, both enantiomers have beemwrsidered, but dockinganalysisdid not

reveal any significant difference. In literature the racemate is reported with one exceptio#ts.

k For detailed information on modeling performance and computational software cp. experimentahapter 7. 1
I ldeally coordinated water molecule within the active site, please refechapter 3.1.4
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Figure 13 s 01 0001 AGAA AET AET ¢ 11T AA 1T £ Thelh Mnte@@iorddladréndA p ¢ ET
(B) was generated in accordance to the modeling results (A, PDB code 3UZP).

The assumed binding modeof 12 was compared to published bindingmodes of structurally

similar inhibitors that had been crystallizedwith CK1) or related kinases(Table 10). Among

them there were pan# + p1 TR & PEGZOAE (9)® and PF5006739 (27)1%, several

# + ptargeting 3,4-diaryl-pyrazoles (@8-31)165 as well as seven p38; MAPK inhibitors:

pyridinyl -imidazoles SB203580 B2) and SB220025 @3), pyrimidinyl -imidazoles SB216995

(34) and SB218655 35)1%, and pyridinyl -pyrazolon 3619,

Table 10 | Schematic binding modes of related diaryl -heterocyclic inhibitors crystallized
with # + p) I O. Hbonds formed between inhibitor and hinge residues are indicated by

arrows165,194z196

# Structure Protein kinase PDB code
SP
N—
—\ PB
9 HR N # 3UYS, 3Uzp4
+
F AB P )
)
4‘\
N NH, HRII
r 4
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Evaluation of these crystallographic studies revealed crucial structural requirements for optimal

inhibition of # + p AT ACorBemugently,characterization of core interactions led to the

definition of a central pharmacophorefor in silico optimization (Figure 14): the 4-fluorophenyl

moiety is shared by every considered inhibitor and has been reported ideal for occupatiaf HPI

concerning selectivity over most other kinases A vicinal pyridin-4-yl or pyrimidin -4-yl moiety

accepts an Hbond from the hinge region and is a main determnant for potency.65.184,19%201 An

amino group in 2-position of this heterocyclehas also proved beneficia the positive mesomeric
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effect (+M) increases the electron density at the pyridineing and thereby the acceptor strength

of the ring nitrogen. The amino moiety itself forms a second Hbond towards the hinge
region1s4.101.19%197.201  Both the fluorophenyl and the pyridine moiety are connected by
five-membered  heterocycles bearing an unsubstituted nitrogen  atom  for
H-bonding!84.194,195197,198,200.201 |t seems that fivemembered rings ae the optimal choice in this
position as they dictate an ideal angle fothe positioning of the aryl moieties within the ATP-
pocket. Further influence on binding kinetics can be exerted by targeting the remainintgss
conserveddomains of the active siteSeveral studies have already examined the consequences of
different substituents at the five-membered heterocycleaddressingthe # + p1 AT BugaP o P |
and phosphatebinding regions. Although the importance for activity and selectivity remais
uncertain, these sites represent the major positions for modifying physicochemical
propertieslss.176,184,194,194,192204  Albeit less understood, targeting the solventexposed and rather

vast hydrophobic front region of the catalytic cleft(HRII) is reportedly beneficial in gaining both
potency andspecificity and will be the main topic of this dissertdion176.1952197,200,201, Addressing

HRII by hydrophobic substituents replaces the suboptimal hydration fydrophobic effecf) and
might be suggestedtA AAT OT O &A1 O 1 AOCA CAEG®). O addition, At&ricallyE T C  /EO A
demanding groupsshield the hydrophobic surface and the deeper c#éties of the ATRbinding

pocket from surrounding water.

It is further noteworthy that the initial toxicity problem of pyridinyl -imidazoles regarding
cytochrome P450 (CYP450) inhibition has been shown to beopitively influenced by different

substitution pattern at the imidazole and the pyridinering197.

F
NH 8
Y/
f %s\’ —>
/‘ N CHs
N
HN_ _O
N
OCHs
OCH; 12

Figure 14 | Central pharmacophore for in silico lead structure optimization . The central

pharmacophore has been defined with X and Yeing carbon, nitrogen, oxygen, or sulfun = 0-3).
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Subsequent molecular modeling studies were performed to predict the influence of consecutive
variation of the defined moieties and to identify promising candidates for synthesis and

biological evaluation Themain focus hasconsequently been put on possible gains of potency

and selectiviO U Al QOnedtateg hy different side chains at positios Réto R” addressng the
hydrophobic region llandthereby AET ET EOEET C ET OAOAAOQOEI T O O xAOAO

In general, docking algorithns imply two mating operations: frst, the prediction of possible

binding modes for the ligand in question and second, the calculation(scoring) of the binding

AOAA Al ABcCcU O] ®AQUET C 11 3' EO AAOOAET I U9@EA 11 OC
silico modeling results were compared based on their predictedGlide scores which

ADPPOT @EI AOA It hhs fortheEto Aciképt is-mimd that credibility of molecular modeling

decreases with increasing flexibility ofthe protein structure in question. Especially modeling

studies regarding the highly flexible and solvenexposed hydrophobic region Il requirein vitro

and ideally crystallographic proof of concept.

)T  #+py AGAAIT AT O OAOOI OO sticlidk Dokking rocéureA E&I OA A
Unfortunately, molecular docking ofl2 ET  #+pRr AT A DPoyy ErltsactiviQinOOEOAAI
these kinasesrational docking modes have only been received by theomputational costly and
time-consuming Induced Fit Docking(IFD), though without appropriate scoring Regarding the

limited available compuational resources, the Induced Fit Docking protocol is generally
inaccessible for compound screenirgy®. Even Glide Docking apprazhes based on IFBnediated

DOl OAET DOADPAOAOGEIT AEA 11 O UE3&ctedningdddtfedeikinasds OAT OF

was therefore not purposeful in thecontext of this dissertation.
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3.1.1 Influence of different Substituents in the Selectivity Pocket

The fluorinated aryl moiety is a main determinantfor selectivity regarding a large subset of

other kinases.Consquently, the addressed hydrophobic back pockeHPI) present in both CK1

and p38 has often been termed the3electivity pockett8 ) 1 #+p EOIT &£ O0I 0 AT
mainly consists of residues Met80, Val81, antMet82, while in p38 it is Thr, Val, andLeu,

respectively. Despite these diffeences in primary sequence, hydrophobic environment angize

of the sites are quite similarl65.197, The main difference however,is located at the entrance of the

pocket. In p38 MAPK the relatively small gatekeeper s&due Thr readily provides accesso HP],

xEEIT A ET #+p17TrR pynd O1T OAOCETT 1T &£ OEA 1 AOCAO CA«
4-fluorophenyl moiety penetrates deeply into the cavity forming strong hydrophobic

interactions with residues Met80 and M&2 (Figure 15)184,

“WT’;/ “-\"::N "r';;-.“

W 0

BRSO,

"’*’Q&ﬁ&‘\fy W e <\
YN A Y A0S . .

Vet avgn . e

LY,
WA

¥
RO IR
SO

5

Figure 15 | Positioning of the 4 -fluorophenyl moiety of 12 within the selectivity pocket of
# + p.1 The halogenated aryl moiety penetrates deeply into the pocket forming hydrophobic
interactions (violet) with Met80 and Met82. Met82 isrotated towards Pro66 (PDB code 3UZPp4.

Although several studies have already reported the optimal fitting of the-fluorophenyl moiety
within the selectivity pocket, this has only been R AOET AT OAT 1 U A ORE OMAOAA [l
account of this modeling studies havebeen performed toinvestigate the influence of different

para and meta substituents for R (Figure 150 E T  #dfophptsc substituents were selected
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ET AAAT OAAT AA | AGPAOEI AT OAI OAOCOI 606 bDOAI EOEA.
CRAIGY7,

The in silico results reveakd the assumed behaviorbased on the experimental data ob ¢ 4
(Table 11). Different small substitients (H, F, CICH) are tolerated in para- and meta-position
AOO xEOET 600 A1 U OFptriabiaing withi©hydiopliobic cavities fds empii-
cally been defined upon 55 % occupation of the pockets volume by the ligatd which is approx-
imately achieved only with this set of substituentsExcept for the tolyl group,para-substitution
seems to be slightlyfavored. Sterically more demandinggroups or larger halogensubstituents
(Br, 1, meta-CF;, OCH) are also accepted preferentially in meta-position, but affect the overall
positioning of the ligand in the active siteaweaker penetration depth of the aryl moiety lead to
weakening or disruption of several hydrophobic and hydrophilic interactions by alteration of
donor-acceptor distances and decreased inhibition potezry has tobe suggestedBulky function-
alities (isopropyl, cyclohexyl,para-CF) are not tolerated anddid not provide rational binding

modesof these derivatives

Table 11 | In silico influence of different substituents for R *and R2ZE1 # +pagd structure 12

is deposited in grey.

# Rt R2 Glide score
37 Chs H -14.0
R2 38 F F -14.0
R1
39 Chs H -13.8
O 40 cl H -13.8
NH 0 12 F H -13.7
[ )¢
N/ \ 41 H H -13.7
CH,
42 H F -13.5
43 I | -13.2
HN (0]
44 H cl -13.0
X 45 Br H 126
H5CO 46 I H -12.6
47 H OCH -12.1
48 H Br -12.0
OCH,
49 H Ck -11.6
50 OCH H -11.2
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3.1.2 Addressing the Phosphate- and Ribose-binding Regions

Substitution of the imidazole core in order to targethe phosphate and ribose-binding domains

i £ #+py AT A Doyl EAidtendely Bylsdviral graupek o 19700 Befetn Ahk
main bendit in p38 MAPKIinhibition is the modification of physicochemical propertie$®” while
/A x  #inhipitprs additionally exhibited slightly enhanced selectivity over other kinases,
OEIT OCE 1204, Bspetiatiytire 2-thioether functionality has been highlighted by several
publications for its high potency and its ability to efectively reduce CYP inhibitior76.197.203 The
sulfanyl group is further predestined to act as a linker for moieties thaaddressthe hydrophilic
domains of the ative site202, Bulky residues at the sulfanyl, however, can be assumed to
decrease activity¥’. Interestingly, synthetic easily accessible sulfoxidesuch as12 which are
expected as the main metabolitedhave been postulated to increase CKisoform-selectivity

(Table 6)176.200, Sybstitution at the 1- and 3-position of the imidazolehas also beerexaminedfor

boyy AT A 1T AOO ET OAT OAI1 U Ao dirkcteg towak$ the BaklSi@doflO 08 4 E A

the pocket participates in H-bonding and does not toleratesubstitution9?. In contrast, the
nitrogen positioned towards the solventexposed entrance of the cleft has repeatedly been
screened carrying different predominantly hydrophilic moieties. Unfortunately, he effect of this

substitution remains less clear and has been discussed dooversely176.194,197,198,20q202,204. Albeit

A AAT AZEAREA] CAET i /& OAl AROEOEOU A O #+p)] EO CA

suggested to cause steric hindrance within the inhibdr if bulky side chains are existehin
2-position of the pyridinet®8, In silico optimization studies have therefore been limited tothe

2-position of the imidazole in this dissertation.

The aim was to evaluate the benefit of hydrophilic substituents that might be linked to the
exocyclic sulfur atom at the imidazole 2-position of 12, thereby replacing the methyl group
Flexible aliphatic n-alcoholic moieties with increasing length were screened in a first attempt. In
a second stepchiral centers wereintroduced into these substituerts and additional hydroxyl
groups were added to address spedd amino acidsfor H-bonding. The use of chiral residues in
this context was expectd to influence selectivityin vitro and in vivo due to the lessconserved
character of the addressed domainsln order to promote the introduction of chirality even
further, moiety screening included several chiral iminosaccharides from a compound list
provided by the Ferrier Research Institute (Victoria University of Wellington, New Zealand.
These molecules were connectefin silico) to the imidazole 2-position via a nitrogen instead of a
sulfur linker as this seemed themost promising method for potential synthetic approaches.

Synthetic realization of this concept, however, has bedhe topic ofthe master thesis ofSCHMIDT
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in 2015 who functionalized diaryl-oxazoles with iminosaccharideqFigure 16)208, A selection of

top hits from severalin silicoscreenings isgiven in Table 12.

Table 12 | In silico screening top hits with different hydrophilic moieties for R3ET # .+ p)

# R3 Glide score

51 -16.5

52 -16.5
53 -15.9

F
54 -15.4

NH
, />\R3
| X N
N .~ 55 -15.4
HN (@]
AN

56 -15.2

H,CO
57 -15.2

OCH,
58 -15.1
59 -15.1
60 -14.8
9
61 -14.1
/’S\/CH3
(@]
12 g -13.7
- ~N

62 ,/S\/\OH 135




Molecular Modeling Strategies|51

Modeling exhibits the expectedA ZAAT 1T AT O OAOGOI OO0 . Hydrd¥ grduEs @FE
primary aliphatic alcohol substituents interact either with residue Asp132 or Serl7. Additional
hydroxyl and amine groups of polyvalent alcohols and iminosaccharides also permit 4donds
with residues llel5, Asp91, and Asnl33 It is noteworthy that these residues have
predominantly been suggested to particpate in substrate recognition and ATP-binding.
Nevertheless, the enhanced calculate&lide scores could be misleading as additional #ond
ATTT00 AT 110 1 AAADEA E folthatidhi ofh ddlditkeOAbonds’ réquires
replacement of potentially coordinated water molecules from the addressed regions
(cp.chapter 3.1.4). Regrettably, this is not completely represented in docking and might

overcompensate the enthalpic gainsThe calculated binding mode oftop hit 51 E 1 #is p)

exemplified in Figure 16.

Figure 16 | Postulated binding mode of 51 E 1 # +Hydroxyl moieties of the iminosaccharide
(yellow) form H-bonds with residues Serl7 and Aspl32. Interactions between other parts of the

ligand and the kinase are not shown (PDB code 3UZP).

CAET «
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$AOPEOA OEAOA OAOGOI OO6h OEA AT T O T 0QitroGsiudies asET 3
suggestal from initial evaluation by ScCHMIDT%8. Only compound 64 out of three iminosaccha-
ride-substituted ligands 64-66 exhibited a significant but rather weak increase inactivity com-

pared to the unsubstituted analog63 in kinase assayqFigure 17). Further biological data cam-

ARAOTET C ETEEAEOETT 1 & #+p EOI &l Oisormspecificiy. IAT A | A
cell assaysa complete lack of activity was observe#Ps. According to the results ofSCHMIDT, unfa-
vorable hydration of ligandj AT A BOI OAET @ EO 11 0606 1 EEAT U O ATl

upon H-bond formation by high desolvation penaltiesThe complete loss of inhibitory activty in
cells might bedue to inability of plasma membranepenetration or rapid intracellular metaboli-
zation. In this context it has to be noted that hydroxyl moieties provide additional sites for dier

vatization and inactivation of compoundsin vitro and in vivo!7.

N OH
—\O N=<
N a0 ® . 120 1 Bl CK15
F § E N, S
63 | 64 | N CFyc00” B2 100 -
N “ 2
N F B
-]
]
OH =
OH £
HO £ =
® 5
SNH, O/\OH s
65 HN—F 66 N T'Eu
4{ o ( [
(O CFeco0 O S
F F -
N N 63 64 65 66 DMSO
| — | — Compound
N F N7 F

Figure 17 | In vitro biological evaluation of diaryl -oxazoles by ScHmIDT. Iminosaaharide-
substituted compounds 64, 65, 66 derived from unsubstituted compound 63 (left). Residual actiu-
OU 1 & # + pn inhfbidor gstshown in relation to control (DMSO) Each bar shows the mean

value of n=3 experiments + standard deviation(right, modified from ScHMIDT208).

Even though no increase in potency and selectivity might be achievielydrophilic substituents
have in general been used tbeneficially modify physicochamical properties such as solubility
and oral bioavailability, but this was not thefocus of the present dissertation. The weak overall
activity of these compounds is most likely provoked by the fluorine substituent atrtho-position
of the pyridine. The strong negative inductive effeatould weakenthe pyridine H-bond acceptor

which is the main determinant for potency of this inhibitor class.
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3.1.3 Alternatives for the Imidazole (Core Hopping)

Although the majority of teardrop-l EEA #+py ET EEAEQOI OO0 DPOAI BOEAA Oi
stituted diaryl-imidazoles, alternatives have been reported. Among themwere the less potent
oxazoleg0 and isoxazole$s, but also severahighly active pyrazoleg6s. Anin silicocore hopping
has beenperformed to identify promising alternatives in order to improve potency and selectiw

ty regarding# + plmiBazoles are further less fawrable regardingpotential CYP inhibitiorto7.

The substitution pattern of the lead structure was retained while the core imidazole was oe
secutively replaced by heterayclic scaffoldsfrom the Glide fragment library (Schrdodinge®,
cp.chapter 7.1.3 and Table 13). It is therefore not surprising that predominantly five-
membered heterocycleswvere received,althoughx EOET 00 OECT EZEAAT O CAET O E
lead structure. Strikingly, an Hbond aaeptor positioned towards the structural water is can-
served among the top hits and its absence consequently leads reduced predicted affinity
(i.e.less negative scores)Apart from this, prediction is less simple asnultiple parameters de-
termine the qudity of H-bond acceptation in an additive but nordinear fashion. In general, ao-
matic nitrogen acceptors areslightly favored to aromatic oxygensand electron-donating effec-
tors (positive mesomeric and inductive effects) increase acceptor strength whilelaxtron-

withdrawing (negative mesomeric and inductive effect} ones lead to weakened Hbonds!91.199,

Consequently,pyrazole scaffold67 shows slightly improved values (i.e. more negative scores)
Al O wheh compared to lead12, presumably caused by theelectronic effect of the vicinal
nitrogens. In contrast, soxazole 68 which acceptsthe H-bond via the nitrogen atom exhibits
reduced predicted affinity values, suggesting weakened Fbonding due tothe vicinal negative
inductive effect. Interestingly, oxazole69 and imidazole 12 depict nearly equivalent values.On
the other hand,even oxygen Hbond acceptors sub as fuan 70 unexpectedly shows- ' values
similar to imidazole and their acceptor strength seems to befurther increased through
additional ring nitrogens (oxazole 71, isoxazole72). A selection of suidble fiveemembered

heterocyclic scaffolds fromin silicoscreenings is given inTable 13.

Furthermore, the fitting of four- and sixmembered heterocycles hasalso been investigated.

While pyridine derivative 73 is well tolerated with scores similar to lead structure 12, four-

membered azete74 exhibits A OECI EAEAAT O 11 00 ET 3'8 4EEO ALALEA
between the vicinal aryl moieties and the core heterocycl@~igure 18). Fve- and sixmembered

aromatic scaffoldsgenerally dictate similar anglesthough in dependency of substitution andthe

existence of heteroatoms. The slight decrease of the pyridine scaffold might be caused by less

penetration depth into the selectivity pocket (Figure 18). In contrast, fourmembered aromatic
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systems generate taller angles, forcing the vicinal aryl moieties further apart and leading to
suboptimal fitting (cp. Figure 18). Thepostulated binding mode of the azetdin silico) derivative

e.g. shows only a single #Hond towards the hinge instead of the initial bidentate binding.

Table 13 | In silico core hopping results for the imidazole of lead 12 E1 # +Hebpnd acep-

tors are indicated by arrows.

# C Glide score
A N/

67 N -14.2

N

B

71 I /> 141
B N
A N/

69 I \> -13.9
B O

A N/
12 I \> 13.7
N
H

Cr o " d
3 72 | O\N 13.7
HN_. _O 5 % '

A ¥
OCHs 70 I()) -13.6
P .
B
OCHs ¥
A N
73 | N -13.5
5 .
A N/
=\
68 Lo -13.3
\
B
A ¥

]:N
74 | ] -12.0
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Figure 18 | Postulated binding modes of 12, 73, and 74 E 1 # #Smaller aromatic systemsdic-
tate increased anglesleading to less optimalfitting of the azete scaffold74 (violet) compared to
imidazole 12 (green) and pyridine 73 (black) scaffolds. The indicated distancesrefer to the 3D

structure and thus the angle of torsion.All data refer to energetically minimized structures.

Taken together, thein silicocore hoppingDOCCA OO0 11 OECTI EAZEAAT O ET AOAA
the use of alternatives forthe lead imidazole. Nevertheless, the replacemenivould surely be

tolerated regarding pharmacological or physicochemical (or synthetic) reasons.
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3.1.4 Structural Water

In the apostate of kinases when neither inhibitor nor cofactor is bound, the active site is flooded
with water. Consequently, every binding event requires water displacement and should ther
fore be entropically favorable. Although binding sites are characterized byhighly disordered
water that is readily replaceablein practice, severalwater molecules are buried more deeply
and interact with the protein environment through multiple H-bonds. Some of thesean even be
considered part of the binding site and a displaament has to be assumeds energetically disfa-
vorable. These water molecules are ideally coordinated by ndéss than three Hbonds with pro-
tein side chainsand are referred to asstructural water. Replacement of norideally coordinated

water might be possble and depends on the local geometryl.

yT EOI AT sgpecificwatdr indlecule is conservedover all crystal structuresm published

in the Protein Data Bank (PDB)Although not ideally coordinated it is deeply buried in the
phosphate-binding region within H-bonding distance to Lys38 and Aspl49. Another bond is
formed towards ATRcompetitive ligands whenever possibleln order to evaluate the possibility

of replacanent, several substituents at the 4fluorophenyl moiety and the imidazole core were
screenedin silico. The best hits from this sceening are depicted inTable 14 and Figure 19.In
derivative 75, a hydroxymethyl substituent in 2-position of the 4-fluorophenyl moiety exhibits
significant gainin3' 8 ) 1 OAOAOOET CIpUrieradstnitheE wWith Dys3@® bidr witlg O1 O
Asp149. Instead, an bond is accepted fromTyr56 (Figure 19 B). Displacement of the water
molecule might also be achieved bgubstituents at theimidazole nitrogen. A hydroxyethyl moe-

ty in 76 only interacts with Lys38 (Figure 19 C) while a chiral hydroxycyclopropyl moiety in 77
adopts theexact Hbonds from the water molecule(Figure 19 D). Bothstructures show energy
values equivalent to the leaccompound8 4 EA [ EOOET ¢ CAET Edluore2- AO

(hydroxymethyl)phenyl moiety is most likely due to steric hindrance within the ligand.

Table 14 | Screening hits for the replacement of the structural water . Glide <ores are given
beyond 75,76, 77, and lead12. R= (E)-4-(2-(3-(2,4-dimethoxyphenyl)acrylamido)pyridin -4-yl.

12 75 76 77
F F
NH /O /
Y %
| />\s\ />\ />\S
R™ N CH,
-13.7 -14.6 -13.6 -13.7

m( Ol AT #+py 0$" AT AAOd 0593h o B3 AKBA GBCOKBKUH@HNE 1 4. oh T147#h
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These results assume that replacement of theonservedx AOAO 111 AAOI A xEOQOEET O
site might be possible, although thén vitro and in vivo benefit has to be determined experima-
tally. Even if no gain in potency can be achieved, this approach might prove valuable in gaining
selectivity. An equivald O xAQAO 111 AAOT A AATTT O AA dnd®AAOAA E
AT A1 T cOA DT OEOETT EIT OEA DPoyy, AAOEOA OEOA EO 1 AA
A Lys38 B
R Tyr56
lll(:.% W
.
.
-13.7 Asp149 -14.6
C D

-13.6 -13.7

Figure 19s 2 ADPI AAAT AT O T £ A AT 1 OAOOA DOnexcarBdnad wdteimBldcOle A ET  # +
ET OEA #+py) AAOEOALYS3E OFp140,abdhtieAigdad@dDd2 (A)EIOMEight be replaceable
by a hydroxymethyl group in 2-position of the 4-fluorophenyl moiety in 75 (B) and a hydroxyethyl
group in 76 (C) or achiral hydroxycyclopropyl group in 77 (D) at the imidazole nitrogen. The
(E)-3-(2,4-dimethoxyphenyl)acrylamide side chains (cp. lead structure 12) in 2-position of the

pyridine are not displayed.Glide scoresare given beyond the structures.

n(OF Al #+pr 08" AT AAGd t(.)h t(/+
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3.1.5 Addressing the Solvent-exposed Hydrophobic Region Il

The evolutionary less-conserved and solventexposed HRIlI does not participate in cofactor

binding and has therefore been associated with gains in both potency and selectivity regarding
ATP-competitive small molecule kinase inhibitors 197, Presumably hydrophobic residues form a

lipophilic groove in the front region of the catalytic cleft, restricted by an agglomeration of acid

and hydrophilic residues at the rim. Althought + p EOT &£ Oi 0 7 AT A RroinOEAOA (
this region, they slghtly differ in their three-dimensional organization. The correspondent

AT T AET ET bDoyy -'!'0+ EO [ledlihddid sighfidantligtiveieA dAd O OAOE
geometry (Figure 20).

Figure 20s 01 OEOGET T ET C T £ p¢ ET OEA EUAOI PET AERhe OPA-CET T 1))
philic groove (yellow) is restricted by acid and hydrophilic residues at the rim of the region (red)

Modeling refers to PDB codes 3UZP, 4HN&nd 1BMK.

#+p) AT rovider gpacious and mainly planar hydrophobic front regionsEspecially

EOI & Oi 1 Al 11T x OhighDeikility AGonseEEeOt), thd dBplayes iring mode
of lead structure 12 E1 # shpwis an entirely planar conformation of the E)-3-(2,4-
dimethoxyphenyl)-N-(pyridin -2-yl)acrylamide moiety. ) T  #+pr AT A DPoytwo O OOEI

dihedrals along the acrylamid chain leads teither syn- or anticlinal conformation. Energetically,
these conformers can be assumed slightly less favorethereby providing a possible explanation
for the rather weakpreference/£l O #+py | OAO OEA 1T OEAO Oxi EET AOA«

oHuman# + p JHRIkresidues: llel5, Leu25, Leu84, Leu85, Gly86, Pro87, Ser88, Leu92, Phe95, Leul35, Leul38
P Humanb o yHRIIresidues: Val30, Ala40, Leul08, Met109, Gly110, Alalll, Leul67
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YT Poywy OEA EUAi®dighificdndyfeds sgadiocpEandhowps gn overall nonplanar

folding. The overhang of the larger Nerminus generates a relatively flat channelwhich is

occupied by the dimethoxyphenyl moietyand confines rotational flexibility (Figure 20). In

addition, the hinge isQlislocated forwardsd(Figure 21) enforcing the above mentioned rotation

of the side chainln contrast, protein structureal ECT 1 AT O 1T £ #+py AT A #+pr A
shifts in the hinge region which do not seem suitable to justify the torsion within the acrylamide

moiety. Furthermore, an accommodation of the 2 4limethoxyphenyl moiety by the flexible 1-78

1TT D EAO AAAT GA@nt thebefore D ER OO I A p)wbereds+ie rquivalent

1 T1T D Eissigificaptly smaller and differently orientated.

The (B)-conformation of the acrylamide, however, is conserved irall three binding modes

(Figure 21). This is not surprising as the Z)-conformer is associated withi T O O A Gn aRylof 3

these kinases and has to bassumedlessbioactive.

Figure 21 s 0071 OAEIT

AEODPI AAAA EI OA1 AGET 1 o)} # + peft). Dife@dt kdntrmAtior of #igapds j UAT 1 1
(12) taken from the protein structure alignment (right), though the E)-conformation (grey box) is

preserved. Modeling refers to PDB codes 3UZP, 4HNand 1BMK.

Taken together, the solverdexposed front region seems potentially suited for the improvement
of both potency and selectiy regarding # + p 1 8 , EsiBd dh&ng indstAikely enhance
affinity through multiple VAN DERWAALSinteractions. Methoxyphenyl moietiesmight be ideal in
this context asthey can additionally interact with adjacent water molecules and thereby shield
the hydrophobic region from the surrounding polar environment. As thisis the main issue of
the present dissertation, multiple in silico studies have been performed to evaluate suitable
candidate compounds &r subsequent synthetic realization These were subdivided into six
distinct series regarding the type of substituent at the ortho-pyridine position of

4-(5-(4-fluorophenyl) -2-(methylsulfinyl) -1H-imidazol-4-yl)pyridin -2-amine (78, Figure 22).
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F
NH fe)
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| N CHs
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R

Figure 22 | Schematic representation of series 1 to 6 deriving from 78 . Residues (R) are @-

fined in the following chapters.

Primary and Secondary Amino Substituents (Series 1)

The predicted planar conformation of the lead structure side chain is enabled by the
sp? hybridization of the acrylamide carbon atomsTherefore, the carbonyl functionality and the
A-bond were abolished from the structure to gain completesp® hybridization within the linker ,
leading to significantly enhaned flexibility for derivative 79 (Figure 23). In addition, increased
chemical and oxidative stabity were expected as theMICHAEL acceptor has been regarded
responsible for instability of lead structure 12. In general, enhanced rotational freedom is
associated withthe confinement of translational and rotational degrees of freedom and thereby
negatively influences the entropic contribution to the energetic bindingprofile of inhibitors 209,
Increased flexibility can also be assumed to initiate bpss ofselectivity as flexible moieties and
flexible kinase residueseasily adapt to each othef®. It has further been suggested thateletion
of the carbonyl group is accompanied by decreased activity athe negative inductive effectof

the carbonyl polarizes the NH-bond of 12 whereas the positive inductive effect of an alkyl chain
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might weaken the Hbond donor. The carbonylgroup might further be beneficial for positioning

the N-H in the correct angle.

As expected, modeling results foi79 exhibit high degrees of flexbility within hydrophobic r e-
gion Il, whereas the conformation of the diarylimidazole scaffold is highly conserved in alla-
tional in silico binding modes(Figure 23). Consequenly, additional off-target effects have to be
assumedas the folding of the solvertexposed font region is less determining forspecificity in

the case of highly flexible side chainsModeling alsandicates reduced potency of7f9 for# + p ) E1

relation to 12. These screening results weranticipated and will have to be evaluatedn vitro.

Figure 23 s 01 0001 AGAA AET AET ¢ I IAllgAntent lotEseveral péskible# binging
modes illustrates the high flexibility of the N-3-(2,4-dimethoxyphenyl)propyl side chain within the
hydrophobic region Il (left). In contrast, the diaryl-imidazole scaffold is highly conserved in all
binding modes (right). Modeling refers to PDB code 3UZP.

Although removing both the carbonyl group(sp?) AT A B8 (si) of 12 is most likely to

afford overall less potent and selective inhibitors it is thought to represent an important proof of

concept. Furthermore, thelength of the linker side chain and the influence oflifferent di- and

trimethoxy substitution pattern at the final phenyl moiety should be investigated. It has to be

noted that in all series the focus has been put on different methoxyphenyl moieties as explained

previously (chapter 3.1.5)200, Mono-methoxy substitution has not beenconsidered as it has

AAAT OADPIT OOAA O1T AA 11 OQwhgdaddi andl imethoxEsulstit@mtsp 4 ET EE

impair fitting in this kinase200. The linker wasthereby varied from zero to three carbon atoms.

Unfortunately, no preferences have been observeth silico regarding substitution or linker
length. Multiple combinations show similar scoring without revealing any distinctrends, which
is most likely due to the planar and spacious folding of thi8 + pregion. The overall scoring is
as expectedsignificantly increased E8 A8 11 00 1 £ ddSrucAi@ 124 Tabl®IEBOAA Ol
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Short or nonexistent linker chains combined with unfavorable substitution in the ortho-

positions cause intramolecular steric hindrance and are least favored.

Another approach was to invespate if additional Hbonds might be formed with hydrophilic
side chains at the rim of the hydrophobic regionKigure 20, red surface). Thereforaghe terminal
aryl moiety was exchanged for a dimethylamino group whiclmight be positively charged under
physiological conditions. In fact, an HBond towards Asp91 can be observeth silicowith cyclic
and aliphatic linker s containing three or four carbon atomsin a row (Figure 24), though with-
100 AT U OECGCIEEZEAAT O EIi POT OAT AT O ET 3' -Add AT i BDAC
should therefore be considered rather weakThe influenceof this interaction in vitro, however,

has to be examined experimentally.

Figure 24 | In silico binding mode of 80 and 81 addressing Asp91. Positively charged dimethy-

amino side chains linked to the 2aminopyridine through aliphatic (A) or cyclic (B) linkers

(cp.Table 15)8 ! Obwp EO DI OEOEI T AA AO OEA OEI 1T £ #+py EUAOI D
Besidesprimary aminesseveral less lexible secondary amines were screened, expecting strong

losses in activity as they prevenformation of the second Hbond with the hinge. Alternatives for

the final dimethoxyphenyl moiety have also been computationallgxamined An overview over

several in silico screened compounds is given imable 15. For clarity, only thosewhich have

been selected for synthese from these screening have been included (cp. synthegs

chapter 4.2). Apart from the mentioned intentions they have been selected upon commercial

availability or synthetic feasibility.



Table 15 | In silico screened compounds of series 1 that have been selected for syntheses.

Series 1refers to primary and secondary amine substituents. As these compounds exhibit congsi-
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OOOOAOO

AOAAT A 11T 00A0 ET 3' AT UxAUR OEAUGlide@dreOT OOAA AU
# R4/ R5 Glide score
82 /@ -11.8
83 @\ -10.9
H,CO OCH;
F 84 -11.2
H,e” Yo
NH O \\ OCH3
| )—¢ 85 -12.0
\
Y N CH, OCHj
N A HsCO OCHs
86 117
HN\R4 /\D/
87 /\EQ 127
NH
o
88 - N -11.6
N \CH3
F
89 H 8.4
NH fe}
Y
| />~s\
| N N CHs 90 Ch -8.4
N~
N
[ ] o1 -10.7
N
5
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Propionic Acid Substituents (Series 2)

The second series was mainly motated by two distinct intentions: first, to provide evidence for
OACAOAET
hypothesis wasthat the carbonyl function might strengthenthe adjacent Hbond donor and

the importance of acyl moieties atthe A1 ET | PUOEAET A BT OEOQOEIT 1

support positioning of the N-H group in the correct angle (cp. series 1)Second,to avoid an

1 hynsaturated carbonyl moiety (MICHAELacceptor) such asin 12 that is considered respons

ble for specificity and instability, but not for potency. Ropionic acid (sg?) instead of cinnamtc

acid (sp?) side chains were assumed to account for highly active and chemically stable inhibitors.

)y £ Ol h OEAOA Al i pPIi 01T AOG T ECEO ZAOOOGEAO AA OOAA A «
Powy A0 A AAAOAAOGA ET OAI AR AOEGAEIOBo Ak d@dbchylAM OO C («
group only partially restricts flexibility comparedto the first series. Previous studies also hif-

lighted the influence of acyl moieties in the exactgsition for metabolic stability200.

As discussed for series 1, different substitution pattern for double and triple methoxy

substituted 3-phenylpropionic acid moieties were screenedn silico (Table 16). Modeling suy-

gests trimethoxy substitution to be slightly favored over dimethoxy derivatives with the excep-

tion of the 3,4AET AOET U DAOOAOT xEEAE AQEE AQEOOvatl@ODAOET O
102h 1 A A E Béng of theEldad structure, shows identicascoring compared to12. Although

losses in selectivity are most likely, all compoundsan be considered highly potent regardinghe

in silico results. Synthetic realization, hovever, concentrated on commerially available
3-phenylpropionic acids from this series(cp. syntheseschapter 4.3) in order to generate highly

stable and active inhibitors as biological tools for furtheiin vitro evaluation.
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Table 16 | In silico screened compounds of series 2. Series 2 refers to di and trimethoxy-

substituted 3-phenylpropionic acid side chains at the 2aminopyridine.

# R Glide score
92 2,3,6-Trimethoxyphenyl -14.6
E 93 3,4-Dimethoxyphenyl -14.6
94 2,3,4-Trimethoxyphenyl -14.5
NH o 95 3,4,5Trimethoxyphenyl -14.4
/ /}‘Si/ 96 2,3,5 Trimethoxypheny! -14.3
| N CHs 97 2,4,5Trimethoxyphenyl -14.3
N A 98 2,4,6-Trimethoxyphenyl -14.3
HN 0] 99 2,3-Dimethoxyphenyl -14.1
100 2,6-Dimethoxyphenyl -13.9
. 101 3,5-Dimethoxyphenyl -13.8
R 102 2,4-Dimethoxyphenyl -13.7
103 2,5-Dimethoxyphenyl -13.6

Carbamide Substituents (Series 3)

4EA Ol ECEOI U AEEAZAOAT O PI OEOEITT 1T &£ OEA EET CA OA
Poyy 11 OEbkenlakek iAt®acdounOn the third series. The idea was to generate add

tional rigidity in this domain to gain selectivity for CK3 j AT A D OA O BJerfothér k- # + prR
nasehr A OB A A E JubstitudionBvithyispcyanates at the 2aminopyridine affords carbamide

derivatives. These carbamidesmight be able to form a third Hbond towards hinge residue

Leu85 and restrict rotational freedomof the side chain by waivingsp?® hybridized carbon atoms.

The idea of an additional Hbond towards the hinge has been confirmed by moleculamodeling.
Docking studies withstereotype carbamide compoundL04 (Figure 25) exhibit an excellent gain
ET (Blide xore =-17.2), presumably caused by the intended tridentat@inge-binder. It has to
be noted, though, that carbamides are known to possess unfavoralgaysicochemical prope-
ties, especially regarding solubility. Thereby then silico observed advantages might be (over)
compensatedin vitro which has to be evaluatecexperimentally. In fact, several approvedsmall
molecule kinase inhibitors such as sorafgib, regorafenib, and lenvatinib possesscarbamide
functionalities”. Differently substituted 3-phenylcarbamides were synthesized ¢p. syntheses
chapter 4.4) and biologically tested. The selection of is@yanates was carried out based on

commercial availability.
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Figure 25 | Postulated binding mode of carbamide derivative 10 4 E1T  # +Thq 2D interaction

diagram (B) was formulated in accordance to the modelingesults (A, PDB code 3UZP).

Conservation of the (E)-AT T A£E C-Bahd (Series 4 and 5)

The suspected advantages and disadvantages of thE){A | 1 /EE C-Ao6dAdk leadl 12 have

already been discussed:ricreased isoformOAT AAOEOEOU 1 OAO #nstpbdity AOO Al

(MICHAEL acceptor potential) and the existence of a less bioactiveZf-isomer. In addition, the
reactivity of the | huynsaturated carbonyl compoundis enhanced through the vicinal phenyl
moiety. Consequently, the idea was to miniine MICHAELacceptor reactivity while conservingan
(E)-like geometry either by using five-membered heterocyles (sries 4) or alkyne moieties
(series 5). The additional rigidification caused by altered hybridization, sp? in heterocyclic
systems andspin alkynes, was also assumed to positively affect selectivity over different kinases
as this is a welestablished mechanismin this context!®®. In addition, an entropy-driven
contribution to the binding free energy can be assumed as rigidification of ligands is associated
with beneficial modification of degrees of freedom upon binding to the active sit. Especially
heterocyclic scaffolds (sries4) have been considered beneficial(Table 17): first, aromatic
systems including an NH group E T -pogition of the carbonyl function might enable a third
H-bond towards hinge Leu85 as discussedor carbamide derivatives (cp. series8); second,
additional contribution to kinase specificity was suggested as bulky substituents at the
2-AT ET T PUOEAET A EAOA AAAT OADPT OOAA 19O Aithohgh es3A AOA

bulky, the linear geometry of alkynes phybridization) was supposed to have an analogue effect

AOA O1 OEA Ol EGCEOI U AEAAAOABEr DISPEOET T 1T £ OEA EE

E
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Molecular modeling studies using 4(2,4-dimethoxyphenyl)-1H-pyrrol -2-carboxylic acid (stere-
otype series4 compound 105) and 3-(2,4-dimethoxyphenyl)propiolic acid (stereotype sries5
compound 106) as side chains at the 2aminopyridine of 78 confirmed this hypothesis, although
fitting of 105 and106 ET  Exstillyngs tobe assumedFigure 26).

Subsequently, several fivanembered heterocycles were screeneth silico for their binding in
# + pin order to identify suitable candidates for syntheseqTable 17). These studies indicate
the fourth series to be more effective than the fifth. Heteroaromatic scaffolds containiren N-H
group show the highest gainE1  (Slide scores S -16.6) as they aresuggested to actas
tridentate hinge-binders. Among the remainilg heterocyclic systems the calculated activity
explicitly depends on the included heteroatomsn accordance to the HASB concepin general,
nitrogen accounts for higher gaisET 3 '  @Evhie oxddeh ifleast activecp. 109-112,
Table 17). The preference for additional aromatic moieties over alkyne side chains is most likely
due to multiple VAN DERWAALS interactions and entropic (hydrophobic) effects within the
hydrophobic region Il. The scoring of the alkyne derivativel06 (Glide score=-13.7) matches
that of lead structure 12 (Glidescore=-13.7).

Figure 26 | Postulated binding mo des of 105 and 10¢ ET1  #Thmeg Hbonds are formed
between compound 105 (series 4) and hinge Leu85 (arrow) while compound 106 (series 5)
represents a bidentatehinge-binder. HRIl residues are indicated with their vaN DERWAALSradii by
yellow spheres (PDB code 3UZP).

In summary, both series represent interesting approaches that can be assumed to beneficially

(series 4) might further provide enhanced potency, though this has to bevaluatedin vitro.
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Table 17 | In silico screened compounds of series 4 and 5. These series refer to acyl side chains
that were designed tomimic the (E)-AT 1 £E C &honkl &f the lead structure bearing either five-

membered heterocycles (series 4) or an alkynemoiety (series 5). R = 2,4-dimethoxyphenyl.

R7 Glide score
(e}
// /N
107 / -16.8
HN
R
H
N
105 \ / -16.7
R
H
,/, N\
108 \ N -16.6
N\/<
R
F
/N
109 / -14.6
NH 0 (@]
/
/ />‘S\ R
| N CHs
N _~
S
110 -14.6
HN ’\x\/g
R
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Hybrid Inhibitors (Series 6)

Another approach was to adapt side chains from known kinase inhibitors with suitable prope

ties and to attach them to 2-aminopyridinyl -imidazole 78. Recent studies identified a class of

nanomolar Porapine (Porcn) inhibitors to be moderate ET EEAEOT OO0 1 £ #+p EOI A
OET xET ¢ ETEEAEOI OU AMAGE GeoQUy TAO OHA teh eEAIBMO T @ AT T
(unpublished data byKuHL and KNIPPSCHILD. Porcn is a membraneassociatedO-acyltransferase

family member that catalyzes Wnt palmitoylation and thereby initiates Wnt activity. The aqo-

pounds have therefore been initially designated as inhibitors of Wnt production (IWP)e.

Molecular docking studies postulated a binding mode for thesdWP with the dihydro-
thieno[3,2-d]pyrimidin -4-i T A OEAA AEAET ET OAOAAOEI C xHISE OEA E
binding mode is in accordance withthe hypothesis of HRIl being a main determinant for
selectivity. The idea was to examine whether this effect can be grafted onto diafiyhidazole
inhibitors by hybrid ization. Althoughin silicoevaluation of the geneated hybrid inhibitors (115,
116) deriving from IWP-2 (113) and IWPR4 (114, Figure 28Figure 27)210 exhibited slight
1 T OO A @ontpdredt® lead structure 12, thein vitro effect on kinasespecificity is worth to be

investigated experimentally.

Hs

R'?=H (IWP-2, 113) R'2 = H (115)
R'? = OCH3 (IWP-4, 114) R'? = OCHj3 (116)

Figure 27 | Hybrid inhibitors 115 and 116 deriving from Porcn inhibitors 113 and 114 . The
postulated binding mode of 115 ET  # +p) EO A A®BBAOIkRABUZPOECEOQ

The second class of hybrids concentrated on the (@4 -methylpiperazin-1-yl)methyl)benzamide
moiety of multiple tyrosine kinase inhibitor imatinib (117, Figure 28)7.211, The aromatic feature
of the side chain was assumed to form multiplevAN DER WAALS interactions with the
hydrophobic region 1l while the 4-methylpiperazine which will be positively charged under

physiological conditions might donate an H-bond towards Asp91 (cp. series 1)Interestingly,
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modeling suggested significant enthalpic gains@lide score = -14.7) for hybrid inhibitor 118,
though no addtional H-bond formation could be observedin silico. Regarding the development
of imatinib itself, the moiety was introduced to enhance water solubilityas well as oral

bioavailability 211,

a
Y
N N

Z" CH,

Figure 28 | Hybrid inhibitor 118 deriving from imatinib 8 4 EA BT 0001 AGAA AET AET C

is depicted (right) (PDB code 3UZP)
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4 Chemistry

In order to synthesize differently amino-substituted 2-aminopyridinyl -imidazoles for SAR
studies, a straightforward four-step synthesis towards 2-fluoro-4-(5-(4-fluorophenyl)-2-
(methylthio) -1H-imidazole-4-yl)pyridine (119) has been establishedKigure 29). Nucleophilic
aromatic substitution (SyAr) afforded alkyl amino-substituted diaryl-imidazoles (series 1), or
the unsubstituted 2-aminopyridine derivative (120, building block). Coupling of 120 with
activated carboxylic acidsand isccyanatesprovided the respective amides (sries 2, 4-6) and
carbamides (series 3). Subsequent silfoxidation towards sulfoxides was performed with several

selected compounds.Both sulfides and sulfoxides have been biologically evaluated.

F (CH3 F F F
(0] (0] (0] (0]
Q( step 1 step 2 step 3
122 o °
+ | N | N N+~ OH | N NH, Ci
~CHs N _~ N _~ N~

N‘/ F F F

125
121
step 4
F F.
- < Ster5 NH
}ﬂ }ﬂ [ s
CHs Ha = N CHs
N __~
o Series 2-6 F
Rz-s 119

i |

NH
\
S N CHs
N .~

R1-6 Sulfoxides HN\R1 Series 1

A
N
J

Figure 29 | Synthetic route towards inhibitors of series 1 -6. Syntheses are given as an overview

and will be discussed in detail in the following chapters (4.1 to 4.8).
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4.1 Synthesis of Building Block 120

The synthese of key intermediate 119 and building block 120 have already been described in
liter ature and were mainly adapted from THOMPSONet al2!2 and LAUFERet al203, In general, the
five-step synthetic route depictedin Figure 29 has been followed(procedure A). An alternative
procedure has beerperformed starting from 2-amino-4-methylpyridine (126, procedure B) as
nucleophilic aromatic substitution (SAr) towards 120 is critical and requires harsh reaction
conditions (step 5,Figure 29). Low overall yields of this alternative protocol, however, led to
acquisition of a high pressue reactor to cope with SYAr of 119 aslarge quantities of building

block 120 were required.

4.1.1 Procedure A

Ethanone 123 is easily accessible by the protocol oTHOMPSONet al293.212 from 2-fluoro-4-
methylpyridine (121) and ethyl 4-fluorobenzoate (122) in a Q.AISENsimilar condensation The
CHacidic methyl group in ortho-position to the picoline nitrogen is readily deprotonated by
strong bases Mesomeric stabilization involving the ring nitrogen is mandatory for reasonable
progression of this step.The respective carbanionattacks the benzoate carbonyl group ande-
placesthe ethanolate in a nucleophilic &t substitution. The reaction was performed at tempe
atures between 0 °C and 25 °C (room temperature, rtlising sodium bis(trimethylsilyl)amide
(NaHMDS) in anhydrous tetrahydrofuran (THF) under protetive gas atmosphere fitrogen) to
afford 123 in quantitative yields.

The equivalent 2bromo-4-methylpyridine (127) was reacted analogouslythough the appropi-

ate ethanonel28 was obtained in significantly reduced yields tigure 30).

|
N__~ + HyC O — 2 s R N
o |
R o) 51 % - quant. N> o
121,127 122 123, 128

Figure 30 | Synthesis of ethanone derivatives 123 and 128. 121, 123: R = F;127,128: R = Br.
a) NaHMDS,anhyd. THF,2 h 0 °C thenl h rt. Yield: quant. 123), 51 % (128).
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4 EA OA OmAAidEOres 124 and 129 were synthesizedthrough nitrosation from the
ethanones by exposure to nitrous acid at room temperatur@é excellentyields (Figure 31)203,

1H NMRdataindicated predominant formation of the favored regioisomer of at least 95%.

F HOMN F
R | N a . R | N
N __~ o) 92-95% N __~ o)
123, 128 124, 129

Figure 31 | Synthesis of j-oximinoketones 124 and 129 . 123, 124: R = F;128, 129: R = Br.
a) Glacial acetic acid, NaN@ 1h 0 °C then3.5 h rt. Yield: 95 % (24), 92 % (129).

Reduction of hydroxime124 by catalytic hydrogenationusing palladium on activated charcoal
(PdIC) A £/ O-Refodming 125203, Acidc conditions were required for this synthesis to
prevent reduction towards the amino alcohol As2-halogenopyridines are reportedly sensitive
to primary alcohols regarding acid-catalyzed SVAr reactions, the sterically more demanding
2-propanol was saturated with hydrogen chloridegas and used asolvent. Formation of the
respective 2isopropanoxy pyridine, however, would require heating under reflux2:3. The
desired 2-aminoethanone hydrogen chloridewas prepared under atmospheric pressure of

hydrogen gasand intense stirring in goodyields.

Despite using even more gentle reaction conditions as compared to literatureos,
2-A0T I T P U OkeioAming I has jnot been maintained. Instead, hydrogenolytic cleavage
afforded ortho-unsubstituted pyridine 130 (Figure 32).

HO. F O ® F
N Cl NH,
1 2
R | N a . R | N
N~ O 69 -82 % NN o)
124, 129 125, 130

Figure 32 | Reduction of hydroxime s 124, 128 towards J|-aminoketone s 125, 130. 124, 125:
Rl =R2=F;129, 130: Rt = Br, R = H.a) Hz, Pd/C, 1 atm, HClsaturated 2-propanol, 12 h rt. Yield:
82 % (125), 69 % (130).

# UAI1 E U A-Ketoaniine 1258sing methyl thiocyanate in anhydrous N,N-dimethylformamide
(DMF) gave key intermediate 2methylthio-4,5-diaryl imidazole 119 in one step following a
protocol based onan advancedVIARCKWALDsynthesis byASINGER93.214, Conveniently, progress of
the reaction was tracked visually: he initially light orange mixture turned an intensive bright

orange upon heating to reflux under nitrogen. Completion of the reaction was indicated by
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fading of the color.'H NMR spectroscopy indicatedormation only of the favored imidazole

tautomer (i.e. at least 95 %)which was obtained in good yields Figure 33).

F
e F
Cl NH,
NH
F a

B = L7

N 76 % S N CH,
N~

125 119

F

Figure 33 | Ring closure of j-ketoamine 125 towards key intermediate 119 . a) Methyl thiocya-
nate, DMF, 45 min reflux the 45 min rt.

In a final step, building block 120 was accessible through aTSCHITSCHIBABINreaction in
concentrated ammonia at 180 °@inder pressure(Figure 34)193, The dectron deficient pyridine
moiety is activated for SAr in ortho-position by the positive mesomeric effect of thering
nitrogen. Thestrong electronegative character of théluorine atom in this exad position further
enhancesreactivity. Consequently, the respective amide attacks the pyridine2@nd substitutes

the fluorine in an addition-elimination mechanism.

F F
NH a NH
P - P
| N cH, 86 % CNTUN e,
N__~ N .~
119 120
F NH,

Figure 34 | Synthesis of building block 120 by S ~nAr.a) Conc.aq.NHs, 20-30 bar, 18 h 180 °C.

Interestingly, literature protocols typically involved copper(l) iodide-mediated catalysigo3
which led in our handsto partial cleavage of the thioethe: although the by-product has not been
isolated, mass spectrometry analysis indicated formation of the imidazoi2-thione. In fact, a-
talysis is not required under these conditions and abandoning copp#é) iodide from the reaction

even enhanced yields in relation to literature.

An alternative method reported byPEIFERet al.76 for an analogous 3,4diaryl-isoxazolehas been
approached as well. The procedure involved theeaction of 2fluoropyridine derivative s with
sodium azide to afford the appropriate tetrazols and subsequent reduction towards

2-aminopyridines. This technique, however, could not be adapted for the imidazoleontaining
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compound 119 and several approabes gave only unconvertedstarting material (Figure 35).

This is interesting as the reaction proceeds well with analogous scaffolds including isoxazdi&s
or thiazoles?'s in place of the imidazole. It is most likely that the electromonating effect of the
imidazole reduces activation of the pyridine and thereby prevents formation of the

MEISENHEIMERike complex by SAr.

M

Figure 35 | Alternative potential procedure for the preparation of 120 from 119 via tetrazolo
derivative 131.a) NaNs:, DMSO, 3 h 140 °C.

4.1.2 Procedure B

Procedure Bwas performed to investigate whether building block 120 could be synthesized
starting from 2-amino-4-methylpyridin e (126). Protection of 126 was performed using ditert-
butyl dicarbonate (Boc;O) in tert-butanol affording carbamatel32202, The Boeprotecting group
has been selectedhecauseit is stable under basic conditions and readily cleaved upon treatment
with acid which is beneficial for the following steps Introduction of a secord Bocgroup to 13
was achieved through STeGLICHIike esterification in THF adding 4-(dimethylamino)pyridine
(4-DMAP) as a nucleophilic catalysteading to compound133216, Interestingly, when126 and
Boc anhydride were reacted in THF, quantitative conversion towards, 3-bis(4-methylpyridin -2-
yl)carbamide (134) has been observedThe respective ethanonel35 was afforded from 133
following THOMPSORS protocol as described for procedure 23.212in dramatically reducedyields.
One of the Boogroups was cleaved in the procesdt was further possible to synthesizel35
directly from mono-protected 132, though with an increasing number of non-identified
by-products and only when the reaction temperature was loweredo -78 °C.Nitrosation203 gave
] -oximinoketone 136 in approximately quantitative rates with less than 5 % of the
non-preferred regioisomer (H NMR). Subsequent reductioti® produced | -aminoketone 137 as
a mixture of 2-aminopyrdinyl hydrogen chloride and the respective carbamate (mass
spectrometry only). Finally, 120 was obtained by ring closure based o0rASINGER(Figure
36)203214,
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~CHs ~CHs - CHs
| a | b |
[v) )
NH, 93 % NHBoc 41 % NBoc,
126 132 133
a| 119 cC| 28%
(o]
F
N O
NHBoc 135
F. e | 98%
NH CI® (SH F 1O~y F
| )—s ’
X N/ \ g X f X
| CHs | |
N A 9% N~ © 2% N O
NH, 120 R 137 NHBoc 136

Figure 36 | Synthetic procedure B towards building block 120 . 137: R = NH+*CIl, NHBoc.
a) Boc:O, tert-butanol, 12 h rt.b) Boc.O, 4DMAP, THF, 24 h rtc) 122, NaHMDS, THF, 2 h 0 °C then
1 hrt.d) NaHMDS,122, 1 h -78 °C to rt then 2 h rt.e) Glacial acetic acid, NaN& 1h 0 °C then 3.5 h
rt. f) Hz, Pd/C, 1atm, HClsaturated 2-propanol, 12 h rt. g) Methyl thiocyanate, DMF, 45 min reflux
then 45 min rt.

4.1.3 Synthesis of 2-unsubstituted 4,5-Diaryl -imidazole

In order to enable possible functionalization at the imidazole 2position by nucleophilic
substituents, a synthetic pathway towards 2unsubstituted diaryl-imidazoles has been
established (Figure 37). Oxidation of 1-(4-fluorophenyl)-2-(2-fluoropyridin -4-yl)ethan-1-one
(123) was achieved in accordance toTHAHER et al217.218 py selenium dioxide and gave
1,2-diketone 138. Ring closure, however, waperformed following a different protocol to avoid
the use of formaldehyde. In fact, an elegant miowave-assisted method has been published by
BRATULESCH®®: the 1,2diketone was reacted with ammonium acetate and methenamine
(hexamethylenetetramine) as anin situ source of formaldehyde in the absence of solvent.
Instead, a catalytic amount of glacial acetic acid was added to generatethick paste-like

medium. In this medium the polar solvent absorbsmicrowave radiation and creates catalytic
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centers (hot spots) which initiate rapid cyclization and provide 4,5disubstitued imidazole 139

in good vyields.
F F F
o)
-Il a b
— —_—
| S | hE NH
0,
No 5 42 % ‘P o 55 % / />
X N
F F |
123 138 N~ 139

Figure 37 | Synthesis of 2-unsubstituted 4,5 -diary -imidazole 139 . a) SeQ, glacial acetic acid,
1.5 h 95 °Cb) CHkCOONH, methenamine, glacial acetic acid (cat,4 min 117 °C (microwave).

It has to be noted that this synthetic apppach has not been followed any further as the analog
functionalization in 4,5-diaryl-oxazole andgOEEAUT 1 A ET EEAEQOTI OO0 1 £ #+p)
the master thesis ofSCHMIDT%8 and SCHEHR15, as well asSCHEHR& dissertation (current labor).
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4.2 Syntheses of Series 1. Pyridine -2-amines and -piperazines

In general, two different synthetic routes have been established to synthesize-(8-(4-
fluorophenyl) -2-(methylthio) -1H-imidazol-4-yl)pyridin -2-amines. First, different aromatic and
aliphatic primary and seconday amino substituents have been introduced at the pyridine
2-position of 119 by SJAr (chapter 4.2.1). And secondby reacting aliphatic alkyl halideswith

2-aminopyridine sin an $2 mechanism(chapter 4.2.2):

4.2.1 SVAr Reaction of 2-Fluoropyridines with Amines

The activation of 2fluoropyridine 119 for SVAr reactions has already been discussed(1.1).
Different aromatic and aliphatic primary amines and piperazinesare well-tolerated as nitrogen
nucleophiles in this position following the procedure by LAUFERet al. (Figure 38)197.203, The
nucleophilic substitutions could be performed in the absence of solventgfeen chemistry.
Instead, 2-fluoropyridine derivative 119 was dissolved or suspended in an excess of the
respective amine and heated to 160 °C iaglass screw capThese syntheses were performed by
KUHL during her bachelor thesig20 in 2013. In general, primary amines gave better yields than
the applied piperazines.The appropriate amines and piperazines applied as starting material

are summarizedin Table 18.

NH . NH
160 °C
P - P
| N cH, 17-90 % NN e,
N _~ N .~
119 148-155
F NR,

Figure 38 | Synthesis of pyridin -2-amine derivatives . Moieties (R) are given inTable 18.
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Table 18 | Amines applied for S NAr reaction towards pyrdin -2-amines. (Series 1).

Amine or Piperazine # Product Yield (%)

NH
140 /@ 148 54
HaCO OCH;
NH,
141 @ 149 52
0~ CH,
HaCO NH,
142 D/\/ 150 90
HaCO

NH,

143 ’ 151 73
HN
H3C\ /\/\
144 N NH, 152 35
CH;

ﬁ NH
145 153 17

ﬁ NH
146 Q 154 23

147 ©/ N J 155 50
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4.2.2 S\2 Reaction of Alkyl H alides with 2 -Aminopyridines

The idea was to incorporate primary alkyl halidessuch asl1-(3-bromopropyl) -2,4-dimethoxy-
benzene (56) and 2-aminopyridines in an S2 readion to provide the appropriate
N-alkylpyridine -2-amines. As156 was commercially not available ithas beenprepared from

2,4-dimethoxycinnamic acid (L57) in three steps:

Reduwction of 2,4-dimethoxycinnamic acid (L57) towards the appropriate propionic acid 158
and alcohol 159, respectively, was generally based on a procedure L et al221, though the
first step was adapted for microwave (Figure 39): 3-(2,4-dimethoxyphenyl)propionic acid
(158) was obtained in a Pd/G-catalyzed reaction of 157 with cyclohexene acting as the
reduction equivalent. The propionic acid was subsequently treatedvith lithium aluminum
hydride under protecting gas atmosphere to give3-(2,4-dimethoxyphenyl)propan-1-ol (159).
Both reductive steps showedalmost quantitative conversion.

OCH, 0 OCH, 0 OCH,
a b
X OH OH OH
95 % 96 %
H,CO H,CO H,CO
157 158 159

Figure 39 | Reduction of 2,4-dimethoxycinnamic acid ( 157). a) Pd/C, cyclohexene, methanol,
3 min (microwave). b) LiAlH4, THF, 1 h rt.

Subsequent transformation of primary alcohol159 into the desired alkyl bromide 156 was
achieved by APPEL reaction with triphenylphosphine (PPhs) and N-bromosuccinimide (NBS)
instead of the usually applied carbon tetrbromide (Figure 40)222,

OCHg OCHg
a -
OH Br
60 %
H3CO HsCO
159 156
Figure 40 | Conversion of primary alcohol 159 into alkyl bromide 156 by APPEL reaction .

a) NBS,PPhs, dichloromethane (DCM), 2 h rt.

In the following approaches, benzyl bromide has been usesk an analog of 156 to determine
suitable reaction conditions. The aim was toreact the alkyl bromides in an &2 mechanism with
building block 120 or Boc-protected building block 160. Yields, however, wereunsatisfying and
an unacceptable amount of byroducts was observed, among thene.g. adibenzyl derivative

(mass spectrometry data) As the 2aminopyridine moiety of the building block is a poor
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nucleophile in general and the protecting group 0160 has not been cleaved, substitution at the
imidazole 1-nitrogen can be assumed, though the products have not been isolatddence,
benzylation of Boeprotected 2-amino-4-methylpyridine (132) was tested: in the absence of the
imidazole heterocycle, the gt reaction readily afforded the benzyl carbamatel6l in good
yields and high purity. Subsequently, de-novo synthesis starting from 161 gave the desired
N-benzyl-4-(4-(4-fluorophenyl) -2-(methylthio) -1H-imidazol-5-yl)pyridin -2-amine (162). The
procedure involved the already discussed steps o€ AISEnlike condensation towards the
respective ethanone 163, nitrosation, reduction, and cyclization (cp. chapter 4.1)203214 jn
excellent overall yields Analogue synthesis applying 43-bromopropyl) -2,4-dimethoxybenzene

(156) afforded primary amine 164¢.

~CHs -CHs F
| |
a b
—_— —_—
N N ~
- 0, _ [¢)
NHBoc 87-94% NRBoc 48-93% N~ 0
132 161, 167 NRBoc 163, 168

C |96 % - quant.

09
NH
/>~S
N CH,
N/ 3860%N/ o 9699%N/ o

NHR 162, 164 HR 166, 170 NRBoc 165, 169

Figure 41 | De-novo synthesis of N-alkylated 4,5 -diaryl -imidazoles. 161-163, 165, 166:
R = benzyl; 164, 167-170: R=3-(2,4-dimethoxyphenyl)propyl. a) NaH, benzyl bromide or 156,
DMF, 20 min 0 °C then 2 h 0 °C to r¥ield: 87 % (161), 94 % (167). b) 122, NaHMDS, THF2 h 0 °C
then 1 h rt. Yield: 93% (163), 48 % (168). c) Glacial acetic acid, NaN£ 1h 0 °C then 3.5 h rt.
Yield: 96 % (165), quant. (169). d) H2, Pd/C, latm, HClsaturated 2-propanol, 12 h rt. Yield: 96%
(166), 99 % (170). e) Methyl thiocyanate, DMF, 45 min reflux then 45min rt. Yield: 60% (162),
38 % (164).

It is further noteworthy that 167 can also be synthesized from -§2,4-dimethoxyphenyl)-N-(4-
methylpyridin -2-yl)propanamide (171) by LiAHs-mediated reduction of the carbonylaffording
172 and subsequent Bogrotection. In order to provide 171, propionic acid158 was activated
by (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) andeacted

with 2-amino-4-methylpyridine (126) in an amide coupling(for mechanism cpchapter 4.3).

4164 = N-(3-(2,4-dimethoxyphenyl)propyl) -4-(5-(4-fluorophenyl) -2-(methylthio) -1H-imidazol-4-yl)pyridin -2-amine
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4.3 Syntheses of Series2: Amide Coupling

Differently substituted 3-phenylpropionic acids were to be reacted with building blockl20 in
amide couplings. In order to determine the ideal coupling reagent, -Amino-4-methylpyridine
(126) as an analog of 120 was coupled with commercially available 3(2,5-dimethoxy-
phenyl)propionic acid (173) using either CDi, PyBOP, HATW, DCC EDCt plus
1-hydroxybenzatriazole (HOBt), or T3P¥ plus HOBt(Table 19). Equivalent reaction conditions
were chosen if possible and the actual couplingras performed in all approaches for 12h at
110 °C. The elevated temperature is necessary asaginopyridine derivatives represent poor

nucleophiles and more gentle conditions led to significantly decreased yields.

Table 19 | Determination of different amide coupling reagents

Coupling reagent Yield (%) Product
CDI 72
PyBOP 78 o NZ |
HATU 75 H,CO N cH,
DCC n.d* H
EDCI, HOBt 55 OCHs 174
T3P, HOBt 0

* The overall yield was~84 % but the pure product could not be isolated due ta single by-product.

Comparable yields and good purity were ofained by the useof CDI, PyBOPand HATU while
EDCI/HOBLt gave lower amounts othe desired product. DCC exhibited formation of a single by
product which prevented isolation of pure 174. No conversion ofstarting material has been

observed upon use of th&d3P/HOBt system.

Amide synthesis usingCDI(175) is a standard proceduré2? which does not necessarily need an
additional base as imidazole is generateth situ (Figure 42): in a first step the propionic acid
(173) is deprotonated by one of the imidazole moieties. Nucleophilic attaalf the carboxylateat
the CDI carbonyl is followed by rapid fomation of an acyl carboxyimidazole and an imidazole
which react together to afford the actvated acylmidazole. The activated specieand aminel126
are subsequently convertedinto the desired amide 174 in a S reaction. In practice, the

acylimidazole step was reactedfor at least 1h before the amine was added.

r CDI =N,NGcarbonyldiimidazole

s HATU =1-(bis(dimethylamino)methylene)-1H-1,2,3-triazolo[4,5-b]pyridinium -3-oxid hexafluorophosphate
t DCC =N,Nadicyclohexylcarbodiimide

u EDCI = 1ethyl-3-(3-dimethylaminoproyl)carbodiimid e

v T3P = 1-propylphosphonic acid cyclic anhydride
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7~ A N\ ® 20N
R)J\OH ¥ N\;/N N\;/N _ R)koe + HN\;’N r\!/N
173 175
CH; l
CH; m | N

o ke 5 )

o N N /-H\2N126N /\‘J\ St
R)kN “  -midazole N° N R ~imidazoe | N7 NH + RTROT N
H \—] - CO, =/ \—/

174

Figure 42 | Mechanism of CDI-mediated amide coupling . R = 3(2,5-dimethoxyphenyl)propyl.

Coupling reagents based on phosphoniunor aminium/uronium salts of 1H-benzotriazoles
HOAw (176) and HOBt(177) operate by similar mechanisms.HATU (178, Figure 43) has
initially been reported as the HOAt uronium sal{G-isomer), though Xray analysis identified the
less reactive aminium form (-isomer) to be the favored isomer.Activation is initiated by
formation of oxy-7-azabenzotriazole (QAt) active esters (179) which react with the amine
component. In general these active esters are known to repress racemizatiokinfortunately,
direct reaction of the amine with the copling reagent itself leads tostable guanidinium
derivatives in a sidereaction223.224, Phosphonium salt reagentsuch as PyBOR180, Figure 43)
act analogouslythrough the respective oxybenzotriazole OBf) active esters (181) without
formation of the disadvantageous byproduct. Active ester 181 has exemplarily been isolated
and analyzed.Both HOAt and HOBt derivatives require deprotonation of the carboxylic acid by
an alternative base in a first step which is usually realized by addition foHUNIGE base
(N,N-diisopropylethylamine, DIPEA). The readbns are driven by formation of
thermodynamically stable phosphine oxidg182) and tetramethylcarbamide (183), respectively
(Figure 44). PyBOR23%225 has been developed as the netoxic alternative of its precursor BOPR.

© HsC

\ @
HsC HQ  N—cH, PFS

N NE) / N=N : j
\ N—CHj N \
N N
I\ N % PFe [ NNl P NG
=N N—CH; ,‘\, o =N
HaC ®0 180 § /

Figure 43 | Coupling reagents HATU (178) and PyBOP (180). At least for HATU,O- and

N-isomers have been reported.

w HOALt = thydroxy-7-azabenzotriazole
x BOP = (benzotriazoll-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate
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+ N2 — 7% P(NR' +
R~ 0P o o (NR2)3 o
180
173 177
(0]
|l
R|2N — P\\ NR'Z
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CHs,
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Figure 44 | Mechanism of HATU- and PyBOP-mediated amide coupling . R= 3-(2,5-dimethoxy-
DEAT Ul b Of =Epyriohdin.-12y. 179: Z=N; 181 Z=C.

DCC(184)-mediated STEGLICHamidation also providedthe desired product in similar amounts.
In general, @rbodiimides were the first coupling reagents described in literature, though they
have lost much of theirimportance in peptide coupling due to the number of possible by
products. In order to reduce sidereactions, the addition of HOBt has proved beneficiaby
initially converting the intermediate O-acylcarbamide 185 into the active ester 181. An
alternative base is not necessary as DCC itselfpfetonates the carboxylic acid. In the case of
STEGLICHesterification the reaction depends on DMARP-mediated catalysig24.226, Regarding the
current amidation, application of the catalyst didnot reveal any effect on yield but has been
associated with the reduction of byproducts. Nevertheless, the producthas not been obtained
purely: the compellent carbamide by-product 186 which has been imicated by mass

spectrometry could not be separated from amidd.74 (Figure 45).
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Figure 45 | Mechanism of DCC-mediated amide coupling . R = 3(2,5-dimethoxyphenyl)propyl.

In contrast to reactions mediated by DCC, carbodiimide reagent EDCI generatasbamide by-
products which can readily be separated from the product. The decreased yield this work,
however, led to the refusalof both DCC and EDCI for further amidatia Consequently, amide
coupling reactions have been performed using CDI or PyBOP for their easy handlinigh yields,

good purity, and costeffectiveness.

In accordance, 32,4-dimethoxyphenyl)- (158), 3-(2,5-dimethoxyphenyl)- (173), 3(2,3-
dimethoxyphenyl)- (187), 3-(3,4-dimethoxyphenyl)- (188), and 3(3,4,5-trimethoxyphenyl) -
propionic acid (189) have been coupledCDFmediated with building block 120 to obtain the
respective amices 190-194 (Figure 46). The decreased yields in relation to the appropriate

dummy reaction presumably dependon the more demanding purification.

Figure 46 | Amide coupling of 3 -(di-/tri -methoxyphenyl)propionic acids and 120. 158, 190:
2,4-dimethoxyphenyl; 173, 191: 2,5 dimethoxyphenyl; 187, 192: 2,3-dimethoxyphenyl; 188, 193:
3,4-dimethoxyphenyl; 189, 194: 3,4,5trimethoxyphenyl. a) CDI, 120°C, DMF, rt then 12 h 110 °C.
Yield: 27 % (190), 39 % (191), 63 % (192), 57 % (193), 49 % (194).



