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Abstract

2-(piperazin-1-yl)-N-(1H-pyrazolo[3,4-b]pyridin-3)pacetamides are described as a new class of
selective and potent acetylcholinesterase (AChEipitors and amyloi aggregation

inhibitors. Formation of synthesized compourid$-P9 was justifiedvia H* NMR, C** NMR,
mass spectra and single crystal X-Ray diffractimay All compounds were evaluated for their
acetylcholinesterase and butyrylcholinesterasditdry activity, inhibition of self-mediated (A
aggregation and Cu(ll)-mediate@ Aaggregation. Also, docking study carried out was i
concordance witim vitro results. The most potent molecule amongst thevatéres exhibited
excellent anti-AChE activity (165 = 4.8 nM). Kinetic study oP3 suggested it to be a mixed type
inhibitor. In vitro study revealed that all the compounds are capdbiéibiting self-induced-
amyloid (AB) aggregation with the highest inhibition perceetégbe 81.65%. Potency i
andP3to inhibit self-induced B;-s2aggregation was ascertained by TEM analysis. Conmgsu

were also evaluated for theifAlisaggregation, antioxidation, metal-chelationvatgt
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1. Introduction

Alzheimer's disease (AD) is the devastating disdaaestrongly correlates to morbidity and
mortality. AD is amongst the most predominant iesible neurodegenerative disorders that
targets to cholinergic neurons of central nervoissesn (CNS) together with cognitive ability
and spatial awareness [1]. AD is recognized atethding reason for dementia that mainly
troubles old age groups, although cases of agggrbelonging 30s, 40s and 50s had started to
rise. The estimated figure of people suffering detmaen 2018 is 50 million worldwide and is in

progression [2].

Etiology of Alzheimer’s is not yet explained. Hovesvaccumulation of amyloid beta [3],
shortage of neurotransmitter acetylcholine [4]; @wsphorylation and oxidative stress [5] are
active participants in AD (pathophysiology) [6]. @ocount of its intricacy and as an answer to
this pluralism of causative factors and consequermee feasible research strategy is to evolve a
multi targeted perspective, by which a unit molectts on separate targets of disease. Several
attractive targets present good opportunity tow#ndslevelopment of anti-AD agents, and its
multi-factorial nature demands multi-targeted males that may benefit AD treatment. It

further allows to overcome intrinsic disputes af tombination therapy, where exists possibility
of drug-drug interactions [7] and also to acquirpesior therapeutic profile than single targeted
molecules. Recognition of multifactor nature of ADwidespread. Simultaneous targeting of AD
pathologies by exploiting independent and multgd&vity drug therapies has come up as a very
strong strategy to address the multiplex, degeiveraharacter of AD. Where from the

cholinergic and amyloid hypotheses are generalpfieg to originate reliable therapeutics.

The two capital modes have been described to bergesly involved in disease growth: i)

accumulation of the amyloi@lin extracellular region in fibrils, protofibrilsnd plaques and ii)



continuous de-escalating of cholinergic neurongesfly in cortex and hippocampus.
Amassment of A due to evacuation offfand/or, changed processing of APP happens
according to central AD hypothesis. The event ldadselective neuronal loss and widespread

synaptic dysfunction.

Anomalous assembling of misfolded peptides depicts a crucial characteristic ancssiply

the triggering mechanism for cognitive dysfunctio’AD and neurodegeneration [8]. Amongst
the various forms of A derived from APP, the most abundant onefis 4 having higher
tendency to congregate into different oligomerid &hrillar complexes [9]. B1_42 peptide is
believed to primarily comprise the predominant jporof Ap plagues in AD patients [10,11].
Over a period of time the increasing accumulatibtihese toxic aggregates markedly contributes
towards downstream AD pathologies like oxidativendge, tangle formation, and neuronal
apoptosis [12,13]. A number of studies have cordatrpathophysiological consequences of its

neurotoxicity both byn vitro [14] and in vivo modelfL5].

On other part neurotransmitter acetylcholine (AGHritically important signaling molecule of
cholinergic transmission [16]. Breakdown of thisirransmitter befallgia the terminator
enzyme of nerve impulse transmission, acetylchsterase at the cholinergic synapses. One
protein that appears to fill a prominent place wittne multiplex pathological network of this
disease is AChE. It is a terminator enzyme of nanymulse transmission at the cholinergic
synapses. Degeneration of cholinergic system ire&&bunts for the contribution towards
cognitive impairment. This hypothesis asserts #idided ACh levels as it leads to cholinergic
failure and hence cognitive impairment. AChE hasegtionally great specific catalytic activity,
specifically for a serine hydrolase - each AChEenuale degrades approx. 25000 ACh

molecules per second [17,18]. Crystal structuréarpedo californicBAChE (TCAChE)



indicated presence of a 200nm long, narrow gorgenaiyme surface. Its bottom is referred to as
catalytic active site, top as peripheral anionie and there are five amino acid residues in
middle. Acetylcholinesterase inhibitors functionibteraction with the PAS, CAS or both. For
molecule to actively bind to the gorge, it needbdwe interacting groups at terminals that could
possess CAS/PAS binding. In relation to this AChlibition may provide higher level of
neurotransmitter in synaptic cleft, thereby upgngdiognition in mild-moderate level AD
patients [19]. For a period AChEIls were known tméprabout only symptomatic revival, lacking
any influence on disease itself [20]. Neverthelefiser studies signify that AChE interacts with
amyloidp via hydrophobic environment in vicinity of PAS, theygliromoting A3 fibril

formation [21,22]. Furthermore, the AChE-amyl@idomplexes elevate the amyldgid

dependent neurotoxicity [23]. These reports reerederest in AChEIs. Several clinical trials

revealed thelecacy as well as safety of ChEls in treating AD.

Oxidative stress is described amongst the earlpqiena in AD pathogenesis [24].
Significance of oxidative damage in neuronal degsian is also supported by the free radical
and oxidative stress theory of aging. Hence, ptmte®f neurons against oxidative damage
could capably prevent AD. Recently molecules thatlntate AChE inhibition, amyloid beta
disaggregation and inflammation altogether have Iseen to show successful results for AD
[25]. With this frame of reference, the conceptrafiti-targeted agents exhibiting an integrated
action on more than one neurobiological target@asted with origination and development of

the disease presently reassures the design ofAhigimer’'s agents [26-28].

1H-Pyrazolo[3,4-b]pyridines are an eminent groumofecules owing to their variable
biological as well as pharmacological action. Thaye been demonstrated to possess, among
others, antimalarial [29], inhibition of cyclin-depdent kinases [30-35], GSK 3 inhibition [36],
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antiproliferative [37], antileishmanial [37], caodiascular [38,39] and antiviral [40-42] activities
[43-45]. Investigation of molecules comprising 1¢&z0lo[3,4-b]pyridines has been developed
owed to their diverse effects in miscellaneous domg9,36,37]. The 4-amino-5-carboxylates
of pyrazolo[3,4-b]pyridines; ethyl 1-ethyl-4-(2-gpan-2-ylidene)hydrazinyl)-1H-pyrazolo[3,4-
b]pyridine-5-carboxylate (Etazolate) is an anximytrug that has also been known for its
neuroprotective nature [46]. A group of drugs frtims scaffold; Tracazolate, Etazolate,
LASSBIi0-872, LASSBIi0-873, LASSBIi0-981, and LASSBI82 have been used to treat anxiety

disorder related with GABA induced neuro-inhibiti(fig. 1).
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Fig. 1. Neurologically active drugs based on of pyrazgl{B]pyridines.

With present study we intend to develop potent optatective agents against Alzheimer’s
disease derived from pyrazolopyridine and evaltlae biological activities. In this work we

report the first synthesis of pyrazolopyridine aceide derivatives of this kind as well as the X-



ray diffraction of two representative derivativesour preceding experimental project, a set of
quinoline derivatives was synthesized as amyfioégigregation inhibitors, antioxidants and
metal chelators [47]. Thus, in the present studsther attempt has been made to search other
potential scaffolds and compounds that possess-tatgeting potential. To explore more anti-
Alzheimer’s agents, we present here a diversifiedresis of 1H-pyrazolo[3,4-b]pyridine
derivatives P1-P9 as the new class in multi-functional Anti-Alzhegrs agents integrating
anti-AB aggregation, AChE inhibition, radical scavenging aetal chelation activities in single

molecule.

2. Results and discussion

2.1. Chemistry

The development of the diversified pyrazolopyriddezivatives P1-P9 was accomplisheda
synthetic pathways shown in Scheme 1, 2 and 3. dsanuation of previous work [25] the
previously synthesized intermediates 6(a,b) weeel is synthesize new pyrazolopyridine
compounds P1 and P2. Furthermore for some compauadsve tried to use the same
combination of piperazine with quinoline in orderachieve better results. 1-{5-methyl-
[1,2,4]triazolo[1,5-a]pyrimidin-7-yl}piperazine arethyl 4-(piperazin-1-yl)quinoline-3-
carboxylate derivative were prepanad three step method described previously [25] asrgin
Scheme 1 and 2. The 7-chloro-4-(piperazin-1-yl)glane [48] and 2-(piperazine-1-yl)pyridine-
3-carbonitrile were prepareda nucleophilic aromatic substitution reactionf$) of piperazine
on 4,7-dichloroquinoline and 2-chloro-3-cyanopymelrespectively. These piperazine
derivatives and other piperazine analogues wertgéavith the 2-chloro-N-(1H-pyrazolo[3,4-
b]pyridin-3-yl)acetamide according to schemes an@ 3 to yield the final compoun&4.-PQ

The compounds were stable in solid states at R&AIINMR showed common signals around
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13.33, 11.05, 8.51, 8.37 and 7.17 of the N-(1H-pgia{3,4-b]pyridin-3-yl)acetamide fragment
present in all the final compounds. The pyrazolabga NH was detected in a rangeddf3.34-
13.25, as singlet peak for all inhibitors. The NH@®ton in all inhibitors occurred as singlet in
ranged 10.81-10.26. The conversion of COgZHto COCHN shifted peak from more
deshielded regiob 4.37 to less deshielded region beldw.00. Other aromatic and/or aliphatic
substituents of compound were observed as expdaotadsimilar fashion common peaks for N-
(1H-pyrazolo[3,4-b]pyridin-3-yl)acetamide fragmemére observed if*C spectra. The peak for
piperazine ring carbons was observed around 4% amgbm. The different aromatic substituents

showed their respective peaks.
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Aromatic residues cover the deep narrow gorge®RABhE active site. Thus using piperazine
linker could increase molecule length and assoeiéten-cation interaction with aromatic

gorge. Combination with scaffolds such as, pyrgagidine, quinoline, pyridine and
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triazolopyrimidine was preferred choice having vas valuable properties (see Fig. 2). Since
pyrazolopyridine possesses a planar structuresitpected to favour intercalation betwedh A
fibrils and inhibit aggregation. In AChE it is exgted to engage with the CAS and PAS leading
to preferred enzyme inhibition. Quinoline has aagt#ological background with neuroprotective
effects, AChE inhibition, free radical scavengimglahelation. Quinoline was supposed to bind
with CAS of AChE byr- & interaction as well as disaggregate $heets owing to its planarity.
Incorporating various combinations of these scdfah one candidate as anti-Alzheimer’s
agent, we carried out a detailiedvitro study of these compounds on different hypothesitfs

of AD.
2.2. Single crystal structure

X-ray crystallographic determination &6 and P9 was carried out (Fig. 3, Table 1, and Fig.
S29-S34, Supporting Informatior6 crystallizes in BR21/cl space group of monoclinic (Fig.
3a) andP9 in P212121 of the orthorhombic crystal system (CCDC numbe37(B82 and
1870983) (Fig. 3b). The C-O bond distance of caybgroup in both the compounds andP9
was found to in between 1.2214(16) and 1.2155(19¢sbectively. The bond lengths of N(2)-
N(3) in P6 andP9 were 1.3639(16) and 1.3599(17) A, respectively.dempoundP6, the N(2)-
C(6), N(4)-C(6) and N(1)-C(1) bonds were of 1.3168( 1.4009(16) and 1.3260(20) A whereas
for compoundP9it was 1.3134(18), 1.4098(17) and 1.334(20) A, eesipely. The bond angles
between N(2)-C(6)-N(4) for botR6 and P9 were 116.48(11)° and 119.64(13)° whereas O(1)-
C(7)-N(4) were 125.23(12)° and 123.70(13)°, respelgt The pi-pi stacking and H-bonding
interactions along with short contact bonding fathbthe P6 and P9 compounds with their
adjacent atoms were observed. The unit cell packiagram ofP6 and P9 was given in
supporting information (Fig. S29-S34).
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C14

Fig. 3. ORTEP diagram of compound® (a) andP9 (b) (50% probability level of thermal
ellipsoids). Color codes: Carbon, black; Nitroggreen and Oxygen, red. Hydrogen atoms are
omitted for clarity.

Table 1. Crystal data and structure refinement for 2-(4y@popyridin-2-yl)piperazin-1-yl)-N-
(1H-pyrazolo[3,4-b]pyridin-3-yl)acetamide P¢)  and (4-methylpiperazin-1-yl)-N-(1H-

pyrazolo[3,4-b]pyridin-3-yl)acetamidé9) respectively.

P6 P9
Empirical formula Ci18H18NgO1 Ci13H16N601
Formula weight 362.40 274.33
Crystal system monoclinic orthorhombic
Space group P121/c1 P21212:
a/A 8.8090(10) 10.3642(6)
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b/A

c/A

al®

p/°

v/°

VIA®

Z

T, K

Pealedg CM”

MA (Mo-Ka)
Data/restraints/param
F(000)

GOF

R(Fo),” 1> 26(1) [WR(Fo)’]
R (all data) [wR (all data)]
Largest diff peak, hole (e A

w = 1/[ (6Fo)? + (APF + (BP)]

(F2+2F2)/3

26.311(3)
7.8339(9)

90

110.743(3)

90

1698.0(3)

4

273 (2)

1.4175
0.71073
3920/0/244
760

1.0566

0.0430 [0.1082]
0.0503 [0.1138]
0.2864, -0.2429

10.3714(6)
13.0071(7)

90

90

90

1398.15(14)

4

273 (2)

1.303

0.71073
3234/0/183
584

1.110

0.0345 [0.1019]
0.0370 [0.1037]
0.178, -0.157

A =0.0547, B = 0.5255 A = 0.0592, B = 0.1561
AR =Z|F| - Fel/Z|Fo|- ° WR = {Z[W(Fo” - F)/Z[W(Fo)} 4; whereP =

Table 2.Selected bond distance (A) and bond ant)léo¢ complexP6 andP9 with estimated

standard deviations in parentheses.

P6 P9
O(1)-C(7) 1.2214(16) 1.2155(19)
N(4)-C(7) 1.3376(16) 1.3439(19)
N(4)-C(6) 1.4009(16) 1.4098(17)
N(2)-C(6) 1.3168(17) 1.3134(18)
N(3)-C(5) 1.3468(17) 1.3524(19)
N(1)-C(1) 1.3260(20) 1.334(20)
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N(4)-C(5) 1.3455(17) 1.4046(19)
N(2)-N(3) 1.3639(16) 1.3599(17)
N(8)-C(18) 1.145(2) -
N(8)-C(18)-C(17) 174.18(16) -
O(1)-C(7)-N(4) 125.23(12) 123.70(13)
O(1)-C(7)-C(8) 119.95(12) 120.58(14)
N(2)-C(6)-N(4) 116.48(11) 119.64(13)
N(3)-C(5)-N(1) 125.53(12) 111.20(11)
C(1)-N(1)-C(5) 113.50(12) 112.96(15)

2.3. Molecular docking studies

2.3.1. Molecular docking of P1, P2 and P3 with amyloig}

Neurotoxicity of amyloid peptide is connected tp #bril generation. Development offa
sheet pattern may assist aggregation [f,A Hence, entities which hold the capacity to
restrainB-sheet formation were helpful inffaggregation inhibition. The action pfsheet
conformational change during fibrillogenesis is onlj stabilized by a Asp23/Glu22 and
Lys28 residue salt bridge infA 42[49] and hydrophobic interactions. To elaborate the
possible binding modes of inhibitors witlBAP1, P2 andP3 were chosen for computational
study with the help of Auto Dock software and PyM@Lldevelop the images. PDB:1IYT
was selected for the docking. From Fig. 4, allhefse three compounds are situated near the
vicinity of A C-terminus and majorly stabilized through the hydhabic bonding with
His13, Lys16, Leul7, Ala21, Phe20, Glu22, Asp232¥alys28, Gly29, lle31, lle32,
Leu34 and Met35 residues. In both Fig. 4 (a) afio) 4a strong intermolecular H-bonding

existed between oxygen of carbonyl of carboxylaie laydrogen of N-H of Lys16 with
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average distance of 1.8 A. An intramolecular H-bnogaxisted between hydrogen of amide
of N-H and oxygen of carbonyl of carboxylate al@sest distance of 2.3 A and 2.8 A
respectively. In addition, three strong H-bondiegssted between the hydrogen of N-H of
amide and oxygen of hydroxyl of Glu22 (Fig. 4 (@hother hydrogen of N-H of amide and
oxygen of carbonyl of carboxylic acid, and hydrogémMN-H of pyrazolo ring and oxygen of
hydroxyl of carboxyl group of Asp23 (average dis@2.1 A, 2.3 A and 2.6 A respectively).
Upon analyzing the outcomes of molecular modehveypropose that inhibitoi®1, P2 and

P3 bind strongly with A1.a2and potentially interfere witf-sheets formation and inhibitpA
aggregation. Molecular docking studies showed tkestenhibitors to effectively bind with

AB, inhibit the toxic conformation of fy_s,and stabilize the-helical content. Inhibition

assays revealed a lead compound with tight binisinige nanomolar range.
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Fig. 4(a). Association ofP1 (oxygen as red, nitrogen coloured blue and carlmbouced green)
and AB;.42 C-terminusvia molecular docking(b) Association ofP2 (oxygen as red, nitrogen
coloured blue and carbon coloured magenta) ghdAC-terminusvia docking calculations(c)
Association ofP3 (oxygen as red, nitrogen coloured blue and carlotwuced yellow) and Ba-42
C-terminusvia molecular docking. The H-bonding interactions ardicated with red dashed
lines. Plot (D, E, F) represents the 2D view ofkdiog interactions for inhibitorsR1, P2, P3)
respectively by Ligplot. Green dashed line represtre H-bonds.

2.3.2. Free energy calculation by molecular docking of inibitors with AChE

Synthesized inhibitors were docked with AChE (PDBd€ 1EVE) in the active site. The
positive control taken here for this computatioséldy was Donepezil, displaying similar
interactions as given in literature. Position ofnpmundsP3 correspondingo the binding site
key residues is given in Fig. 5. Each of the twoagglopyridine moieties present in compound
P3 are involved in n-n stacking with Trp84 and Trp279 at distance of A3and 5.1 A
respectively. In addition, there are three inteenalar hydrogen bonding. Firstly, an
intermolecular hydrogen bonding is observed betvasehonyl group of carboxyl of Asp72 with
hydrogen of N-H of 1H- Pyrazolo[3,4]pyridine at sage distance of 2.3 A. Another two
intermolecular hydrogen bondings are shown amongex of carbonyl group of amide bond
with hydrogen of hydroxyl of Tyrl21 and carbonybgp of Asp285 with hydrogen of N-H of
1H- Pyrazolo[3,4]pyridine having average distanéd A and 1.7 A respectively. The high
binding affinity indicates that the selected inkoips possess dual binding affinity owingter

stacking, hydrophobic binding and H-bonding.

Table 2. The free energy values of P1-P9 intermolecular shacksing ParDOCK

Inhibitors Calculated free energy (Kcal/mol)
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AChE (PDB ID: 1EVE)

P1 -7.81
P2 -0.11
P3 -9.32
P4 -5.58
P5 -7.41
P6 -71.47
P7 -4.31
P8 -4.18
P9 -4.58
Donepezil -6.96
Tacrine -4.90
(®)
e ©®

Ser28§ ®

L]
| %;::\290 %;ezsa
Trpii% ﬁ

o '.
° o ®
® Asp72

Fig. 5. The inhibitor is shown in ball and stick model \ehihe key residues are shown in stick
model. Different residues are represented by idd&i colors like Glu199 (red), Ser200 (Cyan),
and His440 (Orange), Phe330, Phe331 (firebrick)7TyTyr121, Tyr334 (Blue), Trp84, Trp279

(Hot-pink), Asp72, Asp284 (YellowPther residues are shown in stick representatioim wi
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carbons coloured pink. Oxygen and nitrogen atonteercomplexes are coloured red and blue
respectively. PIofA) depicts interaction d?3 with active site key residue of AChE and B}
Ligplot representatiomn-r stacking is displayed as yellow dashed lines atetinolecular
hydrogen bonding are shown by red broken lines.rélyeh atoms removed for clarity. Structure
is drawn through PyMol.

2.4. Pharmacological evaluation

2.4.1. Cholinesterase inhibitory activity (AChE and BuChE)
The inhibition potencies of the target inhibitogaast both cholinesterase enzymes were
evaluatedsia Ellman’s method having Donepezil used as the eefex molecule. Here, the
AChE enzyme hydrolyses acetylthiocholine givingtateand thiocholine. The thiocholine thus
produced reduces the Dithiobis-Nitrobenzoic acmtpcing nitrobenzoate that absorbs at 412
nm. In a similar fashion, BUChE hydrolyses butyrigtholine giving butyrate and thiocholine.
The potency and selectivity of the nine test irtioits are summarized in Table 2. Most of the
synthesized inhibitors showed very good inhibitoaential in comparison to Donepezil (49
nM) with ICso ranging from 4.8 nM to 113 nM. CompouRd displayed the maximum
inhibition of AChE with 1G, of 4.8 nM followed by compouné9 with an IGgof 4.9 nM.
However no significant inhibition of BUChE was ohsal by the compounds up to 108
concentration, suggesting the extremely selectatare of the test compounds towards AChE.
The results of compourfél7, P8, andP9 suggest that the N-(pyrazolo[3,4-b]pyridinyl)aceide
clubbed with piperazine analogues possesses sabigfanhibitory potential. The results of
other compounds suggest that the inhibitory aatiiosynthesized molecules was highly
influenced with substitutions in N-(pyrazolo[3,4ptidinyl)acetamide. SAR studies of the

compounds revealed that the cholinesterase inbibis minimal for compounds having an
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adjacent electron withdrawing substituent at thectieated aryl ring as in compouni@4, P2

andP6 (ICso (AChE) >100uM). Most likely the ester substituent on the quinelring and cyano

substituent on pyridine ring laid their lower inkdyy activity. On comparing1 andP2 with

analogous compouriDa[25,] we observe a decrease in cholinesterasetgcfReasonably

good activity was found for compounds with steticédvorable and active side groups liR8,

P4 andP5. Maximal activity was found for the compounds wsthall molecules as substituents

on the piperazine ring (compouR®). However, presence of morpholine ring in compoBR&d

contributed to quite lower inhibitory activity th&®.

Table 3.Table for AChE and BuChE inhibition by synthesizekibitors and the selectivity

index for AChE.
0 |C50iSD(]JM)
HNJLR
X Selectivity®
Compounds | [N
NT N AChE? BuChE®  BuChE/AChE
(R=)
= "N
P1 G >100 >100
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P2

P3

P4

PS5

P6

P7

P8

<
P4
L

>100

0.045 +0.010

0.022 +0.009

0.012 +0.006

>100

0.0048 +0.001

0.113 +0.052

>100

>100

>100

>100

>100

>100

>100

>2222.22

>4545.45

>8333.33

>20833.33

>884.955
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_CHs
P9 O“ 0.0049 +0.001 >100  $20408.163

Donepezil - 0.049 £ 0.05 8.71+1.36 166.7

®AChE; inhibitor concentration (mean + SD for thes@eriments) corresponding to 50%
inhibition of AChE.

PBUChE; inhibitor concentration (mean + SD for thegperiments) corresponding to 50%
inhibition of BUChE.

CSeIectivity for AChE: IGg (BuChEﬂCSO (AChE)-

2.4.2. Kinetic study of AChE inhibition
Study for mechanism was carried out with the aativdtifunctional compound3 A
Lineweaver—Burk double reciprocal plot was generated is shown in Fig. 6. The graphical
analysis shows the interception of lines in the plaove the x-axis with rise in slope (decreased
Vmax) and increase in intercepts (higher Km) ataieg concentrations of compound. This
indicates a mixed-type inhibition, verifying tHaB might interact with both the CAS and PAS of

AChE.
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Fig. 6. Kinetic study of AChE inhibition mechanism withmpoundP3. Lineweaver—Burk
reciprocal plot of AChE initial velocity with incesing substrate concentrations.

2.4.3. Self-mediated A;.42 aggregation inhibition study
A significant pathological characteristic linkedtiAD is amyloid plaques. Amyloid assembly
initiates from disordered amyloidogenic protein mmers that are incorporated into a cascade
of protein interactions to form a critical nucleubich later commences to adopt a crpsheet
of amyloid [50]. A3 is producedria enzymatic cleavage of amyloid precursor proteinctvhis
usually present in the synapses of neuronal cglis [3-, andy-secretases. Thep4y, variant of
length 40 residues is the most prevalent form hewevhe 42-residue variant is more
hydrophobic and aggregation prone. ThigAs the predominant one in the amyloid plaques.
Targeted compounds were tested for thdi-A aggregation inhibition potentialia the ThT
fluorescence method. ThT is a fluorophore whichpldigs an elevation in fluorescence on
binding to amyloid fibrils.
Most inhibitors displayed a very good inhibitiomgang from 50.60% to 81.64% in comparison

to curcumin’s 52.70 %. CompounBd, P5andP6 showed lower inhibition against amyloid
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aggregates. This may be due to the presence of#ionmgs that provides rigidity, reduced
flexibility and less favourable structures to ictate between the amyloid fibrils. However the
data for compoundB1, P2, P3 andP8exhibiting aggregation inhibition of 81.65%, 69.31%
79.47% and 74.62% respectively, suggests thatthetpresence of a sterically favourable
structure and a substitution having interactivessis important. On comparing compoufds
andP2 with analogous compouriDa[25] we observe an increase in inhibition perceatag
which is probably due to increase in interactiveugs which bind with fibrils to disturb the
aggregation. Most of our compounds showed highgbition with respect to the standard
curcumin. Presence of a diamide linker on both tegatitail regions i3 increased polarity and
provided flexibility similar to Curcumin and corfitited towards its activity. Increased
hydrophobicity in tail region of compoun®4 andP2 resulted in their high inhibitory potency.
Table 4.Percent inhibition of By1-42 aggregation, percent disaggregation and ORACxrolo

equivalents of synthesized inhibitors.

Compounds  Self AB;.42 aggregation AP1.42 disaggregatior? (%) Trolox equiv®

inhibition @ (%)

P1 81.646 +3.06 61.59 +2.16 0.274+ 0.08
P2 69.306 +1.84 52.13 +1.24 0.271+ 0.06
P3 79.472 +2.65 53.80 +1.82 0.283% 0.07
P5 23.600 +0.32 nd’ 0.216% 0.07
P4 43.433 +0.41 nd’ 0.286+ 0.10
P6 39.976 +0.27 nd’ 0.163+ 0.08
P7 50.607 +0.78 nd’ 0.650+ 0.10
P8 74.619 +2.54 47.36 +1.62 0.192+ 0.06
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P9 50.848 +0.83 nd 0.362+ 0.17
Curcumin 52.70 £ 1.67 - n.d

Resveratrdl - 61.0 -

®The Th-T fluorescence assay was employed. Pengkifiition of aggregation (means * SD)
taken at inhibitor concentration of 2.

“Percent disaggregation ofAs2(mean+ S.Dgxhibited by compounds

‘Data are expressed @il of trolox equivalentiM of tested compound (mean + SD of three
experiments).

%nd, not determined.

taken from reference of Chuanjun Lu et al. [51]
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Fig. 7. Fluorescence intensity offAs, alone (dark blue), By.42 with P1 (light blue), A3 1.42

with P3 (red), AB1.42 with P8 (pink) measured using ThT assay.
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2.4.4. Disaggregation study of self-mediated p Aggregation
The Amyloid plaques result from increase ifi;A; peptide production and accumulation. This
AP1-42 peptide oligomerizes and gets deposits as setatpues. The compounds possessing a
higher potential to inhibit self-induced pAaggregation were tested for their disaggregation
potential against self-mediated A, aggregation fibrils using a ThT assay. CompourtisP2,
P3 andP8 were taken based on their high potency to inlsibi-mediated A aggregation. Fresh
AP was incubated for 48 h at 37° to enable the faonadf fibrils. Then selected inhibitor was
added to the sample and incubated for additiondl. 2disaggregation of f\was measuredia
ThT assay, where the fluorescence intensity indgategree of A fibrillar aggregation. ThT
stains amyloid depositd.able 4 demonstrates the fA4, disaggregation inhibition (%) of the
compounds and all four compounds exhibited a cemaldy high disaggregation percent.
CompoundP1 and P3 revealed the most favorable disaggregation reswitls 61.43% and
53.63% respectively, followed B2 with 51.95% andP8 with 47.17%. High disaggregation by

P1andP3is in concordance with the inhibition of self-irwha A3 fibril aggregation results.
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Fig. 8. Fluorescence intensity offAs, alone (dark blue), Bv.42 with P1 (light blue), A31_42with

P2 (green), MB;.42 with P3 (red), AB1.42 with P8 (pink) measured using ThT assay.

2.4.5. Concentration dependent self  aggregation inhibition study

Table 5. Percent inhibition of self- mediateddAggregation by different concentrations of drug

Inhibitors A B1.4 aggregation inhibition (%) 2
10uM 15puM 20pM 25uM IC 5¢
P1 28.62 43.79 84.10 81.64 152
P3 3.9 39.85 58.04 79.4 17.881

4% inhibition of self-mediated Raggregation (mean + S.D) after incubation ofiR6A ;.42

with 10, 15, 20 and 26M compounds as indicated.
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Fig. 9. Percent inhibition of self-mediateddAaggregation at four concentrations of drug (10, 15,
20 and 25:M). The bar graph depicts a proportional relatiehn®en increase in concentration

and % inhibition for compound?l (a) andP3 (b).

Concentration dependent self Aggregation inhibition study was carried out idesrto find the
concentration-A aggregation inhibition pattern. Compounds havirghighest self A
aggregation inhibition and (Adisaggregation were tested in this study. Intobitof compounds
PlandP3towards A aggregation was observed at four different comaénons 10 uM, 15 pM,
20 uM and 25 pM. Sample of each concentration \wexgbated with fresh By.4 for 48 h at 37
°C, and inhibition was measured using ThT fluoraseeassay. A general trend of increasefin A
aggregation inhibition with increase in concentnativas observed for compouR8, whereas
compoundPlshowed the highest inhibition at gM. CompoundP1 exhibits high inhibition
percentage at both 20 uM (84.10%) and 25 uM (81)6AMDgether the results indicated a high

inhibition for both compounds at 25 pM. Table 5 suanizes the inhibitory activity of both
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compounds towardsfaggregation at different concentrations. Thg\@lues calculated from
the above result were 15.72 pM for compo&icand 17.89 pM foP3.

2.4.6. AB fibril formation inhibition study monitored throug h TEM
Confirmation of the higher inhibition potency exitdal byP1 andP3were performed by a TEM
analysis. As seen in TEM image (Fig. 10bJ; A after incubation for 48 h at 37 °C, formed
fully fledged, bulky and denser aggregates thinsAalone (Fig. 10a) at 0 h kept at O °C.
Significantly fewer aggregates were observed impthative control (curcumin) (Fig. 10c).
Whereas, the aggregation inhibition results wesérditly seen with the addition &f1L andP3
(25 uM each), as sparse fibrils were noticed (Fig. 19d @respectively), as compared Ao
alone (Fig. 10b). The TEM analysis results are sb@st with the result of ThT binding assay,

indicating compoundB1 andP3to be very effective faggregation inhibitors.

Fig. 10. TEM study of self-induced paggregation on co-incubating @& A with: (a) no

compound at 0 °C, (b) no compound for 48 h at 37(€L25uM positive control curcumin at 37
°C for 48 h, (d) 2%uM compoundP1 at 37 °C for 48 h, and (e) 28/ of P3at 37 °C for 48 h.

2.4.7. Evaluation of Copper-induced A;.4> Peptide Aggregation Inhibition
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Cu (I) has been proved to form a complex with i a 1:1 ratio. The reported affinity offA
towards Cu (Il) ranges from T®to 10° M. It has been suggested that Cu (ll) aidg A
aggregation in some capacity. Despite the varighbiln the dissociation constants, it is
understood that the affinity offAtowards Cu (1l) is in a biologically relevant rang o examine
the effect of Cu (Il) on A aggregation and subsequently the inhibition of &feCu (II)
complex by test compounds, a ThT assay was pertbrwith P1 and P3 the most potent 8
aggregation inhibitors. Table 6, details the flsoence intensity by falone, A with Cu(ll),

Ap with Cu(ll) and both the compounds (P1, P3) anithwurcumin. It was observed that Cu (Il)
induces A aggregation by 0.5 fold. The fluorescence speatr@u(ll) ion showed negligible
fluorescence intensity as shown in fig. 11 Henas ffaramagnetic ion does not affect the
fluorescence. Fluorescence value for peptiewhen treated with Cii rose higher than g\
alone (Fig. 12b) evidencing that this metal iore¢ses aggregation offiA

Fluorescence data forpA+ CUf* + test compounds shows a decrease more than tissarafard
compound CurcuminR3, 58.75 % inhibition;P1, 56.98 % inhibition and Curcumin, 45.18%
inhibition) (Table. 6). The results convey that teeted molecules hold the capacity to restrain
Copper-induced B aggregation by chelation with €tions.

Table 6. Fluorescence study of Copper-induce@@ Aggregation inhibition byP1, P3 and

Curcumin.

Sample Fluorescence intensity
AB 412.33 +40.12

AB + CU”* 606.64 + 36.11

AB + CU* +P1 (25uM) 260.95 + 29.11

AB + CU* +P3 (25uM) 250.2 + 24.98

AB + CU*+Curcumin (25uM) 332.58 +32.99
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Fig. 11.Fluorescence intensity of Cu(ll) alone.
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Fig. 12. (a) % inhibition (mean + S.D) of Ciiinduced /8:.4, aggregation by Curcumin (25
uM), compoundP1 and P3; (b) ThT fluorescence intensity for pAalone, A+ CU*, Ap+
Cu?*+curcumin (25uM), A+ Cu*+compoundP1 (25 uM), and AB+ CuP*+compoundP3 (25
uM).
2.4.8. Antioxidant activity in vitro using oxygen radical absorbance capacity-
fluorescein (ORAC-FL) method
A clearly noticeable characteristic found in bramipatients with AD is the oxidative stress.

Production of free radicals has been implied ingteeess of neurodegeneration. Antioxidant
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activity of all compounds was evaluated from ORACHethod [52] using trolox as the
reference compound. This method works upon inloibitf oxyradical-induced oxidation of the
2, 2-azobis-(2-methylpropionamidine) dihydrochleridAPH) by antioxidant entity such as
Trolox. Peroxyl radicals generated in a time-depandashion in the course of thermal
disintegration of AAPH will suppress the fluorescersignal. Therefore a substance having
antioxidant activity will consume peroxyl radicasd thus fluorescence diminution gets reduced
according to its ORAC capacity. Results for antilaxit activity ofP1-P9are depicted in Table
4. Antioxidation results ranged from 0.163 TE t63TE which suggests compounds do not
possess significant antioxidant property in refeesto the positive control Trolox. However to
observe a subtituent-activity pattern, compoRidlisplays the best antioxidant property with
0.65 TE followed by compoun@9 (0.362 TE), which indicates that the bulkier sitbsbns to
the N-(pyrazolo[3,4-b]pyridinyl)acetamide are digadtageous.

2.4.9. Metal-chelating properties of compounds P1 and P3

[ a | [ b |
1 A
mmmm P1 alone 0.8 -
0.8 1 FeSO, + P1 = P3 alone
L = CuSO, + P1 FeSO,+ P3
O 4 Q = CuSO, +P3
a Q 0.6
< 0.6 1 c
e <
5 = 04
204 - g0
O
< 02 \ < 02
0 T r r r T T T 3 0 T T r r T ]
240 260 280 300 320 340 360 380 400 230 250 270 290 310 330 350

Wavelength (nm) Wavelength (nm)

Fig. 13 (a) UV spectrum foP1 alone (blue), in presence of €red) and in the presence of
Fe?* (green): (b) UV spectrum &3 alone (blue), in the presence of’C(red) and in the

presence of Fé(green)
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The potential of test compounB4 andP3 to chelate metals like Fand C3* was explored

using UV-Vis spectroscopy. CompouR8 in the absence of metal ion gave a peak at 306 nm.
On addition of CuS@ a decline in the absorbance was observed. Tipgdiyomic shift alludes
to the formation of P3-Cu (II) complex. On additiohFeSQto compound, the compound
displayed a hyperchromic shift at 306 nm. Thesegba in the absorbance suggest the binding
of CuSQ and FeS@to compound3. The same shifts were observed for compdahdt 309

nm. Both compounds displayed a hypochromic shiftisorbance on addition of Cuséhd a
hyperchromic shift on adding FegQuggesting the formation of compound-metal comple

2.4.10.Prediction of activity spectra for substances

Table 7.Prediction of activity spectra for substances (BA®ediction) for the test inhibitors,

Pa>0.50, considered as potent Nootropic.

Nootropic
Compounds Pa® Pi°
P1 0.74 0.03
P2 0.71 0.04
P3 0.82 0.01
P4 0.80 0.02
P5 0.77 0.02
P6 0.76 0.02
P7 0.81 0.01
P8 0.81 0.01
P9 0.86 0.01
Donepezil 0.749 0.028

& Pa is the estimate of probability to be active.

P pj is the estimate of probability to be inactive.

Probable nootropic activity of novel piperazinelagaes was predicted and analyxala

computer program, PASS (prediction of activity gpefor substances). Pa and Pi are the

estimates of probability to be active and inactegpectively. Based on the large probable



activity (Pa) values given by the PASS computegmm the compounds were evaluated for
their nootropic activity (Table 7). All the compaisdisplay potent nootropic activity.
Especially compoundB3, P4, P5, P6, P7, P8 andP9 show a significantly high nootropic
activity at 0.816, 0.794, 0.768, 0.761, 0.815, 2.8thd 0.859 respectively in comparison to
Donepezil (0.749).

2.4.11. ADMET and Toxicity prediction
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Fig. 14.Discovery Studio 4.0 (Accelrys, San Diego, CA) ABMDescriptors, 2D PSA inA

for synthesized inhibitors plotted against correspog calculated partition coefficient.
Absorption, distribution, metabolism, excretionddoxicity (ADMET) are factors that are
important players in drug development. Shortfaléfffcacy and excess toxicity are associated to
drug discovery failures. Adequate lipophilicityresquisite for the drugs to cross membrane and
the cytosol to reach target. The ADMET-related prtips given in tables S1-S2 are used to
refine the drug likeness properties. ADMET propeyinf the test compounds were predictiad
ADMET descriptors in Discovery Studio 2.1. and ssienmarized in Table S1-S2 in

supplementary information. The module makes useathematical models, to theoretically
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evaluate these characteristics using a set of witgsh define threshold ADMET characteristics
for specific molecular structure based on the abéaé drug information. The prediction of
absorption corresponds to the human intestinalrabisa after oral administration. The extent of
absorption for human intestinal absorption (HIA)dabis defined by 95% and 99% confidence
ellipses in polar surface area (PSA) (2D), Alogp&e. Plotted ellipses convey the areas
having well-absorbed inhibitors. The blood brainrieet model predicts about the BBB
penetration for compound after its oral administratThe 95% and 99% confidence ellipses in
the PSA 2D, AlogP98 plane and blood-brain barrergtration prediction were derived
employing a quantitative linear regression modik @rea enclosed by the ellipses is a
prediction of good intestinal absorption and BBBhaio violation of ADMET properties. Four
of the test compounds were situated inside thedbtypses suggesting suitable absorption and
BBB penetration. Well-absorbed compounds are faaride ellipse region. The BBB model
predicts blood-brain penetration of compound ajftat administration. Toxicity tests showed
that most of the compounds were non-toxic, non-gen& and non-carcinogenic. The toxicity
predictions are listed in table S2 in supplementafigrmation. Furthermore the test compounds
exhibited no skin irritancy and some ocular irrtgmanging from none to a severe one.

3. CONCLUSION
Our studies focused on assessing activity of 4igubsd piperazine-pyrazolo-pyridin-3-yl-
acetamide analoguem vitro against important biological targets of Alzheinserdisease
including, inhibition of AChE, & aggregation/disaggregation, their antioxidant prop to
establish these compounds as multi target drugdigiaAnti-cholinesterase activity indicated
that out of the screened inhibitors, five displayestter activity result than the standard drug

Donepezil. CompoundB7 andP9 had a high inhibition potency for AChE @& 4.8 nM and
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ICs0= 4.9 nM respectively). The compounds displayedeaknvBuChE inhibition with most of
the compounds giving an dggreater than 10@M, therefore displaying high selectivity for
AChE. The most selective compound®7(and P9 showed selectivity greater than 20,000.
Furthermore, kinetic study &3 showed that it was mixed type inhibitor. All teast®ompounds
inhibited A3 aggregation, compound3l andP3 evinced the most promising results (81.64%
and 79.47% respectively). All the tested compoundse found to possess low antioxidant
properties, displaying a lower potential to scaeefrge radicals compared to trolox. ADMET
and toxicity profiling predicted low toxicity forllthe compounds. Overall compou®® could
be further investigated as a lead molecule forreutavestigation towards Multi-Target Directed
Ligand therapy.

4. Experimental section

4.1. Chemistry
All the chemical substances, reagents and solwesrts brought from the commercial vendors
such as Sigma Aldrich (St. Louis, MO, USA), Mer@a¢mstadt, Germany), Alfa Aesar
(Massachusetts) and Spectrochem Pvt. Ltd. (IntlBNMR spectra were observed on Bruker
Avance 400 MHz spectrophotometer using deuteraikeist. Chemical shifts were displayed in
d (ppm) and tetramethylsilane was taken as intesta@dard. Mass spectra were recorded on an
Agilent 6538 Ultra High Definition Accurate Mass-TBF (LC-HRMS) instrument. Thin layer
chromatography (TLC) analysis was achieved withdWeilica gel (60-120 and F254)
Aluminum-coated TLC sheets of 0.25 mm thicknesatSpn these were seen with UV light at

short (254 nm) and long (365 nm) wavelengths.

4.1.1. Procedure for Synthesis of 1H-pyrazolo[3,4-b]pyridn-3-amine (2)
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In a round bottom flask 5 g (36 mmol) of 2-chlomutinonitrile and 6 ml (38.25 mmol)
hydrazine hydrate were mixed in ethanol. Reactiotiure was refluxed for 3-4 h and the
reaction completion as well as formation of despeatiuct was confirmed by TLC. After
completion of reaction ethanol was eliminated undduced pressure with the help of rota-

evaporator. Thus obtained yellow solid was washigd e cold water [53].

4.1.2. Method for preparation of 2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-

yl)acetamide (3)

To a stirring solution of sodium acetate in glaaegtic acid, 1H-pyrazolo[3,4-b]pyridin-3-amine
(2.01g, 15 mmol) was added and the mixture waohlied by mild heating. Then the reaction
mixture was cooled to°Qice-bath) and stoichiometric amount of chlorogicehloride was
poured down dropwise over 1h, with continuousisigyr The stirring was continued for more 4
h, to give an orange solution with thick precipgtathe content was poured over crushed ice and
filtered to give white solid.
White solid (50%)H NMR (400 MHz, DMSO)3 (ppm) 13.33 (s, 1H, Ar-NH), 11.05 (s, 1H,
CONH), 8.51 (dd, 1HJ = 8 Hz, Ar-H ), 8.37 (d, 1H]= 8 Hz, Ar-H ), 7.17 (dd, 1H] = 12 Hz,
Ar-H), 4.37 (s, 2H, COCHCI)

4.1.3. General procedure for synthesis of compound 4a, 4b
The diethyl 2-((phenylamino)methylene)malonatesensymthesized by mixing diethyl
(ethoxymethylene) malonate (25 mmol) and anilinp-toluidine (25 mmol) in a round bottom
flask. 6.5 ml benzene was added to it and it wlsxed for 1.5 h. reaction mixture was
concentrated under vacuum and the crude obtainedeftdo crystallize at room temperature.
Solid obtained was washed with hexane and driefl [25

4.1.4. General procedure for preparation of compound 5a, b
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The respective ethyl 4-chloroquinoline-3-carboxgtatrom4a and4b were synthesized by
heating compound 4a or 4b (85 mmol) with PO@I34 mol) under reflux for 18 h. After the
reaction mixture was cooled it was concentrated @xitracted with DCM (400 ml) and water
(200 ml). sodium sulphate was used to dry the acdager which was concentrated and purified
by column chromatography (17% EtOAc/Hexane)[25].

4.1.5. General procedure for synthesis of compound 6a, 6b
The ethyl 4-(piperazin-1-yl)quinoline-3-carboxylateere prepared by mixing compousal5b
with excess amount of piperazine (7 eq.) in anhyslrethanol and refluxing overnight at 60-
70°C. The reaction was monitorgeh TLC. On completion of reaction the organic solveas
concentrated on rota-evaporator and the crude ptoelit was extracted using ethyl acetate
(3x100 ml) and then with brine solution. The conauirethyl acetate layers were concentrated
and the acquired crude products were purMiedecrystallization from MeOH solvent.

4.1.6. General procedure for synthesis of compounds P1 arieR

2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acetanad3) (1g) was added to a solution of N-
substituted piperazine derivativéa/6b (4.3 mmol) and triethyl amine (5.7 mmol) in 20 mL
THF (anhydrous). Reaction mixture was refluxed4ios and was monitoreda TLC. On
completion of reaction the solvent was concentratedota-evaporator and thus obtained crude
product was extracted with the help of ethyl aee(@8k100 ml) and then with brine solution.
Combined ethyl acetate layers were concentratedrendcquired crude products were purified
via recrystallization in methanol solvent.

4.1.6.1. Ethyl 4-(4-(2-((1H-pyrazolo[3,4-b]pyridin-3-yl)ami)-2-oxoethyl)piperazin-1-

yl)quinoline-3-carboxylateR1)
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White solid (48%)*H NMR (400 MHz, CDCJ): & (ppm) 13.34 (s, 1H, Ar-NH), 10.81 (s, 1H,
CONH), 8.81 (ss, 1H, Ar-H), 8.51 (d, 1Bi= 4 Hz, Ar-H ), 8.43 (d, 1H)= 8 Hz, Ar-H ), 8.22

(d, 1H,J= 8 Hz, Ar-H ), 8.02 (d, 1H] = 8 Hz, Ar-H ), 7.82 (t, 1HJ = 12 Hz, Ar-H ), 7.67 (t,
1H,J =20 Hz, Ar-H), 7.18 (t, 1H] = 12 Hz, Ar-H ), 4.45 (q, 2H] = 20 Hz, CH), 3.42 (s, 2H,
COCHN), 3.42 (s, 4H, NCh), 3.15 (s, 4H, NCh), 1.39 (t, 3H,) = 12 Hz, CH); *C NMR (100
MHz,CDCL) & 167.83, 155.49, 152.78, 151.08, 150.50, 150.32,73 133.39, 131.79, 130.41,
127.79, 125.51, 125.26, 119.14, 116.97, 108.683653.78, 51.17, 41.06, 40.86, 40.65, 40.44,
40.23, 40.02, 39.81, 15.08; HRMS in MeOH fauidsN;Os (Mol. wt = 459.5004 g mat) (ESI,

m/z): observed, 460.2093: calculated, 460.2097 [N*

4.1.6.2. Ethyl 4-(4-(2-((1H-pyrazolo[3,4-b]pyridin-3-yl)am)-2-oxoethyl)piperazin-1-yl)-6-

methylquinoline-3-carboxylatd>®)

White solid (50%)H NMR (400 MHz, CDCY): § (ppm) 13.28 (s, 1H, Ar-NH), 10.43 (s, 1H,
CONH), 8.70 (s, 1H, Ar-H), 8.50 (d, 1H= 4 Hz, Ar-H ), 8.41 (d, 1H) = 12 Hz, Ar-H ), 7.93
(s, 1H, Ar-H ), 7.91 (d, 1H] = 8 Hz, Ar-H), 7.64 (d, 1H] = 8 Hz, Ar-H ), 7.16-7.13 (dd, 1H,
Ar-H), 4.43 (g, 2H, = 2 Hz, OCH), 3.41 (s, 2H, COCHN), 2.88 (d, 4H, NCh), 2.54 (s, 3H,
Ar-CHs), 2.50 (d, 4H, NCk), 1.38 (t, 3H,J = 16 Hz, Aliph-CH); **C NMR (100 MHz,CDC}J) 5
168.65, 167.95, 155.56, 152.75, 150.54, 150.23,364940.16, 137.04, 134.59, 133.30, 130.36,
125.66, 123.52, 119.29, 117.21, 108.76, 77.80,9{7.4.17, 62.45, 62.31, 54.70, 51.76, 22.63,
14.97; HRMS in MeOH for &H.7N;O3 (Mol. wt = 473.5270 g mot) (ESI, m/z): observed,
474.2209: calculated, 474.2254 [M +H]

4.1.7. General procedure for preparation of compound P3
2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acetan@d3) (1g) was added to a solution

piperazine (2.37 mmol) and triethyl amine (5.7 mmol20 mL THF (anhydrous). The reaction
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mixture was refluxed for 4hs and the reaction wasitoredvia TLC. On termination of
reaction the solvent was concentrated on rota-easmoand the crude product was extracted
using ethyl acetate (3x100 ml) followed by brinduson. The combined layers of organic
solvent were concentrated and the acquired cruathupts were purified by recrystallization in
methanol solvent.

4.1.7.1. 2,2'-(piperazine-1,4-diyl)bis(N-(1H-pyrazolo[3,4gyridin-3-yl)acetamide) R3)

White solid (55%)H NMR (400 MHz, CDCY): § (ppm) 13.28 (s, 2H, Ar-NH), 10.47 (s, 1H,
CONH), 10.32 (s, 1H, CONH), 8.49-8.35 ( m, 4H, A)y:[.14 (t, 2H,J= 8 Hz, Ar-H), 3.89 (s,
4H, COCHN), 2.80 (s, 4H, NCh), 2.47 (s, 4H, NCh); *C NMR (100 MHz,CDC}J)  169.13,
165.04, 157.59, 154.74, 152.78, 150.50, 150.22,004033.45, 116.88, 108.83, 108.69, 95.59,
61.63, 61.22, 53.61, 52.83, 48.49, 41.05, 40.84634210.42, 40.21, 40.00, 39.79; HRMS in
MeOH for GoH22N160, (Mol. wt = 434.4545 g mot) (ESI, m/z): observed, 457.1821:
calculated, 457.1825 [M + Na]

4.1.8. Method of preparation of compound 8
For the synthesis of 5-Methyl-[1,2,4]triazolo[1,p@rimidin-7-ol (8), ethylacetoacetate (25
mmol) and 3-amino-1,2,4-triazole (25 mmol) in 12auéktic acid was refluxed for 4 h.
Precipitate formed was cooled, filtered, and washitil chilled acetic acid, followed by ethanol.
It was dried and used for further reaction [25].

4.1.9. Method of preparation of compound 9
For the synthesis of 7-Chloro-5-methyl-[1,2,4]toé 1,5-a]pyrimidine 9), phosphorous
oxychloride (30 mmol) was added to compound 8 (H@oip and refluxed for 1-2 h. After the

reaction was complete it was allowed to cool tamdemperature and then remaining PO@s
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removed at reduced pressure. Crude sample wasteitlwith chilled water. Compound was
extracted using DCM and purified via column chroogaaphy (60% EtOAc/hexane) [25].

4.1.10.Method of preparation of compound 10
For the synthesis of 5-methyl-7-(piperazin-1-yl)Z4]triazolo[1,5-a]pyrimidineX0), piperazine
(20 mmol), compound 9 (10 mmol) and potassium aaab (12 mmol) were refluxed in 1,4-
dioxane at 106C for 3h. After the reaction was complete, reactiurture was filtered and the
filtrate was concentrated on rota vapour [25].

4.1.11.Method of preparation of compound P4
2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acetanad3) (1g) was added to a solution of 1-{5-
methyl-[1,2,4]triazolo[1,5-a]pyrimidin-7-yl}piperaze (10) (4.3 mmol) and triethyl amine (5.7
mmol) in 20 mL THF (anhydrous). The reaction mietwas refluxed for 4hs and the reaction
was observetia TLC. On reaction completion the solvent was cotreg@d on rota-evaporator
and the crude product was extracted using ethyatec€3x100 ml) followed by brine solution.
The combined layers of organic solvent were comagd and the acquired crude products were
purified by recrystallization in methanol solvent.

4.1.11.1. 2-(4-(5-methyl-[1,2,4]triazolo[1,5-a]pyrimidin-7Hpiperazin-1-yl)-N-(1H-

pyrazolo[3,4-b]pyridin-3-yl)acetamiddd)

White solid (70%)*H NMR (400 MHz, DMSO)35 (ppm) 13.28 (s, 1H, Ar-NH), 10.47 (s, 1H,
CONH), 8.49 (d, 1HJ = 4 Hz, Ar-H), 8.42 (s, 1H, Ar-H), 8.37 (d, 18Iz 8 Hz, Ar-H), 7.14 (t,
1H,J = 12 Hz, Ar-H), 6.57 (s, 1H, Ar-H), 3.90 (t, 4H, I4g), 3.36 (s, 2H, COCBN), 2.80 (t,
4H, NCHp), 2.48 (ss, 3H, CB); *C NMR (100 MHz,CDCJ) § 169.13, 165.05, 157.60, 154.74,

152.78, 150.51, 150.22, 140.00, 133.45, 116.89,88B085.60, 61.21, 52.83, 48.49, 41.05, 40.84,
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40.63, 40.42, 40.22, 40.01, 39.80, 25.49; HRMS &O¥ for GgH20N100 (Mol. wt = 392.4178
g mol'Y) (ESI, m/z): observed, 415.1722: calculated, 41891[M + Na].

4.1.12 .Method of synthesis of 7-chloro-4-(piperazin-1-yl)ginoline (11)
The 7-Chloro-4-piperazin-1-yl-quinoline was syntiaed by a known procedure [54].

4.1.13.Methods of preparation of compound P5
2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acetanad3) (1g) was added to a solution 7-
chloro-4-(piperazin-1-yl)quinolin€l@) (4.3 mmol) and triethyl amine (5.7 mmol) in 20 mMHF
(anhydrous). The reaction mixture was refluxeddfies and was monitorada TLC. On
completion of reaction the solvent was concentragdg rota-evaporator and the crude product
was extractedia ethyl acetate (3x100 ml) and then with brine sotutThe combined organic
layers were concentrated and acquired crude predverie purifiedzia recrystallization in
methanol solvent.

4.1.13.1. 2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-N-(1Hypazolo[3,4-b]pyridin-3-

yl)acetamidgP5)

White solid (78%)*H NMR (400 MHz, DMSO)35 (ppm) 13.27 (s, 1H, Ar-NH), 10.45 (s, 1H,
CONH), 8.72 (d, 1HJ = 4 Hz, Ar-H), 8.50 (d, 1HJ = 4 Hz, Ar-H), 8.40 (d, 1HJ = 12 Hz, Ar-
H), 8.06 (d, 1H,) = 8 Hz, Ar-H),7.99 (s, 1H, Ar-H), 7.58 (dd, 1H,-&f), 7.17 (dd, 1H, Ar-H),
7.05 (d, 1H,) = 8 Hz, Ar-H), 3.41 (s, 2H, COGi), 3.28 (t, 4H, NCH), 2.90 (t, 4H, NCh).

13C NMR (100 MHz, DMSO} 169.16, 157.22, 153.08, 152.81, 150.56, 150.20,044 134.48,
133.50, 128.97, 126.98, 126.67, 122.31, 116.87,3610.08.78, 80.20, 79.87, 79.54, 61.46,
53.42, 52.65, 41.09, 40.88, 40.67, 40.46, 40.2@54(89.84; HRMS in MeOH for GHCIN;O

(Mol. wt = 421.8828 g mal) (ESI, m/z): observed, 444.1314: calculated, 43461[M + NaJ.

4.1.14.General methods of preparation of 2-(piperazin-1-yhicotinonitrile (12)
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The 2-(piperazin-1-yl)nicotinonitrile was prepar@ctording to the general procedure of
synthesis of compounds 6a, 6b.

4.1.13. Procedure for preparation of compound P6
2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acetanad3) (1g) was added to a solution 2-
(piperazine-1-yl)pyridine-3-carbonitrild 2) (4.3 mmol) and triethyl amine (5.7 mmol) in 20 mL
of anhydrous THF. The reaction mixture was refluf@@dhs and the reaction was monitowesl
TLC. On termination of reaction the solvent wasartrated on rota-evaporator and the crude
product was extracted using ethyl acetate (3x1QGnd then with brine solution. The combined
organic layers were concentrated and the acquitete@roducts were purified by
recrystallization in methanol solvent.

4.1.13.1. 2-(4-(3-cyanopyridin-2-yl)piperazin-1-yl)-N-(1H-@zolo[3,4-b]pyridin-3-

yl)acetamidgP6)

White solid (74%)*H NMR (400 MHz, DMSO0)3 (ppm) 13.28 (s, 1H, Ar-NH), 10.43 (ss, 1H,
CONH), 8.49 (d, 1HJ = 4 Hz, Ar-H), 8.41 (m, 2H, Ar-H), 8.07 (dd, 18= 8 Hz, Ar-H), 7.16-
7.13 (dd, 1H,) = 12 Hz, Ar-H), 6.93 (dd, 1H] = 12 Hz, Ar-H), 3.68 (d, 4H, NC#), 3.33 (s,
2H, COCHN), 2.73 (d, 4H, NCh); *C NMR (100 MHz, DMSO} ; 169.24, 161.16, 152.99,
152.74, 150.23, 145.24, 139.98, 133.45, 118.79,981415.62, 108.86, 95.31, 61.38, 53.27,
48.73, 40.96, 40.75, 40.54, 40.34, 40.13, 39.9Z7,13HRMS in MeOH for GH;1sNgO (Mol. wt

= 362.3885 g mat) (ESI, m/z): observed, 385.1504: calculated, 38%11[M + NaJ.

4.1.14. Method for the synthesis of compounds P7-P9
2-chloro-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acetanad3) (1g) was added to a solution
containing morpholine/piperidine/4-methylpiperaz{de/ mmol) in 20 mL THF (anhydrous).

The reaction mixture was refluxed for 1h and thect®n was monitoredia TLC. As the
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reaction completed the solvent was concentratadtarevaporator and the crude product was
extracted using ethyl acetate solvent (3x100 nd) then twice with brine solution. Combined
organic layers were concentrated and the acquitete@roducts were purified by

recrystallization in methanol solvent.
4.1.14.1. 2-(piperidin-1-yl)-N-(1H-pyrazolo[3,4-b]pyridin-3Hjacetamideg P7)

White solid (48%)™H NMR (400 MHz, CDCJ): & (ppm) 13.29 (s, 1H, Ar-NH), 10.50-10.49
(dd, 1H,J = 4 Hz, Ar-H), 8.39 (d, 1H] = 8 Hz, Ar-H), 7.16-7.13 ( dd, 1H,= 4 Hz, Ar-H),
3.40 (d, 4H, NCH), 2.69 (s, 2H, COCHN), 1.62 (d, 4H,]J = 8 Hz, CH), 1.43 (s, 2H, CH); **C
NMR (100 MHz, DMSO); 152.78, 150.29, 139.78, 133.42, 116.94, 108.82,Q 61.42,
54.76, 41.08, 40.87, 40.66, 40.45, 40.24, 40.082325.74, 23.89; HRMS in MeOH for
Ci1sH17NsO (Mol. wt = 259.3070 g mot) (ESI, m/z): observed, 260.1538: calculated, 26011
M+ H]".

4.1.14.2. 2-Morpholino-N-(1H-pyrazolo[3,4-b]pyridin-3-yl)acainide P8)

Cream coloured solid (75%)4 NMR (400 MHz, CDGJ): & (ppm) 13.26 (s, 1H, Ar-NH), 10.35
(s, 1H, CONH), 8.49 ( d, 1H,= 4 Hz, Ar-H), 8.37 (d, 1H] = 8 Hz, Ar-H), 7.15-7.12 (dd, 1H,
Ar-H), 3.64 (t, 4H, OCH), 3.24 (s, 2H, COCHN), 2.56 (t, 4H,J = 8 Hz, NCH); **C NMR (100
MHz,CDCl) 6 168.20, 151.88, 149.31, 139.10, 132.56, 115.98,910 66.17, 61.05, 53.17,
40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89vI8R MeOH for G2H15Ns50, (Mol. wt =

261.2798 g mal) (ESI, m/z): observed, 284.1125: calculated, 2B231[M + NaJ.
4.1.14.3. (4-methylpiperazin-1-yl)-N-(1H-pyrazolo[3,4-b]pyid3-yl)acetamid€P9)

Colourless crystals (68%) NMR (400 MHz, CDCJ): & (ppm) 13.25 (s, 1H, Ar-NH), 10.26 (s,
1H, CONH), 8.49 ( d, 1H]}= 4 Hz, Ar-H), 8.38 ( d, 1H)= 8 Hz, Ar-H), 7.15-7.12 (dd, 1H, Ar-
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H), 3.22 (s, 2H, COCHN), 2.56 (s, 4H, NCH), 2.38 (s, 4H, NCH), 2.19 @4, NCH); °C
NMR (100 MHz,CDC}) § 169.21, 152.80, 150.22, 139.99, 133.51, 116.88,68) 61.65, 55.56,
53.58, 46.66, 41.07, 40.86, 40.66, 40.45, 40.24¥IBRn MeOH for G3H1sNgO (Mol. wt =

274.3216 g mol) (ESI, m/z): observed, 275.1616: calculated, 26B01M + HJ".

4.2. Docking protocol

To demonstrate the interaction mechanism of syitbéscompounds with B4, 3D
crystallographic structure for A4, peptide (PDB ID: 1IYT) was extracted from PDB
(www.rcsb.org) [55]. 81.42and ligands were saved in format of pdbqgt in otdeanalyze the
docking study. Docking of compounds with receptdk 4 was done with AutoDock 4.2 using
standard protocol. The protein-ligands interactionere performedvia application of
Lamarckian genetic algorithm [56]. Using the besefbinding energy as well as the docking
orientations within the range of 2.0 A in RMSD talece, the molecules were clustered and
ranked accordingly. The software PyMOL was usesemwthe ligand and receptor interactions at
molecular level. All calculations were carried oatcmd.exe command window system.

Docking of synthesized compounds with acetylchaliermse were carried out using Pardock
[57] software. Bappl scoring function [58] was used $ooring of these docked structures. A
complete protocol for docking was described elsewa/ifg9]. Herein, we had also used PyMOL
[60] software to visualize molecular interactioretveen ligand and receptor.

4.3. Procedure for X-ray Crystallographic study

Crystal structure of synthesized compouR8saandP9 were obtainedia single-crystal X-ray
dilraction method. The slow evaporation of methanhlteams of compoundB6 andP9 gave
the colorless crystals that were boarded upon lbapsig mineral oil. An automated Bruker

SMART APEX CCD diJractometer having fine focus sealed tube (1.75 k\W)K X-ray
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source § = 0.71073 A) with elevating (width of 0.3° per frame) at 5 s framecanning speed
was used to get the geometric data and intensigviiathe »-20 scan mode and then corrected
for Lorentz-polarization and absorptionects [61]. WinGx (version 1.63.04a) was utilised to
solve as well as refine the structuves SHELXL-2013 method [62]. All non-hydrogen atoms
were refined with anisotropic displacementicorents and non-hydrogen atom coordinates were
permitted to be on their corresponding carbon atdrns final refinement consisted of atomic
positions of all atoms, isotropic thermal parangfer hydrogen atoms, and anisotropic thermal
parameters for non-hydrogen atoms. The structieals/of compounds P6 and P9 were
procured with ORTEP [63]. Further details like ¢ayographic parameters; bond distances, and
angles data are given in Table 1. The CCDC depositumbers foP6is 1870982 an&9 is
1870983.

4.4. Biological Evaluation

4.4.1.1n vitro AChE and BuChE inhibition study

The spectroscopic method of Ellman et al. [64] wakzed to evaluate the AChE and BuChE
inhibition for all synthesized inhibitors. Acetylolinesterase (AChE, E.C. 3.1.1électric e€),
Butyrylcholinesterase (BuChE, E.C. 3.1.1.8, eqeaim), Donepezil, acetylthiocholine (ATC)
iodide, butyrylthiocholine (BTC) iodide and 5,5tdiobis-(2-nitrobenzoic acid) (Ellman’s
reagent, DTNB) were brought from Sigma Aldrich. T8teck solutions were prepared in water
and DMSO by adding test compounds to yield finadt teoncentrations 0.01-100 pM.
Preparation of enzyme solutions was carried ouibgolving lyophilized powder in autoclaved
water. The assay medium comprised of 195 pL of phdsphate buffer K#PO/K,HPO, (pH
8.0), 5 pL of AChE (0.22 U/mL) or 5 pL of BUChE @. U/mL) and 25 pl of different

concentrations of synthesized inhibitors that wedtfewed to stand 5 min before 20 uL DTNB
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(0.01 M) was added. Donepezil was taken as a gesibhntrol in same range of concentrations.
Reaction was initiated by adding 4 pL of the 0.07%ubstrate solution (ATC/BTC). After 5
minutes of adding the substrate the absorptionre@sded at 412 nm, at 25 °C.

4.4.2. Kinetic characterization of AChE inhibitory activity

The kinetic characterization of the type of AChEibition by synthesized inhibitor was
obtained by constructing reciprocal plot of 1/vélpwersus 1/substrate at comparatively low
concentrations of substrat& Ellman’s method. Tested compound was studiedraéth
concentrations of 10, 20, and 40 nM. CalculatioKof and Vmax values of the Michaelis—
Menten kinetics were done by nonlinear regressiom fsubstrate—velocity curves with the help
of Graph Pad Prism 5 software (San Diego, CA, U%/ear regression was utilized in
calculation of the Lineweaver—Burk plots.

4.4.3. Self-mediated B;_s2aggregation assay

To avoid self-aggregation of peptides}Asp) they were initially mixed with
hexafluoroisopropanol (HFIP) at a concentratio® aig/ml. The clearly dissolved peptide was
then aliquoted in microcentrifuge tube. HFIP wameeed by evaporation under a nitrogen
stream to form a clear film in test tube. For theparation of stable Astock solution (5 mM),
the pretreated By .4opeptide samples were dissolved in the DMSO solfmtthe inhibition of
self-induced A aggregation, the dilution offAstock solution was carried out with phosphate
buffer (50 mM, pH 7.4) mediatedpAs2aggregation experiment. The mixture of peptidesyll0
100 uM, final concentration) in presence or absefitke synthesized inhibitors (25 uM) was
incubated for 48 h at 37 °C.

4.4.4. Disaggregation of self-induced p\-s2aggregation
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For disaggregation studies of self-mediatgélafygregation by test compounds, dilution ¢f A
stock solution was carried out by using phosphatéeb (50 mM, pH 7.4). The mixture of the
peptide (10 pl, 100 uM as final concentration) \iwasibated for 48 h at 8T, following which
the compounds or buffer were added and incubate@4oh at 37 C. The measuring of the
amyloid fibril formation was doneia thioflavin-T fluorescence method [65,66]. Furtherm
experiment with blanks containing phosphate bu@ mM. pH 7.4) instead of [Ain presence
or absence of test compounds was also conductetheAsicubation was complete the dilution

of samples were done to 200 pl (final volume) ugilygine-NaOH buffer (50 mM, pH 8.0).

4.4.5. Concentration dependent study of f\self-aggregation assay

For the concentration dependenp Aelf-aggregation experiment the stock solutiorAffwas
diluted using phosphate buffer (50 mM, pH 7.4). Tpeptide (10 ul, 100 uM, final
concentration) with or without the inhibitor (13,120 and 25 uM) was incubated for 48 h at 37
°C. Measurement of amyloid fibrils formation wasndoby the Th-T fluorescence method.
Experiment on blanks reaction mixture containinggpghate buffer (50 mM, pH 7.4) instead of
A in presence or absence of test compounds wapeattmrmed. After incubation samples were
diluted with glycine-NaOH buffer (50 mM, pH 8.@) a final volume of 200 pl.

4.4.6. Inhibition of Ap,_4fibril formation studied by TEM assay

Incubation of A;.42(100 uM) dissolved in phosphate buffer (50 mM, p#) Tvas done with and
without inhibitors P1 and P3 (25 uM) at a tempematf 37 °C, 48 h. 10 puL of sample was kept
on carbon grid followed by a minute incubation at Krids were washed with double distilled
water and finally stained by sodium phosphotungstial S). The negatively stained compounds

were then monitored by TEM (JEOL JEM-1400).
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4.4.7. Study of the effects of P1 and P3 on Cu-inded AB1_s2peptideaggregation

The effect of compounds P1 and P3 in Cu-mediatpd Aaggregation inhibition experiment
was studied by ThT fluorescence assay. Tiestvck solutions were diluted with HEPES (20
uM, pH 6.6) containing 15QuM NaCl. The mixture of peptide (1@L, 100 uM, final
concentration) with or without copper (1AM, final concentration) was incubated for 48 h &t 3
°C. The compounds (2pM, final concentration) were added and incubated2#® h at 37 °C.
After incubation 20uL of the sample was diluted to a final volume of02QL with

glycine—NaOH buffer (50 mM, pH 8.0) containing thiéwin T (5 uM).

4.4.8. Antioxidant activity by oxygen radical absobance capacity (ORAC-FL) assay

The oxygen radical absorbance capacity-fluores(@@iRAC-FL) assay was used to learn the
antioxidant capability of all test molecules. Cheahs used herein such as Trolox ((z)-6-
hydroxy-2,5,7,8-tetramethylchromane-2-carboxylidacAAPH (2,2’-Azobis-(amidinopropane)
dihydrochloride) and Fluorescein (FL) were broufjbin Sigma-Aldrich. The assay reactions
involved the use of phosphate buffer (75 mM, pH) With reaction mixture to be 200 pL as
final volume. 20uL antioxidant and 12@L FL (70 nM as final concentration) solutions were
kept in a black 96-well microplate (96F untreat,nidu Reaction mixture was preincubated (15
min) at a temperature of 3€. AAPH solution (6QuL, 12 mM, final concentration) was poured
in it with the help of a multichannel pipette amdmediately placed this microplate in reader.
Sample measurements were done for eight concemsai—8.M). Fluorescence was measured
for 80 minutes with emission at 520 nm and exatatt 485 nm. For each sample minimum
three individual runs were performed. The fluoreseevs time graphs (antioxidant curves) were

normalized to the curve of the blank (without axitiant). Net area under the fluorescence decay
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curve (AUC) for a sample was evaluated by subtngcthe AUC regarding blank. The
regression equations among net AUC and antioxidantentration were calculated for every
sample. The ORAC-FL value of all samples was evatuaith the use of the standard curve,
which is thus expressed as Trolox equivalents. OFFA@alue was taken as 1 for Trolox.

4.4.9. Metal chelation studies

Study of metal binding was performed using a PeBtmer Multimode Reader (Thermo
Scientific). The UV absorption of the synthesizedhpound$?1 andP3 (30 uM, final
concentration) alone or with Cug@nd FeS®(30uM, final concentration) in 20% (v/v)
ethanol/buffer (150 mM NacCl, 20 mM HEPES, pH 7.4swecorded for 30 min with

wavelength ranging from 200 to 500 nm. The reaatiaxture had a final volume of 700 pL.

4.4.10. ADME characteristic prediction and the TOPKAT analysis

The Absorption, Metabolism, Distribution and exmetproperties of P1-P9 were predicted
Accelrys Discovery studio 4.0. It estimates thealalability of synthesized inhibitors.
Parameters like PSA, solubility level, predicted@aus solubility level and percent human oral
absorption level were calculated. TOPKAT modul@o€elrys Discovery studio 4.0 was used to
perform virtual toxicity risk assessment. It caltels probable toxicity for a particular chemical
structure by employing a range of cross-validatedr@itative Structure Toxicity Relationship
(QSTR) models. The pyrazolopyridine-piperazine iddwere examined for dose dependent
toxicity parameters like FDA and NTP rodent cargeo models, ocular irritancy, skin irritancy,

developmental toxicity potential, mutagenicity aretobic biodegradability.
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2-(piperazin-1-yl)-N-(1H-pyrazolo[3,4-b]pyridin-3hacetamides are described as a new
class of selective and potent acetylcholinestea€&#E) inhibitors

Multifunctional anti-Alzheimer’s agents with aceatiblinesterase and
butyrylcholinesterase inhibition,Raggregation inhibition, A disaggregation,
antioxidation and metal-chelation properties.

The most potent molecule amongst the derivativeibérd excellent anti-AChE activity
with IC50 = 4.8 nM.

Invitro study revealed that all the compounds are capdbiibiting self-induced-
amyloid aggregation with the highest inhibition gentage to be 81.65%.

AP1.42 aggregation was ascertained by TEM analysis.



