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Abstract: Recently advances in understanding the molecular basis of Alzheimer's disease have led to the
consideration of the relationship between cholinergic inhibitors and amyloid deposition as a new hypothesis for the
future rational design of effective anti-Alzheimer drugs. In the present review, the non-cholinergic functions of
acetylcholinesterase (AChE) and the therapeutic potential of peripheral and dual binding site AChE inhibitors in

delaying the neurodegenerative process will be discussed.

1. INTRODUCTION

Alzheimer's  disease (AD) is a  progressive
neurodegenerative disorder which is one of the most
common causes of mental deterioration in elderly people,
accounting for about 50-60 % of the overall cases of
dementia among persons over 65 years of age [1]. Brain
regions that are associated with higher mental functions,
particularly the neocortex and hippocampus, are those most
affected by the characteristic pathology of AD [2]. This
includes the extracellular deposits of b-amyloid (derived
from amyloid precursor protein, APP) in senile plaques [3,
4], intracellular formation of neurofibrillary tangles
(containing an abnormally phosphorylated form of a
microtubule associated protein, tau) [5, 6], and the loss of
neuronal synapsis and pyramidal neurons [7]. These changes
result in the development of the typical symptomology of
AD characterized by gross and progressive impairments of
cognitive function and often accompanied by behavioral
disturbances such as aggression, depression and wandering

(8]

The past two decades have witnessed a considerable
research effort directed towards discovering the cause of AD
with the ultimate hope of developing safe and effective
pharmacological treatments [9]. Nowadays, research in the
knowledge of the pathogenic cascade that characterizes AD
has provided a robust framework for new therapeutic
intervention targets [10]. As a consequence, there are
multiple hypotheses around which therapeutic agents can be
developed, including drugs that interfere with the synthesis,
deposition and aggregation of b-amyloid protein [11], or
with the hyperphosphorylation of tau protein [12]. In
addition, transmitter replacement therapies [13], anti-
inflammatory agents [14], antioxidants approach [15, 16],
molecules with nerve growth factor like activity [17],
estrogens therapy [18] or immune response [19, 20] are
currently being proposed or utilized in disease prevention
trials [21, 22].

Nevertheless, current treatment approaches in this disease
continue being primarily symptomatic [23], with the major
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therapeutic strategy based on the cholinergic hypothesis [24]
and specifically on acetylcholinesterase (AChE) inhibition
[25]. The successful development of these compounds was
based on a well-accepted theory that the decline in cognitive
and mental functions associated with AD is related to the
loss of cortical cholinergic neurotransmission [26]. This link
between cholinergic dysfunction in the basal-cortical system
and cognitive deficits has focused scientific efforts on
developing tools to elucidate the neurobiological role of the
cholinergic system in cognition and to elucidate therapeutic
interventions in the disorder [27]. As result, over last decade,
the cholinergic hypothesis of AD has launched on the market
various cholinergic drugs primarily AChE inhibitors as
tacrine [28], donepezil [29] or rivastigmine [30], (Fig. 1),
indicated modest improvement in the cognitive function of
Alzheimer's patients.

The three dimensional structure of AChE, as determined

by x-ray crystallography, revealed that its active site can
apparently be reached only through a deep and narrow
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Fig. (1). AChE inhibitors in current use for the treatment of
Alzheimer's disease.
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"catalytic gorge" [31]. Inhibitors of AChE act on two target
sites on the enzyme, the active site and the peripheral site.
Inhibitors directed to the active site prevent the binding of a
substrate molecule, or its hydrolysis, either by occupying the
site with a high affinity (tacrine) [32] or by reacting
irreversibly with the catalytic serine (organophosphates and
carbamates) [33]. The peripheral site consists of a less well-
defined area, located at the entrance of the catalytic gorge.
Inhibitors that bind to that site include small molecules, such
as propidium [34, 35] and peptide toxins as fasciculins [36].
Bis-quaternary  inhibitors as  decamethonium  [37],
simultaneously bind to the active and peripheral sites, thus
occupying the entire catalytic gorge.

Recently, although the correlation between plaques,
tangles and dementia is not absolute, advances in
understanding the molecular basis of AD have led to
consideration of new hypotheses which take into account
both cholinergic deficits and neuropathologic lesions [38-
40]. In the present review, we summarize the non-cholinergic
functions of AChE and the potential of peripheral and dual
binding site acetylcholinesterase inhibitors in delaying the
neurodegenerative process of AD.

2. NON-CHOLINERGIC FUNCTIONS OF AChE:
RELATIONSHIPS BETWEEN AChE AND b-
AMYLOID

Parallel to the development of antidementia drugs,
research efforts have been focused, among others, on the
therapeutic potential of AChE inhibitors to slow the disorder
progression. This fact was based on a range of evidence,
which showed that AChE has secondary non-cholinergic
functions [41, 42].

It is well established that the function of AChE at
cholinergic synapses is to terminate cholinergic
neurotransmission, however, AChE is expressed in tissues
that are not directly innervated by cholinergic nerves [43].
Recent results indicate that AChE has an extrasynaptic,
noncholinergic role during neural development [44].
Abnormal expression of AChE and BChE has been detected
around the amyloid plaques and neurofibrillary tangles in the
brains of patients with AD which has implications for
pathogenesis and for therapeutic strategies of AD [45].

New evidence shows that AChE may have a direct role in
neuronal differentiation [46]. Transient expression of AChE
in the brain during embryogenesis suggests that AChE may
function in the regulation of neurite outgrowth [47, 48] and
in the development of axon tracts [49]. Additionally, the role
of AChE in cell adhesion have been studied [50]. The results
indicate that AChE promotes neurite outgrowth in
neuroblastoma cell line through a cell adhesive role [51].
Moreover, recent studies have shown that the peripheral
anionic site of the AChE is involved in the neurotrophic
activity of the enzyme [52] and conclude that the adhesion
function of AChE is located at the peripheral anionic site
[53]. This finding has implications, not only for our
understanding of neural development and its disorders, but
also for the treatment of neuroblastoma, the leukemias, and
especially for Alzheimer's disease [54].
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As it has been previously mentioned, senile plaques are
one of pathological hallmarks in AD in which their main
component is bA peptide. This is found as an aggregated
poorly soluble form. In contrast soluble bA is identified
normally circulating in human body fluids. Structural studies
of bA showed that synthetic peptides containing the
sequences 1-40 and 1-42 of bA can adopt two major
conformational states in solution: an amyloidogenic
conformer (bA ac) with a high content of b-sheet and partly
resistant to proteases and a non-amyloidogenic conformer
(bA nac) with a random coil conformation or a-helix and
protease-sensitive. AChE colocalizes with bA peptide
deposits present in the brain of Alzheimer's patients [55]. It is
postulated that AChE binds to a bA nac form acting as a
"pathological chaperone” and inducing a conformational
transition from bA nac into bA ac in vitro and therefore to
amyloid fibrils [56]. AChE directly promotes the assembly of
bA peptide into amyloid fibrils forming stable bA-AChE
complexes [57]. These complexes are able to change the
biochemical and pharmacological properties of the enzyme
and cause an increase in the neurotoxicity of the bA fibrils
[58, 59]. Moreover, the interaction between these two
molecules to form the complex was confirmed by
crosslinking experiments [60]. Different studies concerned to
the establishment of the binding site of AChE on Ab have
suggested that hydrophobic interactions may play a role in
the stabilization of the bA-AChE complex probably due to
specific binding to peripheral sites [61].

Considering the non-cholinergic aspects of the
cholinergic enzyme AChE, their relationship to Alzheimer's
hallmarks and the role of the peripheral site of AChE in all
these functions, an attractive target for the design of new
antidementia drugs emerged. Peripheral or dual site
inhibitors of AChE may simultaneously alleviate the
cognitive deficit in Alzheimer's patients and what it is more
important, avoid the assembly of beta-amyloid which
represents a new way to delay the neurodegenerative process.

3. PERIPHERAL AND DUAL BINDING SITE AChE
INHIBITORS

As revealed by the crystallographic structure of AChE
and their inhibitors complexes, the AChE active site contains
a catalytic triad (Ser 200, His 440, Glu 327) located at the
bottom of a deep and narrow gorge, lined with aromatic
residues and a subsite, including Trp 84, located near the
bottom of the cavity. Trp 84 has been identified as the
binding site of the quaternary group of acetylcholine,
decamethonium and edrophonium [31]. In addition, Trp 279
at the peripheral site, located at the opening of the gorge, is
involved in the binding of the second quaternary group of
decamethonium being responsible for the adhesion function
of the enzyme [53].

These residues (Trp 84 and 279) have been the basis of
the design of a new generation of AChE inhibitors. Thus,
ligands able to interact simultaneously with active and
peripheral sites could implicate several advantages over the
known inhibitors. On one hand, they should improve greatly
the inhibitory potency and on the other hand they should be
involved in neurotrophic activity.
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The first reported compounds following this idea have
been bis-tetrahydroaminoacridine (bis-THA) derivatives
[62]. Pang and co-workers designed and synthesized
bifunctional analogues of THA using computer modeling of
ligand docking with the target protein. The strategy was to
connect two THA molecules with an alkylene chain spaced
to allow simultaneous binding at the catalytic and peripheral
sites. The best results were found with heptylene-linked THA
dimer (1), 149-fold more potent and 250-fold more selective
for AChE inhibition than THA, (Fig. 2). These studies
suggest that a low affinity THA peripheral site exits in AChE
which may be responsible for the noncholinergic biological
effects observed after the treatment with tacrine [63, 64].
Complementary studies were carried out in order to define
the mimimun length of the linker between the two tacrine
moieties that allow to bind simultaneously at both sites of the
enzyme [65]. Additionally, in an effort to further delineate
structural requirements for optimal binding to the AChE
peripheral site, dimer AChE inhibitors containing a single
THA moiety have been synthesized [66]. Calculations on
these THA heterodimers, such as 2, confirm the importance
of ligand hydrophobicity for effective cation-p interaction
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with the peripheral AChE site residues. It is worthmentioning
that further pharmacological studies on bis(7)-tacrine 1 have
provided evidence for their potential usage in the prevention
and treatment of Alzheimer's disease [67-69].

Recently, others bis-interacting ligands in the
galanthamine series have been reported [70, 71]. Derivatives
3 and 4 have been described to be highly potent inhibitors of
AChE, (Fig. 2). These examples confirmed that AChE
inhibitors, which can simultaneously interact with catalytic
and peripheral site, show enhanced potencies compared to
compounds which interact with a single site.

De novo design techniques have been applied to new dual
binding site acetylcholinesterase inhibitors. The chemical
structure of the theoretical designed imidazoles 5 allows the
simultaneous interaction with the catalytic and the peripheral
anionic site. The binding constants of the candidate
molecules were calculated and exhibited lower interaction
energies than those of known inhibitors such as THA or
huperzine A [72]. These new ligands should more effectively
bind to AChE than the evaluated inhibitors.
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Fig. (2). Dual binding site AChE inhibitors.
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As the adhesion function of AChE is located in the
peripheral site where Trp279 is situated [53, 54], an inhibitor
blockage of this amino acid forming a cation-p or an p-p
interaction should inhibit the noncholinergic enzymatic
function. This is the case of donepezil, (Fig. 1), a
commercially available drug for Alzheimer's disease. The
first molecular modeling work on its binding mode [73, 74]
revealed an interaction of the indadone moiety with Trp279
whilst the benzylpiperidine fragment interacts in the catalytic
site with the Trp84. This topography has been confirmed
with the recent X-ray resolution of the complex donepezil-
AChE, providing new clues for further design of new dual
binding site inhibitors [75]. This is the case of the huperzine
A-E2020 combined compounds (6) [76], 1,2,4-
thiadiazolidinone (7) [77], amino acids (8) [78] or
benzazepine derivatives (9) [79] in which the N-
benzylpiperidine fragments is conserved, (Fig. 2). In all
cases, the molecular modeling studies revealed interactions
both with amino acids located in the active and peripheral
site of AChE as Trp84 and Trp279. So, cholinergic and
noncholinergic responses should be expected after the
treatment with these drugs. The neurotrophic activity on
central cholinergic neurons of TAK-147 at concentrations
where it inhibits AChE activity has been recently reported
[80]. Therefore, TAK-147 and potentially peripheral and
dual binding site AChE inhibitors, are expected not only to
ameliorate the clinical symptoms in Alzheimer's disease via
AChE inhibition but to prevent or slow the progression of the
disease via their neurotrophic action.

Recently, some heterocyclic compounds have been
designed as AChE inhibitors able to interact with peripheral
anionic site of the enzyme. This is the case of 4,4'-bipyridine
(10) [81], the substituted phenyl carbamates (11) [82] or the
indenoquinolinylamine (12) [83]. The inhibition mechanism
in the three cases was determined from kinetic studies. Thus,
the compounds are characterized as peripheral anionic site-
directed inhibitors of AChE, (Fig. 3). Huprine X (13), a
hybrid that combines the carbocyclic substructure of
huperzine A with the 4-aminoquinoline substructure of
tacrine, has one of the highest affinities for AChE yet
reported [84]. The location of its binding site on enzyme was
probed in competition studies with the peripheral site
inhibitor propidium and the acylation site inhibitor
edrophonium. Results indicated that huprine X binds to the
enzyme acylation site in the active site gorge but interferes
slightly with the binding of peripheral site ligands [85].

CONCLUSIONS

AChE directly promotes the assembly of bA peptide into
amyloid fibrils forming stable bA- AChE complexes. These
amyloid fibrils are neurotoxic. The adhesion function of
AChE to bA is located in the peripheral site through Trp 279.
This fact together with the existence of peripheral and dual
binding site AChE inhibitors able to interact with Trp 279
suppose a novel approach for drug design that are opening
new tactics for developing anti-dementia drugs. These novel
therapeutic agents could interfere simultaneously with the
cholinergic deficit and with the synthesis, deposition and
aggregation of DA protein via AChE peripheral site
inhibition [86]. Therefore, in a near future this strategy could
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Fig. (3). Peripheral AChE inhibitors.

provide a single effective therapy for the devastating
Alzheimer's disease being both symptomatic, facilitating the
memory process, and preventive, exerting a neuroprotective
effect.
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