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Abstract

Kinase irregularity has been correlated with sdveoanplex neurodegenerative tauopathies.
Development of selective inhibitors of these kisaseight afford promising anti-tauopathy
therapies. While DAPK1 inhibitors halt the formatiof tau aggregates and counteract neuronal
death, CSF1R inhibitors could alleviate the taulbjgatassociated neuroinflammation. Herein,
we report the design, synthesis, biological evamatmechanistic study, and molecular docking
study of novel CSF1R/DAPK1 dual inhibitors as nfultictional molecules inhibiting the
formation of tau aggregates and neuroinflammat@ampound3l, the most potent DAPK1
inhibitor in thein vitro kinase assay (K = 1.25uM) was the most effective tau aggregates
formation inhibitor in the cellular assay €C= 5.0 uM). Also, compound3| elicited potent
inhibition of CSF1R in then vitro kinase assay (Kg = 0.15uM) and promising inhibition of
nitric oxide production in LPS-induced BV-2 cellS8506 inhibition at 10uM concentration).
Kinase profiling and hERG binding assay anticipateel absence of off-target toxicities while
the PAMPA-BBB assay predicted potentially high BB&meability. The mechanistic study and
selectivity profile suggest compour8l as a non-ATP-competitive DAPK1 inhibitor and an
ATP-competitive CSF1R inhibitor while then silico calculations illustrated binding of
compound3l to the substrate-binding site of DAPK1. Hence, pooand 3l might act as a
protein-protein interaction inhibitor by hinderimpAPK1 kinase reaction through preventing the

binding of DAPK1 substrates.
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1. Introduction

The decline of mental capacities caused by chmawodegenerative disorders is the largest
global source of disabilities producing more tha@®e2of the “Years Lived with Disability
(YLD)” which is a measurement for a disease burdgnAmong neurodegenerative diseases,
tauopathies emerge as a large class of more thantyive diseases characterized by
neurodegeneration accompanied by the formation daméntous aggregates of
hyperphosphorylated microtubule-associated prot@tAP) tau within the CNS [2, 3].
Alzheimer's disease (AD) is the most common tadopatvhile relatively less encountered
tauopathies include post-encephalitic parkinsonigick’s disease, progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD)5]4,The currently available therapies
provide only symptomatic treatments without haltergslowing down the progression of these
diseases. Certainly, there is an urgent need teldgwan effective treatment for this class of
diseases that address their underlying causes.

Despite the high solubility of tau proteins, anomsly hyperphosphorylated tau protein
aggregates into neurofibrillary tangles (NFTs), iadimark of tauopathies [6]. It is known that
this hyperphosphorylation converts the normallycfioning tau protein into a neurotoxin that
triggers neuronal death. Accordingly, research deniify small molecule inhibitors of tau
hyperphosphorylation is a promising strategy towaite development of an effective therapy
[6, 7]. Death-associated protein kinase 1 (DAPKa&$wecently discovered as a valid therapeutic
target for neurodegenerative diseases [8-10]. Dhe of DAPK1 as a novel regulator of tau
phosphorylation indicates that its upregulation mige involved in tauopathies. Recent reports

illustrated that DAPK1 regulates tau protein byedirphosphorylation of Thr231, Ser262, and



Ser396 and indirectly via phosphorylating tau ragpdy proteins such as peptidyl-prolyl cis-
trans isomerase NIMA-interacting 1 (PIN1) and michule affinity-regulating kinase 1/2
(MARK1/2) [8]. These actions are believed to meelitdu protein hyperphosphorylation and
subsequent formation of NFTs. In addition, DAPKgjng a strong regulator of apoptosis and
autophagy mediates neuronal cell death via phogfatog N-myc downstream-regulated gene
2 (NDRGZ2) ultimately triggering neuronal cell death fact, anomalous deregulation and
hyperphosphorylation of tau protein are stronglyrelated with DAPK1 activation [11-13].
Therefore, inhibition of DAPK1 might be beneficfar the treatment of tauopathies. To the best
of our knowledge, no clinically useful DAPK1 inhibi has been realized yet despite the
validation of DAPK1 as a viable drug target [14].

In addition to NFTs of hyperphosphorylated tau @irgt reactive gliosis; a continuous glial
cells activation is a hallmark that characterizesiopathies. It establishes a chronic
neuroinflammatory process resulting in the producdf inflammatory mediators that eventually
contribute to the progression of the disease [15-Ii8 contrast to the previous belief that
neuroinflammation arises as a result of neurodagéne, recent evidence showed that the
activation of microglia and neuroinflammation preéeethe aggregation and formation of tau
tangles [19]. In a repetitive cycle, the formedj@gates trigger a more inflammatory response
that produces more inflammatory mediators whichtrdonte to the formation of more protein
aggregates through various mechanisms [20].

Microglia are innate immune cells residing in thaib. They exist in a dormant state under
non-pathological conditions [21]. However, the chicoactivation of microglia results in a
reactive gliosis which contributes to the neurodegation observed in several tauopathies such

as AD, parkinsonism, Pick’s disease and chronigntaic encephalopathy [22-24]. Culminated



pieces of evidence showed that the inflammatory pmmant is crucial for the initiation and
development of tauopathies [25-28]. The kinase kna& colony stimulating factor 1 receptor
(CSF1R; also known as macrophage colony-stimulataggor receptor; M-CSFR) is a key
regulator of survival and proliferation of the nagtial cells [29, 30]. Several reports showed
that inhibition of CSF1R results in a reductionmoicroglia-dependent neuroinflammation and
slowing down the progression of neurodegeneratiseages [31, 32]. In addition, the use of a
CSF1R inhibitor to deplete microglia was found nibibit the transmission of tau protein from
neuron to neuron and reduce the microglial-assistegrotoxicity [33]. Collectively, these
reports emphasize the significance of developind=XES inhibitors targeting microglia as
potential therapeutics for neurodegenerative deseas

For successful evasion of the vicious cycle of omflammation-protein aggregates
formation, it might be more useful to target bothhe two major elements of the cycle. Towards
achieving this goal, two strategies might be pdssithevelopment of a combination therapy or
development of a multifunctional single moleculerg&ting both NFTs formation and
neuroinflammation. A multifunctional single moleeuls believed to be a more favorable
strategy in terms of pharmacokinetic and pharmagcandyc advantages, as well as, lowering side
effects and toxicity [34, 35]. Bearing these ainmgl &oncepts in our minds, we sought the
development of a single small molecule inhibitorboth DAPK1 and CSF1R as first-in-class
inhibitors of tau phosphorylation and neuroinflantio Herein, we report our approach and

promising results.

2. Results and Discussion

2.1.Ligands design



Recently, an imidazopyridazine inhibitor of DAPKIL; Figure 1) that binds the ATP binding
site of DAPK1 was reported as a starting pointtfoe development of DAPKL1 inhibitors as
potential neuroprotective agents [36]. The co-alystructure of compound with DAPK1
(PDB code: 4TXC) showed that N-1 of the imidazoggmine moiety anchors the Val96 of the
hinge region with a single hydrogen bond. The bagttrophobic pocket | of the ATP binding
site is occupied by the hydroxylmethoxyphenyl mpiet compoundl showing several polar
hydrogen bonding interactions, while the hydrophgimcket Il of the ATP binding site is vacant
and the aliphatic chain extends toward the solegpbsure area.

On the other hand, we have previously reported reesseof potent phenoxypyrimidine
scaffold-based inhibitors of CSF1R [37]. In the docted molecular simulation study reported
for our previously developed CSF1R inhibitors, cannpd 2 showed binding mode within the
ATP binding site of CSF1R in which the 4-morphojphenyl moiety was directed towards a
hydrophobic pocket and the substituent on the phenmiety showed interaction wit8 near
the hinge region. Meanwhile, the 3,5-dimethoxyphemgpiety of compound2 was directed
towards the solvent exposure region. This mighticeieé that manipulation of the (3,5-
dimethoxybenzylidene)amino moiety at position 5 le/metaining a substituted-phenoxy moiety
at position 4 and a substituted phenyl moiety agddo the amino group of the core pyrimidine-
2-amine might maintain the CSF1R inhibitory prafil&ccordingly, modified molecules
possessing the general struct@renight act as CSF1R inhibitors (Figure 1). Basedlos, we
have used compourtlas a starting point to develop small moleculed thiabitors of DAPK1
and CSF1R.

In this regard, we anticipated that the pyrimidiziamine core of the modified compoun@} (

might functionally replace the imidazopyridazineietg of compoundl in binding the hinge



region, while the substituted-phenyl moiety on #mino group might occupy the vacant
hydrophobic pocket Il of the ATP binding site of BK1. The imine linker of compoun2
might be replaced by an amide group to keep a pmiptance between the hinge binder and the
hydrophobic pocket-binding moiety. As the hydroxghimoxyphenyl moiety of compountl
showed several polar hydrogen bonding interactwittsin the hydrophobic pocket | of the ATP
binding site of DAPK1, it was planned to séttR either a phenyl group substituted with groups
capable of forming polar interactions; or to a denpmino group. The latter was planned to
explore whether only polar hydrogen bonding inteoas of the introduced amino group is
sufficient for activity or a hydrophobic group its@ necessary. Additionally, in the proposed
design, it was planned to explore the impact oiviagtresulting from:

0] Variation of the R substituent at the phenoxy moiety,

(i) Replacement of the morpholino moiety with otherup®

(iif)  Incorporation of nitrogen atom into the phenyl ntgiattached to the amino

group of the core pyrimidine-2-amine.
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Figure 1. The proposed design of DAPK1-CSF1R dual inhibitors

2.2.Chemistry

The targeted compounds were prepared accordingchhente 1. The required starting 2-
chloro-5-nitro-4-phenoxypyrimidine derivativds—cwere prepared as reported previously [37].
Nucleophilic aromatic substitution of the chloriaom at position 2 of derivativeda—c with
various aromatic amines yielded 5-nitro-4-phenbikgryl pyrimidin-2-amine derivativeSa—f.
Palladium-catalyzed hydrogenation of the nitro graaf the derivativessa—f afforded the
corresponding amino derivativéa—f. The urea derivativeS8a—f were prepared by stirring an
acetic acid solution of compound®a—f with a concentrated aqueous solution of excess
potassium cyanate at room temperature. The reactitre amino derivative8a—f with various
acid chlorides at low temperature followed by wargnto ambient temperature afforded the

primary amides3g—l Addition of the acid chlorides at low temperatumas crucial for



minimizing the formation of the di-acylated produethich were detected when only ice bath

was used resulting in a considerable reductioh@bbtained yield.

cl
dac 5a-f 6a-f
5a, 6a, R = p-OMe, X =CH, Y = Morpholino; c
5b, 6b, R' = p-OMe, X =N, Y =Morpholino;
5¢c, 6¢c, R' = p-OMe, X =CH, Y = Fluoro;
5d, 6d, R' = p-OMe, X =N, Y = piperidino; R
Se, 6e, R' = p-CF,;, X = CH, Y = Morpholino; o
5f, 6f, R' = m-OMe, X = CH,Y = Morpholino. , H
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Scheme 1.Synthesis of compound3a-l Reagents and conditions: (a) appropriate amine,
pyridine, THF, 80 °C, 4 h; (b) 510% Pd/C, MeOH, rt, 12 h; (c) for compour8dsf. potassium
cyanate, glacial acetic acid, rt, 2 h; for compa@@gtl: appropriate acid chloride, DIPEA, DCM,

-78°Ctort, 2 h.

The arylamine derivatives required for the prepamabf compound$a—f were prepared as
depicted inScheme 2following the reported procedures [38-40]. Thu activated halogens
(chloro or fluoro) at the para- position to themigroup of compoundsa,b were displaced with
secondary amines such as morpholine or piperidin@ inucleophilic aromatic substitution
reaction to provide nitro derivativeBa—c Catalytic hydrogenation of the nitro derivatives

afforded the required arylamine derivati8zs-c
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Scheme 2.Synthesis of compound#a—c Reagents and conditions: (a) appropriate amine,

THF, 70 °C, 2 h (b) B 10% Pt/C, MeOH, rt, 12 h.

2.3.Invitro kinase assay

In an initial attempt to evaluate the efficacy lo¢ fprepared compounds on the kinase reaction
of CSF1R and DAPK1, the compounds were assayedsingie-dose mode (1oM except for
compounds3a and 3b) in a duplicate radioisotope-based assay (Tabldnlpll cases, ATP
concentration of 1M was used and thi vitro kinase assay was conducted according to
Reaction Biology Corporation’s HotSp8t methodology. This assay method is a radiometric
assay that directly measures the phosphorylatestrsid that is the direct outcome of the kinase
catalytic activity [41]. Compounds eliciting higlerggent of inhibition of the kinase reaction were

subsequently evaluated for their respectivg i@lues to measure their potencies.

Table 1. Substitution pattern, Percent inhibition valuesd d@s, values for the newly

synthesized compounds over CSF1R and DAPK1.

CSF1R DAPK1
1 2
Compd. R X ¥ R % Inhibition £ ICso £ SD % Inhibition ICs0 £ SD
SD values® values (uM)° SD values® values (uM)°
3a 4-CH;0 CH ,\O) NH, 65.02 £0.70 4.42 £+ 0.08 10.79 +7.10°¢ ND ¢

3b

d

4-CF3 CH \O NH, 59.61+0.29 ND 44.91+3.10° 14.30+6.31



o

d

3c 3- CH;0 cH F NH, 77.58 £ 0.64 1.29+ 0.02 15.83 £ 2.63 ND
3d 4- CH;0 CH F NH, 20.99 £ 6.86 ND° 17.1140.08 ND°
3e 4- CH30 N RS NH, 35.43 £0.56 ND° 19.71+2.04 ND°
3f 4- CH;0 N RS NH, 28.44£2.99 ND° 31.71%4.25 ND°
3g 4- CH;0 cH JF D, 7a70:1.28 4.89+0.18 69.70 +1.19°¢ 2.61+0.31
OCH,
3h 4- CH;0 CH \O x(@\ 95.34+1.28 0.12+0.003 65.95 +2.21° 2.77+0.41
OCH,
3i 4- CH;0 cH 8 D, euss:1a 0.78 +0.04 75.06  1.26 7.4412.81
OCH,
3] 4- CH;0 N ¥ x'@\ 75.99 £ 0.49 1.72 £ 0.04 67.28+2.95 2.69+0.21
OCH,
OCH,
3k 4- CH;0 CH F \Kj 35.20 % 6.99 ND° 65.00 + 0.70 429+0.23
£ Tocow,
OCH,
3l 4- CH;0 N NS 77.94:0.52  0.150.006 66.22 + 0.26 1.25+0.35
OCH,

# The mean % inhibition of 10M concentration of two independent experiments.

® The mean values of kgcalculated from duplicate 10-doses¢@ssay with 3-fold serial dilution starting at 2.

¢ The mean % inhibition of 20M concentration of two independent experiments.
4 ND, not determined.

First, the urea compoun@s—cin which R was set to amino group and the arylamine moiety

was set to 4-morpholinoaniline were prepared araduated. As shown in Table 1, the 1B

dose of these compounds were capable of inhibitiegkinase reaction of CSF1R by around
60% or more. Among these compounds, the best titnbof CSF1R kinase reaction was
elicited when the substitution on the phenoxy moiets set to 3-methoxy (compour3d;
inhibition=77.58%), while the 4-trifluoromethyl ssiiitution resulted in the least effective
CSF1R inhibitor (compoun8b; inhibition=59.61%). The 1M concentration of compoura

which possesses a 4-methoxy substituent on theogiiemoiety elicited average inhibition of



CSFI1R (inhibition=65.02%). However, it elicited momolar 1G, value for CSF1R inhibition.
Compound3c showed higher 16 value (1.29uM) which is consistent with its higher inhibition
percent. When these three compounds were testethHidiition of DAPK1 kinase reaction,
compound3c that elicited the highest potency against CSF18wsld a very low inhibition
percent against DAPK1. Accordingly, compour8dsand3b were tested for DAPK1 inhibition
at a concentration of 1,iM. Nevertheless, both compounga and3b elicited low inhibition of
DAPK1 with a measured kg value of 14.3QuM for compound3b, which elicited the highest
DAPK1 inhibition among these three compounds. Beeatompoun@db, which possesses a 3-
trifluoromethyl substituent on the phenoxy moietyswnthe least effective CSF1R inhibitor
among these compounds, while compounds bearingometbubstituents were more effective
CSFI1R inhibitors, all further synthesized compoupdssessed 4-methoxy substituent on the
phenoxy moiety. Thus, compound3d—f were prepared via modification of the 4-
morpholinoaniline moietyln vitro kinase assay showed that replacement of the miamgho
moiety by fluorine atom afforded compound with reéd efficiency for inhibition of CSF1R,
yet did not significantly enhance the measuredbition percent of DAPK1 (compoun8d;
Table 1). Similarly, replacement of the aniline etgiby the heterocyclic aminopyridine alone
(compound3e Table 1) or when combined with changing the motiple moiety into piperidine
(compound3f; Table 1) did not result in compounds elicitingygromising inhibition percent
against both of DAPK1 and CSF1R.

Next, amide compounds in whictf Rias set to a substituted-phenyl moiety were pegpar
and evaluated. Because we found that the 4-morpbesiiline, the 4-methoxyphenyl as
arylamine, and the phenoxy moieties relatively raféal compounds with viable inhibitory

activity against CSF1R, these moieties were rethinethe prepared amide compourfits-,



while R was varied. The results of the vitro kinase assay showed that all of these amide
compounds retained the inhibitory activity agai@SF1R but gained a promising inhibitory
activity against DAPK1. While the 3,5-dimethoxyplfemoiety bestowed compourigh with
excellent inhibitory activity against CSF1R (¥ 0.12 uM; Table 1) and good inhibitory
activity against DAPK1 (Ig= 2.77 uM; Table 1), the 3-dimethoxyphenyl moiety rendered
compound3i less potent DAPKZ1 inhibitor (l§g= 7.44uM; Table 1) and also slightly diminished
its inhibitory activity against CSF1R (§& 0.78 uM; Table 1). On the other hand, the 3-
trifluoromethylphenyl moiety in compourigg resulted in severe deterioration of the inhibitory
activity against CSF1R (K= 4.89 uM; Table 1) despite retaining good inhibitory aifiv
against DAPK1 (IG= 2.61 uM; Table 1). Therefore, another three compouB@gd were
prepared so that the’?Rroup is fixed to 3,5-dimethoxyphenyl moiety whilee variations in the
arylamine moiety were explored. The results showet 4-fluoroaniline as the arylamine
moiety in compoundk almost doubled the Kg value of DAPK1 and resulted in the loss of
potential inhibitory activity against CSF1R. Relatito compoun@h, compound3l in which the
4-morpholinoaniline was changed to 4-morpholinoigipamine showed improvement of the
ICso value against DAPK1 while the potency against SMias retained (Table 1). However,
when the isosteric 4-piperidino-pyridinamine wadidor compound3j in place of the 4-
morpholino-pyridinamine moiety of compouBdl the potency decreased against CSF1R (Table
1) while the 1Go value against DAPK1 switched back to a similaelesf compoundh.

In summary, we could successfully develop smallaooles optimized for activity against
both DAPK1 and CSF1R despite the known inhereriicdities in the optimization of a single

molecule for activity against more than one tardée results show that the amide compounds



possessed promising dual inhibitory activity agabtth DAPK1 and CSF1R. Considering both

targets, compoun8l was the most potent compound achieved withingéiges.

2.4.Mechanism of DAPK1 and CSF1R inhibition
To identify the mode of action of the newly deveddpcompounds as DAPK1/CSF1R dual
inhibitors, a mechanistic study has been condufdethe most active member (compouBijl

using three different concentrations of ATP (1, 4:0d 10QuM).

2.4.1.Mechanism of DAPKZ1 inhibition

The impact of compoun8l; the most potent DAPK1/CSF1R inhibitor on the gitagylation
of 20 uM concentration of the synthetic peptide subst(lteLNRTLSFAEPG) by recombinant
human DAPK1 (amino acids sequence 1-363) in presenifc logarithmically increasing
concentrations of ATP (1, 10, and 1@M concentrations) was studied. The lowest ATP
concentration was selected to bgM which is close to the ATP Kvalue for DAPK1 which is
1.24uM concentration [36].

In contrast to the expected behavior of the typ&&P competitive kinase inhibitors whose
elicited inhibition potency decreases with incragghe concentration of ATP, the dose-response
curves (Figure 2) did not show a reduction of theasured inhibition for the kinase reaction
upon increasing the ATP concentration. In addit®rslight enhancement of the measureg) IC
was observed when ATP concentration was incredskd Yalues of 2.89, 1.25, and 0.9&1
when ATP concentrations were 1, 10, and {80 respectively). In other words, there was a
proportional slight increase in the potency of coomd 3l with increasing the ATP

concentration. The calculated; Kor inhibition of DAPK1 by compoundl was 0.581uM.



Considering that the ATP Kvalue for DAPK1 is 1.24iM, compound3l might be a viable

DAPKZ1 inhibitor at the cellular concentrations of A
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Figure 2. Dose-response curves for the impact of compddindn the kinase reaction of

DAPK1 at 1, 10, and 100M concentrations of ATP.

As no competitive effect between ATP and compo8hdias observed from the conducted
study, it might be anticipated that compowids a non-ATP competitive inhibitor that binds to
a site other than the ATP binding site of DAPK1rtRarmore, it seemed that ATP binding shifts
conformational ensemble of DAPK1 to the conformraiostructure favored for binding of
compound3l. Since no previous DAPK1 inhibitor has been regmbitb show a similar mode of
inhibition, to the best of our knowledge, compo@hevould be the first in its class as a non-ATP

competitive DAPK1 inhibitor.



2.4.2.Mechanism of CSF1R inhibition

As compound3l was found to be non-ATP-competitive DAPKL1 inhibjteve addressed
verification of its mechanism of inhibition of CIR1Accordingly, compoun@®l| was assayed
against CSF1R kinase at three different ATP comagah and the I values were calculated.
As shown in Figure 3, measureds$@alues of compoundl decreased as the ATP concentration
increased (16 values of 0.069, 0.153, and 0.279 when ATP concentrations were 1, 10, and
100 uM respectively) and the calculated fidr inhibition of DAPK1 by compoun@l was 0.129
MM. This behavior might indicate that compouBidcompetes with ATP for the ATP pocket of
CSF1R kinase. Accordingly, we might conclude thampound3l acts as ATP-competitive

inhibitor of CSF1R although it might act as a nofRFAcompetitive inhibitor for DAPK1.

Compound IC50 Data for CSF1R
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Figure 3. Dose-response curves for the impacB8bbn the CSF1R kinase reaction at 1, 10,

and 10QuM concentrations of ATP.

2.5.1nvitro cellular assays
2.5.1.Tau aggregation inhibition assay

As discussed in the introduction section, DAPKlinigolved in tau hyperphosphorylation,
which is an essential step in the formation ofdggregates. Aim vitro active DAPK1 inhibitor
should also be able to elicit a cellular activitpmifested in the inhibition of the formation of tau
aggregates to be considered a promising useful auelefor the targeting of tauopathies.
Therefore, the urea compour8b and amide compounds3g-I), which showed promising
DAPK1 inhibitory activity, were evaluated at desi@ concentrations of 50, 10, andul
using “tau Bimolecular Fluorescence Complementatgsay” (tau-BiFC cell assay), which
vitalizes tau aggregation in living HEK293 celldi42, 43]. In the course of conduction of the
assay, we followed the reported protocol using Hame materials employing 30M
concentration of forskolin as tau aggregation attix.

As shown in Figure 4, the results of the cellulssay showed that compouBld, which is the
least potent DAPKL1 inhibitor, as well as compowgl which incorporate the lipophilic 3-
(trifluoromethyl)phenyl moiety were ineffective all of the used concentrations in the cellular
assay for protection against the forskolin-indut¢ad aggregation. This cellular outcome for
compound3g could possibly arise from a pharmacokinetic imp&ot all other compound8if—

I) possessing the relatively more hydrophilic metiabed phenyl moieties, a variable degree of
protection at 50uM concentration was elicited. Among them, compowidwas the most

effective in eliciting a complete protection agaifskolin-induced tau aggregation at pbl



concentration. This matches with timevitro conducted kinase assay, which revealed compound
3l among all of the prepared compounds to possesadkepotent Ig against DAPK1. On the
other hand, compoun@®i, which incorporates 3-methoxyphenyl moiety, showhd least
efficient protection at 5QM concentration which is also consistent with ivlpotency revealed
from the conducteth vitro kinase assay against DAPKL1. In addition to thepiotompoundl,
compounds3h and 3k produced excellent protective activity at B concentration while
compound3j produced an average protective activity. Howewden the test concentration was
decreased to 10M, only compound3l retained its excellent potency while compoutisand

3k showed almost a similar moderate protective agtivConsequently, compoun8l was
selected for further evaluation in 5-dosess;l@ode employing 1, 2, 4, 8 and 16V
concentrations. The assay showed that comp@lralicited a cellular 16 value of 5.0uM
while the 16uM dose concentration almost completely protecteainsg the forskolin-induced
tau phosphorylation restoring it to the basal lefélese results might indicate that the DAPK1
inhibitor compound3l could serve as a promising lead compound for teeeldpment of
inhibitors of tau aggregates formation, and thus tlevelopment of promising tauopathies

therapeutics.
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Figure 4. Effects of DAPKL1 inhibitors on tau aggregation. KE93 tau-BiFC cells were

treated with each compound in various concentratiarthe presence of forskolin (30 uM) for

48 h. Data are mean * SD. The intensity of BiFQodliscence was quantified by using a

Harmony 3.1 software (PerkinEIni&).

2.5.21n vitro anti-neuroinflammatory evaluation

The increased nitric oxide (NO) production is aonavent in microglial neuroinflammation.

In addition to its contribution to the increasedpésphosphorylation and formation of tau

aggregates [44, 45], it also contributes to therodegenerative events by several mechanisms

[46, 47]. Furthermore, it is interesting that miwa of tau protein has been identified in

tauopathies [48, 49]. Moreover, NO produced froneroglial neuroinflammation could lead to

the formation of neurotoxic NO-dependent reactiegen species (RNS) such as peroxynitrite

[50, 51]. As we sought the development of multifimgal agents preventing both of formation

of tau NFTs and neuroinflammation, it was importentevaluate the anti-neuroinflammatory

activity of the compounds that showed promisinggutive activity against the formation of tau

aggregates. Consequently, compoBhevhich showed the most potent activity in the taB®



cellular assay, as well as, compouBld which also elicited a good protective activity wer
selected for evaluation of anti-neuroinflammatoffe&s in the BV-2 microglial cell line. In
addition, thein vitro kinase assay showed that these two compoundsgsoassubmicromolar
ICso values activity against CSF1R. Accordingly, thmopolysaccharides (LPS)-stimulated BV-
2 cell line was used as a model for microglia-iretloeuroinflammation to evaluate the effects
of these two compounds [52].

As shown in Figure 5A, the 100 ng/mL concentratbdhPS resulted in an abrupt increase of
NO production in BV-2 cells. However, the presentd 0 uM concentration of compoungl
attenuated the increased production of NO by ardeffd of the production elicited by the
positive control. This inhibition of LPS-induced N@roduction in microglia was highly
significant (p< 0.001). As shown in Figure 5B thability of BV-2 cells in the presence of both
of compound3l and LPS was more than 92% of the control indicativat this reduction of NO
production is due to specific inhibition of BV-2liseby compoundl. However, a low inhibition
percent for NO production was elicited by compo@hdFigure 5A) which was significant only
at p=0.1023. It is worthy to mention that the stuual difference between both compounds is
only the N atom on the aromatic ring on positiorof2the pyrimidine ring. This structural
difference resulted in the dramatic differenceetiudar activity. Possibly, the introduction of the
N atom to compoun8l improved its physicochemical properties and alldfe a better cellular

activity.
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Figure 5. Effects of compound3h and3l on LPS-induced BV-2 cell line. (A) Inhibition of
NO production in LPS-stimulated BV-2 cell line bgrapounds3h and3l. Values are the means
of five independent experiments + SD. (B) the impaf for compounds3h and 3l on the

viability of BV-2 cell line. Values are the mearisfioe independent experiments £ SD.

2.6. Selectivity profile

A considerable homology of the ATP-binding sitevixstn different kinases exists because
kinases utilize the same natural molecule (ATPadgand. As a result, the developed small
molecule kinase inhibitor most likely inhibits mdiean one kinase. Consequently, selectivity is
a major issue in developing kinase inhibitors toidwoff-target effects that may arise from the
inhibition of kinases other than the targeted kiisasAccordingly, compoun@l, which was
revealed as a promising molecule targeting bottaofaggregation and of neuroinflammation,
was subjected to kinase profiling to test its dalég in inhibiting CSF1R and DAPK1 rather
than other kinases. Even though the mechanistitysthowed thaBl does not compete with
ATP for DAPKZ1, there is a possibility that it mighind the ATP pocket of other kinases as it
was developed starting from ATP competitive intultstof CSF1R. In this regard, the selectivity
was evaluated by profiling compouBtiagainst a panel of 47 kinases. The panel inclixa

DAPK1 and CSF1R family members in addition to otkgrases representing diverse kinase



families. The profiling was performed via evaluatithe percent inhibition produced by M

concentration of compourgl.
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Figure 6. Selectivity profile elicited by 1@M concentratiorof compound3l against a panel

of 47 kinases including CSF1R and DAPK1. These @atathe mean of two independent

experiments + standard deviation.

As shown in Figure 6, compour8 did not significantly inhibit most of the diver&mases

from the TK or STK families represented in the pgameept for the expected inhibition of the

src family members such as Lck, Lyn, and c-Sraddition, compoun@I did not inhibit other

members of the PDGFR family arguing for a highlyestve CSF1R inhibitor. Intriguingly,

compound3l did not show any activity over DAPK2, DAPK3, andRBK1 kinases despite the

high sequence homology between the kinase dom&iBABK1, DAPK2, and DAPK3 (more

PKA



than 80% sequence homology in their kinase domaiinalso did not show any activity against
other related kinases such as PIM1, LRRK2 or CaMg&&ggesting that compourddi is highly
selective towards CSF1R and DAPK1.

To the best of our knowledge, none of the known RARNhibitors reached this level of
selectivity within the DAPK family with preferentisselectivity for DAPK1 over the other
family members. The results obtained from the meistia study and the observed subtype
selectivity within the DAPK family suggest that cpound3I binds to another binding site other
than the ATP-binding site arguing for a potentiedtfin-class non-ATP-competitive inhibitor of
DAPK1. In summary, compoundl showed high selectivity for DAPK1 and CSF1R agains

other members of the DAPK or PDGFR families.

2.7.Cardiac safety profile (I n vitro Predictor™ hERG Fluorescence Polarization
Assay)

Early assessment of the potential cytotoxicitynportant to minimize the risk of failure of
drug discovery programs [53]. The human Ether-gggdrelated Gene (hERG aka KCNH2) is a
gene that encodes for two voltage-gated potasshannels [54]. The hERG potassium channels
are involved in action potential repolarizationtiie heart [55]. Both inhibition and activation of
hERG channels by non-cardiovascular drugs are deresi as a severe toxic effect that should
be eliminated early in the drug development prodé&$. In fact, several drugs have been
dropped after marketing because of their signiticaardiotoxic effects due to their off-target
effect on the hERG channels [57]. Consequently, giamising compoundl was evaluated
against the hERG channel in a 10-dosg I8ode starting at 100M with 3-fold serial dilution

employing Predictor™ hERG Fluorescence Polariza#i@say. The assay uses a membrane



containing hERG channel protein and a high-affifitipprescent hERG channel ligand (Tracer).
The ability of the test compound to compete wité ttacer for the hERG binding reflects the
ability of the test compound to inhibit the hERGaohel. Compoun@®| showed good cardiac
safety profile with ann vitro ICsg value of 17.1uM against hERG channel (Table 2). This result
suggests that compoutidoes not elicit significant cardiotoxicity and temre, a suitable lead

compound for further development.

Table 2. hERG channel affinity data (ass/alue) of compoun@l.

Compd. IC 5 of tracer binding (uM) against hERG? P. (10° Cm/sec) = SD
3l 17.1 57.(+3.2°
E-4031° 0.01 ND ¢
Progesteron€e’ ND 33.2+0.7
Theophylline ND 0.2€ + 0.0¢€

@ The compound was tested in a singlicate 10-doggn@de starting at 106M with 3-fold serial dilution.
® The compound was tested using 12\6 concentration and the results shown are the mehtiwee independent
experiments + standard deviation.
¢ E-4031 is the positive control agent for the hE€t@nnel assay.
4 ND: Not determined
® Progesterone (50M) was used as the positive control agent for tAMPA assay.
" Theophylline (5uM) was used as the negative control agent for tiglPA assay.

2.8.Blood-Brain Barrier (BBB) penetration evaluation (PAMPA assay)

The ability of CNS-directed therapeutic agentsruss the BBB determines the effectiveness

of these agents vivo and minimize the potential peripheral side effabit result from poor
BBB penetration. Since our designed compounds t&g&K1 and CSF1R for management of

tauopathies, it was essential to assess theityabilicross the BBB. For that, we have selected

the most potent member of our seri@f {o be evaluated using the parallel artificial nbeame



permeability assay (PAMPA) [58]. The PAMPA assaguBBB-PAMPA lipid membrane and
measures the ability of a certain chemical to ctbss membrane and therefore measures its
effective permeability (§ (detailed experimental protocol is discussed he experimental
section). In order to evaluate the obtaingd/&ues, certain standards were applied. If thes P
more than 0.4 (I cm/sec), the tested compound is considered agyhigmeable and if it is
more than 10 (I® cmi/sec), the compound is considered as highly itBvailable.
Progesterone (high BBB-penetrating drug) was used positive control and showed @ SD
values) value of 33.3 + 0.7 whiteeophylline (low BBB-penetrating drug) was usedagative
control and showed Pvalue of 0.26 £ 0.06. When compouBtl was assayed at the same
conditions, it showedalue of 57.0 = 3.3 accounting for around 71% bigbenetration ability
than the positive control (Table 2). These ressuiggest that compourdd could have high BBB

penetration and high CNS bioavailability and isigable lead for further development.

2.9.1n silico molecular simulation study

In order to identify the binding mode and recepioteractions of this new class of
DAPK1/CSF1R inhibitors, a molecular docking studgswperformed. The crystal structures of
the catalytic kinase domain of DAPK1 (PDB code: £I>Figure 7) and CSF1R kinase domain
(PDB code: 3KRJ) were used for the docking studpleging SwissDock which is based on the
docking software EADock DSS running on the Vitaldllister [59]. Docking was performed in
the accurate mode as a blind docking study wherdifg modes are generated in the vicinity of
all cavities of the used structure. Simultaneoutsigir CHARMM energies were estimated on a
grid. The binding modes with the most favorablergies were evaluated with FACTS and

clustered and visually inspected [60].



2.9.1.Docking results to DAPK1
The results of the conducted silico blind docking showed that this class of compounds
might dock within two pockets only in the employstiucture of DAPK1, the ATP-binding

pocket and another pocket which was identifiechagrotein substrate-binding site [61].

Figure 7. The ATP-binding site and the substrate-bindingssiof the DAPK1 protein. A
hydrophobic surface was generated around the pratgng Discovery studio program standard

protocol for surface generation.

In the case of compourtl, which is the most potent compound among the peebseries,
the calculations predicted that the best-dockede peswithin the substrate-binding pocket
(Figure 8A). This binding mode for compouBtishowed a high overall favorable free energy
(AG = -9.21 kcal/mol). Several polar and hydrophahieractions of compoundl within the

substrate-binding site contributed to the staltilira of this binding mode. Thus, the 3,5-



dimethoxybenzoyl group docked into the hydrophgdmcket eliciting interactions with Leulll,
Lys108, and Alal06. The carbonyl group of the amedtablished a hydrogen bond with the
backbone NH group of Leulll. The NH group at posi? of the pyrimidine core interacted
with the Glul13 side chain. The morpholine wasaed to the solvent exposure region while
the p-methoxyphenyl interacted with Asn243 and Glu2389. tBe other hand, the best scoring
pose of compoundl within the ATP-binding site showed a relativelyvier score AG = -8.36
kcal/mol) and, more importantly, was unable to legth the crucial interactions with key
residues within the hinge region (Figure 8B). lbwkd a flipped binding mode in which the
dimethoxyphenyl moiety docked into the hydrophghbicket showing interactions with Leul9,
Val27, Ala40, Glu94, and lle160. The pyrimidinegimteracted with Lys42 and Asp161. While
the morpholine was directed to the solvent and ghenyl group carrying the morpholine
interacted with GIn23. The methoxyphenyl moietyermatcted with the peptide bond between
Gly20 and Ser21. Together, these results inditetedompoundl might act through binding to

the substrate-binding site rather than the ATPibmgocket of DAPK1.




Figure 8. In silico calculated binding modes of compousidvithin DAPK1. (A) Calculated
binding mode o8I within the substrate-binding site of DAPK1. (B)IGdated binding mode of

3l within the ATP-binding site of DAPK1.

Considering the case of compouBgl which is a less potent DAPK1 inhibitor, a scarevér
than that for compound@l was calculated for the docked pose within the satesbinding site
(AG = -8.92 kcal/mol for compourgh while AG = -9.21 kcal/mol for compourl). This could
explain the relative potencies of these compouit® calculated binding mode within the
substrate-binding site showed slight deviationhi@ érientation of compourly relativeto that
of compound3l (Figure 9A). In this binding mode of compouBg the 3-trifluoromethylphenyl
moiety docked into the hydrophobic pocket showmgractions with Phel102, Leu105, Alal06,
lle209, and Leu210. Meanwhile, the pyrimidine ringeracted with Leulll, Alall6, and
Leu210. The morpholine was directed to solvent sypm The amide NH interacted with
Leu210. Considering thm silico prediction for possible binding of compouBid within the
ATP-binding site, the calculated pose showed adrigitore AG = -9.23 kcal/mol) than that
within the substrate-binding site but missed theciad interactions with key residues of the
hinge region (Figure 9B). In this calculated posee 4-methoxyphenyl ring fitted into the
hydrophobic pocket showing interactions with ValRys42, Glu64, Leu93, 1le160, and Aspl161,
while the pyrimidine ring interacted with Val27. &@hmorpholine was directed to solvent
exposure while the phenyl group carrying the molipkeointeracted with Leul9 and Met146.
The trifluoromethyl interacted with Phe24 and Ala@hile the phenyl group carrying the
trifluoromethyl moiety interacted with Ala25 and pd61. Despite the higher score of the pose

of compound3g within the ATP pocket than within the substrataedng pocket, lacking



interactions with the key residues of the hingaaiegnay exclude this binding mode from our
consideration. In addition, the similarity of oriahion and interaction patterns of the best pose of
compound3g with that of the most active compourl within the substrate-binding pocket
supports that DAPK1 inhibition by compour8ig might be also mediated through binding to the

substrate-binding pocket.

Figure 9. In silico calculated binding modes of compousglwithin DAPK1. A) Calculated
binding mode o3g within the substrate-binding site of DAPK1. B) @ahated binding mode of

3g within the ATP-binding site of DAPK1.

Collectively, the results of thim silico conducted study were consistent with what has been
revealed from the mechanistic study that this ctZfssompounds does not fit properly in the
ATP-binding site of DAPKL1. In addition, it sugges#isit this class of compounds acts as protein-
protein interactions inhibitors (PPI-inhibitorsavbinding to the substrate binding site of DAPK1

and thus blocks the access of the protein substragilting in inhibition of kinase reaction of



DAPKL1. This would also explain the high selectivifycompound3l for inhibiting only DAPK1

among other members of the DAPK family of proteimalses and other related kinases.

2.9.2.Docking results to CSF1R

Because the conducted mechanistic study of comp8umntticated that its mechanism for
CSF1R inhibition is different from that for DAPKIhibition, we conducted a molecular
docking study of compoun@l to CSF1R. In contrast to the results of the cotetudlind
docking study to DAPK1, herein, the results shoveat compound3l docked within ATP
pocket of CSF1R but not in other site(s). This te®iin agreement with the results of the
conducted mechanistic study of compohd
Investigation of the top ten poses should that3jtedimethoxyphenyl moiety in the top six
retrieved poses as well as pose No. 9 docked metdnydrophobic pocket (Figure 10), which is a
binding mode different from the previously predect®r compound? in our previous report
which predicted that the morpholino moiety dockeskbpl into the binding pocket and the
moiety3,5-dimethoxyphenyl moiety projected outsidenong poses 1-6 and 9, binding to
Tyr665 (hinge region) was detected only in poses Bland 9. Only in pose No 10 the
morpholine ring was docked into the hydrophobickasbcsimilar to compoun@. However, in
this pose, it showed no interaction with Tyr665n(@ region). In poses No. 7 and 8, the 4-
methoxyphenoxy moiety was docked into the hydrophpbcket. However, in both poses 7 and
8, there was no interaction with Tyr665 (hinge o&ji This could possibly rationalize the lower
inhibition potency against CSF1R observed in tldges relative to that of compourgl In
addition, these docking study results further sugpour finding thaBl inhibits CSF1R kinase

through an ATP-competitive mechanism.



Figure 10. In silico calculated binding modes of compouBidwithin the ATP pocket of the
CSF1R kinase (pose No. 3) showing regular bindingerwith the 3,5-dimethoxyphenyl moiety

embedded deep inside the hydrophobic pocket oAt binding site.

3. Conclusion

In the course of searching for and developing npvemising therapeutics for tauopathies (a
group of complex neurodegenerative diseases),sthidy aimed to design and evaluate small
molecules dual inhibitors of DAPK1 and CSF1R kisad®y inhibiting both kinases, we aimed
at targeting both the formation of tau neurofilamyl tangles and the neurodegeneration-
associated neuroinflammation which are two majanmonents of tauopathies. In this regard,
this work used our recently developed CSF1R inbiitompound®) as a starting point. Guided

by the chemical structure of a recently reportedPAbmpetitive DAPK1 inhibitor (compound



1) the structure of compourZlwas modified in attempts to obtain small molecudapable of
inhibiting both of DAPK1 and CSF1Rn vitro evaluation of the inhibition of DAPK1 and
CSF1R kinase reactions by the prepared compourmgeshthat the amide derivativ8g-I)
gained significant inhibitory activity against DARKand retained excellent inhibitory activity
against CSF1R. In contrast, urea compoursds-ff did not gain sufficient inhibitory activity
against DAPK1 and/or lost potential activity agai@SF1R. To verify the type of the newly
developed DAPK1/CSF1R inhibitors, a mechanisticdgtwas conducted using logarithmically
increasing concentrations of ATP (1, 10 and 10@ concentrations) for the most potent
member, compoundl. The results indicated that these inhibitors aotemtial non-ATP-
competitive DAPK1 inhibitors but they compete wikiP for CSF1R kinase.

To assess the potentiality of these compounds hibitnthe formation of tau protein
aggregates, the tau-BiFC cellular assay was peedrwhich revealed a good to an excellent
cellular activity of compoundsh, 3k, and 3l. The 1Gy, was measured to be 5/ for
compound3l, which was the most potent compound in the cellaksay. To assess the dual
functionality of the developed molecules againstiromflammation and formation of tau
aggregates, compoudl which was the most potent inhibitor for formatioitau-aggregates, as
well as, compound3h which elicited good activity in the tau-BiFC assagre further evaluated
for inhibition of the production of NO in LPS-inded BV-2 microglial cell line as a model for
microglial neuroinflammation. Pleasantly, compowidnhibited the stimulated production of
NO by around 55% indicating that it might act asldunctional molecule counteracting both
the neuroinflammation and the tau-aggregation Nfd's.

To assess the probability of off-target effectd thaght arise from inhibition of other kinases

by compound3l, kinase profiling was performed against a pane#ofkinases representing



diverse kinases’ families and including other mersbef the DAPK family and related
members. The results revealed high selectivityashpound3l for DAPK1 and CSF1R over
other kinases included in the screened panel. &urtibre, an exclusive selectivity for DAPK1
over the other members of DAPK family and relat@dagkes was observed which might be
attributed to the uniqgue mechanism of DAPK1 inhdrt by compound3l. For further
assessment of compouBtisafety,in vitro “Predictor™ hERG fluorescence polarization assay”
was conducted as a measurement for potential ¢exitidy. The assay showed a good cardio
safety profile for compoun@l. In addition, compoun@®| was predicted to have a high CNS
penetration and bioavailability using PAMPA-BBB agsTo predict the possible binding site of
these compounds within DAPK1, a blind docking studws conducted. Then silico
calculations showed that these compounds mightdoeck properly within the ATP-pocket
which is consistent with the performed mechanistialy. Instead, thim silico study predicted
these compounds to dock within the substrate-bqdite suggesting that these compounds
might act as small molecule PPI inhibitors blockihg access of the substrates to the substrate-
binding site of DAPK1, thus, hindering binding bktsubstrate to the DAPK1 which is a crucial
step of the kinase reaction. On the other h&8hdias docked inside the ATP pocket of CSF1R in
the retrieved poses further supporting the mechargtudy results.

In summary, this work presents compowhds a unique, effective and selective inhibitor of
both DAPK1 and CSF1R. The activity and safety ahpound3| have been provem vitro and
in cellular assays while the mechanism of DAPK1ibitton has been studieieh vitro andin
silico. CompoundI could serve as a promising lead compound for é&urtievelopment of novel

anti-tauopathy and/or anti-neuroinflammatory thesp



4. Experimental
4.1. Chemistry

4.1.1.General

All reactions and manipulations were carried oungisstandard Schlenk techniques. The
starting materials, reagents, and solvents werehpged from commercial suppliers and were
used as purchased. All melting points were meashye®ptimelt Automated Melting Point
System (Stanford Research Systems) and are untzmfrethin-layer chromatography was
performed with Merk silica gel 60,5 pre-coated glass sheets. Column chromatography was
performed on Merck Silica Gel 60 (230-400 mesh)bgrusing Biotage Isolera One flash
chromatography system and the eluting solventsatex] as a mixed solvent with given volume-
to-volume ratios or as a percentati¢ & **C NMR was measured on a 400 MHz Bruker Avance
NMR spectrometer. Chemical shifts and coupling tamts are presented in parts per million
(ppm) relative to MgSi and hertz (Hz), respectively, and the followattpreviations are used: s,
singlet; d, doublet; dd, a doublet of doubletstiplet; m, multiplet. High-resolution mass spectra
were performed on Waters ACQUITY UPLC BEH C18 1.@Q+FOF SYNAPT G2-Si High

Definition Mass Spectrometry.

4.1.2.General procedure for preparation of 5a—f
The procedure for preparation ®d—f was followed as reported and compoubdsse, and5f

were prepared as previously reported [37].

4-(4-methoxyphenoxy)-N-(6-morpholinopyridin-3-yl)-5-nitropyrimidin-2-amine (5b)



Orange solid, yield 50%, mp: 217.1-218.9 *8.NMR (400 MHz, DMSOds): §10.60 (s,
1H), 9.13 (s, 1H), 8.02 (d, 1H,= 2.2 Hz), 7.41 (dd, 1H] = 9.0, 2.3 Hz), 7.19 (d, 2H,= 8.9
Hz), 7.04 (d, 2HJ = 8.9 Hz), 6.41 (d, 1H] = 9.2 Hz), 3.81 (s, 3H), 3.69 (t, 4BI= 4.6 Hz), 3.32
(s, 4H); ®C NMR (100 MHz, DMSOdg): 5 163.60, 159.73, 158.86, 157.75, 156.10, 145.55,
140.21, 130.55, 126.60, 123.71, 123.37, 123.20,2P15106.18, 66.33, 55.95, 45.81; HRMS

(ES): m/z calculated for GoH2oNgOs: 447.1393 [M+Nal]. Found 447.1395.

N-(4-fluorophenyl)-4-(4-methoxyphenoxy)-5-nitropyrimidin-2-amine (5c)

Greenish yellow solid, yield 78.5%, mp: 219.0-228C1L'H NMR (400 MHz, DMSOsk): &
10.70 (s, 1H), 9.17 (s, 1H), 7.29-7.23 (m, 4H)97(0, 2H,J = 7.8 Hz), 6.82 (s, 2H), 3.84 (s,
3H); 1*C NMR (100 MHz, DMSOdg): & 163.10, 159.11, 158.34, 157.22, 156.75, 145.12,603

123.57,122.97, 121.44, 114.69, 114.50, 55.50.

4-(4-methoxyphenoxy)-5-nitro-N-(6-(piperidin-1-yl)pyridin-3-yl) pyrimidin-2-amine (5d)

Yellow solid, yield 40.8%, mp: 189.9-190.9 & NMR (400 MHz, CDCJ): § 9.10 (s, 1H),
7.89 (s, 1H), 7.64 (s, 1H), 7.29 (d, 1Hs 9.0 Hz), 7.08 (d, 2H] = 8.8 Hz), 6.96 (d, 2H] = 9.0
Hz), 6.25 (d, 1HJ = 9.1 Hz), 3.86 (s, 3H), 3.51-3.45 (m, 4H), 1.63§H); **C NMR (100
MHz, DMSO-g): 5 163.62, 159.70, 158.87, 157.74, 156.09, 145.58,3B4 130.68, 125.39,

123.61, 123.41, 123.22, 115.23, 106.02, 55.93,64@2.29, 24.73.

4.1.3.General procedure for preparation of 6a—f



The procedure for preparation @d—f was followed as reported and compoufids6e, and6f

were prepared as previously reported [37].

4-(4-methoxyphenoxy)-N2-(6-morpholinopyridin-3-yl)pyrimidine-2,5-diamine (6b)

Yellow solid darkens to deep blue, yield 100%, rhp8.9-200.9 °C*H NMR (400 MHz,
DMSO-de): 6 8.58 (s, 1H), 8.21 (d, 1H,= 2.6 Hz), 7.81 (s, 1H), 7.69 (dd, 1H= 9.0, 2.6 Hz),
7.14 (d, 2HJ = 9.0 Hz), 7.00 (d, 2H] = 9.0 Hz), 6.55 (d, 2H] = 9.1 Hz), 4.54 (s, 2H), 3.79 (s,

3H), 3.68 (t, 4HJ = 4.5 Hz), 3.25 (t, 4H] = 4.7 Hz).

NZ-(4-fluor ophenyl)-4-(4-methoxyphenoxy)pyrimidine-2,5-diamine (6c)

Yellow solid darkens to deep blue, yield 100%, rhp3.3-195.0 °C*H NMR (400 MHz,
DMSO-dg): & 8.88 (s, 1H), 7.85 (s, 1H), 7.45-7.40 (m, 2H)67d, 2H,J = 9.0 Hz), 7.03 (d, 2H,
J = 9.4 Hz), 6.85-6.81 (m, 2H), 4.62 (s, 2H), 3.803H); *C NMR (100 MHz, DMSOde): &
158.55, 157.64, 157.02, 155.30, 151.52, 146.56,9642.38.38, 138.36, 123.51, 123.37, 118.95,

118.88, 116.17, 115.05, 115.00, 114.96, 114.74755.

4-(4-methoxyphenoxy)-N>-(6-(piperidin-1-yl)pyridin-3-yl)pyrimidine-2,5-diamine (6d)

Yellow solid darkens to deep blue, yield 99.3%, rhp8.4-180.4 °C'H NMR (400 MHz,
DMSO-dg): § 8.51 (s, 1H), 8.15 (d, 1H,= 2.6 Hz), 7.80 (s, 1H), 7.61 (dd, 18= 9.1, 2.8 Hz),
7.14 (d, 2HJ = 9.0 Hz), 7.00 (d, 2H] = 9.0 Hz), 6.52 (d, 1H] = 9.1 Hz), 4.52 (s, 2H), 3.79 (s,
3H), 3.34-3.32 (m, 4H), 1.53 (s, 6HYC NMR (100 MHz, DMSOdg): & 158.76, 156.93,

154.83, 154.78, 152.57, 152.24, 151.58, 146.54,3746.43.11, 138.30, 129.71, 129.45, 129.16,



128.95, 123.36, 122.88, 116.17, 115.06, 115.00,3807106.92, 55.90, 46.91, 25.46, 25.40,

24.76.

4.1.4.General procedure for preparation of 3a—f [6p

To a solution of compound8a—f (0.1 mmol) in glacial acetic acid (2 mL) was added
aqueous solution of potassium cyanate (0.2 mmol imL water), dropwise. The reaction
mixture was stirred at rt for 2 h at which TLC iodied total consumption of the starting amine.
The mixture was then diluted with water and ex@rdolvith EA (3 x 5 mL). The organic layer
was dried over anhydrous sodium sulfate and evémhrdhe residue was purified by column

chromatography.

1-(4-(4-methoxyphenoxy)-2-((4-mor pholinophenyl Jamino)pyrimidin-5-yl)urea (3a)

Yellowish white solid, yield 45.8%, mp: 243.9-243@2. 'H NMR (400 MHz, DMSO«k): &
9.04 (s, 1H), 8.69 (s, 1H), 8.05 (s, 1H), 7.272d, J = 8.3 Hz), 7.18 (d, 2H] = 8.6 Hz), 7.03
(d, 2H,J = 8.5 Hz), 6.64 (d, 2H] = 8.6 Hz), 6.14 (s, 2H), 3.81 (s, 3H), 3.71 (s).AH95 (s,
4H); 13C NMR (100 MHz, DMSOsdg): & 160.36, 156.63, 156.24, 154.32, 150.32, 145.72,34
133.24, 123.08, 119.02, 115.31, 114.49, 113.27046655.37, 49.27; HRMS (EB m/z

calculated for GH24NgO4: 459.1757 [M+Na]. Found 459.1751.

1-(2-((4-mor pholinophenyl)amino)-4-(4-(trifluoromethyl)phenoxy)pyrimidin-5-yl)urea (3b)

White solid, yield 69.5%, mp: 263.1-265.0 &1 NMR (400 MHz, DMSOds): & 9.16 (s,

1H), 8.74 (s, 1H), 8.03 (s, 1H), 7.89 (d, 2Hs 8.5 Hz), 7.52 (d, 2H] = 8.4 Hz), 7.18 (d, 2H]



= 8.7 Hz), 6.60 (d, 2HJ) = 8.9 Hz), 6.11 (s, 2H), 3.71 (t, 48= 4.9 Hz), 2.92 (t, 4H) = 4.6
Hz); **C NMR (100 MHz, DMSOdq): 5159.89, 156.18, 155.73, 154.35, 151.50, 145.46,9032
126.98, 126.94, 126.08, 125.76, 125.46, 123.29,7622.19.09, 115.17, 113.18, 65.99, 49.14;

HRMS (ES): m/z calculated for §H,1FsNgOs: 497.1525 [M+Na]. Found 497.1528.

1-(4-(3-methoxyphenoxy)-2-((4-mor pholinophenyl)amino)pyrimidin-5-yl)urea (3c)

Yellowish white solid, yield 81.2%, mp: 206.2—207®. 'H NMR (400 MHz, DMSO«k): &
9.08 (s, 1H), 8.72 (s, 1H), 7.97 (s, 1H), 7.40LH, J = 8.1 Hz), 7.30 (d, 2H] = 9.0 Hz), 6.92—
6.82 (m, 3H), 6.65 (d, 2H,= 9.0 Hz), 6.10 (s, 2H), 3.77 (s, 3H), 3.71 (t, 41 4.4 Hz), 2.95 (t,
4H, J = 4.6 Hz);™*C NMR (100 MHz, DMSOd): & 172.58, 160.85, 160.51, 156.77, 154.97,
154.06, 151.20, 145.99, 133.80, 130.55, 119.92,591915.92, 114.72, 113.95, 111.69, 108.68,
66.64, 55.89, 49.87; HRMS (BS m/z calculated for §H.4NgO4: 437.1937 [M+H]. Found

437.1938.

1-(2-((4-fluorophenyl)amino)-4-(4-methoxyphenoxy)pyrimidin-5-yl)urea (3d)

White solid, yield 80%, mp: 278.0-280.0 °& NMR (400 MHz, Acetonelk): & 8.95 (s,
1H), 7.56-7.52 (m, 2H), 7.36 (s, 2H), 7.17 (d, 2H; 8.8 Hz), 7.05 (d, 2H] = 8.9 Hz), 6.85 (t,
2H, J = 8.8 Hz), 3.88 (s, 3H)**C NMR (100 MHz, DMSOdg): & 160.67, 157.30, 156.68,
154.38, 150.33, 146.21, 137.60, 123.67, 119.81,7B1915.12, 115.04, 114.82, 114.70, 56.00;

HRMS (ES): m/z calculated for GH16FNsO3: 370.1315 [M+H]. Found 370.1323.



1-(4-(4-methoxyphenoxy)-2-((6-morpholinopyridin-3-yl)amino)pyrimidin-5-yl)urea (3e)

White solid, yield 50%, mp: 212.0-213.6 €&l NMR (400 MHz, MeOHé,): & 8.53 (s, 1H),
8.08 (d, 1H,J = 2.6 Hz), 7.66 (dd, 1H} = 9.0, 2.7 Hz), 7.10 (d, 2H,= 9.0 Hz), 6.98 (d, 2H] =
9.0 Hz), 6.54 (d, 2HJ = 9.1 Hz), 3.83 (s, 3H), 3.78 (t, 4Bl= 4.7 Hz), 3.34-3.31 (m, 4H)°C
NMR (100 MHz, MeOHel,): 6 164.01, 160.12, 158.91, 157.60, 157.10, 147.5Q,084 131.87,
130.52, 124.16, 115.72, 114.11, 108.59, 67.84, Z6KRMS (ES): m/z calculated for

Ca1H23N-0,: 438.1890 [M+H]. Found 438.1896.

1-(4-(4-methoxyphenoxy)-2-((6-(piperidin-1-yl)pyridin-3-yl)amino)pyrimidin-5-yl)urea (3f)

White solid, yield 98%, mp: 213.6—-214.2 “€&l NMR (400 MHz, MeOHd,): & 8.51 (s, 1H),
8.01 (d, 1HJ = 2.5 Hz), 7.60 (dd, 1H} = 9.1, 2.7 Hz), 7.10 (d, 2H,= 9.0 Hz), 7.00 (d, 2H] =
9.0 Hz), 6.52 (d, 1H) = 9.2 Hz), 3.83 (s, 3H), 3.37 (s, 4H), 1.63 (s);6fC NMR (100 MHz,
MeOH-d,): 6 164.07, 160.13, 158.87, 157.73, 157.49, 153.67,5D4 140.09, 132.25, 129.38,
124.14, 123.45, 115.67, 113.91, 108.95, 56.18,2&5.71; HRMS (ES: m/z calculated for

C22H25N705: 436.2097 [M+H]. Found 436.2099.

4.1.5.General procedure for preparation of 3g—I
To a solution of compoun@a—d (0.1 mmol) in DCM (3 mL) was added DIPEA (0.15 minol
and the solution was cooled to —78 °C using acétioyjece bath. To this cold solution was
added an ice-cooled solution of appropriate acidride (0.1 mmol) in 2 mL DCM, dropwise.
The acetone/dry ice bath was removed and the osantixture was allowed to warm to room

temperature and stirred for 2 h (TLC checked). Upgsaction completion, the reaction mixture



was evaporated and the crude product was purifieccdlumn chromatography using EA:

hexane mixtures.

N-(4-(4-methoxyphenoxy)-2-((4-mor pholinophenyl)amino)pyrimidin-5-yl)-3-

(trifluoromethyl) benzamide (3g)

White solid, yield 23%, mp: 169.5-171.5 & NMR (400 MHz, CDCY): & 9.21 (s, 1H),
8.20 (s, 1H), 8.09 (d, 1H,= 7.7 Hz), 8.00 (s, 1H), 7.83 (d, 1Bi= 7.8 Hz), 7.65 (t, 1H] = 7.8
Hz), 7.26-7.23 (m, 3H), 7.13 (d, 2Bi= 9.0 Hz), 7.00 — 6.96 (m, 2H), 6.90 (s, 1H), 6(@42H,
J=9.0 Hz), 3.87-3.84 (m, 7H), 3.07 (t, 4H 4.8 Hz);**C NMR (100 MHz, CDGJ): § 157.45,
155.80, 151.10, 146.89, 145.48, 135.08, 132.30,2113@.29.50, 124.36, 123.04, 120.11, 116.47,
114.62, 112.32, 66.97, 55.70, 50.09; HRMS)E8\/z calculated for &H2eFsNsO4: 588.1835

[M+Na]*. Found 588.1832.

3,5-dimethoxy-N-(4-(4-methoxyphenoxy)-2-((4-mor pholinophenyl)amino)pyrimidin-5-

yl)benzamide (3h)

Yellowish white solid, yield 32.4%, mp: 208.7—-210@. 'H NMR (400 MHz, CDCJ): § 9.25
(s, 1H), 7.97 (s, 1H), 7.24 (d, 2Bi= 8.9 Hz), 7.12 (d, 2H] = 9.0 Hz), 7.03 (d, 2H] = 2.1 Hz),
7.00 (d, 2H,J = 9.0 HZ), 6.86 (s, 1H), 6.74 (d, 2B= 8.9 Hz), 6.63 (t, 1H] = 2.1 Hz), 3.87—
3.84 (m, 13H), 3.06 (t, 4H] = 4.7 Hz);**C NMR (100 MHz, CDGJ): § 165.13, 161.09, 160.36,
157.38, 155.45, 150.55, 146.78, 145.55, 136.44.483223.05, 119.98, 116.50, 114.57, 112.83,
105.14, 103.84, 66.97, 55.67, 50.14. HRMS "[E®/z calculated for gH3;NsOs: 580.2172

[M+Na]*. Found 580.2170.



3-methoxy-N-(4-(4-methoxyphenoxy)-2-((4-mor pholinophenyl)amino)pyrimidin-5-

yl)benzamide (3i)

White solid, yield 36%, mp: 185.0-185.5 °&& NMR (400 MHz, CDCJ): § 9.27 (s, 1H),
8.01 (s,1H), 7.49 (s, 1H), 7.45-7.38 (m, 2H), 7(@42H,J = 9.0 Hz), 7.15-7.09 (m, 3H), 6.98
(d, 2H,J = 9.0 Hz), 6.85 (s, 1H), 6.74 (d, 2Bi= 8.9 Hz), 3.88-3.84 (m, 10H), 3.06 (t, 4H=
4.8 Hz); ®C NMR (100 MHz, CDGJ): & 165.15, 160.36, 160.06, 157.40, 155.45, 150.57,
146.78, 145.57, 135.70, 132.49, 130.06, 129.85,062319.99, 118.77, 118.20, 116.51, 114.59,
112.88, 112.64, 66.98, 55.70, 55.54, 50.15; HRMS'XEm/z calculated for &HsNsOs:

528.2247 [M+H]. Found 528.2244.

3,5-dimethoxy-N-(4-(4-methoxyphenoxy)-2-((6-(piperidin-1-yl)pyridin-3-

yl)amino)pyrimidin-5-yl)benzamide (3))

White solid, yield 64.3%, mp: 169.3-171.3 ‘&l NMR (400 MHz, CDCJ): § 9.21 (s, 1H),
8.02 (d, 1HJ = 2.3 Hz), 7.96 (s, 1H), 7.64 (dd, 18= 9.0, 2.3 Hz), 7.09 (d, 2H, = 9.0 Hz),
7.02 (d, 2H,J = 2.2 Hz), 6.96 (d, 2H] = 9.0 Hz), 6.70 (s, 1H), 6.63 (t, 18l= 2.2 Hz), 6.48 (d,
1H, J = 9.1 Hz), 3.85 (s, 9H), 3.43-3.42 (m, 4H), 1.6621(m, 6H);**C NMR (100 MHz,
CDCL): & 165.15, 161.08, 160.48, 157.38, 156.46, 155.80,6U5 145.42, 139.56, 136.42,
130.50, 126.45, 122.93, 114.59, 112.96, 106.95,1405103.86, 55.67, 46.98, 25.50, 24.67;

HRMS (ES): m/z calculated for §H3:Ns0s: 557.2512 [M+H]. Found 557.2513.



N-(2-((4-fluorophenyl)amino)-4-(4-methoxyphenoxy)pyrimidin-5-yl)-3,5-

dimethoxybenzamide (3k)

White solid, yield 72%, mp: 202.0-203.0 °®& NMR (400 MHz, CDCJ): & 9.29 (s, 1H),
7.99 (s, 1H), 7.26 (d, 2H,= 9.0 Hz), 7.11 (d, 2H] = 9.1 Hz), 7.03 (d, 2H] = 2.2 Hz), 6.99 (d,
3H,J = 9.0 Hz), 6.84 (t, 2H) = 8.6 Hz), 6.64 (t, 1H] = 2.2 Hz), 3.88 (s, 3H), 3.86 (s, 6HJC
NMR (100 MHz, CDC}): & 165.19, 161.13, 160.35, 159.33, 157.55, 156.98,065 150.39,
145.46, 136.34, 135.43, 123.05, 119.95, 119.87,3P1815.10, 114.62, 113.35, 105.18, 103.90,
55.74, 55.69; HRMS (E$ m/z calculated for &H23sFN4Os: 491.1731 [M+H]. Found

491.1730.

3,5-dimethoxy-N-(4-(4-methoxyphenoxy)-2-((6-mor pholinopyridin-3-yl)amino)pyrimidin-5-

yl)benzamide (3l)

White solid, yield 55.9%, mp: 159.4-161.0 *6. NMR (400 MHz, CDCJ): & 7.99 (d, 1H,]
= 2.6 Hz), 7.90 (s, 1H), 7.65 (dd, 181= 9.0, 2.3 Hz), 7.03 (d, 2H,= 9.0 Hz), 6.95 (d, 2H] =
2.2 Hz), 6.90 (d, 2H) = 9.0 Hz), 6.69 (s, 1H), 6.56 (t, 1Bi= 2.2 Hz), 6.40 (d, 1H] = 9.0 Hz),
3.78 (s, 9H), 3.75 (t, 4H] = 5.0 Hz), 3.33 (t, 4H) = 5.0 Hz);"*C NMR (100 MHz, CDCJ): §
165.15, 161.09, 160.45, 157.41, 155.95, 155.59,5150145.39, 139.31, 136.37, 130.16, 127.82,
122.93, 114.61, 113.20, 106.73, 105.15, 103.85786655.67, 46.28; HRMS (EB m/z

calculated for GoH3oNeOs: 559.2305 [M+H]. Found 559.2301.

4.2.Biological evaluations

Detailed biological experimental data can be foumthe supporting material.
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Figure 1. The proposed design of DAPK1-CSF1R dual inhibitors

Figure 2. Dose-response curves for the impact of compd8indn the kinase reaction of

DAPK1 at 1, 10, and 100M concentrations of ATP.

Figure 3. Dose-response curves for the impacBbbn the CSF1R kinase reaction at 1, 10,

and 100uM concentrations of ATP.

Figure 4. Effects of DAPK1 inhibitors on tau aggregation. KE93 tau-BiFC cells were

treated with each compound in various concentratiarthe presence of forskolin (30 uM) for



48 h. Data are mean * SD. The intensity of BiF(ibscence was quantified by using a

Harmony 3.1 software (PerkinEIni&).

Figure 5. Effects of compound8h and3l on LPS-induced BV-2 cell line. A) Inhibition of
NO production in LPS-stimulated BV-2 cell line bgrapounds3h and3l. Values are the means
of five independent experiments + SD. B) the impdbr compound8h and3l on the viability

of BV-2 cell line. Values are the means of fiveependent experiments + SD.

Figure 6. Selectivity profile elicited by 1@M concentratiorof compound3| against a panel
of 47 kinases including CSF1R and DAPK1. These datathe mean of two independent

experiments * standard deviation.

Figure 7. The ATP-binding site and the substrate-bindingssivf the DAPK1 protein. A
hydrophobic surface was generated around the pratng Discovery studio program standard

protocol for surface generation.

Figure 8. In silico calculated binding modes of compouBidwithin DAPK1. A) Calculated
binding mode of3l within the substrate-binding site of DAPK1. B) @ahted binding mode of

3l within the ATP-binding site of DAPK1.

Figure 9. In silico calculated binding modes of compousglwithin DAPK1. A) Calculated
binding mode oBg within the substrate-binding site of DAPK1. B) @ahted binding mode of

3g within the ATP-binding site of DAPKZ1.

Figure 10. In silico calculated binding modes of compouBidwithin the ATP pocket of the
CSF1R kinase (pose No. 3) showing regular bindingenwith the 3,5-dimethoxyphenyl moiety

embedded deep inside the hydrophobic pocket oATiebinding site.



Table 1. Substitution pattern, Percent inhibition valuesd d@sy values for the newly

synthesized compounds over CSF1R and DAPK1.

Table 2. hERG channel affinity data (ass/alue) of compoundl.

Scheme 1Synthesis of compoun@a—|.

Scheme 2Synthesis of compoun@a—c



Multifunctional DAPK1 and CSF1R inhibitors for targeting tauopathies.

3l shows good potency and excellent affinity and within-family selectivity for both kinases.
Mechanistic study showed 3l as non-ATP-competitive DAPK1 inhibitor and ATP-
competitive CSF1R inhibitor.

3l has tau aggregation inhibition and anti-neuroinflammatory activity in cellular assays.
hERG binding and PAMPA assays revealed 3| as a cardiosafe and has a high membrane

penetration.



