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ABSTRACT: A series of multifunctional directed 3-arylcou-
marin-tetracyclic tacrine derivatives was designed and
synthesized for the treatment of Parkinson’s disease (PD). A
number of derivatives (18, 19, 20, 21, and 24) demonstrated
significant reduction of aggregation of “human” alpha-
synuclein (a-synuclein) protein, expressing on transgenic
Caenorhabditis elegans (C. elegans) model NL5901. Moreover,
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compounds 16, 18, and 24 also exhibited good antioxidant \w 4
properties and significantly increased the dopamine (DA) Compound 18 ommand 18 with waymectein

content in N2 and NL5901 strains of C. elegans. Interestingly,

the protective efficacy of these hybrids seems to be mediated via activation of longevity promoting transcription factor DAF-16.
In addition, molecular modeling studies have evidenced the exquisite interaction of most active compounds 18 and 24 with a-
synuclein protein. Taken together, the data indicate that the derivatives may be useful leads against aging and age associated PD.
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P arkinson’s disease (PD) is an irreversible neurodegener- features are fused to incorporate activity at both targets into a
ative brain disorder, due to diminution of dopaminergic single hybrid molecule.”
neurons in the region of substantia nigra.' The main Considerable interest has been focused on the coumarin
pathological hallmark of PD is the presence and accumulation structure, which has been known to possess a broad spectrum
of a protein known as alpha-synuclein (@-synuclein).” The of biological activities.'” Recent evidence has suggested that 3-
accumulation induces dopaminergic nerve terminal degener- aryl coumarin nucleus constitutes a promising scaffold for
ation, which eventually leads to loss of dopamine-producing inhibition of acetylcholinesterase (AChE) and AChE-induced
cells in the mid-brain.’ In a disease condition, the gradual loss p-amyloid aggregation.'' Recently, Abdelhafez et al. reported
of dopamine levels leads to motor and nonmotor dysfunctions.” that some of the 3-substituted coumarin derivatives potentially
L-Dopa (levodopa) is the most potent medication used for over act as a dopamine releasing agent.'> Other relevant reports have
30 years, which is the precursor of dopamine.’ It effectively also suggested that these derivatives protect the neurons from
relieves the dopaminergic deficit; however, the disease persists the oxidative disorders and effectively enhance the dopamine
and further uncontrolled symptoms leads to several complica- biosynthesis.'>'* However, the AChE inhibitors like donepezil
tions like disturbing dyskinesias or unconditional movements.® and tacrine derivatives (Figure 1B) have shown beneficial
Presently, there is no cure for PD and the drugs used for effects in the treatment of PD.'® Marco-Contelles et al.
treatment are mainly dopamine agonists (pramipexole and reported the neuroprotective activity of tetracyclic tacrine
ropinirole) and monoamine oxidase inhibitors (rasagiline and derivatives.'® Some of recent reports have also underscored the
selegiline) (Figure 1A), which provide only symptomatic relief.” importance of tacrine containing derivatives that could exhibit
Therefore, novel treatment and prevention approaches are neuroprotective effects in an neurodegenerative condition."”
urgently needed for PD therapy. The increase of the dopamine levels and decrease of ROS and
Because of the complex etiology found in PD, scientists are neuroprotective properties are crucial to overcome PD. The
now turning to the design of multitarget-directed ligands concept of MTDL approach prompted us to synthesize a novel
(MTDLs) that should be able to interact with the multiple
targets.8 In the design of MTDLs, molecular hybridization Received: May 28, 2014
strategy could be utilized, wherein two compounds binding to Accepted: August 20, 2014
their targets are used as the starting points and their structural Published: August 20, 2014
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Figure 1. (A) Chemical structure of some potent anti-Parkinson’s drugs. (B) Chemical structure of acetylcholinesterase inhibitors and some potent

neuroprotective tetracyclic tacrine derivatives.

class 3-aryl coumarin and tetracyclic-tacrine hybrids that inhibit
a-synuclein aggregation and increase availability of dopamine
levels, thereby halting the progression of the disease.

The synthesis of target and intermediate compounds is
represented in Scheme 1. The Duft formylation on different

Scheme 1. Synthesis of 3-Arylcoumarin-tetracyclic Tacrine
Derivatives”
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“Reagents and conditions: (1) HMTA, TFA, 120 °C, 4 h. (ii) aq.
H,S0,, 100 °C, 2 h. (iii) Appropriate phenylacetic acid, cyanuric
chloride, NMM, DMF, 110 °C, 30—90 min. (iv) Malononitrile,
different 1,3-cyclohexadiones, DMAP, EtOH, reflux, 0.5 h. (v)
Different cyclohexanones, AICl;, dichloroethane, reflux, 6 h.

ortho-substituted phenols (1 and 2) in the presence of
hexamethylenetetraamine (HMTA) and trifluoroacetic acid
(TFA) at 120 °C gave aromatic dicarbaldehyde intermediates
(3 and 4)."® These dicarbaldehydes were then engaged with
different substituted phenylacetic acids in the presence of
cyanuric chloride and N-methyl morpholine (NMM) in DMF
for 1 h, resulting in a good yield of respective 3-aryl coumarin
aldehydes (5—9)." Further, these substrates (5—9) underwent
the multicomponent reaction with malononitrile and different
1,3-cyclohexadiones in the presence of dimethylaminopyridine
(DMAP) as a catalyst afforded coumarin-4H-chromene
intermediates (10—15).%° Finally, the Friedlander reaction
between these intermediates (10—15)*' and different cyclic
ketones (cyclopentanone and cyclohexanone) in the presence
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of aluminum trichloride (AICl;) as a catalyst furnished the
target 3-arylcoumarin-tetracylic tacrine derivatives (16—24) in
good yields.

In the present study, we utilized the transgenic C. elegans
model to evaluate the effect of these compounds (racemic
mixtures) on PD. The transparent anatomy of the nematode
readily helps in monitoring the aggregation of the neural
protein a-synuclein.”” Interestingly, 60—80% of C. elegans genes
are homologous to humans.*®

We employed transgenic C. elegans model NLS5901
expressing human a-synuclein protein tagged with yellow
fluorescent protein (NLS901 (Punc-54::a- synuclein::YFP
+unc-119)) in the body wall muscle.** We explored the role
of different 3-arylcoumarin-tetracyclic tacrine derivatives on a-
synuclein aggregation and compared it with the known positive
control Bacopa monneiri (BM).*® Worms treated with different
derivatives were analyzed using fluorescent microscopy. We
further quantified the images for fluorescence intensity of a-
synuclein aggregation using Image] software. Out of nine
compounds tested, five compounds exhibited significant
reduction of aggregation of a-synuclein protein along with
the positive control BM. In the case of worms treated with test
compounds, 18, 19, 20, 21, and 24 showed mean fluorescence
intensity 2.94 + 0.24, 3.82 & 0.25, 4.42 + 0.15, 5.73 + 0.40, and
3.76 + 0.23 arbitrary units, respectively, thereby showing
potential reduction by 2.6 (p < 0.001), 2.0 (p < 0.01), 1.76 (p <
0.001), 1.35(p < 0.05), and 2.1 (p < 0.001) folds, when
compared to untreated worms, whereas BM exhibited 1.25-fold
reduction of a-synuclein aggregation (p < 0.001) (Figure 2).
The mean fluorescence intensity for control group was 7.76 =+
0.03 arbitrary units. However, worms treated with compounds
16, 17, and 23 exhibited no effect on a-synuclein aggregation
and mean fluorescence intensity 8.63 = 0.10 arbitrary units.
From the results, it is clear that compounds 18, 19, 20, 21, and
24 reduced the a-synuclein protein aggregation, suggesting
their therapeutic potential against PD.

Pathogenesis of PD is intimately associated with oxidative
stress, which is due to ROS generated by dopamine
metabolism, mitochondrial dysfunction, and neuroinflamma-
tion.* Since the reduction of oxidative stress is another crucial
aspect in designing agents for PD treatment, we examined
antioxidative properties of our hybrids by using a non-
fluorescent dye dichlorodihydrofluorescein diacetate
(H,DCFDA) assay, in the wild-type N2 strain of C. elegans.”’
Interestingly, compounds 16, 18, and 24 showed significant
reduction in oxidative stress to that of untreated worms,
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Figure 2. a-Synuclein aggregation in NLS5901 strain of C. elegans
treated with OPS0 (A), Bacopa monnieri (B), 16 (C), 17 (D), 18 (E),
19 (F), 20 (G), 21(H), 22 (1), 23 (J), and 24 (K). Scale bar, 50 ym.
(L) Graphical representation for fluorescence intensity of aggregation
of the nematodes as quantified using Image] software. *p < 0.0S, **p <
0.01, ***p < 0.001, and NS, not significant.

suggesting that the hybrids have the potential to be potent
multifunctional agents (Supporting Information Figure SI).

Since 3-arylcoumarin is a promising scaffold to inhibit AChE
and AChE-induced p-amyloid aggregation,'' we further
examined the AChE inhibition property of these hybrids. In
this study, we have employed an indirect method by the
quantification of ACh level using amplex red assay kit. Worms
treated with compounds 16, 17, 18, 19, 20, 22, 23, and 24
except 21 exhibited a significant increase in the ACh level,
indicating that the test compounds were significantly inhibiting
ACHhE via increasing ACh level (Supporting Information Figure
S2).

Among the various test compounds, 18 and 24 displayed the
best effects in both reducing the a-synuclein aggregate and
exhibiting antioxidant properties; therefore, 18 and 24 were
taken further to analyze their effects on dopamine signaling. For
the quantification of dopamine (DA) content, nonanol assay
was employed, which gives us indirect readings of the DA
contents as any deviation from the normal DA levels affects
worm response time to volatile repellent nonanol.*® Worms
with higher DA content responds early by moving back, and the
worm with decreased DA content takes longer time to respond
toward nonanol. We quantified the effects of compounds 18
and 24 on the DA content along with BM in N2 and NL5901
strains of C. elegans.”® After treatment of the worms with
compounds BM, 18, and 24, the response time was significantly
decreased by 1.63 (p < 0.05), 2.6 (p < 0.01), and 1.8 (p < 0.05)
folds in N2 and 3.25 (p < 0.01), 1.75 (p < 0.05), and 1.9 (p <
0.05) folds in NL5901, respectively, as compared to untreated
worms indicating that there was increase in DA content after
treatment (Figure 3a). Thus, the DA content was improved
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considerably after exposure with 18 and 24 compounds in both
the strains N2 and NL5901 of C. elegans.
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Figure 3. (a) Effect of active compounds on dopamine content as
estimated by nonanol repulsion assay in N2 and NL5901 strain of C.
elegans. *p < 0.05, **p < 0.01, NS, not significant. (b) DAF-16
expression in TJ356 strain of C. elegans fed with OPS0 (A) and treated
with compounds 18 (B) and 24 (C). Scale bar, 50 um.

Since DAF-16 is considered as a major transcription factor
required for the fundamental lifespan extension and longevity,
its translocation into nucleus was examined by using a
transgenic GFP expressing strain TJ356 of C. elegans.”® An
increase in GFP intensity was observed in the case of worms
treated with compound 18 when compared to the worms raised
on normal E. coli-OP50 diet. Figure 3b depicts the
representative images for control (Figure 3b(A)), compound
18 treated worms (Figure 3b(B)), and compound 24 treated
worms (Figure 3b(C)). However, no significant effect was
observed in compound 24 treated worms as compared to the
control. The present experiment suggested that the neuro-
protective effects of compound 18 might be associated with
DAF-16 signaling pathway.

Next, since tacrine derivatives are known to exhibit
hepatotoxicity in liver, we examined the most active
compounds for their cytotoxicities in Hep-G2 and HEK-293
cell lines. Interestingly, both the active compounds 18 and 24
possessed higher safety profile than tacrine (Supporting
Information Figures S3 and S$4).

The preceding experimental evidence on a-synuclein
aggregation of these derivatives motivated us to probe the
molecular interactions with a-synuclein protein for the most
active compounds 18 and 24. In the literature, docking studies
of a-synuclein were successfully reported using Autodock 4.2
(Supporting Information Figure S5).*' Autodock studies
revealed that S-conformation of compound 18 (18-S) formed
large clusters of 25 poses having least inhibitory constant (K;)
of 207.96 nM, binding energy of —9.12 kcal/mol, and
displaying strong hydrogen bond by 1.858 A with Tyr 136
and 1.973 and 2.077 A hydrogen bonds with Pro138, indicating
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Figure 4. (A) Molecular interaction of compound 18-S (yellow) and compound 24-S (green) with a-synuclein. (B) Compound 18-R (yellow) and
compound 24-R (green) with a-synuclein. (C) Temporal molecular dynamics studies of compounds 18-R, 18-S, 24-R, and 24-S for 2 ns.

interaction of ligand with tyrosine triad (Supporting
Information Figure S6a). Thus, it can be used as an inhibitor
for preventing a-synuclein aggregation and intracellular
accumulation of misfolded protein. In the case of S-
conformation of compound 24 (24-S), a cluster of 13 poses
was formed having least K; of 263 nM and binding energy of
—8.98 kcal/mol. Compound 24-S, in this lowest energy pose,
shows a strong hydrogen bond by 1.806 A with Tyr 136 and
two hydrogen bonds of the order 1.845 and 2.078 A with
Pro138 (Supporting Information Figure S6b). Slight increase in
K; value of compound 24-S compared to compound 18-S can
be attributed to its distorted trimethoxybenzene ring due to the
presence of an extra methyl group, which is near to
hydrophobic Tyr 133 (Figure 4A). Less number of poses in
the least energy cluster size may possibly account for a slight
decrease in activity of compound 24-S compared to that of
active compound 18-S. Docking studies of the R-conformation
of compounds 18 (18-R) and 24-R reveal a potential binding
site with lowest K; value of 1.57 and 1.97 uM, respectively, both
having hydrogen bond with Glul26 residue of the order 3.005
and 3.095 A, respectively (Figure 4B and Supporting
Information Figure S6c,d). In this study, the number of
conformations in a simple cluster of compounds 18-R and 24-R
were 45 and 28, respectively. Additionally, the molecular
dynamics studies performed by Gromacs 4.5%> indicated a
stable binding of both isomers of 18 and 24 with root-mean-
square deviation (rmsd) less than 0.3 nm over a time period of
2 ns (Figure 4C).>

In terms of preliminary structure—activity relationships of 3-
arylcoumarin-tetracylic tacrine hybrids, compounds containing
trimethoxy groups (18, 24, 20, and 21) and alkyl substitution
(sec-butyl and isopropyl group) at C8 position of 3-aryl
coumarin ring are optimal for activity. However, on the
tetracyclic tacrine core the presence of unsubstituted cyclo-
hexanone and cyclohexane is preferred over substituted
cyclohexanone and cyclopentane, respectively (16 and 17), in
inhibiting the a-synuclein aggregation.

In conclusion, a series of novel multifunctional 3-
arylcoumarin-tetracyclic tacrine derivatives have been synthe-
sized and evaluated for PD therapy. Compounds 18 and 24
were identified as molecules of interest as they potentially
inhibited the aggregation of a-synuclein protein and exhibited
promising antioxidant properties. Interestingly, they also
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enhanced the dopamine content, which is crucial and beneficial
for transporting signals to the nerve cells, in the condition of
PD. Mechanistically, the protective efficacy of these derivatives
seems to be mediated via signaling the expression of DAF-16
protein. Molecular modeling studies further corroborated and
confirmed that compounds 18 and 24 strongly bind with the a-
synuclein protein and efficiently inhibit the aggregation. Results
presented herein not only reveal the structural and mechanistic
insight of these novel hybrids but also provide impetus to
synthesize enantiomerically pure molecules, which is ongoing in
our lab.
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Experimental procedures, characterization of new compounds,
and modeling and assay protocols. This material is available free
of charge via the Internet at http://pubs.acs.org.
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