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ABSTRACT

ANALYSIS OF SOL-GEL ENCAPSULATED AGGREGATE-PRONE PEMPHS BY
CIRCULAR DICHROISM

by Nathan Birtwhistle

Protein aggregation has been linked to many debilitating neurological diséases
each case, a specific protein is thought to have a region of intrinsically desbrde
structure that seeds the aggregation. Highly cooperative in nature, proteigaiggres
difficult to investigate. The current study aims to characterize two agjgyagprone
peptides involved in Huntington’s disease, polyglutamine (poly@.§K,), and
Alzheimer’s disease, amyloid-betafA A protocol was developed to encapsulate the
peptides by the sol-gel technique. Generated from a liquid state, the silicaisnat
presumed to isolate the soluble peptide, preventing aggregation. In addition, the porosity
of the glass allows the solvent conditions to be altered. The peptides wereethmec
by circular dichroism spectroscopy (CD). In solution, both peptides were most
aggregation-prone when they contained the least amount of secondary structure.
Encapsulated polyQ showed unique pH-dependent spectra not seen in solfitivas A
able to take on both a random coil and an apparent beta structure in 5%
hexafluoroisopropanol (HFIP), depending on the prior solvent, indicating two sena-stabl
states of similar energy. The results for both peptides show that (1) the eatsapsul
peptides can adopt a significant amount of helical secondary structure, $2-tmelary
structure can be altered by varying the solution, temperature, and pH, and (3) most
changes in structure appear to be reversible. These results are cowslistdrd absence

of aggregation in the encapsulated samples.
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1. INTRODUCTION

In 1892, one of the first known reports of the presence of protein aggregates, or
plaques, in the brains of deceased patients was documented by Georges Marthesco a
Paul Blocq [1]. At the time they did not know that these plaques were made up of
aggregated proteins and simply reported them as “senile plaques.” In 1907, Alois
Alzheimer published the first paper on the correlation between these plaques and
dementia, linking protein aggregation to neurological atrophy [2]. The presence of
protein aggregates has been linked to many other neurodegenerative diseasak, but unt
recently the nature of these diseases still remained a mystery. Vémézy$trusiner
published his manuscript on prion disease in 1982, for which he won the Nobel Prize in
1997, he opened the door to the nature of protein aggregation diseases [3].

The nature of proteins, or polypeptides, is to fold into a structure with a functional
purpose. A peptide, a general term that will also be used to refer to proteingisiis
is manufactured as a linear molecule made up of amino acids that may have ane of tw
properties determined by its side chain: hydrophobic (nonpolar) or hydrophilic
(polar/uncharged, acidic, or basic) [4]. It is the consecutive makeup of the gbptide
determines its structure and function and is known as its primary structuwausBeof
this structure, there are two classes of factors affecting theustlfitinctional content of
a peptide, intrinsic and extrinsic. Intrinsic factors include those deriveditsg@rimary
structure such as genetic mutations, hydrophobicity, and electrastakttsmsic factors
come from the surrounding environment and how it interacts with the peptide, such as

solvent, temperature, and excluded volume effects. Both of these factoretdgets



influence on the peptide’s structure and function, and they provide the driving force for
aggregation [5].

A peptide’s natural tendency to aggregate comes from its intrinsic facqrs
from what amino acids it is made and how they are organized along the peptide’s
backbone. Generally, the more solvent-exposed hydrophobic amino acids a peptide
contains, the more likely it is to aggregate; more specifically, the moeeeard
hydrophobic surface content and its concentration, the more aggregate-prone the peptide
becomes [6-8]. As a consequence, proteins that form hydrophobic beta struetures a
more likely to aggregate, and those that remain soluble and/or form hydrophilic alpha
helices are less likely [9, 10]. This tendency to aggregate may be due ta thatfheta
structures are highly ordered sheet-like structures, making them compdeysurfaces
to each other. Sotet al (1995, 1996), showed by inducing point mutations that proteins
were more disposed to aggregate when helical content was reduced or beiavwaste
increased and vice versa [11, 12]. Typically a peptide buries its hydrophobic content
within its interior, shielding it from interacting with the aqueous (hydroptsidvent. If
a peptide is built such that it is unstable or natively disordered, then slightoregieti
solvent quality (temperature, hydrophobiciyg) may cause it to transition through
different secondary structures and therefore become prone to aggregation.

There are three ways by which solvent quality, or other external factors, ma
influence aggregation rates; they may favor intermediate formation, destdabédi native
folded state, or stabilize the unfolded state [13]. Specific factors includertgompe

pH, peptide concentration, hydrophobicity, crowding and excluded volume. First,



fluctuations in temperature may destabilize the peptides, increasingediiate
concentration and diffusions rates. This change increases the concentration of the
aggregate-prone hydrophobic conformation and its likeliness to interact with another
molecule, leading to aggregation. Second, changes in pH affect the relatiaadype
distribution of charges on the peptides’ surfaces. Since the structures pemtidake

on are directly linked to the way they interact with the solvent, these changes it pH w
influence the peptide’s stability and structure. Decreasing the number of
charged/hydrophilic residues, those usually found on the surface, can destailize t
peptide and cause it to unfold, exposing the hydrophobic interior [14]. Third, since a
small sub-population of peptides will be in the intermediate and unfolded states even at
equilibrium, if a peptide’s concentration is increased, then effectively the rtosoen

of the intermediates will also be increased, again enhancing aggregatidi {kis point

it should be noted that a theme is developing; there are two prerequisites to aggregat
a destabilized peptide and exposure of ordered hydrophobic content. All other extrinsic
factors causing protein aggregation meet these prerequisites and willussedsmore
extensively below. In essence, if a protein’s structure is changed, treitsstunction;

in this case the function is toxic in nature.

Structure and function are synonymous in the world of peptides. Slight energy
variations in a peptide’s environment can potentially cause it to loose its native
(functional) structure and gain non-native (toxic) function. This work is a stueyoof t
peptides known to have a strong tendency to aggregate, and they are believed to be

intrinsically disordered. As a consequence, they easily transition betesendtive



and unfolded sates. The purpose of this work is to isolate these peptides within a sol-gel
matrix that prevents aggregation, to induce the aggregate-prone intermedigierirans
state, and to characterize the resulting structure to study an epriy ptetein/peptide

aggregation.

1.1. Protein Aggregation and Neurodegenerative Diseases

As the average human life span increases, sporadic forms of neurologicsgslisea
associated with protein aggregation are becoming much more prevalent [15]. Eor mos
these diseases become the lethal element in their life. There arendiffixges and
anatomical locations of aggregation associated with each disease, but ditaszllie
begin with the transition of a properly folded native peptide to an aggregation-prane sta
Alzheimer’s and Huntington’s diseases are two of many neurological cssbaseare
associated with protein aggregation. The respective polypeptides, amylofé Besand
the polyglutamine mutation (polyQ), are thought to seed aggregation by the formation of
oligomers directly from this aggregation-prone transition state. Bothdespire
natively disordered, making them thermodynamically sensitive, and theyeamajor
components of the larger inclusion bodies (large, insoluble, highly homogeneous
aggregates) associated with each disease. After death, the identificatieseof t
inclusion bodies, or plaques, during autopsy gives the definitive diagnosis of each
disease. Figure 1-1 depicts a cartoon to demonstrate the different posgila which
the aggregates may affect cellular activities (left), and preserdsaseeal pictures of

diseased tissues showing the different types of aggregates (right).



Figure 1-1. Artist's depiction and real images of aggregates Left A cartoon
representation of the different aggregates that may form in Alzheimse€as#i. Red W-
shaped species are dimers and trimersfofi@at may disrupt synaptic efficacy (enlarged
portion). The larger amyloid plaques, also composed3oidfsrupt the cytoskeletal
integrity of the astrocytes and microglial cell causing an immune respgribe release
of cytokines. These plaques also disrupt the axonal trajectories. The ndlagfibr
tangles are composed of Tau protein and their formation may be protective dgains
damage caused by smaller oligomers, but this remains controversial. Right:
Photomicrographs of several different types of inclusion bodies seen as thegilank
due to staining. The plaques in each photomicrograph result from the aggregation of a
different protein as in the other micrographs. Bars in the lower right hand corner
represent the following distances: (A) g, (B) 80um, (C) 12um, (E) 8um, (F) 80

um, (G) 40um. Reprinted with permission from (left) [16] with permission from
Elsevier, and (right) reprinted from Rossor, eSamantic dementia with ubiquitin-
positive tau-negative inclusion bodi€rain. 2000. 123. p 267-276. by permission of
Oxford University Press [17].



1.2. Aggregate-Prone Peptides: Structure and Function

Repeated studies have shown that bdiraAd polyQ mutated huntingtin protein
(the protein involved in Huntington’s Disease) are involved with nerve cell functien [18
24]. These studies have demonstrated that the prefibrillar forrfi &f Associated with
nerve synapse and learning, while huntingtin protein is linked to striatal neuron health.
Specifically, huntingtin’s putative normal functions are vesicular transpgnilsig, and
transcription [24]. Therefore, these peptides are thought to have normal andnyecessa
functions in their natively folded states, but may transition to an aggregation-patane st
prior to aggregate formation. Furthermore, it has been demonstrated that it is the

oligomeric forms of A that inhibit long term potentiation and not the monomeric [16].

1.2.1. The Intermediate: Partial Unfolding as an Aggregation Prerequisite

In an aqueous environment a completely folded peptide has its hydrophobic
residues mostly buried eliminating the driving force behind aggregation. On the other
hand, a completely unfolded peptide is unordered in terms of hydrophobic and
hydrophilic residues, this too reducing the tendency towards aggregation since
hydrophilic residues would remain hydrated. In the unfolded state the hydratien of t
hydrophobic residues is unfavorable and raises the free energy of the laral T\at
reduce this unfavorable hydration effect, the peptide is driven to form intramolecula
hydrophobic interactions, releasing water to the bulk (Figure 1-2). Theseotecahar
interactions could result in a number of partially folded intermediates dlerfglting

pathway (Figure 1-3). An ordering of the hydrophobic residues results in a highly



e water
‘_ + rd eased
to bulk

Figure 1-2. Hydration effects of waterHere it can be seen that the availability of the
solvent to form hydrogen bonds with the backbone plays a crucial role in intramolecular
backbone bond formation. Green shows favorable hydration and yellow unfavorable.
Left shows an unfolded peptide with unfavorable hydration. Right shows a folded
protein with the release of water into the bulk. Free energy of the systesaskescfrom

left to right in water but the direction may be reversed by addition of cediaenss and
cosolvents that increase the free energy of bulk water.

N
Figure 1-3. Energetic folding funnel and aggregation pathway. Left: Each pit in the
folding landscape, above the natimg,(represents a local energetic minimum where an
intermediate is found. Some of these pits may be aggregation-prone while cthest a
Identifying those that are aggregation-prone may allow us to introducdlsshate or
molecule that influences the peptide to follow a pathway that is not aggregatiorsprone
destabilizes those forms that are aggregation-prone, guiding them s$afgjyree folding
pathway. Right: A simplified model of the 3-dimensional folding landscape whaarg m
different aggregation-prone intermediates may exist. N = Native, bfelded, |, =
Multiple Intermediates that may exist, © Multiple Oligomers that may exist, }.&
Multiple Large Aggregates that may exist (the subscript n representsathedifferent
forms that may exist). Each intermediate could take separate routes rgéhne la
aggregates and some may never form oligomers or the larger aggregesteassible
that aggregation has a similarly complicated 3 dimensional landscape witlapatiow
many different aggregate forms, some of which are stable and some that are not
Energetic Folding Landscape (left) reprinted with permission from Mien®ublishers
Ltd: Nature Structural and Molecular Biology [25], copyright 1997.
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hydrophobic core that may be transiently exposed to the solvent. These contiguous
hydrophobic residues provide the strong driving force behind aggregation, as every
intermolecular hydrophobic contact reduces the free energy. Small aggresyaterm
and go through further rearrangements to increase hydrophobic contacts and reduce
unfavorable hydration. As a result, soluble aggregates (oligomers) are prdtatced t
become the building blocks for the more highly ordered and stable beta structures of the
different orders of aggregates [26]. Though oligomers and larger aggregabetkay

the partially folded monomeric intermediates are not. Intermediatesrdolded

peptides can diffuse through the complex environment of the cell, and, since either
unfolding or folding may form the intermediate, aggregation is furtherteted [13].

As a consequence, peptides with higher native folding energies are moredikely
aggregation-prone because they are less stable and more likely toonavestk and

forth between the folded and unfolded states at physiological conditions.

1.2.2. Nucleation, Aggregation, and Toxicity

As stated above, the intermediate may form from either the folded or fully
unfolded peptide. As a consequence there may be multiple forms of intermediates that
exist along both the folding and unfolding landscape. The existence of multiple
intermediates increases the chances that other destabilized peptidgsmmaprovide a
complementary hydrophobic surface, driving aggregation and stabilizing the aggrega
prone contiguous hydrophobic structure. Once the aggregate-prone state has fasmed, i

thought to seed oligomer formation, or prefibrillar aggregates, by inducing other



destabilized proteins into a complementary aggregation-prone state [#usBdbese
aggregation-prone peptides are natively disordered, after nucleation thgatiggre
process is thermodynamically favored to minimize the unfavorable hydrophobeapr
solvent interactions [7].

Several different paths of aggregation have been demonstrated and are under
debate [9, 27-31]. The path by which aggregation proceeds is of little consequence to
this research, but it is important to note that each peptide may have different
characteristic aggregation kinetics. As a consequence, the ratedistigp (RLS) may
occur in many different places: intermediate formation, dimer formation,
nucleation/condensation/growtttc. No matter, if the RLS is not the formation of the
intermediate, then it must be down stream from it [32]. As a consequence, each
neurodegenerative disease may be able to form different types of aggregaie shat
may be benign and some that may be toxic. There may be several soluble foare that
each uniquely stable and toxic and some that are unstable and disaggregate.eiNo matt
the case, there is a strong correlation between neurodegenerative diseasegiand prot
aggregation [16, 22, 26, 33].

It has been proposed that the formation of these soluble aggregates mark the onset
of the associated disease and may also be most toxic in nature [34, 35]. A soluble
aggregate may range in size from an oligomer, made up of just a few peptides and
globular in structure, to the protofibrils that are larger and highly ordered. iBritdcdre
the immediate precursors to the full-fledged fibrils that are linear aedaexp to 400

nm in length [33, 36]. These fibrils make up the larger aggregates, plaques and



neurofibrillary tangles (NFT) that are hallmark of each disease. lid&sdemonstrated
that intracellular protofibrils may be 100,000 times as toxic as their ebitace
counterparts [37] and that they are able to embed into membranes creatinfgermea
pores [36] that could depolarize the cell membrane. Because of this toxicity, som
researchers are asking if fiber formation is nature’s way to reduce thestfcts of
soluble aggregates [38-43]. If soluble aggregates are toxic and the tsxaity
intracellular event, then understanding this transition state becomes evemportant,
in a therapeutic sense, since the goal becomes the prevention of their form&dih ahs
their removal before mature fibril formation. It therefore becomes reagetssstop the
formation of these aggregates at the source. Whether soluble aggregatesoare the
species or not, they are still the precursor to the larger fibers and plaqueee that
hallmark to these diseases. Most researchers do acknowledge that, dbdhesad
plaques grow and amyloidosis sets in, there is irreversible damage to the nenaas syst
as connections between nerve cells are disrupted and the cytoskeletdyirgegri

destroyed [39, 44, 45].

1.2.3. Polyglutamine Diseases

The polyglutamine diseases relevant to protein aggregation are caused by
expanded repeat mutations in the coding region of the DNA sequence. The trinucleotide
(CAG) codon that encodes for glutamine is repeated within the DNA sequence.th@
expansion exceeds a critical length of 35-45 repeats, the affected peptimteeisaor

forming stable, irreversible aggregates believed to be the toxic elg§38edb, 47].
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Table 1-1. Details of polyglutamine diseases

Disease  Gene Protein Localization
SCA1l ATXN1 ataxin-1 Nucleus
SCA2 ATXN2 ataxin-2 Nucleus
SCA3 ATXN3 ataxin-3 Nucleus
SCA6 CACNAlA alA Cytoplasm
voltage-dependent
calcium channel
subunit
SCA7 ATXN7 ataxin-7 Nucleus
SCA17 TBP TATA box Nucleus
binding protein
HD HD huntingtin Cytoplasm and nucleus
SBMA AR androgen receptor  Cytoplasm and nucleus
DRPLA ATN1 atrophin-1 Nucleus

Putatiwenal function Most affected regions

Transcription
(interaction with corepressor SMRT)

Cerebellatex, dentate nucleus,
brainstemebeal cortex

RNA metabolism Cereballatex, brainstem,

cerebral cortex

Deubiquitylating enzyme émallum, basal ganglia,

brainstem, spinal cord

P/Q typelA calcium channel subunit Cerebellum

Subunit of TFTC/STAGA coaatiw
complexes

Cerebellum, retina,
brainstem, visual cortex

General transcription factor Cerebellum, striatum

Vesicular tpams signaling, transcription Striatum, cerelmaitex

Nuobeaptor Spinal cord, brainstem

Nuclear receptor corepressor Cerebellum, cerebral cortex,

basal ganglia, subthalamic nuclei

SCA (spinocerebellar ataxis), HD (huntington’s dis&), SBMA (spinobulbar muscular atrophy), DRPLAn{@torubral-pallidoluysian atrophy)

Adapted from [24].
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Commgm§toms

Incoordination (hands,
balance, swallowing,
dysarthria)

Incoordination (hands,

balance), Neuropathy
(loss of feeling and
reflexes)

Incoordination (hands,

dysarthria, spasticity,
rigidity, muscular
atrophy, slowness)

Incocation (limbs,
tremors, dysaathri
dysphagia)

Visual Problems (color,
acuityyobrdination
(eye movement,
dysarthria, dysphagia)

Incoordination,
Dementia

Personality Changes,
Cognitive Decline,
Inccordination
(balance, limbs, face)

Muscle Weaknes
Abnormal Processing
of Androgens

Incoordination,
Dementia



Each susceptible peptide (Table 1-1) has a different critical |§48fh In addition, a
single mutation in the flanking sequence could affect the stability of the sbéeept
peptide. Though in general, the translated peptides become more destabilized and
aggregation-prone with the increasing number of repeats. Several studishhanean
inverse correlation between expansion length and age of onset, and an increasing
aggregate stability with expansion length [21, 24, 46]. Table 1-1, that gives anextens
list of polyQ aggregation diseases, lists two common functions that areiegnangpong
proteins associated with polyQ diseases: transcriptional dysregulationgamlle

dysfunction [23, 24, 48, 49].

1.2.4. A3 and Alzheimer’s Disease

Alzheimer’s disease (AD) is defined by the formation of neuritic plaques
(amyloid deposits in the gray matter of the brain), and NFTs in the cerebrapit@nd
vasculature [39]. B peptides are a small fragment of a larger protein known as amyloid
precursor protein (APP). APP is a Type | transmembrane protein with ésriitis in
the lumen and C-terminus in the cytosol. The N-terminus contains several séaions
can be degraded into separate fragments, most of which are thought to haveabiolog
functions including neurite outgrowth, dendritic arborization, and synaptogenesis [22].
A is believed to be a functional component in many of these processes, spedifgcally t
following: surface reception, cell/substratum adhesion, neurite outgrowttynsalc

homeostasis regulation, and neurotoxic regulation [50]. Wheth@s&lf has any
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function remains controversial, though more and more researchers are previdenge
as to its biological significance [18-20, 22, 34, 50].

A is produced by the successive cleavage of APRdBcretase at the N-
terminus ang-secretase at the C-terminus [51]. Cleavagp-bgcretase releases soluble
APP leaving A partially anchored in the lipid membrane. Upesecretase cleavage,

AP is released into the lumen, and the APP intracellular domain is released into the
cytosol. Together these two peptides make up the component that traverses the lipid
membrane, anchoring APP to the endoplasmic reticulufnmay be 39-43 amino acids
in length, for which the C-terminus is the variable end except in certaindhwalisions

of the disease [52]. The most common unmutated form, involved in sporadic
Alzheimer’s, is 40 amino acids in length[{£0), but since the-secretase cleavage site is
not definite, A42 makes up a small population. Each additional amino acid increases
the hydrophobicity of the peptide, therefore influencing the aggregation kingtiseme
familial forms, certain mutations withinp¥0 also increase the propensity to aggregate
[38, 52, 53].

A third enzymeg-secretase, cleaves APP within thg #equence preventing3A
production and competes wiflsecretase [54]. A mutation withirsecretase,
inhibiting its enzymatic action, results in an over abundancegdddDAincreasing its
intracellular concentration. Following the same reasoning, mutations withionangf
the secretase enzymes result in improgeprocessing. This provides a rationale for

three primary causes of aggregate formation. (1) The peptides thensselves

13



destabilized and more aggregate prone due to a mutation(s) withif} segaence. (2)
A mutation(s) with either B or one of the secretases interferes with the normal
processing of the peptide, producing a more aggregate-prone peptide. (3)tiants)ta
within either A3 or one of the secretases interferes with the processing of the peptide and
produces an overabundance, increasing fhedxcentration [22].

To reiterate, AD cannot be reduced to a single pathological cause but instead has
several that can be categorized as familial, those that facilifatesgembly into
aggregates, or sporadic, where an increasdinohcentration leads to aggregation [38].
The pathology may be rooted in the genetic coding sequence for APP itself arthathi
for an external regulatory system involved with APP processing, such as the Wnt
signaling pathway or presenilin-1 (PS) proteins [13, 26, 55]. This researchgatest
the unmutated B40, and so is applicable to the more common sporadic versions of the

disease, those due to the extended human life span.

1.3. Review of Current Techniques in Peptide Aggregation Studies

This study is focused on detecting the aggregation-prone intermediafs) state
which exists prior to aggregation, and on the folding pathway between the native and
unfolded states. Currently, no techniques have been successful at detecting and
characterizing this (these) state(s). In most of the current techniquesptices are in
solution, and since the intermediate states are able to quickly diffuse thromgh eve
crowded environment, the intermediates quickly aggregate before detection [13].

Because most research has been focused on the aggregation process andstioKiryetic
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and understand why these neurodegenerative diseases can vary from person to person in
pathology, no technique for trapping intermediates has been developed. A brief review
of current techniques is given below with focus on those that may be capable ohgdetecti

the intermediate state.

1.3.1. Analytical Techniques
Current research on protein aggregation utilizes a multitude of techniques that is
too vast to cover in this paper. Table 1-2 in Section 1.3.1.1 was given in a review by

Wang [13] and summarizes some of the more practiced techniques.

1.3.1.1. Detection of the Intermediate

Several of the analytical techniques listed in Table 1-2 have the potential of
detecting the intermediate state if aggregation could be prevented.ebliff¢Scanning
Calorimetry (DSC) in conjunction with light scattering and/or spectrgshap the
potential to provide valuable information about the intermediate state. DSCsgather
information about the energetics of the folding/unfolding pathways, light 8sngttgves
information about size and shape, and spectroscopy can provide information about the
structural content and changes [13, 76].

The thermal folding and unfolding of a peptide is well understood. DSC is
capable of measuring the heat absorbed by a peptide by measuring the éifbeteresn
the sample cell and a reference cell containing the same buffer. Ttesrgedratures are

changed at the same rate and the difference in heat absorbed is reportedhalpg ent
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Table 1-2. Analytical techniques in characterizing protein aggregation

Categories Individual techniques Applications Protein examples References
Calorimetry DSC Thermal protein FVIII SQ [56]
unfolding/aggregation
Centrifugation Analytical centrifugation Size asithpe estimation Insulin [57]
Chromatography SEC-HPLC Size estimation and toFdx [58]
guantitation
hGH [59]
RP-HPLC Isoforms of aggregates bFGF [60, 61]
Electrophoresis SDS-PAGE Size estimation and GRaF [62]
mechanistic probing
Native PAGE Aggregation process and IL-2 [63]

Light scattering

Rheology

Spectroscopy

Microscopy

Static light scattering

Dynamic light scattering

Light scattering/obscuration

Dynamic shear rheometry

CD
Fluorescence
IR
NMR
UV-vis

Light microscopy

Electron microscopy
Atomic force microscopy

mechanistic probing

Sizelahape estimation

Size distribution of dulk
aggregates

Size estimation azldtive
distribution

Gelation charaation

Aggregation process

Aggregation process
Aggregation process
Aggregation process
Soluble and insoluble
aggregates

Shape and size aeitgation

B-Amyloid peptide, [64]
31-40

Insulin [65]
Deoxy hemoglobin [66]

Deoxy hemoglobin [66]

BSA [67]
Intenfgro [68, 69]
az-Antitrypsin [70]
B-Lactoglobulin,etc [71]
CspA [72]
aFGF [73]

Immunoglobulin  [74]
mutants

Shape and size determinatiofi-Amyloid peptide [12]
Shape and size deternonati f-Amyloid peptide  [75]

Table reprinted from [13] with permission from Bl&s.

landscape is capable of providing valuable information about the changes in the
intramolecular contacts as the peptides transition through the interni®@dsiitde(s).

The intermediate states could be identified by changes in the absorption landscape
indicating semi-stable folding states. One shortcoming of DSC is tkatot capable of

providing information about the secondary structural content or even the geredi

shape of the peptide [13, 76].
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As the peptides transition from the tight globule form of the native fold to the
long linear molecule of the unfolded state, the radius of gyration changes. Light
scattering is able to monitor this structural transition. In this techniquenatdd light
is shown through a sample. When the light comes into contact with the large peptides, as
compared to the wavelength, the light is scattered and the angle can be dneBgure
measuring the intensity and angle of the scattered light, information aboizelaad
shape of the peptides may be calculated. The limit to this method is that ontyaitidor
about the size and shape is obtained and not the secondary structural content [13, 76].

Several spectroscopic techniques are capable of providing unique secondary
structural information. Nuclear magnetic resonance (NMR) provides infiomebout
specific bonds made along the peptide backbone. The spectra returned giveshaigna
are correlated to each other, providing information about which residues are thvolve
hydrogen bonds with each other or the solvent, and that may be protected from
interacting with the solvent. Any element with a non-zero total nuclear sipfieel a
force from an external magnetic field, and whether that field is madeéighaboring
element or an external man made electromagnet does not matter. It igi®meg
atoms’ fields that correlate the signals, and it is the external fielththates the atoms
to first align, and then flip, creating the spectra. Infrared spectrosi#®pis @n
absorption technique where the spectra signals’ sizes, positions, and shapes are
characteristic of specific bond types. The light absorbed is changed intooviarat

energy. Each bond type can vibrate or rotate in three dimensions, each with a
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precise/quantitated energy that is original and characteristic toph®tyond and the
elements involved [13, 76].

In summary, DSC can identify semi-stable intermediate states, |@tesog
provides information as to the size and shape, and spectroscopic techniques allow one to
estimate the secondary structural content. Still, all of these methodsfsufighe
tendency of the peptides to aggregate out of solution before the intermedeatastbhe
detected. As a consequence, these analytical techniques are capablginfdbte
intermediate only if an experimental technique that prevents aggregateidorimat

available.

1.3.2. Experimental Techniques Used in Protein Studies
1.3.2.1. Solution Methods

In solution experiments, peptides are usually brought up in Iragli@l
concentrations in aqueous buffer. The solubilized peptides are stabilized bylavora
peptide-water interactions that keep the hydrophobic portions of the peptide buried in the
interior. The advantage of this method is the intrinsically low free erarggtrong
hydrophobic effect of water properties in a solution environment on the structure of the
soluble peptide. Evolutionary pressure should have ensured that the cellular environment
was at or lower than the free energy of neat water, thus stabilizingacetiambranes
and other hydrophobically driven interactions vital to a living organism [13, 77]. Once
the peptides in solutions are destabilized, either thermally or chemitaligydrophobic

core is exposed, providing the driving force for aggregation. Because of thedexpose
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core, the peptides quickly aggregate out of solution, and the intermediate cannot be
detected. Because a small sub-population of the peptide is always in an irmegmedi
state, aggregation still occurs on a larger timescale. So, even in solutionshehere t
peptides are thought to be stable, aggregation is a major concern.

One way to overcome aggregation is to use fusion proteins. In this technique, the
aggregation-prone peptide’s sequence is inserted into a larger soluble pretgurénce.
By performing the same experiments on both the fusion protein and the larger soluble
protein, absent of the aggregation-prone peptide, data from the latter caatdxb de
background. Two such studies were preformed by Gizah 2004 [78] and Konno
2000 [79] who both were investigatingdAand its ability to induce aggregation in a
soluble protein. A third by Masino 2002 [80] investigated the structures of different
expansions of polyQ repeats. Unfortunately, there is no way to rule out thawtbese t
fused polypeptides affect each other’s stability and structure, and thelikalysdo.
Therefore, both peptides may have context-dependent structures, so that theubackgr
spectra is not representative of the structure in the fusion peptide, and so that the

aggregation-prone portion may be different structurally, making interjpre@itficult.

1.3.2.2. Crowding Agents and Excluded Volume

To mimic the peptides’ natural environment, crowding agents are added to
solutions that are treated in a similar way to the solution experiments. Ggoagknts
add effects absent in solution experiments. These are excluded volume effects and a

variable hydrophobic effect due to the influence of the crowding agents’ surfac
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chemistries and their interaction with water [81]. These effectsecseatral competing
biophysical effects: (1) The rate of diffusion is decreased because tweutesleannot
occupy the same space and pass through each other. (2) The peptides’ entropy is
decreased because there are fewer ways for the molecules to be awdindeoh turn
increases the total conformational free energy. (3) The effective coxtaamis

increased due to the excluded volume [81]. These three conditions compete with each
other. The decreased diffusion rate slows peptide interaction and therefae slow
aggregation. The decrease in entropy induces a driving force to reduce the totkdexc
volume and increase the ways the molecules can be arranged. As a resuig both t
collapsed globular native fold and the aggregated states are favored, congpeting t
increase and reduce aggregation. Therefore, the state that excludes tbtaleastitne

to surrounding macromolecules is favored. And the increase in concentratiosescrea
the likeliness of interaction and therefore increases the rate of aggregataorirfg in

the additional influence of the crowding agent’s surface chemistry orrtivtuse/free
energy of the bulk water, a very complex thermodynamic environment isccteate
should be much closer to the environmentivo. As a consequence, the choice of the
wrong concentration and type of crowding agent could accelerate aggrdd@tida).
Regardless of whether these effects work to increase or decrease ithespstability,

the intermediates are still able to diffuse easily through the medium andygragate

before they can be detected.
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1.3.2.3. Experiments Vivo

The natural environment of a living system is the only way to truly reproduce the
intermediate structures responsible for the aggregation involved in neuroddgenerat
diseases. Unfortunately, current methods of study, such as in-cell NMi®@sitence,
are only able to detect large populations. Since the aggregation-prone staterdyis
transiently and in small populations during aggregation, these methods are lamited t
detection of either the aggregation-resistant folded peptide or the largeraggrethe
obvious consequence of these limitations is that detection of the intermediatéyis near

impossible.

1.4. Project Goals and Rationale

The purpose of this work is to successfully encapsulate two aggregation-prone
peptides, 8 and polyQ, in a sol-gel matrix so that they are isolated and prevented from
aggregating, to characterize this novel system by comparing the samgdbdstion
experiments, and to identify the aggregation-prone intermediate/transities atong the
folding/unfolding pathway and the environmental factors that lead to it. Addiponed
hope to introduce a particle small enough to penetrate the sol-gel matrixniegthea
stabilize or bypass the intermediate, avoiding aggregation.

Numerous studies have shown that the partial unfolding of proteins, which are not
normally amyloidogenic, can lead to aggregation, making partial unfolding an
aggregation prerequisite [82]. BottAand polyQ are believed to be natively

unstructured peptides and, therefore, characterized by a narrow frgg mgye along
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Figure 1-4. Protein aggregation from native state to disease-associated plaques.
Aggregation-prone peptides are thought to have a useful purpose in a living organism and
therefore must have a native state. These peptides may be destabilinathkg@vn
influence and transition into an aggregation-prone state known as the transitiolif state.
these transition state peptides come into contact with another destabilized, peptide
aggregation may proceed, and an oligomer is produced. These oligomers grow by
contacting other oligomers or destabilized peptides, eventually becomiatpalyil.
Protofibrils are large soluble aggregates and continue to grow into the insolulde fibr
which eventually become the plagues associated with disease. This researchdiocuse
identifying the transition state with the intent on discovering the conditionsabhae it

and prevent it. We focus our work on the change represented by the double-headed
arrow above, so to stop aggregation all together.

their folding/unfolding transition. As a result, slight thermodynamic variatwncause
these peptides to partially unfold, exposing their hydrophobic core to the solvent, and
aggregation to occur at physiological conditions [83]. To study this transition the
peptides will be encapsulated in a sol-gel matrix to prevent them from intgraatil
subsequently aggregating. To ensure peptide solubility during gelation a 10% 3,3,3-
trifluoropropyl-trimethoxysilane (#&propyl TriMOS)/90% Tetramethoxysilane (TMOS)
glass will be prepared. Theg-Propyl TriMOS is known to increase the peptides’ helical

content, therefore increasing solubility [84].

OCHjy OCH,
Hgoo_sl)l_OCHs FSCNSHI_OCHS
OCHS CHg

Figure 1-5. Tetramethoxysilane (left) and 3,3,3-trifluoropropyl-trimethoxysilarght).
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One of the major benefits of this method is that the glass sample can be reused
and reversibility can be tested. Because both phases of the sol-gel environment are
continuous, a sample can be equilibrated in one solution, the spectra can be taken, the
sample can be removed, rinsed and placed into a new solution. This technique gives the
obvious advantage of testing for intermediates along both the folding and unfolding
landscape, determining if they are the same intermediates, and observirghew t
peptides are affected by the initial conditions.

To test the folding landscape, the solvent conditions can be controlled by
adjusting the pH, potassium phosphate (KPhos) concentration, fluorinated alcohols
concentration, and temperature. It has become widely accepted that peptidigysislubi
a function of its surface charge, hydrophilic content, and secondary structural
arrangement. The surface charge content is a function of the pH. By altering the pH, th
net ionic charge of the solution is adjusted and the peptide’s net charge is aligsied) ca
it to change structure and affecting its solubility. Salt concentratientafl peptide’s
solubility in a similar way. Fluorinated alcohols are known to induce helicaitste,
increasing a peptide’s solubility with increasing alcohol concentratiomedsing
temperature can increase peptide solubility to a certain point where the fegfide to
unfold. If the temperature is raised slowly enough, aggregation may occur lmreis m
likely to occur during the refolding step when the temperature is reduced alhel sma
aggregates survive the thermal refolding threshold. As the temperature as@a;reven

the small aggregates are destabilized. By controlling these factorsaeaplore the
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peptides’ structures and test the widely used hypothesis that these peptidig par
unfold, losing secondary structure, and form a semi-stable intermediate [14].
Understanding the intermediates’ structures and the pathways between their
formations has many potential benefits, one of which would be the development or
discovery of a solute that could interact with the intermediate preventing atigreg
Another outcome could be the development of a method of detection to determine the
concentration of certain types of aggregation-prone peptdago so a diagnosis of
these diseases could be made before death. Understanding protein aggregation as
applicable to neurodegenerative diseases may also lead to the understandiag of ot
aggregation phenomena, both desirable and undesieadpldrug development and

storage (shelf life -- introduce a stabilizing agent), materialsneeging [76, 83].

1.5. Introduction to Analytical and Experimental Techniques Used in this Study
1.5.1. Circular Dichroism Spectroscopy

Circular Dichroism (CD) Spectroscopy is a technique where equal amounts of lef
and right-handed circularly polarized light are independently passed throughla chir
(asymmetric) sample. The absorptions are measured and a differenagnspectr
reported. A chiral sample, such as a peptide, will absorb each handednesslgifferent
because it is not superimposable on its mirror image and can never be oriented in the
same way to interact with both polarizations of light [76] (Figure 1-6).

A peptide is built as a linear arrangement of amino acids and is capable of taking

on three basic arrangements, or secondary structuiedical, 3-sheet, and random coil.
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The first two,a-helical and3-sheet, are due to organized hydrogen bonds between the
carbonyl oxygen and the amide hydrogen along the peptide backbone. An arrangement
of these bonds, 3.6 residues apart, makes up the coiled structurerdidte. A 3-sheet

is formed when the peptide backbone passes by itself in a linear manner anthésens
hydrogen bonds between two parallel or antiparallel chains. These two organized
structures stress the bonds adjacent to alpha carlpolh(@l center) in a specific way

and determine the wavelength of light each bond can absorb (Figure 1-7). The third
category, random coil, is characterized by a lack of repetitive secondartyset.

Statistically, random coil is considered an ensemble of conformations ohtleepsptide

and is not considered to be symmetric [4]. This asymmetry does not mean thahthe

Equal Portions of Left and
Right Polarized Light Sent in

Separately.
Chiral
Sample
Preferential
Right Hand
Absorption.

Figure 1-6. Circular dichroism. Left and right-handed circularly polarized light is
transmitted through a chiral sample. The difference between the two absofpidies
taken, and a unique profile is reported using:(X) = A (L) —Ar (L), where A =g+C ol
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Figure 1-7. Peptide backbone transitions. The intensity and energy of the indicated
transitions depends @nandy angles (i.e., secondary structure). Transitions are centered
around the indicated wavelengths and involve the indicated electrons.

vy angles shown in Figure 1-7 are completely random, but are instead restyistedd
constraints and statistically take on one of three combinations, giving a didnct
spectrum [76]. Figure 1-8 gives sample CD spectra for these three secstnalztiyes,
and Figure 1-9 shows the instrument used in this study.

In summary, CD provides a powerful tool for determining the average secondary
structural content over a population of the same peptide. Even for a peptide that takes on
combinations of these three structures, with a little knowledge of the nature of the
peptide, a trained eye can interpret the composite spectrum. Additionallpntyrimg
the changes in the spectra, as conditions are changed, much information about the
structural changes can be gained. Even when interpretation is difficult, powerful
deconvolution programs have been developed to calculate the percentage of each

secondary structure present in each spectrum.
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Figure 1-8. CD spectra of pure secondary structure. Alpt)ehélix is formed by
repeated hydrogen bonds between the amide and carbonyl groups 3.6 residues from one
another along the peptide backbone. Similarly, a beta sheet is formed by hylolvage
formed by parallel or antiparallel chains with the distance between resieings
variable. Random coil possesses no structure except that inherent in the éoaatiorts
[85-87]. The dotted line at 200 nm indicates the minimum wavelength taken for the
results presented within this thesis. The vertical axis reports etygheit results from
the difference spectrum explained in Figure 1-6ft: (CD Curves), reprinted with
permission from [88]. Right: Arrows point from secondary structures found intaal ac
protein toward the corresponding CD spectrum.
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Figure 1-9. Aviv moI 215 circular dichri met ( Jersey, USA) used in
this study.

1.5.2. Sol-Gel Encapsulation

The name sol-gel combines two terms: “Sol” meaning solid particles inid,lig
and “Gel” meaning an agglomeration of sol particles extending throughout themsoluti
Both the solution and gel phases are continuous throughout. The glass phase is highly
porous (Figure 1-10), trapping larger molecules within and allowing the smaller
permeable solutes to be changed. Two reactions drive the formation of the glass phase

hydrolysis and condensation (equations 1, 2, and 3 below).
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Hydrolysis—
=Si—- OR + HO VN =Sj - OH + ROH (2)
«— Dehydration
Alcohol Condensation»
=Si—-OR+HO -S&i VN =Si— O -S& + ROH (2)
«— Alcoholysis
Water Condensation>

=Si—OH + HO - Si - =Si—-0-S& +H0 3)
«— Hydrolysis

Pores
‘ (86% vol)
Silica
Matrix
‘/ Protein
Molecule
Figure 1-10. Sol-gel cross section. Sol-gel provides a porous environment that isolates

the proteins. Both solid and liquid phases are continuous allowing the solution to be
changed and the larger peptides to remain trapped.

These reactions allow for protein-compatible conditions during gelation,
preserving peptide structure and function [81, 89, 90]. Because hydrolysis is the rate
limiting step and must occur before either condensation step can proceed, tbhe soluti
made slightly acidic to catalyze the reaction, before the peptide solution & abue
peptide can be brought up in a wide variety of solutions in which it is soluble, usually a
buffered solution near physiological pH that initiates the condensation reactiose T
are two notable shortcomings to the encapsulation approach. (1) The glass tawdsr

absorbing light below and around 200 nm, which means valuable structural information
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is lost, making deconvolution of the CD spectra less reliable. (2) The peptide may be
adsorbed to the silica surface and may alter the CD spectrum due to altered protei

structure [91].

1.5.2.1. Thermodynamic Considerations in the Glass Matrix

Important and often neglected in peptide research are the effects of dxclude
volume, the peptides’ interactions with surrounding surfaces, and the influence these
surfaces have on the solutions [81]. As discussed in section 1.3.2.2, the excluded volume
effect has important thermodynamic consequences on the peptide’s structuren func
and interactions. A paper by Ellis [90] estimates the total protein and RNAtGten
in Escherichia colto be in the range of 300 — 400 g/l, making the total occupied volume
20 — 30% of the cell. In the sol-gel-derived environment it was shown that, after
supercritical drying of the solvent, the silica’s total volume was 14% obthkevolume
[89]. Though this is significantly less excluded volume then the cellular envirdniine
was shown that in the glass matrix the conformational sensitivity of apomyggobi
increased to many solutes relative to soluble apomyoglobin behavior in the same
solutions [92]. Further study showed that, even though there was no correlation between
pore size and protein structure, the incorporation of 5% monosubstituted alkoxysilanes i
the silica increased the helical content of apomyoglobin with increasiyiggabup chain
length [89]. Therefore, the glass surface and choice of incorporated modifieis have
significant influence on peptide structure. This influence may be adjustdthbging

the chemistry of the surface modifier and/or the solvents conditions [84].
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1.6. Literature Review of Key Peptides
1.6.1. Recent Studies on PolyQ

Solution studies of polyQ structure suggest a two-state isodichroicliralciom
coil transition while in monomeric form and a beta sheet secondary structuneafor s
soluble aggregates [80, 93-97]. Altschuler and coworkers [95] solubilized two polyQ
stretches of 9 and 17 residues by flanking them with alanine and lysine raiesesa
modification known to promote helical structure. These model peptides were 29% and
50% polyQ, respectively. The CD spectra showed increasing helicity witasing
TFE concentration and an isometric point near 203 nm for both peptides, indicating a
two-state folding transition. Studies by Perutz and coworkers [96] and Sharma and
coworkers [97] confirm that small soluble aggregates take on beta stringtuRetutz
had previously termed polar zippers [98]. Both of these studies also suggest that a
hydrogen bonded hairpin turn exists within the soluble monomeric form. It should be
noted that Perutz used the same peptide sequence tested in this thesis.

A study by Darnelkt al, 2007 [93], demonstrates that the length of the repeat is
also a factor in oligomer formation. Figure 1-11 shows the CD spectra arekesiasion
chromatography (SEC) spectra from this study, demonstrating that therskpdat
lengths appear random coil in structure and elute with one peak at the monomer’s
estimated molecular weight, whereas the longer repeat lengths apjearsiaicture
and elute as larger multiple peaks, indicating the presence of oligometiserfare, it
can be seen that the flanking amino acids are a factor in the formation of oligomers

Therefore, each specific sequence may differ in the polyQ repedt legggssary to
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form oligomers, and the structures these peptides take on are influencedlapking f
residues. This influence is seen in the lower CD spectra of Figure 1-11 intaee al
peptides that are flanked by 11 prolines taken on, what the authors have termed, a
polyproline type lllike structure; an “open” helix lacking internal hydrogen bonds.
What'’s notable is the similarity of this spectrum to that of a random coilrapgcind
that the longer polyQ repeat lengths still elute as a series of peaksinylibatpresence
of oligomers and the possible influence of the flanking sequences on the oligomer’s
structure.

Most studies, as in this thesis, utilized flanking sequences to increase soilabili
solution. One study by Walters and Murphy [94] went a step further to incorporate a
interrupting sequence within the polyQ repeats. This experiment was done to compare
secondary structure, obtained by CD, with rates of aggregation, analyzed an&EC
sedimentation kinetics. The following polypeptide was used/®;oXXQ10AK 2, where
XX is the interrupting sequence. The interrupting sequences were chosen bécause o
their ability to induce specific structures, as described by the authorBr& (&)
extended conformation, Ala-Ala (AA) lack of influence, anBro-Gly (PG) beta
inducing. These were to be compared with a control polypeptide where the interrupting
sequence had been deleted, termed Q20. The CD spectra and aggregation kinetics for
these samples can be seen in Figure 1-12. All samples returned specitavendfc
random coil/helical structure, and aggregation rates were inversely proportidmal to t
200 nm CD signal intensity. In addition, all samples were shown to develop soluble

oligomers suggesting that a random coil spectrum is not definitively monomeric
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Figure 1-11. CD and SEC of flanked polyQ sequenc€® (left) and SEC (right). CD:

(a) Displays data for the indicated polyQ repeat lengths, flanked by the @wlaraino

acids to increase solubility, without the proline repeats. (The same idardifiof

peptide sequence in (a) and (b) may have been used to compare upper and lower figures,
but (a) does not contain the proline repeats.) The short polyQ lengths of 3 (red) and 6
(blue) residues both return random coil spectra whereas the longer lengthse&id (g

and 15 (black) give typical beta sheet spectra with a local minimum at 218nm. (b)
Flanking proline repeats were added to the sequence. All return, what the serimor
polyproline type Il like structure. SEC: (a) Demonstrates that the longgp pepeats, 9
and 15, both elute with multiple peaks, indicating the presents of oligomer, whereas the
smaller two peptides have a single strong peak, indicating they are monoAleric
samples were brought up in 10 mM sodium phosphate (NapB 7.0 — 7.3). Reprinted
from [93] with permission from Elsevier.
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Figure 1-12. Comparison of interrupted polyQ CD spectra to aggregation kinetics. CD
(left): All spectra appear primarily random coil. The PG sample was prbpomsentain
some beta structure by the authors and the PP was said to be extended. Aggregation
kinetics (right): (a) After sedimentation, the supernatant was analyz88® for the
monomer. (b) After sedimentation, the total soluble peptide was determined by taking
the ratio of the supernatant to an uncentrifuged sample using bicinichoninic acid assay
Reprinted from [94] with permission from Elsevier.

1.6.2. Recent Studies oA
Like polyQ, several studies have proposed thatsAmonomeric when in a

random coil conformation and oligomeric when if-aheet conformation [99-101]. In
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addition, these studies have shown a conformational dependence on pH, with all studies
in agreement that the percent composition of beta structure and the rateegh#iggrare
highest around the isoelectric point of approximately pH 5.5 [102]. Figure 1-13 [101]
shows the CD spectra for the pH dependence of three different lengtis Ap@A-28)

the extracellular charged domain3(A-39) related to sporadic Alzheimer’s, and

AB(1-42) found in both sporadic and familial cases. In panels (a), (b), and (c), TFE was
added to the indicated ratio to induce helical structure, enhance solubility, andfto see
the peptide still took on the most beta structure around the isoelectric point. Inddanel (
absent of TFE, it can be seen that the spectrum at pH 5.0 is weak, indicating insoluble
aggregates have formed. Comparing the three panels with TFE, it is evidéwlidedt
structure is weakest near the isoelectric point, but the authors also proposedhat the
some beta structure in panels (a) — (c). The spectral shapes alone make this proposal
debatable since panels (a) and (b) both have flattened regions between 220 and 210 nm
and in panel (c) the minimum is red shifted away from 215 nm. Furthermore, how does a
peptide interact with the solvent when 30 — 60% of it is not water, and do the pH values
really represent proton concentrations? It is obvious the TFE has some stabiiiact

to the peptide’s structure as compared to panel (d). Figure 1-14 [100] gives the/pH c

for the extent of aggregation after 2 days @{140) in solution. Here the authors
measured the amount of Congo red bound to the aggregate. This study shows that

aggregation does occur to a greater extent near the isoelectric point.
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Figure 1-13. Effects of pH on various Asegments. (a) & (1-28), (b) A- (1-39), and
(c)/(d) AB- (1-42) in the indicated ratios of TFE:@ at the indicated pHs. All solutions

were buffered with M KPhos and then adjusted as needed. Reprinted from [101] with
permission from Elsevier.

Cb [uM]

pH
Figure 1-14. Quantification of pH dependeAf} aggregation.AB(1-40) was allowed to
sit in solution for two days after which the amount of aggregation was quantified by
Congo red binding, ploted as Cb. Buffers used: (pH 3.3) 14 mM acetic acid, (pH 4.7 —
6.0) 100 mM Mes, and (pH 6.5 — 7.9) 100 mM KPhos. On the ordinate axisuél is
Reprinted from [100] with permission from Elsevier.
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Aside from the structure being pH dependent, another study by Huo and
coworkers [103], Figure 1-15, has shown that wh@lA42) is brought up as a dilute
concentration, it is initially random coil and shifts to the beta structuretime, which
should be a natural transition for an aggregate-prone peptide. In addition, this study
showed that, if methionine 35 were oxidized to methionine sulfoxide, the random coil to
beta structure transition is slowed, along with aggregation. They also showed that

methionine oxidation prevented protofibril formation and altered fibril morphology.

Ap(1-42) 48h

Ox
. Ap(1-42)7 4gh

Ap(1-42)°* 0.17h

[0] x 10° deg cm’ / dmol

ApB(1-42) 0.17h

200 ' 220 ' 240
Wavelength (nm)

Figure 1-15. CD spectra oAB(1-42) at 0.17 and 48 h in M KPhos pH 7.3. The
unoxidized peptide changes from random coil to beta where the oxidized remaigs stabl
Figure source [103].

These changes in conformation transition and aggregation may be due to the fact that
methionine sulfoxide is more hydrophilic than methionine, this promoting a stable
disordered peptide structure that resists taking on the ordered aggregatiobgteone

structure.
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2. MATERIALS AND METHODS
2.1. Chemical Reagents

All reagents were diluted into Milli-Q purifiedJ@. The Integral water
purification systems is a Millipof&€ product that filters tap water producing ultra-pure
water meeting European Union (EU) and United States Pharmacopeia (aigR)yds.
The system uses their Elix technology, which is an electro deionization system. A
references made to water of® unless otherwise noted, will refer to Milli-Q purified

H20.

Table 2-1. List of Chemical Reagents Used in this Study.

Reagent Abreviation Company
3,3,3-Trifluoropropyl-trimethoxysilane | sFpropyl triMOS Gelest Inc.
Cesium Hydroxide CsOH ACROS
Hexafluoroisopropanol HFIP ACROS
Hydrochloric Acid HCI Fisher Chemicals
Phosphoric Acid PO, Mallinckrodt
Potassium Hydroxide KOH Fisher Chemicals
Tetramethylammonium Hydroxide N(G}HOH Fisher Chemicals
Tetramethylorthosilicate TMOS ACROS
Trifluoroacetate TFA ACROS/EM Scienge
Trifluoroethanol TFE ACROS

2.2. Peptides
Two model polypeptides, polyQ ang3Awere obtained from AnaSpec and

American Peptide, respectively. PolyQ was comprised of 15 glutaminegeptatwo
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aspartates attached to the N-terminus and two lysines to the C-terminus. Thatethmut
(but sporadic disease-associated) form pd@was used, having the following sequence:

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV.

2.3.  Solubilization of Peptides

A protocol from Chen and Wetzel was adapted for this research [104]. The
peptides were brought up in 1.5 ml of 50:50 TFA:TFE, using approximately 3.5 — 4.0 mg
for solution experiments and 1 — 1.5 mg for sol-gel experiments (per cassette, and for
xerogel experiments below). The solutions were mixed by inverting $¢éweea and
allowed to sit overnight in a 15 ml plastic centrifuge tube. To dry, nitrogenams w
bubbled through the sample using a small glass Pasteur pipette at a rae bliables
per second, usually for 1 —3 days. The dried peptides were resuspended in 1.2 ml of 1.00
mM TFA (for sol-gel) or HO (for solution experiments), and repetitive pipetting was
performed until the peptides no longer stuck to the bottom of the centrifuge tube. These
solutions were allowed to sit until they clarified indicating the peptide wasldesd,

approximately 1 h.

2.4. Sol-Gel Glass Encapsulation

Three 15 ml centrifuge tubes each had the following added in ordepni 895
TMOS, 105ul Fs-propyl triMOS, 30ul 0.04 N HCI, 2144l H,O. Each tube was
sonicated in a Branson model 1510 sonicator in ice water for no less than 30#in. F

propyl triMOS was added to maintain peptide solubility during glass foomat 1.17

39



ml volume of peptide solution (described above) was diluted to 4.65 ml with water. A
3.10 ml volume of the sol was combined with the diluted peptide solution making a final
concentration of 0.129 — 0.194 mg/ml. The tubes were inverted three times, taking care
not to produce any trapped air in the solution, and transferred to a disposable
electrophoresis cassette with 1 mm spacing (Novex/Invitrogen). Thdteasas

covered with Parafilm and left at room temperature to solidify (~4-5 datyshich time
approximately 1 ml of water was layered on top of the glass to prevent drying, and the
cassette was moved to 4°C to age for no less than two weeks. Any sample aaftdyzed

this step, with no further processing, will be referred to as a “wet-aged’glass

2.5. Xerogels

Wet-aged glasses were opened using a spatula to carefully brediefre® t
sides of the electrophoresis cassette, and 1x2 cm samples were cut. Watsdasa
lubricant to slide each piece to a 10x10 cm piece of Parafilm. The samples tiente pa
down on each side with a tissue, and the Parafilm was also dried. The Pardfilthgwi
samples, was placed flat inside a plastic storage container. A second 10x10ecof pie
Parafilm was cut and stretched over the container making an air-tightGrealor two
small pinholes, equally spaced, were made above each sample. This contaihenwas t
stored at 4°C for a minimum of two weeks or until the glass samples appeared to stop
shrinking. Starting with a wet-aged glass with dimension 0.1cm x 1cm x 2cpht(ixei
width x length), the final dimensions of the xerogel were approximately 0.06cmm 0.6¢

x 1.2cm corresponding to about 22% of the original volume. Each piece was then
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transferred to the bottom of a plastic Fisherbrand semicuvette that was tilted
approximately 45° from the vertical, such that the sample lay flat agairlsinteeside.

To slowly rehydrate the sample, gDof H,O was added on the lip inside the cuvette just
above the sample (direct contact with water may cause cracking). Savepiethen
covered with Parafilm with one small pinhole, and returned to 4°C for ~5 days before
being analyzed. The final peptide concentration was estimated to be 0.614 — 0.924

mg/ml.

2.6.  Solution Experiments

A 1:10 dilution of the solubilized peptide was preformed with different
concentrations of HFIP, TFE, and phosphate buffers at various pH values. KPhos
solution experiments were prepared by a 1:10 dilution of the peptide stock solution with
1.00 M, 50.0 mM, and 10.0 mM KPhos solutions at the desired pH. This dilution
resulted in final phosphate concentrations being 0.900 M, 45.0 mM, and 9.00 mM.
However, solution experiments were compared to xerogel experiments in the
corresponding phosphate buffers (1.00 M, 50.0 mM, and 10.0 mM). Percent HFIP was
calculated as volume per volume (v/v) and represents the true concentration for both
solution and xerogel experiments. Solution samples were stored in 3 ml centrifuge tubes
at an initial concentration of 0.30 mg/ml over the course of the time dependent data

collection. Any specifics that differ from the above will be noted where apprepria
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2.7.  Xerogel Experiments

Prior to analysis, xerogel samples were placed in 3 ml plastic cuvétte3 ml
of solvent, covered with Parafilm, tilted, and incubated for 24 h at 25°C. For solvent
exchange experiments, after the initial spectra were taken, the samlkbowesl to
equilibrate for 1 h in the new solvent and then drained and replaced with a fresh volume
of the new solvent. This initial equilibration was done to reduce the amount of the

previous solvent carried over in the xerogel matrix.

28. CD

An Aviv model 215 Circular Dichroism Instrument (New Jersey, USA) was used
with 2 mm quartz cuvets (Starna Cells). All data were collected in thé\faegion.
Wet-aged glass/xerogel samples were placed in the cells with the satiasoh which
they had been equilibrated with. Prior to data collection, spectra of the cedsouant
only (fresh) solution were taken as background and were subtracted from the-peptide
containing sample’s spectra. Unless otherwise noted, peptide solution spectatswere
collected using the same 2 mm quartz cells. In thermal stability exgreanthe
background was not subtracted from the single wavelength intensity but wastsdbtra
from the complete wavelength scans that were taken at constant temperatspecifh
in time dependent experiments were taken at 1, 19, 168, 240, 336, 504, and 1008 h unless

otherwise noted.
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3. RESULTS AND DISCUSSION
3.1. Peptide Disaggregation and Solubilization

A protocol developed by Chen and Wetzel [104] was adapted where TFE was
substituted for HFIP. Two steps were identified to be most crucial in the digagign
and solubilization process. First, visual clarity of the suspended peptides in 1:1IFEFA:T
(v/v) after vortexing was not an adequate indicator of complete dissagregatpie®e
that sat at room temperature for only an hour after clarification in the TFAs®kiEON
gave inconsistent results. However, when the clarified solution was allowéd to s
overnight at room temperature (~14 h), consistent results were obtained. Second, when
resuspending the dried peptide in TFA solution at pH 3, the peptide was not immediately
soluble but the solution clarified if a period of repetitive pipetting was pertbeaeeral
times over the course of approximately 1 h. In addition, the clarified and resuspended
peptide should be allowed to sit at room temperature for no less than 30 min prior to the

experiment.

3.2.  Sol-Gel Encapsulation

This work utilized the sol-gel process to isolate aggregation-prone peptithes in t
porous environment. Both the solid and liquid phases are continuous, allowing the
solvent to be exchanged. A standard protocol [105] adapted by Eggers and Valentine
[89] was modified to prevent peptide aggregation during gelation. Since fluorinated
alcohols are known to induce helical structure in peptides, thereby increasingtgphubi

fluorinated monosubstituted alkoxysilane precursor was used. Successful eticapsula
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of the solubilized peptides was performed using glasses made froms;3@plyl
TriMOS and 90% TMOS precursors (v/v) (Figure 1-5). In addition, sinceAf®tind
polyQ promptly aggregated in buffered solutions, the addition of buffer prior to gelation

was deleted and the volume was replaced 4y.H

3.2.1. Development of Xerogels to Minimize Peptide Leaching

Initial experiments showed a uniform loss of signal with each successiysianal
in time, during thermal experiments, and upon solvent exchange. Leaching of the
peptides through the wet-aged glass matrix was suspected, so a protocol for the
preparation of xerogels (a more condensed form of the wet-aged glass) wapeatkeve
PolyQ was used to test the xerogel environment. The peptide’s small size siiL@se
makes it susceptible to leaching and, therefore, ideal for testing. Prelirdatar
indicated that there was little to no leaching of the peptide out of the xeroged. matr
Further study showed that leaching did occur, though to a lesser extent (dditais wi

discussed below as appropriate to each result).

3.2.2. Analysis of Wet-Aged Glasses vs. Xerogel Spectral Data

As stated in section 2.5, the xerogel was estimated to be 22% of the wet-aged
glass’s original volume. This has two possible consequences that mayhadfect t
peptide’s secondary structure. (1) The volume of the pore is decreased, possibly
increasing excluded volume effects, or creating direct interactioneéetthe glass and

the peptide. (2) The surface density of the trifluoropropyl arm of the monosudabtitut
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alkoxysilane that interacts with the solvent was increased, furtheiztapthe soluble
peptide by increasing its helical content and/or altering peptide adsaption silica
surface. To explore these possibilities, a series of identical experimenfgewormed

on both wet-aged and xerogel glass samples. Though not all samples were prepared
simultaneously, they were prepared with an identical protocol and with only slight
variations in the total mass of the peptide. In addition, the peptide was alwaysdbtaine

from the same stock.

3.2.2.1. Spectral Intensities and Curve Shape
Preliminary analysis of wet-aged glass-encapsulated polyQ wasmed using
potassium (K), cesium (C¥, and tetramethylammonium (N(GH") phosphate buffers
at 10.0 mM, 50.0 mM, and 1.00 M concentrations at pH values near 7. The strongest and
most stable signal was obtained when samples were equilibrated in 1.00 M KPhos at
pH 6.8, so this buffer was chosen to test for any influences due to the increased flensity o
the xerogel matrix. A comparison of wet-aged glass to xerogel encapgsudgitdes
shows an increase in CD signal intensity for the xerogel with no noticeadtt @ff
spectral curve shape. This suggested that there were no additional efféets on t
peptide’s secondary structure in the xerogel environment (Figure 3-1), and tbav#ser
an increase in peptide concentration. The blue curve gives the spectrum of#lgeavet
glass encapsulated peptide, red the xerogel, and green an enhanced wiktsagekhg
green curve was obtained by multiplying the wet-aged glass spectrufadtprof 4.

The overlap of the red and green curves confirmed that there was little tonge cha
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secondary structure, and suggested that an increase in concentration wasdlueetb r
leaching in the xerogel. This increase in concentration allowed for lesdgtpbe used

in the preparation of all subsequent xerogels.
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Figure 3-1. Comparison of wet-aged glass to xerogel encaggsliRolyQ. Both wet-

aged glass (blue) and xerogel (red) samples waceg@lin 1.0 M KPhos pH 6.7. The
enhanced wet-aged glass spectrum (green) is thia¢ efet-aged glass multiplied by 4.
The overlap of the enhanced wet-aged glass specinuime xerogel indicates that there
is an increase in concentration with little to rfii@et on the peptide’s secondary structure.

The phosphate buffer cations were chosen becdulseiovariable effects on
peptide secondary structure, as predicted by tHmeister series [106]. In general, each
cation should stabilize a peptide’s secondary siradn the following order: K< Cs <
N(CHs)s". The wet-aged glass spectra in Figure 3-2 (top)at follow this trend. This
failure to follow the trend was most likely duegihanced leaching of the peptide.
These ions have previously been observed, by tger&d.ab, to induce leaching of other

peptides out of the wet-aged glass matrix in timeesarder. Because polyQ in this study
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Figure 3-2. Comparison of encapsulated polyQ wet-aged glasserogel and the
leaching effects of phosphate buffers. Top (wetdagjass) and bottom (xerogel). PolyQ
in 10.0 mM KPhos, CsPhos, and N(§#Phos buffers all at pH 7. Both leaching and
peptide stability increase as K CS < N(CH),". The wet-aged glass spectra decrease
in this order indicating leaching. In the xerogpéctra there is a structural enhancement
from K" = CS < N(CHg),4", which is in agreement with the Hofmeister seviéih

N(CHa);" being the weakest kosmotrope, andakd C$ having very similar chemical
properties in solution. The overlap of the &d C3$ spectra may indicate that leaching
is still occurring but has been minimized.

was only 19 residues, and because the intensttyeoivet-aged glass spectra followed
this trend, the loss of signal was most likely ttuéeaching. The lower panel of Figure
3-2 is for the same experiment using xerogel sasnplecan be seen that the spectra of

the N(CHy)4" sample was slightly enhanced as compared to te two, but that of the
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Cs" was not when compared to thé KThese spectra demonstrate that the xerogel
environment was superior under all solvent condgidue to reduced leaching and the

favorable effects of thesFpropyl modifier on helical structure.
3.2.2.2. Spectral Intensities as a Function of Time

Spectra of the wet-aged glass encapsulated peplihesnstrated a uniform loss

of intensity as a function of time in 1.00 M KPhadgpH 6.8 (as seen in Figure 3-3 left).
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Figure 3-3. Spectral intensities as a function of time inwet-aged glass vs. xerogel
encapsulated peptides in 1.0 M KPhos, pH 6.7. (veft-aged glass) and right (xerogel).
Wet-aged glass encapsulated peptides show a coasilyugeakening signal intensity
over 1, 7, and 21 days. Relative signal inters#ie constant with wavelength,
indicating no change in secondary structure antighie leaching. Xerogel encapsulated
peptides show a slight increase in the 222 nm bigtensity between 1 and 13 days, and
no change between 13 and 35 days. The slightaserat 222 nm may be due to a gain
in stable secondary structure in a small populaticthe isolated peptides.

Because the general shape of each spectrum retamedme character as the one before

it, the encapsulated peptides likely retained #mespercent of secondary structures, and
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leaching was the cause of signal loss. Xerog@siré& 3-3 right, returned spectra with

stable signal intensities, indicating that leachdiogs not occur after more than a month.

3.2.2.3. Changes in Signal Intensities as a Fumctid emperature

The thermal stability of polyQ is shown in Figu@g and 3-5. The loss of signal
intensity at the end of cooling was not recoverdtesither sample, confirming that
leaching did occur, but the xerogel sample had ehrmeduced percent loss of peptide, as
expected. Figure 3-5 shows the before and aftesgidotra related to Figure 3-4 for the

wet-aged glass (left) and the xerogel (right). rBstiow little change in curve shape but
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Figure 3-4. Comparison of wet-aged glass to xerogel encageslifgeptides at 222 nm as
a function of temperature. Left (wet-aged glass) aght (xerogel). The wet-aged glass
sample was stored in 10 mM KPhos for 2 days amedngérature step of 5°C was used
between data points with an averaging time of Ztse temperature was held at 90°C for
1 min between heating and cooling. The xerogelp$amvas stored in ¥ for 10 days

and a temperature step of 2°C was used betweempdiats with an averaging time of 15
S. The temperature was held at 95°C for 5 mire Bdckground has not been subtracted
for either sample.
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slightly weaker intensity, demonstrating that leaghook place with little change in
secondary structure. Figure 3-5 shows that treeapproximately a 33% loss of signal in

the wet-aged glass whereas there is a less tharids3%n the xerogel after heating to

90°C.
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Figure 3-5. Comparison of wet-aged glass and xerogel spat28°C before and after
heating cycle. Left (wet-aged glass) and rightdgel) (Figure 3-4).

3.2.2.4. Leaching of Encapsulated Peptides upoveS8bExchange

During solvent exchange, a peptide’s structure beagltered as it adjusts to the
change in the environment, and this may also affeatteraction with the silica surface,
thereby inducing leaching under the right condgioi o test the extent of leaching upon
solvent exchange, not only must the sample beretuto the original solvent, but also
the changes in secondary structure must be relesitithat changes in intensity can be
related to changes in peptide concentration. &l-aged glass samples showed a loss of
signal with each successive solvent exchange. gédsaemonstrated the ability to

recover their original signal intensities in camtablvents, as will be seen in Section 3.8.
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3.2.2.5. Leaching and the Internal Environment @ft\Aged and Xerogel Samples

As stated in section 1.5.2.1, there is no obviarsetation between protein
structure, average pore size, and surface area [@2{ddition, the fact that leaching still
occured in the xerogel suggests that the extemhtoh the pore had been reduced did not
drastically affect the internal environment where peptides resided. This is further
supported by the coincidence of the enhanced spedf the wet-aged glass and the
xerogel spectrum (in Figure 3-1). As a consequenwe may conclude that the peptides
populated the same states in the same ratiosatntlicthe same structure but different
concentrations. One possible reason for the xésogsistance to leaching could be the
increased density of the-Propyl-triMOS modifier and its hydrophobic influesmon the
solvent. It is well known that fluorinated compaisrare hydrophobic [107]. The
hydrophobicity of the §&propyl group should alter nearby water’s structuaese the
solvent free energy, and influence peptide adsamb the surface [91]. Most likely,
reductions in pore size and the channels betweepdfes restricted the motion of the

peptides and minimized leaching.

3.3.  Characterization of Xerogel Encapsulated Hepti

To characterize the influence of the xerogel matrixhe peptides’ secondary
structures, data were collected and compared frap=ulated peptides and peptides in
solution. Due to aggregation during experimentsalution and because only very rough
estimates of the peptides’ concentrations afteagsdation could be made, only the

shape of the spectra are compared. Pure water,HHE, ethanol, KPhos, and HCI
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were chosen as solvents because they are wellstnaddrand documented for their
influence on peptide structure. Additionally, besathe 10% Fpropyl TriMOS was
suspected to have some influence on peptide segosidacture, different concentrations

of TFE and HFIP were used to determine the exikthiti®influence.

3.3.1. PolyQ
3.3.1.1. Percent HFIP Solutions
Figure 3-6 compares the spectra for soluble poty@ater and encapsulated

polyQ. It can be seen that there was a significamrease in helical content after
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Figure 3-6. Comparison of xerogel encapsulated polyQ to ssiu€D spectra in FO.
To compare shapes, the xerogel spectrum has béeceby estimating the value of the
most intense minimum in each spectrum and nornmglito that value

encapsulation. Figure 3-7 gives the spectra flutism (top) and xerogel encapsulated
(bottom) polyQ at 1%, 5%, 10%, 25%, 35%, and 504PHR H,O (v/v). The xerogel
spectrain 1 — 10% HFIP were greatly enhancedaars#ary structure as compared to
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Figure 3-7. PolyQ in solution vs. xerogel encapsulated spaotHFIP solutions. Top
(solution) and bottom (xerogel). Percent HFIP mtev (v/v) are indicated to the right.
Xerogel sample at 1% - 10% HFIP show enhancedityetis indicated by the ratio of
intensities at 222 nm to 208 nm.

solution. This increase may be partially due ®10% B-propyl triMOS glass and
partially due to the crowded environment. Thetredaincrease of the signal at 222 nm
as compared to the signal below 210 nm is indieativincreased helical content, and the

increase is even more pronounced when compariregvpaiter, or 0%, spectra (Figure 3-
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6). A similar shape is seen when comparing the $6B4tion spectrum to the xerogel
spectrum in 0 — 1% HFIP, which suggests that tmeget environment was similar to the
10% HFIP solution environment. Because the xerisgelade from the 10%zfpropyl
TriMOS precursors, this is a likely situation. @@dn and xerogel spectra at higher
percent HFIP are similar in shape, which is toXjgeeted since HFIP is known to induce
helical structure in peptides, and at these conagons of HFIP, the influence of the-F
propyl modifier on the spectral shape would be fssounced. Both solution and
xerogel samples show the same trend of increaghgghcontent with increasing HFIP
concentration, but the solution spectrum appearsach maximum helicity at 35%

HFIP, whereas the encapsulated sample becamdslighite helical in 50% HFIP.

3.3.1.2. Effects of KPhos Concentration

In Figure 3-8, xerogel encapsulated peptides shoimaease in helical structure
with increasing phosphate concentration compareligion, as indicated by the more
intense 222 nm signal when compared to the sigelal\b210 nm. In both cases, the
samples at the two lower KPhos concentrations gamar spectra, indicating that
KPhos had little effect on the structure at lowaanmtrations, and that the increased
helical structure in the glass was likely due #® Bgpropyl modifier. The 1.00 M
encapsulated sample gave a highly enhanced spewafnilenthe 0.90 M solution sample
gave a negligible increase in the 222 nm signacaBse there was little change in the
0.90 M KPhos solution spectrum after 1 h (not shoevrafter 24 h (shown in Figure 3-

8), aggregation was not a factor (Figure 3-21ifoetdependent aggregation
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Figure 3-8. Xerogel encapsulated vs. solution polyQ in KP&ioseveral concentrations.
Top: solution at the indicated concentrations. t@at xerogel encapsulated at the
indicated concentrations. All buffers were at pB, @xcept the 1.00 M and 0.90 M
samples that were at pH 6.8. Both panels alsaoottie spectra of control samples
incubated in water. Inset: Comparison of the maintensities of the 50.0 mM and
10.0 mM xerogel samples to the 1.00 M sample. &sywvere normalized to the
minimum value near 207 nm.

data). Additionally, the encapsulated spectrurh.@® M KPhos shows a relative
increase in the 222 nm signal over the signal b&bd&nm as compared to the other

KPhos samples (Figure 3-8 bottom inset). This mabserved for the solution spectra.



This data suggests that the encapsulated peptiglesmonomeric and do not form

irreversible aggregates.

3.3.1.3. pH Dependence in KPhos Buffers

The pH-dependent structure of the samples showigure 3-8 can be seen in
Figures 3-9 to 3-11. Solution spectra give simi¢gardom coil profiles for all samples,
except the 0.90 M KPhos sample at pH 11.4 thatdcoot be interpreted because of
noise below 215 nm most likely due to the high emt@tion of PG¥ (Figure 3-9). This
sample appears to have a slightly stronger sigri222nm, as compared to the others,
which may also be due to the FQoncentration and its strong kosmotropic affect.
Xerogel samples show enhanced secondary structongsared to solution data in all
cases and separate into 3 distinct pH dependecirag€igures 3-10 and 3-11).

At 1.00 M KPhos (Figure 3-9), the signal intensitgave the following pH
dependence: 6.8 >11.4 > 4.1. The sample witstiloagest signal (pH 6.8) may be the
result of the peptide having no net charge withetmini equally and oppositely charged.
This should increase favorable hydration of thetipepand, with the high KPhos
concentration, increase secondary structure. alisis possible that the oppositely-
charged termini form a hairpin, as discussed ini&ed.6.1, and that there was a tight
coiling induced by the KPhos. Following the sam&soning, at pH 11.4 the peptide
would have a net negative charge due to the aspsu, 3.86), and at pH 4.1 a
significant population of the aspartates were gtifitonated, giving the peptide a net

positive charge due to the lysine&{d.0.53), thus reducing the favorable hydration on

56



the peptides at pH 4.1 and 11.4 and decreasinigftoence of the KPhos, as compared
to the pH 6.8 sample. The increased intensithefiH 11.4 over the pH 4.1 sample can
be explained by the difference in the phosphate finpH 11.4 the phosphate ion is in
the PQ* state, a strong structure enhancing kosmotrogeaapH 4.1 it was in the
H,PQ;" state, a weak kosmotrope.

At the lower KPhos concentrations of 50.0 mM (Féyd-10) and 10.0 mM

(Figure 3-11) the acidic pH values were raised.foahd 4.7, respectively. At these pH
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Figure 3-9. Comparison of pH dependence of solution to xdregeapsulated for polyQ
in 0.90 M and 1.00 M KPhos solution, respectivelyap (solution) and bottom (xerogel).
Solution sample at pH 11.4 became extremely nasywp 212 nm so data was not taken
below 210 nm.
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values the aspartates should have been mostlytdepted, and so the peptide should
have been more strongly hydrated. The fact thesefacidic samples showed the most
secondary structure may be related to change®isiliba surface. Under acidic
conditions, the surface may have been protonatede(Bi-OH groups relative to Si-O
groups), making it more hydrophobic as comparedat tteutral pH samples. Looking at
the 10.0 mM KPhos samples in Figure 3-11, it card®n that the sample at pH 6.9 had

less secondary structure than that at pH 4.7adtideen shown previously that increasing
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Figure 3-10. Comparison of pH dependence of solution to xdregeapsulated for
polyQ in 45.0 mM and 50.0 mM KPhos, respectivelpp (solution) and bottom
(xerogel).
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Figure 3-11. Comparison of pH dependence of solution to xdregeapsulated for
polyQ in 9.0 mM and 10.0 mM KPhos solution, respety. Top (solution) and bottom
(xerogel).

the hydrophobicity of the glass surface leads tmarease in the secondary structure of
peptides [84]. This observation may explain why dlsidic samples showed the most

secondary structure relative to other pH valudevaer KPhos concentrations. At these
same KPhos concentrations, the basic samples (ffHmdy display the least amount of

secondary structure due to changes in the ovdraifye of the peptide. A pH of 11 is
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well above lysine’s K, and so the peptide should have had a net negatarge,
decreasing favorable hydration.

The failure of the solution samples to show anydaeidendence, and the fact that
they all return similar spectra at each concemmnatinay indicate that the peptide had
formed stable soluble oligomers in solution. Altively, one may attribute the more-
structured peptide in the glass to be the resudt@iding and the chemistry of the silica
surface. Peptides appear to be more sensitiv@\ers conditions when confined in this
environment. This observation is significant bessaunformation not seen by standard

solution methods is obtained by sol-gel encapsarati

332. M
3.3.2.1. Percent HFIP Solutions

A comparison of the pure water spectra for bothtsmh and xerogel samples are
presented in Figure 3-12. The encapsulated peptidea weakly enhanced secondary
structure as indicated by the increased intengitwéen 210 nm and 225 nm. Though
there was an increase in secondary structurejghaldelow 210 nm indicates that the
sample was still largely random coil. This incee@ssecondary structure may have been
due to excluded volume, the modifier, or both.

The spectra for A peptide in solution and xerogel for different parcHFIP/HO
solutions (v/v) are given in Figure 3-13. In sa@uat the A 1% HFIP spectrum is still
indicative of a random coll structure. At 5%} Aegan to take on secondary structure, as

seen in the inset of Figure 3-13 (top). The 5%MH&pectrum in solution is similar to the
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xerogel spectrum in # (Figure 4-12). Deconvolution of this spectrumGiyNN

software [108] can be seen in Table 3-1. Late§antion 3.4.2.1, it will be shown that
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Figure 3-12. Comparison of xerogel encapsulateftith solution CD spectra. The
increased intensity at 222 nm and the decreasenqsity at 200 nm indicate that in the
xerogel A3 peptide sample has increased secondary structure.

this spectrum was highly stable with time, indiogtthat it did not form large insoluble
aggregates. In either case, the peptide had takémcreased secondary structure, which
is even more apparent in the spectra at 10% aneakloere significant helical structure
can be seen. lItis also notable that at 50% HigRetwas a drop in intensity as compared
to the 25% and 35% HFIP spectra.

Xerogel encapsulatedpfshowed a general increase in secondary structitine w
added HFIP up to 10% HFIP, as compared to thatiseswiution (Figure 3-13). The
xerogel encapsulated spectra at 1% and 5% HFIPotakecreased secondary structure
relative to water. As the HFIP concentration waseased, some beta character

appeared to develop at 10% HFIP but this was lwaverify due to noise at the shorter
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wavelengths. At 25% HFIP, the spectra began ttefieout between 210 nm and 225 nm

indicating an increase in helical content up to 50Pke inset in the bottom panel of
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Figure 3-13. AB spectra in solution vs. xerogel. Top (solutiondl dottom (xerogel).
Percent HFIP in water (v/v) are indicated to tlghti Inset (top): A in 5% HFIP
solution. Inset (bottom): xerogel encapsulatgdih1%, 5%, and 10% HFIP left
temperature over night during an approximate 10f&hge in room temperature.

Figure 3-13 shows a similar experiment when thepdasnwere left at room temperature
during a summer night and there was an approxid@ft€ fluctuation in temperature.

While other samples cut from the same glass gansistent result with previous
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findings, these samples showed significant betectre at the lower HFIP
concentrations. It can be seen in the inset bektwas a slight increase in secondary
structure at 10% HFIP. By comparing the panehinset, this increase is most likely
due to an increase in helical structure. Furtheemthe similarity between both 10%
spectra (panel and inset) suggested that betaigteun the 10% HFIP spectrum was

probable.

Table 3-1. Deconvolution of soluble B peptide in 5% HFIP solution.
200-260 nmR05-260 nm210-260 nnj

Helix 28.00%  33.80%  31.80%
Antiparalle 10.70% 7.809 8.709
Parallel 9.50% 8.909 9.109
Beta-Turn 18.30% 16.70% 17.20%

Rndm. Coi 32.60%  32.80%  34.10%
Total Sum 99.20% 100.00% 100.80%

Top column gives the wavelength range over whiehpttogram used to
fit the secondary structural content to.

The changes in secondary structure of the encapdudamples in 1 — 10%
HFIP cannot be attributed to the-propyl modifier alone because of the significant
differences in the glass spectra as compared tediéions. A was about twice the size
of the polyQ peptide but still small compared tcaarrage globular protein.
Nevertheless, excluded volume effects might hawkerhare of an influence onfAs
secondary structure. The different amino acid cositpn of A3 relative to polyQ might
also have changed the silica adsorption propesfiise peptide. For a peptide that is

naturally prone to aggregation, it would be semsiblreason that the beta fold was
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favored in a crowded environment. This would hagtonly reduce the peptide’s
hydrodynamic radius but also increase its tendémeggregate upon partial unfolding.
As discussed in Section 1.3.2.2, both the foldetlagyregated states are favored in a
crowded environment. In time, the solution sanpl£0% HFIP gave a single minimum
near 217 nm, indicating a beta fold and a locatgetec minimum in the folding
landscape (to be discussed later in Sections 3.4r®2] 3.5).

Within the xerogel environment, the excluded volusffects driving the peptide
to a more compact state and the helix-inducingcesfef HFIP would compete, whereas
in solution the excluded volume effects were ahs@iiis absence would indicate that
the helical structure seen in solution is mostljiket a compact stable intermediate but
was instead a peptide with a large hydrodynamimsacbnsisting of helices and random
coil secondary structures, with little stable &amfistructure.

The probable beta structure observed for some ssmpFigure 3-13 (bottom)
was not expected. SincgAhould have been isolated in the pores of theasthatrix as
a monomer, the peptide must have been able toifdramolecula3-strands not seen in
solution. Barrow and coworkers [101] found a sandgpectrum in 25% TFE solution but
demonstrated that the peptides had formed oligomecentrifugation. Here it appears
that A3 maked a structural transition from random coibé&ba toa-helical in a

monomeric form with increasing HFIP concentration.
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3.3.2.2. Effects of KPhos Concentration
The effects of KPhos concentration for solutiondgal encapsulatedpAin

0.90/1.00 M, 45.0 mM/50 mM, and 9.0/10.0 mM KPhos shown in Figure 3-14. The
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Figure 3-14. Xerogel encapsulated vs. solublp ik KPhos at several concentrations.
Top: solution at the indicated concentrations. t&at xerogel encapsulated at the
indicated concentrations. Xerogel samples weratagy below 207 nm to be
interpreted. All buffers were at pH 6.9, exce@ 1hO0 M and 0.90 M samples that were
at pH 6.8. Both panels also contain the spectofrol samples incubated in®L

xerogel spectra are reminiscent of some combinatisandom coil and.-helical
structure, while the solution spectra are so whakmno conclusions may be drawn. It
can be seen that there was no notable differentteeiencapsulated peptide’s spectra at

50.0 mM and 10.0 mM KPhos as compared to watennbli00 M KPhos there was a
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significant increase in helical structure. A samitrend was seen for encapsulated polyQ

(Figure 3-8).

3.3.2.3. pH Dependence in KPhos Buffers

Figure 3-15 shows spectra fofAn 0.90 M KPhos solution and 1.00 M KPhos
xerogel encapsulated peptides at pH 4.1, 6.8, &l TThe xerogel spectra in Figure
3-15 were taken after 19 h in solution and showeasing secondary structure with
increasing pH, but, due to noise caused by highrabsce of the [P£] at the shorter
wavelengths, the secondary structure was difficuéivaluate. The solution spectra were
taken after 1 h in solution, and, due to [P[absorbance below 212 nm, the pH 11.4
sample could not be evaluated. At the lower pHieslof 6.8 and 4.1, a single minimum
in ellipticity was observed in each sample above 2@. Because these minima did not
occur at the same wavelength, it was difficultdacude anything about the secondary
structural content. B has an isoelectric point near pH 5.5 that falét petween two of
the pH measurements [102]. Figure 3-16 shows thalséion spectra at 19 h. Both pH
4.1 and 6.8 samples returned flat profiles indigathat aggregation might have
occurred. Upon visual inspection at this time pdime 3 ml centrifuge tubes contained
white fuzz, reminiscent of loose cotton fibers,\pding further evidence of aggregated
peptide. Because of this aggregation, compari$timecsolution and xerogel spectra was
complicated; diffraction has altered minima intéiesi, and aggregation rates may be a

factor for the samples in Figure 3-15 top. Allttisacertain is that the spectrum at pH
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11.4 was stable over a 19 h period, which is ctersisvith previous findings [102] and
indicated that the peptide remained soluble unédsiclrzonditions.

AB in 45.0 mM (solution) and 50.0 mM (xerogel) KPlaagpH 4.5, 6.9, and 11.4
can be seen in Figure 3-17. In solution, the d@Hsample shows a single minimum
around 217 nm, which is a hallmark of beta strugtbut difficult to interpret due to the

weak intensity and noise at the shorter wavelengile samples at pH 6.9 and 11.4
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Figure 3-17. Comparison of pH dependence of solution to xerogelpsutaied A in
45.0 mM and 50.0 mM KPhos solutions, respectively. Xgregmples became noisy
below 205 nm.

both returned random coil spectra with the pH 11.4 sareplening the strongest

intensity below 210 nm. This was consistent with the resuttgeain Figure 3-16 where
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the sample at higher pH was found to be less likely to ggtge Similar to the 1.00 M
KPhos samples, the xerogel-encapsulated samples appeaeethostly random
coil/helical with an enhanced intensity with increasing pH (Fi@dt& bottom).

Figure 3-18 for 9.0 mM (solution) and 10.0 mM (xerodg@Phos shows similar
results as Figure 3-17 except that, in solution, the sample &9 now had a single
minimum near 217 nm and the pH 4.7 sample was randdmAccomplete loss of
signal occured at pH 6.9 after 168 h, which may indittetethe spectrum in Figure 3-18
was compromised by diffraction. The soluble spectra Waré to interpret because of
their weak signal intensity, which further suggests diffragtimblems due to
aggregation. Xerogel samples at low KPhos concentrations slgaved an increase in
secondary structure with pH, as indicated by the minimum2#anm. The pH
dependence of these samples was only apparent in th&. pldample, whereas the 4.7
and 6.9 samples returned almost identical spectra.

Below Figure 3-18, the B\peptide sequence is given with the residues that would
be ionized under the specific conditions of this work: rebgnand blue (cation). The
N- and C-terminals are given but because they cancelatkayeglected in the total
charge calculation for all but the basic condition. The resmumber is indicated above
each 18 residue. Note that in acidic conditions at pH 4.1, glutanitt (&) and aspartic
acid (D) were near theiqy values where they are only half ionized. This was the
condition for the 1.0 M and 0.9 M samples, but not the silad is indicated in the
acidic sequence by underlining the residues. Haevplues for each residue and the

change in charge taking place as the pH is raised abey&ilare shown in Table 3-2.
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Figure 3-18. Comparison of pH dependence of solution to xerogelpsutated A in
9.0 mM and 10.0 mM KPhos solution, respectively. Xersgeiples became noisy
below 205 nm.

Acid (Total Charges =6+6 = 0)
1 10 20 30 40
+DAEFR'HDSGYEVH HQK'LVFFAED VGSNK'GAIIGLMVGGVV-

Neutral (Total Charges 6+3 = -3)
1 10 20 30 40
+DAEFR'HD SGYEVHH QK'LVFFAEDVGSNK'GAIIGLMVGGV V-

Basic (Total Charges ¥+1-1 = -7)

1 10 20 30 40
DAEFR'HD SGYEVHH QKLVF FAEDVGSNK GAIIGLMVGGV V-
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Table 3-2. Ap Side Chain K, Values and

Number of Corresponding Residues.

Amino Sid_e Number Ch_ange
Acid chain qf in

pK, |ResiduesCharge

Asp 3.9 3 0->-1
Glu 4.3 3 0->-1
His 6.0 3 |+1->0
Tyr 10.1 1 0->-1
Lys 10.5 2 | +1-->0
Arg 12.5 1 +1-->0

Change in Charge indicates the change taking pls.tee
pH is increased above th&gvalue. X, values from [4].

The change in overall charge may explain why the saraptée higher pH
showed increased solubility. The total charge of the peptidéd create a repulsive
effect, preventing aggregation. In addition, the peptide igmlild have felt an
intramolecular net repulsion between residues 1 to 23, dirtbe @harged residues exist
within this region. Therefore, any secondary structumnadtion should be driven by the
high concentration of P.

At neutral and acidic pH values, it can be seen that théveosnd negative
charges are interspersed along the peptide’s backboiuejirg any repulsive effect.
This would have favored aggregation, as was seen in39hHd 8ample, by allowing for
more random intramolecular, and possibly intermoleculactrelgatic interactions. In
addition, at these pH values the number of unchargeduessiglas reduced, thereby
reducing the hydrophobic driving force behind foldindhefiefore, it is highly probable
that the diffraction-related spectrum was the result of laggeegated peptides, and the

random coil spectrum is that of monomers and possiblyl siigomers.
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Following encapsulation, all samples except the 1.00 M KRimbslapH 11
samples, showed mainly random coil character similar tadheaggregated samples in
solution, but with slightly more helical structure. Neutral andiasamples were
essentially the same in all cases, with the basic samplesingtstronger signals. This
similarity to the solution spectra could indicate that the peptidebildeen adsorbed to
the silica surface and that the structures of the monomegicps were similar in both
cases. Furthermore, since none of the samples hdgasiteve charge, attracting the
peptide to the negatively charged Si@lsorption was not likely. The increased helical
structure can be explained by excluded volume effectsrifaya more collapsed fold.
This increase in helical structure was most pronounced ipatsie pH samples where
folding was driven by the hydrophobic effect, and it maytat the hydrophobic regions

were forming a tight coil.

3.3.3. Comparison of PolyQ an@/Spectra

Solution and xerogel spectra for both polyQ afidshowed an increase in
secondary structure as KPhos concentration was incraaeedr neutral pH, with the
exception being that the 10.0 mM/9.0 niM50.0 mM/45.0 mM transition was
negligible in some cases (Figures 3-8 and 3-14). Thrisase is in agreement with the
Hofmeister Series and with the structure-stabilizing propertidsegbhosphate ion. At
the high pH used in these experiments, the phosphate idd tee largely been in the
PO, state, which is a strong kosmotrope that enhances pepthiktytwhile at low pH

the phosphate ion would have largely been in eG4 state, which is a weak
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kosmotrope. At high pH, both polyQ an@ Aad a net negative charge that would have
caused a repulsive force, preventing intermolecular pepggiegation (Section 3.3.2.3
for AB). Under the conditions of this work, polyglutamine with flaeking lysines and
aspartates would have had no net charge until above pHvb@re it had a net negative
charge at the N-terminus, due to the two aspartates efoherat high pH both peptides
had a net negative charge, but whilg dontained hydrophobic residues to drive folding,
polyQ contained only hydrophilic residues at this pH [109]. As discussed in Section
3.3.2.3, A8 took on more intermittent charge distributions and had maeged residues
at the lower pH values that may have dominated the foldimgeps. Since these residues
should have interacted more favorably with the solvent, tigtkipg of the residues, or
the hydrophobic effect, would not have been the dominanndrforce for folding. On
the contrary, polyQ’s termini became oppositely chargadyring both intermolecular
and intramolecular attraction. Also, it was found by Seredacaworkers [110] when
studying protein binding as a function of the hydrophobidityre environment that
glutamine became less hydrophilic and more neutral as theagHiecreased. This
neutrality should have allowed polyQ to fold into a monomewit; which could explain
the increased helical structure upon encapsulation, or toftwawed small soluble
oligomers in solution, which may have remained largely uogired since the glutamine
side chain was both bulky and neutral. This bulkiness wwaé driven the coiling in
the monomeric form due to the steric constraints of the atbegnside chains that

include nonpolar —CHCH,— groups at the base, and this may have driven tighter

coiling.
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The difference in the amino acid content explains the difterén the two
peptides’ structural dependence on KPhos concentrationtan@pmparing each
peptide only to itself, A showed an increase in structure at high pH and an iecteas
stability, while polyQ showed a decrease in structureadtition, in all cases, save the
ApB 45/50 mM KPhos pH 4.5 spectra, there was an increaseandary structure in
xerogel samples. As previously stated, the glass addef@ttars that may cause this
increase: excluded volume effects and tierepyl glass modifier. These effects act
independently of one another and so should be thermotgyaldy addressable by
separate routes, meaning the use of different solussgfaice modifiers could be used to
control these effects independently. As an example, @geng effects are apparent at
the higher HFIP concentrations where the influence of $hdpyl modifier became

less obvious as compared to solution.

3.4.  Stability of Solubilized Peptides in Solutions vs. Time

To check the solubilized peptides’ resistance to aggregatibie various
solvents, spectra were taken over a period of 50421, days. Signal intensities at 205
nm, 217 nm, and 222 nm were plotted separately asctida of time. Plotting
ellipticity at these wavelengths allows secondary structure évdleated, providing
insight into which structures were resistant or most pronegieggte: 205 nm is
indicative of random structure, 217 nm of beta, and 222hhelical. A complete loss

in all three signals would indicate aggregation and loss ofiprieecipitation).
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3.4.1. Soluble PolyQ Peptide
3.4.1.1. HFIP Solutions

All three wavelengths at each HFIP concentration can befeepalyQ in Figure
3-19. The complete profile (full spectra) for these samgi@gl h can be seen in Figure
3-7 (top), and the 0% spectrum can be seen in FigureHgbire 3-20 (top) gives the full
spectra for the 0% HFIP sample over a period of 100$ithwvas the only solution that
returned a positive 205 nm ellipticity at 504 h. The bottonepaiFigure 3-20 gives the
1% sample over a period of 504 h. The only differdreteveen the 1% and 5% samples
in time was that the 5% had a more intense signal. Th&apaken at 1 h indicate
random coil structures and all slowly lost intensity at 205 aer bme. The 0% spectra
slowly folded to a curve indicating beta structure at 5G#ht,it can be seen that there
was a loss of intensity at 1008 h, indicating aggregation.

An isodichroic point can be seen in Figure 3-20, which inega two state
folding transition between random coil and possibly beta sleeeindary structures.
This isodichroic point suggests that both the 1% and 5% sammalg have followed the
same trend, though analysis at 1008 h returned a flatspexctrum for both low percents
HFIP. It is possible that this weak beta spectrum was thataif sotuble pre-fibril
aggregates, consistent with the fact that the 504 and 1608ckra appear to be centered
near 217 nm.

Comparing all three wavelengths, it can be seen that 105 dHFIP
solutions returned ellipticity values that parallel each other instefrsignal loss at each

data point. This tendency would indicate a slow rate ofegggion, which is consistent
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with theory since these samples had more helical structuréhtharhers (seen in Figure

3-7). Therefore, polyQ became more aggregation raesisith increasing helical

structure.
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Figure 3-19. Stability of soluble polyQ in %HFIP J@ at 205 nm, 217 nm, and 222 nm.
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Figure 3-20. Structural stability of soluble polyQ in waterdai% HFIP. Top (water)
and bottom (HFIP). Note the isodichroic point n2aB nm indicating a two-state
folding transition between random coil and a pdsdileta sheet or aggregate structure.

3.4.1.2. Effects of KPhos Concentration

The time dependence for the structures analyz@%nhm for soluble polyQ in
0.90 M, 45.0 mM, and 9.0 mM KPhos can be seengnr€i4-21 (Figure 3-8 for full
spectra after 24 h in solution). All solutions gaandom coil spectra with some helical
content and retained their general shape as figeisls weakened in time. All solutions

had a visible precipitant at the time they gaviatZero spectrum. The 0.90 M solution
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gave a weak, positive, and noisy signal at thelb@4ta point, which was probably due
to contamination; at 336 h very little of this sdenwas left, so the contents of the quartz
cuvette was returned to the 3 ml centrifuge tulber éfie spectrum was taken. The
sample contained a visible precipitant at 504 hwes similar to the other two samples
and resembled loose cotton fibers.

The HFIP stability support the statement in Secli@ghl.1 that polyQ became
more aggregation resistant with increasing hetaicture. Furthermore, this statement
is in agreement with current theory on polyQ repks¢ases. The length of the repeat is
associated with the extent of destabilization amdom structure, in the affected peptide
and with the rate of aggregation. Here, and imptie®ious section, it has been shown
that the more random the structure, the higherdteeof signal loss due to aggregation.
Non-pathogenic huntingtin protein is an orderedtiplep In the pathogenic version, as
the number of glutamine repeats increases, theiprbecomes more destabilized and

begins to take on more random coil structure, bé&ogmore aggregate prone.
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Figure 3-21. Stability of soluble polyQ in 0.90 M pH 6.8, 451tM pH 6.9, and 9.0 mM
pH 6.9 KPhos solutions, 205 nm signal intensitpe@ra were taken at 1, 19, 168, 240,
and 336 h.
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3.4.1.3. pH Dependence in KPhos Buffers

The pH dependence for polyQ in 0.90 M KPhos casdam in Figure 3-22. The

samples at pH 4.1 and 6.8 gave similar randomspeittra at the initial time point, as

° Vs 205nm
@ 0
& /
E . ——41
>:10
= —63
o
E—ZO
25\ T T T T T
0 200 400 600 800 1000 1200
4 217nm
§ 2
(a)
g ° — ——41
EE: ~ =638
= 4 ——11.4
a
o 6
-8 4 T T T T T
0 200 400 600 800 1000 1200
3 /I 222nm
—~ 1
o8
(]
E — ——41
> -3
= —-6.8
g ° —A—11.4
o 7
0 200 400 600 800 1000 1200

Time (Hours)

Figure 3-22. Stability of soluble polyQ in 0.90 M KPhos at pH 4.1, &1l 11.4. Due to

noise, the data for the 210 nm signal at pH 11.4 couldenobtained.
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seen in Figure 3-9 (top). Signal loss occured fastest &t$indicating that, of the
samples, polyQ was most prone to aggregation at thisApH68 h, the samples at
pH 4.1 contained aggregates upon visual inspection, but stilh inseak minimum below
212 nm at 1008 h. A single minimum around 222 nm wes sethe pH 11.4 sample,
but was too noisy below 212 nm to determine the structune.signal slowly flattened
to zero at 1008 h and upon visual inspection contained gajggeresembling a small
amount of cotton fibers floating in the 3 ml tube. This plteare would have given the
peptide a net negative charge due to the two aspartates, migichhave created a
repulsive force that slowed aggregation. At pH 4.1, asisksd in Section 3.3.3, the
phosphate ion would have largely been in the®" state, which is a weaker
kosmotrope than HPE or PQ*. Previous studies, under different conditions as
discussed in Section 1.6.1, had determined that the moiamer random coil structure
[93], and since there was a steady loss of signal at e#ler@gths with no isodichroic
point, interpretation under this condition was difficult.

Figure 3-23 shows similar data for polyQ in 45.0 mM K&hohe spectra seen in
Figure 3-10 (top) summarize the 24 h time point spectrthi®iKPhos concentration.
All three pH values gave the same random coil spectra thootighe experiment
without changing general shape, but flattening to zero in tilséhis concentration the
sample at pH 11.4 was the most resistant to aggregatiseeasy the intensity at 210
nm at 1008 h. At the lower concentration of 9.0 mM, tha dgain showed that the
higher pH sample was the most aggregation resistant (RBe2d® As with the 45 mM

samples, all three pH values gave the same random cditssfieigure 3-11 top)
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throughout the experiment and slowly flattened to baselinglight difference was that
the pH 4.5 sample flattened to zero at the last time point atothé®otration, whereas it

gave a weak signal in 0.9 M KPhos. Also, where ttsictsample could not be
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Figure 3-23. Stability of soluble polyQ in 45.0 mM KPhos at pH 4.9 &nd 11.4.
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interpreted at 205 nm, in 45.0 mM KPhos it gavertizst stable signal intensity.
Otherwise, these two samples, acidic and basiseblgaralleled each other’s stability at
217 nm and 222 nm. As stated before, at high HRIQ>] was prevalent, and it is
expected to be a powerful kosmotrope that tendsctease peptide structural stability.
This, with the fact that the peptide would have hatet repulsive charge, explains the
increased time stability of polyQ at all KPhos cemttations when at high pH. What
cannot be explained by this data was the incresisdility in time of the acidic samples
over the neutral pH, especially since at neutrattH[HPO,] should have shifted

towards the more kosmotropic [HFQ.

3.4.2. Soluble B Peptide
3.4.2.1. HFIP Solutions

Figure 3-25 shows the time dependent data forAHFIP solutions over a period
of 3 weeks. The 24 h full-wavelength spectra casden in Figure 3-13 (top). All
spectra retained their general shape throughowgxperiment except for the 10% HFIP
sample. The 10% HFIP sample had no sign of agioegapon visual inspection at
504 h but instead depicted a change in secondarstste from a helical spectrum to a
stable beta spectrum. The 10% HFIP slope begdmraritdom coil, 210 nm and 222 nm
being the stronger signals, but folded to a typieda spectrum with the 217 nm signal
being the strongest. The full spectra for 1 andl ®B@an be seen in Figure 3-30 in
Section 3.5 where they are discussed further. r Afie formation of this beta spectrum

the signals stabilized. The 0% sample (Figure 3l26) portrayed the least amount of
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Figure 3-25. Stability of soluble & in HFIP/water at 205 nm, 217 nm, and 222 nm.
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Figure 3-26. Ap in pure water for 504 h (21 days).

secondary structure compared to the 1% sampledasated by the more intense 205 nm
signal. This spectrum is typical for random caitlavas the only sample to flatten to
zero in the time of the experiment. The suddes tdsignal may be due to aggregation
or proteolytic degradation. Except for the 10% PIBample, all other samples were

stable with time.

3.4.2.2. Effects of KPhos Concentration

The AB peptide quickly aggregated out of solution in OM045.0 mM, and 9.0
mM KPhos solution at neutral pH. The ellipticitglues at 205 nm, 217 nm, and 222 nm
can be found in Figures 3-27 to 3-29 as a funaticmme. The 0.90 M signal reached
the baseline in less than 19 h at pH 4.1 and 6gaI(& 3-27). The 45.0 mM and 9.0 mM
samples gave flat-zero spectra in less than 7 alasisnilar pH values (Figures 3-28 and

3-29). The initial spectra obtained 1 h after tilg the resuspended peptide in buffer,
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approximately 2 h after beginning the resuspengian,be seen in Figure 3-14. No

changes in the general shapes of the spectra Wweesved.

3.4.2.3. pH Dependence in KPhos Buffers

Data for the pH dependence of solublgé & each phosphate concentration is
summarized in Figures 3-27, 3-28, and 3-29. ThHespectra for the 0.90 M sample at
1 h can be seen in Figure 3-15, and the full spdotrthe 24 h time point in 45.0 mM
and 9.0 mM KPhos can be seen in Figures 3-17 &l 3n all cases, the samples near
pH 4 and pH 7 aggregated out of solution well beetbie basic sample near pH 11.

The 0.90 M samples at pH 4.1 and 6.8 gave a simgék minimum above
220 nm with a positive signal below 210 nm at Intl eontained aggregation upon visual
inspection at 19 h. This rapid aggregation sugpibit previous proposal that these
spectra are affected by diffraction of larger agagtes still in solution. The data here
suggests that these red shifted spectra originate $amples containing these larger
aggregates that are still forming. At the sameceatration, the pH 11.4 sample gave a
week minimum near 222 nm but was too noisy belo@/ 2t to gain any structural
information. The shape of the discernible regibthe spectrum did not change in the
time period of the experiment. The stability of dample at pH 11.4 indicated that it
was least prone to aggregation, whereas the otloethiat started with a single weak

signal above 220 nm were the most prone to aggoegdiigure 3-15).
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Figure 3-27. Stability of soluble & in 0.90 M KPhos at pH 4.1, 6.8, and 11.4. The
205 nm spectra at top were analyzed to 19 h only.
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Figure 3-28. Stability of soluble & in 45.0 mM KPhos at pH 4.5, 6.9, and 11.4.
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Figure 3-29. Stability of soluble & in 9.0 mM KPhos at pH 4.5, 6.9, and 11.4.
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In 45.0 mM KPhos, all A samples gave similar random coil spectra at 1 h. At
19 h, the peptide at pH 4.5 gave a single weak minimumdr@ii7 nm and at 168 h
took on some random structure indicated by a loss of the@ilintensity signal and a
completely negative signal below 236 nm. The 217 nm kagmdinued to weaken and
eventually became positive after 240 h with a negative sig2@i5ah. This change in
spectra suggested that the peptide unfolded from a bettfalbighly random coil fold
before it aggregated out of solution. At 240 h, the pHs@rfiple gave a flat-zero
spectrum indicating aggregation. The two samples at the fuWwealues developed a
white film on the bottom of their centrifuge tube, most likalyedo aggregation. The
sample at pH 11.4 again proved to be most aggregatiotargsasnd this property was
most likely due to a negative repulsive charge on the pegiides pH that dominated
over the hydrophobic driving force of peptide aggregation.

A random coil spectrum was observed for all samples im®I0KPhos at 1 h,
and again the two samples at lower pH values quickly agtgegut of solution. This
profile was retained throughout the experiment by all samp@ggregation was
observed in the pH 4.7 sample at 168 h. Again, the pegdit@le at pH 11.7 showed
the most resistance to aggregation. A conclusion drawndhatimese spectra, and in
agreement with theory, was that the peptide must be partrdthded or adopt a random
coil structure before aggregation. All samples with stablenskeey structure appeared

to have resisted aggregation and unfolded to a randontrumilltse before aggregating.
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3.5. Soluble vs. Aggregated Peptide Spectra

In solution, solubilized A initially yielded three different spectra depending on
the solvent: random coil/molten globule, beta sheet, and anaémasrprofile that
yielded a minimum anywhere between 220 nm and 230 nety ldkue to diffraction. It
was this third type of spectrum that is proposed to be Hudt i&f actively aggregating
peptides and, therefore, that of a species whose solubdgydecreasing. Spectra with
red shifted minima tended to have spectra that flattenedddasger than any other,
indicating aggregation. The other two structure classificatioowed increased stability
with increasing secondary structure that can be measurtb@ 17 nm and 222 nm
signal intensities. The increased strength of these sigrialsvedo the rest of the
spectrum, returned increasingly stable spectra in time vébbwas shown that[Rin
10% HFIP solution initially gave a random coil spectrum thatesthifo a species that
yielded a stable beta sheet spectrum. Figure 3-30 showsiparison of these two types
of soluble (top) and aggregated (bottom) species. Therapd aggregated (Aspecies
were taken from 0.90 M KPhos samples at pH 4.1 andB1@ samples were vortexed
for 30 s to resuspend the fibers, and the spectra wenedmately taken. Notice the
similarity between these resuspended aggregates and thagt®wn in Figure 3-15
(top) for the same peptide sample before precipitation.

Looking at the stable/soluble spectra in Figure 3-30, it essebn at 1 h (blue)
that the 10% solution gave a helical structure profile but edaive a stable beta
structure (black) at 504 h. Once this beta structure fomtecthe characteristic

minimum near 215 nm, the signal intensity began to stabiliad@sction of time (see
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Figure 3-25, 336 — 504 h). The sample at 5% HEiBgnh and red) returned spectra that

were both negative at 200 nm, which is charactergtrandom coil structure. The inset

in Figure 3-13 shows the spectrum for this samftéx & day in solution. In this

spectrum, there is a minimum near 210 nm that mdigate the peptide had begun to

take on some secondary structure and would exjéarasistance to aggregation. Both
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aggregated spectra have a single minimum betwe@m@?2and 230 nm. Therefore, if a
red shift in minima is observed in the other mgradal spectra, this may indicate that

aggregation is occurring.

3.6.  Structural Changes of Encapsulated PeptideEve
3.6.1. Encapsulated PolyQ

Encapsulated polyQ showed little change in strigcaigra function of time when
it was stored in the same solution throughout #peaments. In the absence of leaching
during solvent exchange, the spectra were relgtstable, and, because the peptide was
only 15 glutamine residues, 19 amino acids in okedre was little driving force for the
peptide to form any stable structure. The onemieskechange was in a partially prepared
xerogel glass that was not allowed to shrink to gletion; the final size was
approximately 75% the total original volume. Owuagreriod of 3 days, the sample
changed from a helical spectrum to a single mininmagaxr 220 nm (Figure 3-31). On the
third day the sample had become visibly foggy, apshindicating a light diffraction
problem. A comparison of the spectrum 3 days afiéine solution spectrum in,®
after 1008 h (inset) showed almost identical result's unlikely that large aggregates
formed in the xerogel because: (1) even small agges would not easily diffuse
through the xerogel matrix to form larger ones, é)dhermodynamically, the peptides
would not be driven to a central pore to form géaaggregate. Therefore, the changing
spectra in Figure 3-31 arise from some other diffom-related phenomenon, such as

smaller highly ordered aggregates that are ongnadeptides in size. Excluded volume
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effects should favor a more compact state, an@tbwe, a tighter packing of the

hydrophobic residues driving aggregation.

60
\ —1h

40 —1day ]

—2 days

20 —3 days_|

_2:\ T %

200 220 240 260

Ellipticity (m Deg)

-80 ‘ ‘ ‘ ‘ ‘
200 210 220 230 240 250 260

Wavelength (nm)

Figure 3-31. Aggregation of glass encapsulated polyQ. Thaglgrdried glass was not
allowed to shrink to completion which may have akal the peptide to leach through the
matrix and to form oligomers. The sample was le@5°C in 1.00 M KPhos. The glass
was clear on the first day and slowly became fogggtice the evolution of a single
minimum close to 220 nm. This is likely red shifigue to diffraction. Inset: Soluble
polyQ in HO after 1008 h (Figure 3-20 top).

3.6.2. EncapsulatedpA
Figure 3-32 shows spectra for the 25% HFIP samiple 50 and 54 days. Here
the sample initially gave a spectrum that appetremdntain both helical and beta

structure. This can be seen by the rather unifeegative intensity between 207 nm and
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Figure 3-32. Xerogel encapsulatediAn 25% HFIP in HO (v/v) at 1, 50, and 54 days.
At day 1 (blue) the spectra is that of a mixed laeta helical structure. On day 50 (red)
the spectra is that of random coil indicating tihat much of the secondary structure has
been lost. An apparent beta spectrum with minimati@17 nm is seen on day 54
(green).

222 nm. When the peptide unfolded at day 50taimed some structure as seen by the
signal near 217 nm. At day 54 a single minimum wlaserved near 217 nm that may
indicate a significant amount of beta structuréiswas also observed in the 10% HFIP
solution, discussed in Section 3.5, and may indieademi-stable folding intermediate.
Even if these results were due to evaporation®HRIP, the negative signal at 200 nm
in the day 50 spectrum was not observed at a Hé#heentration between those
concentrations that returned similar spectra tdlthad 54 days spectra (Figure 3-13).
Since the HFIP concentration could not have in@géd®tween day 50 and 54 this data

still suggests the presence of a folding interntedia
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3.7.  Thermal Stability
3.7.1. Thermal Stability of Soluble Peptides

Temperature did not induce aggregation in any efstiiution experiments, and
all samples showed complete reversibility. Figgi&3 shows the 222 nm signal for
polyQ in HO upon heating. The change in ellipticity was rgégle and most likely
represented noise in the system. Without aggregate steady signal intensity was to
be expected in a sample with random structure, aa¢his sample. Samples that started
with increased secondary structure should have slzgoghange in signal intensity as a
function of temperature, as was the case in Figt84 for soluble polyQ in 25% HFIP.
In the top panel, the 222 nm signal for heating @maling can be seen, and in the bottom

panel the full spectra for the starting sample5a€2 at 75°C, and after returning to 25°C

o
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Ellipticity @ 222 nm (m Deg)

L
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N
a1

45 50 55
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Figure 3-33. Thermal stability of polyQ in D by tracking ellipticity at 222 nm. The
background has not been subtracted. A temperstepeof 5°C was used with an
equilibration time of 30 s and 1 s averaging tirdata shown is for heating only. The

initial solution structure is that seen in Figuré.3Since the structure was already
random colil, heating had little effect, as indichlby the relatively flat line.
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Figure 3-34. Thermal stability of soluble polyQ in 25% HFIP in®i(v/v). Top: 222 nm
signal intensity as a function of temperature. Bottom: spett?5°C before heating
(blue), at 75°C before cooling (red), and at 25°C aftefticg (green). The background
has not been subtracted for 222 nm signal intensity cumes but has been for the
spectra (bottom). A temperature step of 5°C was usedawidquilibration time of 15 s
and 1 s averaging time. The solution was held at 75°C ifiain between heating and
cooling.

are displayed. Notice that, noise aside, the spectra wengdetely reversible and there

was no evidence of aggregation. Figure 3-35 showsthdt for A3 under the same
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Figure 3-35. Thermal stability of soluble \in H,O and 25% HFIP 222 nm signal
intensities. Top (kD) and bottom (HFIP). The background has not beenasiibtt. A
temperature step of 5°C was used with an equilibration tir38 sfand 1 s averaging
time. Data for the sample in water (top) is for heating ofilye 25% HFIP sample was
held at 75°C for 5 min between heating and cooling. Thelisitiation structures are
those seen in Figure 3-12 and 3-13. Since the sampigtsuse in water was already
random colil, heating had little effect, as indicated by the relgtils line. The 25%
HFIP sample shows a reversible process.

conditions as those for polyQ that returned very similaftse@eigure 3-12 and 3-13 for

the full spectra at 24 h).
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These results were to be expected in the random coil sgeutethe peptide was
already mostly disordered. Samples showing secondacjisuvere expected to
aggregate upon cooling since they would be partially diseddglong this path. This
lack of aggregation would indicate that the helical randomstaitture with strong
222 nm and 205 nm signals were largely molten globuleseithe helical structure. A
similar experiment was not performed on a sample showitagcharacter, but it would
be interesting to see if the results were similar. It is posiblpeptide would aggregate
out of solution upon partial unfolding (slow heating) when tydrdphobic beta core is
exposed, should the HFIP not help to stabilize the structypen tooling after

unfolding, the peptide may return a molten globule spectrum.

3.7.2. Thermal Stability of Encapsulated Peptides
In general, all structural changes that took place during tHiemperiments were
reversible. A slight loss of signal sometimes occurred taatmost likely due to
leaching of the peptides through the xerogel matrix at elevategeratures. Leaching at
room temperature was shown in Figures 3-4 and 3-5,enheras demonstrated that
leaching was reduced in xerogels relative to wet-agedagad-igure 3-36 summarizes
the data for polyQ in D at temperatures both above and below 25°C. In bo#iscas
when the temperature was returned to 25°C, the originairapewas largely recovered.
In samples that showed highly disordered spectra, ashibzvnsn Figure 3-37
for encapsulated Ain H,O, the 222 nm value did not change as a function of

temperature. This 222 nm stability implies that the spectrunofvasnolten globule or

99



-20

B
O -40
E
> -_—25°C
.'l—‘ _607 [
S —45°C
2 —2°C
m -80 1 —
—25°C
-100 —80°C|
—25°C
-120
200 210 220 230 240 250 260

Wavedength (nm)

Figure 3-36. Xerogel encapsulated polyQ in®l gives a reversible secondary structure
at high and low temperatures. The temperaturevarasd as indicated by the arrows
from left to right, indicated by the key, beginniagthe top and moving successively
downward. Each spectra was taken when the eltyptt 222 nm stabilized,
approximately 2 to 5 min after the indicated terap@e was reached.

of an irreversibly adsorbed protein. Only one o#taicture demonstrated similar
thermal stability after encapsulation, the betacitire of A3 peptide after 2 months.
Figures 3-38 and 3-39 show these beta spectraatadéemperatures and demonstrate
the stability of the structure. Figure 3-38 shalaes spectra for the sample in 25% HFIP
after 54 days at the indicated temperatures. phetsal shape indicate that there was
probably some random coil structure because o$phead of the signal between 210 nm

and 222 nm, but over the temperature range oftperanent there was little change in
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Figure 3-37. Xerogel encapsulatediAn H,O as a function of temperature. Top: The
222 nm signal intensity as a function of tempematuBottom: Spectra at 25°C before
(blue) and after (red) heating and cooling. Thapa was stored in a 3 ml cuvet at 25°C
for 24 h.

the intensities of this region. Unfortunately, theoeriment was interrupted by a sudden
drop in the pressure of the gas used to cool the ia the CD instrument, and a larger
range of temperatures could not be explored. Eigt89 shows the sample in water after

54 days at the indicated temperatures. There theze possibilities for the stability of
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Figure 3-39. Thermally stable encapsulate@ & pure water for 54 days. The shape is
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similar to the reversible alcohol induced beta Xetspectrum. Once this data was

collected the sample was placed in 50% HFIP foin 24d the spectrum was taken. The
217 nm signal intensified and flattened out aroRh@ — 220 nm, indicating the presence

of some helical content (inset; 0% HFIP in red a6élo HFIP 24 h later in blue).
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this structure: (1) the structure was a semi-staiddrmediate, (2) the peptide had leached
through the glasand aggregated, or (3) it had become irreversitidpebed to the glass.
After the data was taken the sample was transfeor@8% HFIP and allowed to
equilibrate at room temperature over night. Treeirof Figure 3-39 compares the 25°C
spectrum of the main panel to the spectrum tak@b¥% HFIP at 25°C. The increase in
intensity was most likely due to unstructured regiof the peptide taking on helical

structure.

3.8.  Effects of Solvent Exchange on Encapsulatgdid®eSecondary Structure

To test further the folding landscape of the tweptes in this study, and to
search for stable intermediate states, xerogel lesmyere swapped between the different
solvents used to characterize these peptidebe Bpectra showed an irreversible change
or the existence of multiple folds over a narrowg@ of solvent concentrations, then
intermediates may possibly be identified. In additif certain spectra of soluble
peptides not yet seen in xerogel samples were peafjithen the thermodynamic effects
of the xerogel matrix may be further characterizdd if the conditions corresponding
to these spectra are known to lead to aggregatisolution then, not only do we learn
about the folding path to these states and thdigtag effects of excluded volume, but
we also learn what solvent conditions may indueséhstates. In addition, defining such
conditions would allow one to begin the investigatof how to prevent the formation of

these aggregation-prone states.
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During solvent exchange, because there was alssddgnt within the xerogel,
some of the previous solvent would have been chawer to the new solvent. A
generous estimation of the xerogel’s volume that savent would be 80%. This
estimation corresponds to a volume of just 0.04omé& typical glass sample. Each
sample was incubated in 3.00 ml of the new solbefdre the spectra were taken. Thus,
the percent of the old solvent volume in the nelvesd was about 1.3%. An example of
the approximate change in concentration when moaisgmple from 35% to 5% HFIP
would be

((3.00 ml x 5.00%) + (0.04 ml x 35.0%))/3.04 mb:39% HFIP (V/v).

Likewise, the change from water to 5% HFIP woulslitin an effective concentration
of 4.93% HFIP, with a difference of 0.46% HFIP beén the two re-equilibrated

examples above. Where appropriate, these chantjéewliscussed in further detail.

3.8.1. PolyQ
3.8.1.1. Exchanges between HFIP and Water

An increase in helical secondary structure was setnincreasing HFIP
concentration for encapsulated polyQ. To checkekersibility of these structures,
xerogel samples were incubated in 1%, 5%, 10%, 35%,, and 42% HFIP in4® (v/v)
for 24 h, and the CD spectra were taken. Aftesing with HO, the samples where
allowed to equilibrate for 1 h and then replacethviiesh HO. At hour 48, 24 h after

the solvent was changed te® the spectra were taken, and the process waateej®
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return each sample to its original HFIP concerdratiFigure 3-40 shows these three
spectra for each HFIP concentration.

All experiments except the 1% and 10% samples sti@amplete reversibility.
The 1% sample was uninteresting due to the face tlvas no difference between the
original spectrum and the,B spectrum. This general reversibility was angaton that
the xerogel samples did not form any stable irrgtaé structures and that the peptide
did not transition through a highly unstructureatst The 10% sample was the only one
that showed a modest failure to completely recasesriginal CD profile. Since the
experiment was not repeated, it is possible tleagtass was not made uniformly and that
the 72 h spectrum was not taken from the sameneagjithe glass.

To further investigate the influence of these sols®n the secondary structure of
polyQ, the 48 h spectra of the samples in Figu4® 3all in HO, were compared, as seen
in Figure 3-41. To provide a basis of comparigba,spectrum of a control sample that
had only been equilibrated i€ has been added. This spectrum was obtained at th
initial 24 h time point, and the sample was cubfrihe same glass. Thus, the significant
differences between the control and all other samyare: (1) the control had only been
in solution for 24 h, whereas the other samplegwé&rh old, (2) the control had not
gone through a solvent exchange, and (3) therenwassidual concentration of HFIP in
the control as a result of a solvent exchangehodigh difficult to discern in Figure 3-41,
there was an increase in ellipticity with incregsinitial HFIP concentration, and all
except the sample that came from 42% HFIP werathli¢ess intense than that of the

control. This difference in ellipticity was mogtely due to residual HFIP in the 0%
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Figure 3-40. Solvent exchange effects on encapsulated poly@ the indicated %HFIP
(24 h) to water (48 h) and back (72 h). After spectra were taken, the sample was
allowed to equilibrate for 1 h in the new solventvaich time the solvent was drained
and replaced with a fresh sample of the new solv&hts was done to reduce the amount

of the previous solvent carried over in the xeragatrix.
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Figure 3-41. Comparison of polyQ samples in 0% HFIP for 24taranitially incubating

in the indicated %HFIP for 24 h. The same as tilsbsevn in Figure  3-40. After the
spectra were taken, the sample was allowed toibrpig for 1 h in the new solvent at
which time the solvent was drained and replacet witresh sample of the new solvent.
This was done to reduce the amount of the pre\golwent carried over in the xerogel
matrix. Inset: Comparison of the initial 24 h stra of the 0% and 1% samples. Spectra
colors follow the main panel’s figure legend. Nttat the 1% had decreased ellipticity.

HFIP samples. The inset shows the 24 h spectithéod% and 1% HFIP samples. It
can be seen that the 1% sample had a decreasgtigjlwhich may indicate that very
low concentrations of HFIP actually reduced secondaucture, or that, when the
samples were initially placed in their respectivePiconcentrations, some amount of
leaching had occurred since the samples were ratgdiwith water after shrinking of the
glass sample had ceased. What is more notaltle &Erhilarity of all the spectra when
this initial difference in the samples in 0% and H¥P is taken into account and when

the residual HFIP concentrations that where camezt during the initial solvent
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exchange are accounted for. The data indicategledereversibility under the

conditions of the experiment.

3.8.1.2. Exchanges between KPhos and Water

The effects of KPhos on polyQ’s secondary structvgee not only dependent on
concentration but also on pH. Therefore, the thoreentrations used previously at each
of the three pH values were used in solvent exahanrgeriments, and a protocol
identical to that described in the previous sectias employed. Figure 3-8 shows that,
in 1.00 M KPhos at pH 6.8, there was an increasdlippticity and that the spectra
retained the same general shape. Additionallyyriei@-9 shows the pH dependence with
pH 6.8 giving the strongest signal, pH 4.1 givihg tveakest signal but with the same
general shape, and pH 11.4 giving the most randaratare with the signal near 207 nm
being much more intense relative to that at 222 Rigure 3-42 shows the spectra for the
solvent exchange between these samples and wittan initial pH of 4.1, there was a
small reduction in signal intensity when the spactiwvas reanalyzed in water. Upon
return to the original solvent, the sample recodeét®original intensity with a modest
increase at 222 nm. The source of this increaseksown.

In the sample at pH 6.8, there was a significass Ia signal intensity at 48 h
when the spectrum was taken in water. This exdterandom coil shape was not seen in
spectra of equivalent samples in water with norgadvent incubation (Figure 3-8), but
was similar to the spectrum obtained in 10.0 mM &%at the same pH. This similarity

indicated that solvent exchange was not compledelzat a small concentration of
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Figure 3-42. Solvent exchange effect on encapsulated poly@ &t@®0 M KPhos at pH
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KPhos was present in the 48 h spectrum. Becaiseds a random coil structure,
which was prone to leaching, and because the sanera shape of the 24 h spectrum
was regained at 72 h, just less intense, leachimsg have been a factor during the
experiment.

A similar result was obtained in the pH 11.4 expent at 24 and 48 h, except
both spectra were more random in character as aeehpathe pH 6.8 experiment. The
72 h spectrum became too noisy below 210 nm togreg but the 222 nm signal was
greatly reduced as compared to the 24 h spect&inte the two previous spectra had
increased random character, it was likely thatdesrwas much more of a factor than
for the sample at pH 6.8. Here the 48 h spectrumaiter indicated a slightly more
random structure than that of the 10.0 mM pH larhse seen in Figure 3-11, but the
50.0 mM pH 11.4, seen in Figure 3-10, was moreaganuh structure than the 10.0 mM
sample. Therefore, the spectrum at 48 h may hese bf a low concentration of KPhos,
near 10.0 mM, but at a higher pH, increasing itslcan coil structure.

Both Figures 3-43 and 3-43 give results similanrte another and show signs of
leaching, as observed in 1.00 M KPhos. The effefcksaching were reduced in Figure
3-44, which was to be expected since 10.0 mM KmRhtess concentrated than the
50.0 mM used in Figure 3-43. The changes in tleetsp at the lower and neutral pH
values in both of these figures, across the indafiéxperiments, were negligible, but
gave similar results as Figures 3-10 and 3-11 wtinerédower pH values were more
helical than the neutral. Figure 3-8 shows thatghectrum of the control sample in

water was more helical than both of these sam@#&sce the samples at 48 h in Figures
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3-43 and 3-44 did not recover this structure, sosaerangement must have taken place
in the original solution that was not energeticétisbidden in water. The concentration
of KPhos in these samples at 48 h must have besisauie. The higher pH samples
provide support for this last statement. Both stawigns of leaching, and this leaching
could only be driven by solvent exchange. Eacltesgive solvent exchange lowered the
intensity of the spectra with little effect on thigectral shape. At these lower
concentrations of 10.0 mM and 50.0 mM any resithuéflier carried over would result in
a negligible concentration in the spectra at 48dr ¢he solvent had equilibrated.

Figure 3-45 shows the results from the reversemxent where the sample was
incubated first in water and changed to 50.0 mM &&P&t pH 11.4, and then back, using

the same protocol. It is again seen that eachesso@ solvent exchange caused a
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Figure 3-45. Solvent exchange effect on encapsulated poly@ figO to 50.0 mM
KPhos at pH 11.4 (48 h) and back (72 h).

reduction in intensity, indicating leaching, andttthe 48 h spectrum shows a loss of

secondary structure that was not recovered whesample was returned to water. This
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difference between the two experiments provideth&rsupport that leaching was a
factor for KPhos buffers of high pH. Because lbthpeptide and the silica surface of
the glass would be negatively charged at high pHarced leaching may be due to

charge repulsion.

3.8.2. Solvent Exchange Studies witf Reptide

The experiments in section 3.8.1 for polyQ wereusiameously performed in an
identical manner with B peptide. This includes peptide solubilizatiorasgl preparation,
and choice of all solutions. Therefore, the omgydicant difference between the

experiments was the peptide.

3.8.2.1. Exchanges between HFIP and Water

The results from A peptide xerogel samples exchanged between HRlfawd
and HO are shown in Figure 3-46 below. Figure 3-13 stmbthat after 24 h of
incubatiing there was an increase in ellipticitghwincreasing HFIP concentration,
starting with a random coil spectrum and showirsggaificant amount of helical
structure at the higher HFIP concentrations. ABigure 3-13, there was noise at the
shorter wavelengths in Figure 3-46 making the spatlifficult to interpret. Each set of
spectra demonstrates the ability to take on theesamdom coil profile in water upon
solvent exchange (Figure 3-47 top). Upon returthéooriginal solvent, the 10% sample
showed a loss in ellipticity intensity that mayicate a slight loss of structure as

compared to the original 24 h structure. What'sersgnificant is that the higher HFIP
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Figure 3-46. Solvent exchange effect on encapsulatpdrdm the indicated %HFIP

(24 h) to water (48 h) and back (72 h).

concentrations of 25%, 35%, and 42% all returnedstime spectra, in the discernible

region, upon return to their original solution (&g 3-47 bottom). These spectra appear

to have had some helical characteristic as indiclayethe flattened region between 210
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exchange between HFIP and water for the indicatedentrations. The same as those
shown in Figure 3-46.

nm and 220 nm. The fact that the ellipticity dmt mcrease with increasing HFIP
concentration above 25%, as seen at the firstpion@, may indicate the formation of
some semi-stable secondary structure. In additiese spectra overlap with the original
spectrum for the sample in 25% HFIP that was capablinfolding to the same endpoint

in water at 48 h.
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Figure 3-25 shows that just a slight increase aosdary structure decreased the
rate of aggregation. The reversibility of the confational states shown in Figure 3-46
is further demonstrated in Figure 3-47. Here #aen that, no matter the initial HFIP
concentration, all samples adopt the same confavmat water at 48 h. This is similar
to the spectrum of the 0% HFIP sample in Figuré4hat precipitated out of solution
(Figure 3-12). Since Ris believed to aggregate from a disordered staiefinding is
significant because it demonstrates that the pe’gtekecondary structure is highly

sensitive to its environment.

3.8.2.2. Exchanges between KPhos and Water

In Figure 3-14 it was shown that encapsulat@dmereased in ellipticity with increasing
KPhos concentration. Both 10.0 mM and 50.0 mM Kd$lwowed similar random
structure as observed in water and were just $figitreased in intensity, whereas the
1.00 M spectrum appears to be more helical andiheastrongest signal. The
corresponding time stability data in Figures 3-@ 8429 show that B quickly

aggregated out of solution at the two lower KPhmscentrations. It was also shown in
these experiments that the samples at lower pHeggtgd out of solution at
approximately the same time. Only the sampleseahigher pH values showed any
amount of time stability in solution, and this sli#épincreased with increasing phosphate
concentration. It has been mentioned that theigegpat the higher pH values have a net
negative charge causing a repulsive force, whichlagvbave prevented aggregation. In

addition, the silica surface should also have hadgative charge in basic pH. Figures 3-
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48 to 3-50 below give the spectra for solvent sexgperiments between KPhos, to water,

and back to the original solvent. Most of the dataninteresting because no significant
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changes in the spectra were observed.

One experiment that returned interesting dataes $n Figure 3-48 (bottom) for
the 1.0 M KPhos sample at pH 11.4. A major problath this pH at this concentration
was that the CD signal became too noisy at theaharavelengths and the spectra could
not be interpreted. After the sample was moveasdter for 24 h, a complete spectrum
was obtained indicating significant helicity. A€mioned previously, the high
absorbance and noise problem was due taP& pH 11. Though special care was
taken to reduce the amount of solvent carried overas likely that some amount of the
1.0 M KPhos at pH 11.4 buffer remained in the wastenple, raised the pH, and
stabilized the peptide in a helical structurels Interesting that upon return to the
original KPhos buffer, the sample did not returmtscoriginal intensity, but instead the
48 (water) and 72 (buffer) hours samples were &ingesin the discernible region. PolyQ
under the same conditions (Figure 3-42) similarntyrtbt regain its original structure.

Figure 3-51 gives data for a sample that is ilytiacubated in water for 24 h

20
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Figure 3-51. Solvent exchange effect on encapsulatpdrdm H,O to 50.0 mM KPhos
at pH 11.4 and back. The blue spectrum was tak&nthen red, and then green.
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before the first spectrum was taken. The sameamgghprotocol was utilized in treating
the xerogel. The sample was transferred to 50 nids§ at pH 11.4 for another 24 h,
and the spectrum was retaken before returningvitatter. It can be seen that the sample
did not return to its original spectrum at 72 hsifilar situation was seen for polyQ
(Figure 3-45) where the signal intensity decreagetB h, instead of increasing, and the
72 h spectrum remained similar to the 48 h spectrlims may indicate that the 48 h
structures were stabilized by the lower pH that eaasied over upon return to the
original solvent.

Results from Figures 3-46, 3-47, 3-48, and 3-®lcantradictory because the
irreversibility in the spectra did not depend oe $itarting solvent. All show a change
between the 24 h and 48 h spectra, but from 48712 to the change was irreversible.
What the figures do demonstrate is that when hkghvas involved the spectra were not

reversible.

3.9.  Unique Results of Other Investigations

Several additional experiments were carried ofiitiver characterize the
peptides and the xerogel environment. These iedtlle use of different solvents for
solvent exchange, exploration of a narrower rarfd¢FdP concentrations to characterize
Ap’s transition out of the random coil spectra, ukdifferent solvents to compare polyQ

and A3, and the use of buffer in glass formation to exjgexerogel preparation.
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3.9.1. Influence of 80% Ethanol on PolyQ’s Secondtructure

The general influence of alcohols on protein seaondtructure has been well
characterized, and so the following experiment @ased out on polyQ. The peptide
was first incubated in 80% ethanol overnight, dreldpectrum was taken, as shown in
Figure 3-52 (blue). The spectrum is similar tohleécal conformation obtained in
> 25% HFIP. The sample was then moved to 10.0 mMdskat pH 6.9, at which time a
separate second sample was prepared using fr&smMKPhos at pH 6.9. These
solutions were allowed to equilibrate overnightdvefboth spectra were taken. The
sample transferred from 80% ethanol (red) showad@ease at the 222 nm signal and a
decrease at the signal near 207 nm, as compatkd sample exposed only to 10 mM
KPhos. This was most likely due to some ethanwigoestained in the glass, inducing a

slightly higher content of helical structure.
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Figure 3-52. Encapsulated polyQ shows an irreversible gareircal structure upon
solvent exchange from 80% ethanol to 10 mM KPhbBs6®. The arrow points from the
80% ethanol spectrum to the spectrum of the samelsan 10 mM KPhos afterwards.
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3.9.2. A3’s Folding Transition

The AB peptide demonstrated that it could take on diffeeenounts of secondary
structure when returned to the original HFIP cotre¢ion during solvent exchange,
Figures 3-46 and 3-47. To further investigate ttassition, the following experiments
were performed: a solvent exchange between wateb@150 TFE in water and an
exchange from higher to lower concentrations ofH&$ing a new sample. In the first
exchange, TFE was chosen because of its helicatimgl properties, similar to HFIP.
Figure 3-53 gives the resulting spectra. Followtimgsame solvent exchange protocol
given in Section 3.8, a glass sample was firstlggated in water, moved to TFE, and
then returned to water. As expected, the peptidaged between the weak helical
structure found in water, to an apparent beta camdtion in TFE, and then returned to a

weak helical structure when returned to water. fousoise at the shorter wavelengths,
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Figure 3-53. Encapsulated B stored at 25°C for 24 h in,B, then moved to 50%
TFE/H,O for 24 h, and returned to,8. The spectra were taken at the end of the 24 h
periods. Both the structures in water are randoihwhile in TFE solution they are beta.
The same experiment has been repeated in shonees,tand in different alcohols
(fluorinated and unfluorinated). The loss of sigeanost likely due to leaching of the
peptide during solvent exchange.
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the TFE spectrum could not be fully interprete@ @D instrument crossed its suggested
absorbance threshold at 208 nm. The second spestrwater was reduced in intensity
but had the same spectral shape, indicating thahieg took place. This leaching was
more extensive than was seen in experiments wilP HBecause the fluorinated
alcohols were not buffered, some of the inconsestenay be due to a difference in pH,
and therefore charge of the peptide. The shapg®dpectra suggest complete
reversibility of the transition.

Figure 3-46 and 3-47 showed that all tHe Famples in HFIP were able to return
to an identical random coil conformation when inevaThe second experiment was
performed to investigate the transition betweernréimelom coil spectra and the enhanced
spectra of the HFIP solutions to see if a stalikrinediate was detectable. This was
done by taking samples that previously gave theuagop beta spectra in high HFIP
concentrations and incubating them in 2.5%, 5%, 7aB&% HFIP solutions. These
samples were moved to water and then returnecetorsspective HFIP solutions. After
24 h in each solution at 25°C, the spectra werertaknitially, the HFIP exchanges were
prepared in the following manner: 10% 2.5%, 35%> 5%, and 50%> 7.5%.

Because each sample came from a different origlR#P concentration, the new starting
concentrations (v/v) were estimated using the ¢aficun from Section 3.8 for the sample
in 5% HFIP. For the other two combinations, thes matial and final concentrations
would have been:

2.5% initial = 100%((3.00 ml x 2.5%) + (0.04 ml 8%))/3.04 ml = 2.60%

2.5% final = 100%(3.00 ml x 2.5%)/3.04 ml = 2.47%

125



7.5% initial = 100% ((3.00 ml x 7.5%) + (0.04 mb8%))/3.04 ml = 8.06%
7.5% final = 100% (3.00 ml x 7.5%)/3.04 ml = 7.40%.
The percent HFIP carried over to the water from8l@6% sample works out to be
0.01%, and so, in terms of significant figures, rbayneglected.

Figure 3-54 shows the results for this experimédintan be seen that the 2.5%
sample remained random coil throughout the expearintiee 5% sample gave an
apparent beta signal when brought down from a higbecentration but was random
when brought up from water, and the 7.5% samplelgtean apparent beta structure
both times, though reduced when brought back up frater.

In solution, the beta structure ofAvas apparently aggregation resistant (Figures
3-25 and 3-30), but the results in Figure 3-54daté that it was sensitive to [HFIP]. In
addition, it has been seen that, with increasingPHiencentration, there was an increase
in helical structure. The existence of stable lsielwligomers has been well documented
[11, 100, 101, 103], but monomeric beta structaneat. In section 3.3.2.1, it was
suggested that this spectrum could in fact reptdseta structure (Figure 3-13 bottom
panel inset). Since it is believed that encapsd|@p is monomeric, it may be that the
solution beta spectrum was that of stable solulid@mers, whereas the encapsulated
peptide was monomeric and contains significantchéstructure in addition to beta
structure.

Figure 3-54 suggests that there was a very snalibdynamic barrier between
the random coil conformation and the structure withanced ellipticity, Figure 3-55 for

an energy level representation of these two stdtesay be that this thermodynamic
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Figure 3-54. Encapsulated A folding transition. Encapsulate3Ayives different
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barrier is also the barrier to aggregation. It wfaswn in Figure 3-13 (top) that the 5%
HFIP sample was the lowest concentration to giwesign of secondary structure, and

Figure 3-30 (top) shows that this sample was statiletime.

Thermodynamic Barrier

)\

Energy

Stable Ener getic States

%HFIP )

Figure 3-55. A representation of the two possible energefiaatise stable states for the
transition seen in Figure 3-54.

3.9.3. Comparison of Encapsulated PolyQ afidrAVarious Solvents

Several well-characterized solvents were used at@mpt to find commonalities
between the two peptides in this study and to pbsdievelop a unifying mechanism
behind protein aggregation. Because both peptidesnstrated a resistance to
aggregation in KPhos at high pH, 50.0 mM KPhos fikHl ivas included in the
comparison (Figure 3-56). A notable commonalitthis general shape of the spectra that
was likely due to the influence of the-propyl modifier. All samples except those in
80% ethanol were characterized by weak helicatgtra. For polyQ, the 80% ethanol

sample gave an enhanced helical ellipticity, whefeaAB the signal became too noisy
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Figure 3-56. Comparison of encapsulated polyQ arflid various solvents. Top
(polyQ) and bottom (B). Xerogel samples of polyQ show a loss of stmectuith an
increase in pH, while A shows the opposite. ThedAamples in 50.0 mM and 10.0 mM
KPhos did not come from the same glass, so thetstspwere adjusted to compensate
for the difference in concentration.

to interpret. As discussed in the previous sectiois spectrum was most likely similar
in shape to the other helical spectra in Figur&3-bhey were similar in the fact that
they both return intense signal strength. Anotiegable difference is that polyQ samples

demonstrated increased helicity in acidic solutidrereas & was more random. This
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can be explained by the relative charge distriloutio each peptide. PolyQ had its
termini oppositely charged, so the monomeric pepiids soluble. A had positive and
negative charges distributed intermittently alaisgoackbone and also contained a
hydrophobic region. Uversky and Dunker (2010) [dd$cribe polar amino acids as
residues that promote disorder within a polypepti@iberefore the peptide may have
been adsorbed to the hydrophobic silica surfacéoantay have remained largely
unstructured. This is seen by comparing the sigmahsities to that of the samples in
water. The most notable difference is the int@sibf the samples in 50.0 mM KPhos
pH 11.4 samples. PolyQ showed a weak helical tstre@t pH 11.4 that should not be
due to adsorption since both it and the silicaasa@fwere negatively charged at this pH,
but was more likely due to a lack of structure. tBaother hand, fshowed an
enhanced helical structure at pH 11. This may heen due to the fact that it was
negatively charged like polyQ, keeping it from atbéog to the silica surface, bu3A
also had a hydrophobic region, driving folding. $flonportant was the similarity
between the two most aggregation-prone structwatgr and 10.0 mM KPhos at pH 6.9.
These spectra return weak intensity and mainlyoandoil structures. This indicated a
lack of intermolecular hydrogen bonds for stahilgzsecondary structure, verifying that

the unfolded state is an aggregation prerequisite.

3.9.4. Use of Buffer in Xerogel Preparation
Because it took several days for both peptideg¢pemate out of solution in

50.0 mM KPhos at pH 4.5 and because a bufferediidiarden into a sol-gel in a
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matter of minutes, an attempt to create a solayetéch peptide was made with
potassium acetate as a buffer at pH 4.6. Unexglgctaoth glasses took 2 days to
harden and contained visible “patches” of aggrebpeptide. The glass itself was clear,
but it contained multiple 4-9 mfwpaque regions. Figure 3-57 gives the specteaci
glass, suggesting again that the analysis was aymged by diffraction due to

aggregated peptides.
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Figure 3-57. PolyQ and B glass encapsulated peptides made with acetater buBbth
glasses contained regions of opaqueness indidéi@ggregation had occurred.
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4, CONCLUSIONS

The purpose of this work was to study two aggrepeatee peptides, fand
polyQ, by encapsulating the peptides in a sol-garimto prevent aggregation. The first
challenge was to solubilize the peptides so thayt thay be brought up in a solution and
have the glass matrix form around them before aggi@n occured. As stated in Section
3.1, two steps were identified as being most ctaaiauccessful encapsulation of the
monomer: (1) when solubilizing the peptide, theititd solution must be allowed to sit
overnight at room temperature (~14 h) in orderlitaim consistent results, and (2) after
the solubilized peptide had been dried, resuspernigi®FA solution requires
clarification by performing a series of repetitpettings over the course of ~1 h. It
then must have been allowed to rest for no lessdhaadditional 30 min prior to use.
Following these two peptide preparation steps gawsistent results in subsequent
experiments.

For first attempts at encapsulation, leachindhefgeptide was identified as a
detrimental problem because, like aggregation hiegccannot be controlled and leads to
an unknown change in the peptide’s concentratiokimganterpretation of the data
difficult. To minimize leaching, a protocol for kiag a xerogel was developed that still
yielded optically transparent glasses for CD anslyh Section 3.2.2.1 it was shown
that xerogels reduced leaching with an increasggimal due to a higher peptide
concentration. This was observed in Figures 33-4ovhere the only differences in the
spectra were the intensities, not the general stzegaewhere leaching was studied as a

function of peptide structure, ionic strength, tjreanperature, and solvent exchange. As
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in the wet-aged glasses, xerogel samples showesbsed helicity or enhanced
secondary structure compared to solution samglags was most likely due to the-F
propyl modifier and to excluded volume effects meuassed in Section 3.3.1.1.

It has been demonstrated that polyQ afido@ptides are stabilized against
aggregation when immobilized in their monomeriariarithin a 10% trifluoropropyl
silica glass xerogel. The molecular confinemerthefpeptide prevented aggregation
and minimized intermolecular interactions. Thiedds supported by results in Sections
3.3.1.2 and 3.3.1.3 where Figures 3-8 to 3-11 ssigbat the polyQ peptides were
monomeric after encapsulation. These results stiolat soluble polyQ spectra directly
overlap each other for different KPhos concentretiand pH values, pH 11 excluded.
Under these same solvent conditions, the encapsiybeptide’s spectra separated out
into distinct intensities that were dependent ot idPhos concentration and pH value.
This is significant because the failure of the kpto produce distinct solvent-dependent
spectra in solution may suggest that polyQ fornermolecular bonds, making the study
of the monomeric form difficult by standard methods

Since the peptide was initially isolated in a moeoimform in the glass, there is
also no question as to whether the spectra comesjoothe monomeric or oligomeric
forms. In Section 3.3.2.1, it was demonstratetl Afiatransitioned from a random coil
through an apparent beta structure to a mostlgdledonformation (Figure 3-13). These
forms are seen often in the literature, but thegamsually contained soluble aggregates
making it difficult to interpret. Additionally, tevof the papers discussed in Section 1.6

have reported CD spectra with a single minimum g2&rnm as beta structure for polyQ
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[93] and for A3 [101]. Here it was demonstrated that these rdtedhbeta-like signals
most likely arose from a diffraction phenomenon arad/ be indicative of aggregating or
aggregated peptides. For examples see Figureqdfft&ction spectrum), 3-16 (zero
spectrum corresponding to 3-15), 3-31 (vortexedrél and 3-32 (aggregated polyQ in
an under-prepared xerogel).

This work agrees with most authors in that the ideptin this study aggregated
most quickly in solution when near their isoelecpoint. Both peptides showed
increased solubility at high pH where they contdiaenet negative charge. These high
pH samples have unresolved spectra because oébggitbance near 200 nm. However
it is clear that the peptides had an increasdiptielty, supporting the hypothesis that
increased secondary structure resists aggregaitioaddition, both peptides show
increased solubility in time with increasing secarydstructure (Figures 3-23 to 3-25 for
polyQ, and 3-27 to 3-29 for(A.

In solution, polyQ and B showed a tendency to transition from a solublecakl
structure to a beta structure, but under diffepaqitide-specific conditions. PolyQ had
an isodichroic point, seen in Figure 3-20, whiatli¢ated a two-state transition between a
random coil and beta structure in water. Likew/sg followed a similar transition in
10% HFIP solution. The difference is that poly@wbd a loss of signal indicating
aggregation in water, whereag Aeemed to be stable in 10% HFIP (Figure 3-20 for
polyQ, and Figures 3-26 and 3-30 fo)A The stability of this beta fold was also
demonstrated by [®s resistance to thermal denaturization when endafesd (Figure

3-39). The question is, would the peptide dematetthe same stability in solution or
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would it precipitate out? In Section 3.7.2, it ved®wn that all thermal experiments in
solution for both peptides were reversible, andhhe exception of minor leaching at
high temperatures, so were the xerogel experiments.

The majority of the solvent exchange experimergs demonstrated complete
reversibility. In Section 3.8, all exchanges wittlyQ xerogels showed reversibility, and
it was seen that low concentrations of HFIP acyu@tiuced secondary structure (Figure
3-41). EncapsulatedpAdid not show reversibility in HFIP/water exchareggeriments.
Figure 3-47 shows that, upon return to the stadmgcentrations of 25%, 35%, and 50%
HFIP, from water, all samples had the same spdoteaisities. This could be due to the
formation of a stable intermediate or to irrevdisiddsorption to the glass.pAlso
shows a folding intermediate over a narrow rangewfHFIP concentrations.
Encapsulated B appeared to be able to take on two different &iras at 5% HFIP,
depending on whether the solvent conditions wepeagethed from a higher HFIP
concentration or from water (Figure 3-54). In ttése, the form with increased
secondary structure also showed increased soluiniliime. Furthermore, both peptides
showed the most random coil structure in the smhstin which they were most prone to
aggregation (Figure 3-56).

In summary, this work is in agreement with curréory on protein aggregation
studies that implicate partially unstructured pagdi as aggregation precursors.
Furthermore, sol-gel encapsulated peptides separdtedistinct solvent dependent
spectra not seen in solution suggesting that tpedewas monomeric in the glass,

whereas the oligomeric state was uncertain in molutThe peptides have also been
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studied under solvent conditions in which aggregpaticcurred for the soluble peptide,
such as near the isoelectric point. Therefors,ilirk demonstrates the ability to
examine aggregation-prone peptides in solvent ¢iondithat would be impossible by

standard solution methods.
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5. FUTURE WORK

Commonly, researchers use solvents that are wa#nstood for their effects on
proteins. These solvents include salts and bufféoémeister series), alcohols, crowding
agentsetc In this study, KPhos buffers were used as aeswlvariable, and, as a
consequence, certain spectra could not be intexptecause of absorption and noise due
to the high PG concentration at high pH. It was also the highsairhples that proved
to be aggregation resistant in time. By the usdiftérent salts and buffers, it may be
beneficial to further investigate this structunecs the results in Sections 3.3.1.3 and
3.3.2.3 suggested that the enhanced ellipticitymast influenced by high pH. In
addition, since the high R concentration should have also been a factor lsedais a
strong kosmotrope, careful consideration of thenh$ter series may allow a
comparable anion to be chosen, such as sulfatehwamay not cause the same absorption
and noise interference. Furthermore, a more thgiraavestigation of the Hofmeister
series is suggested to further characterize thiedeegt all pH values.

The K-propyl modifier used in this study was likely tave increased the amount
of helicity of the encapsulated peptide as comptresblution (Figure 3-6). Successful
encapsulation of the peptide in glasses usingrdiftemetal alkaloid precursors may
reveal important properties unique to disordergatides, not only because of the
influences of the silica surface on solvent prapsrtout also because the peptide remains
soluble during network formation as the environmmtomes more crowded. Since it
has been shown that the hydrophobicity of the pesrican influence the encapsulated

polypeptide’s structure [92], the use of differsifica precursors may allow different
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structures to be seen in encapsulation, such asdba in solution. A range of
precursors with different hydrophobicity shouldtbed, perhaps including a slightly less
hydrophobic precursor such as propyltrimethoxysilahe unfluorinated version of that
used in this research.

The concentration of thesfpropyl modifier, or other precursors, could beiear
to characterize the influences of the modifier;maloA new glass modifier may also
allow for a lower modifier concentration to be usketter reproducing the solution
behavior of the peptides in the encapsulated emwiemt. Such experiments would also
determine whether leaching in the xerogel was redwatie to the #Fpropyl modifier
chemistry or due to a reduced channel size in ldesg

A more thorough investigation of the encapsulagieptide’s stability in time and
how its structure changes, or does not changeggested. In this study, the solvent was
not changed, so, in samples that were analyzedlavgiperiods up to two months, there
is the possibility that some HFIP evaporated. Ange in HFIP concentration could
have influenced some of the results and may becowe by regularly replenishing the
solvent every couple of days. During these lomgitexperiments, some encapsulated
samples showed changes in secondary structurelynafis transition to an apparent
beta structure. It would be interesting to seevér a period of time greater than that
used in this study, all samples transitioned te fi@ta structure. And, can any changes
be reversed by either solvent or temperature tliagh or random coil structure? If
irreversible changes are found, are they seenluti@a? If not, that may indicate an

aggregate-prone state. Such a study may be thimgtaoint for finding a small
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molecule to introduce that would stabilize the mpand keep it from forming the
irreversible state.

One such experiment would be a thermal experimesoluble A that has taken
on the apparent beta structure in solution. Theeotistudy only investigated the
thermal folding and unfolding of helical and randoail structures that all showed
complete reversibility, Section 3.7. In solutidg in 10% HFIP transitioned to an
apparent beta structure. Performing a thermalréxpat on a sample showing this beta
structure, at a very slow rate, may prove to bvarsible. If the peptide aggregates out
of solution, this would suggest that the thermatbble beta structure seen after
encapsulation is on the aggregation pathway. $lbelsoluble beta structure aggregate,
then testing the transition to the beta fold maylle the discovery of a small molecule
that prevents its formation. Studying this traonsitmay be accomplished by standard
solution methods, but in the glass, valuable infitiam about aggregation-prone
structures may be revealed by failed attempts lsecthe peptide cannot aggregate. A
failed attempt would mean the peptide either ttaors to the beta structure or the
peptide aggregates out of solution. In the gldmspeptide cannot aggregate out of
solution so the structure can still be analyzed, tasting can be done to see if the
structure is reversible. Also, there is a stroagsiility that multiple aggregation-prone
states exist because there are multiple forms griegigtes. Differentiating between these
two scenarios is impossible by standard methodgaltiee simple fact that they
aggregate out of solution. After encapsulatioaséhdifferent states may be identified,

and, should each state require a different stafmgjiagent against aggregation, this state-
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dependent characteristic may be identified, aneeenm depth understanding of the
aggregation-prone state may be developed.

A second experiment would be to repeat tifiefélding transition seen in Figure
3-54 where the 5% HFIP sample showed two diffesamnictures depending on the prior
solvent. Closer investigation of this experimeavith more concentration values or slight
variations in temperature, may reveal a destabilstate that is aggregation-prone.
Repeating the experiment in solution by titratiathwHFIP or slight temperature
variations would reveal whether the state is oratjgregation pathway. If the peptide
does aggregate, then the glass sample could beaseastigate different solutes for
one that stabilizes the peptide against takindheraggregation-prone state. Again, it
cannot be understated that these suggested expé&siare only possible with the unique

approach of silica entrapment, as demonstrateasnitork.
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