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|. INTRODUCTION

I-1. Amyloid beta peptides



Amyloid beta (AB), a 4.5kD peptide, contain 39-42 amino acid residue
derived by the sequential cleavage of  and y scretases from amyloid precursor
protein (APP) [1,2]. Generation of AB is closely related to the pathogenesis of a
age related neurodegenerative disorder called Alzheimer’s disease [3].
Alzheimer’s disease (AD) is characterized by progressive and insidious
neurodegeneration of the central nervous system which eventually leads to a
gradual decline of cognitive function and dementia [4]. The principal
neuropathological features of AD are the presence of neurofibrillary tangles and
B-amyloid (AB) composed senile plaques [5,6] (Fig. 1A). The precursor of A
peptide, APP, is a large type 1 transmembrane protein of unknown function that
is expressed in the heart, kidneys, lungs, spleen, intestine, and brain [7]. The
majority of APP degrades in the endoplasmic reticulum and only a small
fraction enters into the secretase cleavage pathway [1,2,6] (Fig. 1B).The first
cleavage of APP by a- secretase results in the release of the large soluble
ectodomain fragment a-APPs and retention of a C-terminal fragment C83 in the
membrane which further cleaved by y- secretase and releases a 3 kDa peptide,
p3. While the cleavage of APP by B-secretase leads to the release of a soluble
APP fragment B-APPs and the C-terminal fragment C99 (B-CTFs). Further
processing of C99 by y-secretase results in the generation of AB [7] (Fig. 1B).
The differential cleavage by y-secretase is one contributing factor for the
formation AB with different C-termini. Among two most common alloforms of AB,
AB40 ending at Val at 40 position and AP42 ending at Ala at 42 position, the
longer form(ApB42) is more prone to aggregate than the shorter form(Ap40),

and is the main constituent of senile plaques [8,9].
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I-2. Aggregation of A peptide and cytotoxicity

The amyloid cascade hypothesis suggests that AB aggregates are
important etiology of AD [8]. Senile plaque of AD patent's brain mainly
composed of fibrilar form of AB (fAB) which explained as the peptide’s polymers
with cross B-sheet structure [10]. fAB triggers a number of pathological
conditions including tau hyperphosphorylation, which leads to neuronal
dysfunction and degeneration [11]. Several lines of studies proposed that AB
fibrilization follows nucleation-dependent aggregation which basically
comprises two phases; nucleation and extension [12,13] (Fig. 1C). Nucleation
phase is thermodynamically unfavorable and involves the formation of nucleus
through a series of association of monomers [12]. Extension phase is
thermodynamically favorable and accomplishes by the addition of monomers to
the end of existing nucleus, leading to the rapid extension of fibrils [13]. AB
fibrilization, however, precedes by multiple conformational changes including
trimer, pentamer, or higher molecular weight complex formation, also known as
AB -derived diffusible ligands (ADDLs) [14], oligomers composed of 15-20
monomers (ABOs) [15], protofibrils (string of oligomers) [16], and dodecameric
oligomers AB *56[17] (Fig. 1D). These intermidiate speciece of A fibrilogenesis
pathway are designated collctively as “soluble A" [18] which found in
cerebrospinal fluid of AD patents [19]. The report also proposed that the A
oligomerization proceeds by association of monomers to form the initial
pentamerhexamer units called paranuclei which further assembled to form
beaded superstructures similar to early protofibrils [20] (Fig. 1E).

It was long assumed that AB has to be deposited in extracellular fibrilar



form to exert the toxicity [21,22]. The modified version of B-amyloid cascade
hypothesis, however, suggests the possibility that Ap-oligomers might
contribute to AD pathogenesis rather than fibrillar amyloid deposits within the
brain [23], which strongly supported by the evidence of soluble AR assembly in
the brain of AD patent [19]. Now a number of studies have suggested that
soluble, oligomeric, non-fibrillar forms of AB are more toxic than the mature
fibrils, and a clear correlation have also shown between soluble Aj levels and
extent of synaptic loss and severity of cognitive impairments[24,25,26]. In a
recent study, both soluble monomer and oligomer and insoluble amyloid
plague have been isolated from AD brain and the dimeric form defined as the
smallest synaptotoxic species due to its severe impairment of synaptic plasticity
in mouse hippocampus slice [27]. The monomer and plaque in insoluble form,
on the other hand, have shown to devoid of toxicity [27] and in fact the
neuroprotective effect have been suggested for the monomeric form of the

peptide [28].
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Fig. 1. Amyloid plaques, processing of amyloid precursor protein (APP)
and aggregation of AB peptides. (A) In the brain of Alzheimer's patients, AB
forms irresolvable clumps, known as amyloid plaques (Source: American
Health Assistance Foundation). (B) Schematic diagram of APP processing (not
drawn in proportion). AR peptides derived by the sequential cleavage of APP by
B- and y- secretases. (C) Nucleation dependent aggregation of AB peptides. (D)
Schematic diagram of aggregation of AP peptides. The fibrilization of AR
peptides proceeds by several conformational changes from monomers to
oligomers, string of oligomers or protofibrils and then to mature fibrils. The
oligomeric and protofibrilar intermediates are designated as soluble AR which
found the most toxic forms of the peptides. (E) AR oligomerization process.
Oligomerization proceeds by the assotiation of monomers to form

pentahexamers paranuclei which further assembled to large oligomers.
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I-3. Interaction AB with plasma membrane and receptor proteins

The mechanism of ABs mediated cytotoxicity remains unclear. Due to
its structural virtue, ABs are able to bind to a variety of bio-molecules, including
lipids, proteoglycans and proteins (Fig. 2). Several studies have shown a
positive correlation between the binding of Ap to the plasma membrane and the
cytotoxicity induced by the peptide [29,30]. AR has been found to bind with a
number of receptors or receptor related proteins such as low-density receptor-
associated protein-1 [31], the a7-nicoti nic acetylcholine receptor [32], the p75
neurotrophin receptor [33] and the receptor for advanced glycation endproducts
[34]. On the other hand report also proposed that AB binds to membrane lipids
rather than binding to a specific receptor [35]. Membrane binding of A has
been reported as a necessary step to exert the toxicity by the peptide [36],
while the interaction of AR with receptor associated protein (RAP) have been
found to promote the cellular internalization of the peptide [37]. A recent study
has been reported a new interaction of A peptide with lipoprotein lipase (LPL)
which promoted the membrane association and cellular uptake of the peptide
[38].

The first order interaction of AR with cell membrane and receptors, however,
facilitate the membrane permeability and internalization of the peptide. The
binding of AB to membrane stimulates the AB aggregation due to the interaction
between the anionic lipid and the peptide which enhances the structural
transition of the peptide from random coils to B-sheet structure [39]. This
enhancement of structural conversion along with increased membrane

permeability leads to the formulation of the “channel hypothesis”, postulated on
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the evidence of the formation of ion channel by AB peptides [40], and at least
eight different ion channels have been characterized [41]. A report has been
shown that the interaction of Aps with the membrane leads to the formation of
small oligomeric complexes which have been found to form multimeric

channels with a central pore-like structure [42].

I-4. Cellular internalization of AB and interaction with intra-

cellular proteins

The exogenous ABs have been found to internalized and accumulated
in neurons [43]. Several pathways have been proposed to mediate the event.
Internalization via endocytosis and accumulation in the endosomal/lysosomal
system have been suggested by an earlier study [44]. A recent in vitro study
demonstrated that endocytosis of B-amyloid is regulated by a dynamin-
dependent and RhoA-mediated pathway [45]. While, the contrasting evidence
showed in an in vivo study, where the selective accumulation of B-amyloid in
PC12 cells as well as cortical and hippocampal neurons found to occurs via a
nonsaturable, energy independent, and nonendocytotic pathway [46]. The
specific pathways involved in up taking and intracellular accumulation of AR
peptides, however, remains unclear.

AB has been found to binds different molecules upon entering in to the cells
(Fig. 2). One of these molecules is the Ap-related death-inducing protein (AB-
DIP) [47]. AB-DIP has been shown to activate and enhance cell death upon
binding to AB [47]. A direct interaction between AR and mitochondria has also

been shown in human neuroblastoma cells [48], which leads to the
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transportation of the peptides in to the compartment by the translocase of the
outer membrane (TOM40) and the translocase of the inner membrane (TIM22)
[49]. The AP associated neurotoxic mechanism by mitochondrial dysfunction
involved the interaction of the peptide with several mitochondrial proteins; one
of those is ER amyloid B-peptide-binding protein (ERAB), also known as [3-
amyloid binding alcohol dehydrogenase (ABAD) [50]. ABAD assume to play a
cyto-protective role in mitochondria by detoxifying aldehydes, such as, 4-
hydroxy-2-nonenal (4-HNE), a cytotoxic hydroxyalkenal derived from lipid
peroxides and a marker of oxidative stress [51]. The interaction of ABAD and
AB leads to the dysfunction of mitochondria and generation of reactive oxygen
species (ROS) by abrogating ABAD’s 4-HNE detoxifying properties [51]. It has
also been suggested that B-amyloid interacts with mitochondrial proteins from
the membrane permeability transition pore (MPTP) [52]. A recent protein—
protein interaction study suggested that the interaction between A and
adenine nucleotide translocase is stronger than that between AB and
cyclophilin- D [53]. The complexes IV and V also reported as the targets for the
peptides in human neuroblastoma cells [48]. The interaction of AR with
mitochondrial membranes and mitochondrial proteins leads to mitochondria
dysfunction through several events including the disturbance of membrane
properties and calcium homeostasis, increasing ROS production, reducing

oxidative phosphorylation and inducing apoptosis [54].
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Fig. 2. Schematic diagram of cytotoxic effects of AR through interaction to
membrane receptors and intracellular proteins. The cytotoxic effects of AB
may results from the interaction of the peptide to several biomolecules; 1, direct
interaction of AB peptide with cell membrane [30]; 2, binding to a specific
receptor [32]; 3, forming a channel-like structure on cell membrane [41]; 4,
interaction with unknown intracellular targets; 5, interaction with mitochondrial

proteins such as ABAD [50] or cytochrome c oxidase [48].
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I-5. AB induced apoptosis and cell death

The eventual consequence of AR interactions to extra- and intracellular
proteins is the induction of cell death process through different biochemical
events such as the activation of caspases [55,56,57], which has been a strong
evidence for involvement of apoptosis in the death process [58]. Extensive
evidence shows that apoptosis is involved in neuronal loss in AD [59,60]. The
apoptosis, also known as programmed cell death, involves a series of
biochemical events, both mitochondrial and non mitochondrial. The
mitochondria-mediated apoptosis is characterized by the formation of
apoptosome, a multiprotein complex that composed of cytochrome c released
from mitochondria, Apaf-1, dATP and caspase-9 which becomes activated in
the complex [61]. On the other hand, extracellular ligands such as TNFa, CD95
and Trail bind to the death receptors to form death inducing signaling complex
(DISC) which activate caspase-8 in non mitochondrial receptor-mediated
apoptosis [62]. Once apoptososme complex and DISC activate the initiator
caspases, procaspase-9 and procaspase-8, respectively, it process the effector
caspases such as caspases-3, -6 and -7 which are responsible for most of the
downstream effects of apoptotic processes [63]. Studies have shown that AB
induced the apoptosis process both in vitro [55] and in vivo [56] systems.
Several hypotheses have been proposed for the mechanisms followed by A to
induce apoptosis. The mitochondrial release of apoptosis inducing factor (AIF)
in cultured neurons [64] and the release of cytochrome c from isolated
mitochondria [65] in presence of AP have been suggested, which subsequently

initiates a caspase-independent apoptosis by causing DNA fragmentation and
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chromatin condensation [64]. On the other hand, direct induction of apoptosis
by AB has been reported by demonstrating the activation and processing of
caspase-3 in rat cortial neurons after AR application [66]. The presence of
caspase inhibitor has been found to block AR induced apoptosis without
affecting the cell death by the peptide [66], which indicates different pathway(s)
following by AP to kill the cells. The exact mechanism of AR induced apoptosis

and its correlation with cell death, however, remains indistinct.

I-6. Inhibition of AB aggregation and cytotoxicity by proteins

Even after 100 years of discovery, the genetic, biochemical and
biophysical elucidation of the origin of AD remains a complex and formidable
challenge. The mechanism leading to cell death resulting from AB aggregation
is beyond the clarification since the toxicity of processed AR peptide involve
multiple pathways which may include a combination of apoptosis [67], ion
dyshomeostasis [68], toxic radical [69] and complement formation [70].
Aggregations of soluble AR monomers to form toxic oligomers, protofibrillar and
fibrillar species are considered to be the most critical step in the pathogenesis
of the disease. The therapeutic strategy to inhibit this transition from monomer
to toxic species, however, being practiced actively by numerous molecules that
interact to AB [71]. Several intra- and extracellular chaperones have been found
to regulate AR aggregation and toxicity. Identifying and utilizing proteins that
interact to AB and inhibits its aggregation, however, might be potential to better
understand the mechanism of the peptide’s self-assembly and to develop

therapeutic strategies.
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Molecular chaperones are involved in several cellular processes including
protein folding, degradation and subcellular trafficking [72]. Chaperone binding
to the exposed hydrophobic stretch of amino acids mediates the flux between
different protein conformations [73]. Several evidence such as, AB binding
chaperones in cerebrospinal fluid [74], inhibition of AB amyloidogenesis by
small heat shocks protein(sHsp) [75,76,77], interaction of AR peptide with
several chaperone proteins and consequently suppression of cellular toxicity in
transgenic Caenorhabditis elegans [78], suppression of in vivo AB toxicity by
over expression of small chaperone [79] suggests the potentiality of molecular
chaperones and chaperone like proteins as a therapeutic target for AD.

The consequences of A3 and chaperones interaction have been reported to
enrich or decrease aggregated species of the peptides. For example,
apolipoprotein J (ApodJ), a senile plaque protein known as “clusterin or
extracellular chaperone,” can interact with A and influence the fibril formation
[80], while the sHsp aB-crystallin prevents the amyloid fibril growth and at
higher concentration accumulates toxic oligomers [77]. One the other hand,
apolipoprotein E (Apo E) has been shown to have dual functions; binding to
oligomeric AB by receptor mediated process and facilitating the deposition of
the peptide as amyloid [81]. Whereas, the heat shock protein (Hsp) 90 and Hsp
70 shown to inhibit the aggregation of A at earlier stage of fibrilogenesis [82].
The studies suggest that chaperones may regulates the AR aggregation and
antagonize its biological effects but the consequence of interaction vary

according to the types of chaperones.
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Fig. 3. A model for molecular chaperone suppression of A mediated
neurotoxicity (Source: Muchovski PJ. Protein misfolding, amyloid formation
and neurodegeneration: a critical role for molecular chaperone. Neuron
2002;35:9-12). Molecular chaperones may suppress amyloid formation by
participation in the pathways A, B, and C. Chaperones may also facilitated
conversion of toxic intermediates into nontoxic amorphous aggregates

(pathway D).
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Though a number of proteins, particularly chaperones, have been identified
as inhibitor of Ap aggregation, its cytotoxic consequence is still confecting. The
suppression of cytotoxic effects found in vivo by over expression of several
proteins [78,83], but the in vitro studies showed that aB-crystalline [84], ApoE
[85], a-antichymotrypsin [86] promoted the cytotoxicity. The concentrations of
chaperones to exert inhibitory activity have been found very critical in some
cases. For instance, small heat shock protein Hsp20 has been shown to inhibit
AB toxicity at lower concentration, whereas it lost both aggregation and
cytotoxic inhibitory properties at higher concentration [77]. While the reverse
situation has been found in case of Apod [87]. The discrepancies have been
explained as the pro-amyloidogenic property of chaperones may restrict in

presence of substrate protein at a very large or small molar excess [87].

I-7. Inhibition of AB aggregation and cytotoxicity by chemicals

Several small molecules have been suggested as therapeutic agents
and categorize according to their effectiveness to inhibit single or all steps of
monomer > oligomer > fibril formation pathway [88]. Among the AR interacting
small molecules, curcumin is one of the most attractive compound to the
scientists due to its direct capability to bind with small AR species, to block
aggregation and fibril formation and to disaggregates mature fibrils both in vitro
and in vivo [89] conditions. The sulfonate dye Congo red and its derivatives[90]
and thioflavin T(ThT) [91] were also reported to bind and stained amyloid in
tissue section. These two dyes become popular and classic reagent to

determine characteristic f-sheet mediated fibrilization. The notable point of the
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studies regarding small molecule inhibitor of AR peptide is the most of reported
inhibitors are structurally similar to Congo red and ThT, in that they are planar
and aromatic.

The well-known role of aromatic stacking in processes of self assembly in
chemistry and biochemistry [92] and the notable amount of aromatic residues
in many amyloid related proteins and peptides [93,94] suggests that stacking of
aromatic residues may involve in the assembly process of amyloidogenesis.
The hypothesis have been proven by elucidating the strong effects of aromatic
interaction on amyloidogenic propensity by protein folding modeling [95]. While,
a mechanistic approach based on structural similarity of AR aggregation
inhibitors have been suggested that all efficient inhibitor composed of at least
two phenolic rings with two to six atom linkers, and a minimum number of three
OH groups on the aromatic rings [96].

The flavonoids, found ubiquitously in plants, are the most common
polyphenolic compounds group in human diet form [97]. This group of
compounds have several beneficial effects on human health such as anti-
oxidant [98], anti-allergic, anti-cancer and anti-inflammatory [99] and anti-
microbial [100] activities. Flavonoids are also reported to decrease the risk of
age related dementia [101]. The extensive studies on Ginkgo biloba extracts
HE208 [102] and EGb 761[103] indicated that the flavonoids molecules are
essentials for anti-amyloidogenic and anti-apoptotic activity in neural cells.
Several isolated flavonoids such as myricetin, quercetin, kaempferol, morin,
catechin, baicalein are now being described as anti-fibrillogenic and fibril-
destablizing molecules but very few of them are found to be cyto-protective
[104,105,106]. The mechanism of AB aggregation and its correlation to

cytotoxic effects, however, remains to be elucidated.
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Outlines of Thesis:

The thesis focused on the interactions of Ap peptide with an intracellular

and an extracellular proteins and its consequences. The initial part presents a

new

interaction mechanism of AP peptide with a protein involved in

programmed cell death process. The later portions deal with the modulation of

AB42 non-toxic aggregates using an extracellular protein and a polyphenolic

compound, which found to interact with the peptide. The rationale of these

studies is summarized below.

1.

A novel interaction between AB42 and caspase-9 has been outline and
anti-apoptotic function of Ap42 peptide has been elucidated. The
essential part of the protein for interaction has been identified and the
consequent of the interaction has been illustrated. The inhibitory effect
of the peptide on activation and activity of caspases have been
analyzed.

A comprehensive study has been carried out to better understand the
AB42 aggregation mechanism and its cytotoxic effect. An extra cellular
protein has been identified to interact with AB and utilized to alter the
assembly pathway of the peptide. The cytotoxic effects of the
modulated species have been scrutinized.

A flavonoid has been employed to inhibit the toxicity and aggregation of
AB42 peptide. The consequent of the inhibition, the accumulated

intermediate AP species, has been examined and characterized.
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Il. MATERIALS AND METHODS

II-1. Materials

Fetal Bovine Serum (FBS) was purchased from Life Technology Inc.
(Grand Island, USA). Dulbecco’s modified Eagles medium, Ham’s F 12 (1:1)
(DMEM/F-12) and high glucose (DMEM/HG) were obtained from Welgene
(Daegu, Korea). Caspase-9, caspase-8 and caspase-3 substrate, N-acetyl Leu-
Glu-His-Asp-amino methyl coumarin (Ac-LEHD-AMC), Ac-IETD-AMC and Ac-
DEVD-AMC, respectively, were from A.G. Scientific Inc. (San Diego, USA),
Caspase inhibitor Z-VAD-FMK from Alexis (Lausen, Switzerland). Ni-NTA
column were purchased from Amersham Biosciences (Piscataway, USA).
Western blotting detection kit (WEST-ZOL plus) was from iNtron Biotechnology
(Gyeonggi-do, Korea). Phosphate buffer saline (PBS) purchased from Amresco
(Solon, USA). Monoclonal anti-A antibody 6E10 was acquired from Signet
Laboratories (Dedham, USA), anti-caspase-9 from MBL (Naka-ku Nagoya,
Japan), anti-caspase-9(p10) and anti-caspase-3 from SantaCruz Biotechnology
(California, USA), anti-caspae-8 from Cell Signalling Technology
(Massachusetts, USA), anti-Apaf-1 and anti-Cytochrome C from AB Frontiers
(Seoul, Korea), anti-DFF45 from BD Transduction Laboratory (San Diego, USA)
and anti-Bid developed in laboratory. Polyclonal antibody anti-caspase-9(p10)
obtained from Santacruz Biotechnology, urea was from USB chemicals,
acetonitrile was from Merck (Darmstadt, Germany). All other chemicals were

obtained from Sigma (St. Louis, USA), unless otherwise stated.
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ll-2. Preparation of amyloid beta

Amyloid beta peptides were expressed in E. coli as fusion proteins and
purified as described before [107]. The purified peptides were solubilized in
100% 1,1,1,3,3,3,-hexafluoro-2-propanol, and dried under nitrogen flow and
subsequently, under vacuum for 30 min. The peptide aliquots were stored at —
20 °C until use. Immediately before use, the peptides were dissolved in 0.1%
NH4OH at a concentration of 2 mg/ml followed by bath sonication for 10 min at
4 °C. The solution was diluted at the desired concentration with PBS. Ap42
oligomers were prepared as described earlier [108] with little modification.
Briefly, peptides were diluted in cell culture media at 100 uM concentration,
vortexed for 30 seconds and incubated at 4 °C for 12 h. The peptide solution
then diluted to the desired concentrations. To make fibrils, AB42 (100 uM) was
incubated in presence of 0.02% sodium azide in PBS at 37 °C for 4 days. The
samples were centrifuged at 16000 x g for 30 min. Pellet fraction (fibrils) was
washed three times with PBS. Fibrils were sonicated for 10 min, quantified by

Bradford method and used immediately or stored at —80 °C.

1I-3. Cell Culture and cell death assay

Human neuroblastoma SH-SY5Y was cultured in Dulbecco’s Modified
Eagles medium and Ham’s F12 (1:1), while epithelial HeLa and ostieosarcoma
MG63 cells were cultured in Dulbecco’s Modified Eagles medium (high
glucose) , both supplemented with 10% (v/v) fetal bovine serum (FBS) and 1%

antibiotics, at 37 °C under 5% CO.. Cells were seeded at a density of 20,000
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cells/well in 96-well plates (Nunc, Denmark) and incubated for 24 h. The media
were replaced with serum-free one and cells were further cultured for 12 h. To
measure the cell death, cells were treated with indicated concentrations of AB
and/or STS or AB in presence of MBP or flavonoid(s) for indicated times. Cell
viability was assessed by MTT reduction assay. Briefly, 20 ul of 5 mg/ml MTT
solution in PBS was added to each well and incubated for 2 h. Then, 100 pl of
solubilization buffer [20% SDS solution in 50% (v/v) DMF (pH 4.7)] was added
to each well. The absorbance was recorded after 12-16 h at 570 nm using

micro plate reader Spectra Max 190 (Molecular Devices, CA, USA).

ll-4. Measurement of DEVDase activity

DEVDase activity was measured as described earlier [109]. Briefly,
treated cells were washed twice with ice-cold phosphate-buffer saline (PBS).
Then, 40 ul of buffer containing 20 mM Hepes-NaOH, pH 7.0, 1 mM EDTA, 1
mM EGTA, 20 mM NaCl, 0.25% Triton X-100, 1 mM dithiothreitol (DTT), 1 mM
phenylmethanesulphonylchloride (PMSF), 10 ug/ml leupeptin, 5 ng/ml pepstatin
A, 2 ug/ml aprotinin, 25 pg/ml ALLN was added into each well and incubated on
ice for 20 min. Caspase assay buffer(CAB) (final 20 mM Hepes-NaOH, pH 7.0,
20 mM NaCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM EGTA and 10 mM DTT) was
added and the release of AMC was monitored for 2 h in 2 minute interval with
final 10 uM DEVD-AMC at excitation and emission wavelengths of 360 nm and
480 nm respectively, using micro plate spectofluoremeter (Molecular Devices,

CA, USA). The results were expressed as a slope of total readings verses time.
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II-5. Preparation of cell extract and cell free system

To prepare the cell extract, harvested cells were washed with ice-cold
PBS, resuspended in buffer A (20 mM HEPES-KOH, pH 7.5, 0.5 mM EDTA, 0.5
mM EGTA, 10 mM KCI, 1 mM B-mercaptoethanol, 0.1 mM PMSF, 10 pg/ml
leupeptin, 5 pg/ml pepstatin A, 2 pg/ml aprotinin, 25 ng/ml ALLN) and dounce-
homogenized with 40-50 strokes. Supernatant was obtained by centrifugation
at 17,000 x g for 1h and used immediately or stored at -80 °C.

In vitro apoptosis was induced by incubating the extract (100 ug) prepared
from healthy or AR treated cell with 1 mM dATP and 0-10 uM cytochrome ¢ or
1ug recombinant caspase-9 in buffer containing 20 mM HEPES-NaOH, pH 7.0,
20mM NaCl, 1 mM EDTA, 1 mM EGTA, 1.5 mM MgCl,, 5 mM DTT for 1 h at 30
°C. To check the effects of AB in in cell free system, healthy cell extract was
incubated with 1mM dATP and 1uM cytochrome c in presence of indicated
concentrations of AB. The samples were then subjected to DEVDase activity
measurement or western blotting. For the analysis of apoptosome assembily,
the extract (900 pg) was reacted with 1 mM dATP and 6.67ug/ml cytochrome ¢

for 1 h at 30 °C in same buffer.

1I-6. Analysis of cytochrome c release

Cells were harvested, washed with ice-cold PBS and resuspended in
digitonin buffer (75 mM NaCl, 1 mM NaH,PO,, 8 mM Na,HPO,4, 250 mM
sucrose, 190 ug/ml digitonin). After 5 min on ice, cells were spun for 5 min at

14,000 rpm at 4 °C in a microcentrifuge. Supernatants were transferred to fresh
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tubes and the pellets were resuspended in buffer containing 25 mM Tris-HCI,
pH 8.0, 1% Triton X-100. Equal amount of proteins from each sample were
subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and western blotting.

1l-7. Western blot analysis

Cells were harvested, washed with ice-cold PBS and resuspended in
buffer B (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA,
5 mM EGTA, 1 mM PMSF, 10 pug/ml leupeptin, 2 ug/ml pepstatin A and 2 ug/ml
aprotinin) for 20 min on ice. The extract was obtained by centrifugation at
14,000 rpm at 4 °C for 15 min. The amount of protein was measured through
Bradford assay. Equal amounts of proteins were separated on 12-15% SDS-
PAGE and transferred on to a PVDF membrane. The membrane was
immunoprobed with primary antibodies and horseradish peroxidase-conjuated
secondary antibodies. The blots were visualized using West-Zol plus reagent

(iNtron Biotechnology Inc, Seoul, Korea).

1I-8. Chromatographic analysis of apoptosome assembly

Size exclusion chromatoghraphy was performed as described earlier
[109]. Briefly, after AB and/or STS treatment, the cell extract was prepared in
buffer C (20 mM HEPES-KOH, pH 7.5, 10 mM KCI, 1 mM EDTA, 1 mM EGTA,
2.5 mM MgCly, 2 mM DTT, 0.1% CHAPS, 10% glycerol, 0.1 mM PMSF, 10

ug/ml leupeptin, 5 ug/ml pepstatin A, 2 ug/ml aprotinin, 25 ug/ml ALLN) using
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dounce-homogenizer. The cell extract (900ug - 2 mg) was loaded onto a
Superose 6 HR (10/30) column (Amersham pharmacia biotech) pre-equilibrated
with buffer C containing 50 mM KCI and proteins were eluted from the column
at a flow rate of 0.2 ml/min and 0.5 ml fractions were collected. From each of
the 0.5 ml fractions, appropriate fractions were concentrated in microcon
(Millipore) concentrators (10 kDa cut-off) and analyzed by SDS-PAGE; followed
by immunoblot analysis. The column was calibrated with calibration kits from
Amersham pharmacia biotech, including thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), and aldolase (158 kDa).

11-9. Immunoprecipitation

Cell extracts, prepared in buffer D (50mM Tris-Cl, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1 mM EGTA, 0.25%NP-40, 50Mm NaF, 0.1mM NazVO,, 1mM DTT,
0.1mM PMSF, 10 g/ml leupeptin, 5 g/ml pepstatin A, 2 g/ml aprotinin, 25 g/ml
ALLN), were diluted to 0.5mg/ml and cleared with 80ul protein A Sepharose
beads(Amersham Biosciences, Uppsala, Sweden) at 4°C for 1h. The indicated
antibodies were then added to 100-500ug pre-cleared cell extract (final volume
1ml) and incubated at 4°C over night with rotor agitation. Next, 10-50ul of
beads were added to each sample and incubated at 4°C for 2h. Beads were
precipitate by centrifuging at 13000rpm at 4 °C for 5 min and washed 3 times
with PBS. Fifteen ul 2X SDS loading buffer was added to the beads, boiled for
5 min and centrifuged at 13000rpm for 10 min. The obtained supernatants were

then analyzed by SDS-PAGE and immunoblotting.
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11-10. Immuno cytochemistry

HelLa cells were seeded in 12 wells plate at 70% confluency, cultured
for 24h and further incubated for 12h in serum free medium and then treated
without or with 20uM AP twice, and/or with STS. Harvested cells were fixed in
methanol at -20°C and permeabilized by 0.3% Triton X-100. After blocking with
0.1% BSA overnight, mouse anti amyloid beta (6E10) and rabbit anti caspase-9
antibodies (dilution, 1:100) were added and incubated overnight at 4°C. After
washing with PBS, Alexa-Fluor-488-conjugated chicken anti-mouse IgG and
Alexa-Fluor-543-conjugated chicken anti-rabbit IgG antibodies (dilution, 1:200)
were treated for 2h at room temperature followed by PBS washing. Nuclei were
stained with DAPI in Vectashield mounting medium (Vector Laboratories,
California, USA) and Confocal images were obtained with a Carl Zeiss LSM510

microscope (Jena, Germany) using the vendor-provided software (LSM510).

1I-11. Immuno histochemistry

Desiccated brain tissue of cortex area, taken from the human Swedish
mutant amyloid precursor protein (huAPP695.K670N/M671L) transgenic
Tg2576 mice [110] and their littermate at the age of 8 month, were blocked
with OCT cryo embedding media and 12 pm thick frozen brain sections were
prepared by freezed microtome. The section were fixed with 98% methanol,
permeabelized with 0.3% Triton X-100 and then blocked with 0.1% BSA in
phosphate-buffered saline (pH 7.4) for 2h. After co-incubation with rabbit anti

caspase-9 antibody (dilution, 1:100) and mouse anti amyloid beta (6E10)
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antibody (1:100) overnight, the sections were washed 3 times with PBS. The
samples were then reacted with Alexa Fluor 488 and Alexa Fluor 553
conjugated secondary antibodies (1:200). All stained samples were mounted
using a mounting medium and fluorescence signals were imaged using Carl

Zeiss LSM510 microscope.

1I-12. Production of recombinant caspases

Recombinant caspases were purified as described previously [109,111].
Briefly, procaspase-9 (triple mutant at E306A, D315A and D330A), active
caspase-9 (wild type), and caspase-9 lacking caspase recruitment domain
(ACARD) cloned in pET28 vector were over expressed in pLysS E. coli strain.
The caspases were purified by two successive chromatographic procedures.
Initially, bacterial cell lysates prepared by sonication and centrifugation at 20
000 rpm for 1 h in buffer contain 20mM Tris-HCI, pH 8.0, 10mM NaCl, 0.1mM
EDTA, 0.1mM PMSF, 1mM B-mercaptoethanol. The supernatant was loaded
onto a Ni-NTA column (Qiagen) pre equlibriate with buffer contain 20mM Tris-
HCI, pH 8.0, 10mM NaCl, 1mM B-mercaptoethanol, 10% glyceroland, eluted
with same buffer supplemented with 250mM imidazole. The active fractions
were diluted and applied to a HiTrapQ sepharose column (Amersham
Pharmacia Biotech) equilibrated with buffer contain 20mM HEPES-NaOH, pH
7.5, 10mM NaCl, 0.1mM EDTA, 1mM DTT, 10% glycerol and eluted with 1—
400mM NaCl gradient. The purified proteins were dialyzed against 20 mM
Hepes (pH 7.5), 10 mM NaCl, 1 mM EDTA, 2 mM DTT, and 10% glycerol, and

the aliquots were saved at -80° C before use.
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1I-13. Binding assay with purified proteins

Ten pg of purified caspases (procaspase-9, caspase-9 and ACARD)
were incubated with or without 20 uM AB42 for 1 h at 30 °C. Each reaction
mixture was then subjected to gel filtration chromatography with a flow rate of
0.2 ml/min and 0.5 ml fractions were collected. The fractions were analyzed by

immunoblot analysis for caspase-9 and AR.

lI-14. Measurement of purified caspase activity using synthetic

substrates

The activities of 1 ug of purified procaspase-9, caspase-9 and ACARD
caspse-9 were measured in absence or presence of indicated amount of AR42
in caspase assay buffer (pH 7.0) using 50 uM Ac-LEHD-AMC. To check the
apoptosome activity, 40 ul of 1.5 ml pooled fractions partially purified from the
cell extract (2 mg) treated with 1 mM dATP and 1 uyM cytochrome c using the
size exclusion chromatography was incubated with Ap42 at the indicated
concentrations and their activities were assayed using 50 yM LEHD-AMC as a
substrate, The fluorescence of the AMC release from the substrates was

measured as described above.

11-15. Purification of MBP

Recombinant protein was purified from E. coli BL21 (DE3) pLysS. The

cells containing recombinant MBP gene were grown to ODgy of ~ 0.6 followed
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by induction with 0.4 mM IPTG for 4 h at 37°C. The cells were harvested and
lysed in buffer containing 20 mM Tris-ClI [pH 8.0], 10 mM NacCl, 0.1 mM PMSF,
0.1 mM EDTA, and 1 mM B-mercaptoethanol. The supernatants was obtained
after centrifugation of the lysate at 18,000 rpm for 1 h were applied to Ni-NTA
column pre equilibrated with buffer contain 20 mM HEPES-NaoH [pH 7.5], 150
mM NaCl, 10% glycerol and 1 mM (- mercaptoethanol and eluted with same
buffer containing 250 mM imidazole. The aliquots of the purified protein were
stored at -80 °C until use after being dialyzed against buffer B (20 mM HEPES
[pH 7.5], 150 mM NaCl, and 20% glycerol). The purity of the purified protein

was confirmed by SDS-PAGE analysis.

I-16. Th T assays

For initial fibrilogenesis assay, AB42 alone or with MBP were incubated
in PBS at 37 °C for 12h and 20 pl from each reaction were mixed with 80 ul of
5uM ThT in PBS solution. Fluorescence was measured on microplate
spectrofluorometer Gemini-XS (Molecular Devices CA, USA) using excitation at
440 nm and emission at 490 nm. For polymerization, assay, Ap42 (20 uM) was
incubated in PBS at 37 °C in presence of MBP or K-3-rh in a final volume of 30
ul without shaking. Tweenty ul from each reaction was mixed with 80 pl of 5 uM
ThT in PBS solution and fluorescence was measured. Thioflavin-T fluorescence

representing the characteristic sigmoidal curve was plotted as common

logarithms in equation log [F(t)/ 4 — F(¢)] = at + b where ¢ is the reaction

time, F(¢) is the fluorescence as a function of time, 4 is tentatively
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determined as F(oo) , and a and b are the slope and y — intercept,
respectively [112]. Differentiating above equation by ¢ and subsequent
rearrangement produced a logistic equation, F'(t) = BF (t)[A — F(z )] where,
B=alnl04/2, and F'(t) represents rate of fluorescence increase at a
given time. When F(t)= 4/2,F(t)/ A— F(t)=1 and F'(¢) reaches its
maximum. This time point was referred as ¢ /2 [112]. For AB42 fiber extension
assay, fresh AB42 (20 uM) was incubated with preformed ABR42 fibril (1.1 uM) in
presence of varying concentration of MBP or K-3-rh. For fibril destabilization

assay, preformed AB42 fibrils (20 yM) were incubated in presence of varying

concentration of K-3-rh.

1I-17. Circular dichroism (CD) spectroscopy

Ap42 (20 uM) was incubated in PBS at 37 °C either alone or presence
of MBP (0.4 uM) or K-3-rh (20 yM) for 0, 12 or 24 h. CD spectra [113] were
recorded with a 1-mm path length cuvette at 0.5 nm intervals between 190 nm
and 250 nm at 1 nm resolution with a scan rate of 50 nm/min using a Jasco
Sectropolarimeter (Jasco Co., Tokyo, Japan) at 25 °C. Average was taken from
five scan for each sample. AR spectra were obtained by subtracting buffer
background. Background spectra given by alone MBP or K-3-rh in identical
conditions were subtracted from AP samples incubated in presence of MBP or
K-3-rh. The corrected, averaged spectra were smoothed using means-

movement algorithm in Jasco spectra analysis program.
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11-18. Transmission Electron Microscopy (TEM)

AB42 (20uM) either alone or in presence MBP or K-3-rh was incubated
in PBS at 37 °C for 12 h and 24h. Five ul of sample was adsorbed on Formvar-
coated 200-mesh nickel grids for 30 min and extra solution was wiped-out [114].
The grids were negatively stained with 2% uranyl acetate for 1 min, washed
with distilled water for at least three times. The samples were then analyzed
with transmission electron microscopy (Hitachi, Japan) at an accelerating

voltage of 80 kV at magnification of 40,000x

11-19. Detection of AB structural species by immunoblotting

AB42 was incubated in PBS at 37 °C with varying amounts of MBP or
K-3-rh. Crosslinking of the peptide in the reaction mixture was carried out as
described before, with slight modification [115]. Briefly, at the end of the
reaction the samples were incubated with 0.01% glutaraldehyde in PBS for 10
min before being subjected to 16 % SDS-PAGE. Subsequently, the peptide was
transferred to polyvinylidene difluoride (PVDF) membrane and hybridized with
anti-AB antibody 6E10 (1:10,000). Then, the blots were incubated with
horseradish peroxidase-conjugated |g anti-mouse antibody (1:10,000) for 1 h at

room temperature and developed using West-zol plus kit.
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lll. RESULTS AND DISCUSSION

lll-1. AB inhibits mitochondria mediated apoptosis by

interacting with procaspase-9

llI-1-1. AB42 induced cell death are independent of DEVDase

activity

Although a central role of the amyloid B (AB) in Alzheimer’s disease
(AD) is generally accepted, how the peptide leads to the neurodegeneration as
well as the underlying pathology associated with AD is largely unknown.
Involvement of apoptosis in the process has been suggested, because
caspases are activated upon the administration of the peptide to cells [65,66].
The consistent results also observed in the present study for activation of
DEVDase (mainly activity of caspase-3) in different cells treated with Ap42
under the variable experimental conditions (Fig. 4A-C). Relatively less
DEVDase activity was observed in epithelial HelLa (Fig. 4C) than
neuroblastoma SH-SY5Y (Fig. 4A) and osteosarcoma MG63 (Fig. 4B) cells.
Oligomeric Ap42 induce comparatively more enzymatic activity than monomeric
or fibrilar forms. Surprisingly, higher enzymatic activity was observed at a
certain condition rather than dose dependent effects in SH-SY5Y and MG63
cells (Fig. 4 A and B).
The correlation of DEVDase activity and cell death induced by the
oligomeric peptide was investigated by employing 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) reduction assay in presence of a pan-
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caspase inhibitor, z-VAD-fmk. Oligomeric AB42 cause the MTT reduction in
dose dependent manner in SH-SY5Y (Fig. 4D) and Hela (Fig. 4E) cells, where
20uM peptide induced ~50% MTT reduction. On the other hand, 10uM AR
found to be the extreme condition rather than dose dependent effects in MG63
cell line, where the peptide cause 70% reduction of MTT (Fig. 4F). The MTT
reduction induced by oligomeric peptide, however, was not suppressed by
inclusion of caspase inhibitor in any tested cell lines (Fig. 4D-F), suggesting
that Ap42 induced caspase-3 like activity did not cause the cell death. The
observation was consistent with previous report [66] and indicated that AB42

induced cell death might involved caspase independent pathway.
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Fig. 4. AB42 induced DEVDase activity and cell death. (A-C) Cells were
treated with monomerized, oligomerized and fibrillar AB42 at the indicated
concentrations for 24 h. DEVDase activities were measured. (D-F) Cells were
treated with oligomerized AB42 for 24h at indicated concentration in the
absence or presence of z-VAD-fmk at 20 yM. Then, the survival rates were

accessed by MTT reduction assay. The results are the mean + S.D. of three

independent experiments.
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ll-1-2. AB42 suppresses activation of DEVDase

Although the activation of DEVDase (mainly activity of caspase-3) was
consistently detected in various types of cells treated with AB42, the activation
was often limited (2~3-fold of healthy cells) (Fig. 4A-C). The result suggested
the possibility that differential activation might be due to a negative effect of
AB42 on the activation under a certain condition. To test the hypothesis, cells
were treated with staurosporine (STS), a protein kinase inhibitor, concurrently
with Ap42 and DVEDase activity was measured. The concurrent treatment of
STS and AB42 to human epithelial HeLa cells resulted in less activities of
DEVDase than STS alone did (Fig. 5A), implying that Ap42 could be inhibitory
on the activation as hypothesized. The inhibitory effect was also obvious in
human osteosarcoma MGG63 cells (Fig. 5B). Oligomeric forms of AB42 at 40 uM
suppressed the activation by ~80% in the both cell lines (Fig. 5 A and B). The
monomerized peptide was also effective on the suppression to a less extent
(Fig. 5 A and B), while the fibrillar form rarely showed the effect (data not
shown). On the other hand, the inhibitory effect was relatively weak in
neuroblastoma SHSYS5Y cells (<50% at >70 uyM of Ap42) (Fig. 5C), implying
that the inhibition could be cell-type specific.

The inhibitory effect depends on the preincubation time with AB42. The
highest magnitude of inhibition was observed when the cells were preincubated
for more than 2 h with high concentrations (>40 uM) of the peptide (Fig. 5D).
Twenty uM of AB42 inhibited ~50% of the activity and nearly 80% suppression
was observed with 40 uM of the peptide (Fig. 5D). The suppression level was

maintained in a similar extent up to 8 h preincubation. It is noted that AB40 was
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not effective in the suppression (data not shown).

Cell death induced by STS, assessed by MTT reduction assay, was
suppressed by a pan-caspase inhibitor, z-VAD-fmk (Fig. 5E). It was also
inhibited by AB42 in a dose-dependent manner (Fig. 5E). Forty uM of the
peptide suppressed the cell death as effectively as z-VAD-fmk did (Fig. SE),
consistent with the inhibitory effect of the peptide on caspase activation. The
assay often leads to the false decreasing results, due to the exocytosis of MTT
formazon by AB42 peptide [116], but the results in the current study are

irrelevant to it because the MTT reduction increased.
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Fig. 5. Inhibitory effects of AB42 on DEVDase activity and cell death
induced by STS. (A-C) Cells were treated with mono- or oligomerized Ap42 at
the indicated concentrations for 6 h and further incubated for 6 h with or without
0.5 yM STS. Then, DEVDase activities in the extract prepared from each cell
were measured. (D) After treatment of HelLa cells with oligomerized Ap42 for
the indicated time, cells were further incubated for 6 h with 0.5 yM STS. Then,
DEVDase activities were measured. Control was cells incubated without AB42
or STS. S and the numbers indicate STS and the AB42 concentrations in uM,
respectively. (E) After cells were pretreated with oligomerized Ap42 at the
indicated concentrations for 6 h in the absence or presence of z-VAD-fmk at 20
UM, STS was added at 0.5 yM and incubated for additional 6 h. Then, the
survival rates were accessed by MTT reduction assay. The results are the

mean + S.D. of at least three independent experiments

-35-



1l-1-3. AB42 suppresses apoptosome formation

To identify step(s) of the apoptotic pathway induced by STS that was
affected by AB42, the release of cytochrome ¢ and processing of caspases and
their substrate proteins were examined using the oligomerized peptide which
showed higher inhibitory effect (see Fig. 5A). In the following experiments,
HelLa cells were used unless indicated, because the inhibitory effect of AB42
was prominently observed in the cells. STS has been known to result in
mitochondria-mediated apoptosis [117], which is characterized by cytochrome ¢
release from the mitochondria, the Apaf-1 apoptosome formation, and
activation caspase-9 and -3 [61]. AB42 alone at up to 70 uM rarely caused
release of cytochrome c in the cells at the time periods (4 and 6 h), whereas the
protein was invariably released upon STS treatment (Fig. 6A). The release was
not affected by the inclusion of AB42 during the incubation, but the processing
of caspase -9, -3, -8 and their substrate proteins such as DFF45/35 and Bid
were suppressed by the peptide (Fig. 6B-G). The cleavage of caspase-8
induced by STS was also suppressed (Fig. 6E) whose pattern was in well
accordance with those of caspases-3 and -9 (Fig. 6B and C). It is possible that
an influence of AB42 on receptor-mediated pathway might be responsible for
the suppression, but in mitochondria-mediated apoptotic pathway induced by
STS, active caspase-3 was proposed to play a role in the processing of
caspase-8 as a part of the amplification loop [118]. Considering this, it can be
suggested that the suppressive effect of AB42 on DEVDase induced by STS
was due to the effect on the mitochondrial pathway rather than receptor-

mediated pathway.
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From the results of Fig. 6A-G, it was clear that AB42 negatively affected the
step between the release of cytochrome ¢ and the processing of caspase-9.
Thus, the next experiment was conducted to examine the effect of AB42 on the
apoptosome formation using size exclusion chromatography. A significant
amount of Apaf-1 and caspase-9 were detected at ~700 kDa in the cell extract
from STS-treated cells, indicating the formation of apoptosome (Fig. 61). The
formation of apoptosome was not detected in cells treated with 20 uM AB42
(Fig. 6J) and it was comparable with that of non treated cells (Fig. 6H). In the
cells treated with STS and 20 uM AB42, Apaf-1 was detected in the early
fractions as in cells treated with STS alone, but caspase-9, partially processed,
was recovered only in the late fractions as in the non-treated control cells (Fig.
6K). In the cells treated in the same way but with 40 yM AB42, neither Apaf-1
nor caspase-9 were detected in the early fractions (Fig. 6L), clearly indicating
the suppressive effect of Ap42 on the formation of the Apaf-1 apoptosome

protein complex.
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Fig. 6. Effect of AB42 on cytochrome c release, processing of caspases, DFF,
Bid and the formation of Apaf-1 apoptosome. (A-G) After HeLa cells (1.6x10°)
were incubated in the absence or presence of oligomerized AR42 at the indicated
concentrations for 6 h and further incubated for 4 or 6 h with AB42 at the same
concentration and 0.5 yM STS, cytochrome c release, the processing of caspases
(casp), DFF45 and Bid were assessed by immunoblot analysis. Spt and pellet in
cytochrome c¢ indicate soluble and precipitated parts of the cell extracts,
respectively. Actin was employed as a loading control. The relative molecular
weights (in kDa) were indicated at the left. Data are a representative of at least
three independent experiments. (H-L) HelLa cells (1.6x10°) were preincubated
without (Cont, STS) or with (STS+AB and AB) oligomerized AB42 for 6 h and further
incubated in the absence (Cont and A) or presence (STS and STS+AR) of 0.5 uM
STS for 6 h. The extract prepared from the cells (1~1.5 mg) was fractionated by gel
filtration chromatography as described previously [109]. The fractions were
analyzed by immunobloting for Apaf-1 and caspase-9. The standard molecular

markers are indicated above the scale with elution fractions.
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llI-1-4. Extract prepared from AB42-treated cells is less active in

formation of apoptosome

In an attempt to probe the mechanism of the inhibitory effect of AB42 on
the formation of apoptosome, the extract prepared from cells treated with the
peptide was analyzed and compared with that of non treated cells. Addition of 1
mM dATP and cytochrome c at varying concentrations to the extract prepared
from healthy cells (HCE) induced the activation of DEVDase activity in a
cytochrome c dose-dependent manner (Fig. 7A). The lower magnitude of
activation was detected in the extract prepared from AB42-treated cells (ACE)
(Fig. 7A). Consistently, the less processing of caspase-3 was observed in ACE
than in HCE, which may be due to the less activation or/and activity of caspase-
9 in the ACE (Fig. 7B). Parts of Apaf-1 and none of caspase-9 were detected in
the early fractions (fr. 13-25) in the size exclusion chromatography of ACE
incubated with dATP and cytochrome c, indicating that the formation of
apoptosome was less in the cell extract compared with HCE (Fig. 7C). It is
noted that Ap42 was eluted at the several different fractions (Fig. 7C).
Meanwhile, the activation of DEVDase by purified caspase-9 was comparable
in the both cell extracts (Fig. 7D). Furthermore, the activation of DEVDase by
dATP and cytochrome c in HCE was inhibited by directly added Ap42 in a dose-
dependent manner, while the activity was not affected once activated (Fig. 7E
control), implying that Ap42 directly affected the activation of caspase-9.
Analysis with AB40 or the cell extract prepared from SHSY5Y cells, tested for
the comparison, also showed the comparable results (Fig. 7E). All these data
together indicate that ACE is less active in the formation of apoptosome and

activation of caspase-9.
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Fig. 7. Analysis of the AB42-treated cell extract. (A-C) /n vitro apoptosis was
induced by addition of 1 mM dATP and cytochrome c at the indicated concentration
(A and B) or 1 uM (C) to the extracts (100 ug for A, B and 900 ug for C), prepared
from healthy (HCE) or AB42 (20 uM)-treated (ACE) HeLa cells. The cell extracts
were incubated for 1 h and assayed for DEVDase activity with 10 pM ac-DEVD-
AMC (A), processing caspase-3 and -9 (B), and formation of apoptosome as
described in Fig. 3 (C). The arrows indicate oligomer (upper) or monomeric(lower)
AB42. The star indicates AB42 that might be from caspase-9 bound form. (D) HCE
or ACE (100 ug) was incubated with purified caspase-9 (1 pg) for 1 h and assayed
for DEVDase activity as in A. (E) In vitro apoptosis was induced by addition of 1
mM dATP and 1 pM cytochrome c to the extracts (100 pg) prepared from healthy
Hela (o, e, A) or SHSY5Y (A) cells for 1 h in the absence (A) or presence of AR42
(e, A) or 40 (o) at the indicated concentrations and then, assayed for DEVDase
activity with 10 uM ac-DEVD-AMC. DEVDase activity for control (A) was measured
in the presence of AB42 at the indicated concentrations. The results of A, D and E

are the mean + S.D. of three independent experiments.
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lll-1-5. Binding of caspase-9 to AB and formation of inclusion

body

Previously, it has been reported that the formation of apoptosome could
be suppressed by the physiological concentration of potassium [109]. The
current results of the cell-free experiments, however, imply that ability of the
apoptosome formation was abated in ACE, which might be due to interaction of
AB42 with component(s) of the apoptosome. The possibility was examined by
immunoprecipitation study. Several proteins of apoptosome including Apaf-1
have been pool down using antibody specific for each protein. AB42 was found
to coimmunoprecipitate only with caspase-9 (Fig. 8A). Similarly, the
coimmunoprecipitation of caspase-9 with the peptide was detected in the
extract prepared from the cells treated with AB42 and STS (Fig. 8A), further
supporting entrance of the peptide into cells and negative roles of the peptide in
the formation of apoptosome by binding to the protein. The
immunocytochemistry image of the cells that were probed with anti-caspase-9
and anti-AB antibodies were found overlapped, consistent with the
colocalization of the two proteins (Fig. 8B). The colocalization of caspase-9 and
AP in brain tissue from Tg2576 was also observed in the similar experiments
(Fig. 8C). Indeed, in some cells, caspase-9 found to form inclusion body like
structures (Fig. 8B, AB lanes), suggesting that binding might leads to the
formation caspase-9:AB protein complex and finally sequestration of caspase-9.
Similar inclusion body like structure was also found in cells treated with Ap42

and STS (Fig. 8B, AB+STS lane) and in brain tissue from Tg2576 (Fig. 8C).
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Fig. 8. AB42 interacts with caspase-9 and form inclusion body. (A)
Immunoprecipitation analysis of the cell extracts prepared from AB42 (20 pM)-
treated Hela cells (1.6x106). Supernatants were obtained by centrifuge and
subjected to immunoblot analysis. Ser indicate the serum contacting anti-mouse
immunoglobulin which was added as a negative control. C9, A, C8, C3, and Cc
indicate caspase-9, Apaf-1, caspase-8, caspase-3 and cytochrome c, respectively.
The result is one representative of at least three equivalent experiments. (B and C)
Procaspase-9 and AP colocalized in HelLa cells (B) and Tg2576 mouse brain
tissues (C). Primary mouse anti-AB (6E10) and rabbit anti-caspase-9 (p10)
antibodies in addition to secondary anti-mouse IgG-FITC and anti-rabbit 1gG-
Rhodamine antibodies, were used to detect intracellular AR (green) and caspase-
9(red), respectively. Nuclei were seen with the nucleic acid fluorochrome DAPI

(blue). Images were visualized using a confocal microscope (LSM510, Carl Zeiss).
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lll-1-6. CARD domain is important for the binding of procaspase-
9 to Ap42

The interaction of caspase-9 and AB42 was further examined using purified
proteins. A large portion of procaspase-9 protein was recovered in the earlier
fractions (13-25) in the size-exclusion chromatography when the protein was
incubated with 20 uM AB42 for 1 h before the chromatography, implying its
strong interaction with Ap42 (Fig. 9A).On the other hand, much less
(processed) caspase-9 proteins were eluted in the earlier fractions in the same
chromatography when incubated in the same way, while no protein was
detected in the case of caspase-9 lacking the CARD domain (ACARD) in the
fractions (Fig. 9A). Measured Kp value of procaspase-9 for AB42 was ~0.8 uM,
while that of processed caspase-9 was more than 100 yM. The results
indicated that CARD domain and processing appear to be important for the
binding.

Next, the effects of the peptide on the activity of purified proteins were
assessed. Enzymatic activity of procaspase-9 was inhibited by AB42 (Fig. 9B),
while the activity of processed caspase-9 was barely inhibited by AB42 at the
initial incubation time, but later it was in a dose-dependent manner (Fig. 9C),
reminiscent of typical slow binding inhibition [119]. While, ACARD was not
inhibited by Ap42 (Fig. 9D). Interestingly, caspase-9 activity in partially purified
apoptosome was neither suppressed by the peptide (Fig. 9E), implying that
once the protein complex is formed, caspase-9 activity is resistant to Ap42

inhibition.
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Fig. 9. Binding of AB42 with purified proteins and its effects on enzymatic
activity. (A) Ten ug of purified procaspase-9 (E306A/D315A/D330A triple mutant),

caspase-9 and ACARD-caspase-9 were incubated with or without 20 uM ABR42 for 1

h and subjected to gel filtration chromatography as described above. The fractions

were analyzed by immunoblot analysis for caspase-9 and AP(indicated at right).

The standard molecular markers are indicated above the scale with elution fractions.

(B-E) Each caspase-9 (1 pg) or apoptosome (40 pl of 1.5 ml pooled fractions)

partially purified from the cell extract (2 mg) treated with 1 mM dATP and 1 yM

cytochrome c using the size exclusion chromatography was incubated with AB42 at

the indicated concentrations and their activities were assayed using 50 yM LEHD-

AMC as a substrate.
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According to the AB hypothesis, the peptide plays a central role in
Alzheimer’s disease (AD). AB has various functions: for example, it binds to
receptors [31,32,33,34,37], interacts with intracellular proteins [47,48,50,51]
and forms a channel-like structure on the plasma membrane[40,41]. The
eventual consequence of those intra- and extracellular interaction is the
induction of cell death by the peptide. The activation of caspases has been
extensively reported in the death process [57,64,66]. For this reason AP is
considered as a pro-apoptotic agent. The present study, however, identified
new interaction of AB to a caspase family protein and demonstrated that the
peptide can inhibit the activation of caspase and apoptosis.

The data of the present study indicate that AB42 directly interacts with
procaspase-9, which causes the suppression of the mitochondria-mediated
apoptosis. This may provide a molecular explanation for the relatively lower
activity of caspase in cells treated by the peptide (Fig. 4A and B). The activation
of caspase has been an important indicator of AB cytotoxicity and the apoptotic
pathway is a potential target for the therapeutic control of AD [120], but based
on the findings of the present study, it strongly indicate that caspase activation
assay is an unreliable indicator of AB-mediated cell death. Furthermore, these
findings suggest that previous results on apoptotic properties of AB peptide
[64,65,66] should be interpreted with caution if apoptosis was inferred using
caspase activation. The present study, however, proposed a new interaction
mechanism of AP peptide with an intracellular protein and its eventual
consequences on cell death, which shown in Fig. 10. The final corollary of the
interaction was the formation of procaspase-9 inclusion body, which effects to

the cell remain to be elucidated by further study.
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Fig. 10. Summary of proposed model for effect of AR on cells death. The
cytotoxic effect of Ap42 could be through the peptide’s direct interaction with
cell membrane (1), binding to a specific receptor (2), forming a channel-like
structure on cell membrane (3), interaction with unknown intracellular targets
(4), and interaction with mitochondrial proteins such as ABAD or cytochrome c
oxidase (5). The current study demonstrates the interaction of the peptide with
procaspase-9 (6) and as results, formation of the Apaf-1 and activation of
caspase- 9 and -3 are suppressed (7). Procaspase-9 forms the inclusion body

as a result of the interaction with AB42 (8).
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The apoptotic pathway is a potential target for the therapeutic control of AD,
but the current data evoke reconsideration of the action. The present study
showed that AP interact with a crucial apoptotic protein and consequently
formed protein inclusion. In a short period of time the peptide negatively affects
a cell death pathway, as shown in the current study, but eventually, should
cause damage to cells like misfolded proteins accumulated in many

neurodegenerative disorders including Hungtington’s and prion disease.
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llI-2. Extracellular protein, MBP, interfere AR

aggregation and accumulates non toxic oligomers

lll-2-1. MBP inhibit fibrilogenesis of AB42

The toxicity of AB peptides involves its self assembly from monomers to
B-sheet rich fibrils. During the assembly process several soluble intermediate
of oligomers and protofibrils are derives which found to be the most toxic
components. Several chaperones have been found profoundly regulate the AB
assembly and toxicity. To investigate the effect of an extracellular protein, MBP,
on AR aggregation and cytotoxicity, initially the capability of this protein to inhibit
process of fibrilogenesis was examined. Since chaperones to AR ratio have
been reported an important factor to exert the inhibitory properties, different
amounts of MBP were taken in the experiment with 20uM of AB42 and
incubated for 12h. The amounts of fibrilar AB in the reaction mixtures were
measured by well known Th-T assay.

As shown in Fig. 11, MBP decreased the amount of fibrilar AB in reaction
mixture dose dependently and it completely inhibited the fibrilogenesis process
at as lower as ~0.015 molar ratio, where the amount of fibril in reaction mixture
was comparable to without incubated A sample. The lowest MBP/A@ ratio,
0.005, was unable to protect the process, while increasing the ratio to 0.01
decreased the fibril amount ~30%. The fluorescence also measured for the
highest concentration of MBP (0.8uM) without AB to exclude the possibility of
Th-T and MBP interaction. The results indicated that AB self assembly was

inhibited in presence of MBP.
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Fig. 11. Inhibition of AB42 fibril formation by MBP. After incubation of AR42
in absence or presence of indicated ratios of MBP to AR for 12 h at 37°C in PBS,
reaction mixtures (not centrifuged) were subjected to thioflavin T binding assay.
AB Oh represents the fresh peptide without incubation. RFU is relative
fluorescence unit. The error bars indicate * standard deviation obtained from

three independent experiments.
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ll-2-2. MBP regulate the AB42 aggregation and accumulate

oligomeric species

It has been reported that chaperone interact with AB and accumulate
oligomers [77]. To investigate whether the inhibition of fibrilogenesis in
presence of MBP accumulates oligomeric forms of AB, 20uM of ApR42 were
incubated in presence of different amounts of MBP for 6h, 12h and 24h, and
the reaction mixtures were then examined by well characterized SDS-PAGE
and western blotting.

A considerable amount of oligomers were visible at the ratios from 0.01 to
0.02(Fig. 12A-C). Significant amount of small oligomers of <20 kDa, provably
trimers and tretramers, were observed at higher ratios which become more
prominent after longer incubation (Fig. 12C). The large oligomers of ~44 to ~
100kDa were found higher amount at lower ratio (~0.01) at earlier time point
(Fig. 12A), while longer incubation overwhelmingly increased the amount of
large oligomers at higher molar ratios of MBP to A (Fig. 12B and C). In 0.02
ratio, both small and large oligomeric species increased gradually due to
lengthen the incubation times (Fig. 12A-C, right lane).

To exclude the possibility of oligomer formation, dissociation or degradation
in presence of SDS and boiling [121], a chemical crosslinker was used in the
parallel experiments to crosslink the accumulated AB species prior to analysis
by SDS-PAGE. At the lowest ratio (~0.005), in comparable to AB alone, no
differences observed in structural modulation even after 6h of incubation (Fig.
12D), while abundant of monomers were present at 0.01 ratio which completely

disappeared after longer incubation (Fig. 12E-F). A clear correlation was
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observed between the disappearance of both monomeric and oligomeric
species and the incubation time for the ratio 0.015(Fig. 12D-F). Interestingly,
some oligomers (most probably trimers, pentamers and hexamers) appeared
after 12h incubation at higher ratios (0.015 and 0.02) which was visible ~
20kDa areas (Fig. 12E-F). All of these species disappeared at 0.015 ratio after
24h, while the ratio ~0.02 was enriched most of these species along with
monomers and large oligomers (Fig. 12F). The results indicated that in
presence of higher amount of MBP AR assembly process hampered and

several oligomeric intermediates accumulated.

=51 -



24h

o)
-
—
»
-

MBPIAB
molar ratigg
A -nga O o

1004 .
= 56«
38-
29+

2 == Team
7
iy - - o
d

0.005
0.01
0.015
0.02

3§ /0.005
$lo.015
1o

-t“‘in‘

-
=
<

-

m.—v" E_..—“z}F
all. 8

20~
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incubated in PBS at 37 °C for 6, 12 or 24 h, either alone or in the presence of
MBP at the indicated molar ratios to AB42. After the incubations, the peptide in
the reactions was left uncrosslinked (A-C) or crosslinked (E-F) with 0.01%
glutaraldehyde before being subjected to 16% SDS-PAGE and the following
immunoblotting with anti-AB antibody 6E10. Two pl of reaction mixture was
loaded for the SDS-PAGE. Con indicates a fresh AB42 (no incubation) each
case. The numbers on the left indicate the relative molecular weights of protein

markers.
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lll-2-3. TEM analysis of accumulated AB42 intermediate species

To examine the morphological structure of accumulated AB species,
TEM study was performed in absence or presence of 0.2, 0.3 and 0.4uM of
MBP. When AR incubated in absence of MBP for 6h (Fig. 13A) all showed clear
fibrilar morphology which became large bundles of mature fibrils after 24h
incubation (Fig. 13E). In presence of 0.2 yM MBP which give 0.01 ratio to 20uM
AB , several heterogeneous species of ~3 to 10nm and predominant longer
elongated structures were visualized (Fig. 13B) which after longer incubation
converted to >100nm structural species, most probably the large protofibrilar
intermediates or immature fibrils(Fig. 13F). While, at 0.015 ratio (MBP 0.3 uM)
mostly round smaller granular structure of ~3 to 10nm along with some
elongated morphology were observed at 6h time point (Fig. 13C) and upon
incubation structural transition of those oligomeric species were observed as
elongated branched structure of ~100nm sizes(Fig. 13G). On the other hand, at
0.02 ratio (MBP 0.4 uM) smaller bead like structures of less than 3nm to 10nm
were enriched after 6h incubation (Fig. 13D), which upon incubation to 24h,
converted to several structural aggregates of ~10nm elongated species and
branched structure of ~100nm, along with some spherical morphology (Fig.
13H). The results confirmed the western blot analysis data and indicated that

several oligomeric intermediates accumulated in presence of MBP.
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Fig. 13. TEM analysis of accumulated AB42 species. AB42 (20 uyM) was
incubated in PBS for 6 h (A-D) or 24 h (E-H) in the absence (A and E) or in the
presence of MBP at the molar ratio 0.01 (B and F), 0.015 (C and G) and 0.02
(D and F) to AB42 and then, imaged by TEM (40,000 x magnification). The
scale bars represent 100 nm. The results are one representative of at least

three independent experiments
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lll-2-4. MBP potentially interfere the nucleation step of
fibrilogenesis

Fibrilogenesis comprises two steps; nucleation and elongation [12,13]. To
investigate whether MBP inhibit the initial or later step of the assembly process,
polymerization of freshly prepared Ap42 (20uM) and extension of mature fibril
seed were monitored by Th-T binding assay in presence or absence of different
concentration of MBP. Freshly dissolved AB42 incubated at 37 °C followed
characteristic sigmoidal curve with a lag phase or nucleation phase and a
growth phase or extension phase (Fig. 14A). In presence of MBP the lag phase
lengthened dose dependently and even it was more than 6h for 0.3uM and
~12h for 0.4uM of MBP (Fig. 14A and C). The results indicated that MBP
inhibited the formation of nucleus perhaps by interacting with smaller AB
assemblies. Though the final equilibrium of the curve found to decrease dose
dependently, interestingly, the time to reach the equilibrium level does not
affected by MBP (Fig. 14A), indicating that MBP rarely affects the aggregation
once nucleus is formed. The logarithmic values of fluorescence were plotted
against time and linear logarithmical plots were obtained for each MBP
concentration (Fig. 14B). The y intercept for the logarithomic plots of 0.4uM
MBP did not coincide to those of AB alone or of lower concentration of MBP(Fig.
14B), which might be due to the longer lag phase for hindering the nucleation
phase of AB assembly in presence of higher amount of MBP. /2 for AR
calculated in presence of 0, 0.1, 0.2, 0.3 and 0.4 uM MPB as 1.27, 2.18, 4.06,
5.12 and 16.49 h, respectively.

To investigate the effects of MBP on elongation phase, AB(20uM) were
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incubated with 1.1 yM preformed fibril, used as exogenous seeds, in presence
or absence of several concentration of MBP(Fig. 14D). In presence of seeds,
fibril elongation accelerated and proceeded to equilibrium without lag phase
and reached to equilibrium within short time. Comparable to AB alone, the
presence of MBP decreased the final equilibrium level (Fig. 14D) and slowed
lower initial rate of elongation in dose dependent manner (Fig. 14F), but the
time to reach the equilibrium was rarely affected by MBP, even at higher
concentration of the protein (Fig. 14D). Five perfect linear logarithmical plots
were obtained by plotting the fluorescence differences against times (Fig. 14E).
In terms of MBP efficiency to inhibit fibril formation and fibril elongation, the
presence of MBP exhibited little effects on Ap fibril elongation than those
observed on polymerization (Fig. 14 B and E). These results suggest that MBP
potently inhibits the initial nucleation phase rather than affecting the elongation

phase.
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Fig. 14. Effects of MBP on AB42 fibrillogenesis kinetics. (A-C) Ap42
polymerization assay. Fresh AB42 (20 uM) was incubated in PBS at 37 °C in
absence (A) or in the presence of 0.1 uM (A), 0.2 uM (o), 0.3 uM (e), and 0.4
uM (o) of MBP. Thioflavin T binding to the sample was measured at 490 nm at
the indicated time points. RFU (A) and a logarithmic plot of F(t)/[A-F(t)] (B)
against reaction time are shown. In (C), RFU against concentrations of MBP
was plotted for 1 (A), 2 (A), 3 (o), 6 (o) and 12h (o) of the polymerization
reactions. (D-F) AB42 fibril extension assay. Fresh AB42 (20 uM) with Ap42
preformed fibril seed (1.1 yM) was incubated in PBS at 37 °C in absence (A) or
in the presence of 0.1 uM (A), 0.2 uM (o), 0.3 uM (e), and 0.4 uM (o) of MBP
and the thioflavin T bindings were measured at the indicated time points. RFU
(D) and a logarithmic plot of [A-F (1)] (E) against reaction time are shown. The
initial velocity of fibril extension against concentration of MBP is also shown in
(F). The fluorescence was normalized by subtracting the value without Ap42. A

indicates F(x).

-57-



lll-2-5. MBP inhibits the secondary structural transition of AB42

AP self assembly to form fibril is accompanied by structural transition of
the peptide from monomeric random coil to secondary 3-sheet structure [122].
CD spectroscopy was employed to reveal effect of MBP on the structural
transition of ABR42 (20 uM). Freshly prepared AB(Oh) adopted random coil
conformation displaying negative signal at 195 nm but upon incubation for 24h
it showed more negative ellipticity around 216 nm, the characteristic feature of
B-sheet conformation(Fig. 15). While the co-incubation of 0.4uM MBP and Ap42
for 24h showed no significant ellipticity ~216nm and it was comparable to that
of freshly prepared A, indicating the absence of B-sheet structure (Fig. 15).
MBP (0.4 uM) alone showed a minor signal from 195 nm to 220 nm. The results
indicated that higher concentration of MBP abolish the secondary structural

transition of AB42.

- 58 -



10
o ApOh e AR 24h
E’a > e ‘.. A AB+MBP 24h  -MBP 0.4uM
g o
Tk
10 -
d
'15 T T
195 220 245

Wavelength (nm)

Fig. 15. CD analysis of AB42 structural transformation. Twenty yM Ap42
was incubated in PBS at 37 °C for 0 h (o) and 24 h in the absence (e), or in the
presence of 0.4 uyM of MBP (A) and subjected to CD analysis. In AB+MBP
group, the values are shown after subtraction of the value demonstrated by
only MBP (-) after 24h incubation. The results are one representative of at least

three independent experiments
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ll-2-6. MBP showed protective effect against AB42 mediated

cytotoxicity

It has been reported that oligomeric Ap are more toxic than fribrilar
species. The above results clearly showed that MBP inhibit the AB fibrilization
preferentially at nucleation step and accumulates several oligomeric species.
To examine whether the MBP accumulated oligomeric Af3 are toxic or non-toxic,
cell survival have been measured in human neuroblastoma SH-SY5Y cells by
MTT assay.

AB (20uM) alone caused ~40% cell death after 24h of treatment (Fig. 16A).
Surprisingly, in presence of MBP significant cell death inhibition was observed
in dose dependent manner and more than 30% cell survival enhanced at higher
molar ratio (Fig. 16A, barren bar). The results were also consistent with cell
viability measured in presence of pre-accumulated AB species by MBP (Fig.
16A, filled bar), where the oligomeric species were accumulated by co-
incubation of AR and MBP for 12h and then exposed to cells for further 24h.
The result reversely correlated with the accumulation of oligomeric species by
higher MBP/ AR ratio (see Fig. 12 and 13), implying that MBP accumulated AB
oligomers were non-toxic to the cells.

The effect of MBP on toxicity mediated by oligomeric A also observed by
treating cells with oligomeric Ap42 [108] in absence or presence of MBP (Fig.
16B). A alone induced more than 50% death within 24h, while the presence
MBP inhibited dose dependently and ~20% cells were rescued at 0.02 molar
ratio (Fig. 16B, barren bar). Similar level of cell viability enhancement was
observed when oligomeric AR pre-incubated with MBP and exposed to the cells
(Fig. 16B, filled bar). In comparison with AR monomeric form, MBP was less

effective to oligomeric form to abrogate the cytotoxic effects.
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Fig. 16. Inhibition of AB42 cytotoxicity by MBP. A dose-dependent inhibition
of AB42 mediated toxicity to human neuroblastoma SH-SY5Y cells has been
shown. Monomeric (A) or oligomeric (B) AB42 (20 uM), either directly (barren
bar) or after 12h pre incubation (filled bar) in absence or presence of indicated
ratio of MBP to the peptide, were exposed to cell. After 24 h of the exposure
cell viability was measured by MTT assay. Control represents the untreated cell

groups. The error bars represent + standard deviation.
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Self-assembly of AR produces a number of distinctive structures, such
as dimers, oligomers, unstructured aggregates, and characteristic amyloid
fibrils. Of these structures, oligomers are believed to be the most neurotoxic
species in the development of disease [23,26]. Thus, any strategies to reduce
amyloid- related phenotypes must avoid the formation of toxic oligomers by
inhibiting the aggregation at a stage prior to the oligomerization and
accumulation of the peptides. The chaperones have been found very effective
in inhibiting the aggregation and accumulating the oligomeric structures,
possibly by interacting with prefibrillar assemblies [76,82]. In line with these
observations, fibrilogenesis study indicated that MBP at a certain ratio to AB
completely blocked the fibril formation (Fig.11). Circular dicroism(CD) data also
supports the finding that presence of MBP inhibited the secondary (-sheet
structural transformation (Fig. 15). The consequent of the inhibition, several
oligomeric species were accumulated which clearly demonstrated by
westernblot analysis (Fig. 12A-F). TEM data reveal the presence of several
oligomeric structures at earlier time point which converted to protofibril or fibrils
like structures upon longer incubation (Fig. 13A-H). Interestingly, these
oligomeric and protofibrilar species were less toxic to the SH-SY5Y cells (Fig.
16A). To confirm the cytocoxicity, oligomers were accumulated by pre-
incubating with MBP and exposed to cells, which also showed similar non-toxic
behavior of the accumulated intermediate species (Fig. 16A, filled bar). MBP
also found to inhibit oligomeric AB mediated toxicity (Fig. 16B) but less
effectively than those mediated by monomeric forms, suggesting the better
efficiency of interaction before oligomerization. From these data, however, it

may conclude that, in presence of MBP, AR assembly pathway might be
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converted to form several structural non-toxic aggregates, which may be the
amorphous structural complexes. Further, the fibrilogenesis kinetics results
indicated that MBP preferentially interact with the smaller assembly and
effectively hinder the initial nucleation step of fibrilogenesis rather than fibril
extension step (Fig. 14A-E), indicating that hindering proper assembly during
nucleation might leads to the formation of non-toxic aggregates. The findings
are agreement with the report on Hsp70 and Hsp90, where the chaperones
also found to inhibit AB aggregation at early stage of self-assembly [82]. The
presence of higher amount of monomeric and oligomeric species (Fig. 12 B, C,
E and F) and the lengthen the lag phase (Fig. 14 A and B) at higher MBP/ AB
ratio suggest that the higher molar access of MBP effectively hamper both
phases of oligomerization process; the paranuclei (pentamer/ hexamer unit)
formation and the paranuclei association [20]. The lower molar access,
however, may weakly obstruct the processes.

The accumulation of several intermediate species and enhanced cytotoxic
effect have been reported in presence of clusterin [80] and af-crystalline [84].
Lee et al, (2005) have been reported that sHps20 efficiently inhibit the fribril
formation and toxicity at lower ratio, while the higher concentration was found
less effective to prevent events. sHsp20 fused to MBP was used in the study
and MBP alone have been reported to be ineffective to prevent either fibril
formation or cytotoxicity. One possibility of the contrasting result might be the
type of AR which have been found affected varyingly by different chaperones
[83]. In the study, effects of MBP and sHsp20-MBP were compared using high
concentration (100uM) of ABR40, while in the present study AB42 was used at

20uM concentration.
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In a recent study, af-crystalline have been reported sHsp20 like activity to
abrogate AB40 mediated cytotoxicity as a result of inhibition of fibril formation
[123]. However, other sHsps, Hsp17.7 and Hsp27, did not inhibit the toxicity of
ApB40 despite preventing its fibril formation and accumulating different
morphological structures compared to the case of Hsp20 [76], implying that
Hsp17.7 and Hsp27 may not prevent the formation of smaller, toxic AR
oligomers. The evidence of the present study demonstrated the prevention of
formation of smaller oligomers which might be the cause to avert the toxicity by
depriving this behavior of the modulated species and then directing the self
assembly pathway to form non-toxic intermediates. The SDS resistance, Th-T
negative, devoid of secondary structure and non-toxic properties of the
accumulated intermediates in presence of MBP strongly supports the possibility
of off-pathways conformation [124].

Several sHps have been reported to inhibit AB toxicity without effecting
aggregation, rather, by inhibiting the localization of A on the cell surface [83],
and thus inhibits ongoing nucleation dependent aggregation on the membrane,
one mechanism by which AR cause toxicity [125]. In the study, Hsp20 has been
reported to interact with the soluble AB and inhibit the aggregation whereas
HspB2/B3 neither bound soluble AB nor affected its aggregation. In this context,
data of the present study supports the interaction of MBP with smaller soluble
AB assembly at initial phase of aggregation (Fig. 14B) rather than with large
aggregates (Fig. 14E). Accordingly, the possible effects of MBP to inhibit the
localization of the AB species to cell surface, hence to abrogate the cytotoxicity

cannot be excluded. Thus, cytoprotection of MBP may not be only due to
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remodeling the oligomeric species but also MBP may sequester monomeric
form of AB to inhibit cell surface aggregation and toxicity.

Several proteins including chaperones have been found to influence Ap
assembly which, in some cases, leads to controversial results [84,87]. MBP,
mostly used as fusion protein and in context of this use act as a chaperone by
proper folding of fusion partner, in the present study have been found to
regulates the assembly of AB at an earlier stage of aggregation. The
consequent of the regulation was oligomeric species which found to be non-
toxic to human neuroblastoma SH-SY5Y cell. The study indicate one switching
mechanism of AB42 assembly to remodel it non-toxic aggregates which may

accommodate to clarify the aggregation machinery of Ap peptide.
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lll-3. A natural flavonoid, keampferol-3- rhamnoside (K-

3-rh), inhibits the AB42 aggregation and cytotoxicity

lI-3-1. K-3-rh and other related flavonoids inhibit AR mediated
cell death

Flavonoids are suggested to be neuroprotective and multiple
mechanisms of the protection have been demonstrated for this group of
phenolic compounds [126]. In the present study, the cyto-protective effects of
several flavonoids (Fig. 17) were examined in initial experiment and the
inhibitory mechanism of a mono flavonoid, K-3-rh, against Ap fibrilogenesis and
cytotoxicity was scrutinized. AB42 peptide (20uM) alone was able to induce
~50% cell death when exposed to human neuroblastoma SH-SY5Y cells for
24h, while the most of flavonoids examined (20uM) rescued the cells in
different extent (Fig. 18A). Keampferole-3-rhamnoside (K-3-rh), Quercitrin(Q),
Keampferol-3-rutinoside(K-3-ru), Quercetin di hydrate (QdiH) and
Keampferol(K) inhibited the AB mediated toxicity at a similar level, where K-3-rh
found to be the best compound which enhanced ~30% cell survival with no
toxic effect to the cells(Fig. 18A). On the other hand, Gallic acid methyl ester
(GAME) and Quercetin hydrate (QH) were less effective against AB42 toxicity
and GAME showed toxic effect to the cells when treated alone.

The dose dependent cyto-protective effects of three similar structural
compounds, K-3-rh, Q and K-3-ru, further examined at several concentrations
(Fig. 18B). K-3-rh inhibited the AB cytotoxicity dose dependently, where at

40uM ~ 40% cell survival enhancement was observed in compare to AB alone

- 66 -



(Fig. 18B). On the other hand, dose dependent cytoprotective effect of Q and
K-3-ru was found till 20uM (Fig. 18B), while the higher concentration of these
flavonoid found to kill cells when treated alone (data not shown). No toxic
effect to the cells was found even at 50uM of K-3-rh alone (data not shown).
The results indicated that K-3-rh might be potential against amyloidogenesis of

AP peptides.
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Gallic Acid

Quercetin dihydrate Quercetin hydrate Kaempferol

Fig. 17. Chemical structures of flavonoids with previously reported anti-
amyloidogenic molecules. Structures of K-3-rh and other flavonoids are

shown (structures not drawn to scale).
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Fig. 18. Effects of flavonoids on AB42 induced cellular toxicity. (A) Cells
were treated with/without AB42 (20uM) and/or indicated biflavonoids (20uM) for
12 h. (B) Cells were exposed to Ap42 (20uM) in presence of 0-50uM of
indicated flavonoid for 24h. Cell viability was assessed by MTT reduction assay

and survival (%) was compared with untreated (control) cells.
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llI-3-2. K-3-rh inhibits AB42 polymerization and fibril extension

and disintegrates mature fibrils

To examine the effect of K-3-rh on fibril formation of Ap42, the peptide
was incubated in presence of several concentrations of K-3-rh and
fibrilogenesis activity was measured by Th-T assay. AB(20uM) alone showed
characteristics sigmoidal curve when incubated at 37°C (Fig. 19A). In presence
of 0-40 uyM K-3-rh, fibrilogenesis was inhibited dose dependently by affecting
both the time to reach equilibrium and the level of the final equilibrium of the
curve. Common logarithms of florescence data fitted well in logistic equation
(Fig. 19D). t /2 for AB42 (20 uM) calculated 44.65, 48.26, 46.99, 38.92, 39.56
and 34.10 min, respectively, in presence of 0, 5, 10, 20, 30 and 40 uM of K-3-rh.
The ICso value of K-3-rh for inhibition of AB42 polymerization calculated as
30uM.

The fibril extension experiment were performed by incubating fresh Ap42
(20uM) with 1.1 uM preformed AB42 fibril (seed), which showed the increase of
fluorescence hyperbolically without lag phase (Fig.19B). The final equilibrium of
the curve decreased dose dependently in presence of K-3-rh. Four perfect
linear logarithmical plots with deferent y intercept were obtained by plotting
logarithmic plots of fluorescence difference against times (Fig. 19E). The
calculated initial velocity of fibril extension was found to be decreased in dose
dependent manner when co-incubated with K-3-rh (Fig. 19F). The ICs value
against fibril extension found 20uM.

K-3-rh also found to be destabilized the pre formed fibril dose dependently

when the mature AB42 fibrils were incubated with the compound (Fig. 19C).

=70 -



The effectiveness of the compound to destabilize mature fibrils in terms of 1Cs
measured >40uM. The results indicated the K-3-rh effectively obstructed both
nucleation and fibril extension steps of fibrilogenesis as well as it disaggregated

the preformed fibrils.
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Fig. 19. K-3-rh inhibits of AB42 fibrillogenesis. (A) Inhibition of Ap42
polymerization. AB42 (20 uM) was incubated in PBS at 37 °C in presence of 0
(o), 5(e), 10 (A), 20 (A), 30 (o) and 40 (m) uM K-3-rh for 0-6 h. ICs calculated
as 30uM. (B) Inhibition of AB42 fiber extension. Fresh AB42 (20 uM) was added
to 1.1uM preformed seed and incubated at 37 °C in presence of 0 (o), 10 (A),
20 (A), and 40 (m)uM K-3-rh. IC5q value calculated as 20uM. (C) Dissolution of
preformed AB42 fibrils in presence of 0 (o), 5(e), 10 (A), 20 (A ), and 40 (m) uM
K-3-rh. ICs found > 40uM. (D) Logarithmic plot of F(¢)/ A — F(t) versus
reaction time obtained from polymerization assay. (E) Logarithmic plot of
A-F (t) versus reaction time obtained from fiber extension assay. (E) Effect

of Ap42 concentrations on the initial rate of AB42 fibril extension.
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l1l-3-3. K-3-rh inhibits the structural transition of AB42

Structural transition to form B-sheet structure is characteristic feature
of AR fibrillogenesis [122]. To examine the effect of K-3-rh on secondary
structural transformation, AB42 (20uM) was incubated with or without 20uM K-
3-rh and the presence of B-sheet was detected by CD spectroscopy. As shown
in Fig. 20, CD spectra of AP alone or with K-3-rh at Oh, demonstrated a
negative absolute value at approximately ~200 nm, suggesting the presence of
largely unfolded peptide at monomeric state with significant level of random coil.
Upon incubation at 37°C, the peptide alone exhibited the shift of a strong signal
to negative ellipticity ~216 nm after 6h and the ellipticity further maximize to
negative upon longer incubation, indicating the formation for B-sheet structure
of the peptide[107]. The transition of random coil to B-sheet structure did not
observed in presence of 20uM K-3-rh when incubated for 6h (Fig. 20). While,
after 24 h incubation of AB with K-3-rh showed the presence of (B-sheet
conformation, but the amount reduced significantly which demonstrated by
~50% decrease of negative ellipticity ~217nm. The results suggest that K-3-rh
does not inhibit B-sheet formation completely but it delayed the transition and

significantly reduced the amount of secondary structure.
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Fig. 20. K-3-rh inhibits structural transformation of AB42. Ap42 (20 uM)
alone or in presence of K-3-rh (20 uM) was incubated in PBS at 37 °C for 0, 6
or 24 h as indicated. Spectra were obtained by subtracting buffer background

as described in materials and methods.
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lll-3-4. K-3-rh accumulates oligomeric species of AB42

Polymerization and fibril extension study showed that K-3-rh inhibits the
AR fibril formation. Western blot analysis was performed to visualize the
accumulated species as a consequent of the inhibition. Abundance of
oligomeric species were observed in presence of higher concentration of K-3-rh
after 6h incubation (Fig. 21A) which were visualized by two distinct bands lower
than 20kD area, provably the smaller oligomers of dimric or trimeric units .
Upon longer incubation, large oligomers of ~100kD were visualized along with
the smaller oligomers (Fig. 21B). The predominant band below 7kD area also
visualized for both shorter and longer incubation times (Fig. 21 A and B).
Aggregation reaction was crosslinked to show all the possible species of A
that are either simply not observed in gel or susceptible to induction or
degradation during separation. Monomeric AB disappeared after 6h even in
presence of 5uM of K-3-rh (Fig. 21C). While, in presence of 10uM or more K-3-
rh, a plenty of oligoligomeric species were visualized at lower than 20kD area
when incubated for 6h, consistent with noncrosslink data (Fig. 21C). After 24h
incubation, several structural species were observed which predominantly
visualized from lower than 20kD to 100kD area. The results indicated that K-3-
rh bound to oligomeric species and hinder their further polymerization. The
consequent of the interaction was the formation of non toxic oligomers. The
data are well accordance with the earlier report where accumulation AR

oligomers have been found in presence of polyphenolic inhibitors[127].
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Fig. 21. Biochemical characterization of accumulated AB42 species. Fresh
AB42 (20 uM) was incubated in PBS at 37 °C for 6 (A and C), or 24 (B and D) h,
either alone or in the presence of indicated concentration of K-3-rh. After the
incubations, the peptide in the reactions was left uncrosslinked (A and B) or
crosslinked (C and D) with 0.01% glutaraldehyde before being subjected to
16 % SDS-PAGE and the following immunoblotting with anti-Af antibody 6E10.
Two pl of reaction mixture was loaded for the SDS-PAGE. C indicates a fresh
AB42 (no incubation). The numbers on the left indicate the relative molecular

weights of protein markers.

-77 -



lI-3-5. TEM observation of K-3-rh accumulated AB42 oligomeric

species

The above results indicate that K-3-rh inhibits the fibrillogenesis and
accumulates oligomeric structures. To confirm the findings, the incubated
samples were imaged with TEM to visualize the accumulated species. Ap42
(20uM) incubated alone at 37°C for 12h predominantly composed of typical
fibrils (Fig. 22A). In presence of K-3-rh, however, fibrilar structure was absent,
instead, mostly small spherical shaped and some branched structures were
observed with dose dependent effects of K-3-rh (Fig. 22 B and C). The
morphology and size of these structures are consistent with those of oligomer
and protofibrils previously reported [88,108,128]. The data clearly supports the
presence of oligomeric species accumulated by obstructing the fibrilogenesis in
AR samples incubated with K-3-rh.

The disaggregation of pre formed fibrils also investigated by employing
TEM. fAB42 (20uM), prepared by incubating at 37°C for 3 days, showed
predominantly fibrils (Fig 22 D). The fibrils were converted to smaller
aggregates like shape when co-incubated with K-3-rh for 12h, where dose
dependent effects were also observable (Fig. 22 E and F). It indicated that K-3-
rh disintegrate fibrils and greatly alters the fibrilar shaped to smaller aggregates.
The data is well agreement with our previous study where biflavonoid found

similar disaggregating properties[129].
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Fig. 22. TEM study of K-3-rh effects on AB42 fibrilogenesis and preformed
fibrils. Twenty uM fresh Ap42 (A-C) or fibrilar AB42(fAB42) (D-F) either alone
or in presence of indicated concentration of K-3-rh were incubated in PBS at

37 °C for 12 h. Ap42 morphology was then visualized by TEM. Scale bar is

shown at the bottom.
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The flavonoids have been shown to abrogates AB aggregation, reduce
cytotoxicity and oxidative stress [104,130,131]. The polyphenolic biflavonoids
have been found superior to monoflavonoid in inhibiting AB fibrilogenesis and
cytotoxicity mediated by the peptide [129]. On the other hand, in terms of I1Cs
value, some monoflavonoid have been shown only one order lower magnitude
of anti-amyloidogenic properties than bioflavonoids [129,132]. In the present
study, the anti-amyloidogenic and cytoprotective effects of a mono flavonoid, K-
3-rh, against AB42 peptide was investigated to gain insights the aggregation
mechanism of the peptide. The results showed that K-3-rh and other related
flavonoids effectively abrogated the A cytotoxicity (Fig. 18 A and B).
Accumulation of oligomeric AR species and rescuing cells exposed to AR in
presence of K-3-rh suggests that K-3-rh possibly neutralized the toxic effects of
the peptide by hindering its self assembly. The effective inhibition of A fibril
extension and disintegration of preformed fibrils (Fig. 19 B and C) demonstrates
that K-3-rh can interact with several structural species formed during assembly
process. In presence of K-3-rh, the structural transformation of AB peptides
delayed significantly (Fig. 20), which leads to the accumulation of several
oligomeric species (Fig. 21A-D and 22B-C). The accumulated oligomeric
species, however, might not be the “on pathway” or toxic oligomers since the
presence of K-3-rh and other related flavonoid significantly enhance the viability
of cells exposed to the peptide. The findings are well agreement with others
and ours previous studies, where polyphenol (-)-epigallocatechin gallate and
taiwniaflavone, respectively, found to be efficiently inhibited the fibrillogenesis of
AB by directly binding to the unfolded polypeptides and promoted the formation

of unstructured and nontoxic AR, resulting in off pathway, highly stable
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oligomers [127,129]. The K-3-rh and other related flavonoids in the present
study probably redirecting the AR assembly in similar way to form non toxic off
pathway oligomers.

Structural composition of K-3-rh includes three phenolic groups linked with
a rhamnose moiety (Fig. 18), which provides the basic structural requirements
of an efficient polyphenolic inhibitor [96,132] with an extra sugar component. All
flavonids with this basic polyphenolic structure in the present study (Fig. 17)
found to be effective than monophenolic flavonoids to rescue cells exposed to
AB (Fig. 18 A). K-3-rh inhibited fibril extension more effectively than nucleation
(Fig. 19 D and E) and the initial rate of fibril extension decreased dose
dependently in presence of K-3-rh (Fig. 19F). Further, it also disintegrated the
pre formed fibrils efficiently (Fig. 19C and 22 D-F). The results suggest that K-
3-rh fundamentally alters the aggregation pathway of AB, possibly by interacting
with smaller amyloidogenic aggregates and preventing it from farther
conformational change into the B-sheet. The observation is in agreement with
the report that polyphenols do not interacts with the amyloidogenic monomer,
instead it interact with amyloidogenic structures, and that inhibitor binding is
conformation-dependent [89]. The stoichiometry of K-3-rh binding to Ap,
however, is unknown. A mechanistic approach based on structural similarities
between various highly efficient polyphenol inhibitors, and relative to the well-
known amyloidogenic dye Congo red has been suggested that a common
efficient polyphenol inhibitors are composed of at least two phenolic rings with
two to six atom linkers, and a minimum number of three OH groups on the
aromatic rings [96]. These structural similarities imply for three-dimensional

conformations that are essential for the non-covalent interaction with B-sheet
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structures [96]. Similar speculation may be applicable for the interaction
between AB and K-3-rh and other similar flavonoids tested in the present study.

On the other hand, K-3-rh may interacts with the aromatic residues in A
sequence which have been postulated the another inhibitory mechanism by
polyphenolic compounds [96]. It has been suggested that the inhibitory
aromatic compounds compete with the polypeptide monomers for interaction
with the growing fibrils and the irreversible or improved interaction by the
inhibitor result in an efficient halt of the fibrillization process [133]. Only phenolic
ring by itself , however, does not efficiently inhibit amyloid formation [134] and
further structural elements are necessary for the specific interaction with the
amyloidogenic B-sheet conformation, creating hydrogen bonds that enhance
the stability of the inhibitor—protein complex[96]. The OH groups and rhamnose
structure of K-3-rh provably play that supporting role for efficient interaction with
B-sheet of AB42 and hence abrogates its assembly.

Identifying small molecule inhibitors to inhibit AB aggregation and cyto-
toxicity is an encouraging approach towards the therapeutic development for
AD. The present study showed that a mono flavonoid with three phenolic and
three OH group with a rhamnose moiety efficiently abrogates the AB assembly
and cytotoxicity. The result confirmed requirements of the specific structural
conformation for efficient inhibition of amyloidogenic assembly and interaction
to B-sheet structure. The consequence of halting the assembly process, several
oligomeric species derived, which showed off-pathway structural properties.
The polyphenolic compounds with K-3-rh like structure, however, might be

considerable to incorporate in the therapeutic strategy of AD.
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V. ABBREVIATIONS

ABOs; oligomers composed of 15-20 monomers

ABAD; B-amyloid binding alcohol dehydrogenase

AB-DIP; AB-related death-inducing protein

Ac-DEVD-AMC; N-acetyl Asp-Glu-Val-Asp-amino methyl coumarin
ACE; AB treated cell extract

Ac-LEHD-AMC; N-acetyl Leu-Glu-His-Asp-amino methyl coumarin
AD; Alzheimer’s disease

ADDLs; A -derived diffusible ligands

Apo E; apolipoprotein E

ApoJ; apolipoprotein J

APP; amyloid precursor protein

AB; B-amyloid

CAB; Caspase assay buffer

CD; circular dichroism

DISC; death inducing signaling complex

DMEM; Dulbecco’s modified Eagles medium

DTT; Dithiothreitol

ER; endoplasmic reticulum

ERAB; endoplasmic reticulum amyloid B-peptide-binding protein
fAB; fibrilar form of A
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FBS; fetal bovine serum

HCE; healthy cell extract

HNE; hydroxy-2-nonenal

Hsp; heat shocks protein

LPL; lipoprotein lipase

MPTP; membrane permeability transition pore

MTT; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
PMSF; phenylmethanesulphonylchloride

PVDF,; poly vinylidene difluoride

RAP; receptor associated protein

RFU; relative fluorescence unit

ROS; reactive oxygen species

SDS-PAGE; sodium dodecylsulfate-polyacrylamide gel electrophoresis
sHsp; small heat shocks protein

TEM,; transmission electron microscopy

ThT: thioflavin T

TIM; translocase of the inner membrane

TOM; translocase of the outer membrane

Z-VAD-FMK; benzyloxycarbonyl-Val-Ala-Asp -fluoromethylketone
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VI. ABSTRACT

Identification and characterization of amyloid beta

interacting proteins

Md. Golam Sharoar
Advisor: Prof. lI-Seon Park
Department of Biomaterials

Graduate School of Chosun University

Amyloid B (AB) is a major constituent of diffuse plaques in Alzheimer’s
disease. The peptide has been known to cause cell death through intra- and
extracellular processes including apoptosis in which caspases are activated.
The present study, however, identified a new interaction of AR peptide with
caspase-9 and showed that the cytotoxic peptide also has an anti-apoptotic
function. Extracellular AB42 decreased DEVDase activity and MTT reduction
induced by staurosporine treatment. This was due to inhibitory effects of the
peptide on the assembly of Apaf-1 apoptosome and consequent activation of
caspase-9 and -3. AB42 was found to interact with the pro form of caspase-9
which prevents the recruitment of the caspase to the apoptosome. AR peptide
also inhibited the enzyme activity of procaspase-9. The interaction was not

detected with CARD-deleted caspase-9, implying the importance of the domain
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in the interaction. Notably, the anti-apoptotic effect was robust in epithelial HeLa
and osteosarcoma MGG63 cells, while it was relatively weak in neuroblastoma
SHSY5Y cells. Finally, the consequent of the interaction was found to form the
caspase-9 inclusion body.

Aggregation of AB peptide is an important event in the development of the
disease. An extracellular chaperone like protein, called maltose binding protein
(MBP), was utilized to inhibit the assembly of the peptide. The protein found to
be interacted to AP peptide at an earlier stage of assembly process and
effectively inhibited the fibril formation at higher molar ratio to the peptide. MBP
also blocked the transition of the peptide from monomeric random coil to
secondary [(-sheet structure. The consequences of inhibition, several
intermediate AP species were accumulated. Interestingly, the accumulated
oligomeric species were less toxic to the human neuroblastoma SH-SY5Y cells.
The results suggested that MBP preferentially hinder the nucleation step of AB
fibrilogenesis and modulated the peptide to non-toxic oligomeric conformation.

Further, the effect of a natural flavonoid, Keampferol-3-rhamnoside (K-3-rh),
on AB42 aggregation and cyto-toxicity was investigated to better understand
the assembly mechanism. The flavonoid was effective against AR mediated
cytotoxicity in dose dependent manner. Anti-amyloidogenic properties of K-3-rh
found to be efficient in inhibiting fibril formation, fibril extension, fibril
disintegration and secondary structural transformation of the peptide. Several
oligomeric structures were observed in presence of higher concentration of the
compound. The data indicated that K-3-rh might be converted the aggregation

pathway of AR peptid to form off-pathway oligomers.
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