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Abstract

A comprehensive study was performed for the firsetto compare two structurally related substance
classes, namely indazole-5-carboxamidéd—0§ and (indazole-5-yl)methanimined7-22. Both
chemical entities are potent, selective and relblerdlAO-B inhibitors and, therefore, may serve as
promising lead structures for the development afdrandidates against Parkinson’s disease (PD) and
other neurological disorders. Compourids(K; = 170 pM, SI = 25907) andl7 (Ki = 270 pM, SI =
16340) were the most potent and selective MAO-Bbiidrs in both series. To investigate the multi-
target inhibitory activity, all compounds were fugt screened for their potency against human AChE
and BuChE enzymes. Compoubsiwas found to be the most potent and selective A@hibitor in all
series RAChE IGo = 78.3 £ 1.7 uM). Moreover, compountisand17 showed no risk of drug-induced
hepatotoxicity and a wider safety window, as deteeah in preliminary cytotoxicity screening.
Molecular modeling studies into the human MAO-B ne-binding site supported by a HYDE
analysis suggested that the imine linker similadgntributes to the total binding energy in
methanimined7-22as the amide spacer in their carboxamide andlbgd6 Amplified photophysical
evaluation of compounds7 and 20, including single X-ray analysis, photochemicapesments, and
guantum-chemical calculations, provided insightto itheir more favourable isomeric forms and

structural features, which contribute to their bgitally active form and promising drug-like propes.



1. Introduction

Neurodegenerative diseases (NDs) are charactebigesdow progressive death of neurons in the
brain, leading to a loss of structure and functidmong NDs, Alzheimer's (AD) and Parkinson’s
disease (PD) are the two most prevalent age-rethsedders of the central nervous system (CNS)a As
consequence of the aging population, both NDs sgmtea substantial socioeconomic burden on
society, currently affecting 7-8% of the populatiover age 65 [1-4]. Although there are common
features in the cellular events that develop assaltr of neurodegeneration in specific brain regioh
affected patients, AD and PD display differencespathogenesis and symptoms [3—7]. While an
irreversible cognitive decline, such as severe mgnadtention, and learning deficits associated\ait
early-onset of AD, a progressive impairment of thee motor functions is often an early indicator of
PD [8-11]. AD, for example, is principally charatted by a degradation of cholinergic neurons and
synapses in the neocortex and hippocampus, reguttia decrease of acetylcholine neurotransmitter
levels in these brain regions involved in highegritive functions [12]. The loss of dopaminergic
neurons in thesubstantia nigra pars compaci{@&Nc) of midbrain, associated with an abnormal
synuclein aggregation as well as formation of Lelwpdies and Lewy neurites, lead to the typical
symptoms of PD like resting tremor, rigidity, br&éesia (slowness), and postural instability [9,10]
the advanced stages, PD is accompanied by varioasmotor symptoms including depression,
behavioral and cognitive complications [12—-14]. $hAD and PD are multifactorial disorders, in which
complex pathophysiological processes trigger theromal cell impairment and death [11,15].
Therefore, disease-specific mechanisms necesdit#ase-tailored therapeutic strategies.

Since an excessive loss of dopamine (DA) neuronsrisidered as a neuropathological hallmark of
PD, the majority of the therapies introduced sarahe PD treatment have been focused on incrgasin
the DA levels in the brain [2,16,17h particular, the DA replacement therapy combining prodrug
levodopa (L-DOPA) with DA agonists, DOPA-decarb@sg inhibitors (DDIs), monoamine oxidase B

(MAO-B), and/or catechoB-methyltransferase (COMT) inhibitors is still comntp used for PD
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treatment [2,13,17-19]. However, the long-term amdstiation of L-DOPA has been linked to major
adverse effects including dyskinesia, dose fai{dreg resistance), freezing during movement, bso al
other side effects such as DA dysregulation, hypta, nausea, and others [17]. To date, there are
only few approved drugs for AD treatment; the nafsihem are acetylcholinesterase (AChE) inhibitors
[12,18,20]. Currently used medicines have an impacteveral symptoms in different AD or PD stages
by affecting mainly the brain’s cholinergic or dopaergic system, respectively, but do not change or
stop the disease progression [12,18-20]. Despiteneus research efforts, including multitarget
strategies rooted on the principle that a simubasky action on two or more pharmacological targets
may be beneficial for the treatment of multifachbdiseases [12,18], the medical need for new A®D an
PD modifying therapeutics still exists.

Monoamine oxidases (MAOs, EC 1.4.3.4) are flavoerzy localized on the mitochondrial outer
membrane that catalyze the oxidative deaminationx@fobiotic and endogenous monoamines.
Therefore, MAOs are important for the modulatioe tavels of monoamine neurotransmitters in the
central and peripheral nervous system (CNS and PN&) isoforms, namely MAO-A and MAO-B,
are present in most mammalian tissues. Both MAGsesh73% identity of protein sequence, but
display regional differences in enzyme activitybswate specificity, and distribution in the braind
periphery [21-24]. The expression levels and agtioi MAO-B, but not of MAO-A isoform, in the
human brain increaseé4-fold with aging [25]. The increased activity aoderexpression of MAO-B
lead to an overproduction of reactive oxygen sge(ROS) and, therefore, is associated with oxidativ
stress and loss of neuronal function [25]. In faatreased MAO-B levels and activity is observethia
brain of PD and AD patients [26,27]. Thus, inhititiof the MAO-B isoenzyme by selective MAO-B
inhibitors (IMAO-B) is an established therapeutgpeoach for PD treatment [28]. For example, the
irreversible MAO-B inhibitors selegiline (Zelapaajd resagiline (Azilect), as well as the reversible
inhibitor safinamide (Xadago) are currently in @ml use alone or as add-on therapy to L-DOPA in

late-stage PD (for structures, see Fig. 1) [16,2]—-3
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Fig. 1. Structures, brand names, and mechanism of actiappwoved drugs for PD and AD.

Acetylcholinesterase (AChE; EC 3.1.1.7) and buthglinesterase (BuChg, EC 3.1.1.8) are
cholinesterase (ChE) enzymes that are responsiblthé hydrolysis (deacetylation) of choline-based
esters, including specific neurotransmitters irhlONS and PNS [32,33]. Both ChE isoforms @86%
identical at protein level, but differ in their sikate preference, enzyme activity, and distrilbutiothe
brain and periphery [34]. Acetylcholine (ACh) isgdaded more quickly by AChE, while BuChE
hydrolyses preferably butyrylcholine. In CNS, ACisHocated mainly in neurons, accountiri@p% of
ChE activity in the temporal cortex of the normahtan brain, whereas BuChE is primary associated
with glial cells and accountsl0% of ChE activity [34]. Therefore, inhibition 8ChE enzyme activity
is an established therapeutic approach for AD rmeat. Galantamine, for example, is a reversible
AChE inhibitor of plant origin that is widely predoed for the treatment of mild-to-moderate AD and
AD-related dementia [35]. Inhibitors of BUChE malgabe useful in the AD therapy due to its
increased activity in advanced forms of the dis¢a6k

Considering their pharmacological potential and enpreferable safety profile, we have been
particularly focused on developing selective, reide IMAO-B with potential multitarget activity on
other CNS relevant biological targets [37—40]. Witthe new chemical entities discovered by us so fa
the Cb5-substituted indazole-carboxamide and pwpgiidine derivatives were outlined as the most
favorable series for further investigation [39,4QJonsequently, we continued with exploration of
compounds comprising a privileged indazole-5-cadmoixle scaffold, which has provided a beneficial

therapeutic potential, acting either as selectA®-B or dual MAO-A/B inhibitors [39] (Fig. 2).
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Fig. 2. Generic structure of previously developed selectWAO-B inhibitors 11-16[39] (left) and
intended chemical modifications towards (indazoiiBethanimine scaffold (compounds/—22
subjected in the present work (right).

Based on previously described drug design straf@g@)y facile structural modification of the key
indazole-5-carboxamide scaffold (Fig. 2, left) wasformed to replace the carboxamide spacer by an
imine linker, obtaining a series of (indazole-5ry8thanimine derivatives (Fig. 2, right).

In the present work, we performed a comprehensiudysto compare two structurally related
substance classes, namely indazole-5-carboxamiugqiadazole-5-yl)methanimines. Both series of
compounds were tested at human MAO-A and B, anthdurscreened for their inhibitory activity
against human AChE and BUChE enzymes. Furthermaevaluated kinetics, mechanism of MAO-B
inhibition, drug-like and physicochemical propesti@as well as the cytotoxic effects of represeveati
IMAO-B. To understand the most important inhibitenzyme interactions within the binding pocket of
different pharmacological targets, docking experiteewere conducted using the single X-ray
structures of selected compounds under study. Bhgsical experiments under different conditions
supported by quantum-chemical calculations weréopmed to investigate the more stable isomeric
forms (e.g.E/Z-isomers and tautomers), as well as the photoclatrsiability of selected (indazole-5-
yl)methanimine derivatives. Finally, Pan assay rietence properties (PAINS) of the studied

compounds were investigated and discussed.



2. Results and discussion

2.1. Chemistry

Synthesis and chemical structures of compounds rustigly are shown in Scheme 1. The
preparation of indazole-5-carboxamide derivati¥tés16was performed following optimized reaction
procedures to obtain the compounds in higher yiék1% yield in average) [39]. Accordingly,
compoundsl1-14 can be prepared via amide coupling reaction Hiridazole-5-carboxylic acidlj
with the appropriate 3,4-disubstituted anilir@s6 using EDC hydrochloride as a coupling reagent
(Scheme 1, left). The N1l-alkylated indazole-5-cagboide derivatived5 and16 can be synthesized

following a four-step regioselective approach [39].

9 R=CH,
10 R = CH,CH,OCH;4

6,20 R=
(ii)l 3

CHO 4,18 R=
cl
RN cl
L2 [ I
N
N
L

R-N
"\l_
15 R = CHg 21 R = CHj
16 R = CH,CH,OCH; 22 R = CHCH,OCHj

Scheme 1Synthetic routes to indazole-5-carboxamiti#sl6 and (indazole-5-yl)methanimind3—22.
Reagents and conditions: (i) EDC-HCI, methanol, B+16 h; (ii) conc. acetic acid (10 mol-%),
ethanol, reflux, 1-24 h; (iii) 1) methanol, c..$0, (10 mol-%), 60-70 °C, 1-3 h, 2) methyl
methanesulfonate (MMS, fdr5) or 1-bromo-2-methoxyethane (fa6), K,COs, DMF, reflux, 9-16 h,
3) 2v NaOH, THF-HO (1:1), 30-35 °C, 1-3 h; (iv) MMS (fd@) or 1-bromo-2-methoxyethane (for
10), K,CO3, DMF, reflux, 68—72 h.



For the preparation of methanimines-2Q 1H-indazole-5-carbaldehyd@)(was reacted with the
respective aniline8-6 in the presence of a catalytic amount of acetid at ethanol under reflux
(Scheme 1, right). The N1-alkylated aldehydesnd 10 can be prepared via one-step synthetic
procedure (fodO, see Supporting Information). Subsequently, aldeB9 and10 were condensed with
3,4-dichloroaniline ) to obtain the N1-alkylated methanimir@sand22, respectively. To investigate
the chemical stability of methanimin&g—-22(i.e., Schiff bases), extensive stability studm@sselected
compounds were performed (see Section 2.5.1 angdd#iqpy Information). All final products were
purified by column chromatography following by restallization and their structures confirmed by
NMR spectroscopy and mass spectrometry. The descpbocedures allow the introduction of further
structural modifications, to access small compolilicries for rapid evaluation of structure-actyvit
relationships (SARs). In addition, we obtained siregle X-ray structures df7 and20, confirming not
only the preferable formation of theddndazole tautomeric form, but also tt@ansisomerism of

(indazole-5-yl)methanimine derivativé3—22(see Section 2.5.2 and Supporting Information).

2.2. Biological evaluation

Biological evaluation of all compounds toward hunmfah MAOs and human ChE$HAChE and

hBuChE) was performed according to established paisd39-42].

2.2.1. Monoamine oxidase studies

The enzyme inhibition of the studied compounds rejaiMAOs was performed using a
fluorescence-based assay wityramine as a substrate and the commercial kit lamRed [43,44].
Determinedin vitro MAOs inhibitory activities (IGy values) and selectivity (expressed as selectivity
index, Sl) towardhMAO-B for all compounds and reference inhibitorse ashown in Table 1.
Determination of the kinetic parametets,(and V. Of the h(MAO-B enzyme was performed at
different concentrations gi-tyramine and th&; values of the tested compounds were obtained using

the Cheng-Prusoff equation (see also Experimemeti@) [45].



Table 1 Monoamine oxidase activity and selectivity of thsted compounds.

A A
Q[ g 7 g
N SN
R1 H R1
N N
N= N=
A=CH, 11-13, 15, 16 A=CH, 17-19, 21, 22
A=N, 14 A=N, 20
IC50+ SEM (nM)a
Compd. R R hMAO-A hMAO-B SI® K + SEM (nM)?©
11 3,4-Cl H >10000 0.586 + 0.087 17065 0.26 + 0.04
(NTZ-1006)
12 3-Cl,4F H >10000 0.679 +0.042 14727 0.30 +0.02
13 3-F,4Cl H >10000 0.668 +0.053 14970 0.29 +0.02
14 3,4-Cl H >10000 5.42 +0.28 >1845 2.39+0.18
15 3,4-Cl Me >10000 0.386 + 0.052 25907 0.17 £0.02
(NTZ-1091)
16 3,4-Cl EtOMe 2870 + 218 1.08 +0.08 >2657 0.48 +0.04
17 3,4-Cl H >10000 0.612 +0.065 16340 0.27 +0.03
18 3-Cl,4F H >10000 2.10 +0.30 4762 0.93+0.13
19 3-F,4Cl H >10000 1.91 +0.27 5236 0.84+0.12
20 3,4-Cl H >10000 1.28 +0.02 >7812 0.57 +0.02
21 3,4-Cl Me >10000 1.03 +0.69 9709 0.46 +0.08
22 3,4-Cl EtOMe 4072 + 272 1.29 +0.08 3157 0.57G70.
Selegiline - - 1424 + 691 5.50 + 0.26 259 na
Rasagiline - - 680 + 12 13.0+0.96 >52 na
Safinamide - - >25900 5.18 +0.04 5000 2.29+0.02

3 n = 3, unless otherwise notetdSelectivity index: SI = IG(hMAO-A)/IC s(hMAO-B). ¢ The experimentally measuredsjC
hMAO-B values were converted to the respective iitiloib constantsl{;) using Cheng-Prusoff equatiolf; = 1Cs¢/(1 + [S]Ky)
with [S] = 150 uM anK,, = 118.8 uM* Data are from ref. [37f. Data are from ref. [39].Data are from ref. [46]. Data are from
ref. [40]. h = human, na = non-applicable.



2.2.1.1. Evaluation of inhibitory activities at hamMAQOs

In the present study we aimed to perform a comparatudy within the series of indazole-5-
carboxamide (designated subclass |, compouridd§ and (indazole-5-yl)methanimine (subclass I,
17-22 derivatives with respect to: (i) inhibition of #toMAO-A and MAO-B isoforms, (ii) inhibitory
activities against bothAChE and hBuChE enzymes, (iii) toxicological effects, and)(itheir
photophysical and quantum-chemical investigatiois@erism and photochemical stability.

For evaluation of SARs of the compounds in Tableakagiline and safinamide were used as
reference for irreversible and reversible MAO-B ibitors, respectively. The selective irreversible
inhibitors clorgyline and selegiline were also used positive controls in the MAO-A and MAO-B
assays, respectively. In general, all tested comg®ware selective and potent inhibitors of human
MAO-B with I1Cs values ranging from low nanomolar to even picomplatency (MAO-B). With the
exception of the N1-methoxyethyl-substituted sukelbh compoundl6 and its subclass Il analdp,
neither of the remaining carboxamide derivativesm(poounds11-19 or their methanimine analogs
(17-2) exhibited noticeable inhibition of MAO-A at théghest tested concentration of 10 pM.

In this study, compoundkl-16 (subclass I) were included to better compare tleets of a spacer
modification on inhibition potency and selectivay both MAO isoforms with those 4f7—22(subclass
II). Therefore, in order to investigate the role @ich small modification within both series of
compounds (e.g., carboxamides methanimines), we retained the 3,4-dihalo-suligiituat the phenyl
ring and the C5-substituted indazole moiety unitirdy further exploration. Replacement of the
carboxamide spacer in subclass | compoub#isl6 by an amine function resulted in potent and
selective IMAO-B (subclass Il compountig—22). Nevertheless, methanimingg-22 displayed almost
equally high affinity toward MAO-B compared to thearboxamide analogsl-16.

The 3,4-dichlorophenyl indazole-5-carboxamitie was the most potent and selective IMAO-B
within the indazoleN-unsubstituted subclass | compoundss¢l€ 0.586 nM; SI = 17065), while its
methanimine analod7 represents the most active and selective IMAO-Bhiwithe subclass Il series

10



(ICs0 = 0.612 nM; SI = 16340). Compounds and 17 exhibited almost equally improvddMAO-B
inhibitory activity when compared to the standaWAD-B, being [(D-fold more potent than selegiline
and safinamide. Further structural modificationd band17 were performed by replacement of the 4-
Cl or the 3-Cl atoms at the phenyl ring with ongofine atom (compounds of subclas$2 13 and
subclass 1118, 19). The respective 3-chloro-4-fluoro- or 4-chlordk3ero-substituted carboxamides
(compoundsl2 and 13) were almost equipotent and selective inhibitdréidAO-B (12, ICso = 0.68
nM, SI = 14727;13, ICso = 0.67 nM, Sl = 14,970), comparable to the inlvilyitactivity of 11. In
contrast, the presence of 3-chloro-4-fluoro (commubdg, 1Cso = 2.19 nM, SI = 4672) and 4-chloro-3-
fluoro substituentsi@, ICso = 1.91 nM, Sl = 5236) at the phenyl ring of subsld compounds led to a
decrease in inhibitory activity and selectivity sgd hMAO-B, when compared to the potency and
selectivity of the parent methanimit& and the respective carboxamide anattiyjand13 (subclass ).

It is worth mentioning that the respective 3-flugrahlorophenyl-substituted derivatives in bothieser
(e.g., carboxamid&3 and methanimin&9) were slightly more active &MAO-B enzyme than their 4-
chloro-3-fluorophenyl-substituted anala@and18, respectively.

Next, the phenyl ring ol1 and17 was replaced by a bioisosteric 5,6-dichloropyrdmesidue in
order to enhance water solubility of both lipophiieries of IMAO-B. The resulting carboxamide and
methanimine derivatived4 (subclass 1) an@0 (subclass Il) are less active than the respe@jde
dichloro-phenyl analog&l and17, but they are still potent IMAO-B14, 1Cso = 5.42 nM;20, 1Csp =
1.28 nM). Interestingly, methanimiri® is the only compound within subclass Il IMAO-B éxking
higher inhibitory activity againstMAO-B than its carboxaminde analog (i.e., subclassmpoundl4).

In comparison td4, compound20 is ~4.2- and ~4.9-fold more potent against humat rat MAO-B,
respectively. Compared to selegiline and safinammdethanimine20 displays a ~4.3- and ~4.6-fold
increase in inhibitory potency towardsAO-B, respectively, while carboxamidetl is similarly potent

as both standard IMAO-B.

11



Introduction of a methyl group at the indazole Nikigon in11 and17 resulted in compoundks
and21. The N1-methylated caroxamid® was found to be the best IMAO-B of all compoundsier
study (human Ig = 0.386 nM, rat I, = 1.32 nM, SI = 25907), being almost 2- and >18-fmore
potent than its precursdrl and safinamide, respectively. The respective Nihglged methanimine
(compound21) provided to be weaker IMAO-B than the precur$@rand the subclass | anald$.
However, compoun@l (ICso = 1.03 nM) was 5-fold more potent agaih®AO-B than safinamide
(ICs0 = 5.18 nM). The elongation of the N1-alkyl suhgitn by introducing of a larger methoxyethyl
group in compounds of subclass | (carboxamid® and subclass Il (methanimir2?) generally
provided potent and selective IMAO-B. Both composiage similarly potent against MAO-RE, 1Cso
= 1.08 nM; 22, ICso = 1.29 nM), displaying a 4- and 5-fold increaseinhibitory activity toward
hMAO-B than safinamide, respectively. As mentionedowe, the N1-methoxyethyl-substituted
derivatives16 and 22 are the only representatives in these series sigowhibitory activity against
hMAO-A enzyme (6, ICsp = 2870 nM;22, IC50 = 4072 nM).

In addition, the respective ig values for all compounds under study were compavitd the
corresponding inhibitory constants, which were obtained and calculated from tVAO-B enzyme
kinetic experiments (Table 1). A good agreemenwvbenh the 16, andK; values (low nM range) for all
compounds could be observed. The estimétecalues reveal of a competitive mode of inhibit{dor

competitive inhibitorsK; < ICs¢/2, if SUKy,) [45,47].

2.2.1.2. Evaluation of mechanism of monoamine @ed&inhibition

Due to the preferable safety profile compared rieversible MAO inhibition, we were particularly
interested in development of reversible IMAO-B [3%Bherefore, time-dependent studies with the most
potent N1-methyl-substituted compout8 (indazole-5-carboxamide, subclass I) and its @ot&5-
yl)methanimineanalog 21 (subclass 1) were performed to investigate whethath representative
compounds are reversible or irreversible MAO-B Initars (Fig. 3). The mode of interaction with the

active site ohMAO-B by 15 and21 and standard MAO-B inhibitors selegiline (irrevubhs, Irr) and
12



safinamide (reversible, Rev) was measured aftefitstel 5 min in the presence of low concentratdn
p-tyramine (10 uM) and over 300 min after increasthg substrate concentration. A continuous
enhancement on enzymatic residual activity couldiéected for compoundsb, 21 and safinamide
after increasing the concentration pftyramine at 1.0 mM, while no significant elevation
fluorescence was measured across the time foriket¢edrhe experiments are in agreement with the
observed correlation between thed@ndK; values ofl5 and21 athMAO-B (ICso = 0.39 nM and; =

0.17 nM forl5; ICs0 = 1.03 nM and; = 0.46 nM for21) revealing a reversible MAO-B inhibition.

—— Compd. 15
¥ Compd. 21
‘ —— Safinamide (Rev)
)\ -o- Selegiine (Irr)

MAO-B activity
(% of control)

0 ] L] ] I L] L] ] ] I L] 1

010 30 60 90 120 150 180 210 240 270 30

10 uM 1.0 mM p-Tyramine
Time (min)

Fig. 3. Time-dependent inhibition (reactivation) 6MAO-B enzyme by the standard irreversible
IMAO-B selegiline (Irr, 30 nM), reversible IMAO-BRev, 50 nM), and compound® and21 (both at
1.0 nM). The substrate concentration was increéeed 10 uM to 1.0 mM during a period of 300 min.
The remainindiMAO-B enzyme activity is expressed as % of consamnple used in the experiment.
The values are the mean + Sb<4).

In order to investigate the type bMAO-B inhibition of 15 and 21, Michaelis-Menten kinetics
experiments were performed (Fig. 4). Accordinghg initial rates of the deamination reactionpef
tyramine (at six different concentrations) catatyby hMAO-B in the absence (no inhibitor) and in the
presence of different concentrationsl&fand21 (with the respective inhibitor at 0.5, 1.0 and 6N\)
were measured. From the obtained Lineweaver-Budtsplrepresenting the reciprocaMAO-B
enzyme activitys. the reciprocap-tyramibe concentration, we observed that both @amgs acted as

competitive IMAO-B. The Lineweaver-Burk plots aredar and intersected at tieaxis together with

13



the plot for the uninhibitedthMAO-B (without inhibitor), which is in agreement tli our previously
findings [48]. ThehMAO-B enzyme binding affinities (inhibition constank;) obtained form the
respective Dixon plotskj = 0.22 nM for15; K; = 0.63 nM for21) correlate very well with the
determined IGyand the calculatel; values forl5 (Cso = 0.39 nM,K; = 0.17 nM) an®1 (IC5o = 1.03
nM, K; = 0.46 nM), respectively (cf. Table 1). The resubtained from the reactivation and the kinetic
experiments ofil5 and?21 indicate that indazole-5-carboxamides (compoutiislg and (indazole-5-

yl)methanimine derivatives (compountig-22 are reversible and competitive MAO-B inhibitors.

A) B) 3.0x10-3 -
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-3
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1.5%1073 1 - 50nM
- 1.0nM
- 05nM
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1.0x10-3 - 1.0x10-3 <

5.0x10%

‘%ﬂll T T T 1 T T T 1 T T 1
- ;/ 12 45 10 15 20 - -5 12 45 10 15 20

5.0%10 < .0x104 4
1/[p-tyramine] (mM-)

1/[p-tyramine] (mM"")
21.0x103 4 -1.0%103 4

Fig. 4. Kinetic studies on the mechanismidflIAO-B inhibition of compound45 (A) and21 (B). The
mode of hMAO-B inhibition was evaluated from the respectideuble reciprocal Lineweaver-Burk
plots of 1/rate (1/Vys. 1/p-tyramine substrate concentration in the presehcifferent concentrations

of the inhibitors (0.5, 1.0 and 5.0 nM).

2.2.2. Evaluation of cholinesterase inhibitory sitgi

In order to investigate the activity on other CN&evant biological targets, all compounds also
were screened for inhibition ®AChE andhBuChE in a concentration range of 10 to 100 uM.(5§
and S4). With exception of the N1-methylated indeZscaroxamidel5 at hAChE (1IGo = 78.3 + 1.7
KM), none of the remaining compounds displayedbindiy activity below 100 uM range toward both
ChE isoforms (Table 2). Similarly td5, its N1-methylated (indazole-5-yl)methanimine auggal
(compound21) was found to be the most active derivative ingbees of subclass Il compounds{J€

118.8 £ 1.1 uM). However, an accurate SAR evalunatibthe cholinesterase assays data suggest that
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indazole N1 position could be essential for achieset of multi-target active compounds in both serie

Thus, further experimental studies are requiredrter to find the optimal substitution pattern oét

indazole moiety. The experimental data are in agese with the results obtained from silico

evaluation of binding affinities toward botiChEs (see Fig. S7).

Table 2 Cholinesterase activity of the tested compounds.

Inhibition % at 100 uM (or I, pM }

Compd. hAChE hBuChE
1 21.6+0.6 11.3+0.5
(>100, UTC) (>100, UTC)
12 26.4+2.1 7.21+1.39
(>100, UTC) (>100, UTC)
13 14.2+1.2 2.23+0.28
(>100, UTC) (>100, UTC)
14 6.87 +1.13 9.23+0.21
(>100, UTC) (>100, UTC)
15 17.9+1.7 11.1+1.4
(78.3 +1.1§ (>100, UTC)
16 8.66 + 1.98 9.58 +1.01
(>100, UTC) (>100, UTC)
17 11.1+1.6 9.01+0.57
(>100, UTC) (>100, UTC)
18 24.6+2.7 4,56 +0.52
(>100, UTC) (>100, UTC)
19 9.69 + 0.64 6.97 +0.78
(>100, UTC) (>100, UTC)
20 6.92 +0.76 9.64 +1.06
(>100, UTC) (>100, UTC)
21 11.9+0.7 8.57 +2.14
(>100, UTC) (>100, UTC)
29 6.91+0.74 2.27 +0.40
(>100, UTC) (>100, UTC)
71.2+23 38.3+4.1
Galantamine (3.03 £0.39) (16.5+1.2§
(0.80 + 0.06) (7.30 +0.839

2 Data are means * SD of three independent experime@ompounds did not reach 50% inhibition at 100 |iL,
calculation of an Ig, value within the curvature was not possible (>100, UTC = unable to calculate).ICsy values
were determined by extrapolating the curvature agf (inhibitor) vs. normalized response with a variable slope in
GraphPad Prism 6.0 (GraphPad Softaware) resulitigei respective pM Kgvalues® Data are from ref. [49].
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2.3. Evaluation of cytotoxicity

The preliminary cytotoxicity of the pareM-unsubstituted indazole-carboxamidi# (subclass 1)
and methaniminel7 (subclass 1) compounds were evaluated by therm@tation of the cellular
viability in human hepatocarcinoma cells (HepG2 tek). Cellular viability was estimated after 72
hours incubation period in a concentration rang®.afto 50 uM using the methylthiazolyldiphenyl-
tetrazolium bromide (MTT) reduction assay (Fig. B).the MTT assay, the yellow tetrazolium salt
(MTT) is reduced in metabolically active cells tem @soluble purple formazan, which is then
spectrophotometrically quantified to provide a direneasure of normal mitochondrial function or
dysfunction (in case of cytotoxic effects of testetnpounds) [50]. The HepG2 cell line is often used
the preclinical safety assessment to predict a'slpmential to cause hepatotoxicity [51].

In general, the hepatotoxicity profile of compouddgFig. 6A) andl7 (Fig 6B) followed the same
trend in hepatocarcinoma cells, when compared éoctintrol groups at all tested concentrations. For
both compounds, no pronounced decrease on celMddility was detected at the highest tested
concentration of 50 puML@, HepG2: 66.3 £ 6.82%4;7, HepG2: 80.6 + 8.13%).

Since no major effects were observed in the MTTucéidn assay after 72 h incubation period, it
could be concluded that the respective indazolarbaxamide (subclass 11) and (indazole-5-
yl)methanimine (subclass 1I7) derivatives did not show a pronounced mitochaidiysfunction on
HepG2 cells even at the highest tested concentsatvd 25 and 50 uM, suggesting no risk of drug-
induced hepatotoxicity and a wide safety windowwsdwer, for further preclinical studies, additional

examination of toxicology and genotoxicity of seéztdrug candidates need to be performed.
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2.4. Molecular modeling studies

2.4.1. Single X-ray structures d¥ and20

In order to investigate the binding mode and irdiéoas of the indazole-5-carboxamide derivatives
11-16 and their (indazole-5-yl)methanimine analdg@s22 within thehMAO-B enzyme active site, the
single crystal X-ray structures of the most acsubclass Il compoundl7 and its pyridine-substituted
analog20 were obtained and then used as crystallographplédes for docking studies (see Section
2.3.2 and Supporting Information).

The respective single X-ray structures of compouritiand20 with atom numbering are shown in
Fig. 6. Similarly to the crystal structures of slass | compound$1 and15 (cf. Fig. S5) [39], the X-ray
structural analyses df7 and20 confirm their almost planar conformation. Relevexperimental details

for the X-ray analysis of both compounds are givehable S3 and S4 (see Supporting Information).
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Fig. 6. Single X-ray structures of the major occupied patompoundd7 (A) and20 (B) showing the
atom numbering. The thermal ellipsoids are drawth@50% probability level.

For compoundlL7, the X-ray structure determination reveals serigsrder, however, we decided
to consider the major occupied part (85%) in ouckilty experiments. Single crystals 20 were
twinned with a ratio of 62:38, both domains walketainto account for data integration and refinemen
In both crystal structures, the two fused five- andmembered rings of the indazole unit are nearly
coplanar to the benzene respectively pyridine rifedined the mean plane angle amounts to 2.7(2)° in
17 and 7.5(2)° irR0. In comparison, the indazole plane and the pheng plane are titled by 3.67(3)°
and 6.01(5)° inLl1 and 15, respectively (Fig. S5). The aromatic and indazolgs are connected by a
methanimine linkage with torsions (C5-C10-N11-C&Py177.9(5)° (inl7) and —=177.2(6)° (i20). The
angles are 123.4(5)° (C5-C10-N11) and 118.1(5)°0¢N11-C12) for17, and for compound0
respectively 122.8(6)° (C5-C10-N11) and 121.0(5¢1@-N11-C12). The plane defined by the

methanimine linker (C5, C10, N1, C12) encloses ragieaof 15.6(5)° with the indazole moiety and an
18



angle of 18.3(5)° with the phenyl ring fa7. For 20, the plane defined by the methanimine linker
encloses an angle of 8.3(4)° with the indazole tgyaed an angle of 10.6(6)° with the pyridine unit.

Because of the lack of a carboxamide function &bleuild N-H...O hydrogen bridges compared to
11 and15, only anti-parallel double chains (hydrogen brdpican be found between the N1-H1 and
N2 atoms generated by a two-fold screw axis withtd NN distances of 2.18(1) A fot7 and 20,
respectively (Fig. S6). Due to the carboxamide fimmc of subclass | compounds, intermolecular
hydrogen bonds fot1 and15 can be found between H1 and O1 formed by trawsiaiong thé axis
forming chains with H...O distances of 2.07(2) Alihand 2.17(3) A irl5[39]. The X-ray data fol7
and 20 point toward the importance of the indazole moietthin the observed conformation to build
geometrically sound intermolecular interactionsjchibare relevant for MAO inhibition.

Moreover, the X-ray analysis 47 and20 indicates that the high MAO-B inhibitory activiof N-
unsubstituted (indazole-5-yl)methanimines (subcl@isss due to their stableH-indazole tautomeric
forms within an energetically more favouraltensisomerism E-isomers) (see also Section 2.5 and
Supporting Information). Similar results were ob&a for the tautomerism df-unsubstituted indazole-

5-carboxamide derivatives [39,52].

2.4.2. Docking of compoundd, 15, 20 and21 into hMAO-B

Docking experiments were performed with the humaodeh of the MAO-B enzyme. SAR
evaluation of compounds reported herein, includhmg single X-ray analysis of carboxamideksand
15 [39] as well as their methanimine analatjg and 20, provided valuable information about the
putative binding modes of both subclass | and hgounds within the active site bMAO-B. To find
a plausible explanation for their higfiMAO-B inhibitory potency, computational experimernt$
carboxamide derivatives with the lowest (subclassrhpoundl4) and the highestMAO-B affinity
(compoundl15) were performed utilizing the crystal structure diIAO-B (PDB code: 2V52Z) [53];
these were compared with the best docking posebhéorespective methanimine analogs, e.g., subclass

Il compounds20 and21.
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Following our previously established single X-raglectular modeling approach [39,54], we
investigated binding situations and estimated tlstrsignificant interactions and desolvation efect
within hMAO-B. At first, binding proposals were computediwieadIT [55]. Then, the obtained poses
were used for further optimization, as well as sqoantification of binding and visualization of the
best-computed solutions using the free energy appedion "HYDE", as embedded in SeeSAR (see
Experimental Section and Supporting Informatior§][3ased on our previous experiences [39], the
single X-ray structure geometries (i.e., bond laegind angles) of carboxamidesand15 as well as
methaniminesl7 and 20 were used for docking studies. The results obthifiem the molecular
modeling studies provided insight and rational@matthe structural features of both subclass | and |
compounds in relation to: (i) the observed prefeeein inhibitory potency ahMAO-B of 3,4-
dichlorophenyl- versus 5,6-dichloropyridine suhsgitts {5 and 21 vs. 14 and 20), on the one hand
side, and carboxamides (subclass | compounds) syergihanimines (subclass Il) on the other, (ii)
investigation of the hydrophobic effects includiegthalpic and entropic binding, (iii) the proposed
binding modes of compounds under study within thbstate cavity region diMAO-B, and (iv)
further exploration of subclass Il compounds as CNfgs.

It must be noted that given the overall propertsagement in the binding pocket bMAO-B
[hydrophobic "substrate cavity" (close to FAD)]-gphilic "linker region" (on the front of the anaid
or methanimine linker)]-[hydrophobic "entrance ¢gVilaround PRO102 and 104 and PHE103)] and
the close-to-symmetric complementarity of the ldgmmposes emerged with either the di-halogenated

phenyl- or pyridine-ring pointingpwardsthe FAD cofactor (Fig. 7).
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The re-assessment of the X-ray structure geomedfie$ and15 with SeeSAR resulted in a similar
conformation of all subclass | compourids-16within hMAO-B. In all carboxamides, the amide linker
is rotated by 180° around the C12—-N11-C10-C5 taraiwgle (cp. Fig. S5). The overlay of the proposed
binding modes ot1-16clearly shows that there are no differences iir hrgentation within the crystal
structure ohMAO-B (cp. Fig. 7A). In contrast, the X-ray analysif the geometries df7 and20 led to
two favorable conformations of methanimines-22— structures that resulted from a rotation around
the C12-N11-C10-C5 torsion angle (i.e., the iminkel) of about 180° (cf. Fig. 6). However, after
docking, the binding modes of methanimiri&s-22show similar orientations within the active site o
hMAO-B as their carboxamide analogs (Fig 7B).

In general, the modeling proposes the formatiora gtrong intermolecular H-bond between the
indazole N2 and water 1180 in all compounds. Thibadd was almost the same in distance in
carboxamided4 and15 (N2---HOH1180= 1.9 A); in20 and21 it was approximately 1.8 A and 1.9 A,
respectively. The carboxamide linkerliad and15 is suggested to play an essential role as a hizdiop
anchor (i.e., H-bond acceptor/donor) for the comi@miion of the compounds within the substrate cavity
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region of AMAO-B [39], interacting favorably with water moldeu1247 (for 14 and 15. CO---
HOH1247= 1.8 A) (see Fig. 8A). Because of the inherentlgginig functionalities of the methanimine
linker, such a second H-bond cannot exist in swsdlecompound20 and21 (cf. Fig. 8B).

Furthermore, the binding modes and estimated &#sstrongly suggest that tiNeunsubstituted
derivatives14 and 20, as well as the N1-methylated derivatidgsand21 occupy the same substrate
cavity space, provided that the ligands investdjaterein do not covalently bind with the FAD
cofactor. Compound45 and 21 differ from 14 and 20 by the phenyl residue (instead of di-chloro-
substituted pyridine) and the methyl substitutiorNa. However, their binding poses show the same
orientation of the indazole moiety within the "strhte cavity" region close to FAD, i.e., around the
TYR398, 435 and 188 and HOH1180. The 5,6-dichlorioirye or 3,4-dihalo-substituted phenyl ring of
the ligands occupies a strongly hydrophobic bindiogket ofh MAO-B dominated by hydrophobic
amino acids such as LEU164 and 167, PRO102 and drid,isoleucin residues (cf. Fig. 7A). In
addition, the computed binding models suggest fibraboth subclass | and Il compounds the relevant
N2---HOH1180 bond is highly coordinated also bytpio residues CYS172 and TYR188, whereas for
carboxamide derivatives4 and15 the water molecule HOH1247 is surrounded by GLN2DE199,
TYR201 and 326. We conclude that the observed Hib@me essential for the ligand stabilisation of
carboxamides (CO---HOH1247), and that the confaonat of all ligands (N2---HOH1180) in the
binding site ohMAO-B are realized through non-covalent interacsion

Given the previously discussadpriori possibility of a flipped binding mode that resutissimilar
total free energy estimations [39], we nonethel&ssr the displayed poses in which the 5,6-
dichloropyridine- (in14 and20) or 3,4-dichlorophenyl-ring (i15 and21) pointtoward FAD for three
reasons: (i) in the safinamide co-crystal struc{@¥52), the fluorine atom occupies the same arsea a
the halogens in the herein discussed compoundgjiatite HOH1180 and 1247 were shown before to
play a pivotal role on the front of FAD and, (ithe central moiety may act as an amide linker is th

orientation — also contributing to a good agreemtit the estimated binding affinities.
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2.4.3. HYDE visual free energy assessment of comaisdd, 15, 20 and21

In accordance with previous studies on related @camgs [39], we also performed HYDE analyses
of the new compounds in order to gain insight itite overall binding thermodynamics, aiming at
explaining the observed differences in their intaity potency inhMAO-B (e.g.,14 and20 vs. 15 and
21). The HYDE scoring function as embedded in SeeS8ARSiders the free energy by computing the
difference between the unbound and bond statesoridsh (approximate enthalpy) and dehydration
("desolvation”, approximate entropy) effects ofradh-hydrogen/heavy atoms (HA), contributing to the
overall Gibbs free energy\G) are computed with respect to their accessitititwater before and after
binding [57,58]. Both the protein (Rec) and theahd (Lig) energy terms are considered for caloomati
of the respective partial contribution to the oVlersG of each non-hydrogen atom (Fig. 8 and Table
S5).

In this HYDE study, we were particularly interestadthe estimation and visualization of the major
ligand-receptor interactions and desolvation effemt (i) the aromatic part of the molecules (3,4-
dichlorophenyl-vs. 5,6-dichloropyridine-substitution) and (ii) thespective linker (e.g., carboxamide
vs. methanimine function). Since the indazole-bindsitg of the pocket is spatially limited by the FAD
cofactor, we analyzed the contribution of the Nithgk substituent inl5 and 21 to the overallAG
compared to theN-unsubstituted derivative&4 and 20, respectively (cp. Fig. 8C and 8D). The
desolvation effects for both chlorine atoms at ghiye C5 and C6 in 5,6-dichloropyridine-substituted
compoundsl4 and 20 (desolvation of about —15 kJ/mol) is compensatga blesolvation "penalty” at
pyridine nitrogen for both ligands (~2.6 kJ/mol fb4 and ~1.3 kJ/mol foR0) resulting in a HYDE
contribution of the 5,6-dichloropyridine residue$ about —18 and —-21 kJ/mol fat4 and 20,
respectively (cp. Fig. 8A and 8B). In the case d@f@chlorophenyl-substituted compountsand21,
the sum of the desolvation effects for both chleriatoms at phenyl C3 and C4 positions is
approximately —16 (forl5) and -15 kJ/mol (fo21), leading to a partial HYDE score for the 3,4-
dichlorophenyl substituent of about —21 and —2@nkdfor 15 and21, respectively.
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Fig. 8. SeeSAR visualization of binding of tiNeunsubstituted compounds} (A) and20 (B) and N1-
methylated analog45 (C) and21 (D) to the crystal structure of tH8MAO-B-safinamide complex
(PDB: 2Vv5Z) with HYDE quantification of the most partant non-hydrogen atoms contributing to the
binding affinities (binding free energiéss) of compounds. HYDE visual affinity assessmen¢eg =
favorable, red = unfavorable and non-colored =elevant for affinity. For clarity, the most impomta
protein residues, water molecules (1180 and 12400 BAD co-factor are shown in the same
orientation, color code and structure representa®in Fig. 8.

With exception of compound4 that exhibits the lowest predictedMAO-B potency (i.e.,
approximately —3 kJ/mol lower than calculated 20), there is no major difference between the 5,6-
dichloropyridine in20 and the 3,4-dichlorophenyl residueslia and21, when comparing their partial
contribution to the total free binding energy. Rert HYDE analyses provide similar contributions of
the most important HA to the free energy for theestigated compounds, including the amide spacers
in 14 and15 (e.g., N11, C10, and O1) and imine atoms (C10Nhil) in 20 and21, respectively (see
Figs. S5 and 7). As mentioned above, the flexibi®axamide linkage between two lipophilic moieties
in the indazole-5-carboxamides (subclass 1) isiatumt only for the observed high MAO-B inhibitory
potency (NH-C=(O) contribution of ~4.8 and 5.0 kdlrfor 14 and15, respectively), but also acts as an
‘anchor’ in the more hydrophobic parts in the pddB®]. However, our HYDE analysis provides hints
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toward why there is similar (or even better drvs.20) hMAO-B affinity of methanimine compounds
20 and21 compared to their carboxamide analdgsaand15: There are "coronas" at their imine nitrogen
and also favorable contributions at the ether Gathdsee Fig. 9).

Furthermore, the N1-indazole methyl groudBhand21 occupies the hydrophobic FAD-subpocket
favorably — yielding a HYDE contribution of appraxately —4 kJ/mol in each molecule. The N1-
methylated compoundsly and 21) exhibit significant preferences towards thBIAO-B enzyme
compared to théN-unsubstituted compound44 and 20) due to their higher entropic contributions
(corresponding to desolvation effects) to the tbtating energy of both lipophilic parts, comprigithe
3,4-dichlorophenyl ring and the N1-indazole metlybup. In the case of both N1-methylated
compoundsi5vs.21), the additional H-interaction (enthalpic effeat)the carbonyl function (e.g., CO-
--HOH1247) in15 did not show a higher contribution to the overkatiding energy when compared to
the imine linker in21 (NH-C=(O) contribution of ~5.0 kJ/mats. ~5.3 kd/mol of the N=CH linker). The
sum of the desolvation effects for the 3,4-di-Cl#lPig and the N1-methyl group b (—25.2 kJ/mol) is
marginally higher than those #1 (—23.2 kJ/mol). The HYDE analyses of compouhdsl5 and20, 21
reproduced theihMAO-B activities, which decrease as follows5 (IC5o = 0.386 nM,AG = —-45.6
kJ/mol) >21 (ICso = 1.03 nM,AG = —43.6 kJ/mol) 320 (ICso = 1.28 nMAG = —41.4 kJ/mol) 344 (ICso
=5.42 nM,AG = -38.7 kd/mal).

Finally, we computed the estimated affinities of @ompounds {1-229 in SeeSAR (SeeSAR's
HYDE reportsK; rangesrather thanvaluesto avoid an overinterpretation of affinity estinoaf) at all
biological targets of interest (e.fsMAO-A, hMAO-B, hAChE andhBuChE) (Fig. S7). All final poses
of the compounds were validated (with N = 5 podts docking) and visually inspected. Reassuringly,
for hMAO-B, the selected poses lie in the respectivenidf regions — as confirmed by biological
experiments. However, it should be mentioned thgatresthMAO-A and hChEs these compounds were
inactive and, therefore, no enzyme kinetics weréopmed. Overall, there is a good agreement with th

estimated affinity ranges for compounds under statdWAO-B, e.g., HYDE scoresK yype ranges in
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the low nM range) K; values (in the (sub-)nM area) (cf. Fig. S7B antl&al). Consistently, the N1-
substitution in15 and21 appears to be more favorable /MAO-B inhibition (K; = 0.17 and 0.46 nM
for 15and21vs.2.39 and 0.57 nM fat4 and20).

In conclusion, the results obtained from the doglstudies and HYDE analyses suggested that (i)
an imine linker is well-tolerated HYMAO-B; it has a similar contribution to the totahHing energy in
methaniminesl7-22as the amide linker ih1-16 (ii) a replacement of the amide or imine linkgr b
other electron rich groups will also be favorabte FIMAO-B inhibition, and (iii) considering the
optimal substituent length of four atoms, a largdrbphilic substitution should make the indazole N1
position less accessible for water, leading to raprovement of affinity towarcdMAO-B or other
relevant targets because the desolvation penaly Uginding should be smaller. We esteem these

findings to be crucial for future design of CNS glru

2.5. Profiling of physicochemical properties

In the course of our comparative study we furthealgzed the photophysical properties of
carboxamidell (subclass | compounds) and selected methanimsuégl@ss 11 compounds/ and20),
as well as the drug-like profile of all compouritls-22and reference safinamide. Due to the specific
physicochemical properties of Schiff bases (compsuri’—-22, we performed further examination of
17 and 20 with focus on: (i) chemical stability and photoséngy, and (i) possible isomerH/Z-
isomerism and tautomerism) formation and distrinutibby using of time- and solvent-dependent

photophysical experiments (UV-Vis), LC/ESI-MS ars$yand quantum-chemical calculations.

2.5.1. Photophysical evaluation

Electronic absorption spectra d1, 17 and20 were measured in different solvents, including dry
DMSO, acetonitrile (ACN) and methanol (MeOH) atancentration of 50 uM (Table 3). The UV-Vis
spectra of carboxamidel exhibited different profile compared to those ottbmethanimined7 and

20 due to the linker-specific absorbance featurashadmophores (e.g., amids.imine linker) (see Fig.
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S8). The absorption maxima,§,) of 11 were found to be 265 (in DMSO) ah@62 nm (in ACN and
MeOH), while for17 and20 the A,.s values lie in the range of 300-325 nm. Comparetiltand17,
compound20 exhibits highen,., at the same experimental conditions due to it&dme moiety. The
largest differences in the absorption maxima betwideand methanimine$7 (Amax (322 nm) and20
(Amax = 325 nm) were observed to be 54 nm Tarvs. 17 and 57 nm forl1 vs. 20, respectively (cp.
Table 3). Furthermore, the compounds showed sldifferences in their molar absorptivitye)(
measured in the respective solvents. For all comgeuthe molar absorptivities decrease with
increasing the solvent polarity, with the lowestvalues observed for methanimingg and 20 in
methanol.

In addition, the UV-Vis experiments dfl, 17 and 20 show that no solvent-depending absorption
changes, neither in polar aprotic conditions (§SO and ACN as solvent) nor in methanol, could be
observed. Therefore, the UV-Vis spectra suggest thader these experimental conditions (i)
carboxamidell as well as methaniminels/ and 20 exist in their most stable single tautomertd- 1
indazole form and (ii) no structural changes (ehgdrolysis) of17 and20 could be detected (cp. Fig.
S8, for details, see Supporting Information). Thessults were confirmed by quantum-chemical
calculations performed with the uncharged posgsdaléomeric forms 017 and20 (cp. Section 2.5.2).

In order to further investigate the chemical sigbf methanimine-based Schiff bases subjected in
this work, time-dependent stability experimentsliifierent solvents with compour0D were performed
(Fig. S9). For this purpose, samples26f(at 50 uM) in DMSO, ACN or MeOH were exposed to
daylight for 76 days at ambient temperature andUkeVis absorption spectra measured across the
time (Fig. S9A-—S9C). The single and superposititvt-Vis spectra of the corresponding building
blocks, e.g., H-indazole-5-carbaldehyd®)(and 5,6-dichloropyridin-3-aminé), measured at 50 uM

in MeOH/H,O 1:1 were used as reference (Fig. SOD).
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Table 3 Photophysical data of compourtts 12, 17, and20 (at 50uM) in different solvents.

Compd. DMSO ACN MeOH

Amax’ £ Amax” £ Amax” £
11 267.5 19426 262.5 19023 262 18486
17 321.5 19042 300 19168 312.5 17627
20 325 15334 3135 18124 314.5 15063

2 All measurements were performed at 25.0 + 0.012hit: nm.° Unit: M~cmi™. na = not applicable.

In the experiments witR0 in polar aprotic solvents, no spectral changesbeadetected across the
time of 76 days, suggesting that no degradatioROadccurs in DMSO and ACN and, therefore, these
solvents can be used for preparation of stock ispisitof methanimines under study (compoufds
22). In contrast, the experiments wifld in methanol clearly showed a decrease of the phear
maxima accompanied by changes of the absorbanceap@dicating that a slow degradation2@fis
occurring over time (cp. Fig. 9C and 9E). Furthereeve observed th&0 was stable during the first 3
days under these conditions, while a gradually dlysis (158%) of 20 was occurred after 76 days in
methanol (cp. Fig. S8F).

As next, we investigated the ability of imi2® to undergo a photo-induced [2+2]-cycloaddition
(dimerization) as well as its concentration-dependgability using different samples of the compdun
in dry methanol (1.0 and 10 mM). The samples wken texposed to daylight at ambient temperature
for certain period of time, slowly evaporated eitteedryness or to a minimum solvent and analyaed b
LC/ESI-MS or X-ray structural analysis. The resute depicted in Figure S10. In these experiments,
we observed that the imin20 was relatively stable during the first 24-96 howts both test
concentrations (1.0 and 10 mM). Only traces of raediof 20 were detected by LC/ESI-MS after 96
hours in methanol (at 1.0 mM). Compou?@d was found to be stable under these conditionslewahi
slow hydrolysis o20 was occurred after 62 days (Fig. S10A-10C). Chyzation of 20 was observed
when its sample (10 mM) was kept for 43 hours dow/lyg evaporated to a minimum solvent (Fig.
S10D and S10F). The structure of crystal@@avas confirmed by X-ray crystal analysis (cp. Feyu).

Altogether, the stability experiments demonstratieat the imine20 is chemically stable and non-
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photosensitive for up to 96 hours in diluted aslwaslconcentrated methanol solutions. In polar tapro
solvents such as DMSO and ACN, compouhédand20 are completely stable.

Moreover, the results obtained from the chemicalbity and photosensitivity experiments
suggested that the imind4—22 are relatively stable under the experimental doomas used in this
work, thus offering further opportunities for sttu@al modifications. However, there are some
limitations to consider. It is known that a fasdhylysis of imines could be observed in water/atdoh
mixtures and/or under acidic conditions, in whitie tdegradation rate depends on the water/alcohol
ratio. Therefore, it appears to be indispensablavoid the use of different alcoholic solutions for

performing test samples of these compounds, edlyeftialong-term experiments.

2.5.2. Evaluation of E/Z isomerism and tautomerism

For a better understanding of the relationship betwthe bioactivity at the configurational ground
state (e.g.E vs. Z isomers) and the isomeric stability of (indazotghBnethaniminesl7-22 the
respectiveE/Z-geometry and possible tautomeric forms of compeudand 20 was studied by mean
of quantum-chemical calculations [59]. TB&-isomers for both compounds formed via a rotatibn o
the respective 3,4-dichloro-phenyl (fdr7) and 5,6-dichloro-pyridine ring (fo20) around the
methanimie linker are illustrated in Figure S11leTdossible tautomers (tautomeric indazole foamrg
of 17 and20 are sketched in Fig. S12, while the relative eilesrgf their isomers and conformers in gas
phase and different solvents are collected in T&Gland S8, respectively (see Supporting Informatio

The theoretical calculations were performed usirggM06-2X functional [60] with TZVP basis set
[61]. This fitted hybrid meta-GGA functional with% Hartree-Fock (HF) exchange has been specially
developed to describe main-group thermochemist @on-covalent interactions; it has previously
shown very good results for the prediction of tawtac equilibrium compounds with intramolecular
hydrogen bonds [62]. Solvent effects are descrimedising the Polarizable Continuum Model (the

integral equation formalism variant, IEFPCM) [63].
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Lowest energy geometries for the correspondingaromérs and pertinent molecular parameters,
such as the equilibrium energy E (in Hartree), waateulated forl7-1E-a and 20-1E-a isomers (see
Tables S7 and S8). It is worth mentioning tBasomers arising from rotation around the Ny€ingle
bond are equally probabléf1E-a/17-1E-b and20-1E-a/20-1E-b). The molecular planes, i.e., indazole
vs. 3,4-dichloro-phenyl or 5,6-dichloro-pyridine ringte not planar, which is a typical behavior of the
Schiff bases and confirms the proposed binding madd7 and20 within the hMAO-B binding site
[64]. The bond angle between the indazole and treny moiety in17-1E-a (Gne—C=N—-Gy,) or the
pyridine residue ir20-1E-a (Gne—C=N-Gsy,) in different solvents are —141° or —139°, respebt (Fig.
S11). For Schiff bases such angle is typically he tange between -140° and —-160°. For both
compounds, th&-isomeric form is energetically more favorable canga to theZ-isomer. The energy
differences are large enough to conclude thatrlatheuld be presented neither in gas phase nor in
solution under the assumption of the PCM solverdeho

The studied compounds are potentially tautomefi@ possible tautomers &7 and20 are shown
in Figure S12. However, according to the theorétedculations the respective tautomeric formd
are energetically unfavorable and should not begmied in solution. The results arising from the
calculations in different solvents as well as ins gaghase suggested that there is no tautomeric
equilibrium for methanimined7 and20 (cp. Tables S7 and S8). Compourddsand 20 exist in their
most stable H-indazole tautomera (e.g.,17-1E-a and20-1E-a), which are confirmed by NMR and X-
ray analysis (Fig. 10). Furthermore, each of thias#omers exists as a mixture of all together four
rotamers, as a consequence of rotation aroundhtime iC=N and the &—Cmine bONnds. Interestingly,
for each compound?7 and 20 two most stable tautomeric form&-a and 2E-a were estimated. For
both imines17 and 20, there is about 3.84 kcal/mol difference betwd®sm most stable rotamers of
tautomerslE-a and2E-a in water as solvent (Fig. 9), suggesting thatdtuglied compounds exist as
single tautomers in solution. Similar results welgained for both compounds in gas phase and MeOH,
ACN, and DMSO as solvents (cf. Table S7 and S8).

30



Z
z
©

% s P g
N > r > ';. « r /’_ 7 v
6 | » 6 , 3 R ¢
5 Ty 5 X
é 4 Q = § 4 Q . ¢ -
© ’ (1] »
£ - i 3.84 g “ i/ 3.83
W, Yy TR
< 2 ’T < 2 '\I -
0 - 0 -
0.00 0.00
2 .24
L] L] L L
17-1E-a 17-2E-a 20-1E-a 20-2E-a
Most stable isomers of 17 Most stable isomers of 20

Fig. 9. Energy diagram representing the calculated masiestautomers of compoundg (A) and20
(B) in water, presented as most stablesomers. Similar results were obtained for caliofes in gas
phase, methanol, acetonitrile, and DMSO (for detaiée Table S7 and S8).

Overall, our results from the quantum-chemical ahdtophysical analysis df7 and20 indicate
that the high inhibitory potency and selectivitytbé MAO-B inhibitors reported herein due to the-
indazole tautomeric form, which is in agreementwite results obtained from the molecular modeling
experiments. Moreover, based on quantum-chemidalulesions, it can be further concluded that
(indazole-5-yl)methanimines7-22exist in their more favorablE-isomeric form, allowing formation
of rotamers through a rotation of tehalo-substituted phenyl or pyridine ring around timine linker.
Compared to the carboxamide linkerlit—16 the imine spacer ih7—22allows also greater flexibility

within the active site diMAO-B.

2.5.3. Evaluation of drug-likeness

Due to the specific requirements for early develeptrof CNS drugs, the relevant drug-like and
physicochemical properties of compounti$22 and reference IMAO-B safinamide (SAF) were
subsequently estimated (Table 4). The calculatah-tlkeness and physicochemical parameters
included: hydrogen bond acceptor and donor (HBA lBd) counts [65], number of rotatable bonds

(RotB) [65], topological surface aretPEA) [66], percent absorption (%ABS) [48], bloodagma)-
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brain partition coefficient (logBB) [67], agueouslghility at pH 7.4 (expressed as lggh distribution
coefficient at pH 7.4 (loghy), and ligand-lipophilicity efficiency (LLE) [68,49

The most relevant properties are within the suggebinits for oral bioavailability and penetration
into the central nervous system (CNS+ drugs: MW00, HBA< 7, HBD< 3, RotB < 8, andPSA < 70
A?) [66-43], similar to those observed for safinam{@able 4). TheN-unsubstituted carboxamides
(subclass | compoundkl-14 and the majority of the imines (subclass Il commis 17-20 have
molecular weight that is lower (MW < 300 Da) or s#oto the one of the reference drug safinamide
(MW 302 Da). To predict the oral bioavailability @ompounds under study, we estimated their
percentage absorption (%ABS), which depends omojhaogical polar surface aredPGA) that is used
for calculation of %ABS [39,48]. All compounds hatRSA values below 60 A indicating that they
are expected to be orally bioavailable (%0AB30%) and thus classified as good brain penetrable
(tPSA < 60-70 A CNS candidates [40,67,67,69]. Furthermore, we eddculated the blood(plasma)-
brain partition coefficients (logBB) of all compadsin order to initially predict their BBB permebyi
[67]. All compounds in Table 4 exhibit a logBB > #iicating a possible BBB permeability [66]. With
exception of theN-unsubstituted imined7-2Q the remaining compoundsxhibited higher logBB
values than safinamide (logBB = —0.09).

The aqueous solubility (expressed as logS) andlision coefficient (clogD) at physiological pH
7.4 reveal a slightly preferable solubility-lipopbity balance for carboxamidesl-16over iminesl7—
22. As expected, the lowest logSvalues were calculated for the most lipophilicieiives in both
subclasses (carboxamides 16 and imine21, 22), exhibitingN-alkyl substituents at the indazole N1
position. The calculated logla values are in the range 3-5, being above the apsoope 1-4 for CNS
drugs [70]. The ligand-lipophilicity efficiency (LE), a multiparameter metric that is often used for
evaluation of a drug candidate, for all carboxamitie-16and imine20 was found to be in the optimal
range (5 < LLE < 7) [40,71]. A good correlation Wween bioactivity and oral bioavailability was
observed when plotting the most important pararegtecluding biological affinity (plg values at
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hMAOQO-B), lipophilicity values (clogBR.4), molecular weight (MW)tPSA, and aqueous solubility values
(logSy 4), for all compounds as well as the reference ittiitsafinamide (Fig. 10). With the exception
of carboxamidel6, all other compounds matched the respective tadgateas (green squares). Overall,
the estimated drug-like properties were in linehwitie general requirements (e.g., rule-of-5) fargdr
likeness of CNS drug candidates [71]. However ppears evident that (indazole-5-yl)methanimines
17-22 (subclass II) exhibit higher lipophilicity and, mequently, possessed lower solubility and

smaller LLE values than their carboxamide anatbiysl6(subclass | compounds).

Table 4. Physicochemical and drug-like properties of comrmuisil 1-22 and safinamide (SAF)

Compd. MW pICs HBA/D® RotB® tPSA'  %ABS’ logBB® logS; 4 logD; 4 LLE®
11 306 9.23 2/2 2 57.8 89.1 0.06t -4.56 3.73 5.50
12 290 9.17 2/2 2 57.8 89.1 0.03( —4.49 2.99 6.18
13 290 9.18 2/2 2 57.8 89.1 0.03( —4.49 2.99 6.19
14 307 8.27 3/2 2 70.7 84.6 -0.067 —4.58 2.93 5.34
15 320 941 2/1 2 46.9 92.8 0.24¢ -4.82/-5.4% 3.76/3.24 5.65/6.17
16 364  8.97 3/1 5 56.2 89.6  0.15¢ -4.79 3.69 5.28
17 290 9.21 2/1 2 41.0 949 -0.159 —4.72 4.61 4.60
18 274 8.68 2/1 2 41.0 949 -0.261 —4.67 3.84 4.84
19 274 8.72 2/1 2 41.0 949 -0.261 —4.67 3.84 4.88
20 291 8.89 3/1 2 53.9 90.4 -0.445 —4.66 3.60 5.29
21 304 8.99 2/0 2 30.2 98.6 0.21: -5.00 4.74 4.25
22 348 8.89 3/0 5 394 954 0.13( —4.96 4.67 4.22
SAF 302 8.29 3/2 7 64.3 86.8 -0.090 —4.22 2.89 5.40
'CNS+ <400 >8 <7<3 <8 <60-70 >60 >-1 >-5.0 1-4 >5

MW, molecular weight; HBA/D, number of hydrogen lbacceptors/donor$PSA, topological surface area (if)ARotB,

number of rotatable bonds; SAF, Safinamftferoperties calculated using the StarDrop moduBei@SAR [56]° %ABS: %

of absorption = 109 — 0.346tPSA. [48,66]° LLE: ligand-lipophilicity efficiency = pIGo — logD7 4. ¢ Solubility (in mol/L)

measured at pH 7.4 in 60 mM phosphate buffer,.&tDistribution coefficient measured at pH 7.4 in 6Mmphosphate
buffer, at rt” CNS+: required ranges for compound’s penetratitmtire CNS [65,66,69,70].
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Fig. 10. Distribution of physicochemical properties of mefece safinamide (SAF), indazole-5-
carboxamided.1-16(blue circles, subclass | compounds) and (indagej§methanimined7-22(red
circles, subclass Il compounds): (A) Square plopofency (plG, at hAMAO-B) vs. cLogDy 4 vales
representing an excellent lipophilic ligand effiotgy (LLE > 5) for all compounds under study, (B)
Square plot of molecular weight (MW in Da3. tPSA (in ), (C) Square plot of molecular weight
(MW in Da) vs. clogDy 4, and (D) Square plot of aqueous solubility (—lpgSss. clogD; 4. The green
dashed lines represent the preferred ranges (ggeares) for pl§ (>8.0), clogh 4 (<5.0), tPSA
(<70A%, MW (<350 Da), and —logS (<5.0).

2.6. Pan Assay Interference compounds (PAINS) sitrge

Due to the chemical structure of subclass Il compsd7-22 (e.g., methanimine-based Schiff-

bases), artificial activity of all compounds wasakesated both theoretically (free available toolsyl a

experimentally (time- and solvent-dependent phogsmal studies). Compounds under study were

investigated whether they are PAINS or colloidagregators by using differenn silico tools (for

details, see Supporting Information) [72]. The bgal tests suggested that our compounds are
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inactive on rat and human MAO-A isoform and, theref they cannot be considered as false positive
inhibitors. Furthermore, compounds did not absaghtlor fluorescence in a region used to measure
MAO inhibitory activity (>570 nm), so that they amot interfering with the assay. In addition, the
selective inhibition ofhMAO-B, determined by some most active inhibitorsaswevaluated as a
reversible and competitive process. The resultsalbftheoretical tests are in agreement with the
experimental data suggesting that our compoundsnarePAINS molecules and did not act as
aggregators. In addition, the selecti®@AO-B inhibitors reported herein have not shownfiarél

activities under the experimental conditions usedtieir biological and photophysical evaluation.

3. Conclusion

In conclusion, we have performed a comparative ystofl structurally related indazole-5-
carboxamide (subclass | compounii$—19§ and (indazole-5-yl)methanimine (subclass 1T-22
derivatives, including screening toward human MACGaBd MAO-A, as well as human AChE and
BuChE inhibition, preliminary investigation of heaptoxicity, molecular modeling studies including
desolvation-aware scoring, photochemical stabibygd evaluation of drug-likeness. In general, SAR
analysis suggested that the compounds investidgetezin are selective and potent inhibitors of human
MAO-B with I1Cs values ranging from low nanomolar to even picomplatency (MAO-B). The N1-
methylated compoundk5 (hMAO-B ICsp = 0.386 nM,K; = 0.17 nM, SI = 25907) an2l1 (hMAO-B
ICs0 = 1.03 nM,K; = 0.46 nM, SI = 9709) act as competitive and retade IMAO-B. Moreover, both
indazole N1-methylated derivatives were found totle only compounds in both series possessing
selective inhibitory activity in the moderate pMnge againsthAChE isoform. Furthermore,
compoundsll and 17 demonstrated no risk of drug-induced hepatotokicds determined by
preliminary hepatotoxicity screening in human hepatcinoma HepG2 cells. To explain their high
MAO-B affinity, the binding mode of selected indéz®-carboxamide versus (indazole-5-

yl)methanimine derivatives within the binding potlké the hNMAO-B enzyme was investigated. For
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this purpose, we implemented a well-validated modeplatform using the single X-ray structures of
selected imined7 and20. Moreover, we inserted the free energy approxionatoncept "HYDE" to
estimate, visualize and quantify the effects of)lfgidration and hydrogen bonding. The data of
molecular modeling indicate the existence of amarlinker is well-tolerated bgMAO-B, leading to a
similar contribution to the total binding energynmethanimined7-22as the amide spacer 11-16
Photophysical experiments under different cond#igupported by quantum-chemical calculations
suggested that the iminég—22exhibited the required photochemical stability @xgst as H-indazole
tautomers in their more favorableisomer forms, thus offering further opportunitites structural
modifications. Overall, the estimated drug-like pedies were in line with the general requiremédaits
drug-likeness of CNS drug candidates. Future effovill be directed toward further structural
modifications and optimizations of imine analogshwiegard to physicochemical profile, chemical and

metabolic stability, multi-target activity, and ioity.
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4. Experimental section
4.1. Chemistry

4.1.1. General methods

All commercially available anhydrous solvents, matg, starting materials, and reference
compounds were obtained from various producersggcsigma-Aldrich, Alfa Aesar, Key Organics,
Sigma-Aldrich, TCI, and VWR) and used without pigdtion or drying unless otherwise noted. Dry
N,N-dimethylformamide (DMF, 99.8% extra dry over malkr sieves, AcroSeal, Acros) was used
throughout the synthesis. Ampuwa water-for-injactiGVFI, Fresenius Kabi) was applied for
preparation of different methanol-water mixturegaBtions were routinely monitored by thin layer
chromatography (TLC) on pre-coated silica gel @aad visualized using UV light (Merck 6Qsk
230-400 mesh). Preparative column chromatograplsypesformed on Acros Organics silica gel 60A
(Sigma-Aldrich/Merck 60, 0.063-0.200 mm, 70—-230 m&STM). The organic layer obtained after
extraction from aqueous phases was dried over aohgdsodium sulfate. Solvents were removed in
vacuo on a Bichi Rotavapor R-100/R-300. Mass spectraewecorded on an APl 2000 mass
spectrometer (electron spray ion source ESI, Agdimsystems) coupled with an Agilent 1100 HPLC
system (see Supporting Information). NMR spectraewecorded on a Bruker Avance 500 MHz
spectrometer. Melting points are uncorrected ancewmeeasured on a Biichi B545 apparatus. ‘Fhe
and 1*C NMR spectra were recorder at room temperatur& (80 using DMSOds as a solvent.
Chemical shifts §) are reported in parts per million (ppm) relatieethe residual solvent peak in the
corresponding spectra: DMS@-0 2.50 {H) and 39.51°¢C). Coupling constantd are given in Hertz
(Hz), and spin multiplicities are given as singt broad singlet (br s), doublet (d), doubletiotiblets
(dd), doublet of doublets of doublets (ddd), triglg, doublet of triplets (dt), quartet (q), andiltiplet
(m). The purity of all final products was found b@ not less than 95% by LC/ESI-MS analyses.

Commercially available H-indazole-5-carboxylic acid 1( Sigma-Aldrich) and H-indazole-5-
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carboxaldehyde2( Sigma-Aldrich) were used as starting materiatstfi@ preparation of thi-alkyl-
substituted carboxylic acidg @nd8) and N-alkyl-substituted carbaldehyde8 &nd 10), respectively.
The analytical data of 1-(2-methoxyethyhHindazole-5-carbocylic acidBf were reported previously
[39]. The experimental procedure and spectrosc@mialysis for theN-methoxyethyl-substituted
carbaldehydel0 are provided in the Supporting Information. Compsuril-13 and 15 are
commercially available (Key Organics, Camelford, )JUKompoundl4 was prepared using revised

procedures, and for this, the analytical datapsmed in the Experimental Section.

4.1.2. General procedure A for the preparation @inpoundd.1-16

A solution of the respectiveHtindazole-5-carboxylic acid or 1l-alkyHtindazole-5-carboxylic
acid @ or7, 1Q 1.0 mmol), 3,4-dichaloaniline or 5,6-dichloromiri-3-amine 8-5 or 6, 1.1-1.2 mmol),
N-ethylN"-(3-dimethylaminopropyl)carbodiimide hydrochloriddEDC-HCI, 1.0-1.2 mmol) in
methanol (5.0 mL) was stirred over night at roompgerature. The reaction was then poured into water
(10 mL), stirred for 30 min at room temperaturétefed, washed with water (8 10 mL), and then
dried at 70 °C. The crude product was purified blgen chromatography on silica gel (mobile phase:

dichloromethane/MeOH 9/1 v/v) following by recry$itaation from petroleum ether/dichloromethane.

4.1.2.1. N-(5,6-dichloropyridin-3-yl)-1H-indazole€arboxamide 14)

Off-white-greyish solid (125 mg, 93%); mp >290 (@c.).'H NMR (500 MHz, DMSO#s) & =
7.67 (d,J = 8.82 Hz, 1H, Ph), 8.05 (d,= 8.51 Hz, 1H, Ph), 8.21 (s, 1H, Ind.-Het.), 8(841H, Pyr.),
8.44 (s, 1H, Ph), 8.74 (s, 1H, Pyr), 12.8 (s, 1HONE), 13.55 (s, 1H, NH)¥*C NMR (125 MHz,
DMSO-d) 6 =110.1, 111.1, 120.5, 123.0, 123.2, 123.9, 12828,7, 127.1, 135.3, 136.1, 141.4, 163.1.

ESI-MS (/2: calcd. for GsHsCl.N4O: 306.008; found 305.121 [M — H[307.301 [M + H].

4.1.3. General procedure B for the preparation @inpoundd7-22
A solution of the corresponding Hlindazole-5-carbaldehyde?2)( 1-methyl-H-indazole-5-

carbaldehyde 9) or 1-(2-methoxyethyl)-H-indazole-5-carbaldehydel® (1.0 equiv.), different
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substituted aniline8—6 (1.1 equiv.) and acetic acid (0.1 mL/mmol, pH 4#bgthanol (3.0 mL/mmol)
was stirred under reflux until a precipitation tqalce. After cooling to room temperature, the tieac
mixture was sonificated until complete precipitatidhe precipitate formed was filtered and dried@t
°C. The crude product was purified by column chrwgeaphy on silica gel (mobile phase:

dichloromethane/MeOH 9/1 v/v) and recrystallizegtéhtimes from petroleum ether/dichloromethane.

4.1.3.1. (E)-N-(3,4-dichlorophenyl)-1-(1H-indazelffmethanimineX7)

White solid (258 mg, 90%); mp 207.1-207.5 *8.NMR (500 MHz, DMSOdg) 5 = 7.27 (dd,J =
2.52/ 8.51 Hz, 1H, Ph), 7.55 (@= 2.53 Hz, 1H, Ph), 7.63 (s, 1H, Ph), 7.65 (s, BH), 8.12 (dd,) =
1.26 / 8.83 Hz, 1H, Ph), 8.24 (s, 1H, Ind.-Het.RB(s, 1H, Ph), 8.73 (s, 1H, CH=N), 13.35 (s, 1H,
NH). *C NMR (125 MHz, DMSOdg) 6 = 110.9, 122.1, 122.7, 123.0, 125.1, 125.2, 12128,9, 131.1,
131.7, 135.2, 141.5, 151.9, 163.2. ESI-Mi¥4: calcd. for GsHsCl,N3: 289.017; found 288.051 [M —

H]~, 290.270 [M + HI.

4.1.3.2. (E)-N-(3-chloro-4-fluorophenyl)-1-(1H-inza-5-yl)methaniminel®)

White solid (107 mg, 69%); mp 171.9-172.6 *8.NMR (500 MHz, DMSO#dg) § = 7.29 (ddd,) =
2.52/4.41/8.83 Hz, 1H, Ph), 7.44 Jt= 8.83 Hz, 1H, Ph), 7.52 (dd= 2.52/6.62 Hz, 1H, Ph), 7.64 (@,
= 8.83 Hz, 1H, Ph), 8.02 (dd,= 1.26/8.83 Hz, 1H, Ph), 8.23 (s, 1H, ind-het®78(s, 1H, Ph), 8.72 (s,
1H, CH=N), 13.33 (s, 1H, NH)*C NMR (125 MHz, DMSOdg) = 110.9, 117.3 (dJ = 21.69 Hz),
120.0 (d,J = 18.7 Hz), 122.2 (d) = 7.23 Hz), 122.5, 123.0, 125.0 @= 19.94 Hz), 128.9, 135.2,
141.4, 149.0 (dJ = 3.24 Hz), 154.4, 156.4, 162.6. ESI-M®/9: calcd. for G4HgCIFNs: 273.047;

found 272.032 [M — H} 274.261 [M + H].

4.1.3.3. (E)-N-(4-chloro-3-fluorophenyl)-1-(1H-inza-5-yl)methaniminel®)

White solid (158 mg, 58%); mp 198.7-199.2 *8.NMR (500 MHz, DMSO#g) § = 7.15 (ddd,) =
1.26/2.52/8.51 Hz, 1H, Ph), 7.37 (dds 2.2/10.72 Hz, 1H, Ph), 7.59 {t= 8.52 Hz, 1H, Ph), 7.64 (d,
= 8.83 Hz, 1H, Ph), 8.02 (dd,= 1.26/8.83 Hz, 1H, Ph), 8.24 (s, 1H, ind-het283(s, 1H, Ph), 8.73 (s,
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1H, CH=N), 13.35 (s,1H, NH)**C NMR (125 MHz, DMSOdg) § = 109.4 (d,J =21.45 Hz), 110.9,
116.1 (d,J = 17.95 Hz), 119.0 (dJ = 2.74 Hz), 123.0, 125.1 (d,= 8.33 Hz), 128.8, 130.9, 135.2,
141.5, 152.6 (dJ = 7.97 Hz), 156.7, 158.6, 163.1. ESI-M®/#: calcd. for GsHeCIFNs: 273.047;

found 272.032 [M — H} 274.271 [M + H.

4.1.3.4. (E)-N-(5,6-dichloropyridin-3-yl)-1-(1H-iadol-5-yl)methanimine2Q)

Yellow solid (52 mg, 65%); mp 236.9-238.4 €L NMR (500 MHz, DMSOds) & = 7.66 (d,J =
8.51 Hz, 1H, Ph), 8.02 (dd,= 1.26/8.83 Hz, 1H, Ph), 8.14 (dii= 2.20 Hz, 1H, Ph), 8.26 (s, 1H, ind-
het), 8.31 (s, 1H, Pyr), 8.36 @@= 2.52 Hz, 1H, Pyr), 8.82 (s, 1H, CH=N), 13.38, NH). *C NMR
(125 MHz, DMSOs€g) 6 = 111.0, 123.0, 125.1, 125.6, 128.6, 129.3, 1388,4, 141.6, 141.8, 143.6,
148.1, 165.4. ESI-MSn(/2): calcd. for GsHgCloN4: 290.013; found 289.051 [M — H]291.220 [M +

H]*.

4.1.3.5. (E)-N-(3,4-dichlorophenyl)-1-(1-methyl-Iittazol-5-yl)ymethanimine2()

Light yellowish solid (275 mg, 91%), mp: 145.7-126C.*H NMR (500 MHz, DMSOdg) & =
4.09 (s, 3H, N1Me), 7.28 (dd,= 2.53 / 8.52 Hz, 1H, Ph), 7.56 (@= 2.53 Hz, 1H, Ph), 7.63 (s, 1H,
Ph), 7.65 (s, 1H, Ph), 7.75 (dti= 0.63 / 8.83 Hz, 1H, Ph), 8.05 (dbi= 1.58 / 8.83 Hz, 1H, Ph), 8.22
(d,J = 0.94 Hz, 1H, Ind.-Het.), 8.28 (s, 1H, Ph), 8(341H, CH=N)X*C NMR (125 MHz, DMSOdg) &
=35.7, 110.5, 122.1, 122.7, 123.6, 125.0, 12528,2, 127.8, 128.9, 131.1, 131.7, 134.2, 141.1,851

163.0; ESI-MSiv/2): calcd. for GsH1:CloN5: 303.033; found 302.140 [M — H]304.120 [M + HI.

4.1.3.6. (E)-N-(3,4-dichlorophenyl)-1-(1-(2-methettyl)-1H-indazol-5-yl)methanimin@Z)

White solid (72 mg, 66%); mp 228.8-229.4 °6. NMR (500 MHz, DMSOsdg) & = 3.18 (s, 3H,
OMe), 3.77 (tJ = 5.36 Hz, 2H, Ch), 4.60 (t,J = 5.36 Hz, 2H, NCh), 7.28 (ddd,) = 1.58/2.52/8.51
Hz, 1H, Ph), 7.56 (] = 2.31 Hz, 1H, Ph), 7.65 (dd= 1.58/8.52 Hz, 1H, Ph), 7.78 @@= 8.83 Hz, 1H,
Ph), 8.03 (dJ = 8.83 Hz, 1H, Ph), 8.24 (d,= 0.63 Hz, 1H, ind-het), 8.27 (s, 1H, Ph), 8.731(4,

CH=N). *C NMR (125 MHz, DMSOdg) & = 48.5, 58.2, 70.7, 110.8, 122.1, 122.7, 123.6,0,2125.2,
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127.7, 128.9, 131.1, 131.7, 134.7, 141.4, 151.B.AL6ESI-MS (n/2: calcd. for G;H15CIoN3O:

347.059; found 348.180 [M + H]
4.2. Biological experiments

4.2.1. Monoamine oxidase inhibition assays

Assay of monoamine oxidase inhibitory activitiescoimpounds under study on human MAO-A
and -B isoforms were performed as previously dbedr{38,39] using a continuous fluorescence-based
method [43,44]. The following stock solutions werged: test compounds (10 mM) in DMSO (1.0%
final concentration), reference MAO inhibitors (G8M), p-tyramine (100 mM), and resorufin sodium
salt (2.0 mM) in deionized water. Briefly, MAO irtiion was determined using commercially
available recombinant human MAO-A and MAO-B enzynegpressed in baculovirus-infected insect
cells (BTI-TN-5B1-4, Sigma-Aldrich, M7316 and M744D-Tyramine was used as a substrate in a
final concentration of 150 uM for the human MAO ags For performing the MAO assays, the
commercial MAO assay kit ApléxRed (Thermo Fisher Scientific Inc., USA) was usBoe samples
with the test compounds together with the respectivnounts of human MAO-A/MAO-B were
incubated for 20 min at 37°C (pH 7.4) with AmpIRed reagent, reconstituted horseradish peroxidase
(HRP), and the respective amounipeifyramine. Clorgyline and selegiline (each in afinoncentration
of 1.0 uM) were used as positive controls for bettman MAO-A and MAO-B assay, respectively.
Fluorescent measurements were performed for 45am¢hthe concentration-response curves of the
reference inhibitors clorgyline (MAO-A) and selegd (MAO-B) served as positive controls for both
rat and human MAO assays. A sample with DMSO (2.0gerved as a negative control. The inhibition
of MAO enzymes was measured with at least twoahitoncentrations (10 and 0.1 puM) followed by
determination of full inhibition curves of the regpive active compound. Human MAO inhibition

assays were performed in triplicate in 96-well @af200 uL final volume) by measuring the effedts o
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the tested compound#(situ formation of a fluorescent derivative resorufim) the production of

hydrogen peroxide (3D,) obtained fronp-tyramine.

4.2.2. Data analysis of monoamine oxidase assays

The IG5 values were determined by non-linear regressialyais of MAO inhibition versus the
logarithm (—log) of the tested compound molar cotregion and calculated by meansd@alue + SEM
(standard error of the mean) of at least threepaddent experiments & 3). For the calculation of the
respectiveK; values, the Cheng-Prusoff equation [45] was usddlbws:K; = ICso (1 + [S]Ky,), where
[S] is the substrate concentration alkg its concentration required to reach half-maximeloeity

(Michaelis constant, Max/2).

4.2.3. Evaluation of hAMAO-B enzyme kinetics

The steady-state kinetic parametefs,(Michaelis constant andna, maximum velocity rate) of
the enzymatic activity of theMAO-B enzyme were determined under the experimecdalditions
described above [39] by an oxidative deaminati@ctien of the substraggtyramine (0.12-1.0 mM).
In our experimenthMAO-B displayed a Michaelis constar{) of 118.8 + 1.23 uM with a maximal

velocity (Vmay Of 40.4 = 1.13 nmap-tyramine/min per mg proteimE& 3).

4.2.4. Evaluation of the type of hMAO-B inhibition

The type of binding of compound$ and21 (final concentrations of 1.0 nM) and the reference
inhibitors selegiline (30 nM, irreversible, Irr) édrsafinamide (50 nM, reversible, Rev) tvAO-B
enzyme was determined by time-dependent inhibiggperiments with modification of previously
reported protocols [47]. The tested compounds &edreéference inhibitors were studied at theigIC
values without pre-incubation of tt®AO-B enzyme/inhibitor mixtures. Control experimgmtithout
inhibitors were run simultaneously for each compmbumd experiment. The enzyme reaction was
started by adding 10 uM of the substiadtyramine and the enzymatic activity of the testechpounds

was measured for 20 min. Then, the substrate ctratem was increased to 1.0 mM final
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concentration ofp-tyramine and the enzyme reactivation was monitdi@d a 300 min period.
Determination of the enzymatic activity was perfedras described above for #idAO-B assay. The
percentage ohMAO-B enzyme activity (% of control) was plotted aagst the incubation time to

evaluate the time-dependent enzyme inhibition. Ba¢gthe mean + SDh & 4).

4.2.5. Evaluation of mechanism of hMAO-B inhibition

The mechanism diMAO-B inhibition of the representative compouridsand21 was evaluated in
substrate-dependent kinetic experiments. Cataigties ofhMAO-B were measured at five different
concentrations of the substragg¢yramine (0.05-1.5 mM) in the absence (no inhiiter presence of
three different concentrations d# (0.5, 1.0 and 5.0 nM). The results are presentatbable reciprocal
Lineweaver-Burk plots (1/Ws. 1/[p-tyramine]) and the corresponding non-linear sditbmacurves Y
vs. [p-tyramine]). The experiments were conducted usimg $amehMAO-B assay conditions as

described above for the determinatiorhbfAO enzyme activity. Data are the mean + 3SD-(3).

4.2.6. Evaluation of cholinesterase inhibitory aitti

The inhibition of cholinesterase enzymbAChE andhBuChE) was determined based on Ellman’s
method [73] with slight modifications, as previouséported [41,42]. The assay solution was prepared
by mixing 50 puL of Tris-HCI buffer (50 mM, pH 8 ctaining 0.1% BSA) with 125 pL of 55
dithiobis(2-nitrobenzoic acid) (DTNB, 3.0 mM in %M Tris-HCI , pH 8 containing 0.1 M NaCl and
0.02 M MgCh x 6H,0), 25 pL of 0.05 U/mL acetylcholinesterase frommlam erythrocytes (Sigma
Aldrich) or 0.05 U/mL of butyrylcholinesterase frohuman serum (Sigma-Aldrich) as sources for
human AChE or BUChE, respectively. Then, 25 pLafletest sample at different concentrations were
added to the solution and pre-incubated with tkpeetive enzyme for 10 minutes at 37°C. The reactio
was started by adding 25 pL of acetylthiocholindide (5.0 mM) orS-butyrylthiocholine iodide (5.0
mM) as the substrate fOMChE orhBuChE, respectively. The absorbance was measur@batm for

15 minutes with UV/Vis microplate spectrophotomet&@amples were evaluated at different
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concentrations (100, 50, 25, 10, 1.0, and 0.1 (B&lantamine hydrobromide was used as a positive
control in both cholinesterase assays. Both chslerase assays were performed in the absence of the
respective enzyme and, therefore, these sampleswged as a negative control. Results are expressed
as percentage of inhibition or §£and compared with those of galantamine. The %nbibition for

each test compounds was calculated as follows:

% Inhibition = ((Asample— Anegative contrdi X 100 — 100"

Where Aample@nd Asegative controidf® the measured absorption of the respectiveséesple and those of

the negative control. Data are the mean = 8B 8).
4.2.7. Cytotoxicity evaluation

4.2.7.1. Preparation of cell cultures

Human hepatocellular carcinoma cells (HepG2; ECAQEK) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, Austria) sigmpented with 10% fetal bovine serum (FBS;
Gibco, Austria), penicillin (100 U/mL) and streptgamn (0.1 mg/mL) solution (Gibco, USA). All cells
were cultured under a humidified €(.0%) atmosphere at 37°C and passaged by trypsion when
reached approximately 80% confluence. For experisperells in exponential phase of growth (at a
density of 5,000 cells/well) were seeded into 9@\flat-bottom plates after treatment with trypsin-
EDTA (Greiner, Germany) solution at a final volurmie100 pL/well. Cells were incubated overnight

before treatment with test substances.

4.2.7.2. Cell viability assay

The cytotoxicity of compoundtl and17 was evaluated in HepG2 cells by colorimetric assagg
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazaliu bromide (MTT) as a dye reagent. The MTT
reduction assay was used to estimate the decramasetachondrial dehydrogenase activity in cells
exposed to the test compounds and compared tmtiteotgroup. In the assay, the yellow tetrazolium

salt (MTT) is reduced in viable cells to insolublerple formazan crystals, which were later dissbive
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a lysine solution. After incubation time, the cellgere treated with the test compounds at different
concentrations (0.1, 1.0, 2.0, 5.0, 10, 25, anduBf) and further incubated for 72 h at 37°C. Stock
solutions of the compounds (10 mM) in DMSO wereduseprepare test samples with a final DMSO
concentration of 0.1%, which did not interfere witie cells’ viability. After incubation period, MTT
solution was added and cells were incubated fahéur3.5 hrs. Then, the medium was removed and the
plates were placed in a plate shaker at room teatyrer until complete dissolution of purple formazan
The quantification of formazans produced from theldgical sample after reduction of MTT was
monitored using a microplate ELISA reader (BioTEISA) at a wavelength of 550 nm with a reference
wavelength of 630 nm. The cytotoxicity of the testnpounds determined by MTT assay was expressed
as percentage cell viability according to the faoilog equation:

% Cell viability = (Asampie— Abiank) / (Acontrol— Aplank) X 100

Where Aampis Avlank and Awoniol are the measured absorption of the respectivestasple, blank

solution and control sample. Data are the mean {15H4).

4.3. Crystallography

Crystals for X-ray structure analysis were growsmiracetonitrile (1.5-2.0 mL) fdt7 or methanol
(1.0 mL) for20 by slowly evaporation of the solvent at room terapgre. Single crystals were obtained
directly from their mother liqueur containing minim solvent (0.2-0.3 mL). The crystal data were
collectedon a Rigaku Oxford Diffraction diffractometer witktlas detector using Cu &adiation. The
crystals were kept at 100.0 K during data colletctidhe structures were solved and refined with the
ShelX [74] program package using direct methods laadt-squares minimization. All non-hydrogen
atoms were refined anisotropically. Hydrogen atdrmosnd to nitrogen and all hydrogen atoms9in
were refined isotropically, other hydrogen atomsen@aced in calculated positions and refined using
riding model. For molecular graphics Olex2 [75] gnam was used. Detailed information for X-ray
analysis, crystallographic data and refinement ltesof compoundsl7 and 20 are given in the

Supporting information.
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CCDC 1915450%7) and CCDC 1915442() contain the supplementary crystallographic data f
this paper. These data can be obtained free o§elfesm The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data_request/cif.

4.4. Molecular modeling studies

4.4.1. Ligand and protein preparation

For docking experiments, the crystal X-ray struesuof17 and20 were chemically valid and thus
used as input without any further preparation. és=ntly reported for our docking purposes, the X-ra
crystallographic structure exhibited an excellegreament between experiment and re-docking
computation, better than the optimized (MMFF94xc&ofield) 3D structures df7 and20 [39]. The 3D
structures of all other ligands were built on tlasib of either the single X-ray structureldfand15
(for carboxamided.1-16 or 17 and20 (for methanimined8, 19, 21, and22) using the 3D editor in
SeeSAR [56]. The crystal structure of idAO-B enzyme in complex with safinamide (PDB code:
2V57) [53] was obtained from the Protein DatabaROB). For the docking experiments with the
hMAO-B co-crystal structure, all computations werfprmed in the 2V5Z chain B (for details, see

Supporting Information).

4.4.2. Pose generation and docking

For dockings, we used FlexX docking module in L&afitbm BioSolvelT [55] applying the well-
established procedure that had previously beenighda previously [39]. The docking algorithm in
LeadIT relies on the FlexX and SIS incremental dyuips [76]. LeadlT has both accurately reproduced
the experimental safinamidending modesnd yielded correct pose sorting of all ligands;requested
top 10 LeadIT poses for each ligand that were tleeranked as described below. The selected best-
scored poses share a large part of the safinamickepfrom the PDB 2V5Z structure. For accuracly, al
poses obtained from LeadlT module were post-scarte8eeSAR (a maximum of 10 poses in the

output) and the best one was selected for furtiseudsion in this work [39].
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4.4.3. HYDE assessment

Post-scoring was performed with HYDE as integrate8eeSAR from BioSolvelT [56,77]. HYDE
is an atom increment system using logP valuesnisffestimates are conducted using a comparison
between the bound and unbound states. We reféetoitations for more details on the scoring. After
HYDE computations that run for very few secondseS&%R visualizes the (HYDE-) estimated free
energy of binding AG); spherical "coronas" ranging from dark red (wofable) to dark green
(favorable for affinity) visualize the contributioof an atom and its environment to the overall free
energy of binding; corona sizes correlate with dhgunt of contribution [78]. SeeSAR enables quick
and interactive assessments of the free energynoiny and torsions [79]. Upon user demand, the
software can visualize and semi-quantitatively refmth protein and ligand contributions, and the
split-up into entropic (desolvation/dehydration,ASl) and enthalpic termad) of AG; this enables a
rough estimation of the thermodynamic profile (fimtails, see Supporting Information, Figure S3 and

Table S5).

4.4.4. Ligand ADME
Prediction of related drug-like / ADME propertieb ammpounds under investigation was carried

out using the Optibrium StarDrop [80] algorithmsraerfaced in SeeSAR [56].

4.5. Photophysical experiments

4.5.1. UV-Vis spectrophotometry

The UV-Vis spectra of compoun@s6, 11, 12, 17 and20 were recorded with a Jasco V-570 UV-
Vis/NIR spectrophotometer (Jasco Analytical Instemts Inc., USA) in 1.0 cm quartz cells in the
interval of 200—700 nm with bandwidth of 2.0 nm asdanning speed of 100 nm/min. The
concentration of the samples was |20 for all compounds. The measurements were perfdrine
different solvents at 25.0 + 0.1 °C. A blank sampith the corresponding solvent was used to cattbra

the instrument. Recorded UV-Vis spectra were autmalyy processed and base line corrected (see
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Supporting Information). The long-term solvent-degent experiments of compoun20 were
performed in dry DMSO, acetonitrile (ACN), and abgethanol (MeOH). The respective 1.0 cm quartz
cuvette was degased with argon for 10 min., the\W&/spectra were immediately recorded=(0 d)

and over a period of 76 days<76 d) under the conditions mentioned above.

4.5.2. Theoretical calculations

Quantum-chemical calculations were performed usimggGaussian 09 D.01 program suite [59].
The M06-2X density functional theory [60] was useth TZVP basis set [61]. This fitted hybrid meta-
GGA functional with 54% Hartree-Fock (HF) excharges been specially developed to describe main-
group thermochemistry and non-covalent interactidrizas previously shown very good results for the
prediction of tautomeric equilibrium compounds withtramolecular hydrogen bonds [62]. All
structures were optimized in their ground statethout restrictions in gas phase and in the indetate
solvents, using tight optimization criteria andrafiine grid in the computation of two-electron grtals
and their derivatives. The true minima were vedifiey performing frequency calculations in the
corresponding environment. Solvent effects are rdestt by using the Polarizable Continuum Model
(the integral equation formalism variant, IEFPCM, implemented in Gaussian 09) [63]. Details for

guantum-chemical calculations with compouadsand20 are given in the Supporting Information.

4.6. Statistics

For the MAOs enzymatic inhibition studies, the canmpds were initially screened at 10 uM, and
for all, dose-response curves were build. The e IG5, values were obtained by non-linear
analysis. For the ChEs enzymatic inhibitory asstys,compounds were screened in the range 10-100
HM. The respective l§g values were obtained by non-linear analysis. Rerdytotoxicity assay, MTT
reduction for each treatment was calculated a®/4h&f control untreated cells and plotted in column
graphs (xSD). Statistical comparison between tifferént groups was carried by one-way analysis of

variance (ANOVA-1) followed by Dunnett’s post-téat= 0.05, 95% confidence intervals). Differences
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were considered as significant for< 0.05. Data analysis was performed with GraphP@sim v.6.0
software (GraphPad Software, Inc.). The resulteveapressed as means + SEM or SD for the number

of independent assays £ 3 or 4) as indicated for each experiment.
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ABBREVIATIONS USED

ACN, acetonitrile; AD, Alzheimer’s disease; AChgndcholine; AChE, acetylcholinesterase; BBB,
blood-brain barrier; BUChE, butyrylcholinesteraBSA, bovine serum albumin; CHO, Chinese hamster
ovary; ChE, cholinesterase; CNS, central nervossesy, COMT, catechdD-methyltransferase; DA,
dopamine; DMF, N,N-dimethylformamide; DMSO, N,N-dimethyl sulfoxide; DDI, DOPA-
decarboxylase inhibitor; ED, electron donor; EDEethyl-N -(3-dimethylaminopropyl)carbodiimide;
EDTA, ethylenediaminetetraacetic acid; ESI, elesyiray ionization; FAD, flavin adenine dinucleotide;
h, human; HA, heavy atom; HBA, hydrogen bond acmepiBD, hydrogen bonding domain; HEPES,
2-(4-(2-hydroxyethyl)-1-piperazin-1-yl)ethanesulionacid; HRP, horseradish peroxidase; HYDE,
hydrogen dehydration; LLE, lipophilic ligand effesicy; MAO, monoamine oxidase; MMS, methyl
methanesulfonate; MTT, 3-(4,5-dimethylthiazol-2-2|b-diphenyltetrazolium  bromide; ND,
neurodegenerative disease; PD, Parkinson’s disdaB&; positron emission tomography; PNS,
peripheral nervous system; PCM, Polarizable ContimModel; r, rat; ROS, reactive oxygen species;

SAR, structure-activity relationship; TLC, thin-Eychromatography.

Notes

MG is employee of BioSolvelT, manufacturer of ori¢he software packages used herein.
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Highlights

* A comparative study of carboxamides methaimines as selective and reversible MAO-B
inhibitors has been performed.

* (Indazole-5-yl)methaniminek7—22exhibit similar or even higher potency againlgtAO-B than
their indazole-5-carboxamide analdgs-16

* Compoundd1 andl17 showed no risk of drug-induced hepatotoxicity.
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