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ABSTRACT

Alzheimers Disease (AD) is the most commonly diagnosed cause of progressive
dementia in the 65 and over age group. No currently approved, or experimental,
drug has been shown to have a disease modifying effect in human AD.
Hypotheses on the etiology of AD have revolved around the excessive
production of B amyloid, resulting in amyloid plaques, or tau, resulting in
neurofibrillary tangles. Recent experiments with transgenic animal models of AD
suggest that soluble oligomers of § amyloid initiate a series of events, including
increase in soluble tau, that result in neuronal dysfunction and death. However
the major known risk factors for late onset AD in humans are associated with
vascular dysfunction. A new hypothesis, known as ABSENT, factors the
combined effects of B amyloid on neurons and the vascular system. The
hypothesis, as outlined in Chapter 2, creates a biologically unified and chemically
feasible framework for integrating our current understanding of the various facets
of AD. The use of computer assisted drug design can speed up the process of
drug discovery, however the flexible nature of B amyloid and peptidic ligands that
block its oligomerization necessitate development of new techniques (and
protocols) to handle such atypical receptor-ligand systems. Chapter 3 describes
the creation of a B amyloid receptor model, as well as techniques and protocols
to dock peptidic ligands. The results demonstrate that it is possible to model
experimentally derived structure activity relationships, and is the basis for the
design of novel classes of ligands as described in Chapter 4. Four classes,
based on the chirality of residues and predicted mode of binding are also
explored in that chapter. Initial synthesis and basic experimental characterization
of a few novel ligands are described in Chapter 5. The results of Thioflavin T and
Western Blot assays show that the new ligands are superior to existing ligands at
blocking B amyloid fibrillization and oligomerization. Circular Dichroism is also
used to demonstrate binding of the ligands to p amyloid. Chapter 6 describes

future experiments for more thorough characterization of novel designed ligands.
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CHAPTER |: GENERAL INTRODUCTION
1.1 Introduction

Alzheimer’s disease (AD) is the most common diagnosed cause of progressive
dementia in people age 65 and older. The number of people diagnosed with AD
will increase over the next 15-20 years, primarily due to the rapid growth in that
demographic group. Patients with AD can currently expect to survive 5 —10 years
after diagnosis.''

The increasing incidence of AD today, and in the near future, is a consequence of
two synergistic demographic factors. A majority of people born in developed
countries since the 1930’s will reach the age of 65 years. The average remaining
life expectancy after 65 years, currently over 19 years, has also increased since
the 1940's.®> * Therefore a historically unprecedented number (and percentage) of
the population will soon be in an age group with the highest susceptibility to late-
onset” idiopathic” AD, which accounts for over 90% of new AD cases.

The current annual cost of caring for AD patients in the US is estimated to be well
over 100 billion dollars per year.®> AD also causes a substantial increase in age-
related mortality. Women are more likely to develop AD, primarily because of their
longer average life span. A secondary factor for this gender discrepancy might be
that higher testosterone levels in men decrease the incidence and progression of
AD.® 7 8 There are currently no approved drugs to halt or reverse the course of this
progressive iliness. Currently approved drug therapy for AD is mainly symptomatic
and, at best, results in a 6-18 month delay in the progression of disease
symptoms.® 1% ! Atypical anti-psychotics, benzodiazepines and similar drugs are
often used to make AD patients more manageable, though this practice has

become controversial of late.*?

“> 65 years old
" No known cause or strong predisposition



The rest of this chapter provides background information on various facets of AD
relevant to the subject matter of this thesis, starting with history of AD and current
theories about its etiology. The basic introduction is followed by a discussion on the
current state of knowledge about structures of § amyloid oligomers and fibrils. A
discussion on known peptidic inhibitors of B amyloid oligomerization along with a
brief review of currently approved, and experimental drug therapy for AD will
conclude this chapter.

1.2 Senile dementia through human history

The extensive deterioration of mental faculties such as memory, cognition and self-
awareness in some elderly people has been common knowledge throughout
history. Ancient Indian, Chinese, Greek and Egyptian medical texts do describe
disease conditions that would today be diagnosed as AD.** Presumptive diagnosis
of AD based on historical accounts is however complicated by lack of modern
medical tests (especially postmortem histology) and insufficient evidence to rule
out other causes of dementia. Widespread use of lead, mercury and arsenic
compounds in pre-20™ century medicine is another reason to question any
definitive diagnosis of AD based, purely, on historical accounts.

One of the best descriptions of AD in pre-modern literature is found in the
character of King Lear in William Shakespeare’s play of the same name. At the
beginning of this play, the aging King Lear divides his kingdom in a manner that
seems to defy logic, which might today be seen as the mild cognitive impairment
(MCI). As the play unfolds, Lear's decision-making skills start to deteriorate and he
experiences flares of strong emotion, which is another sign of early stage AD.
Towards the end of the play, which describes events a couple of years after those
described in the beginning, Lear is lost and found wandering by his daughter's

troops. The following paragraph in the play is particularly descriptive.



“Now, by my life, old fools are babes again,

Pray, do not mock me, | am a very foolish fond old man;

Fourscore and upward, not an hour more nor less,

And, to deal plainly, | fear I am not in my perfect mind.

Me thinks | should know you, and know this man,

Yet | am doubtful for I am mainly ignorant.

What place this is; and all the skill | have remembers not these garments;
Nor | know not where | did lodge last night.

Do not laugh at me for, as | am a man,

| think this lady to be my child Cordelia."

(William Shakespeare (1605) King Lear, Act IV, Scene 7)**

If the above paragraph (translated into contemporary English) were a patient’s
description of his symptoms to a doctor, a diagnosis of early stage idiopathic AD
would be the preliminary and most likely final diagnosis. Such a diagnosis would be
further bolstered by considerations such as his age (>80 years), lack of other
serious neurological conditions and the sequence and speed of progressive
deterioration of mental faculties. It therefore appears that people from previous
ages were aware of the sequence of progressive deterioration in mental faculties
that we today ascribe to AD. However lacking modern diagnostic concepts and
tools, they did not see it as a disease, but rather as a somewhat inevitable part of
getting old. Today we know that AD, or any other form of senile dementia, is a
disease and not a ‘natural outcome’ of getting old any more than dying of a stroke
or myocardial infarction. Indeed, people who reach extreme old age are usually
quite healthy and often have little evidence of such disease processes. *°

Throughout most of post-enlightenment medicine, senile dementia was believed to
be caused by cerebrovascular problems, mainly due to the numerous vascular
abnormalities seen in autopsies of patients with senile dementia. Any observable

changes in brain tissue, such as atrophy or necrosis, were attributed to poor



perfusion or infarction of brain tissue. Histological methods to identify inclusion
bodies, plaques and neurofibrillary tangles were not developed until the last 2
decades of the 19" century. Discoveries by scientists such as Pick, Alzheimer and
Lewy, in the late 19" and early 20™ century started a process of reevaluation of

theories about senile dementia.'® 7+ *°

It soon became obvious that histopathological changes seen in patient with
presenile dementias, could also be found in many patients with senile dementia.
The old vascular hypothesis of senile dementia was gradually supplanted by a
belief that each subclass of senile dementia was caused by one particular (and
identifiable) neurodegenerative process. The current histopathological
classification of senile dementias is based on studies of presenile dementias with a
significant genetic component. Most patients with late onset AD, Parkinson’s
disease (PD), Lewy body dementia (LBD), Fronto-Temporal dementia (FTD) do not

have a strong genetic predisposition to these conditions.
1.3 Alois Alzheimer’s discovery

A quick discussion of events surrounding the first clear diagnostic and histological
description of AD might seem out of place in a thesis primarily concerned with
modeling the Structure Activity Relationship (SAR) of known B amyloid aggregation
inhibitors. However these events, which are not widely known, have an important
implication for the original definition of AD as opposed to its widely understood
current definition. The changing criteria for diagnosing AD have consequences on
our current understanding of mature-onset idiopathic AD, and are discussed at
some length in Chapter 2. An understanding of the etiology of late-onset idiopathic
AD, which accounts for over 90% of AD diagnoses, is vital to designing Disease
Modifying Drugs (DMDs) for AD.

The first of the two patients, whose case history would give rise to the publications

that ultimately defined AD, was a woman known as ‘Auguste D’ (see Figure 1.1).



Her real name was Auguste Deter and she is best known from one unflattering
sepia toned photo of her face, after hospitalization in 1901. She was hospitalized in
the Municipal Mental Asylum in Frankfurt at the age of 51 by her family, after a
couple of years of progressive mental deterioration. Alois Alzheimer (see Figure
1.1) was the doctor assigned to make a detailed clinical evaluation of her case.
The course of her mental deterioration was progressive and mirrored that seen in
early-onset AD today. She died of an infection caused by her prolonged bed ridden
status in 1906. Histological staining of brain sections by the Bielchowsky method
revealed abundant extracellular amyloid plaque, thickened neurofibrils and
neurofibrillar tangles (NFTs) (see Figure 1.1). Alzheimer also realized that these
abnormal neurofibrils could be stained with dyes that did not stain neurofibrils in
normal brains. Neither the entorhinal cortex nor the hippocampus of Auguste D
(and Johann F), which are the regions of the brain first affected by AD, were
examined microscopically. Initially Alzheimer only reported these findings as a

case of presenile dementia with unusual clinical and histopathological features.*?

‘Johann F’ was the other patient whose case file and autopsy results formed the
basis of the original diagnostic definition of AD. He started developing symptoms
of progressive dementia in his mid 50s, and was admitted to the same hospital, as
‘Auguste D’, in 1903. It is interesting to note that Johann F's AD was of the
uncommon ‘amyloid plaque only’ type, and NFTs were almost absent in brain
sections. Subsequent reexamination of the original sections has confirmed the lack
of NFTs noted in the publication. '° A study of the kin and descendants of ‘Johann
F’ have also shown a high incidence of early onset dementia and some of his
descendants have mutations known to predispose to early onset AD. %° In late1903
Alzheimer moved to the Anatomical Laboratory of the Royal Psychiatric Clinic at

Munich University, headed by Emil Kraepelin.

Emil Kraepelin (see Figure 1.1) was already well known for his innovative work in
the field of classifying mental disorders. It was from the brain sections of ‘Auguste

D’ and ‘Johann F’ that Emil Kraepelin later created the concept of a disease



condition characterized by progressive presenile dementia with amyloid plagues
and neurofibrillary tangles (NFTSs). Kraepelin started using the term ‘Alzheimer’s
Disease’ in manuscripts of a textbook he was writing at that time, and later
convinced a reluctant Alzheimer to name the disease condition “Alzheimersche
Krankheit” (Alzheimer’s Disease) in his famous 1911 publication. *

Alois Aliheimer Emil Kraepelin
(1864-1915) (1856-1926)

Auguste Deter
(1850-1906)

Figure 1.1 A visual synopsis of the discovery of AD as a disease entity. Alois
Alzheimer observed and described the characteristic changes in Auguste Deter’s
brain, but Emil Kraepelin recognized it as an independent disease entity. Tissue
sections from Auguste Deter’s original brain sections, rediscovered in the mid
1990s, show (A, B) amyloid plaques and (C) neurofibrillary tangles in the cerebral
cortex.?? Copyrighted parts reproduced with permission from Eur Arch Psychiatry
Clin Neurosc, 249, 1999, Suppl 3: 10-3, Figure 1: With kind permission of Springer
Science & Business Media.



It should be noted that both amyloid plaques and NFTs had been previously
observed by other researchers in brains of middle aged people with epilepsy, and
the concept of senile dementia was already well understood. Moreover other
researchers had also discovered amyloid plaques in middle-aged patients with
progressive dementia. 2 However Emil Kraepelin had the insight to make the
connection between a clinical presentation of presenile dementia and
histopathological findings of amyloid plaques (and NFTs). AD was thus originally
defined as presenile dementia with amyloid plagues, and NFTs. Less than 10% of
currently diagnosed cases of AD would qualify as AD under its original definition.
The changes that led to the current definitions of AD are one of better examples of
‘definition creep’ in the history of medicine?*, and are discussed at some length in
Chapter 2.

1.4 Theories on the etiology of AD & transgenic animal models

The two main histopathological characteristics of AD, apart from extensive
neuronal death, are the presence of amyloid plaques and neurofibrillary tangles
(NFTs).?> Amyloid plaques have peptidic and non-peptidic components; however
they are unique in possessing large amounts of a group of amyloidogenic peptides,
known as B amyloid. ® These amyloidogenic peptides are between 39-43 (usually
40 or 42) amino acid residues long with an identical 1-39 sequence. The longer
versions have a few extra hydrophobic residues at the C-terminal end. NFTs are
the hyperphosphorylated and insoluble deposits of a microtubule associated

protein known as tau.?’

The most well known hypotheses on the etiology of AD are based on either
B amyloid or tau. ?® These two camps have humorously called themselves

30, 31 and offered their own

‘Baptists’ (B amyloid) ?° and ‘Tauists’ (tau protein)
version of AD etiology. Of late, there has been a growing realization that both

camps were partially correct in that excessive soluble p amyloid oligomers do



seem to start the process triggering a series of events, including abnormal tau
phosphorylation, ultimately resulting in widespread neuronal dysfunction and
death. 3% 3 A significant body of evidence and interpretation, in favor of or against
each hypothesis, already exists and reviewing them in detail is beyond the scope
(and length) of this thesis. The remainder of this section will therefore concentrate
on studies of mutations found in early onset familial AD in humans and transgenic

animal models of AD based on them.

The vast majority of early onset familial AD cases, in humans, are related to
mutations in four protein complexes.** 3 They are amyloid precursor protein
(APP), Presenilin | (PSEN1) complex [y secretase complex], Presenilin Il complex
(an isoform of PSEN 1) and Apolipoprotein E Type 4 (ApoE,). Mutations in the first
three proteins result in increased splicing of B amyloid from its precursor (APP
mutations), increased amyloidogenicity of mutant B amyloid (APP mutations) or
increased alternate splicing of APP to produce B amyloid (PSEN1 and PSENZ2).
ApoE, seems to be a better facilitator of B amyloid oligomerization than other

isoforms of ApoE.>®

A brief summary of relevant information on current animal models of AD based on
early-onset familial AD, is shown in Table 1.1. The five major types of models can
be divided into three main etiological categories, namely gamyloid only, tau only

and mixed models (B amyloid and tau).

As seen in Table 1.1, only the more recent animal models come close to replicating
the full sequence and range of pathology seen in human AD. Most B amyloid only
(APP-, PSEN- and APP/PSEN- based) transgenic animal models of AD utilize
known mutations, found in human APP or PSEN.?" * The earliest semi-successful
transgenic animal (mouse) model of AD was created by overexpression of mutant
human APP. *°



Table 1.1

Summary of major transgenic animal models of AD. Each class of

animal model is accompanied with a brief description of the pathological changes,

behavioral alterations and comparison to human AD.

Model

Relevance to AD

Pathophysiological level

Behavioral level

Role in AD research
and drug discovery

Disadvantages

Transgenic models

(e.grTgd510)

=heuronal Loss

=Behavioral alterations

of Tau pathology

sBasis for tg APP/tau
maodels

AFPP-based w48 pathology +Cognitive decline sConfirmed role of APP | sMo development of
(e.g Tg2576) sMeurodegensration *Behavioral alterations | & A8 NFTs
sNeurotransmitter & synaptic =Target identification
dysfunction =Preclinical evaluation
sInflammation of drugs
PSEN-based sincreased AfsfAB ratiois | =Few cognitive or =Basis for double =Moo development of
some models. behavioral tg APP/PSEN models MFETs
abnormalities slo Ag pathology
Tau-based spET pathology =Cognitive Decline sncreased knowledge sMo AF pathology

Inflammation

=Freclinical evaluation
of drugs

Double sAccelerated AF pathology in | =Cognitive decline sAPP/PSEMN maodels =io MET pathology in
transgenic AFPPIPSEM versus AFP-only | aBehavioral alterations support modifying role APPIPSEN models
models model of PSEN w48 pathology
(6.0 PSAPP, wAccelerated Tau pathology AFPTau models progression is different
APPftau)) in APP/Tau models support hypothesis with | from human AD.
sfeyronal loss and AS pathology mediating
Inflammation Tau pathology
=Preclinical evaluation
of drugs
Triple =Ag pathology =Cognitive decline =Supports amyloid =ilodeling higher
transgenic «NFT formation =Eehavioral alterations cascade fypothesis cognitive functions in
Models =Neurodegeneration, »AD relevant spatial and | rodents.
(6. 3xTgAD) neuronal loss and temporal symptoms =MNo resemblance to

late onset idiopathic
human AD

One of the most popular transgenic mouse models for testing new AD therapies,
Tg2576, is based on the K670M/N671L double APP mutation.*° It seems to
recapitulate many of the symptoms and changes seen in human Mild Cognitive

Impairment (MCI) and early stages of AD. However Tg2576 and other APP- only
models fail to recreate the extensive neuronal loss or NFTs seen in later stages of
human AD. ** Mutant PSEN-only animal models have elevated CSF levels of B
amyloid peptides, but do not exhibit memory impairment, amyloid plaque formation

or other AD related pathology. ** Transgenic animals overexpressing normal
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human APP do not suffer from substantial memory impairment, amyloid plaques or

measurable neuron loss.*®

Combining PSEN mutations with APP mutations in one animal has a synergistic
effect on the disease process and is the basis of the popular PSAPP transgenic
mouse model. ** ** These double transgenic, p amyloid only, animal models
exhibit accelerated disease pathology and more neuronal loss than seen in single
transgenic, APP- only, models. However, they still do not exhibit NFT pathology or

extensive neuron loss.

The observation that mutations in tau are not associated with familial (or idiopathic)
AD in humans is the major reason behind loss of support for a ‘tau only’ hypothesis
of AD. Moreover, a wide range of neuropathology (including motor/ sensory
dysfunction) is seen in transgenic mice expressing various tau mutations. *® The
tau model with the most similarity to human AD is rTg4510(P301L). * Familial
forms of FrontoTemporal Dementia (FTD) have been shown to be associated with

tau overexpression and mutations. *®4°

The possibility of synergy between tau and g amyloid has been investigated and
shown considerable promise. The initial experiments involved injection of f amyloid
in transgenic tau animal models and resulted in amplification of NFT formation and
increased neuron loss.*® The first animal model to implement a transgenic APP/
tau combination did demonstrate a synergistic effect on neuronal dysfunction and
loss.® 2 A subsequent APP/ tau model with a different tau mutation proved to be
very successful and is considered to be the first transgenic animal model to
reproduce core features of early onset human AD. Another unexpected feature of
this model was that onset of pathology was earlier and more aggressive in female

mice, mirroring known human AD epidemiology.>*

The latest transgenic AD animal models combine APP, PSEN and tau mutations

into one animal. >* The triple transgenic (3xTgAD) mouse model reproduces the
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sequence of events seen in early onset familial AD better than any other APP/ tau
model. In 3XTgAD mice, the initial increase in B amyloid formation is manifested at
around 6 months of age as an increase in soluble B amyloid, localized inflammation
and some cognitive deficits, which are then followed by amyloid plaque formation.
The first increase in soluble tau and NFTs occurs after a few more months, starting
with the hippocampus and spreading into the cortex. An increase in soluble tau
levels (and NFTSs) is associated with a further increase in the rate and extent of
cognitive decline. Female 3xTgAD mice have an earlier onset and more aggressive

form of the disease, once again mirroring human epidemiology.

Recent studies in 3XTgAD animals with monoclonal antibodies, that block
amyloid oligomerization, have provided some interesting insights into AD
pathology.>® The use of monoclonal antibodies at an early stage in the 3xTgAD
model, seems to decrease soluble g amyloid (and plague) levels and stop the
disease process. It also decreases or blocks subsequent increase in soluble tau
levels and NFT burden. If the disease is allowed to progress untreated past a
point, some changes such as NFTs become irreversible. However chronic
administration of monoclonal antibodies to older and previously untreated animals
causes a reduction in B amyloid (soluble and plaque) levels, soluble tau levels and
seems to normalize cognitive function. It therefore seems likely that significant
cognitive impairment and neuron loss are correlated to an increase in soluble
amyloid and (induced) soluble tau levels. NFTs, like B amyloid fibrils, might
therefore be a marker of excess tau production and not the cause of neuronal
death.

It should be noted that 3xTgAD animals are otherwise healthy and without co-
morbidities such as old age, hypertension, vascular disease or Type Il Diabetes
Mellitus. They are therefore a good reproduction of the pathology seen in early
onset familial AD, as opposed to late onset idiopathic AD. While 3xTgAD, and
similar double and triple transgenic models, might be the best available models to

test the efficacy of various disease modifying therapies, positive results in these
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models may not translate into therapeutic activity for human AD. Indeed based on
the positive results of some experimental drugs in animal models of AD, we should
already have been able to successfully reverse human AD. The data from studies
of mutations found in early onset human AD and animal models merely suggests
that B amyloid is the best candidate for initiation of a sequence of events leading
to full blown AD. The next three sections of this chapter review existent information

about production and oligomerization of  amyloid into soluble oligomers and fibrils.

1.5 Amyloid precursor protein (APP) and it’s processing

B amyloid, like most other endogenous peptides, is derived through enzymatic
cleavage of a larger precursor protein. There are two major pathways for APP
processing, namely the non-amyloidogenic pathway and the amyloidogenic
pathway (see Figurel.2) The protein that gives rise to p amyloid peptides is known
as Amyloid Precursor Protein (APP). APP is the best known member of a widely
expressed family of Type | transmembrane glycoproteins. The most common
isoforms of APP in the brain are APPggs5, APP751 and APP+70. These isoforms are
named based upon the number of amino acids residues in each isoform. *® APPggs
is the predominant form expressed on neurons. The hippocampus and cerebellum
have the highest expression levels for all APP isoforms. The hippocampus is also
the first major area of the brain affected by AD and damage to it results in the first
symptoms of AD.

The precise biological functions of APP are still unclear, however its expression is
increased during the formation of new synapses and neuronal repair.®” Roles in
cell signaling, long-term potentiation and cell adhesion have been proposed, based
on animal studies.®® APP knockout animals show deficits in grip strength, reduced
locomotor activity, impaired learning and memory.>® APP knockout mice are,
however, viable and do not have any severe cognitive deficits or evidence of

significant neuron loss. Acute down-regulation of APP gene activity by antisense



RNA probes suggests that APP is involved in the formation/ consolidation of

memory, new neuronal synapses and neurogenesis in the brain.®

Non-Amyloidogenic
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Figure 1.2 Processing pathways for Amyloid Precursor Protein (APP). A

schematic illustration of non-amyloidogenic (a secretase dominant) and

amyloidogenic processing (8 secretase dominant) of Amyloid Precursor Protein.

A high quality structure of nascent B amyloid monomers, under physiological
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™

conditions, may never be obtained as nascent B amyloid monomers appear to lack

a defined secondary structure and probably exist as an ensemble of structures.

FTIR and CD studies of freshly prepared monomeric B amyloid suggest the lack of

defined secondary structure. ®*' 62 Incubation of monomers, under physiological

conditions, initiates oligomer formation with a concurrent increase in p strand

content.®® ®* The formation of a salt bridge between two AA residues (D3 and
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Kzg) in B amyloid, to create a hairpin turn, appears to be the first definitive step in
oligomerization. Covalently linking the two residues (D,3 and Kyg) has been shown
to speed up oligomerization by over a thousand fold. ® The formation of this salt
bridge seems to facilitate subsequent backbone amide and sidechain interactions
between residues on either side of the hairpin turn and probably leads to the

formation of a hairpin-like monomer.

The next step involves recognition of one hairpin-like monomer by another to form
species such as dimers, trimers, tetramers, higher oligomeric species and
ultimately fibrils. There is experimental evidence that submicellar concentration of
surfactants, such as SDS, hastens the formation of soluble oligomers.®® ¢”- ®® One
isoform of the plasma protein ApoE4 also increases oligomer formation, while the
other two isoforms (ApoE2 and ApoE3) do not have that effect. °® The next two
sections of the chapter briefly review the current state of knowledge about the

structure and toxicity of both soluble and insoluble oligomers of g amyloid.

1.6  Structure and toxicity of B amyloid oligomers

Currently available evidence seems to suggest that there are two classes of
soluble B amyloid oligomers.”™ These two classes are Low Molecular Weight
(LMW) oligomers such as dimers, trimers, tetramers and High Molecular Weight
(HMW) oligomers (multiples of dimers, trimers and tetramers). High quality
structures of these oligomers are not available because they seem to lack a stable
structure, which is a requisite for using methods such as X-ray crystallography or
NMR. The majority of our limited information about the structures of these
oligomers comes from CD, FTIR, Electron Microscopy (EM) and Atomic Force
Microscopy (AFM). CD and FTIR studies seems to suggest that these oligomers do
possess a larger amount of B sheet content than nascent monomers but less than
fully formed fibrils.”" " Electron microscopy shows the presence of two types of

non-fibrillar aggregates of B amyloid.”* * The smaller soluble oligomers are very
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small and indistinct ‘blobs’ that barely stand out from background noise while larger

spheroidal oligomers have a somewhat defined structure and size range.

Recently, Atomic Force Microscopy (AFM) and Scanning Tunnel Electron
Microscopy (STEM) have been used to image soluble LMW oligomers. "® ™* Data
from AFM imaging suggests that LMW oligomers (see Figure 1.3 A and B) do
possess a structure and size range compatible with multiple loose hairpin-like
monomers stacked next to each other. The HMW oligomers, in contrast to LMW
oligomers, show a definite circular cross section (see Figure 1.3 C), corroborating
previous EM imaging data. AFM studies seem to indicate that circular HMW
oligomers are discoidal, as opposed to spheroidal. It also appears that HMW
oligomer disks stack on top of each other, and could explain the numerous reports
of non-specific ion channel like activity ascribed to soluble oligomeric preparations

of B amyloid.”

There is some ambiguity about the precise nature and contribution of each type of
soluble oligomer to the toxicity of p amyloid. ® """ "® However it is likely that the
final toxicity observed in neurons of animal models or human AD patients is a
combination of the net toxicity, and secondary effects, of various oligomers.
Moreover HMW oligomers have been shown to bind to the acetylcholine receptor
and negatively affect its normal function.”® Regardless of the precise combination
of oligomeric species responsible for the greatest damage in any given
experimental system, it appears that oligomerization of B amyloid is the crucial step
for expression of its latent toxicity. Therefore inhibition of the process of
oligomerization is the most direct approach to blocking B amyloid toxicity and its
subsequent effects such as increase in soluble tau, localized inflammation, and

ultimately cell death.
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Figure 1.3 A schematic illustration of the process of gamyloid oligomerization
with representative AFM images of each major type of soluble and insoluble
oligomers. A; monomer, B; tetramer, C; high molecular weight (HMW) soluble
oligomer, D; protofibril, E; fibril. Reproduced from J Mol Biol. 2006, 358(1):106-19

with kind permission of Elsevier BV.

Monomers and soluble oligomers of B amyloid are not the most stable form of B
amyloid, and they are ultimately incorporated into p amyloid fibrils which are the
major peptidic component of senile amyloid plaques. The next section of the
chapter briefly reviews available data and proposed secondary, tertiary and

quaternary structure of p amyloid fibrils.
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1.7  Structure of g amyloid fibrils

Amyloid fibrils are the major component of amyloid plaques, and were for long
considered to be the toxic form of f amyloid. We now know that they are, in fact,
the non-toxic form of p amyloid.*® A model of the secondary and tertiary structure

of B amyloid fibrils is shown in Figure 1.4.

A

Figure 1.4  Structural models for the protofilament in Af1-40 fibrils based on
NMR data. Residues 1-8 are conformationally disordered and are therefore
omitted. The long axis of the fibril is perpendicular to the page in panels A — C. The
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long axis is vertical and parallel to the page in panel D . Reproduced from Q Rev
Biophys. 2006, 39(1):1-55 with kind permission of Cambridge Journals.

Freshly purified fibrils do not have any worthwhile cytotoxic effect within the first 48
hours; however prolonged incubation of purified fibril preparations does result in
the release of a measurable amount of toxic soluble oligomers, which can be
detected by cytotoxicity assays.?! In contrast to the lack of detailed structural
information about soluble oligomeric forms of B amyloid, a significant amount of
structural information on the secondary & tertiary structure of B amyloid fibrils is
available through solid state NMR studies done by Robert Tycko’s group. & The
proposed structures have been indirectly verified by data from other techniques

such as hydrogen-deuterium exchange and proline mutagenesis.?® 84 - 8. 8¢

1.8 Cu(ll) - p amyloid interaction and effects

The suggestion that Cu(ll), or some other redox active metal, was involved in the
pathology of AD has been around since the 1980s. While there have been many
candidates for that position including zinc, aluminum and iron, redox chemistry
considerations and experimental studies single out copper, in the Cu(ll) form, as
the redox active metal partially mediating the effects of B amyloid toxicity.?’" 8 &

A considerable amount of experimental and computational chemistry has shown
that Cu(ll) has high affinity to g amyloid and is necessary for free radical
generation, which is implicated in damage to cell membranes including those of
neurons. % Computational studies have also helped us understand the chemical
mechanism involved in free radical generation.®* > A more thorough discussion of

the role of Cu(ll) in AD can be found in Chapter 2.

1.9 Peptidic inhibitors of p amyloid oligomerization.

Since B amyloid toxicity is linked to oligomer formation, potent inhibitors of B

amyloid oligomerization could block both immediate toxicity, and the subsequent
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destructive cascade, set up by B amyloid oligomers. A number of structurally
diverse, peptidic and non-peptidic, compounds are known to block the process of

B amyloid aggregation and subsequent neurotoxicity. %

Many currently known inhibitors were initially screened and optimized for their
ability to block g amyloid fibril formation as they were, for a long time, considered to
be the pathological species in AD. It is now clear that their therapeutic effects in
animal models of AD were mediated through inhibition of soluble g amyloid
oligomer formation. Concentrations of inhibitors that block amyloid fibril formation

9. 95 and it is

can also reduce or eliminate the toxicity of B amyloid solutions.
therefore likely that both fibrils and soluble oligomers are formed at different steps

of the same process.

The binding sites for non-peptidic inhibitors are not well understood and most of
them can also block aggregation of peptides like amylin and a synuclein, thus
demonstrating their lack of specificity to B amyloid. Programs for the development
of potent non-peptidic inhibitors have met with rather limited successes as they
have a ‘flat’ Structure Activity Relationship (SAR), which is not conducive to

medicinal chemistry based approaches for improving ligand potency.® %’

In contrast, experimental data suggests that almost all peptidic inhibitors of beta-
amyloid oligomerization bind to a region of p amyloid (16-22). *® This region of B
amyloid is widely recognized, based on experimental data, to be the ‘self-

recognition’ region and is necessary for initiating oligomerization.

The history of peptidic inhibitors for § amyloid aggregation began with the work of
Tjernberg et al and initially led to identification of the § amyloid self-recognition
motif.?® Previous to this publication there had been attempts at understanding the
process of B amyloid self-recognition. *°° *** However none of the previous

attempts were systematic and often produced contradictory results.
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Tjernberg et al synthesized 31 sequential and immobilized 10mers (based on the
sequence of B amyloid) and measured the affinity of radiolabelled B amyloid (1-40)
towards these sequential 10mers. They were thus able to identify 2 distinct regions
(one major and one minor) of B amyloid that recognized complementary 10-mers
(see Figure 1.5 A). The best self-recognition (major binding) occurred with 10-mers
that spanned the region from residue 12-21 in p amyloid (1-40).%° Synthesis and
testing of fragments of that particular 10-mer identified KLVFF as the smallest
fragment with reasonable binding to the self-recognition region of g amyloid (see
Figure 1.5 B).” They also utilized an ‘alanine walk’ (see Figure 1.5 C) to obtain
basic structure activity requirements for optimal binding of KLVFF to f amyloid (1-
40). The hexapeptide Ac-QKLVFF-NH; was used to demonstrate inhibition of

amyloid fibrillization, as Ac-KLVFF-NH, has poor aqueous solubility.

An immobilized artificial receptor, derived from the core self-recognition sequence,
was later used to measure the binding affinity of a wider number of ligands
including KLVFFAE and LVFFAE. Basic molecular modeling and potential energy
measurements of the possible receptor-ligand complex were also made and initial
data suggested that an anti-parallel arrangement of the ligand-receptor complex
was favored over a parallel arrangement. Since then, the structure of the KLVFFAE
region (the ‘self recognition’ site) has been explored with a variety of experimental
and computational techniques.® %4 1% Almost all of these studies suggest that
the motif tends towards a beta-sheet conformation, especially when it is free and
allowed to bind to itself. KLVFFAE is also the shortest region of B amyloid that can

form oligomers and fibrils by itself.
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Figure 1.5 A summary of experimental results that led to the discovery of the
self-recognition site in #amyloid and its binding characteristics. A; identification of
the g amyloid self-recognition site through the use of overlapping 10-mer
sequences. B; discovery of the first useful pentapeptidic inhibitor of gamyloid
aggregation. C; first Structure Activity Relationship (SAR) data for analogues of the
pentapeptidic ligand Ac-KLVFF-NH,. Reproduced from J Biol Chem. 1996,
271(15): 8545-8 with kind permission of JBC.

Though most known peptidic inhibitors were based on the complementary KLVFF
motif, Soto et al. tried another novel approach based on breaking B sheet
conformation of the self-recognition site. This was achieved through designing
peptides with structural homology to the self-recognition site, but with additional
features for stabilizing a non- B strand conformation, and are known as 3 sheet

breakers. They discovered two peptidic inhibitors, RDLPFFPVPID and LPFFD,
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which were effective B strand breakers in their assay systems.'?® These peptides
could inhibit fibrillogenesis as well as disassemble pre-formed fibrils. Soto et al
subsequently showed that LPFFD could also block B amyloid induced cytotoxicity

as well as block B amyloid deposition in a sub-acute animal model of AD. *%

Soto et al. also tried to improve metabolic stability of the peptide by using D- amino
acid residues as well as various N-methylations of the parent peptide.%®: 10
Serono Inc. was involved in developing the later class of compounds. Based on a
brief medicinal chemistry program and pharmacokinetic data, Serono decided to
use Ac-LP(me)FFD-NH; * as their lead compound for future investigations in
various animal models of AD. It had good stability in plasma (>24 hrs), CSF

(>24hrs), good BBB penetration and a reasonable half-life (~2 hours) in the body.
109

Another approach towards developing peptidic inhibitors of f amyloid aggregation
was typified by the approach taken by Mark Findeis et al. at Praecis Inc.
Information about that project is found, predominantly, in patent literature as
opposed to peer-reviewed literature.*'® Their effort started with levorotary KLVFF
based peptides, but eventually moved on to dextrorotary KLVFF based peptides.
While N-terminus functionalizations for enhancing BBB penetration were tested,
many pentapeptidic ligands had good BBB penetration without any extra
functionalization. °** *° However the efficacy or potency of their ligands was not
significantly superior to native KLVFF peptide. Their principal candidate drug (PP-
1019), with the sequence Me-[(D-Leu)-(D-Val)-(D-Phe)-(D-Phe)-(D-Leu)]-NH, had
favorable animal toxicity data and had good Blood Brain Barrier (BBB) penetration
and is still used as a standard against which newer peptidic beta-amyloid
aggregation inhibitors are tested.'*! Praecis Inc. discontinued development of this
class of drugs in 2005 as it was bought by Glaxo Smith-Klein (GSK).*? Mark

*In peptides such as Ac-LP(me)FFD-NH,, the ‘(me)’ denotes the presence of an N-methylated
amino acid residue (backbone not sidechain), e.g. (me)F = N-methyl phenylalanine.
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Findeis has since started up his own biotech company called Satori

Pharmaceuticals Inc.**®

A modification of Tjernberg et al.’s approach for blocking B amyloid oligomerization
with metabolically stable and membrane permeable peptidic drugs was put forth by
David Gordon et al. *** > They created versions of KLVFFAE and KLVFF with N-
methylation on alternate amino acids. The purpose behind these modifications was
to ensure that only one side of the inhibitor could bind to the receptor and that the
other side could not, in any way, assist extension of the oligomer. *** > KLVFFAE
has not been previously developed as an inhibitor because though it had a better
affinity than KLVFF to the receptor, its tendency to self-aggregate made it a poor
oligomerization blocker. The N-methylated analog of KLVFFAE,
Ac-K(me)LV(me)FF(me)AE-NH, was more potent than Ac-K(me)LV(me)FF-NH;
and did not undergo self aggregation. They also found that N-methylated versions
of KLVFF and KLVFFAE had better agueous solubility and could cross cell

membranes.

Another approach, somewhat similar to Findeis et al, to block B amyloid
aggregation with dextrorotary residues containing peptides was proposed by a
group from Neurochem Inc. **® '’ Their work essentially confirmed that
dextrorotary versions of KLVFF are more potent at inhibiting B amyloid (1-40)
aggregation and 3 amyloid (1-42) induced cytotoxicity than KLVFF itself. They also
demonstrated that only peptides containing residue number 15-20 and 16-22 of
amyloid had any anti-aggregation activity against p amyloid (1-40). Moreover their
peptidic drugs candidates crossed the blood-brain barrier in concentration sufficient
to have a therapeutic effect in animal models of AD.

Senexis Inc is the latest entry into the field of creating newer peptidic inhibitors. %
They have utilized a medicinal chemistry based approach for optimizing the
interactions of their ligands with the self-recognition site on g amyloid. The

improvements in ligand potency, over earlier ligands, have however been minimal.
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The company has raised some more venture capital funding for future

development of these drugs.**®

It should be clear from the information presented in this section that while peptidic
inhibitors of B amyloid oligomerization do show promise for the treatment of AD
type dementia, there is significant room for improvements in drug-like properties of

these compounds.
1.10 Currently approved drugs for AD

Inhibition of central (brain) cholinesterase and modulation of the voltage gated N-
Methyl D-Aspartate (NMDA) channel are the two currently available
pharmacological approaches for the management of AD. There are currently three
approved drugs for AD that target cholinesterase and one that acts as a NMDA
channel modulator. The rest of this section provides a brief overview of these
drugs, their pharmacology, development and their impact on the management of
AD.

As discussed above, the first type of pharmacological approach possible in AD
uses cholinesterase inhibitors for increasing the level of acetylcholine in the brain.
The rationale behind this approach was based on the observation that AD seems
to cause a somewhat preferential loss of cholinergic neurons and the first
symptoms of AD (memory loss, problems with memory consolidation,
disorientation, confusion) resemble the central effects of anticholinergic drugs.**:
120 An increased level of acetylcholine in the patient’s brain is supposed to enable
the remaining functional synapses and neurons to function more efficiently.
Cholinesterase therapy often allows the patient to retain a higher level of
functioning for 6-18 months longer than would otherwise be possible, but it does
not change the ultimate prognosis of AD. An important implication of the efficacy
window for these drugs is that early stage AD probably does not involve neuronal
loss sufficient to permanently affect cognition. Therefore an efficacious DMD could
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halt or reverse the course of disease process even if it was used after the first

symptoms of AD appeared.

An older compound, Tacrine, (see Figure 1.6) was the first cholinesterase inhibitor
to demonstrate some therapeutic effects in AD and stimulated research into
developing cholinesterase inhibitors for AD. It was first developed in the 1960s as a

synthetic centrally acting parasympathetic drug % 22

and its main advantages
over other existing parasympathomimetics, such as organophosphates and
carbamates, was its relative specificity for brain cholinesterase and the ease of
drug effect titration. It was also shown to have therapeutic effects in animal models
of amnesia caused by brain lesions and anticholinergics.?* *?* Starting in the early
80s, a few small clinical trials with Tacrine were performed in AD patients. *2° % |t
seemed to slow down the progression of the AD for about a year, before it lost its
therapeutic effect. Tacrine was approved by the FDA for treating mild to moderate
AD in 1993, in large part due to the lack of a similar but demonstrably less toxic
drug being available at that time.*?’ It was ultimately withdrawn from the market in

2006.128

In the early 90s, Esai Inc developed a benzylpiperidine derivative known as
Donepezil (see Figure 1.6).**° It is widely considered to be the first centrally acting
cholinesterase inhibitor with good pharmacokinetic properties.** It was approved
by the FDA for treating mild to moderate AD in 1996. Its long half-life (~ 70 hrs),
good absorption (~100%) and lack of significant mechanism unrelated toxicity
made it the first widely prescribed cholinesterase inhibitor for treating AD. While it
Is no more efficacious than any other cholinesterase inhibitor, it is widely
considered to have the best side effect profile of any current cholinesterase
inhibitor. This favorable side effect profile might be the result of it being specific for
acetylcholinesterase, as opposed to also inhibiting butylcholinesterase. Donepezil
also does not have a worthwhile affect on any other neurotransmitter system in the

brain.
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Donepezil, Rivastigmine and Galantamine are reversible cholinesterase inhibitors

and Memantine is a NMDA antagonist.

The next cholinesterase inhibitor, approved by the FDA in 2000, for AD was a

carbamate called Rivastigmine. **! (see Figure 1.6). It has a short half-life (~ 2-3

hrs) but good absorption (~96%) and no significant mechanism independent

toxicity. However it inhibits butylcholinesterase in addition to acetylcholinesterase.

132 The inhibition of butylcholinesterase is supposedly behind the higher incidence

of nausea and vomiting encountered with this drug, an effect that can be reduced

by giving the drug in divided doses with food. It is also now available in a

transdermal patch formulation (approved in 2007) that produces a steady

therapeutic plasma concentration without the serum concentration peaks that

3
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cause the nausea and vomiting. Rivastigmine is supposedly a more efficacious
drug for some AD patients with hallucinatory symptoms and dementia in patients

with Parkinson’s disease (PD). 33 134

The last cholinesterase inhibitor currently approved for AD is a phenanthrene

alkaloid known as Galantamine.**®

(see Figure 1.6). The name galantamine is a
simplified form of its earlier name — galanthamine. It was isolated from Caucasian
snowdrop, Galanthus woronowii, by Bulgarian researchers in the 1950s. It was first
isolated and occasionally used as a centrally acting parasympathomimetic in
humans for treating post-operative paralytic ileus and post-poliomyleitis muscle
weakness. 3¢ 37 |n addition to its inhibition of cholinesterase, galantamine also
modulates the nicotinic cholinergic receptors to increase acetylcholine release at
nerve synapses. Whether this additional effect adds to the therapeutic effect of
galantamine in AD is unclear. It has a reasonable half-life (~7 hrs), good absorption
(80-100 %) and no significant mechanism independent toxicity.** In any case, all
approved cholinesterase inhibitors have similar efficacy in slowing down the
progress of AD by about a year, though some patients might experience better

responses or fewer side effects with one particular drug.

Another approach to reducing the neuronal damage seen in AD involves reducing
the activity of N-Methyl D-Aspartate (NMDA) receptors. NMDA receptor
antagonists have been well investigated for their potential in reducing neuronal
damage in many neurological conditions such as stroke and traumatic head injury.
However the major approved use of NMDA antagonists is as general anesthetics
(e.g. ketamine and phencyclidine).*®® Other lesser known NMDA antagonists
include drugs such as dextromethorphan, riluzole, and the hallucinogenic drug
ibogaine. All potent NMDA antagonists have a mechanism dependent risk of
hallucinations and even careful dose titrations often cannot avoid this particular
side effect. Therefore any NMDA antagonist for treating AD has to possess the
peculiar attribute of not disrupting NMDA receptor function in the normal range of

receptor activity.
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The first drug that satisfied this requirement was an adamantane derivative known

as Memantine.*°

(see Figure 1.6). It has a strong structural resemblance to the
anti-viral adamantine derivatives- amantadine and rimantadine. It is a low-affinity
voltage-dependent uncompetitive antagonist at glutamatergic NMDA receptors that
competes with Mg ?* ions that normally regulate the influx of Ca * ions into
neurons. An excessive Ca * ion influx into cells is supposed to contribute to some
of the neurotoxicity and cellular dysfunction seen in AD. Curiously while memantine
produces symptomatic improvement in moderate Alzheimer's disease, there is no
evidence in humans that it protects neurons from any of the purported NMDA
receptor-mediated excitotoxicity in AD. It also has some antagonistic activity at
serotoninergic and nicotinic cholinergic receptors in the brain, but it is not clear if
these effects contribute to its therapeutic activity in AD. It possesses a long half-life
(60-100 hrs), has good absorption (~ 100 %) and no significant mechanism

independent toxicity.
1.11 Experimental disease modifying drugs (DMDs) for AD

The current lack of drugs that can effectively stop or reverse the course of AD has
stimulated a lot of research into development of disease modifying drugs (DMDs)
for AD. One of the major problems in developing DMDs to treat AD is a lack of
understanding about the precise sequence of events, and the role of various
contributing factors, that lead to the eventual neuronal dysfunction/ death in AD.
Soluble oligomers of B amyloid are the most likely initiators of neuronal damage
and death seen in AD. The role and contribution of other contributing factors, such
as impaired vascular perfusion and advanced glycosylation products, are poorly
understood. Moreover secondary factors, downstream to the initial neuronal insult,
such as localized inflammatory responses and increased soluble tau do play a

significant role in the final demise of neurons in AD.
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The lack of an easily identifiable and ‘traditional’ druggable target, such as a G-
Protein Coupled Receptor (GPCR) or a unique enzyme, has also contributed to
difficulties in developing DMDs for AD. Many older animal models of AD do not
exhibit the characteristic extensive neuronal loss and attendant symptoms seen in
humans with later stages of AD. Reasonably good animal AD models, such as
3XTgAD, have only recently been used to evaluate new DMDs. A list of important

small molecule DMDs currently in human trials to treat AD is shown in Figure 1.7.

Tramiprosate (Neurochem Inc) was once the most advanced disease-modifying
drug (DMD) candidate known to be in development (see Figure 1.7). It is a
glycosaminoglycan mimetic designed to bind to AR peptides and stop the formation
of amyloid plaques. The Phase Il trial initially showed negligible therapeutic effect,
however, an open-label extension of this trial supposedly showed some benefits on
cognitive and global performance measures. *** Tramiprosate was investigated in
two larger 18-month Phase Il clinical trials, but results from these studies failed to
show any statistically significant changes in disease progression markers over and

above the concurrently administered cholinesterase inhibitors. *#2

Scyllo-Inositol (Elan Inc.) is another small molecular inhibitor of B amyloid
oligomerization (see Figure 1.7). *® It stabilizes fibrillar forms of p amyloid while
simultaneously reducing the formation of soluble oligomers. Initial results in animal
models seem encouraging, but many other small molecule compounds with
therapeutic activity in animal models of AD have failed in large human clinical

trials. 144

The inhibition of B or y secretase is another possible avenue for lowering g amyloid
levels, since enzymes are more familiar drug targets. However  and y secretase
have physiological functions other than splicing APP, and current drug candidates
(especially y secretase inhibitors) have been plagued by side effects such as

intestinal ulceration and immune dysfunction. **> While it is possible that not all
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serious side effects are mechanism related, many side effects are common and

dose dependent. **°

HO., woH

HZN/\//\S//O
64? an

HO OH

B
Tramiprosate scyllo-Inositol

CH; HaC

N
\)\/O i
o =\ B
i \ CH3
R- Flurbiprofen

HiC Dimebon
Q
H3C\\\ 4?

=} CH
\ / 3
O/ |

[iiii:j:} = ‘ oH CH; CHy
NH NH NH

Ty, \\/ Sy H 7A/[\/ J)\CHS

H

Sy 0 a CHy o

\\\\1,//’ HN QQq*o
CH, ///J\\\
HyC CH,

N

CTS-21166

Figure 1.7 A list of small molecule disease modifying drugs (DMDs) for AD that
have entered human clinical trials. Tramiprosate and Scyllo-inositol are inhibitors/
modulators of #amyloid oligomerization. R-Flurbiprofen is a y secretase modulator.
LY-45019 is a ysecretase inhibitor and CTS-21166 is a S secretase inhibitor.

Dimebon has multiple, and as yet not completely understood, modes of action.

CTS-21166 (CoMentis Inc.) is the first B secretase inhibitor greenlighted for testing
in human phase | trials, and results of initial tolerance and ‘proof of concept’
studies have been performed (see Figure 1.7). **’ Many other companies have

similar drugs in their pipelines. **® LY-45016 (Eli Lilly Inc.) is the first y secretase
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inhibitor to have undergone phase | and 1l clinical trials (see Fig 1.7). Initial short
term dosing (6 weeks) does not seem to be associated with any significant side
effects and a modest reduction in plasma  amyloid levels was achieved. However
CSF levels of g amyloid seem to be unchanged by the dose used in Phase | trials.
149 There have been plans to combine B and y secretase inhibitors such that their
inhibition of B amyloid production is synergistic at doses associated with minimal
toxicity. Whether such an approach can be translated into a therapeutic effect in

humans without excessive side effects remains to be seen.

Another related therapeutic possibility is the modulation of B and y secretase
activity such that only the APP cleavage activity of these enzyme complexes is
affected. It is hoped that cleavage of other substrates, responsible for their
physiological roles, is unaffected. Tarenflurbil (Myriad Inc), a modulator of

v secretase activity, was one of the more advanced agents in clinical development
for preventing AB formation by this mechanism.**° Tarenflubril is the most recent
name for the R- isomer (non anti-inflammatory isomer) of Flurbiprofen (see Fig
1.7). In a small Phase Il trial in patients with mild-to-moderate AD, Tarenflurbil was
found to be safe and well tolerated, and demonstrated a reduced rate of cognitive
decline compared with a placebo, but it did not have measurable therapeutic effect

in a pivotal Phase IIl study. ***

Data from animal models of AD suggests that antibodies against AB, produced by
the body after a vaccination (active immunization) or administered peripherally
(passive immunization), can reduce amyloid deposition and produce functional
improvements, thereby ameliorating cognitive deficits.*? However, the most
intractable problem with active immunization for an endogenously present peptide
like B amyloid is that humans make antibodies of differing specificities due to their
differing HLA subtypes and so autoimmune reactions are always a serious concern
regardless of which part of the B amyloid peptide is used as the immunogen in the
vaccine. The first-generation amyloid vaccine, AN-1792 (Elan/ Wyeth) did

demonstrate a positive efficacy trend in that AD patients who developed a robust
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antibody response to the vaccine did not deteriorate as fast as the poor antibody
producers, over a 1-year period in a number of memory tests. *** However, owing
to the development of aseptic meningio-encephalitis in 6% of the patients, the AN-
1792 program was discontinued. *** A second-generation vaccine, ACC-001
(Elan/Wyeth), which has been engineered to have an improved safety profile, is

now in a Phase | trial. *°

Passive immunization is a more expensive and cumbersome approach, requiring
frequent anti-AB monoclonal antibody (mAb) administration, but on the other hand,
it does offer the promise of greater safety. Three mAbs against various domains of
AP are currently in development: Bapineuzumab (Elan/Wyeth) and LY2062430 (Eli
Lilly) in Phase Il trials, and RN1219 (Pfizer) in Phase I. **°

Finally there are atypical drugs such as Dimebon (see Figure 1.7). It was
developed in Russia as a non-sedating anti-histamine drug. It was subsequently
found to have broader neuroprotective effects in animal models of brain
damage.™’ Results from small clinical trials seem to suggest that Dimebon has
some therapeutic effect in AD. °® However it is far from clear that its therapeutic
efficacy is superior to cholinesterase inhibitors or it has any effect on the course of
the disease. Longer and more thorough Phase Il trials with a significantly larger

patient population should answer these questions in the near future.

There is therefore currently no drug, either approved or experimental, that has
been able to show disease modifying effects in AD. The evidence presented earlier
in this chapter also suggests that p amyloid oligomers are the most likely initiators
of the disease process. There is still an unfulfilled need for therapeutically effective
disease modifying drugs to treat AD. The two most common paradigms in drug
development, small molecules and engineered proteins, have been so far
unsuccessful. Therefore pursuing the third option, peptidic drugs, seems

reasonable even though that approach has its unique problems.
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CHAPTER 2: THE ‘ABSENT’ HYPOTHESIS
2.1 Introduction

The current chapter is an updated version of material presented in a paper
published in 2005 **° which describes the formulation of a new hypothesis, known
as the ABSENT hypothesis. ABSENT is an acronym for Amyloid Beta Synergistic
Endothelial and Neuronal Toxicity. It was put forth to address the shortcomings of
major popular hypotheses on the etiology of AD. They are especially apparent
when these hypotheses are used to explain variable histopathological findings and

known risk factors for late-onset idiopathic AD.
2.2  Current hypotheses on the etiology of AD

Current popular hypotheses for the etiology of AD can be divided into two broad
classes- the ‘Amyloid’ hypothesis and the ‘Vascular’ hypothesis. The ‘Amyloid
Hypothesis’ proposes that an increased concentrations of f amyloid in the brain of
AD patients has a direct neurotoxic effect, and is the main cause of the extensive
neuronal damage/ death seen in AD. The ‘Vascular Hypothesis’, on the other hand,
proposes that vascular damage and hypoperfusion caused by chronic
cerebrovascular diseases (in old age) is the main cause of the extensive neuronal
damage/ death seen in AD. The evidence for, and problems with, each hypothesis

are summarized in the next two sections of this chapter.
2.3 The amyloid hypothesis of AD

The most publicized and widely accepted hypothesis for the etiology of AD,
outlined in Figure 2.1, revolves around the neurotoxicity of B amyloid oligomers.
The presence of a large number of amyloid plaques (and neurofibrillary tangles) in
post mortem brain tissue is still the ‘golden standard’ for confirming the diagnosis

of AD since these features were first described by Alois Alzheimer in 1911. A
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more detailed account of the first diagnostic and histopathological description of

AD has been previously presented (see Chapter 1.3 and 1.4).

“Vascular Hypothesis” “Amyloid Hypothesis”
Aging &Vascular Risk Factors Abnormal APP Cleavage
! | |
Reduced Cerebral Blood Flow Increased B-Amyloid Production
! | ! |
Brain Hypoperfusion B-Amyloid Neurotoxicity
L ! |
Neurodegeneration Neurodegeneration
1 !

Alzheimer’s Disease Alzheimer’s Disease

Figure 2.1 The main steps of the two major hypotheses of AD etiology and their
seemingly conflicting explanations of the pathological mechanisms behind the
extensive neuron loss seen in AD. There are many sub-hypotheses in both groups,

however sub-hypotheses tends to favor one school of thought over the other.

However almost all known risk factors for idiopathic late-onset AD (stroke, high
blood pressure, diabetes and other cardiovascular problems) are associated with
vascular dysfunction. 6 161 162. 163 pastmortem studies have also shown that
some subjects have significant amyloid plaque deposition without a concurrent
diagnosable loss of mental function.'®* %% 1% However many researchers still
prefer to think of cerebrovascular dysfunction in AD patients as an etiologically

separate coexisting disease condition.
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2.4  Thevascular hypothesis of AD

The vascular hypothesis for senile dementia (as outlined in Figure 2.1) has been
around for a long time and before the amyloid hypothesis became popular, most
cases of senile dementia were considered to have an underlying vascular
pathology. There are very strong similarities between the symptoms of Vascular
Dementia (VaD) and AD.*®" ¥ |t is often hard to draw a definite line between the

symptoms and histopathology of VaD and AD.¢% 170 171, 172

AD is almost always associated with extensive cerebral capillary angiopathy and
other cerebral macrovascular damage.'” 14 17> 178 As previously explained in
section 1.4, Ante mortem tests are unreliable at distinguishing cases labeled as AD
or VaD based on post mortem assignment.****’": 1’8 The post mortem
assignments of a diagnosis of AD, mixed dementia and VaD are also more

subjective than is widely understood.*”®: 18

As previously noted, cerebro- and cardiovascular diseases are known risk factors
for developing AD. Patients with AD also exhibit a significantly higher risk of
cerebrovascular incidents than an otherwise identical control population.8*" 182
Cholesterol lowering and vasculo-protective drugs like the ‘Statins’, ACE inhibitors
and many anti-hypertensive drugs have been shown to decrease the incidence of
AD and senile dementia. 183 8418186 Eynarimental surgery to improve circulation

to affected brain regions has been shown to improve the symptoms of AD. 7" 18

The evidence of a vascular component in the etiology of AD does not invalidate the
demonstrated role of B amyloid in early-onset familial AD and middle aged Down'’s
syndrome patients. Nor is there any disagreement about the role of B amyloid
oligomers in inducing oxidative stress and lipid peroxidation in the brain of early
onset and late onset AD patients.*8® 1% 191. 192 Transgenic animal models of AD,

though over-expressing mutant proteins, do demonstrate many histopathological
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changes and symptoms similar to those seen in human AD. Some of the cellular
and biochemical lesions seen in human AD are also similar to those seen in cell

cultures treated with p amyloid.**?

Moreover even though some people with significant f amyloid deposition often
exhibit no symptoms, almost all people with heavy amyloid plaque load do have
some symptoms of AD.*®* 1% Therefore a direct or indirect role for B amyloid
induced neurotoxicity cannot be excluded from any comprehensive hypothesis for
AD.

2.5 Comparison of the amyloid and vascular hypothesis

An overview of the ‘amyloid’ and ‘vascular’ hypotheses for AD demonstrates that
neither type of hypothesis can, by itself, explain all of the known histopathological
and biochemical lesions seen in AD. Neither hypothesis can account for the
diversity of clinical symptoms, speed of disease onset and course of disease
progression observed in patients diagnosed with AD. Each hypothesis, on its own,
can only explain AD in patients without significant cerebrovascular damage, or VaD
in patients without a significant amount of amyloid plaques. However post mortem
and ante mortem studies show that the same histopathological, biochemical

lesions and functional deficits are present in patients with diagnosed AD and VaD.
196, 197

It was therefore necessary to create a new hypothesis for AD based on all known
toxicities and effects of B amyloid. The ABSENT hypothesis was the result of an
effort to collate and link the verifiable toxic effects (and underlying chemical
mechanisms) of B amyloid into a coherent model that could explain the clinical

entity known as late onset idiopathic AD.
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2.6 Evidence for g amyloid mediated neurotoxicity

There is a very large body of published evidence for neuronal toxicity caused by
B amyloid, previously mentioned in section 1.6 and 1.7. The most current
understanding of B amyloid toxicity involves both direct (pore forming) and indirect
(free radical based) damage to cell membranes, resulting in the secondary and

tertiary effects such as tau hyperphosphorylation and inflammation.

2.7 Evidence for g amyloid mediated vascular dysfunction

The adverse effects of B amyloid on vascular function and endothelial cells in vitro
and in vivo are less well known and therefore need to be discussed at some length.
Cerebral capillary amyloid angiopathy (CCAP) is a hallmark of AD and is present in
almost all patients with a definitive postmortem diagnosis of AD.'%® 1%° postmortem
studies have shown a strong association between CCAP and both  amyloid

plaque deposition and neuritic AD pathology.?*

B amyloid has been shown to impair cerebrovascular blood flow, cause prolonged
vasoconstriction and decrease endogenous endothelial NO production

201, 202, 203, 204, 205, 206, 207, 208

in tissues from normal animals. B Amyloid has also

been shown to decrease transcapillary glucose transport and affect the integrity of

the endothelial barrier.?*® 2%

Endothelial dysfunction is seen in blood vessels and cells in animals
overexpressing p amyloid peptide/s. ?°* Animals overexpressing human  amyloid
also show a reduced CBF, less robust CBF autoregulation, reduced basal and
peak cerebral glucose utilization and a reduced cortical functional hyperemia in
response to stimulation.”**' % The ‘reverse p amyloid peptide’ (40-1), and a
Methioniness—>Norleuciness mutant, which has a significantly reduced ability to

generate superoxide and H,O,, does not have any adverse/ toxic effects on the



38

vascular endothelium or vascular function. The ‘reverse sequence’ peptide also

does not have any direct neurotoxic effects. =

All negative effects of the B amyloid peptide on the normal function of the
vasculature can be prevented/ reversed by Superoxide Dismutase (SOD), SOD
mimetics and other free radical scavengers capable of quenching superoxide. ?**
214 Moreover, SOD3 (extracellular isoform) knockout mice display cognitive and
other neurological deficits that include impaired learning and long-term memory. ?*°
The oligomeric forms responsible for the vascular effects of p amyloid are poorly
characterized, but soluble low molecular weight oligomers are the most likely

culprits.

To better appreciate the effects of chronic hypoperfusion to the brain, it is
necessary to understand the peculiarities of Cerebral Blood Flow (CBF) and CBF

changes in aging and vascular disease.
2.8 Cerebral blood flow and metabolism

The human brain weighs about 2% of body weight but uses about 20% of the
available blood and oxygen. It has an almost exclusively aerobic metabolism but
has virtually no reserves of oxygen or glucose. Moreover, the brain has almost no
capacity for emergency anaerobic respiration in the event of ischemia. Therefore it
must have a constant blood supply and interruption of blood supply for as little as 4
minutes can result in irreversible damage to the brain. In contrast, most other
organs can be revived after up to 8 hours of ischemia. The brain has therefore
evolved a remarkably robust and effective system of ensuring constant perfusion
and regulating blood flow to its various parts. Cerebral Blood Flow [CBF] in healthy
humans is regulated primarily by two mechanisms — Autoregulation and Metabolic

Control. 2%®
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Autoregulatory mechanisms consisting of a balance of myogenic tone regulation,
secondary metabolite receptors and endothelium-derived factors like nitric oxide
[NO] that sense the arterial pressure and adjust vascular resistance to keep CBF
relatively constant. Autoregulation in healthy humans works best over the normal
range of blood pressure [60—160 mm Hg], and abrupt changes in incoming arterial

pressures are compensated for within a few seconds. %’

Metabolic Control uses CO, levels [among other metabolic indicators] to provide
extra blood [or divert blood] to active parts of the brain. Since not all parts of the
brain can be constantly perfused at maximum capacity, metabolic control
mechanisms make sure that currently active parts of the brain receive the

maximum possible blood supply on an ‘as needed’ basis.

Normal aging causes autoregulatory mechanisms to become less effective in
maintaining a constant CBF thereby decreasing the ‘safe’ range of incoming
arterial pressure for maintaining a constant CBF. #'® The adverse changes caused
by normal aging in the cerebral vasculature are both histological and functional.
Adverse histological changes are seen both in the vasculature and the innervations
to the major blood vessels. Metabolic control of the blood flow to more active areas
of the brain can also be affected by aging. Co-existing vascular diseases
exacerbate all age-related changes in the status of the autoregulatory and

metabolic controls mechanism for maintaining a ‘normal’ CBF. % 2%

2.9 Synergy of B amyloid mediated neurotoxicity and vascular dysfunction

Neurons require constant oxygenation and glucose because the brain has a very
limited capacity for anaerobic metabolism. Neurons are therefore particularly
sensitive to a combination of hypoxic/ hypoglycemic/inflammatory insults. The

B amyloid- induced neuronal damage and vascular dysfunction could therefore
have a synergistic negative effect on neuronal function and viability by creating a

hostile neuronal environment through a combination of impaired functional
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hyperemia, hypoxia, hypoglycemia and inflammation in addition to direct neuronal

damage.

AD should therefore be seen as a condition in which g amyloid, in concert with
coexisting circulatory and age related problems, launches an assault on the
neurons and cerebral vasculature that perfuse them. B amyloid damages the
neurons (directly and indirectly) causing progressive dysfunction leading to
neuronal death. The relative contribution of the vascular and neuronal damage
from B amyloid towards this end might vary in each case, but B amyloid is the
critical factor/ingredient in all patients with AD and almost all patients with vascular

dementia.
2.10 The ABSENT hypothesis

Hypotheses for the etiology of AD that involve a combination of the vascular and
neuronal toxicity of B amyloid have been previously proposed. 2! 222: 223,224
However, the ABSENT hypothesis, depicted in Fig. 2.2, differs from such previous
hypotheses in that it proposes a unified and feasible chemical mechanism to
explain the observed B amyloid-mediated vascular dysfunction and neuronal
damage. The chemical mechanism is explained in more detail in subsequent

sections of the current chapter and Figures 2.3 & 2.4.

In the ABSENT hypothesis, B amyloid itself generates all of the free radicals
(superoxide, lipid based free radicals) that cause both vascular dysfunction and the
initial neuronal damage seen in AD. All further reference to B amyloid in this
chapter should be understood as referring to LMW B amyloid oligomers unless

otherwise stated.
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Figure 2.2  An overview of the ABSENT hypothesis depicting various important
steps in the pathogenesis of AD and their interconnections (shown with arrows).
These steps and their synergistic interactions ultimately lead to the extensive
neuron damage and death seen in areas of the brain afflicted by AD. A
combination of primary and secondary insults is most likely the cause of neuronal
death observed in AD.

The ABSENT hypothesis also proposes that different stages of AD involve a
different and changing balance of vascular dysfunction and neuronal damage
caused by B amyloid. Thus, vascular dysfunction caused by low concentrations of
B amyloid could account for a greater part of the neuronal dysfunction seen in pre-
AD MCI (Mild Cognitive Impairment). Vascular dysfunction caused by  amyloid is
known to occur at much lower concentrations than those required for the known
direct neurotoxic effects. 22> 226: 227, 228, 229, 230 Tha extensive neuronal dysfunction/

death observed in mid- or end-stage AD is most likely due to direct primary and
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indirect secondary neurotoxic effects of B amyloid on neurons. The direct primary
and secondary neurotoxic effects start occurring at much higher concentrations of
B amyloid than the vascular effects, and probably require significant local deposits
of B amyloid, such as those seen in patients with mid- stage AD. Moreover,
neurons in the mid- and end-stages of AD afflicted brains have also experienced
prolonged hypo-perfusion, which magnify the direct p amyloid-mediated neuronal

damage.

It is therefore likely that a combination of direct (neuronal) and indirect (vascular)
neurotoxic effects of f amyloid cause a series of events that start with neuronal
damage and end in neuronal death. The secondary effects of f amyloid induced
neuronal damage such as localized inflammation and excessive soluble tau protein
formation also likely contribute towards the ultimate fate of the affected neurons.
The ABSENT hypothesis proposes that the extent of each factor’s (direct and
indirect) contribution towards the damage, dysfunction and death of affected
neurons varies in each AD patient and is thus responsible for the range of

histopathology and disease progression seen in AD.

The ABSENT hypothesis further states that the impact of each type of f amyloid
toxicity is both negatively and positively modified by factors like genetic
predisposition (excess/mutant p amyloid production), head injury (increased APP),
“lifestyle”, local inflammation, “good genes”, vascular status, presence or absence
of co-existing vascular diseases, current drug therapy for cardiovascular diseases

etc.

According to the ABSENT hypothesis, co-existing cardiovascular conditions like
hypertension, atherosclerosis potentiate the cerebrovascular dysfunction caused
by B amyloid and increase the extent of hypoperfusion induced neuronal damage.
The potentiation between cerebrovascular disease and AD is thus the result of

structural vascular damage potentiating vascular dysfunction caused by B amyloid
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as well as a more direct additive effect though excess superoxide generation by

elevated levels of glycosylated proteins and homocysteine.

Type 2 Diabetes Mellitus (Type Il DM) might also directly contribute to an
increased AD risk through generation of excess superoxide via advanced glycation
end products (AGE) thereby cause an increase in the cerebrovascular damage and
accelerate the rate and percentage of patients with pre-AD MCI developing clinical
AD.

According to the ABSENT hypothesis, VaD patients are especially sensitive to
amyloid-induced cerebrovascular dysfunction due to co-existing vascular diseases.
Thus even moderately increased  amyloid levels can cause significant neuronal
damage (and clinical symptoms) in VaD patients. On the other hand, some elderly
people with moderate plaque buildup might not suffer from clinical AD because
their robust vascular function reduces the impact of increased g amyloid levels.
Moreover, evidence suggesting that cerebral hypo-perfusion causes an increase in
B amyloid production in the brain exists. 23! 2 233 Therefore maintaining a robust
cerebral perfusion, inspite of moderate B amyloid levels, might slow down the
progress towards clinical AD in the elderly with moderate amyloid deposition but no

signs of clinical AD

One major difference between ABSENT hypothesis and similar ‘mixed’ hypotheses
is that the ABSENT hypothesis suggests a plausible chemical mechanism for the
neurotoxic and vascular effects of B amyloid, and is explained in the next few

sections of this chapter.

2.11 The Bamyloid redox cycle

The B amyloid peptides have a high affinity for copper [Cu] ions and Cu—B amyloid

90, 234, 235, 236 The Cu2

complexes cycle between various redox states. " ion forms a
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complex with B amyloid and an electron is transferred from an antioxidant, like

ascorbate, to the copper ion to form the Cu* — p amyloid complex.

The Cu* — B amyloid then adds oxygen [O5] to form the Cu?*— p amyloid- O™
complex. The reactions either (a) release the superoxide radical [0, ] or (b) result
in further reduction to release hydrogen peroxide (H,O2). The H,O5 is normally
further detoxified by enzymes like catalases. Under conditions such as those found
in brain tissue, O, produced by one molecule of the Cu*— g amyloid complex is
further converted to H,O, by the same molecule as it is energetically more
favorable than O™ leaving the complex. However in the absence of reducing
agents and high O levels, such as those found in bloodstream, O," release is

preferred over further conversion to H,O,.

The healthy human brain has a very low level of B amyloid.?*” The low levels of B
amyloid in a healthy brain do not overwhelm the detoxification system for § amyloid
generated free radicals and therefore no tissue damage results from these low

amyloid levels.
2.12 The B amyloid redox cycle in the brain

AD results in an increase in the brain concentrations of B amyloid thereby placing
an increased amount of Cu—p amyloid in the redox cycle. The redox cycle of the
Cu—p amyloid complex in the brain is summarized in Figure 2.3. The normal
detoxification mechanisms (antioxidants like glutathione/ascorbate) are no longer
sufficient to take away the charge from all Cu—B amyloid complexes. The lack of
insufficient anti-oxidant mechanisms thus allows aberrant reactions like peptide
backbone based radical formation. According to the ABSENT hypothesis, the lipid
peroxidation seen in AD and g amyloid treated neurons is caused by peptide

238, 239, 240

backbone radicals. In the neuronal environment, no excess superoxide
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is released and only H,O; is ultimately released as a side product of conversion of

Cu’—B amyloid to Cu*—p amyloid.

p Cu (IN—B Amyloid

Ascorbate/ Glutathione

H.0:
Cu ()—B Amyloid /
H+
0O,
Ascorbate/ Glutathione
. . Cu (Ih-p Amyloid-O,H
0, » Cu (I1)-p Amyloid-O, >

H+

Figure 2.3 Redox chemistry of the Cu(ll)-# Amyloid complex in the body. Two
possible pathways for directly generating radicals exist. The pathway resulting in

the production of hydrogen peroxide (H205) is important in environments

resembling those in the brain (low oxygen tension and excessive reducing agents).

The other pathway produces superoxide (O, **) and is more common in high

oxygen tension such as those encountered in the vascular system.

The direct evidence for increased lipid peroxidation in the brain of AD patients
comes from chemical analysis of lipids extracted from brain tissue that show
elevated levels of peroxidated cell membrane lipids. There is evidence for
increased membrane damage (cellular and mitochondrial) in histopathological
studies of neurons from AD afflicted brains. The levels of lipid peroxidation by
products and markers in brain tissue, CSF and blood of AD patients are also
elevated.*®® The lipid peroxidation byproducts and markers are also known to be
toxic to neurons. These changes are also seen in § amyloid treated cell cultures

and transgenic animals overexpressing human p amyloid.
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The precise mechanism of lipid peroxidation in the brain is still controversial. One
of the popular hypothesis is that hydrogen peroxide (H.O,) causes peroxidation of
the lipids, through formation of the OH ‘radical, in the cell membranes of neurons.
Indeed, experiments have consistently shown that catalase prevents g amyloid-
induced neurotoxicity in cell-based assays. 24 242 243. 244 However, there is
evidence that catalase amelioriates p amyloid induced neurotoxicity by complexing
with soluble B amyloid. Catalase has a very high affinity [Kd ~ 3 nm] for  amyloid.
4% Furthermore, there is no difference in the protective ability of inactivated
catalase and catalase as far as prevention of B amyloid toxicity is concerned. The
characteristic biochemical lesions caused by addition of hydrogen peroxide are
also not seen when B amyloid is added in cell based assays, nor is the toxicity of

amyloid reversed by compounds that do so for cells exposed to H,O,. 24

The above factors and the short half-life of the hydroxyl radical make hydrogen
peroxide and the OH ' radicals unlikely candidates for the majority of the lipid
peroxidation and neurotoxicity seen in the AD afflicted brain. A relatively long lived
and ‘lipid soluble’ radical like a peptide backbone- based radical or its peroxy
derivative, is the most likely candidate for causing the increased lipid peroxidation
seen in brains of AD patients. The toxicity caused by lipid peroxidation is probably
both direct (structural) and indirect (signal transduction dysfunction, toxicity of lipid

peroxidation products).

2.13 The B Amyloid Redox Cycle in the Vasculature

AD also results in a net increase in § amyloid concentrations in the blood and
vascular tissues. The proposed redox cycle of the Cu—f3 amyloid complex in the
vasculature is also depicted in Figure 2.3. According to the ABSENT hypothesis,
both peptide backbone free radicals and superoxide are generated by the Cu—f
amyloid complex in vascular tissues, though superoxide generation predominates

over the other pathway. Moreover, the lipid peroxidation caused by peptide
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backbone-based free radicals predominantly targets the membranes of passerby
red blood cells [RBCs] and other cells in the circulation which are constantly

recycled.

The principal vascular toxicity of f amyloid in the vasculature is therefore caused
by superoxide radicals attacking endothelial-derived relaxing factors like NO and
thereby adversely affecting the normal functioning of underlying vascular smooth
muscle. Superoxide generation, by  amyloid, also causes stress, dysfunction and

altered signal transduction in the endothelial cells lining blood vessels.

However, most physico-chemical experiments with Cu—p amyloid complexes have
shown hydrogen peroxide generation (SOD like activity) but failed to show
generation of the superoxide radicals.?*" 247+ 248. 249. 20 \jg3ny of these reactions
are supposed to initially generate superoxide as an intermediate step. It is likely
that these experiments do not recreate conditions in the vasculature (lack of
reducing agent combined with high oxygen tension) which favor superoxide

release.

Literature referenced earlier in this chapter on the other hand suggests that
superoxide radicals generated by B amyloid seem to be responsible for almost all
of the B amyloid-induced vascular dysfunction since the in vitro and in vivo toxic
effects of B amyloid on the endothelium and vascular function can be reversed by
SOD and SOD mimetics.

The mechanism proposed to explain the phenomenon is biphasic. In the first
phase, high O, tensions such as those seen in the bloodstream favor

generation of superoxide by the Cu’—p amyloid complex over further conversion of
the nascent superoxide to hydrogen peroxide (see Figure 2.3). The rapid
generation of superoxide by the Cu’—B amyloid complex depletes the available
‘pool’ of Cu™—f amyloid complexes that could transform superoxide to hydrogen

peroxide, therefore the amount of hydrogen peroxide generated is substantially
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reduced. Thus the Cu—3 amyloid complex tends to produce superoxide over

hydrogen peroxide under conditions encountered in the vascular system.

The hypothesis also considers the possibility that additional factors (and as yet
undefined factors) like other metal ions and naturally occurring compounds present
in the vasculature interact with the Cu™—p amyloid complex and further make it

harder for the complex to convert superoxide to hydrogen peroxide.

2.14 Aging, diabetes, homocysteine induced vascular dysfunction and AD

The mechanisms behind the increased incidence of AD in old age, diabetes,
hypertension and other cardiovascular diseases have been conventionally
attributed to indirect potentiation of § amyloid neurotoxicity by the structural
vascular damage caused by these comorbidities. The ABSENT hypothesis
proposes an additional and more direct mechanism, depicted in Figure 2.4, to

explain the increased incidence of AD seen in patients with these comorbidities.

The mechanism proposed involves production of additional superoxide by
transition metal complexes of glycosylated proteins, glycosylated hemoglobin, and
homocysteine resulting in increased cerebrovascular dysfunction beyond that
caused by the superoxide generated by B amyloid (a list of references is found in
the next paragraph). The increased cerebrovasculardysfunction speeds up the
course of AD and causes an increased incidence of clinical AD in these patients.

The evidence used in developing this sub-hypothesis is presented below.

Diabetes and advanced age both increase the risk of acquiring AD. Aging and
diabetes both cause endothelial dysfunction and vascular hypercontractibility. #°*
%2 Aging and diabetes induced endothelial dysfunction can be partially reversed by
treatment of tissues with SOD or SOD mimetics. %% 2°* 2°° Glycosylated proteins
generate superoxide at oxygen tensions present in the vasculature, especially in

the presence of metal ions.?® 2°7: 2°8. 259 G|ycosylated proteins (especially blood
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proteins) are increased in aging and diabetes. ?*° Glycosylated hemoglobin is

known to cause endothelial dysfunction in tissues from young animals, and the

dysfunction is reversible by SOD and SOD mimetics. 2°* 262
Fe - Glycosylated Protein
Complex
+
Cu - B Amyloid 0," _ 0,* AD Vascular
Complex Damage
+

Cu - Homocysteine
Complex

Figure 2.4 Production of superoxide [0 ] radicals by various metal—protein

complexes in the blood stream result in an increase in blood superoxide levels.
These constantly increased levels of superoxide in the blood create more vascular
dysfunction than g amyloid could by itself. Hence age, vascular diseases and

diabetes all increase the risk of developing AD.

Homocysteine plasma levels are increased in vascular disease conditions like
hypertension and atherosclerosis and elevated blood homocysteine levels are an

independent risk factor for morbidity and mortality. 2°> Homocysteine causes
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vascular dysfunction through superoxide production. 264 265 266. 267 g 5eroxide
production by homocysteine (like B amyloid and glycosylated proteins) is

dependant on copper being present as a cofactor for completing the redox cycle.
268, 269

It is therefore likely that the increased incidence of AD in patients who are old and
have diabetes or vascular diseases, is partially due to a direct additive
vascular toxicity of superoxide radicals produced by B amyloid along with

superoxide radicals produced by glycosylated proteins and homocysteine.
2.15 Salient features of the ‘ABSENT’ hypothesis

1. It can explain the variety of presentations, progress and clinical symptoms seen

in AD, especially the late onset idiopathic form.

2. It can give a more integrated explanation for the apparent increased incidence

and severity of late onset AD in patients with preexisting vascular conditions.

3. It can explain the reasons behind and role of almost all the histopathological and
functional changes seen in AD.

4. It provides an understanding of the chemical mechanisms behind the toxic

effects of p amyloid on both the neurons and their supporting vasculature.

5. An understanding of the mechanisms of the damage caused by g amyloid allows
us to justify the use of newer assays (vascular) to assist in the discovery of disease
modifying drugs to treat AD.
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CHAPTER 3: DESIGN AND VALIDATION OF PEPTIDIC DOCKING
TECHNIQUES

3.1 Introduction

The current chapter deals with design and validation of a new method for docking
and scoring the interaction of peptidic inhibitors of B amyloid oligomerization to the
‘self recognition’ motif in B amyloid. The methods and algorithms developed in this

chapter were later used to develop novel B amyloid oligomerization inhibitors.

The development of Disease Modifying Drugs (DMDs) for Alzheimer’s Disease
(AD) has been an unsuccessful endeavor and many small-molecule DMDs based
on the amyloid hypothesis of AD have failed in clinical trials.?”° Peptidic inhibitors
of B amyloid oligomerization are both specific and fairly non-toxic, however their
potency and pharmacokinetic characteristics (“druggability”) need significant
improvement. The use of peptidic compounds as drugs is still widely seen as less
than desirable, for reasons that were true a couple of decades ago. These reasons
include susceptibility to enzymatic hydrolysis, the need for administration by
injection and the potential to elicit immune responses. Therefore, peptidic drugs
were often seen as niche products that addressed small therapeutic areas, such as
Vancomycin for treating multi-drug resistant bacterial infections and Cyclosporine

for immune suppression after organ transplant.

However, advancements such as an expanded repertoire of unnatural amino acid
residues, newer methods for derivatizing peptidic drugs and the need to target
receptors other than G-Protein Coupled Receptors have made peptidic drugs a
competitive option. A number of very profitable and widely used drugs such as
various haemopoietic factors, Pramlintide, Exenatide and a host of monoclonal
antibodies to treat conditions ranging from auto-immune diseases to cancers have

been approved in the past 15 years. Many of these peptidic/ protein drugs are
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used for chronic conditions in preference to or in combination with small molecule

drugs.

Such drugs range from cytotoxic anti-cancer drugs (dactinomycins, bleomycins),
haemopoietic drugs (erythropoetin, sagramostim,fiilgastrim), immunosuppressive
drugs (cyclosporin A and G, daclizumab, basiliximab, infliximab, etanerecep),
immunomodulatory drugs (interferon beta and analogues, copaxone), hormonal
drugs (insulin, growth hormone, IGF-1, desmopressin, octreotide, leuprolide,
buserelin, ganirelix), cardiovascular drugs (nesiritide), anti-viral drugs (saquinavir,
ritonavir, nelfinavir, lopinavir , enfuvirtide, interferon alpha and analogues),
antibacterial drugs (vancomycin, teicoplanin, ginupristin/dalfopristin, polymyxins,

bacitracins, colistins, capreomycin).

Computer Assisted Drug Design (CADD) is one of the possible approaches for
speeding up the development of newer, and hopefully better, peptidic inhibitors of B
amyloid aggregation. Recent advances in the field of Computer Assisted Drug
Design (CADD) have made it a competitive and viable method for identifying and
developing small-molecule ligands to many, large and semi-rigid, conventional
receptor systems such as enzymes and G-Protein Coupled Receptors (GPCRS).
271,212 cADD is primarily used to speed up the process, and reduce the cost, of
developing pre-clinical drug candidates, though it can also be used to assist in the

optimization of druggable ligands that are already in preclinical studies.

Established CADD methodologies are, however, not directly applicable to the
development of peptidic ligands targeted towards unconventional receptors such
amyloid. Unlike ‘conventional’ receptors, such as GPCRs and enzymes, B amyloid
is a flexible peptide without a well defined ligand-binding pocket. While there has
been some progress in modeling protein-protein interaction with CADD, these
techniques have not yet been successfully used to design peptidic ligands for

modulating such interactions.?’® 2’* 27> 278 Mmoreover, there have been very few
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serious efforts at using computational chemistry based methods to study the

interaction of peptidic ligands with amyloid -type receptors.?’’: 2’8

3.2 Computer assisted drug design

Rational drug discovery is an alternative to the use of High Throughput Screening
(HTS) -type approaches for developing new drugs. Rational drug discovery
techniques, such as computer assisted drug design, have been successfully used
to help develop drugs including Angiotensin Converting Enzyme (ACE) inhibitors,
Angiotensin Il antagonists, HIV protease inhibitors and various anti-cancer kinase
inhibitors.?”® 28° A number of books on CADD, such as ‘Molecular Modeling:
Principles and Applications’ by Dr. Andrew Leach, are available and should be

used to better understand the concepts and techniques underlying CADD.?!

CADD methodologies fall into two categories, namely ‘ligand-based’ techniques
and ‘receptor-based’ techniques. Ligand-based CADD have been successfully
used to assist in the discovery and development of new druggable ligands for a
variety of receptors.?®? ' 282 The majority of ligand-based CADD techniques fall
under the rubric of ‘cheminformatics’ and these two terms are often used in an

interchangeable manner.?®*

Cheminformatics involves analyzing structural features of ligands, known to bind to
the receptor of interest, with various data-processing algorithms to create structural
‘fingerprints’ associated with receptor affinity or activity. These structural
‘fingerprints’ can then be used to search for similar ligands in chemical databases
and develop structure-activity relationship (SAR) models for prioritizing the next
round of ligand synthesis. Ligand-based techniques do not require much
information about the target receptor’s structure and might therefore appear to be
ideally suited for elucidating the SAR of peptidic ligands to B amyloid. However,

ligand-based techniques are also exquisitely sensitive to the 3D spatial placement
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of ligand pharmacophores and are therefore unsuitable for semi-flexible peptidic

ligands.

Receptor-based techniques, in contrast to ligand-based techniques, are typically
used only if a good quality model of the receptor’s structure is available. In some
cases, high-quality homology-based models of the receptor are an acceptable
substitute and have produced good results.?®* As previously stated, the current
chapter describes development and use of receptor-based techniques (such as
receptor-ligand docking) to reproduce experimentally known structure-activity
relationships of peptidic ligands to the ‘self recognition’ site in B amyloid. The
methods developed and assumptions made, while based on experimental
evidence, were unconventional and therefore necessary to first understand the

conventional receptor-ligand docking/ scoring paradigm.

Software suites that can reliably replicate (or approximate) the X-ray crystal
structures of ligand-receptor complexes are readily available.?® 28 287 The
majority of receptor-ligand docking software suites and modules do however use a
fairly similar approach to the receptor-ligand docking problem, namely a
predominantly rigid model of the receptor. Some now implement varying degrees
of flexibility for residue side chains lining the ligand-binding pocket, and have sub-
modules/ scripts to help the user with basic chores such as checking the
completeness of the receptor model and identifying ligand-binding cavities. The
docking software then places a ligand (usually from a ligand database) in a random
position, with pseudo-random perturbations of bond angles, inside the pre-defined

ligand-binding cavity.

The next step involves a quick energy minimization of each starting conformation
inside the receptor pocket to generate a docked pose. Each ligand undergoes this
sequence of events for a few hundred to a few thousand times to ensure that it has
thoroughly sampled the energy surface (and conformational space) inside the
receptor cavity. All docked poses for a given ligand are scored with a scoring



55

algorithm and only the top 10-100 ligand poses are saved (and written) in an
output database. Popular scoring algorithms are based on a direct or indirect
measure of calculated binding energy. The procedure is repeated with each
subsequent ligand in a given database until all ligands in the input database have
been docked.

While finding the best conformation for a ligand in a receptor cavity is fairly easy,
comparing the best docked poses of two or more ligands is harder and more
subjective. Consensus scoring, which utilizes a number of popular scoring
algorithms, is the most widely accepted method of identifying high affinity ligands.
288 5coring algorithms like ChemScore, DrugScore, PMF, Score, and Ludi are
implemented in many docking software suites. 289 290291 292,293 pacantly,
knowledge based and customizable scoring functions have been implemented in
some docking software suites such as GOLD. ?** Computer Aided Drug Design
(CADD) technigues have been most successful when high quality structures of the

target receptor and a few ligands are available.?> 2%

3.3 Challenges to in silico screening of B amyloid ligands

Successful application of receptor-based CADD techniques for in silico screening
of peptidic ligands to  amyloid required the development of workable solutions for

some systemic problems, which are listed below.

1. Since a high quality structural model of the ‘oligomerization ready’ receptor
was unavailable, it was necessary to create a reasonable and evidence-based,

receptor model for use in the docking/scoring studies.

2. The majority of current docking protocols were not designed for handling
large and partially flexible ligands, nor were they designed to utilize receptors that
lacked a typical ‘active site’ pocket. It was therefore necessary to modify existing

generic docking protocols for use with the  amyloid receptor model.
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3. Popular ligand-scoring algorithms were not designed or optimized for
ranking peptidic ligands bound to ‘open’ ligand binding sites. Therefore, a modified
version of an existing generic scoring algorithm (BHB) was developed for scoring

B amyloid receptor-ligand complexes.?’

3.4 Insights into the structure of #amyloid monomers

The process by which a nascent random coil monomer becomes a highly
structured unit in a fibril is poorly understood.?*® Since high quality experimentally
derived structures of ‘oligomerization ready’ p amyloid monomers were not
available, it was necessary to perform a meta-analysis of all available structural
data to obtain an insight into the putative structure of these monomers.?*® Our
current understanding of the process of 3 amyloid oligomerization suggests that
nascent cleaved B amyloid has no defined secondary structure (see Figure 3.1 A).
Incubation of the nascent peptide causes progressive increase in the g sheet
content of its secondary structure (see Figure 3.1 B, C, D) until it is incorporated in
fibrils with very high B sheet content (see Figure 3.1 E).*® The structures shown in
Figure 3.1 are based on the results of MD simulations (nascent monomer),3** best

case fits for indirect experimental evidence (hairpin monomer and dimer)3%,

protein-protein docking servers (soluble oligomer)3®

(fibrils).22

and direct experimental data

Experiments measuring rates of B amyloid oligomerization have consistently shown
the presence of a ‘lag phase’ during which oligomer formation is almost absent. It
is likely that nascent f amyloid monomers exist as ensembles of random coils that
might have some temporary secondary structure, but rapidly shift from one low
energy form to another. An example of such a semi-stable coiled structure can be
seen in Figure 3.1 - A. CD studies of the nascent 11mer and 7mer are also

compatible with a random coil-type structure. 3%
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Figure 3.1 A simplified version of the chain of events leading from nascent S
amyloid monomers to their insoluble fibrillar form. The naming scheme- A;nascent

monomer, B; monomer with loose hairpin, C; dimer, D; soluble oligomers, E; fibrils.

The first stage of oligomerization (A->B in Figure 3.1) likely involves the formation
of an intra-molecular salt bridge between the residues D,3 and Kys. Modified

B amyloid peptides with a preformed D3-Kzg linkage start oligomerizing almost
immediately, thereby suggesting that the interaction is important for initiating the
process of B amyloid oligomerization. 3% 3% |t is therefore likely that a loose
hairpin like structure (Figure 3.1 - B) formed subsequent to this interaction is

necessary for the next step in f amyloid oligomerization.
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The process of B amyloid oligomerization (B->C and C->D in Figure 3.1) has been
studied with techniques such as Circular Dichroism (CD), Fourier Transform
Infrared Spectroscopy (FTIR) and Atomic Force Microscopy (AFM). Data obtained
from CD and FTIR seem to suggest that oligomerization is accompanied by an
increase in B strand content of secondary structure. **" . The catalytic effect of sub-
micellar concentrations of surfactants such as Sodium Dodecyl Sulfate (SDS) on
oligomerization is another recently uncovered and potentially important area of

research.%’ 308

While neither CD nor FTIR can identify individual amino acid residues involved in
the initiation and propagation of observed secondary structure changes, AFM
seems to show folded hairpin like structures binding each other to form dimers and
higher oligomers. 3°% 3% Experimental evidence, discussed in Chapter 1, suggests
that B amyloid oligomerization occurs via self recognition through a 7-mer motif,
K1sLVFFAE2, in B amyloid. *'° Recent experimental evidence also suggests that
soluble oligomers have anti-parallel B strands as opposed to the parallel g strands
seen in B amyloid fibrils.*°* 3** The B amyloid dimer model in Figure 3.1 - C is

based on an extrapolation of such experimental data.

The basic 7-mer ‘self recognition’ motif, KigLVFFAE,,, can form B sheet rich fibrils.
193 | arger peptides that incorporate the ‘self recognition’ motif such as g amyloid
(13-23), B amyloid (14-23) also form B sheet rich fibrils that are morphologically
very similar to p amyloid.*!? 3!2, Solid-state NMR experiments on fibrils formed by
even larger pieces of B amyloid exhibit substantial g strand-type secondary
structure. CD/ FTIR studies of peptides containing the self recognition region as an
induced dimer also suggest that their secondary structure has significant g strand
content. 3 314 The observation of ordered and regular fibrils by Electron

Microscopy (EM) backs up the conclusions of solid-state NMR experiments.
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Based on this evidence, it is likely that the sequence containing the ‘self-
recognition’ site and its immediate vicinity have a tendency to adopt a 8 strand-
type secondary structure. It is also likely that two molecules of B amyloid bind to
each other when their ‘self recognition’ motifs have  strand-type secondary
structure. Moreover MD simulations on the 11mer done in our research group
suggest that the 11mer has a predominantly extended B strand-type secondary

structure.

A majority of the current (and next chapter) concern the use of computational
chemistry to model the interaction of B amyloid with peptidic ligands, and therefore
it is worthwhile to understand the concepts underlying these computational

treatments and algorithms.

35 Basics of molecular mechanics

All theoretical chemistry techniques that were developed and used in this thesis
are based on the treatment of molecules by Molecular Mechanics. A brief summary
of the basics of Molecular Mechanics (MM) and other techniques used in this
thesis is given below.

Molecular Mechanics (MM) uses concepts derived from Newtonian mechanics to
model and simulate molecular systems. The potential energy of all systems in
molecular mechanics is calculated using empirical potential functions. Molecular
mechanics is especially suited to study a wide size range of molecules as well as

the interactions of diverse types of molecules, such as ligand-receptor interactions

The molecular system'’s total potential energy (E) in a given conformation is

expressed as a sum of the covalent and non-covalent energy terms.
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The first term in the equation models the interaction between a pair of bonded

atoms (i and j), where Ar; =r; — rif is the difference between the actual and

reference bond lengths for that particular atom pair. The second term applies a

similar treatment to the valence angles of connected atom triplets in the molecular
system such that A6, =6, —@?k is the difference between actual and reference

bond angles for any connected atom triplet (i-j-k). The third term models torsion
induced energy changes in the bond (j-k) between a connected atom quadruplet (i-
j-k-1). The fourth terms models non-bonded interactions between all pairs of atoms
in the system, that are either separated by at least three bonds or are not
connected. Van der Waals interactions are typically modeled with a 6-12 Lennard-
Jones potential and electrostatic interactions are modeled through a Coulomb

potential term.

The values and parameters for each atom type and interaction are defined by the
force field used for that molecular mechanics calculation. Force field functions and
parameter sets are derived from both experimental work and high-level quantum
mechanical calculations. "All-atom" force fields provide parameters for every atom
in a system, including hydrogen. Well known “all atoms” molecular mechanics force
fields such as AMBER, OPLS, MMFF94 are implemented in many molecular
modeling suites. 3'° 3¢ 317 "ynjted-atom" force fields such as GROMACS, which
are used in simulations of very large (>20k atoms) molecular systems, treat the
hydrogen and carbon atoms in methyl and methylene groups as a single

interaction center to simplify calculations. 38
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The Merck Molecular Force Field 94 (MMFF94) used for all computational work
described in this thesis, is a highly regarded and well-implemented Class 3 force

field, which can account for effects such as electronegativity and hyperconjugation.
3.6 Basics of the MMFF94 force field family

The general form of MMFF94 energy expression can be written as:

Evwer = O EB; + > EA, + > EBA, + D EOOR,, + > ET, + > EvdW + > EQ,
(3.2)

where E and all it's constituent terms are expressed in kilocalories per mole

MMFF
when distances and degrees are measured in angstroms and degrees

respectively. Each term is further explained below:

Bond Stretching

MMFF94 models bond stretching through a modified quartic function:
kbii 2 1 2ne2
EB; =143.9325—=Ar; x| 1+ CSAr; +—CS Ar; (3.3)
2 12 :

where kbij is the force constant (md/A), Ar =1, — rif is the difference between

actual and reference bond lengths, and CS= (-2 A™%).

Angle Bending

Angle bending in MMFF94 is modeled with a cubic expansion, however it uses a
much more extensive set of parameters, as compared to other common force fields
(e.g. AMBER), for modeling delocalized single bonds and small or unusual ring

systems. The form is:

EA, — 0048844 AGE (1+ cbAg, )
Ajk =Y 5 ijk ik (3.4 a)
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where kg, is the force constant (md Arad®), A, =6, —&5 is the difference

between actual and reference bond angles (degrees) and cb=-0.007 deg™ (or -
0.4rad™) is the “cubic bend” constant. For linear or near-linear bond angles,
MMFF94 employs:

EA, =143932%a, (L+cosd), ) (3.4 b)

Stretch Bend Interaction

Older MM force fields (MM2, AMBER) do not model stretch-bend interactions for
the sake of simplicity, however modeling this interaction is crucial for coupling the i-
j and k-j stretches to the i-j-k bend. MMFF94 uses the form:

EBA, = 2.51210kbgAr;, +kba,Ar, JAG, (3.5)

where kba]jkand kbaq-i are force constants (md/ rad) that couple the i-j and k-j

stretches to the i-j-k bend.

Out of Plane Bending at Tricoordinate Centers

Out of Plane Bending is another interaction that is not independently modeled by
older MM force fields (MM2, AMBER). They often try to indirectly model this effect
through the creation of special atom classes to deal with the most common
examples of such effects (e.g. chiral amines). However modeling this as an
independent entity allows MMFF94 to apply this effect to every atom system. The

functional form is:

kcoop ;..
EOOP ;, = 0.043844 —— < 7, (3.6)

where kCOOQk;, is the force constant (md A/rad?) and Zij Is the angle between the

bond j-I and plane i-j-k.
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Torsion Interactions

MMFF94 uses a fairly conventional model of torsional interactions with the form:
ET;q =05 ((V,(L+cosg) +V, (L —cos2¢) +V;(1+cos3¢)) (3.7)

where Vi, V, and V3 depend on the atom types for atoms i,j,k and |, where i-j, -k

and k-l are bonded pairs and ¢ is the i-j-k-1 torsion angle.

Van der Waals Interactions

MMFF94 uses a “buffered 7-14” version of Lennard-Jones potential instead of the

more classical 6-12 version used in equation 3.1

1.07R Y( 1.12R7
EvdW, = ¢, L - L -2 (3.8)
R, +0.07R; | | R +0.12R;

where R,*J Is the buffering constant and is linked to the atomic polarizability. A more

detailed version of this equation can be found in the original MMFF94 paper.

Electrostatic Interactions

MMFF94 models electrostatic interaction through a buffered coulombic term:

EQ, =3320716x0,q, /D(R, +5)' (3.9)

where (;and Q;are partial atomic charges, Rjis the internuclear separation in A,

5 = 0.05 A is the “electrostatic buffering” constant and D is the dielectric constant.
The exponent n usually taken as 1, though one can also use n=2 to simulate a
simple distance-dependent dielectric constant. In MMFF94, 1-4 electrostatic

interactions are scaled by a factor of 0.75.
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3.7 Energy minimization in molecular mechanics

In computational chemistry, energy minimization methods are used to compute the
equilibrium configuration of molecules under the given force field parameter
regimen. Molecules, especially those that are complex and flexible, often have both

local and global energy minima.

Energy minimization algorithms employ various mathematical procedures to move
atoms and reduce the net forces (the gradients of potential energy) on the atoms
until they become insignificant. A well established algorithm of energy minimization
can be an efficient tool for molecular structure optimization and can often match
the bond lengths and angles obtained with ab initio methods. The same cannot be
said about relative energy differences and changes, where ab initio methods are
significantly superior to molecular mechanics. The implementation of energy
minimization in MOE modeling suite is explained in its help files (“Energy
Minimization”), and is summarized below. MOE uses a succession of three
methods to effect an energy minimization, namely Steepest Descent (SD),
Conjugate Gradient (CG) and Truncated Newton (TN). Switching from one method

to another occurs at preset levels of gradient convergence.

Under SD optimization, the search proceeds along the direction of the forces. SD is
intuitive but extremely inefficient after a few iterations and it is only used when the
gradient is extremely high. When the gradient is sufficiently small (but still quite
high) the CG method is used. The Conjugate Gradients (CG) method improves
upon SD by choosing the next search direction in a way so as to not undo the
progress accomplished by the previous step. CG performs well in strained
conditions; however, it exhibits poor convergence properties. Once the gradient is

reasonable, the TN method is used.

The Truncated Newton (TN) method is the most efficient large-scale nonlinear

optimization method known, but it is also very resource intensive to implement
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when the input structure is of poor quality. TN is based on the idea that an exact
solution of the Newton equation is unnecessary at every step and is indeed
computationally wasteful in the framework of a basic descent method. Any
direction of descent will suffice if the objective function is not well approximated by
a convex quadratic and, as a solution to the minimization problem is approaching,
more effort in solution of the Newton equation may be warranted. The appeal of TN
to energy optimizations in molecular mechanics lies in their ability to exploit

function structure to accelerate convergence.

3.8 Solvation in molecular mechanics

The vast majority of chemical systems are solvated, but the basic molecular
mechanics equation treats space between two unconnected atoms as a vacuum.
Under such conditions, surface charges that would ordinarily interact with solvent
molecules can interact with each other, producing molecular conformations that are
unlikely to be present in any physiological environment. It is almost always

necessary to model the effects of solvation in a molecular mechanics calculation.

The use of explicit water molecule models in the simulation box with the molecules
of interest is the ideal, but computationally expensive, solution to this problem. The
use of distance dependent dielectric constant and various implicit solvation
methods are computationally inexpensive alternatives to the use of explicit water
molecule models. These approximations try to model the average behavior of

water and do reproduce the effects of solvation with varying degrees of accuracy,

A variety of solvent dielectric models are implemented in MOE. They range from
simple Coulomb models to Generalized Born solvation models. All the molecular
modeling, docking and simulations described in this thesis were performed using
either Distance Dependent Dielectric (DDD) or Generalized Born/ Solvent
Approximation (GB/SA).

A distance dependent dielectric tries to mimic the electrostatic shielding effect of

water by reducing the strength of charged atoms in a distance dependant manner.
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While it is a poor substitute for explicit water or even GB/SA in molecular dynamic

simulations, it is perfectly adequate for energy minimization routines.

The implementation of Distance Dependent Dielectric (DDD) in MOE is explained
in the help contents section - “Potential Energy Selection and Configuration”. The

equation for implementing DDD in MOE has been reproduced below.

Welee2

1 ele
Eee = 4, 1 _
ele 472'80d quqj[(rﬂ N bele > ]S(ru )le i (3.10)

i<j

where Ege is the electrostatics energy, Weie is a weight, d is the dielectric constant
in the interior of the solute, s is a vdW smoothing (cutoff) function and Tj is an
interaction scale factor used to scale particular non-bonded interactions, q; is the
partial charge on atom i, bee is a buffering constant to prevent zero denominators.
1¥® similarly to 1'% is an interaction scale factor defined to be 0 for 1-2 and 1-3
interactions, a parameter set-dependent scale value for 1-4 interactions, and 1 for

other interactions.

The Generalized Born model of solvent approximation is more suitable for
molecular dynamic-type simulations where the increased electrostatic shielding is
useful to better sample the conformational space. It is based on modeling the
protein as a sphere whose internal dielectric constant differs from the external
solvent. GB/SA is simply a Generalized Born (GB) model augmented with the
hydrophobic solvent accessible Surface Area (SA) term. GB/SA can however
exaggerate or reduce the shielding effect of water, depending on the interaction.
319 The implementation of GB/SA in MOE can also be found in the help file for

“Potential Energy Selection and Configuration” and is reproduced below.

2 1&g 10;+/GG;
d*-d? e 1 9id; %] Y
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X
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(3.11)

sol sol

Esol is the implicit solvation energy calculated using the Generalized Born model

(GB/VI), wsor and W are weights, d is the dielectric constant in the interior of the
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solute, dy is the dielectric constant of the solvent and s is the smoothing (cutoff)

function and Tj is an interaction scale factor used to scale particular non-bonded

interactions. G; is the self energy of the atom and y; = risziGj

3.9 Generating the B amyloid receptor model.

The majority of the molecular modeling tasks in this thesis were performed with the
Molecular Operating Environment (MOE) modeling suite version 2004.03 to
2008.10. *¥° The ‘protein builder’ module was used to create a B strand 11mer with
the following sequence — HisHQKLVFFAED,;. The final form of the model can be

seen in Figure 3.3.

Hydrophobic Core

\

13HHC)KLVFFAED

4 M

Positively Charged Residue  Negatively Charged Residues

Figure 3.2 A molecular model of the receptor (rendered without non-polar
hydrogen atoms) used in docking simulations. The backbone of the receptor is a g

strand to approximate it's conformation in an ‘oligomerization ready’ monomer.
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The 11mer was chosen as it had both the self-recognition motif and the major part
of the Cu (Il) binding site. The 11mer model used unprotonated histidine residues
at both Hy3 and Hy4. Histidine residues have a pKa of approximately 7.The N-
terminus was acetylated and C-terminus amidated to better reproduce the
characteristics of the 11 mer motif in a B amyloid monomer. The structure was

optimized using the MMFF94x force field under GB/SA solvation. 3% 322

The placements and conformations of AA residue side-chains were optimized by
performing a conformational search after the backbone atoms of the model
receptor were fixed. Default settings for stochastic conformational search in MOE
were used with two important exceptions (chiral inversion = off and conformation
limit = 500). The lowest energy conformation was used as the 11mer receptor

model.

A similar protocol was used for creating and optimizing the structures of test
ligands. The creation of a receptor and ligands without significant conformational
strain but still possessing an intact B strand backbone was the main reason for the

above mentioned protocol.

3.10 The receptor-ligand docking protocol

Conventional docking protocols utilize cavity detection algorithms and random
starting conformations for each docking run and thus work well for docking rigid
small molecule ligands inside well defined receptor cavities. However these
features make them virtually useless for docking two peptide strands to each other.
In such cases, there is no well defined cavity and random starting conformations
make it hard and very time consuming for the peptidic ligand to find an acceptable
conformation that binds to the receptor peptide strand. Therefore it was necessary
to use a simpler docking protocol, which would still allow the ligand to thoroughly

sample the conformational space around the receptor.
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It should be noted that a single type of docking protocol was inadequate to allow
anything close to modeling a flexible interaction of the receptor and ligand, which
was essential for replicating a peptide strand to strand interaction. The docking
protocol used therefore had 3 consecutive docking routines that tried to replicate
the interactions as they would occur in vitro (or in vivo). Only the first step was a
classical receptor-ligand docking and was performed with ‘dock.svl'. The
subsequent two steps, performed with ‘analysis_dock.svl’, were essentially energy
minimization steps that allowed for graduated receptor and ligand flexibility. The
three steps are summarized below and are shown in Figure 3.3.

1. Simulated annealing of a fixed receptor and a flexible ligand in Generalized-
Born (GB) salvation was performed with the dock.svl script (see Figure 3.3).

2. Energy minimization with a fixed receptor and a flexible ligand in a distance
dependent dielectric was performed with analysis_dock.svl (see Figure 3.3).

3. Energy minimization with a flexible receptor and ligand in a distance
dependent dielectric was once again performed with analysis_dock.svl, but
with a different set of settings (see Figure 3.3).

The scripts ‘dock.svl’ and ‘analysis_dock.svl’ are reproduced in the data CD
accompanying this thesis, along with a commentary on the procedure to use them
in Appendix A. The *.svl extension of these scripts indicates that they are written in
Scientific Vector Language (SVL), which is the native scripting language

implemented in all versions of the MOE software suite.

The docking box was adjusted such that it contained the receptor-ligand complex
in a tight space that was nonetheless sufficient for the AA side-chains and
backbone amides to sample a variety of conformations and viable interactions.
Simulated annealing (montecarlo based) was used for docking as it is somewhat

more thorough at sampling conformational space.
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Prepositioned
Receptor-Ligand
Complex

! ! dock.svl

Receptor-Ligand
Complex
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Optimized

Receptor-Ligand
Complex_01

! ! analysis_dock.svl
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ST T

Figure 3.3 Overview of the ligand docking procedure. A; screen capture of the
beginning of a docking run, B; one representative docked and minimized optimized
receptor-ligand complex (red= receptor, green= ligand). The flowchart to the right
of A & B summarizes the overall workflow of ligand docking procedure.

Simulated annealing explores various states of a configuration space by generating
small random changes in the current state and then accepting or rejecting each
new state according to the Metropolis criterion.#* According to this criterion,
moves that decrease the energy of the system are always accepted, while moves

that increase the energy of the system are accepted according to probability p.

p=exp( ~28) (3.12)

where AU=U, —U, and uo is the energy of the current state, u; is the energy of the

new state, T is the temperature of the simulation, and k is Boltzmann's constant.
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A simulated annealing run consists of a sequence of Monte Carlo cycles, each
cycle consisting of a number of moves, or steps. The temperature is held constant
during each cycle, and is systematically reduced from one cycle to the next. The
second and third steps of the docking process were performed with a script known
as ‘analysis_dock.svI'. The script, and settings used for the second and third step
of the docking process, can be found in Appendix B. The rationale and
implementation of energy minimization in that script has also been explained in

other publications.3**

3.11 Scoring the receptor-ligand complex

Assessing the fit and strength of ligand-receptor interactions is an essential
component of modern drug discovery. While the most accurate measurements of
ligand-receptor affinity still require a receptor-binding assay, current CADD
methodologies can now achieve a fair degree of discrimination between, and
gradation of, ligands based on their calculated affinities. Methods used to compare
the top docked structures of two or more ligands to the same receptor are known

as docked ‘ligand scoring’ functions.

The use of scoring functions to compare the ‘best’ docked structures of different
ligands is a much harder problem than comparing various docked ‘poses’ of the
same ligand. Established scoring functions, such as ChemScore, DrugScore, PMF,
Score and Ludi attempt to assess ligand-receptor interactions by estimating the
free energy of their interaction. While the best docked pose of a ligand to a
receptor can be easily identified by calculating the approximate binding energy of
each of the docked poses to the receptor, comparing two ligands by comparing
calculated binding energies alone is less than satisfactory and was the reason

behind the development of the BHB ligand scoring system.
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The acronym of BHB is based on the descriptors it utilizes: Binding energy,
Hydrogen bonding, and receptor Buriedness. The BHB scoring function is
knowledge-based in the sense that some information about receptor-binding in the
specific receptor system is incorporated into it. The major factors in our scoring
function are two important properties of the ligand-receptor system: the full spatial
complementarity of the ligand and the receptor (described as “buriedness”) and the
occurrence of hydrogen bonding with a list of specific residues. BHB utilizes
environment-dependent surface functions implemented in SVL. These functions

are used to calculate receptor buriedness and hydrogen bonding.

Receptor buriedness is a measure of how well the docked ligand occupies it's
binding site in comparison to known high-affinity ligands or, alternatively, whether
they have contact with identified residues in the pocket. The possibility of hydrogen
bond formation is checked for selected residues that are recognized as being
important in the binding of known ligands. The approximate binding energy is
calculated from optimized bound and free conformations of the ligand-receptor
system. A visual description of these three functions can be seen in Figure 3.6.

A simplified form of the generic BHB equation can be written as:

BHB,,, =[-0.05E _bind]+[20(RB+RB*)]+[#HB*5] (3.13)

where E_bind = approximate binding energy (in kcal/mol), RB = receptor buriedness
(ratio less than 1.0) and # HB = number of hydrogen bonds to which additional
weight is assigned. In the context of this receptor system, all important HBs are salt

bridges formed between complementary charged residue sidechains.

As an approximate binding energy (E_bind) can be calculated, the question may
be asked why additional descriptors are necessary. Unfortunately, there are a few
conceptual and practical problems with excessive reliance on an approximate

measurement of binding energy. 3 Large errors in the binding energy can arise
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due to several different factors (e.g., full or partial rigidity of the receptor, the
neglect of entropic terms, errors in the molecular mechanics energy expressions,

unknown position of water molecules etc).

Figure 3.4 The BHB Ligand Scoring System. A; approximate “binding energy’ is
calculated by subtracting the sum of localized potential energy minima for ligand
(green) and receptor (red) by themselves from the potential energy of the complex.
B; the ‘buried’ part of receptor’s vdw surface is rendered with the mesh. C; one of
the salt bridges (‘hydrogen bonds’) between side chains of the ligand and receptor
is highlighted.

The calculated binding energy does however correctly predicts reduced activity for
those molecules that have internal strain, mismatches of pharmacophoric points or
hydrophobic surfaces, and those that make bad van der Waals contact with the

receptor. For this reason, the binding energy was found most useful in combination
with the other descriptors such as Hydrogen Bonds (HB) and Receptor Buriedness
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(RB). A more complete account of the settings, methodology and script for
performing the binding energy calculations used in this thesis can be found in

Appendix B.

The Hydrogen Bond (HB) function in BHB does not measure all HBs between the
ligand and the receptor. It only enumerates HBs that have a measurable and
pivotal role in ligand affinity, as it appears that not all HBs between ligand and
receptor carry the same “weight” as far as ligand affinity is concerned. A significant
part of a ligand’s affinity can often be attributed to 2-3 HB interactions and salt
bridge HBs between charged side-chains on the receptor and ligand to be
especially important for B amyloid peptidic ligand binding. Experimental structure-
activity relationship seems to suggest that a ligand that can make such an
interaction (eg Ac-KLVFF-NH3) has a much higher affinity than one that cannot (eg
Ac-ALVFF-NHy), inspite of an identical number of other HBs arising from the
interactions of their amide backbones.®® Specified HB interactions were identified
by functions built in MOE and its implementation is briefly explained in Appendix B.
In the basic BHB equation all such ‘important’ hydrogen bonds were normalized to
a weight of 10. Given that the smallest self-recognition domain in § amyloid is the
KLVFFAE motif which has the potential for 2 side-chain salt-bridge interactions, we
used a weight of 5 for each instance of salt-bridge formation.

Receptor buriedness (RB) is a proxy measurement for hydrophobic interactions
between the receptor and ligand. It is calculated by a series of steps that begin with
measuring the surface area of the hydrophobic part of the receptor, the LVFFA
motif in this case, by generating closely packed spheres of 0.3 A radius on the vdw
surface of the selected residues. The script calculates the total exposed area of
this beaded surface and it is considered to be approximate surface area of the
receptor. The script then identified the fraction of this surface area within 4.5 A of
any ligand atom. This is considered to be the buried surface area and receptor

buriedness is the ratio of buried receptor surface area to total receptor surface
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area. Receptor buriedness (RB) was also calculated by using ‘analysis_dock.svl’ in

MOE and relevant info on this script can once again be found in Appendix B.

3.12 Selection of the test ligand set

While a fair amount of data on the experimental structure-activity relationship
(SAR) of peptidic inhibitors of B amyloid aggregation is available, there are two
major problems with using most of the available SAR data for modeling the docking

of peptidic inhibitors to  amyloid.

1. Most available SAR data concerns the ability of these inhibitors to block 8
amyloid fibril formation and cytotoxicity. While both assays are relevant to
drug development, they are at best proxy measurements for the real (or
even relative) binding affinity of these compounds to B amyloid. Since our
virtual screening methodology tries to quantify the binding of these ligands
to  amyloid, proxy measurements of such activity are best used in a

supporting role.

2. Various proxy assays for § amyloid aggregation (fibrilization, cytotoxicity)
are often not standardized either in their experimental conditions or by the

presence of a few well known ‘standard’ ligands.

There are very few publications that have reported any SAR data on the affinity of
their ligands to B amyloid. Fortunately, one of the earliest publications by Tjernberg
et al on the SAR of peptidic inhibitors contains a very extensive series of relative

affinity measurements.

3.13 Possibilities for ligand-receptor interactions

It is not widely appreciated that two peptidic B strands can bind to each other in 8

different modes. Most are aware of two basic modes (parallel and anti-parallel), but
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since each B strand peptide has 2 binding edges perpendicular to the axis of amide
backbone, it creates 4 different possibilities for both parallel and anti-parallel
modes. For small fragments of  amyloid, parallel modes are not favored in
computational analysis or experimental NMR data. The energetic difference
between anti-parallel and parallel binding modes is however quite small, and the
dominance of one mode over the other is driven by favorable sidechain
interactions. In the case of B amyloid fragments, salt-bridge formation between
charged residues (K and E, D) is the dominant sidechain interactions and strongly
favors the anti-parallel binding mode. All four anti-parallel binding modes for the
11-mer receptor are shown in Figure 3.5.

The charge complementarities are based on a feature of the 11mer and indeed any
B amyloid peptide fragment that contains the sequence QKLVFFAED. In one mode
both Ki6-E22 and Ez»-Kie will interact, while in another mode, Ki6-D23 and D23-Kie
interact, as seen in Figure 3.5.

The first mode is similar to that observed in solid state NMR of fibrils formed by
small peptides containing the self recognition site and is referred to henceforth as
the ‘A’ Mode, while the second mode is called as the ‘B’ mode. Sidechain stacking
is another variable with 2 possibilities. The ‘ligand’ can interact with one edge of
the B strand or it can interact with the other edge. These edges are defined by the
direction of backbone —NH moieties, and we chose to name backbone -NH
moieties of all even numbered (based on position in B amyloid 40 and 42) residues

as ‘Up’ and odd numbered ones as ‘Down’.

The 4 possible anti-parallel binding combinations summarized in Figure 3.5 and it
transpires that ‘Up-A’ is the favored binding mode. Both E_bind (binding energy)
and BHB scores identify the same mode, UpA, as the favored mode of binding. It
seemed that both electrostatic contact patterns and packing of hydrophobic
sidechains were important for ensuring the best ligand-receptor fit.



77

Receptor

Receptor

Receptor

Receptor

Figure 3.5 A depiction of all four versions of the ‘anti-parallel’ binding mode. The
“up” edge of the receptor is defined by the direction of the backbone -NH moieties
of all even numbered (based on position in gamyloid 40 and g amyloid 42) amino
acid residues. The receptor strand has numbered residues, while the ligand strand

uses unnumbered residues.
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The binding energies and BHB scores are:

UpA = - 289.7 kcal/mol and 51.2
UpB = - 271.6 kcal/mol and 39.7
DownA = - 258.4 kcal/mol and 39.8
DownB = - 218.0 kcal/mol and 40.2

Therefore the UpA orientation was chosen for the rest of the docking/ scoring

simulations.

3.14 Results

Ligand docking/ scoring simulations to the receptor model were performed with
each ligand in the UpA binding mode. The protocol, methods and scripts used for
these simulations have been previously described. Docking runs with 100 runs per
ligand and 25 runs per ligand were performed to ascertain the minimum number to
runs that would allow ligands to sample available conformational space. The
results for the 100 runs per ligand simulations are summarized in Table 3.1, and

the results for the 25 runs per ligand simulations are summarized in Table 3.2.

It appears that 25 docking runs per ligand are adequate to reproduce the quality of
ligand docking and scoring obtained with 100 runs per ligand. Both lengths of
docking runs found similar low energy conformations, hydrophobic interactions and
hydrogen bonds for any given ligand. In cases where the top final conformations
had energies within 1 kcal/mol, the docked pose with the highest receptor

buriedness was chosen as the top conformation.
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Table 3.1  Results from 100 runs per ligand docking-scoring simulations.

E_bind* Experimental Normalized
Name (kcal/mol) RB? #HB® BHB Score* affinity® BHB Score®
Ac-ALVFF-NH, -80.5 0.654 0 22.7 0 16
Ac-KAVFF-NH, -134.1 0.623 0 24.0 10 29
Ac-KLAFF-NH, -1354 0.649 1 30.2 90 88
Ac-KLVAF-NH, -155.0 0.558 1 27.4 100 61
Ac-KLVFA-NH, -135.8 0.639 0 24.8 40 36
Ac-KLVFF-NH, -131.9 0.681 1 31.5 100 100
Ac-LVFFA-NH? -74.9 0.749 0 27.1 50 58
Ac-LVFFAE-NH, -146.4 0.706 1 335 90 118
Ac-QKLV-NH, -134.7 0.422 1 21.7 5 7
Ac-QKLVF-NH, -146.7 0.410 1 21.9 20 9
Ac-QKLVFF-NH, -170.3 0.684 1 33.6 a0 119
Ac-LVFF-NH, -66.3 0.701 0 24.3 30 31
Ac-VFF-NH, -56.9 0.685 0 23.0 5 19
Ac-KLV-NH, -105.7 0.359 1 18.4 0 -25

! E_bind = ligand binding energy, > RB = receptor buriedness, ® #HB = number of
salt bridges. * BHB Score was obtained by using equation 3.15, ® experimental
affinity was derived from literature, ® Normalized BHB Score = BHB-21*10.9, so
that KLVFF (standard ligand) would have a normalized score of 100, in comparison
to inactive ligands.

A graphical representation of the data as seen in Figures 3.6 demonstrates that
‘normalized’ BHB scores fit experimental ligand activity quite well. The 25 docking
runs per ligand protocol gives a slightly better fit (R* = 0.93) with the experimental
data that the 100 docking runs per ligand protocol (R? = 0.82). The results might
seem somewhat counterintuitive, in that docking with lower number of runs gave a

slightly better correlation than a higher number of runs.



Table 3.2 Results from 25 runs per ligand docking-scoring simulations.

E_bind* Experimental Normalized

Name (kcal/mol)  RB? HB® BHB score® Affinity® BHB Score®
Ac-ALVFF-NH, -72.7 0.635 0 21.5 0 5
Ac-KAVFF-NH, -128.3 0.580 0 21.9 10 10
Ac-KLAFF-NH, -123.1 0.649 1 29.6 90 94
Ac-KLVAF-NH, -120.0 0.648 1 29.4 100 92
Ac-KLVFA-NH, -135.5 0.624 0 24.1 40 34
Ac-KLVFF-NH, -132.5 0.651 1 30.2 100 100
Ac-LVFFA-NH, -78.8 0.752 0 27.5 50 71
Ac-LVFFAE-NH, -136.4 0.644 1 30.0 90 99
Ac-QKLV-NH, -132.9 0.446 1 224 5 15
Ac-QKLVF-NH, -143.5 0.460 1 234 20 26
Ac-QKLVFF-NH, -153.5 0.665 1 31.9 90 118
Ac-LVFF-NH, -66.6 0.673 0 22.9 30 21
Ac-LVF-NH, -56.9 0.685 0 22.9 5 27
Ac-KLV-NH, -104.4 0.440 1 20.7 0 -3

! E_bind = ligand binding energy, > RB = receptor buriedness, ® #HB = number of
salt bridges. * BHB Score was obtained by using equation 3.15, ® experimental

affinity was derived from literature, ® Normalized BHB Score = BHB-21*10.9, so

80

that KLVFF (standard ligand) would have a normalized score of 100, in comparison

to inactive ligands.

However the difference in correlations between the two sets of docking runs is

within the limits of variation seen in many docking algorithms where repeated

dockings of the same ligand produce results that are similar but never identical.
The variation in BHB score between multiple independent (5-6) docking runs is

usually less than 5% and always less than 10% of the average score value (not

shown). The Receptor Buriedness (RB) and Hydrogen Bonds (HB) values of
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optimized ligand-receptor complexes are remarkably constant (<5%) across

independent docking runs for the same ligand.
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Figure 3.6 BHB scores have a high correlation with experimental affinity. The
correlation for both types of docking runs is not identical, but within the margins of

variations seen in multiple docking runs of the same ligand.

Calculated binding energy values are the biggest source of variation between
independent docking runs on the same ligand. The effects of this phenomenon on
the conformation of optimized docked complex, and interactions, is minimal.
However these numerical variations are unavoidable because of the very nature of
energy minimization (pseudo-random integers and convergence cutoffs) as
implemented in molecular mechanics. It is worthwhile to note that neither type of

docking run identified a poor ligand as a good ligand or vice versa.

3.15 Conclusion and discussion
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The research work described in this chapter was performed to develop a new
docking/ scoring system for reproducing the experimental affinity of peptidic ligands
that bind to the self recognition motif of B amyloid. The results demonstrate both
the feasibility and capability of our new docking/ scoring system for reproducing the

experimental affinity of peptidic ligands to the self recognition motif of B amyloid.

It appears that our model of the ‘oligomerization ready’ 11mer self-recognition site
of B amyloid (as part of a p amyloid (1-40/42) molecule is a reasonably realistic and
usable representation of the ‘in vitro’ version of the same. Our assumptions, and
methodology, for docking and scoring peptidic ligands to the receptor model seem
to be realistic and reasonably precise. It was remarkable that a generic ligand
scoring function (BHB) validated on many classical receptor-ligand systems 2%/

performed well on an unconventional receptor- ligand system.

Given the lack of literature about successful in silico modeling of experimental SAR
on a series of peptidic B amyloid ligands, our research work in this area is novel. It
also appears that docking ligands with 25 independent runs is adequate for further
work with this, or a similar, receptor-ligand system. While the high quality of results
is still not definitive proof that our assumptions and protocols are a good replica of
the molecular interactions in biochemical assays, it creates enough confidence to
use these protocols to develop new B amyloid aggregation inhibitors. The
application of these protocols to discover new ligands is discussed in the next

chapter.

The use of such receptor-ligand docking/scoring techniques could potentially
reduce the time and cost of designing more ligands to the self-recognition site of
amyloid. The same techniques could also be used to develop inhibitors of amylin
(Type 1l Diabetes Mellitus) and a synuclein oligomerization (Lewy Body Dementia

and Parkinson’s Disease).
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CHAPTER 4: DESIGNING PEPTIDIC INHIBITORS OF g AMYLOID
AGGREGATION

4.1 Introduction

The current chapter describes the process of design and in silico optimization of
four novel classes of peptidic inhibitors of p amyloid oligomerization using the
ligand docking/scoring methods described in the previous chapter. Non-
computational considerations influencing ligand design are also described in this

chapter.

4.2  Defining high affinity g amyloid ligands

Ligand docking simulations, described previously in Chapter 3, showed that well
characterized peptidic ligands to the B amyloid self recognition site had
‘normalized’ BHB ligand binding scores in the range of 60-120. These ligands have
to be present at a molar excess, ranging from 1:10 to 1:2 (B amyloid: ligand), to

exert optimal anti-oligomerization activity in assays.*** 109 110

The 11-mer receptor, with the sequence Ac-HHQKLVFFAE-NH,, was used as a
surrogate for the self-recognition site in  amyloid as it is known to exhibit
measurable self-recognition.®!° Docking simulations of one 11-mer receptor strand
to another in an ‘UpA’ anti-parallel binding mode (as seen in the previous chapter)
gave a normalized BHB score of ~ 320. The experimental and calculated affinity of
peptidic ligands, from literature, to the receptor (and hence  amyloid) is hence
significantly less than for receptor self-recognition. Effective competition with the
receptor’s self-affinity thus required development of ligands with a normalized BHB
receptor binding score that was equal to or exceeded 320.

A careful examination of docked structures of known ligands, like Ac-KLVFF-NH,,

revealed possibilities for improvement of the binding affinity of future ligands
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through design optimizations and addition of new pharmacophores. These
improvements were vetted through the filter of potential pharmacokinetic
characteristics and synthetic accessibility. Considerations behind new ligand
designs, and filters for these designs, are described in the next three sections of
this chapter.

4.3  Structural improvements to known B amyloid ligands

An analysis of ligand-receptor interactions in the docked structure of Ac-KLVFF-
NH., revealed potential for improvement in ligand affinity, with minimal increases in
its molecular weight. Proposed improvements are illustrated in Figure 4.1 and
Figure 4.2.

Two charged residues on the receptor (Kis and D23), see in Figure 4.1, cannot
interact with any pharmacophore on the standard ligand. Additional ligand
pharmacophores could bind to these receptor sidechains and improve ligand
affinity. Experimental data with known peptidic ligands suggest that this course of
action is viable. Ligands with the sequence LVFFAE and LPFFD bind to the self-
recognition site, presumably through an interaction between acidic ligands residues

(E or D) and Kyg.20% 199

Ligands based on LVFFAE and KLVFF are equivalent in affinity, suggesting that
salt-bridge formation between a negatively charged ligand sidechain and Kig
(receptor) is equivalent to one between a positively charged ligand sidechain and
E., (receptor). Furthermore ligands with the sequence KLVFFAE are more potent
that either KLVFF or LVFFAE, suggesting that such interactions are additive in

nature.%?®
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Figure 4.1 Docked complex of the standard ligand, Ac-KLVFF-NH (green) to
the receptor (red). The unnumbered charged sidechain of K (ligand) interacts with
the numbered charged sidechain of E»; (receptor). Hydrophobic residue sidechain
contacts (LVFFA €<= AFFVL) are seen in the center of the complex. One

hydrophobic interaction (V-Fz) is shown with a dashed box.

The addition of another positively charged residue to the ligand N-terminus could
result in formation of an extra ligand-receptor salt-bridge between itself and D3
(receptor). Such an interaction would be competitive to the D,3-Ksg interaction
necessary for initiation of oligomerization in f amyloid (see section 1.6 and 1.7)
Addition of charged residues to existing B amyloid ligand designs could increase
receptor binding affinity by improving the enthalpic component of ligand-receptor
interaction.

The entropic favorability of the ligand-receptor interaction could also be improved
by judicious replacement and selection of ligand residues. Replacement of lysine

(K) with ornithine (O) could improve entropic favorability of an electrostatic
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sidechain interaction (to E,) through the use of a shorter and more rigid side-
chain. The selection of a y-diaminobutyric acid (dab) residue as the additional N-
terminal residue (for interacting with D»3) in ligand designs was influenced by this

consideration.

Interactions between core lipophilic residues could be optimized through the use of
lipophilic residue sequences other than LVFFA in the ligand. Optimization of
hydrophobic interactions could increase both enthalpic and entropic favorability of
the ligand-receptor interaction. Optimizing interactions between lipophilic aromatic
side-chain residues (F) was another possibility, since such interactions are
important in peptidic recognition and binding for many proteins (and peptides)
including amyloidogenic peptides. **"* 328 The use of dextrorotary amino acids has

been shown to improve hydrophilic interactions for B amyloid ligands.

4.4  Pharmacokinetic considerations in ligand design

The vast majority of promising compounds in pre-clinical and clinical testing fail to
advance because of unacceptable pharmacokinetics and toxicity. 32 3% While it is
not possible to predict all aspects of the pharmacokinetic and toxicity profile for a
given compound, it is possible to minimize the worst case scenarios by considering
previously known information on (the consequences of using) various

pharmacophores and their combinations.

Optimizing pharmacokinetic profiles is especially important for peptidic drugs as
they present some peculiar and unique problems, including susceptibility to
proteolytic degradation and an ability to stimulate a direct immune response. The
proteolytic susceptibility of peptidic drugs can be reduced by using unnatural amino

acid residues 31 332

such as N-methylated residues, substituted alanines, and
dextrorotary residues. All of the above three approaches were used, often in
combination. The replacement of K by O, for example, was intended to increase

resistance to trypsin-like enzymes, in addition to improving the entropy of the
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interaction. 3** 3% Similarly the use of properly placed alternate N-methylated
residues, as shown in Figure 4.2, and utilized in our designs, was meant to
increase resistance to enzymatic degradation. Moreover N-methylated residues
also prevent ligands from self-aggregating and improve aqueous solubility and
dextrorotary residue containing  amyloid ligands are very resistant to enzymatic

degradation.

N-methylation sites

l N-lipidation site

Figure 4.2  Another view of docked complex of Ac-KLVFF-NH; (green) to the
receptor (red). Positions for N-methylation of residues is shown with dashed boxes.
The acetylated N-terminus of the ligand (dashed circle) should be suitable for

coupling to carrier molecules such as lipid.

The ability of a peptide to generate an immune response is a consideration specific
to peptidic drugs. While immune responses such as antibody formation have not
been a therapeutic hurdle to peptidic and protein drugs such as non-human insulin
analogs, amylin analogs and various humanized monoclonal antibodies, it is

prudent to use peptidic sequences smaller than 9-mer fragments used by the
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immune systems antigen processing mechanisms. ** The judicious use of
unnatural and dextrorotary amino acids can also reduce visibility of peptidic drugs

to the immune system. %

The interaction of B amyloid with cell membranes of neurons and endothelial cells,
increases oligomer formation and results in generation of free radicals.?®**
Therefore it is worthwhile to conjugate peptidic drugs (for AD) to moieties that
would assist in targeting neuronal and endothelial cell membranes, where 8

amyloid oligomerizes.*** 3%

Membrane targeting can be achieved by coupling the ligand to a lipid, such that the
lipid moiety would help the ligand bind to cell membranes without affecting its
pharmacophore presentation. Synthetic considerations make it easier to couple the
N-terminus of the ligand, so that the N-acetyl group on a peptide could be replaced
with an N-fatty acid. The choice of fatty acids was dictated by synthetic
considerations and previous studies of N-lipidated peptides. 340 341 342, 343, 344 Tha
ability of a lipid to be transported across the blood brain barrier was a major factor
345, 346, 347 Myristic acid and docosahexaenoic acid emerged as the best choices

for N-lipidation of our ligands.

Myristic acid was used for creating the lipidated versions of some ligand designs as
it has both a fully saturated and more universal lipid chain. While N-myristylated
ligands are suitable for testing in cell cultures and animal models of AD, coupling to
docosahexaenoic acid is more suitable for targeting ligands to the human brain.
The use of another popular technique for improving the pharmacokinetic profile of
proteins, PolyEthylene Glycosylation (PEGylation), was considered and dismissed
because it would interfere with pharmacophore presentation for smaller peptidic

ligands (as opposed to large proteins and antibodies).
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4.5 Ligand types and binding modes

Initial inputs for the ligand designs were derived from patent literature and
publications on peptidic ligands to B amyloid.?® *** > Factors such as capacity for
further development, synthetic accessibility, potential metabolic stability and
potential toxicity of component unnatural residues also guided ligand design.
Ligand docking techniques, previously described in chapter 3, were utilized to
explore various ligand design concepts. Data from each round of ligand dockings
was used to optimize the next round of ligand design. Ligands were docked in the

‘UpA’ orientation (previously shown in Figure 3.6).

Four broad classes of ligands, based upon chirality of residues used and
complementarity to the receptor, were designed and developed. The binding

modes for these four ligand classes are shown in Figure 4.3 and Fig 4.4.

Levorotary and dextrorotary complementary ligands seen in Fig 4.3 (A and B
respectively) bind the receptor in an anti-parallel B sheet mode, such as that seen
in fibrils of 7-,10- and 14-mer B amyloid fragments containing the self-recognition
motif.1%% 312 348 \while individual strands of p amyloid in insoluble fibrils are
arranged in a parallel B sheet mode, there is some evidence for an anti-parallel
binding mode in soluble oligomers, especially dimers. ** In any case, based on
solid state NMR data for 7, 10- and 15-mers, binding modes for the 11-mer
receptor and our designed ligands would almost certainly be anti-parallel. Type A
ligands are levorotary residue based ligands that are designed to bind to f amyloid
in an anti-parallel manner. Dextrorotary residue containing (Type B) ligands were
designed because of evidence suggesting better sidechain interaction with the
receptor. 1** " Docking studies on Type A and B ligands (as seen in Figure 4.4)
confirmed that dextrorotary ligands did exhibit better sidechain interactions,
especially for hydrophobic residues, between ligands and receptor. Sidechain
interaction for different classes of ligands are shown and compared in Figure 4.4.
Moreover dextrorotary ligands are far more resistant to proteolytic degradation.®
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Figure 4.3 Peptidic backbone interaction modes for all four categories of ligands
with the receptor (red). A; Levorotary complementary ligands, B; Dextrorotary
complementary ligands, C; Levorotary ‘inverso’ ligands, D; Dextrorotary ‘inverso’
ligands. In each case, only the KLVFFAE motifs of the receptor (red) and
OLVFFAE motif of the ligand are shown for clarity.
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Figure 4.4  Sidechain stacking for all four categories of ligands with the receptor
(red). A; Levorotary complementary ligands, B; Dextrorotary complementary
ligands, C; Levorotary ‘inverso’ ligands, D; Dextrorotary ‘inverso’ ligands. In each
case, only the KLVFFAE motifs of the receptor (red) and OLVFFAE motif of the
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ligand are shown for clarity. The differences in sidechain interactions between the

4 classes of ligands, for the same ligand sequence, are clearly visible.

Ligands with an ‘inversed’ residue sequence (e.g EAFFVLO instead of OLVFFAE)
were also designed and their binding mode is seen in Figure 4.3 and Figure 4.4 (C
and D). The idea behind designing such ligands arose because 3 amyloid fibrils
have a parallel f strand structure®°, unlike the anti-parallel mode seen in
fragments of B amyloid (and between B amyloid and small peptidic ligands). The
easiest solution for recreating that binding mode between the peptidic backbones
of receptor and ligand, while maintaining optimal interaction between charged
sidechains is inversion of the ligand residue sequence such that E is at the N-
terminus instead of the C-terminus, and K is the C-terminus instead of the N-
terminus.3**, Both levorotary and dextrorotary ‘inversed’ ligand designs were
created and tested. Docking studies on Type C and D ligands suggested a
different sidechain interaction than that seen in Type A and B ligands. Calculations
suggest that the UpA binding mode is also the favored mode for parallel binding

ligands (Type C and D). These interactions are shown and compared in Figure 4.4
4.6 TypeA ligands

Ligands in this category are based on the backbone interaction seen in Figure 4.3
A, and replicate the most familiar binding for complementary peptide fragments

binding to the self recognition site of B amyloid.

The first ligand in the current series (Type A - I) was a conservative design based
on previous research studies which had shown that KLVFF, LVFFAE and
KLVFFAE bound to the ‘self-recognition’ motif in p amyloid.?® ** ** The relative
positions of N-methyl amino acids were based on research by other groups. ***
The core hydrophobic sequence, LVFFA, was based on  amyloid (17-21).
Changes previously known ligands were substitution of Lysine (K) by Ornithine (O)

and addition of a y diaminobutyric acid (dab) residue as the new N-terminus. The
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sequence of this first ligand design was Ac-dab-O-(me)L-V-(me)F-F-A-E-NH, (also
known as SG2). It was synthesized and the results of experimental studies are
found in Chapter 5. A docked complex of SG2 with the receptor can be seen in

Figure 4.5

The next steps in the ligand design process involved systematic sequential
replacements of various amino acid residues with isosteres of varying sizes, rigidity
and similarity to the residues they replaced. The effects of these replacements on
predicted ligand binding scores are shown in Table 4.1.

Figure 4.5 Docked complex of the first designed ligand SG2, Ac-dab-O-(me)L-V-
(me)F-F-A-E-NH;, (green) and receptor (red). The important interactions (E-Kig, O-
E.,, dab-D»3) are highlighted. N-methylations at F and L are shown with dashed

boxes.

A variety of natural and unnatural isosteres were used for aliphatic residues. These
included residues such as A (alanine), V (valine), L (leucine), tbA (tertiary butyl -

alanine), cpA (cyclopropyl-alanine) and chA (cyclohexyl-alanine). Aromatic
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hydrophobic residues like F (phenylalanine) , 1-npA (1-napthyl-alanine) and 2-npA
(2-napthyl-alanine) were occasionally used as isosteres for aliphatic residues.
Many unnatural isosteres were rejected on concerns about potential toxicity.
Even otherwise non-toxic isosteres found in approved peptidic drugs, such as tbA
and chA, were used in a judicious manner, as peptides with more than a large
number of unnatural residues can be very potent ligands but poor drugs, because
they are often significantly more lipophilic or hydrophilic (as the case may be) than

natural residues.

Since commercially available N-methylated residue precursors are largely limited
to natural amino acids, those residue positions (KLVFF) ligands were not
substituted. In any case, previous structure activity studies had suggested that both
N-methylated residue positions (L and 1% F) were hard to substitute without a large

reduction in binding affinity. *

The substitution process started with substitutions at position 7. Bulkier
replacements did not increase lipophilic interactions or BHB scores (see Table
4.1), and it seems that a small aliphatic residue (like A) was optimal for this

position.

The next amino acid to undergo substitution, V at position 4, required a bulky and
rigid replacement (chA) for a worthwhile increase in predicted ligand affinity.
Substitution of the non N-methylated phenylalanine (F) with residues such as L,
tbA, cpA and chA (data shown) and 1-npA, 2-npA (data not shown) failed to
increase activity. However another doubly substituted ligand with the sequence,
Ac-dab-O-(me)L-F-(me)F-L-A-E-NH>, (seen in Table 4.1) did have a high predicted
affinity. It is worthwhile to note that neither single substitution (V->F or F>L)
increased predicted affinity, but the combination did increase affinity. This
particular design was based on trial dockings of smaller pentapeptidic ligands with
alternate hydrophobic cores (not shown).
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Normalized
Name & BHB Score Comments °
Ac-dab-O-(me)L-V-(me)F-F-A-E-NH, 322 (214) ¢ 1st Ligand (SG2)
Ac-dab-O-(me)L-V-(me)F-F-V-E-NH, 301 AV
Ac-dab-O-(me)L-V-(me)F-F-L-E-NH, 298 AL
Ac-dab-O-(me)L-V-(me)F-F-tbA-E-NH, 295 A->tbA
Ac-dab-O-(me)L-V-(me)F-F-cpA-E-NH, 295 A->CcpA
Ac-dab-O-(me)L-V-(me)F-F-chA-E-NH, 302 A->chA
Ac-dab-O-(me)L-V-(me)F-F-F-E-NH, 320(235)° ASF
Ac-dab-O-(me)L-A-(me)F-F-A-E-NH, 253 VoA
Ac-dab-O-(me)L-L-(me)F-F-A-E-NH, 311 VoL
Ac-dab-O-(me)L-tbA-(me)F-F-A-E-NH, 301 V>thA
Ac-dab-O-(me)L-cpA-(me)F-F-A-E-NH, 329 (252)° V->cpA
Ac-dab-O-(me)L-chA-(me)F-F-A-E-NH, 382 (242)° V->ChA
Ac-dab-O-(me)L-F-(me)F-F-A-E-NH, 311 V>F
Ac-dab-O-(me)L-V-(me)F-L-A-E-NH, 306 F->L
Ac-dab-O-(me)L-V-(me)F-tbA-A-E-NH, 281 F>tbA
Ac-dab-O-(me)L-V-(me)F-cpA-A-E-NH, 310 F->cpA
Ac-dab-O-(me)L-V-(me)F-chA-A-E-NH, 302 F->chA
Ac-dab-O-(me)L-F-(me)F-L-A-E-NH, 409 (238)° VF and FL

& Unnatural amino acid glossary: O= ornithine, dab= y diamino-butyric acid, (me)L = N-methyl
Leucine, Me(F) = N-methyl-Phenylalanine, tbA= tertiary butyl Alanine, cpA= cyclopropy! Alanine,

chA = cycloyhexyl Alanine.

b if the original residue in 1st ligand = X and substituted residue =Y, then substitution is shown as

X=>Y
° The self-affinity normalized BHB score for potent ligands in shown in parentheses.

Aliphatic and aromatic residue replacements other than those shown in Table 4.1

(e.g isoleucine, allyl-alanine, norvaline, aminocaproic acid, terbutyl-glycine,

homophenylalanine, 3-/ 4- methyl phenylalanine) were tried and found to be

unsatisfactory. It should be noted that the range of variation in BHB scores for the

same ligand is about 10%, so it cannot predict the precise order of potency for

ligands with close BHB scores. It can however reproducibly separate higher affinity
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ligands from those with measurably lower affinity. Therefore a 15% increase in the
normalized score is not remarkable, especially if the residue replacement is known

to cause significant changes in ligand solubility.

Four ligands in this particular series (A-l) had predicted BHB scores above 320,
and were considered for synthesis. They underwent further computational analysis
including potential self-binding affinity. While smaller ligands (e.g. KLVFF and
LVFFAE) cannot bind to themselves with any worthwhile affinity, non N-methylated
KLVFFAE can bind to itself. Since a ligand must have a higher affinity to the
receptor than to itself to be active, it was necessary to calculate self-affinity for
every ligand that was considered for synthesis and testing. The selection of SG2
(Ac-dab-O-(me)L-V-(me)F-F-A-E-NH) as the first synthesized ligand (from this
group) was based on it's conservative structure, low self-affinity and ease of

synthesis.

Figure 4.6 The docked complex of SG1, Ac-dab-O-(me)L-F-(me)F-L-P-bA-
COOH, (green) and the receptor (red). Important features of the ligand (P-bA-
COOH, V-2F) are highlighted. Two N-methylations on the ligand are present but
not highlighted.
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The other subfamily of ligands in this group were based on a novel concept,
namely that use of a rigidified C-terminal end to further decrease the entropic
penalty for ligand would increase ligand potency. Similar N-terminal modifications
were considered but ultimately dismissed due to the lack of availability of

appropriate unnatural residues.

Attempts to find a suitable replacement for the AE portion of KLVFFAE motif
identified a proline-p amino acid (with a charged C-terminal end) as the most
appropriate and synthetically accessible replacement. While more rigid
replacements (e.g various trans-cyclohexane acids) were available, it was decided
that they would be developed only after the design concept was validated in
experimental assays. A novel high affinity hydrophobic core LFFL was used as a
replacement for LVFF, because it had been validated in our previous docking
studies (see Table 4.1) The first designed ligand of this sub-series (A-11) had the
sequence Ac- dab-O-meL-F-meF-LP-bA-COOH and it's docked structure is shown
in Figure 4.6.

The next steps in the ligand design process involved systematic replacement of
various amino acid residues in SG1 with isosteres of varying sizes, rigidity and
similarity to the residues they replaced. The effects of important replacements on

predicted ligand binding scores are shown in Table 4.2.

The first designed ligand of this subtype, SG1, had an excellent predicted BHB
score. However subsequent substitutions did not improve activity and therefore
SG1 was the only member of this group considered for synthesis. SG1 has a
predicted self-binding optimized BHB score of 218 which was much lower than its
receptor binding optimized BHB score of 369.
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Table 4.2  BHB Scores for Type A-ll Ligand-Receptor Complexes.

Normalized
Name 2 BHB Score Comments ”

Ac-dab-O-(me)L-F-(me)F-L-P-bA-COOH 369 (218)C SG1
Ac-dab-O-(me)L-F-(me)F-L-P-abu-COOH 327 bA->abu
Ac-dab-O-(me)L-F-(me)F-L-2aza-bA-COOH 286 P->2aza
Ac-dab-O-(me)L-F-(me)F-L-2pip-bA-COOH 290 P->2pip
Ac-dab-O-(me)L-F-(me)-1npA-L-P-bA-COOH 361 F->1npA
Ac-dab-O-(me)L-F-(me)-2npA-L-P-bA-COOH 305 F->2nPA

Ac-dab-O-(me)L-F-(me)F-F-P-bA-COOH 325 L>F
Ac-dab-O-(me)L-1nPA-(me)F-L-P-bA-COOH 313 F->1npA
Ac-dab-O-(me)L-2nPA-(me)F-L-P-bA-COOH 331 F>2npA

@Unnatural amino acid glossary: O= ornithine, dab= y diamino-butyric acid, (me)L = N-methyl
Leucine, Me(F) = N-methyl-Phenylalanine, bA= beta Alanine, abu= Amino butyric acid, 2aza = S-
azetidine 2-carboxylic acid, 2pip= S- piperidine 2-carboxylic acid, 1npA= 1 napthy alanine, 2-npA=
2-napthyl alanine.

If the original residue in 1st ligand = X and substituted residue =Y, then substitution is shown as
X=>Y

“ The self-affinity normalized BHB score for potent ligands in shown in parentheses.

4.7 Type B ligands

The second types of ligands, namely Type B, utilized dextrorotary residues but
bound to the receptor in a mode similar to Type A ligands (see Figure 4.3 B and
Figure 4.4 B). However the use of dextrorotatory residues meant that structural
aspects of the ligand, such as sidechain interactions and the placement of N-
methylated residues would be different from Type A ligands. Dextrorotary versions

of SG2 and SG1 were starting points for the Type B series of ligands.

A dextrorotary (D-) version of SG2 was the starting point for the first series (Type
B-I) because it possessed a conserved hydrophobic core (LVFFA) and
experimental data suggested that D- version of the hydrophobic core LVFFA, and

LVFFL, possessed good activity as p amyloid oligomerization inhibitors.*'°
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SG1 was chosen as the starting point for other subtype (Type B -II) because it was
likely to exhibit favorable aromatic sidechain interactions with the receptor in spite
of its unorthodox hydrophobic core (LFFLP instead of LVFFA). It quickly became
obvious that the positions of the two N-methylations used in levorotary versions of
SG1 and SG2 were inappropriate for D-versions of these ligands. The effects of
changes in residue chirality on both ligand-receptor sidechain stacking and
interstrand hydrogen bonds (see Figure 4.3 and 4.4 B) meant that N-methylation
positions based on the levorotary versions faced the receptor’s ‘UpA’ binding
surface. A change in the position of N-methylation by one residue rectified this

problem.

Therefore the sequence of the D-version of SG2, D-SG2 is:
Ac-dab-O-L-(me)V-F-(me)F-A-E-NH..

Similarly, the sequence of the D-version of SG1, D-SG-1 is:
Ac-dab-O-L-(me)F-F-(me)L-P-bA-COOH.

Sidechains of dextrorotary residue ligands bound a levorotary receptor seem to
interdigitate as opposed to stack on top of one another (compare Figure 4.4 A and
B). The effects of subsequent substitutions on predicted ligand binding scores are
shown in Table 4.4. None of the used aliphatic substitutions increased affinity
significantly beyond that seen for D[Ac-dab-O-L-(me)V-F-(me)F-L-E-NH].
However some ligands in which aromatic residues substituted aliphatic residues
did exhibit a significant increase (see Table 4.3) in predicted binding affinity, unlike
Type A ligands (see Table 4.1 and Table 4.2).
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Table 4.3  BHB Scores for Type B —I Ligand-Receptor Complexes.

Normalized
Name? BHB Score Comments”
D[Ac-dab-O-L-(me)V-F-(me)F-A-E-NH,] 339 D-SG2
D[Ac-dab-O-L-(me)V-F-(me)F-L-E-NH,] 390 (246)c ASL
D[Ac-dab-O-L-(me)V-F-(me)F-tbA-E-NH,] 371 AStbA
D[Ac-dab-O-L-(me)V-F-(me)F-chA-E-NH,] 391 A->chA
D[Ac-dab-O-L-(me)L-F-(me)F-L-E-NH,] 358 VL, AL
D[Ac-dab-O-F-(me)V-F-(me)F-L-E-NH,] 313 L>F, AL
D[Ac-dab-O-L-(me)F-F-(me)F-L-E-NH,] 440 (227)° VSF, ASL
D[Ac-dab-O-F-(me)F-F-(me)F-L-E-NH,] 402 (245)° L>F,VoF,ASL
D[Ac-dab-O-F-(me)F-F-(me)F-F-E-NH,] 357 L>F,V>F,A>F

#Unnatural amino acid glossary: O= ornithine, dab=y diamino-butyric acid, (me)L = N-methyl
Leucine, Me(F) = N-methyl-Phenylalanine, tbA= tertiary butyl Alanine, cpA= cyclopropyl Alanine,
chA = cycloyhexyl Alanine.bA= beta Alanine.

b if the original residue in 1st ligand = X and substituted residue =Y, then substitution is shown as
X=>Y

° The self-affinity normalized BHB score for potent ligands in shown in parentheses.

Three ligands with receptor binding BHB scores close to or past 400 were
considered for potential synthesis (compared to 4 ligands passing the 320 score
mark for Type A ligands). Self-affinity scores for all three ligands were acceptable
and the most potent ligand, D[Ac-dab-O-L-(me)F-F-(me)F-L-E-NH;], also had the
lowest predicted self-affinity score in this group. The docked complex of this ligand,

to the receptor, can be seen in Figure 4.7.

The other subtypes in the Type B ligand series were based on a dextrorotary
version of SG1. D-SG1, D [Ac-dab-O-L-(me)F-F-(me)L-P-bA-COOH], had a
predicted affinity of over 400. However subsequent substitutions only gave a
marginal improvement in ligand affinity. The effects of important substitutions on

predicted ligand binding scores are shown in Table 4.4.
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Figure 4.7 Docked complex of the first designed ligand, D[Ac-dab-O-L-(me)F-F-
(me)F-L-E-NH;], and receptor (red). Note the close packing and interactions of

highlighted phenylalanine sidechains on both ligand and receptor.
The self-affinity score of the two best, and synthetically most accessible ligands,
turned out to be fairly low, and therefore it appears that they would be suitable for

future synthesis and testing in various assays.

Table 4.4  BHB Scores for Type B -1l Ligand-Receptor Complexes.

Normalized
Name? BHB Score Comments®
D [Ac-dab-O-L-(me)F-F-(me)L-P-bA-COOH] 415 (190)° D-SG1
D [Ac-dab-O-tbA-(me)F-F-(me)L-P-bA-COOH] 427 (197)° L>tbA
D [Ac-dab-O-F-(me)F-F-(me)L-P-bA-COOH] 399 L>F
D [Ac-dab-O-F-(me)F-F-(me)F-P-bA-COOH] 357 L>F, LOF
D [Ac-O-dab-L-(me)F-F-(me)L-P-bA-COOH] 359 dab-O>0-dab

#Unnatural amino acid glossary: O= ornithine, dab=y diamino-butyric acid, (me)L = N-methyl
Leucine, Me(F) = N-methyl-Phenylalanine, tbA= tertiary butyl Alanine, cpA= cyclopropy! Alanine,
chA = cycloyhexyl Alanine.bA= beta Alanine.

If the original residue in 1st ligand = X and substituted residue =Y, then substitution is shown as
X2>Y
° The self-affinity normalized BHB score for potent ligands in shown in parentheses.
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4.8 Type Cligands

The third types of ligands, Type C, utilized an inversed sequence of levorotary
residues to force a parallel g strand interaction between the ligand and receptor
(see Figure 4.4 C and Figure 4.4 C). They have no real similarity, in either
sidechain or backbone interactions to either Type A or B. Ligands designed to date
have reasonable activity (see Table 4.6) but a structure activity relationship unlike

that seen for either Type A or B.

Table 4.5  BHB Scores for Type C Ligand-Receptor Complexes.

Normalized
Name® BHB Score Comments”

Ac-E-A-(me)F-F-(me)V-L-O-dab-NH, 334 1% Ligand — Type C

Ac-E-V-(me)F-F-(me)V-L-O-dab-NH, 346 AV

Ac-E-L-(me)F-F-(me)V-L-O-dab-NH, 335 AL
Ac-E-tbA-(me)F-F-(me)V-L-O-dab-NH, 237 A>tbA
Ac-E-cpA-(me)F-F-(me)V-L-O-dab-NH, 311 A->CcpA
Ac-E-chA-(me)F-F-(me)V-L-O-dab-NH, 334 A->chA
Ac-E-A-(me)F-F-(me)V-tbA-O-dab-NH, 351 (209)° L>tbA
Ac-E-A-(me)F-F-(me)V-cpA-O-dab-NH, 321 L>cpA
Ac-E-A-(me)F-F-(me)V-chA-O-dab-NH, 323 L->chA

Ac-E-A-(me)F-F-(me)L-L-O-dab-NH, 336 VoL
Ac-E-A-(me)F-F-(me)cpA-L-O-dab-NH, 309 V->cpA
Ac-E-A-(me)F-F-(me)chA-L-O-dab-NH, 337 V->chA

Ac-E-A-(me)F-F-(me)F-L-O-dab-NH, 361 (238)° VF

Ac-E-A-(me)L-F-(me)F-L-O-dab-NH, 358 FL, VOF

#Unnatural amino acid glossary: O= ornithine, dab=y diamino-butyric acid, (me)L = N-methyl
Leucine, Me(F) = N-methyl-Phenylalanine, tbA= tertiary butyl Alanine, cpA= cyclopropy! Alanine,
chA = cycloyhexyl Alanine.

If the original residue in 1st ligand = X and substituted residue =Y, then substitution is shown as
X2>Y

° The self-affinity normalized BHB score for potent ligands in shown in parentheses.

Levorotary versions of SG2 were starting points for the Type C series of ligands, as

versions based on SG1 cannot be created without serious alterations and redesign
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to find an appropriate N-terminal version of SG1s constrained C-terminal (P-bA-
COOH). A dextrorotary (D-) version of SG2 was the therefore the only starting
point for the Type C series. It is also much harder to get the high calculated
hydrophobic sidechain contacts ratios (receptor buriedness) found in many Type B
ligands. Type C ligands have decent calculated affinity, with an unusual binding

mode, and would be an interesting class of ligands for further development.

49 Type D ligands

The fourth types of ligands, Type D, utilized an inversed sequence of dextrorotary
residues to force a parallel g strand interaction between the ligand and receptor
(see Figure 4.4 D and Figure 4.4 D). Therefore while Type D ligands have some
similarity to Type C Ligands, the dextrorotary nature of it's residues forces
sidechain interactions that are unlike those seen in Type A, B or C. Dextrorotary
versions of SG2 were starting points for the Type D series of ligands, as versions
based on SG1 cannot be created without serious alterations and redesign to find
an appropriate N-terminal version of SG1s constrained C-terminal (P-bA-COOH).
A dextrorotary (D-) version of SG2 was the therefore the only starting point for the
Type D series. Ligands designed to date have reasonable activity (see Table 4.7)

and unusual binding mode, like Type C ligands, and merit further study.

Table 4.6  BHB Scores for Type D Ligand-Receptor Complexes.

Normalized
Name® BHB Score Comments®
D [Ac-E-A-(me)F-F-(me)V-L-O-dab-NH,] 363 (236)° 1% Ligand — Type D
D [Ac-E-L-(me)L-F-(me)F-L-O-dab-NH;] 368 ASL
D [Ac-E-A-(me)L-F-(me)F-L-O-dab-NH, 364 FSL, VoL
D [Ac-E-L-(me)F-F-(me)F-L-O-dab-NH,] 400 (221)° ASL VOF

@Unnatural amino acid glossary: O= ornithine, dab= y diamino-butyric acid, (me)L = N-methyl
Leucine, Me(F) = N-methyl-Phenylalanine, tbA= tertiary butyl Alanine, cpA= cyclopropyl Alanine,
chA = cycloyhexyl Alanine.bA= beta Alanine.

If the original residue in 1st ligand = X and substituted residue =Y, then substitution is shown as
X=2>Y
 The self-affinity normalized BHB score for potent ligands in shown in parentheses.
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4.10 Conclusion and discussion

The material in this chapter describes the design of four types of ligands to

B amyloid. These types cover both anti-parallel and parallel binding modes. The
ligands use both levorotary and dextrorotary residues. About a dozen ligands, in
all four types have a high predicted potency as well as low self-recognition scores.
While certain classes (such as Type B) were rich in high potency ligands, other
classes like Type D required much more effort (not shown) to obtain a couple of
high potency ligands. As previously noted, there is no immediate need to further
explore Type C and D ligands unless Type A and Type B ligands hit some
insurmountable roadblock. While the calculated affinities are likely to hold up in
simpler assays, the effect of modifications such as N-myristoylation on ligand
affinity has to be ascertained through experiments. Similarly penetration through
the blood brain barrier and pharmacokinetic properties cannot be predicted with a
useful degree of certainty with computational methods.
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CHAPTER 5: EXPERIMENTAL CHARACTERIZATION OF NOVEL PEPTIDIC
INHIBITORS

51 Introduction

The current chapter describes basic experimental characterization of two designed
ligands (previously mentioned in Chapter 4), SG1 and SG2. The ability of these
ligands to interact with, and block B amyloid oligomerization, was measured with

three experimental techniques:

a] Thioflavin T (ThT) fluorescence assay>**
b] Western Blot (WB)>>*

c] Circular Dichroism (CD) Spectroscopy>>°

An 11-mer peptide with the sequence of B amyloid (13-23), Ac-HHQKLVFFAED-
NH», was also characterized by CD spectroscopy. It had been previously used as a

surrogate receptor for B amyloid in docking experiments (Chapters 3 & 4).
5.2 Materials and Common Methods

Human sequence B amyloid (1-42) and B amyloid (1-40) peptides were purchased
from both Anaspec Inc (CA, USA) and Biopeptide Inc (CA, USA). The peptidic B
amyloid oligomerization inhibitors, Ac-K(me)LV(me)FF-NH, and Ac-LP(me)FFD-
NH, were purchased from Anaspec Inc (CA, USA). Other inhibitors and reagents
such as Doxycycline, Rifampicin, Epicatechin Gallate, Thioflavin T, PBS Buffer,
Sodium Dodecyl Sulfate (SDS), tris(hydroxymethyl)aminomethane (TRIS) and
DMSO were purchased from VWR Canada (AB, Canada). Plastic-ware such as
spectrofluorometer cuvettes and pipette tips were also purchased from VWR

Canada.

The peptidic ligands known as SG1 and SG2 were synthesized at the Core Peptide
Synthesis Facility at the University of Calgary by Dr. Dennis McMaster. The 11-mer
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receptor fragment, henceforth known as R1, was also synthesized at the same
facility. SG1, SG2 and R1 were synthesized by solid phase methods using
standard Fmoc chemistry with Rink amide HMBA/ AM resins (SG2, R1) or Wang
resin (SG1). Deprotection steps (30 minutes) were completed with 20% piperidine
in N-methyl pyrrolidinone (NMP). Couplings reactions (30 min) used a 4-fold
excess of Fmoc-amino acids with the coupling agents: 2-(1 H benzotriazole-1-yl)-
1,1,3,3-tetramethyl uroniumtetrafluoroborate (TBTU) and N-hydroxybenzotriazole
(HOBT) in NMP. Later batches of these compounds were made with alternate
coupling agents, 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium
hexafluorophosphate methanaminium (HATU) and 1-hydroxy-7-azabenzotriazole
(HOAT), to increase yield.**® Their characterization by mass spectroscopy is

shown in Appendix B.

Amino acid sidechains were protected with standard protection groups, viz.,
ornithine (Boc), y-diaminobutryic acid (Boc) and glutamic Acid (tBu). Peptides were
cleaved from the resin and simultaneously deprotected with 95% aqueous
trifluoroacetic acid (TFA) in the presence of 2% triisopropylsilane (TIS) and 2%
ethanedithiol for 90 min. Products were precipitated with ether, washed twice with
ether, filtered, purified with established HPLC techniques, lyophilized and stored at
-20 °C. The molecular mass of the products was verified with electrospray and
MALDI-TOF spectrometry. The final products were white lyophilized flakes with an

estimated purity of over > 95%.

Stock solutions of SG1, SG2 and R1 (1 mM) were made in purified deionized (18
mQ) water and stored at =20 ° C. Stock solutions of Doxycycline, Rifampicin,
Epicatechin Gallate, Ac-K(me)LV(me)FF-NH; and Ac-LP(me)FFD-NH, were also
made in purified deionized (18 mQ) water and stored at =20 ° C. B amyloid (1-40)
stock solutions were made in purified deionized (18 mQ) water adjusted to a pH of
11 with NaOH/NH4OH. Though this method is less elaborate than older methods
that utilized fluorinated alcohols/TFA for preparing monomeric  amyloid stock

solutions®’, commercially available p amyloid peptide preparations can now be
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reliably disaggregated. Therefore an aqueous stock solution of  amyloid (1-40) at
pH 11, made from such preparations, will not oligomerize unless the pH is lowered.
CD experiments described in later sections of this chapter do demonstrate that this

simple method does reliably create monomeric § amyloid.

B amyloid (1-42) stock solutions were also made by dissolving pre-monomerized
preparations in purified deionized (18 mQ) water adjusted to a pH of 11. However
DMSO was added to the stock solution such that it had a final DMSO concentration
of 20%. Addition of DMSO was necessary as p amyloid (1-42) oligomerizes far
more readily than f amyloid (1-40). The final concentration of DMSO in each assay
was less than 2% (after dilution), and was determined to have no effect on

fibrillization.
5.3 Thioflavin T Fluorescence Assay

The Thioflavin T (ThT) fluorescence assay measures the extent of amyloid fibril
formation, or inhibition thereof by ligands. It was chosen as the initial assay for
measuring the anti-fibrillization activity of SG1 and SG2 because it was the
simplest, least expensive and most widely used of the three assays. Moreover
activity in this assay is a good surrogate indicator for activity in more expensive

and technically demanding cell-based cytotoxicity assay.**®

Thioflavin T (ThT) is a benzothiazole dye with a high affinity for fibrillar forms of
amyloid proteins, but little or no affinity for their monomeric and smaller oligomeric
forms. Upon binding to larger aggregates/fibrils of amyloidogenic proteins, the
fluorescence of ThT between 460-490 nm undergoes a dramatically increase.
Inhibition of amyloid protein fibrillization by any compound will reduce or eliminate
the increase in fluorescence. Since fibrillization is an extension of the process that
initially forms soluble oligomers, compounds that block fibrillization will almost
always block formation of soluble oligomers. Protocols for the Thioflavin T (ThT)

fluorescence assay are available in literature. 3°% 11> 111
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The ThT assay protocol used, in this thesis, was a simplified version of many
existing protocols. An aliquot of § amyloid peptide (1-40 or 1-42) stock solution was
added to 200 ul PBS (in a disposable 0.5 ml plastic vial), containing or not
containing a known amount of inhibitor. The mixture volume was adjusted such
that it was 250 ul and the final concentration of f amyloid peptide (1-40 or 1-42)
was 25 uM. The mixtures were vortexed for approximately 30 seconds and
incubated, without shaking, at 37 °C for 5-7 days. The incubation period has been
known to vary from one batch of B amyloid to another, and therefore each new
batch of B amyloid peptides was validated with appropriate positive and negative
controls. The assay methodology described in this thesis gave a good reproduction

of literature values for peptidic and non-peptidic inhibitors (data not shown).>*°

Fluorescence experiments were performed using a Hitachi F-2000 fluorescence
spectrophotometer. The contents of each incubated vial were pipetted out into a 5
ml plastic vial containing 3.75 ml of 10 uM Thioflavin T in PBS buffer (pH 7.5). The
solution was vigorously mixed, and pipetted into a disposable 4 ml
spectrofluorometer cuvette. Maximum fluorescence was observed when the
excitation and emission wavelengths were set to 446 and 490 nm, respectively.
Fluorescence readings were averaged over 30 seconds. Data on the effect of
inhibitors was obtained with four or more independent samples for each

concentration point. Plastic vials, pipette tips and cuvettes were not reused.

The concentration-effect data, seen in Figure 5.1, indicates that both SG1 and SG2
were significantly more potent that the control ligand, Ac-K(me)LV(me)FF-NH,, at
causing a 50% inhibition (ICs) of both p amyloid (1-40) and 3 amyloid (1-42)
fibrillization. For the sake of brevity, Ac-K(me)LV(me)FF-NH, is henceforth referred
to as ‘I5Smer’.The ICs for both designed ligands was also attained at sub-
stoichiometric molar ratios of 0.2, 0.5 (SG1) and 0.4, 0.8 (SG2) respectively to B
amyloid (1-40) and (1-42). I5mer required a molar excess ratio of 2 and 4 to reach
the ICsp for B amyloid (1-40) and (1-42) respectively.
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The concentration-response/binding curve of a ligand, to a receptor, is sigmoidal
and the midpoint of the linear part, aka ICsq (or ECxp), is a far better measurement
of a ligands affinity than its ICy or IC;00, both of which occur in the non-linear
regions of concentration-response curve. Having said that, 1Cy or IC;1¢o values are
useful to quantify the range of concentrations required for the desired activity. The
IC100 Value corresponds to the ligand concentration required to completely block
amyloid fibrillization. The fibrillization of B amyloid (1-40) was blocked at better
molar ratios (0.2,0.4 and 2), by all three ligands (SG1,SG2, I5mer), than those
required (0.5, 0.8, 4) to block B amyloid (1-42) fibrillization.

120 ¢
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10

Mormalized ThT Fluoresence

0.01 0.1 1 10 00 001 0.1 1 10 100

Ligand : Ag (1-40) ratio Ligand : A3 (1-42) ratio

Figure 5.1 Concentration-effect curves for the anti-fibrillization activity of SG1
(solid red line), SG2 (dashed green line) and I5Smer (dotted blue line) against g
amyloid (1-40) and g amyloid (1-42). The blue arrows plot the ICs, for each ligand
to a ligand: g amyloid molar ratio. Please note that A= 8 Amyloid.

SG1 was somewhat more potent than SG2, and thus confirmed predictions made
in Chapter 4, where SG1 (BHB score =369) was more potent than SG2 (BHB

score =322). Both designed ligands were about 4-6 times more potent than 15mer
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(BHB Score = 100), yet their molecular weight was only 30% higher that the

standard ligand.
5.4  Western Blot Assay

The western blot assay was performed by Dave MacTavish in the lab of Dr. J.
Jhamandas at University of Alberta, Edmonton Canada. It measured the effects of
various molar stoichiometric ratios of SG1 and SG2 on the formation of soluble
amyloid oligomers. The B amyloid monomers and oligomers were labeled with
6E10 monoclonal antibodies.*® The results, seen in Figure 5.2 and 5.3,
demonstrated that sub-stoichiometric concentrations of SG1 and SG2 can block
the formation of tetramers and larger oligomers of B amyloid (1-42). Increasing, but
still sub-stoichiometric amounts of SG1 and SG2 reduced, and ultimately
eliminated the formation of B amyloid trimers. The elimination of dimer formation

required almost stoichiometric amounts (20 uM) of SG1 and SGZ2.

591 | AB 1-42 conc = 20 uM
Control 05 10 20 50 10.0 20.0 50.0 100.0 Ligand Concentration (in pM)
5 L

[ O
Oligomer ?
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L Higher oligomer band
Tetra .
Tri |8 = Trimer band
Di = Dimer band
Mono

Figure 5.2 Western blot of the concentration-dependent inhibition of #amyloid
(1-42) oligomerization by SG1. Control (no ligand) oligomer pattern is on the far left
side. SG1 eliminates the formation of tetramer and higher oligomers at very low

concentrations, and causes gradual disappearance of trimers and dimers.
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Both ligands have about the same efficacy in blocking the formation of B amyloid
(1-42) soluble oligomers. Since, B amyloid (1-42) was more aggregation prone
than B amyloid 1-40, it is likely that the SG1 and SG2 would be more potent at

inhibiting the formation of § amyloid (1-40) oligomers.

592 AB 1-42 conc = 20 pM
Control 0.5 1.0 20 5.0 10.0 20.0 50.0 100.0 Ligand Concentration (in uM)
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Higher oligomer band
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- == Trimer band
T

= Dimer band
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pattern

Figure 5.3 A western blot of the concentration-dependent inhibition of g amyloid
(1-42) oligomerization by SG2. Control (no ligand) oligomer pattern is on the far left
side. SG2 also eliminates the formation of tetramer and higher oligomers at very

low concentrations, and causes gradual disappearnce of trimers and then dimers.

It would be worthwhile to repeat the assay with B amyloid (1-42) to ascertain
reproducibility and with B amyloid (1-40) to compare the effects of SG1 and SG2

on oligomer formation.

5.5 Circular Dichroism Based Assays

Circular Dichroism (CD) spectroscopy is a popular technique for studying the
secondary structure of proteins. Though it lacks the spatial resolution of X-ray
crystallography or the information content of 2D NMR, it can be used to study

proteins in systems and environments that would not be possible with X-ray
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crystallography or 2D NMR (e.g. membrane bound proteins, dynamic protein-
protein interactions). CD spectroscopy is especially suited to studying changes in
secondary structure of proteins under physiological conditions.*®* The first CD
spectroscopy studies on B amyloid peptides were performed in the early 1990s. %%
33 These and subsequent studies suggest that nascent B amyloid peptide is

predominantly random coil and its B strand content is increased by incubation.3**

CD spectra shown in this thesis were acquired with a JASCO J-715
spectropolarimeter (UK) equipped with a thermostatted cell holder, using a quartz
cell of 1-mm path length at 37°C. Spectra were collected over the wavelength
range 180—-260 nm with a 1 nm bandwidth. For each spectrum, ten scans were
collected and averaged. The averaged data were then corrected for background
using software supplied by the manufacturer. The CD values were expressed using
mean residue molar ellipticity (MRE). Quantitative estimation of secondary
structure was obtained by using the CONTIN deconvolution algorithm *¢° on the

CD deconvolution server- Dichroweb>%®

_ MRW *¢

MRE =
10*c*I

(5.1)

where MRW= Mean Residue Weight = molecular weight/ number of chiral
backbone amide linkages. 6 = machine units (mdeg), ¢ = peptide concentration
(mg/ml) and | = path length in cm. Spectra for all peptides and mixtures were
obtained at pH 7.5 in 20 mM TRIS buffer. Though phosphate buffers are usually
the first choice for obtaining CD spectra, the use of Cu®" in some samples caused

phosphate to slowly precipitate out of those samples.

5.6 Base CD Spectra of p Amyloid, R1, SG1, SG2 and I5mer.

The CD spectra of freshly prepared g amyloid (1-40), R1, SG1, SG2 and I5mer are

shown in Figure 5.4. The ‘base’ CD spectra demonstrate that both nascent 8
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amyloid and R1%’ have no defined secondary structure, and is in agreement with
the results obtained by other groups. In contrast SG1, SG2 and I5mer *®® possess
some defined secondary structure (as determined by the CONTIN algorithm),

which is most likely a mixture of B strand and a helix.
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Figure 5.4 The CD spectra of A#40 (blue), R1 (green), SG1 (red), SG2 (orange)
and 15mer (purple) in a 20 mM TRIS buffer, at pH7.4, at 37° C. Mean Residue
Ellipticity (6) is in units of degrees cm? dmol™ residue™. Each CD spectrum is an

average of 10 scans.

It should be understood that all CD deconvolution algorithms were developed with
large protein (100-300 residues) test sets, and therefore will suffer from limitations
of accuracy when processing spectra from small peptides like R1 and the ligands.
The addition of equimolar amounts of Cu?** had no measurable effect on the CD
spectra of R1, SG1, SG2 or I5mer (not shown). It however did cause a slight
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reduction in the intensity, but not the overall shape, in the CD spectra of f amyloid
(1-40).

Interaction of p amyloid with another molecule of itself (in the body) usually occurs
on the surface of cell membranes, and such interactions are characterized by
measurable changes in secondary structure.*®*® Therefore, it was necessary to
study the effects of surfactants on the CD spectra of B amyloid, R1 and the ligands.
Sodium Dodecyl Sulphate (SDS) is the most commonly used surfactant to study
protein/ peptide to ‘membrane’ interactions in cell free systems. Literature values
for the Critical Micellar Concentration (CMC) of SDS in 5-40 mM TRIS buffer are

between 2 and 3 mM.3"°

5.7 Effect of SDS on CD Spectra

SDS concentrations in the range of 0-10 mM had no significant effect on the CD
spectra of R1, SG1, SG2 and I5mer (data not shown). Its effects on g amyloid (1-
40) were both significant and concentration dependent. Many research groups
have recently shown that surfactants, like SDS, have concentration dependent
biphasic effects on p amyloid and other amyloidogenic peptides.®” %% 371 372 ¢
appears that concentrations of surfactants lower than their Critical Micellar
Concentration (CMC), in a given solvent, promote the formation of soluble 8 strand
rich oligomers. However, surfactant concentrations equal to or above the CMC
concentration block the formation of oligomers and induce a. helices in
amyloidogenic peptides. The experimentally CMC of SDS, in buffers similar to

those used in CD measurements, range from 2-3 mM. 337

The effect of various SDS concentrations on the CD spectra of § amyloid (1-40) is
shown in Figure 5.5. SDS concentrations between 0 and 2 mM (in 20 mM TRIS)
reduce the random coil component of CD spectra, and seem to increase the B
strand content. However SDS concentrations approaching 3 mM or above cause

an increase in a helical content at the loss of both random coil and B strand



content. A deconvolution of the CD spectra of f amyloid, with the CONTIN

algorithm, as shown in Figure 5.5 (inset) showcases the effect in a graphical

format.
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Figure 5.5 The CD spectra of A#40 in TRIS 20 mM (at pH 7.5) with 0 mM (red),
1 mM (orange), 2 mM (green), 3 mM (light blue) and 4 mM SDS (black) at 37° C.

Mean Residue Ellipticity (6) is measured in units of degrees cm? dmol™ residue™.

Each CD spectrum is an average of 10 scans. Inset graph shows changes in

content of secondary structure as reported by CONTIN (Dichroweb)

The effects of varying concentrations of SDS on the CD spectra of R1 were much

less prominent than those seen in B amyloid (1-40). The effects, seen in Figure 5.6,

indicate that SDS has a much smaller effect on the secondary structure of R1 as

measured by CD.
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Figure 5.6 The CD spectra of R1 in TRIS 20 mM (at pH 7.5) with 0 mM (red), 1
mM (orange), 2 mM (green), 3 mM (blue green), 4 mM SDS (purple) and 10 mM
(black) at 37° C. Mean Residue Ellipticity (6) is measured in units of- degrees cm?

dmol™? residue™. Each CD spectrum is an average of 10 scans.
5.8 Effects of Incubation on CD Spectra

The CD spectra of R1, SG1, SG2 and I5mer are not affected by incubation at
37° C for up to 7 days (data not shown). While there is no doubt that the 11mer
peptide does undergo fibrillization, it seems to be a slower process than for

amyloid.

Incubation of B amyloid for 1, 3 and 7 days, causes change in the spectra
(increased B strand content), resembling results published by other researchers.

These changes have some resemblance to, but are not identical to those seen
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later with submicellar SDS concentrations. The data has not been shown here
because different batches of peptide show somewhat different CD spectral
changes under identical conditions. In contrast, both fresh 3 amyloid with or without
submicellar SDS has consistent CD spectra (as shown in Figure 5.5), regardless of

the peptide manufacturer, batch or duration of storage as a stock solution.

5.9 Effect of Inhibitors on CD Spectra

Only SG1 and I5mer were tested in these experiments, since adequate amounts of
SG2 were not available when they were performed. The effects of inhibitors on the
spectra of R1 are not shown as there was no detectable effect even after 7 days of
incubation at 37° C. Given the slow interaction of R1 with itself, that is not
surprising. In contrast both SG1 and ISmer have an effect on the spectra of B

amyloid.

Effects of these inhibitors were measured as the difference between arithmetic
sums of their individual CD spectra (Sum) and the actual CD spectra of the mixture
(Mix). The spectral difference indicated the nature of the secondary structure
changes occurring through complex formation between the receptor and the ligand.
Both possible CD ‘difference’ spectra (Mix-Sum and Sum-Mix), were calculated
and subjected to deconvolution by CONTIN. In each case only one “difference”
spectra gave a good deconvolution (RMSD <0.1), while the other possibility

invariably gave a nonsensically poor deconvolution.

Though the CD spectra of inhibitor + B amyloid mixtures did show some differences
from a mixture of otherwise non-interacting peptides, there was some variability in
the effects (depending on the batch of peptide used). The effects of submicellar
SDS on the inhibitor-p amyloid mixture in contrast, were both highly reproducible

and immediate (and are discussed in section 5.9).
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It appears that mixing B amyloid (1-40) and ligands (SG1/ I5mer) results in the
formation of hetero-complexes with increased B strand content, which keeps

increasing on incubation. While it is likely that lower molar ratios of the ligands
could have an effect after incubation, the experiments chose to concentrate on
ligand stoichiometries high enough to have a small but immediate effect on CD

spectra (via hetero-complex formation).

5.10 Effects of Submicellar SDS and Inhibitors on CD Spectra

The literature on effects of submicellar SDS on B amyloid, repeated in a previous
section of this chapter, created the possibility that the underlying process that sped
up the formation of soluble oligomers (homo-complexes) could also speed up the
interaction of ligands with the receptor. Therefore a reliably submicellar
concentration of SDS (1mM) was added to receptor-ligand mixtures of varying

molar stoichiometries.

Once again, submicellar SDS did not help the formation of a R1-ligand hetero-
complex. However it was effective in speeding up formation of  amyloid(1-40)-
ligand hetero-complexes. These hetero-complexes were formed almost
instantaneously (within a minute) and had stable CD spectra for at least 1 hour at
37° C. Their ‘difference’ CD spectra, obtained as mentioned in the previous
section, showed an increase in B strand content that was ligand concentration

dependent (see Figure 5.7 and 5.8).

The CD ‘difference’ spectra of SG1 with § amyloid (1-40) as shown in Figure 5.7,
show that SG1 can form complexes at substoichiometric molar ratios, indeed all
ligand concentrations except the first (25 uM) are substoichiometric. In one aspect,
they support the results of the western blot assays, which showed that
substoichiometric concentrations of SG1 (and SG2) could block the formation of
amyloid (1-42) oligomers, and stoichiometric molar amounts blocked dimer

formation.
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Figure 5.7 The “mixture —sum difference” in CD spectra of gamyloid 40 (25 M)
and 1 mM SDS in TRIS 20 mM (at pH 7.5) with 25 xM SG1 (blue), 12.5 M SG1
(green), 6.3 uM SG1 (orange), 3.2 uM SG1 (red). Mean Residue Ellipticity (6) is
measured in - degrees cm? dmol™ residue™. Each CD spectrum is an average of

10 scans.

Given that p amyloid (1-42) is more amyloidogenic than g amyloid (1-40) it is likely
that a significant component of the CD spectra of B amyloid by itself in submicellar
amounts of SDS is due to soluble oligomers. While size-exclusion chromatography
and electrophoresis have ascertained that to be the case with g amyloid (1-42) in
submicellar concentrations of SDS, it has not yet been done for f amyloid (1-40).
The standard ligand, I5mer, (seen in Figure 5.8) also causes the formation of
hetero-complexes with a ‘difference’ spectra not unlike that obtained with SG1
(Figure 5.7).
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Figure 5.8 The “mixture —sum difference” in CD spectra of #amyloid 40 (25 xM)
and 1 mM SDS in TRIS 20 mM (at pH 7.5) with 100 ¢M I5mer (black), 50 #M I5Smer
(light blue), 25 M 15mer (green), 18.8 M I15mer (orange), and 12.5 M 15mer
(red). Mean Residue Ellipticity (6) is measured in - degrees cm? dmol™ residue™.

Each CD spectrum is an average of 10 scans.

Once again the ‘difference’ spectra are dependent on ligand concentration, though
the stoichiometric ratio required suggests that ISmer is less potent than SG1. The
dropoff in the ‘difference’ CD spectra at lower concentration is also far sharper than
for SG1.
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It therefore appears that both SG1 and ISmer can form hetero-complexes with 3
amyloid (1-40) at molar stoichiometric ratios consistent with their activity in other

assays, and is discussed in some more detail in the next section.

5.11 Conclusion and Discussion

The assays mentioned in this chapter measure three aspects of the interaction of 8
amyloid to ligands. The Thioflavin T (ThT) assay measures the ability to inhibit fibril
formation, which is the last step in the process of f amyloid oligomerization. In that
assay the designed ligands, SG1 and SG2, and I15mer inhibited fibril formation by
both B amyloid (1-40) and (1-42). The molar stoichiometries required by I5mer to
affect B amyloid oligomerization are within the range of activities reported for it by
other groups using similar assays. Therefore, the superior potency of SG1 and

SG2 as compared to 15mer, in the ThT fibrillization assay, is confirmed.

Western blots demonstrated that concentrations of B amyloid equivalent to those
that block fibrillization in the ThT assay inhibit soluble B amyloid (1-42) oligomer
formation, with equal stoichiometric molar amounts causing the inhibition of even
dimers. The CD assay, demonstrated that ligands formed hetero-complexes with
B amyloid (1-40) at molar stoichiometries similar to those required to block

fibrillization in the ThT assay (and oligomer formation in the western blots).

It therefore appears that all three assays suggest that designed ligands can
interact with B amyloid and block the formation of oligomers and fibrils. It also
appears that they are superior to the standard ligand, I5mer, thus validating the

predictions made in Chapter 4.
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CHAPTER 6: FUTURE DEVELOPMENT AND EXPERIMENTS

6.1 Introduction

The last chapter of this thesis will attempt to lay out a path for future research
projects to advance compounds described and developed in the current project
towards their ultimate goal, namely clinical testing in AD patients. Development of
potent ligands into drugs that demonstrate a therapeutic effect in human beings is
an inherently risky endeavor, under the best of circumstances. The search for
disease modifying treatments for AD has proved to be especially fruitless,
notwithstanding the considerable amounts of money and research effort put into
developing such drugs. Many promising drugs have failed in human clinical trials,
even after demonstrating considerable efficacy in animal models of AD. The pre-
clinical development of newer AD drugs must therefore factor both standard
pharmacokinetic considerations as well as therapeutic efficacy in better (and novel)

animal models of AD.

The suggested investigations are listed in the preferred chronological order starting

with cell culture based assays and culminating in chronic animal AD models.

6.2 Effects in g amyloid cytotoxicity assays

Results of B amyloid aggregation, Western Blot and Circular Dichroism assays
described in Chapter 5, demonstrate that the designed peptidic ligands described
in Chapter 4, do indeed bind to B amyloid and block formation of soluble oligomers
and fibrils. These assays also suggest that they are significantly more potent than
other well characterized peptidic ligands, as previously shown in Chapter 4 and 5.

Since there is a good correlation between the ability of a ligand to block B amyloid
oligomer formation and its ability to block B amyloid induced cytotoxicity, it is
reasonable to believe that these designed ligands are potent and superior

inhibitors of B amyloid induced cytotoxicity, which is the primary biochemical lesion
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in both early-onset and mature-onset AD. However, it is necessary to validate any
correlation-causation based claim with experimental data, since correlation does

not imply causation.®”

A rat PhaeoChromocytoma (PC-12) cell line is the standard cell-based assay for
measuring the effects of a test compound on p amyloid induced cytotoxicity.*"* The
assay quantitates the cytotoxicity of a given compound (or reversal of cytotoxicity)
by measuring surrogate markers of cell viability such as normal metabolic activity
or cell membrane integrity. PC-12 cells are a good surrogate for studying basic
neuronal cell physiology, and are much easier to grow than primary neuronal
cultures.®”® Moreover, the effects of previously known peptidic (and non-peptidic)
inhibitors on B amyloid induced cytotoxicity have been well studied in PC-12 cell
lines. 199119 11 Therefore any useful comparison of the designed ligand’s
cytoprotective activity to older compounds can only be made by using PC-12
based cytotoxicity assays. The assays also measure any intrinsic toxicity of test
compounds to neuronal type cells.

Testing of designed ligands in primary neuronal cultures is also desirable, if
somewhat more problematic.®’®" *” The major problems with using primary
neuronal cultures stem from difficulties in obtaining reproducible cell cultures and
the lack of extensive experimental data for older ligands with any given primary
neuronal culture type. Having said that, it would be worthwhile to study effects of
designed and standard ligands in primary neuron cultures from newer murine

transgenic AD models, such as 3xTgAD.>*

6.3 Effects in p amyloid vascular assays

Literature, previously cited in Chapter 2 (section 2.7), suggests that p amyloid has
adverse effects on cerebrovascular function. While the precise type of  amyloid

oligomers responsible for vascular effects is unclear, the effects involve generation
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of superoxide radicals. So far, there have been no reported studies of the effects of

oligomerization inhibitors on  amyloid induced vascular dysfunction.

The vascular effects of B amyloid (1-40) occur at significantly lower concentrations
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than its cytotoxic effects®’”, and therefore might have an important role in the
onset and pathology of late onset AD. Testing the effects of B amyloid aggregation
inhibitors on B amyloid induced vascular dysfunction should be an important part of

any future effort to develop inhibitors of B amyloid oligomerization.

The effects of B amyloid (and oligomerization inhibitors) on vascular function can
be measured by a variety of vascular assays. These assays range from isolated

vascular preparations like the rat aorta*

to whole animal assays which measure
changes in cerebral blood flow (CBF).**' Measuring the effects of these
compounds on the impaired CBF in some chronic AD models is another worthwhile

option. 3%

6.4 Determination of ADME properties

The pharmacokinetic properties of a potential drug are as important as its
pharmacological effects, and are commonly known as ADME properties. ADME is
an acronym for Absorption, Distribution, Metabolism and Excretion. Poor ADME
characteristics are one of major reason behind the high attrition rate of many

promising compounds undergoing preclinical testing.3*

Since compounds developed in this project will most likely be parentally
administered pseudopeptidic drugs, determination of the rate and extent of oral
absorption is not necessary. The metabolic stability of these compounds does
however need to be experimentally validated as they are pseudopeptidic in nature.
Ligand features such as the use of unnatural residues, N-methylated residues and
dextrorotary residues (described in Chapter 4) should make them fairly stable to

enzymatic degradation. Initially simple in vitro tests based on hepatic microsomes
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will be useful to predict the metabolic fate of the ligands.*** However more complex
in vivo testing of the plasma and tissue half-lives of these drugs will be necessary,
preferably in at least 3 separate animal species including rhesus monkeys (Macaca
mulatta). Other tests such as measuring the extent of protein binding, checking for
inhibition of hepatic enzymes and levels of drug metabolites in urine are also
important for ligands that have passed the initial tests. ADME assays are likely to
be done by Contract Research Organizations (CROs) with prior expertise in ADME
profiling.

Adequate penetration of the Blood Brain Barrier (BBB) is probably the most crucial
pharmacokinetic consideration for any drug used to treat diseases of the central
nervous system.*® Lipid based functionalizations and design features necessary
for adequate penetration of ligands through the BBB have been previously
discussed in Chapter 4. However it will be necessary to measure BBB penetration
for each tested ligand in an animal assay. Unlike ADME properties, passive and
most active BBB penetration for a given compound is fairly consistent across

386, 387

mammalian species. The assays for measuring BBB penetration will be also

performed by CROs with prior expertise in that area.
6.5 Efficacy in Acute Animal AD Models

The intracerebral injection of B amyloid causes acute cognitive dysfunction,
localized plaque buildup and inflammation in the brain.®*® Reversal of these effects
with systemically administered g amyloid oligomerization inhibitors was one of the
first demonstrations of therapeutic efficacy of these compounds. *° The assay has
since been refined to use stereotactic injection of f amyloid in the temporal lobes

of the animal to better reproduce the effects of AD. 3%

The B amyloid intracerebral injection assay is one of the quickest animal assays for
determining the efficacy of a compound for treating AD. Moreover because of the

short duration of the model (a few weeks) it uses a much smaller amount of the
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tested compound than chronic animal models of AD. Therefore it is usually
considered to a preliminary step to testing compounds in chronic animal AD

models.

6.6 Efficacy in Chronic Animal AD Models

Chronic animal models of AD along with their advantages and disadvantages have
been reviewed in Chapter 1. Compounds that demonstrate efficacy in the
previously mentioned assays will be tested in chronic animal models of AD. The
most accurate reproduction of human pathology (albeit of early onset AD) is seen
in the 3xTg-AD model, and would be the best model for testing the efficacy of new

B amyloid oligomerization inhibitors. >*

However the availability of this particular model for testing our drug candidates
might be complicated by intellectual property and licensing issues. Therefore it is
necessary to have a second choice of animal AD models for chronic testing of the
advanced drug candidates. Double transgenic models such as APP/PSAP and
APP/tau (see Chapter 1) are the most obvious second choice for chronic animal
testing. APP/PSAP based models are best suited for studying the effect of the
compounds on B amyloid induced neuronal dysfunction, inflammation and CBF
changes. ***° APP/tau based models are best suited for studying the impact of the
compounds on f amyloid induced primary and secondary (tau induction related)

damage including its impact on the overall disease process.

Regardless of which chronic AD animal model is finally chosen for testing, the
compounds will have to reduce soluble/insoluble B amyloid levels and ameliorate
cognitive deficits to be developed any further. Demonstration of reasonable ADME
characteristics in a few non-human mammalian species and efficacy in chronic
animal models of AD is one of the major pieces of evidence necessary for filing an
Investigational New Drug (IND) application, with the FDA or it's equivalent outside

the USA), and initiating Phase | clinical trials in human beings.
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APPENDIX A

The following is a description of the protocols used to dock and score peptidic

ligands to B amyloid, as previously mentioned in Chapter 3 and 4.

Docking peptidic ligands to B amyloid is performed in three stages. The first stage
of ligand docking utilizes a MOE script called ‘dock.svI'. The next two stages of
ligand docking utilize a script called ‘analysis.dock.svl’. Text files with the source

code of both scripts are included in the attached CD.

The second script, ‘analysis_dock.svl’, is also used to score docked ligands and
its use for that purpose is also described towards the end this Appendix.

To use the script ‘dock.svl’:

1. Open a fresh instance of an interactive mode of MOE or use File>Close to

remove all molecules in the workspace.

2. Open previously created receptor and ligand files. Check if their atoms
have correct partial charges or use Compute>Partial Charges to

recalculate them. Set a Current Working Directory (CWD)

3. Select the ligand chain through the ‘Sequence Editor’ interface in MOE
and use Selection> Atoms> Of Selected Chains to confirm selection.

4. Press Shift+Alt keys and use the middle button/ wheel of your mouse to

move the ligand relative to the receptor.

5. Position the ligand next to receptor such that it is close to the expected
final docked position. Use Render>Draw>Hydrogen Bonds and VDV

Contacts to make sure that the ligand forms a few backbone hydrogen
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bonds with the receptor. The VDV Contacts map should allow the user to
simultaneously position the ligand such that there is minimum clash

between sidechains of the receptor and ligand. Sidechain clashes can be
eliminated by changing the dihedral angles around a and B carbon in the

affected residues, by using the Edit>Build>Molecule interface.

6. Check state of solvation by using the Window>Potential Setup menu. For
the first stage of ligand docking, Solvation is set as Born. Fix Hydrogens

and Charges if required.

7. Use the File>New>Text Editor interface to search and load ‘dock.svI'.

8. In the GUI generated by the ‘save and load’ command, change the
generic output database file name to a more suitable one. Turn Open
Database Viewer - ON and Random Start and Use Potential Grids — OFF.
Select Simulated Annealing as the method of choice. Total Runs can be

kept at the default number of 25 or increased to 100.

9. Use the Docking Box button to access another submenu for positioning
the docking box such that it encompasses the ligand and the relevant part
of the receptor. Please make sure that the box size is appropriate and
gives a fairly tight fit for the complex without cutting out any part of the

ligand or relevant parts of the receptor.

10. Start the docking calculation. One series of docking calculations takes
about 4-24 hours depending upon the size of the ligand and number of

runs used.

The output of the first stage of docking should be a *.mdb format database with a

list of the best ligand poses from each of the specified number of runs.
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The next two stages of ligand docking involve the use of the versatile

multifunctional script known as ‘analysis_dock.svl'.

To use the script, ‘analysis_dock.svl’, for the second part of the ligand docking
process:

1. Open a fresh instance of an interactive mode of MOE or use File>Close to

remove all molecules in the workspace.

2. Open previously created receptor and docked ligand database files.
Check if ligand atoms have correct partial charges or use Compute>Partial

Charges to recalculate them. Set a Current Working Directory (CWD)

3. Check state of solvation by using the Window>Potential Setup menu. For
the second (and third stage) of ligand docking, Solvation is set as

Distance. Fix Hydrogens and Charges if required.

4. Use the File>New>Text Editor interface to search and load ‘analysis.svl’

5. Make sure that script recognizes the correct database as the one to

operate on.

6. The script’s GUI is modular, consisting of menus and corresponding action

buttons.

7. Check and set Molecular Fieldname from the dropdown menu. Set Energy
Calculation as binding energy using local minimum. The Optimization
Options are set as optimize hydrogen and ligand. The Save Structure

option is set to ligand.
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8. Conf. Search lterations is set at 10,000, as is Number of Failures. Number
of MM steps is set at 5,000. Solvation is turned OFF. Force Field should
be set at MMFF94x.

9. Start the Energy Calculations with the Energy button at the bottom of the
script invoked GUI.

The third stage of the ligand docking process is identical to the second except

the following differences.

1. Change the names of the new database fields created by the second
stage such that the field ‘dock’ is renamed as field ‘dock_mol_01'. This

step will prevent the script from overwriting previous outputs.

2. Apply the following changes to Step 7 from the second stage:
Check and set Molecular Fieldname to the new one (dock_mol_01).
The Optimization Options are now set as optimize pocket with protocol.

The Save Structure option is set to ligand and receptor.

3. The rest remains unchanged from the second stage.

4. Once again, start the Energy Calculations with the Energy button at the

bottom of the script invoked GUI.

The next stage of the ligand docking process involves scoring the docked and

optimized ligand poses.

1. Open database created by the third stage of the docking process and

rename the newly created fields to prevent accidental overwriting.
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. Calculate E_bind_normalized by multiplying the E_bind_app field created
by stage 3 by —0.05. The result is the normalized binding energy
component ‘B’ used in the BHB function, described in Chapter 3.

. Hydrogen Bonds can either be calculated using the last module of the
‘analysis_dock’ invoked GUI, or can be filled in after visual observation
(make sure hydrogen bond display is turned on). For a small number of
ligand poses visual observation is preferred to automated scripts. Each
hydrogen bond (salt bridge) between charged residues is assigned a
value of 5 if present and 0 if absent. The combined values for each ligand
pose are the ‘H'component of BHB. It is necessary to perform this
operation only on the most energetically favorable pose, and those within

1 kcal/mol of that value.

. Buriedness is the third component of the BHB score. It can be calculated
through a series of steps that start with creation of new and separate
database field to accommodate receptor and the ligand obtained from the
energetically most favored docking pose or within 1 kcal/mol of the top

pose.

. The receptor is then loaded into a clean MOE workspace. The Sequence
Editor is used to select all atoms of the hydrophobic residues, LVFF in this

case.

. Each ligand pose to be evaluated in individually selected in the database

viewer, and GUI of the script is used to set Selected Entries Only.

. Receptor Buriedness, Ligand Buriedness and Hydrophobic Contact
Surface are turned ON. Receptor Buriedness is set from selected receptor

atoms. The Surfaces button on the Script GUI is used to initiate the
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calculation. The process is repeated for each selected pose of the ligand
receptor complex. Buriedness (RB) is used in BHB as 20*(RB+RB?>).
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APPENDIX B

Peptide = R1

Sequence = Ac-HHQKLVFFAED-NH

Number of Amino Acids =11

Molecular Weight = 1411.58 (average); 1410.70 (monoisotopic)
Purity by analytical HPLC = approx. 97% (single peak)

1411.710

14000 4

Intensity

J433883

b 1283.677
| —
F 1471.65

0 - v " — A

800 1800

3

CADOCUME~1\ADMINI~1\LOCALS~1\Temp\5077.massml| (13:38 11/14/08)
Description: Calibrated by MK Nov 13/08

MALDI-TOF Spectra of R1

R1 + H" = 1411.70 (calculated); 1411.71 (measured).
R1 + Na’ = 1433.68 (calculated); 1433.69 (measured).
R1 + K" = 1449.80 (calculated); 1449.66 (measured).
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Peptide = SG1

Sequence = Ac-dab-O-(me)L-F-(me)F-L-P-bA-COOH
Number of Amino Acids = 8

Molecular Weight = 991.24 (average); 990.59 (monoisotopic)
Purity by analytical HPLC = approx. 95% (single peak)

I~
o
=]
0
18000 e
@
£ - ¥
L ™
@ -—
£ =
: & % §
! J. .~ nT ;
| B8 g & e g
<3 o oo oo
18~ 8 I g @
‘ ~ ® ﬂ e
! od lll_A . A l " A 5 -
l| 800 m/z 1200

| C:\DOCUME~1\ADMINI~1\LOCALS~1\Temp\4768.massm| (16:56 12/24/07)
| Description: Calibrated by MH Dec 24/07

MALDI-TOF Spectra of SG1

SG1 + H" = 991.60 (calculated); 991.50 (measured).
SG1 + Na' = 1013.57 (calculated); 1013.49 (measured).
SG1 + K" =1029.59 (calculated); 1029.45 (measured).
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Peptide = SG2

Sequence = Ac-dab-O-(me)L-V-(me)F-F-A-E-NH,

Number of Amino Acids = 8

Molecular Weight = 1008.23 (average); 1007.58 (monoisotopic)
Purity by analytical HPLC = approx. 95% (single peak)
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Description: Calibrated by Morgan Oct.25/06

MALDI-TOF Spectra of SG2

SG2 + H" = 1008.59 (calculated); 1008.70 (measured).
The identity of the minor impurity at 1034.70 is unknown.



	Thesis_Page1.doc
	Thesis_Prologue.doc
	1.3 Alois Alzheimer’s discovery………………………………………………….…4
	CHAPTER 2: THE ‘ABSENT’ HYPOTHESIS……………………………..………..33
	2.1 Introduction………………………………………………….………..………..33
	2.4 The vascular hypothesis of AD………………………………………….…...35
	2.10 The ABSENT hypothesis…………………………………………………......40
	2.12 The  amyloid redox cycle in the brain…………………………………...…44
	2.13 The  amyloid redox cycle in the vasculature…………………..…….……46
	CHAPTER 5: EXPERIMENTAL CHARACTERIZATION OF NOVEL PEPTIDIC INHIBITORS………………………………………………………………………….105
	CHAPTER 6: FUTURE DEVELOPMENT AND EXPERIMENTS………………122
	6.1 Introduction………………………………………………………….……….122
	6.2 Effects in  amyloid cytotoxicity assays…………………………………..122
	6.3 Effects in  amyloid vascular assays………………………….………..…123
	6.4 Determination of ADME properties………………………………………..124

	Thesis.doc
	1.3 Alois Alzheimer’s discovery
	2.1 Introduction
	2.2 Current hypotheses on the etiology of AD
	2.3 The amyloid hypothesis of AD
	2.4 The vascular hypothesis of AD
	2.7 Evidence for  amyloid mediated vascular dysfunction
	2.10 The ABSENT hypothesis
	2.12 The  amyloid redox cycle in the brain
	2.13 The  Amyloid Redox Cycle in the Vasculature
	 CHAPTER 5: EXPERIMENTAL CHARACTERIZATION OF NOVEL PEPTIDIC INHIBITORS
	5.1 Introduction
	6.1 Introduction
	6.2 Effects in  amyloid cytotoxicity assays
	6.3 Effects in  amyloid vascular assays
	6.4 Determination of ADME properties

	APPENDIX A.doc
	APPENDIX B.doc

