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ABSTRACT: A family of huprine—tacrine heterodimers has been developed to simultaneously block the active and peripheral
sites of acetylcholinesterase (AChE). Their dual site binding for AChE, supported by kinetic and molecular modeling studies,
results in a highly potent inhibition of the catalytic activity of human AChE and, more importantly, in the in vitro neutralization
of the pathological chaperoning effect of AChE toward the aggregation of both the -amyloid peptide (Aff) and a prion peptide
with a key role in the aggregation of the prion protein. Huprine—tacrine heterodimers take on added value in that they display a
potent in vitro inhibitory activity toward human butyrylcholinesterase, self-induced Af aggregation, and f-secretase. Finally, they
are able to cross the blood—brain barrier, as predicted in an artificial membrane model assay and demonstrated in ex vivo
experiments with OF1 mice, reaching their multiple biological targets in the central nervous system. Overall, these compounds
are promising lead compounds for the treatment of Alzheimer’s and prion diseases.

B INTRODUCTION public interest. The devastating nature and public health
Alzheimer’s disease (AD) and prion diseases are fatal concerns posed by Alzheimer’s and prion diseases render the
progressive neurodegenerative disorders with a devastating development of effective drugs against these disorders an acute
albeit very different impact on humans. Worldwide, it is clinical need.”

estimated that 35 million people suffer dementia, most cases Very interestingly, despite the significant differences in
being due to AD," whereas prion diseases affect approximately incidence, as well as in clinical symptomatology and disease
one individual in 1 million people each year.” Although evolution, AD and prion diseases share common hallmarks and
relatively rare, the emergence of variant Creutzfeldt-Jakob

disease in the human population likely due to the consumption Received: June 28, 2011

of contaminated beef products has attracted much scientific and Published: December 19, 2011
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similar pathogenic mechanisms,*® among them oxidative stress,
excessive transition metal ions, and prominently aggregation
and accumulation in the brain of a f-sheet rich protein as
fibrillar amyloid deposits, namely the f-amyloid peptide (Af)
in AD, a 39—43-amino acid peptide arising from the proteolytic
cleavage of the amyloid precursor protein (APP) by the
sequential action of the enzymes f-secretase (BACE-1) and y-
secretase, and the scrapie prion protein (PrP%), a conforma-
tionally altered isoform of the 209-amino acid normal cellular
prion protein (PrP€).>>® Consequently, similar therapeutic
approaches against Alzheimer’s and prion diseases could be
envisaged, including antioxidants, f-sheet breakers, and metal
chelators.*%”

Because aggregation of misfolded AB or PrP* is widely
accepted to be a key event in the early pathogenesis of
Alzheimer’s and prion diseases,”® anti-AD and anti-prion drug
discovery is to a large extent driven by the design of Af and
prion protein aggregation inhibitors. Thus, A aggregation
inhibitors have been extensively studied in the past,” whereas
the design of prion protein anti-aggregating compounds is
becoming increasingly popular,'® by disruption of protein—
protein interactions through a direct action on the protein
prone to aggregation. However, the conversion of soluble Af or
PrP€ into each pathological f-sheet rich conformer and their
subsequent aggregation can be promoted by the action of
pathological chaperones.® Indeed, apolipoprotein E (apoE),""
al-antichymotrypsin,'' Clq complement factor,'* and acetyl-
cholinesterase (AChE)'® have been reported to accelerate A
aggregation in vitro. Very interestingly, a critical dependence of
A deposition in plaques on the presence of apoE and AChE
has also been confirmed in vivo in transgenic mice models of
AD."*'* The pathological chaperoning effect of apoE and
AChE seems to be initiated by the binding to A through
hydrophobic interactions to form stable complexes that are
prone to aggregation.'*'®'” Inhibition of the pathological
chaperoning effect of these molecules by blockade of these
hydrophobic interactions has emerged as a promising approach
to reducing the level of protein aggre%ation and modifying
disease progression at a very early stage.” Binding of AChE to
Ap is proposed to be mediated by the AChE peripheral site,'®
located at the mouth of a 20 A narrow gorge at the bottom of
which the catalytic site is placed. Thus, compounds able to
block either the AChE peripheral site or simultaneously both
the catalytic and peripheral sites [dual-binding site AChE
inhibitors (AChEIs)] have emerged as promising new drug
candidates for mitigating the pathological chaperoning effect of
AChE. The proof of concept of this approach has been
obtained from a few dual-binding site AChEIs,"*2° which have
been shown to reduce brain amyloid load and improve
cognition in animal models of AD. One of them, Noscira’s
NP-61, is currently in phase I clinical trials for AD in the United
Kingdom.

It remains to be determined whether a similar approach can
be used against prion diseases. A first step in this direction has
been the recent discovery of a similar pathological chaperoning
effect of AChE toward prion peptide aggregation. Thus, AChE
has been reported to promote in vitro the aggregation of
PrP106—126,>" one of the key domains involved in the
aggregation and conformational change of the prion protein,
and PrP82—146, the main component of the amyloid plaques
found in patients with Gerstmann-Striussler-Scheinker disease,
accelerating oligomer and amyloid fibril formation.”* Not
unlike the interaction with Af, the PrP pro-aggregating action
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of AChE seems to reside in its peripheral site, as addition of the
specific peripheral site inhibitor propidium iodide results in the
inhibition of AChE-induced PrP106—126 and PrP82-146
aggregation. Thus, at 100 uM, propidium iodide inhibits the
AChE-induced aggregation of Aﬂ,23 PrP106—126,>" and
PrP82—146> by 82, 87, and 78%, respectively. However,
because of its DNA—RNA intercalating properties and the
presence of two quaternary nitrogen atoms, which prevents its
entry into the central nervous system (CNS), propidium iodide
does not have any therapeutic applicability. Alternatively, dual-
binding site AChEIs should also be able to inhibit the AChE-
induced PrP aggregation, although no example of such a class of
compounds with this activity has been reported.

Recently, we described a short series of dual-binding site
AChEIs,** consisting of a unit of racemic huprine Y [(£)-6
(Scheme 1)], a high-affinity reversible AChEI, ° and a unit of

Scheme 1. Synthesis of the Huprine—Tacrine Heterodimers
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tacrine [1 (Scheme 1)], a known AChEI with reported affinity
for both the active and peripheral sites of AChE,* or its 6-
chloro-substituted analogue, 6-chlorotacrine (2), connected
through a linker of suitable length. These racemic huprine—
tacrine heterodimers exhibited a very potent inhibitory activity
toward human erythrocyte AChE and human serum butyr-
ylcholinesterase (BChE),** although their mechanism of action,
ie, the dual-site binding to AChE, as well as their anti-
amyloidogenic effects remained to be determined.

Herein, we describe the synthesis of several enantiopure
huprine—tacrine heterodimers and new longer racemic
homologues, as well as a thorough pharmacological evaluation
of the new heterodimers and those previously reported,
including, on one hand, the determination of their inhibitory
activity toward AChE-induced Af and PrP aggregation and
toward human recombinant AChE. The mechanism of action
responsible for these activities has been studied by means of
molecular dynamics simulations and kinetic studies. On the
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Table 1. Inhibitory Activities of the Dihydrochlorides or Trihydrochlorides of Huprine—Tacrine Heterodimers and Reference
Compounds toward AChE and AChE-Induced Af,_,, and PrP106—126 Aggregation, BChE, Self-Induced Af,_,, Aggregation,
and BACE-1“

hAChE ICy, AChE-induced Af,_4 AChE-induced PrP106—126 hBChE ICs, Af_4, self- mduced BACE-1
compd (nM)* aggregation® (%) aggregation (%) (nM)* aggregatlon (%) inhibition® (%)
(£)-7a 089 + 0.07 444 + 13 90.9 + 2.0 246 + 1.5 444 + 7.0 na
(£)-7b  1.89 +0.19 56.9 + 5.1 89.1 + 2.5 87.1 + 4.2 515 + 3.1 na
(=)-7b 133 £ 007 664 + 1.3 911 + 1.3 133 + 4.1 60.8 + 6.4 na’
(+)-7b  6.84 + 048 56.5 + 3.0 83.5 + 3.4 139 + 52 57.0 £ 7.2 na’
(£)-7c 042 + 0.04 388 + 3.7 924 + 0.6 442 + 1.3 28.1 + 6.4 na’
(+)-7d 138 +0.13 66.9 + 1.3% 87.3 + 2.8" 742 + 57 63.7 + 4.0 na'
(£)-7e 3.3 +037 57.8 + 0.4 87.2 + 2.9 433 + 42 537 £ 0.9 265 + 1.6
(x)-7¢ 4.19 + 0.39 541+ 03 934 + 1.2 26.6 + 2.5 333 + 49 348 + 2.5
(+)-8a 074 + 007 30.0 + 3.7 919 + 1.4 752 + 2.6 309 +22 185 + 3.5
(£)-8b  4.02 + 027 442 + 57 84.5 + 3.9 73.3 + 6.0 37.0 + 5.7 40.9 + 0.4
(-)-8b 204 + 024 27+ 11 794 + 8.3 86.8 + 4.2 322 +27 400 + 2.8
(+)-8b 115 + 1.08 449 +22 83.1 %55 474 + 4.4 45.5 + 3.6 418 + 0.7°
(£)-8c 031 + 0.02 352 +29 87.5 + 2.2 513 + 4.6 386 + 5.5 na"
(£)-8d  1.32 + 0.09 472 + 14 87.2 + 2.6' 35.1 + 3.8 30.3 + 0.2 46.6 + 3.1™
(£)-8¢ 326 +0.19 23.5 + 0.4 91.7 + 2.5 272 +23 36.3 + 4.0 416 + 1.0"
(£)-8f 9.09 + 0.92 234 + 2.3 904 + 1.3 76.6 + 4.9 29.3 + 4.7 403 + 0.1°
(x)-6 0.69 + 0.03 17.1 + 4.5 69.0 + 1.3 175 + 63 nd? nd?
(-)-6 043 + 0.03 247 + 1.3 nd? nd? 115 + 52 140 + 0.1
(+)-6 13.6 + 1.50 9.1 + 3.6 nd? nd? 132 + 19 13.6 + 23
1 317 + 153 52 429 162 + 1.7 24.5 + 0.6 56 + 1.6 na

“Values are expressed as means + the standard error of the mean (SEM) of at least four experiments (1 = 4), each performed in duplicate (AChE
and BChE inhibition), three experiments (n = 3), each performed in duplicate (AChE-induced, self-induced AfS aggregatlon, and BACE-1
inhibition), or three experiments (n = 3), each performed in triplicate (AChE-induced PrP106—126 aggregatlon inhibition). “ICy, inhibitory
concentration of human recombinant AChE or human serum BChE. “Percent inhibition with inhibitor at 100 yM. #Percent inhibition with inhibitor
at 10 uM (S:1 [AB]:[1]). “Percent inhibition with inhibitor at 5 #M, and human recombinant BACE-1 (Sigma) and substrate M-2420 (Bachem) (for
huprine— tacrlne heterodimers) or human recombmant BACE-1 (Inwtrogen) and substrate Panvera Peptide (Inwtrogen) (for reference
compounds). /Not active. 8ICso = 61.3 + 5.4 uM. Icso— 68.7 + 1.0 nM. “ICyo = 7.3 + 0.8 uM./ICy, = 5.7 + 0.5 uM. IC50 =59+ 1.1 yM. ICSO—
263 &+ S0 nM. "ICyy = 4.9 + 0.6 uM. "ICg, = 5.8 + 1.2 uM. °ICyy = 6.6 + 0.1 uM. PNot determined.

other hand, other anti-amyloidogenic activities such as the or 6-chlorotacrine and huprine Y. Alternative procedures based
inhibitory activities toward Af self-induced aggregation and on the high-temperature nucleophilic aromatic substitution of
BACE-1 as well as the BChE inhibitory activity have been 4-chloroquinoline derivatives with a,@-diaminoalkanes™® or Pd-
evaluated for the whole family of huprine—tacrine hetero- catalyzed amination reactions®"** were discarded because they
dimers. Finally, the penetration of these compounds into the required the use of a huprine-related 4-chloroquinoline
brain has been assessed using an artificial membrane assay and precursor not readily available.**
ex vivo experiments. Thus, alkylation of tacrine (1) or 6-chlorotacrine (2)** with
1,9-dibromononane or 1,10-dibromodecane in the presence of
H RESULTS AND DISCUSSION KOH in DMSO?® afforded bromoalkyltacrines 4e,f and Se,f in
Chemistry. The previously described huprine—tacrine moderate yields (Scheme 1). Alkylation of racemic huprine Y,
heterodimers bear a unit of racemic huprine Y and a hexa-, (£)-6, with 4e,f and Se,f under similar reaction conditions,
hepta-, 4-methyl-4-azahepta-,>” or octamethylene linker followed by purification via silica gel column chromatography,
[(£)-7a—d and (+)-8a—d (Scheme 1)]. With regard to the afforded the racemic heterodimers (+)-7e,f and (+)-8e,f in
interaction with the catalytic site of AChE, it is well established moderate to good yields.
that the eutomer in the family of huprines is the levorotatory Different attempts to chromatographically resolve (+)-8b at
enantiomer, bearing the 78,118 configuration.>>*%*’ preparative scale by medium-pressure liquid chromatography
In this work, we have synthesized the new longer nona- and (MPLC) using microcrystalline cellulose triacetate as the chiral
decamethylene-linked homologues in racemic form [(%)-7e, stationary phase®* under different conditions were fruitless.
(+)-7f, (+)-8e, and (+)-8f], as well as the enantiopure Eventually, we managed to set up a novel methodology that
(=)-(75,11S)- and (+)-(7R,11R)-heptamethylene-linked heter- allowed the resolution of (+)-8b, based on preparative high-
odimers (—)-7b, (+)-7b, (—)-8b, and (+)-8b (Scheme 1), to performance liquid chromatography (HPLC) using amylose
determine if longer tether lengths could lead to improved tris(3,5-dimethylphenylcarbamate) as the chiral selector in the

blockade of the AChE peripheral site upon dual-site binding to stationary phase and a 100:0.2 acetonitrile/Et,NH mixture as
the enzyme and to assess potential differences in potency the eluent, which afforded (—)-8b and (+)-8b in >99 and 97%

between the enantiomers of huprine—tacrine heterodimers with ee, respectively, albeit in insufficient amounts to allow their
respect to the different blologlcal activities to be tested. complete chemical and pharmacological characterization.

As previously described,* the synthesis of the new huprine— Alternatively, enantiopure heterodimers (—)- and (+)-7b and
tacrine heterodimers was envisaged by nucleophilic substitution (=)- and (+)-8b were prepared at a more suitable scale
of a,w-dihaloalkanes with 4-aminoquinoline derivatives tacrine (decigram scale) and in good yields by chromatographic
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resolution of huprine Y, (+)-6, by our previously described
methodology,®* followed by alkylation of the obtained
enantiopure (—)- or (+)-6 with bromoheptyltacrine 4b or Sb,
respectively (Scheme 1).

The novel huprine—tacrine heterodimers were fully charac-
terized as dihydrochlorides via their spectroscopic data and
elemental analyses. Pharmacological evaluation of the complete
family of huprine—tacrine heterodimers was conducted from
their dihydrochloride or trihydrochloride salts.

Pharmacology and Molecular Modeling. Inhibition
of Human AChE and AChE-Induced Af and PrP Aggrega-
tion. AChE Inhibition. Huprine—tacrine heterodimers were
rationally designed to hit AChE as their primary biological
target, in a dual-site binding fashion, which should endow these
compounds with the ability to block the enzyme catalytic
activity and, more interestingly, the pathological chaperoning
effect of AChE toward both Af and PrP aggregation. The
AChE inhibitory activity of the novel heterodimers (+)-7ef,
(£)-8e,f, (—)-7b, (+)-7b, (—)-8b, and (+)-8b was assayed by
the method of Ellman et al.*® on human recombinant AChE
(hAChE) (Table 1). Also, the previously synthesized
heterodimers (+)-7a—d and (+)-8a—d, which had been
evaluated using human erythrocyte AChE, were re-evaluated
using the more readily available human recombinant enzyme.

All the huprine—tacrine heterodimers are very potent
inhibitors of human recombinant AChE, exhibiting IC;, values
in the subnanomolar to low nanomolar range. The presence or
absence of a chlorine atom at position 6 of the tacrine unit does
not seem to have a clear effect on hAChE inhibitory activity,
thus suggesting that the tacrine unit is binding at the AChE
peripheral site, rather than the active site. Conversely, some
clear trends were found regarding the length and nature of the
linker of these heterodimers. On one hand, the inhibitory
activity was maximal when a chain of six methylenes was
present and decreased in the longer homologues, heterodimers
(£)-7a and (+)-8a being S- and 12-fold more potent than
decamethylene-linked heterodimers (+)-7f and (+)-8f, re-
spectively. A second peak of activity was found for octa-
methylene-linked heterodimers (+)-7d and (+)-8d, which
turned out to be 3- and 7-fold more potent than (+)-7f and
(£)-8f, respectively. On the other hand, replacement of the
central methylene group of the tether chain of heptamethylene-
linked compounds (+)-7b and (+)-8b with a protonatable
methylamino group, (£)-7c and (+)-8¢, respectively, resulted
in §5- and 13-fold increased hAChE inhibitory potency,
respectively. These results are in agreement with those reported
by Savini et al. for a series of tacrine homodimers and may be
ascribed to additional cation—7 interactions with some
midgorge aromatic residues, which would act as a third
recognition site within the active site gorge of AChE, apart
from the active and peripheral sites.”” As expected, the
levorotatory (7S,11S)-huprine-based heterodimers are the
eutomers with regard to hAChE inhibition, compounds
(=)-7b and (—)-8b being S—6-fold more potent than the
dextrorotatory enantiomers.

Overall, the most potent huprine—tacrine heterodimers are
(+)-7c and (+)-8c, which turned out to be ~2- and ~750—
1000-fold more potent than the parent (+)-huprine Y and
tacrine, respectively, and (+)-7a and (#)-8a, which were
roughly equipotent to (#)-huprine Y and around 400-fold
more potent than tacrine.

AChE-Induced Ap Aggregation Inhibition. The ability of

the huprine—tacrine heterodimers to block the chaperoning
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effect of AChE toward Af,_,o ag§regation was assessed using a
thioflavin T fluorescent method,” and the parent racemic and
enantiopure huprines and tacrine as reference compounds
(Table 1). Huprine—tacrine heterodimers, at 100 xM, exhibited
a significant inhibitory activity toward hAChE-induced Ap
aggregation, with percentages of inhibition ranging from 39 to
67% in the tacrine-based heterodimers and from 23 to 47% in
the chlorotacrine-based heterodimers. All heterodimers are
clearly more potent Af anti-aggregating compounds than the
parent huprine Y and tacrine. The structural features leading to
a stronger Af anti-aggregating effect are the presence of an
unsubstituted tacrine unit and an octamethylene linker,
heterodimer (+)-7d being the most potent of the family
(ICyy = 61.3 + 5.4 uM.). In contrast with the trends found
regarding hAChE inhibition, (i) the presence of a protonatable
amino group within the linker seems to be detrimental for the
AChE-induced Af aggregation inhibitory activity and (i) there
are no significant differences in Af anti-aggregating activity
between enantiomeric huprine—tacrine heterodimers.

AChE-Induced PrP106—126 Aggregation Inhibition. The
ability of the huprine—tacrine heterodimers to block the
chaperoning effect of AChE toward PrP106—126 aggregation
was assessed through fluorescence microscopy analysis using a
peptide containing a coumarin fluorescent probe (coumarin
PrP106—126) and bovine AChE.*' The parent racemic and
enantiopure huprines as well as tacrine were also evaluated as
reference compounds (Table 1). All the huprine—tacrine
heterodimers, at 100 uM, turned out to be potent inhibitors
of the AChE-induced PrP106—126 aggregation with percen-
tages of inhibition generally higher than 80%, and, therefore,
without significant differences between compounds bearing an
unsubstituted or chloro-substituted tacrine unit, between
different tether lengths, or between enantiomers. To the best
of our knowledge, this is the first report of a family of dual-
binding site AChEIs able to neutralize the pathological
chaperoning effect of AChE toward both Af and PrP
aggregation.

Even though huprine—tacrine heterodimers are more potent
Ap and PrP anti-aggregating compounds than the parent
tacrine and huprine Y, the latter compound exhibits a
remarkable inhibitory activity (17 and 69% inhibition of
AChE-induced A and PrP106—126 aggregation, respectively).
Indeed, huprine X, the 9-ethyl-substituted analogue of huprine
Y, has recently been reported to decrease by 40% levels of
insoluble AB, 4, in the hippocampus of a transgenic mouse
model of AD.*® (—)-Huprine X has been shown to tightly bind
to the AChE active site,” but kinetic studies have demonstrated
that this compound also interferes with the binding of the
peripheral site AChEI propidium to AChE.*> The binding
geometry and added molecular volume of huprines, when
bound to the active site, could therefore account for the
decreased affinity of peripheral site ligands such as propidium,
which could also be the case for Af and PrP.

The potent and greater (relative to the parent huprine Y and
tacrine) inhibitory activity of huprine—tacrine heterodimers
toward hAChE and AChE-induced A and PrP aggregation
might be ascribed to dual-site binding to the enzyme.

Kinetic Analysis of AChE Inhibition. To gain insight into the
mechanism of action of the huprine—tacrine heterodimers,
responsible for AChE inhibition as well as AChE-induced Af
and PrP aggregation, we conducted both kinetic analysis and
molecular modeling studies of the interaction of selected
compounds with hAChE. The mechanism of AChE inhibition
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Figure 1. Representation of the mode of binding of (—)-8b (green) in the catalytic gorge of hAChE. The left panel shows the superposition of the
snapshots at the beggining and end of the 34 ns trajectory, and of the snapshots taken every S ns. The right panel shows the superposition of bis(7)-
tacrine (yellow) and (—)-8b in the final snapshot of the trajectory (magenta) and X-ray structure 2CKM (orange). The side chains of selected

residues are also shown (hydrogens omitted for the sake of clarity).

was investigated in vitro using compound (—)-8b. Graphical
analysis of the overlaid reciprocal Lineweaver—Burk plots
(Figure S2 of the Supporting Information) showed both
increasing slopes (decreased V) and increasing intercepts
(higher K,,) at increasing inhibitor concentrations, this pattern
being indicative of a mixed-type inhibition. Thus, this kinetic
study supported the dual-site binding to AChE as the
mechanism of action of this compound. Replots of the slope
versus concentration of (—)-8b give an estimate of the
competitive inhibition constant, K;, of 1.51 nM.

Molecular Modeling Studies. The mechanism of action of
huprine—tacrine heterodimer (—)-8b on AChE was further
studied by molecular dynamics (MD) simulations. To this end,
the orientation of the inhibitor in the catalytic gorge of AChE
was modeled by taking advantage of the X-ray structural data
available for distinct AChE—ligand complexes. The X-ray
structure of the complex between Torpedo californica AChE
(TcAChE) and the heptamethylene-linked bis(4-aminoquino-
line)-based compound bis(7)-tacrine (PDB entry 2CKM)*’
was used as template to orient (—)-8b. Both huprine and 6-
chlorotacrine units in (—)-8b should be capable of interacting
simultaneously at both catalytic and peripheral sites of the
enzyme, thus mimicking the interaction of the two tacrine units
of bis(7)-tacrine with Trp84 (catalytic site; Trp86 in hAChE)
and Trp279 (peripheral site; Trp286 in hAChE). Taking into
account the larger hAChE inhibitory activity of (—)-huprine Y
relative to that of 6-chlorotacrine (31-fold more potent against
recombinant hAChE, as the experimentally measured ICs of 6-
chlorotacrine is 13.2 nM), we placed the huprine Y moiety of
(—)-8b in the catalytic site and its 6-chlorotacrine unit in the
peripheral site. From a structural viewpoint, the 4-aminoquino-
line unit of (—)-huprine X bound to TcAChE (PDB entry
1E66)* superposes well with the corresponding unit of tacrine
in its complex with TcAChE (PDB entry 1ACJ),*® and with the
tacrine moiety of bis(7)-tacrine that fills the active site in
2CKM. This arrangement permits the carbobicyclic system of
(—)-huprine X to be accommodated in a pocket defined by
aromatic residues Phe288, Phe290, and Phe331, whereas the
chlorine atom at position 3 fills a hydrophobic pocket
delineated by Trp432 and Met436 (Figure S3 of the Supporting
Information). A similar arrangement might be expected for the
binding of the huprine moiety of (—)-8b to the catalytic site.
With regard to the peripheral site interacting unit, two
orientations that differ by a 180° rotation around the N—N
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axis of the central ring of the 6-chlorotacrine unit of (—)-8b
were considered (Figure S3 of the Supporting Information),
namely, a first binding mode in which the chlorine atom was
oriented toward the aqueous solvent (denoted as binding mode
A) and an alternative binding mode in which the chlorine atom
was oriented toward the interior of the peripheral site (denoted
as binding mode B). In both orientations, the 6-chlorotacrine
moiety would stack against Trp279 and Tyr70 (Trp286 and
Tyr72, respectively, in hAChE). However, the pseudoplanar
structure of the 6-chlorotacrine moiety and the large
accessibility of the peripheral site make it difficult to discern
a priori between the two arrangements in the peripheral site.
After 34 ns MD simulations of these two alternative modes
of binding of (—)-8b to hAChE, orientation A seemed to be the
most favorable. The reliability of this binding mode is
supported by the structural integrity and energetic stability of
the snapshots collected from the trajectory (Figure 1 and
Figure S4 of the Supporting Information). The root-mean-
square deviation (rmsd) of the protein backbone amounts to
1.9 A, which is slightly larger than the rmsd determined for the
set of residues that delineate the binding cavity, including
catalytic, midgorge, and peripheral sites (1.4 A). The
heteroaromatic ring system of the (—)-huprine moiety is firmly
stacked against the indole ring of Trp86 (average distance of
4.0 A) and the phenol ring of Tyr337 (average distance of 3.8
A). Moreover, the stacked complex is further stabilized by the
hydrogen bond between the protonated quinoline nitrogen
atom and the carbonyl group of His447 (2.9 A). On the other
hand, the 6-chlorotacrine unit remains stacked against the
aromatic rings of Trp286 and Tyr72 (average distances of 3.7
and 3.8 A, respectively). Even though there are no specific
interactions between the heptamethylene linker and the
residues in the midgorge, it is worth noting that the structural
integrity of the binding site is assisted by a network of transient
hydrogen bonds between different residues, namely, hydrogen
bonds between Asp74 and Tyr341 and Thr79, a hydrogen
bond between Tyr72 and Thr75, and finally a water-mediated
bridge between Tyr337 and Tyrl24. Compared to the X-ray
structure of the TcAChE—bis(7)-tacrine complex, it is worth
noting the global resemblance found between the skeleton of
(—)-8b in the modeled complex and bis(7)-tacrine in the X-ray
structure (Figure 1), as noted in the similar position of the
heteroaromatic rings and the heptamethylene linker. Overall,
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the structural analysis supports the stability of binding mode A
proposed for (—)-8b in hAChE.

When the alternative binding mode B was examined, the
rmsd profile revealed the occurrence of much larger structural
readjustment in the residues that delineate the binding site
(Figure SS of the Supporting Information), which is clearly
visible in the distorted structure of the ligand and relevant
residues in the binding site (Figure S6 of the Supporting
Information). This effect can be ascribed to the unfavorable
interactions between the chlorine atom of the 6-chlorotacrine
unit and the carboxylate and carbonyl groups of Glu285 and
Val282, respectively, which tend to displace the tacrine unit
from the peripheral site. Such displacement alters the
arrangement of the side chain, which in turn leads to steric
clashes in the midgorge and is propagated to the catalytic site
(Figure S7 of the Supporting Information).

From an energetic point of view, the larger structural stability
of binding mode A is also reflected in the binding affinities
predicted using the solvent interaction energy (SIE) technique,
which is a variant of the MM/PBSA method -carefully
parametrized by calibrating the (free) energy contributions
against experimental binding affinities.’” The SIE calculations
were performed for 100 snapshots evenly taken during the last
§ ns of the trajectories. Whereas the binding affinity (AGynging)
is predicted to be —14.4 + 0.3 kcal/mol for binding mode A, it
is destabilized by 1.6 kcal/mol (AGypging = —12.8 % 0.5 keal/
mol) for binding mode B, thus reinforcing the integrity of
binding mode A for the AChE—(—)-8b complex.

BChE Inhibition. Other activities of interest in the context of
AD treatment such as BChE, self-induced Ap aggregation, and
BACE-1 inhibition have been also evaluated (Table 1).

There is a growing appreciation of an important role of
BChE in dementia, where this enzyme seems to exert a
compensatory effect in response to a great decrease in brain
AChE activity as AD progresses.* In this light, the inhibitory
activity of the huprine—tacrine heterodimers on human serum
BChE (hBChE) was assayed by the method of Ellman et al.
(Table 1).%

(+)-Huprine Y inhibits hAChE 250-fold more potently than
hBChE. The presence of the chlorine atom at position 3 of the
aminoquinoline moiety of huprines, which is in part responsible
for its high hAChE inhibitory activity,”® becomes detrimental
for hBChE inhibition. A steric hindrance between the chlorine
atom and the side chain of Met437 in the hBChE active site
seems to account for the detrimental effect of this substituent
on the hBChE inhibitory activity of chloro-substituted 4-
aminoquinolines relative to unsubstituted counterparts such as
tacrine,””*' which turned out to be 13-fold more potent toward
hBChE than hAChE. As huprines, huprine—tacrine hetero-
dimers are selective inhibitors of hAChE, exhibiting inhibitory
potencies 4—105-fold higher toward hAChE than toward
hBChE, albeit still maintaining potent hBChE inhibitory
activity, with IC, values in the nanomolar range (Table 1).
No clear trends were found regarding the influence of the
presence or absence of a chlorine atom at the tacrine unit or the
length of the linker on the hBChE inhibitory activity. The
presence of a methylamino group in the linker seemed to be
beneficial for this activity, compounds (+)-7c and (+)-8c being
3- and 1.5-fold more potent than (+)-7b and (+)-8b,
respectively, with an equivalent tether length. The
(+)-(7R,11R)-enantiomer of heterodimer 8b is more potent
than the levorotatory enantiomer, but in the case of 7b, both
enantiomers turned out to be equipotent. The most potent
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huprine—tacrine heterodimers as hBChE inhibitors, i.e., (+)-7a,
(+)-7f, and (+)-8e, are 6—7-fold more potent than
(+)-huprine Y and equipotent with respect to tacrine.

Ap Self-Aggregation Inhibition. The inhibitory activity of
huprine—tacrine heterodimers on Af self-induced aggregation
was also evaluated using a thioflavin T-based fluorometric
assay."” Huprine—tacrine heterodimers significantly inhibit the
self-induced Ap aggregation when tested at a concentration S-
fold lower than that of Af, exhibiting percentages of inhibition
ranging from 28 to 64%, clearly higher than those found for the
parent huprine Y and tacrine (Table 1). The presence of an
unsubstituted tacrine unit leads to a higher potency,
heterodimers 7 being ~1.5—2-fold more potent than their 6-
chlorotacrine-based counterparts 8. In the first series, the
inhibitory activity toward Af self-aggregation peaks at a tether
length of eight methylenes whereas the presence of a
methylamino group in the linker is detrimental to this activity,
and no difference in potency was found for enantiomers. In the
6-chlorotacrine-based series, the length of the linker and the
presence of a methylamino group in the linker had a weaker
influence on this activity, but a significant difference in potency
was found for both enantiomers of compound 8b, in favor of
the dextrorotatory enantiomer.

It is worth noting that the most potent huprine—tacrine
heterodimers toward Af self-induced aggregation, ie., com-
pounds (+)-7b, (=)-7b, (+)-7b, ()-7d, and (+£)-7e, have ICq,
values below or close to 10 uM.

As a final remark, considering the overall inhibitory activity of
huprine—tacrine heterodimers on AChE-induced and self-
induced Af aggregation, the possibility that the inhibitory
activity against self-induced Af aggregation does not partially
contribute to the inhibitory action against the AChE-induced
one cannot be unequivocally excluded.

BACE-1 Inhibition. BACE-1 is involved in the first and rate-
limiting step of formation of Af from APP. Because Af
aggregation is partially a concentration-dependent event,
reduction of brain Af levels by inhibition of BACE-1 might
be of utmost importance for a disease-modifying anti-Alzheimer
therapeutic approach.** Indeed, brain Af production, amyloid
pathology, and cognitive deficits are abrogated in BACE-1
knockout mice overexpressing APP.** Some concerns about
potential mechanism-based toxicity,* which might be pre-
vented by a partial inhibition of BACE-1, have arisen.
Encouragingly, heterozygous BACE-1 knockout APP transgenic
mice with an only 15% reduction in the level of brain Ap
shoxgrfd a dramatic reduction in brain amyloid burden at old
age.

The ability of the huprine—tacrine heterodimers to inhibit in
vitro human recombinant BACE-1 was determined at a single
concentration (S xM) using a fluorometric assay.46 6-
Chlorotacrine-based heterodimers were found to exhibit an
important BACE-1 inhibitory activity, with percentages of
inhibition ranging from 18 to 47% at S uM (Table 1), clearly
higher than that of huprine Y and tacrine. In this series, neither
the length of the linker nor the configuration of the huprine
moiety in the enantiopure heterodimers had an influence on
BACE-1 inhibitory activity, most of these heterodimers
displaying very similar percentages of inhibition between 40
and 47%, whereas only the presence of a methylamino group in
the linker was clearly detrimental for BACE-1 inhibition.
Conversely, with the sole exception of the longer homologues
(£)-7e and (%)-7f, heterodimers bearing an unsubstituted
tacrine unit were inactive toward BACE-1.
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The ICy, for BACE-1 inhibition was determined for most of
the active heterodimers, namely, (+)-7f, (—)-8b, (+)-8b, and
(£)-8d—f, and found to lie within the range from S to 7 uM
(Table 1). Thus, huprine—tacrine heterodimers exhibit a
BACE-1 inhibitory activity very similar to that found for the
prototypic dual-binding site AChEI bis(7)-tacrine (ICg, = 7.5
#M)* and can be considered moderately potent inhibitors of
BACE-1. Moreover, on the basis of the structural similarity
between huprine—tacrine heterodimers and bis(7)tacrine,
which was found to reduce BACE-1 intracellular activity at a
concentration of 1 uM,* we are confident that these
heterodimers can be active in more complex biological systems,
being able to cross the cell membrane and therefore exerting
the same activity in cell cultures.

Brain Penetration. In Vitro Blood—Brain Barrier Perme-
ation Assay. The development of drugs intented to act in the
CNS has to contend with the need to efficiently cross the BBB.
Brain penetration of the huprine—tacrine heterodimers was
predicted using a parallel artificial membrane permeation assay,
namely the widely known PAMPA—BBB assay.*® The in vitro
permeability (P,) of racemic huprine—tacrine heterodimers
through a lipid extract of porcine brain was determined by
using a 70:30 phosphate-buffered saline (PBS)/EtOH mixture.
The assay was validated by comparing the experimental
permeability with the reported values of 15 commercial drugs
that gave a good linear correlation: P,(exp) = 1.99P,(lit.) + 1.07
(R* = 0.92) (Tables S1 and S2 and Figure S8 of the Supporting
Information). From this equation and taking into account the
limits established by Di et al. for BBB permeation,* we
established that compounds with permeability values of >9.0 X
10°% cm/s should cross the BBB. All the huprine—tacrine
heterodimers showed permeability values above this limit, with
the sole exceptions of (+)-7e and (+)-8c, for which an
uncertain BBB permeation has been predicted (Tables S1 and
S2 of the Supporting Information). In general, heterodimers
bearing a 6-chloro-substituted tacrine unit seem to be more
brain permeable than their counterparts bearing an unsub-
stituted tacrine unit. Also, brain permeability increases with an
increase in tether length, heterodimers (+)-7f and (+)-8f being
the most permeable of each series. Not unexpectedly,
introduction of a protonatable methylamino group into the
linker leads to a decreased permeability relative to that of the
corresponding heterodimer with an oligomethylene linker of
equivalent length.

These results reveal that most huprine—tacrine heterodimers
could cross the BBB and reach their multiple pharmacological
targets located in the CNS, which has been confirmed for
huprines in in vivo*® and ex vivo®® studies.

Ex Vivo Brain Penetration Study. To confirm the brain
permeability of the huprine—tacrine heterodimers predicted by
the PAMPA—BBB assay, compounds (+)-7d and (+)-8d were
subjected to an ex vivo determination of their AChE inhibitory
activity using the same methodology and conditions previously
set up for huprines.28 In this assay, huprine—tacrine
heterodimers were administered intraperitoneally (ip) to OF1
mice at a single dose of 10 ymol/kg 20 min before the animals
were sacrificed, and the percentage of brain AChE inhibition
versus untreated controls was measured. Heterodimers (+)-7d
and (+)-8d were found to inhibit mouse brain AChE activity
by 30.0 & 3.3 and 28.5 & 3.7%, respectively, relative to control
nontreated animals. The parent (+)-huprine Y had been
reported to inhibit brain AChE activity under these conditions
by 59.2 + 8.2%. The lower potency of (+)-7d and (+)-8d
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relative to that of the parent huprine Y could be ascribed, in
part, to their slightly lower potency found in vitro (Table 1),
but also to the fact that in this assay we used the experimental
conditions that were optimized for huprines. Irrespective of the
fact that perhaps a greater activity could be observed for
huprine—tacrine heterodimers (+)-7d and (+)-8d under
optimized conditions, their significant inhibition of brain
mouse AChE after their ip administration clearly demonstrates
that they are able to cross the BBB in vivo.

B CONCLUSION

We have developed a family of 16 heterodimeric compounds
consisting of a unit of racemic or enantiopure huprine Y linked
to a unit of tacrine or 6-chlorotacrine through an oligo-
methylene chain of 6—10 methylene groups or a 4-methyl-4-
azaheptamethylene chain. These huprine—tacrine heterodimers
have been designed to simultaneously interact with both the
active and peripheral sites of AChE and in some cases also with
aromatic residues at the midgorge of the enzyme. The dual-site
binding of these compounds to hAChE results in a highly
potent inhibition of the catalytic activity of hAChE and, more
importantly, in an in vitro neutralization of the pathological
chaperoning effect of this enzyme toward Af and PrP
aggregation. To the best of our knowledge, this is the first
report of a structural family exhibiting this dual anti-
amyloidogenic action. Because Af aggregation and PrP
aggregation are key early pathogenic events in AD and prion
diseases, the dual action of huprine—tacrine heterodimers is of
great interest for a potential disease-modifying treatment of
these disorders. Additionally, huprine—tacrine heterodimers
have been found to display other pharmacological effects
resulting from their action on biological targets other than
AChE, namely, a potent inhibitory activity on BChE and a
significant inhibitory activity toward self-induced Af aggrega-
tion and BACE-1, which should reinforce their symptomatic
and disease-modifying effects, respectively, in the context of AD
treatment, even though it should be noted that more balanced
activities at the different targets would be desirable. Huprine—
tacrine heterodimers are able to cross the BBB, as predicted by
the PAMPA—BBB assay and demonstrated for two selected
compounds in ex vivo experiments, thereby having access to
their different biological targets in the CNS, from which a
plethora of pharmacological effects result. Taken together, the
data show that huprine—tacrine heterodimers can be
considered very promising lead compounds for AD and prion
diseases.

B EXPERIMENTAL SECTION

The analytical samples of all of the huprine—tacrine heterodimers that
were subjected to pharmacological evaluation possess a purity of >95%
as evidenced by their elemental analyses. Enantiopure huprine—tacrine
heterodimers possess an enantiomeric excess of >99% as evidenced by
chiral HPLC. The synthetic procedure for the preparation of the
huprine—tacrine heterodimers is exemplified through the synthesis of
(=)-7b.
(-)-(75,115)-3-Chloro-6,7,10,11-tetrahydro-9-methyl-12-({7-
[(1,2,3,4-tetrahydroacridin-9-yl)amino]heptyl}amino)-7,11-
methanocycloocta[b]lquinoline Dihydrochloride [(—)-7b-2HCI]
from (—)-Huprine Y. A mixture of finely powdered KOH (85% pure
reagent, 225 mg, 3.42 mmol, 1.6 equiv), (—)-huprine Y [(—)-6]** (323
mg, 1.14 mmol, 1 equiv), and 4 A molecular sieves (approximately 690
mg) in dry DMSO (4 mL) was thoroughly stirred for 1 h and heated
with a heatgun every 10 min and for an additional 1 h at room
temperature. The resulting mixture was added dropwise over 2 h to a
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mixture of haloalkyltacrine 4b (515 mg, 1.37 mmol, 1.2 equiv) in dry
DMSO (S mL). The reaction mixture was vigorously stirred at room
temperature for 3 days, diluted with water (200 mL), treated with
NaOH pellets until an alkaline pH was reached, and extracted with
AcOEt (3 X 160 mL). The combined organic extracts were washed
with water (3 X 150 mL), dried with anhydrous Na,SO,, and
evaporated at reduced pressure to give a brown oily residue (549 mg),
which was subjected to column chromatography (35—70 mesh silica
gel, 100:0.2 CH,Cl,/50% aqueous NH,OH mixture). Starting (—)-6
(63 mg), f-elimination byproduct (25 mg), a mixture of f-elimination
byproduct and heterodimer (—)-7b in a ratio of 1:99 (285 mg), and
pure heterodimer (—)-7b (85 mg, 13% isolated yield, 56% total yield)
were consecutively separated as yellowish oils.

A solution of (—)-7b (85 mg, 0.15 mmol) in CH,Cl, (10 mL) was
filtered through a polytetrafluoroethylene 0.4S ym filter and treated
with an excess of a methanolic solution of HCI (0.65 N, 2.0 mL, 1.3
mmol), and the resulting solution was concentrated in vacuo to
dryness. The solid was taken in MeOH (0.6 mL) and precipitated
upon addition of AcOEt (1.6 mL). The precipitated solid was
separated and dried at 65 °C and 15 Torr for 4 days to give
(=)-7b-2HCI-2.75H,0 (75 mg) as a light brown solid: [a]*’p = —139
(c = 0.30, MeOH); >99% ee by chiral HPLC on the liberated base
[CHIRALCEL OD-H column, 90:10:0.1 hexane/EtOH/Et,NH
mixture, flow rate of 0.2 mL/min, 1 = 254 nm; (=)-7b, t; = 55.27
min, k', = 2.54; (+)-7b, t, = 61.77 min, k', = 2.96; a = 1.16, res. = 6.7];
mp 237-239 °C (3:8 MeOH/AcOEt); IR (KBr) v 3600—2500
(maxima at 3405, 3234, 3049, 2927, 2855, and 2773 cm}; N*-H, N-H,
and C-H st), 1628, 1617, 1583, 1572, 1534 (ar-C-C and ar-C-N st)
cm!. The 'H and *C NMR spectra were identical to those described
for (+)-7b-2HCL>* HRMS caled for Cy,H¥CIN, + H: 579.3249.
Found: 579.3240. Anal. (C;,H,,CIN,2HCI-2.7SH,0) C, H, N, CL.
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