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The synthesis of new compounds based on the domestic drug amiridine modified with
derivatives of N-mono- and N, N-disubstituted thiourea is described. The compounds were
investigated for the anticholinesterase and antioxidant activities and for the ability to in-
hibit the self-aggregation of f-amyloid (AB4;). The structure—activity relationships were
analyzed. The observed effects were consistent with the results of molecular docking of
the compounds into cholinesterases and AB4,. The compounds that effectively inhibit
butyrylcholinesterase and demonstrate high antioxidant and antiaggregant activities were
identified. The results show promise for further development of this class of compounds
as potential multifunctional agents for the treatment of Alzheimer’s disease.
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Alzheimer’s disease.

Alzheimer s disease (AD) is the most frequent type
of dementia in elderly persons, which is characterized
by persistent decrease in cognitive functions and memory
down to complete loss of personality. The lack of ef-
fective therapy of AD is largely due to the multifactorial
nature of the disease. In clinical practice AD is treated,
most often, with four drugs, including three cholines-
terase inhibitors (donepezil, galantamine, and rivastig-
mine) and one NMDA receptor antagonist (meman-
tine) 1 (tacrine, the first anticholinesterease drug ap-
proved by the Food and Drug Administration (FDA,
USA), was later withdrawn because of hepatotoxicity).
These drugs counterbalance the symptoms of the dis-
ease, that is, the lost cognitive function, but cannot stop
progression of the proper neurodegenerative process,
leading to complete disability and disorientation of
patients. In view of the serious medical and social
problems associated with AD, the search for new effec-
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tive drugs for the treatment of this disease is a relevant
task of modern medicinal chemistry.

Development of Alzheimer s disease is a multifac-
torial process involving dozens of molecular mecha-
nisms. Therefore, an efficient approach is the design of
multifunctional, multi-target molecules that can syn-
ergistically affect several targets and/or processes in-
volved in the pathogenesis of the disease. Characteristic
features of the AD pathogenesis are dysfunction of
neurotransmitter systems, deposition of aberrant pro-
teins (B-amyloid and t-protein), oxidative stress, mito-
chondrial dysfunction, loss of synapses, and death of
neurons, especially cholinergic neurons.23

Currently, the development of cholinesterase in-
hibitors with additional antioxidant and antiaggregant
properties is considered to be a promising approach to
the design of multifunctional molecules. Drugs that are
already used in practice often serve as the base for such
multifunctional molecules. For this purpose, the drug
molecules are chemically modified in an appropriate
way, being endowed with neuroprotective and disease-
modifying properties.4—8
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In this study, as the base molecule to be modified,
we chose amiridine 1, a pharmacological drug developed
in the USSR in the mid-1980s and officially approved
for the treatment of AD and some other neurological
disorders.? Amiridine, 9-amino-2,3,5,6,7,8-hexahydro-
1H-cyclopenta[b]quinoline (also known as ipidacrine,
NIK-247, neuromidin, Axamon, Ipigrix), is an anti-
cholinesterase drug, widely used in Russia and in some
other Eastern Europe countries for the treatment of AD
and several other disorders of the central and peripheral
nervous systems.10=14 Apart from the reversible inhibi-
tion of acetylcholinesterase (AChE) and butyrylcho-
linesterase (BChE) with selectivity towards BChE,
amiridine has a broad range of biological activities,15:16
which was addressed in our previous publication.1?

The molecule of amiridine 1 contains a 4-amino-
pyridine moiety and is structurally similar to tacrine
(9-amino-1,2,3,4-tetrahydroacrid-

NH
ine). Unlike the latter, amiridine has 2
much less peripheral and central | N
cholinergic side effects, no hepato- —
N

toxicity, and a wider therapeutic
window.15-18 However, the amirid-
ine molecule is less reactive than tacrine; therefore,
virtually no data on amiridine derivatives are available
in the literature, and functionalization of the amiridine
molecule at the amino group with retention of the unique
amiridine skeleton is a challenging task.19:20

Recently,!” we carried out the first amiridine func-
tionalization at the acyclic nitrogen atom via acylation
with chloroacetic acid. The amiridine chloroacetamide
thus formed was reacted with piperazine, which resulted
in the synthesis of several hybrid structures promising
as potential multifunctional agents for the treatment of
AD. The reaction of amiridine chloroacetamide with
diaminoalkanes afforded a number of amiridine homo-
dimers with bis- N-acylalkylene spacer.2! We also de-
veloped a method for amiridine functionalization with
thiophosgene to give 9-isothiocyanato-2,3,5,6,7,8-
hexahydro-1H-cyclopenta[h]quinoline (2), amiridine
isothiocyanate, which allowed the synthesis of amiridine
homodimers with a bis- N-thiourea-alkylene spacer,?21
which demonstrated, apart from cholinesterase inhibi-
tion, a high antioxidant potential and antiaggregant
activity against B-amyloid.

In this study, amiridine isothiocyanate 2 was mod-
ified by a number of (het)arylalkylamines, since previ-
ously we have shown that compounds containing
dibenzylamine?? and isothiourea?3 moieties possess
neuroprotective properties. The presence of the thiourea
moiety suggests a good antioxidant activity of the prod-
ucts,21:24=26 \while the presence of arylalkylamine

groups in the thiourea-containing amiridine derivatives
may imply a potential ability to inhibit f-amyloid self-
aggregation.2”>28 In view of the cholinergic neurotrans-
mission disorder inherent in AD and the key role of
oxidative stress and -amyloid aggregation in the origin
and progression of AD, we studied the esterase profile2?
of the synthesized compounds (the inhibitory activity
against AChE, BChE, and structurally related carb-
oxylesterase (CES)), their intrinsic antioxidant activity,
and the ability to inhibit the aggregation of B-amyloid.
The observed structure—activity relationships were
interpreted using molecular docking methods.

Synthesis of compounds. The reaction of amiridine
isothiocyanate 2, which was synthesized by the reac-
tion of amiridine 1 with thiophene,2! with equimolar
amounts of primary and secondary (het)arylalkylamines
in diethyl ether at room temperature afforded amiridine
derivatives containing N-monosubstituted (3a—e) and
N, N-disubstituted thioureas (4a—d) (Scheme 1).

Study of the esterase profile of amiridine derivatives
3 and 4 showed (Table 1) that they inhibit AChE rather
weakly (the maximum inhibition is 30% at a concentra-
tion of 20 umol L~!, i.e., IC5, > 70 umol L~!) and
inhibit BChE much more efficiently, with ICs, being
in the micromolar range.

Analysis of the structure—activity relationships
provides the conclusion that compounds 3a—c with
one substituent at the nitrogen atom of the N-thiourea
moiety inhibit BChE more efficiently than disubstituted
derivatives 4a—c. It can also be seen that the replace-
ment of phenylalkylamine (3b) by pyridylalkylamine
(3e) has an adverse effect on the anti-ChE activity. It
is of interest that in the case of disubstituted thioureas,
the replacement of phenylalkylamine (4a) with pyri-
dylalkylamine (4d) enhances the inhibition of BChE.

Low inhibition of CES, an enzyme that hydrolyzes
many medicinal drugs with ester groups, is a good fea-
ture of the synthesized products, as this decreases the
probability of undesirable drug interactions in the case
where they are used in the AD therapy.

Molecular docking into AChE and BChE. The esti-
mation of pK, value for the amiridine moiety in these
compounds carried out using two different programs
(see Experimental) resulted in the values from 6 to 7.6,
indicating that the compounds can exist in both neutral
and protonated states under experimental conditions.
Meanwhile, according to the results of molecular dock-
ing of monosubstituted compounds 3, the protonated
state of the amiridine moiety has almost no effect on
the position of inhibitors in the AChE channel (Fig. 1,
a). In the protonated state, the amiridine moiety is
hydrogen-bonded to the oxygen atom of the Trp86
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(W86) backbone, while in the neutral state, it is bound
to the backbone through a bridging water molecule, as
was shown in our previous study!” using molecular
dynamic simulation. In addition, the position of the

Table 1. Biological activity of compounds 3a—e and 4a—d:
antioxidant properties

inhibitor in the active site is stabilized by hydrogen
bonds with the Tyr124 (Y124) and Tyr341 (Y341) side
chains, which requires disruption of the planarity of the
amiridine moiety. Binding to the peripheral anionic

esterase profile, B-amyloid self-aggregation inhibition, and

Compound Inhibitory activity Ay, self- Antioxidant properties

AChE“ 2 aggregation . 4

(%) BChE CES? (%) e ABTS/TEAC FRAP/TE
_ inhibition (%)? —1
ICsp/pumol L (ICs5p/umol L=%)

3a 27.2%1.2 2.3440.21 6.210.1 23.7£1.8 0.8+0.03 (26.5+1.8) 0.24+0.01
3b 29.7£0.6 2.90+0.21 9.91+0.8 35.81£3.2 0.3+0.02 (51.3+1.9) 0.07£0.01
3c 24.61+0.4 1.82+0.17 11.2+1.0 40.6%+3.6 0.6£0.03 (34.2+1.6) 0.21£0.02
3d 7.8+0.8 11.2+0.1 2.5+0.3 36.4£2.9 0.65%0.03 (29.7£1.5) 0.31£0.01
3e 15.2+0.8 9.21£0.77 16.0£1.2 31.9+2.5 0.84+0.03 (22.7%+1.3) 0.10£0.02
4a 20.5+£0.8 11.2+0.3 23.0£1.9 39.1+3.5 1.1£0.06 (14.2£0.8) 0.03£0.01
4b 20.9+0.3 5.56%0.05 7.9£0.6 58.3+4.6 0.75+0.04 (23.8£1.5) —¢
4c 12.9+0.8 5.84+0.19 4.5+0.3 36.5£2.5 1.0£0.04 (19.5%+0.8) 0.14%0.01
4d 26.5%1.9 4.40%0.16 8.7+0.7 27.512.4 0.940.04 (20.4%+1.0) 0.12+0.02
Amiridine (1) 85.4+0.2/ 0.2724+0.015 2.7+0.5 6.4£0.5 0.04+ 0.003 (—9) —¢
BNPP —e - 99.1+0.93% — —& -8
Myricetin —8 —8 —8 74.7£5.2 —8 —8
Trolox —8 —8 —8 —8 1.0 (20.1£1.2) 1.0

Note. The data are expressed as mean + SEM, n = 3.
4The concentration of the compound is 20 pmol L1,

b Inhibition of self-aggregation of ABy4y (50 umol L~1) by the test compound in the concentration of 100 umol L1

¢ TEAC is the trolox equivalent antioxidant capacity found as the ratio of the slopes of the dependences for the decrease
in the ABTS " concentration on the concentrations of the test compound and trolox.

4 TE is the trolox equivalent characterizing the iron-reducing activity defined as the ratio of trolox and test compound

concentrations that induce equal effects.
¢ No activity.

T1Csy is 4.44+0.36 umol L~

8 Not determined.

hICsyis 1.80 £ 0.11 pmol L~
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site (PAS) is insignificant in comparison with that for
amiridine derivatives studied previously.!”

Owing to larger active site channel in BChE com-
pared to AChE, inhibitors can occupy more diverse
positions in the former. While comparing the positions
of compounds 3a and 4a in the BChE active site
(Fig. 1, b), it can be seen that 3a has a larger number
of specific interactions with BChE than 4a: the amiri-
dine moiety of 3a is hydrogen-bonded to the backbone
oxygen atom of the His438 (H438) catalytic residue
and is linked to the Trp82 (W82) indole ring by
n-cationic interactions, and the amino group is hydro-
gen-bonded to the Asp70 (D70) side chain. This ac-
counts for the higher inhibitory activity of the mono-
substituted derivative 3a compared to disubstituted
compound 4a, in which the amiridine moiety is hydro-
gen-bonded to the oxygen atom of Leu286 (L.286), while
the sulfur atom is located in the oxyanion hole.

Compounds 3 and 4 are relatively weak AChE in-
hibitors. Nevertheless, considering the possibility of
binding of monosubstituted compounds 3 in the active
site channel of AChE (see Fig. 1, a), we evaluated the
possibility of competitive displacement of propidium
iodide, a specific PAS ligand, by these compounds using
the fluorescence method.3? The experiment showed
that compounds 3 and 4 cannot displace propidium
iodide, which is in line with the molecular docking
results.

The inhibitory action of the test compounds on the
self-aggregation of -amyloid (1-42) (Af4,) was deter-
mined by the fluorescence method using thioflavine
T.31,32 This method is widely used for primary screen-
ing to identify active compounds. The results on the
inhibition of ARy, self-aggregation by compounds 3 and
4 (see Table 1) show that amiridine derivatives 3a—e
inhibit the self-aggregation of Af4, in the 23—40%
range, whereas N, N-disubstituted compounds 4a—d
show a higher degree of inhibition, ranging from 27 to
58%. A comparison of compounds 3a,b and 4a,b with
benzyl and phenethyl substituents shows that the anti-
aggregant activity increases on going from N-mono-
substituted to N,N-disubstituted derivatives. Com-
pound 4b with two phenethyl substituents showed the
highest antiaggregant activity (58.3+4.6%) among all
studied amiridine derivatives.

Molecular docking into AB4,. Since study of the AB4,
self-aggregation inhibition by fluorescence method
using thioflavine T reveals the formation of -folded
structures that form toxic ABy4, oligomers and fibrils,
molecular docking was carried out using the a-helical
soluble AB4, monomer as the target. The available
structure PDB ID 11YT was obtained by NMR spectro-
scopy and contained ten conformations of the mono-
mer. This structure is actively used as a model for the
soluble monomeric form of AB,, for molecular docking.
However, in the relevant publications, it is most often

Oxyanion
hole

of

Fig. 1. a. Docking of compound 3a into the AChE active site (the carbon atoms of the neutral form are shown in pink; those of the
protonated form are in green). b. Position of compounds 3a and 4a in the BChE active site based on the results of molecular docking
(the carbon atoms of compound 3a are shown in green, those of compound 4a are shown in light blue).
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indicated (or follows from the presented results) that
only one out of the ten conformers was used: either the
first or the sixths one, which has the least deviation from
other conformers,33 or it is not clearly indicated which
particular conformer was taken, and it can only be
surmised that this was the first conformer.

In this study, we carried out molecular docking us-
ing all conformers of APy, as the targets using mono-
substituted and disubstituted analogs that differed
most strongly in the ability to inhibit the self-aggrega-
tion of AB4, (pairs 3a, 4a and 3b, 4b) as ligands; proton-
ated and neutral forms of compounds were also con-
sidered.

According to the molecular docking data, binding
of compounds to various conformers of A4, consider-
ably differed (Table 2). This difference is clearly seen
in Fig. 2, a in relation to compound 4b. It is notewor-
thy that the position of 4b in the vicinity of the
N-terminal region found upon docking into the first
A4, conformer differs appreciably from the positions
in the vicinity of the turn segment of the C-terminal
peptide obtained for all other conformers. With all dif-
ferences of the molecular docking results for different
A4, conformers, there is a consistent trend towards
stronger binding of compounds 4 compared to 3 regard-
ing both single conformers (with rare exceptions) and
the average and minimum binding energies (see Table 2).
The strongest binding among all positions was found
for the protonated form of compound 4b and for the
third conformer of AB,,. Figure 2, b depicts binding of
compounds 3b and 4b in the hydrophobic C-terminal
residue and turn segment, which are AB4, regions
critical for the conformational transition and initial
nucleation for fibril formation.34 The interactions be-
tween the peptide and the ligand are non-specific and

hydrophobic (see Fig. 2, b); nevertheless, they ensure
identical positions of both compounds, with the second
phenethyl substituent of compound 4b providing a bet-
ter binding due to the hydrophobic contacts with the
Val24 (V24) and Phe20 (F20) side chains. Stronger
binding of compound 4b reflects the experimentally
observed higher inhibitory activity against the B-amyloid
self-aggregation compared to compounds 4a and 3b.
Generally, the introduction of hydrophobic arylalkyl
substituents able to interact with the hydrophobic re-
gions of the soluble AB4, monomer and to stabilize its
a-helical conformation significantly increases the abil-
ity to inhibit self-aggregation compared to the initial
amiridine pharmacophore.

Analysis of the results of molecular docking with
higher binding energy did not reveal positions in the
vicinity of the HHQK domain, which is important for
oligomerization and appearance of neurotoxicity of
ABy, 35:36 Binding to this domain was found for posi-
tions with lower docking energies (see Fig. 2, b). It can
be seen that for most similar conformers (the fourth
and eighth conformers of AB4,, RMSD of 1.3 A, Table 3),
all of the obtained docking positions differ to a much
greater extent than those for the most different con-
formers (see Table 3, the RMSD between the fourth
and tenths conformer of A, is 4.9 A), which is ad-
ditional evidence for the considerable contribution of
the conformational mobility of AB4, to the interaction
with inhibitors. The molecular docking using different
A4, conformers provides definite structural inform-
ation necessary for the subsequent development of
disease-modifying drugs for AD therapy; however,
complete description can be obtained only using mo-
lecular dynamics techniques if sufficient computational
resources are available.

Table 2. Binding energies (—E/kcal mol~') for the neutral and protonated forms of compounds 3a,b and 4a,b to conformers
1—10 of the soluble form of A4, monomer according to the molecular docking results

Com- Conformer of APy, —E3  —[Emin
pound 2 3 4 5 6 7 8 9 10 keal mol~!
Neutral form
3a 5.4 5.5 5.4 5.2 5.1 5.3 5.2 5.5 5.5 5.4 5.3 5.5
4a 5.5 5.5 5.6 5.5 5.9 5.5 5.1 5.7 5.6 5.6 5.5 5.9
3b 5.2 5.5 5.2 5.2 5.1 5.2 5.2 5.4 5.6 5.2 5.3 5.6
4b 5.6 5.6 6 5.7 5.2 5.5 5 5.7 5.7 5.6 5.5 6
Protonated form
3a 5.4 5.3 5.4 5.4 5.1 5.4 5.3 5.8 5.6 5.4 5.4 5.8
4a 5.7 5.8 6 5.4 5.7 5.3 5.4 5.9 5.7 5.4 5.6 6
3b 5.3 5.2 5.4 5.3 5.3 5.4 5.3 5.6 5.6 5.4 5.4 5.6
4b 5.7 5.6 6.1 5.3 5.2 5.7 5.5 5.8 6.1 5.7 5.6 6.1

Note. E,*Y and Ebmi“ are the average and minimum binding energies of compounds 3a,b and 4a,b to all conformers of ABy;.
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Fig. 2. a. Results of molecular docking of compound 4b with all conformers of the a-helical soluble monomer form of AB,4, (PDB ID
1IYT) (the color gradually changes from red through white to blue from the first to the tenth A4, conformer). . Binding of com-
pounds of 3b (the carbon atoms are shown in orange) and 4b (the carbon atoms are shown in turquois) to the third conformer of
ABy4;. c—e. All positions found from the results of molecular docking (the color gradually changes from red to white as binding is
being weakened) for the eighth (c), fourth (d), and tenths (e) conformers of AB4,. Green color shows the carbon atoms of the side

chains of the His13, His14, GIn15, and Lys16 residues.

The intrinsic antioxidant activity of the compounds
was evaluated using two standard methods, one based
on the radical scavenging properties in the ABTS assay,
which measures the ability of test compounds to scav-
enge the model (ABTS" ™) radical cation,3” and one
based on the reducing ability of the compounds in the

FRAP (ferric reducing antioxidant power) assay, which
measures the ability of test compounds to reduce Fe3™
complex to Fe2* complex.38

The results showed (see Table 1) that unlike parent
amiridine 1, all the amiridine derivatives with N-sub-
stituted thioureas show high radical-scavenging activity
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Table 3. Root mean-square deviation (RMSD/A) between the conformers of APy, calculated for heavy atom

coordinates after alignment

Conformer Conformer AB4,

ABar 1 2 3 4 5 6 7 8 9 10
1 — 2.6 2.1 3.6 3.2 3.1 2.6 2.8 2.7 2.7
2 2.6 — 2.6 2 2.2 3.8 2.8 1.4 1.6 3.9
3 2.1 2.6 — 3.1 2.8 2.8 2.9 2.5 2.5 2.7
4 3.6 2 3.1 — 2.1 4.8 4 1.3 2.5 4.9
5 3.2 2.2 2.8 2.1 — 4.4 4 2.1 2.3 4.2
6 3.1 3.8 2.8 4.8 4.4 — 3.2 4.2 3.8 1.5
7 2.6 2.8 2.9 4 4 3.2 — 3.2 3 2.8
8 2.8 1.4 2.5 1.3 2.1 4.2 3.2 — 1.7 4.2
9 2.7 1.6 2.5 2.5 2.3 3.8 3 1.7 — 3.6
10 2.7 3.9 2.7 49 4.2 1.5 2.8 4.2 3.6 —

in the ABTS assay, comparable to that of trolox. The
activity of compound 3a with N-benzyl substituent
(TEAC = 0.8) is close to the trolox activity; analogs 3b
and 3¢ with longer alkyl chains are less active (by 2.7
and 1.3 times, respectively). "Doubling” of the arylalkyl
substituent at the thiourea nitrogen atom generally
promotes an increase in the ABTS " "-scavenging activ-
ity: 4a > 3a; 4b > 3b; 4¢ > 3c. The highest radical-
scavenging activity, equal to that of trolox, was found
for 4a and 4c.

One of indications of the potential antioxidant
properties of a compound is the reducing ability,3?
which is usually measured by reduction of model metal
complexes. In the FRAP assay (see Table 1), amiridine
derivatives with N-substituted thioureas possess a mod-
erate iron-reducing activity, with "doubling" of the
substituent at the thiourea nitrogen atom decreasing
the ability to reduce Fe3' ions (¢f. data for 3a—c
and 4a—c, Table 1). The highest activity was found
for monosubstituted derivative 3d containing three
methoxy groups, which enhance the oxidative potential
of the compound.

Thus, the study shows that the thiourea amiridine
derivatives 3 and 4, which we synthesized, selectively
inhibit BChE with ICs values being in the micromolar
range; higher activity was found for compounds with
N-monosubstituted thiourea. These compounds ef-
fectively inhibit the ARy, self-aggregation as a result of
hydrophobic interactions with the domains critical for
the conformational transition and early nucleation to
give fibrils; derivatives with N, N-disubstituted thioureas
are more active (compound 4b with two phenethyl
substituents is the most active; when present in con-
centration of 100 umol L~!, it inhibits the self-aggre-
gation of AP, by 58.3+4.6%). The results of molecular
docking into BChE and A4, account for the observed

effects and show the importance of using different
conformations of ARy, for the molecular modeling of
self-aggregation inhibition. N, N-Disubstituted deriv-
atives 4 also show higher radical-scavenging activity in
the ABTS assay (the activity of 4a,c is equal to that of
trolox). However, doubling of substituents at the thio-
urea nitrogen atom decreases the ability of conjugates
to reduce Fe3" ions. The results show promise for fur-
ther development of this class of compounds as poten-
tial multifunctional drugs for the treatment of AD and
selective BChE inhibitors with A4, antiaggregant activ-
ity and antioxidant properties.

Experimental

The synthesis and biochemical studies were carried out
using commercially available chemicals (Sigma, USA), which
were used as received unless indicated otherwise.

Compound 2 was synthesized from amiridine manu-
factured by PIK Farma (Russia).

The solvents were made absolute by standard procedures.
The reactions were monitored by thin layer chromatography
on Silufol-UV254 plates and by NMR spectroscopy. The
melting points were determined on a Stuart SMP10 device
(Bibby Scientific, UK) and were not corrected. The 'H
and 13C NMR spectra were recorded in CDCI; on a Bruker
DPX-200 spectrometer (Germany) at 28 °C (Me,Si as the
internal standard). Elemental analysis was done on a Carlo-
Erba ER-20 CHN-analyzer (France).

9-Isothiocyanato-2,3,5,6,7,8-hexahydro-1H-cyclopenta-
[5]quinoline (2).2! A solution of thiophosgene (2 mL, 26 mmol)
in chloroform (10 mL) was added dropwise to a vigorously
stirred mixture of amiridine 1 (5 g, 26 mmol) in chloroform
(25 mL) and NaHCOj; (3 g) in water (25 mL) cooled to 0 °C.
The reaction was monitored by 'H NMR spectroscopy; stir-
ring was continued for 5—7 h until the initial amine was
completely consumed (broadened proton singlet of the
amino group at 4 ppm). After completion of the reaction, the
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organic phase was washed with water (2x50 mL) and a satu-
rated solution of NaCl and dried with anhydrous sodium
sulfate. The solvent was evaporated, the residue was ex-
tracted with diethyl ether (2x50 mL), and the solvent was
evaporated to give 1.4 g (22%) of product 2. Brown crystals.
m.p. 103—105°C. 'HNMR, &: 1.75—2.03 (m, 4 H, CH,CH,);
2.12—2.51 (m, 2 H, CH,); 2.80 (br.s, 2 H, CH,); 3.10 (t, 2 H,
CH,, /= 17.5 Hz); 3.21—-3.36 (m, 2 H, CH;); 3.10 (t, 2 H,
CH,,J=7.7Hz). BC NMR (CDCl,), 6: 21.40, 24.17, 25.16,
27.18, 31.27, 32.46, 35.42, 129.60, 135.98, 141.28, 144.48
(C=S), 156.96, 163.57. Found (%): C, 67.54; H, 6.013;
N, 12.26. C;3H4N,S. Calculated (%): C, 67.79; H, 6.13;
N, 12.16.

Synthesis of amiridine derivatives with mono- (3) and di-
substituted (4) thioureas (general procedure). A solution of
the specified substituted amine (0.5 mmol) in diethyl ether
(3 mL) was added with stirring to a solution of compound 2
(115 mg, 0.5 mmol) in diethyl ether (3 mL). The precipitate
was filtered off and recrystallized from propan-2-ol (5 mL).

1-Benzyl-3-(2,3,5,6,7,8-hexahydro-1H-cyclopenta[b]-
quinolin-9-yl)thiourea (3a). White crystals. Yield 72%. M.p.
178—180 °C. 'H NMR, &: 1.55—1.83 (m, 4 H, CH,CH,);
1.85—2.11 (m, 2 H, CH,); 2.38—2.61 (m, 2 H, CH,);
2.61—3.05(m, 6 H, CH,); 4.72 (d, 2 H, NCH,, /= 4.9 Hz);
6.22 (br.s, 1 H, NH); 7.09 (br.s, 1 H, NH); 7.20 (br.s, 5 H,
Hy,). Found (%): C, 71.39; H, 6.81; N, 12.56. C5yH,3Nj;S.
Calculated (%): C, 71.18; H, 6.87; N, 12.45.

1-(2,3,5,6,7,8-Hexahydro-1H-cyclopenta[ b]quinolin-9-
yl)-3-phenetylthiourea (3b). Light gray crystals. Yield 74%,
m.p. 194—196°C. 'HNMR, &: 1.62—1.92 (m, 4 H, CH,CH,);
1.99 (pent, 2 H, CH,, J = 7.88 Hz); 2.38—2.53 (m, 2 H,
CH,); 2.60 (t, 2 H, ArCH,, /=7.5 Hz); 2.81—3.05 (m, 6 H,
CH,); 3.88 (q,2 H, NCH,, /= 6.2 Hz); 5.50 (br.s, 1 H, NH);
7.05—7.12 (m, 2 H, Hpp); 7.20—7.28 (m, 3 H, Hy,), 7.75
(br.s, 1 H, NH). Found (%): C, 71.71; H, 7.11; N, 12.06.
C,H,5N;S. Calculated (%): C, 71.75; H, 7.17; N, 11.95.
1-(2,3,5,6,7,8-Hexahydro- 1 H-cyclopenta[ b]quinolin-9-
yl)-3-(3-phenylpropyl)thiourea (3c). Light gray crystals. Yield
68%, m.p. 178—180 °C. 'H NMR, &: 1.70—1.83 (m, 4 H,
CH2CH2), 1.99 (pent, 2 H, CHZCH2CH2, J=17.6 HZ), 2.09
(pent, 2 H, CH,, J = 7.6 Hz); 2.54—2.72 (m, 4 H, CH,);
2.79 (t, 2 H, ArCH,, /= 7.3 Hz); 2.86—3.04 (m, 4 H, CH,);
3.67 (q, 2 H, NCH,, J = 6.5 Hz); 5.50 (br.s, 1 H, NH);
7.00—7.41 (m, 5 H, Hy,); 7.50 (br.s, | H, NH). Found (%):
C, 72.37; H, 7.56; N, 11.40. Cy,H,7N3S. Calculated (%):
C, 72.29; H, 7.45; N, 11.50.
1-(2,3,5,6,7,8-Hexahydro- 1 H-cyclopenta[ b]quinolin-9-
yl)-3-(3,4,5-trimethoxybenzyl)thiourea (3d). Yellowish crys-
tals. Yield 66%, m.p. 183—185 °C. 'H NMR, &: 1.52—1.83
(m, 4 H, CH,CH,); 1.85—2.14 (m, 2 H, CH,); 2.40—2.68
(m, 2 H, CH,); 2.68—3.02 (m, 6 H, CH,); 3.70 (s, 3 H,
OCH3); 3.72 (s, 6 H, OCH;); 4.72 (d, 2 H, NCH,, /= 3.3 Hz);
6.32 (br.s, 1 H,NH); 6.49 (s,2 H, Hyp,); 7.11 (br.s, 1 H, NH).
Found (%) C, 6451, H, 668, N, 9.65. C23H29N303S.
Calculated (%): C, 64.61; H, 6.84; N, 9.83.
1-(2,3,5,6,7,8-Hexahydro- 1 H-cyclopenta[ b]quinolin-9-
yl)-3-[2-(pyridin-2-yl)ethyl]thiourea (3e). Yellow crystals.

Yield 70%, m.p. 146—148 °C. 'H NMR, §&: 1.55—1.88
(m, 4 H, CH,CH,); 1.98 (pent, 2 H, CH,, J = 7.5 Hz);
2.50—2.67 (m, 2 H, CH,); 2.74 (t, 2 H, ArCH,, /= 7.3 Hz);
2.85—3.05(m, 6 H, CH,); 4.04 (q, 2 H, NCH,, J = 5.5 Hz);
6.98—7.25 (m, 2 H, pyridyl); 7.20—7.28 (m, 3 H, Hy,); 7.60
(t, 1 H, pyridyl, J = 7.6 Hz); 7.81 (br.s, 2 H, NH); 7.95
(d, 1 H, pyridyl, / =7.8 Hz). Found (%): C, 68.025; H, 6.99;
N, 15.84. C,yH4N,4S. Calculated (%): C, 68.15; H, 6.86;
N, 15.89.
1,1-Dibenzyl-3-(2,3,5,6,7,8-hexahydro-1H-cyclopenta-
[b]quinolin-9-yl)thiourea (4a). White crystals. Yield 76%, m.p.
168—170 °C. 'H NMR, &: 1.55—1.89 (m, 4 H, CH,CH,);
1.89—2.17 (m, 2 H, CH,); 2.17—2.66 (m, 2 H, CH,);
2.66—3.26 (m, 6 H, CH,); 5.10 (br.s, 4 H, N(CH,),); 6.59
(br.s, 1 H, NH); 7.09 (br.s, 1 H, NH); 7.29—7.61 (m, 10 H,
Hy,). Found (%): C, 75.66; H, 6.68; N, 9.78. C,7H,9N5S.
Calculated (%): C, 75.84; H, 6.84; N, 9.83.
3-(2,3,5,6,7,8-Hexahydro-1H-cyclopenta[b]quinolin-9-
yD)-1,1-diphenylethylthiourea (4b). White crystals. Yield 65%,
m.p. 148—150°C. '"H NMR, &: 1.62—1.96 (m, 4 H, CH,CH,);
1.99—2.18 (m, 2 H, CH,); 2.68—3.29 (m, 12 H, CH,);
3.65—4.05 (m, 4 H, N(CH,),); 6.31 (br.s, l H, NH); 7.05—7.52
(m, 10 H, H,,). Found (%): C, 76.31; H, 7.30; N, 9.08.
Cy9H33N;3S. Calculated (%): C, 76.44; H, 7.30; N, 9.22.
3-(2,3,5,6,7,8-Hexahydro-1H-cyclopenta[ b]quinolin-9-
yD)-1,1-bis(3-phenylpropyl)thiourea (4c). White crystals. Yield
61%, m.p. 175—177 °C. 'H NMR, &: 1.61—1.93 (m, 4 H,
CH,CH,); 1.93—2.22 (m, 6 H, 2 CH,CH,CH, and
CH,CH,CH,); 2.27—3.10 (m, 12 H, 2 (CH,) o, and 4 CH,);
3.55—3.84 (m, 4 H, N(CH,),); 6.08 (br.s, 1 H, NH);
7.02—7.41 (m, 10 H, H,,). Found (%): C, 77.09; H, 7.86;
N, 8.79. C5;H37N;3S. Calculated (%): C, 76.97; H, 7.71;
N, 8.69.
3-(2,3,5,6,7,8-Hexahydro-1H-cyclopenta[b]quinolin-9-
yl)-1,1-bis(pyridin-3-ylmethyl)thiourea (4d). Light gray crys-
tals. Yield 53%, m.p. 178—180 °C. 'H NMR, &: 1.58—1.91
(m, 4 H, CH,CH,); 1.91—2.24 (m, 2 H, CH,); 2.42—2.68
(m, 2 H, CH,); 2.68—3.15 (m, 6 H, CH;); 5.11 (c, 4 H,
N(CH,),); 6.84 (br.s, 1 H, NH); 7.36—7.43 (m, 2 H, pyridyl);
7.70—7.82 (m, 2 H, pyridyl); 8.54—8.71 (m, 4 H, pyridyl);
7.81 (br.s, 2 H, NH); 7.95 (d, 1 H, pyridyl, J/ = 7.8 Hz).
Found (%): C, 69.77; H, 6.21; N, 16.45. C,5H,7NsS.
Calculated (%): C, 69.90; H, 6.34; N, 16.30.

Study of the esterase profile. The kinetic measurements
were carried out using commercial samples of human erythro-
cyte AChE, equine serum BChE, and porcine liver CES.40:41
The AChE and BChE activities were measured by the Ellman
method4? (. = 412 nm) using acetylthiocholine (1 mmol L~!)
and butyrylthiocholine (1 mmol L~!) as substrates, respec-
tively, as described in detail previously;43 determination
conditions: 100 mM phosphate buffer (pH 7.5), 25 °C. The
CES activity was determined by spectrophotometry by
monitoring the release of 4-nitrophenol (A = 405 nm) using
4-nitrophenyl acetate (1 mmol L~!) as the substrate;43 deter-
mination conditions: 100 mM phosphate buffer (pH 8.0),
25 °C. The measurements were carried out with a FLUOstar
OPTIMA microplate reader (BMG Labtech, Germany). The
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compounds were dissolved in DMSO, the incubation mixture
contained 2% solvent. The primary evaluation of the inhibi-
tory activity was carried out by determining the degree
of enzyme inhibition at the compound concentration of
20 umol L~!. For this purpose, the sample of the correspond-
ing enzyme was incubated with the test compound for 5 min,
and then the residual enzyme activity was measured. Each
experiment was conducted in triplicate. For compounds that
inhibited the enzyme by more than 30%, the I1Cs, values were
determined, that is, the inhibitor concentration required to
decrease the enzyme activity by 50%. The ICs values for the
AChE, BChE, and CES inhibition were found by incubating
a sample of the enzyme with a test compound in the concen-
tration range of 1 - 10~12—1+ 10~4 mol L~! for 5 min followed
by measuring the residual enzyme activity. Each experiment
was conducted in triplicate.

Study of the compounds as potential inhibitors of AChE-
induced aggregation of $-amyloid. The test compounds were
evaluated as potential inhibitors of the pro-aggregant activ-
ity of AChE by determining the degree of displacement of
propidium iodide from the AChE PAS by the reported fluores-
cence method3? with minor changes, as described in detail
previously.44 AChE from Electrophorus electricus (EeAChE)
was used as the source of the enzyme.

Inhibition of A, self-aggregation. The inhibitory activ-
ity of the test compounds against the self-aggregation of A4,
was determined by the fluorescence method involving thio-
flavin T (ThT)31-32 with minor changes. The method is based
on the specific interaction of a fluorescence dye, thioflavin
T, with the B-folded structures formed upon self-aggregation
of B-amyloid fibrils, which results in a considerable increase
in the fluorescence intensity of the bound dye.43 The decrease
in the fluorescence signal in the presence of test compounds
correlates with their inhibitory effect against the formation
of APy, aggregates.

Commercially available freeze-dried AB4, specimen
treated with hexafluoroisopropyl alcohol (HFIP) (rPeptide,
USA) was dissolved in DMSO to prepare the stable stock
solution ([AB4y] = 500 umol L~1), the solution was aligoted
and stored at —20 °C. For evaluation of the self-aggregation
of AB4, and the degree of its inhibition by the test compounds,
an aliquot of the prepared B-amyloid solution was dissolved
in 215 mM Na phosphate buffer (pH 8.0) up to a final ABy,
concentration of 50 pmol L~!. Then the samples were incu-
bated for 24 h at 37 °C in a thermostat without stirring in the
absence (base level of APy, self-aggregation; control) or in
the presence of test compounds. Myricetin was used as the
reference compound. The final concentrations of all test
compounds were 100 umol L~!. After incubation, a solution of
thioflavin T (5 pM) in glycine—NaOH buffer (pH 8.5) (50 mM)
was added, and a fluorescence spectrum (A., = 440 nm,
Aem = 485 nm) was recorded. The background fluores-
cence level of the solvent and the test compounds was tak-
en into account by preparing control samples that contained
215 mM Na phosphate buffer (pH 8.0) and DMSO or test
compounds, respectively. The measurements were carried

out with a FLUOstar OPTIMA multifunctional microplate
reader (BMG Labtech, Germany). All measurements were
conducted in triplicate; the results are expressed as mean
+SEM.

The degree of inhibition of APy, self-aggregation by the
test compounds (%) was calculated by the following relation:

Degree of inhibition = 100 — (IFzg inhibitor /1Fap) * 100%,

where IFg and IF g+ inpipitor are the fluorescence intensity in
the absence of test compounds (taken as 100%) and in the pres-
ence of a test compound after subtraction of the fluorescence
found in the corresponding control experiments, respectively.

Study of the antiradical activity of the test compounds. The
antiradical activity of the compounds was determined by
measuring their free radical-scavenging ability in the ABTS
assay according to the known method37 with minor modific-
ations, as described in detail previously.44 The test compounds
were dissolved in DMSO, the content of which in the reaction
mixture was 4% (by volume), ABTS"* was added to the solu-
tion (the final ABTS " concentration in the reaction mixture
was 100 pmol L—1), and the solution was thoroughly stirred.
The reaction was carried out at 30 °C in the dark; the incuba-
tion time was 1 h. The degree ofbleaching ofthe ABTS " * solution
was determined at 734 nm with an xMark microplate reader
(BioRad, USA). The compounds were tested in the concen-
tration range of 1 + 1076—1+ 10~4 mol L~!. All measurements
were conducted in triplicate for three independent experi-
ments.

The antiradical activity was expressed in the TEAC units,
found as the ratio of the slopes of the plots for decreasing
concentration of the ABTS"* radical versus concentrations
of the test compound and trolox. For all compounds, 1Cs
values were also determined (concentration of the compound
at which the ABTS " concentration decreases by 50%). The
calculations were carried out using the Origin 6.1 program
for Windows (OriginLab, USA). All results are expressed
as mean values *SEM, calculated using the GraphPad
Prism program, version 6.05 for Windows (GraphPad
Software, USA).

Study of the iron-reducing activity of the test compounds
(FRAP method). The FRAP method is based on the reduction
of the [Fe3*-(TPTZ),]3* complex in the presence of anti-
oxidant to give [Fe2"-(TPTZ),]?", which is intensely blue-
colored with the absorption maximum at A = 593 nm.38:46
The method was modified to be implemented in a 96-well
plate and described in detail in our previous study.43 The
FRAP reagent was prepared by mixing a 0.3 M acetate buffer
(pH 3.6), 10 mM solutions of 2,4,6-tris(pyridin-2-yl)-1,3,5-
triazine (TPTZ) in 40 mM HCl and 20 mM FeCl;+6H,0 in
water in 10 : 1 : 1 ratio (v/v/v) directly prior to use. The
compounds were dissolved in DMSO and studied in the
concentration range of 1+1076—1+10=% mol L~!. The con-
centration of the solvent in the reaction mixture was 4% (v/v).
A solution of a test compound (10 pL) was added to the solu-
tion of the FRAP reagent (240 puL) and the mixture was
thoroughly stirred. The reaction was carried out at 37 °C in
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the dark; the incubation time was 1 h. The reaction was
monitored by measuring the change in the absorbance at
600 nm using a FLUOStar OPTIMA microplate reader with
respect to the control containing all components except for
FeCly+ 6H,0. Trolox was used as the standard. All measure-
ments were carried out in triplicate for three independent
experiments. The iron-reducing capacity of the compounds
is expressed in relative units, trolox equivalents (TE), which
are calculated as the ratio of trolox and test compound con-
centrations that induce equal effects.

Molecular modeling. pK, values for the amiridine moiety
were estimated using the Marvin 21.14 module of the
ChemAxon program package (http://www.chemaxon.com)
and the MolGpka web service (https://xundrug.cn/molgp-
ka).47 The ligand structures were optimized for molecular
docking by quantum mechanics (DFT method (B3LYP/6-
31G*), the GAMESS-US program).48 The partial atomic
charges were derived from the quantum mechanical data
using the Léwdin scheme.4? The following crystallographic
structures were used as targets for molecular docking: PDB
ID 4EY7 for AChE3? (the choice of the method for determi-
nation of the partial atomic charges and AChE crystallo-
graphic structure was substantiated3! and the structure
preparation was described in detail>? previously); PDB 1D
1POI for BChES3 (the structure preparation was described in
detail previously34), and PDB ID 11YT for AB4,.55 All con-
formers were used; hydrogen atoms were added according to
the pH of the solution (pH 7.4) using pK, estimates made
by PropKa web service (https://www.ddl.unimi.it/vegaol/
propka.htm59).

Molecular docking was performed using Lamarckian
Genetic Algorithm (LGA57) and Autodock 4.2.6 software.58
The docking grid with a spacing of 0.375 A was taken for all
targets; the grid included the whole active sites of AChE
(22.5%22.5%22.5 A3 grid box) and BChE (15%20.25x18 A3
grid box). For all conformers of ABy,, the grid box had dimen-
sions 43.5x28.5x54.75 A3 and included each conformer
entirely. The main LGA parameters were chosen as 256 runs,
27 « 104 generations, population size of 3000, and 25 - 106 evalu-
ations. The best positions in the binding energy were used for
analysis.

The three-dimensional structural images were prepared
using the PyMol software (https://pymol.org/).

The study was carried out within the state assignment
of the Institute of Physiologically Active Compounds,
Russian Academy of Sciences (No. FFSN-2021-0005)
and was partially supported by the Russian Foundation
for Basic Research (Project No. 19-53-26016a). Mole-
cular modeling was carried out using the shared research
facilities of the HPC computing resources at Lomonosov
Moscow State University.

No human or animal subjects were used in this
research.
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