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ABSTRACT

Title of Document: TOWARDS UNDERSTANDING THE
MOLECULAR DETAILS OF -AMYLOID
NEUROTOXICITY IN ALZHEIMER’S
DISEASE
Ben Keshet, Doctor of Philosophy, 2010

Directed By: Professor Theresa Good, Department of
Chemical and Biochemical Engineering

Alzheimer’s disease (AD) is the most common form of dementia. AD fatahtie
constantly increasing, so are the financial costs associated withehsealisDespite
significant scientific advancements during the last 20 years in understaneling
disease, there are still no approved drugs available that slow or reverse AD
progression. AD is thought be initiated by the accumulation of-theayloid (A )
peptide in the brain, which aggregates extracellularly to form neurotoxic spécie
eventually forms insoluble fibrillar senile plaque, though certain forms of soluble
aggregated oligomers are believed to be more toxic. One of the main barriers to
curing AD is the lack of understanding of Aoxicity. Two critical issues in
elucidating mechanism of Atoxicity are identifying the cellular damage induced by
A , and elucidating the surfaces or amino acids off#at are key for the interaction

with cells.



In the work presented in this dissertation we attempted to answer the ladter, a
contributed new information to our molecular understanding ofidurotoxicity. We
have identified differences in the structure of Arg5 betweefil#ils and the toxic
oligomers. This is one of only a few molecular differences identified so thaebe

the less toxic fibrils and the highly toxic oligomers, thus we suggest that tlus reg
may be important for Abiological activity. We then showed that alterations of A
around Arg5 change the propensity of #8 bind to cells. In the following chapter,
using a simplified diffusion-limited reaction model for the interaction ofwth

cells, we demonstrated that differences in the toxicity oaggregates with different
sizes can be explained, at least partially, based on the diffusivity and catioardf
species. We then used a combination of computational and experimental tools, to
elucidate the A binding sites of known toxicity inhibitors as a means to indirectly
identify loci on A aggregates that may be important for#eurotoxicity. Our data
indicates that despite their structural differences, the inhibitors bind abtwman

loci on A | near Lys28 and near the C-terminus. We then explored the possible role
of Lys28 in A cell binding. We also launched a structure-based virtual screening to
discover novel small molecular weight inhibitors that can bind at the two loci
identified, and potentially inhibit Abiological activity. The results of our work
provide new information that contributes to our understanding afeirotoxicity,

and provides a foundation for the development of novel therapies for AD.
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Chapter 1: Introduction

Alzheimer’s Disease (AD) is the most common form of demeartdhis the sixth
leading cause of death in the United States. It is estintzed 3% of people 65 and
older suffer from AD [1]. The risk for AD increases with ageerefore the
prevalence of AD in the population continues to grow as life expecteeps rising.
Despite the growing attention that AD research has receivelde past 30 years,
there are still major obstacles in understating the diseasdanism, developing

early diagnosis tools of the disease, and modifying the disease progression.

The build up of senile plaques in the brain, which are composed mainly of
aggregated beta amyloid peptide JAis a hallmark of AD. A variety of evidence
indicates that the accumulation of A the brain is an event that is upstream to other
AD biological and biochemical phenomena [2]. Wduces a wide range of cellular
events, such as interference with the cell membrane structdr@raperties [3-5],
interruption of cellular pathways [6-8], binding to specific celtemors [9],
generation of Reactive Oxygen Species (ROS) [10-13], and othiexdeed, A
neurotoxicity is likely a complex phenomenon with multiple intereslat
simultaneous events. The AD paradigm that focuses oasAthe cause of AD is
known as the ‘A hypothesis’ and is the most accepted in the scientific community.
AD is one out of more than 20 known diseases associated with arfojfimidtion by
certain proteins, such as Parkinson’s Disease, Huntigton's DjSBgse-2 Diabetes
and others [14]. Thus, insights into the root cause of any amyloidodiseiase may

benefit the understanding and curing of the others.



The ‘A hypothesis’ focused until recently on the role of the insolublglague in

the pathogenesisis of AD. Insoluble Aibrils formed in vitro were found to
resemble then vivo senile plaque [15, 16]. In the last decade, however, it was
established that certain soluble Bpecies, rather than the insoluble #brils, are the
most toxic species, and their presence in the brain corrélates with the disease
symptoms [2, 17, 18]. These findings led to a shift in the sciemtiferest towards
identifying and characterizing the toxic soluble Apecies. There are several
unanswered questions in the ‘Aypothesis’. One of the unknowns in the ‘A
hypothesis’ is; what is the structure of the most toxic #ggregate? Another
fundamental unanswered question is; how does the toxisp&cies interact with

brain cells? The work presented here focused on answering these two questions.

First, we characterized some structural differences betvreeA toligomers and
fibrils, which contribute to our identification of the Aspecies responsible for AD.
In addition, we demonstrated that micro-scale structural diffeemetween A
aggregates may affect the differences in their biologidatligc We then focused on
understanding the molecular level details oftAxicity. We used toxicity inhibitors
as probes for identifying potential “active sites” of,Avhich are residues that play a
role in A neurotoxicity. Lastly, we describe preliminary assessmenthef
biological significance of one of the potential identified sitéhe main contribution
of this work is in identifying the loci on the Asurface, which may constitute the key

amino acids associated with Aoxicity.



The arrangement of this document is as follows. The next ch&ptapter 2,
provides a literature review of AD and the role of A the disease. Chapter 3
describes an assessment of the structural differences befwealigomers and
fibrils. Previous work from our lab suggested that the most promstemttural
difference between the toxic Aintermediate and the less toxic fibril is within
residues 1-16 of A[19]. The chapter further explores the structure of specific A
residues within that segment. Although some structural differewess found
between the toxic oligomer and the fibril, the level of the sityldbetween the
species led us to explore an alternative explanation in the fatjpwhapter. In
Chapter 4 we describe a model for the possible role of diffusionartistration of
A aggregates in the extent of toxicity manifested by diffe’@ntaggregation
species. Chapters 5 and 6 focus on the second question presenéedvelaidh is
why A is toxic to cells? Chapter 5 describes an investigation ahtilecular level
details of the interaction of Awith cells. The interaction of previously reported
toxicity inhibitors with A aggregates was studied, as an indirect assessment of A
amino acids that are essential for Aoxicity. We have used a combination of
computational docking and experimental data to reveal the binding saktwacity
inhibitors. Chapter 6 describes preliminary results of exploring hiléogical
relevance of the amino acids identified as inhibitors’ binding ledChapter 5. In
addition, preliminary results from silico screening of libraries of small molecules to
find novel A toxicity inhibitors are presented. Finally, Chapter 7 summsuilze

main contribution of this work and suggests possible future directions.



Chapter 2: Literature review

2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is an age associated diseaséstttee most common
form of dementia. AD symptoms include severe loss of memorycagditive
decline [20]. The disease was first identified over 100 yeaosamgl has been
extensively studied clinically, neuro-biologically and chemigadispecially in the
last 25 years. Nonetheless, the vast amount of information actachblas not yet
created a clear disease paradigm or yielded successitrhémats. Currently, there
are no treatments to prevent or cure AD, and only a few approved thragare

targeted to delay the worsening of symptoms.

The prevalence of AD is constantly increasing. In 2006 AD hasith leading
cause of death in the United States [1]. The increase iexgectancy leads to a
gradual increase in the number of AD patients and AD assdaatghs. Most cases
of AD have no identified genetic cause, and therefore sometirmesalled ‘sporadic’
AD. Nonetheless, several mutations were found to be associatedWif18, 21],

which result in ‘early-onset’ or familial AD that can appear asyelthe age of 40.

AD has significant financial and social implications on AD patieand their
families. In 2005 the total estimated direct and indirect cestsited from AD and
other dementias in the United States were $148 billion [1].

The absence of therapeutics for AD, a devastating disease swith high

prevalence, presents the research community with an imperatigefaregdvancing



the understanding of the disease to allow the development of thecapéudt

actually modify the pathogenesis of the disease.

2.2 Clinical Hallmarks of Alzheimer’s

The changes in the brain associated with AD include neuronal lossidd8]of
synaptic density and plasticity, and inflammation [15]. Histaally, AD is
characterized by accumulation of extracellulatAmyloid (A ) plagues and
intracellular tangles of the hyper-phosphorylated tau protein [Z8)lid evidence
indicate that A plaques are an earlier and causative event relative to thetitmmoé
intracellular tangles [22]. The mechanism of AD pathogenesistiget understood,
however, a variety of possible mechanisms have been proposed. Ttheateyst
commonly accepted disease explanation is thehgpothesis’ [2], which states that
an imbalance in the production and clearance op#sotein leads to accumulation of
A in the brain, which causes the cellular and biochemical eventsiaissgowith
AD. While initially the ‘A hypothesis’ focused solely on the accumulation of the
insoluble amyloid the attention has shifted in the last 15 years towards the bra
accumulation of A protein, also as soluble species [2]. Yet, the extracellular
amyloid plaque is important since it may serve as storageligdole highly active A

species which exert cellular changes upon glia and neurons [2].



2.3 The role of Ain Alzheimer’s disease

A is a 39-43 amino acids peptide, which is the digestion product ofrttyéoAl
Precursor Protein (APP), a transmembrane protein found in normaADharells
[23]. Extracellular cleavage of APP bysecretase and intramembrane cleavage by
secretase lead to the release of the peptide [24]. APP can be also cleaved
extracellularly close to the membrane bysecretase, thus acting within the A
sequence and eliminating its release [24]. i a ~4 kDa peptide. The two most
abundant forms of Ain AD senile plaques are AL-40) and A(1-42), A peptides
made up of the first 40 or 42 amino acids of the sequence, respectively, which
differ only by the additional lle-Ala amino acids at the C-teus [15]. Figure 2.1
depicts the degradation pathways of APP and the amino acid resigesnce of

A .

The development of the Aplaque is believed to be a result of an imbalance in
A production and clearance [2]. Itis unclear if has any biological role in healthy
humans. While many neurological and biochemical events appear up inc8D
patients’ brain, the interaction of Avith cells seems to be the key event that initiates
AD development. The reasons for the imbalance opfoduction and clearance in
AD are unclear. Many researchers have focused on examiningcthaty of
secretases [24-27]. Others proposed that the permeability bfabe brain barrier
(BBB) to A varies between different forms of Awhich may effect the clearance of

A from the brain [28].



The amyloid plaque found in AD brain contains also other proteins, inetsl
and lipids, all of which were speculated to play some role ima&icity and AD [15].
However, administration of Aalone to AD animal models or exposure of cultured
cells to aggregated Aleads to AD-like clinical and biochemical symptoms [2, 4, 29-
33], suggesting that while the other components may play a role iertiie plague

formation, they are not required for Aoxicity.

The ‘A hypothesis’ is supported by a wide range of evidence. Forpeam
Down’s syndrome is associated with a mutation in chromosome 2Inttades APP.
Down’s syndrome is characterized by a very early accumulafighi in the brain
(second or third decade of life), which is followed by othehplaigies similar to AD
[2]. Additionally, many known mutations within the Aequence are associated with
familial AD [21]. Markedly, all of the currently known mutationssasiated with
early onset AD occur in APP or in the active site -gskcretase, both effectors of A
accumulation. The main alternative to the ‘Aypothesis’, which focuses on the
intracellular tangles of hyper-phosphorylated tau protein, is not sgppby such

appealing evidence [2].
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Figure 2.1: APP degradation pathway and A sequence.(a) Transmembrane
protein APP is cleaved by-secretase to release the secreted APP fragment sAPP
and the membrane anchored C99 (99 amino acids of C-terminus of AFER).is
further cleaved by -secretase to liberate AL-40) and A(1-42). A (1-40) and

A (1-42) form soluble oligomers and senile plaque. Alternatively? &8n be first
cleaved by -secretase within the Asequence (between K16-L17 of YAand then by
-secretase, to liberate non-amyloidogenic peptides [35] (not shovigure). (b)

A (1-40) amino acid sequence. Highlighted amino acids represent hydrophobic
regions as indicated by Kyte-Doolittle hydrophobicity plot withh eesidues window
(available at http://ca.expasy.org/tools/protscale.html) [36].



2.4 A structure — activity relationships

A aggregates can produce a variety of biological phenomena intétls have
been associated with Atoxicity. A was shown to interfere with the fast-
inactivating K current [37] and disrupt calcium homeostasis [3, 38]. Attenuating the
negative charge of cell membranesvitro prevented A toxicity [39], suggesting
that electrostatic interactions play a role in tAxicity. Nonspecific binding of Ato
the membrane at various pHs suggested that hydrogen bonding and hydrophobic
interactions with glycolipids mediate Anembrane binding [40]. Awas shown to
activate a protein kinase and interfere with cell signalingvpays [7, 8]. A also
activated a G-protein in neuron-like cells. Wduced toxicity was reduced when G-
protein activation was blocked, signifying that G-protein activatiaygad a role in

A toxicity [41].

A significant body of literature focuses on the interaction of with the cell
membrane. A was shown to interact with lipids and/or alter the structure and
properties of lipid bilayers, for example by changing the membfiamdity [42],
disrupting the membrane [43], changing the electric conductandpidfbilayers
[44], and others. The formation of ion-specific channels in membraassaiso
reported [45, 46]. Alternatively, oxidative stress, which is assatiaith aging, was
proposed as an important factor in Aeurotoxicity and in AD in general [47, 48].

A aggregate# vitro were shown to generate reactive oxygen species (ROS) [11,
49], and induce oxidative stress in cell culture [50]. Spedyichpid peroxidation,

has been linked to AD [48, 51, 52].



A was also found intracellularly, however it is unclear if acétlular A
crossed the cell membrane or whether the initial release chsAa result of the
secretases activity was inwards [21]. Yet, the majority olappears to be secreted
to the extracellular space [2], from which it is capable of indyaell toxicity,
suggesting that extracellular Ais the species leading to AD. The profusion of
biological and biochemical events that have been associated witineAikely to be

related, and indicate that the biological activity ofi& a complex phenomenon.

A is toxic only in aggregated forms, with monomeric geptide being nontoxic
or manifesting only modest toxicity [53, 54]. Aorms amyloid fibrilsin vitro which
resemble the plaques founmdvivo [15, 16]. Thus initially, it was believed that A
fibrils were the toxic species that were responsible for ABPlowever, data
accumulated over the last 10-15 years suggest that certain salubleggomers are
more likely to be the root cause of AD. For example, elitrongof fibrils in mouse
models did not prevent AD formation, and a correlation between sewrigD
symptoms and the existence of small soluble gpecies was found [18, 22].
Moreover, soluble A oligomers have been shown to induce higher toxicity towards

cells in culture than fibrils [54, 55], and have higher biological activity [3, 56].

The identification of the toxic Aspecies is a major obstacle in understanding the
mechanism of neurodegeneration in AD. Identifying the téxic species’ has been
challenging due to the difficulty in isolating Aaggregation intermediates, and of

variability and low reproducibility between different Aotsin vitro [57, 58]. Thus,
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the identity of the toxic A oligomer is still largely unknown. The secondary
structure of the toxic oligomer is believed to be-sheet [53]. Dimers, trimers and
tetramers were reported to be toxic, with higher order agg®deing significantly
more toxic [53]. Others have reported a much larger toxic spheligomer with a

-sheet structure that resembled the fibril's configuration [59].

A survey of the literature reveals that quite a few form# ofaggregates were
identified as toxic. The immediate conclusion is that multiplespecies can be toxic
to cells. But beyond that, there is an actual experimental nballan identifying
aggregated species of A This is because the species thatférms and the kinetics
of their formation are highly dependent on the aggregation conditions, gederal
seem to have low reproducibility. The ‘toxic oligomers’ are raggtion
intermediates thus are inherently transient and unstable.t #par the challenge in
identifying the A aggregates that seem to lead to AD, the usage of conventional
structural biology tools is very limited since As a membrane protein, does not

crystallize, and is insoluble when aggregated.

The ultimate goal of research in AD is the development of diseasdifying
agents to slow the progression of the disease. Given thatide$yveld that A is
the toxic species during the disease, it is essential to tadénshich A species are
toxic, what structural features distinguish one less toxic eapdoom a more toxic
species, and how those species are formed. A description afgxegation pathway

and structures of key aggregation species follows.
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2.5 Agagreqgation pathway and kinetics of A

The aggregation of A is commonly viewed as driven by hydrophobic
interactions [60, 61], though the exact mechanism is not fully.clEaere are several
proposed mechanisms for Aaggregation. Commonly, the aggregation ofi&\seen
as composed of two steps; nucleation and elongation [16, 61]. Duriffigsthetep,

A forms nuclei that then serve as seeds for larger aggregategdaivamuch faster

to form fibrils [61]. The period prior to the nuclei formation iseof referred to as
‘lag-phase’, and is thought to be the rate-limiting step [62]. ilEiare elongated by
additions of monomers at the ends of the fibrils [63]. While thésgeneral scheme

of the aggregation pathway, there are many unanswered questitrdsnigic How
large and what is the structure of a nucleus? Are there tggregates formed off the
fibril formation pathway? What structural rearrangements rapemy the
transformation from monomer to nucleus and from nucleus to fibril? tAeee
pathways more relevam vivo among the different pathways and structures observed

in vitro?

A relatively early step in the aggregation pathway is the secprsteucture
conformational transition from-helix to -sheet. A monomers are-helical or in a
random coil [64, 65] while the spherical oligomers, protofibrils andlgdibrave a
higher -sheet content [54, 66]. Some researchers suggest that theamainem -
helix to -sheet occurs before or during monomer association with other monomers or
with fibrils [53, 67]. Others reported ahelix containing intermediate, suggesting

that A can aggregate even before rearranging to-sheet conformation [68].
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Additionally, the transition between the spherical intermediatéehéontature long
fibril is unclear. It was proposed that the fibril nuclei egeefrom spherical A
species with a 7nm hydrodynamic radius [16]. On the contrary, sesearchers
argue that the spherical oligomer is off the pathway to fibrination [69]. The
existence of A micelles was also proposed as precursors for fibril nuclei [63, 70, 71].

Figure 2.2 depicts a schematic model foraggregation pathway.

At the amino acid level, certain residues of #ere found to be crucial for
aggregation. Synthetic Afragments that were mutated in residues between Lys16 to
Phe20 significantly delayed or prevented Aggregation [72, 73]. Additionally,
short A fragments which included residues 16-20 (KLVFF) were able to tbitide
full A peptide, while fragments not containing KLVFF did not bind or boundtdess
A , suggesting that the KLVFF segment plays a key role irséf-assembly [72].
Alternatively, the formation of the-turn at residues 21-30, which is stabilized by the
salt bridge between D23-K28, was suggested to be the ratexinstep in fibril

formation [74].
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Figure 2.2: Schematic aggregation pathway of A A monomers are relatively
unstructured in an agueous environment, and are in equilibrium with dimetiseor
small aggregates. The association ofi&éaccompanied by the transition to-aheet
structure, however it is unclear if the conformation changaredeefore or after A
forms dimers. Spherical oligomers emerge from the monomer-@diquéiibrium and
possibly form fibrillar seeds. Alternatively, monomer/dimer aggte to form
fibrillar seeds. The seeds are elongated with the additioronbmers/dimers at the
seed’s ends to form protofibrils. Protofibrils associate ddlieto form thicker fibrils.
Dotted arrows represent aggregation steps that are lesis ¢eaia the solid arrows.
The oligomers are highly toxic to cells, while small aggregfdemed earlier and the
mature fibrils are less toxic. Amonomers are nontoxic. This is not a complete
scheme; additional species that were observed include trimersnelscahollow
rings and others.
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2.6 The structures of Aaggregates

2.6.1 A fibril structures

TEM and AFM are commonly used to visualize #brils at the micro-scale. A
fibrils are about 6-20nm in diameter and up to 1-3um long [54, 75-78]. Axdily,
fibrils of different morphologies were reported. Some fibrilsrevehown to be
composed to several protofilaments (or protofibrils) and twistedgathe z-axis
every 50-200nm. Other fibrils appear ‘flat’ without an apparenttti¥i@]. Figure

2.3 shows representative TEM images as collected by others.

Elucidating a detailed molecular structure of Abrils is more challenging
because A, like other membrane proteins, does not crystallize thus elimingéteng
usage of X-ray diffraction. In addition, due to the insoluble naturtheffibrils,
solution-state NMR is impossible [80]. Instead, unique tools weesl to collect
structural information about Afibrils. Hydrogen exchange was used in a variety of
ways to assess the backbone solvent accessibility of thesfibwil elucidate the
solvent exposed and protected regions of the fibril [81-85]. Alteeigt chemical
reactions of specific amino acids side-chains were used to prolaedbssibility of
different residues [86, 87]. The integrated information obtained frbeset
investigations revealed that the N-terminus of & unstructured and solvent
accessible. On the other hand, residues at the center of the peptgldy 16-35,
are highly protected [81, 85, 87, 88], therefore this region is ofterredféo as the
‘hydrophobic core’ of A [73, 89]. The C-terminus, residue 36-40, was found to be

somewhat structured though partially solvent accessible [81, 85, 88lctugal
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analysis of A42 using hydrogen exchange coupled with NMR suggested overall a

similar picture, apart from the C-termini that seemed highly prote8é&e®p].

Solid state NMR (ssNMR) provided the most quantitative atomicl leve
information regarding distances between atoms, secondary struuttits and
torsion angels in Afibrils [80]. Two structural models have been proposed based on
ssNMR data [76, 91]. The first published model described a twoyoldnetry fibril,
which is composed of a double-layer stack of AThe A peptides within the fibril
are composed of parallelsheets in residues 9-20 and 31-40, and are connected with
a -turn in residues 21-30. In the model, theurn is stabilized by the D23-K28 salt
bridge, which was hypothesized to be solvated by water mote¢@®. The A
peptides are arranged in-register, meaning that the aminoaaeidéigned next to the
same amino acid in the next monomer. The N-terminal, residues 1-8, was found to be
unstructured and was therefore omitted from the fibril coordinateshould be noted
that the configuration of the side-chains in this model was not dettrprecisely.
Figure 2.3D depicts a ribbon structure of this NMR structuries fibril morphology

was used in our work to elucidate inhibitors’ binding sites, as described in Chapter 5.

The second A(1-40) fibril model, which was published more recently by the
same group, has a threefold symmetry rather than twofold [76].thFféefold layer
fibrils were formed by different seeding of synthetic. AUnder TEM, the threefold
layer fibrils appeared periodically twisted, with an apparemt in the plane vertical

to the fibril axis every 120nm, as opposed to the two-layer fildlgeh appeared
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“flat” without visible twists (Figure 2.3). Unseeded monomeric golutions were
shown to form the striated fibril morphology when agitated, or thested
morphology under quiescent conditions. While the secondary structursiodgle
peptide incorporated in both structures is comparable; two paraBélands at
residues 9-20 and 29-40 connected by-tarn, with an unstructured N-terminal
(residues 1-8), there are differences between the two structfi@sexample, the
three-layer structure has a much tighter cavity within then compared to the two-
layer structure. In addition, the different tertiary configunagi result in differences
in the solvent accessibility of residues 32-40. Figure 2.3C depichbon structure
of the threefold symmetry fibril. It is uncertain which of tiweo fibril structures
better represents Afibrils found in vivo during disease. Recently, synthetic A
fibrils were formed by seeding of brain-extracted fforils [93]. NMR data of brain-
derived fibrils suggested that they shared some of the struchaacteristics of the
purely synthetic fibrils. Specifically, the main structural ifispt -strand, -turn, -
strand and the salt bridge formed between D23 and K28 side chainsustaiaesl.
In contrast, the brain derived fibrils had a F19/131 contact, which wasbisetved in
synthetic fibrils, suggesting some differences in the oriematif the side-chains

between purely synthetic Aibrils and the brain seeded fibrils.
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TEM images were reprinted [76] with permission frBmTycko.

Figure 2.3: The structure of A fibrils - TEM and secondary structure of two

fibril morphologies formed by A (1-40). A. TEM of fibrils formed under quiescent
conditions, with an apparent twist along the fibril axis every ~120nm. B. TEM of
fibrils formed under mixing conditions. C. Ribbon representation of the fibrils shown
in A. that have a threefold symmetry. D. Ribbon representation of the fibrils shown in
B. that have a twofold symmetry. Arrows in C. and D. designate the fibrilsz-axi
Residues 1-8 in both structures were disordered and therefore omitted. Ribbon
structures were prepared using PyMol [94]. 3D coordinates of fibrils were abtaine
via personal communication from R. Tycko, NIH.
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2.6.2 Intermediates and oligomers structure

The structure of A aggregation intermediates has been more challenging than A
fibrils to elucidate due to their transient nature. Yet, sevsoiible intermediates
have been observed and characterized, ranging in size and shapeel B@tz
described long protofilaments that resembled the fibrils, witldues 20-30 more
solvent accessible. Others observed spherical structures undeaddEMFM [95-
97]. Glabe [98] reported an antibody that binds to sphericalokgomers and
protofibrils but not to A fibrils, suggesting that the spherical oligomer and the
protofibril intermediates share a common structure that is distiom the fibril.
Soluble globular aggregates have been reported to range fromsttion@4-mers,
often referred to as Aderived diffusible ligands (ADDL) [96]. AFM and TEM
images previously obtained by our lab, suggest that the toxiomietkate was
spherical with a diameter of 20~30nm, distinct from the long mathr#ésfwhich

were up to 1m in length and ~10nm in diameter [54, 99].

Hydrogen Exchange - Mass Spectrometry (HX-MS) was usedritab to assess
the backbone solvent accessibility of Aggregation species. Protease digestion was
used to analyze the residue level accessibility of the aggragaiecies, and revealed
that the main differences in solvent accessibility betweengherigal intermediate
and the fibrils were in residues 1-16 which were more accessitile oligomer [19].

In a recent NMR study from another laboratory, the sphericat ioi@rmediate was
isolated and studied. The spherical Aligomer was 15-30nm in diameter and

comprised of an ordered parallesheet [59]. A direct comparison of the oligomer
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and the fibril structures indicated that their molecular arraegémwas identical in
the hydrophobic core (residues 18-21) and in the C-terminal segresitduges 33-
34), the two regions studied [95]. This paralledheet spherical oliogmer was found
to be more toxic to PC12 cells than Abrils [59]. Recently it was reported that A
can form small oligomers with an anti-parallelsheet morphology [100, 101],

however the biological relevance of these species is unclear.

While much progress has been made at elucidating struat@irdgferent A
species, it is still unresolved why one species is more tbait another, and what is
the structure of the "most toxic” species. In the work presentéusidissertation we

attempt to provide further insight into these important issues.

2.7 ldentifying the ‘active-site’ of A

Some studies aimed at understanding the molecular basis tia® identified
certain A amino acids that are essential for Aeurotoxicity. A toxicity in vitro
was reduced when the negative charges of the cell membrane masieed,
suggesting that positively charged amino acids in mediated A toxicity [39].
Specifically Arg5, Lys16 and Lys28 were reported as essentid f toxicity [102].
Alternatively, A was shown to generate Reactive Oxygen Species (ROS), possibly
via a mechanism that involved the reduction of a metal ion bound &l-tdeninus
via oxidation of Met35 [52, 103]. Met35 involvement was shown in the formafion
oxidative stress induced by A2, which was attenuated when methionine was

replaced by a cysteine [104]. Phe20 may play a role in thealectinsfer from
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Met35 to a Cu(ll) bound at the N-terminus; when Phe20 was mutatddrtine lipid
peroxidation provoked by A2 was reduced [105]. Instead, Tyrl0 can be oxidized
to form a phenoxy radical that can oxidize Met35 [106]. lon metals &sizinc, iron
and copper, were shown to bind to several residues at the N-termilugsngdis6,

Tyr10, Glyl11, His13 and His14 [10, 107-110].

Residues His13-His14 were also hypothesized to play a role innduced
membrane pore formation [45, 111], while exposed hydrophobic regions of A
aggregates were shown to decrease membrane fluidity in liposodAfds [
Interestingly, A (25-35) which contains only 11 residues in the hydrophobic core of
A was shown to form fibrils that resemble the fibrils formgdAb (1-40) and A (1-

42), and was toxic to neuroblastoma cells [112, 113]. The possible rqdesof
translational modifications in Atoxicity was also proposed by several researchers.
For example, the phosphorylation of Ser26 was found to increase thiytokié

[114]. Alternatively, the racemization of Ser26 was reported to form nontoxagespe
which are converted to a highly toxic [D-Ser26%-35 [115]. Interestingly, almost
all of the naturally occurring known mutations within the Aequence that are
associated with familial AD (excluding those as the se@stateavage sites) are

within residues 21-23 [116].

Clearly, researchers have yet to elucidate whata#ino acids create the “active

site’ of A , which is, the surface most important for the diverse biological phenomena

that A can induce, and lead to cell toxicity. In the work presented hemavale
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new information towards the identification of the amino acids tleatesponsible for

the biological activity of A aggregates.

2.8 Therapeutic strategies for Alzheimer’s disease

There are a few approved drugs for AD, however they only aléeva delay
some symptoms associated with AD but do not slow down the disease progression. A
higher goal is sought by researchers and the industry, which ivétodea ‘disease
modifying’ therapy, which is a therapy that targets the ugohgylcause of AD. A
variety of ‘disease modifying’ drugs reached clinical &iah recent years [117].
Most agents target either Aoroduction or A clearance, while others target non-A

proteins.

Developing a therapeutic for AD presents some unique challefgss, the drug
must permeate through the Blood Brain Barrier (BBB) in orderdolrédts target in
the brain. Second, therapies that targefpfoduction need to be applied prior to AD
development. The build-up of Aplaques is likely to start years before AD
symptoms are evident [118]. The effectiveness of drugs thairaesl to prevent A
accumulation would necessitate the availability of a meansafty elinical detection
of AD. Currently, definitive diagnosis of AD occurs upon autopsy anc thee not
readily accepted biomarkers in blood or cerebral spinal fluid thatbe used to

follow progression of disease.
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2.8.1 Targeting A production

The production pathway of Ainvolves directly four proteins; APP as a substrate,
and -, - and - secretases as enzymes.- or -secretases, the two enzymes
responsible for the release of Aare attractive targets for inhibition by antibodies or
small molecules [34]. Although somesecretase inhibitors were effective in AD
animal models and reached clinical trials, none has reachagphepriate safety and
efficacy yet. This is partially becausesecretase cleaves also other non-APP
proteins, such as Notch [119]. The development of selectsexretase inhibitors
that will not interfere with Notch processing is a central albstan -secretase

inhibitors development [120].

The development of inhibitors for-secretase is less advanced [119], partially
because -secretase is a pharmacologically difficult target [34]no&k-out of -
secretase in mice did not manifest adverse effects, suggésaing is involved in
less cellular pathways tharsecretase [34]. Yet, APP is not the only substrate of
secretase and strong inhibition ofsecretase may result in severe undesired side
effects [25]. Alternatively, activation or over stimulation eecretase was shown to
lower A accumulation by increasing the non-Aegradation pathway of APP, and
to restore cognitive impairment in mouse model [121]. However, agpsdbat
target -secretase have not yet reached clinical trials. Otheragbatics in
development stages target APP, the substrate of the secrdtaddeck the -

secretases cleavage site [122, 123]. Since APP has been found to reate di
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interactions with nearly 200 proteins [119] this approach may have itediasde

effects.

2.8.2 Preventing Aaggregation

The second class of therapeutics targetitdelf with the aim of preventing its
aggregation and thereby eliminating the formation of the toggremates. A wide
variety of molecules has been shown to inhibit &ggregation or to disaggrgeate
preformed fibrils. These include small molecules such astomgtaand curcumin,
and their derivatives [124-126] or others [127]. Small peptides, engthbased on
segments of amino acids from the Bequence, such as K16-F20 or 132-G37, have

also been shown to attenuate @ggregation [128-131].

Alternatively, A antibodies were shown to bind to Aeptide and prevent the
formation of toxic aggregates. This approach can be applied viae aéti
immunization, in which AD patients are administrated peptide or A peptide
derivatives, to stimulate the immune system to generate antsbéatieA [20].
Severe brain inflammation (meningoencephalitis) was associated®% of
participants in a clinical trial of an active Areatment, which led to early termination
of the trial. Nonetheless, the results of the remaining paatitspwere encouraging
in terms of cognition [34]. Instead, passive administration of prefdrm
antibodies can also be applied. Several clinical trials of yEser active
immunization of A antibodies are currently taking place, however none of them yet

have reached appropriate safety levels [20].
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2.8.3 Preventing-Amyloid aggregates interaction with cells

A much less explored therapeutic target isaygregates, aimed at preventing the
A -cell interactions. Such an approach was developed in our lab basedliogsf
that sialic acid on the cell surface is required fortéxicity [30]. Decoys containing
clustered sialic acid were shown to bind Aggregates and to reduce the toxicity of
A in cell culture [132-135]. This approach has several advantages tloe
previously described methods. First, targeting aggregatethékles more closely
the species responsible for AD, thus the potential of interferettbeother viable
proteins is reduced. Ais produced also by healthy cells [23] and thus monomeric
A may have a much needed biological role [136], therefore increasingmeric
A clearance from the brain may have serious side effectset&ses inhibitors may
affect pathways unrelated to Aoroduction, which may lead to adverse effects [25].
Second, preventing Aaggregation needs to be initiated before the senile plaque
formation. Clinically, this may translate to administration Af aggregation
inhibitors drugs for individuals in their 40’s, many years beforeafipearance of AD
symptoms.  Currently probable diagnosis of AD is possible onlyr afte
manifestation of symptoms, by which time irreversible neurdaatage has already

occurred. Definitive diagnosis of AD still occurs only after death.

New information presented in this dissertation of loci onalygregates that are
important for A toxicity will allow further development of agents that target
aggregated forms of A which could potentially be developed into lead compounds

for treatment at later stage AD.
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2.8.4 Other targets

AD is a complex disease that involves a wide range of protathsnalecules, as
significant role players or as cofactors. Moreover, the viewAhas the initiator of
AD is not universally held. Other therapeutics in developmenaianed towards
reducing brain inflammation or oxidative damage associated with gkDiarget
specific proteins that were shown to be involved in AD such as tateimr

apolipoprotein E and others [117, 137].

2.9 Conclusions

Alzheimer’s disease is a complicated disease, which has besrtiag growing
attention, publically and from the scientific community. While we kmoare today
than we did only a few years ago, there are still large kn@eleghps in our
understanding of the disease that hold back the development of effaotivsafe
therapeutics. The etiology of Alzheimer’s is believedtemsfrom the accumulation
in the brain of aggregatedAmyloid peptide. Yet, it is unclear how-Amyloid
interacts with cells and what are the biologically relevaaydgregated structures that
A forms. The work presented in the following chapters improves our matecul
level understanding of A neurotoxicity, and contributes new information to our
understanding of the relationships between structure and activity. o he findings

may be valuable in understanding and developing novel treatments for Alzlseimer’
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Chapter 3: The structure of the N-termini of Aggregates and

implications to A activity

3.1 Introduction

-Amyloid (A ) peptide is one of the proteolytic products of the transmembrane
Amyloid Precursor Protein (APP) [23]. It is not clear if Aas a normal biological
function, however, in healthy individuals there is a balance bettweproduction of
A and its clearance through the Blood Brain Barrier (BBB)Algheimer’s disease
(AD) the balance between production and clearance ofisAimpaired, and as a
result, A aggregates in the extracellular space in the brain to fornmulrisgblaques
[2]. The accumulation of aggregated An the brain is a hallmark of AD, and is
thought to trigger a cascade of events that ultimately lead toethidegeneration

associated with AD [2].

The senile plaque contains mostly Af either 40 or 42 amino acid long (fL-
40) and A (1-42), respectively), in fibrillar forms. While fibrillanfms of A have
been found to be toxic to neuroms vitro, certain soluble A oligomers, or
aggregation intermediates, were found to be more toxic to cultuiled teaddition,
the abundance of these aggregation intermediates oinAhe brain appeared to

correlate better with the severity of AD symptoimsivo [18, 22].

NMR data indicated that A1-40) fibrils are composed of two parallelsheet

segments roughly at residues 9-20 and 31-40, withuan at residues 21-30 and a
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disordered N-terminus. This secondary structure was consistessawo different
forms of A (1-40) fibrils identified in vitro, despite differences the fibrils’
morphology and in the overall symmetry [76, 91]. Structural data ¢1-A0) or
A (1-42) fibrils obtained by other methods support overall the samergict
Specifically, the lack of ordered structure at the N-terminas wbservable using
different structure characterization methods, different filpniéparation methods and

for A (1-40) and A(1-42) fibrils [81, 83, 84, 138, 139].

The structure - activity association of Aggregates has been a profound question
in A neurotoxicity. While it is established that Aoxicity requires A to be in an
aggregated form, differences in toxicity between the sphericgbrokr and the
mature fibril cannot yet be explained based on structure argum&rmnisnge of ‘A
oligomers’ were identified, ranging in size from dimers anddrs [53], to 12-mers
and 24-mers [96]. NMR studies suggested that theollgomer is of a parallel-
sheet conformation [59]. Additionally, the NMR data suggestedttieabligomer is
similar to the fibril at the hydrophobic core and at the C-terminus [95]. Pphexrisal
oligomer was shown to be toxic to neuroblastoma cell culture [59%. pWviously
studied the backbone solvent accessibility of Apecies formed along the
aggregation pathway using Hydrogen Exchange - Mass Spectroni&XAmE)
followed by proteolytic fragmentation. We found that the main diffee between
the spherical oligomer and the fibrils was in the N-terminghsnt, residues 1-16;
while A oligomers had nearly 15 solvent accessible residues in se@riénonly 8

of the 16 were accessible in the fibril form [19]. The remairmddhe A residues
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showed comparable degrees of protection from hydrogen exchange rbetwee
oligomers and fibrils, suggesting that most of the 17-40 segmadt similar

secondary and tertiary structures in #brils and oligomers.

The goal of this project was to identify some of the detailshef structural
difference between A fibrils and oligomers in the 1-16 segment, which may
contribute to the increased toxicity of the oligomers. Amino go&tiic chemical
modifications were employed to assess the solvent accegsabibrg5 and Tyr10 of
different A aggregation species. Mass spectrometry allowed the deteaftithe
extent of the reaction. Chemical modification of proteins is fublseethod to detect
solvent accessibility of specific amino acids of proteins [140-14®cifically, the
usage of amino acids chemical modifications ofykelded structural information in

the past [86, 139, 144].

We also explored whether there are differences in solvent dubgsst Args
and Tyr10 between A1-40) fibrils prepared with or without agitation. We reported
previously differences in stability and toxicity between these fibrils types.
Lastly, we assessed the possible role of Arg5 in binding ofoAcells. The results
are compared to the cell binding of Abrils truncated at the N-terminus composed
of A (8-40). This work contributes to the understanding of the structfrés
fibrils and oligomers, and highlights structural differenceshatN-terminus which

may have implications in Atoxicity.
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3.2 Materials and methods

3.2.1 Materials
All chemicals were purchased from Fisher (Pittsburgh, PAigma Aldrich (St.
Louis, MO), unless otherwise specified. Cell culture reageete wbtained from

Invitrogen (Carlsbad, CA).

3.2.2 A sample preparation

A (1-40) and A(8-40) (Anaspec, Fremont, CA) were aliquoted into single use
sample sizes by dissolving in hexafluoroisopropanol (HFIP), aliquatinginto
microcentrifuge tubes, then evaporating all the HFIP from theuAder vacuum.
Aliquots were then stored as HFIP-free films at’@a0ntil use. Stock solutions were
prepared by dissolving Aat 10mg/ml in ddH20O with 0.1% trifluoroacetic acid
(TFA) for 45-60 minutes. The stock was diluted in phosphate buffered: SRIBS)
(138mM NaCl, 10mM NgPQ, 2.7mM KCI, 1.8mM KHPQ,) to a final
concentration of 100uM. A was aggregated as previously described [19, 54].
Briefly, A fibrils were prepared under quiescent or agitated conditions at room
temperature. Agitated fibrils were made by gently mixing A sample using a
rotator for 24 hours. Quiescently aggregated was unmixed and allowed to
aggregate for up to 96 hours. Aggregated quiescently formed spherical species
after 4-10 hours and fibrils at 48 hours and above [19, 54]. We found that A
aggregates, oligomers or fibrils, formed using these protocol veg@reducible in
terms of morphology, size, Congo red binding and stability. As much a®lgosa

single lot of A 40 was used for all experiments.
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3.2.3 Madification of arginine with phenylglyoxal (PGO)

The arginine at residue 5 in the Aequence was modified using phenylglyoxal
(PGO) as described before [145-147]. 33uM was incubated with 9.2mM PGO,
133mM sodium bicarbonate and 6.67mM Borax at pH 9 for 2.5 hours. The ekte

the modification was determined using MALDI TOF.

3.2.4 Modification of tyrosine with tetranitromethane (TNM)

Tyrosine at position 10 in the Asequence was modified with tetranitromethane
(TNM) as described previously [148]. A stock solution of TNM wasppred in
ethanol. 100puM A were reacted with 9mM TNM (molar ratio ANM of 1:90) at
pH 8 for two hours. The pH was adjusted using sodium bicarbonate when the
reaction was initiated. The total ethanol concentration vesstian 5%. The extent

of the modification was determined using MALDI TOF.

3.2.5 Transmission Electron Microscopy (TEM)

A fibrils were prepared for TEM on carbon coated Formvar grids, 486hm
(TedPella, Redding, CA). The grids were gently dipped in a saohple fibrils for
45 seconds, then washed in g@Hor 10 seconds, and dipped in staining solution of
1% ammonium molybdate in ddB8. Grids were viewed using Zeiss-10CA
microscope (Zeiss, Germany) equipped with an Olympus Morada |dogitaera
(Melville, NY), using an accelerating voltage of 60 kV. Imagese taken at the

Keith R Porter Imaging Facility at UMBC.
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3.2.6 Matrix Assisted Laser Desorption / lonization Time of Flight (MALDFJO

MALDI TOF was performed using Bruker Daltonics Autoflex MALDBF MS
(Billerica, MA). Samples were desalted using 0.6ul C1lahrégpTip® (Millipore,
Billerica, MA) according to the manufacture instructions. ieBy, the tips were
washed in acetonitrile, and then loaded with the sample. Thaesaras desalted by
washing the pipette tip in dgB. The A sample was then re-dissolved in
acetonitrile by washing the Aoff the C18 pipette tip. We have found that under
these conditions, Afibril samples unfold sufficiently for MALDI-TOF analysiS6].
A saturated solution of sinapic acid in a 2:1 (v/v) d@rand acetonitrile, or-cyano
CHCA in 50% acetonitrile in 0.05% TFA solution, were used as maiffixe mass
spectrometer was run in positive ion linear mode. Laser powepmasized on a
sample-by-sample basis and was generally found to fall bat®@ and 50% of the
maximum power afforded by the instrument. The extent of cla@modification
was determined by normalizing the area under the spectra and cimigsille relative
area under the peaks as the abundance of the correspondspgdes. For example,
the relative area under the peak corresponding to unmodifie4231 Da) was
considered as the relative amount of unmodified. AArea calculations were
performed using an in-house MATLAB script. Three independentcegps were

used for each sample.

3.2.7 A binding to SH-SY5Y cells

A binding to fibrils was detected using flow cytometry. Fluoredgdabeled
TAMRA-A stock solution was prepared by dissolving TAMRA{2-40) (Anaspec,

Fremont, CA) in DMSO to a final concentration of 100puM. The stockstared at -
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80°C. 100uM unlabeled Awas mixed with 1% fluorescently labeled TAMRA-A
The mixture of labeled and unlabeled Avas then aggregated under mixing
conditions for 24 hours at room temperature or quiescently for 96 hodmnto
fibrils. If A cell binding was to be assessed using chemically modifiedibAils,
then the modification reaction was performed as described above brilkemade
from a mixture of 1% labeled and unlabeled. AModified A fibrils were separated
from the solution containing PGO by centrifuging at 23,100 X g for 5 ms#ut
removing the supernatant, and adding PBS to a final concentration of A0uM
SH-SY5Y cells (ATTC, Manassas, VA) were grown in miminegdsential
medium (MEM) using 10% Fetal Bovine Serum, 1% Fungizon, 1% Penjcihd
2.2g/L sodium bicarbonate, in a humidified incubator with 5% @037C. Cells
were plated in a 96-well plate at a density of 100,000 cellsl/andlwere allowed to
adhere to the well surface for 24 hours. The cells were fixeddamng PBS
containing paraformaldehyde (PFM) to the media, to a final exdration of 2%
PFM for 15 minutes. 50uM Afibrils in PBS were then added to the fixed SH-SY5Y
cells for 2 hours at 3C. Cells were then washed using PBS to remove any unbound
A fibrils. Cells were detached from well surface by additiassBciation Buffer
and by gently scraping. The relative amount of Bound to cell surface was
analyzed using FacsArray flow cytometry (BD, San Jose, BAJkents were gated to
exclude cell debris and the geometric mean of the fluoresceteresity of the cell
population was considered as a measure of the average amountoliAd to cell

surface.
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3.3 Results

3.3.1 Arg5 and Tyr10 accessibility of Aaggregation species under quiescent conditions
Our goal in this study was to examine the degree of solvemissibdity of
different amino acid residues in the N-terminal segment ¢iLA0) as a function of
the structure of A. As a first step, we confirmed that we could generate difféxent
structures. In previous studies we found that(1AM0) exists as a mixture of
monomers and dimers in equilibrium when freshly dissolved in PBS, ttfatms
spherical aggregates that are 15-30 nm in diameter when aggragderdjuiescent
conditions for 4-10 hours, and that it forms fibrils of up to 1-2um intremghen
aggregated quiescently for 48 hours or longer [54]. Figure 3.1 showsmadks of
A after 0, 10 and 96 hours of aggregation, indicating that no visible ageseg
existed when A was freshly dissolved, the 10 hours sample was composed of
spherical oligomers of about 10nm in diameter, and that long fibrils were fofteed a
96 hours. We previously demonstrated that thes&mple of the spherical oligomers
formed using this method are more toxic than the fibrils [54]k@nd more to cells

[149].

Phenylglyoxal (PGO) reacts with high specificity with iange amino acids
[146]. The solvent accessibility of different Apecies at Arg5, the only arginine in
the A sequence, was assessed by measuring the extent of PGO modificatioasof A
a function A aggregation time under quiescent conditions. was modified by
PGO only once either as a PGO adduct or a PGO hydroxyl adduictdicated by a

mass addition of 116Da or 134 Da, respectively. PGO can modihgke srginine
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multiple times [150], however no significant amounts of speciesegponding to
higher masses were detected for. AFigure 3.2 depicts the chemical reaction of
arginine with PGO and shows a representative MALDI TOF gpeciof freshly

dissolved A modified by PGO.

PGO can also modify-amino groups at alkaline pH, though at a much lower rate
than the reaction with arginine [145]. The reaction of PGO with-@mino groups
would lead to the substitution of the Bllgroup with an oxygen atom, without a
change in overall mass [146]. In order to confirm that primamnnes were not
modified at the conditions of reaction used here, we assessedditabifity of
primary amines for reductive alkylation after the PGO madliion. Lysine residues
of a control protein, insulin, were reacted with PGO using ouriogacbnditions,
followed by reductive alkylation with formaldehyde and cyanoboradedr as
described previously (Chapter 5). If PGO has modified the priaraiges, then the
reductive alkylation would not occur. There were no detectable eliiées in extent
of alyklation of insulin as measured by MALDI-TOF when insulin iest reacted
with PGO compared to when only the reductive alkylation was daou (data not
shown), suggesting that PGO did not react with primary amines uraleohditions

used in this study.

We estimated the extent of modification of Arom the area under the modified

peak relative to the total area under the modified and unmodified pe#ks mass

spectra. For the freshly prepared, unaggregatedrfgure 3.2), the area under the
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modified peak (4447 Da) was 73 4% of the total area under all mass peaks,
suggesting that 73% of the Arg5 in the fresh sample were reddifThe percentage

of modification of freshly dissolved Awas similar to the extent of modification of

an A (1-11) fragment (data not shown), which is known to be unstructured and fully
solvent accessible. The similar conversion of unaggregatét-40) and A(1-11)
suggests that under our reaction conditions, only 73% conversion of Arg5RGMe
derivative was possible, and that Arg5 was fully solvent accessibthe freshly

dissolved A sample.

Figure 3.3 shows the relative amounts of modifieda& a function of the time of
A aggregation prior to the modification. The data in Figure 3.3 was normalized with
respect to the conversion of the freshly dissolvedgven that we believe that this is
the maximum possible conversion for a solvent accessible arginiee oudreaction
conditions. Thus, the relative amount of Modified is an indicator of the percent
solvent accessibility of the Arg5 in the aggregatedsamples. The data suggests
that A oligomers (4-10 hours aggregation) had similar solvent accessdiilAyg5
as the unstructured A At later times however, Args modification was limited to
80% of the extent of modification of the freshly dissolved AEM images indicate
that the modification of Arg5 did not alter the overall fibril morggy (Figure 3.5).
The lower extent of modification of Afibrils compared to freshly dissolved Aand
to A oligomers suggests that the Arg5 side chain was less solheassdie in the

fibril form than in the aggregates that formed earlier.
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Tetranitromethane (TNM) is a tyrosine specific chemiealgent [148]. TNM
was used to investigate the changes in solvent accessibilityraD of A as a
function of aggregation under quiescent conditions. The reaction of ThitMaw
tyrosine results in an addition of an N@oup on the tyrosine phenyl ring, and a
mass addition of 45 Da, though mass additions of 14 and 29 Da were [aisede
due to the loss of one or two oxygen atoms [151]. In addition, TNM caatsoes
crosslink two tyrosine amino acids to form dityrosine [152]. Figurell8gtrates the
reaction of TNM with tyrosine, and a MALDI TOF mass spectrurA oimodified by
TNM. At no time during aggregation did we observe a change inxteateof Tyr10
modification or evidence of an Adityrosine dimer. These results suggest that there
were no changes in the local environment or configuration around Tyr1Odpetwe

freshly dissolved A, spherical oligomers and fibrils.

3.3.2 Arg5 accessibility of aggitated and quiescently aggregatéd fibr

We previously reported differences between f#brils formed under quiescent
conditions and fibrils formed under gentle agitation, in terms ofl féability and
toxicity [54]. Fibrils prepared under quiescent conditions were mgedcwith an
apparent twist orthogonal to the fibril axis, while fibrils formewler agitation form
‘flat’ fibrils with no apparent twist [76]. The apparent twistquiescently aggregated
fibrils can be vaguely seen in Figure 3.5 (a, c and €). We rsgindd that structural
differences that give rise to different morphology of the twoil§brmight be
associated with molecular level differences in the fibrilh& N-terminal segment of

the A sequence.
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In order to identify possible difference at the N-terminus betwike two fibril
morphologies, the extent of PGO and TNM modifications of both fibrigsew
compared. A was dissolved in PBS as described, and was used to prepare fibrils
using gentle mixing for 24 hours and fibrils under quiescent conditions fb0@6.
TEM images of the fibrils are shown in Figure 3.5a-b. The tped of fibrils were
modified at Arg5 using PGO and the extent of the modification gassaed by
MALDI TOF as before. TEM images indicate that modificatadnArg5 of fibrils
prepared with agitation did not alter the overall fibril morphologigire 3.5b and
3.5d). Figure 3.3 indicate that while quiescently aggregated fibal$ lower
accessibility at Args as shown eatrlier, fibrils formed witkxing had similar solvent
accessibility at Arg5 to the unstructured freshly dissolved Ahe difference in Arg5
modification between the two fibril morphologies suggests that @b at different
environments. The modification of Tyrl0 with TNM yielded the samierg of

modification for both fibril morphologies (data not shown).
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Figure 3.1: TEM images of A aggregation species under quiescent conditions.

A was aggregated at 100uM monomer concentration in PBS at roomra¢umge

(a) freshly dissolved sample had no or little visible aggregdt®spositively stained
spherical aggregates of about 10nm in diameter are seen afterrg} hod (c)
negatively stained fibrils of about 10nm in diameter and hundreds of nm long are seen
after 96 hours. Magnification is 80,000. Black bar represents 200nm.
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Figure 3.2: The reaction of A with PGO. (a) The reaction mechanism of arginine
with PGO. (b) MALDI TOF spectra of freshly dissolved Anodified by PGO. The
extent of the chemical modification was assessed using MAIQH By measuring
the area under the peaks, and normalizing to the total area hedammodified and
modified A peaks. The area under the unmodified(A331 Da) is about 27% and
the area under the PGO modified peaks (4331 + 116 Da, or + 134 Da&gerdémbkout
73%, of the total area under both peaks.
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Figure 3.3: Extent of modification of Arg5 with PGO of A aggregates. Black
bars represent aggregates formed under quiescent conditions as anfufcti
aggregation time prior to modification. Gray bar representd fimmed using 24
hours with agitation.

OH o o o I
AN
o N o NS
A\ & Y No
+ /N N\ >
o el
o“N§o
(a) R R
+15Da
19 +29Da
0.75 -
2
<
0.5 -
+45Da
0.25 | wT
0 T T T
4200 4300 4400 4500
m/z
(b)

Figure 3.4: The reaction of A with TNM. (a) The reaction mechanism of tyrosine
with TNM. (b) MALDI TOF spectrum of A modified by TNM at Tyr10. Almost all
of the A was modified by TNM, suggesting that Tyrl0 was solvent accessilblé
forms of A included in this study.
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3.3.3 The role of Arg5 in Abinding to cell membrane

We previously demonstrated that fibrils formed under agitation andnoégs
formed quiescently were both more toxic to SH-SY5Y cells than cpndly
aggregated fibrils [54]. The lower reactivity of Arg5 in fibrifermed under
qguiescent conditions, and their relatively lower toxicity compared tmligomers
and fibrils formed with agitation, led us to explore whetherSAptays a role in A
biological activity. The presence of PGO and the alkaline pitiired for the
arginine modification reaction did not allow us to test the toxieft}YGO modified
fibrils (A -Rpco fibrils due to the non-physiological reaction conditions. Thus,
instead of viability, binding of A fibrils to fixed SH-SY5Y cells was used to test the

possible role of Arg5 in Atoxicity.

Using flow cytometry to detect fluorescently labeled # the cell surface, we
first examined A fibril binding to cells as a function of Afibril concentration.
Binding was linearly related to the concentration of fibrilsg(ife 3.6) suggesting
that A binding to the cells was nonspecific or that we had not used aiesuiffyc
high concentration of fibrils to saturate the cell surface. A robréxperiment

confirmed that PGO did not change the fluorescence properties of TAMRA.

The binding to SH-SY5Y cells of A1-40) and A(1-40)-R-co fibrils, prepared
both under quiescent conditions and with agitation, were compared. A$ show
Figure 3.3, only 58% of Arg5 of the quiescently aggregated fibrdeewnodified,

while about 73% of Arg5 in the agitated fibrils were modifiedlga prior to
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normalization). As shown in Figure 3.7, fibrils made under quiescamdittons
bound slightly less to SH-SY5Y cells when Arg5 was modified Wi@&0O (p<0.05).
We then used the N-terminal truncated(&40) to test the effect of a complete
removal of seven amino acids at the N-terminus onbfding to cells. A(8-40)
fibrils were prepared using identical conditions. Figure 3.5e irditatt A (8-40)
formed fibrils that resemble A1-40) fibrils under TEM. The cell binding assay
results suggest that the removal of the 1-7 segment may hghdysheduced the

binding of fibrils, though the difference is not statistically significangfe 3.7).

On the contrary, fibrils prepared under gentle agitation conditions boureltmor
the cell surface when Arg5 was modified with PGO (p<0.05). Hihding of the
agitated A (8-40) fibrils was significantly higher than of AL-40) fibrils (Figure
3.8). The TEM image of fibrils of A8-40) prepared with agitation, shown in Figure
3.5f, indicates that A(8-40) appeared similar to AL-40) fibrils when prepared

under agitation conditions.

Interestingly, the modification of Arg5 with PGO affected buweding of the two
A fibrils morphologies differently. Importantly though, the mazhfion of Arg5
and the elimination of residues 1-7 changed the binding ofil%ils in the same
direction. In the less toxic, quiescently aggregated fibrils, noadién of Arg5 or
removal of the first 7 amino acids reduced the binding ofibrils to the cells, while
in the more toxic mixed fibrils, modification of Arg5 or removaltbé first 7 amino

acids increased binding.
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Figure 3.5: TEM images of different A fibrils prepared under different
conditions. Fibrils of unmodified A (a and b), PGO modified fibrils (c and d) and
A (8-40) (e and f). Images in the left column (a, ¢ and e) aréwolsfprepared
quiescently (without agitation) for 96 hours, whereas fibrils inritjet column (b, d
and f) were prepared under gentle agitation for 24 hours. Magroficeti80,000.
Bar represents 200nm.
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Figure 3.6: Binding of A fibrils to SH-SY5Y cells. The binding of A fibrils
increased linearly as a function of Anonomeric concentrations, suggesting that the
binding was nonspecific.

3000 +

2000 -

AU

1000 -

wT A -RPGO A (8-40)

Figure 3.7: The role of the N-terminal in quiescently aggregated (1-40) fibrils
binding to cells. WT A (1-40) fibrils, A -Rpgofibrils (modified at roughly 58% of
Arg5), and A (8-40) fibrils.
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Figure 3.8: The role of the N-terminal in mixed A (1-40) fibrils binding to cells.
WT A (1-40) fibrils, A -Rpcofibrils (modified at roughly 73% of Arg5), and £8-
40) fibrils.

3.4 Discussion

There has been significant effort over the past several yeahsdidate molecular
level differences between toxic and nontoxic structures ofilthe hopes that such
information would shed light on the mechanism of #xicity and/or targets for
preventing its action on cells. In this work we examined the sobagssibility of
residues at the N-terminus of Af different aggregation species and investigated the

possible role of the N-terminus in Ainding to cells.

The unstructured N-terminal segment, which is commonly obseoved #0 and
A 42 [76, 83-85, 91, 139], starts at N-terminus and ends somewhere betw&en Ser
[91] to Leul7 [84]. An HX-MS study of A1-40) fibrils in our lab suggested that
residues 1-4 were completely solvent accessible, while fragbagitwas over 50%

protected for hydrogen exchange [81]. We recently extended thkttavaompare
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differences in solvent accessibility between the toxic oligoformed after 4-10
hours under quiescent conditions and the mature fibril. The resultsstedghat the
A segment that experienced the greatest structural reamamg from oligomers to
fibrils was segment 1-16. While most of the backbone amidesgment 1-16 were
solvent accessible in Aoligomers, only 50% of them remained solvent accessible in

A fibrils [19].

In the work presented here, we first attempted to uncover sonhe sftructure
differences in segment 1-16 between Aligomers and fibrils prepared under
quiescent conditions using amino acid specific chemical modditatiVe found that
while Arg5 of the A oligomer formed after 4-10 hours of aggregation reacted with
PGO to the same extent as the unstructured monomer, the extentghf A
modification of the mature fibrils was limited to 80% (Figure 3.3)he reduced
chemical modification of Arg5 in Afibrils suggests that the fibrils had some degree
of structure that gave rise to reduced solvent accessililityei region around Arg5,
which did not exist in the oligomer. We previously measured faguwe abundance
of small aggregates (e.g. dimers), spherical oligomers ant fin samples prepared
similarly, based on their backbone hydrogen exchange [99]. Ans@&mple
aggregated quiescently for 4-10 hours was composed of 30-40% fEOH80%
oligomers and roughly 10% monomers and dimers, while a sample aggregat
quiescently for 3 days (aged sample) was composed of roughly 66% dnd 40%
oligomers. Therefore, since the aged #ample still had oligomers, the extent of

Arg5 modification of the fibril entities themselves could be @s hs 65% if all
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oligomers, dimers and monomers are assumed to be 100% accessiti® a To
our knowledge, this is the first evidence of a structural diffterebetween A
oligomers and fibrils at the N-terminus. When &ggregation species were modified
with TNM which modified Tyrl0, no differences in the extent of tieac were
observed between monomer, oligomer and fibril, suggesting that TgrX0lly
solvent accessible in the oligomer and in the mature fibril strestformed under our

aggregation conditions.

We then compared the solvent accessibility of quiescently fofiioeld at Arg5
and Tyrl0 to the solvent accessibility of fibrils formed undertlgeagitation. We
found that fibrils formed with agitation, unlike fibrils formed undguiescent
conditions, were modified by PGO to the same extent as monongersudigesting
that Arg5 was fully solvent accessible in that fibril formg(ife 3.3). The extent of
Tyrl0 modification by TNM was identical for both fibril types.h& most detailed
structural comparison between the two fibril morphologies was epdoy Tycko
and co-workers using NMR. Although substantial differences in dwerall
symmetry of the fibrils were found, the general moleculaargement of the A
chains within the fibrils’ structure was comparable, particulatythe N-termini
(residues 1-8) which appeared disordered for both fibrils [76, 94 Jouf knowledge,
the difference we identified here at Arg5 between the two fibatphologies is the
first report of a molecular level structural difference wesn the two fibril

morphologies at the N-termini.

48



We found only three previous reports in the literature which provided some
evidence that the N-terminus in Aibrils may not be fully disordered. Wetzel and
co-workers used limited proteolysis to study the accesyibilitleavage sites on A
in monomer and fibril [138]. Their results indicated that roughly 20%rg5-His6
bonds were protected from trypsin digestion. In another study the geamup used
proline mutations to compare Aibril stability differences between WT and mutated
fibrils. Interestingly, the FAP mutation stabilized the fibrils byriyeh kcal/mol [83].
HX-NMR was used to analyze the amide solvent accessibilitA ¢fi-40) [82].
Residue 1-8 of A(1-40) fibrils were found to be solvent accessible, besides residues
Phe4-Arg5 which were about 50% protected from exchange. Interestthgly,
solvent protection of Phe4-Arg5 seen indA fibrils was not found in A42 fibrils
[82]. Our data of A40 fibrils formed under quiescent conditions is in agreement
with these reports, and together suggest that Phe4-Arg5-Hig6 44 fibrils may

have some degree of structure which does not exist at the rest of segment 1-8.

The differences in solvent accessibility at Arg5 between thie tdigomers and
less-toxic fibrils formed quiescently led us to explore whether Arggsph role in A
biological activity. As a measure of biological activity, wasessed the binding of
aggregated A to fixed SH-SY5Y cells. The changes in Ainding to cells when
Arg5 was modified by PGO suggest that Arg5 played a rat@ispecific binding to
the cell membrane (Figures 3.7 and 3.8). It is unclear why dahee hemical
modification resulted changes in opposite directions irb#ding; while quiescently

aggregated fibrils of ARpco bound less to cells than WT, mixed fibrils of Rpco
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bound more to cells than WT fibrils. The PGO adds a relatieefel hydrophobic
phenyl group to the arginine residue (Figure 3.2a). It is unallkat forces drive A
binding to the cell membrane, however, both electrostatic interagdond.02] and
hydrophobic forces [40, 153] were shown to be important. The balaagebm
delicate between the increased hydrophobicity, which may promsdeiaton with
the membrane, and the possible steric interference with tfaetat® electrostatic
interactions with the negatively charged membrane. Thus, the biondiddferent
structures of A, which were modified to different extents; 58% for quiescently

aggregated fibrils and 73% for agitated fibrils, could be affected diflgre

The change in the amount of #-40) fibrils binding to cells, prepared with or
without mixing, compared to the binding of the corresponding full lengtfi-40)
fibrils, was in the same direction as the affect of PGO nuatiin. The removal of
residues 1-7, which correspond to amino acids sequence DAEFRHDnatbohia
total charge of (-3), leaving a neutral amino acid sequencéidbtl positive due to
His13-His14). Again, no simple explanation can be made to reasoopfusite
effect of the removal of residues 1-7 had onb#nding for the two fibrils preparation
methods. Nonetheless, the results indicate that the N-terminusnpagant for the

nonselective A binding to the membrane.

The role of the N-terminus in Atoxicity suggested by our data was proposed

before; A (17-35), which was missing the original N- and C- termini, forrfileadls

that showed only low toxicity to PC12 cells, while (A-35) manifested a higher
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toxicity. The A (1-16) fragment, which did not aggregate by itself, was nontoxic
[154]. The results suggest that the N-terminus ofcAntributed to the neurotoxicity

of A aggregates. Interestingly, two missense mutations in theeduence were
recently found next to Arg5, H6R and D7Q, both associated with famdiéy onset

AD [155, 156]. To our knowledge, these are the only known mutations assbocia
with an early onset of AD at the N-termini of Asupporting the hypothesis that the
N-terminus is important for Atoxicity. The mechanism by which the N-termini
contribute to A neurotoxicity remains an unanswered question that merits further
investigation. There are at least two possible explanations faokbehat the N-

terminus of A may play in A toxicity outlined below.

We previously reported that fibrils formed with mixing wersslstable and more
toxic to SH-SY5Y cells than fibrils prepared under quiescent comdit{54]. In
addition, fibrils formed with mixing did not show the typical lag phagech is
usually associated with nuclei formation in the aggregation pathwHys may
suggest that the structure of the aggregation nuclei formed unxiegroonditions
was determined kinetically and not thermodynamically, which gatam the lower
stability of fibrils that formed under mixing [54]. The lack ofusture at Arg5 in
fibrils prepared with mixing could also be due to failure to reable t
thermodynamically preferred product. Furthermore, the correldieiveen the
lower accessibility of Arg5 and higher stability of the fibfiormed quiescently may
suggest that Arg5 plays a role in stabilizing these fibrilse rd¢ently found that the

toxic A 40 oligomers were also less stable than quiescently aggregatéd fi
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(unpublished results), supporting that a lack of structure at Argblatas well with

less stable A species. Taken together, our data suggest that a structure arobnd Arg
stabilizes the aggregate, which may result in a less toxa@espeConversely, a lack

of structure at Arg5 corresponds to less stableaggregates, which may yield more

toxic species.

Alternatively, the N-terminus segment itself may play a nolethe toxicity
mechanism of A. For example, certain residues at the N-terminus segmesnt we
suggested to be important for €inding implicated in A plaque formation and
toxicity [109, 157, 158]. Specifically, binding of &uFe™ and zi? ions at His6
was associated with oxidative stress induced by1®7, 108]. Alternatively, the N-
terminus could mediate the interactions of with the cell membrane, which were
implicated in A toxicity [4, 42-44, 153]. In unrelated work with membrane
penetrating proteins, researchers have suggested that positisefed amino acids
along with aromatic amino acids are essential for membraneraations.
Particularly, clusters of aromatic and basic amino acids commasdgciate with
cellular membranes [159]. Arginine amino acids were shown beddre tn contact
with lipids in several membrane proteins [160, 161], and were predictestjtiire
only modest energy to be inserted into a lipid bilayer [162]. Tredbsaccessibility
at Phe4-Arg5-His6, a sequence of aromatic and basic residugbrils prepared
quiescently, may thus explain the lower biological activityhef fibrils, particularly

the decreased cell binding [149].

52



Finally, our identification of differences at the N-terminusai®en A aggregates
can also have implications on therapeutics developmentanfibodies represent a
significant class of potential AD remedies. The N-termsegment of A is the
epitope of many A antibodies [20, 163-165], thus differences in structure in that
segment can help understanding the molecular levehribodies binding, and
provide insights into the selectivity of some antibodies towardsinedggregates

versus others [166, 167].
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Chapter 4. Can size alone explain some of therdifiges in

toxicity between -amyloid oligomers and fibrils?

4.1 Introduction

Aggregated -amyloid (A ) is one of the major protein constituents of senile
plaques found in Alzheimer’s disease (AD) and is believed to ptagréficant role
in the cascade of events that ultimately lead to AD [2]. spontaneously aggregates
in vitro into fibrils that resemble the fibril morphology of Aoundin vivoin plaques
[17]. Because A monomers appear nontoxic, while Aaggregates are toxic to
neurons bottn vitro andin vivo[168], it was widely accepted that the buildup of A
fibrils extracellularly in the brain was the cause for theragéegeneration associated
with AD. In the last decade, however, accumulating evidence dedgdsat a
soluble A aggregation intermediate, not the fibril, is the species thatkeasighest

neurotoxicity [54, 168, 169].

The revised A hypothesis led to extensive research towards identification and
characterization of the neurotoxic intermediate. Several solotgemediates have
been characterized ranging in size and shape from shortlifierikggregates called
protofibrils [60], to spherical structures that are 5-35 nm in diameter [17, 97, 170]. At
the micro- to nanometer scale there are obvious structuralediffes between A

aggregation intermediates (oligomers and/or protofibrils) and fibril&t the
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molecular level, it has been more challenging to characterize theusatudifferences

between species that could give rise to their differences in biological activit

Despite the limited molecular structural data characterigingntermediates, the
view that the toxic A intermediate is structurally different from Aibrils prevails.
The hypothesis that the toxic intermediate is structurallyndistrom the fibril is
based on three main pieces of evidence:

(1) The high biological activity of the intermediate compared tdfitird [54,
168];

(2) Micrographs that show morphologically distinct entities [54, 170], and,

(3) The specificity and selectivity of some antibodies and smaloutés for

aggregation intermediates [163, 166].

In our laboratory we have examined the structure specific boalbgctivity of
A , and tried to characterize the structural differences eiwdifferent A
aggregated species [19, 54, 171]. We have shown thatoligomers Kkilled
approximately 3 times more cells than fibrils, when equal coretéis of monomer
were used to prepare either oligomer or fibril [54]. Our findimglicating a highly
active intermediate relatively to the fibril are consistenth data from other
laboratories. Whether the biological activity being assayed invdiges bilayer
conductance [44], protein kinase activity and toxicity [97], or chamgegracellular
cd* [3], oligomers or aggregation intermediates have repeatedly foead to be

more active than fibrils.
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While we have consistently found differences in Aiological activity as a
function of A structure, we have had much less success elucidating molexdar
structural differences between Aoligomer or aggregation intermediate and fibril.
We observed some differences in protein stability between oligantefibril [54],
and modest differences in Abackbone amide hydrogen exchange [19]. Wetzel has
also reported differences in Abackbone amide hydrogen exchange between
protofibrils stabilized by a small molecule and fibrils [60], the largest differences
in backbone solvent accessibility were found in residues 21-30, whileawethe
biggest differences between our aggregation intermediate aridrfithe N-terminus
segment (residues 1-16). In contrast to the hydrogen exchange dataNiBedata
indicated that A spherical aggregates had a molecular structure ideruitiaé tfibril

at the hydrophobic core and the C-terminus, the two regions studied [170].

Some A antibodies recognize both Afibrils and certain A oligomers,
suggesting that a fibril-like soluble oligomer exists [166]. @ contrary,
conformation specific antibodies have been able to distinguish betvexenals
different A aggregation intermediates and Aibrils [163, 166], suggesting that
there must be structural differences between differentepduowever the molecular
level structural features that give rise to the differencedinding specificities

between these antibodies are still unknown.

The apparent controversy between the accepted paradigm and the edatabl

led us to explore an alternative explanation, which is consisteht tvé high
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biological activity of the intermediate. The model presenteeé hecounts for the
differences in the aggregates’ macroscopic structures, but doassuohe molecular

structural differences between the ltermediates and fibrils.

4.2 Results

The model considers two parameters which are derived from thegates size:
concentration and diffusivity. Inin vitro experiments, for equal monomer
concentrations, the concentration of Aggregates decreases as the size of the
aggregates increases. Thus, the concentration of aggregation chétesiecomposed
of dozens to hundreds monomers per aggregate, would be higher than the
concentration of fibrils, which contain hundreds or thousands of monomers p#r unit
pure species of intermediate and fibril were formed. In additlen diffusivity of
large A aggregates is smaller than that of dligomers or protofibrils. Hence, the
low mobility of the large A aggregates may affect their reactivity with cells if the

reaction becomes diffusion-limited.

The rate of reaction of a diffusing species on a non-diffusiiterical surface
such as a cell, where the reaction of the diffusing specd@diist order, is given by
[172]:

4 DRKG,

rate ———
4 DR k

(1)

where D is the diffusivity of the diffusing specieR is the cell’s radiusk is the
intrinsic first order rate constant on a per celsis and describes the rate at which A

reacts with the cell surface once it has encoudtdre cell surface, an@ 5 is the
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bulk concentration of the diffusing Aaggregates. The equation is derived by
solving a steady state spherical diffusion equa@suming that the flux of Aat the
cell surface is equal to the rate of reaction ofwith the cell. Implicit in the steady
state assumption is that the rate of reaction ofwAth the cell surface, once A
encounters the surface is of comparable ordergadte of A diffusion through the
solution. When the rate of reaction is fast coragato the rate of diffusion
(4 DR k), equation (1) is reduced to:

rate 4 DRC, (2)

In order to evaluate the relative magnitudes ottiea and diffusion terms (k and
4 DR, respectively) in the expression shown in equati, and the validity of the
diffusion-limited reaction assumption, we considetbe possible reactions of A
with the cell surface and their approximate magtess Current hypotheses of
mechanisms of A cytotoxicity include A induced oxidative stress or free radical
generation [51], changes in bilayer conductancg, [dmbrane pore formation or
disruption [3], or receptor mediated signal trartgdun [97]. Associated intrinsic rate
constants might be on the order of 1 er less for free radical generation or
membrane disruption, but much smaller for reacti@ssociated with signal
transduction. We have observed changes cell mramahpermeability in as little as
15 minutes [29], suggesting to us that the intdmeaction rate of A with the cell is
fast. Given that A aggregates have large hydrodynamic radii, andetber
relatively small diffusivities, we believe that thdiffusion-limited reaction

assumption is reasonable.

58



As illustrated by equation (2), under the diffusionited reaction assumption, the
reaction rate of A on the cell surface that leads to biological afstjivdepends
linearly on the diffusion coefficient and the bulkncentration of the Aaggregate.
The diffusion coefficients can be obtained usingsEgin’s equation:

wherekg is Boltzmann’s constant, is the temperature arids the friction coefficient.

Stoke’s law was used to calculdtior the spherical A oligomers (f 6 r ), where
is the solution viscosity andis the radius of the sphere. The friction coéffits

of fibrils and protofibrils were calculated usirttettranslational friction coefficient of

a cylinder, estimated as an average of sidewaysdesgthwise movements (equation

4) [173]:
6 2a
2In 2a/b @)

wherea is the half height and is the radius of the cylinder, andequals 0.62 for

infinitely long fibrils.

We modeled A fibrils and intermediates using representative egigions we
have observed [54] and as reported by others.fil¥kils were modeled as cylinders
500£100nm in length and 14+6nm in diameter [66, ]174Three types of
intermediates were modeled; (1) a spherical agtgagith a radius of 15+3nm [175],
(2) a rod-like protofibril, as a cylinder with treame diameter as the fibril [66] but
only 200£50nm long (PI) [176], and (3) a rod-likeofilament, as a cylinder

200£50nm long with a diameter of 3x1nm (PII) [174Ne specifically chose to use
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A aggregate dimensions that were comparable to wikahave observed in the
laboratory via our methods of aggregation such Wmatcould compare the model
estimates with our own biological activity data. ¢mder to calculate the bulk
concentration of the aggregatés £ ), we assumed a homogeneous environment that
consists of only one type of aggregate. We eséichéte number of monomers per
aggregate based on the aggregate volume and byiagsthat all monomers within

an aggregate had the similar secondary structurBgewation and dimensions as in
an A 40 fibril. Monomer dimensions were measured from dlailable A40 fibril

NMR structure [91].

Table 4.1 summarizes the values obtained usingntlwdel for the number of
monomers per aggregate, the bulk concentration,diffasivity and the rate of
reaction at the cell surface. The estimated aftesaction are depicted also in Figure
4.1 for comparison with Acell binding data [149]. The binding data, caiéstfrom
aggregated species prepared via the same methatig@ser and fibrils reported in
Table 4.1, and in previously reported viability @ags [54], clearly demonstrate that
fibrils bind less to cells than aggregation intedmages (species formed at after
approximately 10 and 24 hour aggregation undersgei& conditions). Binding is
reported in molecules bound per cell on a monorasisb If data were corrected to
show aggregates species bound per cell, then fiferetice in binding between
oligomer and fibril would be even greater, giveattthere are more monomers in a
fibril than in aggregation intermediates. Dataomgd exceed limits of detection of

the method by 100 fold or more.
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Figure 4.1: Estimated rate of biological activity and measured dlebinding of A
aggregates. A binding to cell surface (closed circles) and eated rate of
biological activity (bars) as a function of aggréga time prior to addition to cells
and structure, respectively. Binding was measusgag a mixture of 1:100 TAMRA
labeled A 40 to unlabeled A40, at 100 M total concentration in PBS (on an A
monomer basis). Awas aggregated at X7 for different time periods as indicated
on the x axis. Fluorescently labeled peptide ipooated into A aggregates bound to
the cell surface was detected using flow cytomedryd was reported as total A
bound to the cell on a per monomer basis. Ratgabbgical activity was estimated
for spherical oligomer (S), protofilament (PIl),opofibrils (P1), and fibril (F). Bars
are placed on graph at approximate times duringeggdion when spherical oligomer
and fibril have typically been observed [54]. Bfddament and protofibrils should
appear in aggregating solutions after oligomershetdiore fibrils, therefore their time
placement on the graph should be regarded as @atjwal estimate of their time of
formation.
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A Dimensions Number of Ca D x 1(® Rate x 10%°
aggregate | (rorab) (nm) | monomers (nM) (cn/s) (moles/cell-s)
species per aggregate
Fibril 250+£50,7+£3 2083 48 £ 0.5 52+1.3 3.0.9
Spherical 15+3 1107 90 +£41 22+ 4 25+12
oliogmer
Protofibril I | 100 £ 25,7 £ 3 833 120+ 15 10+ 3 545
Protofibril Il | 100 £ 25, 3 £ 1 417 240 £ 60 13+3 39+ 14

Table 4.1:Estimated concentrations, diffusion coefficients and rates ddiological
activity of different A aggregates. Cell radius R) was assumed to be 10um.
Concentrations were estimated assuming each aggrega formed from a 100M

monomer solution.

estimated from the uncertainty in aggregate dinoensi
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4.3 Discussion

The results, shown in Table 4.1 and Figure 4.1diptethe rate of biological
activity of both the protofibrils and the spherieggregates to be much greater than
the rate of activity of the fibrils, consistent batith cell binding results (Figure 4.1)
and experimental toxicity [54, 171]. The predictatks of biological activity of the
different intermediate structures are comparableaich other given the uncertainties
in the estimates. Notably, the predicted diffusea of intermediates are comparable
to the diffusivity of the toxic species that wagyipusly estimated experimentally as

2.6 + 0.3x10 cnf/sec [171].

The concentration of spherical oligomers estimdigdhis method is only twice
that of the concentration of fibrils, in part besawe estimated concentrations based
on a fairly large and tightly packed spherical oiiger, and a relatively short fibril.
Use of a longer fibril, and/or a smaller sphereH{ollow sphere) would have resulted
in even larger predicted differences in rates ddldgical activity between A

oligomer and fibril.

The results demonstrate that Aaggregate’s size and concentration may
contribute to differences in observed biologicaiaty of oligomer, protofibrils and
fibril species. The analysis presented is overbfrag@ and its limitations include
geometric approximations, as well as the first or@action kinetics assumed at the
cell surface. Additionally, we considered homoggnef A aggregated species,

while in reality a mixture of species coexist. \ehthe dimensions of actual A
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aggregates may differ from those we consideredtréreds in the rates of reaction
would be similar (oligomer or other intermediateulbbe more reactive than fibrils)
and support the same conclusion. Despite the witypbdf this model, this analysis
highlights some of the factors that may contriltotelifferences in biological activity

observed between different Aaggregated species.

Our proposed model in no way precludes there bdiffgrences between A
aggregate structures at the molecular scale oerdifites in stability between
aggregated species. In fact, the selectivity atage inhibitors and antibodies
towards the toxic intermediate support the hypaoght#sat there are molecular level
structural differences between different aggregaseties that have been difficult to
elucidate [163, 166]. However, our model sugg#sds certain experimental factors
that have been difficult to control in the pastglsias the concentration of particular
A aggregates in solution, and the size distributbraggregates within a mixture,
may contribute significantly to measurements of #@xicity or other measures of
biological activity, thus obscuring the effectsrblecular level differences between

different A aggregated species.
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Chapter 5: Structurally distinct toxicity inhibrobind at

common loci on -Amyloid fibril

5.1 Introduction

The accumulation and aggregation ehmyloid (A ), a 39-43 residue peptide
cleavage product of the transmembrane amyloid psecyrotein, is believed to play
a role in neurodegeneration in Alzheimer’s dise@de). While many researchers
now believe that A is most toxic in some aggregated form [2, 177§, inechanism
by which A leads to neurodegeneration is controversial. Naogemechanisms of
A toxicity have been proposed including cell membrgore formation [45],
nonspecific changes in membrane conductance [#H, radical generation [12, 13,
51], A -induced alterations in G-protein activation [4Z81179], changes in c-AMP
dependent signal transduction pathways [7, 8] drahges in ion channel function
[180]. While it seems certain that Alays a role in the neurotoxicity associated with

AD, the mechanism of Ainduced cell death remains unclear.

Efforts targeted towards understanding the toxieitgchanisms of A have
suggested that certain Aesidues are important in those interactions. bAding to
the cell membrane via positively charged amino saweds proposed [39]; specifically
R5, K16 and K28 were reported to be essential fortdxicity [102]. M35 was
suggested to be involved in the formation of fredicals and oxidative stress in 42
[104]. F20 has been implicated in #2 fibril induced lipid peroxidation, possibly

because of the role of F20 in an electron tranfséen M35 to a Cu(ll) bound at the

65



N-terminal [105]. Alternatively, residues H13-Hhdve been hypothesized to play a
role in A induced membrane pore formation [45, 111] andimaibg of metal ions
implicated in AD [10]. In addition, exposed hydhmic regions of A aggregates
have been shown to decrease membrane fluidity [@2arly, there is no consensus
regarding the mechanism by which Mduces neuronal death, nor about the amino

acid residues on Athat may be significant in such a mechanism.

Although the mechanism of interaction of Avith neurons and the identity of A
residues that are essential for toxicity are camtrsial, a variety of small molecule
inhibitors have been found that interact with filani aggregated A and attenuate its
toxicity. We hypothesized that by elucidating thieding sites of these toxicity
inhibitors on aggregated A we might identify residues on Aaggregates that are

important for A biological activity.

In this chapter we report the results of compurati@ocking of four A toxicity
inhibitors with A fibrils. Three of the four inhibitors docked ainemon loci. The
docking predictions of two inhibitors, Congo RedR)Cand Myricetin (Myr), were
tested experimentally using amino acid mutationscleemically modified amino
acids. We found that CR and Myr, despite beingcstirally distinct, share two
binding sites on A fibril; inside the -turn formed between residues A21-A30, near
K28, and at a hydrophobic cavity near N27, G29 ¥88-V40. Furthermore, our
data suggests that three additional toxicity irtbiisi melatonin, nicotine and

curcumin, may also bind on Aibrils near a lysine residue, potentially K28helfact
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that two structurally distinct toxicity inhibitorsind at the same sites on Aibrils
may suggest that these sites are important irfildril biological activity, either by
defining the region on the Afibril essential for A interaction cell membrane, or via
another mechanism. This work contributes to outeustanding of the mechanism of
action of A toxicity inhibitors and highlights potential tatgdor the development of

novel therapeutics for Atoxicity prevention.

5.2 Materials and Methods

5.2.1 Docking

The program DOCK 6 [181, 182] was used to prediliditor binding sites. The
receptor in docking simulations was an NMR 4 fibril structure made up of 12
A (9-40) monomer units, where residues 1-8 were ucired and therefore omitted
(coordinates from solid state NMR, provided by Rycko by personal
communication). The NMR structure includes two ddfe categories of fibrils;
stagger (+2) and stagger (-2), which describe tgrak of stagger between the D23
and F19 of peptide i with K28, 132, L34 and V36 péptide (i £2) [91]. Ten
structures of each category, representing diffepassible backbone and side-chain
configurations, determined based on the best fiNDR data to the experimental
constraints, were used as the fbril receptor in this study. The docking proceel
was performed on all twenty Astructures. Ligands for docking simulations wite
different toxicity inhibitors. Coordinates for CRere obtained from the Zinc
database [183], and coordinates for the other tigaructures were obtained from the

ChemDB database [184]. Hydrogens missing fromwere added using PDB2PQR

67



[185] (version 1.2.1) using the Amber force fielddaassigned pH of 7.4 using
PROPKA [186]. A and inhibitor's charges were added using Antecleanib37]
embedded in Chimera [188]. Binding sites were raifi by stripping all receptor
hydrogens, and then the program DMS, embedded inD@@vas used to calculate
the accessible receptor surface. Sets of overigpgppheres were generated using
SPHGEN (embedded in DOCK 6) to create a negatiag@of the receptor surface
and define potential binding sites. The numbespgieres in a site did not exceed
200. Energy and contact grids were generated tsengefault settings within a box
surrounding the binding site with 5A margins. Diogkwas run using a grid based
score with a flexible ligand and rigid receptorngsidefault settings except for the
following: the minimal anchor size was 6 atoms, th@ximum number of
orientations was 3000, the bump filter was 2 (2névef 75% VAW radius overlap),
internal ligand energy was included, and 1000 titens were used during ligand
minimization. Volume Tanimoto coefficients werelatdated using ROCS [189].

The docking results were inspected visually usihgr@ra [188].

5.2.2 Materials

All chemicals were purchased from Fisher (PittshufA) or Sigma Aldrich (St.

Louis, MO), unless otherwise specified.

5.2.3 A fibril preparation

A 40 stock solutions were prepared by dissolving(Anaspec, San Jose, CA) at
10mg/ml in ddH20 with 0.1% TFA for 45-60 minuteBhe stock was diluted in PBS
(138mM NaCl, 10mM NgiPQ, 2.7mM KCI, 1.8mM KHPQ,) to a final

concentration of 100uM, and was gently mixed usingtator for 24 hours at room
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temperature. We found that fibrils formed using ghrotocol were reproducible in
terms of morphology, size, CR binding and stabifi$]. As much as possible, a
single lot of A 40 was used for all experiments. N27P48 mutants (Custom
synthesized by Anaspec, at a purity of greater 8t by RP-HPLC) were prepared
similarly except that N27P Awas first aliquoted into single use sample sizgs b
dissolving in HFIP, aliquoting out into microcemfiige tubes, then evaporating the
HFIP from the A under vacuum. Aliquots were then stored as HRi&perated
films at -80C until use. The total amount of protein in an $ample was determined
using the BCA assay according to the manufacturessuctions (Pierce, Rockford,
IL). The total amount of insoluble fibril in a sala was estimated by first separating
soluble A from insoluble A fibril via centrifugation of samples at 23,100 Xay 5
minutes, then by quantifying the amount of proteisoluble and insoluble fractions

using the BCA assay.

5.2.4 Modification of lysine amino acids

The modification of lysine residues was performdgrafibril formation using
reductive alkylation with formaldehyde or with ameiehyde at Z&. Sodium
cyanoborohydride was used as a reducing agent. rddaion with formaldehyde
was carried at 88uM A 880uM formaldehyde (1:10 Aformaldehyde molar ratio)
and an excess of sodium cyanobohydride (88mM). r€aetion was carried for 6
hours. The reaction modified the N-terminus, Kb@ &28, as indicated by MALDI
TOF MS of tryptic fragments of A The modification with acetaldehyde was carried
at similar conditions with 83uM A fibrils, 1.66mM acetaldehyde (1:20

A :acetaldehyde molar ratio), an excess of sodiunmayarohydride (83mM), and
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was carried for 8 days. The reaction modified Kherminus and K16, but did not
modify K28, as indicated by MALDI TOF of tryptic fganents of the peptide. For
the modification of A fibril in the presence of inhibitors, 20uM Afibrils were

incubated with Myr, nicotine, melatonin or curcunanh30uM. Nicotine, melatonin
and curcumin stock solutions were prepared in @hathigh concentrations (mM
range), and were diluted to a final concentratio®BS. Myricetin was dissolved in
DMSO and then diluted similarly in PBS. Control gd@s without an inhibitor, but
with PBS containing solvent for dissolution wasdise confirm that residual solvent
did not interfere with the modification reactioAfter 30 minutes of incubation with
A , 200puM formaldehyde and 20mM sodium cyanoborohydrctre added. The
extent of the methylation reaction in the presesicanhibitors was examined using

MALDI TOF every 90 minutes up to 6 hours.

5.2.5 Protein digestion

A fibrils were modified as described. Prior to paptdigestion, the reductive
alkylation was quenched by an addition of ammonhicarbonate (83mM) to avoid
alkylation of the N-termini of A fragments. A fibrils were then digested using
immobilized trypsin (Pierce, Rockford, IL) accordito the manufacture instructions.
Briefly, immobilized trypsin gel was washed and tcénged 3 times with 0.1M
NH4HCO; then suspended in 200ul 0.1M MHCOs. 200ul of 50uM A fibrils were
then added to the trypsin bead suspension. Thioeavas carried for 45 minutes at
37°C under gentle agitation. Trypsin beads were remousing centrifugation

(23100 X g, 5 minutes). No attempt was made tmwvec all the possible A
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fragments associated with the trypsinized fibri&ample was analyzed using MALDI

TOF.

5.2.6 Matrix Assisted Laser Desorption/lonization Time of Flight — Massttometry

(MALDI TOF)

MALDI TOF was performed using Bruker Daltonics Au&ef MALDI-TOF MS
(Billerica, MA). Samples were desalted using 0.611B resin ZipTip® (Millipore,
Billerica, MA) according to the manufacture instioos. Briefly, the tips were
washed in acetonitrile, and then loaded with theda. The sample was desalted by
washing the pipette loaded tip in dfH The A sample was then re-dissolved and
eluted off the C18 tip using 100% acetonitrile. Wave found under these
conditions, A fibril samples unfold sufficiently for MALDI-TOF ralysis [86].
Saturated Sinapic acid in a solution of 2:1 (v/dHgO and acetonitrile was used as
the matrix. The mass spectrometer was run inigesibn mode. Laser power was
optimized on a sample-by-sample basis and was gignéound to fall between 30
and 50% of the maximum power afforded by the imegnt. Theoretical masses of
tryptic fragments of A were determined using the ExXPASy server available

http://ca.expasy.org/ [36].

5.2.7 Myricetin - A fibril binding

Stock solutions of Myricetin (Myr) in DMSO at 11.3mMere prepared and
stored at AC. Myr was diluted in PBS to the final desired cemtrations before each
assay. Different concentrations of Myr were indedawith 20uM A fibrils, either
wild type, mutated or chemically modified, for 30nutes at room temperature. The

final DMSO concentration was less than 3%. The $esnwere then centrifuged at
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23100 X g for 5 minutes to separate the insolulldgld with the bound Myr from
unbound Myr. Unbound Myr concentration was detasdi by measuring the
absorbance of the supernatant at 324 nm. Thecéitincoefficient of Myr, which is
approximately 7000 M' - cni?, is strongly dependent on the environment (e.g. pH
salts). Hence, a calibration curve of samplesamepidentically but without Awas
used to determine the extinction coefficient of Miyider these conditions at the time
of each measurement. Absorbance was read usingayy 60 WinVC
Spectrophotometer (Varian, Palo Alto, CA) in a Wenisparent flat bottom 96 well
plate (Corning, Corning, NY). The concentration Af fibrils bound Myr was
calculated by subtracting the unbound from thel tbtgr concentration. Controls
were performed to ensure that chemical modificateagents did not interfere with
the absorbance of Myr. For each binding assayil fdantent in the sample was
estimated using the BCA assay. Binding data weea hnormalized by total fibril
content. The single site equilibrium binding isatin shown in equation (1) was fit to
the binding data using a non-linear least squaregression algorithm in
KaleidaGraph (Reading, PA), whelgeis the concentration of bound ligand, L is the
concentration of soluble ligan8,. is the maximum binding capacity to fibrils, and

Kg, the equilibrium dissociation constant.

B max (1)

5.2.8 Congo red - Afibrils binding

Congo red (CR) solution was prepared as describmdqusly [190]. Briefly, CR

was dissolved in 90% PBS and 10% ethanol to a cdraten of about 300uM, then
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filtered using 0.22um filter to eliminate CR micaggregates. To determine the final
concentration of CR after the filtration, CR wakitid to about 15uM in 60/40 (v/v
%) mixture of sodium phosphate (ImM , pH 7.0) arfthedl, and the absorbance
was measured at 505nm using 5.93 X 1d M ™ - cni* [190]. CR was then diluted
to a final desired concentration and incubated Withfibrils for 20 minutes at room
temperature. Final ethanol concentration was teas 3%. Equilibrium binding
isotherms for CR to A were obtained analogously as was done for Mymausi
appropriate calibration curves to determine CR eatrations. Control experiments
were performed to ensure that during binding of t6Rhemically modified A, the
amine groups of CR itself did not react with thenfaldehyde, as indicated by

MALDI TOF (data not shown).

5.2.9 Transmission Electron Microscopy (TEM)

A fibrils were prepared for TEM on carbon coated Ramgrids, 400 mesh
(TedPella, Redding, CA). The grids were gentlypeip in a sample of Afibrils for
45 seconds, then washed in g@Hor 10 seconds, and dipped in staining solutibn o
1% ammonium molybdate in ddB. Grids were viewed using a Zeiss-10CA
microscope (Zeiss, Germany) equipped with an Olgnplorada (Melville, NY)
digital camera, using an accelerating voltage ofk@0 Images were taken at the

Keith R Porter Imaging Facility at UMBC.

5.2.10 Circular Dichoroism (CD)

A fibril species were prepared as described theneatiito 10puM and degassed. CD

was measured using a PiStar-180 Circular DichroiSpectrometer (Applied
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Photophysics). Data was obtained using a 10mmtzuavette, in a W filled
chamber, at 25°C, using a Xe lamp as a light so@r@0nm bandwidth, and a 0.2nm

step interval. Identical diluted PBS buffer wasdigs baseline.

5.3 Results

5.3.1 Docking method validation

Our goal was to find the binding sites of a sefoftoxicity inhibitors on the A
fibril, however, the computer program DOCK 6 [18B2], which we used for our
computational studies, has previously only beerdatdd for ligand docking with a-
priori knowledge of the receptor binding site. Thiading pocket in DOCK is
defined by a cluster of spheres which create ativegenage of the receptor surface.
It is within these spheres that the ligand is paséd and energies associated with
binding are estimated. Theoretically, if one wiresearch for a ligand binding site
anyplace on a receptor surface, then one mighteremcof covering the entire
receptor surface in spheres. However, DOCK becdessseffective computationally
when the number of spheres included in the bindiogket exceeds a certain
threshold. DOCK 5 had been validated for bindingkmts of 101 spheres on average
[182]. Nevertheless, we believed DOCK could be usegearch over the entire A
surface for ligand binding sites using a slightlgdified algorithm, which allows the
consideration of multiple possible binding sitd% ensure the validity of our method
we first tested it on a validation set of 114 ligaleceptor complex structures. We
subdivided the surface of the receptors to potehiraling pockets composed of no

more than 200 spheres each. The subdivision @captor surface was done by
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randomly selecting 10 atoms on the receptor andtogcting spheres within 17A
radii around each randomly selected atom. The iffliig pockets of radii 17A
encompassed virtually the entire receptor surfadee ligand was initially allowed to
dock within a limited volume (~600 % defined by spheres within 7A from one of
the randomly selected atoms. When docking was t@ey) the volume was
increased to include spheres within 9A radius frtra atom, and docking was
repeated. If the binding pose changed when incrgathe allowable docking
volume, then the volume was increased again. ©heme of the binding pocket was
increased by increasing the radius of the pockeRAnincrements. When no
significant changes were observed in the bindingepor total energy score when
increasing the allowed volume for docking, thewds assumed that the ligand was
docked at a local energy minima and a potentialibmp site was found. The process
was repeated for all 10 randomly selected atomgdllastrated in Figure 5.1.
Representative results of docking of one of thecsiwes in the validation set are
shown in Figure 5.2. Essentially, this is an daddal search layer embedded on top
of the existing DOCK algorithm. The results frorh 80 binding pockets were
combined, clustered based on RMSD, and ranked. sPwses considered to be
clustered at one site when the differences in RME&véen docked poses to the
ligand crystal coordinates were less thanabll the difference between energy scores
of poses was less than 10%. When multiple site® waentified, the clusters of

poses had energies that differed by more than 1€i®%den sites.
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Figure 5.1: Flow diagram of algorithm for prediction of inhibitor binding site on
A fibril. A binding site was hypothesized based on expetiahelata. Docking
was performed and limited in distance from the g When completed, docking
was performed again with a larger binding pocket>@®. If the binding position
changed then the procedure was repeated. Whenigndicent changes were
observed in the position or energy score, thencal Iminimum was found for that
site.
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Figure 5.2: Representative results from blind docking validabn set. a) Scores
and RMSD of docked poses of antibody fab complexétd pmhencyclidine (PDB
code 2PCP). Docking was performed against 10 rahdselected sites at gradually
increasing radii of binding pockets around eacé. sithe best scoring cluster (-40.5
kcal/mol) had the smallest RMSD from the crystalictiire (0.7A). b) a profile of
the RMSD of docking poses from the ligand crystalcttire at one of the random
binding sites as a function of radii allowable tmcking. Docking at 7, 9 and 11A
from the randomly selected binding site yieldedy¢@aRMSD (>15A), whereas at a
binding pocket with 11A radius the docking convergato the true binding site and
had an RMSD < 2A. The poses that converged withrtiepose and had RMSD <
2A correspond to the best scoring poses from FifL2a).
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The validation set we used to test our method \Wwassame set of 114 bound
receptor-ligand complex crystal structures whichrevesed to test DOCK 5 [182].
The receptor and ligand files were taken directignf the DOCK 5 test suite
(available online from DOCK website). The full daption of the receptor and
ligand preparation for docking are described indhginal paper [182]. We analyzed
the RMSD of the docked poses from the PDB ligandrdioates and the energy
scores. In addition to the commonly used RMSD wtlwe evaluated the best

scored pose with the volume Tanimoto coefficieriingel as:

Ox,d
I Iy O,q

X

T (2)

wherely andlq are the self volumes of the crystal and dockednlity respectively,
and Oy 4 is the overlapping volume of the two. For examplbenly andlq overlap
perfectly thenT = 1, while when there is no overlap = 0. Of the 114 ligand
receptor pairs tested, 61.5% (70 structures) ofigfads docked with an RMSD of
2A or less compared to the crystal structure, aami the experimentally determined
ligand binding site as the best scored ligand ploseng computational docking. The
success rate (RMSD < 2A) of the same ligand-receqaomlex set when specifying
the binding site was 72%, using DOCK 5 [182]. ®iraur ultimate goal was to
identify the receptor binding site, rather thardfing the correct ligand conformation,
we considered poses with> 0.2 as ligands docked at around the correct site,ginou
their exact conformation or orientation may be mect. Hence, we considered poses
with an RMSD < 2A orT > 0.2 as successful, meaning that the correct receptor
binding site was found. Using these criteria, ddional 20% of the structures (23

structures) had an RMSD between 2 - 7.1A with> 0.2 indicating they were
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successfully docked. Overall, 81.5% of the ligamith the best energy score docked
with at least an RMSD < 2A 6F > 0.2 For 7% of the structures (8 structures) the
correct binding site was found (RMSD < 2ABr> 0.2), however, a false-negative
pose had a better score. In 11.5% of the struct{ir@ structures), the true site was
not found, or docked with comparable energy scooesther false sites, and this
method failed to find the binding site of the liganin summary, for 88.5% of the
structures DOCK 6 successfully found the experimgnidetermined binding site,
and the energy score of the ligand docked at tteeveas among the top two best
scores. Overall, our method proves to be effedtivexploiting DOCK 6 to elucidate
the binding site of a receptor-ligand pair withaytriori knowledge of the location of
the binding site. These success rates are conipamlother programs capable of
‘blind-docking’, such as RosettalLigand with 71%igands docked within an RMSD
of 2A for the best score [191], or AutoDock4, whé&®@% complex structures had

their best energy score within 3.5A [192].

5.3.2 Inhibitors docking to Afibrils

The novelty of our method is in subdividing theaptor surface into potential
binding sites which together cover the entire reémepurface, and in docking of the
ligand into binding pockets of gradually increasisige. When we applied the
method to find the binding sites of a set of tayianhibitors on an A fibril structure,
we used the same methodology of subdividing thepteer surface as used in the
validation set. However, instead of randomly d@éhgcatoms, we used available
information on potential binding sites of the intalos and of potential A residues

were thought to be important in toxicity. Overdhg inhibitors were docked at 5
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different locations on the Afibril: (1) residues His13-His14, (2) residues L@s
Phe20 (3) residue Lys28, (4) residue Met35 anddSidues Val36-Val40 at the C-
terminus. Table 5.1 summarizes the specific reagdmehind the selection of these

sites, and Figure 5.3 illustrates their locatioraanA fibril segment.
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Figure 5.3: A double layer cross sectional view of Afibril structure. Residues 1-
8 were not included in the original structure (g&g-2, model 2). Nitrogen atoms
are shown in blue, oxygens in red, and carbonshgddbgens in dark and light gray
respectively. Ovals represent amino acids thaewensidered as binding sites for
docking. Image was prepared using Chimera [188].

Site Rationale

1 Hisl3 - Hisl4 Important for A induced ion channel formation [45].

Involved in metal ions binding implicated in Aoxicity [10]

Binding site of nicotine [193, 194]

0
o
o Involved in melatonin binding [125].
0
0

2 Lysl6 - A surface important for cytotoxicity [102]. Lys16as hypothesized to effect
Phe20 electrostatic interactions with cell membrane [39].
(KLVFF) Phe20 was hypothesized to be involved inidduced ROS [105].
o Part of a recognition motif of an insulin degradamzyme, hypothesized to
be related to AD [9].

o

3 Lys28 0 Hypothesized to effect electrostatic interactioriih well membrane [39].
0 Located at a hydrophobic cavity (A21-A30) thus ¢eptial binding site for
curcumin [195].

4 Met35 0 Associated with A induced oxidative stress [104].
Val36-Vald0 o Relatively solvent accessible although hydroph¢b®d, hypothesized to
(C-terminus) play a role in membrane binding [81].

Table 5.1: Initial guesses for binding sites of inhibitors on Afibril. Binding sites
were considered either because they were propodseld binding location for a
toxicity inhibitor, or because they were hypothesizo be important for A
interaction with cells.
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Four toxicity inhibitors were used as ligands: Comgd (CR), Myricetin (Myr),
Melatonin, and Nicotine (L- and D- enantiomers). ckiag was performed using a
set of 20 A fibril NMR structures as a receptor [91]. The NMR fibril structures
used were 12-mers of A9-40) that represent roughly a 25A segment obal fi The
20 structures included two possible staggers inl fibientation, and 10 possible side
chain configurations for each stagger determinegt@n the best fit of NMR data to
the experimental constraints [91]. The dockingcpture was repeated for all twenty
A structures. Docking was performed by increasnd.A the distance of included
spheres around the binding site, from 4A to 8A (Fég5.4). All the sites had 170
spheres or less. The reason that 8A were suffitieimclude 170 spheres, compared
to 17A in the validation set, is that the sitetie validation set was defined as a single
atom, whereas the binding sites on ##brils were defined by an amino acid or more,
e.g. dozens of atoms. As with the receptors invidiglation set, the largest binding
pockets of the five binding sites overlapped toezoxirtually all the A fibril surface,

with the exclusion of the fibril ends (Figure 5.5).
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d) e)

Figure 5.4: Binding pockets of increasing volumes around a hypotezed
binding site. A top view of A fibrils with the binding pockets considered for
docking around the C-termini site (residues 35+&@yesented by spheres. a) spheres
within 4A, b) within 5A, ¢) within 6A, d) within 7Aand within 8A from A C-
termini (residues 35-40). Docking was performedimasgt all sites, if no changes in
ligand pose or score were observed, then a loebgminimum was found. Similar
binding pockets were constructed around each dbitiding sites considered.

Figure 5.5: Five sets of spheres covering the entire Asurface. The largest

binding pockets at each binding site are showrinddfby spheres within 8A from
each site; His13-His14 (green), Lys16-Phe20 (régs28 (purple), Met35 (light

blue) and Gly35-Val40 (gold). The binding pocketgerlapped with each other
hence spheres were colored in a new color onlyel twere not included in the
previous site (from His13-His14 to C-termini). Senly, binding pockets on the
second A fibril layer were constructed. The binding pocketerlapped to cover the
entire fibril surface.
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Models where inhibitors bound at the end surfacesheffibril (top two and
bottom two A chains) were discarded, as were poses where @nitarhnteracted
with the artificial G9 N-termini (formed becausesiduies 1-8 were missing in the
NMR structure). Binding sites were considered tdHsesame if the receptor-ligand
interactions were similar. RMSD andare lacking because the symmetry of the
fibrils along the z-axis resulted sometimes a fpased ligand position with a large
RMSD, although detailed inspection revealed that ligand maintained the
interactions with the same amino acids. No difiees were observed in docking

poses and energies when inhibitors were dockeithtitsfof different staggers.

Table 5.2 summarizes the average top scored sites@ the twenty fibril
structures for each inhibitor, and the amino aeaide binding site for each inhibitor.
Despite the structural differences between thebitdrs tested, three of the four
inhibitors shared two binding sites among the topéd best-score positions; at the
turn formed between residues A21-A30, and at tlekhacated near the C-terminus,
between amino acids V39-V40 of one fibril layeratmino acids N27 and G29 of the
other fibril layer (Figure 5.6). The twenty Aibril models we used differ slightly
from each other in their-turn cavity size and configuration, which led tonse
variability in the best-scored poses of the inloitsitwithin the -turn cavity. In some
cases the inhibitors docked near F19, A21 andvBile in other cases the inhibitors
were closer to the-turn itself, and docked between A21 and A30, winéving
electrostatic interaction of charged or polar atevith the -amino group of K28, or

with the carboxyl group of D23. In both cases, thbe docked closer to K28 or to
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F19, the inhibitors docked in parallel to the fibaixis, such that each inhibitor
interacted with 2-4 stacks of Amonomers, depending on the size of the inhibitor.
The exact orientation and configuration of the lmioirs slightly varied between the
different fibril structures, yet the energy scodbd not change significantly. The
differences between the inhibitors’ poses when ddckith different A structures
were mostly in rotamer angles between aromaticsrioigthe inhibitors. However,
our main goal was to identify the amino acids aeljado the binding sites of the
inhibitors which remained fairly invariant, rathdan revealing the exact pose of the

inhibitors. Representative images of CR and Mykéd inside the-turn are shown

Figure 5.6a-b.
Inhibitor Site 1 Site 2
Interactions with Score Interactions with Score
(kcal/mol) (kcal/mol)
Congo red F19, A21, D23, K28, -53.3 H14, K16, V18 -54
A30, 132
Myricetin N27, K28 backbone, -41.7 A21, D23, K28, A30, -41.1
G29, V39, C-terminus
Melatonin A21, D23, K28, A30 -36.3 N27, K28 backbone, -33.6
C-terminus
Nicotine -turn (near A21, D23, K28) and C-termini (near N240) with 20-25 kcal/mol

and near H14 with 15-25 kcal/mol, with no site shaywclear higher energy scores.

Table 5.2: Binding sites predicted by dockingDocking sites and energy scores as
predicted by DOCK 6 for CR, Myr, melatonin and riine. The rank of the sites was
determined by analyzing the docked poses and titers, the energy scores, and the
recurrence of the pose and interactions amongdinémety A fibril structures. CR
also docked at a third site with a score of -41cdl/knol near the C-termini, while
interacting with N27, K28 backbone, G29, V39 angl @iterminus.
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The second common binding site shared by the itdrgifor all 20 A fibril
structures was near the C-termini. The energyescoif the inhibitors at the C-
termini were similar to their scores at théurn, except for CR, which docked at this
location with slightly lower energy. The energysmeomposed mostly of Van-der-
Waals (VdW) interactions between the inhibitors &®b-V40 of one fibril layer,
and the C of N27 and the backbone amide hydrogen of G2thefdecond layer.
Electrostatic energy contribution associated witldimg at this location came from
hydrogen bonds with the side-chain amino group &7 Nthe backbone carbonyl
oxygen of K28, and with the carboxyl group at thée@nini. Similar to the poses in
the -turn site, the inhibitors docked parallel to ti®if axis, and interacted with 2-4
A stacks depending on the inhibitor size. Agair, éxact inhibitor configuration
differed slightly when docked to the twenty filbsiructures. Yet, the overall binding
location was conserved. The amino acids thataoted with the inhibitors at this
position include N27, G29, V39, V40 and the backbaarbonyl oxygen of K28.
Representative images of CR and Myr docked at tiieri@inal site are shown in

Figure 5.6c¢-d.
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Figure 5.6: Congo red and Myricetin binding with an A fibril. Oxygen atoms are
shown in red, nitrogen in blue, sulfur in yellovarbons and hydrogens in dark and
light gray respectively. (a) CR bound at th&urn near A21, D23 and A30, while CR
sulfonate group formed a hydrogen bond with K28remgb) Myr bound at the-turn,
while forming hydrogen bonds with K28 and D23. @GR bound along the C-termini
of A and near N27. (d) Myr bound along the C-terminifof, while forming
hydrogen bonds with the C-terminus and N27. (e) @Rind at K16-F20 (not
experimentally confirmed). In all poses the inlobitocked parallel to the fibril axis
and perpendicular to thestrands, such that CR interacted with about 4ksta€ A
and Myr with 2 stacks.
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In addition to these two positions, CR docked sssfgly at two other sites near
K16-V18, and near H14-K16. When docked near K1&;\thhe sulfonate oxygens of
CR formed hydrogen bonds with the primary amineKd6, while the central
hydrophobic biphenyl group had VdW interactions hwiv18. With other A
structures, CR docked between H14 and K16 sidensh&rming hydrogen bonds
with both residues. The electrostatic contributionboth poses was significantly
higher than the electrostatic contribution to tivedmg energy at the two previously
described sites, and constituted nearly a thith@total energy score for CR binding.
The apparent interaction with the histidine shobkl regarded carefully, as the
assigned protonation state of its side-chain vabetiveen the different structures.
The docking of CR near K16, either between H14-K16K16-V18, had similar
energy scores to the docking of CR within théurn near K28, and was observed
more frequently than docking at the C-terminal siteong the 20 different A
structures. The docking of the other inhibitorami€16 was rare and associated with
significantly lower energies than theturn and C-terminal sites. We were unable to
elucidate a clear preferred binding site for eithieotine enantiomer, as they docked
nonspecifically with only modest binding energigalfle 5.2). None of the inhibitors
bound near M35, due to the low solvent accessibiftyhe methionine in all fibril
structures. It is important to note that regassllef the initial docking location (i.e.
near K16) inhibitors consistently docked in théurn near K28 or at the C-terminal
site. In addition, when we screened a library eanty 2000 compounds from the

NCI diversity set for docking against these twodmng loci, only 2% of the library
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bound with energies comparable to the scores of TRs result suggests that non-

inhibitors are unlikely to dock successfully to #e fibrils structure.

5.3.3 Experimental data

In order to experimentally test the predictionsted computational docking, A
fibrils were prepared analogously to methods ugedNMR spectra collection [91].
Fibrils were modified at specific locations neae thredicted binding sites, and the
equilibrium binding isotherms of CR and Myr to bathemically modified, mutated
or wild type (WT) A fibrils were obtained. Isotherms were then coreg@aro
determine if the amino acid modification or mutatjperturbed the binding. Due to
the proximity of the best docking poses of all faribitors to K28 at the-turn, and
of CR to K16, we used reductive methlylation to mfypdhe A lysines. Each
exposed primary amine of the Aibril typically adds two methyl groups under the
reaction conditions used in this study [86], ar&l risulting increase in mass of 14Da
per methyl addition can easily be followed by mapgctrometry. As shown in
Figure 5.7a, most of the Aadded either 4 or 6 methyl groups, suggesting dHhat
three primary amines, the N terminus, K16 and K2&ze at least partially modified.
For the remainder of this paper, we abbreviate riioglification of A as A -Kneth
Before testing the binding of CR to the Knet, fibrils, we confirmed using TEM
that the chemical modification of the fibrils digtrdisrupt their structure. As shown
in Figure 5.8, the modified fibrils appeared morplgecally similar to the unmodified
WT fibrils and to the fibrils from which the NMR sicture was derived [79, 91].
Circular Dichroism (CD) spectra showed that no gesnin the secondary structure

composition occurred as a result of the modificatibigure 5.9). Both WT and A
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Kmetn fibrils had bottom at ~219nm characteristic of -asheet motif. The spectra
slightly deviate from a typical-sheet below 210nm, probably due to light scatterin

by the relatively large fibrils.

Additionally, we verified that the modification didot shift the equilibrium
between the insoluble fibrils and some other seldbtms of A such as monomers,
dimers or soluble oligomers. No statistically siigant differences (p<0.05) in
concentrations of soluble or insoluble Avere observed between the WT and- A
Kmeth fibril samples. Additionally, we compared therfitcontent of the WT fibril
and the A-Knet fibril samples using the ThT fluorescence [196] &R absorbance
shift [190] assays. Both assays indicated thatfitmd content of the A-Kmeth
sample did not change as a result of the chemiaalifroation compared to WT
fibrils (data not shown). Taken together, our datggest that the modification of the
A fibril primary amines did not modify the fibrilsicture, stability or solubility, and
if any structure changes were associated with tathyration of the lysines and N-
terminus, the structure changes were localizechéoenvironment of the modified

amino acid residue.
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Figure 5.7: MALDI TOF MS spectra of alkylated A fibrils. (a) WT (solid line),

A -Kmeth (dotted line) and A-K16¢, (dashed line) fibrils spectra, indicating that the
fibrils added up to six alkyl groups when reactathviormaldehyde, with most A
being modified four (4388.9 Da) or six times (441@®a). When A fibrils were
reacted with acetaldehyde, Avas modified at two sites at most, as demonstiayed
the peaks which appear in increments of 28 Da. trlpsinized A -K16e fibril
spectrum, which demonstrates that segment 17-28neasnodified (1327.6 Da),
while segment 6-28 (2674.9 Da) was modified onaggssting that A-K16e fibrils
were modified with one ethyl group at the N-ternhiswad at K16.

Figure 5.8: TEM images of WT, A -Kpeth, A -K16en and N27P fibrils.
Magnification is 80,000, bar represents 200nfhe fibrils were 6-9nm in diameter

and 100-200nm long.
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Figure 5.9. CD spectra of WT, A-Keth, and N27P A fibril. All three types of
fibrils showed a -sheet signal with a typical bottom at ~219nm. fé&&nce in signal
of N27P below 210nm is likely due to reduced ligbattering. Error bars represent
standard error based of three sample replicates.

Representative equilibrium binding isotherms for @il Myr bound to WT and
A -Kmetn fibrils are shown in Figure 5.10. At high congatibns of ligand, both CR
and Myr bound less to the Ayern fibrils than to WT fibrils, suggesting that their
binding was partially blocked by the methylationlgdines in the A-Kme fibrils.
This result was more pronounced in the Myr-Binding isotherms, while the in the
CR-A isotherms, the difference in binding at high coricgions was only
significant at p=0.1. The uncertainty in the ddtees not allow us to compare how
methylation of the primary amines in the Abril changes the dissociation constant

Kg or explore more complex binding models.

In order to elucidate whether the alkylation of Kdi6of K28 altered the CR and

Myr binding capacity of A fibrils, we first needed to selectively modify grdne of
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the lysine residues. To that end we reductivehylated A , and assumed that K28,
which has been shown to be less solvent acceg6ible36], would be less reactive
towards the larger aldehyde [197]. The extenttbflation of the A fibrils was
again followed by MALDI TOF, where an increase insmaf 28Da indicated the
addition of one ethyl group. As seen in Figurea5ahly 2 ethyl groups were added
to A fibrils at the completion of the reaction, onequnmably at the unstructured N-
terminus, and the other at either K16 or K28. Wedutryptic digestion followed by
mass spectrometry of the chemically modified #bril to determine the locations of
the added ethyl groups (Figure 5.7b). fhagment 6-28, which contains both lysines,
appeared at 2672.5Da, instead of at the theoretiags of 2643.3Da, indicating that
one ethyl group had been added. In contrast, feagrh7-28, which includes only
K28, appeared unmodified at 1325.1Da. Hence, tbdiflnation with acetaldehyde
added an ethyl group to K16, while K28 was not riedi We designated this
modified fibril for the remaining of this paper &s -K16¢. The A -K16g, fibrils
appeared structurally similar to the WT fibrils DM (Figure 5.8). BCA analysis of
the amount of insoluble aggregates and soluble igeepindicated that the
modification did not alter the solubility of AK16e,0r equilibrium between soluble
to insoluble aggregates (data not shown). Addilign the A -K16e, fibrils had
similar fibril content to the WT fibrils, as indited by ThT and CR assays (data not

shown).

We then examined Myr and CR binding to-K16e fibrils (Figure 5.10). The

binding of both CR and Myr to AK16e fibrils were similar to that of the WT
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fibrils, suggesting that the addition of an ethybyp onto K16 did not affect their
binding. As with the A-Knenisotherms, the trend in the data is more obviause

A -Myr isotherms. In summary, it appears that thaifi@ation of the N-terminus,
K16 and K28 lowered the binding capacity of Morils for both CR and Myr, while

the modification of only the N-terminus and K-1@l diot affect CR and Myr binding.

We then tested the second Aocation that was predicted by docking to be a
binding site for the inhibitors; between the C-teras of one A layer and the
outside of the -turn of the second layer (Figure 5.6c-d). Thebitars at this site
interacted with amino acids V39, V40, N27, G29 #mel backbone of K28. In order
to experimentally test the C-terminus binding @& thhibitors, we again used CR and
Myr, with a single amino acid Amutant in which N27 was replaced with proline,
designated as N27P for the remaining of this pap&M micrographs indicated that
N27P fibrils have similar morphology to WT fibrildigure 5.8). The secondary
structure of N27P fibrils, as determined by CD, wgpical for a -sheet and
comparable to WT fibrils (Figure 5.9). The CD o2RP fibrils showed lower light
scattering below 210nm (evident by noise) compace®VT and A -Ket fibrils,
possibly because of N27P formed shorter fibrilshe Tatio of soluble to insoluble
protein in N27P and WT fibril were similar, indigag that the N27P mutation did not
shift the equilibrium between soluble and insoluBle species, in agreement with
previously reported data [83]. In addition, the @Bsorbance shift assay suggested

that the fibril content of both WT and N27P mutawdre similar (data not shown).
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As with the lysine modified fibrils, the N27P filgiwere similar to the WT fibrils via

all observed measures.

Representative binding isotherms of CR and Myr 2RI A fibrils are shown in
Figure 5.10. The data demonstrate that N27P dilmalve an altered binding capacity
for both CR and Myr as compared to WT fibrils. \hvinding of Myr to N27P was
enhanced, binding of CR was reduced relative to Wfils. The molecular
interactions that led to the different effects b tN27P mutation on CR and Myr
binding remain unclear. Yet, the data suggest bloéth Myr and CR binding was

affected by the mutation of N27, consistent with tlocking predictions.
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Figure 5.10: Congo red and Myricetin binding to WT A fibrils and to
chemically modified or mutated fibrils. Lines represent curves fitted to a typical
single site binding isotherm. WT fibrils ( solid line), A -K16e fibrils ( , dot-
dashed line), A-Kmeth ( , dotted line) and N27P fibrils ( dashed line). (aBmax
values for CR binding to WT, AKneth A -K16e, and N27P fibrils were
11.8+1.2uM, 8.7+0.5uM, 10.4£1.0uM, and 8.0+£0.7uM respely. (b) Bnax values
for Myr binding to WT, A -K16e, and N27P fibrils were 10.5+3.2uM, 8.7£1.9uM,
and 20.6x4.2uM, respectively, while binding to-Knet fibrils was very low (curve
was not fitted, line shown for representation onl.x values were estimated such
that a semi-quantitative comparison of ligand hbagdcould be made, but were not
meant to represent actual binding capacities ofasrmaore sites on the fibril surface.
Ky values varied between 1-5M for CR and 34-52uM for Myr, however, the
uncertainties associated with these estimates weerehigh to allow comparison
between binding to different fibril species.
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The binding of nicotine and melatonin, the two oth@hibitors we used for
docking, was experimentally examined indirectly. TW fibrils were methylated as
described, however the extent of the modificatiaaswompared in the presence or
absence of the inhibitors during the course ofriaetion. Curcumin, an inhibitor we
were unable to dock because of its high flexihilityas also included in this
experiment. A fibrils were preincubated with nicotine, melatgngurcumin, or
Myr, then reacted with cyanoborohydride and forrehigle to modify the lysines.
Figure 5.11 shows representative mass spectranedtaifter 90 minutes of reaction.
As shown, there are significant differences in tinenber of modified sites between
A fibrils in the presence and absence of inhibitofdter 90 minutes, very little of
the A in the absence of an inhibitor remained unmodijfidh most of the A
adding mass equivalent to 3 or more methyl groulpscontrast, in the presence of
inhibitors, a significant fraction of the Aremained unmodified or increased in mass
equivalent to one or two methyl groups. Similantts were observed regardless of
the time of reaction (data not shown). The presaidnhibitors nicotine, melatonin,
curcumin, and Myr did not affect methylation ofuhia (data not shown), suggesting

that the effect was specific to Aibrils.
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Figure 5.11: MALDI TOF spectra of A fibrils modified by formaldehyde in the
presence of different toxicity inhibitors. After 90 minutes of reaction, most of the
A fibrils that were incubated in the absence ofrdnikiitor (solid line), modified 3 to
5 times. On the other hand, Aibrils that were incubated at the same conditions
the presence of Myr (dashed line), melatonin (dblitge), nicotine (dot-dashed line)
or curcumin (gray line), were modified to a lessetent, indicating that the presence
of the inhibitors limited the extent of the reaatigossibly by blocking alkylation
sites.

5.4 Discussion

There is a plethora of reported biological phenamessociated with A
interactions with cells including oxidative str¢48], calcium homeostasis disruption
[198, 199], membrane pore formation [5, 45], kinasgvation [6] and others. Some
of these phenomena are speculated to be assowidited -receptor interactions [9],
while others with A-membrane interactions [39, 42]. In addition, whihany
reports claim that A acts on neurons, other reports focus onidteractions with
glial cells. Given this apparent wide range ofgilole A -cell interactions, and the
nonspecificity of some A interactions [9], it has proven challenging tocaliate

residues on A associated with the Acell interaction directly. We proposed here an
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alternative approach, in which knowledge of thedbig site of A -toxicity inhibitors
may serve as an indirect assessment ofafino acids that are crucial for A
biological activity. We assume that inhibitors agtbinding to A at locations that
are meaningful in terms of Abiological activity, and in this manner attenuéte
toxicity. As a first step in testing that hypottsgeswe report here a residue level
assessment of the binding of small molecular wetigkicity inhibitors to A fibrils.
Ultimately we will examine the role of those restduin A cell interactions and

toxicity.

Our methodology for identifying binding sites okicity inhibitors on A fibrils
was comprised of two steps. First, we computatiprexplored the binding by
docking the inhibitors onto an Afibril structure. Then, we experimentally testbd
sites predicted by docking, using Aibrils chemically modified or mutated at

specific amino acids.

Docking, even with the highest resolution crystalitures, has limited accuracy.
For A 40, the only available structures were determingdgusolid state NMR [76,
91], which is not ideal for molecular level compidgaal modeling due to the relative
low accuracy of NMR structures, specifically in terof side chain positions [91].
Yet, in the absence of available X-ray structufd®|R structures have previously
been used successfully for molecular docking [208}. In order to address some of
the uncertainty derived from the limited accuraéyhe A 40 fibril NMR structure,

we docked the inhibitors against twenty fibril stiwres, ten of each stagger type (see
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reference [91] for full details). Due to the figridouble layered z-axis symmetry,
each site exists twice in each fibril structurecgpt for the M35 of the two layers,
which are at close proximity due to thesheets layers alignment). Overall, the
inhibitors were docked twice against each hypo#egkbinding site, for each of the
20 structures. By docking against a set of NMRilfibtructures, we intended to
cover a wide range of possible conformations offidrils. We experimentally tested
only sites that showed recurring A inhibitor binding among the different fibril
conformations. It is important to note that the NIgliRicture used in this study does
not include the flexible N-terminus, so interacBowith these residues were not
considered in this study. Yet, the possible rdieesidues 1-8 in A biological
activity or in ligand binding cannot be ruled outor example, N-terminal residues
including H6 are involved in copper binding, whiohay be linked to A induced

oxidative stress [10].

Another possible inadequacy of using anfioril NMR structure arises from the
guestion: are we addressing the right target? cdn aggregate to form a variety of
morphologies which induce different levels of nearicity. While A fibrils are
toxic to cells, it is widely accepted that rathbarn the A fibril, an aggregation
intermediate often referred to as Aligomer, is the species manifesting the highest
biological activity and neurotoxicity [29, 44, 54nd is believed to be connected to
the root cause of AD [203]. Yet, the structuretlod toxic A oligomer has been
much more challenging to elucidate because ofrasstent nature, and difficulties

associated with its isolation. Available structurdormation for the A oligomer is
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not yet sufficient such that computational dockargmolecular dynamic simulations
tools could be used to elucidate ligand/toxicityhibtor binding sites on the

oligomer.

While it is clear that docking of ligands to an Aligomer is not yet possible, we
believe that it is still of value to dock toxicitghibitor ligands to an A fibril as a
means to explore residues on Associated with biological activity. First, itpgars
that there are some structural similarities between intermediates that are
associated with toxicity and Afibrils. The toxic intermediate hassheet fibril-like
secondary structure [204], and is recognized byersgVfibril-specific antibodies
[167]. While there may be differences in tertiatyucture [204], backbone solvent
accessibility [19, 60], or stability between the&itointermediate and the fibril [54], it
appears that there are at least some moleculdrdtruetural similarities between the
toxic intermediate and the mature fibril. SecoAd, fibrils are still toxic [54], and
have been shown to have a wide range of biologic@ities [54, 179]. Thus, in the
absence of a high resolution structure of anafygregation intermediate structure, we
believe that the fibril structure could serve asasonable approximation for other
sheet fibril-like aggregates. While other Aaggregates such as oligomers may
interact differently with the inhibitors we studjeour findings may provide a good

starting point when more structural information cr@es available.

A final concern in starting with one A0 structure for ligand docking is the

reported polymorphism in Afibril structure. A new structural model of AQO fibrils
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was published based on solid state NMR which is azag of a threefold symmetry
rather than twofold [76]. The threefold layer fibrwere formed by different seeding
of synthetic A, and appeared differently under TEM. The threefalger fibrils
were twisted, with a periodicity in the twist of@ld 120 nm, whereas the two-layer
fibrils, used in this study, appeared flat. WHhite secondary structure of a single
peptide incorporated in both structures is composkedwo parallel -strands at
residues 9-20 and 29-40 connected by-tarn, with an unstructured N-terminus,
differences between the two structures include elntighter cavity within the -turn

for the three-layer structure compared to the tayeet structure, and differences in
solvent accessibility at the C-terminus. Sinceused only one fibril morphology in
this study, a striated fibril with a twofold symmetother fibril morphologies may
yield different results. The strategy demonstrdterk to elucidate Afibril binders,
may prove to be useful in elucidating small molesulvhich bind A fibrils with the
twisted threefold symmetric fibrils, or other Aaggregate structures. Recent
evidence suggests that Aibrils found in vivo are heterogeneous, but share some
structural features of both 2 and 3 layer synthitigls [93]. Thus, at least some A
fibrils found in vivo have comparable structures to that used in th&inpstudies

performed here.

The A fibril binding of four inhibitors was investigated this study: CR [205-
207], Myr [208, 209], melatonin [210, 211] and rtice [193, 212, 213]. The
selection of toxicity inhibitors to be included this study was based on several

criteria. We included in our study only inhibitotisat were reported to bind or
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interact with A fibrils or -sheet aggregation intermediates. For examplebiGés

to A aggregates [190] and was shown to prevent thecitpxof preformed A
aggregates [205, 206]. Myr [209] and nicotine [[1@&re reported to bind to A
aggregates or fibrils. While CR and Myr have begported to bind to monomer or
small oligomer A and prevent its aggregation, in this study we ifjgatty examined
their reported ability to bind to fibril A We excluded molecules that were thought

to act only by inhibiting A aggregation.

In order to cover a diverse range of inhibitors, meuded only inhibitors that
were structurally dissimilar, and excluded inhibstavhich are derivatives of each
other. For example, among several polyphenols W&t shown to inhibit A
induced toxicity [214] we selected only Myr, andarg several sulfonated dyes that
attenuate toxicity [205] we included only the mostnmonly used dye, CR. Since
DOCK 6 works better with ligands with up to 7 raiale bonds, inhibitors with a
higher degree of flexibility, such as curcumin [1245], were not docked. Inhibitors
that were reported to inhibit toxicity both vitro andin vivo were preferred, as were

inhibitors that were reported by several differatioratories.

Our docking results suggest that three of the fmibitors; CR, Myr and
melatonin, although structurally different, all sb@ the best scored docking loci; at
the -turn between residues A21-A30, and at the nooktkst near the C-terminus,
between amino acids V39-V40 of one fibril layerthe outer side of the-turn of the

other fibril layer, next to amino acids N27 and GE#yure 5.6). Docking of nicotine
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did not clearly converge to a specific binding sitExperimental studies supported
these findings. Binding of both CR and Myr weratpded upon methylation of
K16 and K28, while neither were affected when oKii6 was ethylated (Figure
5.10). Methylation of K28, while not affecting tleharge on the lysine residue,
would potentially disrupt hydrogen bonding and is&ly hinder inhibitor binding.
In addition, the presence of inhibitors (Myr, curgn, nicotine, and melatonin)
attenuated the methylation of lysines on ¢igure 5.11), while having no effect on a
control protein, suggesting that the inhibitoreathe reactive environment of either
K16 or K28. Based on the binding isotherms, wesynge that the inhibitors alter the

reactive environment of K28.

The N27P A 40 mutation had been shown previously to form lgbsimilar to
WT [83], and was unlikely to perturb theturn [216, 217]. However, the N27P
mutation did lead to significant changes in bindoapacity of fibrils for CR and
Myr, consistent with docking results. It is no@bhowever, that while the binding
capacity of the N27P fibrils for CR decreased,Nha binding capacity increased. It
is not clear why the replacement of N27 with a ipeiinduced a different effect on
CR and Myr. One possibility is that there are atiéiht molecular interactions

responsible for the binding of CR and Myr to Abrils at this position.

The uncertainty in the data did not allow an ac®urdetermination of the

dissociation constantKg) for the binding of CR or Myr to the different fils

species nor to explore multiple binding site moddiowever, existence of multiple
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binding sites of CR on A has been proposed before [218], and our data would
suggest that there are at least 2 potential binsiteg for CR on the Afibril, the two
perturbed by the K28 modification and N27P mutgtiand potentially a third
binding site that gives rise to the shift in absorte used for amyloid detection. For
all fibril samples, this characteristic shift in GRsorbance with fibril binding [190],
was still observed (data not shown). To our knogée there are no previous reports

regarding the binding site of Myr on A

Our CR docking and experimental data are in agreemgth some previous
proposals for CR binding to A Hydrophobic interactions were hypothesized aypl
a key role in the burial of the hydrophobic cemeCR, while the negatively charged
sulfonate groups were thought to interact with sipeely charged amino acid [218,
219]. Additionally, based on geometric constraif®20], it has been proposed that
CR is aligned parallel to the fibril axis and pergeular to the -strands, while
interacting with 4 stacks of Amonomers. Such a binding mode was observed in all
three docking sites of CR. Other studies have estgg that CR may bind near a

histidine amino acid [221], however our dockingmida3-H14 was not reproducible.

Our docking predictions and the experimental daiggest that despite being
structurally dissimilar, several toxicity inhibiggrincluding CR and Myr, can bind at
similar sites on A fibrils. The identification of these sites nowloals us the
opportunity to explore the biological relevancettoése common binding loci on A

fibrils. Particularly, these may be Asurfaces implicated in the interaction of A
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with cell membrane, which may become inaccessitdenvan inhibitor is bound.
The potential role of the inhibitors’ binding siteill be the focus of our future

investigations.

5.5. Conclusions

In summary, we have shown the power of computatidoeking at elucidating
possible binding sites of small molecule toxicityhibitors to A. We have
experimentally verified the binding of 2 toxicitynhibitors at two sites, and
demonstrated indirectly that another 3 toxicityilnifors may bind at one of those
sites. The work has identified amino acids and domcthe A fibril associated with
toxicity inhibitor binding, but possibly more imgantly, it provides us with a
platform forin silico screening of libraries of compounds that bind toffrils that

could then be tested for Aoxicity prevention.
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Chapter 6: The role of Lys28 in Aiological activity andn
silico screening for potential Atoxicity inhibitors - Preliminary

results

6.1 Introduction

As described in Chapter 5, we have found that twacity inhibitors, Congo red
(CR) and myricetin (Myr), bind at two common loei o-Amyloid (A ) fibrils; at the
-turn near Lys28 and near the C-termini. Compaoteti docking predicted that
melatonin and nicotine, two additional previousgported toxicity inhibitors, may
also bind in the same two sites. Reductive allgtabf the primary amines of A
fibrils in the presence of Myr, melatonin, nicotia@d curcumin, was attenuated,
suggesting that these inhibitors interfered witlesth reaction sites on Afibrils.
Based on our findings that CR and Myr bind near28yswe believe that the
interference of nicotine, melatonin and curcumirthwthe alkylation of one of the

primary amine of A was at Lys28.

The identification of sites that serve as bindiog lof multiple dissimilar toxicity
inhibitors may suggest that these loci have a Qiok relevance in the activity of
A . For example, the loci may be involved in medigtihe interactions of Awith
the cell membrane, which is hindered in the preseridhe inhibitors. We describe
here preliminary results of assessing the potemtild of Lys28 in A biological
activity. A was shown to interact with cell membrane and temally disrupt the

lipid bilayer [40, 42, 43, 153]. The possible rofiethe three primary amines; the N-
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terminus, Lys16 and Lys28, in the binding of o cell membrane is described. The
effect of the toxicity inhibitors on Abinding to cells was also explored. The results
indicated that the primary amines played a roléhm binding of A fibrils to cell
membrane. Based on our findings that CR and Myr lbend near Lys28, we
hypothesized that among the primary amines of l4/s28 may be the most relevant
amine in the binding interactions. The resultsvjte new insights into the molecular

and biophysical factors that mediate Biological activity.

Driven by our findings, we hypothesized that nawvellecules that can bind with
high affinities at Lys28 may serve as potent iroitsi for A binding to cells and for
A toxicity. The recent elucidation of the structulatails of A fibrils enables the
usage of computational tools to predict and molelinteraction of A fibrils with
molecules. In silico Virtual Screening (VS) of large databases of mdiex is a
potent tool for the discovery of lead compounds,ciwhhas the potential to be
optimized to develop therapeutics. The advantaf&&S over other drug discovery
strategies include the requirement for lower resesitand the ability to cover a wide
chemical space [222]. We performed a VS to discaeeel small molecules that are
capable of binding at two loci on the Asurface identified as important for A
binding to cells; Lys28 and the C-termini, and wheould possibly be used as lead
structures for drug discovery for Atoxicity. DOCK 6 [181, 223] was used to
perform the screening of two small molecules lilmsirthe National Cancer Institute
(NCI) diversity set (~1400 molecules), and a larget of Central Nervous System

(CNS) permeable molecules (~350,000 molecules)e mblecules of both libraries
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were ranked according to the calculated energyescorhe top scored molecules can
potentially prove to be strong binders to Aggregates and to inhibit Aoxicity. To
complete this work,in vitro testing of the top compounds identified should be

performed.

6.2 Materials and Methods

6.2.1 Materials
All chemicals were purchased from Fisher (PittshuiA) or Sigma Aldrich (St.
Louis, MO), unless otherwise specified. Cell cudtueagents were obtained from

Invitrogen (Carlsbad, CA).

6.2.2 A fibril preparation

A 40 (Anaspec, San Jose, CA) stock solutions weneaped by dissolving A at
10mg/ml in ddH20 with 0.1% TFA for 60 minutes. Téi@ck was diluted in PBS
(138mM NaCl, 10mM NgdPQ, 2.7mM KCI, 1.8mM KHPQ,) to a final
concentration of 100uM, and was gently mixed usingtator for 24 hours at room
temperature. This fibril preparation method caiesiy produced fibrils with a “non-
twisted” or flat morphology, similar to those usexobtain the published ssNMR

structure.

6.2.3 Modification of lysine amino acids

The modification of lysine residues was performédrdibril formation using
reductive alkylation with formaldehyde at®5 Sodium cyanoborohydride was used

as a reducing agent. The reaction was carrie@avi8A , 880uM formaldehyde
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(1:10 A :formaldehyde molar ratio) and an excess of sodiyamobohydride

(88mM). After 6 hours the reaction was quenchethbyaddition of an excess of
ammonium bicarbonate. The reaction modified thieminus, K16 and K28, as
indicated by MALDI TOF MS of tryptic fragments of A The lysine alkylated

fibrils are abbreviated AKnemfor the reminder of this paper. Amewfibrils were
centrifuged, washed 3 times to remove the chemézalents and resuspended in PBS
before being added to cells. WT fibrils were cémgged and washed similarly to
maintain consistency between the samples. SoAubleligomers that formed during
aggregation along with any unaggregatedwould be removed during the washing

procedure.

6.2.4 A binding to SH-SY5Y cell membrane

The binding of A fibrils to SH-SY5Y cells was detected using flusrently
labeled A fibrils and flow cytometry. 100uM Awere mixed with 1% fluorescently
labeled TAMRA-A (N-terminus labeled). Awas aggregated for 24 hours at room
temperature to form fibrils. Afibrils were then chemically modified as described
The reaction had no effect on TAMRA fluorescencel-&Y5Y cells were grown
using Minimum Essential Media (MEM) using 10% Fetal BevSerum, 1%
Fungizon, 1% Penicillin, and 2.2gr/L sodium bicarate, in a humidified incubator
with 5% CQ at 37C. Cells were plated in a 96 well plate at 100,665 / well for
24 hours to allow adherence of cells to plate sexfarhe cells were fixed by adding
PBS containing paraformaldehyde to the media,fioah content of 2%
paraformaldehyde for 15 minutes. 50uM fluorescelatheled A fibrils in PBS

were then added to SH-SY5Y cells and the plateim@sbated for two hours at %7.
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Cells were then washed using PBS to remove anywnmbA fibrils, gently scraped
off the plate surface and analyzed using flow cygtignto detect relative amount of
A bound to cells. Geometric mean of the fluoreseentensity of the cell
population was considered as a measure of the ambén bound to cell surface.
Fluorescence intensity measurements were corrémtélde autofluoescence of
unlabeled cells. Care was taken to ensure thaffifvels that might have been
counted in the flow cytometer were gated suchttiag were not included in the A

fibril-cell fluorescence.

6.2.5 Structure base Virtual Screening (VS)

The program DOCK 6 [181, 223] was used for dockifi¢pe receptor in docking
simulations was an NMR AlO fibril structure made up of 12 A9-40) monomer
units, where residues 1-8 were unstructured anefibre omitted (coordinates from
solid state NMR, provided by R. Tycko by personahowunication). A -2 stagger
configuration [91] of the fibrils was used (struguAb40ml_2). We previously
showed that docking of inhibitors was the same+H®rand -2 stagger, and among
different structures of the same stagger configmmai{Chapter 5). Hydrogens
missing from A were added using PDB2PQR [185] (version 1.2.1ngighe Amber
force field and assigned pH of 7.4 using PROPKAG]18A charges were added
using Antechamber [187] embedded in Chimera [188}ructures in mol2 format
(ready for docking) of the NCI diversity set andtbé CNS-permeable library were
obtained from the database ZINC [183]. The prdionastates of inhibitors of both
libraries correspond to pH values of 5.75 to 8.erefore some inhibitors were

considered multiple times. Binding sites were medi by stripping all receptor
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hydrogens, and then the program DMS, embedded iniKD®@s used to calculate
the accessible receptor surface. Sets of overigpgppheres were generated using
SPHGEN (embedded in DOCK) to create a negative entdghe receptor surface.
Two exclusive binding sites were screened; Lys28ufn) and Val36-Val40 (C-
termini) of the four central chains of the Abril structure were defined as the center
of the binding site, and spheres within 8A werduded in the binding pocket. The
binding pockets were visually inspected to exclspleeres outside theturn or away
from the C-terminus, respectively. Docking was usmg a grid based score with a
flexible ligand and rigid receptor using defaulttsws except for the following:
minimal anchor size was 20 atoms, and ligand ctagrlap was 0.9 (no more than
10% atomic radius overlap). Energy and contaaisgwere generated using the
default settings within a box surrounding the bigdsites with 5A margins. DOCK
was run serially on a cluster containing 32 nodedual-core AMD-Opteron at the
UMBC High Performance Computing facility. The laiQdlS-permeable library was
subdivided into subsets of 150 molecules each, wviere docked individually. The
results from all individual runs were later intetgih and re-ranked using in-house
procedure. The docking results of the CNS-perngeabt were clustered based on
structure similarity using the ligand-info serv&2f] using a modified Tanimoto
coefficient of 0.8. The docking results were indpd visually using Chimera [188].
Molecular descriptors were calculated using the ClKlecular descriptor GUI

[225].
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6.3 Results

6.3.1 The effect of Lys alkylation on Aibrils binding to SH-SY5Y cells
The binding of A fibrils to SH-SY5Y cell membrane was detected gsi

fibrils prepared with fluorescently labeled Aand flow cytometry. The primary
amines of A fibrils were modified using reductive alkylationitiv formaldehyde.
Previous data indicates that the reaction modthesN-terminus, Lys16 and Lys28,
of the A fibrils at the conditions used. Binding to fixéeH-SY5Y cells of
unmodified fibrils (WT) and modified fibrils (AKmer) in PBS was compared. As
shown in Figure 6.1, the binding of Anmern fibrils was higher than WT fibrils
(p<0.05), suggesting that the modification alteead A locus (or loci) that are
important for A binding to the cell membrane. We hypothesize tt@imodification
of Lys28 is the one that resulted in the chandainding since we have shown before

that at least two inhibitors bind near Lys28.

We then attempted to elucidate the possible roleys8 in A binding to cells.
Based on the NMR structure of Aibrils Lys28 is buried inside the-turn [91],
therefore we eliminated the option that Lys28 my at an interface that becomes

in contact with the cell membrane upon binding.

To explore whether the enhanced binding of theki e fibrils compared to WT
fibrils was due to differences in electrostaticenaictions, we repeated the binding
assay at a lower ionic strength than of PBS. Thdil#ils (WT and A -Kmet) Were

centrifuged and washed to remove the salts, andréseispended in phosphate buffer
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(PB). The final ion concentration after resuspemsn PB was 30mM compared to
134mM in PBS. The results shown in Figure 6.1 iagichat WT A fibrils binding
in PB increased to the same levels of theKienfibrils in PBS, whereas AKmetn
fibrils binding did not change. The effect of bimgl at low ionic strength which
affected binding of WT fibrils but did not affect AKnmenfibrils, suggests that ions

attenuated the cell binding only of WT fibrils.

We then tested the binding of Aibrils in the presence of Myr, which we found
binds less to A-Kner fibrils than to WT fibrils, and of nicotine, melatim and
curcumin, which attenuated the methylation of primary amines by formaldehyde.
The results, shown in Figure 6.2, indicate the Mgs able to attenuate the binding of
both WT and A-Knet fibrils to the cells (p<0.05). The effect of théher three
inhibitors seemed opposite for both types of fdriBinding of WT fibrils seemed to
increase in the presence of nicotine, melatonin @amwdumin, while the binding of
A -Knmetn fibrils seemed to decrease, although not all diffiees were statistically
significant (Figure 6.2). CR, the other inhibitee found that binds near Lys28,
could not be tested in a similar experiment becatResignificantly quenched the

fluorescence of TAMRA.
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Figure 6.1: Binding of WT and A -K et fibrils to SH-SY5Y cells in PBS and in
PB. The Y-axis is the geometric mean of fluorescenceedis. A -Kpewfibrils in
PBS bound more to cells than WT fibrils. At lowenic strength (PB), WT binding
increased to the same level of -Kmer fibrils in PBS, whereas AKmer, fibrils
remained unchanged. Data was collected in thrdependent experiments with five
replicates for each sample. Bars represent stdnel@or, asterisk designates p <
0.05.
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Figure 6.2: Effect of inhibitors on binding of WT (black) and A -Ket (gray)
fibrils to SH-SY5Y cells. The Y-axis is the geometric mean of fluorescesfaeells.
Myricetin decreased the binding of both types ofils, while the other inhibitors
affected the two binding of the two fibrils in appmsite manner. Data was collected
using five replicates for each sample. Bars represtandard errors. Asterisks
designate p < 0.05.
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Taken together, these results suggest that atteactlectrostatic forces are
important in the interaction between WT fibrils atiee cell surface, and are less
important in the interaction with the cell when fit&il is methylated at the lysines.
The interaction of the cells with both WT and-Kenfibrils can be blocked by Myr
but not by the other inhibitors. The ability of M block the binding of A-Kneth
fibrils despite the reduced binding near Lys28,gass that Myr binding at another
A binding site is responsible for reducing the bmgdof A to cells. We postulate

that all inhibitors bind to at least two bindingesi on the A surface.

6.3.2 Structure based Virtual screening (VS)

The cell binding data is in agreement with our pas hypothesis that Lys28
plays a role in A biological activity. However, it is clear from dtire 6.2 that
another loci is also important for Acell binding. Based on our inhibitors study
presented in Chapter 5, we hypothesize that tHacnear the C-termini of Amay
also be important for the activity of A We therefore postulate that small molecules
that bind with high affinity at one of those twaes can potentially inhibit the
interactions of A with cells. VS is a powerful methodology for tbescovery of
small molecular weight inhibitors / binders. VStypically carried out by defining
the 3D target and the libraries of molecules tsd¢reened, docking the molecules and
ranking them, and inspecting the docking resul&2]2 Thein silico predictions
should then be testad vitro. To that end, we performed VS of two independent
libraries of molecules and docked them againstwleA sites; Lys28 (-turn) and

the C-termini. The binding pocket in DOCK is defthby spheres which represent a
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negative image of the receptor surface. We coctgtiubinding pockets around each

of the sites as illustrated in Figure 6.3.

The two libraries we screened are the NCI Diversiget |l
(http://dtp.nci.nih.gov/branches/dscb/div2_explarahtml) and a CNS-permeable
subset of molecules available from the ZINC datalja83]. The NCI Diversity Set
Il was derived from nearly 140,000 compounds. iadecules were selected based
of suitability for computational modeling, and unéness of pharmacophores (e.g.
hydrogen bonds donors/acceptors). The final rasudt set of 1364 molecules. A
more detailed description for selection and fillgrimethods used to generate the
diversity set is available at the Development Thpewdics Program (DTP) NCI
website. The CNS-permeable set is a prefilterdibetuthat was sorted from all
molecules available on ZINC based typical CNS-paifiigty criteria: polar surface
area between 0 and 60%A150 < MW < 400, 1.5 < logP < 2.7

(http://zinc.docking.org/index.shtinl where logP is the predicted octanol / water

partition coefficient. The ZINC database contamwsr 13 million small purchasable

molecules. The CNS-permeable subset contains ip3§0,000 molecules [183].

The docking results of the top 50 molecules wergpécted visually using
Chimera [188] to eliminate unreasonable binding esodLigands docked with more
than two steric clashes were eliminated. The éoprholecules of the NCI diversity
set and of the CNS-permeable libraries to the Lyw28 C-termini binding sites are

depicted in Tables 6.1 through 6.4, respectively.is commonly accepted that
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molecules that are structurally similar are likébydisplay similar activities [226].
Whereas the NCI diversity set was created whileuemg diversification of the
library, the CNS-permeable library contains molesuthat are structurally similar.
Therefore, we clustered the top 2000 binders basedtructure similarity. The
structures of best binders of the CNS-permeablesisetvn in Tables 6.3 and 6.4

therefore represent the top 10 structurally divenséecules.

Figure 6.3: The two binding pockets considered for VSThe Lys28 site (green)
and the C-termini (blue) were composed of sphdraswere constructed around the
protein surface.
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1. NSC260594, -74.2 kcal/mol

2. NSC61610, -69.4 kcal/mol

3. NSC91529, -69.1 kcal/mol

4. NSC67436, -68.0 kcal/mol

5. NSC80731, -65.9 kcal/mol

6. NSC58052, -64.0 kcal/mol

7. NSC37553, -62.3 kcal/mol

8. NSC36317, -59.8 kcal/mol

9. NSC78676, -59.6 kcal/mol

10. NSC91368, -58.0 kcal/mol

Table 6.1: NCI diversity set best binders at the Lys28-turn cavity.
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1. NSC260594, -79.6 kcal/mol

2. NSC60340, -78.0 kcal/mol

3. NSC60339, -76.6 kcal/mol

4. NSC36818, -74.5 kcal/mol

5. NSC67436, -74.0 kcal/mol

6. NSC123115, -70.4 kcal/mol

7. NSC80735, -70.2 kcal/mol

8. NSC99657, -67.0 kcal/mol

9. NSC133071, -66.6 kcal/mol

10. NSC80734, -66.5 kcal/mol

Table 6.2: NCI diversity set best binders to the C-termini.
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1. -60.5 kcal/mol 2 _59.9 keal/mol

3. -59.6 kcal/mol 4. -59.1 kcal/mol
5. —58.9 kcal/mol 6. -58.6 kcal/mol
7. -58.6 kcal/mol 8. -58.3 kcal/mol
9. -58.2 kcal/mol 10. -58.1 kcal/mol

Table 6.3: CNS-permeable library best binders at Lys28-turn cavity.
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1. -88.9 kcal/mol 2. -88.6 kcal/mol
3. -86.2 kcal/mol 4. -84.9 kcal/mol
5. -84.3 kcal/mol 6. -83.9 kcal/mol
7. -82.8 kcal/mol 8. -82.8 kcal/mol
9. -81.6kcal/mol 10. -80.2 kcal/mol

Table 6.4: CNS-permeable library best binders to the C-termini.
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The top binders of the NCI diversity set have ahbrgaverage molecular weight
(460) than the average molecular weight of all males in the library (280). The top
binders also have a higher number of hydrogen mbrs (HBD) and acceptors
(HBA) than on average in the library, 2.9 and &§pectively, compared to 1.7 and
3.7 in the library. The higher HBD and HBA numbstgygest that hydrogen bonds
are important for the binding of inhibitors boththe C-termini and at the-turn.
Nearly all molecules of the NCI diversity set forna least one hydrogen bond with
Lys28 or Asp23 when bound at theturn, or with the C-termini carboxyl when
bound near the C-termini. There are no differencegbe average molecular weight,
HBD or HBA numbers between the top binders at titer@®ini or at the -turn of the
NCI diversity set (Tables 6.1 and 6.2). On theeothand, the average partition
coefficient (xLogP) of molecules from the NCI dis#y set predicted to bound at the
-turn appears higher than of molecules predictebirid at the C-termini, 5.5 £ 0.9

compared to 3.6 £ 0.8. This is consistent with theirn binding site being a

hydrophobic cavity, whereas the C-termini sitedlvent accessible.

The top binders of the CNS-permeable library imksites have several structural
differences. The molecules that docked inside tharn have a slightly higher
molecular weight compared to those docked at ther@ini (36917 and 327+7,
respectively). Additionally, molecules docked imet -turn had more HBA than
those docked at the C-termini. This can be expthiny the presence of Lys28 and
Asp23 as HBD and HBA in the-turn, while at the C-termini the molecules formed

hydrogen bonds primarily with the C-termini, whishan HBA. The average number

122



of HBD is the same among the best scored moledoldmth sites. In terms of

structural elements, the top binders at tiiarn tend to have ketone groups, while the
top binders in the C-termini tend to have etheugeo(Tables 6.3 and 6.4). Despite
the differences in hydrophobicity between the twess there are no differences in

the partition coefficient of the top binders in Ihaites.

6.4 Discussion

Lysine amino acids were previously suggested asitapt in A interactions
with cells. Positively charged amino acids, R56Kihd K28, were hypothesized to
mediate electrostatic interaction of Avith cell membrane [39, 102]. In the previous
chapter we found that several structurally différehibitors bind at common loci on
A fibrils, one of them was Lys28. The other comnmsda for two toxicity inhibitors
was near the C-termini of the Aibril. Our goal in this project was to test whet
Lys28 has a role in A biological activity. The preliminary data was lized to

launch an inhibitor discovery search using comporial docking.

In order to assess the biological role of Lys28Aof fibrils we used a lysine
specific chemical modification. Methylation of thamary amines of A fibrils was
performed using reductive alkylation with formalgidk. Mass spectrometry data
indicates that all three amines; N-terminus, Lyst@ Lys28 were methylated or
dimethylated (data not shown). The binding of imenodified (WT) and modified
(A -Kmetn fibrils to SH-SY5Y cells was compared (Figure)6.IT'he results indicate

that the methylation of the primary amines increlage binding of A to the cell
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membrane. When the binding was assessed agawet ion strength, the binding
of WT fibrils increased to the same level of-Kenfibrils. The results suggest that
methylation of the primary amines of Aibrils increased the propensity of the fibrils
to bind to cells, and that ions attenuated theibgadf WT fibrils but not of A -Ketn

fibrils.

Methylation of primary amines does not change thergdn of the lysine amino
acid. However, the methylation of Lys28 may hawstdbilized the fibrils. As
described earlier in Chapter 3, lower fibril stapilwas associated with higher
biological activity of A. It has been shown previously that (25-35) fibrils
prepared with acetylated Lys28 required less machhforce to deform the fibrils
[227]. Possibly, the methylation decreased thal fgtability, and these less stable

fibrils disassembled and the smaller subunits banack to the cells.

The simplest explanation for the effect of ionstlo@ binding of WT fibrils is that
negative ions bound to the positively charged amjinend masked attractive
electrostatic interactions with the negatively cear cell membrane. The
methylation of the amines possibly sterically hirsdthe binding of a negative ion,
thus eliminating the electrostatic shielding. Aitatively, the effect of ions on the
binding could be explained via the effect of iofisvater structure. The existence of
water molecules within the-turn is thought to play a role in solvating thep28-
Lys28 salt bridge which is relatively buried anékslizes A fibrils [92]. The

presence of ions in water lowers the propensityvafer to form linear hydrogen
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bonds network [228]. Therefore, the removal ofsienay have altered the way by
which water molecules solvated the Asp23-Lys28 &aitlge, and changed the
mobility of K28 and its accessibility and/or progég to interact with the cell

surface.

While we focus on Lys28 due to our findings of mitors that bind at this
location, our chemical modification changed alse Mrtermini and Lys16, which
could also potentially affect cells binding. Peutarly, as discussed in Chapter 3, the

N-terminus segment seems to play a role inbfding to cell membrane.

We then tested the effect of five inhibitors on theding of WT and A-Keth
fibrils to cells. Myr, which we have shown bindsan Lys28 and at the C-termini of
A fibrils reduced the binding of both types of fibr{Figure 6.2). This is the first
report of the potency of Myr to reduce Ainding to cells. Nonetheless, the ability of
Myr to attenuate the binding of AKmet fibrils, despite the reduced binding near
Lys28 as previously shown, suggests that the itdriypmechanism does not involve
that binding site. Possibly binding of Myr to tketermini reduced the binding of
A . Alternately, the reduced binding of An the presence of Myr may be due to a
mechanism that is not involved binding to any af thnding sites we elucidated in
Chapter 5. Interpretation of the effect of theentinhibitors on A and A -Kneth
fibrils to cells is more difficult, primarily becae we do not have direct evidence for

binding of these inhibitors to A fibrils at Lys28, or at other loci. Further
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investigation is required to shed more light onititeraction of those inhibitors with

A aggregates.

Despite the somewhat equivocal results regardiagithloci or surface that are
important for toxicity, we initiated a search farvel low molecular weight binders to
the two sites previously identified; Lys28 and @eermini. Two libraries were
screened and ranked using docking. The NCI diyesst was selected among other
consideration based on unique pharmacophores of niodecules, therefore
appropriate to cover a wide chemical space. Thergklibrary was screened based
on molecular properties that are associated witlsPBrmeability. Endothelial cells
in the brain form the blood-brain-barrier (BBB) whi modulates the transfer of
molecules to and from the brain [229]. The low @etective permeability of the
BBB adds a significant challenge to the developnantirugs that target the CNS
[230]. Therefore, screening a large library of ewniles that are predicted to cross the
BBB may be fruitful. The best binders as predidigadiocking are depicted in Tables

6.1 through 6.4.

As described in Chapter 5, the binding of CR and Etythe -turn and near the
C-termini was confirmed experimentally. CR had thighest energy among the
inhibitors we studied in Chapter 5, aimdvitro CR showed a higher affinity than Myr.
Therefore, we used CR as a positive control forMBeresults. The docking energy
scores of CR when docked near Lys28 is at the @098 percentile of the NCI

diversity set and the CNS-permeable library, repely. When docked at the C-
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termini, CR score was at the 99 percentile of béhNCI diversity set and the CNS-
permeable libraries. All of the molecules shownTiables 6.1 - 6.4 have better

docking energy scores than CR.

Interestingly, two molecules from the NCI diversiget, NSC260594 and
NSC67436, are ranked among the top ten binderstim lnnding sites. Among the
top 50 binders to both sites there is an additi@eahmon molecule. In the CNS-
permeable library, the seventh top binder in thHern is ranked 11 among the top
binders at the C-termini. In addition, a molecwith high structural similarity to the
top molecule in the-turn (Table 6.3) is an enantiomer of the 16th males in the
C-termini. These similarities may be a result lo¢ trelatively lenient geometric

constrains of the binding site which may resulbiv specificity.

The Lipinski “rule-of-five” defines criteria for dg likeliness of molecules
[231], in terms of numbers of HBA and HBD, MW, arartioan coefficient (logP).
Since the best binders of the NCI diversity in baites have relatively high
molecular weight, some of them violate the “rulefigé” of M.W < 500. The CNS-
permeable library was predefined with more resugctriteria than the “rule-of-five”
in terms of molecular weight and partition coefiai. Although the numbers of
HBD and HBA were not predefined in the CNS-permeditlrary, these values also
do not violate the rule-of-five for number of HBDndh HBA (<5 and <10,
respectively). The compliance of the best bindéthe CNS-permeable library with

the “rule-of-five” makes these molecules drug-likgerms bioavailability.
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6.5 Future work

The work presented here is preliminary and shouéd dontinued before
significant conclusions can be made regarding thportance of Lys28 in A
activity. Furthermore, the role of the C-termihibsld be explored using mutants or
other structural alteration methodologies. While feund the potency of Myr to
inhibit the binding of A fibrils, both WT and A-Keth t0 be reproducible, the affect
of the other inhibitors on Abinding should be further explored. At the sametin
vitro testing of the molecules we identified using V8uld lead to the discovery of
novel inhibitors of A cell binding and toxicity. Perhaps, prior to thevitro testing,
it is advisable to perform a similarity search amge databases for the top predicted
binders, which will be again virtually screened aadked. The results of this work
contribute to our structural understanding of Activity, and may yield novel
inhibitors that could potentially serve as lead poomds for drug discovery for

Alzheimer’s disease.
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Chapter 7. Conclusions and future directions

7.1 Introduction

Alzheimer’'s disease (AD) has increasingly captutkd public attention and
awareness in recent years. The recent effortsdmudveries made by the scientific
community have brought us much closer to a thetapéor Alzheimer’'s than we
were only a decade ago. Yet, the molecular biolmggerstanding of AD is lacking
and is one of the central hurdles towards the dgwveént of efficacious, potent and
safe therapeutics. For example, the mechanisntBeo$ecretases in cleaving APP
and liberating -Amyloid (A ) are not fully understood. In this work we have
attempted to advance research towards anotheratemtresolved matter; how does
A structure at both the macroscopic and molecuiagl leontribute to A toxicity?
Many laboratories have attempted to answer thistoguebefore, and contributed to
our understanding of the structure — neurotoxio#yationship of A. Nonetheless,
the plethora of proposed structures and mechanisnmdy that the scientific

community still has not identified and agreed oahstelationships.

7.2 Summary of work and contribution to the field

We first tackled the structure aspect of the pnobleWe extended a previous
study from our lab which identified that the greststructural rearrangement which
accompanies the transition from spherical oligoméhnst were highly toxic, to
mature less-toxic fibrils, was in residues 1-16e Uged amino acid specific chemical

modifications to assess the solvent accessibilitywo residues, Arg5 and Tyrl0,
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upon the oligomer to fibril transition. We fountlat Arg5 seems to be more
structured in the fibril configuration. Nonethedesve found that fibrils of different
morphology formed under different aggregation ctads seem to lack that structure
around Arg5. The fibril which was structured atgBrwas shown in the past to be
less toxic and more stable than the oligomers dred Arg5 accessible fibrils,
suggesting that Arg5 may have a role in stabilitg/ar toxicity of A aggregates.
We measured nonspecific binding of Ao cellsin vitro, and assessed the role of
Arg5 in binding by chemically modifying with PGQOrhe modification at Arg5 of A
fibrils changed the amount of Abinding to cells, suggesting that indeed Arg5 play
some role in A binding to cells, and potentially in Aneurotoxicity. To our
knowledge, this is the first time that a molecuéael difference is identified near the
N-terminus, between A intermediate oligomers and fibrils, and betweero tw
different fibril morphologies formed by A0. The evidence that we provided
regarding the possible role of Arg5 in Aoxicity contributes to our overall picture of

factors that effect Atoxicity.

Despite identifications of some molecular levelfeliénces between oligomers
and fibrils that we and other have made, which @¢qdtentially justify the disparity
in their biological activity, it appears that thexee considerable similarities between
the structures of the oligomer and fibril. The egmation that the A oligomer and
fibril may in fact be relatively similar moleculgrlled us to explore whether the
micro-scale difference in size of the aggregatescoentribute to the observation of ‘a

more toxic oligomer. We constructed a diffusiamited reaction model for the
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toxic reaction of A with cells that accounted for differences deriftean the size of
the aggregates; concentration and diffusivity. Tésults of the simplified model
indicate that the higher toxicity of Aoligomers can be explained, at least partially,
from diffusivity and concentration consideration$Vhile we do not propose that
there is no molecular structure basis for the umiduological activity of A
oligomers, the model highlights an aspect oftéxicity which is overlooked by most

researchers.

We then turned towards identifying loci on Aaggregates that constituted the
“active-site” of A ; the amino acids that are essential fortéxicity. A review of the
literature indicate that at least thirteen différamino acids (out of 40 or 42) were
shown or implicated by various techniques to coote to A toxicity, ranging from
the N-terminus of the Asequence to M35. We sought a unique approacteiifigd
the “active sites” on A, in which we elucidated the binding sites of snmadilecular
weight toxicity inhibitors as a means to explorsidaes and surfaces on Ahat are
associated with toxicity. Our overall goal wasidentify molecular level details of
the interaction of A with neurons. We used computational docking tedjt the
binding sites of several small molecular weightilitors on A fibrils. We found
that all inhibitors were predicted by docking tadbiat two common loci; near Lys28,
and at the C-termini near Asn27 and Val39. Aminm @hemical modification and
single-point mutation were used to experimentaklyify the docking predictions.
We found that two inhibitors, Congo red and myticealthough structurally distinct,

share the same binding sites on.A Additionally, our data suggest that three
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additional previously reported Atoxicity inhibitors may also bind in one of thees.
Our findings may suggest that the common binditesf several toxicity inhibitors
are important for A-cell interaction. The role of the two sites waglininarily
investigated, and our results suggested that Lpé®@ a role in nonspecific binding

of A to the cell membrane.

This project had several important contributio3rst, this is the first computer
guided elucidation of binding sites of inhibitoossA aggregates. Specifically, this is
the first elucidation of the binding site of myriceto A . The binding of Congo red
to A has long been investigated by others [218, 222, 233]. Our computational
docking supported by experimental data providesd sevidence for the mode of
Congo red binding which is in agreement with sonfighe previously proposed
mechanisms. Most importantly, our finding of a coommoci of binding of two or
structurally distinct inhibitors suggest that thweotsites identified have biological
relevance which was preliminarily investigated.s&@ on our findings we performed
a computational search for small molecules witbrgirbinding affinities to the sites
we have identified. Two libraries were screendte National Cancer Institute
diversity set and a Central Nervous System permeealblecules. The screening has
identified molecules that are predicted to bindwhigh affinity at the loci of binding
of previously reported known inhibitors. The malks can be now tested vitro

for their ability to bind to A aggregates and for the potency to attenuatéoRicity.
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7.3 Future directions

The progress we have made in this work providesopportunity to explore the
implications of our findings. Some of these oppoities are outlined briefly here, as

well as other related possible future work.

7.3.1 N-termini structure upon binding of metal ions

The binding of metal ions such as?Zand Cd* to the N-terminal segment of A
was implicated in A deposition in the brain and in Aeurotoxicity [13, 103, 234].
Although the N-termini is commonly viewed as disnetl, we have shown in
Chapter 3 that certain Afibrils show lower solvent accessibility at ArgAdmong the
several proposed binding sites for metal ions, Hi4613 and His14 are repeatedly
reported as capable to binding of metal ions [H@R]. Specifically, Zfi" binding
was shown to involve the three histidines and Ghhich promoted helical structure
formation while stabilizing A1-16 fragment [110]. In this proposed project the
relationships between the solvent accessibilityhisfidine residues of different A
aggregation species, zinc binding capability aatisty of A 40 and A42 would be
determined. Diethylpyrocarbonate (DEPC) is a tlise@ chemical modifier [141]
which could be used to assess the solvent acdéysdfi His6, His13 and Hisl14 of
different A aggregation species. Proteolytic digestion foddwby mass
spectrometry can allow the identification of thedbon of the modified histidines
and quantification of relative amounts of the kistes modified. The structural
rearrangement of segment 1-16, particularly, theethhistidines, Arg5 (using PGO

modification) and Tyr10 (using TNM) could be assessgon binding of Zfi.
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Finally, the affect of zinc binding of the stalyliof the aggregates will be determined
using circular dichrosim and guanidine hydrochlerid This work could reveal
whether metal ions impose the formation of struetir the N-terminus of the full

length A and the role of such structure of the stabilityhaf aggregates.

7.3.2 Testn vitro potency of inhibitors identified in virtual screening

The top ranked compounds from the virtual screemagcribed in Chapter 6
could be testedh vitro for their binding affinity to A and their ability to attenuate
A toxicity. Compounds from the ZINC database arailable commercially, and
compounds from the NCI diversity set are availaiotean the NCI. Compounds
should be first tested for intrinsic toxicity to laue cells. Nontoxic compounds
would be tested for potency to block A&ell surface binding and inhibit Atoxicity.
Compounds found to inhibit Atoxicity could be further analyzed to determineith
IC50 values. It would be beneficial to perform dhiemical and biophysical
characterizations of the most promising compounds elucidated by virtual
screening, andh vitro toxicity and binding assays. Amnutations and/or amino acid
specific chemical modifications could be used taifyehits’ binding site. The
specificity of the inhibitor to A could be analyzed by testing the inhibitors’ bingli
to other proteins. Successful compounds couldtioetarally optimized to increase
binding affinities and inhibitory potency. Ultiney, the goal of this proposed
project is to test the most promising compoundeglasidated by virtual screening,
andin vitro toxicity and binding assays vivo, in transgenic mice used as models of

Alzheimer’s disease.
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7.3.3 Elucidation of toxicity inhibitors’ binding sites for fibrils prepared urgléescent
conditions

The work described in Chapters 5 of elucidatingditx inhibitors binding sites
to explore biologically relevant loci, could be reguced for the threefold fibril
morphology recently published [76]. Since theideyt and quaternary structures of
the two fibril morphologies are different, inhibigoare expected to bind at different
locations (see Figure 2.3). The identificationnefv sites using docking could be
followed byin vitro verification using mutated or chemically modifiédrils. The
information could be used to discover selectivehlitbrs which may bind only to one
specific fibril morphology. Such agents could praw be useful in distinguishing
between the two fibril morphologies as an experitaletool. Furthermore, it has
been suggested previously that the formation dewiht fibril morphologies could
possibly explain the existence of Aplaque in non-AD brain [76]. Therefore,
discovering fibril morphology-selective small malées binders could be useful also

clinically, and may help predict prognosis of dsea patients.

7.3.4 Engineering of an A -turn breaker

The goal of this proposed project is to design anafygregation inhibitor that
targets specifically the salt bridge between D28 I8B8 of A fibrils. The formation
of the salt bridge between D23 to K28 was obsemesveral fibril morphologies of
A 40 [76, 91] and in A42 fibrils [84], and is believed to contribute sigrantly to
fibrils stability and to solvation of the hydropiilresidues near the-turn. In
addition, the formation of the salt bridge was thlouto be the rate limiting step in

A aggregation [74]. Fibrils formed by R&5-35 acetylated at Lys28 were
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significantly less stable than unmodified Z5-35 [227], indicating that theamino

of Lys28 plays a role in stabilizing &5-35 fibrils. Interestingly, most of the known
naturally occurring mutations within the Asequence are near D23, all of them
associated with early onset of AD. As describe@lmapter 2, several short peptides
were engineered based on segment oséquence [129-131, 235], to our knowledge,
only one of them targeted also théurn segment, including residues 23-28 [236].
We propose that designing aurn binder peptide can prove to be a useful aggro
in attenuating A aggregation. The general concept is to desigreige that
induces A to form a non-natural and non-amyloidogenic strieet The effect of the

following parameters is proposed to be investigated

7.3.4.1 Torsion angles

Some of the torsion angles of the backbone ofa§jgregates are known from
ssNMR studies [76, 91]. Proline substitutions warewn previously to be effective
“ -sheet breakers” [131], presumably due to prolired backbone angle. The same
approach can be applied to induce a non-natur&bloae angle to disrupt theturn
of A . In addition, other amino acids were also shownhave non-uniform
distribution of torsion angles and tendencies tomfocertain motifs. Several
bioinformatics databases are available which pmviistograms and predict
likelihood of short sequences to form certain bacidangles [237, 238]. Inspired by
the A sequence around residues 20-30, we can ratiodalign peptides that are

predicted to disrupt the experimentally determitadion angles of the Afibril. For

example, A segments with glutamate instead of aspartatepaisaion corresponds
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to D23 together with one or more prolines couldsgady bind to A and force a

different conformation at residues 20-30 which vdopitevent self-association of A

7.3.4.2 Unnatural amino acids

The partial usage of chemically modified, D-, oyagisylated amino acids could
sterically interfere with the -turn region of A. Alternatively, the D23-K28
interactions could be directly targeted using depeptides that can replicate these
electrostatic interactions with the Aequence, and thus prevent AA formation
of the salt bridge. The decoys will include D akdconnected with linkers of
different lengths, which will impose ‘non-amyloidistances between the residues.
Alternatively, non-natural lysines with more/lesgthylene groups between @nd
the primary amine could be used in an-like amino acid segment, and would

potentially bind to A and disrupt the structure of theurn.

7.3.5 A -lipid conjugated as a BBB permeable inhibitor

The tendency of A to aggregate indicates that the sequence otas high
affinity and specificity to its own sequence. Atitahally, A binds to lipids and
folds in a non-amylodogenic form near lipids [239h this project an A fragment
conjugated to a lipid could be engineered as aneaggjon inhibitor. The hypothesis
is that the A fragment will bind with high specificity to extraltular A . The
potential effects of the conjugated lipid includ&) the conjugated lipid could ease
A clearance through the BBB, (2) the lipid would aldfsome of the A sequence

thus possibly dissolve the Aplaque, and (3) the lipid would coat the Aggregates
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and prevent their interaction with cells. Since tmolecule is based on an A
sequence it has the potential to bind to monomers and different forms of
aggregates. Within that underlying principle, eiiint A segments and different
lipids will be explored. For example, peptidesdthef KLVFF or other sequences
within the hydrophobic core of Acould be tested, when conjugated with a fatty
acids or phospholipids. The lipid part should adsodictated by the permeability
properties through the BBB. In addition, multivadg of A recognition segments
could be tested. While it is difficult to preditiie interactions of such chimeric
molecule with A monomers or aggregates, this approach has thetpdte® yield

positive results. To our knowledge, such an apgrdes never been pursued before.

7.3.6 Development of agents that increasdransport via the Blood Brain Barrier
Regardless of the reasons for the impaired braianba of A, increasing A
clearance from the brain through the Blood Brainrida (BBB) may be a useful
approach in reducing the burden of the @ccumulation in the brain. Endothelial
cells in the brain form the BBB which modulates thensfer of molecules to and
from the brain [229]. The low and selective perbitg of the BBB adds a
significant challenge to the development of drupatttarget the CNS [230].
Nonetheless, several strategies to deliver thetmseto the brain via the BBB were
developed, for example by conjugating the therapetat a naturally transported
molecule [229, 230]. Thus, developing an Specific agent that can enhance the

permeability of A through the BBB could be a powerful approach kevadte the A

burden and toxicity. For example, a chimeric agentid be engineered composed of
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two elements; an A specific recognition component and a BBB permeable
component. The hypothesis is that the agent \piicHically and tightly bind A
monomers and aggregates via the recognition component, and will ease the
clearance of A to the blood using the BBB permeable componenthe A
recognition component could be an Apecific sequence, such as segments from the
hydrophobic core of A (e.g. KLVFF). Alternatively, a small molecule Wwitigh
affinity to A aggregates, such as Congo red, could be used. appr@aches for a
BBB permeable component could be explored; receptatiated transfer and
peptide-vector [230]. In the receptor-mediatedhgfar strategy the therapeutic is
fused to proteins or other naturally transportedecules. For example, the fusion of
three transferrins, which are naturally transponedthe BBB using the tranferrin
receptor, was used to target IgG3 to the brain][28Ince our goal is to ensure the
efflux of the A -transfer agent from the brain to the blood, thdemde mediating
the transfer needs to demonstrate bidirectionahstear through the BBB.
Bidirectional transfer of tranferrin was indeed dsstratedin vivo [241], making
tranferrin a suitable candidate. Other naturaips$ported molecules that can be used
for receptor-mediated transfer of the BBB includsulin, leptin, LDL (low-density

lipoprotein) and others [230].

Alternatively, the BBB permeable component couldébenembrane permeable
peptide-vector that can penetrate the BBB [23@r éxample, pegelin and penetratin
(16 and 18 amino acids, respectively) can crodslaelmembranes and were shown

to be effective in crossing the BBB. The peptidese used to significantly increase
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the rat brain uptake of dox, the agent used insthedy [242]. Other bidirectional
peptides include Leucine enkephalin, Arginine vassgin and Luteinizing-hormone-

releasing hormone [243].

Increasing A clearance is likely the mechanism by which @ntibodies acted, at
least in animal models, though they have low peltiga through the BBB.
Possibly, A antibodies bind to A in the blood and shift the brain-blood A
equilibrium [165]. The agent proposed here couwddnfiore potent since it is BBB
permeable by-design. There is certainly the ms#t@veloping such a strategy that the
agent would transport Ainto the brain, not out of it. Thus sufficientepminary
studies would have to be performed to follow the Burden within the brain over

time.
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Appendix A: Scripts

Al. Selection of random atoms from a mol2 filet{y):

# The script enters directory named 1HYT (PDB code, as an example) which has a mol2 #
file in it called receptor.mol2

import random
receptors = ['1HYT']

for x in receptors:
print x # print the name of current PBD direct ory
for i in range(10):
# open the receptor.mol2 file for reading onl
f = open('c:/Linux/Dock_method_validation/%s/ receptor.mol2' %x, ')
lines =]
# skip to second block
line = f.readline()[:-1]

# define file called random_line_i.mol2 where i between 0 to 9 (append)

out_file = open('c:/Linux/Dock_method_validat ion/%s/random_line_%s.mol2'
%(x,i),'a’)

out_file.write(line+\n")

# copy header lines from receptor.mol2 to ran dom_line_i.mol2

while '@<TRIPOS>ATOM' not in line:
line = f.readline()[:-1]
out_file.write(line+'\n")
line = f.readline()[:-1]
# accumulate lines of third block: read lines of atom coordinates
while '@<TRIPOS>BOND' not in line:
lines.append(line)
line = f.readline()[:-1]
# return random line from third block: random atom
rl = random.choice(lines)
print rl
out_file.write(rl)
out_file.close()
f.close()
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A2. Docking to gradually increasing radii (C-shell)

# this script docks ligand to receptor located in 1
# binding pockets (‘ranline’), each one is docked a
# (‘radious’). The script first updates the generic

# (‘anchor_and_grow.in")

#!/usr/bin/csh

foreach dir(LHYT)
cd ../${dir}
mkdir validation
foreach ranline(0 123456789)
foreach radius(7 9 11 13 15 17)
echo Docking in binding pocket ${ranline}
cp ..finput_files/anchor_and_grow.in .

end
end
end
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# update the input file to the correct values:

# the input file has the notations: sphfile, bum

# for the sphere binding sites, the bump and the
# output files, respectively.

sed "s:sphfile:pockets/ran_line_${ranline}_${rad
sed "s/bumpgrid/grid_${site}_${chains}/" dockl.i
sed "s/nrggrid/grid_${site} ${chains}/" dock2.in
sed "s/ligout/ligand_ran_line_${ranline}_${radiu
\mv dock4.in anchor_and_grow.in # rename the fil
\rm dock1.in dock2.in dock3.in

# execute dock
dock6 -i anchor_and_grow.in -o ran_line_${ranlin
# copy files into validation directory and remov

\cp *ran_line_* validation
\rm anchor_and_grow* *ran_line_*

D4P directory. There are ten
s gradually increasing radii
DOCK input file

within ${radius}A
#copy the master input file

bgrid, nrggrid and ligout
energy grid and ligand
ius}A.sph:" anchor_and_grow.in>dock1.in
n>dock2.in
>dock3.in
s}A/" dock3.in>dock4.in

e as anchor_and_grow.in.

e}_${radius}A.out —v

e from working directory



A3. Calculation of area under mass spectra (MATLAB)

% the script gives approximated areas under mass sp
% increments of mass.

% read excel file with mass spectra. Row 1 is m/z,
a = xIsread('C:\Documents and Settings\Ben Keshet\M
TOF\01-01-2010\al\K8-24hrs_rot_2.xIs','A1:B4917");
b =a(:,1);
c=a(,2);
plot (b,c)
% create a matrix m. each row in m is the lower and
the area
m=zeros(2,3);
m(1,1) = 4335; %beginning of WT
m(1,2) = 4370; %end of WT
m(1,3) = 4452; %beginning of 1 PGO
m(1,4) = 4485; %end of 1 PGO
m(2,4) = 4699; %end of spec - any additional addit
fori=1:3

m(2,i) = m(1,i+1);
end
% calculate the areas for each row of m using the f
fori=1:4

a0 = find(b>m(1,i),1)

aend = find(b>m(2,i),1)

area(i) = trapz(b(a0:aend),c(a0:aend))
end
% write the results into a new sheet called ‘area’
xlswrite('C:\Documents and Settings\Ben Keshet\My D
01-2010\all\K8-24hrs_rot_2.xls',area,'area’,’A2:D2'
% label accordingly
titles = {WT' 'WT to 1 PGO' '1PGO' 'more than 1 PG
xlswrite('C:\Documents and Settings\Ben Keshet\My D
01-2010\all\K8-24hrs_rot_2.xls' titles,'area’,'/A1:D

A4. Splitting large mol2 file (C-shell)

# The script splits 39_p0.6.mol2 (originally ~30,00
# 150 molecules each (39_p0.6_"p”.mol2, p is index)

#l/bin/csh
mkdir 0.6

awk 'BEGIN{p=1}/MOLECULE/{c++}c==150{p++;c=0}{print
39_p0.6.mol2

cp 39_p0.6_* 0.6
rm 39_p0.6_*
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ectra based on user defined

row 2 is relative intensity.
y Documents\Experiments\MALDI

upper limit for m/z to calculate

ions

unction trapz

ocuments\Experiments\MALDI TOF\01-
)

o'
ocuments\Experiments\MALDI TOF\01-
1)

0 molecules) into smaller files of

$0 >"39_p0.6_"p".mol2" }



A5. Ranking DOCK results (C-shell)

The script enters a directory (1.0) and then insalédirectories (1.0_1, 1.0_2, etc.).
In each subdirectory there are 30 files with DO@Kuits (secondary.mol2) which
are copied to directory ‘sort’. The *.mol2 filesa@h of ~150 molecules) are split into
individual mol2 files for each molecule, which asmked according to the DOCK
secondary score to generate ZINC_ranked.mol2. s€hpt was originally used by
AutoDock and was modified to be used for DOCK.

#1/bin/csh

foreach dir(1.0)
foreach subdir(1 2 34 5 6)
@ j = ${subdir} * 30

echo $j
cd ${dir}/${dir}_${subdir}
@i=$%$j-29
mkdir sort
while ($i <= $))
if (-d $i) then
cp $i/*secondary* sort
else
echo $i directory does not exist >> log.out
endif
@ i++
end

## This script integrates several .mol2 files into
## The directory where the script is run should not
## besides the *_ranked.mol2 to integrate.

## reads the .mol2 results file and splits it into
## index number.

cd sort
foreach f (*.mol2)
cat $f | csplit -ftmp -n4 -ks - "W \EHHHHE#HH Name:

# Rename the tmp file according to ZINC identifier
# Here the outline of how we do this:

# 1. extract ZINCn8 from the tmpNNNN file and se
# 2. if the Zn8.mol2 file does not exist, the re

foreach f (tmp*)
set zid = “awk /ZINC/{print $3}' $f"
if I(-e "$zid".mol2) then
set filename = "$zid".mol2
else foreach n (‘seq -w 1 99°)
if I(-e "$zid"_"$n".mol2) then
set filename = "$zid"_"$n".mol2
break
endif
end
endif
mv -v $f $filename
end
end

# create a sorted summary file of all names and sco
foreach f (ZINC*)

echo $f "awk /Score/'{print $3,$4}' $f* >> summary.
end

# rank the results from summary.out into ranked.out
sort -n -k3 summary.out >> ranked.out
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a new one ranked file.
contain any other .mol2 files

tmpNNNN files, where NNNN is in an

%' INtHHEHEHHEHE Name: /' '{*}'

t to variable
name the tmpNNNN file

res

out



# rank all the ligands according the ranked.out int 0 ZINC_ranked.out
cat ‘awk /ZINC/'{print $1} ranked.out® >> ZINC_ran ked.mol2

cd./.1.0

end
end
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Glossary

AD: Alzheimer’s disease

AFM: Atomic Force microscopy

APP: Amyloid Precursor Protein

A : -Amyloid

A 1-40 (or A 40): A composed of the first 40 amino acid

A 1-42 (or A 42): A composed of the first 42 amino acid

A -K16e A (fibrillar) that was added an ethyl group at théekimini and K16
A -Kmetr A (fibrillar) that was added a methyl group at theéekmini, K16 and K28
A -Rpco A that was modified with PGO at Arg5

BBB: Blood brain barrier

CD: Circular dichoroism

CNS: Centrlal nervous system

CR: Congo red

DEPC: Diethylpyrocarbonate

DMSO: Dimethyl sulfoxide

HBA: Hydrogen bond donor

HBD: Hydrogen bond acceptor

HFIP: Hexafluorisopropanol

HX-MS: hydrogen exchange mass spectrometry

MALDI-TOF: Matrix assisted lase desorption/ionizatiotime of flight
MEM: minimum essential media

Myr: Myricetin
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N27P: A 1-40 mutated at N27 with a proline amino acid.
NCI: National cancer instritute
PB: Phosphate buffer

PBS: Phosphate buffer saline
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