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This study presents the synthesis of 15 new tacrine dimers as well as the K; and ICsg results, studies of
the kinetic mechanism, and molecular docking analysis of the dimers in relation to the cholinesterases
hAChE, hBChE, EeAChE and eqBChE. In addition to spectroscopic characterization, X-ray structure deter-
mination was performed for two of the new compounds. These new dimers were found to be mixed
nanomolar inhibitors of the evaluated targets with a broad and significant selectivity profile, and these
properties are dependent on both the type of the linker and the volume of the hydroacridine alicyclic
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ring. The results indicate that the aromatic linkers play a significant role in generating specific interactions

with the half-gorge region of the catalytic center. Thus, these types of linkers can positively modulate the

DOI: 10.1039/c30b41762j

www.rsc.org/obc activity.

Introduction

The hydrolases, including acetylcholinesterase (AChE, EC
3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8), are
important and widely distributed enzymes. AChE functions
primarily as a regulatory enzyme at cholinergic synapses,
whereas BChE acts as a nonspecific esterase for a range of
substrates, such as anesthetics and narcotics, which are of
particular interest."”> These enzymes have received particular
attention because they are targets in Alzheimer’s disease (AD)
therapy. Accordingly, inhibition of these two enzymes, selec-
tively or non-selectively, is the predominant approach adopted
in AD therapy.>” In addition to reducing and improving poor
psychiatric conditions in Alzheimer’s patients, such as apathy
and visual hallucinations,® cholinesterase inhibitors (ChEIs)
have demonstrated significant therapeutic results in other
cognitive disorders, such as Parkinson’s disease, Lewy body
dementia, vascular dementia, traumatic brain injury and cog-
nitive disorders that occur in multiple sclerosis.”*> ChEIs have
been able to eliminate the effects caused by addictive drugs
and may be used as co-drugs for treatment of addicts."
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Furthermore, ChEIs have been used in the treatment of glau-
coma and myasthenia gravis and as competitors for choline-
sterase sites in the case of poisoning by phosphate
compounds.'* Moreover, the development of ChEIs is impor-
tant in the investigation of the mechanism of cholinergic
transmission disorders.">'®

Recently, the results of pharmaceutical tests have indicated
that ChEIs act via multiple pathways of neuronal protection on
different targets."” Accordingly, favorable inhibitory activities
have been observed for the following types of receptors/
enzymes: N-methyl p-aspartate (NMDA), gamma-aminobutyric
acid (GABA), the i-type voltage-dependent calcium channel
(1-VDCC), nitric oxide synthase (NOS), and p- and y-secretase."®
In addition, ChEIs operate by inducing the activity of protein
kinase type C (PKC) and consequently a-secretase, resulting in
the reduction of harmful amyloid species levels.'® Thus, ChEIs
act as ligands directed to multiple targets that are suitable for
treating multifactorial diseases, such as AD."®

Tacrine (1,2,3,4-tetrahydroacridin-9-amine, THA) is one of
the oldest and most important ChEIs.>*>> THA was the first
drug approved by the FDA for the treatment of AD.>* Although
THA is a simple molecule to synthesize, it has been rarely used
because of its hepatotoxic effects.>**> To improve its pharmaco-
logical profile, several molecular modification strategies have
been adopted.”®”” In 1996, Pang et al synthesized a THA
dimer (Fig. 1) that showed significant higher inhibitory
potential for AChE than that shown by THA.?® Moreover, this
derivative has shown anti-amyloidogenic activity.'”*° Amyloid
deposits appear to play significant role in the etiology of
AD.** As confirmed by X-ray data, when the dimer binds to
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Fig. 1 Bis(7)THA: a tacrine dimer.

its target, it positions a THA component in the region known
as the catalytic anionic site (CAS) close to the enzyme catalytic
triad, while the other THA component is positioned at the
entrance of the catalytic gorge, which is defined as the peri-
pheral anionic site (PAS).>> The PAS is responsible for the
AChE molecular chaperone effect in the conversion of non-
amyloidogenic molecules to amyloidogenic ones.***’

An important feature of the dimers relates to the chemical
nature of the linker used between the hydroacridine units.>®
Increased potency and specificity have been observed by
exploiting specific interactions between the linker and the
middle region of the cholinesterase catalytic gorge.’®

To date, few studies with THA dimers have examined the
effect that the variation of the nature of the aromatic linker
has on the inhibition potency and the kinetic mechanism.
Considering the importance of this class of substances, we
have synthesized a series of 15 new tacrine dimers, which were
evaluated kinetically and by molecular docking, to elucidate
the underlying molecular phenomena and to aid in the devel-
opment of new molecules and computational models.***°

Results and discussion

The synthetic routes and the resultant dimers obtained in this
study are summarized in Scheme 1.

The synthetic intermediates, chlorine-hydroacridine com-
pounds (5-7), were obtained by the Friedlander condensation
reaction in the presence of POCIl;, according to the procedure
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Scheme 1 Synthesis of THA analogues. Reagents and conditions: (a) for 5:
POCl3, 120 °C, 2 h and for 6 and 7: toluene, 160 °C, 2 h and then POCls, 120 °C,
2 h; (b) pentan-1-ol, reflux, 40 h.
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described in the literature.”’ As shown in Scheme 1, ketones
2-4 differ in the number of carbons in the alicyclic ring. This
variation in the size of the alicyclic ring was used to evaluate
the effect of the volume of the hydrophobic region on the
inhibitory potential of the dimer. The available information on
weak intermolecular interactions and their role in the binding
of bioligands is limited.*”** Dimers were produced from
the nucleophilic aromatic substitution reaction between
compounds 5-7 and the diamines corresponding to the
linkers (8-13), according to the procedure described in the
literature.*

Inhibition kinetics

The analysis of the overlapping double reciprocal plots at
different inhibitor concentrations shows that the molecules
synthesized in this study are mixed inhibitors of AChE and
BChE.*® These results suggest that although dimers occupy a
significant fraction of the catalytic gorge, they do not compete
for the same binding site as the substrate, in contrast to the
inhibitor edrophonium, for example, which is positioned in
intimate contact with the catalytic serine residue.”” These
observations are consistent with the X-ray structures of dual
inhibitor complexes and with the results obtained from mole-
cular modeling.?**>***® The literature shows that although
there are representatives of the three types of kinetic mecha-
nisms among cationic cholinesterase inhibitors, most are
mixed mechanisms.*’

The dissociation constants (K;) for the compounds evalu-
ated with respect to cholinesterase were obtained by the slope
method®® and are shown in Table 1. The K; values obtained for
the reference compounds, THA monomer and dimer 15, are
consistent with those previously published.*®*® Compound 15
was found to be the most potent AChEIL This increased inhibi-
tory potency is attributed to the ability of this molecule to opti-
mally establish specific interactions in the CAS/PAS, especially
in AChE.”®?> An optimal distance exists between the hydroacri-
dine components of the dimers and is suitable for simul-
taneous interaction with the CAS/PAS. Accordingly, dimers
bearing n = 1 and aromatic linkers, such as the novel com-
pounds 21 and 27, were more potent than THA in the inhi-
bition of hAChE. The distance between THA cores in both new
THA dimers is similar to that of compound 15.>**° The graph
of the inhibitory potency of the dimers versus the distance
between the two pyridine nitrogens shows a higher concen-
tration of lower K; values between 14.5 and 16 A. This effect
applies more to AChE. Nevertheless, there are compounds with
nanomolar inhibitory potential for all types of linkers used,
suggesting that the position of the specific receptor interaction
sites is flexible.*>*" This characteristic was also suggested by
dynamic measurements of fluorescence titration.>>

Part of the inhibitory potency of ChEIs, such as galanta-
mine and THA, are attributed to their structural rigidity
because there is only a small entropic loss associated with
binding.>® Despite the energy gain during the entropic
bonding process due to the rigidity of the dimers with aro-
matic linkers, this energy gain does not overcome the reduced

This journal is © The Royal Society of Chemistry 2013
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Table 1 Inhibition constants (K;) for THA dimers toward cholinesterases
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K; = SD (nM) Selectivity

Compound hAChE hBChE EeAChE eqBChE hAChE" hBChE®
THA 23.2 +3.04 2.78 £0.15 18.3 £5.14 2.71+0.46 0.12 8.35
14 6.43 +1.27 124 +43.9 28.0+12.9 202 +158 19.3 0.05
15 1.12 + 0.07 40.5 £7.66 0.61 +0.21 20.4 +4.60 36.2 0.03
16 1.20 = 0.07 3.14 £2.48 1.01 £ 0.77 11.0 + 0.90 2.62 0.38
17 106 + 6.43 78.4 +37.6 109 +13.7 419 £ 90.6 0.74 1.35
18 19.8 +1.68 61.9 + 25.9 51.0 £1.29 345 +192 3.12 0.32
19 728 +43.2 33.4+139 265 +43.2 22.5+7.50 0.05 21.8
20 6.93 +1.08 35.7£3.59 83.1 +11.0 53.2+7.28 5.15 0.19
21 2.67 £ 0.21 117 £ 36.2 10.0 £ 1.55 27.1+9.23 43.8 0.02
22 31.0+0.16 92.7 +£9.03 22.1+9.68 977 +59.5 2.99 0.33
23 397 + 82.6 31.9+£1.07 96.1 +17.6 324 + 64.6 0.08 12.5
24 395 +98.6 16.2 +2.27 111 + 21.7 274 +12.6 0.04 24.4
25 1190 + 44.8 31.6 £ 0.95 131 +£40.6 91.8 + 6.79 0.03 37.7
26 13.2 £ 3.37 148 +12.3 39.4 + 8.66 117 + 46.6 11.2 0.09
27 3.18+0.77 22.2 £2.60 31.4 +6.45 40.8 £16.5 6.98 0.14
28 233 + 86.7 658 +1.26 190 + 62.0 1170 = 49.7 2.82 0.35
29 15.9 £ 6.23 68.3 +1.09 37.7 +£8.19 244 + 2.66 4.30 0.23
30 30.8 +2.99 20.0 +1.80 5.13 £0.37 122 +25.5 0.65 1.54
31 1540 + 82.6 95.3 +£25.5 30.0 +£5.59 563 + 40.6 0.06 16.2

K; is the mean of at least three independent experiments; SD, standard deviation; hAChE, human acetylcholinesterase; hBChE, human
butyrylcholinesterase; EeAChE, Electrophorus electricus acetylcholinesterase; eqBChE, equine butyrylcholinesterase. “Iq[thhEJ/Ki(hAchE). b Ki(hachE)/

Kihpcn)-

ability of these ligands to adjust their components for optimal
interactions with the appropriate areas of the target, as it
occurs with compound 15.

Although there is flexibility in the distance between the
target interaction points,* the presence of rigid linker groups
makes difficult the adjustment of the inhibitor molecule, and
even if binding occurs, structural changes in the enzyme may
occur simultaneously, resulting in significant energy cost.*”

However, the aromatic linker leads to a significant
reduction in the pK,y value of the pyridine nitrogen. Lower
values of pK,y for the THA congener series result in lower
potential for inhibition of AChE. This result is consistent with
the direct contribution of a hydrogen bond involving the THA
pyridine nitrogen and the carbonyl group of residue H440 of
the target.>*>> The possible ionic interaction involving residue
E199 and the positive charge of the synthesized ligands is dis-
favored as also shown elsewhere.”®*” The interactions with
H440 and E199 have no equivalent in the PAS.**> Furthermore,
the suppression of the pyridine nitrogen charge reduces the
effect of the cation-pi interaction between W84 and F330.%® At
pH 7.0, it was estimated that 97.5% of compound 15 is bipro-
tonated (15b) (2.5% is the monoprotonated form) versus 85.5%
of compound 21 (14.0% is monoprotonated). However, at pH
8.0 (in the same set of experiments), 79.5% of compound 15
was found to be biprotonated (20.0% was monoprotonated)
while 30.5% of 21 was biprotonated (49.5% was monoproto-
nated). These results indicate the negative influence of elec-
tronic factors on the inhibitory potential of dimers with
aromatic linkers. To confirm this hypothesis, we performed a
study of the inhibition at pH 7.2 for compound 21 in relation
to EeAChE. The estimated proportions of the charged species
of 21 were similar to those of 15 at pH 8.0. Also, the K; value
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for EeAChE obtained for 21 at pH 7.2 (11.0 + 1.0 nM) was
similar to that obtained at pH 8.0 (K; = 10.0 = 1.55 nM). These
results suggest that the dual inhibitory activity of ChEI
depends on the protonation of one of the nitrogens to be
accommodated in the CAS gorge region. The X-ray data show
that replacement of an amine nitrogen atom of the THA dimer
with a sulfur atom results in a deprotonation of one pyridine
nitrogen which in turn will compromise the binding to the
CAS.”® Butini and colleagues synthesized a biprotonatable
THA dimer with a benzene linker separated by an ethylene
group that is connected to the amine nitrogen of THA, which
showed a K; of 1.63 + 0.29 nM (hAChE).*® This value is similar
to that obtained for 21 (K; = 2.67 + 0.21 nM; hAChE). However,
the presence of a protonated THA unit in the ligand appears to
be essential for inhibitory activity. Among the dimeric cholin-
esterase inhibitors with aromatic linkers already reported, the
most potent ones have at least one THA unit.*®°® In contrast,
compounds that do not have a THA unit have a lower inhibi-
tory potential, such as stilbamidine™ and gallamine,*® even
though these compounds are dimeric cationic divalent inhibi-
tors. The use of aromatic linkers that allow for pK, reduction
has been shown to be advantageous because it favors mobility
across the blood-brain barrier.">>*

In general, by comparing the K; values for both AChEs
(Table 1), it is noted that the smaller the volume of the ligand
is, the higher is the dimer potency on the human enzyme. The
overlay of the X-ray structures of these molecules shows that
for both AChEs, the catalytic gorge is essentially the same in
terms of the residues participating in the enzyme mechan-
6162 Nevertheless, certain differences may explain the
differential inhibitory profile of the dimers. The cluster invol-
ving residues V294 (acyl loop), A343 (helix 14) and V365 (helix

ism.

Org. Biomol. Chem., 2013, 11, 8395-8409 | 8397


http://dx.doi.org/10.1039/c3ob41762j

Published on 18 October 2013. Downloaded by University of Prince Edward Island on 23/10/2014 21:07:00.

15) in hAChE is replaced by 1294, V343 and 1365, respectively,
in EeAChE. In the latter cluster, the corresponding residues
have larger hydrophobic groups, which generate a distinct
interaction effect. At the base of the Y124 loop (PAS), the
S128 hAChE residue is replaced by A128 in EeAChE. In the
former case, the hydroxyl of S128 establishes a hydrogen bond
with the side chain amide carbonyl of residue N150 (2.7 A)
and the side chain amide nitrogen of N100 (3.0 A). This
hydrogen bonding could lead to increased stability and less
adaptability by the hAChE Y124 loop (PAS) in relation to the
dimers, resulting in the lower potency of bulkier dimers.*®
Finally, in the outer portion of the alleged backdoor region,
the hAChE R463 residue is replaced by L463 in EeAChE.®*™®®
This replacement can result in the increased stability/lower
adaptability of the catalytic gorge loops of hAChE given the
possible electrostatic interactions of R463 with residues E81
(Q loop) and D131 (loop Y124/PAS). The increased potency of
THA and huprine X in inhibiting TcAChE is attributed to
more favorable stacking of the ligand with F330, which
replaces the Y337 residue in hAChE.®® This analysis does
not apply to EeAChE because this residue exchange does not
occur. However, a comparison between the X-ray structures
of TcAChE and EeAChE shows that these structures are
similar to each other with regard to the points mentioned
above and may justify the difference in inhibition of hAChE
and EeAChE.**%”

The results in Table 1 reveal that THA is basically the most
potent BChEI This behavior is different from that observed for
AChE. Although the interaction of the synthesized dimers with
the surface of the target is greater than that of THA itself, this
interaction does not appear to generate a set of specific inter-
actions that can sufficiently compensate for the entropic loss
of binding molecules.*® However, the increased aromatic charac-
ter of the ligand in the dimers is penalized by the reduced
number of aromatic residues in the gorge of BChE, from 14 in
AChE to 8 in BChE.*®*®® Finally, the introduction of a linker
reduces the potential interaction between the amine nitrogen
of THA and water molecules, which provides a significant struc-
tural component, as well as those of the medium which
together interact significantly with residues of the gorge.®®”°

The dimers with aromatic linkers showed significant inhi-
bition for hBChE, especially compound 24 (K; = 16.2 nM). The
inhibition at nanomolar concentration observed in these cases
is suggestive of the ability of these ligands to engage in specific
interactions with the catalytic gorge of the enzyme.*® Dimers
19, 23-25 and 31 are more selective for hBChE in comparison
with hAChE. The greatest gains of inhibitory potency for
hAChE over hBChE occur with dimers 23-25 and to a lesser
extent with dimers 17 and 18. Among the evaluated com-
pounds, these dimers possess less flexible linkers. These
observations are consistent with the fact that the catalytic
gorge of BChE has more available space than AChE, which
allows the accommodation of molecules that are bulkier and
less flexible.*®**”* A comparison of the results of the inhibi-
tory potency relative to hBChE for compounds 15, 21, 27 and
30 and others of a similar nature described in the literature
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suggests that an optimum linker length exists for the inhi-
bition of this enzyme.*®”"7>

The strategy of increasing the number of carbons in the ali-
cyclic rings to best fit the ligand-receptor has been successfully
applied in developing bioligands.®*”? Steinberg et al. observed
that the expansion of “n” in hydroacridines (n = 0, 1 and 2)
resulted in increased AChE inhibitory potency.”! As shown in
Table 1, the inhibitory effect of the number of methylene
groups in the alicyclic ring on hAChE and, in certain cases, in
EeAChE resulted in the following order of potency: n=1>n =
0 > n = 2. In the case of the linear linker, the order of potency
was n=1>n=2>n=0. These results suggest that although
the interactional subsites of the receptor have sufficient flexi-
bility to accommodate an alicyclic ring with seven members,
the most favorable connection depends on the flexibility of the
linker used. Compounds with less flexible linkers showed
higher relative potency if they had a compatible “n” value.
Correa-Basurto et al. concluded that ligands with low volume
would be more eligible to form pi-pi stacking interactions
with TcAChE CAS W84 residue.”* The results showed that the
rate of decrease in potency for the transition fromn=1ton =
2 is greater for hAChE than for hBChE. This result may be a
reflection of the increased available volume as well as the
small role of the specific interactions in the hBChE catalytic
gorge.®® Tubocurarine, which is a bulk molecule, interacts
with the CAS of the BChE as a peripheral AChEI, requiring
higher concentrations for AChE inhibition.”®

For BChE, the effect of varying the “n” value on the inhibi-
tory potency depends on the type of linker and the enzyme
used. The increase in the “n” value results in increased
potency with a significant effect for dimers with linear linkers.
This fact can be evaluated in terms of the largest space in the
gorge of the BChE, with special emphasis on the region of the
butyl pocket.”"”® The substitution of alkyl linkers for aromatic
linkers resulted, in general, in increased inhibitory potency for
hBChE. For instance, with the exception of 26, all aromatic
dimers with n = 0 were more potent than 14. As for the series
with n = 1, compounds 24, 27 and 30 were more potent than
15. Thus, the use of aromatic linkers was shown to improve
the potential of hBChE inhibition. On the other hand, the best
inhibitors of eqBChE, except compounds 20 and 26 (series
with 7 = 0), were those bearing an alkyl linker.

Table 1 shows the comparison of the two types of BChEs,
which reveals that the dimers are generally more potent for
hBChE. The overlap between the homology model for egBChE
(90.7% identity)’””° and the X-ray structure of hBChE’® reveals
four potentially significant differences in the region of the cat-
alytic gorge. Three differences in the butyl loop exist where the
residues G283, P285 and A277 in hBChE are replaced by D311,
L313 and V305, respectively, in eqBChE. The other difference
is the substitution of F398 in hBChE for 1426 in eqBChE. The
side chain of residue F398, which is directed toward the gorge
lumen, is in close contact with residues W231 (butyl pocket)
(3.6 A) and H438 (catalytic triad) (3.3 A). The acyl/butyl loop
shows great mobility,*>*® which suggests a functional role for
this cholinesterase structural component.*® The change in the

This journal is © The Royal Society of Chemistry 2013
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Table 2 Concentration (nM) of the THA dimers necessary to inhibit cholinesterases by 50% (ICsg)
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IC50 + SD (nM) Selectivity

Compound hAChE hBChE EeAChE eqBChE hAChE® BChE®
THA 122 +7.46 47.3 £ 4.05 29.4 + 3.60 4.33 £0.06 0.39 2.58
14 23.0 +3.32 246 +25.4 59.8 £ 8.07 179 +23.6 10.7 0.09
15 7.28 + 0.69 141 +£19.6 13.0 £ 0.33 64.3 +4.14 19.4 0.05
16 18.4 +1.60 39.9+1.25 16.5 +1.21 28.3 +3.80 2.17 0.46
17 632 £ 68.7 452 +127 377 £28.4 608 +43.7 0.72 1.40
18 117 +25.4 267 +11.8 284 +57.0 186 + 23.7 2.28 0.44
19 4720 + 80.5 354 +154 3120 + 211 169 + 35.3 0.08 13.3
20 14.5 + 3.40 1460 + 192 685 + 81.4 262 +1.74 101 0.01
21 54.8 +23.9 135 +8.90 69.5+7.09 77.7 £10.7 2.46 0.41
22 15.1+1.16 85.1 £26.5 562 + 20.1 2110 + 94.8 5.64 0.18
23 224 +14.4 165 + 32.3 330 +51.0 315+ 85.8 0.74 1.36
24 312 +37.2 329 +37.7 270 +9.68 157 +11.9 1.05 0.95
25 1080 + 98.2 103 +24 1140 + 406 153 +35.1 0.10 10.5
26 61.8 +4.61 109 + 16.3 32.7£9.97 63.5 +10.9 1.76 0.57
27 8.94 + 0.42 206 + 45.0 155 + 8.40 113 +12.9 23.0 0.04
28 477 £ 66.2 1520 + 133 2490 + 532 201 + 24.8 3.19 0.31
29 121 + 0.35 15.1+1.91 59.5 £ 9.56 65.9 + 3.22 0.12 8.01
30 196 + 2.31 40.3 £6.22 28.7 + 8.82 87.7+10.4 0.21 4.86
31 2850 + 781 4870 +27.6 60.1 +22.3 2630 + 108 1.71 0.59

ICs, is the mean of at least three independent experiments; SD, standard deviation; hAChE, human acetylcholinesterase; hBChE, human
butyrylcholinesterase; EeAChE, Electrophorus electricus acetylcholinesterase; eqBChE, equine butyrylcholinesterase. “Iq[thhEJ/Ki(hAchE). b Ki(hachE)/
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behavior of the acyl/butyl loop observed in molecular
dynamics simulations has been associated with the action of
potent inhibitors.’® In the eqBChE homology model, the side
chain of residue L313 protrudes toward the lipophilic pocket
formed by the residues F357, F385 and 1384, which is a more
intimate interaction than that of the P285 side chain in the
same region for hBChE. In addition, residue D311 in eqBChE
participates in a series of hydrogen bonds involving residues
T312 (3.0 A) and S315 (3.1 A), which appears to confer stability
on the butyl loop in eqBChE. Occupying the corresponding
position in hBChE, the residue G283 does not establish
specific interactions within the protein chain but confers
higher structural flexibility on hBChE because it causes fewer
steric effects.®® Thus, the more flexible hBChE loop is more
vulnerable to a change in its function caused by the presence
of a dimeric inhibitor. Furthermore, the presence of a bulkier
residue (V305) at the eqBChE catalytic gorge entrance may
introduce an element of steric hindrance in the binding of
THA dimers.”®

Table 1 shows a comparison between the K; values of a
given compound against both AChEs with an average variation
of 2.5 + 1.2-fold from one enzyme to another. Regarding BChE,
changes in potency occur on an average of 2.7 + 1.1-fold. This
result would suggest that, in terms of inhibitory potency, the
findings obtained for certain ChEs could be extrapolated
for human cholinesterases with relatively narrow limits of
oscillation. However, certain synthesized compounds show a
marked difference in their K; values, e.g., for AChE: 31
(51-fold), 20 (12-fold), 27 (10-fold) and 25 (9-fold) and for
BChE: 24 (17-fold), 22 (11-fold), 23 (10-fold) and 18 (6-fold).
Thus, our set of results clearly indicates that extrapolations in
inhibitory activities of cholinesterases must be used with

This journal is © The Royal Society of Chemistry 2013

caution, particularly for AChE. Indeed, structural peculiarities
of cholinesterases from different organisms appear to have a
great effect on the inhibition of AChE as BChE are found to be
more promiscuous.>®%7

The ICs, values relative to cholinesterases were determined
according to Korabecny et al.* and are shown in Table 2. A
comparison between K; and ICs, values shows that for a given
linker, the relationships of inhibitory potency remain the
same. However, some exceptions were found even with respect
to selectivity.

Fig. 2 shows the schematic representation of equilibria reac-
tions established among ChEs, their substrate and corres-
ponding inhibitors.

To determine the degree to which the binding of an inhibi-
tor changes the affinity of the enzyme for the substrate, we
obtained experimentally the a values using Dixon’s graphical
method (Table 3).5>%

Kp
E+S ES > E+P
+ Ks +
I |
Ki] (xKiﬂ
El+S ESI
oaKs

Fig. 2 Representation of equilibria reactions established in a medium contain-
ing a ChE, its substrate and a potential inhibitor (modified from Sussman
et al®%). E, enzyme; S, substrate; K, constant for substrate dissociation; K;, con-
stant for inhibitor dissociation; a, apparent constant; K,,, constant related to the
product formation.
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Table 3 Alpha (a) values for THA and corresponding dimers against
cholinesterases”

Compound hAChE hBChE EeAChE EgBChE
THA 5.41 3.13 1.4 2.41
14 2.57 1.03 2.22 3.92
15 2.30 2.21 5.15 1.16
16 10.7 9.67 2.24 3.00
17 2.40 4.13 1.38 1.78
18 1.62 1.61 2.57 1.50
19 65.8 2.12 2.06 4.39
20 2.39 8.19 2.71 1.68
21 7.12 1.91 2.16 1.73
22 1.90 1.97 5.77 1.71
23 1.05 4.29 1.96 1.71
24 1.62 2.98 2.06 1.65
25 1.87 1.27 2.27 2.24
26 2.36 2.5 2.16 2.20
27 3.65 1.68 2.09 1.55
28 3.72 6.11 1.19 3.80
29 6.18 1.24 4.00 1.13
30 4.74 3.38 31.0 1.41
31 1.77 2.59 2.77 12.7

“hAChE, human acetylcholinesterase; hBChE, human butyryl-
cholinesterase; EeAChE, Electrophorus electricus acetylcholinesterase;
eqBChE, equine butyrylcholinesterase.

The a values were in the range of 2-10 and corroborate
those previously described for THA and its derivatives.”® Thus,
the synthesized dimers still retain the high affinity of THA
from which they originated. Dimers such as 23 in relation to
hAChE (a = 1.05) and 14 relative to hBChE (a = 1.03) exhibit
higher similar interactions with the corresponding inhibited
ChE. In contrast, compound 19 relative to hChEs appears to
present a distinct pattern of interaction with the enzymes.®*
This result may be explained by the decreased flexibility and
increased volume of compound 19 and/or its greater competi-
tiveness as evidenced by the experimental double reciprocal
plot. The acetylation of the enzyme®* could make difficult the
accommodation of dimer 19 due to its volume.>> Overall, the «
values (Table 3) described here are in agreement with ChEIs
that exhibit a mixed-type inhibition profile."® Among the
enzymes investigated, EeAChE has the lowest variation of «
over a wide range of K; values. The reduction, on average,
of free energy necessary to bind the inhibitor to acetylated/
butylated ChE is usually by 6%."* Our findings show that the
highest values of free energy were as follows: hAChE (7.9%),
hBChE (5.9%), EeAChE (5.5%) and eqBChE (4.7%). Also, the
increase in the K; value suggests that the enzyme is experi-
encing steric/conformational changes during acetylation/
butylation.®® This also applies to K values.®>#¢

Molecular docking

The X-ray structure of the bis-7-THA:TcAChE complex (PDB
2CKM) was used to estimate the conformation of dimers by
molecular docking.*>*? Yonetani-Theorell’s kinetic analysis to
define the grid revealed that the synthesized dimers bind to
the catalytic gorge of EeAChE. Fig. 3 shows the binding of
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Fig. 3 Binding of compound 21 in the catalytic gorge of TcAChE.

compound 21 in the catalytic gorge of TcAChE obtained by
molecular docking.

We found similar results from the molecular docking of
other synthesized dimers into the activity site of AChE. Indeed,
the competition between dimer 21 and THA for the catalytic
site of EeAChE observed experimentally (Tables 1 and 2) was
confirmed by Yonetani-Theorell’s kinetic analysis.®®%”%8

The quinolinic cores of the dimer 21 establish two double
pi—pi stacking interactions with residues W279 (3.5 A) and Y70
(3.5 A) (Fig. 3, upper side) and F330 (3.4 A) and W84 (3.3 A)
(Fig. 3, lower side). The peptide carbonyl of H440 functions as
a hydrogen bond acceptor of the protonated pyridine nitrogen
present in 21 (3.6 A). The residue H440 comprises the catalytic
triad of this class of enzyme.?® Additionally, Y121 can establish
a hydrogen bond with the aromatic linker at a distance of
3.1A.

An inter-aromatic interaction is established between Y334
and the linker (3.1 A). A similar arrangement was observed for
other classes of ligands bearing a benzidine nucleus.”®

Our molecular docking results with synthesized THA
dimers are in agreement with those reported for other
dimers.*®*>®% The observed binding pattern is typical of
ligands with an increased ability to affect ChE activity.>® There-
fore, structural elements that play an important role in the
conformational/structural function/flexibility of the enzyme,
such as SHj-like structural domains,”” have the ability to be
altered/retained by the binding of the dimers. Thus, the posi-
tion, organization, and retention of the aromatic residues Y70,
Y121, and W279 (in the PAS) or W84, F330, and Y334 (in the
CAS) comprise likely hot-spots,”> whose loss of mobility
impacts ChE activity. These interactions contribute signifi-
cantly to the binding energy of the dimers that in turn result
in ChE inhibition (Table 1). The docking results suggest that
the search for inter-aromatic interactions between the linkers
and the ChE mid-gorge (Fig. 3) is a good strategy for the
design of better inhibitors. The best conformational results
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were verified for compounds with a notorious ability to inter-
act with both CAS/PAS and the half gorge region. In this sense,
the linker length (L; Scheme 1) will confer multi-binding
ability on the dimers. The experimental results support this
idea (Tables 1 and 2).

The increase in the “n” value augments the dimer potency
against BChE as this enzyme possesses a larger catalytic gorge.
As for AChE, molecular docking shows that improved inter-
actions occur for dimers with n = 1, similar to that observed
for THA.

The interaction of the dimer with the half-gorge region
shows that aromatic linkers are in closer contact with residues
Y334 and Y121 (Fig. 3) than with aliphatic ones. These obser-
vations suggest that the projection of the aromatic linker
toward the acyl pocket can be an important element in the
bioligand design strategy for this target. Other studies also
support this hypothesis.>*?%3

The arrangement of the positive charges of the ligand in
relation to aromatic residues of the enzyme (Fig. 3) is typical of
various dimeric cationic divalent cholinesterase inhibitors.®®
The minimum average distance observed for the synthesized
dimers in relation to Oy of $200 was 5.0 + 0.5 A. This is consist-
ent with the minimum value of 4.5 + 0.5 A described for other
mixed-type AChEIs**>?¢16%% and higher than that of edro-
phonium (3.4 A), a competitive AChEL*

The homodimer 21 was found to be the most selective
AChEI with the ratio K; (hBChE)/K; (hAChE) equal to 44
(Table 1).

The number of specific interactions established between 21
and hBChE (Fig. 4) is lower than that observed in the AChE
catalytic gorge. The most significant interactions established
were: (i) pi-pi stacking (3.7 A) between the quinolinic portion
of the ligand and the residue W82; (ii) inter-aromatic between
the linker and the residue Y332 (3.7 A) and (iii) those between

Fig. 4 Binding of compound 21 in the catalytic gorge of hBChE.
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the peptide carbonyl of H438 and the protonated pyridine
nitrogen ligand (3.4 A).

The absence of PAS in BChE®*°* makes AChE more eligible
as a target of synthesized dimers through the establishment of
pi-pi stacking interactions. Nevertheless, it is suggested that
Y332 in BChE compensates for the lack of PAS allowing for the
formation of pi-pi type stack interactions.”*®> From ITC
measurements, Boehr et al. suggested that each pi—pi stacking
interaction contributes with 2 kcal mol™ to the binding
energy.”® Taking this into account, the pi-pi type stack inter-
actions were the major contributors to the binding energy of
synthesized dimers as attested by the K; values (Table 1). These
specific interactions have been used to design specific inhibi-
tors for phosphotransferases®® and AChE/BChE as well.”

This study shows a significant contribution of residues
Y332 (pi-pi stacking) and D70 (hydrogen bonding) for the
stabilization of the synthesized dimers in catalytic site of
BChE. It is suggested that the interaction between dimeric
ligands and this region competes with the formation of inter-
actions between the ligand and the residue F278.”" In the case
of dimers with aromatic linkers, interactions with W84 would
be favoured over those with D70-Y332 due to the loss, to some
extent, of the pi-pi stacking interaction in the CAS.°** Dual
inhibitors bearing small linkers seem to be more efficient
BChEIs due to the ability to better interact with Y332.2%%
Interactions with W231, W430 and F329 also appear to be sig-
nificant. Dimers 29-31, which present longer linkers, are also
able to interact with residues F278, 1356 and Y282 (gorge
entrance). Molecular docking results suggest that the THA unit
of longer dimers interact in a face-to-edge fashion with F278.
Indeed, F278 has been suggested as a possible peripheral site
of interaction in BChE.”* Also, residues 1356 and Y282 com-
prise a small hydrophobic cluster in the AChE/BChE gorge
entrance.®”%’

Compound 16 was the most potent dimeric inhibitor of
BChE among the THA dimers tested (Tables 1 and 2). Mole-
cular docking analysis revealed that one acridine unit of 16
interacts with CAS while the other is oriented toward the flexi-
ble butyl pocket. Thus, the dimer 16 is completely inserted
into the lower region of the BChE gorge. As previously
suggested,”” the increase in “n” improves the inhibitory activity
of a due compound against BChE. Our results (Table 1),
however, show that the increase of “n” value must be
accompanied by an increase in the linker flexibility to guaran-
tee an enhancement of ChEI performance.

Conclusions

The THA dimeric derivatives used in this study act as mixed-
type ChEIs independent of the nature and length of the linker.
THA dimers bearing aromatic linkers establish specific inter-
actions with the half-gorge of the cholinesterase studied.
Therefore, the use of different aromatic linkers allows for
obtaining inhibitors of particular selectivity toward AChE or
BChE. Overall, the length, electronic features and flexibility of
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the aromatic linker play a pivotal role in the design of more
effective dual inhibitors of cholinesterases.

Experimental
General methods and materials

The substances used in this study (toluene, pentan-1-ol, com-
pounds 1-4 and 8-13, POCl;, NaHCO;, ethyl acetate, metha-
nol, dichloromethane and trifluoroacetic acid) were purchased
from Sigma-Aldrich and used without further treatment. The
synthesis reactions and products were monitored by thin layer
chromatography (TLC) (Polygram 0.20 mm MACHEREY-UV254
- NAGEL) under ultraviolet light (1 = 254 and 365 nm). Adsorp-
tion chromatography was performed using a column of silica
gel (70-230 mesh and 230-400 mesh, from Aldrich). The
melting temperatures were measured using a GEHAKA melting
point PF1500 apparatus. The nuclear hydrogen magnetic reso-
nance spectra ("H NMR) and carbon nuclear magnetic reson-
ance spectra (**C NMR) were obtained at 200 MHz on a Bruker
AVANCE DPX 200 spectrometer. For spectra at 400 MHz, a
Nuclear Magnetic Resonance Bruker AVANCE DRX 400 spectro-
meter was used. The chemical shifts (6) are expressed in parts
per million (ppm) and are related to signals from tetramethyl-
silane (TMS) in the 'H NMR spectra and by deuterated solvent
in the *C NMR spectra. The multiplicity of the signals in the
"H NMR spectra was indicated according to the following con-
vention: s (singlet), d (doublet), t (triplet), qui (quintet), and
m (multiplet). "H NMR data are presented in the following
order: chemical shift in ppm (integration, multiplicity, coup-
ling constant (/) in hertz (Hz), assignment). The characteriz-
ation of the compounds by single-crystal X-ray analysis was
performed at 7 = 150 K using a GEMINI 4-circles diffract-
ometer with a CCD detector. The absorbance readings for the
concentration-response curves and for the kinetic experiments
were performed at 412 nm on a Thermo Scientific Multiskan®
Spectrum microplate spectrophotometer managed by Thermo
Scientific Skanlt Software. The elemental analysis was per-
formed using a Perkin Elmer Series II - CHNS/O Analyser
2400. The HRMS measurements were performed using a
Shimadzu Liquid Chromatograph with a High Resolution
Mass Detector model LCMS-IT-TOF.

Synthesized compounds

9-Chloro-2,3-dihydro-1H-cyclopenta[b]quinoline (5). To a
mixture of 2-aminobenzoic acid (8.22 g, 59.95 mmol) and
cyclopentanone (6.07 g, 72.21 mmol) at 0 °C was added POCl;
(50 mL). The resulting mixture was heated at 120 °C, magneti-
cally stirred for 2 h and then cooled to room temperature. The
reaction mixture was then slowly added to an aqueous solution
of KOH (224 g in 400 mL of water) at 0 °C. The reaction
mixture was extracted four times with 100 mL of CH,Cl,. The
organic phase was dried with MgSO, and filtered, and the
solvent was removed under vacuum. The product was purified
using a flash silica column (eluent 10:4:0.1 hexane-ethyl
acetate-triethylamine). Compound 5 was obtained as a light
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beige solid (3.36 g, 16.48 mmol, 28%), mp 85-87 °C. 'H NMR
(200 MHz, CDCly): 6 = 7.98 (1H, d, Ji5 7.9), 7.89 (1H, d,
Js6 7-9), 7.53 (1H, t, Jas = Js6 7.9), 7.39 (1H, t, J3.4 = Js.4 7.9),
3.07 (2H, t, J10,0 7.5), 2.98 (2H, t, J10,11 7.5), 2.08 (2H, qui, Jo 10 =
Ji110 7-5). *C NMR (50 MHz, CDCL,): § = 167.6, 148.6, 137.7,
134.1, 129.3, 129.0, 126.6, 125.4, 123.7, 35.7, 30.5, 22.9.
Elemental analysis: calc. for C,,H,;(CIN: C, 70.77; H, 4.95; N,
6.88; found: C, 71.15; H, 4.51; N, 7.14. HRMS (ESI) calc. for
C12H1oCIN [M + H]': 204.0580, found: 204.0524.

9-Chloro-5,6,7,8-tetrahydroacridine (6). To a solution of
2-aminobenzoic acid (2.47 g, 17.98 mmol) in toluene (5 mL)
was added cyclohexanone (2.14 g, 21.78 mmol). The resulting
mixture was refluxed at 160 °C in a Dean-Stark apparatus with
magnetic stirring for 2 h. The system was cooled to room
temperature and maintained at 0 °C for 12 h. From 3.52 ¢
(16.2 mmol) of the formed precipitate, 3.38 g (15.54 mmol)
was slowly added to POCI; (10.01 g, 65.31 mmol) in a 25 mL
flask. The resulting mixture was stirred and refluxed at 120 °C
for 2 h. After this period, the mixture was cooled to room
temperature and then added slowly to an aqueous solution of
KOH (32.95 g KOH in 60 mL of water) in an ice bath with mag-
netic stirring. The reaction mixture was extracted four times
with 100 mL of CH,Cl,. The organic phase was dried with
MgSO,. The organic solvent was removed and the product was
purified using a flash silica column (eluent 10:0.1 chloro-
form-triethylamine). Compound 6 was obtained as a light
yellow solid (8.3 g, 14 : 16 mmol, 80%), mp 65-67 °C. "H NMR
(200 MHz, CDCl,): 6 = 8.10 (1H, d, /4 7.8), 7.96 (1H, d, Js6
7.8), 7.63 (1H, t, Jas = Jo5s 7.8), 7.48 (1H, t, J34 = J5.4 7.8),
3.15-2.90 (4H, m), 1.95-1.85 (4H, m). *C NMR (50 MHz,
CDCl;): 6§ = 159.6, 146.8, 141.7, 129.5, 129.0, 128.8, 126.7,
125.5, 123.9, 34.3, 27.7, 22.8. Elemental analysis: calc. for
C13H,,CIN: C, 71.72; H, 5.56; N, 6.43; found: C, 72.13; H, 5.62;
N, 6.63. HRMS (ESI) calc. for C;3H;,CIN [M + H]": 218.0737,
found: 218.1100.

11-Chloro-7,8,9,10-tetrahydro-6 H-cyclohepta[b]quinoline
(7). This compound was obtained using the same procedure
as that for compound 5. The following quantities of reagents
were used: 2.05 g (14.98 mmol) of 2-aminobenzoic acid, 1.69 g
(15.08 mmol) of cycloheptanone, 20.56 g (134.1 mmol) of
POCl;, 56.13 g of KOH in 100 mL of water, and 60 mL of
CH,Cl,. Compound 7 was obtained as a brown solid (0.54 g,
2.31 mmol, 16%), mp 91-93 °C. 'H NMR (200 MHz, CDCl,):
7.94 (1H, d, /43 7.6), 7.83 (1H, d, Js5.6 7.6), 7.46 (1H, t, J45 = Js.6
7.6), 7.33 (1H, t, J34 = Js.4 7.6), 3.16-2.86 (4H, m), 1.85-1.37
(6H, m). *C NMR (50 MHz, CDCl,): 164.7, 146.4, 139.7, 133.8,
129.1, 128.9, 126.7, 125.4, 124.5, 40.2, 31.9, 30.4, 27.5, 26.9.
Elemental analysis: calc. for C;,H,CIN: C, 72.57; H, 6.09;
N, 6.04; found: C, 72.90; H, 6.32; N, 6.84. HRMS (ESI) calc. for
C14H14CIN [M + HJ": 232.0893, found: 232.0810.

N-(7-(2,3-Dihydro-1H-cyclopenta[b]quinolin-9-ylamino)heptyl)-
2,3-dihydro-1H-cyclopenta[b]quinolin-9-amine (14). Compound
5 (228.6 mg, 1.12 mmol) was added to a solution containing
72.6 mg (0.56 mmol) of compound 8 in 1.5 mL of pentan-1-ol.
The mixture was refluxed for 40 h. The system was then cooled
to room temperature and 30 mL of 2 M HCI was added. The
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system remained under stirring at 40 °C for 2 h. The resulting
precipitate was filtered and washed with 2 mL of each of the
following solvents: water, toluene and hexane. The product
was recrystallized from a mixture of trifluoroacetic acid (TFA)-
water to produce a gray solid (405.3 mg, 0.448 mmol, 79%),
which decomposes at 333 °C. 'H NMR (400 MHz, CD;0D):
8.31 (2H, d, J3, 7.8), 7.82 (2H, t, J3,4 = J5.4 7.8), 7.71 (2H, d, J4 5
7.8), 7.60 (2H, t, /53 = Ja3 7.8), 3.79 (4H, t, J1415 7.5), 3.36 (4H,
t, Jos 7.5), 3.16 (4H, t, Jo 10 7.5), 2.26 (4H, qui, J10.0 = Js.0 7-5),
1.79-1.70 (4H, m), 1.52-1.41 (6H, m). ">*C NMR (100 MHz,
CD,;0D): 155.7, 139.9, 134.7, 128.3, 124.7, 121.4, 119.3, 112.3,
46.8, 33.5, 33.4, 33.2, 31.0, 28.5, 24.6. Elemental analysis: calc.
for CsyH3eN,-3C,HO,F5-H,0: C, 53.88; H, 5.01; N, 6.79; found:
C, 54.09; H, 5.23; N, 7.26. HRMS (ESI) calc. for C;HjcN,
[M + H]": 465.3018, found: 465.3182.
N-(7-(5,6,7,8-Tetrahydroacridin-9-ylamino)heptyl)-5,6,7,8-tetra-
hydroacridin-9-amine (15). This compound was obtained
using the same procedure as that for compound 14. The fol-
lowing quantities of the reagents were used: 206.9 mg
(0.95 mmol) of compound 6 and 61.5 mg (0.47 mmol) of com-
pound 8. However, recrystallization occurred from a metha-
nol-2 M HCI solution, from which compound 15 was obtained
as a pale green solid (221.6 mg, 0.39 mmol, 83%), mp
146-156 °C. "H NMR (400 MHz, CD;0OD): 8.38 (2H, d, /5, 7.9),
7.84 (2H, t, J3.4 = J54 7.9), 7.77 (2H, d, Ju 5 7.9), 7.57 (2H, t, Jo.3 =
Jas 7.9), 3.95 (4H, t, J1514 7.0), 3.01 (4H, t, Jog 5.2), 2.72-2.65
(4H, m), 2.03-1.78 (12H, m), 1.52-1.41 (6H, m). C NMR
(100 MHz, CD;0D): 158.9, 152.6, 140.6, 135.0, 127.3, 127.2,
121.0, 117.9, 113.7, 32.4, 30.8, 30.2, 28.5, 25.8, 23.9, 22.7.
Elemental analysis: calc. for C33H,0N4-4HCI: C, 62.07; H, 6.95;
N, 8.77; found: C, 62.06; H, 6.99; N, 8.54. HRMS (ESI) calc. for
C33H4oN, [M + HJ™: 494.3331, found: 494.2961.
N+(7-(7,8,9,10-Tetrahydro-6H-cyclohepta[b]quinolin-11-ylamino)-
heptyl)-7,8,9,10-tetrahydro-6 H-cyclohepta[ b]quinolin-11-amine
(16). This compound was obtained using the same procedure
as that for compound 14. The following quantities of reagents
were used: 223.0 mg (0.96 mmol) of compound 7 and 62.2 mg
(0.48 mmol) of compound 8. Compound 16 was obtained as
an orange solid (286.0 mg, 0.29 mmol, 61%), mp 160-165 °C.
"H NMR (400 MHz, CD;0D): 8.33 (2H, d, J5, 7.8), 7.85 (2H, t,
Jsa =Js4 7.8), 7.79 (2H, d, Ju5 7.8), 7.61 2H, t, J, 3 = J15 7.8),
3.78 (4H, t, Ji615 7.8), 3.17 (4H, t, Jog 5.5), 2.98 (4H, t, J1112
5.3), 2.00-1.90 (4H, m), 1.90-1.70 (12H, m), 1.44-1.37 (6H, m).
13C NMR (100 MHz, CD;0D): 160.5, 158.7, 139.5, 134.7, 128.1,
126.2, 121.3, 119.5, 118.7, 36.0, 33.0, 32.5, 30.8, 28.8, 28.6,
28.4, 27.7. Elemental analysis: calc. for C35H,4N,-4C,HO,F;: C,
52.87; H, 4.95; N, 5.74; found: C, 53.83; H, 4.52; N, 6.42. HRMS
(ESI) cale. for C35H,4N, [M + H]': 521.3644, found: 521.3404.
N',N*-Bis(2,3-dihydro-1H-cyclopenta[b]quinolin-9-yl )benzene-
1,4-diamine (17). This compound was obtained using the
same procedure as that for compound 14. The following quan-
tities of reagents were used: 231.1 mg (1.13 mmol) of com-
pound 5 and 61.5 mg (0.52 mmol) of compound 9. Compound
17 was obtained as a brown solid (359.8 mg, 0.4 mmol, 77%),
mp >360 °C. "H NMR (400 MHz, CD;0D): 8.46 (2H, d, J¢ 5 7.8),
7.96 (2H, t, Js.7 = Jo.7 7.8), 7.89 (2H, d, J5 6 7.8), 7.74 (2H, t, J5 6 =
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J76 7-8), 7.44 (4H, ), 3.25 (4H, t, J12.11 7.5), 2.52 (4H, t, J12.13
7.5), 2.23-2.11 (4H, m). >C NMR (100 MHz, CD;0D): 165.0,
153.5, 140.4, 139.9, 135.1, 129.0, 128.6, 125.5, 121.7, 120.6,
119.2, 33.8, 33.7, 25.0. Elemental analysis: calc. for
C30H,6N,-2C,HO,F5, C, 60.9; H, 4.21; N, 8.35; found: C, 61.39;
H, 3.52; N, 8.75. HRMS (ESI) calc. for CsoHyN4 [M + HJ'":
443.2236, found: 443.2278.

N',N*-Bis(5,6,7,8-tetrahydroacridin-9-yl)benzene-1,4-diamine
(18). This compound was obtained using the same procedure
as that for compound 14. The following quantities of reagents
were used: 232.1 mg (1.07 mmol) of compound 6 and 57.4 mg
(0.53 mmol) of compound 9. Compound 18 was obtained as a
brown solid (363.5 mg, 0.39 mmol, 74%), mp >360 °C.
'H NMR (200 MHz, CF;CO,D): 7.83-7.60 (6H, m), 7.35 (2H, t,
J7.6 =Js5,6 6.8), 7.16 (4H, s), 3.14-2.89 (4H, m), 2.75-2.58 (4H, m),
2.06-1.86 (8H, m). ">*C NMR (50 MHz, CF;CO,D): 156.5, 155.8,
141.4, 140.4, 136.3, 128.8, 127.7, 127.2, 121.6, 119.5, 118.3, 31.0,
26.3, 23.5, 22.5. Elemental analysis: calc. for
Ca,H30N,2C,HO,F,: C, 61.89; H, 4.62; N, 8.02; found: C, 62.05;
H, 3.93; N, 8.45. HRMS (ESI) calc. for Cs;,HzoN, [M + HJ:
471.2549, found: 471.2430. X-ray crystallography: Cs,H3oNy, tri-
clinic, P1, a = 8.7040(3) A, b = 10.8569(3) A, ¢ = 11.5890(3) A, a =
100.578(3), = 103.072(3), y = 96.793(3), v = 1033.93 A%, Z: 1
Z': 0, R = 5.41. ORTEP representation is shown in Fig. 5.

N',N*-Bis(7,8,9,10-tetrahydro-6H-cyclohepta[ b]quinolin-11-yl)-
benzene-1,4-diamine (19). This compound was obtained using
the same procedure as that for compound 14. The following
quantities of reagents were used: 233.8 mg (1.0 mmol) of com-
pound 7 and 54.66 mg (0.5 mmol) of compound 9. Compound
19 was obtained as an orange solid (405.8 mg, 0.43 mmol,
85%), mp 255-260 °C. "H NMR (400 MHz, CD;0D): 8.18 (2H,
d, Jo5 8.7), 7.96-7.89 (4H, m), 7.65-7.59 (2H, m), 7.18 (4H, s),
3.28 (4H, m), 2.90 (4H, t, Jis14 = 8.0), 1.95-1.89 (8H, m),
1.67-1.59 (4H, m). >C NMR (100 MHz, CD;0D): 163.2, 155.0,
141.8, 139.7, 135.1, 129.1, 126.7, 125.2, 125.0, 121.7, 36.6,
33.1, 29.4, 28.5, 27.7. Elemental analysis: calc. for
C3,H,,N,-2C,HO,F5-H,0: C, 61.29; H, 5.14; N, 7.52; found: C,
61.38; H, 4.0; N, 7.76. HRMS (ESI) calc. for C;4H3,N, [M + HJ":
499.2862, found: 499.2886.

N-{4-{4-({1H,2H,3H-Cyclopenta[ b]quinolin-9-yl}amino)phenyl]-
phenyl}-1H,2H,3H-cyclopenta[b]quinolin-9-amine  (20). This
compound was obtained using the same procedure as that for

Fig. 5 ORTEP representation of the X-ray crystal structure of compound 18.
The displacement of the ellipsoids is drawn at 50% probability.
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compound 14. The following quantities of reagents were used:
262.6 mg (1.29 mmol) of compound 5 and 124.2 mg
(0.67 mmol) of compound 10. Compound 20 was obtained as
a light yellow solid (515.9 mg, 0.53 mmol, 79%), mp
252-256 °C. "H NMR (400 MHz, CD;0D): 8.47 (2H, d, J5 7.8),
7.96 (2H, t, J100 = Js.0 7-8), 7.88 (2H, d, Jo 10 7.8), 7.84 (4H, d,
J3 8.5), 7.74 (2H, t, J;.5 = Jos 7.8), 7.44 (4H, d, J,; 8.5), 3.23
(4H, t, Jya13 7.5), 2.49 (4H, t, J1415 7.5), 2.14 (4H, qui, J1514 =
Jiaa 7-5). °C NMR (100 MHz, CD;0OD): 164.8, 153.5, 140.9,
140.6, 140.4, 135.0, 129.4, 129.0, 128.5, 125.5, 121.7, 119.2,
112.3, 33.7, 33.6, 25.0. Elemental analysis: calc. for
C36H30N,-2C,HO,F,-3H,0: C, 60.0; H, 4.78; N, 7.0; found: C,
60.25; H, 3.09; N, 7.03. HRMS (ESI) calc. for CsH;oN,
[M + HJ": 519.2549, found: 519.2311.
N-(4-{4-(1,2,3,4-Tetrahydroacridin-9-yl)amino|phenyl}phenyl)-
1,2,3,4-tetrahydroacridin-9-amine (21). This compound was
obtained using the same procedure as that for compound 14.
The following quantities were used: 266.0 mg (1.22 mmol) of
compound 6 and 108.8 mg (0.59 mmol) of compound 10.
Compound 21 was obtained as an orange solid (579.8 mg,
0.58 mmol, 98%), mp 186-192 °C. 'H NMR (400 MHz,
CD;OD): 8.00 (2H, d, /37 8.7), 7.90-7.83 (4H, m), 7.75 (4H, d,
Js2 8.7), 7.52-7.44 (2H, m), 7.29 (4H, d, J,; 8.6), 3.18 (4H, t,
Jiaz 6.3), 2.65 (4H, t, Ji5.16 6.1), 2.05-1.97 (4H, m), 1.97-1.87
(4H, m). *C NMR (100 MHz, CD;0D): 155.2, 142.2, 139.6,
139.1, 134.5, 129.0, 127.3, 126.5, 125.3, 120.6, 119.5, 117.9,
111.6, 29.8, 26.5, 23.0, 22.0. Elemental analysis: calc. for
CssH34N,-4C,HO,F5: C, 55.1; H, 3.82; N, 5.59; found: C, 55.6;
H, 2.83; N, 5.69. HRMS (ESI) calc. for C;gHzuN, [M + HJ:
547.2862, found: 547.3013. X-ray crystallography: C3sH3,N,, tri-
clinic, P1, a = 9.7578(2) A, b = 11.2552(3) A, ¢ = 11.8308(3) A,
a = 115.403(2), f = 97.181(2), y = 106.900(2), V = 1075.12 A®,
Z:17:0,R=4.93. ORTEP representation is shown (Fig. 6).
N-{4-[4-({6H,7H,8H,9H,10H-Cyclohepta[b]quinolin-11-yl}-
amino)phenyl|phenyl}-6H,7H,8H,9H,10H-cyclohepta[ b]quinolin-
11-amine (22). This compound was obtained using the same
procedure as that for compound 14. The following quantities
of reagents were used: 247.2 mg (1.06 mmol) of compound 7
and 96.9 mg (0.53 mmol) of compound 10. Compound 22 was
obtained as a yellow solid (502.6 mg, 0.49 mmol, 92%), mp
138-144 °C. "H NMR (400 MHz, CD;0D): 8.20 (2H, d, Js 8.2),
7.99-7.88 (4H, m), 7.69 (4H, d, Js, 8.6), 7.62 (2H, t, J; 5 =

Fig. 6 ORTEP representation of the X-ray crystal structure of compound 21.
The displacement of the ellipsoids is drawn at 50% probability.
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Jos 8:2), 7.20 (4H, d, ], 8.6), 3.35-3.24 (4H, m), 2.90 (4H, t,
Jiea7 5.2), 1.98-1.86 (8H, m), 1.68-1.58 (4H, m). *C NMR
(100 MHz, CD3;0OD): 163.2, 154.8, 144.0, 139.6, 138.9, 135.1,
129.7, 129.2, 126.8, 125.5, 124.1, 122.4, 121.7, 36.7, 33.1, 29.4,
28.5, 27.7. Elemental analysis: calc. for C;oH3gN,-4C,HO,F;: C,
55.93; H, 4.11; N, 5.44; found: C, 56.90; H, 3.29; N, 5.69. HRMS
(ESI) calc. for C4oH;35N, [M + H]': 575.3175, found: 575.3061.
N',N°-Bis(2,3-dihydro-1H-cyclopenta[b]quinolin-9-yl )naphtha-
lene-1,5-diamine (23). This compound was obtained using the
same procedure as that for compound 14. The following quan-
tities of reagents were used: 206.2 mg (1.01 mmol) of com-
pound 5 and 78.8 mg (0.5 mmol) of compound 11. Compound
23 was obtained as a dark green solid (303.6 mg, 0.32 mmol,
64%), which decomposes at 310 °C. "H NMR (400 MHz,
CD;0D): 8.63 (2H, d, Jo 5 7.0), 8.15 (2H, d, J1011 7.0), 8.00 (2H,
t, Joao = Ji1,10 7-0), 7.91 (2H, t, Js.0 = J10,0 7-0), 7.80 (2H, t, J5 5 =
Jas 8.0), 7.74-7.63 (4H, m), 3.20-3.14 (4H, m), 2.25-1.96 (4H,
m), 1.89-1.65 (4H, m). >*C NMR (50 MHz, CF;CO,D): 164.9,
154.3, 142.7, 140.2, 139.7, 136.0, 130.1, 130.0, 129.3, 124.5,
122.0, 120.1, 119.8, 119.5, 34.1, 33.4, 24.8. Elemental analysis:
cale. for Cs,H,gN,-2C,HO,F;-2H,0 C, 60.32; H, 4.53; N, 7.40;
found: C, 59.69; H, 2.91; N, 8.48. HRMS (ESI) calc. for
C34H,sN, [M + HJ™: 493.2922, found: 493.2452.
N',N°-Bis(5,6,7,8-tetrahydroacridin-9-yl)naphthalene-1,5-
diamine (24). This compound was obtained using the same
procedure as that for compound 14. The following quantities
were used: 208.2 mg (0.96 mmol) of compound 6 and 75.6 mg
(0.48 mmol) of compound 11. Compound 24 was obtained as
a dark brown solid (196.9 mg, 0.2 mmol, 42%), which decom-
poses at 280 °C. 'H NMR (400 MHz, CD;OD): 8.09 (2H, d,
Jos 8:2), 7.98 (2H, d, Ji011 8-2), 7.81 (2H, t, Jo10 = J11.10 8-2),
7.73 (2H, d, J5.4 8.2), 7.65 (2H, t, Jg.0 = J10,0 8.2), 7.60-7.52 (2H,
m), 7.29 (2H, t, J,.5 = J4 3 8.2), 3.23-3.10 (4H, m), 2.64-2.45 (4H,
m), 2.11-1.66 (8H, m). >*C NMR (100 MHz, CD;0D): 155.4,
153.5, 138.3, 130.8, 127.1, 126.9, 126.2, 126.0, 124.7, 124.2,
120.9, 120.0, 119.3, 117.6, 28.5, 24.8, 21.7, 20.6. Elemental ana-
lysis: cale. for C36H3,N,4-3C,HO,F3-H,0: C, 57.27; H, 4.23; N,
6.36; found: C, 57.74; H, 3.64; N, 7.82.
N',N°-Bis(7,8,9,10-tetrahydro-6H-cyclohepta[ b]quinolin-11-yl)-
naphthalene-1,5-diamine (25). This compound was obtained
using the same procedure as that for compound 14. The fol-
lowing quantities of reagents were used: 213.7 mg (0.92 mmol)
of compound 7 and 72.5 mg (0.46 mmol) of compound 11.
Compound 25 was obtained as a dark brown solid (263.5 mg,
0.26 mmol, 57%), which decomposes at 252 °C. 'H NMR
(400 MHz, CD;0OD): 8.14 (2H, d, J3, 8.6), 8.04-7.86 (6H, m),
7.61-7.49 (4H, m), 7.42-7.28 (2H, m), 3.29-3.23 (4H, m), 2.69
(4H, t, J1715 5.4), 1.94-1.74 (8H, m), 1.55-1.14 (4H, m). **C
NMR (100 MHz, CD;OD): 163.1, 156.8, 141.5, 132.2, 129.2,
129.0, 128.1, 126.4, 124.5, 123.6, 123.0, 122.2, 121.7, 121.1,
36.5, 32.9, 28.9, 27.8, 27.7. Elemental analysis: calc. for
Ci35H36N,-3C,HO,F5-H,0: C, 58.15; H, 4.55; N, 6.16; found: C,
57.68; H, 3.91; N, 7.82.
N-(4-((4-(2,3-Dihydro-1H-cyclopenta[b]quinolin-9-ylamino)-
phenyl)methyl)phenyl)-2,3-dihydro-1H-cyclopenta[b]quinolin-
9-amine (26). This compound was obtained using the same
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procedure as that for compound 14. The following quantities
of reagents were used: 195.0 mg (0.96 mmol) of compound 5
and 94.3 mg (0.48 mmol) of compound 12. Compound 26 was
obtained as a beige solid (436.6 mg, 0.44 mmol, 92%), mp
>360 °C. 'H NMR (400 MHz, CD;OD): 8.43 (2H, d, Jos 7.8),
7.93 (2H, t, J11,10 = Jo,10 7-8), 7.85 (2H, d, J1011 7.8), 7.71 (2H, t,
Js.o =Jioe 7-8), 7.38 (4H, d, [, 5 8.3), 7.29 (4H, d, J5 4 8.3), 4.16
(2H, s), 3.19 (4H, t, J15.14 7-6), 2.37 (4H, t, J15.16 7-6), 2.08 (4H,
qui, Ji615 = Jia1s 7-6). °C NMR (100 MHz, CD;OD): 164.5,
153.8, 142.8, 140.3, 139.1, 135.0, 131.4, 128.8, 128.7, 125.4,
121.6, 120.3, 118.5, 42.6, 33.6, 33.3, 24.9. Elemental analysis:
cale. for C3,H3,N,-3C,HO,F;-H,0: C, 57.85; H, 4.23; N, 6.28;
found: C, 58.26; H, 4.18; N, 7.26.

N-(4-((4-(5,6,7,8-Tetrahydroacridin-9-ylamino)phenyl )methyl)-
phenyl)-5,6,7,8-tetrahydroacridin-9-amine ~ (27). This com-
pound was obtained using the same procedure as that for com-
pound 15. The following quantities of reagents were used:
197.5 mg (0.91 mmol) of compound 6 and 89.9 mg
(0.45 mmol) of compound 12. Compound 27 was obtained as
an orange solid (248.1 mg, 0.39 mmol, 87%), mp 286-292 °C.
"H NMR (400 MHz, CD;0D): 7.90-7.84 (6H, m), 7.39 (2H, t, Js.0
= Ji0,0 8.0), 7.32 (4H, d, J, 5 8.0), 7.17 (4H, d, J5 4 8.0), 4.09 (2H,
s), 3.15 (4H, t, J15.14 6.0), 2.59 (4H, t, J1617 8.0), 1.99-1.89 (8H,
m). *C NMR (100 MHz, CD;0D): 155.4, 154.4, 140.7, 139.6,
134.3,131.2, 127.0, 126.5, 125.6, 121.0, 120.5, 111.1, 42.0, 32.4,
29.8, 26.3, 23.0, 22.0. Elemental analysis: calc. for
CsoH36N,-3HCI-H,0: C, 68.07; H, 6.04; N, 8.14; found: C,
68.33; H, 5.76; N, 8.28. HRMS (ESI) calc. for [C3oH36N; + H]":
561.3018, found: 561.3596.

N-(4-((4-(7,8,9,10-Tetrahydro-6 H-cyclohepta[ b]quinolin-11-
ylamino)phenyl)methyl)phenyl)-7,8,9,10-tetrahydro-6 H-cyclo-
hepta[b]quinolin-11-amine  (28). This compound was
obtained using the same procedure as that for compound 15.
The following quantities of reagents were used: 195.1 mg
(0.84 mmol) of compound 7 and 82.8 mg (0.42 mmol) of com-
pound 12. Compound 28 was obtained as a beige solid
(250.1 mg, 0.38 mmol, 90%), mp 246-251 °C. 'H NMR
(400 MHz, CD;0OD): 8.14 (2H, d, Jog 8.3), 7.91 (2H, t, J1110 =
Jo10 8:3), 7.89 (2H, d, J10.11 8.3), 7.56 (2H, t, Js.0 = J10,0 8.3), 7.25
(4H, d, J. 5 8.6), 7.10 (4H, d, J3, 8.6), 4.02 (2H, s), 3.28-3.22
(4H, m), 2.82 (4H, t, J1715 5.3), 1.93-1.82 (8H, m), 1.60-1.50
(4H, m). *C NMR (100 MHz, CD;0D): 162.9, 155.1, 142.6,
140.9, 139.5, 135.0, 132.0, 128.9, 126.7, 124.5, 122.0, 121.6,
42.4, 36.6, 33.1, 29.2, 28.4, 27.7. Elemental analysis: calc. for
Ca1H,oN,-4HCL-2H,0: C, 63.9; H, 6.28; N, 7.27; found: C, 64.0;
H, 4.41; N, 6.94.

N-(4-(2-(4-(2,3-Dihydro-1H-cyclopenta[ b]quinolin-9-ylamino)-
phenyl)ethyl)phenyl)-2,3-dihydro-1H-cyclopenta[b]quinolin-9-
amine (29). This compound was obtained using the same pro-
cedure as that for compound 14. The following quantities of
reagents were used: 189.5 mg (0.93 mmol) of compound 5 and
97.8 mg (0.46 mmol) of compound 13. Compound 29 was
obtained as a light gray solid (442.8 mg, 0.44 mmol, 96%). 'H
NMR (400 MHz, CD;OD): 8.41 (2H, d, Jo5 8.0), 7.92 (2H, t,
Ji110 = Jo1o 8.0), 7.84 (2H, d, Jio11 8.0), 7.70 (2H, t, Jso =
Ji00 8:0), 7.28 (4H, d, J, 5 8.3), 7.23 (4H, d, J5 4 8.3), 3.17 (4H, t,
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Jisaa 7.7), 3.07 (4H, s), 2.34 (4H, t, J1516 7.5), 2.07 (4H, qui,
Ji615 = J1aas 7.5). °C NMR (100 MHz, CD;0D): 164.4, 153.8,
143.3, 140.3, 138.8, 134.9, 131.3, 128.8, 128.5, 125.3, 121.6,
120.2, 118.3, 39.3, 33.6, 33.3, 24.8. Elemental analysis: calc. for
C35H;,N,-3C,HO,F5-H,0: C, 58.28; H, 4.34; N, 6.18; found: C,
58.41; H, 3.01; N, 7.13. HRMS (ESI) calc. for CjgHzN,
[M + H]": 547.2862, found: 547.3234.

N-(4-(2-(4-(5,6,7,8-Tetrahydroacridin-9-ylamino)phenyl)ethyl)-
phenyl)-5,6,7,8-tetrahydroacridin-9-amine ~ (30). This com-
pound was obtained using the same procedure as that for com-
pound 14. The following quantities of reagents were used:
188.7 mg (0.87 mmol) of compound 6 and 90.0 mg
(0.42 mmol) of compound 13. Compound 30 was obtained as
a yellow solid (368.0 mg, 0.36 mmol, 85%). 'H NMR (400 MHz,
CD;OD): 7.88-7.73 (6H, m), 7.37 (2H, t, Jso = Jio, 7.7), 7.23
(4H, d, J, 5 8.3), 7.13 (4H, d, J5 4 8.3), 3.12 (4H, t, J15 14 6.0), 3.03
(4H, s), 2.57 (4H, t, Ji617 6.0), 1.99-1.84 (8H, m). "*C NMR
(100 MHz, CD;0D): 156.2, 155.2, 142.3, 141.1, 140.3, 135.0,
131.8, 127.6, 127.2, 126.2, 121.2, 119.6, 117.4, 39.3, 30.4,
26.9, 23.7, 22.7. Elemental analysis: cale. for
CaoH3sN,-3C,HO,F5-H,0: C, 59.10; H, 4.64; N, 5.99; found: C,
59.06; H, 3.01; N, 7.13. HRMS (ESI) calc. for C,oH;sN,
[M + HJ": 575.3175, found: 575.3698.

N-(4-(2-(4-(7,8,9,10-Tetrahydro-6 H-cyclohepta[b]quinolin-11-
ylamino)phenyl)ethyl)phenyl)-7,8,9,10-tetrahydro-6 H-cyclohepta-
[b]quinolin-11-amine (31). This compound was obtained using
the same procedure as that for compound 14. The following
quantities of reagents were used: 195.3 mg (0.84 mmol) of
compound 7 and 88.3 mg (0.42 mmol) of compound 13. Com-
pound 31 was obtained as an orange solid (244.6 mg,
0.23 mmol, 55%). "H NMR (400 MHz, CD;0D): 8.11 (2H, d,
Jos 8.6), 7.91 (2H, t, J11.10 = Jo10 8.0), 7.86 (2H, d, Ji011 8.5),
7.55 (2H, t, Js.o = J10 7.7), 7.20 (4H, d, Ja 5 8.3), 7.07 (4H, d,
Jaa 8.3), 3.27-3.18 (4H, m), 2.98 (4H, s), 2.81 (4H, t, J17,15 5.2),
1.94-1.81 (8H, m), 1.60-1.49 (4H, m). *C NMR (100 MHz,
CD;0D): 162.7, 155.2, 142.3, 141.3, 139.5, 135.0, 131.9, 128.8,
126.7, 124.5, 124.1, 121.8, 121.6, 39.2 36.5, 33.1, 29.2, 28.5,
27.7. Elemental analysis: calc. for C;,H,,N4-2C,HO,F;-3H,0:
C, 62.44; H, 5.70; N, 6.36; found: C, 62.40; H, 4.65; N, 7.46.

Concentration-response curves and ICs, determination

The concentration-response curves for the determination of
IC5, values were obtained using Ellman’s methodology.’® The
enzymes hAChE (human acetylcholinesterase, recombinant,
expressed in HEK 293 cells, lyophilized powder, >1.500 units
per mg protein), hBChE (human, recombinant, expressed in
goat, >500 units per mg protein), EeAChE (Electrophorus electri-
cus, Type VI-S, lyophilized powder, 200-1.000 units per mg
protein) and eqBChE (from equine serum, lyophilized powder,
>900 units per mg protein) were purchased from Sigma-
Aldrich. The chemicals DTNB (5,5-dithio bis(2-nitrobenzoic
acid)), ATChI (acetylthiocholine iodide) and BTChI (S-butyryl-
thiocholine iodide) were also purchased from Sigma-Aldrich.
Enzyme activity was performed in phosphate buffer pH 8.0
containing 0.3 mM DTNB, either ATChI or BTChI at 0.3 mM
and each enzyme (individually) at 0.1 U mL™" in the presence
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or absence of tacrine or tacrine dimers (10~ to 107'° M). Reac-
tions were stopped after 2.5 min of incubation at 25 °C and
the absorbance was measured at 412 nm. All experiments were
done at least in triplicate and the percentage of inhibition
exhibited by each synthesized compound was calculated using
eqn (1), where A4; refers to the change in absorbance in the
presence of an inhibitor, and AA represents the change in the
average catalysis absorbance without an inhibitor.

1(%) = (1 _i‘:

The concentration-response curves were constructed by sig-
moidal regression from the data plot of % inhibition as a func-
tion of the log [inhibitor] with the aid of the Origin 6.0
software package (Microcal Software, Inc., Northampton, MA
01060, USA). The ICs, values were determined from the con-
centration-response curves and correspond to the concen-
tration of the inhibitor necessary to inhibit the enzyme activity
by 50%."*

) X 100 (1)

Kinetic assays

For the kinetic studies, the concentration of substrates varied
from 10~ to 107'° M while four different concentrations near
the IC;, were tested for tacrine or tacrine dimers. These exper-
iments were conducted at least in triplicate. The velocity of cat-
alysis was determined according to eqn (2), where AA refers to
the absorbance variation of the reference substance at a given
wavelength as a function of the reaction time, and 13 600
refers to the molar absorptivity coefficient of the anion 5-thio-
2-nitro-benzoic acid.

mol AA
v(iﬂ) =—— /13600 (2)
L min min

The kinetic profile was assessed using eqn (3), where v, is
the initial velocity, Vi is the maximum velocity for the
enzyme, [S] is the substrate concentration, [I] is the inhibitor
concentration, «a is the factor related to the change in the reac-
tion constant caused by the inhibitor, and K, is the Michaelis-
Menten constant,>®3>6:56:99,100

ol ®)
[s] (1 +a%> +Kn (1 +%>

The slope method was used to determine the inhibitory
constants.’® The a values were obtained from Dixon plots.*?
The slope and 1/Vy,ax values were determined from Lineweaver-
Burk plots.'”*

Vo =

Molecular modeling

The calculation of minimal energy and the estimation of pK,
values for the synthesized molecules were carried out using
the software Marvin Sketch 5.8.0 (Fine Builder) (ChemAxon)
and DS Visualizer 3.1 (Accelrys Inc.) and the AutoDock Tools
package (ADT 1.5.4)."°* X-ray structures available in the Protein
Data Bank (http:/www.rcsb.org) were used as follows: 3LII
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(hAChE),"” 1B41 (hAChE),'"** 4EY4 (hAChE),"" 1EA5
(TcAChE),"” 1ACJ] (TcAChE),*® 2CKM (TcAChE),* 1C20
(EeAChE),°> and 1POI (hBChE).”® The UniProtAC Q9N1N9
(eqBChE) program was used to build the homology model of
eqBChE.””””® The software SwissPDB Viewer 4.0.17° was used
for removing water molecules and obtaining the final protein
structure. The software AutoDock Vina'®> was adopted to
perform molecular docking, in which the receptor structure
was defined as rigid, and the grid dimensions were 74 A, 52 A
and 78 A for the axes X, Y and Z, respectively, in the catalytic
gorge region with a resolution of 0.375 A. The visualization
studies were conducted with PyMOL Viewer™ 1.3,
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