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1. ABSTRACT

Polymerisation of the amyloid beta-peptide
(Abeta) gives rise to oligomers and amyloid fibrils,
processes that generate cytotoxic assemblies and are
associated with neuronal dystrophy and development of
Alzheimer’s disease. The relationship between Abeta
aggregation and the development of Alzheimer’s disease
has resulted in immense efforts to find ways to prevent it.
In spite of this, therapeutic approaches with proven clinical
efficacy remain to be identified. The lack of success so far
probably stem from a combination of factors. The details of
the Abeta aggregation process (es) are not known, in
particular several oligomeric forms have been identified but
are not yet defined at a molecular level, Abeta is
structurally polymorphic which complicate identification of
compounds that bind selectively and strongly, and it is not
settled which Abeta species is the main disease causing
agent. Herein we review current knowledge about
monomeric, oligomeric and polymeric Abeta, and discuss
ongoing attempts to identify aggregation inhibitors and
problems associated therewith.
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2. INTRODUCTION

Amyloid formation is a key step in the
development of several neurodegenerative diseases.
Alzheimer’s disease is the most common form of dementia
and the single greatest risk factor for development of
Alzheimer’s disease is old age (1). World wide the elderly
population is increasing and with it the number of patients
suffering from this severe and devastating disorder. The
efforts to try to in detail understand the mechanisms that
cause the disease have been immense, both from academic
laboratories as well as from pharmaceutical companies.
This has rendered a greater understanding of the disease
and more potential therapeutic agents than ever are now in
clinical trials. However, so far no causative treatment is
available, only treatments that affect the symptoms. The
details of what causes the disease have been a matter of
debate and several hypotheses have been suggested. This
article tries to give an overview of where the research field
is today with respect to amyloid B-peptide (AB) formation,
aggregation and the neurotoxicity it exerts, as well as the
current efforts to find ways to inhibit this process.
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Alzheimer’s disease comprises two  distinct
neuropathological hallmarks in the brain: aggregated AP in
amyloid plaques and hyperphosphorylated tau in
neurofibrillary tangles (2). The amyloid plaques are
extracellular lesions surrounded by activated microglia and
reactive astrocytes and are thought to precede the formation of
hyperphosphorylated tau which occurs within neurons. Af,
which is the main component of the amyloid plaques, is a
partly hydrophobic peptide that is produced by sequential
cleavages of the amyloid precursor protein (APP) by - and y-
secretase (Figure. 1). The AP peptide corresponds to a major
part of the transmembrane domain of APP, which likely
accounts for its aggregation prone behaviour. AP is overall
amphiphilic since residues 1-16 are hydrophilic while residues
17 to 40/42 are mainly hydrophobic. The y-secretase protease
shows low substrate sequence specificity and generates AP
peptides of varying length, with the main product being 40
residues long. C-terminally elongated AP consisting of 42
amino acids is generated to a lower extent, but this form is
more prone to aggregate. It is this longer variant of AP that is
the most prominent peptide species within the amyloid plaques

3).

The understanding of the events underlying the
formation of AP fibrils has greatly increased, and the
toxicity that AP and assemblies thereof exert has been in
focus for the research field for the last decade. The
endpoint stage of AP oligomerisation and aggregation, the
amyloid fibrils, were earlier thought to be the major culprit
to the disease since it is this form of AB that is found in the
Alzheimer plaques. It is now generally recognised,
however, that the lower molecular weight forms of AP
aggregates are more toxic to cells and synapses. This theory
is described in the amyloid cascade hypothesis which is
outlined in Figure 2 (4). The hypothesis suggests that
AP aggregation and accumulation cause cell toxicity and
eventually leads to development of Alzheimer’s disease.
The amyloid cascade hypothesis was first presented in 1992
and has since then been modified to emphasize the
importance of early species in the aggregation pathway (5).
Recently, Meyer-Luehmann et a/ (6) showed in mutant
APP transgenic mice (see below) that mature plaques
surrounded by astroglia, microglia and dystrophic neurites
can form within a few days from microplaques. This
reinforces the view that AP aggregation and plaque
formation drives disease progression and indicates that
in the early stages of disease, microplaques can damage
surrounding neurons within days. This is important
information that has to be taken in considerations when
developing in vitro and in vivo models and assays of AP
toxicity. The genetic association most well characterised
for Alzheimer’s disease is allelic isoforms of
apolipoprotein E. The €4 allele is a major risk factor for
the disease whereas the €2 allele is protective (7). The
importance of apolipoprotein E appears to be related to
fibril formation of AP, where the isoforms show
different potencies with regard to amount of fibrillar
deposits generated (8).

As will be discussed in greater detail below, the
AP aggregation process and its intermediates are difficult to
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define experimentally. This has led to the use of a number
of in vitro protocols for their study (9, 10). Some of the in
vitro methods employed are common in protein
biochemistry in  general, eg. size exclusion
chromatography, although the unusual properties of A
may pose special challenges, while other approaches have
been designed specifically for the study of AP. Likewise,
there are several animal models available for Alzheimer’s
disease. Although none of them correlate well with the
disease observed in humans, they are useful in order to
study certain aspects of the disease. By far the most widely
used models are mice with transgenic expression of human
APP containing one or several mutations causing familial
Alzheimer’s disease. Three examples are mice transgenic
for the Swedish APP mutation (K670N/M671L, Tg2576
mice), transgenic mice expressing human APP containing
the V717F mutation (PDAPP mice), and mice transgenic
for both the Swedish and London (V717I) mutations
(TgCRND-8 mice), see (11) for a review. In some models
mutated human presenilin 1 (a y-secretase -catalytic
component) is expressed together with APP, resulting in a
more rapid manifestation of disease phenotype. APP
transgenic mice display cognitive impairment that is
evident after 4 months in the mice with strongest phenotype,
or after up to 10 and 12 months of age for mice with a
weaker phenotype (12). Amyloid plaque deposition is
apparent in these mice and it occurs after the cognitive
deficits can be measured. Drawbacks of most mouse
models are that neuronal loss is marginal and that the
tangles of hyperphosphorylated tau are not evident.
However, in a triple transgenic mouse expressing human
isoforms of mutated APP, presenilin and tau, both of the
neuropathological hallmarks of Alzheimer’s disease are
present and cell loss is observed (13).

Another mammalian disease model available, but
much more rarely used than the mouse models, is
transgenic rats (14, 15). In addition, some studies have been
performed where AP is injected intracranially in mice or
rats. Non-mammalian models of the disease have been
generated using zebra fish, Danio rerio, (16) and even
invertebrates, i.e. Drosophila  melanogaster  and
Caenorhabditis elegans (17). These disease models can of
course not recapitulate all the aspects of a complex human
neurodegenerative  disorder. However, in terms of
addressing specific aspects of the disease these models can
be useful. Drosophila models, for example, have been used
for studying certain aspects of AP mutations and their
effects on aggregation properties (18, 19). In addition, short
generation times and relatively short life spans of
invertebrates enable large genetic and pharmacological
screens to be performed. For example, the critically
required y-secretase components Aph-1 and Pen-2 were
found in genetic screens of C. elegans (20, 21).
AND

3. AB GENERATION POSSIBLE

THERAPEUTIC TARGETS

Ever since the visualisation of amyloid plaques
by Alois Alzheimer in 1906 (22) the AP aggregation
process, as such, has been one of the most evident targets.
However, this approach is difficult since tampering with
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Figure 1. [llustration of the amyloidogenic (left panel) and
non-amyloidogenic (right panel) processing pathways of
APP. In the amyloidogenic pathway the aggregation-prone
AB-peptide (black box) is produced by sequential cleavage
by PB- and y-secretase. In the non-amyloidogenic pathway
the p3 fragment is formed via processing by o- and y-
secretase. The extracellular ectodomain is liberated by the
N- terminal proteases (B- and a-secretase), generating
soluble APP-B and soluble APP-a (sAPPB and sAPPa,
respectively). AICD (APP intracellular domain) is the most
C-terminal part of the protein released by y-secretase
cleavage. The amino acid sequence of human AP;4; is
given at the bottom.

the aggregation propensity of the peptide might
result in an increase of smaller oligomeric species, e.g.
upon disruption of the amyloid plaques. If the AP peptide is
not cleared properly, the oligomers might rather induce and
accelerate the toxicity exerted on nearby neurons and
synapses. Recently a phase III trial of an anti-Af
aggregation compound, tramiprosate or aminopropane
sulfonic acid, was abrogated due to lack of effect, even
though a clear effect could be found in vitro and in
TgCRND-8 transgenic mice (23). The reasons for the
discrepancy between in vitro and animal experiments on
the one hand and clinical studies on humans on the other
are not known. However, there are several obvious
differences; in vitro and in transgenic mice the AP levels
are often much higher than in patients and short term
effects are monitored, while in the patients, the amyloid
plaques probably have accumulated and aged under
decades. Irrespective of underlying reason, this illustrates
what a difficult target the AP aggregation as such is.
Reducing the amounts of A available for aggregation, by
preventing its formation from APP, could circumvent the
problems associated with finding aggregation inhibitors. In
APP transgenic mice, reducing the AP production might
halt progression of pathology although existing plaques
persist, suggesting that early treatment may be imperative
(24).

APP is proteolytically processed by P-secretase
and y-secretase generating the N- and C-terminus of A,
respectively (Figure 1). B-Secretase can also cleave Af at
position 11 (25). y-Secretase is an enzyme complex with
aspartyl protease activity critically requiring four different
components (26). The presenilins (1 and 2) are
transmembrane proteins which exert the catalytic activity
via two aspartyl residues located in the membrane interior.
The other members of the y-secretase complex are

1718

Nicastrin, Aph-1 and Pen-2. The y-secretase complex is
ubiquitously expressed and has a wide range of substrates,
e.g. the Notch receptor which is important in fetal
development. Compounds that inhibit y-secretase activity
have been identified and as expected they reduce AP
formation. y-Secretase inhibitors are thus potential
therapeutic agents in Alzheimer’s disease, but they also
interfere with Notch signalling resulting in adverse side
effects such as gastrointestinal tract symptoms in mice (27).
Modulation of the y-secretase activity, as exerted by a
subset of non-steroidal anti inflammatory drugs, therefore
appears more promising than the approach of completely
inhibiting the enzyme. The non-steroidal anti inflammatory
drugs shift the specificity of the cleavage site in APP and
thereby generate more of the less aggregation prone AP.3g
while reduced amounts of A4 is produced without
diminishing Notch signalling (28). Other aspects that can
be considered when aiming for y-secretase as a therapeutic
target is to find compounds with a therapeutic window that
allows a decrease in AP production enough to get a
clinically relevant effect while for example the Notch
signalling remains at a level where adverse side effects are
avoided. y-Secretase belongs to a family of related
proteases that perform regulated intramembrane proteolysis
(29). It is interesting to note that two other members of this
family cleave Bri2, a transmembrane protein that can
generate peptides, ABri or ADan, that form amyloid fibrils
in familial British or Danish dementia (30).

The other major enzyme in prevention of
Alzheimer’s disease is [-secretase. This enzyme has
narrower substrate specificity than y-secretase which could
make it a better target from a therapeutic point-of-view and
knock-out in mice of the B-secretase enzyme, Bace, results
in viable offspring (31). The crystal structure of Bace
revealed that the enzyme contains a comparatively wide
enzymatic cleft (32) and it has been suggested that the
active site can be difficult to target because of its size.
However, there are recent reports of compounds binding to
the enzyme and reducing B-secretase activity (33, 34). In an
alternative pathway (Figure 1) APP is instead processed by
o- and y-secretase and this generates the non-
amyloidogenic fragment p3. The a-secretase cleavage site
is within the A sequence between residues 16 and 17, and
p3 corresponds to AP residues 17-40/42. Finding ways of
increasing the o-secretase cleavage could thus potentially
reduce the amounts of AP produced. Recent progress in
development of secretase inhibitors has been reviewed in
(35) and this topic will not be further covered here.

4. STRUCTURES OF Ap MONOMER AND
POLYMERS

A rational approach to the design of AP
aggregation inhibitors would optimally be based on
structural knowledge at atomic resolution. A is a structural
chameleon that can take on different conformations
depending on its environment (Figure. 3). For monomeric
and soluble AP, as well as for A in amyloid-like fibrils
generated in vitro, structures have been determined at
atomic resolution using NMR methods. In contrast, no
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high-resolution experimental data have been published for
any oligomeric species. This is frustrating as oligomeric A
assemblies are thought to constitute the main toxic species.
The concept of structural chameleons was originally
proposed for a-synuclein (36). a-Synuclein, like A, lacks
a well defined conformation; it can adopt different
structures depending on environment and it can also form
several different types of aggregates (36). Aggregation of
a-synuclein is linked to neurodegenerative disorder, in
particular Parkinson’s disease. The overall similarities
between AP and o-synuclein make it possible that the
problems discussed herein as regards design of AP
aggregation inhibitors also to some extent apply to other
protein chameleons linked to human disease.

In water solution at slightly acidic pH AP lacks
stable secondary structure, but deviates from a completely
random coil by the presence of local, short-lived, non-
random conformations (37). Structure calculations based on
NMR-derived constraints yielded trends towards non-
random structures for the peptide segments 8-12, 16-24,
and 30-34. Residues 20-24 form a helical turn and the
segment 16-24 shows several hydrophobic contacts
between side-chains (Figure. 3). The segments 8-12 and 30-
34 show turn-like structures. Interestingly, although AB;_4
and A4 show different aggregation behaviour, where the
latter is much more prone to aggregate, their solution
structures are practically identical, except that AB;_4; s less
flexible in the region from residue 30 to the C-terminus
37).

In the presence of detergent micelles, e.g. SDS
micelles, or structure-inducing organic solvents like
trifluoroethanol or hexafluoroisopropanol, AB adopts more
stable secondary structural elements (38). The structures
determined in such environments differ slightly from each
other, probably mostly depending on differences in exact
solvent conditions and peptide fragments used, but
collectively they show that the regions covering residues
~15-24 and ~29 to the C-terminus form o-helices. Jarvet et
al (39) reported that in SDS micelles the helix covering
residues 15-24 is superficially oriented and the face with
residues 16, 20, 22, and 23 is oriented towards the
surrounding solvent, while another helix covering residues
29-35 is buried in the hydrophobic interior of the micelle.
Detergent micelles and organic co-solvents to some extent
mimic the presence of a lipid membrane environment. It is
therefore conceivable that the AP structures derived in the
presence of such additives resemble the structure of the
corresponding region in membrane-bound APP (Figure. 3).

In amyloid-like fibrils AB;4 40) and A4, 41)
adopt fundamentally different conformations than in water
solution or in membrane-like environments. Major features
are essentially the same for AP;4 and for APy, fibrils;
they are both cross- structures (i.e. the [-strands are
perpendicular to the fibril axis and the hydrogen bonds
between strands are parallel to the fibril axis (42))
composed of two-layered, parallel, and in-register f-sheets
connected by a turn region. In A4 fibrils residues 12-24
make up one of the strands and residues 30-40 make up the
other, while in A4, fibrils residues 18-26 and 31-42 form
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B-strands. In both cases, the two strands form contacts via
side-chain interactions, but important differences are seen.
In  APj4 fibrils the side-chain interactions are
intramolecular, while in fibrils formed by Ap;.4, the upper
sheet layer is displaced relative to the lower layer, so that
the two PB-strands of AP molecule i form intermolecular
side-chain interactions with the strands of molecules i+1
and i-1, respectively (Figure. 3).

It is notable that the dominating secondary
structure of soluble or membrane-bound AP is helical and
that of fibrillar AP is B-strand, but the regions involved in
secondary structures are largely the same for both states.
The regions covering residues ~15-25 and ~30-40/42 form
helices or strands, respectively, while residues ~1-14 are
flexibly disordered irrespective of the nature of the
remaining structure. It is interesting that AP;_4 bound to a
binding protein selected by phage disply adopts a B-hairpin
structure where residues 17-23 and 32-37 form B-strands
(43). From a structural point-of-view AP aggregation can
be described as a folding transition that occurs when AP is
released from APP, where it is in its transmembrane state,
into an aqueous solution, whereby intramolecular helix
interactions and helix-membrane interactions are eventually
replaced with B-strand—B-strand interactions in amyloid-
like fibrils. Whether the process resulting in this structural
transition gives rise to cell toxic intermediates, or if such
species instead are formed via alternative pathways and
whether the fibrils as such contribute to cytotoxicity are
still open questions.

5. AB ASSEMBLY AND TOXICITY

Detailed knowledge of how A aggregates into
fibrils and about the intermediates formed in the process is
essential for a better understanding of Alzheimer’s disease
and how to prevent it. In the literature there is a large
number of studies where different types of A assemblies
are reported. Early studies mainly focused on the formation
and toxicity of mature AP fibrils since they were believed
to be directly associated with neurotoxicity, but recently a
number of studies have indicated that instead various
prefibrillar, soluble oligomeric forms of AP are more likely
to be the pathological species. This is supported by a weak
correlation between the number of fibrillar deposits and
severity of Alzheimer’s disease (44, 45), and by more
recent studies showing a better correlation between levels
of soluble forms of AP and cognitive impairment (46, 47).

The term oligomeric AP is wide and generally
includes all species that remain in aqueous solution after
high-force centrifugation, and a large number of such forms
has been identified, both in vitro and in vivo. Besides
apparent differences between naturally and synthetically
derived oligomers, there are also discrepancies depending
on methods employed to generate and detect oligomers. So
far it is not clear whether all oligomers identified are
obligate intermediates on the AP fibrillation pathway, or if
they are the products of competing processes (48). The two
most abundant covalent forms of AP, AB;.4 and AB;.4,
appear to undergo aggregation through slightly different
pathways, thereby producing different early intermediates
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Table 1. Survey of different forms of oligomeric AB
assemblies described

AB bly System References

Protofibrils In vitro, synthetic AB (50-52)

Annular structures In vitro, synthetic A (54)

ADDLs (AB-derived | In vitro, possibly in vivo (55, 59,

diffusible ligands) 60)

AB*56 Tg2576 mouse model (62)

Globulomers In vitro, human brain, (63)
Tg2576 mouse model

Low-n oligomers (dimers, | In vitro, human brain (65-68)

trimers, tetramers) and CSF

49). Table 1 summarises oligomeric A species that have
been identified up till now. The oligomers are usually
defined by their size and/or ultrastructural appearance but
the nomenclature used is not uniform and some of the
species may overlap or even be identical.

Protofibrils seem to be true intermediates on the
pathway to fibrils and the largest form of soluble species. They
are shorter (< 200 nm) and slightly thinner than mature fibrils
(50, 51) and have been shown to induce neurotoxicity (52). In
experiments with APy, the protofibrillar structure can be
preceded by a beaded structure called paranuclei, which has
not been observed for AB;4 49). Nilsberth et al concluded
that that one rare form of familial Alzheimer’s disease is
associated with increased protofibril formation due to a single
point mutation in AP, resulting in replacement of Glu22 with
Gly (53). Annular structures have been found when incubating
synthetic AP. They are doughnut shaped, pore-like structures
with an outer diameter of 8-12 nm and a molecular size around
150-200 kDa (54). ADDLs (AB-derived diffusible ligands) are
smaller than both protofibrils and annular structures and were
first found by Lambert et al. (55) when incubating synthetic
AB1-42 in the presence of the protein clusterin, also known as
apolipoprotein J. It is interesting to note that recently Wilson
and co-workers have found that clusterin influences fibril
formation by binding to prefibrillar species (56, 57). ADDLs
are globular structures but their reported sizes differ depending
on the analytical methods employed. They were first reported
to be low-n oligomers (17-25 kDa, corresponding to 4-6 mers)
using SDS-PAGE (55, 58) but a more recent study employing
analytical ultracentrifugation indicate that they might be more
heterogeneous with sizes up to around 200 kDa (59). ADDLs
have been shown to inhibit hippocampal long-term
potentiation (55) and Gong et al. have shown that the levels of
ADDLs-like oligomers in human brain are markedly elevated
in Alzheimer’s disease brains compared to controls (60).
Deshpande and colleagues recently provided an interesting
comparison of AP high molecular weight oligomers, ADDLs
and fibrillar AB (61). In this study they could show that AB
oligomers exerted toxicity towards primary human cortical
neurons within one day, for ADDLs the toxicity was evident
after five days and fibrillar AP required higher concentration
and it took 10 days before toxicity became evident. Both A
oligomers and ADDLs bound to synapses, indicating that this
could be an important step in the toxicity pathway leading to
neurodegeneration.

Lesné et al. (62) have reported an SDS-stable
12mer of AP, which they named AB*56 from its migration
upon SDS-PAGE, in the brain of Tg2576 transgenic mice.
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The appearance of AB*56 correlated with the appearance of
impaired long term memory in the mice. Similar memory
impairment was seen when AP*56 was administered to
healthy, young rats. Whether AB*56 is in fact an in vivo
correlate to ADDLs remains to be seen. Barghorn et a/ (63)
concluded that A4, can either polymerise via a classical
nucleation-dependent pathway to fibrils, or, alternatively,
form globular structures composed of 12 peptides. The
latter, which were termed globulomers, were suggested to
be build up in a micellar-like fashion with the hydrophobic
C-terminal part of A buried in the interior and the more
hydrophilic N-terminal part facing the surrounding solvent.
The globulomers could be formed in vitro and were also
isolated from brains of Alzheimer’s disease patients and
Tg2576 transgenic mice. The globulomers inhibited long-
term potentiation in rat hippocampal slices. Whether these
globulomers are similar to the AB*56 species remain to be
established.

Recently, more attention has been focused on
low-n oligomers, dimers up to tetramers (64). These are
SDS-resistant oligomers and are apparently secreted by
cultured cells (65, 66). They can be isolated from an APP
transfected cell line and from human brain and
cerebrospinal fluid (67). These oligomers have been shown
to inhibit hippocampal long term potentiation when
injected into the brain of rats (68) and their effect on
memory and synapses, as well as possible correlation with
disease initiation and progress, are currently being

investigated.
6. INHIBITORS OF ABp AGGREGATION AND
TOXICITY

Since the discovery that the amyloid in

Alzheimer’s disease mainly is composed of AP (69)
researchers have tried to gain better insight into the
mechanism of AP aggregation and find ways to inhibit it.
As outlined above, a number of AP assemblies have been
proposed to exert neurotoxic effects, but lack of evidence
for which forms that are the pathological species in vivo
and the scarcity of structural data on the oligomers
complicate a rational search for compounds that could
inhibit AP aggregation and toxicity. In spite of theses
obstacles, a number of different compounds that interfere
with AP aggregation in one way or another have been
published. The currently pursued strategies to reduce Af
aggregation and toxicity, apart from secretase inhibition
(see above), can be broken down to immunotherapy and
inhibition or alteration of aggregation by low molecular
weight compounds.

The clinical trial for Alzheimer’s disease
attaining most interest in recent years is the immunisation
protocol performed with AB; 4 by Elan Pharmaceuticals.
Briefly, PDAPP transgenic mice were immunised with Ap;.
42 and then showed a clearance of amyloid plaques (70).
The investigations were rapidly progressed to immunisation
of Alzheimer’s disease patients. However, the study had to
be terminated prematurely after a subgroup of the patients
developed encephalitis. In the few post mortem studies
available of patients that had been immunised, a low



AP aggregation and inhibitors thereof

Amyloid cascade hypothesis

Altered APP processing

]

Increased Ap42 production and accumulation

!

Oligomerization of Ap42 and
deposition as diffuse plaques

Neurotoxic effects of oligomeric and
protofibrillar AB42 on synaptic projections

Inflammatory response with activation
of microglia and astrocytes

Increasing synaptic and neuronal injury

Progressive oxidative injury and altered
neuronal ionic homeostasis

Changes in intracellular signalling
(kinase and phosphatase activity)

Tau hyperphosphorylation and tangle formation

Extensive neuronal dysfunction, transmitter
release deficits, and cell death

|

DEMENTIA

Figure 2. Outline of the amyloid cascade hypothesis
illustrating the events leading to Alzheimer’s disease
(adopted from (5)).

amount of amyloid deposition, compared to the amounts seen
in non-treated patients, could be detected indicating that A4,
immunisation in humans could have an effect on plaque
deposition (71). It has also been reported that immunised
patients showed slower cognitive decline than non-treated
patients (72). A drug that clears AP plaques is intuitively
appealing, although the possibility that such clearance
generates toxic A oligomers should perhaps not be neglected.
The severe side effects encountered in the initial clinical trial
are of course not acceptable, but it is envisioned that side-
effects can be attenuated by altering the immunogen (73).
Likewise in clinical trials, and under preclinical development,
are anti-Af} antibodies administrated by passive immunisation.
This is supposed to avoid a strong immunoreaction such as that
generated by active AP immunisation. Proposed modes of
action of administered AP antibodies include acting as a
peripheral sink, whereby antibodies in plasma sequester Ap
from the brain, or that the antibodies can pass the blood brain
barrier, and exert their activity directly in the brain (74).

The strategy of inhibiting AP aggregation using
small molecules is principally attractive, considering their
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lower cost and easier administration compared to
antibodies. This approach is, however, complicated by
several potential obstacles. Preventing AP aggregation
either by blocking intermolecular interactions necessary for
polymerisation, or by stabilising the “native” structure of
AP would potentially stop the pathogenic process before
any toxic species could form. However, since there is no
consensus as to what aggregates are the most toxic, finding
out what step on the aggregation pathway to target is an
unresolved key issue. Moreover, the structural flexible
nature of soluble, monomeric AP (Figure. 3), and possibly
also of AP oligomers, probably makes it difficult to find
ligands that bind strongly to one particular structure. An
alternative to reducing AP aggregation, at least
theoretically, is to accelerate AP oligomer conversion to
mature fibrils, which are supposed to be less cytotoxic.
This approach could be truly biomimetic in the sense that
fibrils have been suggested to represent one of the body’s
natural ways of sequestering toxic oligomers, and that ultra
fast fibrillation is associated with formation of functional
amyloid (75).

A large number of diverse compounds,
including peptides and small organic molecules, have been
shown to interfere with AP aggregation in vitro. Early
studies concentrated on finding molecules that would
prevent fibril formation, since the fibrils were believed to
be the causative agent. However, when the idea of toxic
oligomers surfaced, other compounds that could inhibit
aggregation into early stages were presented. Examples of
compounds identified as inhibitors of aggregation,
irrespective of mode of action, include congo red, nicotine,
scyllo-inositol, melatonin, rifampicin, curcumin, indole
derivatives, methylene blue, [J-cyclodextrin, hexadecyl-N-
methylpiperidinium bromide and hemin (48, 66, 76-85).

Some of these compounds have also been shown
to reduce AP-mediated cellular toxicity (77, 81, 83-88).
Even though a number of these molecules share aromatic
and/or hydrophobic features, there is no strict structural
similarity between the small organic compounds that have
all been shown to prevent AP aggregation. Therefore, they
likely target different regions of the AP peptide and/or
different forms of A assemblies. The structures of some of
these compounds are shown in Figure. 4 and points to the
diversity of the group.

Necula et al. (89) recently studied a number of reported
anti-Af aggregation compounds with the aim to determine
if they acted as fibrillation or oligomerisation inhibitors, or
both. Using an oligomer specific antibody (90) and
turbidity/Thioflavin T fluorescence for detection of oligomer
and fibril formation, respectively, the tested compounds fell
into one of three groups; inhibitors of oligomer or fibril
formation, or both. Some alkylammonium bromide surfactants
( (Figure 4, (5)) showed biphasic behaviour; inhibition of fibril
formation at low concentration and promotion of fibril
formation at high. A biphasic behaviour for these compounds
was reported previously (79), but then the effects were
opposite; promotion of fibril formation at low concentrations
and retardation at high concentrations. The main conclusion
of the Necula et al study was that oligomer formation and
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Figure 3. Structures of AP under different conditions. (A)
Hypothetical structure of AP in a phospholipid membrane
(illustrated by the two horizontal lines), just after its release
from APP by B- and y-secretase action (cf Figure. 1). The
two barrels represent helical regions covering residues
~15-24 and ~29-C-terminus, respectively. The N-terminal
helix is supposedly positioned superficially so that it can
interact both with the hydrophilic surrounding and the
hydrophobic membrane interior, while the C-terminal helix
is buried in the hydrophobic part of the membrane. (B)
Structure of AP;.4 in water, represented by an ensemble of
20 calculated structures from NMR derived constraints.
The structures are superpositioned in the region 16-24,
which shows that this part possesses non-random structure.
From (37) with permission from the publisher. (C)
Structure of APy_4; fibrils. The region from residue 17 to 41
is shown, Leul7-Gly25 form an upper layer of parallel -
sheet and Ile31-Ile4l form a lower layer, and the
intervening residues form a turn. The direction of the fibril
axis is marked with an arrow. From (41) (copyright (2005)
National Academy of Sciences, USA) with permission
from the publisher.

(3]
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fibril formation are the results of alternative
pathways. The compounds were suggested to act by
stabilising intermediates on either or both of these
pathways (79).

Another cationic  surfactant, hexadecyl-n-
methylpiperidinium bromide (Figure 4, (3)), was found to
inhibit AP;4 aggregation and fibril formation at
concentrations well below its critical micelle concentration
(82). The effects were concluded to be selective since small
chemical modifications of the surfactant abolished the
effects on AP, and since the aggregation of other
amyloidogenic polypeptides (transthyretin and islet
amyloid polypeptide) were not affected. The authors
suggested that the prevention of AP aggregation could be
mediated by binding of the amphiphile to the AB surface.

Yang et al (83) found that curcumin (Figure 4,
(10)), which is a diphenolic compound with gross chemical
similarities to Congo red (Figure 4, (1)) as well as to RS-
0406 (Figure 4, (7)) (see below), inhibits AP, 4 aggregation
(as detected by AP antibody 6E10/6E10 ELISA) and fibril
formation (by electron microscopy), and promotes AP
disaggregation and dissolution of fibrils. Moreover,
curcumin inhibited formation of Af;4 oligomers
(tetramers and higher order oligomers, ~60kDa by SDS-
PAGE), reduced AP, toxicity to N2a cells, and finally
suppressed amyloid accumulation in Tg2576 transgenic
mice after oral administration. According to another report
curcumin does not inhibit fibril formation, but inhibits
oligomer formation (89).

Screening a chemical library consisting of
>100.000 compounds Nakagami et a/ (91, 92) found that
RS-0406, a hydroxylated derivative of aniline (amino
benzene), inhibits A4, fibril formation, protects neurons
against AP;_4-induced toxicity and reverses Ap;.4-induced
impairment of long-term potentiation in hippocampal slices
in vitro. Likewise, a similar compound, RS-0466,
significantly inhibited Ap-amyloid-induced cytotoxicity in
HeLa cells and reversed the Ap-amyloid-induced
impairment of long-term potentiation in rat hippocampal
slices. Using a cell line transgenic for APP that secretes AP
oligomers (7PA2 cells (68)), it was found that these
compounds inhibit the intracellular formation of AP
oligomers (di- and trimers) (93). Moreover inhibition of
long term potentiation by conditioned media from these
cells was prevented by incubating the cells with RS-0406
or RS-0466, but not by incubating them with peptides
based on the AB;¢.,9 KLVFF) motif, in spite of the fact that
these peptides inhibit AP, fibril formation.

From observations that A oligomer and fibril
formation is affected by phosphatidylinositol species (94-
99), McLaurin and co-workers investigated different
inositol isomers and found that scyllo-inositol (Figure 4, (4),
also known as AZD-103) stabilises B-sheet structure in
APy.4> and prevents AP, fibril formation. Interestingly,
none of these effects were found for AP;.40, although the
toxicity of both AP;4 and APy, towards PC12 cells was
reduced by scyllo-inositol (85). Scyllo-inositol was also
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Figure 4. Chemical structures of low molecular weight compounds shown to interfere with the aggregation of AB. (1) congo red,
(2) nicotine, (3) hexadecyl-n-methylpiperidinium bromide, (4) scyllo-inositol, (5) hexadecyl-triammonium, (6) amino-propane-
sulfonic acid , (7) RS-0406, (8) melatonin, (9) methylene blue, (10) curcumin, (11) rifampicin. The structures are not drawn to

scale.

found to reduce cognitive decline (using a Morris water
maze memory test), reduce total amyloid plaque area as
well as levels of soluble and non-soluble AP.4p4, in
TgCRND-8 transgenic mice. These effects were seen
irrespective of whether the treatment was started before or
after onset of Alzheimer disease-like phenotype (100).
Scyllo-inositol was found to rescue inhibition of long term
potentiation by cell-derived soluble oligomers (101). The
same authors also found that administration of scyllo-
inositol to rats via the drinking water prevented interference
of learned performance by cerebrovascular injection of
cell-derived oligomers. Scyllo-inositol was found not to
interfere with the production of AR low n-oligomers by
7PA2 cells, but to bind to AP dimers and trimers. It was
suggested that scyllo-inositol works by binding to AP
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oligomers, preferentially trimers, and thereby masking
epitopes that are important for their biological effects (101).
McLaurin et al found that scyllo-inositol reduces the
amount of high-molecular weight (~140 kDa) A4, and
increases the amounts of trimers, and suggested that one
possible mechanism of action of scyllo-inositol could be
through inhibition of formation or disaggregation of high
molecular weight AB oligomers (100).

Amino-propane-sulfonic acid, also known as
tramiprosate, differs from a structural point of view from
most other described AP aggregation inhibitors (Figure. 4,
(6)). It also differs by its expected mode of action. It was
designed to inhibit AP interactions with sulphated
glycosaminoglycans and thereby prevent their ability to
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promote A structural conversion and fibril formation and
stability (102). Amino-propane-sulfonic acid was found to
maintain AB;4 in a non-fibrillogenic (random coil) form, to
decrease A4, toxicity in vitro, and treatment of TgCRND-8
transgenic mice with amino-propane-sulfonic acid reduced
cerebral amyloid plaque burden as well as levels of soluble and
non-soluble Aﬁ1_40/42 (23)

Considering their low degree of structural
complexity the above mentioned compounds may suffer from
a potential lack of specificity in binding to AP. One way to
address this problem and to target a specific part of the AB
peptides has been the development of peptide-based inhibitors,
sometimes referred to as 3-sheet breakers. The idea behind this
approach is that a peptide could bind in a sequence-specific
manner to a key region, necessary for AB-Af interaction, and
thereby inhibit polymerisation and/or fibril formation. The first
report based on this concept was by Tjemberg et al. who
showed that the KLVFF motif (Af4.0) acts as an inhibitor of
full length A} aggregation, and that it is actually sufficient for
forming amyloid fibrils on its own (103). Soto ef al. developed
a [-sheet breaker molecule based on the region Leul7-Ala21
with proline-substitution, to interfere with backbone hydrogen-
bonding and to reduce the B-sheet propensity of the ligand
itself (104). One of these ligands (LPFFD), was shown to be
stable in vivo, to penetrate the blood-brain barrier, and to clear
amyloid plaques in a rat model (105, 106). Several groups
have studied the effects of introducing N-methylated amino
acids in small peptide inhibitors, thereby creating a “blocked”
side of the ligand that should effectively halt fibril elongation
by blocking inter-strand hydrogen bonding (107-109).
Recently, Arvidsson and co-workers determined the first
structure at atomic resolution of a fully N-methylated peptide
by X-ray crystallography, which showed that it adopts an
elongated, B-strand conformation and that the backbone
carbonyl groups are positioned such that they can hydrogen
bond to another peptide in a B-strand conformation (110).

Very recently an illuminating study of fibrillation
inhibitors, including some inhibitors of AP aggregation, was
published (111). The main finding presented was that
compounds that are known to form colloidal aggregates, e.g.
Congo red, inhibit fibril formation and vice versa, several
known fibrillation inhibitors were found to act as aggregators.
The discomforting conclusion was that chemical aggregators
are common among inhibitors of amyloid fibril formation.
Chemical aggregators form colloid that may physically
sequester proteins in a promiscuous and non-specific manner
and they can thereby also interfere with fibril formation (112,
113). Colloid-forming compounds are typically highly
conjugated, hydrophobic and dye-like (111), features which
are common among published AP aggregation inhibitors
(Figure. 4). With the data of Shoichet and coworkers in hand, it
seems that the mechanism of action of several AP aggregation
inhibitors may need to be revised, and that future screens for
such inhibitors have to exclude compounds that form chemical
aggregates (111, 114).

7. CONCLUSIONS AND PERSPECTIVES

Developing strategies for inhibiting AP aggregation
in vitro is possible using a wide range of interacting molecules
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as illustrated by the examples above. However, underlying
mechanisms of action need to be carefully investigated to
exclude non-specific actions. Moreover, whether these results
transfer to humans and will actually have a beneficial effect in
patients suffering from Alzheimer’s disease is not clear yet.

Better understanding of the aggregation process and
the disease causing assemblies in vivo is crucial for the
development of potent therapeutic strategies. An important
step in the search for inhibitors is to develop assays that can
clearly distinguish between the different intermediate species
of the aggregation pathway. This would allow for easier
screening of compounds and targeting of the right aggregation
intermediate. It is important to bear in mind that when the first
symptoms of the disease become evident, with reduced
cognitive abilities, it is the result of a neurodegenerative
process that has likely been ongoing for many years. The
starting point is the generation and accumulation of the AB
peptide and the end stage is the atrophic brain containing
amyloid plaques. Attaining an idea of the correct order of
events in the disease development is challenging since it is an
ongoing process with different assembly states occurring
simultaneously. The aim of identifying “the” toxic species in
humans is a desirable, but tough, goal with all the different
intermediate assemblies being present. The methods used to
resolve which A species are present in in vitro and in vivo
studies are often harsh since aggregated AP will not be easily
dissolved or extracted. Hence, the possibility that artefacts can
be introduced during experimental handling should not be
neglected. One approach that has recently become available is
the use of conformational specific antibodies (90). However,
the exact epitope of this type of antibody is not defined. The
research field would benefit much if the methods used for
isolation of AP aggregates of varying size as well as the
nomenclature were to be more stringently defined.

There are today many powerful techniques available
for molecular studies of AP. For example, NMR can give us
the exact structure of monomeric as well as fibrillar Ap.
Nevertheless, it is uncertain to what extent these structures
represent the AP forms that are produced in the Alzheimer’s
disease brain. It is of great importance to characterise the
naturally occurring AP derived from human brain to enable
studies of synthetic preparations which will give us
physiologically relevant information. For example, by using
primary cultured neurons with synaptic contacts together with
the appropriate AP species we will get biologically important
information. In the years to come we will hopefully see a
transition were studies are performed with an even closer
proximity between in vitro and in vivo results.

At present, many studies suggest that some sort of
soluble oligomeric form of A results in a synaptotoxic effect.
Hence, the focus on studying pre-fibrillar species will continue
and further deepen our understanding of the molecular
structures and events underlying Alzheimer’s disease. This
greater knowledge will aid in designing new therapeutic
strategies and evaluate existing pharmacological appraoches,
i.e. in one way or another prevent oligomer formation. The
broad spectrum of potential therapeutic strategies from enzyme
inhibition and small molecular interference of aggregation to
immunisation, together with a devoted field of researchers
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holds promise for progress in basic understanding of the
disease and in drug development.

8. ACKNOWLEDGEMENT

This work was supported by the Swedish
Research Council and Hjérnfonden.

9. REFERENCES

1. A. Lobo, L.J. Launer, L. Fratiglioni, K. Andersen, A. Di
Carlo, M.M. Breteler, J.R. Copeland, J.F. Dartigues, C. Jagger,
J. Martinez-Lage, H. Soininen, and A. Hofman: Prevalence of
dementia and major subtypes in Europe: A collaborative study
of population-based cohorts. Neurologic Diseases in the
Elderly Research Group. Neurology, 54, S4-9. (2000)

2. DJ. Selkoe: Alzheimer's disease: genes, proteins, and
therapy. Physiol Rev, 81, 741-66 (2001)

3. T. Iwatsubo, A. Odaka, N. Suzuki, H. Mizusawa, N. Nukina,
and Y. Thara: Visualization of AP 42 (43) and AP 40 in senile
plaques with end-specific A monoclonals: evidence that an
initially deposited species is AP 42 (43). Neuron, 13, 45-53.
(1994)

4. J. Hardy, and G.A. Higgins: Alzheimer's disease: the
amyloid cascade hypothesis. Science, 256, 184-185. (1992)

5. J. Hardy, and D.J. Selkoe: The amyloid hypothesis of
Alzheimer's disease: progress and problems on the road to
therapeutics. Science, 297, 353-356 (2002)

6. M. Meyer-Luehmann, T.L. Spires-Jones, C. Prada, M.
Garcia-Alloza, A. de Calignon, A. Rozkalne, .
Koenigsknecht-Talboo, D.M. Holtzman, B.J. Bacskai, and B.T.
Hyman: Rapid appearance and local toxicity of amyloid-f§
plaques in a mouse model of Alzheimer’s disease. Nature, 451,
720-724 (2008)

7. EH. Corder, A.M. Saunders, W.J. Strittmatter, D.E.
Schmechel, P.C. Gaskell, G.W. Small, A.D. Roses, J.L. Haines,
and M.A. Pericak-Vance: Gene dose of apolipoprotein E type
4 allele and the risk of Alzheimer's disease in late onset
families. Science, 261, 921-923 (1993)

8. D.M. Holtzman, K.R. Bales, T. Tenkova, A.M. Fagan, M.
Parsadanian, L.J. Sartorius, B. Mackey, J. Olney, D. McKeel,
D. Wozniak, and S.M. Paul: Apolipoprotein E isoform-
dependent amyloid deposition and neuritic degeneration in a
mouse model of Alzheimer's disease. Proc. Natl. Acad. Sci.
US4, 97, 2892-2897 (2000)

9. 1. Kheterpal, and R. Wetzel. Amyloid, Prions, and Other
Protein Aggregates, Part C, Meth. Enzymol., ed. 1. Kheterpal
and R. Wetzel. Vol. 413. 1-375 (2006)

10. I. Kheterpal, and R. Wetzel. Amyloid, Prions, and Other
Protein Aggregates, Part B, Meth. Enzymol., ed. 1. Kheterpal
and R. Wetzel. Vol. 412. 1-403. (2006)

11. B.J. Hock, and B.T. Lamb: Transgenic mouse models of
Alzheimer’s disease. Trends Genet., 17, S7-S12 (2001)

1725

12. C. Janus, M.A. Chishti, and D. Westaway: Transgenic
mouse models of Alzheimer's disease. Biochim Biophys Acta,
1502, 63-75. (2000)

13. S. Oddo, A. Caccamo, J.D. Shepherd, M.P. Murphy, T.E.
Golde, R. Kayed, R. Metherate, M.P. Mattson, Y. Akbari, and
F.M. LaFerla: Triple-transgenic model of Alzheimer's disease
with plaques and tangles: intracellular AP and synaptic
dysfunction. Neuron, 39, 409-421. (2003)

14. P.A. Lawlor, R.J. Bland, P. Das, R.W. Price, V. Holloway,
L. Smithson, B.L. Dicker, M.J. During, D. Young, and T.E.
Golde: Novel rat Alzheimer's disease models based on AAV-
mediated gene transfer to selectively increase hippocampal A
levels. Mol Neurodegener, 2, 11 (2007)

15. R. Folkesson, K. Malkiewicz, E. Kloskowska, T. Nilsson,
E. Popova, N. Bogdanovic, U. Ganten, D. Ganten, M. Bader,
B. Winblad, and E. Benedikz: A transgenic rat expressing
human APP with the Swedish Alzheimer's disease mutation.
Biochem Biophys Res Commun, 358, 777-782 (2007)

16. M. Newman, LF. Musgrave, and M. Lardelli: Alzheimer
disease: amyloidogenesis, the presenilins and animal models.
Biochim Biophys Acta, 1772, 285-297 (2007)

17. C.D. Link: Invertebrate models of Alzheimer's disease.
Genes Brain Behav, 4, 147-156 (2005)

18. L.M. Luheshi, G.G. Tartaglia, A.C. Brorsson, A.P. Pawar,
LE. Watson, F. Chiti, M. Vendruscolo, D.A. Lomas, C.M.
Dobson, and D.C. Crowther: Systematic in vivo analysis of the
intrinsic determinants of amyloid-f3 pathogenicity. PLoS Biol.,
5, €290 (2007)

19. K. Jijima, H.-C. Chiang, S.A. Hearn, I. Hakker, A. Gatt, C.
Shenton, L. Granger, A. Leung, K. Jijima-Ando, and Y. Zhong:
AP42 mutants with different aggregation profiles induce
distinct pathologies in Drosophila. PLoS One, 3, €1703 (2008)

20. C. Goutte, M. Tsunozaki, V.A. Hale, and J.R. Priess: APH-
1 is a multipass membrane protein essential for the Notch
signaling pathway in Caenorhabditis elegans embryos. Proc
Natl Acad Sci U S 4, 99, 775-9. (2002)

21. R. Francis, G. McGrath, J. Zhang, D.A. Ruddy, M. Sym, J.
Apfeld, M. Nicoll, M. Maxwell, B. Hai, M.C. Ellis, A.L. Parks,
W. Xu, J. Li, M. Gurney, R.L. Myers, C.S. Himes, R. Hiebsch,
C. Ruble, J.S. Nye, and D. Curtis: aph-1 and pen-2 are required
for Notch pathway signaling, y-secretase cleavage of BAPP,
and presenilin protein accumulation. Dev Cell, 3, 85-97. (2002)

22. A. Alzheimer: Uber eine eigenartige Erkrankung der
Hirnrinde.  Allgemeine Zeitschrift  fiir ~Psychiatrie und
Psychisch-Gerichtliche Medizin, 64, 146-148 (1907)

23. F. Gervais, J. Paquette, C. Morissette, P. Krzywkowski, M.
Yu, M. Azzi, D. Lacombe, X. Kong, A. Aman, J. Laurin, W.A.
Szarek, and P. Tremblay: Targeting soluble AP peptide with
Tramiprosate for the treatment of brain amyloidosis. Neurobiol
Aging, 28, 537-547 (2007)



AP aggregation and inhibitors thereof

24.J.L. Jankowsky, H.H. Slunt, V. Gonzales, A.V. Savonenko,
J.C. Wen, N.A. Jenkins, N.G. Copeland, L.H. Younkin, H.A.
Lester, S.G. Younkin, and D.R. Borchelt: Persistent
amyloidosis following suppression of Af production in a
transgenic model of Alzheimer disease. PLoS Med., 2, 1318-
1333 (2005)

25. H. Cai, Y. Wang, D. McCarthy, H. Wen, D.R. Borchelt,
D.L. Price, and P.C. Wong: BACEL is the major B-secretase

for generation of AP peptides by neurons. Nat Neurosci, 4,
233-234.(2001)

26. D. Edbauer, E. Winkler, J.T. Regula, B. Pesold, H. Steiner,
and C. Haass: Reconstitution of y-secretase activity. Nat Cell
Biol, 5, 486-8. (2003)

27. G.T. Wong, D. Manfra, F.M. Poulet, Q. Zhang, H. Josien,
T. Bara, L. Engstrom, M. Pinzon-Ortiz, J.S. Fine, H.J. Lee, L.
Zhang, G.A. Higgins, and E.M. Parker: Chronic treatment with
the y-secretase inhibitor LY-411,575 inhibits B-amyloid
peptide production and alters lymphopoiesis and intestinal cell
differentiation. J. Biol. Chem., 279, 12876-12882 (2004)

28. S. Weggen, J.L. Eriksen, P. Das, S.A. Sagi, R. Wang, C.U.
Pietrzik, K.A. Findlay, T.E. Smith, M.P. Murphy, T. Bulter,
D.E. Kang, N. Marquez-Sterling, T.E. Golde, and E.H. Koo: A
subset of NSAIDs lower amyloidogenic AB42 independently
of cyclooxygenase activity. Nature, 414, 212-216 (2001)

29. S. Urban, and M. Freeman: Intramembrane proteolysis
controls diverse signalling pathways throughout evolution.
Curr Opin Genet Dev, 12, 512-518. (2002)

30. L. Martin, R. Fluhrer, K. Reiss, E. Kremmer, P. Saftig, and
C. Haass: Regulated intramembrane proteolysis of Bri2 (Itm2b)
by ADAMI10 and SPPL2a/SPPL2b. J Biol Chem, 283, 1644-
1652 (2008)

31.Y. Luo, B. Bolon, S. Kahn, B.D. Bennett, S. Babu-Khan, P.
Denis, W. Fan, H. Kha, J. Zhang, Y. Gong, L. Martin, J.C.
Louis, Q. Yan, W.G. Richards, M. Citron, and R. Vassar: Mice
deficient in BACEI, the Alzheimer's 3-secretase, have normal
phenotype and abolished B-amyloid generation. Nat Neurosci,
4,231-232.(2001)

32. L. Hong, G. Koelsch, X. Lin, S. Wu, S. Terzyan, A.K.
Ghosh, X.C. Zhang, and J. Tang: Structure of the protease

domain of memapsin 2 (3-secretase) complexed with inhibitor.
Science, 290, 150-153. (2000)

33. L. Hussain, J. Hawkins, D. Harrison, C. Hille, G. Wayne, L.
Cutler, T. Buck, D. Walter, E. Demont, C. Howes, A. Naylor,
P. Jeffrey, M.I. Gonzalez, C. Dingwall, A. Michel, S. Redshaw,
and J.B. Davis: Oral administration of a potent and selective
non-peptidic BACE-1 inhibitor decreases [-cleavage of
amyloid precursor protein and amyloid-f3 production in vivo. J
Neurochem, 100, 802-809 (2007)

34. A.K. Ghosh, N. Kumaragurubaran, L. Hong, S. Kulkarni,
X. Xu, H.B. Miller, D. Srinivasa Reddy, V. Weerasena, R.
Turner, W. Chang, G. Koelsch, and J. Tang: Potent memapsin

1726

2 (B-secretase) inhibitors: design, synthesis, protein-ligand X-
ray structure, and in vivo evaluation. Bioorg. Med. Chem. Lett.,
18, 1031-1036 (2008)

35. E.D. Roberson, and L. Mucke: 100 years and counting:
prospects for defeating Alzheimer's disease. Science, 314, 781-
784 (2006)

36. V.N. Uversky: A protein-chameleon: conformational
plasticity of a-synuclein, a disordered protein involved in
neurodegenerative disorders. J. Biomol. Struct. Dyn., 21, 211-
234 (2003)

37. R. Riek, P. Giintert, H. Dobeli, B. Wipf, and K. Wiithrich:
NMR studies in aqueous solution fail to identify significant
conformational differences between the monomeric forms of
two Alzheimer peptides with widely different plaque-
competence, AR (1-40) (ox) and AP (1-42) (ox). Eur. J.
Biochem., 268, 5930-5936 (2001)

38. L.C. Serpell: Alzheimer’s amyloid fibrils: structure and
assembly. Biochim. Biophys. Acta, 1502, 16-30 (2000)

39. J. Jarvet, J. Danielsson, P. Damberg, M. Oleszczuk, and A.
Griéslund: Positioning of the Alzheimer A (1-40) peptide in
SDS micelles using NMR and paramagnetic probes. J. Biomol.
NMR, 39, 63-72 (2007)

40. A.T. Petkova, Y. Ishii, J.J. Balbach, O.N. Antzutkin, R.D.
Leapman, F. Delaglio, and R. Tycko: A structural model for
Alzheimer's p-amyloid fibrils based on experimental
constraints from solid state NMR. Proc. Natl. Acad. Sci. USA,
99, 16742-16747 (2002)

41. T. Luhrs, C. Ritter, M. Adrian, D. Riek-Loher, B.
Bohrmann, H. Dobeli, D. Schubert, and R. Riek: 3D structure
of Alzheimer's amyloid-3 (1-42) fibrils. Proc. Natl. Acad. Sci.
USA, 102, 17342-17347 (2005)

42. O.S. Makin, and L.C. Serpell: Structures for amyloid fibrils.
FEBS J., 272, 5950-5961 (2005)

43. W. Hoyer, C. Gronwall, A. Jonsson, S. Stéhl, and T. Hard:
Stabilization of a [-hairpin in monomeric Alzheimer's

amyloid-f peptide inhibits amyloid formation. Proc Natl Acad
Sci US 4, 105, 5099-5104 (2008)

44. S.T. DeKosky, and S.W. Scheff: Synapse loss in frontal
cortex biopsies in Alzheimer's disease: correlation with
cognitive severity. Ann. Neurol., 27, 457-464 (1990)

45. R.D. Terry, E. Masliah, D.P. Salmon, N. Butters, R.
DeTeresa, R. Hill, L.A. Hansen, and R. Katzman: Physical
basis of cognitive alterations in Alzheimer's disease: synapse
loss is the major correlate of cognitive impairment. Ann Neurol,
30, 572-580 (1991)

46. L.F. Lue, Y.M. Kuo, A.E. Roher, L. Brachova, Y. Shen, L.
Sue, T. Beach, J.H. Kurth, R.E. Rydel, and J. Rogers: Soluble
amyloid 3 peptide concentration as a predictor of synaptic
change in Alzheimer's disease. Am J Pathol, 155, 853-862
(1999)



AP aggregation and inhibitors thereof

47. C.A. McLean, R.A. Cherny, F.W. Fraser, S.J. Fuller, M.J.
Smith, K. Beyreuther, A.I. Bush, and C.L. Masters: Soluble
pool of AP amyloid as a determinant of severity of
neurodegeneration in Alzheimer's disease. Ann Neurol, 46,
860-866 (1999)

48. M. Necula, L. Breydo, S. Milton, R. Kayed, W.E. van der
Veer, P. Tone, and C.G. Glabe: Methylene blue inhibits
amyloid AP oligomerization by promoting fibrillization.
Biochemistry, 46, 8850-8860 (2007)

49. G. Bitan, M.D. Kirkitadze, A. Lomakin, S.S. Vollers, G.B.
Benedek, and D.B. Teplow: Amyloid [ -protein (AP)
assembly: AB 40 and AP 42 oligomerize through distinct
pathways. Proc Natl Acad Sci U S A4, 100, 330-335 (2003)

50. J.D. Harper, S.S. Wong, C.M. Lieber, and P.T. Lansbury:
Observation of metastable Af amyloid protofibrils by atomic
force microscopy. Chem Biol, 4, 119-125 (1997)

51. D.M. Walsh, A. Lomakin, G.B. Benedek, M.M. Condron,
and D.B. Teplow: Amyloid B-protein fibrillogenesis. Detection
of a protofibrillar intermediate. J Biol Chem, 272, 22364-
22372 (1997)

52. D.M. Hartley, D.M. Walsh, C.P. Ye, T. Diehl, S. Vasquez,
P.M. Vassilev, D.B. Teplow, and D.J. Selkoe: Protofibrillar
intermediates of amyloid B-protein  induce acute
electrophysiological changes and progressive neurotoxicity in
cortical neurons. J Neurosci, 19, 8876-8884 (1999)

53. C. Nilsberth, A. Westlind-Danielsson, C.B. Eckman, M.M.
Condron, K. Axelman, C. Forsell, C. Stenh, J. Luthman, D.B.
Teplow, S.G. Younkin, J. Niaslund, and L. Lannfelt: The
'Arctic’ APP mutation (E693G) causes Alzheimer's disease by
enhanced AP protofibril formation. Nat. Neurosci., 4, 887-893
(2001)

54. H.A. Lashuel, D.M. Hartley, B.M. Petre, T. Walz, and P.T.
Lansbury Jr: Amyloid pores from pathogenic mutations.
Nature, 418,291 (2002)

55. M.P. Lambert, A.K. Barlow, B.A. Chromy, C. Edwards, R.
Freed, M. Liosatos, T.E. Morgan, 1. Rozovsky, B. Trommer,
K.L. Viola, P. Wals, C. Zhang, C.E. Finch, G.A. Krafft, and
W.L. Klein: Diffusible, nonfibrillar ligands derived from AB1-
42 are potent central nervous system neurotoxins. Proc Natl
Acad Sci U S A4, 95, 6448-6453 (1998)

56. J.J. Yerbury, S. Poon, S. Meehan, B. Thompson, J.R.
Kumita, C.M. Dobson, and M.R. Wilson: The extracellular
chaperone clusterin influences amyloid formation and toxicity
by interacting with prefibrillar structures. Faseb J, 21, 2312-
2322 (2007)

57. JR. Kumita, S. Poon, G.L. Caddy, C.L. Hagan, M.
Dumoulin, J.J. Yerbury, E.M. Stewart, C.V. Robinson, M.R.
Wilson, and C.M. Dobson: The extracellular chaperone
clusterin potently inhibits human lysozyme amyloid formation
by interacting with prefibrillar species. J Mol Biol, 369, 157-
167 (2007)

1727

58. B.A. Chromy, R.J. Nowak, M.P. Lambert, K.L. Viola, L.
Chang, P.T. Velasco, B.W. Jones, S.J. Fernandez, P.N. Lacor,
P. Horowitz, C.E. Finch, G.A. Krafft, and W.L. Klein: Self-
assembly of A (1-42) into globular neurotoxins. Biochemistry,
42, 12749-12760 (2003)

59. R.W. Hepler, K.M. Grimm, D.D. Nahas, R. Breese, E.C.
Dodson, P. Acton, P.M. Keller, M. Yeager, H. Wang, P.
Shughrue, G. Kinney, and J.G. Joyce: Solution state
characterization of amyloid B-derived diffusible ligands.
Biochemistry, 45, 15157-15167 (2006)

60. Y. Gong, L. Chang, K.L.. Viola, P.N. Lacor, M.P. Lambert,
C.E. Finch, G.A. Krafft, and W.L. Klein: Alzheimer's disease-
affected brain: presence of oligomeric AP ligands (ADDLs)

suggests a molecular basis for reversible memory loss. Proc
Natl Acad Sci U S A4, 100, 10417-10422 (2003)

61. A. Deshpande, E. Mina, C. Glabe, and J. Busciglio:
Different conformations of amyloid 3 induce neurotoxicity by

distinct mechanisms in human cortical neurons. J Neurosci, 26,
6011-6018 (2006)

62. S. Lesne, M.T. Koh, L. Kotilinek, R. Kayed, C.G. Glabe, A.
Yang, M. Gallagher, and K.H. Ashe: A specific amyloid-$
protein assembly in the brain impairs memory. Nature, 440,
352-357 (2006)

63. S. Barghorn, V. Nimmrich, A. Striebinger, C. Krantz, P.
Keller, B. Janson, M. Bahr, M. Schmidt, R.S. Bitner, J. Harlan,
E. Barlow, U. Ebert, and H. Hillen: Globular amyloid B-
peptide oligomer - a homogenous and stable neuropathological
protein in Alzheimer's disease. J Neurochem, 95, 834-847
(2005)

64. D.M. Walsh, 1. Klyubin, G.M. Shankar, M. Townsend, J.V.
Fadeeva, V. Betts, M.B. Podlisny, J.P. Cleary, K.H. Ashe, M.J.
Rowan, and D.J. Selkoe: The role of cell-derived oligomers of
AB in Alzheimer's disease and avenues for therapeutic
intervention. Biochem. Soc. Trans., 33, 1087-1090 (2005)

65. M.B. Podlisny, B.L. Ostaszewski, S.L. Squazzo, E.H. Koo,
R.E. Rydell, D.B. Teplow, and D.J. Selkoe: Aggregation of
secreted amyloid B-protein into sodium dodecyl sulfate-stable
oligomers in cell culture. J. Biol. Chem., 270, 9564-9570 (1995)

66. M.B. Podlisny, D.M. Walsh, P. Amarante, B.L.
Ostaszewski, E.R. Stimson, J.E. Maggio, D.B. Teplow, and
D.J. Selkoe: Oligomerization of endogenous and synthetic
amyloid B-protein at nanomolar levels in cell culture and
stabilization of monomer by Congo red. Biochemistry, 37,
3602-3611 (1998)

67. D.M. Walsh, B.P. Tseng, R.E. Rydel, M.B. Podlisny, and
D.J. Selkoe: The oligomerization of amyloid B-protein begins
intracellularly in cells derived from human brain. Biochemistry,
39, 10831-10839 (2000)

68. D.M. Walsh, 1. Klyubin, J.V. Fadeeva, W.K. Cullen, R.
Anwyl, M.S. Wolfe, M.J. Rowan, and D.J. Selkoe: Naturally



AP aggregation and inhibitors thereof

secreted oligomers of amyloid [ protein potently inhibit
hippocampal long-term potentiation in vivo. Nature, 416, 535-
539 (2002)

69. G.G. Glenner, and C.W. Wong: Alzheimer's disease: initial
report of the purification and characterization of a novel

cerebrovascular amyloid protein. Biochem Biophys Res
Commun, 120, 885-90 (1984)

70. D. Schenk, R. Barbour, W. Dunn, G. Gordon, H. Grajeda,
T. Guido, K. Hu, J. Huang, K. Johnson-Wood, K. Khan, D.
Kholodenko, M. Lee, Z. Liao, 1. Lieberburg, R. Motter, L.
Mutter, F. Soriano, G. Shopp, N. Vasquez, C. Vandevert, S.
Walker, M. Wogulis, T. Yednock, D. Games, and P. Seubert:
Immunization with amyloid-f attenuates Alzheimer-disease-
like pathology in the PDAPP mouse. Nature, 400, 173-177.
(1999)

71. J.A. Nicoll, E. Barton, D. Boche, J.W. Neal, 1. Ferrer, P.
Thompson, C. Vlachouli, D. Wilkinson, A. Bayer, D. Games,
P. Seubert, D. Schenk, and C. Holmes: AP species removal

after AP42 immunization. J Neuropathol Exp Neurol, 65,
1040-1048 (2006)

72. C. Hock, U. Konietzko, J.R. Streffer, J. Tracy, A. Signorell,
B. Miiller-Tillmanns, U. Lemke, K. Henke, E. Moritz, E.
Garcia, M.A. Wollmer, D. Umbricht, D.J. de Quervain, M.
Hofmann, A. Maddalena, A. Papassotiropoulos, and R.M.
Nitsch: Antibodies against f-amyloid slow cognitive decline in
Alzheimer's disease. Neuron, 38, 547-554 (2003)

73. M. Maier, T.J. Seabrook, N.D. Lazo, L. Jiang, P. Das, C.
Janus, and C.A. Lemere: Short amyloid-f (AB) immunogens
reduce cerebral AP} load and learning deficits in an Alzheimer's

disease mouse model in the absence of an AB-specific cellular
immune response. J Neurosci, 26, 4717-4728 (2006)

74. D.S. Gelinas, K. DaSilva, D. Fenili, P. St George-Hyslop,
and J. McLaurin: Immunotherapy for Alzheimer's disease.
Proc Natl Acad Sci U S A, 101 Suppl 2, 14657-14662 (2004)

75. D.M. Fowler, A.V. Koulov, C. Alory-Jost, M.S. Marks,
W.E. Balch, and J.W. Kelly: Functional amyloid formation
within mammalian tissue. PLoS Biol., 4, ¢6 (2006)

76. P. Camilleri, N.J. Haskins, and D.R. Howlett: B-
Cyclodextrin interacts with the Alzheimer amyloid p-A4
peptide. . FEBS Lett., 341 256-258 (1994)

77. D. Howlett, P. Cutler, S. Heales, and P. Camilleri: Hemin
and related porphyrins inhibit f-amyloid aggregation. . FEBS
Lett., 417 249-251 (1997)

78. M. Pappola, P. Bozner, C. Soto, H. Shao, N.K. Robakis, M.

Zagorski, B. Frangione, and J. Ghiso: Inhibition of Alzheimer
B-fibrillogenesis by melatonin. J. Biol. Chem., 273 7185-7188
(1998)

79. R. Sabate, and J. Estelrich: Stimulatory and inhibitory
effects of alkyl bromide surfactants on [-amyloid
fibrillogenesis. Langmuir 21, 6944-6949 (2005)

1728

80. A.R. Salomon, K.J. Marcinowski, R.P. Friedland, and M.G.
Zagorski: Nicotine inhibits amyloid formation by the f-peptide.
Biochemistry 35 13568-13578 (1996)

81. T. Tomiyama, A. Shoji, K. Kataoka, Y. Suwa, S. Asano, H.
Kaneko, and N. Endo: Inhibition of amyloid B protein
aggregation and neurotoxicity by rifampicin. Its possible
function as a hydroxyl radical scavenger. J. Biol. Chem., 271
6839-6844 (1996)

82. S.J. Wood, L. MacKenzie, B. Maleef, M.R. Hurle, and R.
Wetzel: Selective inhibition of AP fibril formation. J. Biol.
Chem., 271 4086-4092 (1996)

83. F. Yang, G.P. Lim, AN. Begum, O.J. Ubeda, M.R.
Simmons, S.S. Ambegaokar, P.P. Chen, R. Kayed, C.G. Glabe,
S.A. Frautschy, and G.M. Cole: Curcumin inhibits formation
of amyloid 3 oligomers and fibrils, binds plaques, and reduces
amyloid in vivo. J. Biol. Chem., 280, 5892-5901 (2005)

84. T. Cohen, A. Frydman-Marom, M. Rechter, and E. Gazit:
Inhibition of amyloid fibril formation and cytotoxicity by
hydroxyindole derivatives. Biochemistry, 45, 4727-4735 (2006)

85. J. McLaurin, R. Golomb, A. Jurewicz, J.P. Antel, and P.E.
Fraser: Inositol stereoisomers stabilize an oligomeric aggregate
of Alzheimer amyloid B peptide and inhibit Ap-induced
toxicity. J. Biol. Chem., 275, 18495-18502 (2000)

86. Q. Liu, and B. Zhao: Nicotine attenuates [-amyloid
peptide-induced neurotoxicity, free radical and calcium
accumulation in hippocampal neuronal cultures. Br J
Pharmacol, 141, 746-754 (2004)

87. A. Lorenzo, and B.A. Yankner: B-amyloid neurotoxicity
requires fibril formation and is inhibited by congo red. Proc
Natl Acad Sci U S 4, 91, 12243-12247 (1994)

88. M.A. Pappolla, M. Sos, R.A. Omar, R.J. Bick, D.L.
Hickson-Bick, R.J. Reiter, S. Efthimiopoulos, and N.K.
Robakis: Melatonin prevents death of neuroblastoma cells
exposed to the Alzheimer amyloid peptide. J Neurosci, 17,
1683-1690 (1997)

89. M. Necula, R. Kayed, S. Milton, and C.G. Glabe: Small
molecule inhibitors of aggregation indicate that amyloid
oligomerization and fibrillization pathways are independent
and distinct. J Biol Chem, 282, 10311-10324 (2007)

90. R. Kayed, E. Head, J.L. Thompson, T.M. Mclntire, S.C.
Milton, C.W. Cotman, and C.G. Glabe: Common structure of
soluble amyloid oligomers implies common mechanism of
pathogenesis. Science, 300, 486-489 (2003)

91. Y. Nakagami, S. Nishimura, T. Murasugi, I. Kaneko, M.
Meguro, S. Marumoto, H. Kogen, K. Koyama, and T. Oda: A
novel B-sheet breaker, RS-0406, reverses amyloid B-induced
cytotoxicity and impairment of long-term potentiation ir vitro.
Br. J. Pharmacol., 137, 676-682 (2002)

92. Y. Nakagami, S. Nishimura, T. Murasugi, T. Kubo, L
Kaneko, M. Meguro, S. Marumoto, H. Kogen, K. Koyama,



AP aggregation and inhibitors thereof

and T. Oda: A novel compound RS-0466 reverses -amyloid-
induced cytotoxicity through the Akt signaling pathway in
vitro. Eur. J. Pharmacol., 457, 11-17 (2002)

93. D.M. Walsh, M. Townsend, M.B. Podlisny, G.M. Shankar,
J.V. Fadeeva, O. El Agnaf, D.M. Hartley, and D.J. Selkoe: Certain
inhibitors of synthetic amyloid [J-peptide (A[J) fibrillogenesis
block oligomerization of natural A[] and thereby rescue long-term
potentiation. J. Neurosci., 25, 2455-2462 (2005)

94. L.P. Choo-Smith, and W.K. Surewicz: The interaction
between Alzheimer amyloid [J (1-40) peptide and ganglioside
GM1-containing membranes. FEBS Lett., 402, 95-98 (1997)

95. V. Koppaka, and P.H. Axelsen: Accelerated accumulation of
amyloid [ proteins on oxidatively damaged lipid membranes.
Biochemistry, 39, 10011-10016 (2000)

96. J. McLaurin, and A. Chakrabartty: Membrane disruption by
Alzheimer [1-amyloid peptides mediated through specific binding
to either phospholipids or gangliosides. Implications for
neurotoxicity. J. Biol. Chem., 271, 26482-26489 (1996)

97. J. McLaurin, and A. Chakrabartty: Characterization of the
interactions of Alzheimer [J-amyloid peptides with phospholipid
membranes. Eur. J. Biochem., 245, 355-363 (1997)

98. T. Mizuno, M. Nakata, H. Naiki, M. Michikawa, R. Wang, C.
Haass, and K. Yanagisawa: Cholesterol-dependent generation of a
seeding amyloid [J-protein in cell culture. J. Biol. Chem., 274,
15110-15114 (1999)

99. K. Yanagisawa, A. Odaka, N. Suzuki, and Y. Ihara: GM1
ganglioside-bound amyloid [J-protein (A7): a possible form of
preamyloid in Alzheimer's disease. Nat. Med., 1, 1062-1066 (1995)

100. J. McLaurin, M.E. Kierstead, M.E. Brown, C.A. Hawkes,
M.H. Lambermon, A.L. Phinney, A.A. Darabie, J.E. Cousins, J.E.
French, M.F. Lan, F. Chen, S.S. Wong, H.T. Mount, P.E. Fraser,
D. Westaway, and P. St George-Hyslop: Cyclohexanehexol
inhibitors of Al aggregation prevent and reverse Alzheimer
phenotype in a mouse model. Nat. Med., 12, 801-808 (2006)

101. M. Townsend, J.P. Cleary, T. Mehta, J. Hofmeister, S. Lesne,
E. OHare, DM. Walsh, and D.J. Selkoe: Orally available
compound prevents deficits in memory caused by the Alzheimer
amyloid-[J oligomers. Ann. Neurol., 60, 668-676 (2006)

102. F. Gervais, R. Chalifour, D. Garceau, X. Kong, J. Laurin, R.
Mclaughlin, C. Morissette, and J. Paquette: Glycosaminoglycan
mimetics: a therapeutic approach to cerebral amyloid angiopathy.
Amyloid, 8,28-35 (2001)

103. L.O. Tjemberg, J. Naslund, F. Lindqvist, J. Johansson, A.R.
Karlstrom, J. Thyberg, L. Terenius, and C. Nordstedt: Arrest of [1-
amyloid fibril formation by a pentapeptide ligand. J Biol Chem,
271, 8545-8548. (1996)

104. C. Soto, M.S. Kindy, M. Baumann, and B. Frangione:
Inhibition of Alzheimer's amyloidosis by peptides that prevent (-
sheet conformation. Biochem. Biophys. Res. Commun. , 226, 672-
680 (1996)

1729

105. J.F. Poduslo, G.L. Curran, A. Kumar, B. Frangione, and C.
Soto: [I-sheet breaker peptide inhibitor of Alzheimer's
amyloidogenesis with increased blood-brain barrier permeability
and resistance to proteolytic degradation in plasma. J. Neurobiol.,
39,371-382(1999)

106. C. Soto, EM. Sigurdsson, L. Morelli, R.A. Kumar, EM.
Castafio, and B. Frangione: [J-sheet breaker peptides inhibit
fibrillogenesis in a rat brain model of amyloidosis: implications for
Alzheimer's therapy. Nat. Med., 4, 822-826 (1998)

107. D.J. Gordon, K.L. Sciarretta, and S.C. Meredith: Inhibition of
[-amyloid (40) fibrillogenesis and disassembly of [1-amyloid (40)
fibrils by short [1-amyloid congeners containing N-methyl amino
acids at alternate residues. Biochemistry, 40, 8237-8245 (2001)
108. D.J. Gordon, R. Tappe, and S.C. Meredith: Design and
characterization of a membrane permeable N-methyl amino acid-
containing peptide that inhibits A[11-40 fibrillogenesis. J. Pept.
Res., 60,37-55 (2002)

109. E. Hughes, R.M. Burke, and A.J. Doig: Inhibition of toxicity
in the B-amyloid peptide fragment - (25-35) using N-methylated
derivatives: a general strategy to prevent amyloid formation. J.
Biol. Chem., 275, 25109—-25115 (2000)

110. S. Zhang, S. Prabpai, P. Kongsaeree, and P.I. Arvidsson:
Poly-N-methylated [l-peptides: synthesis and X-ray structure
determination of [1-strand forming foldamers. Chem. Commun., 7,
497-499 (2006)

111. B.Y. Feng, B.H. Toyama, H. Wille, D.W. Colby, S.R. Collins,
B.C. May, S.B. Prusiner, J. Weissman, and B.K. Shoichet: Small-
molecule aggregates inhibit amyloid polymerization. Nat. Chem.
Biol., 4, 197-199 (2008)

112. S.L. McGovem, B.T. Helfand, B. Feng, and B.K. Shoichet: A
specific mechanism of nonspecific inhibition. J. Med. Chem., 46,
4265-4272 (2003)

113. S.L. McGovern, C. E., N. Grigorieff, and B.K. Shoichet: A
common mechanism underlying promiscuous inhibitors from
virtual and high-throughput screening. J. Med. Chem., 45, 1712-
1722 (2002)

114. G.M. Rishton: Aggregator compounds confound amyloid
fibrillization assay. Nat. Chem. Biol., 4, 159-160 (2008)

Abbreviations: AP, amyloid fB-peptide; ADDL, Ap-
derived diffusible ligands; APP, amyloid precursor protein.

Key Words: Alzheimer’s Disease, Protein Misfolding,
Amyloid, Aggregation Inhibitor, Review

Send correspondence to: Jan Johansson, Department of
Anatomy, Physiology and Biochemistry, Swedish
University of Agricultural Sciences, The Biomedical
Centre, 751 23 Uppsala, Sweden. Tel: 46-18-4714065, Fax:
46-18-550762, E-mail: jan.johansson@atb.slu.se

http://www.bioscience.org/current/vol14.htm



