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Abstract

Currently available drugs against Alzheimer’s dseegAD) are only able to ameliorate the disease
symptoms resulting in a moderate improvement in orgrand cognitive function without any efficacy
in preventing and inhibiting the progression of gaghology. In an effort to obtain disease-modifyin
anti-Alzheimer’'s drugs (DMAADs) following the muléictorial nature of AD, we have recently
developed multifunctional compounds. We herein diesahe design, synthesis, molecular modeling
and biological evaluation of a new series of domépelated compounds possessing metal chelating
properties, and being capable of targeting diffemrzymatic systems related to AD (cholinesterases,
ChEs, and monoamine oxidase A, MAO-A). Among thés ef analogues compoursf showed
excellent ChEs inhibition potency and a selectivR@AA inhibition (vs MAO-B) coupled to strong
complexing properties for zinc and copper ionshdatown to be involved in the progression of AD.
Moreover, 5f exhibited moderate antioxidant properties as folnydin vitro assessment. This
compound represents a novel donepezil-hydroxyquiadiybrid with DMAAD profile paving the way

to the development of a novel class of drugs pakyable to treat AD.

Keywords: MAO-A, MAO-B, Human Acetylcholinesterase, Humantfaylcholinesterase, Molecular
Modeling, Molecular Docking, Alzheimer's Disease,etdl Chelating Properties, Antioxidant

properties, ADME+T properties.



1. Introduction

Alzheimer’'s disease (AD) represents the most pestapathology associated to neurodegenerative
senile dementia, characterized by selective lossclaflinergic neurons and reduced level of
acetylcholine (ACh) neurotransmitter, driving to mmegy deficit and progressive impairment of
cognitive functions up to debilitating dementiadrefdeath [1, 2]. This pathology has been foungeto
related to many factors including ACh levellsamyloid plagues deposition, oxidative damage, free
radicals formation and metal ions [3-6]. AD curtgrdffects millions of aging people (WHO report
2012, Dementia: a public health priority) [7], amer which, with the greying of society, will le&al

a dramatic increase expecting a double of patient2030 and triple by 2050 [8]. To date, healthcare
or financial systems in developed countries arepmepared to manage this worrisome scenario [7].
Indeed the only available therapeutics for AD, e on increasing cholinergic neurotransmission in
the brain (by inhibiting cholinesterases, ChEsyeh@esulted in a modest improvement in memory and
cognitive function and are devoid of any therapepbtential concerning prevention and progression
of neurodegeneration [9]. All the currently registe drugs for the treatment of AD are ChEls
(donepezil, 1, rivastigmine,2, and galantamine3, Figure 1). TheN-methyl-D-aspartate (NMDA)
antagonist memantine was approved for the treatofenbderate to severe AD [10, 11], while tacrine,
4 (Figure 1) the first drug approved for the treatingf AD, was withdrawn from the market [12] due
to its hepatotoxicity [13, 14]. The narrowness leérapies for AD has become as the current biggest
unmet medical need in neurology unless an effectiisease-modifying anti-Alzheimer's drug

(DMAAD) is found [15].
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Figure 1 Current cholinesterase inhibitors approved fortteatment of AD.

The multifactorial nature of AD has led to “theltme of the so-calledne-drug-one-targgparadigm”
[16, 17]. Besides the well-recognized symptomattficacy of ChEs inhibition for the treatment of AD

a therapeutic potential was proposed for monoaroxi@ase inhibitors (MAOIs). Indeed, among the
factors that may contribute to cell death in neegmherative disorders such as AD, oxidative stress
plays a relevant role. MAOIs can reduce the foramatdf neurotoxic products such asQ4 and
aldehydes, which in turn, promote the generatiomeaftive oxygen species (ROS) [18], endorsing
MAOIs with strong neuroprotective properties [19].

Amyloid beta (A) aggregation and [A [plaques formation represent the hallmarks of ADe Th
amyloid cascade hypothesis of AD postulates thaessive B formation is one of the causes of
neurodegeneration. Furthermore, the metallostagiece points to iron, copper and zinc as relevant
metals in the pathogenesis of AD, either by diretdraction with 48, thus increasing its aggregation,
or by enhancing the production 0§® and ROS. Consequently, the modulation of the hetase of
these biometals is a potential therapeutic strategyAD therapy [20]. In healthy people amyloid

precursor protein andfAinteract with the mentioned metal species in dlswguilibrium. Disruption



of this balance drives to an abnormdl etabolism as well as an alteration in copperzncd uptake,
leading to the formation of \fibrils. The formation of fibrils may induce anfimmmatory reaction
with consequent decrease of pH, also modifyingzine homeostasis [21]. Zinc is thus released into
the cellular environment triggering the events tlead to oxidative stress-induced cell death. Coppe
ions are then free to compete for zinc binding siteAB, and these ions can catalysglp production

by AB. As a consequence of the inflammatory responsegley reactive free radical, nitric oxide is
released to regulate the process [22].

Accordingly, in the last years the multifactorialoébogy of AD has driven the research to develop
novel multitarget anti-AD agents [23-28]. In thigamhe, we have previously explored: i)
multifunctional compounds able to inhibit both ChR®€-31], ii) compounds with multifunctional
profile coupling the inhibition of ChEs withpAaggregation as well as with the disruption of pnefed
fibrils [32, 33], iii) compounds with acetylcholisterase (AChE) and MAOs inhibition capacity [34,
35], and iv) compounds with AChE and MAOs inhibitieapacity showing additional antioxidant
properties [36, 37]. Based on our knowledge and bgaffold hopping approach, we herein report the
development of novel chemical entities (compouba$, Figure 2) which represent an improved series
of our previously developed analogues typifiedd3H6 (Table 1) [38]. Compoundsa-f combine the
N-benzylpiperidine moiety ol with a metal chelating portion represented by ay@xyquinoline
system functionalized at position 2. Sintes a weak MAO-B inhibitor and is devoid of MAO-A
affinity, for improving the MAO inhibition propems of the compounds, we also introduced the

propargylamine moiety.
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Figure 2. Design of the title compound&-f.

Pharmacological analysis revealed the developed poarmds as potent AChE and
butyrylcholinesterase (BuChE) inhibitors, withshGralues in the nanomolar range combined with
micromolar MAO-A selective inhibition v6 MAO-B), metal-chelating capability and moderate
antioxidant properties. In-depth bioinformatics lgsis of the analogues with AChE BuChE and
MAO-A and -B helped rationalizing the observed engyinhibition data. Among the analogues
described, compourtef showed the most interesting profile as multifunéibtool, thus representing an
innovative scaffold for the development of improwtmhepezilhydroxyquinolinehybrids as potential

DMAADs.

2. Results and Discussion

2.1. Chemistry

To obtain the compounds presented in this papdiotlmeving synthetic schemes 1-3 were adopted.



o-(1-Benzylpiperidin-4-yl)alkanald.0a,b were prepared in our previous methods [38]. Thu®-
carbon homologation of the commercial ket@aeand aldehydé&b with Horner-Wadsworth-Emmons
reagent?7 (derived from Arbuzov reaction between triethylopphite and 1-chloroacetonitrile) gave
8a,b. On the latter olefins double bond reduction witty-lI, in MeOH followed by DIBAL-H

reduction of the resulting alkanenitril@a,b gave the correspondent aldehydBa,b(Scheme 1).

The secondary amindy-(2-propynyl)N-(quinolin-2-yl)methylamine 14 was prepared by reductive
amination of the quinoline-2-carbaldehyd8 with propargylamine, using NaBHunder acidic
conditions. For this proces$3 was derived from commercially available 2-methytgqlin-8-ol (11)

by SeQ oxidation followed by silylation 0ot2 with TBSCI (Scheme 2).

Reductive amination ddb andw-(1-benzylpiperidin-4-yl)alkanal$0a,bwith the secondary amirigt,
using NaBH under acidic conditions, afforded two componenipted tertiary amine&5a-¢ which
were desilylated by treatment with JF to give the desired donepezil + propargylamine-+
hydroxyquinoline hybrid compounds (DPHSa-c (Scheme 3). DPH&d-f were prepared in short
synthetic sequences through Lewis acid-catalyzestitr reaction as the key operation [39]. Thus, th
aldehydes6a, 10a and 10b were treated with TMSCN in the presence of ;Zrfbrming the
corresponding cyanohydrin TMS ethel8a-¢g which was immediately followed by addition of the
secondary aminé4 to give the correspondingraminonitriles17a-G respectively. Finally, the TBS-
protective group ofl7a-cwas removed by treatment with BUF in THF, affording the desired DPHs
5d-f (Scheme 3). All new molecules showed analytical sectroscopic data in good agreement with

their structures, and then submitted to biologaadluation as racemic mixtures.



o0 = OO0

6a, X = C=0 EtCL'PV 8a,Xx= Cx CN
6b, X = CHCHO 7

O = e

10a,n=1 9a,n=1
10b,n=2 9b,n=2

Scheme 1. Synthesis of aldehydes 10aleagents and
conditions: (a) KCOs; THF, rt—reflux; (b) Mg/,
MeOH, 0 °C, rt; (c) DIBAL-H/toluene, -78 °C.
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Scheme 2. Synthesis of intermediate
amine 14.Reagents and conditions: (a)
SeQ/1,4-dioxane, 60 °C-reflux; (b)
propargylamine, imidazole,
TBSCI/DCM, 0 °C—rt; (c)
CRCOOH/MeOH, 0 °C-rt then NaBH

0 °C-rt.
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Scheme 3. Synthesis of title compounds 5afReagents and conditions: (a)
compoundl4, CRCOH/MeOH, 0 °C-rt then NaBK 0 °C-rt; (b) TBAF/THF, rt;
(c) TMSCN, Znp/DCM, rt; (d) compound 4, MeOH, 50 °C, 3 h.

2.2. Pharmacological evaluation, structeaetivity relationship, and molecular modeling sesli

2.2.1. Enzyme assays

Donepezil (Aricept) is an AChE inhibitor able to increase concentrati of ACh in the brain and
improving the symptoms of disease without delaymg progression of AD. Donepezil was approved
by the FDA in 1996 with the trade name of Aricepind in 2006 the drug was also approved for
treating severe dementia. As shown in Table 1, pexiedisplayed an I§ value in the nanomolar
range regarding AChE activity inhibition with weaklectivity for other enzymatic systems (BuChE
and MAOs). In an effort to design multifunctionabnepounds as DMAADs the benzyl-piperidine
moiety of donepezil and 8-hydroxyquinoline nuclewgre combined for maintaining both the ChEs
inhibitory activity and metal-chelating propertiegs.propargylamine moiety for inhibiting MAO was

also inserted between these two moieties by a nathain of variable length. This approach led ® th



design of compoundsa-f (Figure 2 and Table 1). Further in compoubdsf the spacer was decorated
with a cyano group as a further interacting groap gotentiating enzyme inhibition. The obtained
compounds were evaluatad vitro for assessing their inhibition properties at tlhenan enzymes of
interest (MAO-A, MAO-B, AChE, and BUChE). As shownTable 1 the compounsf exhibited the
most interesting profile of the series. In fddtjnhibited AChE activity in the nanomolar range twén
ICs0 value of 29 nM, similar to that found far Furthermore, our prototypic multifunctional conyoal

5f showed an excellent inhibitory potency {4G 39 nM) against the BuChE being more potent than
reference compount (ICsp = 7.5uM). In addition5f was found to be a selective MAO-A (vs MAO-B)
inhibitor in the micromolar range (k= 10.1uM), whereasl did not show appreciable MAO-A
inhibitory activity and displayed MAO-B inhibitiopotency in the micromolar range g 15.2uM).
DPH6 (Table 1) [38], the progenitor molecule of all $eecompounds, when compared wai) it
showed similar 16, values versus MAO-A, but higher affinity versus MADand lower inhibition
potency towards AChE and BUChE. Taken into accthede data, we can assess that comp&find

nicely challenged thim vitro profile of DPH6.
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Table 1 Inhibitory activities (1Gg and selectivity ratios of derivatives inhibitinguman
recombinantMAO (hrMAO) isoforms anchuman recombinanthEs.

Compound IC 50 (UM)? IC 50 (uM)?
hrMAO-A hrMAO-B SP hrAChE hrBuChE Sf
=
TSRS
NN 465+ 4.4 >100 >2.2 9.7+1.0 0.064 + 0.005 152
OH
ba
S /
P N
o “Q,@ 35.6+3.7 >100 >2.8 4.1+0.6 0.079 +0.013 52
5b
e as
! NN 37.0+3.8 >100 >2.7 1.5+0.2 0.023 + 0.003 65
5c
=
L0
AN
. L 102+1.2 >100 >9.8 642 +7.1 0.030+0.004 2140
5d
S //
NN Q 122+1.3 >100 >8.2 3.3+0.6 0.002 +0.0003 1650
OH CN N
5e
> 0.029+0.003 0.039+0.003 0.7
I NN r 7 10.1+1.1 >100 >9.9 0.015+0.004 0.052+0.002 2.9
H
& (Ki) (Ki)
Clorgyline 0.016+0.003 655+7.1 4094 >500 >500 -
I-Deprenyl 55.4+65  0.02+0.003 0.0004 >500 >500 -
1 (Donepezil) >1000 152 +1.7  <0.0152| 0.009 +0.001 75+0.8 0.0012
Z
N
C 0
= CN 6.7+0.8 11.8+15 1.8 0.35+0.11 2.1+ 0.2 0.17

Z
@] A(é é:ﬁ
I

DPHG6

®Values obtained after 30 min pre-incubation expéss the mean = S.E.M. of at least three indepénde
experiments’MAO-A selectivity index: [IGo(hrMAO-B)]/[IC so(hrMAO-A)]. hrBUChE selectivity index:
[ICso(hrBUChE)]/[ICso(hrAChE)].
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In order to provide some relevant information abitwt mechanism of action &f, an assessment to
establish the reversibility and time-dependentbiitlin of hrMAO-A and hrChEs was performed. In

Figure 3 the output of thege vitro studies concerning MAO-A is shown.

15001 Pre-incubation (min)
- control o 1204 = 240 Pre-incubation ICso
% i —e— clorgyline ‘€ 1004 180 (min) (1M)
= - 5f g= 80 v 120 0 187.2
SE 2% & - 60 15 208
<§ 700 2t . 30 30 6.2
2 £ B 7 . 15 60 38

~ 204 0
E 300 g 120 1.9
04
. g g—a—a—l < 180 1.6
-100 T T T T T T T S 10 9 8 7 6 -5 -4 -3 2 4 0 240 11
0 8 16 24 32 40 48 56 64 log [5f] (M)

Reaction time (min)

Figure 3. Assessment for reversibility and time-dependehnibition of hrMAO-A by derivative5f.

A) hrMAO-A activity was measured after a 30 min pre-ination with either still water as a control,
100 uM 5f or 200 nM clorgyline (10-fold of the Kg values) and followed by a large dilution of the
enzyme-inhibitor complex; B) dose-response curvehirMAO-A inhibited by a5f performed at
different pre-incubation times (0-240 min); C)s¢Gralues determined from dose-response curves of
hrMAO-A inhibition by 5f after different pre-incubations.

Unequivocally, the lack of recovery of activity eftenzyme inactivation byf (Figure 3A) confirms an
irreversible MAO-A inhibition similarly to that olesved with the reference inhibitor clorgyline. This
result is consistent with the covalent interactlmtween the propargylamine moiety and the flavin
adenine dinucleotide (FAD) co-factor present in M®&O-A enzyme. This type of inhibition is also in
agreement with molecular modelling studies disadigsdow (see paragraph 2.2.2 for further details).
Moreover, a time-dependent inhibition mechanismhidlAO-A (Figure 3B and 3C) was evidenced

from the dose-response curvessgivhen different pre-incubations times were emptbye

12
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Figure 4. Kinetic assessment &f ashrChEs inhibitor. Lines were derived from a
weighted least-squares analysis of data. Acetydtiobne iodide (ASCh) ands
butyrylthiocholine iodide (BuSCh) were used as falbss.

For better characterizing compourtd inhibition properties at ChEs, kinetic assessmemése
performed as reported in Materials and Methodsi@ecThe results of this study are summarized in
Figure 4. The assessment was performed by meastsaufy-state inhibition (Lineweaver-Burk plots of
initial velocity) of hrAChE (Figure 4A) andhrBuChE (Figure 4B) by5f (0-200 nM) using
acetylthiocholine iodide an8-butyrylthiocholine iodide (0.1-2 mM) as substratesspectively. The
data obtained by kinetic studies clearly showed igedatype inhibition for both enzymes since
decreasing K values and increasingmnx values were determined as higlérconcentrations were
used (Figure 4C). Moreover, non-linear analyseswatl to calculate inhibition constants (Ki) foi

inhibiting hrChEs, and values of 14.9 + 4.4 nM and 52.5 + 168/6were determined fonrAChE and

hrBuChE, respectively.
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2.2.2. Structure-activity relationship and molegutaodeling studies

Computational studies allowed us to rationally explthe experimentally determined different
selectivity degrees of compoun@a-f on the hrMAO-A and -B enzyme isoforms. The structural
requirements governing the inhibitory potency ot thitle compounds orhrAChE were also
investigated exploiting our experience in the figlé, 30, 40]. The potential binding modes of asaib

of the analyzed compounds were found by applyirg Itiduced Fit Docking (IFD) protocol [41]
available in Schroédinger Suite [42] as already regubby us [31, 32]. The mentioned protocol invslve
various steps such as ligands and proteins prépat@bd molecular docking. In particular, in order
improve the reliability of our calculations, thegdnds were prepared taking into account their
protonation state at physiological pH (7.4) [33/48. In agreement with the literature data and
software output, we have considered the 8-hydroxydime moiety in its zwitterionic form, and the
piperidine nitrogen as protonated (Table S1). Asialpf the data suggested that the presence of a CN
group is relevant for improving MAO-A activity arsglectivity 6d vs5a, 5evs5b, and5f vs5c, Table

1). For verifying this issue we have performed diogkcalculations forsf and5¢ in complex with
hMAO enzymes. Results are depicted in Figure 55b&-enantiomer (docking calculations Bf
enantiomer were provided in Supporting Informatimfrigure S1) and in Figure 6 féc. As shown in
Figure 5A, compoundgj-5f interacts in the active site of MAO-A with a comaiion of polar contacts
and hydrophobic interactions, targeting the keyidiess of the protein [47]. In particularS){5f
establishes a series of H-bonds with Lys305, Tyrddd Phe208 (backbone), and-a stacking with
Phe208 and with Phe352 (Figure 5A). In line with #&xperimentally determined irreversible mode of
inhibition of 5f (Figure 3), the propargylamine moiety &-6f was found to lay in close proximity to
the FAD molecule (3.3 A). AccordinglyS-5f showed satisfactory docking score and free binding
energy values (GlideXP score -10.82 kcal/mol, a&jinq = -180.03 kcal/mol, respectively) which is

consistent with good affinity for the isoform A ®&1AO enzyme. Notably, we observed a partial
14



stereoselective interaction with the enzyme. Rimnantiomer (Figure S1A) showed indeed a different
pattern of interaction with respect to those fodmdthe S-enantiomer. Although free binding energy
values (GlideXP score amiiGying Of -8.54 kcal/mol and -176.16 kcal/mol) were foueds favorable

with respect to those obtained for tBenantiomer, the different binding mode B)-6f with MAO-A,

could prevent strong interactions with the enzymdact, R)-5f can establish only &n stacking with
Phel73 and polar contacts with Val210 and Thr33veéver, the propargylamine moiety lies far from
the FAD molecule (14.1 A) thus precluding a pot@ntiovalent interaction with the enzyme. These
findings are in agreement with the micromolar intdim potency found for the racemic mixture (tBe
enantiomer showed an excellent predicted affiniithva binding mode that could allow a correct
interaction within the enzyme, while thHe-enantiomer appeared to possess a reduced predicted

affinity).

15



Figure 5. Docked pose of3)-5f into hMAO-A (PDB ID: 2Z5X) (panel A) binding site and mt
hMAO-B (PDB ID: 2V5Z) (panel B). In the bottom paof the picture is represented a schematic
ligand-protein interaction. The docked poses aalized by means of PyMOL (The PyMOL
Molecular Graphics System, v1.6-alpha; SchrodiridgeC, New York, NY, 2013), while the ligand-
protein interaction diagram was generated by meaMzaestro.

On the contrary, the IFD results obtained fOF%f revealed a poor affinity for MAO-B as depicted in
Figure 5B. Due to the different arrangement of &mzyme active sitesS(5f could not engage a

suitable pattern of interaction with the MAO-B bing site. In particular, the replacement of lle335

16



and 1le180 (MAO-A) with Tyr326 and Leul71 (MAO-Bkspectively appeared to limit cavity
accessibility for our inhibitors. In addition, theplacement of Phe208 (MAO-A) with lle199 (MAO-B)
did not assure a correct accommodation5f into MAO-B active site (Figure 5B). Consequently,
the compound produced only a stacking with Trpli#& is located at the boundary of the binding
pocket and no other contacts along the cleft weveleat (Figure 5B). Moreover, the 8-
hydroxyquinoline moiety appeared to be solvent sgploand the distance between the propargylamine
and FAD is very large (8.74 A) and not consisteithvany potential covalent interaction. All these
data and free binding energy calculation (GlideXddre -7.62 kcal/mol, and\Gpig is -127.49
kcal/mol) are in line with the observed MAO-A ar selectivity. For, theR)-5f (Figure S1B) we
obtained similar results and no stereoselectiveraations with MAO-B were detected (GlideXP score
-8.04 kcal/mol and th&Gyng -130.81 kcal/mol). Similarly to th&enantiomer into MAO-B with the
R-enantiomer the distance of the propargylamine gfoom FAD (6.7 A) did not assure any chance of

covalent interaction thus well explaining the stiaty profile of 5f for the two MAO isoforms.

For evaluating the influence of structural differes in MAO-A inhibition we have performed IFD
studies also fobc for comparison with data obtained f6f. Compound5c, lacking the CN group,
showed a decreased MAO-A inhibition activity whesmpared to5f, and the molecular docking
output (Figure 6A) evidenced a slight differenttpat of interaction with respect &f. Indeed,5c
could reproduce contacts with Lys305 and Phe208dkts), and could establishtar stacking with
Phe352, but the absence of the CN group did notvalhteraction with Tyr444 and then stacking
with Phe208 as fosf (Figure 6A). Moreover, the propargylamine groupsvieund at 4.4 A distance
from the FAD molecule a larger distance than tleantl for5f (3.3 A). All these evidences clearly
demonstrate that the presence of the CN groupasamet for a better interaction with MAO-A binding
site 6cindeed showed a slight decrease of docking saares\vand estimated free binding energy with

respect tcf) and for higher inhibition potency (Table 1).
17
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Figure 6. Docked pose dbc into hMAO-A (PDB ID: 2Z5X) (panel A; Docking score -9.9@€al/mol;
AGping = -174.29 kcal/mol) binding site and intMAO-B (PDB ID: 2V5Z) (panel B; Docking score -
7.56 kcal/mol;AGping = -131.68 kcal/mol). In the bottom part of thetpie is represented a schematic
ligand-protein interaction.

Similarly to 5f, also5c showed a poor MAO-B inhibition potency. Our dodakiresults (Figure 6B)
showed thabc is able to form only a H-bond with Tyr435 ana-a stacking with Phel68 in a similar
fashion to5f. Since the stacking with aromatic residues locatetie boundary of the MAO-B binding

site prevented a deep accommodation of the compmiiadhe cleft, precluding strong interactions of
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5c within the active site, the propargylamine grougsviound at 5.8 A from FAD. All together these
features led to a decrease of docking score valndf the estimated binding affinity in line witine

poor MAO-B inhibition potency o5c (Table 1).

Overall this series of compoundsaff) was found to inhibit théarChEs from the micromolar to the
nanomolar range and the compounds were in genera potent inhibitors dirBuChE tharhrAChE.

Analysis of the data reported in Table 1 evidenbadhrAChE inhibition potency of the compounds is
more sensible to small variations of the structuite respect tatarBuChE inhibition potency and this is

in line with the wider gorge dimensions of the BEXmzyme.

In order to better explain this behavior we perfediFD calculations for all the compounds within
hAChE (PDB ID:1B41). The results (Figures 7 and @jhhghted the importance of the length of the
molecule for correct interaction with the enzymacsi potency increased with the length of the
compounds in both thga-c and the CN containin§d-f sub-series. The lengthiest compoubdsand

5f were indeed found to be the most poterAChE inhibitors of the series since they possess th
correct distance between the aromatic moieties @mdappropriately positioned basic center for
interacting with the peripheral anionic site (PA®)d-gorge, and catalytic site (CAS). In addititime
length of5f (S andR-enantiomer) also assured a better accommodatitred@N group into the gorge

of the enzyme with respect to thd and5e (Figure 8 and Figure S2).
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Figure 7. Docked poses of selected compounds (panels A-GaAB: 5b; C: 5¢) into hAChE enzyme
(PDB ID: 1B41). The pictures were generated by meahPyMOL, while the ligand-interaction
diagrams were generated by means of Maestro.

In particular, the obtained binding mode of compmb&a (Figure 7A) clearly revealed its impossibility
to reach the CAS diAChE. In fact,5a established a series of limited hydrophobic andmpcontacts
only with the PAS (Trp286 and Tyr72). Accordingtile docking score and theGy,;ng of 5a are -7.91
kcal/mol and -84.26 kcal/mol, respectively. A materimprovement in the inhibitory activity was
observed with the homologation of linker betwees phopargylamine moiety and piperidine group. In
fact, compoundbb displayed a better accommodation into the bindiitg of hAAChE (Figure 7B),
interacting by ar-n stacking with Trp286 the PAS region with its 8-hydyquinoline moiety, and can
engage a polar contact with the mid-gorge Asp74se&hnteractions account for the docking score and
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the AGyng Of -8.91 kcal/mol and -102.22 kcal/mol, respedtivé further homologation was beneficial
for activity and5c strongly interacted with PAS, mid-gorge and CA8ogmition sites (Figure 7C). In
particular,5c established a doubtern stacking with Trp286 and Tyr72 in the PAS and Epoontact
with the mid-gorge region targeting the key residsp74. Notably5c was also able to interact with
the CAS by ar-n stacking with Trp86 by its benzyl moiety (Figur€)7 Also the docking score (-9.95
kcal/mol) and theAGying (-112.08 kcal/mol) supported the observed improsenof affinity of 5¢ vs

5afor hrAChE.

The same trend was observed with the introductfo@M group on the moleculésd-f (Figure 8). In
fact, 5f displayed the correct length and spatial arrangésnef its features for appropriate interaction
with hAChE. In fact, the CN group is perfectly toleratacbe and5f establishing a series of relevant
polar interactions with Phe295 or/and Arg296 (bacid) as reported in Figure 8B,C and in Figure S2,
accounting for the favorable docking score a@l;,q. Notably, and in line with the Kgvalues (Table

1), our computational analysis also revealed thatmid-gorge Asp74 is targeted by both enantiomers

of 5f and by only one enantiomer o&
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Figure 7. Docked poses @&-enantiomer of selected compounds (A-C5#4; B: 5e C: 5f) into hAChE
enzyme (PDB ID: 1B41). The docking output for tReenantiomers is provided in Figure S2. The
pictures were generated by means of PyMOL, whigeliftand-interaction diagrams were generated by
means of Maestro.

Our calculations also explained the wdnsAChE inhibition properties 0bd (S and R-enantiomer)
which did not establish interactions at the midggoand CAS level as observed for the analdgae
devoid of the CN groughd only interacts with PAS by a H-bond with Tyr72ibs/8-hydroxyquinoline
moiety (Figure 8A and Figure S2A). Notably, a ndassical conformation of Trp286 was detected
which supported the poorest affinity ®f for hrAChE. Also the docking score valuesdnantiomer -
7.58 kcal/molR-enantiomer -7.33 kcal/mol) andGying (S-enantiomer -79.42 kcal/mdR-enantiomer -
78.15 kcal/mol) are in agreement with a 6-fold lowetency with respect toa. As above reported for

compounds5b, the elongation of the spacer in this scaffold iowed hrAChE inhibition potency. In
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fact, 5e (S and R-enantiomer, Figure 8B and Figure S2B, respectjveihibiting hrAChE in the
micromolar range revealed a better pattern of attewn than5d. In fact, 5e established a series of
contacts with PAS and mid-gorge, but could not hghe CAS due to the lack of appropriate length of
the linker. In particularg)-5e established a-n stacking by its aromatic moieties with Trp286 avith
Tyr337 (Figure 8B). In addition, the CN group irdtets with the backbone of Phe295 by a H-bond. The
improvement of affinity by one order of magnitudasaconfirmed by the presence of a stronger pattern
of interaction withhAChE and a satisfactory docking score (-9.46 koalfrmoupled to a significant
AGping 0f -109.81 kcal/mol. In addition, tHieenantiomer lacks the interaction with Tyr337 ldborms

a H-bond with the mid-gorge site Asp74 (Figure S2BYomparable docking score (-10.34 kcal/mol)

andAGying (-107.60 kcal/mol) were found for tlieenantiomer with respect to tiseenantiomer.

Finally, the IFD calculation performed &f, possessing the appropriate length for optimaligeting

all the key interaction sites 6/AChE gorge (Figures 8C and S2C), revealed a gdtddiwithin the
enzyme. In particular §-5f was able to establish a doulla stacking by its 8-hydroxyquinoline and
benzyl groups with Trp286 and Trp86/Tyr337, respebtt. Moreover, a series of H-bonds were found
with Phe295 by the CN group, and with Asp74 by pipgeridine moiety. This enantiomer showed a
very high docking score (-12.93 kcal/mol) as walitlae estimated free-binding energyGging -129.67
kcal/mol). Similarly, theR-enantiomer (Figure S2C) was able to reproduc¢hallcontacts found for
the Senantiomer (Figure 8C) with few additional consa@ti-bonds with the backbone of Arg296 by
its CN group, with Tyr72 sidechain by its 8-hydrgxynoline moiety, and a-n stacking with His447
by the benzyl moiety, Figure S2C). These additiarmadtacts led to a significant improvement in the
docking score (-14.87 kcal/mol) as well as in f@ynq (-146.31 kcal/mol). This strong pattern of

interaction found for botbf enantiomers perfectly parallels and explaingrthetro data (Table 1).
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Last, but not least, all the compounds showed atelkent drug-like profile (ADME+T

properties prediction) as calculated by means kP€ip [48] (Table 2).

Table 2. Calculated physicochemical properties for compowrdsented in this
study by means of QikProp application.

Cpd | SASA® | QPlogP’ | QPlogS | QPlogHERG" | %HOA ©
5a 743.9 3.78 -3.37 -8.21 88.C
5b [ 8009 484 459 -8.9C 95.Z
5¢ | 827.7 | 5.1¢ -4.91 -8.8¢ 84.7
5d | 7571 | 3.0¢ -3.8C -8.2% 75.2
5e | 8181 | 4.2¢ 5.1¢ -8.87 84.¢€
5F | 851.7 | 4.5C -5.61 -8.97 84.2

The calculated properties and their recommendegeraccording to QikProp user manual are follows:
3SASA 300-1000°QPlogP -2.00 — 6.5QPlogS -6.5 — 0.5'QPlogHERG <-5°%HOA: %human oral
absorption >80% high, <25% poor.

2.2.3. Assessment of metal-chelating propertié&$ of

Our investigation of the relevant properties of ponnd5f as a potential DMAAD was implemented
with thein vitro assay for establishing its metal-chelating properiChelating tests reported in Figure
9 allowed to understand the metal-chelating progeerof 5f evaluating the formation of metal-
complexes. Indeed, the ability 6f to interact with metals relevant forpAnisfolding such as zinc,

copper, and iron was assessed [49].
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Figure 9. Assessment of metal-chelating properties of comgobh UV-VIS spectra of solutions
containing 10uM 5f shortly incubated with increasing concentratiofss M) of metals ZnS® (A),
CuSQ (B) and Feg(SOQy); (C). Determination of the stoichiometry of commebf-Zn(ll) (D) and 5f-
Cu(Il) (E) by using the Job’s method at 262 nm. gdlutions were prepared in still water and experita

were performed at room temperature.

In particular, the influence of abnormally high éév of redox-active metal ions such as'C&#&* was
characterized as well as the compromised regulatioredox-active metals in the promotion and
formation of cytotoxic ROS and neuronal damage .[30¢reover, the role of mentioned metals in
formation and progression of aberranfi Apecies causing the misfolding of proteins andr the
subsequent aggregation was also established. Numstadies have demonstrated that a surplus of
metal ions such as €i FE*, zr** and APF* were present in B\ plaques of AD patients’ brain [49].
Furthermore an excess of €wand Zri* promotes A& aggregation [51, 52]. For these reasons, the
research with multitarget compounds additionallgatated for obtaining metal-chelating effect might
provide an additional and therapeutic, rather thiay symptomatological, strategy for the treatmaint
AD. Our in vitro analyses (Figure 9) reveal tH&itis able to interact with metals. Additionally, an

extinction coefficient) of 20800 M- cm' was determined witBf, while a maximum complexation
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peak was detected at 262 nm. As showed in Figure59Aisplayed a spectral changes at i\
forming a complex with Zfi after incubations of 15 h. RemarkabBf, formed a complex with Cii
(Figure 9B) after 5 minutes of incubation. On tlatcary, with F&" (Figure 9C) no significant spectral
changes were observed at 262 nm after longer présations. In summarygf was determined as
metal-chelating agent, a stoichiometry complexatri:2 metal-compound with bo@®W** (Figure

9D) and ZA* (Figure 9E) revealed a metal-compound ration Bf 1:
2.2.4. Evaluation of antioxidant propertiesshf

The assessment of antioxidant properties of comgph&bimvas carried out by differem vitro assays.
Figure 10A shows the Cu(ll)-chelating activity ®ff at blocking the production of #, in vitro by
Cu(ll) and ascorbic acid using the Amplex Red reag€his effect was in agreement with the metal-
chelating properties previously observed as a fsitmigetry of 1:2 Cu(ll)/compound was also found.
Compound5f also displayed oxygen radical absorbance cap&RAC) values equivalent to those
observed with the antioxidant Trolox (Figure 10Bipid peroxidation induceth vitro by linoleic acid
and 2,2'-azobis(2-amidinopropane) dihydrochlorida®H) (Figure 10C) was significantly reduced by
5f though this effect was prolonged similarlyi,() over time as that observed in the control. Fipall
compoundf was shown to induce weak radical scavenger actfi&A) compared to trolox by using
2,2-difenil-1-picrilidrazile PPPH, Figure 10D). Although a dose-dependent effect fwaad with5f,
being significant from concentrations higher th@uM, no similar antioxidant response was reached

compared to that of 5@M trolox at any of the concentrations assayed With
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Figure 10.Evaluation ofin vitro antioxidant properties of compoubd
A) Effect of compoundf on thein vitro production of HO, in presence of Cu(ll) and ascorbic acid
expressed in fluorescence units (FU); B) ORAC-FUuega of 5f and melatonin as trolox
equivalents; C) inhibition of lipid peroxidation PIO) by compoundf and trolox (inhibition times
(Tinn) are expressed in min); D) radical scavenger &igt{fiRSA) induced by DPPH with compound
5f and 50uM trolox. Statistical analysis was performed usorge-way ANOVA test followed by

Bonferroni post-test. **p<0.01, ***, p<0.001.

3. Conclusion

In summary, in this study, the development of naaepezil-related compoundsaff) characterized

by a multifunctional profile is reported. Among tiseries of the novel chemical entities assayed,

compound5f exhibited the most interesting profile to be ferthcharacterized as AD potential

therapeutic. In factbf was defined as a mixed-typgAChE andhrBuChE inhibitor of nanomolar
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potency, and was also found a selective irrevexsMAO-A inhibitor in the micromolar range.
Molecular modeling studies were performed to ratlme the mode of action and the selectivity peofil
of the developed compounds. These studies evidetheestructural requirements of these donepezil-
related analogues to optimally interact with theyenes of interest. Additionally6f, conceived for
interacting with metals targeting the cytotoxicdgrived from A misfolding leading to oligomers
formation, was demonstrated to be able to form dexgs with ZA* and CG". These data confirrsf
metal-chelating properties which might be releviantmodulating A misfolding. Furthermore5f is
also endowed with some antioxidant properties. ddleulated physico-chemical properties enrich the
profile of this promising hit as it shows a drulelness in line with other marketed drugs. Taken
together these findings will pave the way to theredigpment of novel anti-AD based d&f that

deserves to be further investigated as DMAAD.

4. Experimental section
4.1. Chemistry
4.1.1. General procedures

Unless otherwise specified, materials were purachdsmm commercial suppliers and used without
further purification. Silica gel 60 (0.040 - 0.068n) were used for column chromatographyNMR,
and™*C NMR, spectra were recorded on a Varian INOVA-6@&xian INOVA-400 or Varian Mercury
300MHz, spectrometergy using the residual signal of the deuteratedesdhas internal standard.
Splitting patterns are described as singlet (syibt (d), triplet (t), quartet (q), quintet (ppdabroad
(br); the value of chemical shifts (d) are givenpipm and coupling constantd) (n Hertz (Hz). IR
spectra were obtained with a Shimazu, Model FT-4R Purity of the compounds was assessed by
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HRMS, spectra were recorded on a Bruker Daltonics BOF mass spectrometer. Yields refer to
purified products and are not optimized. All moistgensitive reactions were performed under argon

atmosphere using oven-dried glassware and anhydabusnts.
4.1.2. 2-(1-Benzylpiperidin-4-ylidene)acetonitri&a)

Diethyl (cyanomethyl)phosphonaf®.(Chloroacetonitrile (3 g, 40 mmol) and triethyl ppbge (6.65
g, 40 mmol) were heated at 180 for 3.5 h. And the crude product was directlycuge the next

reactions.

A solution of diethyl (cyanomethyl)phosphonat€2.13 g, 12 mmol) and 4CO; (1.66 g, 12 mmol) in
10 mL of dry THF was stirred for 15 min at rt. Thigxe mixture was heated to reflux for 20 min. After
cooling down to rt, ketonéa (10 mmol of in 5 mL of dry THF) was added dropwisethis mixture
and then resulting mixture was heated at refluxtfdoh. After cooling down to rt, 10%,K0; aqueous
solution was added. The reaction mixture was etdcawvith AcCOEt three times, the organic phase
were collected, dried with anhydrous JS&, and concentrated in vacuum to obtain the cruddymio
which was directly used for the following reactionghout further purification. Title compound was
obtained as yellow oil, 92.0% yiel#d NMR (300 MHz, CDC}) § 7.26-7.34 (m, 5 H), 5.10 (s, 1 H),

3.55 (s, 2 H), 2.51-2.63 (m, 6 H), 2.40)& 5.1 Hz, 2 H).
4.1.3. 3-(1-Benzylpiperidin-4-yl)acrylonitril&lg).

Following the procedure described for compo@adthe title compound was obtained as yellow oll,
95.0% vyield:*H NMR (300 MHz, CDC}) $7.19-7.38 (m, 5 H), 6.31 @,= 10.4 Hz, 1 H), 5.23 (dl =
10.9 Hz, 1 H), 3.50 (s, 2 H), 2.89 @z 11.7 Hz, 2 H), 2.51-2.71 (m, 1 H), 1.93-2.14 2), 1.62—

1.77 (m, 2 H), 1.40-1.60 (m, 2 H).

4.1.4. 2-(1-Benzylpiperidin-4-yl)acetonitril@g).
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To a solution of compounda (7.7 mmol) in 35 mL MeOH, Mg (154 mmol) and catalyamount of }
were added while stirring at rt. The mixture waserthstirred in an ice bath was until the reaction
mixture became gray gel. Then, conc. HCl was slawdged till the reaction became clear. 10 N NaOH
was added to neutralize the pH to 8-9. The prextpitvas filtered and washed with large amount of
AcOEt. The filtrate was extracted with ACOEt thteees, and the combined organic layers were dried
with anhydrous Ng&5O, and concentrated in vacuum to give the crude mtoghich was directly used
for the following reactions without further purifiton. Title compound was obtained as yellow oil
82% yield;"H NMR (300 MHz, CDC}) § 7.24-7.34 (m, 5 H), 3.55 (s, 2 H), 2.930d 11.8 Hz, 2 H),

2.28 (d,J=6.60 Hz, 2 H), 2.00 (§ =52.77 Hz, 2 H), 1.78 (m, 2 H), 1.68 (m, 1 H}& (m, 2 H).
4.1.5. 3-(1-Benzylpiperidin-4-yl)propanenitril@h).

Following the procedure described for compo@adthe title compound was obtained as yellow oil
87% yield;"H NMR (300 MHz, CDC}) § 7.19-7.37 (m, 5 H), 3.50 (s, 2 H), 2.890¢; 11.8 Hz, 2 H),

2.35(t,J=7.3 Hz, 2 H), 1.96 (tdl = 11.5, 1.9 Hz, 2 H), 1.54-1.73 (m, 4 H), 1.1721(f®, 3 H).
4.1.6. 2-(1-Benzylpiperidin-4-yl)acetaldehyd ).

An over dried and argon-purged flask nit@®a (10.0 mmol) in 20 mL of dry toluene was cooled-#8
°C, and 12 mL 1 mol/L DIBAL-H toluene solution wadded dropwise to the solution. The reaction
mixture was stirred at —=7%& for 1.5 h. Then 10 mL MeOH were added, and thetism was poured
into 100 mL 5% HSO, aqueous solution and then alkaline with conc4®H. The precipitate was
filtered and washed with AcOEt. The filtrate wadragted with AcOEt for three times. The combined
organic phase was washed with brine and dried avittydrous Ng50O,. After concentration, the crude
product was purified by silica gel chromatographgxH\cOEt, 2:1 to give pure title compound as

orange oil, 87% yield*H NMR (300 MHz, CDCJ) & 9.76 (t,J = 1.9 Hz, 1 H), 7.17—7.42 (m, 5 H),
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3.51 (s, 2 H), 2.88 (d] = 11.2 Hz, 2 H), 2.36 (dd} = 6.7, 1.76 Hz, 2 H), 1.60-2.15 (m, 5 H), 1.20—

1.50 (m, 2 H).
4.1.7. 3-(1-Benzylpiperidin-4-yl)propandlQp).

Following the procedure described for compod®a the title compound was obtained as yellow oll,
83% vyield;*"H NMR (400 MHz, CDC}) § 9.76 (t,J = 1.6 Hz, 1 H), 7.19-7.38 (m, 5 H), 3.44-3.53 (m,
2 H),2.87 (dJ=11.1 Hz, 2 H), 2.43 (td]= 7.5, 1.6 Hz, 2 H), 1.92 (§,= 11.8 Hz, 2 H), 1.52-1.72

(m, 4 H), 1.16-1.35 (m, 3 H).
4.1.8. 8-Hydroxyquinoline-2-carbaldehydg).

SeQ (20 mmol, 2.22 g) in 70 mL 1.4-dioxane and 1 mltevanixture were heated to 6Q. To this
solution 2-methylquinolin-8-o11 (1.59 g, 10 mmol) in 15 mL 1.4-dioxane was addespdise over
30 min. The obtained mixture was heated at refarx12 h. After cooling down to rt, the precipitate
was filtered and the filtrate was concentrated. Tdnede product was purified by silica gel
chromatography using Hex/AcOEt, 5:1 to give 1.48fgure title compound as yellow solid, 86%
yield; 'H NMR (600 MHz, CDCY), § 10.22 (s, 1H), 8.32 (d,= 8.4 Hz, 1H), 8.20 (br, 1H), 8.06 (@=
8.4 Hz, 1H), 7.62 (t) = 7.8 Hz, 1H), 7.43 (d] = 8.4 Hz, 5H), 7.29-7.26(m, 1H), 7.16 (b 7.2 Hz,

1H).
4.1.9. 8-((tert-Butyldimethylsilyl)oxy)quinolineezrbaldehyde 13).

To a solution ofl2 (1.5 g, 8.66 mmol) and imidazole (1.3 g, 19.1 mmol30 mL of dry DCMtert-
butylchlorodimethylsilane (1.44 g, 9.53 mmol) waddad while stirring at 0C. The mixture was
allowed to warm slowly to rt for further 16 h whiérring, then 30 mL water were added. The aqueous
phase was extracted with DCM three times and thebawed organic phase was washed with saturated

NaHCG; solution, brine and dried with anhydrous,N@. After concentration in vacuum, the crude
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product was purified by silica gel chromatograplsyng Hex/AcOEt, 10:1 to give 2.16 g of pure title
compound as yellow oil, 87% vyieltH NMR (600 MHz, CDCY), & 10.22 (d,J = 0.6 Hz, 1H), 8.25 (d,
J=8.4 Hz, 1H), 7.99 (d] = 8.4 Hz, 1H), 7.56-7.54 (m, 1H), 7.48 (MW= 8.4 Hz, 5H), 7.25-7.24 (m,

2H), 1.09 (s, 9H), 0.32 (s, 6H).
4.1.10. N-((8-((tert-Butyldimethylsilyl)oxy)quineiR-yl)methyl)prop-2-yn-1-aminé4).

Aldehydel3 (1.44 g, 5 mmol) and prop-2-yn-1-amine (550 mgjir@ol) were dissolved in 50 mL of
MeOH and cooled to 8C. 10 drops of C#FLOOH were added and the reaction mixture was dtate

°C for 1 h and rt for further 2 h. Then NaBE80 mg, 10 mmol) were added to the reaction’at and
the obtained mixture was stirred for another 1 htafhe reaction was quenched with 50 mL of
saturated NECI solution and the water phase was extracted WitOEt for three times. The
combinied organic phase was washed with brine aed dvith anhydrous N&O,. After concentrated
in vacuum, the crude product was purified by siljgh chromatography using a mixture Hex/AcOEt,
2:1 to give 1.4 g of pure title compound as yelloily 86% vyield;"H NMR (600 MHz, CDCY), & 8.07
(dd,J = 1.8 Hz,J = 8.4 Hz, 1H), 7.41-7.36 (m, 3H), 7.15-7.14 (m,)1#21 (dJ = 1.2 Hz, 2H), 3.58

(dd,J = 1.8 Hz,J = 2.4 Hz, 1H), 2.90 (br, 1H), 2.25 3.58 §d; 1.8 Hz, 1H), 1.08 (s, 9H), 0.25 (s, 6H).

4.1.11. N-((1-benzylpiperidin-4-yl)methyl)-N-((&eft-butyldimethylsilyl)oxy)quinolin-2-

yl)methyl)prop-2-yn-1-amine$a).

A mixture of aminel4 and 1 mmol and aldehyd (1.5 mmol) in MeOH (10 mL) was cooled af®.

3 drops of CECOOH were added, and the reaction was stirred®@tfor 1 h and then kept at rt for 12
h. After that time NaBkl (3 mmol) was added at°C and the reaction was stirred for 1 h at rt. 20 mL
saturated NELCI solution were then added to quench the reactiod, water phase was extracted with
AcOEt for three times. The combined organic phaae washed with brine and dried with anhydrous

NaSO,. After concentration in vacuum, the crude produas purified by silica gel chromatography
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using Hex/AcOEt from 10:1 to 2:1 to obtain the ptitke compound as yellow oil, 54.6% yield. The

titte compound was submitted to the following stéthout any further characterization.

4.1.12. N-(2-(1-benzylpiperidin-4-yl)ethyl)-N-((@€t-butyldimethylsilyl)oxy)quinolin-2-

yl)methyl)prop-2-yn-1-aminelgb).

Following the procedure described for compodha the title compound was obtained as yellow oll,
51.2% vyield. The title compound was submitted te tfollowing step without any further

characterization.

4.1.13. N-(3-(1-benzylpiperidin-4-yl)propyl)-N-((&ert-butyldimethylsilyl)oxy)quinolin-2-

yl)methyl)prop-2-yn-1-aminel$c).

Following the procedure described for compodha the title compound was obtained as yellow oll,
46.1% vyield. The title compound was submitted t@ tfollowing step without any further

characterization.
4.1.14. 2-((((1-Benzylpiperidin-4-yl)methyl)(propy-1-yl)amino)methyl)quinolin-8-0b84).

To a solution ofl5a (0.4 mmol) in 10 mL of THF a 2 mL of a 1 M solutiof TBAF in THF were
added and the mixture was stirred at rt for 3 heriTthe solvent was removed, and the residue was
purified by silica gel chromatography using Hex/AfOfrom 10:1 to 1:1 to obtain the pure title
compound as yellow oil, 93.5% vyield WR.ax = 3289, 2922, 2801, 1713, 1601, 1574, 1506, 11436,
1435, 1366, 1327, 1279, 1246, 1220, 1202, 11267,11090, 1076, 984, 909, 833, 754, 739 NMR

(400 MHz, CDC}), 6 8.08 (d,J = 8.4 Hz, 1H), 7.62 (d] = 8.4 Hz, 1H), 7.41 (t) = 7.8 Hz, 1H), 7.30-
7.25 (m, 5H), 7.25-7.23(m, 1H), 7.16 (b= 7.2 Hz, 1H), 3.93(s, 2H), 3.48 (s 2H), 3.40K§,2.87 (d,
J=10.8 Hz, 2H), 2.44 (d,= 7.2 Hz, 2H), 2.26 (d] = 1.8 Hz, 1H), 1.93 (0 = 11.4 Hz, 2H), 1.77 (dl

= 12.6 Hz, 2H), 1.53-1.50 (m, 1H), 1.21-1.15 (m)2KC NMR (150 MHz, CDGJ), § 158.1, 152.0,
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138.5, 137.4, 136.4, 129.2, 128.1, 127.5, 127.8,9221.8, 117.6, 110.0, 78.7, 73.3, 63.5, 6(M73,5

53.6, 42.8, 33.7, 30.7. HRMS (ESI): m/z [M +'Halcd for GeH3oNz0: 400.2383; found 400.2387.
4.1.15. 2-(((2-(1-Benzylpiperidin-4-yl)ethyl)(pr@syn-1-yl)amino)methyl)quinolin-8-05ig).

Following the procedure described for compodadthe title compound was obtained as yellow oll,
91.6% vyield; IRvmax = 3302, 2911, 2797, 2787, 1713, 1574, 1506, 14484, 1435, 1396, 1366, 1327,
1248, 1200, 1150, 1123, 1086, 978, 910, 839, 734,"H NMR (400 MHz, CDC}), § 8.09(d,J = 8.4
Hz, 1H), 7.60 (d,J = 8.4 Hz, 1H), 7.40 (4 = 7.8 Hz, 1H), 7.30-7.25 (m, 5H), 7.25-7.23 (m,) 1A 16
(d,J= 7.2 Hz, 1H), 3.94 (s, 2H), 3.47 (s, 2H), 3.41Xd 2.4 Hz, 2H), 2.84 (d] = 11.4 Hz, 2H), 2.62
(t, 3= 7.2 Hz, 2H), 2.26 (d] = 1.8 Hz, 1H), 1.90 (] = 12.0 Hz, 2H), 1.59 (d] = 12.6 Hz, 2H), 1.46-
1.44 (m, 2H), 1.31-1.25 (m, 3H}°C NMR (150 MHz, CDGJ),  157.8, 152.1, 138.5, 137.5, 136.4,
129.2, 128.2, 127.5, 127.3, 126.9, 121.8, 117.6,01178.5, 73.3, 63.5, 60.3, 53.8, 51.0, 42.4, ,34.2

33.8, 32.4, 31.6. HRMS (ESI): m/z [M + Hgalcd for G/Hz,N30: 414.2540; found 414.2539.
4.1.16. 2-(((3-(1-Benzylpiperidin-4-yl)propyl) (pré&pyn-1-yl)amino)methyl)quinolin-8-ob¢).

Following the procedure described for compodadthe title compound was obtained as yellow oll,
97.1% vyield. IRvmax = 3300, 2907, 27847, 2797, 2758, 1713, 1601, 15386, 1471, 1454, 1435,
1368, 1327, 1248, 1200, 1125, 1090, 972, 910, 339,"H NMR (400 MHz, CDG}), § 8.08(d,J = 9.0
Hz, 1H), 7.60 (d,J = 8.4 Hz, 1H), 7.40 (4 = 7.8 Hz, 1H), 7.30-7.28 (m, 5H), 7.25-7.22 (m,) 1A 16
(d,J= 7.8 Hz, 1H), 3.94 (s, 2H), 3.46 (s, 2H), 3.41Xe 2.4 Hz, 2H), 2.84 (d] = 11.4 Hz, 2H), 2.57
(t, J= 7.2 Hz, 2H), 2.25 (d] = 1.2 Hz, 1H), 2.14 (s, 1H), 1.86 {= 12.0 Hz, 2H), 1.60 (d] = 12.0
Hz, 2H), 1.52-1.50 (m, 2H), 1.26-1.18 (m, 5K} NMR (150 MHz, CDGJ), § 157.8, 152.1, 138.5,
137.5, 136.4, 129.2, 128.1, 127.5, 127.2, 126.9,9217.6, 110.0, 78.6, 73.3, 63.5, 60.2, 53.9%,53
42.4, 355, 34.1, 32.4, 24.7. HRMS (ESI): m/z [MH}" calcd for GgH34N3O: 428.2696; found

428.2700.
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4.1.17. 2-(1-Benzylpiperidin-4-yl)-2-(((8-(tert-lyidimethylsilyloxy)quinolin-2-yl)methyl)(prop-2-

ynyl)amino)acetonitrile {7a).

To a mixture of aldehydéa (1.5 mmol) and TMSCN (2 mmol in 20 mL DCM, 2n0.2 mmol) was
added, and the reaction mixture was stirred forat i the intermediate compoufi@a After removal
of the solvent amin&4 (1 mmol) in MeOH (15 mL) was added and the resgltimxture was heated to
50 °C for further 3 h. After that, MeOH was removed ahé residue was purified by silica gel
chromatography Hex/AcOEt from 10:1 to 2:1 to obtpine title compounds as yellow oil 54% vyield.

The title compound was submitted to the followitepswithout any further characterization.

4.1.18. 3-(1-Benzylpiperidin-4-yl)-2-(((8-(tert-lyidimethylsilyloxy)quinolin-2-yl)methyl)(prop-2-

ynyl)amino)propanenitrile1(7b).

Following the procedure described for compouda the title compound was obtained as yellow oll,
31.8% vyield. The title compound was submitted te tfollowing step without any further

characterization.

4.1.19. 4-(1-Benzylpiperidin-4-yl)-2-(((8-(tert-lyidimethylsilyloxy)quinolin-2-yl)methyl)(prop-2-

ynyl)amino)butanenitrile1(7c).

Following the procedure described for compoudda the title compound was obtained as yellow oll,
63.3% vyield. The title compound was submitted te tfollowing step without any further

characterization.

4.1.20. 2-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolimy2)methyl)(prop-2-yn-1-

yl)amino)acetonitrile %d).

Following the procedure described for compoadthe title compound was obtained as yellow oil,

90% vyield. IRvmax = 2928, 2818, 2361, 2328, 1715, 1597, 1574, 15842, 1435, 1368, 1327, 1248,
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1196, 1150, 1130, 1086, 988, 835, 758.NMR (400 MHz, CDC}), § 8.11 (d,J = 8.4 Hz, 1H), 7.52
(d, J = 9.0 Hz, 1H), 7.42 () = 7.8 Hz, 1H), 7.30-7.22 (m, 6H), 7.16 (tz 7.2 Hz, 1H), 4.24 (d] =
14.4 Hz, 1H), 3.87 (d] = 14.4 Hz, 1H), 3.55 (d] = 13.6Hz, 2H), 3.49 (s, 1H), 3.43 (dbiz 1.8 Hz,J

= 16.8 Hz, 1H), 3.34 (dd] = 2.4 Hz,J = 16.8 Hz, 1H), 2.94-2.88 (m, 2H), 2.31 Jt= 2.4 Hz, 2H),
2.14-1.91 (m, 4H), 1.81-1.78 (m, 1H), 1.38-1.36 (th), 1.26-1.23 (m, 1H)**C NMR (150 MHz,
CDCly), 5 155.8, 152.0, 137.4, 137.3, 137.1, 129.3, 1283,8, 127.6, 127.3, 121.3, 117.7, 116.3,
110.4, 78.6, 74.0, 62.9, 59.5, 57.4, 52.7, 52.65,436.6, 29.4, 29.2. HRMS (ESI): m/z [M + Hialcd

for Co7H29N4O: 425.2536; found 425.2335.

4.1.21. 3-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolimy2)methyl)(prop-2-yn-1-

yl)amino)propanenitrile %e)

Following the procedure described for compoadthe title compound was obtained as yellow oil,
94.5% vyield. IRvmax = 3287, 2936, 2799, 2768, 1711, 1601, 1574, 158%4, 1452, 1368, 1327, 1248,
1150, 1129, 1088, 1028, 978, 910, 839, 7#HLNMR (400 MHz, CDC}), § 8.05(d,J = 9.0 Hz, 1H),
7.46 (d,J = 8.4 Hz, 1H), 7.35(t) = 7.8 Hz, 1H), 7.23-7.21 (m, 5H), 7.20-7.14 (m,))1A16 (ddJ =

1.2 Hz,J = 7.8 Hz, 1H), 4.17(d] = 14.4 Hz, 1H), 3.93 (] = 7.8 Hz, 1H), 3.79 (d] = 14.4 Hz, 1H),
3.39-3.29 (m, 3H), 3.29-3.26 (m, 1H), 2.81-2.76 BH), 2.50 (dJ = 1.2 Hz, 1H), 1.88-1.82 (m, 2H),
1.74-1.66 (m, 2H), 1.52-1.47 (m, 3H), 1.25-1.17 2); 1°C NMR (150 MHz, CDG)), § 155.9, 152.0,
138.3, 137.5, 137.0, 129.2, 128.2, 127.8, 127.7,A2121.4, 117.7, 117.4, 110.5, 78.5, 74.2, 63.3,
57.0, 53.4, 53.3, 53.0, 51.6, 41.5, 32.2, 32.06.3RMS (ESI): m/z [M + H] calcd for GgH3:N4O:

439.2492; found 439.2497.

4.1.21. 4-(1-Benzylpiperidin-4-yl)-2-(((8-hydroxyquinolimy2)methyl)(prop-2-yn-1-

yl)amino)butanenitrile 5f).
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Following the procedure described for compodadthe title compound was obtained as yellow oll,
91.8% yield. IRvmax =3289, 2922, 2805, 2766, 1711, 1599, 1574, 1504411454, 1435, 1366, 1329,
1248, 1196, 1125, 1030, 980, 910, 839, 7B7NMR (400 MHz, CDGJ), 5 8.10 (d,J = 8.6 Hz, 1H),
7.53 (d,J = 8.6 Hz, 1H), 7.41 (] = 7.8 Hz, 1H), 7.28-7.26 (m, 5H), 7.22-7.20 (m)1#15 (dJ= 7.8

Hz, 1H), 4.23 (dJ = 14.4 Hz, 1H), 3.88 (d] = 13.8 Hz, 1H), 3.81 (1] = 7.8 Hz, 1H), 3.46-3.42 (m,
3H), 3.36-3.33 (M, 1H), 2.81 (d,= 10.8 Hz, 2H), 2.32 (dl = 1.8 Hz, 1H), 2.13 (s, 3H), 1.84-1.81 (m,
4H), 1.57-1.54 (m, 2H), 1.39-1.37 (m, 2H), 1.228L(in, 3H);**C NMR (150 MHz, CDGJ), § 156.0,
152.0, 138.4, 137.4, 137.0, 129.2, 128.1, 127.7,6,.2126.9, 121.5, 117.7, 117.4, 110.4, 78.5, 74.2,
57.1, 54.1, 53.6, 41.4, 35.0, 32.5, 32.2, 32.09.2dRMS (ESI): m/z [M + H] calcd for GeHzsN4O:

453.2649; found 453.2652.
4.2. In vitro biological assays.
4.2.1. Monoamine oxidase inhibition

Inhibition of human recombinanMAO-A and MAO-B (Sigma-Aldrich) by the selectedroatives
was performed using a fluorometric method [53]. ¥natic reactions took place in 96-well black
opaque microplates (OptiPlate-96F, PerkinElmes fimal volume of 200 pL. Serial dilutions of each
inhibitor were pre-incubated for 30 min at 37 Qw860 mU/mL MAO-A or 67.5 mU/mL MAO-B.
Following the pre-incubations, enzymatic reactiovere initiated by adding 100 pL of a mixture
solution containing 1 mM-tyramine as MAO substrate, 40 U/mL horseradisloxidase (HRP) and
25 uM Amplex UltraRed™ reagent as final concentratiin 0.25 mM sodium phosphate (pH 7.4).
The fluorescence production associated with peesdecoupled production of resorufin from Amplex
UltraRed™ was continuously measured for at lease dmour at Aszo€XC)hsgo(€m) in a
spectrophotometric plate reader (FluoStar OPTIMRM@Labtech). Control experiments were carried

out simultaneously by replacing the inhibitors bstiled water. In addition, the possible capaaty
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compounds to modify the fluorescence generated énréactionmixture due to non-enzymatic
inhibition was determined by adding these compouadslutions containing the Amplex UltraRed™
reagent only in phosphate buffer. Samples contginmsubstrate were used as blanks. Dose-response
curves were plotted by using the GraphPad PRISMwsoé (version 4.0) and g values were
accordingly calculated. Data were expressed as meaf.M. of at least three different experiments

performed in triplicate.

4.2.2. Cholinesterases inhibition

ChEs inhibition was assessed following a spectrogtoc method of Ellman [54lising human
recombinantChEs expressed in Hek293 cells (Sigma-AldrichzyBmatic reactions took place in 96-
well plates in solutions containing 0.1 M phosphatéfer (pH 8.0), 0.035 U/mL AChE or 0.05 U/mL
BuChE and 0.35 mM of 5,5’-dithiobis-2-nitrobenzeaicid (DTNB, Sigma-Aldrich). Inhibition curves
were plotted by pre-incubating this mixture withigkedilutions of each compound for 30 min at 37 °C
The activity in absence of compound was used asaloof the 100% of enzyme activity. After pre-
incubation times, substrate was added to a finateotration of 0.35 mM acetylthiocholine iodide or
0.5 mM Sbutyrylthiocholine iodide (Sigma-Aldrich) and emagtic reactions were followed for at
least 30 min. Changes in absorbance@twere detected in a spectrophotometic plate ref®deoStar
OPTIMA, BMG Labtech) and 1§ values were calculated as the compound concemirathibiting
50% of enzymatic activity by using the GraphPad3MRsoftware (version 4.0). Data were expressed

as the mean = S.E.M. of at least three differepedrments performed in triplicate.

4.2.3. Assessment of reversibility and time-depandaibition

The reversibility of inhibition ofhrMAO-A by 5f was determined by measuring the recovery of
enzymatic activity after a rapid and large dilutioihthe enzyme-compound compléxMAO-A was

pre-incubated for 30 min at 100-fold over the corication required for the activity assay with 1,0d@
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5f or 200 nM clorgyline, as an irreversible standasthpound, corresponding to 10-fold ofsivalue
previously determined. The mixture was diluted 1@0- into reaction buffer containing 1 m
tyramine. The progress curves were measurggheand compared to that of samples with no inhibitor.
Time-dependent inhibition dirMAO-A by 5f was evaluated by carrying out several pre-incobati
(0-240 min) of increasing concentrations of thabitbr with the enzyme. Dose-response curvesglC

were determined accordingly for each pre-incubati®previously described.

4.2 .4. Cholinesterase kinetic assessment

To assess the mechanism of actiorbfoinhibiting bothhrChEs (AChE and BuChE), reciprocal plots
of 1/V versus 1/[S] were determined using substratmcentrations ranging 0.1-2 mM of
acetylthiocholine iodide (ASCh) &butyrylthiocholine iodide (BuSCh), respectivelyndyme activity

was determined by using the Ellman’s method [5dilieg enzyme at last. The plots were assessed by
a weighted least-squares analysis and slopes piroeal plots were plotted against concentration

(0-200 nM). Inhibition constants (Ki) were estinmdigsing the non-linear analysis method.

4.2.5. Assessment of metal-chelating properties

Complexing studies were performed in distiled watd room temperature using a UV-VIS
spectrophotometer (Lambda25, PerkinElmer). Spechahges (220-300 nm) of 10 u3flin presence
of metals CuSQ) Fe(SO) and ZnSQ at concentrations ranging 1¢8/ of were detected in 1cm-
quartz cells. The stoichiometry of the compleXx#sCu(ll)/Zn(ll) was determined using the Job’s
method [55]. Briefly, 21 different solutions comtaig 5f and biometals CuSOand ZnSQ were
prepared at a final sum of concentrations of bgtces of 10 uM, varying the proportions of both
components between 0 and 100%. Absorbance at 26Rasnplotted versus the mole fractionsbffor

each metal.
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4.2.6. Evaluation of antioxidant propertiesabf

4.2.6.1. Inhibition of lipid peroxidation (LPO)

Production of conjugated diene hydroperoxide bydation of linoleic acid in an agueous dispersion
was monitored at 234 nm as previously describe{l S8PH was used as a free radical initiator. 10
puL of 16 mM linoleic acid dispersion were added e UV cuvette containing 0.93 mL of 0.05 M
phosphate buffer pH 7.4 at 37 °C. The oxidatiorttiea was initiated upon the addition of 50 mL of
40 mM AAPH solution. Oxidation was carried out letpresence of aliquots (10 mL) in the assay
without antioxidant; lipid oxidation was measuredhe presence of the same level of DMSO. The rate
of oxidation at 37 °C was monitored by recording thcrease in absorption at 234 nm caused by

conjugated diene hydroperoxides.

4.2.6.2. Oxygen Radical Absorbance Capacity (OR&Say

The ORAC assay was performed as previously destithd. Briefly, AAPH was used as free radical
generator and trolox as standard while melatonis uged as a reference compound (both compounds,
Sigma-Aldrich). CompoundSf and melatonin were diluted in 75 mM PBS pH 7.4 amehsured at
different concentrations (0.14IM). Trolox calibration was used for the standardveu Samples were
pre-incubated for 15 min at 37 °C with 70 nM fluscein (Sigma-Aldrich). Upon the addition of 12
mM AAPH, the fluorescence intensityef:= 485 NnmAem= 520 Nm) was monitored every minute for 1

h using a Polarstar Galaxy plate reader (BMG Ldbtelgies GmbH). The area under the curve
(AUC) of the fluorescence decay was calculated uiytracting AUC values for the same sample or
standard from that for the net AUC values of trokiandard solutions. The ORAC value for each
tested compound was expressed as trolox equiv@lerdl of troloxfumol of compound). The ORAC

value for trolox was assigned as 1.
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4.2.6.3. Determination of the reducing activitytloé stable radical DPPH

As previously reported [58], to a solution of 0. MNDPPH in absolute EtOH, an equal volume of the
compounds, dissolved in DMSO, was added. The nextas vigorously shaken and allowed to stand
for 60 min. Then, absorbance at 517 nm was detedhnspectrophotometrically and the % of activity

was calculated. All tests were undertaken on thepbcates and the results were averaged.

4.2.6.4. Induction of kD, by Cu(ll) and ascorbic acid

The production KO,was inducedn vitro by incubating 0.24M Cu(ll), 10 uM ascorbic acid (Sigma-
Aldrich). Following an incubation of 10 min at rtitv different concentrations obf, a mixture
containing horseradish peroxidase and Amplex Rademt was added to quantify the amount gdH

produced. Distilled water was used to determineribgimum levels of bD..

4.3. Molecular Modeling

All calculations performed in this work were cadieut on Cooler Master Centurion 5 (Intel Core i5—
2500 CPU @ 3.30 GHz Quad) with Ubuntu 10.04 LT®dlerm support) operating system running

Maestro 9.3 (Schrédinger, LLC, New York, NY, 2012).

4.3.1. Proteins and Ligands preparation

The three-dimensional structure of tmemanMAO-A, MAO-B and AChE enzymes were taken from
PDB (ID 2zZ5X, 2V5Z, and 1B41, respectively). The-agstallized ligands, compounds used for
solving the structures and molecules of water weraoved from the proteins and the resulting
structures were submitted to protein preparatioravd implemented in Maestro suite 2012 (Protein

Preparation Wizard workflow 2012; http://www.schirmgker.com/supportdocs/18/16). Three-

dimensional structure building for all compoundsthis study was carried out by means of Maestro

[42]. Molecular energy minimizations were performed MacroModel [59] using the Optimized
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Potentials for Liquid Simulations-all atom (OPLS-Aforce field 2005 [60, 61]. The solvent effects
are simulated using the analytical Generalized-Burface-Area (GB/SA) model [62], and no cutoff
for nonbonded interactions was selected. Polakdrebconjugate gradient (PRCG) method with 1000
maximum iterations and 0.001 gradient convergehamshold was employed. All compounds reported
in this paper were prepared taking into accounptioséonation state reported in Table S1 calculated
means of ACDlabs (ACD/pKa DB software, version D2.8dvanced Chemistry Development, Inc.,

Toronto, Canada).
4.3.2. Induced Fit Docking (IFD)

Molecular docking was carried out using the Schiger suite 2012 by applying the IFD protocol [63].
This procedure induces conformational changes énbiinding site to accommodate the ligand and
exhaustively identify possible binding modes andoamted conformational changes by side-chain
sampling and backbone minimization. The proteind the ligands used in this step were prepared as
reported in the previous paragraphs. The boxesldaking calculation was built starting from the
crystallized non-covalent inhibitors for MAO enzyspavhile forhAChE from the centre of the gorge
selecting the residues Asp74 as previously repg8&0d32]. IFD includes protein side-chain flexityil

in a radius of 5.0 A around the poses found duthmg initial docking stage of the IFD protocol.
Complexes within 30.0 kcal/mol of minimum energgusture were taken forward for redocking. The
Glide redocking stage was performed by XP (ExtraciBion) methods. The calculations were

performed using default IFD protocol parameters hidrogen bonding or other constraints were used.
4.3.3. Estimated free-binding energies

The Prime/MM-GBSA method implemented in Prime saft&/[64] consists in computing the change

between the free and the complex state of botHighed and the protein after energy minimization.
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The technique was used on the docking complexesrhexported. The software was used to calculate

the free-binding energyAGeing) as previously reported [33, 46, 65-67].
4.3.4. Predicted physicochemical properties

QikProp application [48] was used for predicting thbhysicochemical properties of compounds

presented in this study.
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Table S1. Calculated protonation state at physiological pH)7#or compounds presented in this
study.

Compound Structure Protonation State
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All values were calculated by means of ACDlabswsafe package (ACD/pKa DB software, version
12.00; Advanced Chemistry Development, Inc., Taspftanada).
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Figure S1. Docked pose 05f R-enantiomer intdiMAO A (PDB ID: 2Z5X) binding site, while in the
bottom part of the picture is represented schenlighad-protein interaction. (B) Docked pose5biR-
enantiomer intchMAO B (PDB ID: 2V5Z) binding site, while in the o part of the picture is
represented schematic ligand-protein interactidve docked poses are visualized by means of PyMOL
(PyMOL is an OPEN SOURCE program distributed untee “Python” license. The PyMOL
Molecular Graphics System, v1.6-alpha; SchrodindeZ, New York, NY, 2013), while the ligand-
protein interaction diagram was generated by me&ndaestro (Maestro; version 9.3, Schrédinger,
LLC, New York, NY, 2012).
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Figure S2. Docked poses ddd (A), 5e (B), 5f (C) R-enantiomers intd/AChE binding site (PDB ID:
1B41), while in the bottom part of the picture épresented a schematic ligand-protein interactions.
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