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Summary of the thesis

In the field of drug discovery protein kinases have emerged as extremely promising
therapeutic targets, as witnessed by the increasing amount of FDA-approved kinase
inhibitors in the last decade In particular, th is thesis focuses onthe c-Jun N-terminal

kinases (JNKs) a group of enzymes belonging to the family of mitogen -activated protein

kinases (MAPKSs) which regulate the cell response to a variety of extracellular stress stimuli.
The dysregulated activity of JNKshas been connected to diversepathological statesranging

from neurodegenerative disorders to cancer and inflammatory or metabolic diseases
However, despite the intense endeavor devoted to the research of novel inhibitors, no

clinical candidate has reached approval in therapy to date. For this reason, the presented
work pursued the targeting of JNKs by means of diverse strategiessuch as alternative
biological assay methodologies and synthesis ofsmall-molecule inhibitors .

In the first part of the thesis a fluorescence polarization (FP)-based competition binding

assaywas developed as a tool to efficiently evaluate the affinity of novel inhibitors for the

different JNK isoforms (JNK1, 2, and 3) as well as forthe closelyr e | at ed p 38A MAPK.
assay required the synthesis of a fluorescently-labeled probe based on a pyridinylimidazole

scaffold which displayed K 4 values in the low nM range for all the target enzymes. After

optimizing the procedure conditions, the new FP assaywas validated by employing known

inhibitors and comparing the measured affinities wi th results from different methods .

Finally, the suitability for the high throughput screening format was confirmed,

highlighting the developed FP assay as a fast and relatively inexpensive methodlogy for

the rapid screening of novel inhibitors.

The second part of this thesis work consisted instead in the optimization of a dual
JNK3/ p38A MAPK py rhaskd headl compbumd aincetl @t shifting the
selectivity towards the JNK3. In detail, the substitution at different key positions of the
scaffold, as well as the nature of the five-membered core were alternatively modified.
Among the different attempts, the presence of a simple methyl group at the imidazole -C4
position, together with a 2 -methylsulfanyl moiety permitted to abolish the activity on the
p38A MAPK whil e mai iontoathen]NKBgThet besénhibitor lofithe seties
inhibi ted the JNK3 in the low triple digit nanomolar range, with a > 27 -fold selectivity over
the p38A MAPK. The achieved i nfastivitnelatiorship concer ni
(SAR) together with the crystal structure determination of the best inhibitor in complex
with the JNK3 might aid the design of future optimization strategies.
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Zusammenfassung der Dissertation

Auf dem Gebiet d er Wirkstoffforschung wurden Proteinkinasen als sehr vielversprechende
therapeutische Ziele identifiziert. Dies lasst sich insbesondere an derstetig steigenden
anzahl an von der FDA zugelassenen Kinaseinhibitoren in den letzten funfzehn Jahren
erkennen. Die vorliegende Arbeit konzentriert sich im Speziellen auf ¢ -Jun N-terminale
Kinasen (JNKs), eine Gruppe von Enzymen aus der Familie der mitogenaktivierten
Proteinkinasen (MAPKSs), die die Zellantwort auf eine ganze Reihe extrazellularer
Stressreize regulieren. Stérungen der Aktivitat der JINKs wird mit zahlreichen Krankheiten
wie neurodegenerativen Prozessen, Krebserkrankungen, Entzindungen oder
Stoffwechselstérungen in Verbindung gebracht. Trotz intensiver Forschung an neuartigen
Inhibit oren wurde bis heute aber kein Wirkstoff zugelassen. Die vorliegende Arbeit
verfolgt daher das Ziel, die JNKs zum einen mittels alternativer biologischer Assays zu
charakterisieren und zum anderen mittels der Synthese geeigneter Molektle zu inhibieren.

Der erste Teil der Arbeit behandelt die Entwicklung eines kompetitiven Bindungsassays
auf Basis der Fluoreszenzpolarisationsmessung. Er dient als Werkzeug zur Bestimmung
der Affinitat der neuartigen Inhibitoren zu den drei verschiedenen Isoformen von JNK
(JNK1, 2 und 3) sowie der damit engverwandten p38A MAPK. Der Assay erforderte die
Synthese einer fluoreszenzmarkierten Verbindung auf Basis eines
Pyridinylimidazolgeriistes , welche Kg-Werte im niedrigen nanomolaren Bereich fir alle
Zielenzyme aufweist. Nach der Optimierung der Bedingungen wurde der neue FP -Assay
validiert, indem bekannte Inhibito ren getestetwurden und deren gemessene Affinitaten
mit Ergebnissen aus anderen Methoden verglichen wurden. Schlie3lich wurde die Eignung
des Assays zum schnellen und relativ kostengiinstigen Hochdurchsatzscreening zur
Identifizierung von neuartigen Inhibit oren bestatigt.

Der zweite Teil der Arbeit befasst sich mit der Optimierung einer pyridinylimidazol -
basierten Testverbindung zur Hemmung von JNK3 und p38 A MAPK mit dem Ziel die

Selektivitat hin zu JNK3 zu verschieben. Dazu wurden sowohl der zentrale Funfr ing als
auch die Substituenten variiert. So konnte gezeigt werden, dass eine einfache
Methylgruppe an der Imidazol -C4-Position in  Verbindung mit einer 2 -
Methylsulfanylgruppe die Inhibition der p38 A MAPK unterbindet wahrend die JNK3
weiterhin gehemmt wird. Die beste Verbindung dieser Serie inhibierte die JNK3 im
niedrigen dreistelligen nanomolaren Bereich bei einer mehr als 27fachen Selektivitat
gegeniiber p38A MAPK.

Die im Rahmen dieser Arbeit gewonnen Erkenntnisse hinsichtlich der Struktur -Wirkungs -
Beziehung (SAR), in Verbindung mit der erlangen Kristallstruktur des besten gefundenen
JNK3-Inhib itors bilden die Grundlage fur weitere Optimisierungsansatze in der Zukunft
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1. Introduction

1.1. Protein Kinases

The family of protein kinases is constituted
phosphoryl atiooyahemest f Mpthefs pthim@@ ep fremsadeucl
triphosphate (generall xTRde¢mnfordhhgeddr axylphagpsph@pt e
amino aci d( Serde THhradl namdcgetdagggndi ng on the targe
these eoacaaymbe di ciedéddhinkinases, Tepegi hiasieby
Ser/ Thr/ Ty2Thki aase®hnoki pavseés i s counespbaldang
pr otpehions p hanthaiscens ar e ahllhee tpa oxckesesy Bbeygp t hhes tpéiro s
b o n4d .

Phosphorylation represents the most widespread and well-studied post-translational
modification in eukaryotic organisms,56 with an estimation of more than 200,000
phosphorylation sites with in the human proteome.” Kinases are able to recognize one or
more substrates in an exceptionally specific fashion based both on local features, such as a
determined consensus sequence surrounding the phosphorylation site, as well as spatidly -
separated docking motifs, favoring the recruitment and the right positioning of the
targets 89 Additionally, some kinases can associate with adaptors known as scaffold
proteins forming supramolecular complexes which ease the identification and
phosphorylation of the desired substrate.810 The introduction of a negatively -charged
phosphoryl group produces a conformational modification of the targeted protein which
can affect its functionality in a multitude of ways, like modulating its activation state,
altering the interaction with molecular partners, and influencing its stability or cellular
localization. 11

Protein kinases are amdmomat hea rmajsadmcacoor path
var iphuiessphorgvattgmesents kégnat e pgwhciacshc ardeegsu |l a't
nearelvyer y chealsliact airivmn¢ yupn emlgi f er ati on, di fferent|
i mmunity, andf4mbke eoapeonbtfisadhi f f e rteon tp hka snpatecdray il @it e

sistoent he sameétas$ amwget as the coonmdt emian elli magae i
phosphaalaldodwe f i ne tuni ng pofocteldidsu sbicoocnhfeintincianlg i
role riemgulhaeb i ohogi cA$ @veintesct,howesdeygswreengcud at i on
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in thetwcofvproitei at komalsesconnmgatttreal omjifchals esvtear!
causthgse ehpeymeersge as potenti dl f fdarhegrrta me gteit |
approdéhes.

Sequenciegnment of eukaryodlilcoweadtteh e okasteanwteislo m as!
features within tsh8&ibs ermadad tyd d me ndtbanmiam tghee o me
sequermaivrdge n iptetremd t o pr ogrtese i werhb/e rb edbfa dggarmeas
t o tshiipfearmialnd t o deduce t&h@br dphegde bglsBSBnyhave been
included in the superfamily @appmoxitmatnelky ntatse sl .
the whol e huamadh tgleammenfieo r ¢ ng t he commixm naddeneo mi nat
The pbssybiof alternative splicing | eads to an e
making biheas®sésthe widest hpr &tenigm r?fiBsamieldi eosn itnhei r
sequence similarity and evolutionary relationsh
cl assitfsieevceni i f fsasenmte pgrcaep:l1in Figure 1

T AGC gro mantgntains kinases activated
PKGnd PKC

TfCAMK gt includes kinases 2depdmbedrutl i onn s

T CMGC gt cont adiinfsf er ent cl asgseenser a€ 1 ykviarn
phosphoryl ati ochepkenkdentcyk&l nase
mi t o.gehi vated protein kinases

T TK groucomposed of Tyr ot preenp rfe sce nktiinnags

catalytic domains of membrane

T TKlgroupaheterogeneous group includin
related to Tyr kinases

1 STE groincludes upstream activators of

T CK1 gromostl ywidansd by theambabgin Kkin

I n addition, this classification includes a gro
bi ochemi cal activity although | acking sequence
domai n.
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FiguflRepdresent dtei inumafm ki nome gphydeogemiel é de tliPyaddanni |
The figure was obt abhasad ttho oddlgdrationiespmduwoedcourtesy of
Cell Signaling Technology, Inc. (www.cellsignal.com) .

1.1.1. Structure of protein kinases

As previously mentioned, compsaseveoal oki rpadeanac 3§
domaihms | ed to the identification of heroefsemre e
consi dewrnedda mé mtralt he phosphat rpaanrstfiecrul Zacs e vv é ¢

subdomains have been detected, separ atievderbgye ami
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bet ween the different 2Tleedskesntadffb ;padmm&inm]l Ki nase
consiseguwegnces @podseésaiedg secoarda rign vsotlrvtetde uir re
forati on of the takte i vat sl i @anactiinvity

The Iprgmary si mucraenfiléeyca scommon f ol ding shared b
of ki hlheesatalytic domain of protei a0k masenso, ty
acidesharna&cteri zeod ebdy sa rtuved ur e c-oempmi salndl abes mal |
| arg-eer @i nal domai n, tetherelli bge ax ¢ fbein BT & | 00|
accmod atiea | efte atmttehmface betweewhaddent we group

forms a bidentate hydrogehFibgum®Edeswlith) the hinge r

The-t Br mi nhAkolrolles,omosedfbper anded aarsthiepear amolteilf
angeneraaldiyhtgd lei xAChtehé x) which represents an im
el emer or the ca&thallyys cr easitdlwabtayyn keéleonNgi ng t o a
conserved &mnmolLtyisf cAordi Aandgphosphate groups of AT
i nteracts with an al mo$ thAShnevliairxi atbhl res ughui tohees dffd ua
salt bridge, as s umleleli ntaos eb ed hcbri wwekitagbl pef oo mnlect i ng
anadxstrands, knomwinc la,glodamipmd Geeggnser ve-Ax-BOMNKKk Gl vy
Xx&G|l whi ch codrh&amaphess paaitde shascrtitbeldd!l ad aver

the bound ATP in thRe2kinase active form.

Oppositelyobe,tkeeN@Bailn diosmapr eval ethley iam@mposed
addintailaddoynt Aap@s heet ¢BHFANdshecbasttehautlrotft dme
nucl eoti de bidncdoimmpgr i clee frte sa meuese nwhiad ht ha&r ecat al yt
actisg4rhg. catalytic deaofpd/stoarammedtaii mg nkasntasef t he
catalytic machinery includi-Aggspme(ldRD/S¥RD ewho tmioft )
ThéAsp recfiduki s ttakeoeppheaecanal ytic mechani sm b
proton from t heofhytdhreo xgyldib&gémoeutpel v i nvartladl e Asn
same biomgs 2+ otMygat i wi ehdahdphosphaas®@s. pri mary

i mportance for the regulation of the kinase cat
| oowhi ch comsissetgsmemnft -l ohdowe KCength andargomposi
dependi ng onThtihse skeigpupesnecaemipy o se sor more phosphory
sitesawhioeowht he acti v adtyi awrmp sd fr et herhdBysms nal end
of t-heppoften named Mg nktian chisn g hleo chp ,ghH-l yvyonser v
(DFG) mwhiidhitmhe Asp residue points toward the A
asecaovgti on coor diamathphgsphat e @hesuifidee ot ati me

DFG trimaekbéesdeydrophobic interactACbabN-wold t wo r
and contiriitButceogs rtecd®oposi tioning.

Analysi prot et hekinase folnditrheeg aldemtidsclateadn of
spines, namenloyo ond ri inaurwi uneof raecsiidivbhe £ h are aligned
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i nterconmnikkeitneads ei mctt has fsbkoemmrithognat tshtewbi | bbes.

Al though these stincualteki amseplesti Wmteamicmosaci
them are not always conserved and Taree rreqtul dad toerc
spinespongeRcompbesed oési dued obtewd oif n whiA€&-hNone |
helix), and abveo (itnhda hii <C/ Tyr of the HRD/ YRD mot
the Phe of thekeDE&t mboyifg.spine is icrontsead eadon:
hydrophoduebseresgi ngyobeaibdtbmpl ehedabtgnine ring
bound 3ABBt h spines tar éFfeniciho,r ealPAi-hed ti xn deedjuenc e
core ofobxde C

Phosphor ydmd icrn nul ttihpel eédAopi wkehyaoat abi |l nzéhet he
active coanfommdthie st atse detslkce | BEanamt fibder mant | o n
where the Aspstphoei nATsP thoiwadridhg site and the Phe |
i dueAC-hoefl itx@heHalxase sumeds dconf or mantdi dms r ot at e

_,
D
(72}

oward the whebbgdncersidde Glou mse & ohke me rstailan e d
ri dget hwei sLhydse a«fth ati mex-¥Aysa seqgukencaedditi-spinéoth
d the <catalytic 23%CaeyvVv arrieradadnsospmnbolsepdhor yl at ec
inases tendDR@utadopior mati ompowhaern dqaaphedd Phe
dues adwee stwo ta& hfeldi pobf abbetst faB p eptuilde t he .
chain points away from the ATP binding site, n
through?21 bat Mhe same ti me, otffhlee b ud tkiyf tse dd ea vwahya |
t hAC-hel i x and faces the ATP pocket, in some cas

x o T
=]

esi

-

nucl edthiemdhéc.t i ve conformation is also characteri
AC-hel i x away from the binding site, preventing
The change of AGCshseiltiixo na nodP htehaett $BFeG di sr upRi on of
smievhi ch results in a misalignment of the two |

Finally, other structural edodshteddtwsc hc aans cah apraarcttie
folding -loofopt hoer A he di srtioaoh t#edIpnf atnhye c@lsye , wh e
kinases share very similar conformations in the
di fefnecres can exi st in their inactiwvee foomsmomand
featalm@&msacteri zionfgfttdait exkir eams by e%val |l engi ng.
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Figure 1.2. Crystal structure of c-Jun N-terminal kinase (JNK) 3 in complex with 3aA
met hyl en e a drgpmspbatefAMP SPZP, yellow), PDB entry: 6EQ9. The protein backbone is
displayed in gray while t he diverse kinase structural elements mentioned in section 11.1. are
highlighted with different colors: light green: hinge region; purple: ~ AC-helix; salmon: Gly-rich loop;

cyan: DFG motif; blue: catalytic loop; red: activation loop; magenta: conserved Lys (Lys93 in INK3);
Mg ion is displayed as a dark green sphere while polar interaction are shown as black dashed lines;

due to high flexibility , most of the electron density for the activation loop was missing; protein

structure on the left shows the typical bilobal folding of protein kinases whereas the close-up view

shown on the right highlights the ATP cleft, wherein the side chains ofkey amino acids are displayed
as sticks andsome segments, including the Gly-rich loop, have been omitted for the sake of clarity;

in the enlargement it is possible to observe the bidentate hydrogen bond of the AMP -PCP with the

backbone atoms of Met149 and Glul47, as well as the interactions of Lys93 with theA and &
phosphates and the salt bridge with Glu 111; furthermore, the side chains of the conseved DFG and
HRD motif s are also shown.

1.1.2. Protein kinases as drug targets

As previous!|l gdemweeng u loaateadd activity of several kil
having a causal role in thelépmatthivg efniersdts iorfstdard
evidence has connected aberrant phospkiomrasesti on
of t en cconat istwurhacnhy isni gnal i ng p atgh weaeylsl rgergouwtaht ¢
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prol i f¥3fAadtdiion . amalblrynal phosphotransfceorn saicdteirveid y
respomnfsobherplceoxm pachol eogndi ti on sauatso iimmnful naemnaantdo
neurodegener a#t#iThe thapoeaseel esepl anedebyglViainmadi se
with their 4thralsg paimpitteyd, a remar kabl e endeavor

ki nase inQiirbdd orske FDA approval of the first S
|l matini ROdrle t mam mAahd ecul es have odteean @apmpgtovretd
i ncreastMgl trladwegh nearly the totalridlyeasfedmol e
therapeutic agents for v atr hieonut sr ofd au rcTiros f caccfiso fma li ib g
( XelN)anz20dm® mmanomodul ating ddgentpolsabrmhpddemgnt o
the o6fi edapdplotcabihaseg inhibitors.

I n the resear ch dafr ekcitreads eati rn higb iAtW@®r F nhanyg e h &k
need to be Haecethe Bimstilay, st r uctiwrianlg ftehat umreensb e
of t he eksipreccmeal |y wit h cHd editdapradr ttioc utlhaer IATRi f fi cul
mol ecul es selectively einhhobietoihired it loe st acegdt thi
high potency in order to be able to compete Wi
typlilcae ranging between 2 and 10 mM. Neverthel
succeedmekericmmi ng thesandcdomphi bat icdmraessi fied ac
speci fic biAdfiinrgstmodrei.teri on is based amdthe r
permits to distingui nlonlwetawedairi be dwalse mtddand i on
covalrewte/rsi bl e inhibitoeirsetbaerrbet (§ypgedupal ,

I'I'1 ,aclc\) di ngaettgpe dt haer eas of t h er ekpirneasseen tlfaet i @ ma !
di fferent cl assessobulnl irFagdartientih.ddli ¢ od sof t hi s s

Tyvype | i nhi bitors

Type | igbnbéibdmidg ADPt todehfet kii m aistes v e ,PACEhFeG- i x

in conformathenPhehserdenchain of the DFG motif
area of the prACheeil®ixatcteise ¢ ®nfthremat iadh aufe t he
bi nding with ATP, me mb ecrosn soifd etriAe@dP tfgupleipyé @ ’ct g 8 .
A more corrieont hfebelsidmdipng of itsy pehalt itrhheiyb ictaor sbhi 1
pocket regardless of the kinase activation stat
of determined s#§fuctur al el ement s.

Givehe cl ose resembl ance of hatchtei vAeT Psidr anssld sam,gtap 0y
selecwasvi byiginally believed not to be achieve
Howevet he high suctepisnliinbhitalserrdsepyy neft r at ed t he
of r eac hdlsegalne cpi o fbiyb eex pl oictoinmgernendoff eapaciebic
ki nases.
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ATP competitive inhibitors typically follow a ph
and cowé@whkieiribe ntfiifvieesdi ff ewebti heu bASTdAt elbgi npoc k et

(Figuye 1.3

fAdenine regiin an analogous fashion as

all ows t he formati onbeotfwe b
inhibitdhe &dadkbone amino ac
All type | i nhi bi t-bonsd fionrtne
this area

fSug/aRi bpeekethi s r,egaicocnommbdatir hbose pofs

mostly a hydrophdl o¢feharat
hydrogen bond formation whi
affinity

fPhosphate r« haseapesed t o d&rhce rsaod hag dhtiogr

fHydrophobic
(HR 1)

fHydrophobic
(HR 11)

charactcter.s generally not e
bindi ng bafpfoil mirt substituent s
can be useful to i mprovan
phar macokipeoper { iP&K$

al BEpown as hydkopbobét brmcs:«
thi sopeea hik-ner mi ndkeianacot ¢
by ATP. The access otld etdhibsy
ami noraeci due -loofbet hnegate d k@ 8ipr
t he gatekeeper asnudr rootuhnedri nrge
are higtcobnpnserved, this regio
to achieve both selectivity
in binding affinity

thegection consi-axpodmdvdai slol
occupi edwbgnAB®®und to the e
acicegmposition is not conser
be targeted by both hydr
substi twemtas n potency and sce

Many of +a&apeovVPA kinadbdel onigi biot ¢ hseu chhy pteh ¢
i nhibitors G éandEriotmib @arceval)eé %3s a

EGRAR s,
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FigureRepor®sentati ondphartnecoprhaxtldlerimgdebk; it hestrat e
endogenous sulster ebtien dATR. isnte of JNK3

Tvpe |1 i nhi bitors

Il nhi bitors belonging to tht BecATPBPgpogkbtndf pt b
the diwnmactOBEB®Bonf or matrieosnul ti ng i NSOAd s prsdavaibd U dlzy
menti,ondlbirsm occurs when the kinase-lio®opnandphaes
characterized bynod i ffd ewhtelod Phe DiFdzep pcrhaax inma tse Isyh
10 awafyr omAChel Thki.s r es uelxtpso souitr ed hkeydr ophobic cl
namedleep powklelt oste@whiicchsiitse absedmtunidn BiTpep eARATP
I i nhi bitfoordmydy pigeal bynd contacts with the hi
dep pocket with a hydrophobic sufactcietpueont .paA
(geneanl layni der @ea) ai s ailsme dd rbeestedoryte t hi s hydr o
Ssubstitoentrabdtes to the positioningtef atche nlge
wi t hAG-hheel@Ixsii de ardithh-As pBRGk b*éne.

Since the comprmoasidadiodh of t henderewe p,0ctkyepge ilsl nionth
consi der dah viei gher t potae®t ewvlean selectivity profi
all ¢emeemse okfi ntahse f ami It ya sasruenes u-ghped sDeFdGn f or mat i c
thgeduci pgs sdhledfaer get s of t hi s5INelvesgs leflsgadal,ee caun e
overall hi gher sel ecti wiotme pgrygpfei Ilel ofn htibiid oc &t
certain promiscuity within the kinomd,evanhedt h
selectivity of this categdéty of inhibitors had
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As mentioned, type Il inhidigadodms sod vAITeRr @adntd weiatnh s
bet heoretically classified as ATP compéetitive.
conformation i ssikgmwoiwhli ad¢werhlagefef iani ty for the endo
compared to thethediveddoiompethei anPwitihh t he ir
Moreover, when analyzing thevkedndhmag kiypetilds, ni
presanltow assocdpatiaonnd raatveer(yk | ow)rdi wbbchat honea:
the residence tFimmalbhytf het udrgsitnanBeRi@& af ngot me DF
of t AMAP&KS8ve highlighted how in thel daptelratdse
the phosphorylation sites in a hidden position,
upstreams4ki nases.

Various type |II inhi bitors can be found among t}
af orement i-iomnheidb i AIr ( Gl nedd)vamctithe VEGFR/PDGFR inhibitor
Sorafeni bN){sNexavar

Tyvype 1 1J inhibitors

This recent c | asfsi wbsfts cirnihbiebdi theyw .sZAwtaebostetrdvh e g

bi ndi ng oamordtealilbrf i ismteidbsBStuocrhs .¢c 0 mp osutnidlsl addressing
cleft, bind the ki-has éwhean eilC-htnhaésthiiife edFGut war d:
from the ATP binding siteéda.n Rexndiotrenaadopt i mgicah
catal yt i-ccaamhpd eyt ennotn, as-Gl helsraitdigé ail s Llysepéeneand t h
di sasseTbé echovemenAChefi x heesults as wel/l in th
hydrophobic cavity akin toutheodéeywhimptht kceatn dfe t
adrdessed to i mprTogwe ddJ & othiiwii thy .ewsiatghe ntehnea ldliyn g e
hydrmgesandgoi nt ttomearbdesc,k icravs @ me craessessi nag soot haedrd
areas detfheeldd®ddphar ma¢bphore Sime)i bitors of this
have beeeaddesctcrtehbe hbacbkupotcketead forming hydrog:
t hAC-helGlxsi de amdai nh-AsPBEGK htotnst abi | i ACihre doiuxth e
conformaThenname attri bawtggedsther ethhzedeé ¢ litdhsess @ f

ohy boiidhiitlor s to t@amgebnfloe maF G by oafmitnhge iknitnearsaec t i
anal ogous to tAlse itnypgd el Ic acslea stshleowpe tonsahvhittor
the back cavity dag obeemprleympat h@stiidied ea arh ined wegmd matc
of a higheFusehemdouéetfi win/ sel ection of a particul
ki ndadse resporndighhloeav bhomdismd kihmestei ccompounds, si g
increasing the target resvidenwcef ti mese Asnhai bietsad
influenced by the ATP iccd nacsesn tfriactaita no,n daess pAiTtPe ctohhy
the occupancy of the nucleotide cleft.
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to the heterogeneity Toyfpec olniplo aimrglsi goe ot eoprass il
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ri beddtohe kinase in an allosteric pocket
enffoolM BP competitive, as a Ssi multaneous bin
eot hder essd miattd eod soameiehese coempoubmdnd the de
et o6t DEG®GNnf or matiinotnesr awitti mgu twi Ot h & hwi she ,n gtel
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bitors can interact with the phosphoaccept
ing site of8Thpeenftpcoxiheaspot enekqgli vift ean
vity of acti an,| axkc mmpamimpetbyy i oacweohi dae
trate. However, i nhi bitor sbebat ioodyednilggyntead t h
: especially whemt isadiins tnrga t @&t ehti melhiinsg madadal it

n & o -

bition is rarely achievable through smal/|l
i bitor can be included i n this cl ass, nar
kiNhi st

Whenef er rtihneg stuobstr atiet biismdwomgt Ehtte mmbnsi amea
targeted by bivalent i nhi bitors which are pre
i nhi bSeTthoersse. mol ec uflaex | @s 8 sncoslie caurheel Iscaf fol d add
ATPockeédmsonnected through a |inker to a pepti de
bi ndi nfo sddtee, no mol ecule belonging to this cl
Tvpe IV inhibitors

The ¢lasss of reversibBtbosehmoi eoukes nbindieng t
all osteeimot ei feom t hcel effdiPt bpheli hbigndi ng ®modes a
each kinase possewlses movigng &adway ufreem utghhe cat a
the high potenti al of these molecules in terms
t his modanlhiitbyi tafon wi t hdussmalol tnmoel esccualrrecsg gpbé g en
pockets in this rEgampl ed dfhet ypprehtibVin ap sr ocvaend
represented bypatskee mampoluindlse Sirol i mul)am@apami c i
Ever ol i musN), pothdargetingeml OR.
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Covalent i nhi bitors

Di fferentilrysifbrieemimeniebi tors, thedicommdwemds ybalr@n g
covalently tnodgiefty etnhzey me | -eadinggt osa@aatiimenagt i on
catalytic functionality e®mannsoywmbtyhelse sr @$c arheed ptrt
Despite t hediefxfiettemtecees odf c o,v atlaernge tiendhicbawveolresnt i
(TCl s)e aorel yt honebdewkeimphoygmeda&®l m odéiSkicrhasme | ecul es
consiastcscfafhiondti mg ATRnedWwebkly el ecttrywlpihdH i ¢ mo
fortmd coval ewmitt doparah Uclce ogpriino.dahcei dgeneri c mechani
of a otfi otnhese iinhibitors entails an initial no.
positioning odvat heéiardepnrpexiedi ty of the target res
formation of the covalent bond. Fori nthhhibs t oeas o
depends both on their affinitypdroamdtheer )enaznydneo n
rate of covmamadtinonbEinddifieate d®™@Dy t he Kk

The most commonl yi n aprgetteeids rkesp da@esdad d hboy g h
a few exdmphbacdvaloarst | v maoedidfey techppeenb Ly 8.93¢r t e d
Cys i s damiencs pdeiskessi ng a hitghil gl narcdtupmepdeifdires

prone to raeaeatkellwa athr apghkei | i ¢ war heads of TCls. |In
i s not involved in dafhekichmamstgatt icohmier vehietsanct i v e
of fering the potential f%r a high degree of sele

The el ectr ophialsioc bwa rptpesd fdti iconieeddd aantc e and ori entat
regard to the targeted Cys, and neendoshotddo f posses
oftfar get nudheophliviaéd emdstt agonmmemi s e natndd- by
unsaturated carbonylecga@lisp Hdavdh a ¢ @ e ctaar in the «cc
addition of Howelveaphioltehse.r alAdhyall sotkiert @ na@ge mtrs egso »
can be empl 8%’ed as wel |

The interest on kinase covalent i nhibitors has
decade, as t his cl ass presents sever al advant
i nhi bRiorrssh.é yjriteversi bl e einnzaycatkil wamsi otno oufn ctoluegp | e
pharomdgnamic ef fRKptr ofpregmd derdsfeer ri ng a high potenc
concensamdnomrainngegxt ended duration of action whi c
drug has been clearédi $rommstihes organhempgssi bil
| owiemhi bi t@amd dwistels | owkMor ¢o®gumerrctyi. o nteadr gbeetfionrge ,

an opportune non catalytic Cys residue allows to
the | ow conservation of those ar eas ti®tn.i nvol ved
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the deep pocket cyan and sal mon wer e -aucsceedp,t orre sppaeicrt i
hi ghlighted in blue while green was used feotr43alh.e c o0\
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A major concern in the development of covalent i
side effects deri viatge fmreeanc ttihteia rrignedtvestchp ag onifi &nr a
primairgk consli oesymadiatrise reactions whitcthe can be
formati on of i mmd mdg ébriitor, praadtdeic®e 50 menon known
haptenisNatvieon hell essapéhhtd fc FRMMpceo®yed covalent i nh
|l i ke Af at NrandDsire@inio(T a ig f N)stasgeting the epidermal growth factor

receptorddmdFsRt)rrate thel efdbchbygantdass of inhib

1.2. MAPK s

MAPKare a family of Ser/ Thr ki n aasnedso nbsetliotnugtien ga tkoe
el ement of signal meansthhegcehnl phahwagsdpanse to
of extracellular stimuli. Based on ssuebggureonucpes h o m
have beenwbobbhenvedhdishéaeamkxtydcegliuabed siksigmlrses (E
and 2¢JutnheNr mi nal(KR&as2s and 3, At hea,nmpddn dMAPKSs
the BEKRch membhar aicd eammzedablyactpiecatfi eanamdchani s
bydi sthincitoal functions, ad ft hotuiglh ® ptoweas é i i fif es e
pat hwayal savkeen’odescri bed.

Al components of t he MAPKghf aami d hyo saprheo r a/d tait \vi aotne
compritshhengacti vation in series ofThats Imaddst st evp
mechani sm offers the double advantage of ampl i
i ntegration of di veriSheésageafti dAPKmathalapwsi cal ly
active form is promoted by t haenddyarelsli eduptd asphaor vyl
Th-KxXyr moai if i ebdya sowlts tsrpaetcMARK ki (nMAsPeK K, MKK or
MEK.) MAPKKisn atrier n a cSteirv althed pvwioas p b p 8 ¥ tkaianimeosne sb y
referrdMAPKKs ks BMARPKKKS) MEK sk(MEEKBeActi vati on of
MAPKKKMEKKsan be triggered by a plethora of diff
environment al str cheatedomotuil ¢ Back, adV radiatio
hypoxitah)e tiont eearntt aoel lotih @amr md n egsa o dvd hd yf taocktionress,

| opol ysadwihtapiedréeefciecpt gesereept tyenyedkbegaspt or s

or p&otein coup(lGRHACHEs)cre pafortshese stimuli results
profil eawhiaokol ve one @rdimfofr er itk Keuxrpem oll. i5d e s

an overview of the different acmemmlaernon pat hways

Once actacvhatneedmbo®MAPKef amiphpyspadmoryl ate a variety
substrates resul toifng oimpltelxe nmediaantiisamrs as cel | s
and diffeTkRatvasi omajority of MAPK substrates i s
factorsapwmi plhosplRamgbalabe thé epprebesogeses;
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MAPKnedi ated ecagnal BotghienvpHhosephoryl ati on of cyt
Each MAP&Ksents specificityofwnrstaedmdttihmomgwtsulns
some dawwoesdi fferent MAPKs sabs ta¥fcZBTheo s &b b s tsraante
sel ecitd viiegagched not only by the rewcrorganuandiomg otf h
phosphor yl(atlilo nAsRikesgahlolsyphoryl ate Ser or Thr re
a Pro amjnbubacmdytly thankwhitch dcomipiémgnemo tairfi ¢
beteen t he MAPKe ainfdi ¢ iIsubstrates

An additional i mportant met hod-medi atheed rsigqr alt
pat hways is the presence ofatseatfi@|l degpueoenti als
within Ko nmwARIIl e. , | smadled damdpnot ei ns can bind th

componefatpshosphoryl ati on cascade ( MAPtKhKeKr,e bMAPK
pr omot i rs attcHoemiltri.guTihtey f or mat i-emzypme t o mp Imax ti nc
the efficsieqryl offpr o h@gati on -lcaoanpd rxeidgn al idnd farsd
t heer otsasl Kk bet ween di"#ferent pathways.

A-Raf, B-Raf, Y \ ‘ '

Raf-1, Mos J

(@20 S B
p38

Figur.eschebhaepreseamtt aMAPKs activation pathways. Figu
Mar g et fGal .

MAPKKK

1.2.1. INKs

As already meéret ipareesd oJudsK ss eacrtei ohe,r / Thr ki nases
of the four subgr oup’sTh éfif r & th e meéviidPeKriush & aniné 1y &

di saocewe il 9t0hse andter isgidraadlsl wat ed protein kinase
name JNKs was i nasftttedaogl ulna tt € m ngicv @ Ipit d o nr dtmhicet e nt s
fidetwnstr eaind & mtfigfegitetdhes e Tadnegmes fferentnisofor
cl as wii ftihéhdh s group, namely J AHMMIA P(KaBl) s 0 JKNIKKRw i SaAsP
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AMAPKY9) and JBKRAPKIAPKncoded by the jtnhriele2 di st i n
anphk&ach gene can then undergo alternative spli
i soforms (four isoforms for bottHDddpEKiLt andhdNKRAGQg e
hi gh gstarlucstiumi | ar i t vy ,exthhidd ififNeKr einsto ftoirsmssue di stri b
JNK1 and JNK2 are wubiquitouslsy nmeoxsptrleys sreeds,t rw hcetreed
brainhear:t and testes. Mor @ao eerc,hat laeatdd rsfti enccet oty |
substratesupgeisftiicnigt Wi ssimilarities®in their phy

I n conformity with other members of the MAPK f an
signaling modules comprising tandem phosphoryl a
1)5 More calcotsievlayt i on of JNKs results from a conc
and a Tyr resi Pudsr wmndthii fn ian Tthhcea rarci teidv aotuito b yl o dhpe
MAPKK MKK4 an@:!WWKK®. MKK7spkeaoi f iJBMIKIK4 can al so

phosphor yMAaRK me3mber s, albeit not being the main
i n Vvlilbwveo two wupstream kMKKBdesaWKKpummelnorn oi f a

synergistsa tmmaatnelrot i oa rae hemegndif idfd JNK 88t i vati o
The MAPKK enzymes MKK4 and MKK?7 can be phospho
upstream MAPKKK whi ch ian vtaurrine tayr eo ft rsitgrgeesrse ds thiymu |

or osmot U¥r asdioaxtki,on, i schemi ai/nfelpaemniautsoirdyh ,c yatnodk ip
An additional l evel of r eguliast icoonn sotfictauhtéeodl NoKyn g c t
protein which, as pareevi ablséyt onebi ndntash,eofdid f er

phosphoryl attihouns cfaasvcoardien,g t h e’4bpi ginoafl® @trdafnesrma rets i o 1
i soforms -ohtehacdNKghapveotkeaan {(B¥dent i fi ed.

Activated JNK can ptospheeyl afe dawhsbdbream targe
transcripti on-nfuadtearrs g$apthdo tsnpdnmeny leHUu rig which take
par tt hienf ormati onhoaf ptbeleanonEtRrAPhses the transcri|
of thilsexcompn anal ogous effect derives from the
transcri pt(iAd&x) Wwhicelor modi fi es gene expression th
di mers with memberéfBeosfi dehse tJhuensheh mtaved gwe lzled pat hv
JNKs <can aaldsdo tanmto latdaagre t s , t hereby mosbwnl agteinreg t he
transcr(iFgtgibg@urt herJdnbkse, deevmonstrated t o phosph
cytosolic and ntirteotcehso nrdad wallt isnmsfsi tihuemicrmo @infail ¢ atyi o
in the regufrasi®@&bi bftyhe

By means of diverse downstream targets, me mber s
various physiol ogi,catlhefsuen cktiinoansse.s Fairrestilmpl i cat ed
cel l survival/ apoptosis in response to external

been described as bivaleerintigiyn od it th ehdees pisei mgdndad @ n ¢
integration with additional pathways.
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\ne?
o/ar/t)’ ‘g‘sfo-\; 1 \\:1‘\\
(

MAPK signaling S
cascade

e T == mitochondrial substrates

c-Jun  JunD JunB
ATF2 Elk-1 JDP2
NFATc3 NFATcla P53 i}
STAT1/3 PPARy c-Myc 4

MNP ATAT

~ nuclear substrates

Figur Représentation of the different substrates of
information from Bdgoyevitch and Kobe.

| n gener al , a transient actiovalkli osupoy¥i VJaNNK s w hses
prohnged stirnewsludttisoni n her iagp @ @t io#djAcn optrhoecre sssi.gni f i
role of the JNK proteinsi cfolnsmmdtsorny ndepomwdal a
systtdgm. par,mosul gr by p¥rldnmolikiendg aARd gensuehkhpress
enzymes contribute te nfHammadoaodu atsicayru dfr npe@ r o
fac(TNFAandcodluate the dif facrtentaitateil@m®ifaard |y, as
mostly sDowsoplmidme members of the JNKidamily
embryonal mo B8 thd gse npersé ssuma bl y ewipd ii Iniithygy dfheda
jnInkBdoaxkt mice dueetembreotdalu deat h.

Due to their i nvol vement in important physi ol
functionality of JNKs has bpanhokggi d®eliomad Cr ot
the JNK iissopfloaynsdidssi mi |l arities regarding | oca
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each i sadiofrfrecentitydbud eparticutacopgbsesrbhed ast by
t heel ective silencing of "one or more codifying g

Neurodegenerative di seases

Within the | ast decades, a considerable evidence
JNK f amaimbywynwi ¢ h di ver se neur od @ gadsn eArl aztlsi evidem edei asseea s e
( AD) , P d@r kdiingsévd3 ¢ Hu®dt dhgtase, and multiple scle
neuronal death folloWkng ischemic episodes.

I ncreased expression of mphoeplverdnb mt e sEANKiIi has at
wellimsopsy samples 98AddADi paal epts.activated JI
phosphoryl ate the amyRAe&Fhpphped&Ourosamgpridtseiamyl| oi d
cleavageaarmyl oiadpe(PA i dvehi £Zr,onsi dered the major r e
factbhei hor mapil ag uhed a A Tprcoatheianl so be phosphoryl a
JNKs | eading tontbeofiobmalriecppnmyeafgaattgbges ha&r with
pl aqgues, thé spolhagi malr k 924F nADIlaycti vati on of t h
pat hway i s al s on eausrsooicnifaltaenta awipthfbos mefdgsul ti ng i n
neurondd | oss

Anal ogoufsD,y stpopeci memaor toefm pborsatfMh spati ents reveale
i ncreased acti-chun oma i®Hwad yaed dJ NK o mo,u t miecxep ekrn omcekn t s
permitted to observeohfh dad&Hri cpgpaideasthyl -4phend-f f e ct
1,2,3,6tetrahydropyridine (MPTH nduoedr ot orxepcrieesygnitiympg c al ani ma
mo d e | f Mor €Dc,| owkbéjgk e oc kmiudseshowe dmi auli ms
compartivbshoen -wy pehessijmdiend 81 epri @aned to significant
cel l |l oss after MPTP treat mefnur.tefichraennedr 6 pt bowc b
doublnk 2k8ocklmhancenfirming the pivot al role of t1l
progressive neurodegePdt’dsi qpmr eehauvatyermemnitngpned
arising fromKkh/&nokwaclhouel d not be obsérabed idye off o
mi ce carrying thRLs genetic deletion.

The recovery of bl osotdr okier/ d eslcehtretmdi maaf dbet a@aanci at
extended tissue damage iahdpaag uwibtr éas uarerecaiomail n gl etah eh
sitdereatfgbyed he dxyxkenof.suPppdfe nomamnomo wans

i schemial/reperfusion injury and is caused by di
reaction andod°sgNMNK®Be foit conxalsosieng motnrsat ed t o protect n
agaihrnyspto-di heami t b tagxbisceir ved by dfhet hwietald Imelmnet GI u

receptor agormirstbyk asii mudiadan indj chey P8d eslismi | ar ef f ec
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was instreagd sitetrease jofldsr higd ekeswtgge at ispgci fic
function of the JNK3 isobofotmxin fheufréesponse t ¢

Cancer

As mentioned bef orkeNK nsitdn asl ipegatypsowdhivalshee i n t he

cellular Iife cycle, on one handamddioat itihg oelh
promotingnduta@dpgt osi s. belTthdwi oduatlr ansl ates into
function of the JNK family °aembers in cancer de

The evidencencwomfgeai pr esbhlase bffeted NKrovideds by se
demonstrating t hat t hese knh endai saetsa d ff atkreaa tpiao n b
pholspryl alumg rcespbhoicklihegpoessi on of the tumol
p58e20t0pember e oI NK family can salusvi palomoteveéeiump
and disseminasbifomi ver meamechani sms including c
angiogéeiesiadg dintciroedaNskeld or JNK2 activity has beel
cancer ¢eaht &disBebectjuli ddlmentiinopanl oniodel s has pt
redude devel opment mwmal icgmad@t2ines ypes of

At the sameifimant ansimlger of eedxperUumMONMENBEpPpIUEYSY
activity of t he al oKes , e xapse citte d wd @ lodnr a chted fri zwveedl | p

apoptoti cAduactewamelice) venoclodnotrnm ce mioaeds | ec
incremasepl ast f er@Ptoiodnt o a major devele@mobi! ity
foll owi ng exposuprbn tan yhaer adief,of ggernesn.t behavi or of

suppressor or as tumor promoter nseémeas owdlelp ea:
on kheasefl®¥om.

Met abmilsecases

Anassociation of ONKsiimsdloirmsraavdit datygprece2 di abet
been higihthi bibnt bwvdintdrno wisv@lygener aalbb ec o b stelr arte d

obesity and type 2 diabetes are assocdifahed wit
adi pase Itiiwswheerein thandytdhli fasse fatmay aci ds
activate theldNKi pathwhgethatiopl|l hicatiog of JN

metabolic pathologies is the inboehsadetatyvia
genet obaekkylmi caed.di t i oh| at ibnekcebsiwlet ead i n a reduc
gain and | ower adipobfatydbpét miakomg wi thh glhower

glucose a®d mirhgsuul ltisn.coul d b e -ddeeftiecciteendt ogne nJeNK 1c a
mi ce, hence cltahiids yiisnagf car i aildeu ¢odfee o e B1EiRhyn r e si s
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this pathol oghiec anholceocnudiatri aregtgeit s ®dv eJrNeKdL t o be t
recepbetrauwhdse phosphorylation on Ser 307 preve
i nsul i n.l¢sernap toapraud £ ocnoeusl d not be jrn&kpfBroccddmboustel, by

which behaved anal o§ooabl ysobot memicoht r othtsed ead as
nonbese Oy pbeatbeddet ijomls2dmed to reduce the i mmur
towar ggancreatic islets awcdrto pdamecag fadditth e edd spt

I nfl ammatory diseases

As already mentioned, JNKs are implicated in mo
and contaea hbutregul ati on of timdliuremeneae gsfidhteemchy v
l ymphocymasrophagesglidshe sema et fmar etheggdi at ed by

i ncreasing the trarsc fAiPxtoinpn aelx aamntdi vift yt hoef AITF 2.
cainn turn ienxcpreesstei-grhbel a mma todkri yn ecsyharsd TiNFt er | euk i n
(I-2) and of otslodr tmhediiantfdrammatory response as ma
( MMP&®T hese aspects have suggested anpamhtioani gat i
i nfl ammatory di seases whi ch wakt®lyd enfparneidc ubb wr |
activation of the JNK pathway was observed in
patients affected by RAdred matsa ied a ratr i hit @®#°§ s r esp
Additi omalaltopienstynovi al cel ws tJiNrKo m nRA ébd atolwresn t s
expression of MPPs i nvol wectatritniolnadgeso,fd egh@aday mpho
chraactethisngutoi mhulne di sease

Use of JNKimnadnbatote asthma mice model det er mi
cells in the peribronchial airrefal ammdatory dayxteak ipm
i mmunogl obulin E compared to control, tkhereby s
pat hway in this inffi2ammatory pathology.

1.2.2. INK inhibition

The key role assumay ibry ddweverddNIK pathaol ogi ¢ condi
enzymes emerge as attractive drug targets, pr omj
of t herapeutiBidNeivrelrit hietl ersss., to date no JNK inhib
in therapy and only a scarcednomberéc@flalplhasdl dh}) .
While Tanzisertib, B&£MI amapitoppmhes slaodhICiCbi t or s,
reversiblybtaoadtheg #&iTPeavet be iphpthoddiRs X&bl e t o
occupy the docking site of the JIP scaffold prot
for JNK inhibition.
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Tabl eI NK 1li.nhiirbidloirrsi c al trials

Name/( s Structure I ndi cati ern,a%p
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CG930 Ter mi ntdéd% ed
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L U= L Eu—D I Nir—o LE 1 Com I Eltged
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blysi—oP ro—oArg—oPro—oPro—ohrg—ofrg—oArg | A ¢ .
cu e I nner ear

AM111 Phase |11 ,120Compl
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Acusedlen sensorir
heari nBhdoessl | |,
Compl g2tted
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AS6028 I N>—é\iN I nf |l amneantdoormet r i c

)0 N—> Phase |1 ,12Compl e

PGL500 " <—0

Refractory acute myelogenous

ccaol leukemia, Phase |, Terminated!23

. Il di opathic pul mo

CCG90001 Undi scl osed Phas®ngbijRegr ulizt i

dor each candidate only the clini dalent rrieg
The | imited number of inhibitors reaching clin
compounds targeting the JNKs. As already menti o

to over came eilopthieenew ki nas e iisnahsi hbdiirhvoignhg pohency
al owmigt h sel ectivitynwiptalhitn cubhar kiJiNdmen.i &li tei mag a
first chall enge i s represented by t he achiev
structruerlaaltlAydA PB2F hi s -kmeolwWin emzyme,gi ng to the sal
asINKs, ai sgams!l y involved in sigmageasdehesdigct.i
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stimuli and has al so demonstrated a clear i
neurodegenerative diseases, as WEEpskDwméeas d he s ome
contribution p8BMAIMNKKst eanakin pathological condi t
pursued the dual inhibition of these targets as
di stwMNevert hehleesrse,search of JNK selective inhibi
due dtid f erent reasonst hd naahifeivresgeat i fmwifd nJtMNKo n

would facilitate a better understanding of the 1
and would help in assessing the thesraspieguntailci nut i
pat hway. Addistuigogreasititeyde béysi | ure of some preclin

candidates targeting thisAMAcKzyma, piontinbi @il oy o
additional , smbéy etbaeascsisti meninahepamnm MdNpDTr syst e
toxicitgprebaenting a risk for the2sdafety profile

The two members of the MAPK famidty tstherATR hHiimgdi
clefas outlinedNKnsé&igatrtievd.iirnhibitors need the
Sstructfufrearlée mcie e amino acids compestiwg ¢mzymaes i v

JNK3 HoN— Progg [lleyg Glyzy Serzz Glyzz Alazg Glnys Glyzs ey Valzg

p3aMAPK HaoN— Proge Valgn Gly3i Ser3yz Glyas Alazg Tyras Glvag Semp Valag

{LAIHQ] llegy  Lysos Valigs Met1q6 Clujgy Leujgs Mehigo Aspisp Alagsy Asngs2 Leuyss Cvsisg

Alas] Valsp Lyss3 Valios Thripe Hisjoz Leujos Mehigo Glyi11o Alagpr Aspri2 Leuyis Asngg

“;meo Lys191 Projg2 Serjoz Asngoq llejos Valjgg Vahgy leans Lewzps Asp2o7 Pheps Gly2p0 —COOH

Lewgso Lysis) Progs2 Serisa Asnisg beuiss Alagse Valisy letes Leutes Asple7 Phejeg Glyigg —COOH

Figure&€omp@ari son of IJNK3AMAPIhfgbéar) veaopedc easc.i dOnl vy
residues | ocated at the ATP binding site are displaye
are highlight eXe qgune hdcagrnkmegnrte ema.s gener-deedl|l ast nogl EMBOB
European Mol ecul ar EMBL-EBIg Welldoraeb Genane cCargpus, Hinxton,
Cambridgeshire, CB10 1SD, UK.

A major difference bAMARKNaC¢hievd NKdgtaet sk ki@ikdse ri n t
resi due whi ¢ h, as expl ained i n section 1.1. 2.,
i nhibitors to the HR I. While the JNK sgatekeep
conserved throughout the JNK isoforms (Metl1l46 ir
the same posiAMARPK i(nfhtrlled 6p38 t herefore delineat.i
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| atter enzyme. I n addition, some of dtimg amitreq

e. gr7o0 biddeed asbh¢ INK3 numbereipdg)c,edarbey small ekdk resic
MAPK, thereby resulting in the formation of a
As an exampl e, features | i kenodbmealilt ysiaze, cmwlnasr a

determinant fort hdar Isyel lNKSI N6 0i Oplv2edf o rt /MA PpK3 8
(Fi gurtgHolwe8v)er , despinttMAdrKe ascehliencgt i vi t vy, such an
derivative hasdt heponasessribelectivitdz wushin

underlining the need of more specific interacti
Y Cso (M)’
“O IJNKI 0040
JNK2 0.040
0 JNK3  0.090
SP600125 p38a MAPK  >10

Figur8tdu8ture and biol ogi ®altraapcotritiBeedh rbayg83ddf. SP600 12

As already mentioned in the previodsveiragegr ap
substrate spedcdifffieceomt Iryhbewntcienngs ett op amlglie @ 3 fs

pat hol ogdiictaildbonme vielme i nvol vement of each member
coudmlbyymssesoed ar by skenl ocecckta umtee t eorde whifclhl Idyo e s
all ow totbhbevakhideel tsi nign hbiybd fth dofnetslesviary wi | d type

organ, sms g. i mposlssd doredd gt st oojf nlifdnokimloe k o u t
Consequentl vy, the devel epmmewne DNK iismhiolbimt or s
phar macol ogi cal tool to clearly identify the d
di seasesnabttthegseltelce i omt iohal therapeutic target
Unf ort yn altNeK 1y, JNK2, and JNK3 share more than
selectivity of action could not be reached so f
I n the vast maj orityornd arasesyalkiatasde ti mrho bgdh
assays, namely experiments which evaluate the
phosphotransfer activity by comparilomawitt ltcud
an -hionueazylmenkednadsnommubent a spsraeyv i (oEULsII SyAi)d e ¥ éaleo p e
groupr of . Plwawf esruuccessfully employed to measur
compounds on JANMMP Katehips38assay for mat all ows
phosphatiyon of t he c2dmneoon tthaer gueste ATTF a h-or ser ad
conjugatedhant islpedcytfhe apHogs bhordysl ated substrate
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the clear adwiachimg@geaofelpirable and exhaustive as
activity in presence of the endogemplugyedsf adt or
can be seesedaond hpart otf h et hsicsr etemd snigs ,o ff omrewl y ¢
compoundshelNevyertfactors as-ehoesw basdl éhfgi, caanddcVyp

time Iimit the applicability of this procedure.
steps are comprised inhaeamogemrssayapsagedumhend e om
aplpicability in high throughput screening (HTS)

af or ement i ebnaesde dE LalsSsrdbye ehna se st ab | i SAMAP Kf am dt He rp 3 €
the JaNKd3,currently no protfoxrolt theasJ MWkels onaf ndde mlsN KD e

Al ternatol oglgal bactivity of candidate inhibitor
bindi ngmeasswryisng the stabnhibytof ¢bmpkeexymAltho
parameters do not necessarily i mpl ybiinndhiinbgi taonrdy a

i nhibition can be assumed for those classes of
enzyme, as they prevent the interaction with t
phosphotransfer reaction

1.2.3. Fluorescence Polarization (FP)

FP a sf |l uorbeassceedn cteechni que which can be applied t
thastlo its advantageous features | ike easy handl i
HT$s being widely used inm3he field of drug di sc

The theoretical basis of this method starts fro
fluorophorepobwnripdzedel i glatri ze ekl ¢snibgsipmlr t ue of
phenomenon named . p hQotnossied eercitnigo n a gooupnteefd r a
fluorophores irradiated by polarized Iight, t he
probability of absorption ofeathlogepamoadlelcel etso wthlo
t he exrcadiiatgilonn t hits iwayp ods e liokat ep otpaul ati on of e X
fluorophoresnwbalsbmol ecul es wwowl d menoibti i zegllt Wi
pol ariamadalimgpous to thel3¢Hmaeverw,t mdlee cswlueascei.n sol u
susceptible to ,Browpi ecsaesmuadn poheasr ed mowhaeamehnt s

deteram nextremely rapid tumBinog bDherndledxdtuiommbh
ti Mdt i me rredqudy the mol exrmhgl eoohaB88tad ni)ch | ower
order of magnfiltwadropghamg tlmef evi indo®w bet weeln absor
emi ssfioemg ,fl sobnospophaoaeron are unable to conserve
through phoCoeekestel phuashceenntd yf | abkbi edo mal ecul «
macr omol egcaulper,otee.in., the whol e compelleaxxtafitangs na | on
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by virtue of the higher ninmlget hleamacwye i (ghidg uroae & c ¢
1. :p4t

Loss of
Polarization
Polarized light

1)
“lL-T
|

Figur.€érdpBic explanat i ofr eopfr etsheen tFsP tphre nfcliupdreoophor e |
time required for the excited fluorophore to emit t|

Retention of
Polarization

Upon exchiyt aptjdaotn@r i zed | ight, thespepmittedmdoddr ai
twdetectwhsch méasenafitthiees emi ssion parall el ar
t he pltame sodamde I(éspeé¢Thesed yt)wo sp arraemettheern us e«
cal cwPanhd/ or fluorescendéranghbotreepyjye.quRAnNon 1.

respectivel y. FA is a parameter hatengather sém
wi der use in biological applications
L =1 I =TI
Eq.1.1) FP= —— Eq.1.2) FA= ——
(Eq. 1.1) I+ 1, (Eq.1.2) Iy + 21,

One of thpumpdtostehgeRer i ndispltdhe use in competitior
Suhc me tchoondsiirs tf ol | owing the di splacement of a f|
candi dat et hmdtilbéd tmmeasat bmeptr ogr e s sdievcer saPcdas i gnal
met hod pr esernmntasnt sogwesr atl h eadt-gmplli dyvaed at bgsed

bi ndi ng assiamnypsr osviecdh saasf ety and easy handling, r
washing!“Jthepsestabli shmased obinadi RB assay req
consi decandernmsi ng t he tphoedb bce fd uirppeohor e, and t he
assay pa¥r3@imeters.






2. Objective of the Thesis Work

The implication of JNKs ihmsdirwdrssea pditeh alna geircea
devel opment of JNK selective inhibitors. Such
better understanding the effective trhelreapefuti be
agents for t0é&Kterdl exitesdeddth odugh sever al sel ecti
JNK have bedmer sganmrtced number afndcdunrerbebnatkncandi
of approvediigmhigihtotse need for new mol ecul es

Il mm first i nstfaorc ejelseedfmechvegil @act i ve INK ai mheinvbi t
competition bindingiaomgdey waos ehesweltohpeedeval uat.i
affinitgnoifalpoi nh3 biStuocrhd saosfls ayRlKd on tREBantdechni c
requireedsitdire anpdt hdssiusi taafblae f-lamelelsednpd gbe ba
the pyridinylimidazole scaffold. After opti miz
oher members of the JNK family, JNK1 anAd JNK2,
MAPK i n order to provide a itnaMA&® K oa nndalJrNK a s t a
sel ectTihwi tfyi.ndi ngs resulting from this part of
Publ i caanbhs |

I'n the segcoindf paent attempts wer e chartroiresd oofutJ NI
starting from a -lpaydd diemygl i M uwnerod wes exampl es
bel ongi ng t o bteteins r cdpsoamoahkanes | ofh ABIIA® Kp 2 d wer e
obtained by opti mizaStB200n3f5@B®Omt Bmi (phikkdciumasno2 . 1) .
exhaustive summary on the synthesis routes ar
compounds i s Pplleiseat ieanilinl |

E F
/_/OH CH
F N N LHs
| )5 | s
N //O X N | N H
» S\ N‘ H N~
‘ A H CHj = CHs
N~ HN HN
CHj3
CHj3

L,

SB203580

ICso (p38a) = 50 NM 2

ICs0 (JNK3) =727 nM LN950 1
I1C50 (p38a) = 11 nM ICs50 (p38a) = 17 nM
ICs0 (JNK3) =181 nM ICs0 (JNK3) = 24 nM
Figureexamples of pyridinylimidazol e Ddeni ¢atkiewme sf rasg

Goet ee P¥EKo cent 148In.d, Anet d*Huibl i cgt.i on |
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Besi defs MAPXKS pyri di rfoyalsiendi dacamp @unds ar e al so ab
members of the closely related JNKI tf @amaft itohreend, a
substitution paadtidrfmedkarctrievsiulyt pirmofil e of these
reasaom,eri es of st r ucatpuerralo rnmoeddi fointhaotoimopnbsy ndl t er i n
the core scaffold andVFilgere@aRsnidt wtti srhigat thegr rm h
of tuwdls idnhi bitor towards the JNK (in particular
the JNK3, vehvearl evaasti inarflako fs el ect i vity was addresse
stadgdle. broad set of performed structur alf modi fi
diverse synthesis strBullgi eaiadidl i s presented in

Modification of the " Variation or removal
5-membered ring ‘,S_‘CH’o;s of the S-Me group

N ” Substitution at the

pyridine-C2 position

Substitution at the
imidazole-C4 position

FigureStaz.uZz.tur al modi ficatibnsesvoolfdi hggad e ctompegnaons 0
pyridinylimidazole scaffold
An alternative strategy which was pursued in ord

the transformation oli nthoe€hayewmedsif blcati mmi oift o he
at the -g¥rpdsinkei on. Such approacdv aliermst altond ewiftc
t he -matnal ytic Cysl1l54 whiiNKK3 muwsmbeagpingt)ed i n Figu
conserved AMAPKheTpPpB8 second strat eqyt vbays Dpr.e Fall 6
Mutéand Dr . AGormkehda EBInd t lae eo ctod Puelicd cat iioon |V



3. Results and D iscussion

3.1. Development and optimization of an FP -based
competition binding assay for JNK1, 2, and 3, and
p38A MAPK

3.1.1. Design and synthesis of a new FP probe

The first step in thebaseadbddommenteintti @wd i madiwn ¢
in the design of a suitable fluor esclqrFti gpurebe
2.and YBwalsB di s ¢ mv ear epdr ehwiuswes sitrudy as a phtent d
MAPK inhibitwal uewstihhnltChe | ow nM range on both
selected as a pothentFiPalf |l proeoprobdre.f or t

An extremely importantFRpspébet ciomstplsddj pacsi nhigomn
| abgl laisn t he introduction of a bulky fluorescen
the probe f Munoertsralpomgteed niF® PODBea AMAPKhe p36¢
derived from thel tpysreadi ngf é mé nSkE200c303BpAo uswdc h

mol ecul e, the fluorescent tag, represaetnhteed by
i mi da@2d | posoft itome (s o@mpb RhRdi g WBr.Ad . Neverthel ess,
planning a new probe sui AMBAPK, fohebabhat JNKS main
pyri€iZnesi 6f ooompwasdassumed to be optimal for
fluorescehlte lmadadon for t hikevnown edi nadi ntghemowe

pyridinylimidazole molecul es, wheC2i podidsre sub:
| ocated inexpes sld{ladkRmotr e detail ed explanation o
pyridinyl-bamseaizohiebi tors will be provided i n se

the outside of t heprpgsoumd nl,y trhd rseradapaean kiest lo a rt oo
fluorescent grsaumtwiatlh oceuftf escubs on t he binding

A second crauacna¢hmsmethoinge ofanhtiet heumebpboodref |
Fl uorescein was selectedfdora afbohh ¢o tcooptidee adaé | |
of a broad range of derivatives, all owing the
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Further more, virtually al/l peéaticod mteandies ssi aarr ef iplrt
necessary for this fluoromhkirrmal(layp,prtokxé&@ mé&hedty I4iC
this fluore@&@4«ems) rmsiasikeced If or the analysis of sma
with proteins he®TiherseahamneBlOumrdeas cei n t he firs

fluorescent dye employed in FB &dHsuaddysa,nda3e oawlog &k err
I n particul ady watsh et hsee | falcstosrdeisec ey anat &6 ( WhiTE€h i so
would easily react with thdtheomghalt haniloirmatob

thioureédFbgiuBlge 3. 1

--------------------------- F
A N
|
Fo, by, M 8
e R M i
| ~, HN— = —
A w = o I~ ] P " Hn— N oM
Ty s SO = [ T
P " i - 1 ". P
Ilf T n CH3 L- '\l-.._v-:f"] Q {\GT “T
M. z e '~"-\:;-: ___.D
SB203580 ]
- T,;:-
OH
F. .
B ¢ b
S L. |l
l I} S N CHj
“‘Ka...--"x N ! Hy L w{&—s
Lo ot
e -.N o e e, | |
I{J T H HI Q f:.- N*-T»”":) HIC!'\Ir N o
M. \ if " OH
[ HN— =5 \\:"'h\ A D
HM .~ , P g
1 7L|/ iR 3 N I o
~ NH, f}--Nf* =~
H o

Figur®e8ign of PP ppeaddgeert eAd f eo mt@Munozed from st anda
inhi SB2O0B B8@r3dkesi gned fbamsedmpwtbFiPnidoinng assay derived
compoand

Aniniti amadbédoccersaivoitirighei n ntroduction of a spacer
scaffold and the fluorescent moi ettdyhe whecmi wals
amino group a&f Tchoemproautnidonal e behind this decisior

a spacer might increase the flexibility and red:
the binding interactions, iiothado Udlrde ealosmo od e ttehremifi
t agvewhen the probe is bound to the opropgetler Thi
ef fbaotd can have detri mental outcomes on the FP

window between bound 1831d wunbound | igand.
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Before synthesis, the suBwadidarfgi by dbekidergi gt
(Figure 3.2). B NtKIB  iamAMAP& 8 o eesaes omfavte Ir gee rpeorsaetse d

wher ¢eihe fl umnekwapodositioned outside of t he ©bi
seeming not hienot enri ancdteirons of the core scaffold.

. p38u MAPK

- . ; ~ .
7 A9

> B

.

\s

FigurPoB8kRng pos2wi tohf JpNKo3be( | eft, POABMAPKt r(y:i ghkl 3 )P Da
entry: 1O0UK).

”~

Besides t heofprpBpoafeatit oaddi ti onal scaffolds and
probes were synthesized varying the substitut
(prodemsdl]l FigWwreTBi 8 was <carried out in order
potenti aandrobesef ore select the one displayir
applic@&bil prpybes were tested in the aforement.
JNK3 armPdMAPX8 and the results Vweprreecaugaspaeaske datwi t
observindd uttlheei mfl i nge ohatbéde inhibition potency
the synthesized pBaroliGxrercomdgbspday opti mal fea
as FP probesedashitdikrypsthemwcy owhitdfepd avroederz pymey
negiblgy af fecteldl abtyi omheofi ntshteaFdtdl uo hé Sc ernetasdye
compounds were selected as candidatesanfdrt htehe f

ntroomciof a spacer meacse srgatr ydhen it cheerr Sehrath d pr o
arccharacterized by a | ower potency onAMAWK3 and
and are therefore not suitabMer € v ébre, eimp |l oayed

two compounds the | abelling with flfufoeetscemnnt Isd
inhibitory activity, which decreased signific:é
precur solrheowedei nstead a moderate i ndwiadlikeson o

i n theditgriitplneM r ange.
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-

F
N CH;
N CHg | >—s
[ Y5 i N

7 N N~ HO

NnJd H 1 ICs0 (JNK3) = 24 nM ! O o ICs0 (JNK3) = 48 nM

HN ICs0 (P38 MAPK) = 17 nM O OH  ICsg(p38a MAPK) = 26 nM

[t we
NH,

o) 3
s” N
H o}
ch
N cH
H3C N CH3 I \>~SI 8
[ -5 7 N
| X N N~ HO
N 4 ICs0 (JNK3) = 353 nM iy O o ICs0 (JNK3) = 2,736 nM
HN ICs0 (P38a. MAPK) > 10 uM O OH ICs0 (p38a. MAPK) > 10 uM
NH O
[ j\ ol
NH, s N 8
H 0
N CH,3
CHs [ >=s

ICs0 (p380 MAPK) = 4,335 nM

o J
I A H N~ HO
N~ s ICs0 (JNK3) = 410 nM HN O o ICs0 (JNK3) = 1,041 nM
O OH
" )

HN\©\ ICsp (p38c. MAPK) = 3,679 nM
H
o) 9
NH, SJ\N
H o}
F
F
N
N LD
| \> I A N
N ICs (JNK3) = 7 nM N LT ICso (JNK3) = 74 nM
N~ ICs (p38a MAPK) = 5 nM HN O o ICs0 (p38a. MAPK) = 29 nM
L Q, Lo
\©\ NH O o) 10
NH, SN
H o)
F
F Q
Q -
N <N
\N i X
N = ICs0 (JNK3) =39 nM N HO ICs0 (JNK3) = 136 nM
N A ICs0 (P38a MAPK) = 216 nM HN O o] ICso (p38a. MAPK) = 186 nM
Ny T Q e
& WO
NH, N
H e}

Figur8tBuB8tures and bi oslyongti hcepskri ozheed i @ it tymng a tulsmshai¢
811 and their precluamd/y Fhd coynptohetdi§c canpdanmndd’s

wi | Idibsec uisrs etdhe paedcomd t he 3t.h2e samsd dcetcadiitoend psowel | a
analyticah hbat Rabnhnd cigncioonp oluaard® Publ i ca{compbdnd

or in the experimental sedaindn; odx pehriismetnhteasli sp r(occoendpuor
preparati oomr edceanmte prlaubes together witRulhiatgtiocmal | de
proBasdPPubl i cafpircorb®EVIior i n the experi merptraollBesecti on

an€ .
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3.1.2. Probes characterization

The second step performed-biasetdhe odpeeli ¢ poanthi o
consisted of measafufriiomigttyhlee shinhtiesgré atcargées t
JNK3 adMAPRI8n cl assical b adi nbbiagssesddyass, siteh g . K

a molecule is measured through saturation expe
protein is titrated against increasing concen
because by means of separ abbduwmd gpgangld wabdi e@ad est e
the reanddi nognbgunteprnaoabbdbe detectibd.tlRenhemesgknec
FPfhased binding assays, both bound thedasampieed
ti me of meamrsd rtearkeenhpeargtener atigmadf ttAhe hERgdh t h

species has a mu c h higher contribution on t
concentrations of free probe would result in a
hampering adetoarrmicniatKi on. T it e dc @dry bno ddsifsnaéyun mv d
settingsthéaroiuigha foif xed amount of fluoroprobe
concentrati oln®nfodr tpumated Iny. , this strategy requ
protein in order to reach the saturation condi
case of expensive targets.

As discusgédt hetheyKttvasi detiepmbhedO0 bryMtsd dlruwttii oin
of probe with increasing concentrations of pro:
of concentrations wasi nadoarpdieerd tfoo rr eeaacchh ap rfoublel S
wel | containing only fluoroprodedi as aszsaggdbtuif ¥
establishing the signal baseline.

Particularly important to mention is the wuse, f
and AMMPK. Proebper esents a classical type | inhi
sectilo@abh. bind to the ATParsdilteestse foaft hewapt b thei at |
flexible DFG motif can assume both the in and
use of a catalytically inactive kinadd omi ghte r

i denti fiod @teiron ndfi bitor classes binding prefere
'3 (tyméilbdiriteo upsnaebsl vy excl uded d&iimeet ltyheyc dwp y ott |
cleft and therefore might )not be able to displ:

I n case andpor onbheisch had been selecteBPfosrghallc
was measured after 15, 30, and 60 min of i nc
information regarding time of bind{Riggegei Bib) i



46

3. RESULTS AND DISAJSSION

FigureMiZordopl at e sgcdheetneer mi mat iKon ofbesyntehxepseirziemde np r owa
perf ot mede tqiumeaes uipihi cat almng hlt Yomaaqatei ve contr ol cont a
nM solution of prwabse uisne da s sreeyp rbewsfefneri ng t he baseline

gradient i-h2cokepmaseBts the probe with increasing con

Both prob

sindilegit
equilibri
negligi bl

es showed high binding afdviadiuteys fi ar tthlee

nM range. Moreover, both compounds wer €
um onset gvaanldu et sh ea prpeeaasruerde dt oK be st abl e o
e variation after 60 min i ncubation.

coespondi nggzvptaoabe Were selected for the further

I n order
independe

to confirm thdarmdbdi dNKPr ANMARP K, 384n prob
nt binding assay was performed through

The two probes showed again highabbOésninyther |t

doubdliei t

nigd slNeg)e2 5( O Mamprks 35 10OKM;inE3) 20 a(Ms K

maprky 33 TnhMe) .s|l i ght di fshesehoées wvalitsbhei Wvi¢cdmpard ue

reported

in Figure 3.5 can be attributed to intr

wel | as to dissimiswmgaed.i eNev er tthheel eprsgt otchoel hi gh

similar b

Given the

inding3apetitverescofnhfpromeds

nearly identical inhibition profile of

onduofroprobe to the foll@wawisngi sttapsdedcompyuméased

yield of

its synthesis routd exmtd utehner @dipptbiemi zat i o
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Probe 3
INK3 p3s@ MAPK
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)
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1010 10° 10 107 107° 107 107 107
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Probe 10

JNK3 p38@ MAPK

751 ~

15 min Ky =2.3° 0.1 nM ®- 15minKy=6.2°0.1nM

~4= 30 minKy=2.6°0.1nM ¢4 —*= 30minK,;=6.5°0.2nM

501

®- 60 minKy=3.2°0.1nM ® 60 minKy;=7.2°0.3nM
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normalized polarization (%)
normalized polarization (%)
@
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Figure 3.5. Titration curves and corresponding Kg values of probes3and 10on JNK3 and p 38/
MAPK measured at different incubation times. Each experiment was performed 3 times in

quadruplicate; d ata points represent mean value + SD;this and other graphs henceforth were

obtained using the software GraphPad Prism version 7.3 for Windows ( GraphPad Software, La Jolla

California USA, www.graphpad.com ).

Al though obod®ei figrther optviwmectiat henpothlee Kynt
probesompo8Pdsdion JN&EBaxIwwo determined itrheorder
characteriazdbhbeomrepared Horuorbér daddrmsa.ti on exp
icubati on tmime wafs &3@®d ece euwWll ts are presented in

Tabl eKp@allues of &9 m@pbidndid NK3.

Keon JNK3M)

Cpd (mean valu
8 188.0 N

44.6 N 6
11 11.4 N 6

Experi ments wetrher
times in quadrupl
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3.1.3. Assay conditions optimization

After determining the bindi3higrafl NKBAMMAK paB3Bhe se
addi tional experi ment was <carried out in order
i mpr ove otrhrea npceer fof t he adfsoayn.Btlbnk edveatKauiglissy) 8 f 0

N 0.2 nddasaard 6.7 N 1.1 nM, a 5 nM 3owarsc emtorsatni on
to be empl oyed i n t he competition binding ass
considerations i n t hbea sdeedv eblionpdmenngt aosfs aayn, FsPugge st
fluoroprobe zonmeahrad i poassi bl e, gvatl W&xceeding t
A second cruci al parameter in defining the assa
concentRartfimmmi ng the compatiuriatnoassamldat hens,

fluoroprobe mol etcawl £h &, atvacodgbedlu malsll gw t o obt ain

maxi mum signal witnilese dHowiewlkeir o wetud idc i angn i thii ogrh
|l evel s of unbound pmrectreiars ewhiheh rweswplodisi vity of
addition of compettihteorse,nstitusv.i4fepd wodidredhet assdayer |
the opti mal protein concenaragoos totiheaplti ®owni ex
performed using a 5 nMaaancentnriant ioofn ionfc upbrac b eo n
3.6) As suggeait edle v emli &@Priiéetmieesgo ptoitmaln groncentr at |
shoul d pabdude probe concentratiam ismedreecdsa ifrc
pol ar ilzyitaipgpm ox i mat B §nandf8Q%e titration curve.
sufficiently away from phevdsahgbuirvattiyont oc otnhdei ta sosna
at the same time able to yi(edylnami @alpipa rotgigt)iraatte osni
experiments di spl ayed i n Figure 3.6 permitted
concentration of AMAPK INKDearnudep38d as saye. cDumphet i
concentratfon oehdiedznycirteesapael ari zatiwint tltolke t o
satisfactory signal windows of appr o&AMAWaKt, el y 14C
respecf(iitvel ¢y iompnoernttainotn tt hat althoughrRBfPet ser a di
millipolarization units or mP are commonly wused
Tosum wup, t he par ameters whi ch wer e -bsaesleedct ed t

competition binding assay wer e:

T 5 nM concentr&ation of probe
T 10 nM concentration of protein
T 30 min incubation ti me
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INK3 2507 p3s@ MAPK
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FigwBr.é&itration experiments for determining the opti
were performed using 5 3IMThengearetematbhiaomd ofe pprecsteent s

concentration range while the veptobtaindashedntirnaneéi!
n M.

3.1.4. Assay validation

After setting the different parameters ai med
competition binding assay wasS(caompdehntdg diheplpae
the fl uor autsreacoefr .t hTetheun!| abel ed pr ogboel dg esntearnad al ryd
for the validation of this assay format as the
unl abeled compounds S*Abel disbBayawakogpaeud.or med ¢
Figure 3.7 by titrationg3a5f pkiptandnidvBAKPX orlOp 38
nM) with increasing concentrations oft eslaedt est
wel | containing probe and protein and a well c

added as positive and negative control, respect

00000000000
"D00000000000
000000000000
000000000000
000000000000
"D00000000000
000000000000

<oooaoooooooo/

FigurePl&at®k. scheme for the competi tndwa gbeisntdeidn gi na s s
quadriupatrmn Xo(lui ght orange) represents a positive ¢
while a negative control containing only probe in a

green and blue gratilemtepr esertol umaome&soifn gt woo ncciefnfterr
compounds.
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Compousdcceeded i n d3isnplaaddgnsge pe mtbemanner bot h ¢
and AMAPK (Figure 3.8), i nswal hesas asdtitgd std oMo h @

rangeo((rk20 nMamed® 51 AsM)t.Bgal Ce is strictly dep
the asmgday ioms e. g, cprnecleent afaftii mint wfoarpcolmenoand pr
practice consi sts signaltuhees ciomtveoe rtsh e ni)mfivbleCli on c o
known t ool f or stvrad usefsojriimitnoge r@sent edPrhupgot he Ch
equat4igt & . 3.1). This formula was developed for

Menten enzymes and was sbhuweb sapgpleinegd yt bai duadpirnmeglt ittoi
asssayas wel | (Eq. 3. 2)qgrweiftehr rtimeg tteor ntso n[clelntamd i kK n
t hleabedliegdandespectively

. IC5 . ICs5
(Bq.31) K= (q.32) K="
However, the aforementioned degueaptidoyn &€ dhaatsee dir ®t s u
competitive binding assay, due to an incompatibi
are based. For this rPeraussoonf,f ae qmadiifoine ds uGh earbd e
assays was devel ofeledtyn*®llER ol Gv Sthkhaewiptar sgmet er s |
[ 4 aned n[dRPlcating the concentration of free inhidb
ofunboulnadboel ed | fbgamdi Bt t i5@n, and concentration
i nhibition, respectively.
. I
(Eq. 3.3) e ILI&E]J_JIH

Ky Ry

Such equatiiomplweame mtl eseb aisre da twethnakbhewi ngnversi ol
t heswlaQ uesibiyntpd eKi nput of tthe assay settings

100

~
3

& JNK3 K;=3°0.2nM

% p38a MAPK K;=14°2nM

normalized polarization (%)
N o
@ o

o

10°° 10°® 107 10°¢ 10°
compound concentration (M)

Figur€o@p8&8tition bindianageass D4 yloamgd dHK B dlaVhAdP Kp; 3 8& a ¢ h
experiment was performed three times in quadgruplicate
values indicate mean value N SEM.
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TheivKl ues obtained by the alsosnayl NKf3 #amM&P gpr3dbe |
(Figurepr3sovBed to be extvaelmedsy &dnostelod eos aensee eKn z y
(Figure 3.5), dewohmpaati off the fl uorescent t ac

Anadditi onal met hod for validating the devel op
|l i brary of compounds and comparing ttder obitmg ne
from a different assay. I n par-hoecséaELI §Avanot i
assay for botAMAPNKRr amednytpi308n ed i n ,tsheicmd tomwals. 2. 2
c hosfeor ¢ o mprherset ®focampounds was selected in order toachieve a broad

structural diversity alongside with different potency on the two target enzymes (Figure

3.9). This consisted therefore of a series of pyridinylimidazole -based inhibitors, including

the reference compounds SB203580and ML3403, and non-pyridinylimidazole derivatives,

such as pyridinylquinoxaline 16. In addition, reference compound SP600125

aminopy rimidine 15, and clinical candidate AS601245were chosen to be tested uniquely

on JNK3, whereas high quality probe Skepinone -L and clinical candidate SB681323were
selected for the Ap38Ahi MABK assagening on the s
consd sitre analyzing their autofluorescence at tt
used for the fluorescein (480 and 530 nm, res,|
aforementioned wavel engt hs woul d indeed creat
me asme ret and would hamper the cormcCeompopeds$ or m
showing fluorescence cannot therefore be testec
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containingba T omdemandtonly DMSO, respectively.
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Al t hough tmvbved mpofunds revealed to be suitable f

der i v BtPi6WOalR2d6S 6 0 12mi5t tseidgnai fi caht upr a8sgherce t han

negative control, thus needi nRetmai béngxclomgped n fl
were tested on the sbwaloueesnzwenees @omvseir@ge dt hteo K
aforementioned -Pnaucksioffife d quhaetngon (Eq. 3. 3). Result
set of compounds are reportedsivral Tabl @of 3the tsa
compounds in the i AshewpecEkdSAgaseaythe high di
f or mat s, anbeegoi vhkeenumeric value of i nhi bition
Tabl eBi3al2o0gi cal acti viaumreds ome asxdreecd eidn ctohme FP assay

INK3 p38a MAPK
Cpd. ELISA assay FP assay ELISA assay FP assay
ICso+ SEMa[nM] Ki+ SEMa[nM]  ICso+ SEMa[nM] K; + SEMa[nM]
SB203580 727 £ 28 167 £ 10 50+0.4 561
1 24+1 3+0.2 17+04 14+ 2
ML3403 176 £ 2 40+6 40+ 8 38x1
LN950 181+4 13+1 11+0.9 4+1
12 370+13 49+ 2 53+4 39+9
13 742 + 12 142 +£18 170 £10 141 £ 10
14 672 5+1 97 +8 617
15 147 +£5 292 n.t.f n.t.
16 3,950 + 200 1,041 £ 32 8193 350+ 10
Skepinone -L n.t. n.t. 5+ 42+0.4
SB681323 n.t. n.t. 13+0.1 7+0.1

an = 3. bdata previously reported by Goettert etal.l34 cdata previously reported by Goettert et
al133 ddata previously reported by Laufer et all5% edata previously reported by Koch et al43,
fn.t., not tested; 9data previously report ed by Koch et all52 hdata previou sly reported by

Fischer et alls3,
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Figure 3.10.Linear regression analysis of inhibition values reported in Table 3.2.

Besides confirming the validity of the developed assay, this observed correlation suggests
a potential use of the FPbased competitive binding assay as a fast and relatively
inexpensive pre-screening method for novel compounds, permitting to advance only most
promising compounds to the activity assay. In this regard, it is worth to mention that t he
developed assay was employed to assess theinfluence of halogen bonding on JNK3
inhibition, this representing the first example of an FP-based binding assay on this
enzyme.154

3.1.5. Applicability to the HTS format

As mentioned in the end of the previous section, the correlation between the developed
assay and the inhouse ELISA assay could beutilized for the fast estimation of the inhibitory
activity of large compound libraries, hence allowing to discard inactive compounds at an
early stage. For this reason, the applicability of the developed binding assay in an HTS
format was evaluated. This is also possible thanksto the homogeneity of the FP-assay which
allows its performance by simple addition of reactants (mix and measure), thus avoiding
separation and washing steps. For the validation a procedure reported in an assay guidance
manual from the national center for biotechnology information (NCBI) was used. 15 In
particular, experiments were performed following the interleaved plate protocol on a 96
well plate. This consists of analyzing the intra- and inter-plate stability of three different
kinds of signals:

1 0 Ma xhighest FP signal; well containing 5 nM probe and 10 nM protein in assay
buffer

1 0O Mi rlowest FP signal; well containing 5 nM probe, 10 nM protein, and a
concentration of a reference compound (in this case the probe precursor
1) at a concentration known to completely displace the probe
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1 0O Mi cintermediate signal; well containing 5 nM probe, 10 nM protein and a
concentration of compound 1 close to the ICso value on the
corresponding enzyme

The assay on each enzyme must be performed in three independent runs on different days,
each time following a different pipetting p attern described in the manual so that each signal
is measured in all possible plate positions after three repetitions.

The aim of HTS validation is to assess whether the assay presents a sufficient
reproducibility of results and an adequate signal window width in order to avoid or reduce
the occurrence of false positives or false n@atives in an HTS screening. The acceptance
criteria are in a first instance based on the conformity of calculated parameters within
defined threshold values:

1 Coefficient of variation ( CV) ¢ 20% for each of the three signals in every plate
1 Zfactor > 0.4 for every plate

1 SD for the normalized %inhibition of the Mid value ¢ 20% in every plate

1 Normalized %inhibition for Mid value between 30 and 70% within three days
1 No difference >15% in the normalized %inhibition of two different days

JNK3
Max Min Mid 7.
day FP value (mP) cv FP value (mP) cv FP value (mP) cv %inhibition factor
(mean + SD) (mean + SD) (mean * SD) (mean + SD)
1 300.3+22 0.7% 161.7+28 1.7% 220.8+4.0 1.8% 57.80+2.9% 0.89
2 300.5+3.8 1.2% 151.3+33 2.2% 210.7+53 25% 60.20+3.5% 0.86
3 298.0+3.8 1.2% 143.1+32 22% 195.1+50 25% 66.30+3.2% 0.86
p38A MAPK
Max Min Mid 7.
day FP value (mP) cv FP value (mP) cv FP value (mP) cv %inhibition factor
(mean + SD) (mean + SD) (mean * SD) (mean + SD)
1 296.1+2.7 0.9% 122.4+43 3.5% 256.9+34 13% 22.800+2.0% 0.88
2 3049+41 1.3% 1349+35 2.6% 2269+29 13% 45.9+1.7% 0.86
3 2919+69 2.3% 1249+46 3.6% 2146 +4.7 22% 46.30+2.8% 0.79

Table 3.3. Summary of HTS validation experiments
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The results of the HTS validation experiments on both enzymes, displayed in Table 3.3,

demonstrate that nearly all the acceptance criteriaare satisfied. The unique slight deviation

is represented by the day 1 ex preasuretevalieofon p 38/
%inhibition was lower than 30%, causing therefore a difference >15% with the results of the

following days. However, the requirement of a Mid value lying within 30 and 70% is

described more as an ideal than & a compulsory criterion and the suitability of the

developed assays for the HTS format appears in any case to be clear from hie other

calculated parameters.In this regard, w orth to mention is the very high Z -factor registered

in all assay runs, indicating a broad signal window and a small intra-plate variability of

results.

The assessment of the suitability for the HTS assaywas then completed by a visual

observation of the graphs resulting from the d ifferent experiments. In detail , data points

werepl otted following the two different pattern
col umn, t h and nebihgr driftmav édge eff ect could be detected, thus confirming

the applicability of the developed assay for the HTS format.

3.1.6. Extension of the developed assay to the JNK1 and JNK2

As di scusseld 2i.mtJsNakc tsieolnect i vity of new g nahni bit o
unsatisfied need as only compounds displaying &
sof orms have bedht nr eprodedreedt atl oe adsagtleyhe sel ect i v
nhibitors within t-baseadNKcdmpmtliyt,i otnhebimRAIi ng
e

i

devel oped for tAAMAPKNKR sarektph&ed to the remair
JNK subgrwapos$hbse thankesttiooitthye ododarhe8 elynt he
a feature wheuoafirne sharlotaeddeanri sxgt iiltisty of use
Prob@eKer mination and optimization of assay pa

I n an analogoust hashNKSB AMA® Ksbhcet ipggrB t3h é t £f foif n

prol3d or JNK1 and JNK2 was d eftiexremminrceech t byt itan r
fluoroprobe wi t h increasing concentrations of
dependence of the results, the FP signab, was m
and 120 min I(#figuder 3tdlmaintain similar settin
on different isoforms, a probe concentration of
As it is possible to oBseembatVrpom FbwereaBfilhijrt
and 2 i n comparison with JNK3. Measur ement s

permitted to assess amsigwnal alolivest abbimlei,t wi o¢fh tah e
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at incubation times higase ohanhéOamonemdédsti ane¢d
value measured after 30 min incubdtheorniwasatisehm
experiments were then directly used for t he d
concentratoosl yadi pcasosedleicthpackadrati ons of 50
nM for JNK1 and JNK2, respectivel vy, both yiel
approxi mately 80 %.

INK1

100

2

5 80

5 - 15min Ky= 12.0° 2.2 M
N e i,
s %01 - 30min  Kg=12.5° 2.0 nM
o | T T R T S
o

= 40 ] = 60 min  Kg4=15.0 ° 3.0 nM
3

= - 120 min K= 16.4° 2.9 nM
£ 20 1

o

{=4

107 10°° 10°° 107 10°°

protein concentration (M)

JNK2

100 A fﬁ

i 30min Kg=7.2°1.5n0M |

=®= 120 min K4=9.9° 2.9 nM

normalized polarization (%)

10t 10°t° 10° 10° 107 10°

protein concentration (M)

FigureTi3t.rlalt.i oBwdbf hpdbKé and JNK2. Experiement snewei @ p

qguadruplicat e; dat agpaolimegs ama repudteéediggasK erdedn nweal u e
represent phetceoanncgeentofati ons producing an increase in
80 %.

Assay validati on

The first expersismenmte tvoealyisdictoyn safs ttehde taassst pngvi ou
the probelipmr eac ucrosnopret i ti ve binding assay using ¢t
of the remal oaesngt hiCough tmediaf ioe @éPmé@hseonfgineedguat i o
yickddiviel ues i n t ke glidw ndMo ulsleg el 9( n(Myr2)K 2, n M)

very cl ogef t pBfodnre tkhe s a.meHoeweweaniktkehwe case of JNK



3. RESULTS AND DISCUSSDN 57

and AVAP Kt,hehomse B8N was not devel opeadnd or t h
adi reempari son of the resultsFwast itiheeakéadaemnpot
of EMResary JNKI1 arnedgq WiNKe2d t hi s time the comparis
with |liteeatofencehkbamndmpotiested on t hreorsamme sen
purposdeai fode&m&notmpetJiNK vset andard i nhibli@d@&fs were
JNK inhi bis8BI5 M h8R330%As in the previous case t

ai med at maximizing the chemical diversity. Mor
in aczwamwt t he commerci al availability and the
JNK isoforms ory tflogAsa atmee saes saompounds did not
fluorescence at the wavelengths wused in the a

competition binding assay on the two enzymes (°

Tabl eKiBaldues resul t-asgayriom sdmpwkiPt h | iterature dat a
JNK1 JNK2

Compound Ki FP assay(nM) Literature Ki FP assay(nM) Literature

(mean + SD?) data (nM) (mean £ SD?) data (nM)
1 19+ 4 n.re 12+1 n.r.

1Q-1S 311+ 43 390 (Kg)° 390+ 38 360 (Kg)°

JNK inhibitor VI 48+ 12 2 (Kj)d 35+5 4 (K;)d
SR3576 40+ 6 170 (1Gs0)® 82 n.r.
SR3306 79+ 12 67 = 19 (ICso)f 215+ 57 283+ 3 (ICso)f

an = 3; bn.r., data not reported in literature; cdata reported by Schepetkin et al?56 SD not
reported; ddata reported by Szczepankiewicz et al!57, SD not reported; edata reported by
Kameneckaet al18, SD not reported; fdata reported by Chambers et al1¢0

Al though in most Kwasleseds heeemttao neadrrespond to
JNK standardhedhkhebstoysoft assay formats empl o)
inhibitiiomnKdhRGCaafg& activation state of the pro

compari son ofabtslhheé utesuwlatl sies. Neverthel ess, it
i nhibitweme dnepbot &d IN&r i sof orms, t he-brassudl t s
binding assay follow an analogous trend as th
di fferent assay | ayouts of the published resul

| ianre regression analysis could not be perfor me«

assays.
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3.2. Optimization of a pyridinylimidazole scaffold
aimed at achieving selectivity on JNK

3.2.1. Selection of a suitable lead compound

With the objective of reaching a selective inhibition of the INK's, compound 1 (ICsounka= 24

nM; ICs 0 ( p 38 A =vhP RM) was selected as a starting point for subsequent modifications.

However, this derivative cannot represent a lead compound 6 as suc h o prdsereee t o t he
of the free terminal aniline group. This moiety is recognized by the ZINC15 pattern tool 161

as a potential responsible for compound aggregation and might therefore convert the
compoundintoaso-cal | ed oOpan assay i nt erThelaterregrasent o mpound
a category of compounds which by means of their chemical/physical properties are able to

interfere with co mmon assay formats or to react non-specifically with the target, thereby

displaying a misleading biological activity. 162163 Since aggregation constitutes one of the

most common causes of assay interferencéss the p-phenylendiamino group located at the

pyridine -C2 position of compound 1 was replaced with a 4-morpholino aniline moiety

(compound 17, Figure 3.12)which has been previously reported as a suitable substituent in

this position .164 The akin potency of the new derivative 17 seemedin any caseto confirm

the absence of an interference mechanism of thefree terminal aniline substituent, thus

validating the inhibitory activity of 1 on the tested enzymes. Nevertheless, the new 4
morpholinoaniline group was maintained constant when modifying other regions of the

scaffold in order to rule out aggregation -driven interference which might arise from the

combination of the p-phenylendiamino substituent with other moieties.

N
N I N
IN\>~s\ ICso (M) e N>\ S\CH ICs0 (1M)
CH 3
N ®  UNK3 0.024 Ny JNK3 0.038
p38a MAPK 0.017 HN p38a MAPK 0.017
L L
N
NH,
1 17 K/O

Fi gu3 .elRepl acementpphdnyt e@adi ami no grolwi tafhdcompound
mor phol i noan,alfif roecdoinmmpged Jld€y al ues shown henceforth der
bi ol oegviaclaati on of compounds using thel'3#%40r ementioned

From the synthetic peland@cbuhvdewe geepaacidvdoll
procedure descr i bedorbkyemdaeurfeeirn atnhde ccoown s-t ruct i on
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Several studies on pyridinylimidazole -based inhibitors, also supported by X-ray
crystallography, have provided a wide knowledge regarding the binding mode of this class
ofmoleculest o bot h p38A MPRdgut 3.430 bh paitibukar3these molecules are
known to form a bidentate hydrogen bond interaction with the backbone amino acid of the
hinge region through the 2 -aminopyridine donor/acceptor pair . In addition, the aromatic
substituent at the imidazole -C4(5) position is known to be accommodated in the
hydrophobic back pocket or HR | (see section 1.1.2) while the substituent at the pyridine-
C2 position occupies the solvent exposed HR Il. Moreover, the imidazole N atom distal to
the pyridine ring forms a direct or H >O mediated hydrogen bond with the conserved lysine
side chain of the N lobe. Finally, the 2-methylsulfanyl moiety stretches towards the
phosphate region.

HaC -
HNTO [ dg
= N \ Phosphate
{ H CHJ !
Na region
o |
.—~H" R
Met, . 4*(0
HN HR II

)

O

Figure 3.13.Binding mode of pyridinylimidazole -based inhibitor s in the binding site of INK3. Figure
was modified from L aufer et al152
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3.2.2. Exploration of the substitution at the HR |
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Tabl eBi3al5agi cal

acti viitvyedo ff roompouwn ds cchdri on of the ce

ICs0+ SD [uM] @
Cpd S
JNK3 p38A MAP
17 0.038 + 0.002 0.017 £ 0.001
21 0.276 + 0.010 0.323 +0.014
22 0.031 + 0.002 0.021 £ 0.001
23 0.015 + 0.003 0.002+ 0.000

a/alues represent the mean of threeexperiments
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Tabl et3F.uecture and

biol ogi cal

at the OWi dpaozsoiltei on.

@2chtei avriitnyg oaf

dai nfafl eorgesn to fs uc

X N
| H
N~
L
N
L_o
ICs50+ SD [uM] @
Cpd R INK3 P38A MAPK
F
22 \©\ 0.031 + 0.002 0.021+ 0.001
42 HaC 0.833 + 0.139 >10 (41%)
43 HaC ™ 1.198 + 0.193 >10 (34%
CH, .
4ac o 2833 + 0.046 410 (50%Y
3
45 H3C§E3 >10 (32%} >10 (41%)
46 A 1.080 + 0.165 4.023 +0.193
470 Y 1.757 £ 0.133 2.265 +0.177
48 O\ 2.189 +0.136 1.716 +0.081
48 O\ 1.724 +0.179 0.726 + 0.021
50 HEN, 0.758 + 0.049 3.259 + 0.181
51 0.031 + 0.003 0.016 + 0.003
CFs
5 @\ 0.143 + 0.012 0.022 + 0.003
Br
5% @ 0.131 + 0.021 0.061 + 0.002
Cl
54 @ 0.060 + 0.008 0.038 + 0.002
550 ©\ 0.037 + 0.003 0.024 + 0.003

4Csp values are the mean of three experiments;percent inhibition at indicated
concentration; ccompounds synthesized by master student Camilla Scarpellini

under my co-supervision.
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A different effect could Bbd ubeatogphteend/ | b ynos el g/t iw
or branched aliphat  AMA®Koup$&e kot caa soenygot thveept 8he a s
reduction of the ring size, probably due to the
I of this enzymeexOhutikeggdtolpero plyddnptitea iivraltii bviet or
activity on JNK8 atbtaehtceddhywt i ze.

A pbdsi explanation for this behavior is that t
i nduce the shidue otfo tthheeiMethliddghea fféewibjlthg ¢
t hENKBR | mi ght force the inhibitorheéiorhbhdopt a
i mi dazorlee i s flipped of approxi maitregy BS8IOMg rles
in the wider phosphate region the cycloal kyl n

thus explaining the akin i Mhdd3Tihtaoyrpyot docdtsiitvdi e y

central cemeesdppeprted by anal ogous findings rep
for simil @8 nndo lecékacnol b8 o bsertvleas o yi ™dhoickii thgr s i n
site of JNK3, using the <crystiasSi mde utheaer e nivilb
crystaltlhiizsze dsstirruct ure doebenpbsi airgaet of hehEBRMEt
natur al orientation of t her e NiIKS8s grattietkieretpleag s 0 26 |
this pocket. As exemplified by Figure 438 15, r
several poses were generated wherein the cycl oa
I, thus resulting in altfliispt eodmteimhtei oinmitdhaazto | &l
di splaying the <classical conformation of t he
however a different orientation of the whole sc
the narrower HR 1.

\ ( /ﬁ c"’.;.b "
| J/ N » ’://*
! i - \
7 a

T
-

Fi gur eDo3c.kli5nng pose HE PbDbadBmtproyd ¥aé S) . Docking was perfo
software Schr°dinger Maestro v11.03.016.

Regarding the introduction of branched alipha
determiseedra driohidfi ttohogp JFMAPWiepty o dutM nlgC
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val o@sNK3. Substitutt emutwydti hemays biud ktieead not t ol el
both enzymes.

Afurther decrease in the substituent si ze, consi
et hyl gr ouipn a etsaittdledl oss of AMARK (bompoondsy42act i vi ty
and 43, respectively). Interestingly, the same substituents managed to conserve the activity

on the JNK3, with the methyl derivative 42 representing the only example of the series

reaching an ICspvalue in the submicromolar range. This outcome seems to be in linewith

the previous assumptions regarding the effect of cydoalkyl substituents. More closely , the

methyl group of compound 42 possesses the right size to fitin the narrow HR | of the JNK3

with the gatekeeper amino acid in its natural conformation, thus not requiring the 180° flip

of the imidazole ring. Because of the advantageous inhibition profile of compound 42, the

methyl group at the imidazole -C4(5) position was maintained stable when modifying other

areas of the scaffold.

3.2.3 Modification s on the five -membered core

Once the methyl substituent was selected as a suitable substituent at the imidazole C4(5)
position, further structural changes were performed on the central core.

At a first instance, similar modifications to the ones described in the previous section were
carried out, aimed at modifying the arrangement of substituents around the imidazole core
(compounds 56 and 57, Figure 3.16. Alternatively, the imidazole core was replaced by a 2-
aminothiazole ring (compound 58).

HC_ ..
ecore TTTTTTTTTTTTTY TTTTTTTTTTTTTY """""""“
_____ N S CHs!
~ B SR
~ NH
l\‘l P N /J\N | 4
56 57 58

Figure 3.16. Modifications at the imidazole core maintaining the methyl substituent at the imidazole -
C4(5) position.

For preearation of the three scaffolrdsedepscwede
requilmedase o&bfé henhprbadceodure reported in Scheme 3
cyclization re@mpgltidad| tewa st meoti nst abinlgi tnye-tohfy It h e
i mi ne i nt eFanre ditahties, rtehaesmomre r ci al | y5bawvaNiel abl e
met hydiaz @slpawasoupl ed( & ol drhepdytrl i) diomr o@iPc tdciodigh a
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Pdcatal yzeMi Yyazmu&icoupling r.eaAcst iionn t(hSopgdeaaeey, i 0.ubs
t hemod&r pholinoaniline moi ety coul d be then i nt
substitution.

—N =N

HOBOH Pd(PPhy), s HoN
r CsaCOs HaC™ "~/ Shr 3 (o
— N N

HaC” A |
| 2
Nl NON
61 56

Scheme 3Sy6Gthesis strategy for5@& he preparation of <co

For thdesab@tituted i midazolbda sopaeftf alecacafi ooomf G
from -thko®Boni cot i6rgo niatsr iilnes t(e,a df celmpd wiyregd t he pr
descri bedtBydISkohsesmeFi n.an1)l ynetyhami 2ot hi azol e core
obtained according to the Hant zAk&l onpdrhodar mam
compoundN-nvatthhy | t hTihoiusr epar. was dwamel og to the one
synthesisar®gpythei dyl23Hbwaveimdee t oestshiebiilniatcyc of
corresponding keSohema a&h #pagerati on was condu
regi oi3spomehrus | eametytpyoi dhaey®H8t hi azol e

1) MeONa
Qs - K,CO B N __N
CN 2) ACOH, ,, Ao, HN AN 2C0s | ooN N HeC~ Nz (\o
2 ¢ Mel Sna, \)
| = A ” A ” A N
P 3) 6N HCl(aq, | | |
N Cl = = N N
N el NT el N
62 63 64 57

SchemeSy3nt7thesi s r oudies utboswtairtdust ®1d, 2i mi dazol e

Ot hmaodi fi oat tthems central corméteomaigsu edt i tnstt iead
at t he C2 pbemidanoloef r i ng-metFhiyrisstulyf,anyhe g2 ou
reintroduced in order to evalwuate itsmepdsydi bl e
grogpompaouwpndAddi ti emalnloy graudnwaahbkedos positi
order to ebtsecveofhaen el eCtowmpdddBo drartoinm gt hger osuypn t |
point of vi éwasompacuwidke dial i enrgms @vdiatthe met hyl i od
and proceeding with the nucleophilic aromati c
procedure all cwempowddacdhmbeaumnfsopBObbegure 3. 3). T
ami noi midazole core coul d i nshAaenaidn obked Qaathteshi n e d
cyami de (Scheme 3.8).
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s S-CHs, S-CH,
NHsc'o HN—  tBuONa N=( N—NH
HsC KSCN Hye N NH Mel HaC Xy NH Snar  HiCTN
—_— —_— —_—
R
[ ® ® (L Ly
~Z
— —
N cl N el N~ ~cl N ”
39a 40a
65 )
HoN—CN 4 R =-NH,

I\
66 R=-N_0O
NH
N=<

NHZ 2
N
Hae Xy NH Snar Hae Yy NH ‘/\o
N

X | N \)

| = N/ N

NT el H

67 68

Scheme 3$y8thesis of derivativeat ctheyiORy dpdozsbofner ent s u

The first feature emerging frbéts8be odondgT almlle r esu
3.7) ciosmptlheet e | oss ofAMARK viWwhiychoncarhebe 3Bost!l y a
the replacemenodoropheénegl 4ring wi.th a methyl subst

Table Bid®logical activities derivatives resulting fro
+ a
Cpd INK3 ICSO_SD[MM;38A MAP |
56 0.714 + 0.021 >10 (32%)
57 >10 (42%Y >10 (15%)
58 2.500 + 0.092 >10 (9%yp
6 6 0.363+ 0.034 >10 (48%)°
6 8 1.395+ 0.230 >10 (43%)°

aCsp values are the mean of three independent
experiments; bpercent inhibition at 10 T M concentration.

| n additi on, it can be observed t-thias ultshtei truetpelda
i midagplwaég still tol edias elds Moh)ie etsiadnt e i h, 2 dr ar
drop in activjtg.sAgnanl bgpematyy togheérbé Cobserved
centr al i mi dazole corenewdayltama mGRdhh mepd mekoca 2f
the free amino gr-G2ppasi theni mkedazed ea counterpr

r

e
h
nhi ba¢oirgroguci nsgvalnuel W rtahiegBe On t he ot her h a
eintroduct-abhkhylodultfhaghly@etgermraonimed a twofold incr
n

i nhibitory activity. This outcome was surprisin
hinted a scarc&menhy ueogrc auhpef atchd vity of- derivat
fluorophenyl subszolteemingn Chrvemselay, an evide
2al kyl sul fanyl moi ety cmatilldyulbset obseerdedeonvaheyvd
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detailed elucidation Smethyle moiféetuenwel lof be her
foll owing section).

Aftedemnuant andi ng t he i $rmpeotr hiyabni ceet yao f f utrhteh e r ser |
pyridinyldaeniiduaatobyes hwas zed wherein an al kyl gr
the imidacam!| e«hiNl eatmai nt ai-métnhgy | b oda dd kthhee udl2f any |
substi.tifleassbstituted imidazol es arAMAPHensdent i n
dual JNKMAPMKS8potentl2ksh’ANWi tbis strategy was the
the mesubgltituted s dMhfefsqltchead rivegbubstituted i
derivasi kémaseainphatii @altrison s horudgli diesAggmevreyn.i § o
possible to undersitamred pfosomi Bing wifraitdadl &, telosnt i t u
i's crucial f orhet hees sheorntdiaablg o n n ppba ratcita wloabrs t 1 nut i
on the ikMidbBawml di st al to the pyridine ring wol
hydrogen bond wirexd uLcyisn9g3 ,t hhee ntden dd nmgr ad ff i ofi t & h
tetrasubderitva@@adeyi ng a met hyl group on the i mi
the pyridine ring rwaasct $opammhhasfi6rbezietdh bnyet hy | i od]i
foll owB8dclhwidadt wi g amnnatnitenénddPde at eus studies
demonstr at emdu ctl heaotputotishtei ¢ up y oind iomy | itneieddaoz ool cecsu r

regioselectivewheodidubiropMeatydomring is-Gdanstall
posi Yfbe. same reactiomMmedahryi e d 6duhivoavendy teshneal o0 g o u
regioselectgviompomgdmajdim productasaseb@wedoul d
ray cryst@aFioggrapdyl7).

N_/Sh CH, H{C, _/S' CH, H:’C\N_(S—CH'
He- kj,NH HC— N H,C T (0
- R AN
AR 2 |
N™ ¢ N™ ™| H 70
65 69 ICsp ey = 1.279uM
ICsp ypagumarsy > 10 uM
=K
- L .
v < & s
<" « v
&
69 ¥

Figur eSyatihfesi s and structure deter mi7rtDati on of tetra
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The significant drop in i nA Dchantfoirrymealc ttihvel t g r eovf
assumptions and prompted the regioselective synt
on theaziomedN atom adjiadeare$ urcihm ghdchlee opoyk ensblet @ n

obt aitrhedough a route previoarsdycowemnkdre&li nogy tLhaeu
cycl i zatAkoent ooxfi neen deri vati ve wint hora etrr ital k ynlt rtordiu
substituent in thechdemda"Nade )plolselt e 09, the applic
strategy starti mBggafhsomnt gmpawrcde ssf uN-meitnhytlhe ¢ a:
Ssubstitut edp iynédtdalzewilreg characterized byFdrow yi el
this yraenasaolnt ernative procedure was developed for
tetrasubstituted i mi draozuotl edgdby( Inolde me eF. @) stSwadlegy

pulsthied by.l7#inds basedeaonthami noketone3@a&rivat.i
wi tam opportune al Dylvieggtimigodyaomateae reperted ro
2t hi one i nt7ieowvameediragaecst ed in a nucldeophioli otswhst
the al kyl Satoawmp. on t he

CH3 _ HSC s

S
H,;C 0 HSC vN +N_\ j;ﬁc’*ﬁ HN_(
MeONa HaC” CHy H N N\ CHa HiCY N\CH3
A ’
® | » ®
N Cl ~
37a N Cl
73
l Scheme 3.5 t-BuONa
NH4Cl S S~CHs W
o R HN—( Mel N=< Buchwald Hartwig - N
H,C N=C=$S Hc- N\ N=g tBuONa H.c—\ N~g amination HiC X" ~R (\o
R . _— N
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N™ “Cl N N NTON
76-78
39a 74 75 Table 3.8

Scheme $y@thetic strategies for the preparation of te

The route reported in the | ower part of Scheme
versatile strategyprfeowi o uhsel yptreeipsae scavt & soend todt ed der
as pot AMAPK 3i8n h(Phibt o cgt.i on V
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Table Bi@alogctivity of teti7&s8bstituted derivatives

HsC N CHs
| »—s
~ N
N R
O
|
ICs0+ SD [uM] @
Cpd R 50 [LM] _
INK3 p38A MAP]
76 —CHj 2.514 +0.312 >10 (M0%
77 M 2.091 +0.108 >10 (R1%
78 — 6.509 + 1.326 >10 (40%

4 Csp values are the mean of three independent experiments; percent
inhibition at 10 T M concentration.

Results displayed in Table 3.8 show that subst
thgyridine had a detrimental effect Nometthhyel i nh
deri vasihwewed a drop in inhibitory pontietnucdye o f
compar e dN-uthos utbhsetciotmptodadd d Fur t htelremosraegmeuo émul t ed
even |l ess active owhadrgetghieoiZsopnpearggdbyi ng t hat s
i n such mpgdhittnricernuci al binding interactions.

Af tebbserving the benedakiydisall f efndyrd ctighremfa prieihdrai 2 g ,
anal ogs of66bbempoungdan dthwigsehai ht ored -@4 t he i
position were synth®BhseslBpedebpempderdegyediddn s
was performed in order to estimate the opti mal
combinati oSmesmihyhl trieimptoywhdead8Coul d be obtained
the same procedure wE&dhémes cd@mpoanamly 28) st a
chl or opiyr i) bid aa@n (2 hl or o pdwr i) kil-hhme r espectively.
can be observed from the 6@melrgsedi onTabmer 8. 8s
i nhibitor ©hetddryfsierrnmiensg t he metshuylstgriawemta P otst
the opti mal l ength to address the HR |
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Table Z3As%essment of the opti mal | engt RC40(f5)t hpeo sailtkiyoln .s
RGN CHs
| )—s
S H
N A
g
N
&
ICs0+ SD [uM] @
Cp d R 50 [UM] _
JNK3 p38A MAPI
6 6 —CHj 0.363 £ 0.034 >10 (48%p
79 _ fHe 1.095 £ 0.064 >10 (38%Y
80 h 0.562 + 0.021 >10 (43%}

3 Csp values are the mean of three independent experiments; bpercent
inhibition at 10 T M concentration.

3.2.4. Evaluation of the binding mode of compounds 42and 66

I n order to understasqadktylal fahlyle moddebnyd ithoe d2r i
explain its significantly higharheunZubstotyt adt
anald@ghe structure of JNK3 in complex with the ¢t
ray crystallography. A prelimindny yaSdattigpdi on cc
group of 6i@ndipiewent the potential 180A flip of
i nstead occurd2i mmsdearlirvatdiyvehypothesi zed for afor
(Section BiBguke 8nd5) . Thi s ntiognhfto rbnea tri eosnpad n sci hbal neg
twofold drop in inhibid422Ney eactthieMietsys, o fa sc onnopt d wcreda
two crystal structur e,sbodidmph iciidaeddo uimre adlit ahsés iec a3l. 1 8
conformati o-metwhyh sbbs#dituent pointingamawards t
the imidazole N atom interacting wi tnhe dtilad edons e
hydrogen bond. sEkeensé¢é her el etnlgsytpoot hesi s of the im

f1.0p
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Figure 3.18. Crystal structures of inhibitors 42 (A, PDB entry: 6EMH) and 66 (B, PDB entry: 6EKD)
soaked in JINK3. Only the JNK3 active site is displayed. The protein backbone is displayed in gray.
The compounds and interacting amino acids are highlighted as sticks. Active site residues with
common orientations and interactions are shown in light blue, while the residues that differ between
both complexes are highlighted in the same color as the respective inhibitor. Side chains for which
multiple orientations are observed (Asn194 in complex with 42 and Asn152 in complex with 66) are
shown in both orientations. Water molecules are represented as red spheres and hydrogen bonds
are shown as black dashed lines.

Gener al observations which can be done for bot
bond interaction with the Meimk49 adred thlyelr ogrema
bet ween the imidazole N atomnadijtaoe nAts ntld 2t h €l hy

finding might explain the detrimental effect o
(a more detailed description of the binding ma
Publica)AomapVbt featugetbiestwogeiryhitml structu
of the coAasiecrhvddo®l fsee Section 1.1.1). I n the
42 his region is lacking electron densi 6% due
seems to sstadveéedgmert thhditamkby drooppholbarc iamtder act i
positioning it in a Aclwnswearldy scidsre ffod privaateido oo.n t he
superposition of different crystal $tohrnudcutcuerses (

a Icloepef trhidkb®lpy akin to the oAMRP\CiRsoinpl(eEBBn t he
entry:,t6aEQ®9det ermining a compr esldiisn edff etcie WAT |
dri ven ®myetthtyd moi ety seems therefore to be t
i nhibitory potetmcy odmpamposomdwd th deri vative
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—

Gly-rich loop

Figure 3.19. Comparison of gatekeeper Met146 orientation and the Gly-rich loop positioning upon

JNK3 inhibitor bin ding with other ligand -bound JNKS3 structures. Overlay of the JNK3-66 complex

structure (light green), the JNK3-42 complex structure (light red), the AMP -PCP bound JNK3

structure (light orange), and the 1PMN structure reported by Scapin, et all67 (blue). The

superposi ti on was perfor med usi ng Thehide chaiadftheggatékeebem nct i on i
Met146 and the Gly-rich loop are highlighted. Only compounds 42 and 66 are shown for the sake of

clarity.

Ot her considerations on the ihbdiposbrsobindiafy n
side chain,t hepgeaetselndeda megr of t hne beonbzhypnhee. x eAss weixtphe
t hdemet hyl subst isd @tn@d hien hgiaktietkocoe pe Wc @B f o nmat i on,

resembling the @AMEP WPfomphex JNKB the other side
menti oned 3 .n2aseyclt isonbsti tuene¢aniinndihdes gposhifoni
Met 146 sitdheusc hianor,easi ng the si zeasofaltshoi svilsy drl ey
Figure 3.19 f or ttrhuectluR MBNy (cirliyusat)ialn g st o t he enzy me
gatekéeapéets natur d&metclhhynlf ogumadgt iomut ed deri vati ves
l ength to occupy the narrow HR | of the JNK3 wh
wider pocAMAPKImip3&xpl anation might therefore p
high selectinddyn@d@ owamgdeut he JNK3.

3.2.5. Modification of the substituent atthe HR Il

The last series of modifications consisted in the replacement of the 4morpholinoaniline
substituent of compound 66 with different aliphatic and aromatic substituents. Such
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derivatives could be easily synthesized by nucleophilic aromatic substitution starting from
intermediate 65 (Scheme 3.8).

The first attempt consisted in introducing moieties which have been previously reported in
potent pyridinylimidazole -base inhibitor s o f t h e . Ipdet8ilAthelgm&hylbut -2-
ylamine and the 1-phenylethyl -1-amine, which can be found in the structure of the LN950143
and ML3403,151 respectively, were installed at this position giving rise to derivatives 81and
82, respectively (Figure 3.20).

N
| S5
% N
N J H
N CHj N
HsC
HN\X\CH;; [ N\>\ /CH3
CHs NS
LN950 /‘ N
F Nx IC50 [uM]
% HN R JNK3 p38a MAPK
N CH
[ > " CH,
Z N 81 A CH 25900173 >10
N l H CH3
NS

CHj

HN
82 }\© 7.610 £ 0.145 3.460 + 1.680
CH3 ML3403

Figure 3.20. Design and biological activities of compounds 81 and 82.

The purpose of this strategy was to increase the potency on theJNK3 by inserting groups
which resulted beneficial for the closely-r el at e d p 3wghite misirtdniag the
selectivity of action provided by the methyl substituent on the imidazole core.
Nevertheless, results displayed in Figure 3.20 revealed that this approach is
counterproductive, as besides a dramatic loss in activity on JNK3 for both compounds 81
and 82, the substituent of compound 82 could even restore the inhibitory activity on the
p 38A MAHeKffect of the two branched alkyl/arylalkyl substituents of p38A MAPK
standard inhibitors LN950 and ML3403 was further evaluated on different cores and
compared with the corresponding derivatives bearing the aromatic 4 -morpholinoaniline/ p-
phenylendiamine gr oups (Figure 3.21). In accordance with the results obseved for
compounds 81 and 82, the 3-methylbut -2-ylamine and the 1-phenylethyl -1-amine were
scarcely tolerated at the pyridine-C2 position also when combined with other cores. This

demonstrates that, despite their high similar:i

different requirements when targeting this are a of the protein.
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F.
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I n addi siubst it ke iroind-Caite ptohsei tpyon was further exp
i nsertion of di fferent c 9chesad iktyd moti epr edudil
i mprovementi ndim by 3ora,l i @ hat isch oswashdsitni ctrueeanstes i n ac
al onds with the size of ttthee dyploa t ahleeb iod d enryl
i ntersicent itohnn s ar ea.
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potential charmee ithdhhiibndroeaseacti vity is represerl
a rediocemel i n the HR | lownlfy adveayehezmatdamdof t he
mor pholinénmordey. to achieve a sufficitemainsfl| ex
4-ami nolcoghexandlr acayscdl oare @ meni ne groups were ins

pyri«€i2neposition 9% oadPOumeés pe dhedaf oelnge)owns
previous!|y prodapanAM®BIBI hnhisdnil ®r present in the J



78 3. RESULTS AND DISAJSSION

candi@@t3d anzi s(eTraabilbe 1. 1) wherein its capabilit)
confirmed by cryet 8l 280)r. uDtuer ¢ o( FThapm zsii saenrdtairb t y &
cC 0omp o 9 reedt t he hi nngoet,i i m&@i hngtroduction of the sal
supposed to enable the formation of a hydrogen b
predicted byi easoc(khingursda udd. 23) .

€C-930 O

99

| Ly
N e,

Figur ePo03s.s2i3b.l e anal ogies CE93IMandi seehidnigbomoddden ia) f
structur al si midrmazi ¢$am db eot omepeddu nkl) compari son bet ween
structTuarnez i osfegrrteiebn compl ex wiehmt: JWHKI cjoPPB d® §dcyan)
docked in the same: eEKDne, (PDBITamE d §leyc totindpIoButined w s
the possibility to target the Gl nl55 through the forn

Nevert Helwesisnhi bi tory act9i9vni tcyo nopfa rciosnopno wwdt h der i

hints t hat an additional i nteraction mi ght n ot
Al ternatively, the decreased inhibition might st
ring 1ingitomi,s rae her than al kyl moi eties. I n oro

substituent and imprombgestsdeaphbi hiofy Gl nl55, a
was prepared startingO0O®sotwelflromscbmpmub@3 ar oma
(Figurdn3.tha)s way it would be possible to intr
hydrogen donor and acceptor and to seek for adc

Unfortunately, none of the derivati vnehsi boift otrhyi s
activity o066 croempwlutnidng i n most crasaensi neev epnr ewceuarkseorr
An overall analysis of the biological activity w
the better suitability of t dhyec laoraol mapthiact i cce rciovuantti

further mor e, increasing the size oreftihei aslubsadg ttu



3. RESULTS AND DISCUSSDN 79

s mal | a coeetrainvi dtdidndOBGepresented the most active

group.

3.2.6. Further characterization of c ompound 66

Since compound 66 represented the most potent and selective derivative synthesized in this
work, a further characterization was carried out . At a first instance the intra-JNK selectivity
was evaluated in order to understand whether such scaffold might possess selectivity
towards one of the members of the JNK family. Results displayed in Table 3.10 only
highlighted a slight selectivity of derivative 66 over the JNK2 isoform, although the three
kinases showed similar ICso values.

Table 3.10. Inhibitory activity of compound 66 on the three JNK isoforms

ICso [HM]
JNK1 JNK2 JNK3
119 468 184

Compounds were tested by Reaction Biology corporation
(Malvern, PA, USA) using a radiometric assay.

In order to spot potential liabilities to be addressed in a following optimization process
compound 66 was also evaluated for its metabolic stability as well for non-specific
interactions with potential off -targets.

Initially, the metabolic stability was evaluated in in vitro experiments performed by
incubating the compound with human liver microsomes (HLM). A major drawback of 2 -
alkylsulfanyl derivatives is represented by their intense metabolization, mostly consisting
in the oxidation of the thioether group to the corresponding sulfoxide moiety. 175

=
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&
g —— Detected Metabaolites
E 40{-
o
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Figure 3.23. Plotted results of metabolic stability assays on HLM.
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Experiments performed on compound 66 revealed instead a relative stability, leaving
approximately 80% of the unmod ified product aft er 4 h incubation (Figure 3.24).

Compound 66 was additionally tested for its capability to interact with cytochrome P450
(CYP450 enzymes as well with human ether-a-go-go related gene (hERSG) channels, both
representing common non-specific off-targets of different drugs. In particular, CYP450
inhibition constitutes a prevalent liability of pyridinylimidazole scaffolds,  mainly
depending on their aptitude to coordinate the prosthetic haem iron of these enzymes. 165176

Tab3.&l inhibition of hERG channel s 6abnd CYP450 en:

hERG inhibition CYP450 inhibiton [% inhibition at 10 T M]
[% inhibition at 10 T M] 1A9 2C9 2C19 2D6  3A4

38.8 51.5 53.9 35.6 19.0 75.1

Data presented in Table 3.11 seem to display a reduced inhibition of four out of five tested

isoenzymes. Nevertheless, the elevated inhibition of the most prominent isoform 3A4

represents a nonnegligible shortcoming which would need to be resolved in foll owing

optimization strategies. On t he ot her $&iglde,plcaompdodmmdyv i nteract.i
hERG channel s, O%i i mhil &sidVi omamat4 10

3.2.7. Application of a covalent inhibition strategy on compound 66

Due to the high selectivity of derivative 660 v er t he p 3 8 AnethyAsulsstituted h e 4
imidazole scaffold was selected as a starting point for the synthesis of irreversible
inhibitors. As already mentioned in section 1.1.2. such inhibitors are composedby a core
structure binding reversibly to the ATP cleft and by a mildly electrophilic moiety targeting

a non-conserved Cys residue in the proximity of the binding site. In particular, as noticeable

from the sequence alignment illustrated in Figure 1.7, a Cys residue located in the INK3 HR

I (Cysl154, JNK3 numbering) i s not cothesser ved i
resulting suitable to be addressed by the electrophilic warhead. A similar strategy was
previously adopted by Zhang and coworkers on a 2-amino-4-pyridinylpyrimidine scaffold

giving rise to the potent high quality kinase probe JNK-IN -8169 (Figure 3.24). In such
approach an acrylamide-based warhead waslinked to the main scaffold through a spacer
represented by two aromatic rings connected by an amide bond.
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SO e
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el 4 111 = meta

Figure 3.24. Covalent inhibition strategy on the pyridinylimidazole scaffold based on high quality
probe JNK-IN -8.

Due to the resemblance between the binding mode of INK-IN -8 and compound 66, mainly
centered on the bidentate hydrogen bond with the backbone of Metl49, an analogous
combination of spacer/warhead was installed on the pyridinylimidazole scaffold of the
latter inhibitor. Since the linker needs to comprise the optimal length in order to position
the reactive moiety in proximity of the targeted Cys residue, both the meta and para
substituted derivatives were synthesized (compounds 110and 111, respectively).

Tabl e. 3Stlr2Zucture and biologild®LlL2activities of

IC50xS D [ { M]

Cpd R .
JNK3P p38A MAI

11¢¢ meta S 0.0 + 0.0003 1952+ 0.062

(¢}

H

11¢¢ para NS 0.200+ 0.21 5.920+ 0.107

(¢}

H
112 meta Ay 0.253+ 0.015 >10
o}

4Csp values are the mean of three independent experiments;
bincubation time 50 min; cincubation time 60 min; dcompound
synthesized by Dr. Ahmed El-Gokha.
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Results displayed in Table 3.12 demonstrate the
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Experimental section

The following section includes the detailed procedures for the preparation of those
compounds presented in the thesis work which were not included in any of the accepted
publications or in the submitted manuscript.

General

All reagents and solvents were of commercial quality and utilized without further
purification. Yields were calculated on the pure product and were not optimized. Thin layer
chromatography (TLC) reaction controls were performed for all reactions using fluoresc ent
silica gel 60 Fs4 plates (Merck) and visualized under natural light and UV illumination at
254 and 366 nm. The purity of all tested compounds are > 95% as determined via reverse
phase high performance liquid chromatography (HPLC) using one of the 2 fo llowing
methods. For Method A the instrument used was a Hewlett Packard HP 1090 Series Il LC
equipped with a UV diode array detector (DAD, detection at 230 nm and 254 nm). The
chromatographic separation was performed on a Phenomenex Luna 5u C8 column (150mm
X 4.6 mm, 57 m) at 35°C oven temperature. The injection volume was 51 L and the flow 1.5
mL / min using the following gradient: 0.01 M KH ,PQ4, pH 2.3 (solvent A), MeOH (solvent
B), 40% B to 85% B in 8 min; 85% B for 5 min; 85% to 40% B in 1 min; 40%f& 2 min; stop
time 16 min. Alternatively, for Method B, Agilent 1100 Series HPLC system was used,
equipped with a UV DAD (detection at 218 nM, 254 nm and 280 nm). The chromatographic
separation was performed on a XBridge™ C18 column (150 mm x 4.6 mm, 5um) at 30 °C
oven temperature. The injection volume was 101 L and the flow 1.5 mL / min using the
following gradient: 0.01 M KH 2PO4, pH 2.3 (solvent A), MeOH (solvent B), 45% B to 85% B
in 9 min; 85% B for 6 min; stop time 16 min. Column chromatography was performed on
Davisil LC60A 20 - 45 pum silica from Grace Davison and Geduran Si60 63200 pum silica
from Merck for the pre -column using an Interchim PuriFlash 430 automated flash
chromatography system. Nuclear magnetic resonance (NMR) spectra were measuredon a
Bruker ARX NMR spectrometer at 250 MHz or on a Bruker Avance Il HD NMR
spectrometer at 300 MHz in the Organic Chemistry Institute, Eberhard Karls Universitat

Tlabingen or on a Bruker Avance NMR spectrometer at 400 MHz in the Institute of
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Pharmaceutical Sciences, Eberhard Karls Universitat Tubingen. Chemical shifts are
reported in parts per million (ppm) relative to tetramethylsilane. All spectra were calibrated
against the (residual proton) peak of the deuterated solvent used. Mass spectra were
perform ed on an Advion Expression S electrospray ionization mass spectrometer (ESIMS)
with TLC interface in the Institute of Pharmaceutical Sciences, Eberhard Karls Universitat

Tubingen.

Detailed p rocedures

N 1-(4-(2-(Methylthio) -1H-imidazol -5-yl)pyridin -2-yl)benzene -1,4-diamine (5)

CHy Ina pressure vial 2-chloro-4-(2-(methylthio) -1H-imidazol -5-

B ” yhpyridine (248 mg, 1.1 mmol, for the synthesis of 2-chloro-4-(2-
& (methylt hio)-1H-imidazol -5-yl)pyridine see Publication VII ) and p-
HN

phenylendiamine (154 mg, 1.5 mmol) were dissolved in n-butanol and
NH, aftert hat 1.25 M HCI in EtOH (880
portion. The vial was tightly closed and the reaction was heatedat 180 °C and stirred for 12
h. The solvent was evaporated at reduced pressure and the residue was purified twice by
flash column chromatography (SiO ,, DCM/EtOH gradient elution from 97:03 to 50:50) and
(SiO,, DCM/EtOH 85:15) obtaining 165 mg of the desired product (50% vyield); *H NMR
(400 MHz, DMSO-de) & 2.58 (s, 3H), 4.75 (br. s,R), 6.55 (d,J= 8.3 Hz, 2H), 6.90 (d,J= 4.5
Hz, 1H), 7.08 (br. s, H), 7.25 (d,J= 7.8 Hz, 2H), 7.72 (br. s, H), 7.97 (d,J= 5.1 Hz, 1H), 8.43
(s, 1H), 12.46 (br. s, H); 13C NMR (101 MHz, DMSO-ds) & 15.3, 103.2, 108.9, 114.3, 115
116.7,121.5,131.0, 139.4, 142.0, 143.2, 1415%3.6,;ESFMS: (m/2) 296.2[M -H] -, 298.2 [M+H] *;
HPLC (B): t, = 1.860min.

N2-(4-(1-(4-Fuorophenyl) -1H-imidazol -5-yl)pyridin -2-yl)benzene -1,4-diamine (7)

F In a pressure vial 2-bromo-4-(1-(4-fluorophenyl) -1H-imidazol -5-
yl)pyridine (27, 300 mg, 0.94 mmol, for the synthesis of compound27 see
N:\\N Publication VII ) and p-phenylendiamine (509 mg, 4.71 mmol) were
suspended in n-butanol (3 mL) and after that 1.25 M HCI in EtOH was
HN added (752 TL, 0.94 mmol ). After
\©\NH2 heated at 180 °C and stirred overnight (18 h); After evaporating the solvent
at reduced pressure the residue was purified by flash column
chromatography (SiO,, DCM/EtOH gradient elution from 100:0 to 95:05) giving 260 mg of

the desired product (80% vyield); tH NMR (250 MHz, DMSO -dg) U 4.78 (br. s, 2B, 6.27 (s,

A
N~

1,

tightly
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1H), 6.37 (dd, J= 5.4, 1.2 Hz, 1H), 6.45 (d,J= 8.5 Hz, 2H), 6.90 (d,J= 8.5 Hz, H), 7.31- 7.48
(m, 5H), 7.93 (d,J= 5.1 Hz, 1H), 7.96 (d,J= 1.7 Hz, 1H), 8.35 (s, H); 13C NMR (101 MHz,
DMSO-ds) Ui 105.4, 111.2, 114,2116.5 (d J= 21.9Hz), 122.0,127.8 (d,J= 8.8 Hz), 129.7, 129.8,
130.7, 132.5, 137.2, 140.7, 143.9, 148.0, 15763.5 (d,J= 245.9 Hz) ESFMS: (/) 344.2[M -
H]-, 346.1 [M+H]*: HPLC (A): t, = 2.487min.

1-(3',6-Dihydroxy -3-oxo-3H-spiro[isobenzofuran -1,9-xanthen]-5-yl) -3-(4-((4-(4-methyl -
2-(methylthio) -1H-imidazol -5-yl)pyridin -2-yl)amino)phenyl)thiourea (8)

HsC_ CHy Compound 4 (100 mg, 0.32 mmol, for the synthesis of
/N\>‘S' compound 4 see Publication IV ) was dissolved in
NI S H HO aceton @ 20 mL) and after that fluorescein-
HN 0 i sothiocyanate isomer 50(608)
ONH O o " added and the mixture was stirred for 24 h protected
X from light. Afte r removing the solvent at reduced
H 0

pressure the residue was purified twice by flash column
chromatography (SiO2, DCM/MeOH gradient elution from 95:05 to 90:10) and (SiO »,
DCM/EtOH gradient elution from 95:05 to 50:50) obtaining 101 mg of the desired product

(45% yield); *H NMR (250 MHz, DMSO -dg) U 2.43 (s, ), 2.56 (s, 3H), 6.55 6.74 (m, &),

7.00 (d,J=4.6 Hz, 1H), 7.12- 7.26 (m, H), 7.38 (d,J= 8.3 Hz, 2H), 7.71 (d,J= 8.5 Hz, H),

7.91 (d,J= 8.1 Hz, 1H), 8.09 (d,J= 5.4 Hz, 1H), 8.39 (s, 1H)9.14 (br. s., 1H), 10.25 (br. s., 2H),

10.49 (br. s., H), 10.86 (br. s., 1H), 12.41 (br. s.H); 23C NMR (75 MHz, DMSO -ds) & 11.5,
15.5,52.1, 102.3, 106.2, 109.8, 111.3, 112.9, 116.9, 117.7, 124.0, 124.6, 127.4, 129.1, 129.6, 131.4,
134.0, 135.6, 139.2, 139.4, 141.7, 143.2, 147.2, 152.0, 156.3, 160.0, 168.7 EEFMS: (M/2)

699.3[M -H] -; HPLC (B): t. = 7.514min.

1-(3',6-Dihydroxy -3-oxo-3H-spiro[isobenzofuran -1,9-xanthen]-5-yl) -3-(4-((4-(2-
(methylthio) -1H-imidazol -5-yl)pyridin -2-yl)amino)phenyl)thiourea (9)
/ N CHs The title compound was synthesized following the
>—s
Xr N

| same procedure as compound 8 starting from
H

N # HO compound 5 (60 mg, 0.20 mmol) and fluorescein
HN\©\ O oy | SOthiocyanate isomer 56(65)
NH O o The crude product was purified by flash column
S)\H b chromatography (DCM/EtOH gradient elution from

95:05 to 70:30) obtaining 102 mg of the desired product;
1H NMR (250 MHz, DMSO -ds) i 2.59 (s, 3H), 6.55 6.73 (m, 6H), 7.04 (dJ= 5.1 Hz, 1H),
7.19 (d,J= 8.3 Hz, 1H), 7.27 (br. s, 1H), 7.34 (dJ= 8.8 Hz, 2H), 7.70 (d,J= 8.7 Hz, 2H), 7.80

(

(1
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(br. s, 1H), 7.86 (dd,J= 8.1, 1.8 Hz, 1H), 8.07 (dJ= 5.3 Hz, 1H), 8.29 (d,J= 1.4 Hz, 1H), 9.13

(s, 1H), 10.006 10.45 (m, 4H), 12.51 (br. s, 1H®3C NMR (75 MHz, DMSO -dg) & 15.2, 48.6

102.3, 105.0, 109.8, 110.3, 112.8, 117.0, 117.3, 117.9, 124.0, 124.8, 126.6, 129.1, 130.0, 131.3,
139.1, 139.4, 141.6, 142.2, 147.3, 152.0, 156.5, 159.8, ,16RE}; ESFMS: (m/z) 685.3 [M-H] ;

HPLC (B): t; = 7.292 min.

4-(1-(4-Fluorophenyl) -1H-imidazol -5-yl) -N-(3-methylbutan -2-yl)pyridin -2-amine (85)

F. In a pressure vial 2-bromo-4-(1-(4-fluorophenyl) -1H-imidazol -5-

\@ yl)pyridine (27, 100 mg, 0.31 mmol, for the synthesis of compound27 see
N/\\N Publication VII ) was suspended in 3-methylbutan -2-amine ( 700 1 L, 6. 2

NS mmol) and after closing the vial the reaction mixture was heated at 180 °C

N~ CHs for 96 h; H,O was added and the aqueous layer was then exctracted three
HN\H\CHs times with EtOAc. The combined organic layers were then washed with
CH3 H-O and NaCl saturated solution, dried over anhydrous Na ,SO, and

concentrated at reduced pressure. The residue was then purified by flash column
chromatography (SiO,, DCM/EtOH gradient elution from 100:0 to 95: 05) giving 42 mg of
the desired product (42% yield); *H NMR (250 MHz, DMSO -dg) U 0.81 (t,J= 6.3 Hz, 6H),
0.95 (d,J=6.6 Hz, 3H), 1.56- 1.75 (m, 1H), 3.56- 3.64 (m, H, partially overlapping with the
H-0 signal), 6.11 (d,J= 5.1 Hz, 1H), 6.18 (s, H), 6.26 (d,J= 8.3Hz, 1H), 7.25- 7.48 (m, ),
7.79 (d,J= 5.1 Hz, 1H), 7.95 (s, H); 13C NMR (101 MHz, DMSO-ds) U 16.4, 17.7, 19.2, 31.8,
50.7, 105.3, 109,5116.4 (d,J=22.7 Hz), 127.9 (dJ= 8.8 Hz), 129.4, 131.0, 132,836.8 140.5,
147.8, 158.7161.5 (d,J= 245.9 Hz) ESFMS: (m/z) 323.2[M-H]-, 325.4[M+ H]+; HPLC (A): t,
=4.975min.

N1-(4-(1-M ethyl -1H-imidazol -2-yl)pyridin -2-yl)benzene -1,4-diamine (87)

Hsc\N In a pressure vial 2-chloro-4-(1-methyl-1H-imidazol -2-yl)pyridine (64,
\/N\> 200 mg, 1.0 mmol, for the synthesis of compound64 seePublication VII )
=
N l and p-phenylendiamine (168 mg, 1.5 mmol) were suspended in n-
butanol and then 1.25 M HCI in EtOH (826

HN\@\ the close vial was heated at 180 °C and stirred for 17 h. After evaporating
NH, the solvent at reduced pressure the crude residue was purified by flash
column chromatography (SiO ,, DCM/EtOH gradient elution from 100:0 to 80:20) obtaining
66 mg of the desired product (24% yield); *H NMR (400 MHz, DMSO -dg) 4 3.79 (s, 3H), 4.81
(br. s, H), 6.54(d, J= 8.3 Hz, H), 6.91 (d,J= 4.5 Hz, 1H), 7.00 (s, 1H), 6.97 (s,H), 7.22 (d,
J=8.3 Hz, 2H), 7.29 (s, H), 8.09 (d,J= 5.3 Hz, 1H), 8.56 (s, H)13C NMR (101 MHz, DMSO-
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ds) 4 34.6, 107.1, 111.3, 114.6, 121.6, 124.4, 127.8, 130.8, 138.3, 142.8, 144.5, 147.6;AB7.3;
MS (m/z) 266.3 [M+H] +; HPLC (B): t; = 1.067min.

4-(1-M ethyl -1H-imidazol -2-yl) -N-(3-methylbutan -2-yl)pyridin -2-amine (88)

HsC. The title compound was synthesized following the same procedure used

N/\> for compound 85 starting from 2-chloro-4-(1-methyl-1H-imidazol -2-

l yl)pyridi ne (64, 65 mg, 0.33 mmol, for the synthesis of compound64 see
CH3 Publication VIl ) and 3-methylbutan -2-amine( 773 1L, 6. 71
HN\H\CH3 After the work up the residue was purified by flash column

CHs chromatography (SiO,, DCM/EtOH 97:03) giving 40 mg of the desired

product (48% yield); *H NMR (400 MHz, DMSO -ds) 40.91 (d,J= 6.8 Hz, 3H), 0.88 (d,J= 6.8

Hz, 3H), 1.05 (d,J= 6.6 Hz, 3H), 1.72- 1.87 (m, 1H), 3.77 (s, 3H), 3.823.93 (m, H), 6.41 (d,

J=8.1Hz, 1H), 6.73 (d,J= 5.3 Hz, 1H), 6.81 (s, 1H), 6.98 (s, 1H), 7.26 (sH}, 7.99 (d,J= 5.3

Hz, 1H); 13C NMR (101 MHz, DMSO-dg) 4 16.7, 18.0, 19.2, 32.0, 34.5, 50.4, 106.8, 109.8, 124.1,

127.8, 138.1, 144.9, 147.7, 1583B-MS (m/z) 245.3 [M+H] +; HPLC (A): t, = 2.534min.

4-(1-M ethyl -1H-imidazol -2-yl) -N-(1-phenylethyl)pyridin -2-amine (89)

H3C\N The title compound was synthesized following the same procedure used
/\> for compound 85 starting from 2-chloro-4-(1-methyl-1H-imidazol -2-
| N yl)pyridine (64, 200 mg, 1.0 mmol, for the synthesis of compound 64 see
NS Publication VIl ) and 1-phenylethan-1-amine (2.63 mL, 20.65 mmol) (72 h).

After the work up the residue was purified by flash column
CHs chromatography (SiO,, DCM/EtOH 97:03) giving 130 mg of the desired
product (45% yield); *H NMR (400 MHz, DMSO -ds) & 1.45 (d,J= 6.8 Hz, 3H), 3.70 (s, 3H),
4.96- 5.12 (m, 1H), 6.68- 6.85 (m, H), 6.99 (s, H), 7.08- 7.22 (m, 2H), 7.23- 7.34 (m, 3H),
7.35- 7.45 (m, 2H), 7.91- 8.04 (m, H); 3C NMR (101 MHz, DMSO-ds) & 23.6, 34.4, 49.8,
106.5, 110.5, 124.2, 125.9, 126.3, 127.8, 128.1, 138.2, 144.6, 145.9, 147.8FABBIAS (M/2)
279.3 [M+H] +; HPLC (A): t, = 3.293min.

4-(4-(4-Fluorophenyl) -1H-imidazol -5-yl) -N-(3-methylbutan -2-yl)pyridin -2-amine (90)

The title compound was synthesized following the same procedure used for compound 85
starting from 2-fluoro -4-(4-(4-fluorophenyl) -1H-imidazol -5-yl)pyridine (70 mg, 0.27 mmol,
for the synthesis of 2-fluoro -4-(4-(4-fluorophenyl) -1H-imidazol -5-yl)pyridine  see

mmo |
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F Publication | ) and 3-methylbutan -2-amine ( 6 26 T L, 5.44 mmol )
After the work up, the residue was purified by flash column
i N\> chromatography (SiO,, DCM/EtOH gradient elution from 95:05 to 85:15)

Z giving 47 mg of the desired product (40% vyield); *H NMR (250 MHz,

N s | CHH DMSO-ds) & 0.89-1.14 (m, ), 1.20 (d,J= 6.6 Hz, 3H), 1.80- 2.03(m, 1H),

HN 3 2.70 (s, ¥), 3.88 (d,J= 6.3 Hz, 1H), 6.48 (br. 5 1H), 6.61 (d,J=5.1 Hz, 1H),

CH; 6,78 (br. s, 1H), 7.29 7.54 (m, 2H), 7.61- 7.79 (m, 2H), 7.91- 8.13 (m, 2H),

CHs 12.77 (br. s, H); ESFMS: (m/2) 323.3[M -H] -, 325.3 [M+H] *; HPLC (A): t; =
3.376min.

N1-(4-(5-M ethyl -2-(methylamino)thiazol -4-yl)pyridin -2-yl)benzene -1,4-diamine (93)

HsC S cH The title compound was synthesized following the same procedure

| NH ° of compound 7 starting from 4-(2-chloropyridin -4-yl)-N,5

N | N dimethylthiazol -2-amine (200 mg, 0.83 mmol, synthesis of4-(2-

chloropyridin -4-yl)-N,5-dimethylthiazol -2-amine can be found in

HN Publication VII ), p-phenylendiamine (451 mg, 4.17 mmol), and 1.25
\O\NH M HCI in EtOH (664 1L, evportdgtmemol ) (18

2
solvent at reduced pressure the residue was purified by flash

column chromatography (SiO 2, DCM/EtOH gradient elution from 100:0 to 90:10) giving 95

mg of the desired product (27% yield); *H NMR (250 MHz, DMSO -d¢) 4 2.37 (s, #), 2.80 (d,
J=4.6 Hz, 3H), 4.73 (br. s 2H), 6.53 (d,J= 8.8 Hz, 2H), 6.80 (dd, J= 5.4, 1.2 Hz, 1H), 6.90 (s,

1H), 7.22 (d,J= 8.5 Hz, H), 7.33 (q,J= 4.7 Hz, 1H), 8.02 (d,J= 5.4 Hz, 1H), 8.43 (s, H); 13C

NMR (101 MHz, DMSO-dg) & 12.2, 30.7, 107.1, 112.0, 114.2, 117.1, 121.5, 130.8, 143.2, 143.4,
143.5, 147.3, 157.4, 165.BSFMS: (m/2) 310.2[M-H]-, 312.2 [M+H]+; HPLC (A): t. = 2.625

min.

N,5-Dimethyl -4-(2-((3-methylbutan -2-yl)amino)pyridin -4-yl)thiazol -2-amine (94)

H,C s cH The title compound was synthesized following the same procedure
h 3

| NH used for compound 85 starting from 4-(2-chloropyridin -4-yl)-N,5
| N dimethylthiazol -2-amine (135 mg, 0.56 mmol, the synthesis of4-(2-

CH3 chloropyridin -4-yl)-N,5-dimethylthiazol -2-amine can be found in
HN CHs Publication | ) and 3-methylbutan -2-amine (1.29 mL, 11.3 mmol) (42
CHg h). After the work up the residue was purified by flash column

chromatography (SiO,, DCM/EtOH gradient elution from 10 0:0 to 90:10) giving 47 mg of
the desired product (30% yield); *H NMR (250 MHz, DMSO -dg) 4 0.91- 1.04 (m, &), 1.12
(d, J= 6.6 Hz, 3H), 1.78- 1.96 (m, 1H), 2.44 (s, B), 2.89 (d,J= 4.9 Hz, 3H), 3.82- 4.03 (m,
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1H), 6.38 (d,J= 8.3 Hz, H), 6.71 (dd,J= 5.4, 1.2 Hz, 1H), 6.81 (br. s,H), 7.37 (gq,J= 4.6 Hz,
1H), 7.99 (d,J= 5.4 Hz, 1H); :3C NMR (101 MHz, DMSO-ds) & 12.2, 16.7, 17.9, 19.2, 30.6, 32.0,
50.3, 107.0, 110.4, 116.6, 142.8, 143.8, 147.1, 158.9, 1IBSINS: (m/2) 289.2[M-H]-, 291.2
[M+H]+; HPLC (B): tr = 4.423min.
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ARTICLE INFO ABSTRACT

Acricle history: Two Auorescein-labeled pyridsnylimidazoles were synthesized and evaluated as probes for the boding
Recewed 4 December 2015 affinity determination of potential kinase inhibitors to the c-fun N-termunal kinase 3 (JNK3) and pi8z
m;g‘ farm mitagen-activated protein kinase (MAPK), Fiorescence polarization (FP)-based competitian binding
Accepted 26 2016 assays were d far both using 1-(3',6'-dehy y~3-0x0-3H-spir 19~

xamhm]»s-yl}ub(u-lul -fluoropheayl)-2-{methylthio)- 1 H- mnml-s-yuwndwz-ymmlm)
phenylithioures [5] as an FIP probe (NK3: Ky < 3.0 nM; p3Ba MAPK: X - 5.7 aM). The validation of the
assays with known hshitars of INK3 and p38a MAPK revealed that both FP assays correlate very well

Avadable coline & March 2016

O el with inhibition data received by the actvity assays. This, in additon to the viability of bath FP-based
Biading 2553y binding assays for the high-throughput screenimg procedure, makes the assays suitable as inexpensive
un N-terminal kinave ) prescreening protocols for INK3 and p38a MAPK inhibitors.

P82 MAP kinase 0 2016 Elsevier Inc. Al oghts reserved,

Within the mitogen-activated protein kinase (MAPK) family, the
two serine/threonine kinases, ¢-Jun N-terminal kinase 3 (JNK3) and
P38a MAPK have emerged during recent decades as particulasly
attractive therapeutic targets due to thesr implication in several
pathologic conditions, INK3, which is predominantly expressed in
the brain, is assoclated with neurodegenerative diseases such as
Alzheimer's di (AD), Parkinson's disease (PDL and Hunting-
ton's disease | 1,2]. On the ather hand, p38a MAPK is respansible for

Adtvroiinms wsed; MAPK. mitogen-activated protesn Kinase: JNK. o fun N-tee-
minal kisase: AD, Alzdeimers disease; PO, Parkeson's disease, Im' adencsine
TS, high throughp 1P, I MIC,
flocescem sothiocyamate: FLSA, mxymbunlzd n-ummmem assay: NOE,
Maolocular Operanng Envieosesent; TLC thin byer chromatograpiy; UV, witrriokel:
HALL, wgh-performance hqud chromatography: NMR. nodlear magneos reso-
nance ppm, paets pee eaian; ESLMS, electroigeay lonizatien mass wmv
KT, room temrpe v DAMF, dimethf de; IME, -
boviee serum Jlbumee pom, mulwmpaunw Ncnumdcwlm
Biotechmalngy formation: 3V, peremtage coefficiom of varation: (TC, nuthermad
ttraton calerimetsy.
* Covrespanding ssthor,
E-muod oddress pherne ket tuetsagen de (B Koch)

fort ) b e o 1010701, ab 2006 205
Q0032607 )0 2016 Elsevier tnc. AR rights reserved.

different inflammatory responses and thus has become a well-
established target for some chronic Inflammatory diseases such
as rheumatosd arthritis |31 inflammatory bowed disease (41, and
psoriasis |59]. Recently, several clinical trials investigating the
benefit of p382 MAPK inhibstors for the treatment of chronic
obstructive pulmonary disease were terminated |6,7]. In addition,
some studies have also lughlxghled pBM MAPK as & key protein in
the pathogenesis of generative di s, including AD, PD,
and multiple sclerosis (5101 As a consequence, great efforts have
been focused in finding inhibitors for both JNK3 and p38a2 MAPK
L1113, which led to the achievement of molecules endowed with
a good potency, although often lacking a satisfactory selectivity.
INK3 and p382 MAPK are both activated in response (o envi-
ronmental stress stimuli as well as pro-inflammatory cytokines and
take part in different signaling pathways | 14 17|, The activation is
carried out by upstream MAPK kinases MKK4/MKK? and MKK3/
MKKG for jNKB and p3s« MAPK respectively, via a concomitant
borylation of a th icue and a tyrosi idue sit-
uared at lhr activation ksop [ 15,18, Among others, the most evadent
conformational modification following is the shift of a tripepade
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Glu-Phe-Gly situated at the beginning of the activation loop, known
as the DFG mouf, from an “out” conformation on the inactive
enzyme to an “in” conformation | 19]. Such modification has been
well characterized and widely described for p38e MAPK | 20.21],
and recently the possible adoption of the DFG-out conformation
has been reported for JNK3 as well [22]. The majority of the p38a
MAPK inhibitors and nearly all of the reported NK3 inhibitors
discovered so far are classified as type | inhibitors, banding at the
adenasine tnphosphate (ATP) binding site of the enzyme In its
active conformation and thus being ATP competitive | 271 However,
most of type I inhibitors are also able to bind to the inactive form of
the enzyme, probably due to the fact that the positon of the DFG
mocif does not affect the binding mode of these compounds | 21,24,
On the other side, type Il inhibitors bind the ATP cleft of the inactive
enzyme, exploiting 3 hydrophobic pocket known as the deep
pocket, which is present only in the DFG-out conformation | 25).
Because the inactive form of the kinase s not able to bind AT, this
modality of binding avoids the competition with high intracellular
ATP concentrations, Furthermare, because the amino acid compo-
sition of the deep pocket is low conserved wathin the catalynic site
of redated kinases, type 1l binding allows achieving an improved
selectivity profile. Despite the high desirability of MAPK type 1l
inhibitors, only a few of these inhibitors have been characterized
for p38a MAPK | 261 whereas to date no type Il inhibutoes have been
reported far JNK3.

The activity of type | inhibitors on INK3 and p38x MAPK is
generally evaluated through biological assays quantifying the
amount of MAPK substrate phosphorylated from the active en-
zymes in the presence and absence of the inhibitor [27 28], These
activity assays provide an exhaustive indication about the inhibs-
tory activity of compounds but are generally expensive, time-
consuming, and not ameénable for high-throughput  sc ing

as on gatckeeper mutations of INK3 {34 and represents the first
example of an FP-based binding assay on JNK3. On the other side,
Munoz and coworkers in 2010 reparted an FP competition assay for
the inactive form of p38a MAPK [ 77|, The probe employed in this
assay (compound 2; iz |} Is based on the prototypical p38a MAPK
Inhibitor S8203580, which was modified on its side chain and
labeled with the 4'-isomer of luorescein isothiocyanate (FITC)L
However. the FP assay reported by Munoz and coworkers does not
show correfation with the p382 MAPK activity assay (R = ~0.4005)
137)

Here, we describe the development of two novel and wider
applicable probes (compounds 5 and 6; fiz ) due to their deri-
vation from dual JNK3/p382 MAPK inhibitors (compounds 3 and 4;
Fig 2} Two analogous binding assays employing the inactive form
of bath kinases, INK3 and p38x MAPK, using the most promising
probe 5 were optimized. The use of the inactive form of both ki-
nases enhances the application spectrum of these assays because it
enables the evaluation of banding affinity for type | inhibitors as
well as type Il inhibitoss, The results obtained from the binding
assays were correlated with the results obtained from enzyme-
linked immunosorbent assay [(ELISA) activity assays, and the
viability of the optimized protocols m an HTS format was
invesrigated,

Materials and methods
Computational docking analysis
Molecule and binding pocket preparation for docking

To prepare molecules for docking. we used the Moalecular
Operating Environment (MOE) suite’s “molecule wash®™ function to

(HTS) due to multiple separation and washing steps. The evaluation
of type Il inhibitors is instead far more challenging. although some
screening assays for inactive p3fa MAPK have been reported dur-
g recent years | 29,30, An additional strategy in the identification
of new kinase inhibiters is the detection of the bindling affinity of
novel compounds for the enzymes, which is a substantial prereg-
uisite for any inhibitory activity. With this scope, here we report the
development and optimization of fluorescence polarization (FP)-
based competivon binding assays. which employ a nowel
fluorescein-labeled probe binding 1o both the active and inactive
conformations of INK3 and p3B2 MAPK. FP is a technique increas-
ngly used within recent years in the field of drug discovery due 1o
its advantages such as versatility, speed, easy handling, and cost
efficiency [31.32) It & even useful for detecting weak binding
events limited only by compound solubility [ 31 The basic princi-
ple of this methodology is that after excitation by plane polarized
Hght, the fluorophore’s emission is polarized as wetl due to pho-
toselection. However, the capability of the fluorophore to retain
such polanzation depends on its molecular size. Small molecules,
such as the fluorophore alone, are prone to fast tumbling due to
Brownian motions. Therefore, the light emitted easily loses the
polarization achieved and produces a low FP signal. On the other
hand, the FP* signal dramatically increases when the fluorophore
binds to a protein due to a slower tumbling of the high molecular
wedght complex. As a result, the displacement of a lluorescent
probe from the enzyme by a tested d can be foll i by

depr strong acids and protonate strong  bases (MOE
2013.08; Chemical Computing Group, M I, QC, Canada) En-
ergy minimization of all molecules was then performed by using
the MMFF34x force field at a gradient of 0.0001 root mean square
deviation (rmsd). Existing chirality was preserved and partial
charges were calculated according to the parameters of the force
field.

All crysad structures (3F13 and 10UK) 138 39| were downloaded
from the Protein Data Bank (PD8) |40, Subsequently, protonation
of the protein-ligand complex was performed with the MOE
“protonate 30" function at standard settings (T — 300 K pH 70,
ionic strength | - 0.1 M).

Docking experiments

All docking experiments were performed using the docking
program GOLD {version 5.22; Cambridge Crystallographic Data
Centre, Cambridge, UK) in combination with the scoring functions
ChemPLP (41| and GoddScore [42] for 3513 and the combination of
GoldScore and ChemScore [47] for TOUK. The search efficiency for
the genetic algarithm was increased from standard 100% 1o 200% at
automatic mode. Binding site residues were defined by specifying
crystal structure ligand coordinates, and the active site radius
setting remained at a default value of 6 A with the “detect cavity”
option enabled, For each target, we employed a test docking of the
ligand from the crystal structure into its binding pocket. If pose
retrieval was unsatisfying, we optimized docking parameters and

measuring the FP signal directly after the addition (mix and mea-
sure) without separation and washing steps. This feature, together
with significantly impraved safety, makes the FP.based binding
assay supenor in comparison with traditional binding assays based
on radioligands | 34.35]

The assay presented here, using slightly different conditions,
was recently employed by aur group on the wild-type form as well

d with the best settings in respect of pase retrieval,
Probe synthesis

General

All reagents and solvents were of commercial quality and used
without further purificason. Thin layer chromatography (TLC) re-
action controls were performed for all reactions using Aucrescent
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silica ged 60 Faeq plates {Merck) and visualized under natural light
and ultraviolet (UV) ilumination at 254 and 365 nm. The purity of
ali synthesized probes and tested compounds is greater than 95% as
determined via reverse phase high-performance liquid chroma-
tograply (HPLC) on a Hewdett Packard HP 1090 serfes 11 LC device
equipped with a UV diode array detector (DAD; detectson a1 230
and 254 nm}, The chromatographic separation was performed on &
Phenomenex Luna C8 column (150 » 46 mm. 5 um) at 35 "C oven
temperature. The inpection volume was 5 pl and the flow was
1.5 mi/min using the following gradient: 0.01 M KH,PO, (pH 2.3}
({solvent A). methanol (solvent 8, 40% B to 85% B in 8 min; 85% 8 for
5 min; 85% to 40% B in 1 min; 40% B for 2 min: stop time 16 min.
Cohy chromatography was performed on  Davisil  LC60A
2045 ym sifica from Grace Davison and Geduran $i60 63~ 200 gm
silica from Merck for the precotumn using an interchim Punfash
430 auvtomated flash chromatography system. Nuclear magnetc
resonance (NMR) spectra were measured on a Bruker Avance NMR
spectrometer at 250 MHz in the Organx Chemistry Institute.
Eberhard Karls Universitat Tabingen. or on a Bruker Avance 400
NMR spectrometer in the Institute of Pharmaceutical Scences,
Eberhard Karls Universitat Tiibingen. Chemical shifts are reported
in parts per million (ppm) relative to tetramethydsilane. All spectra
were calibrated against the (ressdual proton) peak of the deuterared
solvent used. Mass spectra were performed on an Advion Expres-
sion S electrospray jonizanon mass spectrometry (ESI-MS) in-
strument wath TUC interface in the Institute of Pharmaceutical
Sclences, Eberhard Karls Universitat Tobingen.

Expenimental procedires

N1-(4-(4-{4-Huorophenyl )-2-(methylthio }- 1 H-imidazol-5-y! )pyr-
idin-2-yi jbenzene-1.4-dlamine (3). In a pressure tube, compound B
{500 mg, 1L.65 mumol) and p-phenylendiamine (267 my, 247 mmol)
were suspended i n-butanol (10 mi), and then 125 M HCl in
ethanol (1,32 ml, 1.65 mmod) was added, After sealing the tube. the
mixture was stirred at 180 “C for 16 b The solvent was evaporated
at reduced pressure, and the residue was purified by fash column
ch graphy (dichlc hane/ethanol, 19:1 to 93:7), gving
568 mg of product (88%). 'H NMR (400 MHz, DMSO-dg) & (ppm)
261 (s, 3H), .74 {br s, 2H}, 6.49 (d, ) « 7.1 Hz, 2H), 6.53-6.96 (m,
2H), 711 (d. | = 71 Hz, 2H), 746-7.37 (m, 2H), 750 (br s, 2H),
780-8.11 (m. 1H), 8.24-8.54 (m, 1H)L 12,65 {(br 5, 1H): HPLC:
= 336 min, 98%; ESI-MS: [M+H| " calculated 392,13, found 392.2,

1-(3.6'-Dihydroxy- 3-oxu-3H-spirof (sebenzofuran- 1,4 -xanthen [-5-
yi)-3-{4-((d-{4-{4-fleorophenyl)-2-(methylthio }- 1 H-imidazol-5-y)
pyndin-2-yi jemino jphenyl thiourea {5). A suspension of 3 {200 mg,
051 mmol) and HIC somer 5' (298 mg, 0.76 mmol) in acetone
(60 ml) was stirred at room temperature (RT) for 24 h covered from
light. The solvent was evaporated at redoced pressure and the
residue was punified by flash column chromatography (dichloro-
methane/ethanol, 19:1 to 4:1), giving 207 mg of the desired com-
pound {52%). "H NMR (250 MHz, DMSO-dy) i (ppm} 262 (s, 3H),
655685 (m, THL 7.05-7.35 (m. 6M), 745765 (m, 4H), 7.83 {d,
1= 8.2 Hz, THL 795-3.15 (m, TH), 820 [br s, 1H), 910 (br 5, 1H),

F F
B Sr
Y W " — i H Ho &
N._Z# =
HN HN s Q o
1S |08 Pe e
1 NN 'S
3 R=SCH; 5 R=SCH,
4R=H 6 R=H

Fig2. Novel frrobes for INKS and s36a MAIK FP aisay oed an potent dudl N3 (58 MAN infiisstors 3 and 4,
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9951025 (m, 4H). 12.70 (br s, 1H); HPLC: ¢ = 619 min, 95%:
ESI-MS: [M-H| " calkoulated 779.85, found 7795,

2-Fluoro-4-{4-(3-fluorophenyl }- | H-imidazod-5- vl jpyridine ()
Compound 10 (200 g 30% mmol} was disselved In dime-
thytformamide (DMF; 5 mi), and then formaldehyde (243 mg,
8.09 mmol), ammaonium acetate (6.23 g, 80.9 mmol), and glacial
acetic acid (47 mg. 0.81 mmol) were added and the mixture was
stirred at 70 °C for 1 h. The reaction mixture was poured into water
andl the precipitate formed was filtered, washed with water, and
dried, The solid was then purified by column chromatography
(dichloromethane/ethanol, 97:3 to 4:1), yielding 200 mg [ 10%) of
n

Spectroscopic data were in agreement with those in the litera-
ture [44],

N1-{4-(4-[4-Fluorophenyt }- TH-imidazol-5-y )pyridin-2-yl Jbenzene-
14-diamine (4). In a pi e tube, compound M {150 mg,
0.58 mimol) and p-phenylendiamine (315 mg, 2,91 mmol) were
suspended In n-butanol (3 mi), and then 125 M HCl In ethanol
(0.46 ml, 0.58 mmol) was added. After sealing the tube, the mixture
was stirred at 180 C for 16 h, The salvent was evaporated in vacuo
and the residue was purified twice by column chromatography
(dichloromethane/ethanol, 19:1 to 4:1), giving 124 mg of product
(60%). "H NMR (250 MHz, DMSO-dy) é {ppm) 4.75 (br 5, 2H), 6.46 (d,
J = 86Hz, 2H)L. 660 (dd, [y = 5.3 Hz, J; = 12 Hz, 1H), 6.77 (br 5, 1H),
7.06(d,) = 8.6 Hz, 2H), 7.20-7.30 {(m, 2H). 745-7.55(m, 2H), 780 (s,
1H), 7.95 (br s, 1H), 8.35 (b s, 1H), 1260 [br s, 1H); HPLC: ¢ — 225
min, 100%; ESI-MS: [M-H]' calculated 34638, found 3463:
[M-H] " calculated 344,38, found 344.3.

1-{3',6'-Dilydroxy-3-axo-3H-spirofisobenzofuran- 1.9 -xanthen |-5-
y1)<3-(4-((4-(3-{4-luorophenyl)- IH-imidazol-5-yl Jpyridin-2-yl)
amino jpherny frhiourea (6). A solution of compound 4 (70 mg,
0.20 mmol) and ATC isomer 5' (118 mg. 0.30 mmol) in acetone
(20 ml) was stirred at RT for 24 h The reaction mixture was
concentrated to dryness, and the residue was purified by column
chromatography (dichloromerhane/ethanol, 9:1 to 1:1) to yield
60 mg (40%) of product 6. 'H NMR (250 MHz, DMSO-dg) § (ppm)
6.50-6.67 (m, 6H), 6,73 {d, ) = 55 Hz, 1H) 7.05-7.35 (m, 7H),
745760 (m. 4H), 780787 (m;, 2H). 8.05 (br s, TH), 8.26 (br s,
1H), 9.05 (br s, 1H), 10.00-10.60 {m, 4H), 12.52 (br s, 1H); HPLC:
t = 3.77 muin, 96%; ESI-MS: [M-H| calculated 73376, found
7334,

Expression and purification of inoctive [NK3 and inactive p38a
MAPK

Inactive JNK3 and p38x MAPK were expressed and purified
following the procedure previously reported by Lange and co-
workers | 15],

Activity assay

Probes § and 6, as well as compounds 1, 3, and 12 to 22, were
tested for their tnhibitory activity for JNK3 andfor p382 MAPK in
previously repocted ELISA activity assays (27281

P assay

General

All FP measurements were performed in black, nonbinding 96-
well plates (Greiner Beo-ne) and conducted through & CLARIOstar
microplate reader (BMG Labtech) using excitation and emissian
filters of 480 ard 530 nm, respectively. For INK3 measurements,

buffer A (25 mM Hepes [pH 7.0}, 100 mM NaCl, 2 mM MgCla. 10 mM
[-mercaptoethanol [BME], and .05 mg/ml bovine serum albumin
|BSA)) was used, whereas buffer B (25 mM Tris [pH 711 100 mM
NaCl, 10 mM MgCly, 5 mM dithiothreitol [DTT], 5% glycerol, and
0.05 mg/ml BSA) was employed in the assay performed on p38a
MAPK. The concentration of DMSO used In every assay was 5% (v/v),
and the final volume in every well was 200 pl. Incubation was
carried out for the respective tme at RT on an Eppendorf MixMate
at 400 revolutions per minute (rpm). Including 2 min inside the
plate reader in order to equilibrate at the measurement tempera-
ture (25 °C for [NK3 and 28 “C for p38x MAPK), which deviated only
marginally from the incubation temperature, Before every mea-
surement, the focal height of the excitation beam was tuned in
order to achieve the optimal fluorescence intensity and the gain
value for both detectors was adjusted, All experiments were per-
formed three times in quadruplicate. Absolute polarizavon values
were normalized to the average values of flrst well and last well
replicates and are reported as percentages. Data were fitted to a
four-parameter logistic curve with variable slope using the soft-
ware GraphPad rism 4 (Graphi*ad Software. San Diego, CA, USA)L X,
values for the competition assays were calculated from the
measured [Cop valuees using a modified Cheng—Prusoff equation
from the Wang's graup (45 46),

Probe characterization and tdme stability

A final concentration of 10 nM of probes 5 and 6 was titrated
with 3-fold increasing concentrations of NK3 and p38x MAPK,
ranging from 0 to 600 nM. Concentrations used for both kinases
were 0, 0.01, 003, 0.09, 027, 082, 2.47, 740, 22.22, 66.66, 200, and
600 nM. Prior to the reading plates were incubated for tatal times
of 15, 30, and 60 min.

Optimization of assay conditions

A final concentration of 5 nM of probe 5 was titrated with 3-fold
increasing concentrations of JNK3 and p382 MAPK, ranging from
0 to 300 nM. Concentrations used for both kinases were 0, 0,005,
0.015, 0,045, 0,13, 0.41,1.23, 3,70, 1111, 33.23, 100, and 200 nM, The
FPP was measured after a total time of incubation of 30 min.

Autofluorescence assay

Prior to the measurement. compounds 1, 3, and 12 to 23 were
tested for their fluorescence intensity at the excitation and emis-
sion wavelengths of 480 and 530 nm, respectively, using a con-
centration of 1 yM of the test compound in buffer A. Buffer A
cantalning 5% DMSO (v/v) served as a negative control, whereas
two different concentrations of probe 5 (5 oM and 1 gM) in the
same buffer were used as positive controls.

Comperition binding essay

Final concentrations of 10 nM of the respective protein kinase
and 5 nM of probe 5 were measured after the addition of mereasing
concentrations of compounds 1. 3, 12 to 16, 18, and 20 to 23 (11
different concentrations including a well without inhibitor). For
each measurement, a well containing a 5-nM concentration of
probe 5 in buffer was included as a negative control, The range of
compound concentrations was selected (n order to achieve a full
sigmoidal curve, The FP signal was d after an incubaty
time of 30 min. Linear regression on plotted loganthmic results of
the FP assay and the ELISA activity assay was calculated using
GraphPad Prism 4.

HTS assay walidation

The suitability for HTS of the competition binding assays on
INK3 and p38x MAPK was evaluated following the National Center
for Biotechnology Information (NCBI) guidlelines manual [47], The
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interleaved signal format described was employed, For the assays, a
10-nM concentration of the enzyme in the respective assay buffer
and a 5-nM concentration of probe 5 were emploved in every well.
DMSO (5%, v/v) was constantly used in all of the assay plates. As a
negative control for bath enzymes. probe 5 alone at the afore-
mentioned concentration was chosen, In the JNK3 experiments,
compound 3 at a concentration of 1 gM was employed 25 a positive
cantrol, whereas the same compound at 20 nM concentration was
used as middle control. Regarding the p382 MAPK. the same
compound (3) was employed at concentrations of 2 pM and 50 nM
for the positive and middle controls, respectively, The experiment
was performed three times on 3 different days; controls were
plated in a black. nonbinding 96-well plate following the scheme
reported in the literature [47], and the FP signal was read after
30 min of incubation at RT. The nt was carried out at
25 °C, and the focus height and the gain values were adjusted
before every measurement. Percentage coefficients of variation (%
CVs) for the negative, positive, and middle contrals were calculated
for cach plate. Each single-well signal of middle control was
normakized to the mean of negative and positive controls of the
same plate in order to achieve a percentage of activity. After that,
the and dard deviati for the midd] | were
calculated on the normalized values. Finally, the Z-factor of every
plate was calculated. The single-well signals of each day were
plotted separatety in graphs “by row, then column® and “by column,
then row” using the software Graph Pad Prism 4 in order to detect
drift or edge effects.

[sathermul titration calarimetry

A reverse isothermal titration calosimetry (ITC) was performed
due to the lack of solubility of compounds to be tested. Solutions
(10 mM) of probes 5 and 6 in DMSO were diluted 1:100 with pure
DMSO and eventually further diluted 1:20 with buffer C (50 mM
Hepes [pH 7.0 100 mM NaCl, 2 mM MgCly, and 2 mM trig(2-
carboxyethyl jphosphine [TCEP]) for INKI and with buffer D
(25 mM Tris [pH 71}, 100 mM Na<l, 10 mM MgCly, and 1 mM BME)
for p38x MAFK In order to achleve a 4-uM concentration of com-
pound with a 5% (v/v] final DMSO concentration. The aloremen-
tioned solutions were Joaded into the sample cell of a MicroCal
1TC200 (formerly GE Healthcare, now Malvern). A freshly concen-
trated solutson of JNK3 or p38a MAPK in buffer C or D, respectively,
containing a 3% (v/v] DMSO conx i was loaded in the
titration syringe. Measurements were performed at 25 “C. Protein
salution was titrated into the sample cell in 20 injection steps of 2 ul
each at a rate of 0.5 pljs with an interval of 120 s between the steps.
Stirring was applied at 1000 rpm. Before the first step, 0.5 pl of
protein solution was injected into the sample cell in order to correct
for protein diffusion from the syringe during experimental setup
and equilibration, The data point of this pre-step was neglected
during data analysis. Data analysis was performed using MicroCal
Origin software (version 70552: Originlab, Northampton, MA.
USAJ

Results
Design, synthesis, und characterization of probes 5 and 6

As a starting point for the design of the two probes. the two
pyridinylimidazoles 3 and 4 were selected as precorsar molecules
{Fg 2) Both compounds were identified in a current ongoing
research program as potent dual inhibitors of JNK3 and p38x MAPK
(Table 1) The p-phenylendiamino group present in both com-
pounds was chosen for the linking of the fluorescein tag. Compu-
tational docking studdses of 3 with both kinases {see Fig 5110 online

Tabibe 1
Biotogucal activity of precursors 3 and 4 and pentes 5 aod 6 tested tn ELISA actavity
assays

Comgound 1Css # SEM (nM)
INK3 plie MAIK
3 et 1740
4 47204 15403
s 4812 Wa0
6 Tae W2
Mare.m ~ 3

supplementary material) as well as comparison of the binding
mode with similar pyndinylimidazole- and pynimidinylimidazole-
based kinase inhibitors | 1845 .4%| revealed that this poction of
the molecule occupies the hydrophobic region Il of the enzyme.
Thas is an area of the ATP binding pocket that is solvent exposed and
thus is supposed to be able to tolerate the bulkiness of the fluo-
rescein modety. In contrast to the previously reported probe 2 by
Munoz and coworkers (Fig. 1) |37], we chose the more easily
available 5'-isomer of FITC as a starting material to insert the flu-
orophore, The design hypothesis of our probes was supported by
computational docking studies of compound 5, with both enzymes
shawing the bulky fluorescein group ranging outside the enzyme
and therefore presumably not hampering the binding (see Sig. 52
supplementary material)

The first probe, compound 5, was synthesized as depicted in
Scheme | ostarting from known 2-chloro-4-{4-{4-fluorophenyl)-2-
(methylthio}-1H-imidazol-5-yl)pyridine (8), Pyridinylimidazole 8,
which is synthetically accessibie from the commercially avallable 2-
chloro-4-methylpyrictine (7) in four synthetic steps |50, was sub-
sequently reacted in a nucleophilic aromatic substitution reaction
with p-phenylendiamine to obtain compound 3. The precursor 3
was labeled with the fluorophore through the formation of a
thiourea group between the primary amino group and the 5-iso-
mer of FITC at RT.

The second probe. compound 6 (PITD105016 i our previously
published work [ 16]), was prepared starting from already reported
ethane-1,2-dione 10, which was synthesized according to our re-
ported protocol in two steps from 2-flupro-4-methylpyridine (9)
[Scheme 2) |51 Cyclization under Radzisewski conditions |52] of
dione 10 using ammonium acetate and formaldehiyde provided
pynidinylimidazole 11. Finally. the substitution with p-phenylendi-
amine and the Introduction of the fluorophore yielding probe 6
were performed using the same conditions as described for probe
5

Probes 5 and 6 were also tested for their ability to inhibit JNK3
and p382 MAPK. showing only a negligible decrease in potency in
comparison with the unlabeled precursors 3 and 4 {Table 1), This
demonstrates the low impact of the fluorescent moiety on the
binding affinity, confirming our desagn hypothesis as well as the
results of the docking studies.

The insertion of a further spacer b the fi in y
and the p-phenylendiamino group therefore was considered un-
necessary and potentially detnimental because a higher flexibility of
the Nuorescein-labeled probe could cause a decrease in the width
of the signal windaw (511

Ky determination of probes

With the aim to estimate the binding of the two probes ta the
mactive form of the protein kinases, a fixed concentration of 10 nM
of probes 5 and 6 was titrated with increasing concentrations of
JNK3 and p38a MAPK (0-600 nM). The FP signal was read after
incubation at RT for 15, 20, and 60 min, thereby akso allowing
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(M) FITC pomer (¥ 1 acetone, KT 24 b *Yield detived froom Lasfer aod Uedthe |70]

evaluation of the time dependence of the expenments in terms of
equitibrium onset and signal stability. Nonlinear fit of the data
obtained in the titration experiments of the two probes (i )
resulted in very close Ky values in the low single-digit nanomolar
range for both kinases (Table 2) Due to a very similar binding
profile of the two compounds, the selection of probe § for the
further optimization of the assays relied mainky on a higher overall

Scheme 1. Synthesis of peobe 3 stamng from J-chinmo-4-methybppridine (75 Beapents and asnds
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Schemne 2. Synthesis of probe 6 starting from 2-fuore-4-meshylpyridine (9) Reagents and conditions: (1) formaldedyde, NHOAL, acetic acd, OMF, 70 'C | Iy
101) p-phesyleadamine HCHm E20M (1,25 M), n-betanc, 180 “C 16 b: {m) FITC ssomer (3'), scetone, KT, 24 b, *Yield derived from Koch and rowarkers |41],

yield of the synthetic route (23% in the case of probe 5 vs. 1% in the
case of probe 6; cf. Scheme | vs Scheme 1) Regarding the tme
dependence of the assays, both probes showed in both enzymes
only a small vasation in Kg value {<1.3 nM) between 15 and 60 min.
This suggests a rapid onset of the binding equilibrium of the probes
that is already reached after 15 min. Nevertheless, because an in-
cubation time of 30 min was considered more suitable in binding
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competition assays of inhibitors with unknown binding kinetics,
the Ky values of the two probes after 30 min of incubation were
selected as the Ka values to be considered in the competition assays.

The K4 values of probes 5 and 6 were further determined using
ITC as an additonal rechnique. The K: values (Table 3; see also
Fig 53 i supplemeantary matecial) obtained by ITC experiments for
bath probes are stightly higher compared with those obtained by
direct titration in the corresponding FP assays, probably due to
different intrinsic characteristics of the two techniques and of the
experimental protocols. Nevertheless, the high affinity of the
probes for the two enzymes was again confirmed.

Optimization of assay conditions

After determination of Ks values for probe 5 (Tuble 2) a con-
centration of 5 nM was selected as a final concentration to be used

Tadde 2
Bending alfimities of probes S and 6 for NC and pdlis MAPK at different tmes of
Incubation tested o the AP asuays

Prode Ky SEM (aM)

NG I MAPK

15 min 30 mwe 00 min 15 min 30 min 00 mm
s 27+02 30£02 40=03 35410 57213 022132
. 23400 26201 3201 62401 6502 72:03

Note. n ~ 3, Cuncentracion of probe wsed was 10 nW\ Total vohume of DMSO was 5%
(viv) SEM, standaed evvor of the mean

in the competition assays for both enzymes. This is in accordance
with F* assay development guidetines (541 suggesting a probe
concentration as low as possible, preferably not significantly higher
than twice the probe Ky value, Using this prabe concentration, a
second titratson with increasing concentrations of the two enzymes
was performed In order to select the optimal protein concentration
(see Fig 54 W supplementary material), In line with practical
considerations | %4/, such concentration should yield an increase in
the polarization signal included between 50 and 80% of the overall
signal window, thereby giving a still significant width of signal and
at the same time being far from stoichiometric conditions, in order
to provide the assay with a better sensitivity, Therefore, a concen-
tranon of 10 nM of both enzymes, yielding signal windows of
approximately 140 and 165 mP for JNK3 and p38x MAPK, respec-
tively, was selected as the standard concentration employed in the
competition assays.

maﬂlﬂil-\dpnMS-d 6 for INKY and pide MAFK determened by 110
[E™ Xy = SEM (nM)
K3 P8 MAFK
5 2545 1545
o ELEA) Vel

Note w3, Results were ohitamed through revene (TC Nromemn concentraton m the
nrration syvinge was 55 uM aod compound comcentration i the sample cell was
4 ol SEM, atandard errur of the meas.
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With the purpose of validating the optimized assays, as well as
assessing their viabdity in predicting the potency of type | in-
hibétors in referénce activity assays, a series of 13 compounds
(P ) was selected to be evaluated for JNK3 and/or p382 MAPK for
their capability 1o displace the flvorescein-labeled probe 5. This
seres consists of different pyridinylimidazoles from our compound
library [5550), including the nonlabeled precursor of probe §
(compound 3) as well as the two p38a MAPK reference compounds
SB203580 (1) and ML3403 (12). To demonstrate the full capacity of
the probe, examples of non-pyridinylimsdazole-type  kinase

£ Ansdont ot ol J Avolyeco! Mackemsny 503 (2016) 28 40 3%

(Mﬁ‘&)
E F
N F
1 j:j HC
" oS 1R

NI F

o L_o O " H n’kn’ NS0

HNYCH; F F

CHy 2
{skepinone-L) (SB681323)
FigA. Structures of tesied compoands.
Assay validarion and correlation inhibitors were also selected to be Investigated. The early [NK3

inhibitor SPE00125 (17) |57, aminopyrimidine 18 | 15/, and clinical
candidate AS601245 (19) |15 were chasen for the assay on INK3,
whereas high-guaiity kinase probe skepinone-L (21) [59] and
clinical candidate SBGB1323 (22) |60 were tested an p38z MAPK.
Finally, pyridinylquinoxaline 20 |51 | was tested on both enzymes.
All compounds were previously evaluated in ELISA activity assays
(1Csy values are shown in Tabie 4) and were then chosen in order 1o
achieve, within the series, a range of different activities for both
enTYmes.

All selected compounds were primarily tested for auto-
fluorescence at the absorption and emission wavelengths used for




114

APPENDIX

6 F Awsdvri o af / Amalytical Rochessiry 503 [2018) 2340

Tatde 4

Compasisom of activity of tested compounds on ELISA activity assays and FP assays.
Compouwnd ma PIa MAPK

Activity assry [Kag = SEM] (nM) 11 bending assay (K = SEM) (nM) Actwity assay (10q = SEM) [otd] IV hinfing assay (K, = SEM) (s}

1 T 2w 167 + 10 Weod Ml
3 Mt 3.02 17 204 1422
” 176+2 O=6 Wy ELES |
Rk 181 ¢4 11 nzoy el
" 13 &2 5124 3929
Ak M2 12 142 218 170 210 141=10
16 6742 541 9T 8 ls7
" M7+ 5 N2 ne na
mn 3,950 o 2007 1041 o 12 Blpas 350 5 10
n at ne 517 42+ 04
n nt nt LEE T

Notr. w ~ 3. SEM. stamdard croe of the mean, i, not tested,
* Dara previcusly reported by Goetten and comorkess [27].
¥ D previsusty reported by Goettert and commurkers |14,
" Duza previously reported by Lawder and coworkers (61]
! up y rep try Koch and (361,

* Data prevousty rep d bry Koch and 1
' Data previously reported by Fischer amd coworkers |20

the fluorescein-labeled probe in order to ensure that the measured
FP signal couk! be exclusively artributable to the probe, One of the
drawbacks of FP assay indeed is its unsuitabilsty for the evaluation
of compounds showing autofluorescence at the same wavelengths
employed for the Muoraphore (51 For this reasen, SP600125 (17)
and ASB01245 (19}, which displayed a fluorescence comparable to
the positive control (5-nM probe ), needed to be excluded from the
assay (data not shown). To achieve for every measurement a
complete displacement of the labeled probe, compounds were
tested at different ranges of concentrations depending on their
ability to bind the two protein kinases. The 1Csg values resulting
from the competition binding assays were then converted into K,
values through a modified Cheng-Prusoff eguation |45.46]
(Table 4,

As displayed In Fig 5, the assays are valid for both enzymes
because the unlabeled precursor of probe 5 (compound 3) and
other tested inhibitors are able to displace the probe in a dose-
dependent manner. Subseguent to the assay validation, the corre-
latkon between the presented FP-based binding competition assays
and the ELISA activity assays was investigated. A correlation be-
tween these two assays could make the binding assays useful tools
for preliminary evaluation of new inhibitors of JNK3 and p38a
MAPK in a fast and relatively inexpensive manner with the aim to
promote only better binders to a further characterization of the
inhibition profile. Correlation was assessed through linear regres-
sson of the plotted logarithmic data for boch assay methods (71 6)
With regard to JNK3, the enzyme activity assay and the F-based
vompetition binding assay proved to correlste  remarkably
(R = 0.9555). In the case of p38ax MAPK, a good correlation was
observed (RY ~ 0.8447), representing an advantage of our opti-
mized p38a MAPK FP assay in comparison with the existing one.
These results display the suitability of both presented assays in the
prediction of the Inhibitory activity of novel compounds.

As it 3 possible to observe from Table 4, the K values of the
testedd compounds are between the low single-digit nanomolar
range and the low single-digit micromolar range. To estimate the
limiration of banding affinity detection. a pon-optimized (nhibitor,
pamely 144-fluorophenyl»5-(pyridin-4-yljimidazole (23), was
tested as an example of 3 weak binder in both optimized FP assays.
Compound 23 displayed &; values of 2168 + 29 nM and
24,030 + 1,589 nM for [NK3 and p382 MAPK, respactively (Fig 7).
Binders of INK3 and p38x MAPK with K, values up to the low

double-digit nanomolar range are detectable using the optimized
FP assay protocols presented,

HIS assay vaikdation

The outcome of the experiments performed in the previous
section prompted us to exploit the correlation between the binding
and the activity assays on both enzymes for the rapid estimarion of
the {potential) inhibitory activity for Lirge compound sets, One of
the advantages of FP assay is indeed the possibility to measure the
signal directly after the addition of the components without
washing or separation steps {mix and measure ), which makes such
assays suitable for the HTS format. To assess the viability of the FP
assays developed for HTS, we followed the procedure reported in
NCBI guidelines |47 As negative control, probe 5 alone was
selected. As 4 positive control, the unlabeled probe {compound 3),
at a concentration known to displace the probe completely, was
added to the same concentration of probe 5, Finally, compound 3
was used as a middle control at a concentration close 1o its 10y
value, Results obtained {Tables 5 and 6) were in agreement with the
acceptance criteria described i the gusdelines (%CVs < 20% for all
controls, normalized standard deviations for the middle
contral <20, low inter-plate variability of the normalized middlbe
signal, and Z-factor >04) and the plots of the single-well values
shawed the absence of significant drift and edge effecrs {see
Figs. 5558 In supplementary material), highlighting the suitability
of these assays for the HTS procedure.

Discussion

The h for novel inhibitors of the twa protein kinases,
INK3 and p38a MAPK. is still ongoing and aimed to the discovery of
molecules displaying a high efficacy together with a satisfactory
selectivity profile. A key approach might be represented by the
identification of molecules, which bind preferentially the inactive
conformation of these enzymes (type IF inhibitors), taking advan-
tage of binding pockets that are less conserved within the family of
clasely related kinases. With this scope, we developed twa FP-
based competition binding assays employing the inactive form of
the two kinases able to measure the binding affinity of both type |
and type 11 inhibitors. Classical activity assays using the active ki-
nase exchude type Il inhibitors predominantly binding to the
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Tabde 5
TS assay valdation resuits for [NKY,

¥ Negatroew coatenl Ponitive contral Muddle contol 24actor

FPvalue (ml) (medm = SO) WV P vadww (o) [swan £ 5D) 30V FP value (mF) (mean = SD) WV Nonsabeed actwvity (51 (mwas = $D)

10322 07 1607 = 2R "7 2208 + 40 LB 426+ 29 049

43005+ 38 1.2 1503=133 22 2107 53 5 98 +35 055

1 2980.38 12 149132 22 1951 + 50 25 3354+32 056
Note. @, capenment nusober. SO stamdand deviation.
Taide 6
WIS assay validation resefts for pids MAPK

¥ Negative contrnl Pesitive control Asddle control ZHacon

FFvalue [ol') (mwan < 805 XV P vabew (inl*) [mean < S0 S0V FP vadue (ml'] (mean £ SD) SV Nurmsaboed actrvity (5) [mess < $0)

1 2081427 o9 1224 = 43 35 560 ¢+ 34 1.3 Tids20 053

2 Janean 13 1452135 28 126Y 229 13 LA ) 05

3 20919+ 69 23 1249 - 46 6 2146 + 47 2 537428 079

Note. ¥, cxpernument nueber, SO, standand deviation.

inactive enzyme, Extending a previously reported assay for p38a
MAPK, the assay presented here broadens the range of applicability
including JNK3 due to the use of a dual [NK3/p38« MAPK inhibitor
as a precursor of the probe employed. In addition, the comparison
of the FP assays presented with well-known ELISA activity assays
allowed observing a correlation between the two assays performed
on both protein kinases. These results point out the potential of the
assays presented as rapid and relatively imexpensive (eg, low
concentrations of kinase needed, no costly kinase substrates and
antibodses required) alternatives to activity assays, which can be
wsed (o predict the inhibitary activity of new comgounds at an early
stage. Finally, the suitability of these assays to the HTS format al-
lows the screening of wide libraries of compounds and therefore
represents an impravement in the research of new JNK3 and p382
MAPK inhibitars.

Conclusion

The synthesis of two  novel floorescein-based  pyr-
Idinylimidazoles and thelr evaluation for their ability to act as
probes for the determination of binding alfinity of kinase inhibitors

are suitable as mexpensive prescreening protocols for INK3 and
P38a MAPK inhibitors
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Appendix A. Supplementary data

to JNK3 and p382 MAPK has been presented, Fast and mexpensive
FP assays for both enzymes using probe 5 (INK3: Kg = 3.0 nM: p38a
MAPK: K4 « 5.7 nM) were developed and validated with known
inhibitors of JNK3 and p38x MAPK. The comparison of the results
obtamed from the FP assays wath the results of ELISA-based activity
assays revealed a good to excellent correlation, which makes the
P38Sa MAPK FP assay superior to the reported one. Moreover, both
FP assays are easily adaptable to the HTS procedure and therefore

Suppl ary data related to this article can be found at huip: /|

ehedolerg/ 101016/ A 2016.02.018,
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Synthesis of compound 16

Under dry conditions, compound 3 (100 mg, 0.26 mmol) was dissolved in pyridine (5 mL) followed
by addition of 4-(tert-butyl)benzoyl chloride (60 ylL, 0.31 mmol) at r.t. The reaction mixture was stirred
al r.1. for 48 h. The reaction was quenched with water (5 mL) and the aqueous layer was extracted
3 times with ethyl acetate (5 mL). The organic layers were dried over anhydrous Na-SO. and the
solvent was then evaporated under reduced pressure. The crude product was purified by flash
column chromatography (dichloromethane - ethanol 19:1) giving 69 mg (50%) of the desired
product. "H-NMR (250 MHz, DMSO-ds): & (ppm) 1.32 (s, 9 H), 2.62 (s, 3 H), 6.68 (dd, J, = 5.2 Hz,
Jo= 1.1 Hz, 1 H), 7.02 (br. s., 1 H), 7.27 (br. 5., 2 H), 7.43-7.68 {m, 8 H), 7.88 (d, /= 8,54 Hz, 2 H),
8.03 {br.s., 1 H), 8.97 (s. 1 H), 10.04 (s, 1 H), 12.68 (br. 5, 1 H); HPLC: t = 10.12 min, 99%: ESI-MS:

[M + HJ* caleulated 552.22, found 552.3.

Synthesis of 1-(4-fluorophenyl)-5-(pyridin-4-yl)imidazole (23)

A solution of 4-fluoroaniline (118.7 ul., 1.25 mmol), 4-pyridinecarboxaldehyde (117.4 uL, 1.25 mmol)
and acetic acid (125 ul) in ethanol (10 mL) was heated to reflux temperature for 2 h. After cooling
1o r.1., the selvent was removed under reduced pressure and the remaining residue was dissolved
in a mixture of methanol (8.75 mL) and dimethoxyethane (3.75 mL). To this solution, K2CO3 (345
mg, 2.5 mmel} und p-toluenesulionylmethyl isocyanide (366 mg, 1.87 mmol) was added and the
reaction mixture was heated to reflux temperature for 3 h. After cooling to r.t., the solvent was
removed under reduced pressure and the remaining residue was dissoived in dichloromethane and
washed with water. The organic layer was dried over anhydrous Na:SOs and the solvent was then
evaporated under reduced pressure The crude product was purified by flash column chromategraphy
{dichloromethane — methanol 1:0 to 9:1) yielding 92 mg (31%) of the desired product. "H-NMR (250
MHz, DMSO-ds): 8 (ppm) 7.08 (d, J = 4Hz, 2H), 7.36-7.44 (m, 4H), 7.57 (s, 1H), 8.05 (s, 1H), 8.46
(d, J=4Hz, 2H); HPLC: t = 3.54 min, 100%: ESI-MS: [M + H]* calculated 240.08, found 240.0.
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Figure S1: Docking poses of ligand 3 in the active centre of JNK3 (a} and p38a MAPK (b) using the
software GOLD [1]. For the protein models, we used the crystal structures of Protein Data Bank
entries 3F13 and 10UK for JNK3 and p38a MAPK, respectively [2]. Possible hydrogen bonds are
shown as dashed lines.
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Fig. S2. Docking poses of probe 5 in the active centre of JNK3 (a) and p38a MAPK (b) using the
software GOLD [1]. For the protein models, we used the crystal structures of Protein Data Bank
entries 3F13 and 10UK for JNK3 and p38a MAPK, respectively [2]. Possible hydrogen bonds are
shown as dashed lines.
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JNK3
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The c-Jun N-terminal kinases (JNKs) represent a subfamily of the
mitogen-activated protein kinases [MAPKs) and are encoded by
three different genes (fnkl, fnk2 and fnk3) for a totad of 10 isoforms
arising from altemative splicing (1. Despite their high sequence
homology. the INK isoforms present differences in tissue distribu-
tion. In contrast to the ublquitous expressson of INK1 and JNK2.
NK3 is being restricted to the brain, heart and testis. In addstion,
these isalk show di Harities in terms of substrate specificity,
regulation from upstream kinases, and signal transduction path-
ways |1 3| Several studies have highlighted the involvement of
the NKs i diverse pathological conditions, such as peurodegen-
erative  discases, stroke, diabetes and tumorigenesis (4 GL
although the speaific pathophysiological rode of the single soforms
has not always been fully elucidated. For this reason, the develop-
ment of novel JNK isoform-selective inhibitors as pharmacological
toals would be highly desirable in order to dissect the contribution
of the single lsoforms in each pathological state, Furthermore, this
would represent a starting point in the perspective of a JNK
isoform-specific therapeutic approach. Nevertheless, given the
considerable structural similanty between JNK1 JNK2 and JNK3,
this goal has not been achieved yet (751

* Covreipanding ssthoe
E-muod oddress pherne ket tuetsagen de (B Koch)

ot (o dew ! 10,1010 |f.ab 20T D5 022
0003-2607 )0 2017 Ehevier ac. All rights reserved,

In order to ease the beological evaluation of potential inhibitors
of INK3, we recently reported in this journal the development and
opttmization of a fluorescence polarization (FP)-based binding
assay for this kinase |9). This assay is based on the competitive
displacement of probe PITO105006 (1), which was obtained by
fluorescein-labelling of the potent pyridinylimidazole-based INK3
inhibétor PITOI0M002 (113 1) |9). The necessity of evaluating intra-
JNK selectivity prompted us to broaden this existing assay to JNK1
and JNK2. in order to improve the efficiency in the development of
soform specific inhibitors. As in the case of our reported JNK3 FP-
assay, the INK1 and JNK2 were employed in their inactive forms (for
INK1 and JNK2 expression and purification, see supplementary
material], This allows the detection of compounds binding prefer-
entially the kinases in such state (type-Il inhibitors) as well as the
detection of mast type-l inhibitors [ 1001

The first step cansisted in assessing the sutability of probe 1 for
JNK1 and JNK2 This was evaluated by direct titration of a fixed
concentration of probe 1 (5 nM) using threefold Increasing con-
centrations of protein, ranging from 25 pM to 1.5 uM. A well con-
taining no protein was also included as a negative control. The
assays were performed in dblack, non-binding 96-well plates
(Greiner Bio-One) reaching a final volume of 100 uL and were
repeated three times in quadruplicate, A constant 5% DMSO con-
centration (viv) was used in every well together with the assay
buf¥er (20 mM TRIS pH 7.5, 250 mM NaCl, 5 mM f-mercaptoethanol
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and 005 mg/mlL bavine serum albumin). In order to evaluate the
ume dependency of the binding event. the plate was incubated at
foom temperature for 15, 30, 60, and 120 min in an Eppendarf
MixMate ar 400 rpm before every reading. The measurement was
then conducted through a CLARIOstar microplate reader (BMG
Labtech GmbH) using excitation and emission filters of 480 nm and
of 530 nm, respectively. Last 2 min of every incubation thme were
carried out inside the reader, previously equilibrated at 25 °C, Prior
o every measurement, the excitation beam was focused at the
optimal height and the gain values for both detectors were
adjusted, The absolute polarization values were normalized using
the software GraphPad Prism 4 (GraphPad Prism 4, GraphPad
Software Inc., San Diego, CA, USA) and results were reported as
percentages. Four-parameter logistic curves with vanable slope
were fitted to the data points using the same software. Probe 1
revealed to be suitable for both INK1 and INK2, displaying Kq values
in the Jow nanomolar range {Fig 1) though showing a slightly
lower aftinity in comparison with JNK3 (Kg « 3.0 + 0.2 nM; 30 min)
[91. The versatility of probe 1 is the result of its poor intra-MAPK
selectivity. a5 demonstrated by its capability to efficsently bind also
the closely related p38a MAPK (Kg = 57 nM; 30 minl The
measured Ky values appeared to remain overall stable over time,
only showing & negligible time-dependent increase after incuba-
von times longer than 1 h. The K4 values measured after 30 min
incubation, (JNK1: Kq = 12,5 + 2.0 nM; JNK2: Ks = 7.2 = 1.5 M)
were selected as the parameters of probe 1 to be used in the
competition assay. This choice, in agreement with aur previousky
developed assay procedure, unifies the assay conditions for the
three different INK isoforms and therefore allows a better com-
parisan of the results obtained. The titration experiment permitted

also the determination of the optimal protein concentration to use
in the competition assay. As reported in literature | 12], this con-
centration should produce an increase in the polarization signal
laying between 50 and 80% in order to work in non-stoichiometric
canditions and achieve at the same time a satisfactory signal win-
dow. The enzyme concentrations selected were therefore 50 nM for
INK1 and 30 nM for JNK2, both yielding an increase in polarization
of appraximately SO%.

The assays were validated by testing the non-kabelled precursor
of probe 1, compound PITO104002, togecher with four chemically
diverse JNK standard inhibitors (1Q-15 115, JNK inhibitor VIII [ 11],
SR-3576 [15] and SR-3306 | 14]. for the structures of these in-
hibitoss, see Fip 51, supplementary matenal) purchased from
Merck Millipore (Germany ). The selected compounds were initially
screened for avtofluorescence using the same protocol previously
described by us || and did not show significant intrinsic fluores-
cence at the excitation/emission wavelengths of 480/530 nm. Probe
1(5 nM) and the carresponding kinase {50 nM and 30 nM for [NKI
and JNK2, respectively) were then incubated for 30 min with
threefold increasing concentrations of inhibitor. A positive control
containing no inhibitor and a negative control containing only
probe 1in xssay buffer were also included in the measurement. The
s were mamntained equal to the afore.
mentioned oncs. The absolute polarization values were normalized
1o the readout of positive and negative controd and data points were
fitted 10 logistic curves as previously described (for assay graphs,
see i S, supplementary material ), Finally, K values were derived
from the measured ICso values using a modified Cheng-Prusoff
equation | 17,18].

As displayed in Table |, the assays can be considered valid for
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bath enzymes since all tested inhibitors are able to displace the
probe in & dose-dependent manner, The K, of compound
PITOI04002 anxd the Ky of probe 1, measused on the same enzyme.
shiowed us values (Table | and Fig. 1). This was observed
also in the case of JNK3 (PITO104002: K, ~ 3.0 + 0.2 nM; probe 1;
Kg = 3.0 = 0.2 nM) and demonstrates that the intreduction of the
buiky fluorophore is well tolerated by all members of the |NK
family.

In most cases, the measured K; values correspond to the re-
ported activities of the tested standard INK inhibitors. However, a
direct comparison of the obtained data with the reported ones from
literature is not possible due to the diverse assay layouts, the dif-
ferences in the inhibition parameters and the use of the kinases in
different activation states. Instead. it can be stated that when test
results were reported for both INK1 and JNK2, the comparsson with
the data from the FP assay revealed an analogous trerdd on the
Iinhibitory activity, despite their differences in absolute values.

To sum up, our previously reported convenient Fi-based
competition binding assay protocol for JNK3 was successfully
extended for all members of the JNK family by using the same probe
in analogous conditions. The easy handling and cost efficlency
leatures of the FP technigue in combination with the possibility to
directly compare the results obtained from the three isaforms,
provided a useful tool for both determining the binding affinity to
these enzymes and for the assessment of sefectivity within the JNK
sublamily. This is particularly useful when trying 1o exploit subtle
structural differences in the binding poeckets for the induction of
subtype selectivity | 19].
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JNK1 and JNK2 expression and purification

The JNK1 gene was amplified and cloned into the expression vector pET-24a-HLT using
the Gibson Assembly® Master Mix (New England Biolabs GmbH). The cloning was
performed according to the manual with exception of the heat shock lasting 45 s instead of
30 s. Clones were cultured overnight in lysogeny broth media at 37 °C. The plasmid was
finally extracted using the QlAprep Spin Miniprep Kit¥ (Qiagen) in agreement with the

manual and checked by Eurofins Genomics.

The JNK2 gene was synthesized and cloned into the same expression vector pET-24a-HLT
by GeneArt™ (Thermo Fisher Scientific) and the plasmid was rechecked by Eurofins

Genomics.

The plasmids were transtormed in Escherichia coli BL21 competent cells using the following
protocol: 2 pL of a 100 pg/mL plasmid solution were added to the competent cells and
incubated on ice for 30 min. The cells were then heat-shocked at 42 °C for 2 min, followed
by 5 min incubation on ice. 900 uL of 2xYT media were added and the cell suspension was
incubated for 1 h at 37 °C. 200 pL were plated on plates of 2xYT agar, containing 50 ug/uL
kanamycin and 30 pg/uL chloramphenicol whereas the remaining cell suspension was
centrifuged at 3000 rpm for 2 min. The supernatant was discarded with exception of 200 pL
which was used to resuspend the pellet and the resulting suspension was plated on another
2xYT plate. Both plates were incubated overnight at 37 °C. 10 mL of 2xYT media, containing
both antibiotics, were used to wash the plates and were then added to 90 mL of the same
media. The culture was grown at 37 °C and 200 rpm until reaching an ODsco = 1, at which
point 10 mL of this pre-culture were inoculated into each of 6-8 2L flasks containing 1 L of
2xYT and antibiotics. The culture was grown at 37 °C and 220 rpm to an ODe = 0.4 - 0.6.

The temperature was then lowered to 18 °C and 800 pL of 1 M isopropyi-1-thio-B-D-
S2
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galactopyranoside (Roth) were added for induction. The protein was expressed overnight
and afterwards the cells were harvested by centrifugation at 4000 rpm for 30 min.

The pellet was resuspended in JNK lysis buffer (20 mM Tris pH 7.4, 500 mM NaCl, 15 mM
imidazole, 5 mM B-mercaptoethanol (BME)). The suspension was added with DNase,
RNase, and EDTA-free protease inhibitor cocktail tablets (Roche) and then lysis by
ultrasound pulses was performed. The sonication procedure consisted in 5 consecutive
4 min programs, each alternating 15 s pulses and 30 s pause, using a Bandelin Sonoplus
HD 3200 with KE76 sonicator tip. The resulting suspension was centrifuged at 18500 rpm
for 1 h at 4 °C and the supernatant was filtered through a polyethersulfon membrane with
0.22 um pores. The first purification step was performed by a Ni2*-NTA column (GE
Healthcare), previously equilibrated with lysis buffer. After loading, the lysate was eluted by
JNK Elution Butfer (20 mM Tris pH 7.5, 500 mM NacCl, 300 mM imidazole, 5 mM BME) used
in a linear gradient. Protein containing fractions were pooled and TEV protease was added
at a final concentration of 1 mg/mL and diluted 1:2. The solution dialysed ovemight with
regenerated cellulose (12 kDa molecular weight cut-off) at 4 °C. The solution was loaded on
a Ni?*-NTA column and eluted using JNK Elution Buffer in a two-step gradient (40 and 80%).
The washing phase and the flow through were pooled and the resulting solution was
concentrated using a Vivaspin® 15 (Sartorius) with a MW cut-off of 10 kDa. Last purification
step was performed using a HiLoad 27/60 Superdex 75 prep grade gel filtration column,
which was equilibrated with JNK gel filtration buffer (20 mM Tris pH 7.5, 250 mM NaCl, 5%
(v/v) glycerol, 5 mM BME). The protein containing fractions were pooled and concentrated

as described above.,
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The following sequence of JNK1 was expressed.
MHHHHHHSGAFEFKLPDIGEGIHEGEIVKWFVKPGDEVNEDDVLCEVONDKAVVEIPSPVKGKVL
EILVPEGTVATVGQTLITLDAPGYENMTTGSDTGENLYFQGGSMSRSKRDNNFYSVEIGDSTFTVL
KRYQONLKPIGSGAQGIVCAAYDAILERNVAIKKLSRPFONQTHAKRAYRELVLMKCVNHKNIGLLN
VFTPQKSLEEFQDVYIVMELMDANLCQVIQMELDHERMSYLLYQMLCGIKHLHSAGIHRDLKPSNI
VVKSDCTLKILDFGLARTAGTSFMMTPYVVTRYYRAPEVILGMGYKENVDIWSVGCIMGEMIKGGY
LFPGTDHIDQWNKVIEQLGTPCPEFMKKLQPTVRTYVENRPKYAGYSFEKLFPDVLFPADSEHNK
LKASQARDLLSKMLVIDASKRISVDEALQHPYINVWYDPSEAEAPPPKIPDKQLDEREHTIEEWKEL
IYKEVMDLE*

The following sequence of JNK2 was expressed:
MHHHHHHSGAFEFKLPDIGEGIHEGEIVKWFVKPGDEVNEDDVLCEVQNDKAVVEIPSPVKGKVL
EILVPEGTVATVGQTLITLDAPGYENMTTGSDTGENLYFQGGSMDSQFYSVQVADSTFTVLKRYQ
QLKPIGSGAQGIVCAAFDTVLGINVAVKKLSRPFONQTHAKRAYRELVLLKCVNHKNIISLLNVFTP
QKTLEEFQDVYLVMELMDANLCQVIHMELDHERMSYLLYOMLCGIKHLHSAGIIHRDLKPSNIVVK
SDCTLKILDFGLARTASTNFMMTPYVVTRYYRAPEVILGMGYKENVDIWSVGCIMGELVKGSVIFQ
GTDHIDOQWNKVIEQLGTPSAEFMAALQPTVRNYVENRPAYPGIAFEELFPDWIFPSESERDKIKTS
QARDLLSKMLVIDPDKRISVDEALRHPYITVWYDPAEAEAPPPQIYDAQLEEREHAIEEWKELIYKE
VMD*
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Review Article

2-Alkylsulfanyl-4(5)-aryl-5(4)-heteroarylimidazoles: An Overview
on Synthetic Strategies and Biological Activity
Pierre Koch ([ and Francesco Ansidert

Department of Pharmaceutical and Medicinal Chemistry, Institute of Pharmaceutical Sciences, Eberhard
Karls Universitat Tubingen, Tubingen, Germany

2-Alkylsulfanyl-4(5)-aryl-5(8)-heteroarylimidazoles represent an important dass of ATP-competitive
protein kinase inhibitors, offering the possibility of multiple interactions with different regions of the
target enzyme. The necessity of exploring the effects of diverse chemical decorations around the
imidazole core prompted the design of several synthetic routes aimed at achieving both effidency
and flexibility, Additionally, the optimization of established protocols and the extensive use of
transition metal-catalyzed cross-coupling reactions have been broadening the spectrum of preparative
methodologies within the last decade. This review summarizes the progress in the development of
synthetic strategies leading to 2-alkylsulfanyl-4(5)-aryl-5(4)-heteroarylimidazoles and 1-alkyl-2-atkylsul-
fanyl-4{5)-aryl-5(4)-heteroarylimidazoles and offers a glance at the biological activities of this dlass of
compounds.

Keywords: 1,2,4,5-Tetra-substituted imidazoles / 2.4,5-Tri-substituted imidazoles / Kinase inhibitors /

Regioselective synthesis

Received: August 16, 2017; Revised: October 12, 2017; Accepted: October 13, 2017

DOI 10.1002/ardp.201700258

Introduction

The imidazole ring represents one of the most widely spread
heterocydic cores, being expressed in many natural products
as well as in synthetic molecules. Due to favorable features
like watar solubility and the potential to act both as donor
and acceptor of hydrogen bonds, such a scaffold has found
many applications in the field of medicinal chemistry and is
Incorporated In a multitude of compounds exhibiting
blofogical activities. The multiplicity of synthetic strategies
for their preparation, allowing a high vessatility in the
functionalization of the different positions around the five-
membered ring, represents an additional advantage of the
Iimidazole-based derivatives’ design. A recent extensive
overview of imidazole-based medicnal chemistry was pub-
lished by Zhang et al. in 2014 [1]. The synthesis of vicinal diaryl
imidazoles as well as their biological activity was reviewed by
Bellina et al. in 2007 |2). The pharmacophore design of tri- and
tetra-substituted imidazoles as inhibitors of p38a mitogen-
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activated protein (MAP) kinase was listed by Scior et al, in
2011 (3],

The current review surnmarizes different synthetic methods
for the preparation of 2-alkylsulfanyl-a{5)-aryl-S(4)-hetero-
arylimidazoles published until June 2017, Additionally, the
biological activity of selected 2-alkylsulfanylimidazoles will be
discussed, In fact, most of the herein presented compounds
are inhibiting different protein kinases, e.qg., p38s MAP
kinase, c-Jun N-terminal kinase (JNK) 3, protein kinase CX15,
and CX1¢, as well as epidermal growth factor receptor kinase
{EGFR).

2-Alkylsulfanyl-4(S)-aryl-5{4)-hetercarylimidazoles can be
considered as open analogs of the early lead p3Ba MAP kinase
inhibitor SKFBE002 (4] developed by Smith Kline & French
Laboratories (Scheme 1). Their kinase inhibitory activity s
attributed to the imidazole ring distributing the substituents
on positions 1, 2, 4, and § in optimal orientations in order to
get multiple interaction possibilities within the ATP-binding
site of the enzyme (Fig. 1). In detail, the imidazole-N3 atom &
accepting either a direct or a water-mediated hydrogen bond
from a highly conserved Lys side chain amino function [5] and
a second hydrogen bond interaction involves the pyridine
hetercatom and the backbone of the hinge region. The
A-flucrophenyl molety occupies the hydrophobic region |, an
additional pocket not targeted by ATP, while the residues at
the imidazole-N! and the Imidazole-C2-5 pasitions are
interacting with the sugar pocket and/or with the phosphate

www archpharm.com {1 ot 17) 1700258
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Figure 1, 8inding mode of SKF86002-derived Zalkylsurfanyu
(5)-aryl-5{&)-heteroarylimidazoles within the A

of protein kinases (modified from Ref, [7]), HR |, hydrophoblc
region §; HR I, hydrophobic region il

binding site, Optimized kinase inhibitors have an amino or
amide function at the pyridine-C2 position, permitting the
formation of an additional hydrogen bond interaction to the
hinge region as well as introducing a sultable moiety R®
pointing toward the less conserved solvent-exposed hydro-
phobic region I, Different combinations in the substitution
pattern of the imidazole ring and of the substituent at the
pyridine-C2 position all d the achi t of potency and
selectivity within the kinome.

Among numerous 2-alkylsufanylimidazoles, which have
been synthesized within the last few decades, only two co-
crystal structures of these derivatives complexed with protein
kinases have been reported so far (6]

Synthesis of 2,4,5-tri-substituted
imidazoles

The first synthetic methods of vicinal 4,5-diaryl-substituted 2-

mercaptoimidazoles were filed in a European patent applica-
tion from researchers of Ciba-Geigy AG in 1979 [8]. The

£ 2017 Deutsche Phacmazeutische Gewdlschaft

Scheme 1. Derivation of 1,24 5tetrasubsti-
tuted and 2,4,5-tri-substituted Imidazoles from
SKF86002.

nuarchcn claimed these 2-alkylimidazoles, as well as their
corresp g sulfoxides and sulfones, to exhibit anti-
mﬂammatory andlor anti-nociceptive and/or anti-thrombotic
acthvty.

For their preparation, a short two-step synthetic sequence,
wehich is illustrated for 2-methylsulfanyl-4(5)-phenyl-5(4)-(3-
pyridyllimidazole (4) in Scheme 2, starting from benzyl-
{pyridin-3-yl)ketone (1} was used. This sequence involved
bromination of ketone 1 In a-position followed by ring closing
reaction of 2 with S-methylisothiuronium bromide (3) in
presence of N, N-diisopropylethylamine (DIPEA) to yield
2-methylsulfanylimidazole 4. Oxidation of the sulfur atom
of 4 was also reported, Treatment of 4 with 84%
m-<hloroperbenzoic acid (m-CPBA) resulted in 2-methylsulfi-
nylimidazole 5, which was further oxidized to methylsulfonyl
derivative 6 using 30% hydrogen peroxide,

In order to diversify the substitution at the imidazole-C2-S
position, another synthetic sequence was reported from the
same researchers also using ketone 1 as starting material
(Scheme 3). The building block 10, 4(5)-aryl-5{4)-hetercar-
ylimidazole-2-thione, was synthesized in an adaption of the
Marckwald imidazole synthesis. This structural class repre-
sents a common Intérmediate in many of the described
synthetic routes listed in this review. The c-aminoketone 9
was obtained from a Neber rearrangement reaction of the
O-tosy! oxime 8 with potassium terr-butoxide in absolute
ethanol, and immediately converted into the imidazole-2-
thione 10 by cyclization with sodium thiocyanate. The
introduction of substituents (methyl and 2-hydroxyethyl) on
the imidazole-C2-5 position occurred by treatment of 10 with
the corresponding alkyl halides in presence of a base,

During the optimization and identification of novel
SKF86002-like p3Ba MAP kinase inhibitors, Sisko and co-
workers reported In 2000 an unexpected reactivity of
imidazo{2,1-b]thiazolines with organolithium and Grignard
reagents leading to 2-alkylsutfanylimidazoles [9). For exam-
ple, treatment of SKFBS0D2 with n-butyliithium under low

perature pr ded smoothly to f ion of 2-butyl-
sulfanylimidazole 12 (Scheme 4). The release of the ring strain
Is supposed to represent the key driver for this reaction and
the formation of 12 might arise from addition of the butyl
group at the sulfur atom followed by elimination of ethylene,

The aforementioned synthetic routes to 2.4,5-tri-substi-
tuted imidazoles allow modifications of the residue on the
sulfur atom, but none of these take into count the option of
introducing substituents at the six-membered heterocycle at
the imidazole-C4(5) position,

www archpharm.com {2 of 17) 01700258
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O e P

Scheme 2, Synthesis of 2-methylsulfanyl-4{S}-phenyl-5(4){3-pyridyl)imidazole (4) and its oxidation products 5 and 6. Reagents and
conditions: (i) 8r,, acetic acid; (i) DIPEA, acetonitrile; (iii) 84% m-CPEA, chloroform; (iv) 30% hydrogen peroxide, acetic acid, 70°C,

QS

u“°ﬂ

Schemae 3. Synthesis of 2-alkylsulfanyl-4(5)-phenyl-5{4)-(pyridin-3-yllimidazoles 4 and 11, Reagents and conditions; (i) H;N-OH - HC),
pyridine, 100°C; (ii) p-toluenesulfonyl chioride, pyridine, ~10°C (i} ¢-BuOK, ethanal, 0°C; {iv) NaSCN, aq. HCl, ethanol, reflux
temperature; (v) HyC-4, methanoli2M ag. NaOH 5:0 (wv), room temperature (1) In case of preparation of 4 or EtONa,

N (j Wt

2-chioroethanol, ethanal, reflux p

F
H.
N | i _/"C h
S T [ >
| A !
N~
SKFBIC02 2
Scheme 4, Unemected nunon of Imidazof2,1-bithlazotines
to  2-alkylsutfanylimi and conditi

(i) n-butyliithium, tetrahydrofuran, ~78°C.

In 2003, Laufer and co-workers reported a six-step synthetic
protocel to 2-methylsulfanyl- and 2-benzylsulfanyl-substi-
tuted imidazoles 19 starting from 2-halogeno-d-methylpye-
idines 13a-c (Stheme 5), which was further optimized In
2006 [10, 11]. Analogously to the route depicted in Scheme 3,
the formation of the imidazole ring takes place by cyclization
of an «aminoketone with thiocyanate salt, although the
preparation of the a-aminok 16 was carried out in a
different way. Ethanones 14, synthesized starting from the
corresponding 2-halogeno-a-methylpyridines, were first con-
verted into the corresponding n-oximino derivatives 15 and
then regioselectively r d to w-aminoketones 16, This
reduction step was performed using hydrogen at sph

in case of preparation of 11

a solvent, e.g., methanol or ethanol, these were able to react
in an acid-catalyzed nucleophilic aromatic substitution reac-
tion displacing the fluorine substituent at the pyridine ring. In
detail, the use of methanolic hydrogen chloride solution in
this reaction resulted in methoxy derivative 16¢. By employing
a more sterically demanding alcohol such as isopropyl alcohol
this coflateral reaction could be avolded and compounds 16a
and 16b could be obtained smoothly. Worth to mention, the
reduction of oxime derivative 15¢ was accompanied by a
hydrogenolytic deavage of the bromo atom yielding unsub-
stituted pyridine compound 16d. The latter observation was
used in another study to synthesize 4(5)-(4-fluorophenyl)-5(4)-
({pyridin-4.y1)-1,3-dihydroimidazol-2-one from bromo-substi-
tuted oxime 15¢ via a-aminoketone 16d [12).

The imidazole-2-thiones 17 were synthesized by cyclization
reaction of a-aminoketones 16a and 16b with potassium
thiocyanate. Subsequently, the exocyclic sulfur atom was
alkylated (methyl or (substituted) banzyl) via a nucleophilic
substitution reaction, Finally, the pyridine-C2-amino function
wias introduced through a nudeophilic aromatic substitution
reaction of Imidazoles 18a and 18c and different primary
amines.

As already mentioned, this synthetic strategy was further
optimized by Laufer and Liedtke [11), Ethanones 14 were
synthesized according to a protocol of Thompson et al, which

pressure, palladium on charcoal as catalyst, and z-ptopanoﬁc
hydrogen chloride solution as solvent. The choice of the
solvent during this step was described to be essential for its
success. Most important, under these acdic conditions, the
primary amino function of 16 resulting from the reduction is
being protonated, thus preventing the possible | lecu-

consisted in reacting the 2-halogeno-&-methylpyridines with
ethyl 4-fluorobenzoate Instead of the Welnreb amide and In
using sodium bisitrimethyksilyl)amide (NaHMDS) instead of
lithium diisopropylamide (LDA) as a base, These modifications
aliowed the performance of this reaction at moderate

lar condensation reaction of two a-aminoketone molecules to
a 2,3.56-tetra-substituted pyrazine derivative. However,
when using hydrogen chloride solution of linear alcohols as

£ 2017 Deutsche Phacmazeutische Gewdlschaft

temp and reduced the reaction time. Moreover, the
reaction of c-aminoketones 16a and 16b with alky! or benzy|
thiocyanates directly ylelded the corresponding 2-alkylsul-
fanyl- or 2-benzyksulfanylsubstituted imidazoles 18, thus
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sdmm 5. Synthetic routes toward 2- alkyl-s-(z-ammowtdln-l-yl)-d-(l-ﬂuovopheomnmldazoles 19 and 2-methyisulfanylimidazoles

and conditions: () LDA, 4-fluoro-

tetrahydrofuran, -85°C then 0°C (ii) NaNO,, acetic

add lO'C, (i) H;. PAIC 10%, 1atm, 2-propanolic HCI, n. (iv)KSCN N,N-dimethylformamide (DMF), reflux temperature, (v} R'-hal
(hal =1, Br, CI; R" = CH, or benzyl), ethanol-tetratydrofuran (8:2), reflux temperature; (i) excess R*-NH,, neat, 160-180°C; (vil) Hy, Pd/
C 10%, 1atm, methanolic MCL rt; (vii) methylvbenzylthiocyanate, DMF, 160°C, (o} NaMMDS, ethyl 4-fluorobenzoate,
tetrahydrofuran, 0°C then rt; (x) R’-SH or R*-OH, NaH, DMF, 155-160"C

shortening the synthetic sequence by one step. The presented
route Is characterized by a good flexbility in the function-
alization of the imidazole-C2-S position and in the substitu-
tion of the pyridine-C2 position, taking place in the last two
synthetic steps. On the other side, the aryl and the heteroary!
modeties at the imidazole-C4 and -C5 positions need to be
defined in the first step of the route.

In 2008, Laufer and co-workers took on the optimized
synthetic strategy extending the number of examples of
imidazoles 19 [7]. Within this series, 2-methylsulfanylimida-
zales having a meta-triflucrophenyl ring as aromatic substit-
uent or a quinoline ring as heteroaromatic substituent on the
imidazole-C4 and -C5 positions, were also synthesized. In
addition, the substitution pattern at the pyridine-C2 amino
group was extensively modified by introduction of alkyl,
cycloatkyl, aromatic as well as hetercaromatic moieties, and

the 2-methylsulfanyl maoiety at the imidazole-C2 position into
a 2-methybsulfingl being the predaminant biotransformation
reaction (17, 18]. Cytochrome P450 (CYP450)-3A4 was
identified to be the key isoform for this sulfoxidation
reaction. In a mouse arthritis model, ML3403 reduced the
production of the proinflammatory cytokine IL-6 in the paw
tissue, whereas |t increased the levels of the anti-inflamma-
tory cytokine 1L-10 [14],

By comparing ML3403 with its precursor 18a (Fig. 2), it could
be observed that substitution of the fluorine atom at the
pyridine-C2 position with a phenylalkylamino group proved
to be beneficial for the inhibitory activity on the p3Ba MAP
kinase. As already mentioned, this is mainly due to the
formation of an additional hydrogen bond with the backbone
carbonyl group of Met10% and, as an additional factor, to the

the amino linker was replaced by an ether and a thioether
function.

Examples of trisubstituted 2-alkylsulfanylimidazoles as
potent p38a MAP kinase inhibitors, which were synthesized
following the synthetic routes depicted in Scheme §, are
displayed in Fig. 2. The most prominent example is repre-
sented by ML3403, which inhibits the target kinase in the
double-digit nanomolar range and the release of TNF-a from
human whole blood (HWB) in the low-micromolar range.
ML3403 served both as lead compound for further optimi-
zation studies and as reference compound in in vitro and in
vivo studies [7, 13-17]. The pharmacokinetic profile of
ML3403 was extensively investigated by Kammerer
et al, [18, 19]. in vitro (animal and human liver microsomes)
as woll as in vivo (Wistar rats) studies revealed the oxidation of

£ 2017 Deutsche Phacmazeutische Gewdlschaft

po ial inter, with the enzyme's hydrophobic region
Il. As proof of this, the replacement of the nitrogen with a
linker atom unable to donate a hydrogen bond {such as
oxygen In compound 20a) resulted in a dramatic drop In
activity, Laufer and co-workers also showed compounds
having branched alkyl (19a) or (polar) cycloalkyl groups
{19b, 19¢) at the pyridine-C2 amino function to exhibit &
markedly increased p38a MAP kinase inhibition profile with
Csp values down to the low single-digit nanomolar range
(Fig. 2). Nevertheless, at a test concentration of 10uM,
ML3403 a5 well as 19a display more than 50% inhibition of
four CYP450 isoenzymes |7).

Recently, our group reported tri-substituted imidazole 19d
as a balanced dual p38a MAP kinase/JNK3 Inhibitor together
with its fluorescent labeling by reaction with fluorescein
sothiocyanate isomar 5 giving 19e (Fig. 3) [20], The latter
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serves as a roporter molecule in fluorescence polarization- ¢
based competition binding assays to determine the affinity of

|

potential Inhibitars for p38a MAP kinase as well as for all INK f"}.s'c th "Q)__sﬂ*a
isoforms [20-22). f ‘n :1

The route depicted In Scheme 5 is limited by the nature of N N
the moiety at the imidazoleC2 position. Attempts to A HN —;\]'o"
synthesize a series of pyridinylimidazoles 22 having by- ﬁ Q 1
droxy-containing groups like hydroxyethyl or 2,3-dihydrox- gy i u' %
ypropyl at the imidazole-C2-5 position starting from
imidazole-2-thione 17a (Scheme 6) falled [12). The intended ““"‘_ A c‘w:' 2
synthetic strategy included the introduction of the pofar
alkylsulfanyl moiety at the imidazole-C2 position by nucleo- Kl Iacn 4N K =0

philic substitution of imidazole-2-thione 17a and the appro- Figure 3. Dual p38a MAP kinase/INK3 inhibitor 19d and
priate alkyl halide followed by displac t of the fluorine  reporter molecule 1%e [20).
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Scheme 6. Unexpected reaction of 2-alkylimi-
dazoles 21a and 21b into imidazol-2-ones 23,
Reagents and conditions: (i) EtONa, methanol,
2-bromoethanol, rt (for synthesis of 21a) or
EtONa, methanol, 3-bromopropane-1,2-diol, rt
(for synthesis of 21b); (i) excess amine, 160°C,
237wl sealed tube.

£ 2017 Deutsche Pharmazeutivche Gewilschaft www.archpharm.com {5 ot 17) 01700258




APPENDIX

147

Asch. Pharm. Chem. Life Sa. 2017, 350, «1700258

ARCH PHARM

P. Koch and F. Ansideri Archwv der Pharmazie
FYQ] Scheme 7. Preparation of 4(5)-(4-fluorophenyl)-
I S(a)-{2-(atkytamine) pyridin-d-yl-1,3-diydroimi-
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atom in 21a and 21b by heating with an excess of primary
amine. However, the latter step was accompanied by an
unexpected transformation of 2-alkylsulfanylimidazoles 22a
and 22b Into the Imidazol-2-one derivatives 23 {12]. The
prograss of this reaction to the 2-alkyisulfanylimidazole and
imidazole-2-one derivatives 22 and 23 is temperature-
dependent. Reaction monitoring also indicated that imida-
zoles 21 first reacted with the primary amine in a nucleophilic
aromatic substitution reaction to 2-alkylsulfanylimidazoles 22
followed by the conversion of 22 into imidazol-2-ones 23 as
the predominant reaction.

Due 1o the fact that the introduction of the amino function
at the pyridine-C2 position via a nucleophific substitution
reaction is not feasible without simultaneous conversion of 2-
alkylsuifanylimidazoles 22 Into imidazole-2-ones 23, the
reaction sequence was modified. The first attempt consisted
in performing the nucleophilic aromatic substitution reaction
on the imidazole-2-thione Intermediate 17a In order to
functionalize the suffur atom of thiones 24 in the last
synthetic step, Hawwet, this approach was not successful due
to a probl i ion of the imidazole-2-thiones 24,
along with a scarce reproducibility of this reaction (23],

An alternative strategy succeeding in the preparation of
compounds 22 was suggested by some of us Iin 2008
(Scheme 7) [24]. In the first step of this synthetic route,
the substituent at the pyridine-C2 position was introduced
either via a nucleophilic substitution reaction of Boc-
protected 2-amino-d-picoline (25a) with alkyl halides or via
Buchwald-Hartwig cross-coupling reaction of 2-bromo-4-
picoline (13c) with primary amines followed by Boc-protec-
tion, Starting from 2. ammo-t-mﬁhytwndmﬂ 1!, tho
ethanone formation-nitrosati tion-cycli
guence was applied to generate |midazole-2-thiones u
Alkylation of the exocydlic sulfur atom In buliding block 24
with different polar alkyl halide residues furnished target
compounds 22,

£ 2017 Deutsche Pharmazeutische Gewdlschaft

duol&) thiones 24 as well as their funmonal

= ion at the imidazole-C2-S position.
by and conditions: (i) NaH, RP-8r, DMF, 0°C (in case
of starting from 25a) or a} R’-NN, Pd {dba),,

Nge -BuONa, BINAP, toluene, b) Boc0, dichloro-
n methane (in case of starting from 13¢) (i)
NaHMDS, ethyl 4-fluorobenzoate, tetrahydro-
furan, 0°C, then rt; (i) NaNO,, acetic acid, 10°C
to rt; (iv) PAC 10%, methanolic HC, H,
atmospheric pressure, rt; (v) KSCN, DMF, reflux
temperature; (vi) R'-X (X~ CI, 8r, 1}, t-B8uOK or
EtONa, methanol, 50°C to reflux temperature,

In contrast to the route depicted in Scheme 5, methanolic
hydrogen chloride was applicable as a solvent in the reduction
reaction of oximes 27 to the corresponding amine hydro-
chlorides 28, determining at the same time the deavage of the
8oc protecting group.

Most patent p3Ba MAP kinase inhibitors emerging from this
series are presented in Fig. 4. As a general trend, bigger, polar
moleties at the imidazole-C2 position, which may interact with
the ribose and the phosphate binding site, are well tolerated by
tha target kinase. Whereas the compounds of this series have a
similar inhibition profile of p38« MAP kinase like their S-methyl
counterparts (Fig. 2), they are all showing an increased potency
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Figure 4. Optimized p38u MAP kinase inhibitors synthesized
through the route depicted in Scheme 7 [24]
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Schame 9. Optimized synthesis of 22b wsing acetal as the 1,2-dihydroxyl protecting group. Reagents and conditions: (i) -BuONa,
methanol, 3-bromopropane-1,2-diol, 70°C; (i) acetone, p-toluenesulfonic acid, reflux temperature; {iil) R-NH,, 160°C, sealed tube:

(iv} 2M aq. HCl, rt.

in the ex vivo HWB assay, For example, imidazoles 22¢ and
LN950 are 3- and 5times more active inhibitors of the LPS-
stimulated TNF-a release compared to their parent compounds
ML3403 and 19a (Fig. 2), respectively.

The introduction of the amino molety at the pyridine-C2
position in the first step of the synthesis (Scheme 7) limits the
use of this synthetic strategy for both optimization and scale-
up. For example, the overall yield in case of the synthesis of
LN950 is 4%.

Therefore, our group reported an optimized, more versa-
tile, and diverse protocol to prepare 2-hydroxyethylsulfanyl
and 2,3 dihydroxypropy! imidazoles (Schemes 8 and 9) {25].
Differently from the aforementioned strategy, the introduc-
tion of the imidazole-C2-5 moiety as well as the pyridine-C2-
amine function are performed In the last steps of the
sequence, thus easing the access to a broad variety of
derivatives.

In order to avoid the aforementioned conversion of 2-
alkylsulfanylimidazoles 22a and 22b into the corresponding

imidazoles 19f and 19g was introduced via nucleophilic
aromatic substitution. Finally, the acid-labile protecting
groups were cdeaved off to liberate the 2-alkylimidazoles
22a and 22b, respectively.

This cptimized strategy resulted in a remarkable increase in
the overall yield of derivatives 22a and 22b, e.g., the overall
yield for the synthesis of LN950 (Schemne 8) is 29.4%, thus gight
times higher than the route illustrated in Scheme 7. Further-
more, the higher flexibility in introducing (phenyl)alkylamino
substituents at the pyridine-C2 position enabled a broader
exploration of this area. As an example, the use of

enantiomerically pure alkylamino substi d to
assess that, in case of LN950, the eutomer is represented by
the (S)-enantiomer.

In 2016, GUnther et al. reported a route to 2,4,5-tri-
substituted imidazoles as covalent inhibitors of EGFR, in which
the heteroaromatic ring at the imidazole-CA(S) position was
ntrodu:ed via palladium-catalyzed cross-coupling reaction

pounds 36, R* = 4-fluorophenyl, Scheme 10) [26). With the

imidazol-2-one derlvatives 23 (Scheme 6), the hydroxyl groups
of 21a and 21b were protected as acetals, Then the amino
function at the pyridine-C2 position of the O-protected

£ 2017 Deutsche Pharmazeutische Gewdlschaft

aim to extend SAR insights in EGFR inhibition, Gunther et al,
took recently over the same route and broadened the range of
the aryl substituents at the imidazole-C4(5) position by
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Scheme 10. Synthesis of covalent EGFR inhibitors 36. Reagents and conditions: (i) S-methylisothi ium sulfate, hydrofuran/

H,0, refiux temperature; (i} a) Nah, SEM-CI, tetrahydrofuran, —15°C; b) SEM-CI (cat.), xetonlmle. 80°C; (Ili) NBS, acetonitrile, 85°C;

(v} (2-acatamidopyridin-4 40l

acid ester, Pd(OAC)/XPhos or Bdyldba)/(t8Bu)P HBF, K.PO, dioxana™ 0, roflux

temperature; (v) 5M NaOH/methanol, 60°C (vi) subst. bromoanifines, Brettphos Pd G1, C5,CO,, dioxane/t-BuOH, 130°C, (vii)

trifluoroacetic acid, dichloromethane, rt

Introducing an unsubstituted phenyl ring, as well as 2-naphthyl
and 2-thienyl moseties [27]. 2-Methylsulfanylimidazole 30 was
built upinanalogy totheroute depicted in Scheme 2 by reaction
of an u-bromoketone and an S-methylisothiuronium salt, Price
to the Suzuki cross-coupling reaction, the NH of the imidazole
was protected by the SEM group and the imidazole-CS position
was brominated using N-bromosuccinimide (NBS) In acetoni-
trile. Suzuki cross-coupling of 32 and (2-acetamidopyridin-4.y1)
boronic acid ester yielded 1,2,4,5tetra-substituted imidazole
33, Removal of the acetyl group under basic conditions
liberated primary amine 38, which was functionalized vis

palladium-catalyzed Buchwald-Hartwig arylamination with
predecorated bromoanilines carrying the electrophilic war-
head. Finally, removal of the SEM group undct mikd acidic
conditions Jib d 2-methylsulfanylimid, 36
Computational studies :howed thn these pyridinylimida-
zole-based inhibitors bind to the ATP cleft of the target
enzyme in an analogous manner as for the p38a MAP kinase,
The 2-aminopyridine moiety forms a bidentate hydrogen
bond to the Met793 of the hinge region while the 4.
fluoropheny! moiety is located in the hydrophobic region 1.
Additionally, the substituent on the pyridine-C2 position
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Figure 5. 2-Alkylsulfanyl-5(8)-pyridin-a-ylimida-
zoles as wt and mutants EGFR inhibitors [26, 27],

www.archpharm.com {8 ot 17) 02700258




APPENDIX

Asch. Pharm. Chem. Life So. 2017, 350, «1700258
2-Alkytsulfanyl-4(S)-aryl-5(4)-heteroarylimidazoles

ARCH PHARM

Archwv der Pharmazie

P e
el A i ,
(=0 n o ~-N N
r&i st et _")“’ g::: I&TI"F’ ' '/‘11'?‘1
i ) ,{ " 'I".vf' X Njo v %
" T N;l.ﬁ Pﬂ‘",\'
a0 ear - \.VJ
;;:;:::o.u M R4 A # hrcsoensd
-
; .
,%Mmm "'Q‘I"w"-"‘* ”Qn'”« o
" My, — — ‘s
S ot o oe
W . “o e - '..‘ B 2
Tl | 9] \':J Scheme 11. Synthesis of 2,45 trisubstituted
imidazoles 39, 42, and 39a featuring a diverse
Kees. ‘:"" " l- LI substitution pattern at the imidazoleC2.S posi-
e F & tion. Reagents and conditions: (i) aniline, N-
’ " . Mo mathylpyrrolidinone, conc, aq. HCI, reflux tem-
Foalliher perature; (ii) alkyl hafide, K;CO;, tetrahydrofu-
'l ran, reflux temperature; (IlI) N-(2-bromoethyl)
Neor phthalimide or N-(3-iodopropyl)phthalimide,
“I R K;COy tetrahydrofuran, reflux temperature;
‘f"] (iv) hydrazine hydrate, ethanol, 70°C; (v) car-
S boxyhic acid, TETU, DIPEA, tetrahydeofuran, rt.

carries an electrophilic warhead able to covalently target the
non-catalytic Cys797, thus increasing potency and residence
time of the inhibitor. The most promising covalent inhibitor
36a (Figure 5) revealed to efficently inhibit not only the wild
type (wt) and both the single (L858R) and double (L858R/
T790M) mutants of the EGFR, but also the one carrying a triple
LB5SR/TTIOM/ICTI7S mutation. Although the latter mutant is
missing the Cys797 residue and can therefore not be targeted
by the acrylamide molety, the strong reversible binding of
these derivatives is reported to be the determinant for the still
satisfying inhibitory activity against this variant. In
addition, inhibitor 36a proved to be effective in profiferation
assays on tumor-relevant cancer cell lines carrying different
EGFR mutations and showed additionally a high selectivity
over the wt cell line. When tested at a concentration of
200nM in a panel of 410 ki 3 pound 36a inhibited 27
kinases including EGFR wt, 10 dsease-relevant EGFR mutants
and all three JNK isoforms [26). Replacement of the 4-
fluorophenyl ring with other aryl and heteroaryl moieties
seemed not to produce a remarkable effect on the inhibition
of wt and mutant forms of EGFR, as compounds 36b and 36¢,
bearing, respectively, s 2-naphthyl and a 2-thienyl moiety still
displayed Iy, values in the picomolar range [27].

In addition, In order to diversify the substitution on the
sulfur atom at the imidazole-C2 position, the same authors
suggested a strategy analogous to the one outlined in
Scheme 5, starting from 2-fluoro-4-picoline (13a, Scheme 11).
The major difference from the previously reported synthetic
pathway was the possibility to Introduce the molety at the
pyndine-C2 position directly on the Imidazole-2-thione
derivatives 17a and 37, thus shifting the functionalizati

£ 2017 Deutsche Phacmazeutische Gewdlschaft

of the sulfur atom to the last step of the route. Nevertheless,
only an aniline was introduced In this position and, as
reported from the authors, the same reaction could not be
reproduced using differently substituted aromatic amines.
After functionalization of the pyridine ring. different
aliphatic moieties were installed on the sulfur atom hy
nucleophilic substitution of compounds 28a and 38 with the
appropriate alkyl halide. Among these, alkyl amines pro-
tected as phthalimides could be introduced {compounds 40},
After deprotection by hydrazinolysis, primary amines 41 were
coupled with different carboxylic acids resulting either in
amides 82 having different electrophilic warheads or in
saturated counterpart 39a.

As previously mentioned, the preparation of analogs of
compounds 39, bearing substituted anilines at the pyridine-C2
pasition, required a different strategy. This route, in analogy
to the one reported in Scheme 10, is based on the construction
and functionalization of the imidazole core followed by
introduction of the pyridine moiety at a late stage
(Scheme 12} [27]. The a-aminoketone 43, obtained by
Delépine reaction from the «-bromoketone 29a, was cydized
with potassium thiocyanate and the imidazole-2-thione
intermediate 44 was then substituted on the sulfur atom by
reaction with N-{2-bromoethyl)phthalimide. After SEM pro-
tection of the imidazole-N atom, the aliphatic amino group
weas liberated by hydrazinolysis, Subsequently, compound 46
was coupled with propionic acid and, anslogously to the
previously reported route, the imidazole-CS position was
brominated using NBS. The Z-aminopyridin-4-yl moiety could
be introduced by a one-pot (two-step) tandem borylation/
Suzuki cross-coupling reaction affording compound 49,
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Scheme 12. Synthess of compound 52. Reagents and condim (} umtropme. r.h\otoform 50°C, then conc. ag. HC, ethanol, rt; (i)

KSCN, acatic acid, reflux temparature; (ill) N4{2-bromoethyliph

furan, refluxtemperature; {iv) NaH, SEM-CI,

DMF, rt; (v} hydrazine hydrate, ethanol, 50°C () propionic acid, TBTU, DIPEA. letnhydrolurm. rt; (vii) NBS, DMF, rt; (viii)4-bromo-242,5-
dimethyl-1H-pyrrol-1-yl)pyridine, bis(pinacolato)diboron, KOAC, PHOAC),, XPhos, 0.5M aq. K370y, dioxane, 130°C; {ix) HyN-OH - HCL,

DIPEA, ethanollH,0, 45°C, sealed reaction vessel; () N-(3-b

trifluoroacetic acid, dchloromethane, rt.

Diff ly from the pathway depicted in Scheme 10, 2 2,5-
dimethylpyrrole protecting group was employed for the 2-
amino molety, allowing a controlled deprotection step
without the simultaneous dleavage of the amide functional-
ity, Derivative 50 was reacted in a palladium-catalyzed
arylamination reaction with an aryl bromide group carrying
the electrophilic Michsel acceptor. Finally, the SEM protecting
aroup was cleaved off to obtain the desired compound 52.
Targeting the phosphate binding cleft by introducing
diversely functionalized alky! chains at the imidazole-C2-5
position produced good results in case of amine or amide
moseties with an ethylene spacer. Compounds 3% and 42a
(Fig. 5) proved to inhibit the different forms of EGFR more
efficiently than their S-methylated precursor, presumably due
to the formation of an additional hydrogen bond interaction
with the Asp855. Nevertheless, placing the welectrophilic

© 2017 D he Phas Gesadlschaf

+ 1" 1
yljacry

Cs,CO,, Brettphos Pd G1, dioxane/t-BuOH; (xi)

warhead on the flexible chain at the imidazole-C2-S position
(compound 42a) did not result in the same high potency of
compounds 36a-¢ although an Irreversible mechanism of
action was confirmed by mass experiments. Also compound
52, bearing both the covalent tag at the pyridine-C2 pesition
and the amide y at the imidazole-C2-S atom did not
overcomne the potency of the lent inhibitors 36a-¢ on the
EGFR LB58R/T790M mutant {27].

In 2010, Laufer and co-workers reported a synthetic
strategy toward 2,4,5-tri-substituted imidazoles having an
acyl group at the pyridine-C2-amino position that starts from
building block 18a (Scheme 13) [28]. After substitution of the
fluorine atom by ammonium hydroxide, target compounds 53
were obtained by coupling of 19h with the correspanding
carboxylic acids after N,N-carbonyldiimidazole {CDY) activa-
tion. The most potent p38a MAP kinase inhibitor out of this

<ch 13. Syntheti pry

y to 2,4,5-tri-
substituted imidazoles havlng an acyl group
at the pyridine-C2-amino position. Reagents
and conditions: (1} NH,OH, 180°C; (i) R'-COOR,
CDI, N-methylpyrrolidinone, rt then 120°C.
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Figure 6. Tri-substituted imidazoles featuring an acyl group at
the pyridine-C2 amino position, synthesized through the route
outlined in Scheme 13 |6, 28, 29].

series is imidazole 53a displaying ICy, values in the low single-
digit nanomolar range {Fig. 6). Despite the presence of an o, fi-
unsaturated carbonyl group, & potential covalent inhibition
mechanism was not commented.

Peifer et al, showed that an analogous compound of 53a (2-
mathybsulfanylimidazole $3b), which was originally designed
as a p38a MAP kinase inhibitor, is also inhibiting two isoforms
of protein kinase CK1, formerly known as casein kinase 1 {29].
Although Inhibitor 53b also possesses @ Michael acceptor
system, in this case a possible Irreversible mode of action was
exciuded by the authors. Recently, Peifer and co-workers
reported an optimization study of 53b resulting in balanced
dual CK18/CK1c inhibitor 53¢ [6]. A selectivity screening of 53¢
against a panel of 321 kinases revealed that six other protein
kinases, including CK i, p38x MAP kinase and related kinases
INK2 and JNK3, were inhibited higher than 50% at a test
concantration of 100 nM, Compounds 53b and 53c are the first
2-alkylsulfanylimidazole-based ki inhibitors for which a
co-crystal structure with the target kinase was solved.
Inhibitors 53b and S3¢ were co-crystallized with p38a MAP
kinase (PDB code: 5MLS) and CK1& (PDB code: 5MQV),
respectively. In case of 53b.p38a MAP kinase complex, the
crystaliographic data confirmed the general binding mode
discussed in the intreduction with the addition of & potential
interaction of Phe169 with the imidazole core and with the
Lys53 through =—w and w<ation-stacking, respectively,

£ 2017 Deutsche Phacmazeutische Gewdlschaft

Synthesis of 1,2 4,5-tetra-substituted
imidazoles

The alkylation of 2,4,5-tri-substituted 1M-imidazoles repre-
wents one possible strategy to obtain 1,2,4,5tetra-substituted
imidazoles which can, however, result in two different
regioisomers, The substituents on position (2), 4, and 5 may
influence this reaction by directing the substitution on one of
the two imidazole nitrogen atoms, therefore favoring the
formation of one regioisomer over the other.

In the patent application described In Scheme 2 [8), the
researchers reported the alkytation reaction of imidazole-2-
thione 10 with methyl lodide to tri-substituted imidazole 4 to
also result in methylation of the imidazole-N atom, As
displayed in Scheme 14, this led to two different regioisomers
54 and 55, which could be separated by chromatography on
silica gel. However, the authors did not comment on the
analytical techniques to define the position of the methyl-
ation and neither a yield nor the ratio of the two isomers was
reported for this reaction.

In 2003, Wagner et al. studied the methylation of the
Iimidazote ring of different tri-substituted 1H-imidazoles, e.g.,
18a, and reported analytical methods to distinguish both
Nsubstituted regioisomers (Scheme 15) [30]. Alkylation under
basic conditions occurred with a remarkable selectivity
yielding somer 57 as major product (57/56a - 93:7, use of
Na;CO, or Cs,C0, as base) or sole product (use of NaH as base)
of this reaction.

The authors also demonstrated that the alkylation of the
correct imidazole nitrogen i critical for the inhibitors'

[ $
O\ﬁn}:a | Q\f’ipgb“, . %T”‘}-s
» =N o
yr QTR
LG - L
Scheme 14. Synthesis of 1-methyl-2-methylsulfanyl-4(5)-phe-

nyl-S{8)-{pyridin-3.ylfimidazoles $4 and S5 Reagents and
conditions: (i) H,C-1, methanol2M aq. NaOH 2.5:1 (w\), rt

Fe ¥ F.
14 N i g S
_ IOy —t 1 +s . 1 s
Bl B TN Ty P
. ]
N L » L
J v f
i e Cl

Scheme 1S5, Alkylation of Nunsubstituted imidazole 18a,
Reagents and conditions: (i) H,C-4, different basefsolvent
mixtures,
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0 Figure 7. Infl on regioi ism for p28a
_1?" MAP kinase Inhibition [10] (modified from
Rl W\ ess  Ref. [31]; HR, hydrophobic region

potency. Tetra-substituted imidazole 58a bearing the methyl
group at the imidazole nitrogen adjacent to the pyridine ring
shows a more than 100-fold higher inhibition of p38« MAP
kinase In comparson to compound 59 having the same
substituent at the N atom adjacent to the 4-fluorophenyl ring,
due to the impossibility of the latter to accept a hydrogen
bond from Lys53 (Fig. 7).

A six-step reaction sequence for synthesizing 1-alkyl-2-
alkylsulfanyl-4-(4-fluorophenyl)-5-(pynidin-d-yl)imidazoles 67
starting from ethyl sonicotinate (60) (Scheme 16) was
reported by Laufer and co-workers in a patent application
in 2002 [32]. Key steps of this pathway are the assembling of
the imidazole ring by reaction of a-oximinoketone 63 with
different  N-substituted 1,3,5-trialkylhexahydro-1,3,5-tria-
zinas 64 resulting regioselectivaly in 1-alkylimidazole-3-oxides

suitable for the introduction of aryl or heteroaryl moieties at
the imidazole-N1 position,

Compound 67a, the open analog of prototype p38a MAP
kinase inhibitor SKF86002, shows a two- to fourfold decrease
in kinaso inhibition compared to its parent compound
(Fig. 8) [33].

F F.
|
|'§“s %::}*3%
f :: |
N CHy
P00 W

65, followed by treatment with 22,4 4-tetramethyl-3-thio- Gy (538 » 4001000 s Kog (p38) » 2,200 M
cydobutan-1-one  or 2244 ethylcyclobutane-1,3- g (THF4) = 5,600 2
KCog (L-17) = 1,500 M

dithiane to yleld imidazole-2-thiones 66. In the last step,
the molety at the imidazole-C2-$ position was introduced, as
in previous examples, by nucleophilic substitution reaction
with appropriate alkyl halides, However, this route & not

Figure 8. Biclogical activity of 1,2,4,5-tetra-substituted imid
ole 67a [33] In comparison with its cyclic analogue SKF86002
134, 35),

F F
[+]
ggvma : T::' o £ o -
],, Q/\"' 'E::[/\L o 0 Scheme 16, Synthetic pathway toward 1-alkyl-2-
™ N a N & methytsulfanyl-4-(4-fluorophenyl) S-(pyridin-4-

yhimidazcles 67. Reagents and conditions: (i) 4-
fluorophenylacetonitrile, sodium, ethanol, reflux

F 6"\', o (oS e temperature; (ii) 48% ag. MEBr, reflux tempera-

o k N v [+ " \Q,L'N g ture; () NaNO;, H;0, aceti acid, rt; (Iv) ethanol,
Yty — reflux temperature; (v) 2,2.4.4-tetramethyl-3-

= N thiocyclobutan-1-one, chlorotorm, 0°C then rt
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or 2,24 41etramethykycobutane-1,3-dithione,
o dithloromethane, 0°C then rt; {vi) R'-X {X = |, Br),
Na;CO,, ethanol, reflux

P e,

www.archphuarm.com 112 ot 17} 0700258




APPENDIX

Asch. Pharm. Chem. Life So. 2017, 350, «1700258
2-Alkytsulfanyl-4(S)-aryl-5(4)-heteroarylimidazoles

ARCH PHARM

Archiv der Pharmazie

oo "1:)? Y. T 5

(1 ll#‘“u% o == '.‘/ “on

% g 1 s e W i o Y :
;:\J) :;_“ -:\CL):‘:F. '.\C,’\j::}—a'. . j‘;-’\_‘ﬁ a W l“!‘-‘"
Y (3 O >8
ML CH, _CH, mxot,'. :

I rn

Scheme 17. Synthetic pathway toward 1,2,4,5-tetra-substituted Imidazoles 74 bearing an acyl moiety at the pyridine-C2 position,
Reagents and conditions: (i) acetic anhydride, 4-dimethylaminopyridine (OMAP), reflux temperature; {ii) KMnO,, H,0; iii) a) COL,
DMF, rt; b} +-BuOK, 4-fluaraphenylacetonitrile, DMF, 120°C; (iv) 48% aq. HBr, reflux temperature; (v) acetic anhydride, DMAP, reflux
temperature; (vi) isoamyl nitrite, MeONa, methanol, rt; {vii} ethanol, reflux temperature; (vil) 2,2,4,4-tetramethylcyclobutane-1,3-
dithione, dichloromethane, rt; (ix) R'-X, Na,COy, ethanol, rt; (x) 10% aq. HCl, reflux temperature; {xi) R~COCI, triethylamine,

tetrahydrofuran, 0°C or R*-COOH, CDI, N-methyipyrrolidinone, rt then 120°C.

In order to Improve the Inhibitory potency of tetra-
substituted imidazoles 67, two modifications of this synthetic
strategy were reported by the same group, enabling the
introduction of acyl or amino moieties at the pyridine-C2
postion (Schemes 17-19) (10, 36). Both multi-step reaction
sequences encompass ethanone 69 as a common synthetic
intermediate. Prior to the formation of the corresponding «-
oximincketone, the amino function of 69 has to be protected
due to the possible interference in the cyclization step with
triazinanes 64. The two alternative strategies applied con-
sisted either in protecting the amino function of 69 as N-acety!
(Scheme 17), or in transferring It into a fluorine group using
Olah’s reagent (Scheme 139), In the penultimate step of both
sequences, the N-pratecting group was removed under acidic
conditions {Scheme 17) or the F-atom was displaced via &
nucleophilic substitution reaction with ammonia in a reactor,
both resulting in a primary amine (Scheme 19). Finally, the
modeties at the pyridine-C2 amino function were installed. For
the introduction of acyl moieties at the pyridine-C2 amino
function, a pling with activated carboxylic acids (acid
chlorides or CDI method) was carried out in both synthetic
routes. In case of the strategy depicted in Scheme 17, the
authors also reported the possibility to introduce alkyl
moieties at this position by reducing the amide function of
74a to secondary amines 58b or by nucleophilic substitution of
primary amines 75 with appropeiate alkyl halides (Scheme 18).
Alternatively, the exocyclic amino group of 75 can also be
functionalized by palladium-catalyzed Buchwald-Hartwig
coupling reaction with predecorated aryl halides
(Scherne 18) [37]. Furthermore, by following the same route
displayed in Scheme 19, Laufer #1 al. reported the introduc-
tion of (aryl)alkylamino groups at the pyridine-C2 position by
directly reacting intermediate 56 in a nucleophilic aromatic
substitution reaction with primary amines [38].

£ 2017 Deutsche Phacmazeutische Gewdlschaft

A broad range of tetra-substituted imidazoles 74 were
reported by Laufer and co-workers varying the substituents
at the imidazole-N1, at the imidazole-C2-5 as well as at the
pyridine-C2-amino position (Fig. 9) (10, 28, 36-41). The
active metabolite (CBS-3595) of 2-methylsulfanylimidazole
74c is the first out of this series being tested in pre-clinical
studies [42]. CBS-3595 Is a dual p3Bx MAP kinase/phospho-
diesterase (PDE)-4 inhibitor exhibiting good TNF-a inhibi-
tion in the HWE2 assay. One of the adnntagcs of
substituting the imidazole-N1 position is repr d by

s :
w0
9 ege = | T
W, N ——— K
) =N
Sctwrrm 17 r T
» g "
WM
‘g ' HY._Cr,
Tea b
(2PN
W ueen -N R
W —=, Na
soemet? § o N
N ”
Wi 78

Scheme 18, Synthetic pathway toward 1,2,4,5tetra-substituted
imidazoles S8 bearing an amino function at the pyridine-C2
position. Reagents and <ond6ﬁons {) LiAIH, tetrahydrofuran,
reflux temperature; {ii} R%-Br; NaH, DME, reflux temperature;
(i) aryl bromide, Brettphos Pd G1, C5,CO,, dioxane/t-BuOH 4:1
(wv), 110°C,
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Scheme 19. Synthetic pathway toward 1,2,4,5 tetrasubstituted imidazoles 58¢ and 74b. Reagents and conditions: (i) NaNQO,, 70%
HF-pyridine, —15 to -10°C then rt (i) NaNO, glacial acetic acd, rt, (ill) ethanol, reflux temperature; {iv) 2,2.4,4-
tetramathylcyclobutane-1,3-dithione, dichloramathana, rt; (v) HyC-, K,€O0. maethanal, rt; (vi) NHy, reactor; (vii) R*-COOH, €Y,

N-methylpyrrolidinone, 120°C; {viii) excess R7-NH;, neat, 170"C.

the possibility of reducing the CYP450 inhibition, particu-
larly when introducing bulky moieties. This is exemplified
by pound 74d, pr ing a clean CYP450 inhibition
profile (at a test concentration of 10uM, no or only slight
inhibition (<15%) of CYPA50 isoenzymes 1A2, 2C9, 2C19,
206, and 79% Inhibition of CYP450 isoenzyme 3A4) [10].
The introduction of a methoxysubstituted phenyl ring with
two methyl spacers from the acyl function combined with
2-methoxyethyl moiety at the [midazole-N1 position
resulted in the potent p38a MAP kinase Inhibitor 74e with
IC5p value down to the low double-digit nanomolar
range (40},

(PP

followed by nudeophilic substitution reaction of 81 with
primary amines to yield a-amincketones 83 and 84 as their
hydrochloride salts. 2-Methylsulfanyfimidazoles 56 were then
obtained elther by direct cyclization of 83 with methyl
thiocyanate or wia imidazole-2-thiones 79 followed by
methylation of the sulfur atom. In the last step, the F-atom
vaas substituted with different amines,

A series of derivatives was generated by transferring to the
pyridine-C2 position of tetra-substituted Imidazoles 58¢
(S5Be-g, Fig. 10} the same moieties, which had been resulting
in tri-substituted imidazotes with a high inhibitory activity on
P38 MAP kinase [7]. In case of the tetrahydropyranyl-

In 2015, Muth et al. reported a series of tetrasub
imidazoles displaying balanced p38« MAP kinass/INX3
Inhibition [37]. Imidazole 74f bearing an (E}-acrylic add
substituent at the imidazole-C2-5 position represents the most
potent derivative of this series, Docking studies performed on
an analogous derivative assumed that this particular moiety is
able to establish hydrogen bond interactions with a conserved
Lys (Lys53 in p3Ba MAP kinase and Lys93 in JNK3) as well as
with Arg107 {JNK3) in the phosphate binding site,

Recently, the potent covalent JNK3 inhibitor 58d showing
an excellent selectivity profile was reported [41] The
acrylamide moiety targets the non-catalytic Cys154 located

bstituted imidazole 58f, a one order of magnitude reduced
p38x MAP kinase inhibition was measured compared to 19b.
However, In case of hydroxycyclohexyl-substituted imidazole
589 no loss in kinase activity was observed compared to Its tri-
substituted counterpart 19¢. Nevertheless, in comparison to
their trisubstituted analogs, tetra-substituted imidazoles S8f
and 58g showed a markedly reduced inhibition of LPS-
stimulated TNF-u release in HWB assay.

In the same publication [38], the authors reported an
alternative strategy towards 1,2.4,5-tetra-substituted imid-
azole S6a whaerein the heteroaromatic ring was introduced

in the hydrophobic region I, which is only conserved among
all three JINK isoforms but not in the rest of the kinome [43].
Both, the irreversible mode of action and the specific amino
acid targeted from the electrophilic warhead were confirmed
by mass shift experiments.

In 2008, Laufer et al, reported a shorter route to 1,2,4,5-
tetra-substituted imidazoles 58¢ (Scheme 20) [38]. The
regioselective  alkyfation of the desired imidazole-N |Is
achieved through «-halogenation of ethanones 14a and 80

£ 2017 Deutsche Phacmazeutische Gewdlschaft

palladium-catalyzed cross-coupling reaction (Scheme 21).
The 2-methylsulfanylimidazole ring was built up in analogy
1o Scheme 20 starting from an «-bromoketone via nucleo-
philic substitution reaction with primary amines, thione
formation, and alkylation of the exocyclic sulfur atom,
1,2,4-tri-substituted imidazole 88 was brominated in posi-
tion 5 using NBS and finally the pyridine ring was installed via
Suzukl cross-coupling reaction to obtain tetra-substituted
imidazole 56a. This route, together with the ones depicted in
Schemes 10 and 12, represent the sole strategies permitting
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Figure 9. Diverse 1,24, 5-tetra-substituted imidazoles synthesized by following the routes described in Schemes 17-19

(10, 37, 4D-42],
v
R R R R
a a o cl,ﬁ CHy
e 8, W s M. - N g
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Scheme 20. Alternative synthetic pathway toward 1,2,4,5-tetra-substituted imidazoles 58¢. Reagents and conditions: (i) Bry, glaclal
acetic acd, rt; (i) R*-NH,, dichloromethane, -5 to 0°C, then 1.25 M HCliethanok; (i) KSCN, DMF, reflux temperature; {iv) H:C-1,
K3C0;, methanol, rt (starting from 79); (v) methylthiocyanate, DMF, reflux temperature (starting from 83); (vi) excess R*-NH,,
140-155°C (in caso of aliphatic amines) or aniline, NaH, diglyme, 70°C,
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