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ARTICLE INFO ABSTRACT

Avrticle history The dual-specificity tyrosineegulated kinase 1A (Dyrk1A) has gathered muchresteas i
Received pharmacological target in Alzheimer’s disease (AB)t it plays a role in malignant bre
Received in revised form tumors as well. As both diseases are multi-factpfiather protein kinasessuch as Clk1 ar
Accepted CK2, were proposed to contribute to the pathogeme¥Ve designed a new class wof
Available online benzylideney-butyrolactone inhibitors that showed low miorolar potencies against Dyrk

and/or Clk1 and a good selectivity profile among thost frequently reported off-target kinases.
A systematic replacement of the heterocyclic mgiatae access to further inhibitor classes
interesting selectivity profiles, demonstrating tththe benzylidene heterocycles provid

Keywords versatile tool box for developinghibitors of the CMGC kinase family members DyiB
Dyrk1A Clk1/4 and CK2. Efficacy for the inhibition of Dyk—mediated taiphosphorylation we
PI3 kinase demonstrated in a cell-based assay. Multi-targdiati not nonspecific kinase inhibitors we
Alzheimer also obtained, that co-inhibited the lipid kinaseiKa/y. These compounds were show
glioma inhibit the proliferation of U87MG cells in the lomicromolar range. Based on timeolecula
multi-targeted inhibitor properties, the inhibitors described here hold pizerfor CNS activity.
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1. Introduction

The dual-specificity tyrosine-regulated kinases rfyand
CDC2-like kinases (CIk) both belong to the CMGC btantthe
kinome and share the ability to phosphorylate ip@as well as
serine/threonine residues; however, only the adtigat
autophosphorylation occurs actually at tyrosine.

The Dyrk1A isoform is expressed ubiquitously while thost
closely related homolog, Dyrk1B, is mainly foundtastes and
muscle tissue [1]. In the last decade, Dyrk1A, bott Dyrk1B,
received much attention due to its implicationtia development
of Down Syndrome-related and sporadic Alzheimer ealis
(AD) [2,3], where it promotes neurodegeneration byeny
phosphorylating the microtubule-associated proté&u [4].
Furthermore, Dyrk1A was also shown to phosphorylatgl@ich
precursor protein (APP) and presenilin-1, a key coment of the
y-secretase complex, thereby accelerating the fasmabf
neurotoxic A8 peptides [5].

vivo-studies. Therefore, a selective inhibitor of Dykkls a
primary goal of drug development efforts, in partér with
respect to Down Syndrome—related neurodegeneratiomtfich
the overexpression of Dyrk1A is a main cause [24].

Rather selective Dyrk1A inhibitors have been desttib
previously, such as harmine, INDY, KH-CB19, Leucetirand
pyridinylthiophenes [25—-29], however, they still ibibed Clk1/4
with equal potency. Recently, Falkeal.[30] reported some 10-
iodo-11H-indolo[3,2-c]quinoline-6-carboxylic acid derivaéig as
highly selective inhibitors of Dyrk1A, but the caxytic acid
function may impair CNS penetration [31].

From a medicinal chemistry point of view, it is adtegeous
that Dyrk1A can potently be inhibited by very smaiblecules
with molecular weights below 300 g/mol [25,26], sudmesthat
the binding site can adapt to small ligands. Thispprty
contributes to the attractiveness of Dyrk1A as getfor CNS
diseases, because as a rule of thumb, the sntadlémhtibitor, the
higher are the chances to pass the blood braireb§3d].

In the following, we describe the development of $mal

Recently, DyrklA was also proposed as a new target ijenzylidene derivatives, which cover a broad rarfgeetectivity

glioblastoma [6]. Glioma are among the most maligrigpes of
solid tumors and survival rates for patients aik \&ry poor:
less than 5% of patients survive for 5 years df@ving been
diagnosed with glioblastoma multiforme, the most raggive
subtype [7]. Hence, more effective therapeutic ageate
urgently needed. Of note, DyrklA was reported to actmas
enhancer of receptor tyrosine kinase signalingwkmexamples
include FGFR [8] and EGFR [6,9]. Pozo and coworkesnd
Dyrk1A to be strongly overexpressed in glioblastopealleling
EGFR expression [6]. Dyrk1A prevents endocytosis-ated

and potency profiles, depending on the combinedrbeycles.

2. Results and discussion
2.1.Design strategy and synthesis

Two of the most important factors that determine @S
permeability of small molecules are the moleculassy which
showed a median of 305 Da in a thorough analysis\$ @rugs,

degradation of EGFR by a mechanism that require@”d the number of H-bond donors, which should<b# [31].

phosphorylation of the EGFR signaling modulatordspy2 [9].
Moreover, Dyrkl1lA—catalyzed phosphorylation of FOXQOsga
called FKHR) was shown to promote nuclear exclusibos t
maintaining cell cycle progression and supprestiegactivation
of pro-apoptotic genes [10,11]. Compared with heditfsue, the
mRNA of Dyrk1A, but not of the homologous kinases OiyBkor
Dyrk2, was strongly overexpressed in glioblastomadullo-
blastoma, astrocytoma and oligodendroglioma (aealyasing
the Oncomine portal, www.oncomine.org) [12,13]. Thiggasts
that Dyrk1A could be an interesting anti-cancer etig EGFR—
overexpressing tumors.

The Clk1 and -4 isoforms do not only share a stretngctural
homology with the Dyrk family but also some physiitmal
functions: Both are involved in the regulation dfemative
mRNA splicing through the phosphorylation of serimghaine-
rich (SR) proteins, including AF2/ASF, SC35 and SRpb4—
18].

SR proteins mostly promote the inclusion of exeiasbinding to
exonic splicing enhancers, and their activity ismyaregulated
by multiple phosphorylations [19,20]. Upon dysregola of the
kinase activities in the case of Alzheimer's diseae
alternative splicing of tau is influenced, which ukés in a
pathogenic imbalance between 3R-tau and 4R-tau rissfo
through skipping of exon 10 [17]. Thus, co-inhibiti of Dyrk
and CIk kinases might efficiently correct the taligng isoform
imbalance. Indeed, we could show that dual inhibitdrByrlA
and CIk1 are more efficient pre-mRNA splicing modata than
selective Dyrk1A or CIk1l inhibitors [21]. Furthermep Leucet-
tine L41, a dual Dyrk1A/CIk1 inhibitor [22] was reudsy
reported to prevent memory impairments and neuiGtygx

Therefore, our design of new Dyrk1A inhibitors was dzh®n
previously published inhibitors that fulfilled théollowing
criteria: i) low mass, ii) no requirement for an drd donor
contacting the hinge region, and iii) good poterycellular
systems. One of the most compact but yet potent caatly
available inhibitor of Dyrk1A is th@-carboline alkaloid harmine
(Figure 1).In vitro studies showed good activity against Dyrk1A,
particularly in cells, and a slight selectivity towa other
members of the Dyrk family. However, it also exerévesal
adverse CNS effects due to its potent monoaminosidas
inhibition [32]. The benzothiazole TG003 is a sytith@hibitor
of Dyrk1A which was identified in a high-throughputregning
[26]. This compound is able to block the negatieguiatory
activity of Dyrk1A in the NFAT pathway. Unfortunatelyts
potency is not sufficient fan vivoapplications (cell-free I for
Dyrk1A: 0.8 uM) [21]. Another rather small compoundthw
inhibitory activity against Dyrks and CIk1 is leti@mine B,
which was isolated from a marine sponge [22].

A superimposition of harmine, INDY (the 5-hydroxy
derivative of TG003) and Leucettine L41 (a synthecivative
of Leucettamine B [22]) as bound to DyrklA in pshikd
cocrystal structures revealed some common pharrhaciap
features, which were used as starting points fodéstgn of new
Dyrk1A inhibitors (Figure 2). Obviously, two H-bond csptor
(HBA) functions at the molecule ends and an aromsygtem
connected to one HBA were sufficient for strong bigdaffinity
to the ATP binding cleft of Dyrk1A. The smallestgsible linker
to connect two suitable moieties, which preserved plemar
overall geometry, was a methine bridge. This wasdireresent
in the Leucettamine derivatives (Figure 1), in whitte 2-

induced by oligomeric Pgsss peptide administration in mice  aminoimidazolone carbonyl oxygen was functioningH&A for

[23].

Lys188. Employing Claisen—Schmidt chemistry, a daxgriety

However, whether the benefit of such multi-targetedof different HBA ring combinations was accessible, ahhivere

approaches outweighs the potential accumulatioridef effects
related to target inhibitions, will only be seenlong termin

expected to have a strong impact on the potencysatattivity
profile due to differences in lipophilicity, aciglitand molecular



electrostatic potentials. Since a systematic staflyhe most
straightforward combinations had not been done befare
decided to synthesize and explore a set of new dldaff
exhibiting the minimum pharmacophor features adogrdo

Figure 2. In order to maintain a good probabilitf OGNS
penetration, the molecular weight was kept below 28®f

Table 1. Inhibitory activity of a-benzylideney-butyrolactone derivatives against Dyrk1A and sélégtprofiling against a panel of

selected kinases.

D1A D1B D2 CK2 Clk1 EGFR PKCB
# Structure (IC50, uM)?
H
o]
1 Omocm 1.81 3.80 >10 n.i. >10 n.i. n.i.
e}
2 LTC) 0.93 6.70 >10 >10 3.90 >10 n.i.
O
o]
3 5/\@ 1.10 5.80 >10 >10 7.52 n.i. n.i.
OCHj
[e]
4 ;j/A@ 1.20 10.5 n.i. >10 4.37 n.d. n.i.
o]
5 °m 0.96 2.17 0.82 >10 >10 >10 n.i.
o
6 om 017 264 043 >10 >10 >10 n.i.
e}
7 &(\@@ 0.13 1.05 0.06 >10 >10 >10 n.i.
o
8 omb 0.88 429 2,04 >10 >10 >10 n.i.
e}
9 m% 0.60 2.63 0.99 >10 >10 >10 n.i.
o
10 OW} 1.08 168  >10 >10 0.17 >10 n.i
Hrm N ocr, 0.13 0.18 3.00 n.d. 0.22 n.d. n.d.

8S.D<18%, [ATP]=100uM; D1A=Dyrk1A, D1B=Dyrk1B, D2=DyrkZirm=Harmine; n.i., no inhibition; n.d., not detened.

2.2.Structure-Activity relationships (SAR)

The first synthesized compouridwas moderately active as
Dyrk1A inhibitor (Table 1) and quite selective agadiour panel

_First, severaly-butyrolactone moieties were combined with o inases. It did not appreciably inhibit Dyrk2 cashowed
different benzylidene units, and the influence on potency andyesker activity even against Dyrk1B. In order tor@ase its

selectivity was tested. The kinases chosen for thimapy
screening panel were (i) frequently reported offi¢ts for
diverse classes of Dyrk1A inhibitors (first five kises in Tables
1 and 2, all from the CMGC family) [21], and (iijnlases from
more distant families (last two in Tables 1 andI@)this way,
conclusive selectivity data were immediately obtdine

0
7N\ s>_>\~
N HO {

Harmine

INDY

—N

>§N

HN

Leucettamine B
Figure 1. 2D structures of harmine, INDY and Leucettamine B.

activity and selectivity, we decided to rigidify themethoxy-
benzene into a chromane (compou@jl This non-planar,
partially saturated system was favorable for thebitibn of
Dyrk1A but less well tolerated by Dyrk1B, resultingincreased
selectivity towards the latter isoform. This modifion may take
advantage — at least indirectly — of the only défece between
the ATP binding pockets of Dyrk1A and Dyrk1B, whichtie
exchange of the linear side chain of hinge regesidue Met240
in Dyrk1A by a branched leucine in Dyrk1B. Althougbifting
away from the ATP pocket, the Leu side chain migistrict the
flexibility of somep-sheet residues that form the lid of the pocket
to adapt to sterically more demanding cyclic mewti An
extension of the lactone ring to a six-memberedec{®) or by a
methyl substituent4) confirmed the trend that the ATP-binding



pocket of DyrklA accepts more bulky structures thhat of  phosphorylation assays. The next most stronglybited kinase
Dyrk1B, as indicated by the 9 times higher poten€y for  was PI3ki, with an 1G, of 0.65 pM (determined by a substrate
Dyrk1A. Consistent with this finding, the less bulkgumaran phosphorylation assay in the presence of 100 uM ATR¢ PI3
moiety in 5 caused a drop ahe selectivity towards Dyrk1B lipid kinases had been included in the screenimgp®r reasons
(compared with2) — and particularly towards Dyrk2 —, while the stated below.

inhibition of Dyrk1A was conserved. Reintroducing athyl
substituent iré not only recovered the selectivity toward Dyrk1B
but markedly increased the potency toward Dyrk1A;£10.17 . ) .
UM). Thus, the potency was similar to that of haenbut the tslecgﬁgzgl)'(degﬁ paign?f \t/\?;smlfrlleslilégsz?url S;r:tek;%ﬂ?wo't?n?
selectivity towards Dyrk1B was considerably improvesiching selectivit ggcreased (cf. compourgiand9). Subse uer;m Wi
a remarkable selectivity factor of 15.5 (cf. Tabje The 5-methyl decided yto replace tHe corlJJmaran of' com OqlE]dby’ a
substituent in6 increased the selectivity in general, which benzothiazole n?oiet leading o a potent inhib(t%rwith )(glual
became particularly evident from the negligibleilntion of the selectivity for D rkl),g‘ and (?Ikl SFI).II‘ risinaly. outtampt to
atypical kinase haspin Hy (43% at 5 \M) compared © (75% further ir)1/creasey the potenc a.nd s%lecti?/ii/’ forrlﬂy\p b

at5 uM) (Table 3). Haspin was reported as a noteraititarget introducing a meth Ip on ¥h -but roIactoXe rin faiI)éd
even for sgmhe of the[most ]selective Dgrl((le Iinhibitt(;'fnlfludfing (compoun%llO) Probagly the me('zyl gr{)up forced thegcompound
TGO003 and harmine [27,33]. An extended selectiwitfiing for ) - - S . - . .
compound6 revealed that besides Dyrk1A and CIk1, only Clk4 :&ZC;;“?ESBI I—?-Itf:)fc?rr]zminbtlenrc:é]t?os”ggi\?vt;nr{ Vtvhhéd'sgr?;g;g
was affected in our panel (Table S1, Supplementaayehal). . . 3 o

The 1G, for Clk4 as determined by the LanthaScreen® Kinaseg'trrr?igﬁ? ggde;h?a?lgne%e gegt'ﬁg';Egrgftt'zcgggm&mg?liﬁg
Binding. Assayfwz;s 32 nM. Howeve(;, thjshassaypjls basnlezzlthe ® oxyg%n lone Fr;airs Ho}\l/vever the affir?ity to Clkl wassd
competition of the test compound with an Alexa Fluer . ’ .
conjugated tracer compound for binding to the ATB, $hus the ?:Tffted’ thus renderiig,compoudd moderately selective for
ICs, is difficult to compare with 1gs obtained by peptide )

Because6 still significantly inhibited Clk1 (and probably
Clk4), we tried to further optimize the selectivily modifying

Table 2. Inhibitory activity of benzylidene thioxothiazolibne—based derivatives against DyrklA and selégtivi
profiling against a panel of selected kinases.

A B
0
" A B D1A Di1B D2 CK2 Clk1 EGFR PKCp
(1C50, pMm)?
o]
11 Hﬁj&* >10 n.d. n.d. n.d. n.d. n.d. n.d.
o
[o]
12 jfgx 6.4 >10 n.i. n.i. 10 n.d. n.i.
o N %@\
[o] OCHj;
13 HN 1.3 5.2 9.2 0.17 3.6 n.i. n.i.
s
14 0.25 1.5 >10 0.22 5.7 n.i. n.i.

15 ) m 01 03 1.0 01 05 10 >10

s7s S
16 ﬁN) 0.04 0.07 0.20 0.06 0.1 >10 9.2

AN

17 T 002 006 006 004 0.2 >10 >10
N
S

18 jﬂx “@[N/> 0.7 0.9 15 2.4 0.02 >10 >10

N
AS N ﬁ S 0.03 0.08 01 0.02 0.07 510 ni.

#S.D<18%, [ATP]=100uM; D1A=Dyrk1A, D1B=Dyrk1B, D2=Dyrk2AS= AS605240; n.d., not determined; n.i., no iitiob.



Our second set of compounds (Table 2) was designed kenzothiazolel6) and quinoline 17) rings were introduced. The

modifying the lactone part of the molecule in ortierestablish
stronger interactions in the binding site and thsost the
potency. For the first compounds, we decided to agsn 4-
methoxybenzaldehyde as coupling partner, since pken
methoxy substituent on the benzene had conferrechihest
selectivity towards Clk1 so far (cf. compouriend3 in Table
1). The first designed compourid was not active, suggesting
that the combination of two carbonyls in the pydoledione
was too polar for the binding site (Table 2). Simhia the
hydantoin derivativel2 exhibited only a weak inhibitory activity

toward Dyrk1A. Nonetheless, when the NH heteroatom urst wa

replaced by sulfur leading to the thiazolidinediomimg,
appreciable inhibiton was observed (compounti3).
Interestingly,13 was mainly selective for CK2, exhibiting ans$C
of 0.17 pM. Since CK2 is known to preferably bindidac
compounds in the ATP-binding site [34,35], the fe&y low
pKa value of the thiazolidinedione group (reportede 6.14 for
the unsubstituted analog [36]) may account for Hakectivity.
Indeed, the NH acidity of the CK2-inactive anald@ is
considerably lower (pka value: 8.9 [37]). We furtkeeplored the
effects of sulfur atoms by incorporating the rhddarsystem (2-
thioxothiazolidin-4-one). This resulted in 5-foldcrease in the
Dyrk1A inhibitory potency (compare compouridt with 13),
while the CK2 inhibition remained unchanged. This w&gain in
accordance with the acidic pka @#, which was previously
reported to be 5.8 [38]. Thu$4 was a dual inhibitor of Dyrk1A
and CK2; of note, the overall selectivity did natop, even
though the rhodanine system was frequently presenhits
identified for many different enzymes [39]. In pautar, the high

selectivity (23-fold) ofl4 over Clk1l was remarkable. CK2 is also

believed to be involved in the pathology of Alzheifsedisease

resulting nanomolar inhibitord6 and 17 were multi-targeted
within the CMGC kinase family, but not promiscuougce
PKCB and EGFR kinase were not affected.

Because the benzothiazole moietyligenerated a moderate
selectivity over Dyrk2, it was also combined withatimydantoin
(cpd. 18) to test whether this favorable inhibitory profded the
potency of the rhodanine anal&§ might be retained. While the
activities against DyrklA and CK2 dropped, compoutl
displayed an impressive selectivity for Clk1 (35ldfoover
Dyrk1lA). Thus, our scaffold diversification idengfi
thiohydantoin as a novel moiety mediating strond aalective
affinity for CIk1.

Because of the obvious structural similarity of oampounds
16 and17 with the thiazolidinedione AS605240 (Table 2), which
was previously described as a rather selective PliBKibitor
(ICse: 8 nM) [43], it was straightforward to enlarge owanpl of
screened kinases by some of the PI3K isoforms;uin, twe
tested AS605240 against our kinase targets. Inde8605240
turned out to be a nanomolar inhibitor of Dyrk1A a@H2 as
well (Table 2), and not surprisingly, boll® and17 were highly
active against PI3K and -« (Table 3). Compoundl? was
slightly more selective thah6, exhibiting lower activity toward
PI3K§ and CIk1 (Tables 2 and 3; see also extended sSogeén
Table S1, Supplementary Material). Of note, bothlfeand17,
a reduced activity against the atypical kinase imag@s noted
(Table 3), corroborating that the rhodanine moigbes nota
priori confer non-specific behaviour. Collectively, weiidified
CK2a, Clk1l, STK17A and PI3K/y as additional targets fdr6
and17 (Tables 2, 3 and S1), @fhich, however, PI3K/y turned
out to be most potently inhibited. Literature data the

[40-42]. Thus,14 might allow to evaluate whether simultaneous pathogenic roles of these kinases in glioma sugbastthey can

inhibition of Dyrk1A and CK2 has any benefit in Alzihner’s
disease models without significantly affecting Clk1.

Figure 2. Superimposition of harmine (green), INDY (cyan)

and Leucettine L41 (magenta) cocrystallized with Kk

(PDB codes 3ANR, 3ANQ and 4AZE, respectively). All

ligands are bound in the ATP-binding clefa two H-bonds,

formed with Leu241-NH at the hinge region and Lys188

(indicated by the grey dashed lines). The meastmeges of

the N-O distances are given in A. Additional contacts

comprise van der Waals-interactions with the sidaireh of
Alal86, Vall73 and Leu294, which mainly involve th& le
aromatic rings.

In the course of our study, we found that the seiggtof the
rhodanine moiety was strongly modulated by the extérthe
aromatic system. The selectivity toward Dyrk1B angk2 was
reduced stepwise when the coumaraB) @nd particularly the

all be considered as potential targets in thisrbraalignancy
(Table S2, Supplementary Material). In light of sthithe
compounds presented here might display a favoratdéle as
multi-target agents for the treatment of gliomalded, we found
that 16, 17 and AS605240 inhibited the growth of U87MG
glioma cells with submicromolar k&, being more potent than
the rather Dyrk1lA/1B-selective reference compoundmire
(Table S3, Supplementary Material).

Table 3.Extended selectivity profiling af6 and17.

Kinase 1 Y
IC50 (nM)°
STK17A (DRAK1) n.d. 12.8
PIM1 n.d. 103
Haspin 255 (93% 259 (93%)
PI3K-C2B 5696 6296
PI3K-p110« 2.2 2.6
PI3K-p1106 12.4 16.1
PI3K-p110y 2.3 2.3

%% inhibition at 1 pM; shown are mean values of tdifferent

measurements performed in duplicates ($R.5%);"ICses were only
determined when the % inhibition at 1 uM was gnetitan 85%. Data
were calculated based on mean values of duplichtesdiffered by
less than 7%.

To the best of our knowledge, this is the firstarshowing
that AS605240 is a strong inhibitor of Dyrk1A, CK2daGIk1,



and that dual inhibitors of PI3 lipid kinases amdtgin kinases were chosen, possessing a plasma-stable [50] aalila ester
can be developed. However, inhibition of multipledsaes might  function [51], respectively. As can be seen from |&a#, all
be associated with severe side effects. In thisrdegt is  analyzed compounds exhibited a long half-life it péasma,
noteworthy that AS605240, which exhibits ianvitro inhibitory ~ similar to or better than that of diltiazem,{t= 125 min),
profile similar to16 and 17, found a widespread use in many indicating a high metabolic stability in plasma. dontrast,N-
murine models of inflammatory diseases, includihngumatoid acetylL-phenylalanine ethyl ester was completely metabdlize
arthritis, systemic lupus erythematosus, atherossie colitis, within a few minutes, as it was expected. Thus, it &&n
liver fibrosis and pulmonary fibrosis [44-46]. Nogss of concluded that the lactone and lactam rings ofcounpounds are
toxicity were observed in any of these studiespnaheugh some not hydrolyzed by plasma enzymes.

used high oral dosage, e. g., 50 mg/kg twice pemday 14 days

[44]. Moreover, in a xenograft model using Pi3iexpressing

neuroblastoma cells in SCID mice, AS605240 -effegfivel

suppressed tumor growth at 20 mg/kg [47]. In thétligf our cpd 6 7 16 17 AS | Harmine| DMsO
findings — although the inhibition of PI3Kmay account for a [ uw [ 212006 | 022001 | 212025 | 142043 | 162020 | 04z0.12
large part of the observed therapeutic effects is fair to ask p—
retrospectively what contribution was made by thehition of (65KDa) - - - - -
the kinase targets that were identified for AS605240our Fp-Tau z
screening, Dyrk1A, CK&2 and CIk1. At any rate, the absence of (sskpa) T
toxic effects of AS605240 proves that in rodents|tirtargeted

inhibitions involving even a pleiotropic kinase buas CK2, are

not harmful to the organism, at least in short-texatments. Figure 3. Inhibition of Dyrk1A—catalyzed tau-Thr21ghosphorylation i

Having discovered new Dyrk1A inhibitory scaffolds with stably transfected HEK293 cells. The test compourials!SO or the
diverse selectivity profiles, we were interested valeate their reference inhibitor harmine [54] were added to tle# mediumand thi
potency to inhibit the Dyrk1A—catalyzed tau phosptation in Dyrk1A expression induced as described. After imahlotting of the tote
intact cells. To this end, we used a HEK293 cell limeich cell proteins, the level of phospho-tahf212 was detected using
overexpressed both Dyrk1A and human tau protein. ttite phosphospecific antibody. To normalize the sigralks| recombinant GFP-
chosen conditions, phosphorylation of tau at ThriZolely tau protein was quantified on the same blot usingaati-GFP antibody
dependent on the DyrklA activity [48]. Testing dfet most (fluorescence image converted to grey scalés}ial screenings we
potent Dyrk1A inhibitors from Tables 1 and &,7, 16 and17, performed at 1 pM compound Conce”traﬂonf (lowemeha me
along with AS605240, revealed that the tau phosphtoyl was representative experiment out of two is showilCs, values wer
suppressed at low micromolar and sub-micromolardetermined after cell treatment with different cemtrationsin triplicates
concentrations (Figure 3). There was no obviousetation with referring to the signal derived from DMSteated cells as 100%. Val
the inhibitory activities of the compounds agairmtrified represent averages from at least two independestndi@ations (+S.D.
Dyrk1A, since the most potent compounds in the fre# assay, AS, AS605240.

16, 17 andAS506240were inferior to harmine and compouid 3. Conclusions

Probably the distinct physicochemical propertieshef scaffolds

accounted for variable degrees in cell permeabditg further Systematic variation of benzylidene—coupled hetgries,
pharmacokinetic properties. The high cellular poyeof 7 was  differing in acceptor strength, lipophilicity andeetrostatic
encouraging, suggesting that benzothiazolylmetieden potential, was highly effective to generate new sgd§ with
butyrolactone might be a suitable core structure foe  different kinase selectivities and potencies, wiiteping the
development of novel therapeutic agents against edaér's  molecular weight below 280 g/mol. Although we could not
disease and also against diseases involving abhpn@anRNA  provide experimental evidence for a blood-brainribar
splicing, since CIk1 was strongly co-inhibited bin the cell free  penetration of our inhibitors within the scope biststudy, the
assay (Table 1). Given the low molecular weight (23§/mol),  close structural similarity to some benzylidene idgives
the small polar surface area (tPSA= 38.6p dnd the absence of previously reported to be brain—-permeable suggbstsat least
H-bond donors, the compound fulfills the major eidgfor CNS ~ some of our lead compounds might share this prgpiextiuding
availability [31]. the benzylidene hydantoins (similar to compoundri2f52]) and

. the thiazolidinediones that are structurally simtia AS605240
However, most of our new scaffolds exhibited two 53]

metabolically weak spots, which might impeda vivo

applications. One was the lactone ring structure, vhigyht be With respect to novel agents against neurodegéwerat
hydrolyzed by esterases present in the serum aaellsr and the diseases, compound displayed the most promising activity in
other one was the potential Michael acceptor matifich may  our cell-based tau phosphorylation assay. In ayicity assay,
also have toxicological implications. The Michagbé acceptor 7 was not toxic toward HEK293 cells at concentratiopgai20
reactivity of some of the scaffolds disclosed asake inhibitors pM (data not shown). The compound might be usefa ol to

in this study, including 5-benzylidene thiazolidiienes, further explore the effects of co-inhibition of Dy and Clk1/4
hydantoins, thiohydantoins and rhodanines, had lm®iyzed on the pathogenic mechanisms of Alzheimer's dise@seer
previously by Arsovska et al [49]. The authors fouhdt the 5- compounds, such @and4, were not very potent but showed an
benzylidene five-membered oxo-heterocycles reveabdost appreciable selectivity towards DyrklB and CIlkl. Jéne
insignificant reactivity toward cysteamine as an reglary  compounds might be considered as elaborated, iselect
biological nucleophile. fragments with still good ligand efficiencies (0.5®d 0.54,
respectively). In order to optimize the potencyeythmight be
extended analogously to the leucettines, through
functionalization e. g., at position 5 of tiidutyrolactone ird.

Hydrolytic instability was mainly a concern for tha&ctone
derivatives in Table 1. Therefore we decided to tieststability
of some selected compounds in rat plasma. As referen
compounds, diltiazem and-acetylL-phenylalanine ethyl ester



Within our panel of frequent off-target kinases f@yrk1A
inhibitors, the thiazolidinedion&3 and thiohydantionl8 were
selective for CK2, probably because of their eledatcidity. The
presence of thione sulfur in the five-membered rganerally
increased the potency, however, mostly at the expenfs
selectivity. The loss of selectivity remained liedt when the
aromatic portion of the benzylidene moiety wasriefsd to a
single ring (cf. compound44 and 16). Upon introducing a
bicyclic aromatic system, however, the selectivitgward
Dyrk1B, Dyrk2 and CK2 was abolished, yielding potemulti-
targeted inhibitors with enhanced anti-proliferateféect on the
U87MG glioma cell line (Table S3, Supplementary Mialgr
Interestingly, this class of compounds included thiely
studied AS605240, formerly reported as rather sgked®I3Ky
inhibitor. Altogether, our results showed that intobs which
simultaneously target PI3 kinases and oncogeniteprd&inases
can be developed, with potential benefit in antiegan
applications.

Table 4. Metabolic stability in rat plasma.

tyin rat plasma

Compound [min]®
6 » 120
5 » 120
7 186
16 101
Diltiazem 125
N-acetylL-phenylalanine <5

ethyl ester

dmean values from two experiments, S.D.< 1786 degradation
detected after 120 min

4. Methods

4.1.Chemistry. Synthesis of the key compounds and17

Synthesis of (E)-3-((2,3-dihydrobenzofuran-5-yl)miethe)-5-
methyldihydrofuran-2(3H)-ongs)

To a solution of NaH in dry toluene (0.162 g, 4.05 af)ma
solution of thes-valerolactone (0.324 g, 3.24 mmol, 0.309 mL)
was added, and the mixture stirred overnight at room
temperature. On the next day, the mixture was coinlegh ice
bath and 2,3-dihydrobenzo-furan-5-carboxaldehyde80® g,
2.025 mmol) dissolved in dry toluene was added drepwlhe
temperature was slowly increased to reflux until #iarting
materials were consumed. After cooling down, a salutib10%
H,SO, was added and the solution stirred at room temper&or
few minutes. Then 10 mL of water were added and theunei
extracted 3 times with ethyl acetate (10 mL). Thgaaic phase
was washed with brine and dried over81@,. After evaporating
the solventin vacuq crude product was purified the column
chromatography. Yield: 31%. Mp: 131°6H4 NMR (500 MHz,
DMSO-d;) 8 ppm 1.36 (d, J=6.31 Hz, 3 H) 2.72 - 2.84 (m, 1 H)
3.23 (t, J=8.67 Hz, 2 H) 3.33 - 3.40 (m, 1 H) 4.6048.67 Hz, 2
H) 4.69 - 4.79 (m, 1 H) 6.87 (d, J=8.20 Hz, 1 H) 7.851( H)
7.37 - 7.41 (m, 1 H) 7.51 (s, 1 HfC NMR (126 MHz, DMSO-
ds) 3 ppm 22.03 (s, 1 C) 28.66 (s, 1 C) 34.63 (s, 1 LB (s, 1
C) 73.64 (s, 1 C) 109.37 (s, 1 C) 122.20 (s, 1 29.72 (s, 1 C)
127.18 (s, 1 C) 128.47 (s, 1 C) 131.34 (s, 1 C).118%s, 1 C)
161.17 (s, 1 C) 171.65 (s, 1 C). LC-MS (ESI): m/e™ 231.

General procedure A: rhodanine or hydantoine (1 #t,
corresponding aldehyde (1 eq) and sodium acetatx)3vere
dissolved in 5 ml of acetic acid and the solutieated at 110°C,
if necessary under microwave conditions (130W for0 ~1
minutes). After cooling, the precipitate was filterefd, washed
to remove all the acetic acid and driadvacuo The reaction has
been described in Mendgen et al[39] to be steraifspe
producing the Z-isomer as confirmed by the singtalkpin the
HPLC.

Synthesis of (2)-5-(benzo[d]thiazol-6-yImethylene)-2
thioxothiazolidin-4-onel)

Rhodanine (0.254 g, 1.84 mmol), 1,3-benzothiazele-6
carbaldehyde (0.300 g, 1.84 mmol) and sodium ae=é@at52 g,
5.51 mmol) were used following the general procedére
described above. Yield: 2%. Mp: > 300°6. NMR (500 MHz,
DMSO-d;) 8 ppm 7.76 (d, J=8.51 Hz, 1 H) 7.78 (s, 1 H) 8.21 (d,
J=8.51 Hz, 1 H) 8.47 (s, 1 H)9.50 - 9.58 (m, 1 H) 831&. s., 1
H). °C NMR (126 MHz, DMSO-g) 5 ppm 123.74 (s, 1 C)
125.09 (s, 1 C) 125.97 (s, 1 C) 128.30 (s, 1 C).28(@s, 1 C)
131.13 (s, 1 C) 134.94 (s, 1 C) 153.93 (s, 1 C).86%s, 1 C)
169.43 (s, 1 C) 195.71 (s, 1 C). LC-MS (ESI): m/e™ 279.

Synthesis of (2)-5-(quinolin-6-ylmethylene)-2-

thioxothiazolidin-4-onel(7)

Rhodanine (0.254 g, 1.909 mmol), 6-quinoline-catbhide
(0.300 g, 1.909 mmol) and sodium acetate (0.47%8 mmol)
were used following the general procedure A descriigale.
Yield: 90%. Mp: >300°C*H NMR (500 MHz, DMSO-g¢) 6 ppm
7.62 (dd, J=8.35, 4.26 Hz, 1 H) 7.82 (s, 1 H) 7.98, ({-8.83,
2.21 Hz, 1 H) 8.13 (d, J=8.83 Hz, 1 H) 8.24 (d, J=24211 H)
8.52-8.56 (m, 1 H) 8.98 (dd, J=4.26, 1.73 Hz, 1 Bip2 - 14.22
(m, 1 H).™*C NMR (126 MHz, DMSO-g)  ppm 122.53 (s, 1 C)
126.93 (s, 1 C) 127.13 - 128.39 (m, 1 C) 130.04 @) 130.25 -
130.44 (m, 1 C) 130.55 - 130.76 (m, 1 C) 131.03(€) 131.15
(s,1C)136.95 (s, 1 C) 147.74 (s, 1 C) 152.34 (8) 169.45 (s,
1C)195.72 (s, 1 C) LC-MS (ESI): m/z NH273.

4.2.Biology



Kinase assaylnhibition assays for Dyrk1A, Dyrk1B, Dyrk2,
CK?2alpha, Clk1, EGFR and PHCwere performed using
purified recombinant kinase protein in the preseot&00 puM
ATP as described previously [29].

HEK293-tau-Dyrk1A cell assayhe cell line was developed,

and the assays for the inhibition of cellular Dy&kActivity were
performed as described previously[48]. In brief, FHPR-tau-
Dyrk1A cells which stably overexpress EGFP-fused huifiogi
length tau protein and tetracycline—inducible EGfiBed
Dyrk1A were grown in 12-well plates to 70% confluentlyen
tetracycline (0.3 pg/mL) and test compounds wereedddom
stock solutions. The next day, the cells were |ym®di the lysates
analyzed by immunoblotting using an anti-phosphoafar212
antibody (pT212, Life Technologies GmbH, Cat No. 444,
dil. 1:1000) and a mouse anti-GFP antibody (Lifehr®logies
GmbH, Cat. No. 33-2600, dil. 1:1000) for normalizatiointhe
signals. After incubation with dye-labeled secondamtibodies,
the signals for pT212 and EGFP were simultaneoustgated
using an Odyssey infrared imager (LI-COR). Figurédn@ves the
image converted to grey scales.

Metabolic stability tests in rat plasmahe test or reference

compounds (1 pM) were incubated with rat plasma lgzho
heparinized) at 37 °C for 0, 5, 15, 30, 60, and h#0. The
incubation was stopped by precipitation of plasnaeins with
5 volumes of cold acetonitrile containing an intdrstandard,
and the remaining compound concentration was ardlyyd C-
MS/MS. N-Acetyl-L-phenylalanine ethyl ester (Cat. Mal251)
and diltiazem hydrochloride (Cat. No. D2521) were frdigma.

Calculation of ligand efficiencyThe calculations were done

by dividing the Gibbs free energy of binding by thember of
non-hydrogen atoms. ;Kalues were calculated from thes{€
using the Cheng-Prussoff equation. Thgalue of our Dyrk1A
preparation for ATP was previously determined to Hep/
[29].
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List of captions:

Figure 1. 2D structures of harmine, INDY and Leucettamine B.

Figure 2. Superimposition of harmine (green), INDY (cyan) &edicettine L41 (magenta) cocrystallized with Dyrk@@DB codes
3ANR, 3ANQ and 4AZE, respectively). All ligands are boumdhe ATP-binding clefiia two H-bonds, formed with Leu241-NH
at the hinge region and Lys188 (indicated by theygtashed lines). The measured ranges of the N-t@ndées are given in A.
Additional contacts comprise van der Waals-inteaastiwith the side chains of Alal86, Vall73 and Leu28#ch mainly involve
the left aromatic rings.

Figure 3. Inhibition of Dyrk1lA—catalyzed tau-Thr212 phospylation in stably transfected HEK293 cells. The testnpounds,

DMSO or the reference inhibitor harmine [54] were atitethe cell medium and the Dyrk1A expression irdlias described.
After immunoblotting of the total cell proteins, thevel of phospho-tau-Thr212 was detected usingaspiospecific antibody. To
normalize the signals, total recombinant GFP-tagin was quantified on the same blot using an @R#* antibody (fluorescence
image converted to grey scales). Initial screenimgse performed at 1 uM compound concentrations (lopanel; one

representative experiment out of two is shoWif)s, values were determined after cell treatment witfeddht concentrations in
triplicates, referring to the signal derived from BM-treated cells as 100%. Values represent avefages at least two

independent determinations (+S.D.); AS, AS605240.

Table 1. Inhibitory activity ofa-benzylideney-butyrolactone derivatives against Dyrk1A and sélégtprofiling against a panel of
selected kinases.

#S.D<18%, [ATP]=100uM; D1A=Dyrk1A, D1B=Dyrk1B, D2=DyrkZirm=Harmine; n.i., no inhibition; n.d., not detened.

Table 2. Inhibitory activity of benzylidene thioxothiazolitbne—based derivatives against Dyrk1A and selagtivi
profiling against a panel of selected kinases.

#S.D<18%, [ATP]=100uM; D1A=Dyrk1A, D1B=Dyrk1B, D2=Dyrk2AS= AS605240; n.d., not determined; n.i., no iitiob.

Table 3. Extended selectivity profiling df6 and17.

2% inhibition at 1 uM; shown are mean values of tlifferent measurements performed in duplicates .(8.25%);"ICs,s were only determined when the
% inhibition at 1 pM was greater than 85%. Dataensalculated based on mean values of duplicatéslififered by less than 7%.

Table 4. Metabolic stability in rat plasma.

*mean values from two experiments, S.D.< 1¥86;degradation detected after 120 min
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Highlights

* A newa-benzylideney-butyrolactone scaffold was designed and systeaibtic

diversified

» Different scaffolds exhibiting selectivity for Dytl, Clk1l and CK2 were identified,

with ICses from the low micromolar to the nanomolar range

* Multi-targeted kinase inhibitors were also obtainghat co-inhibited the lipid kinases
PI3Ka/ly

» Compounds possessing different scaffolds inhidiédphosphorylation in intact cells
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