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Abstract

Fluorescent techniques are amongst the methods used to study the self assem-
bly of proteins into oligomers, however, most of the reports in literature use
extrinsic fluorophores to obtain information on the peptide system. The goal
of this thesis is to demonstrate how the intrinsic Tyrosine fluorescence of the
[-amyloid peptide can be used to monitor its own aggregation with, there-
fore, minimal interference on the peptide’s native structure, its biochemistry
and its spontaneous process of aggregation.

Firstly, it is shown that the fluorescence of amino acid Tyrosine, naturally
present in wild type [S-amyloid, responds to the spontaneous aggregation of
the peptide. This is achieved by performing time-correlated single-photon
counting experiments during the process of the peptide’s aggregation into
amyloid fibrils. Through comparison with the well established Thioflavin T
assay is also demonstrated that Tyrosine decay responds to changes caused
by peptide aggregation well before the appearance of the characteristic (-
sheet structures present in the fibrils.

Then the use of S-amyloid’s intrinsic Tyrosine amino acid as a sensor for
the pre-fibrillar stages of aggregation is further tested and researched through
a series of experiments with different initial S-amyloid concentrations. Pat-
terns of consistent behaviour are found confirming that Tyrosine can act as
a sensor for the formation of oligomers and kinetic information about the
oligomerisation process is retrieved.

Using this approach a comparison between the oligomerisation kinetics

of the two most common variants of S-amyloid is performed. In the process
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of studying Tyrosine response to the peptide aggregation the accuracy of
the discrete exponential decay model used to describe the decays is debated.
A model-free analysis is used to study Tyrosine decay photophysics in the
[-amyloid peptides throughout the process of aggregation. It is found that
Tyrosine decay is a composition of four discrete decay components suggest-
ing the existence of four rotameric forms of the amino acid in the S-amyloid
peptides. The findings are further corroborated by molecular dynamic simu-
lations, breaking with the traditional model of three rotameric forms for the
fluorescent amino acids in protein chains.

Finally, the sensing method is used to study the influence of external fluo-
rophores, both associating and covalently bound, on the process of oligomeri-

sation.
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Chapter 1
Introduction

Amyloidosis is a term for a vast group of more than twenty diseases that share
a common feature, the deposition in organs and tissues of proteins in the
form of fibrillar structures named amyloid fibrils. Each kind of amyloidosis
is caused by the deposition of a specific protein as fibrils. In this group are
included some of the most debilitating conditions in modern society. There
is no cure for amyloidosis and the pathogenic role of amyloid deposition is
still not fully understood.

Amyloid deposition can be systemic or localised, when deposition is lo-
calised in the brain it results in neurodegenerative diseases. Alzheimer’s
disease, the most common form of neurodegenerative disorders, is an amy-
loidosis which is thought to be caused by the deposition of the f-amyloid
peptide. As most of the amyloidosis diseases, Alzheimer’s disease is age-
related. As human lifespan increases it is expected that the incidence of
this type of diseases will increase substantially, therefore the need for new
approaches and drug design will be even more important in the future.

According to Alzheimer’s Disease International’s 2010 World Alzheimer
Report it is estimated that there were 35.6 million people living with demen-
tia worldwide in 2010, a value expected to increase to 65.7 million by 2030
and with it an estimated 85% increase of the costs to society. There is great

need to find ways to prevent Alzheimer’s disease, delay onset or retard its



progress. An effective treatment that delayed the disease onset by 5 years in
average would reduce the cost to society by nearly 50% [1].

The enhancement of knowledge about the mechanism of protein aggre-
gation, amyloid fibril growth and degradation should help to design more
effective therapeutics not only for the case of Alzheimer’s disease but for all
amyloidoses. All types of amyloid fibrils are variations on a common struc-
ture, new discoveries made from one specific protein may well have a very
general character. Still to this day the full mechanism of amyloid aggre-
gation is not known and techniques providing more detailed monitoring of
the process at a molecular level would be of considerable benefit in devel-
oping intervention therapies. In particular, very little is known about the
early stages of the aggregation where the normal and soluble peptides are
converted into soluble oligomers and insoluble amyloid fibrils. These early
stages have special importance namely in the neurodegenerative amyloidosis,
such as Alzheimer’s disease, since it is now believed that the soluble oligomers
originated in such periods are the entities that spark neuronal disfunction and
cell death [2,3].

Besides the invaluable understanding of the relationship between protein
misfolding, aggregation and disease there is also other significance for this
type of work. In the most fundamental view, the ability to understand and
control the aggregation process would help understand more about proteins
and their properties and in a more technological view produce and use amy-

loid fibrils as functional biocompatible nanomaterials [4].

In order to build up an information network that can be used as a scaf-
fold to reach the so necessary and desired therapies for amyloidoses, many
research groups are using fluorescence techniques. These have become one
of the fundamental methods to study systems with micro heterogeneities in
biophysics, biochemistry, biotechnology and material sciences. Fluorescence
techniques are highly sensitive and respond to events occurring in the sur-

roundings of a fluorophore within Angstrom scales. These precious features



of fluorescence allied with the ability to perform time and spacial resolved
measurements make it possible to obtain information on structural parame-
ters and on the dynamics of fast phenomenon. All over the world fluorescence
is being used to investigate the amyloid formation process, however most re-
searchers mainly resort to the use of the extrinsic fluorophores.

Extrinsic fluorophores can be linked to proteins or used as associating
probes in order to obtain information on the amyloid protein and its aggre-
gation process. The main problem is that these external tags might disturb
the biomolecule and/or the actual process of aggregation one pretends to
monitor, thus resulting in biased conclusions. To avoid such inconvenients
while still benefiting from the all the advantages of using fluorescence tech-
niques one can make use of the fluorescence of the protein itself. The main
problem with such approach is the complexity of the fluorescence response.
Such complexity can make the retrieval of information from the fluorescence

signal an overwhelming task.

The direct contribution to the field of the most ”epidemic” form of demen-
tia, Alzheimer’s disease, and the possible translation of knowledge towards
the understanding of other amyloidosis are two of the reasons why this thesis
focuses on the [-amyloid protein. The other reason is more practical, (-
amyloid is a relatively small protein that contains only one Tyrosine (Tyr).
This fact makes the S-amyloid a simpler system when compared to bigger and
more complex proteins with different numbers of different types of fluorescent
amino acids. The existence of multiple fluorescent amino acids (even if of
the same type) in different positions of a proteic chain increases significantly
the complexity of the fluorescence data collected through experiment. The
fact that each amino acid is exposed to a different microenvironment creates
a multitude of different overlapping fluorescent responses which translates
into complex data interpretation. Therefore, from a photophysical point of
view, the f-amyloid is an excellent object for amyloid aggregation studies

using intrinsic fluorescence due to the possibility of selectively exciting and



monitoring the only Tyr present in its structure.

It will be demonstrated in this thesis how it is possible to monitor the
early stages of S-amyloid aggregation non-invasively. Using time-resolved
spectroscopy of Tyr, naturally present in the S-amyloid protein, a window
to study the amyloid oligomerisation is open. With the extended knowledge
derived from this work a baseline can be drawn and the method applied to
study the formation of early oligomers in different conditions, which perhaps
might bring the discovery of better therapies one step closer to reality. In this
work it is also shown how the addition of extrinsic fluorophores can modify
the protein’s aggregation behaviour, thus even more heightening the advan-
tages of using the intrinsic fluorescence of S-amyloid when aiming to study
the peptide-to-peptide molecular interactions that result in the formation of

the small cytotoxic oligomers.



Chapter 2

Amyloidoses

2.1 Introduction

Proteins are very important molecular elements in any living organism. These
macromolecules are abundant in all cells and all parts of cells. They occur
in many different types and their range of sizes is vast going from relatively
small peptides to gigantic polymers. This great structural diversity is trans-
lated into the large variety of biological roles that proteins play (immune
function, structural purposes, transportation, muscle contraction, catalytic
activity, etc.) [5].

Under suitable conditions of solvent and temperature each protein adopts
spontaneously a unique structure - the native state [6]. It is in this state that
the protein is biologically active and serves its purpose. In their native state
proteins do not have a rigid structure and, in fact, structural movements are
very important for the function of many proteins. There are small movements
of protein atoms but also larger conformational changes between different
functional states [7].

Proteins are also in constant dynamic equilibrium and even after a suc-
cessful folding process leading to the native state, unfolding in the cellular
environment may take place [8]. If a protein fails to fold correctly or to re-

main correctly folded it will not be biologically active. The misfolded protein



will inevitably expose to the cell environment parts of its structure that in
the native state are protected and buried inside the properly folded structure
of the protein. Because of this the misfolded protein should be degraded as it
can give rise to malfunctions. It can interact inappropriately with other cel-
lular components causing loss of cell viability, cell death and disease. There
is for a fact an increasing number of diseases linked to this phenomenon,
these are broadly called ”protein misfolding” or ”protein conformational”
diseases [4].

A range of strategical control systems have been developed by living or-
ganisms during evolution to deal with the problem of protein misfolding. In
fact, a third of synthesized proteins can be immediately destroyed by these
due to incorrect folding [5,9]. However, proteins may escape the quality-
control tests and evade the cellular mechanisms that protect against misfold-

ing.

Misfolded proteins have a tendency to aggregate and many diseases are
now recognized to be caused by protein aggregation. A large number of these
can be grouped and described as amyloidoses. This group includes many of
the most debilitating conditions in modern society, for example Alzheimer’s
disease (AD), type II diabetes, Creutzfeldt-Jakob disease, Parkinson’s dis-
ease, etc [4]. The common link between them all is the deposition of the
protein aggregates as amyloid fibrils in tissue. It should be noted although,
that protein misfolding does not necessarily lead to amyloidosis and can cause
serious diseases through different mechanisms, as it is the case of cystic fi-
brosis and cancer.

The term amyloid (starch-like) was introduced by Rudolph Virchow in
1854 when he reported that an iodine stain used to identify starch gave
positive results on masses found in brain tissue. Later it was discovered that
these waxy deposits, also reported found in other tissues from as early as
the year of 1639, contained no carbohydrates but were proteic in nature,

nonetheless they continued to be denominated amyloid.



Amyloidosis Main Peptide/Protein
component in amyloid deposits

Alzheimer’s disease [B-amyloid peptide
Amyotrophic lateral sclerosis Superoxide dismutase 1
Atrial amyloidosis Atrial natriuretic factor

Familial amyloid polyneuropathy III Apolipoprotein Al fragments
Finnish hereditary systemic amyloidosis Gelsolin

Haemodialysis-related amyloidosis [Bo-microglobulin
Huntington’s disease Huntingtin
Injection-localised amyloidosis Insulin
Parkison’s disease a-synuclein
Primary sistemic amyloidosis Ig light chains
Spinocerebellar ataxias ataxins

Table 2.1: Sample of most common amyloidosis and proteins or peptides
involve in the disease.

In 1971 Benditt and Glenner independently found through the new tech-
nique of amino acid sequence analysis that amyloid deposits were composed
of one main protein and were not a bundle of different proteins as was thought
before. Others followed this new research pathway leading to the recognition
that for each disease associated with amyloid deposits there was a unique and
distinct protein as the main amyloid component [10,11]. Each amyloidosis
is therefore related to the misfolding and aggregation of a specific protein.
These proteins have no similarities in size, structure, composition or location
within the cell (in table 2.1 are shown some of the most common amyloidosis
and the proteins involved in each disease). However, in all cases the proteins
aggregate to form stable and insoluble amyloid fibrils, with similar properties
and appearance, that are not cleared from the body and deposit in tissue.

The mature amyloid fibrils found in the amyloid deposits are typically
several micrometers long, relatively straight and unbranched. They have
diameters in the order of 6 to 16 nanometers and are composed of two up to
six protofibrils of diameter between 30 to 40 Angstrom (A) These protofibrils
are twisted around each other to form the "rope-like” structure of the amyloid

fibril (figure 2.1). X-ray studies show a characteristic diffraction pattern with



Figure 2.1: Representative cartoon of a mature amyloid fibril composed of
three protofibrils (colored in different shades of grey).
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Figure 2.2: Drawing of the cross-f-sheet structural motif.

a meridional reflection at ~ 4.7A and an equatorial reflection at ~ 10A. The
pattern is explained by protofibrils rich in S-sheet structures arranged in a
characteristic cross-f pattern (figure 2.2). In this particular arrangement the

[-sheet strands run perpendicular to the fibril axis [12-15].

2.2 Neurodegenerative amyloidoses

Neurodegenerative disorders are characterized by a selective and symmetrical
loss of neurons, they are chronic and progressive. The loss of brain function
ultimately leads to dementia and as it progresses the person affected with the
disease will ultimately become completely dependent on others for nursing
care.

When amyloid deposition occurs in the brain the disease is termed neu-
rodegenerative amyloidosis because it leads to neuron death and dementia.
Although amyloidosis is defined as the extracellular deposition of the amy-

loid fibrils, Parkinson’s and Huntington’s diseases which involve intracellular



deposition of fibrils can most of the times be found in this category. This
is also the case of prion diseases because they resemble neurodegenerative
amyloidoses but in this case it is the presence of amyloid fibrils that has not
yet been established [11].

AD, the most common of all neurodegenerative disorders (50 — 60% of
all diagnosed dementias, according to Alzheimer’s Disease International), is
characterized by the formation of senile plaques (amyloid containing aggre-
gates), neurofibrillary tangles (aggregates of tau protein) and neuronal loss in
the hippocampus, entorhinal cortex and areas of the neocortex. Parkinson’s
(the second most common neurodegenerative disease) is characterized by the
intracellular deposition of Lewy bodies (amyloid containing aggregates) pre-
dominantly in the melanin containing neurons of the substantia nigra leading
to their death and shortage of dopamine. Huntington’s disease is also char-
acterized by the intracellular deposition of amyloid aggregates, in this case
of the Huntingtin protein, causing severe neuronal loss in the neostriatum

and cerebral cortex [1,6].

How amyloidoses cause cell death in the particular case of the neurode-
generative diseases still evades our knowledge. Due to the similarities of the
diseases one common mechanism of toxicity seems reasonable however the
possibility of different mechanisms for different diseases is also feasible and
at this point which option is the correct one is still an unknown. Until this
day there is an open discussion about what is the actual cause of disease and
the mechanisms that lead to neuron death.

Nowadays the plaques of aggregated amyloid fibrils are not considered to
be the pathogenic factor but are viewed as a reservoir of inactive species. The
entities that are now believed to spark neuronal disfunction and cell death
are the smaller soluble protein aggregates termed oligomers [2,3]. In this new
century increasing evidence has been found to support the idea that oligomers
are more neurotoxic than mature fibrils however, the mechanism through

which oligomers promote cell death is still to be found. Nimmrich et al. [16]



suggest that the oligomers interference with synaptic activity could be due
to direct interaction with synaptic proteins and that this recurrent synaptic
failure could initiate a pathological cascade. Others suggest that oligomers
can disrupt membranes and create pores through which an abnormal flow of
ions can occur leading to loss of cell viability [17]. Many other hypothesis

are being researched [18] and there is still much to be done in this field.

2.2.1 The case of Alzheimer’s disease and the S-amyloid
peptide

In 1906 Alois Alzheimer reported for the first time the clinical symptoms
and the morphology of a disease that would later become known as AD.
Alzheimer was the first to report the finding of senile plaques in brain tissue
and to link these with the phenotype of the disease [19]. Even thought known
for more than a century there is still no cure for AD, or any other amyloidosis.
However, 27 years ago a new era started on the research of AD that might
bring one closer to the discovery of effective therapeutics. This was the time
when the -amyloid (AS) peptide was first sequenced and identified in the
senile plaques [20].

Senile plaques are spherically shaped lesions that contain extracellular
deposits of A5 abundantly in the form of amyloid fibrils. Degenerating axons,
dendrites, activated microglia and astrocites are also found within senile
plaques or in their close surroundings. The two classical lesions of AD (senile
plaques and neurofibrillary tangles) can occur independently. Neurofibrillary
tangles (intraneuronal bundles of helically wound filaments of aggregated
tau protein) occur in a number of uncommon neurodegenerative diseases
but in which no AS deposits and senile plaques are found. Even severe
neurofibrillary tangle formation does not lead to senile plaques formation,
therefore it is believed that their formation succeeds A deposition and is
one of the responses by cells to the accumulation of AS. This is one of the
arguments supporting the ”amyloid hypothesis”, brought to light in the early
nineties by Selkoe, Hardy and Higgins. Then the amyloid hypothesis basically

10



consisted in the proposition that the neurodegeneration in AD is caused by
the deposition of AS as plaques in the brain tissue. In such hypothesis, A5
deposition would be the primary pathogenic event and all other processes
would be a consequence of it [20,21].

Although controversial the amyloid hypothesis is still researched [22] and
has suffered some changes along the years as more information was gathered.
Currently it is believed that the oligomers are the most important entities
that lead to a cascade of neurotoxic effects and the amyloid hypothesis is now
sometimes referred to as the ”oligomeric amyloid hypothesis”or the ”amyloid

cascade hypothesis”.

f-amyloid peptide

Ap peptide is a cleavage product of the S-amyloid precursor protein (APP).
A can be found in the plasma and cerebrospinal fluid of healthy humans and
other mammals, being the Ay form (40 amino acid long) the most common.
According to the amyloid hypothesis the increased production or reduced
clearance of AS peptides, and consequent increase of its concentration, will
result in its aggregation and deposition leading to AD [23,24].

APP is a type I transmembrane protein of up to 770 amino acids in its
longer form with a large extracellular domain, a single transmembrane region
and a small intracellular part [25]. It is expressed in many cells throughout
the body but it’s in the neurons where it is more concentrated. APP has
a relatively short half-life at the plasma membrane (=~ 10 min) where it is
cleaved by at least three proteinases (enzymes that cleave peptide bonds
inside protein chains [26]) named «-, - and 7-secretases [24].

APP processing (figure 2.3) starts with cleavage by the a-secretase en-
zyme and results in shedding a big part of the protein into the extracellular
space as a soluble fragment termed sAPP«. The remaining protein fragment
is then cleaved by the ~v-secretase enzyme which releases a small peptide
(p3) into the extracellular space and the remaining protein fragment into

the intracellular domain (figure 2.3a). However, APP’s proteolysis can occur
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Figure 2.3: Simplified schematic diagrams of APP proteolysis (not to scale).
A3 peptide is highlighted in dark grey. a) processing by a- and ~y-secretases,
resulting in the release of SAPPa and p3 into the extracellular space and
AICD into the cytoplasm. b) processing by - and y-secretases, resulting
in the release of SAPPS and Af into the extracellular space and AICD into
the cytoplasm. EC: extracellular domain; TM: transmembrane domain; 1C:
intracellular domain; AICD: APP intracellular domain fragment.
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through an alternative pathway leading to A/ formation - in healthy brains
this is a quantitatively less important cleavage pathway (figure 2.3b). In this
case the proteolysis does not start with a a-secretase but with a -secretase
enzyme. The [-secretase activity releases a slightly smaller part of the APP
into the extracellular domain named sAPPj fragment. The remaining mem-
brane bound fragment of APP as the same fate as the fragment left behind
by the a-secretase. Important to notice is that now when the fragment is
cleaved by the y-secretase the peptide released into the extracellular space is
not the p3 but the A peptide [23-25,27].

ApB peptide is a 38 to 42 amino acid long residue, the 40 and 42 long
species - A4 and Af,s respectively - are most common being the ASyg the
most abundantly produced [2,28]. The Afy differs from Ay only at the
C-terminus where two additional apolar amino acids (isoleucine and alanine)
are present at the end of the sequence. Af is part of the extracellular and
transmembrane domain of the APP, this results on A having an amphi-
pathic nature. The 12/14 amino acids of the C-terminal sequence, belonging
to the transmembrane part of the APP, are almost exclusively non-polar and
hydrophobic (figure 2.4). The remaining N-terminal sequence of 28 amino
acids, included in the extracellular domain of APP, is overall polar and hy-
drophilic [26,28]. The hydrophobic C-terminal sequence seems to play a
determinant role in the spontaneous aggregation of the peptides and it has
been shown that ApSss peptides, with their two extra amino acids, aggregate
into amyloid fibrils more rapidly than the AfS,q form [29-31].

It is well understood that the hydrophobic effect is particularly important
for protein stability. Most hydrophobic amino acid residues are arranged in
the interior of a protein’s structure in its native conformation, while polar
amino acids are mainly found on the surface [26]. However, the self assembly
of the proteins into amyloids is not solely driven by hydrophobic effects but
also steric effects and the propensity of protein chains to form hydrogen bonds
and the concomitant S-sheet motifs [32,33].

13
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Figure 2.4: Simplified schematic of A peptide amino acid sequence (amino
acids identified by their single letter code). Amino acid residues are colored
according to their hydropathic index value [5]. Light grey: index values
< —1 (hydrophilic residues); dark grey: index values > 1 (hydrophobic
residues); medium grey: index values between 0 + 1 (relatively week hy-
drophobic/hydrophilic residues). EC refers to the extracellular domain and
TM to the transmembrane domain of APP.

2.3 Amyloid formation

Amyloid fibril formation appears to be a multi step process during which a
series of intermediate aggregates are populated. These prefibrillar aggregates
are difficult to characterise because they are short-lived, heterogeneous and
may be present at low populations. Small differences in fibrillisation condi-
tions might lead to different populations of different intermediates but the
end product remains the same: amyloid fibrils. Several different mechanisms
have been proposed to explain fibril formation yet all of them agree on the
presence of different intermediate structures: oligomers and protofibrils. The
models of fibril formation, or fibrillisation, also seem to agree on the fact the
fibrillisation is a nucleation dependent polymerization [14,34, 35]. Research
on interactions of A with phospholipids and cellular membrane constituents
like cholesterol and ganglioside clusters suggests that lipids could act as het-
erogeneous seeds for the polymerisation [36-38].

In a nucleation dependent mechanism the kinetics of fibril formation has

three defining characteristics. One is the existence of a lag phase in the for-
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Figure 2.5: Kinetic characteristics of a nucleation dependent polymerisa-
tion: a) lag phase; b) critical concentration; ¢) seeding removes lag phase.

mation of the fibrillar end product (see figure 2.5a). The lag time is due to
the nucleation phase and is concentration dependent. As the initial concen-
tration of monomers becomes smaller the lag period becomes larger and this
gives rise to another characteristic of this type of mechanism of aggregation:
the existence of a critical concentration below which no polymerization will
occur (figure 2.5b). The last characteristic feature of this mechanism is the
abolishment of the lag phase by seeding (figure 2.5¢). Adding pre-formed
nuclei (seeds) therefore changes the kinetic profile of fibril formation [14,39].

Several reasonable approximations can be made to model and study the
complex kinetics of fibril formation. The sigmoidal shaped curves are usu-
ally fitted to logistic functions, for example, one commonly used form of the

logistic function is

_ Y2
Y - yl + 1 + exp_(t_to)kf (21)

where the lag time is given by tg—2/k and the apparent rate for fibril growth
is kg [40].

As a comparison, a nucleation independent mechanism does not present
separate nucleation and elongation (fibril growth) phases. This type of poly-
merization reaction has a similar kinetic profile to the elongation phase of
a seeded nucleation dependent polymerization. In the kinetic profile no lag
phase is seen and the rate of fibril formation is fastest at the initial stages and

then the rate decreases as the polymerization proceeds towards the equilib-
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rium. In this type of aggregation mechanism there is no critical concentration
since there is no dependence on the formation of nuclei [14,39).

The kinetic profiles can be approximated and treated as pseudo-first-
order (or reversible first-order) chemical reactions and modeled according
to equation (2.2), which is commonly known in the biological sciences as a

monomolecular growth function [41,42].

Y =y, — yo expTFa?) (2.2)

where £, is the apparent growth rate constant.

Putting aside all the differences between models and focusing on the sim-
ilarities, a general simple description of the process of aggregation can be
done (figure 2.6): initially the monomers in solution (misfolded or natively
unfolded as is the case of Af3) coalesce to form amorphous oligomers and these
later undergo a process of reorganization or conformational change giving rise
to molecularly organized oligomers containing [-sheets (sometimes termed
protofilaments [43]). These associate with each other and/or monomers
(through end-to-end or/and lateral associations) evolving into protofibrils
which continue to further associate yielding the final mature amyloid fibrils.
A more elaborate description is hard to perform because still up to this day
there is no agreement on the detailed process of fibril formation [14].

The growing evidence that the structures which promote cell death are
the oligomers formed in the initial stages (lag phase) of the fibrillisation pro-
cess as lead to an increasing number of research being done on these species.
Research groups from different disciplines have shifted the focus of research
from the study and characterization of the mature fibrils to the study and
characterization of oligomers. However, studying the early stages of aggrega-
tion leading to oligomer formation, or oligomerisation, has proved challeng-
ing. It is difficult to experimentally monitor and describe the beginnings of

aggregation due to the very small, heterogeneous and transient species that
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Figure 2.6: Simplified cartoon of aggregation. Unfolded or misfolded pro-
tein monomers coalesce to form oligomeric structures. These grow in size
and complexity originating protofibrils. The process then continues through
end-to-end or/and lateral associations to form mature amyloid fibrils.
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are involved [39,44].

2.4 Methods in oligomer studies

Current therapies for amyloidoses only ameliorate the disease symptoms and
do not treat the disease itself, therefore the search for a therapy that can
slow down or even halt the progress of the disease is of major importance.
Most amyloidoses are age-related and as the human population continues
to live longer the need for effectives therapies becomes even more urgent.
Our current knowledge is tremendously incomplete but allows us to take
steps towards a treatment for neurodegenerative amyloidoses in particular
and all amyloidoses in general. In the particular case of AD, the discovery
of the cytotoxic effect of oligomers reveals a way forward to discovery of
treatment. Finding a factor that dis-assembles, neutralises or inhibits the
formation of oligomers could lead to the development of an effective therapy.
While it is a long step from the laboratory bench to the establishment of
a cure, current information tells us to seek intervention at the earliest stages
of oligomerisation in order to prevent the formation of the cytotoxic entities.
There is thus great need to study the oligomers and the process of oligomeri-
sation. Better characterization should enable a more effective development
of strategies on the road to a better therapeutics. For this, the ability to
detect and monitor small oligomeric species is crucial. Many techniques are

currently being used to achieve such goal.

In the realm of structural characterization contributions to build our un-
derstanding come from both direct and indirect methods. Commonly used
direct methods include electron microscopy (EM) (be it transmission EM
(TEM), scanning EM (SEM), scanning tunneling EM (STEM), or Cryo-EM),
atomic force microscopy (AFM), small angle neutron or X-Ray scattering
(SANS or SAXS), nuclear magnetic resonance spectroscopy (NMR) and X-

Ray diffraction. Circular dichroism (CD), Raman and infrared spectroscopy
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are typical indirect methods used to study secondary structure and monitor
conformational changes, namely the formation of S-sheets [45].

Electron microscopy has the obvious advantage of being a direct method
that allows visualisation of amyloid fibrils. TEM and SEM only allow low- to
medium-resolution (down to nanometer) characterisation but Cryo-EM, on
the other hand, permits higher resolution (sub-nanometer) and reconstruc-
tion of the data has been used successfully to reveal structural features such
as the helical pitch of fibrils [46], number and dimension of protofilaments
within fibrils [12] and even visualise annular protofibrils [47].

The advantage of STEM and AFM over Cryo-EM is that they provide
2D profiles of single particles as opposed to the averaging and reconstruction
methods often used in Cryo-EM. AFM has also been used in time-resolved
fashion to obtain information on the process of oligomer formation [48]. How-
ever, both techniques are nonetheless still low-resolution methods.

A common disadvantage of all the direct methods mentioned above is
the extensive surface contact be the samples and their physical support.
Surfaces have been shown to play a significant role in amyloid aggregation
and its kinetics [49] and also in the fibril morphology [50]. SANS or SAXS
and NMR can be applied to solutions of amyloid proteins and, therefore,
have the advantage of minimized surface effects.

Small Angle Scattering allows one to gather direct structural information,
such as size, shape and volume and construct low-resolution models of the
molecules [51]. Tt can be successfully used to study heterogeneous solutions,
for example Bernardé et al. [52] have structurally characterized dimers and
monomers in equilibrium, but the study of naturally flexible proteins (as is
the case of the AJ peptide) proves to be more challenging [53].

On the high-resolution end of the spectrum are NMR and X-ray diffrac-
tion, with which it is possible to obtain structural information with atomic
resolution. Some recent examples of the detailed information it is possible to
obtain with these techniques are the molecular arrangement of the §-sheets

structure of fibrils [54], solvent protection patterns [55] and conformational
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changes of protein domains [56]. A disadvantage of X-ray diffraction is the
requirement of protein crystallization and, due to that, it cannot be used to
study transient species that exist in the aggregating systems. All methods
have, obviously, advantages and limitations but it is their combined use that
allows the current understanding of amyloid proteins.

Spectroscopic techniques are probably the most used methods to study
oligomer formation in real time. The above referred CD, Raman and in-
frared spectroscopy can be used in a time resolved fashion to provide kinetic
data about the aggregation process. For example, Koppaka and Axelsen [36]
have shown through infrared spectroscopy that oxidatively damaged phos-
pholipid membranes accelerate the accumulation of AS peptide and promote
[-sheet formation. On the other hand, these methods focus on secondary-
structure changes and do not provide a complete view of oligomerisation since
the aggregation into small oligomers does not necessarily promote significant

structural changes from random-coil or a-helices [14].

In the area of oligomer monitorisation fluorescence spectroscopy shows
off its strengths. Because of its high sensitivity and the ability to use low
protein concentration, fluorescence techniques are widely used to study the
oligomerisation process. All dimensions of fluorescence are being explored
to build up knowledge in the amyloid field. However, not all approaches are
suitable to study oligomers. This is, for example, the case of the widely used
associating dye Thioflavin T (ThT) because the dye’s response seems to be
specific to S-sheet containing structures and therefore is not sensitive to the
presence of the smaller oligomeric species.

A few successful examples of current fluorescent techniques used to study
oligomers are anisotropy, Forster resonance energy transfer (FRET) and flu-
orescence correlation spectroscopy (FCS). FCS allows to determine the size
of molecules based on their diffusion. Nath, et al. [57] have shown that esti-
mating the coefficient diffusion of dimers is possible but the heterogeneity of

the sample and the averaging of the data do not allow indisputable results. In
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the same report it was shown the possibility of following the kinetics of early
aggregation by monitoring the decreasing number of monomeric species.

FCS has good sensitivity to detect the dynamics of monomers or large
oligomers but is not as adequate to study conformational changes of monomers
or small oligomer formation. Fluorescence cross-correlation spectroscopy is
better suited for the latter purposes and FRET for the former. As an exam-
ple, Kim and Lee [58] have used FRET to investigate A1 o5 fragments dur-
ing their oligomerisation having found a multi-step process of conformational
changes during the peptides self-assembly. The information on distances be-
tween the donor-acceptor pairs involved in the energy transfer can help not
only to understand the organization and structure of the biomolecules, but
can also be used to detect formation of oligomers even though it does not
allow to determine the sizes of the aggregates [59].

In time-resolved anisotropy, the possibility of using a small ratio of tagged-
to-untagged proteins is an advantage, it reduces the influence of the probe
on the biomolecule and its aggregation, and also reduces the cost of the
experiment. The size of proteins can be estimated through time-resolved flu-
orescence anisotropy from the apparent rotation of bound fluorescent dyes.
However, it is impossible to obtain information on the rotational correlation
times, and therefore estimate the size of the particles, if these are longer than
three to five times the lifetime of the fluorescent probe. This means that for
large proteins, or complexes, bigger than approximately 50 kDa the fluores-
cent probe must have a decay time in the order of tens of nanoseconds [60].
Even with such limitations it is still possible to retrieve useful information
form anisotropy experiments, for example, an increase in residual anisotropy
over time can be correlated to the formation of increasingly larger struc-
tures [61,62].

The mentioned techniques are chosen according to the problem in study
and all provide useful information regarding early aggregation stages but

there is, however, one common blatant disadvantage of these methods which
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is the use of labelling. The vast majority of reports found in the literature
make use of external tags. The addition of extrinsic fluorophores has the
potential to not only disturb the structure of the protein in study but also
the actual process of oligomerisation, producing results that are not the best
representation of the real system when the fluorescent tag is not present.
This is not an ideal situation when one is looking for accurate descriptions
of oligomers and the oligomerisation phenomenon in order to create effective
drugs that can lead to therapeutic progress.

Using the intrinsic fluorescence of proteins abolishes this problem and
gives one a unique non-invasive window to study the protein and its ag-
gregation process. Intrinsic protein fluorescence is viewed as an extremely
complex phenomenon and until the 1980’s it was used in a more qualitative
rather than quantitative way due precisely to its complexity [63]. Since then
interest built up around protein fluorescence and with advances in technol-
ogy (fluorescence instrumentation and data analysis, and also biochemical
engineering) many advances have been made in the field and intrinsic pro-
tein fluorescence is now better understood. With our current knowledge and
technology status, intrinsic protein fluorescence can indeed be a generator of
useful information and the phenomenon’s complexity can be thought off as

a richer source of information.
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Chapter 3

Fluorescence Theory and
Methods

3.1 Introduction

Fluorescence as a sensing technology is used across many disciplinary fields.
Improvements in instrumentation lead to the widespread use of fluorescence
methods as tools for researching the structure and dynamics, at a molec-
ular level, of inert or living systems. This successful and extensive use of
fluorescence techniques is due to their high sensitivity and the ability of ob-
taining temporal as well as spatial information, allied with the fact that the
fluorescence response is specified by the microenvironment surrounding the
fluorophore within nanometer scale. The possibility of obtaining information
on structural parameters and on the dynamics of fast phenomenon have made
fluorescence a main research tool in biophysics, biochemistry and material
sciences [64].

The intrinsic fluorescence of proteins is nowadays often used in biotechnol-
ogy. From the four main classes of molecules in biochemistry (saccharides,
proteins, lipids and nucleic acids) only proteins and nucleic acids display
significant fluorescence. However, the intrinsic fluorescence of nucleic acids

(DNA, for instance) is to weak to be useful. This makes proteins rather
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unique in the sense of the usefulness of their intrinsic fluorescence and this
is often explored in the biophysical and biochemical sciences [65].

Fluorescence can be affected by environmental parameters such as po-
larity, pH, viscosity, temperature, hydrogen bonds, etc., and the interaction
between the fluorescent molecule and its "nanoenvironment” can be explored
to provide information on a wide range of molecular processes. The phe-
nomenon of fluorescence carries in itself various dimensions of information
(quantum yield, lifetime, spectral shape, polarisation,...) that can be assessed
with different instrumentation. These dimensions and their dependence with
the environment surrounding the emitting species allow multiple views into
a problem and the creation of a network of information at a molecular level.
Continuous advances in fluorescence technology diminish the cost and com-
plexity of instrumentation and for all this fluorescence spectroscopy will no
doubt continue to contribute to advances in biology, biotechnology and nan-
otechnology [64, 65].

3.2 Fluorescence

When molecules are excited by absorption of photons they can discard or
use the excess energy in a number of ways, including dissipation as heat
and emission of photons. The latter gives rise to the phenomenon of lu-
minescence which can be divided in two categories: fluorescence and phos-
phorescence. Distinction between fluorescence and phosphorescence is based
on their mechanisms. In fluorescence the transition that originates the cre-
ation of a photon is done between two states of the same spin multiplicity,
while in phosphorescence the transition occurs between states of different
spin multiplicity [64-66].

The events proceeding electronic excitation by photon absorption will be
depicted and explained using a Jablonski diagram illustrated in figure 3.1.
The singlet electronic states denoted Sy, S, So correspond to the fundamental

(or ground), first and second electronic states respectively. The first triplet
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Figure 3.1: Jablonski energy diagram illustrating photon absorption and
consequent possible relaxation pathways. Events involving the absorption or
emission of photons are represented by straight arrows, other non-radiative
de-excitation pathways are represented by dashed arrows.

state, T, is also represented. Associated with each electronic state are vibra-
tional energy levels identified by the numbers 0, 1, 2,.... Transitions between
states which involve absorption or emission of photons are represented by
straight arrows.

At room temperature the majority of molecules are in the lowest vibra-
tional energy level of Sy, absorption of a photon excites a molecule and brings
it to one of the vibrational levels of the higher energy electronic states (S,
So,..., depending on the photon energy) in a very fast process that takes
approximately 1071° seconds. When the molecule is excited to a higher en-
ergy state than the lowest vibrational level of the first electronic state the
molecule will relax to the lower level of S; typically within 107! s or less.
This is achieved by vibrational relaxation resulting from intermolecular colli-
sions and by internal conversion, a non-radiative transition between electronic
states of the same spin multiplicity.

Once in the S; state internal conversion to Sy is less efficient due to the
higher energy gap between electronic states. The molecule then persists in

the Sy state and if the lifetime of this excited state is long enough (typically in
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the order of 107 s) spontaneous emission can occur generating a photon and
the fluorescence phenomenon. Another competitive de-excitation pathway is
intersystem crossing to the triplet state from which emission of photons can
also be observed giving rise to phosphorescence.

Once in the triplet state transition to the fundamental state is spin forbid-
den, therefore the molecule remains for longer in T; eventually decaying to
the Sy level, thus resulting in the fact that phosphorescence is a phenomenon
that can occur on time scales from microseconds up to minutes. The rate
constants of depopulation of the excited S; states will be denoted in this the-
sis as follows: kg, deactivation with emission of fluorescence; k;c, internal
conversion; krsc, intersystem crossing.

Not depicted in this Jablonski diagram are intermolecular processes that
can competitively also depopulate the S; state and relax the molecules to
the fundamental level. These so called quenching processes include, amongst
others, dynamic and static quenching, electron transfer, proton transfer and
Forster energy transfer. Due to the multiplicity of competitive non-radiative
depopulation pathways it is sometimes convenient to define a non-radiative
rate constant, kyg, that is the sum of all non-radiative pathways of de-

excitation from the S; state.

Consider a solution of fluorescent molecules and a d-pulse of light that
creates a population of fluorophores in the excited state, whose concentration
is [IVg]. The excited molecules can decay either radiatively or non-radiatively

and the rate of their disappearance can be expressed as

d[N](t)
dt

= (kp + kng)[N](?) (3.1)

Integration of equation (3.1) results in the function [N](t) which describes

the evolution of the excited molecules concentration in time, i.e.,
[N](t) = [Noeap™ (hrthnrt (3.2)
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or

where 7 is

1

- - 3.4
kr + knr ( )

T

The constant 7 is the characteristic decay time or average excited state life-
time and is calculated as the time taken for the fluorescence intensity to drop
to 1/e of its initial value.

The fluorescence intensity at time t after excitation I(¢) is proportional
to the concentration of molecules still excited at that time [N](¢), therefore

the variation of () can be described by the following decay law:

I(t) = Lyexp =™ (3.5)

where [ is the fluorescence intensity immediately after excitation.

The lifetime and the quantum yield of a fluorophore are likely its most im-
portant characteristics. The fluorescence lifetime determines the time avail-
able for the fluorophore to interact with its environment and therefore deter-
mines the time frame for observation of dynamic phenomena and the infor-
mation one can obtain. The excited state lifetime depends on the radiative
and non-radiative depopulation rates according to equation (3.4)

The quantum yield, ®, is the number of photons emitted relatively to
the number of photons absorbed and therefore is a sort of measurement of
how efficient is the process of generation of fluorescence photons. The quan-
tum yield is obviously influenced by the rates of depopulation of the excited

state. It is intuitive that if the rate of the non-radiative processes is much
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smaller than the rate of fluorescence then the excited state will be mainly
depopulated by emission of fluorescence. The quantum yield in such case
will be close to unity as the number of emitted photons is closely matched to
the number of absorbed photons [64-66]. The relationship between quantum
yield and the depopulation rates of the excited state is given by equation
(3.6).

kp

. — 3.6
kr + kyr ( )

3.3 Time-resolved measurements

There are two grand categories of fluorescence measurements one can per-
form, steady-state or time-resolved measurements. Steady-state measure-
ments are averages over the intensity decay of the nanosecond scale phe-
nomenon that is fluorescence. A lot of information is therefore lost in the
time averaging of steady-state measurements.

Much of the molecular information present in the fluorescence emission is
only accessible through time-resolved measurements. For example, it is pos-
sible to obtain the precise shape of anisotropy decays or determine through
the intensity decays if quenching processes are due to static or dynamic
quenching. With time-resolved spectroscopy one can obtain more detailed
information about the rates and kinetics of intra or intermolecular processes,
obtain information on structural parameters as well as on the dynamics of
fast phenomenon [65].

In time-resolved measurements, time-domain techniques record the in-
tensity of the fluorescent signal as a function of time after excitation with
a pulse of light. The most common method used in time-domain measure-
ments is the Time-Correlated Single-Photon Counting (TCSPC). TCSPC

allows hight time resolution and a near-ideal efficiency, has high sensitivity
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Figure 3.2: Schematic diagram of the single-photon counting instrument
operating in reverse start-stop mode used in this work.

and well defined statistics [64,65,67].

3.3.1 Time-correlated Single-photon Counting

The TCSPC technique has its foundations on the principle that, after ex-
citation with a pulse of light, the probability of detecting a single photon
at time t is proportional to the fluorescence intensity at that given time.
Hence, recording and timing a large number of photons that follow after a
large number of excitation pulses allows to reconstruct the fluorescence decay
curve [64]. Figure 3.2 illustrates the layout of the TCSPC instrument oper-
ating on the reverse start-stop mode that was used for the work presented in
this thesis.

In TCSPC measurements a low power, high repetition rate light source
is used to excite a sample and the time delay between excitation and detec-

tion of an emitted photon is recorded and stored in a multichannel analyser
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(MCA) memory. The time interval between excitation and detection of a
photon is measured with a Time-to-Amplitude converter (TAC). The TAC
generates an output that is proportional to the time interval between a start
and a stop pulse. The start pulse switches the current on and starts the
charging of a capacitor within the TAC whose voltage increases linearly with
time. The stop pulse turns the current off and the final voltage represents the
time between the two pulses. This voltage is then converted and allocated to
a proportional channel number in the MCA as a single event. Repeating the
cycle allows the construction of an histogram of photon versus ”time between
excitation and detection” which represents the intensity decay profile. In a
reverse mode TCSPC the TAC is started when a photon is detected and the

next excitation pulse from the light source is the stop signal [67,68].

The time-resolved measurements presented in this thesis were performed
in the reverse mode on a IBH Fluorocube fluorescence lifetime system (Horiba
Jobin Yvon IBH Ltd., Glasgow, UK) equipped with both excitation and emis-
sion monochromators. The FluoroHub and data acquisition were controlled
by the DataStation software from Horiba Jobin Yvon IBH Ltd. An AlGaN
version of a pulsed light emitting diode was used at 279 nm in order to excite
Tyr directly [69]. The optical pulse duration was ~ 600 ps (FWHM) and
repetition rate 1 MHz.

3.3.2 Data analysis

The measured decay M (t) obtained with the TCSPC technique is not the
intensity decay of the fluorophore, I(t). The I(t) response function of the
fluorophore is what would be observed with d-function excitation and a -
function instrument response (figure 3.3a). This is not achieved technically
and the detected M (t) is the convolution of the real impulse response func-

tion I(t) with the instrumental prompt response P(t),
M(t) = P(t) ® I(t) (3.7)
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Figure 3.3: Diagram of the principle of time-resolved pulse fluorescence
spectroscopy, adapted from [64]. a) representation of the ideal measured
TCSPC data of a sample’s fluorescence response to a d-pulse excitation, with
d-function instrument response; b) representation of the actual measured
TCSPC data of the same sample when excited with a short-pulse of light; ¢)
magnified representation of the TCSPC experiment data output, where the
measured instrumental prompt response P(t) and measured decay M (t) are

identified.
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A schematic depiction can be seen in diagrams b and c of figure 3.3.

The instrument response function contains not only the pulse shape of
the light source but also characteristics of the detector and timing electron-
ics, such as the transit time spread, temporal dispersion and timing jitter.
However, the P(t) function can be measured and represents the shortest
time profile that can be detected. This is achieved by using a zero lifetime
sample, i.e. a dilute scattering suspension, and recording the instrumental
response [64,65,67,68].

Nonlinear Least Squares Method

Many methods can be used to solve the problem of deconvolution and curve
fitting, the most widely used is based on nonlinear least squares (NLLS).
The objective of the NNLS method is to test if a given mathematical model,
describing the intensity decay law, is consistent with the retrieved data and
to obtain the parameter values of such model that provide the best match
to the recorded data and therefore have the highest probability of being
correct [64,65,68].

The NLLS method principle lies on the minimization of the mismatch
between real data and calculated data. The mathematical model for I(t) is
convolved with P(t) and a calculated version of the measured decay, M.(t),
is obtained. The mismatch between the calculated data and the real data is

given by

N

) — )]
* _le VM (%) ] (38)

1

where N is the number of data points. Dividing x? by the number of degrees
of freedom v results in the normalized (or reduced) chi-square x? (equation

(3.9)) that is independent of N and whose value should be close 1 for a good
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agreement between the calculated and the real data, i.e., for a good fit.

X2 = 1 3 [M(tz‘) - Me(ti)] (3.9)

with

v=N-—p (3.10)

where p is the number of fitted parameters.

A minimization algorithm searches for the parameters of I(t) that pro-
duce the best fit, performing the reconvolution of I(¢) with P(¢) at each
iteration. If for a fit of a certain model the x? values obtained are below 0.8
or above 1.2 the model should be rejected as it is unlikely that such devi-
ations are produced by random errors. For this reason y? is often termed
the ”goodness-of-fit parameter”, one can use it to help determine if a certain
model acceptably describes the obtained data [64,65].

The data presented in this thesis has been analysed using the DAS6 data
analysis package (Horiba Jobin Yvon IBH Ltd., Glasgow, UK). The software
was used for reconvolution analyses of multi-exponential models using the
NLLS method. The decay models I(t) were chosen to fit the data on the
basis of the best y? values and visual inspection of the random distributions

of weighted residuals.

The multi-exponential model constructs the intensity decay as a sum of

individual single exponential decays and is given by
I(t) = Z aexp =T (3.11)
i=1

where 7; are the lifetimes of each individual decay component 7 and «; are the
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corresponding pre-exponential factors. The fractional contributions of each

lifetime component f; to the overall intensity can be calculated calculated as:

fi= (3.12)

Maximum Entropy Method

As mentioned previously, intrinsic protein fluorescence is considered one of
the most complex areas of biochemical fluorescence because of the photo-
physical behaviour of the fluorescent amino acids. In fact, it has been found
many times over the years that the fluorescent decay of biomolecules can
be even more complex than multi-exponential and in reality display a non-
exponential behaviour. In such cases, analysis using lifetimes distributions
instead of the discrete multi-exponential approach yields more realistic and
accurate descriptions of the fluorescence phenomenon.

When working with intrinsic protein fluorescence it is useful to determine
if the fluorescence response indeed consists of discrete exponential decays or
alternatively is a continuous distribution of lifetime components. Due to the
complex nature of protein fluorescence the assumption of a model for the
fluorescence decay can be sometimes restrictive and cause loss of informa-
tion therefore the best approach is to analyse the data without making any
assumptions about the decay function.

The maximum entropy method (MEM) allows the analysis of data with-
out a priori assumptions about the shape of the decay components. In the
case of a non-exponential decay MEM can recover the shape of the life-
time distribution more realistically, as opposed to other lifetime distribution
methods that assume the decay as a composition of Gaussian or Lorentzian
profiles which is not necessarily accurate. MEM can also reveal if a decay is

composed of discrete components that can, in fact, be regarded as discrete
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single exponential decays.

MEM considers the fluorescence decay as a distribution of exponential
components whose pre-exponential factors are g(7). The fluorescence im-

pulse response function I(t) is rationalized as
I(t) = /g(T)emp(_t/T)dT (3.13)

the objective being to retrieve the probability distribution of decay times
g(7) from the available time-resolved decay data.
To recover g(7), the Laplace transform is applied to equation (3.7) result-

ing in
m(t) = p(t) x i(t) (3.14)

Convolution is Laplace transformed into multiplication and one can obtain
the Laplace transform of the decay function i(t) without big difficulties. How-
ever, to recover ¢g(7) inverting the Laplace transform is necessary and this
is an ill posed problem due to the fact that the M(¢) and P(t) data are
noisy and incomplete. This creates a large group of multiple solution al-
lowed for ¢g(7). Within such set of retrieved results some can be disregarded
as physically and statistically unacceptable, the problem is then transposed
into choosing the best description amongst the remaining feasible group of
solutions for ¢(7) [64,70,71].

The great advance provided by information theory lies in the
discovery that there is a unique, unambiguous criterion for the
“amount of uncertainty” represented by a discrete probability
distribution (...) It is now evident how to solve our problem; in
making inferences on the basis of partial information we must use

that probability distribution which has maximum entropy [uncer-
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tainty| subject to whatever is known. This is the only unbiased

assignment we can make. (Jaynes 1957, p.622)

The choice of the preferred solution can be achieved by maximising the
"uncertainty” associated to a certain g(7) distribution. The principle of
maximum entropy (entropy and uncertainty are used as synonyms in this
context) states that from a set of distributions that fit the data one should
always choose the one with the highest entropy because it is the most un-
biased, the most reasonable or least prejudiced, and the most likely to be
correct [72]. To calculate such "uncertainty” factor MEM uses the Shannon-
Jaynes entropy as it has been proved to be the function that introduces less

artifacts and gives the least correlated solutions. The function is defined as

5= /OOO [gm () — g(Mog 2| ar (3.15)

mo(7)

where mgo(7) is an assumed starting model. If there is no prior knowledge
about the system and the values of the g(7) for each 7 are unknown then
mo(7) is a flat distribution where each g(7) has the same initial probabil-
ity [64,73].

The Pulse5 software (MaxEnt Solutions Limited /Maximum Entropy Data
Consultants Ltd, Cambridge, UK) was used for the data analysis exposed in
this thesis. The program is an optimization algorithm designed to maximise
the Shannon-Jaynes entropy subject to chi-square constraints on the data.
Technically, the software considers I(t) as a sum over a finite number of com-
ponents n, equally spaced in a logarithmic scale, therefore equation (3.13) is

transformed into

1(t) = D g(ry)exp™™) (3.16)

where n=200 and each n'* lifetime component has a g(;) probability of
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contributing to the fluorescence response function.
The g(7;) lifetime distribution retrieved with the MEM software is then

normalized according to

75 9(75)

ZTk 9(7k)

gn (7)) = (3.17)

In the gy(7) distribution, the amplitude of each component is its frac-
tional contribution ¢ to the overall fluorescent decay. The sum over all the
nth gn(T7;) components that create a determined i peak profile is ¢; (equation
(3.18)) and is the MEM equivalent of the fractional contributions f; obtained
through the NLLS method presented previously.

¢ = gn() (3.18)

3.3.3 Decay associated spectra

The complexity of the fluorescence emission of biomolecules can be seen in
their fluorescence decay and is also imprinted in the fluorophore’s emission
spectrum.

The heterogeneity or complexity of the photophysics behind emission can
be due for example to excited state reactions or ground state heterogeneity
as in the case of, e.g., identical emitting species existing in different microen-
vironments or different fluorophores with overlapping emission spectra. The
fluorescence intensity can then be expressed as a function of both time and
wavelength I(¢, \). During the evolution of fluorescence techniques and meth-
ods various ways of resolving and dealing with heterogeneous fluorescence

have been found [74]. In the particular case of time-resolved fluorescence the
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decay associated spectra (DAS) are often used.

To calculate the DAS one combines steady-state and time-resolved data,
obtaining as a result the relative contributions to the overall fluorescence of
each lifetime component of a fluorescence decay, as a function of emission
wavelength F;(\). To create a DAS, using the TCSPC technique, fluores-
cence decays are measured for different emission wavelengths A. From the
time-resolved data one determines the fractional contributions of each decay
component at a particular emission wavelength, f;(\), using equation 3.12.
The DAS for each ¢ component of the fluorescence decay, F;(\), can then be

calculated according to

FA) = FOV () (3.19)

where F()\) is the overall steady-state fluorescence spectrum.

A DAS is the fluorescence emission spectra one would obtain if it where
somehow possible to selectively detect photons from one emitting species (or
state) and record, one at a time, each individual spectrum within the mi-
croheterogenous fluorescent sample. In other words, the DAS represents the
emission spectrum of a state (or species) with a particular decay lifetime.
The capacity to resolve the lifetime of each individual state is therefore a

crucial requisite to calculate these derived spectra [64,75].

3.4 Protein fluorescence

Fluorescence techniques have recently become one of the fundamental meth-
ods for research in the field of protein studies. Fluorescence, due to its char-
acteristic, allows the study of structural and dynamic properties of proteins
that are linked directly to its biological functions, such as specific binding,
biocatalysis or membrane transport [76].

To study protein molecules one must focus on processes between the fluo-
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rophore and surrounding atoms than can affect the spectral, temporal and po-
larization characteristics of the emitted fluorescence. Extrinsic fluorophores
can be linked to proteins in order to obtain such information, but these might
disturb the biomolecule and therefore the choice of fluorescent tag should be
carefully investigated. To avoid such inconvenient one can make use of the
fluorescence of the protein itself.

From all the amino acids only three are aromatic and fluoresce, they are
named phenylalanine, tyrosine (Tyr) and tryptophan (Trp). These amino
acids are present in virtually all proteins, but their relative proportion in one
given protein is small. This is very fortunate because if all amino acids of one
protein were fluorescent interpreting the data would be extremely complex.
Even so, many proteins have multiple fluorescent amino acids (as is the case
of Barnase, a relatively small enzyme composed of 110 amino acids where
three are Trp residues [77]) which adds significant complexity to the detected
fluorescence.

The study of simpler systems, namely one Trp proteins, has significantly
increased our knowledge of intrinsic protein fluorescence over the years. Tech-
nological advances such as the ability to create mutant proteins through
sitedirected mutagenesis have allowed the study of simpler model proteins
greatly contributing to the progress made in the past decade. However, even
in simple engineered protein models there is significant complexity in the
photophysical behaviour of the amino acid fluorophore, this is why intrinsic
protein fluorescence is considered one of the most complex areas of biochem-

ical fluorescence [65,76].

The AP protein, subject of this thesis, is a small protein with high signifi-
cance in Alzheimer’s disease pathology. Due to their sensitivity, fluorescence
techniques are suitable to study the aggregation process of the protein at a
molecular level. From a photophysics point of view, the outstanding charac-
teristic of this small protein is that it is contains only one single Tyr amino

acid and no Trp.
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Figure 3.4: singlet-singlet electronic absorption transition moment orien-
tation of phenol.

Trp is the fluorescent amino acid with the highest extinction coefficient
and quantum yield, moreover Tyr usually transfer its excitation energy to
Trp through resonance. This makes Tyr fluorescence studies very difficult in
wildtype proteins that contain both Tyr and Trp. These two facts are part of
the reason why Trp’s fluorescence is the most studied making Trp the most
important tool in intrinsic fluorescence studies [76].

The absence of Trp in AfS and the presence of only one Tyr residue,
makes this protein a very interesting subject and a natural model to study
Tyr photophysics in proteins. In this thesis it is proposed that Tyr can
be used as an intrinsic sensor for the oligomerisation of the wildtype Af,
thus avoiding any interference with the natural state and biochemistry of the

protein. Therefore, hereinafter the focus will become Tyr fluorescence.

3.4.1 Tyrosine fluorescence

Tyr’s fluorescence is due to the phenol chromophore. Figure 3.4 illustrates
the phenol’s electronic absorption transition moments, in Platt’s notation.
These transitions are responsible for the two ultraviolet absorption bands of
Tyr. Tyr’s strong absorption with a maximum around 223 nm is due to the
1L, transition and the lower energy transition, due to the 'L;, peaks near
277 nm.

Fluorescence originates from the lowest vibrational level of the first singlet

40



electronic state as an unstructured wide band with its maximum near 303
nm for aqueous solutions of Tyr [78]. Hydrogen bonding red shifts both
the absorption and fluorescence spectra [78-80]. Ionization of the hydroxyl
group, resulting in the anion tyrosinate, leads to a large red shift in the
fluorescence spectra placing the emission maximum near 340 nm [65, 78].
Excited state ionization can occur because the pK, of the hydroxyl group
of the phenol in the excited state is relatively low. If there are suitable
proton acceptor molecules in Tyr’s surrounding ionization can occur during
the excited state lifetime [81]. It is therefore conceivable that excited state
proton transfer can occur for Tyr in proteins.

The excited state decay kinetics of Tyr in solution displays a mono expo-
nential behaviour. In figure 3.5 can be seen the experimental data retrieved
from a TCSPC measurement of a 50uM Tyr solution in HEPES at 37°C,
performed on the IBH Fluorocube system as previously described in Chap-
ter 3 (page 30). The data can be successfully fitted to a mono-exponential
decay and MEM analysis confirms such simple decay kinetics as can be seen
in figure 3.6.

The inclusion of Tyr in a peptide chain significantly increases the com-
plexity of its excited state decay kinetics which becomes becomes multi-
exponential or even non-exponential. The simple addition of the amide
groups to Tyr structure to create the N-acetyltyrosinamide (NAYA) (fig-
ure 3.7) introduces changes to Tyr’s phenol microenvironment that result in
a multi-exponential decay. Unruh et al. [82] have also found such evidence
and shown that in small peptides (a tripeptide and a pentapeptide) the com-
plexity of Tyr decay increases and demonstrates non-exponential features.

Such complex behaviour of Tyr, and also of Trp and phenylalanine amino
acids, is commonly interpreted in terms of the existence of rotamers. In the
backbone of a protein the peptide bonds of the amino acid chain are rel-
atively rigid, but rotations are possible around single bonds of the amino
acid residues. The C, — Cj chemical bond in Tyr residue can rotate (fig-

ure 3.8) giving rise to existence of different side chain conformations called
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Figure 3.5: Tyr fluorescence decay (emission: 315 nm) fitted to a mono-
exponential decay function. The fitted function can be seen as a light trace
through the experimental data, Tyr decay data is shown as grey squares and

prompt as black squares. Retrieved parameters for lifetime are presented
with 3 standard deviations as error.
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Figure 3.6: Lifetime distribution of Tyr fluorescence decay (emission: 315
m) obtained with MEM. Lifetime and full width half maximum (FWHM)
parameters presented with 3 standard deviations as error.
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Figure 3.8: Tyrosine amino acid residue chemical structure in a peptide
chain, showing the possible rotation around C, — Cjs chemical bond. R
residues represent the remaining peptide sequence.

rotamers. According to the common Tyr rotamer model rotation tends to
cluster around three defined angles x; = 180°,4+-60°, —60° [82-84]. In each ro-
tameric conformation the phenol group is exposed to different environments
and remains at different distances from potential quenchers, such as amide
groups in the peptide chain [85-87]. As the fluorescence decay is determined
by the local interactions between the phenol ring and its microenvironment
each of the excited state rotamers has a characteristic fluorescence decay.
If interconversion between rotamers is slow compared to the lifetime of the
excited state, lifetime experiments can have enough resolution to distinguish

the different decays arising from the different population of rotamers.
The ability to selectively excite the only Tyr present in A makes this

peptide a good candidate for lifetime measurements using its intrinsic fluores-

cence. Moreover, aggregation of single A peptides should create changes in
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the fluorophore’s surroundings within A scales therefore affecting Tyr’s flu-
orescence decay kinetics. Hence the proposition that Tyr lifetime response
could be used as non-invasive sensor of Af’s aggregation that gave rise to

this thesis.
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Chapter 4

Tyrosine sensitivity to early

stages of A4y aggregation

4.1 Introduction

In this chapter is addressed the problem of invasiveness of the fluorescence
sensing methods by making use of the A intrinsic fluorescence. In the
amyloid-related methods reported in the literature, the proteins are labelled
with fluorescent probes whose alterations in fluorescence responses indirectly
demonstrate amyloid aggregation. Clearly the requirement of fluorescent
labelling is a serious drawback of these approaches, due to potential dis-
turbance of the peptide behaviour, a common criticism of all fluorescent
techniques that use extrinsic molecular probes as labels.

The lack of Trp and concomitant Tyr to Trp energy transfer, and the
presence of only one Tyr in the A peptide helps make Tyr fluorescence a
truly native, non-invasive and interpretable sensor of A aggregation, thus
obviating the need to use an extrinsic fluorophore. Tyr fluorescence decay
times, being responsive to environmental changes on the A scale, enable the
monitoring of interactions between individual biomolecules. Advantageously
when compared to other techniques, this approach reveals crucial informa-

tion on the initial stages of Af aggregation without disturbing it.
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Figure 4.1: Thioflavin T chemical structure. The fragments identified as I,
IT and IIT are the benzthiazole ring, benzene ring and dimethylamino group
respectively.

Here, A aggregation is monitored using the fluorescence decay of its
intrinsic fluorophore, Tyr. Simultaneously, aggregation is followed through
the traditionally used method of Thioflavin T (ThT) fluorescence intensity.
It is shown that alterations in the fluorescence decay of Tyr correlate with
Ap aggregation at a earlier stages than the ThT assay, revealing that Tyr is

not only sensitive to aggregation but reports on its pre-fibrillar stages.

4.2 Thioflavin T

ThT is a dye used as a probe to indicate the presence of amyloid aggregates.
In wn witro studies of fibril formation, the changes in ThT intensity, moni-
tored through the traditional steady-state fluorescence method, report the
appearance of fibrils.

ThT is composed of three fragments (figure 4.1): a benzthiazole ring, a
benzene ring and a dimethylamino group. In the ground state the two ring
structures of ThT are in a almost planar orientation. Upon excitation the
rings rotate to the most stable excited state conformation, which has a low
quantum yield. The intramolecular charge transfer results in the twisting
of the rings to an angle of ~ 90° [88]. The twisted intramolecular charge

transfer state (TICT) is non fluorescent and this is the major reason for the
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quenching of ThT fluorescence in solution.

ThT behaves as a molecular rotor, meaning that its ability to undergo
torsional relaxation is determined by its microenvironment viscosity or rigid-
ity and, consequently, so is the rate of formation of the TICT state [88]. It
is thought that binding of ThT to amyloid fibrils stabilises the planar (fluo-
rescent) form of the molecule and promotes steric hindrance on the internal
rotation of the benzthiazole and aminobenzene rings relative to each other
resulting in the increase of ThT’s quantum yield.

It is not known exactly how ThT binds amyloid fibrils, but studies have
shown that the longer axis of the molecule is parallel to the long axis of the
fibrils [89,90]. It is in this direction that run the channels created by the /-
sheets characteristic of the amyloid fibrils. These facts lead to the belief that
the channels are the binding sites of ThT, in which the molecule is constrained
to remain in the planar fluorescent form, and in this way accounting for Th'T
specificity to amyloid fibrils. Therefore, the increase in ThT fluorescence
quantum yield reports the binding of the molecule to -sheet channels which
are present in large ordered structures, such as protofibrillar aggregates and

mature amyloid fibrils.

4.3 Methodology

AB4, ThT and buffer tablets were purchased from Sigma-Aldrich (Poole,
UK). A solution of monomeric Afyy was obtained by dissolution in hexaflu-
oroisopropanol (HFIP) to a concentration of 107*M, evaporating the solvent
and then re-dissoluting in a phosphate buffer (pH 7.0) containing ThT, son-
icating for approximately 10 min. Final sample concentrations were: 30uM
ApB and 15uM ThT.

Measurements were performed at the temperature of 22°C using a tem-
perature controlled sample holder connected to a Neslab RTE-11 thermo-

stat (Thermo Scientific, UK). The luminescence spectrometers PerkinElmer
Lambda2 UV/VIS and PerkinElmer LS-50B were used for absorption and
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fluorescence spectra measurements, respectively. ThT was excited at 450 nm
and its fluorescence was measured in the range of 460-650 nm. The fluores-
cence decay of Tyr was recorded using the TCSPC technique on the IBH
Fluorocube system as previously described in Chapter 3 (page 30).

4.4 Results and discussion

To test the hypothesis that the process of AS aggregation is reflected not
only by an increase in Th'T intensity, but also by alterations in Tyr fluores-
cence decay, fluorescence spectra of ThT and decays of Tyr were recorded at
increasing times after sample preparation (tezp) for up to three weeks.
Figure 4.2a shows increasing fluorescence intensity of ThT with time, con-
sistent with the previously reported [91] sensitivity of this dye to the presence
of amyloid fibrils. The spectral peak intensity versus time (figure 4.2b) rep-
resents the dynamics of Af fibrillisation. The change in ThT fluorescence
intensity shows significant increase with time, but during the first &~ 50 h is
small and comparable with the noise level (the slope of F;/Fy versus time
is (2.17 +2.01) x 1073h™!, see figure 4.4), and is thus not a useful indica-
tor of initial aggregation. This may be consistent with the aggregates being
too small and/or disordered to effectively stabilize planar conformations of
ThT. The similar low ThT fluorescence intensity during the first ~ 40 h of
aggregation was observed in the study of another aggregating peptide, a-

synuclein [91].

Fluorescence decays of Tyr were analysed using a three-exponential func-
tion as a decay model through the NLLS method. Mono- and two-exponential
models were rejected on the basis of the goodness of fit criteria (x? and dis-
tribution of residuals). Figures 4.3a and 4.3b show the recovered decay times
7; and their relative percentage contributions f; (defined by equation 3.12
where n equals 3).

The three-exponential decay is consistent with a commonly accepted ro-
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Figure 4.2: Emission spectra (a) and peak intensity (b) of ThT fluorescence
at different stages of A aggregation. The size of each point on the plot
represents the experimental error (3 standard deviations).
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Figure 4.3: Tyr fluorescence decay time (a) and fluorescence intensity con-
tributions (b) obtained from fitting Tyr decay to a three-exponential model.
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tamer model of fluorescent amino acids in proteins. According to this model,
Tyr can exist in three different rotameric forms, each characterized by its
own fluorescence decay time determined by local interactions of the amino
acid in a given conformation. If changes in the lifetimes and/or percentage
contributions of rotamers are observed, it indirectly indicates conformational
evolution of the protein in this case due to its aggregation.

In figure 4.3a one can observe that the longest (71) and the middle (73)
decay times tend to increase slowly over a period of about 200 h of the exper-
iment, while the shortest decay time (73) remains constant. This weak effect
could be caused by the gradual change of polarity due to solvent molecules
being replaced by other A molecules during aggregation. The constant value
of the third decay time lifetime (73) suggests that rotamer conformation 3 is
hidden inside the protein structure and does not respond to environmental
changes.

The fluorescence contributions of the three rotamers fi, fo and f3 (figure
4.3b) show substantial changes from the very beginning of the process. The
ratio of increasing f; and decreasing f, values can be used as a parameter
indicator of early stages of aggregation, including the first ~50 h. Figure
4.4 compares changes in the fy/f; ratio [slope (1.32 £0.13) x 1073h~!] with
ThT intensities ratio F;/Fy, where F, is the peak fluorescence intensity at
time t and Fp the initial peak fluorescence intensity. The linear fit of ThT
data shows a larger slope than Tyr’s fy/f; ratio. However there is a high
uncertainty in this value and therefore no conclusions can be drawn from
the ThT assay during the first 50 h. On the other hand the f5/f; ratio
obtained from Tyr decay shows a clear trend since the beginning of the mea-
surement. This serves to demonstrate the enhanced capacity of Tyr decay
to detect early aggregation stages of single A peptides. The above obser-
vation also illustrates the advantages of fluorescence lifetime-based sensing
over intensity-based approaches in complex biological media.

At longer times (fey, > 200 h), the recovered parameters for Tyr decay
did not yield satisfactory statistical results. In figures 4.3a and 4.3b one
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Figure 4.4: Ratio of the decay time contributions to the fluorescence inten-
sity f1/ f2, together with relative increase in ThT fluorescence F;/F, detected
during first 50 h of A aggregation. Data fitted to linear regressions.

can see that the decay times 7; are no longer stable and changes in f; values
seem to reverse. This could be due to more complex excited-state kinetics and
such observation encouraged the investigation of whether a three-exponential
decay model adequately describes Tyr fluorescence responses during whole
process of aggregation. For this purpose, a model free fluorescence decay time
distribution analysis based on MEM was applied to a number of recorded
decays. Instead of three sharp peaks expected for a three-exponential decay,
four relatively broad distributions of decay times were detected (figure 4.5).

Three decay time bands centered at ~ 0.5,1.5 and 4 ns, correspond to
the previously obtained rotamer discrete decay times. The presence of the
fourth, and longest decay time band, could be caused by a specific mech-
anism resulting, e.g., from Tyr-Tyr interactions at close proximity within
an aggregate. During the initial period of about 200 h, a three-exponential
decay with a slow increase of the medium and longer (= 4 ns) decay time,
seems to be an acceptable description of the fluorescence phenomenon be-
cause the contributions of the long decay times (15 — 18 ns) are relatively
small. In the decay time distribution obtained at 314 h (see figure 4.5) the
fourth component is no longer negligible and this explains the failure of the

three-exponential decay model at later times and breakdown of the trend in
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Figure 4.5: fluorescence lifetime distributions of Tyr decays detected after
1.7, 196 and 314 h of aggregation.

the parameters shown in figure 4.3.

4.5 Conclusions

In this chapter was demonstrated that time-resolved fluorescence measure-
ments of Tyr in AS can be used as an early indicator of peptide aggregation
in AD’s research.

The approach has two key advantages above the traditional ThT intensity-
based technique. It is completely non-invasive as it does not require an ex-
trinsic fluorophore and uses pulses of light of very low intensity, thus there
is minimal interference with the native A5 and its biochemistry. Also very
important, it reports on the critical early stages of aggregation, before the
formation of S-sheet containing structures can be detected by ThT.

ApB is a special case of a single Tyr peptide, its use to monitor protein
aggregation might prove advantageous in the search for analytes or factors
accelerating, slowing down or reversing the progress of protein aggregation
in neurodegenerative diseases in general. This could result in drug discov-
eries that might bring closer the prevention, control or even reversal of the

aggregation that leads to AD.

33



Chapter 5

Examination of Tyrosine
response to Apfy

oligomerisation

5.1 Introduction

In this chapter is shown how Af’s intrinsic fluorescence of Tyr can be used
to monitor oligomer formation non-invasively starting from the early onset of
single peptide-to-peptide interactions. This alternative approach eliminates
the drawbacks of extrinsic fluorophore based methods, e.g. their potential to
perturb both the native structure and the aggregation kinetics.

In the previous chapter was already demonstrated the sensitivity of Tyr
lifetime measurements to aggregation at much earlier stages than widely re-
ported ThT steady-state measurements. Here, A{’s intrinsic fluorophore Tyr
is used to probe the earliest peptide-to-peptide stages of aggregation in the
region often merely labeled as the fibrillisation time lag because of the negli-
gible changes observed with the ThT assay. The distribution of three rotamer
conformations of the single Tyr in AS tracks the aggregation across such time
lag and beyond. Tyr lifetime responses are used as fingerprints of different

stages of initial AS aggregation leading to the formation of oligomers.
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A more detailed investigation of the role of the initial monomer peptide
concentration and combined lifetime and spectral data are presented in or-
der to better understand the underlying photophysics of Tyr fluorescence

response.

5.2 Methodology

In order to better simulate the conditions present in the human body, namely
in cerebrospinal fluid (37°C temperature and pH:7.3 [92]), the sample prepa-
ration method was slightly modified and optimised. From this point on all
samples presented in this thesis were made according to the preparation

method presented below, unless explicitly stated otherwise.

N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic) acid (HEPES) buffer
solution was used to prepared samples in which its concentration is 100mM
and pH is 7.3. Once made, all samples were maintained at 37°C. When
performing measurements the temperature was controlled by the use of a
temperature-controlled sample holder connected to a Neslab RTE-11 ther-
mostat (Thermo Scientific, UK). In all other occasions the samples were kept
in a SalvisLab Incucenter incubator (SalvisLab Renggli AG, CH).

AByo, HFIP and HEPES were purchased from Sigma-Aldrich (Poole, UK).
To monitor the early stages of aggregation it is important to start from a
monomeric solution of peptides as the presence of preformed aggregates can
influence the kinetics of the process. A monomer solution was achieved by
treating the received Afyy with HFIP [93]. Treatment consisted of dissolving
AB powder in pure HFIP to a concentration of 10~*M and sonicating for
at least 10 minutes. The peptide containing solution was then aliquoted
into Eppendorf LoBind microcentrifuge tubes and the alcohol allowed to
evaporate. For thorough HFIP removal the resulting peptide films were dried
under vacuum. The aliquots were then stored at —20°C.

To prepare a sample an aliquot was taken and allowed to thermally sta-
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bilize at room temperature prior to opening. The peptide film was then
re-suspended in HEPES (100mM; pH: 7.3) and sonicated for about 2 min at
37°C. The samples were prepared directly before the first measurement and
all cuvettes and buffer solutions were in thermal equilibrium at the desired

temperature before use.

A Perkin-Elmer LS-50 B luminescence spectrometer was used for fluo-
rescence spectral measurements. Tyr fluorescence was collected in the range
300-360 nm. Fluorescence decays were recorded using the TCSPC technique
on the IBH Fluorocube system as previously described in Chapter 3 (page
30).

The complex nature of protein aggregation makes the time between sam-
ple preparation and the experiment, t..,, and the wavelength at which the
decay is measured, A, critical factors in determining the fluorescence de-
cay. This implies the fluorescence decay being a parametrical function of
tewp and A, ie., I(t,temp, A). Therefore two types of lifetime experiments
were performed. To monitor the influence of the peptide aggregation on Tyr
fluorescence decay, the decays I)(t,%c,,) were measured with A = 315 nm
at increasing times t.,, after sample preparation. In order to obtain the
wavelength-dependent decays of Tyr, the decays Iy, (¢, A) at time t.,, were
collected for different emission wavelengths A between 300 and 330 nm with
wavelengths steps of 3 nm.

A three-exponential decay model (defined by equation 3.11 where n equals
3) was chosen to fit the data on the basis of the best-fit x? values and random
distributions of weighted residuals obtained for the function when applied
to all the decays. Fitting the data to mono- and two-exponential models
recovered statistically unacceptable results. The index i refers to one of three-
rotamers and the pre-exponential components «; and corresponding lifetimes
7; are regarded as functions of t.,, and A\. The fractional contributions of

each lifetime component f; were calculated according to equation 3.12.
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Fluorescence decays measured for the different emission wavelengths A
allowed determination of the wavelength dependent fractional contributions
fi(A). The DAS F;()), each representing the fluorescence spectrum of the
relevant Tyr rotamer Y;, were calculated from the fractional contributions

fi(A) according to equation 3.19.

5.3 Results and discussion

The simplistic rotamer model, considered in the preceding chapter, implies
a three-exponential fluorescence decay of Tyr with the recovered lifetimes
reporting on the excited-state kinetics of individual rotamers. All decays of
Tyr detected exhibit a three-exponential character confirmed by means of
the x? goodness of fit and the distribution of residuals criteria.

If the rotamer model is suited to interpret lifetime data then the recovered
parameters are expected to reflect fluorescence processes which are dependent
on molecular distance (like fluorescence quenching, proton/electron transfer,
fluorescence resonance energy transfer, etc.) and thus are likely to accompany

peptide aggregation.

5.3.1 Effect of initial monomer concentration

To investigate Tyr’s performance as an intrinsic reporter of aggregation
present naturally in the AS peptide, its fluorescence decay was measured
in samples of different peptide concentrations. As the fluorescence decay can
be affected by the mutual interactions between AfS peptides, the monomer
concentration in solution might influence the complex fluorescence response
of Tyr.

Lifetime measurements were performed for 8 samples of increasing Af
concentrations, namely 5,12, 20,27, 35,42,50 and 57uM. The intention was
to collect fluorescence decays prior to aggregation, however, it cannot be
excluded that the aggregation in at least some of the samples started im-

mediately after sample preparation, before or indeed progressed during the
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measurement. In order to maintain the same experimental conditions in all
the samples, the measurement of each sample was started exactly ten min-

utes after its preparation.

The retrieved lifetimes (7;) and fractional contributions (f;) as function
of A concentration are shown in figures 5.1a and 5.1b, respectively. The
lifetime values (figure 5.1a) do not change markedly with concentration of
Ap peptide, but the percentage contributions of decay lifetimes (figure 5.1b)
depend on the peptide concentration quite significantly.

The contribution f; (associated to a rotamer hereinafter referred as Y;
with the characteristic lifetime &~ 3.4 ns) remains constant, while the de-
pendencies of fy (Y2, ~ 1.1 ns) and f3 (Y3, ~ 0.4 ns) on concentration are
non-monotonic. Up to the AS concentration of =~ 30uM there is an increase
in fractional contribution f; and decrease in f3, while for the higher AS
concentrations, these trends reverse. The effect of AS concentration on the
rotamers contributions to the total fluorescence becomes more clear on the
plot in figure 5.1c, where the values of f;[Af] (a parameter proportional to
fluorescence intensities of the rotamers Y;), are plotted as the function of Aj
total concentration, [Af].

The curves in the plot on figure 5.1c represent the fluorescence intensities
of each rotamer. Their changes with [Af] can be interpreted in terms of the
changes in the relevant rotamers populations, providing their quantum yields
remain unaffected by the concentration of the peptide. Constant values of
quantum yields cannot be confirmed definitely, but are supported by stable
values of lifetimes measured for different peptide concentrations. Accept-
ing the stability of quantum yields leads to the conclusion that increasing
the concentration of the peptide means, up to the concentration of about
30uM, a proportional increase of the populations of the three rotamers, with
dominating rotamer Y5. For higher concentrations Y, growth stops and the
population of rotamer Y3 increases. Rotamer Y; grows linearly with [Af],

which may be an indication of Y] being less sensitive to the environment.
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Figure 5.1: Parameters obtained from fitting Tyr fluorescence decay to a
three-exponential decay model. a) Tyr fluorescence decay times; b) inten-
sity fractional contributions; ¢) population of Tyr rotamers Y7, Y3, Vs, as a
function of initial AS concentration. Experimental errors are 3 standard
deviations.
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The fact that AS’s Tyr shows a high sensitivity to the effect of concentra-
tion, and therefore to the presence of neighboring A5 monomers, indicates
indirectly that Tyr can be used as a non-invasive intrinsic sensor to study

the AfS peptide and its process of aggregation into amyloid fibrils.

5.3.2 Evolution of fluorescence response with peptide
aggregation

As it is expected that the aggregation process depends on the initial concen-
tration of peptides, two samples of different initial monomer concentrations
were investigated and their lifetime responses (¢, teyp, 315nm) followed over
the course of about two weeks. The first sample was of a low concentration

of initial Af monomers, 5uM, and the second of 50uM.

Low concentration sample

The retrieved lifetimes (7;) and fractional contributions (f;) as functions of
experiment time (aggregation time) for the low concentration sample (LC)
are shown in figures 5.2a and 5.2b, respectively. It can be seen that the
lifetime values are stable during the course of the 210 h of the experiment.
The fractional contributions of the decay lifetimes (figure 5.2b) show some,
but not large, change throughout the experiment. No significant change in
all the parameters suggests the LC is fairly stable and aggregation does not
occur or occurs at a slow rate and is unnoticeable during the first 210 h.

This is confirmed by the ratio of f; to f> values, which can be used as an
indicator of aggregation as has been shown in the previous chapter. It can
be seen (figure 5.2c) that no significant changes in f;/fs occur, with its value
scattered around the level of 0.864 4+ 0.018.

To better understand the kinetics of Tyr fluorescence in the LC sample,

its decays were then detected at different emission wavelengths. The sample
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was considered as stable at ¢, > 210 h, as no further evolution in Tyr decay
was observed. The parameters obtained from fitting the resulting data to a
three-exponential decay model are shown in figures 5.3a (lifetimes) and 5.3b
(fractional contributions).

Figure 5.3a shows a small but clear increase in the recovered lifetimes
with the detection wavelength. This effect cannot be explained in terms of a
simple three-rotamer model, in which each rotamer is represented by a fixed
fluorescence lifetime. The observed changes in lifetimes could indicate that
the rate of solvation of Tyr’s phenol group following electronic excitation is
comparable to the rate of fluorescence, thus lifetimes detected at longer A
are longer.

It is worth noting that the relative changes in these three lifetimes, i.e.
(1:(324nm) — 7;(300nm)) /7;(300nm)

are 0.26, 0.80 and 1.91 ns for Y, Y5 and Y3, respectively. This suggests the
relaxation times of the phenol groups in all three rotamers are long (nanosec-
onds instead of typical picoseconds) but are different for each rotamer due
to their different local surroundings. Alternatively, the observed changes in
fluorescence lifetimes can be caused by an actual more complex fluorescence
kinetics than the three-exponential model considered in this analysis.

The time-domain results (figures 5.3a and 5.3b) were used with the steady-
state emission spectrum of the sample to create the DAS, F;(\) (equation
3.19), representing the separate spectra of the three rotamers Yj, Y5 and
Y; (figure 5.3¢). It can be observed that the individual spectra are almost
identical indicating that all forms contribute a similar profile and intensity
to the overall fluorescence. The relatively large differences in f; values at
short wavelengths, 300-305 nm, (see figure 5.3b) affect the DAS of Y] and Y5
to a small extent. The fact that the DAS of the shorter-lived rotamer Y3 is
slightly higher influenced can be rationalized by the possibility of scattered
light affecting the measurements at such low wavelengths. Due to the virtual
null lifetime of scattered light its effects are more noticeable in the shorter

lifetime components of the decay.
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Figure 5.3: Parameters obtained from fitting Tyr decay in the LC sample
to a three-exponential decay model. a) Tyr fluorescence decay times as a
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If all rotamers exhibit the same quantum yields, the result in figure 5.3¢c
would imply equal abundance of the three rotamers in the sample. How-
ever, due to substantially different lifetimes shown by the rotamers, different
quantum yields seem to be more likely. Indeed, assuming that the rate of
the radiative transition for Tyr is kr = 1/7, and the total rate of the non-
radiative transitions (e.g. due to quenching mechanism) of the rotamer Y; is

knri, the resulting lifetime 7; of the Y; form is given by

1 1
— = —+knpi (5.1)
Ti To
and its quantum yield 7; is
kp - T
;= = To = — 5.2
T e knri o~ +kNre o To (5:2)

As 7, is unknown, it is not possible to estimate the quantum yields of the
rotamers, but their concentrations [Y;] can be worked out. The total fluores-
cence emitted by the rotamer Y;, namely [ F;(\)d), is proportional to the

rotamer concentration [Y;] and its quantum yield 7;. Thus
/ F(\d = fnlY] (5.3)

where [ is the coefficient of proportionality. From equations 5.2 and 5.3 re-

sults

7o [ Fi(\)dA

[Yi] N B Ti

(5.4)

As [Y] = > [Vi], it can be written that

64



As the total concentration [Y] is known (5uM), equation (5.5) can be used to
estimate the concentrations of individual rotamers. For L.C, they are 0.22uM
(4.45%), 0.75uM (15.10%) and 4.02uM (80.45%), for Y7, Ys, and Y3, respec-
tively. The percentage contributions shown here represent the occurrence of

Tyr rotamers in a solution of A monomers.

High concentration sample

The lifetimes and fractional contributions obtained for the high concentration
sample HC of 50uM are shown in figures 5.4a and 5.4b, respectively. The
lifetimes show a very slow increase with experiment time while the changes
in the fractional contributions are quite significant. Contrary to LC, all three
fi factors change with time which may indicate a new process, not observed
in LC, likely the effect of the spontaneous aggregation of the AS peptides.

Note that the initial f; values are very close to the result obtained for
50uM Ap in the experiment performed to investigate the concentration effect
(page 59) with dominating fy contribution. As seen in figure 5.4b, for the
later times fo decrease is accompanied by increase of the f; and f3 factors.
This result is different from that observed for monomer solutions, leading to
the proposition that it is too a signature of oligomerisation.

For HC the ratio f1/fs (figure 5.4c¢) increases by 100% during the first
15 hours. The initial quick change slows down gradually in the later stages.
Such kinetics may reflect high ”consumption” of monomers forming small
oligomeric species at the beginning of aggregation. As oligomers get bigger
and diffuse slower and monomers become sparser the initial rate of aggrega-
tion slows down. The rate of the process can be arbitrary characterised by

fitting the f1/fa versus t.,, dependence to the exponential function
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Figure 5.4: Parameters obtained from fitting Tyr decay in HC to a three-
exponential decay model. a) Tyr fluorescence decay times ; b) fluorescence
intensity fractional contributions; c) ratio between decay times fractional
contributions fi/f,, data fitted according to equation 5.6. Experimental
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Figure 5.5: SEM image of sample HC (taken before lifetime measurements
at different wavelengths were performed) confirming the existence of mature
amyloid fibrils.

(fl/fQ)(texp) = (AO - Aoo)exp(_temp/taggr') + Aoo (56)

with Ay and A, being technical parameters and ¢4, a characteristic ”"ag-
gregation time”, which in this experiment achieved a value of (33.3 4 3.1)

hours.

Fluorescence decays of HC were also measured at different emission wave-
lengths I(t,tesp > 210k, X). As the retrieved fluorescence decay parameters
for HC showed no further evolution for t.,, > 210 h, it was regarded as a sta-
ble sample. Scanning electron microscope (SEM) images of the sample taken
at this point in time, figure 5.5, confirm the existence of mature amyloid
fibrils. Therefore, the sample was considered to be at equilibrium with AS
aggregated into the final fibrillar structures. The fluorescence decays were

again fitted to a three-exponential decay model and the retrieved parameters
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are shown in figures 5.6a and 5.6b.

Figure 5.6a shows that the lifetimes increase substantially with an increase
in the detection wavelength. This result could be explained, same as in
the monomer, by the orientational relaxation of the phenol groups in the
aggregated sample being slow and comparable to the fluorescence lifetimes.

Again the relative changes in these three lifetimes, i.e.
(1:(324nm) — 7;(300nm)) /7;(300nm)

are quite different for each rotamer, namely 0.64, 1.10 and 3.16 ns for Y7, Y5
and Y3, respectively.

A comparison of the lifetime changes in the two presented samples (fig-
ures 5.3a and 5.6a) reveals that the effect is present in both, but is more
pronounced in HC, the aggregated sample. Assuming validity of the three-
exponential model of the kinetics, this effect suggests that the aggregation
additionally slows down the relaxation of rotamers. This is consistent with
the solvent present in the local environment of rotamers being removed and
replaced by side chains of the adjacent, newly bound, peptide. Such replace-
ment results in higher steric hindrance to the orientational relaxation of the
rotamers and, therefore, the excited rotamers can remain as such for longer
periods of time before eventually decaying to the more stable ground state.

The retrieved data were used to create the DAS shown in figure 5.6¢c. In
the aggregated peptide the rotamer with the smallest lifetime, Y3, is quenched
as compared to the other two forms and appears to be red shifted in compar-
ison with the non-aggregated sample. Also Y3, the medium lifetime rotamer,
shows a slight red-shifted emission (~ Inm).

Using equation 5.5 for the HC data allows estimation of concentrations
of the individual rotamers. Taking the total HC sample concentration of
50uM, Y7, Ys and Y3 have the values 3.62uM (7.25%), 15.98uM (31.96%), and
33.39uM (60.79%), respectively. Comparing these percentage contributions
with the percentages obtained for LC, shows that the peptide aggregation
is an additional factor, together with the bulk peptide concentration, which

affects the selection of a rotameric form by individual Tyr.
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Figure 5.6: Parameters obtained from fitting Tyr decay in the HC sample
to a three-exponential decay model. a) Tyr fluorescence decay times versus
wavelength ; b) fluorescence intensity fractional contributions; c) full line:
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three retrieved decay times. Experimental errors are 3 standard deviations.
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rotamer Ao (nm)  7(ns)  [V;](%)

@300nm
Y1 311 3.9 4.45
A monomers Y, 312 0.8 15.10
Y3 310 0.1 80.45
Y, 310 A1 7.25
ApS aggregates Ys 313 1.1 31.96
Y3 314 0.1 60.79

Table 5.1: Peak positions of fluorescence spectra, fluorescence lifetimes
and relative concentrations of Tyr rotamers in monomer solution and fully
aggregated A solutions.

5.4 Conclusions

The finding that intrinsic fluorescence of Tyr in AS peptide can be useful
for monitoring very early stages of single AS peptide-to-peptide aggregation
reported in Chapter 3 has been further confirmed and extended. The pre-
sented results could be of fundamental importance in the research on the
mechanisms of neurodegenerative diseases, because no other experimental
technique enables detection of binding of single peptides non-invasively.

Using this sensing approach it was demonstrated, that the initial peptide
concentration influences what rotameric conformations are taken by indi-
vidual peptides (figure 5.1¢), and determines the rate of their aggregation
(figures 5.2c and 5.4c). At low Af concentrations (5uM), the aggregation
is negligible, while at higher concentrations (50uM) the rate of aggregation
can be described by an exponential change in the f;/fs ratio as a function
of time. In the particular conditions of such sample the characteristic aggre-
gation time was of ~ 33 hours.

A three-rotamer model can be effectively used to interpret main fluo-
rescence properties of both the monomer solution and the fully aggregated
ApS peptides. The rotamers parameters estimated from the steady-state and
lifetime data are collected in table 5.1. A comparison between the numbers
characterising monomers and aggregated forms shows that the parameters

most sensitive to aggregation are relative concentrations of individual ro-
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tamers. Therefore fitting the Af lifetime data to a three-exponential model
and estimating the relative concentrations of rotamers can be helpful in as-
sessing the state of aggregation.

On the other hand, the gradual increase in lifetimes with emission wave-
length observed for the both monomer and aggregated samples indicates that
the actual Af excited-state kinetics is complex and a more advanced mod-
eling of Tyr photophysics can help to reveal in full the information on AS

aggregation offered by intrinsic fluorescence.
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Chapter 6

Discrete and continuous
lifetime analysis of Tyrosine
Huorescence decay during A /Sy

and A4 oligomerisation

6.1 Introduction

In this chapter is investigated the aggregation of AS4 and A peptides us-
ing Tyr fluorescence decay as a sensor to compare the early stages of oligomer
formation of the different peptides. The decays are analysed using two dif-
ferent approaches: first using discrete lifetimes through the NLLS method,
as in the previous chapters, fitting the decays to a three-exponential model;
second, using the MEM to recover lifetime distributions without any a priori
assumptions regarding the decay kinetics and its components.

MEM allows to ascertain how realistically the exponential model describes
Tyr photophysics in A5 during aggregation and reveals more information
on the peptides behaviour. Because of the variety of the potential factors
determining Tyr fluorescence it is possible that its emission decay does not

have in fact a discrete exponential character. In such case, the continuous
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lifetime distributions would better represent the observed fluorescent decays.

For obtaining a more comprehensive view, the molecular dynamics (MD)
simulations of the A, and AfB4 peptides aggregation are also presented. In
a collaboration with Dr. Karina Kubiak-Ossowska (Department of Chemical
and Process Engineering, University of Strathclyde). MD simulations were
performed in the explicit water. The simulations give theoretical insights into
peptide dynamics in water environment, the conformational adjustments,
the aggregation process and the structure and stability of the oligomers.
The analysis of both Tyr fluorescence data and MD simulations shows a
link between the observed photophysics of Tyr and the conformations of Af
peptides during the aggregation process. The MD simulations support the
lifetime data here presented and therefore the relevant results are briefly

included in this chapter.

6.2 Methodology

Amyloid samples were prepared according to the methodology presented in
Chapter 5 (page 55). To monitor the influence of the peptide aggregation on
Tyr fluorescence decay, the measurements were performed collecting 315nm
emission at increasing times t.,, after sample preparation using the TCSPC
technique on the IBH Fluorocube system as previously described in Chapter
3 (page 30).

6.3 Results and Discussion

6.3.1 Three-exponential model

It was demonstrated in the previous chapter that the changes in Tyr life-
time data observed at different times after sample preparation support the
hypothesis that conformational changes in the Af, peptides occur due to

their spontaneous aggregation. The lifetimes and fractional contributions
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presented in Chapter 5 for the HC sample of 50uM A, (Figures 5.4a and
5.4b, page 66) will be used in this chapter for comparison with A3,y aggre-
gation process.

In summary, Tyr decay in Afy displays the following characteristics:
lifetimes display a small increase with the experiment time t.,, while changes
in the fractional contributions are significant, f, decreases accompanied by
an increase in f; and f3. The results suggest that when the aggregation
progresses, the preferences of Tyr to stay in a particular rotameric form
evolve in such a way that the population of the rotamer Y5 decreases in
favour of the rotamers Y7 and Y;. The f;/f, ratio, used as an indicator of
aggregation, was fitted according to equation (5.6) revealing a characteristic
"aggregation time” .4, of (33.3 £ 3.1)h.

The AB4 peptide differs from Ay only at the C-terminus where two
additional apolar amino acids (isoleucine and alanine) are present at the
end of the sequence. The hydrophobic C-terminal sequence seems to play a
determinant role in the spontaneous aggregation of the peptides and it has
been shown [29-31] that A4 peptides aggregate into amyloid fibrils more
rapidly than Afy.

The parameters obtained for the three-exponential model NLLS analysis
of Tyr’s decay in A, are presented in figure 6.1. The data is superimposed
with the parameters retrieved for the Af,y experiment for an easier compar-
ison, except for the case of the factorial contributions (figure 6.1b), where
the vast amounts of data would become confusing.

It is clear that all lifetimes (figure 6.1a) obtained for the Ay, are higher
than the lifetimes retrieved for the AS4. This may suggest a slightly different
microenvironment surrounding Tyr in the two peptides, effect that could be
caused by the increased hydrophobicity of the C-terminal sequence in the
ApBs. The difference in hydrophobicity could result in a different peptide
conformation for the two peptides, and in A5 Tyr might be more effectively
shielded from interactions with solvent molecules.

The factorial contributions (figure 6.1b) of the decay lifetimes for AfSys
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Figure 6.1: Parameters obtained from fitting Tyr decay to a three-
exponential decay model. a) fluorescence decay times; b) fluorescence inten-
sity fractional contributions; ¢) fi/ fs ratio, data fitted according to equation
(5.6). Experimental errors are 3 standard deviations.
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display substantially smaller changes in the first 30 hours of experiment,
when compared to the case of Afy. The effect is more clearly seen through
the fi/f, ratio presented in figure 6.1c. Assuming that the changes in life-
times exhibited by Tyr during aggregation are a measure of the stage of
aggregation, then the potential explanation of this difference could be the
rate of oligomerisation for A, being much faster than for ABs. In such
hypothesis, the initial quick change in the fluorescence decay would be too
fast to be efficiently detected for A3, within the timescale of the traditional
lifetime experiments. The ratio values increase only slightly to then stabilise
in a profile that resembles the final stages of AS4g kinetics. This may indeed
suggest that most of the peptide had oligomerised rapidly after preparation
of the monomeric solution. Fitting the ratio parameter for AfBs with equa-
tion (5.6), as done for Af,g, does not produce a good fit due to the lack of
the initial rise, and paradoxically shows a longer characteristic aggregation
time.

It should be observed, though, that Tyr fluorescence is primarily deter-
mined by its local environment and therefore the lifetimes and contributions
of rotamers are only an indirect indication of the stages of aggregation. It
was mentioned above that the increased lifetime values of Tyr in AB4s could
be a result of reduced solvent access. If that is the case then the environ-
ment sensed by Tyr in both peptides would be different and the discrepancy
between the initial values of the lifetime component contributions f; could
be a result of such environmental divergence. In this case, the lower val-
ues obtained for AfBys fi/fe could be a result, not of faster oligomerisation,
but of reduced solvent access to Tyr in the Af4 monomers. The solvent
shielding effect of aggregation would then be smaller and the change in Tyr
surrounding microenvironment therefore less significant. This would result in
a much smaller influence in Tyr decay throughout the aggregation resulting
in less significant changes in f;/f,. Opposed to such situation, in ABy Tyr
has a higher initial exposure to solvent and the formation of oligomers and

consequent reduced solvent exposure of Tyr has a more dramatic effect. This
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with MEM for Aﬁ40

alternative explanation implies that Tyr in Af4 is not as good a sensor of
oligomerisation as in the AB4 peptide, precisely because it is more protected

from solvent interactions.

6.3.2 Model-free lifetime distributions

As up to this point, the exponential model still adequately fits to the ex-
perimental data as proven by both goodness-of-fit criteria, the y? and the
distribution of residuals. However, the findings presented in the previous
chapter indicated that the three-exponential model might be too simplistic
to represent the true nature of Tyr decay in the ApBy peptide. The MEM
is able of analysing decays that are intrinsically complex and can not be re-
duced to multi-exponential model decay functions, and thus provides a more
realistic description of fluorescence decay kinetics. In this section the MEM

analysis of Tyr decay, in both AfB, and ApB4 peptides, is presented.

In figure 6.2 are shown four representative lifetime distribution obtained
with MEM for the A S, peptide during its aggregation process. It can be seen
that, in fact, the distributions do not display three but four peaks meaning

that Tyr decay has not three but four components. The relatively small
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contribution of the "new” fourth lifetime component explains why the three-
exponential model yields statistically acceptable results.

The rotational freedom of Tyr around the C, — Cs and Cs — C., chemical
bonds (figure 6.3) creates a surface landscape of potential energy V' (x1, x2)
with potential wells that define the conformations of the Tyr molecule and
therefore gives rise to its rotamers. The common rotamer model referenced
previously only takes into account the rotations around y; and that might
be the cause that reduces the existence of Tyr to three rotameric forms. The
four decay components found with MEM analysis clearly suggest the exis-
tence of four well defined minima in the V(x1, x2) landscape and therefore

of four rotameric forms of Tyr in the A, peptide.

The peaks lifetime and contributions to the overall fluorescence decay
obtained through MEM are presented in figure 6.4a and figure 6.4b, respec-
tively, as functions of experiment time t.;,. The peak lifetimes are stable
through the aggregation of the peptide, with the exception of a couple of
data points in the case of the longest lifetime 74 (whose relevant Tyr rotamer
will be hereinafter referred as Y}). Such exceptions are probably a conse-
quence of noise in the data overpowering the weak contribution of the Yj
rotamer to the overall fluorescence. In the initial lifetime distribution only
three peaks compose the output, the fourth component contribution might

be non-existent or purely too weak for MEM to consider it as a feature of the
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Figure 6.4: Parameters from Tyr lifetime distributions for ASy plotted
in a logarithmic scale. a) peak fluorescence decay times; b) fluorescence
intensity fractional contributions ¢;; ¢) ratio between ¢; and ¢9, data fitted
according to equation (5.6); d) Full width at half maximum. Error bars equal
3 standard deviations.
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decay kinetics. Either way the best representation of the decay is therefore
the simpler construction of three decay components.

As in the NLLS, the contributions of each rotamer to the overall fluores-
cence decay, ¢;, change with sample aging, i.e., with the oligomer formation.
The contributions of ¢; (Y1, = 3.4 ns) and ¢y (Y2, ~ 1.3 ns) still seem to
be the most sensitive to aggregation while the contributions ¢3 and ¢4 show
only small changes. The lines in figure 6.4b are meant as a guideline for the
eye.

In analogy to the analysis done to the NLLS data, one can take the
ratio between the contributions of peaks 1 and 2 (¢1/¢2) as an indicator of
aggregation. This is shown in figure 6.4c, note the logarithmic time scales.
Fitting the data to equation (5.6) as done for the NLLS results, produces a
statistically unacceptable fit (fit 1) due to the outlier data points. Fitting the
ratio after removal of the two outlier data points (fit 2) yields an acceptable
fit that reveals a characteristic aggregation time of (19.7 £+ 5.2)h, a much
smaller value than the (33.3 & 3.1)h obtained from the NLLS analysis based
on the three-exponential model. The discrepancy comes probably from the
three-exponential model being only a simplification of the actual Tyr decay
kinetics.

The full width at half maximum (FWHM) values of the four peaks re-
covered for Tyr decay in of AfB,, are plotted in figure 6.4d as functions of
experiment time t.;,. The characteristics of the the FWHM provide unique
information on the aggregation process. The value of FWHM for each ro-
tamer is a characteristic feature related to the profile of the potential well
that restrains said rotamer. Wider potential wells allow higher freedom and
thus a larger distributions of possible lifetimes can be expected resulting in
bigger FWHM for the relevant peak.

The non-monotonic changes in the FWHM may be caused by a com-
plex aggregation process. The characteristic lifetime, and its FWHM, of a
given Tyr rotamer might depend on whether it is a part of the Ag monomer,

dimmer, trimer, etc., and the initial increase in the FWHM of each rotamer
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lifetime distribution peak could be caused by increasing variety of A, struc-
tures. At the later stages of aggregation, the structures are becoming not
only bigger and more rigid, but also more homogeneous and therefore the
variety of different species in which one particular rotamer exists becomes
smaller and with it the FWHM of the relevant lifetime distribution becomes

narrower.

Representative lifetime distributions for the Af4 sample at different
times after its preparation can be seen in figure 6.5. The peak lifetimes
(figure 6.6a) are similar to those found for Afs to the exception of the
fourth lifetime peak Y, whose value is approximately 1 ns higher. The higher
lifetime of Y} is likely to cause the fact that the lifetimes retrieved from the
NNLS fit of Afys are longer than those of AfByy (figure 6.1a). In the attempt
of fitting the decay to the more reductive three-exponential model the NLLS
method spreads the influence of Y, across all three exponential components,
in different proportions. The fact that all Tyr lifetimes found through the
NLLS analysis are higher for Af4s than the lifetimes obtained with the same
method for Afy can thus be explained.

The higher value for Y in A5 might, nonetheless, still be a consequence
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of solvent protection but not all rotamers are better shielded from the solvent
in this peptide, as NLLS lead to believe.

In figure 6.6b can be seen the ¢; contributions of each peak. The data
does not display dramatic changes as found for Af,, there only appears
to be a very slight increase in ¢; and drop in ¢3. The small variance of
the 7, and ¢; parameters throughout sample aging supports either of the
hypothesis raised by the NLLS analysis: the formation of small oligomers
cannot be observed due to the fast rate of Af,s’s oligomerisation; or Tyr
surrounding microenvironment does not change significantly enough during
oligomerisation to result in a substantial change its fluorescence response,
because it is more protected or buried in the AfSss peptides 3 dimensional
structure.

Whichever might be true, the common feature in both analysis is that
Tyr fluorescence in AfBss seems to be less sensitive to the intermolecular
phenomenon of aggregation. As a consequence the ¢,/¢s ratio (figure 6.6¢)
varies only slightly over the entire experiment time. Fitting the data to a
linear regression yields a slope of (3.44 4+ 1.07)x10~3 h, which demonstrates
the small magnitude of the variation.

In part d of figure 6.6 are shown the FWHM of the four peaks. The values
for peaks 1, 2 and 3 also do not show significant trends suggesting yet again
a stable system. Regarding peak 4 there is a big scattering of the data and

no obvious conclusion can be drawn.

Discussion on NLLS and MEM

The results obtained with MEM show relatively sharp peaks revealing that
fluorescence of Tyr in A has a reasonable exponential character. This in-
dicates that Tyr must be rather constricted in all its rotameric forms. Such
behaviour indicates the existence of distinct and well defined potential wells
in the V(x1, x2) landscape.

Although fitting the decay throughout aggregation with a NLLS fit to a

three-exponential model results in good fit criteria, it does not represent the
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true nature of Tyr decay. MEM revealed that the three-exponential model
was found to be a good representation of Tyr decay in the beginning of
the aggregation process, i.e., after sample preparation (figure 6.4), however,
when oligomers start becoming dominant the bulk Tyr response changes.
Nonetheless, fitting it to a discrete three-exponential model still yields fits
with good x? and residuals. Although the three-exponential model might no
more realistically describe the photophysical behaviour of Tyr it is still valid
as a sensing tool to describe the process of oligomer formation. Fitting the
data throughout the whole aggregation experiment with a three-exponential
model proves to be a simple, quick and useful way to obtain kinetic infor-
mation about the oligomerisation process and compare it between different

systems, as was attempted in this chapter with the different varieties of Af.

The information obtained through MEM lifetime distributions and NLLS
discrete lifetimes both point in the same direction. For the A4 solution both
methods reveal that the system changes according to an exponential growth
function. The rates obtained through both methods are different with MEM
revealing that the process might be faster than the NLLS data suggests. As
MEM is believed to depict more realistically Tyr photophysics and the NLLS
fit to the three-exponential model to be a more reductive simplification, the
oligomerisation rate of (19.7 £ 5.2)h retrieved from MEM should be itself the
more accurate result.

It had been reported previously that ApBss peptide fibrillisation occurs
faster than the fibril formation of the Af,y variant. The data presented here
suggests that this trend might also present in the early stages of aggregation.
The comparison between the f1/f; ratios (figure 6.1c) seems to indicate that
the oligomerisation also occurs at a faster rate for the AS4s peptide.

NLLS and MEM analysis methods equally demonstrate there is small
variance in the A, Tyr decays during the peptide’s aggregation. Such
effect might be caused by the process of oligomerisation occurring to fast

to be effectively detected, as suggested above, or on the other hand that
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ApB4’s Tyr fluorescence response to oligomerisation is too weak to reveal
useful information. The former could be caused by Tyr in Afss being more
buried in the peptide’s structure and the changes in its microenvironment due
to the intermolecular process of aggregation between peptides are not being
substantial enough to create a discernible effect in its decay photophysics.

Both hypothesis cannot be totally discarded.

6.3.3 Molecular dynamic simulations

To allow further interpretation of the fluorescence lifetime data and find their
relationship with the performance of aggregation, 100 ns long molecular tra-

jectories were obtained for 9A 4 and 9A s systems in MD simulations.

After the 100 ns of simulation the AfSy molecular system was composed
of one oligomer made of eight peptides and one monomer (figure 6.7), and
the A4, system contained one oligomer composed of seven peptides and two
peptides in the monomeric form (figure 6.8). From the figures it can be seen
that the A, oligomer is very tightly bonded and twisted and does not form
a relatively linear structure as the Afy.

Comparison between the two systems reveals that the structural changes
depend on the peptide length. The C-terminal a-helix of the more hydropho-
bic AB4s peptide unfolds more than in the case of less hydrophobic A B,y pep-
tide. For AB4s the range of conformational changes seems to depend on the
oligomerisation state, monomeric peptides are unfolded slightly less than the
oligomerised ones meaning that the C-terminal a-helix is maintained better
in the monomers than oligomers. This might indicate that the C-terminal
hydrophobic a-helix serves as an oligomerisation seed. Due to the lack of
this part of the sequence it can be speculated that the A,y oligomer will
be bound more weakly then the Af4s one, and indeed such a difference is
observed in the simulations.

Examination of the final structure and the interactions within the oligomer

suggests that the more hydrophobic A, peptide creates a more tightly
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Figure 6.7: Final structures in the 9A ;o system: a) monomer, b) oligomer.
The Tyr residue is indicated as a VAW sphere, the peptide secondary struc-
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X2 angles of Tyr showing the rotameters observed: c¢) in the monomer, d)
in the oligomer. The average values of angles calculated after removing the
most outlying points are indicated in parenthesis.
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bonded and more stable oligomer than the shorter and less hydrophobic A8y
peptide. In both oligomers the most involved region in the peptide-peptide
interactions is the C-terminal a-helix with residues from 28 to 40(42). This
agrees with the idea of hydrophobic driven oligomerisation with strong trend
to bury the C-terminal part of the sequence that strongly unfolds in the
polar environment and serves as a oligomerisation seed. The hydrophobic
interactions have been shown to be important in the stability of A3 peptide
protofilaments [94] and aggregates [95] as well as for the peptide adsorption
on various surfaces [96-98]. The structural changes dependence with the
oligomerisation state here observed were found in a relatively small popula-

tion. To make general conclusions further simulations are required.

It is worth to mention that independently on the system the Tyr residues
are usually accessible to the solvent. While Tyr is not directly involved
in the peptide-peptide interactions within the oligomer it can be partially
buried at its interface. In figures 6.7 and 6.8 are shown the plots of x;
versus x2 angles for the Tyr residue in monomer (c) and oligomer (d) for
ABy and Afys, respectively. It can be seen that Tyr exclusively populates
four areas within the space defined by x; and xs. The average angle values
are indicated in the plots. This data shows that Tyr exists in four distinct
rotational structures, i.e., as four rotameric forms. The four populations of
rotamers are well separated which supports the MEM findings discussed in
the previous section. The distribution of Tyr rotamers found here identifies
the existence of four well defined minima, or potential wells, in the potential
energy landscape V(x1, x2) and justifies the existence of four peaks in the

lifetime distributions.

6.4 Conclusions

Tyr sensitivity to peptide-peptide interactions makes it a good sensor for

monitoring the critical early stages of A aggregation. Using Af3’s intrinsic
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fluorescence as a sensing tool can bring advantages in the AD research be-
cause it allows monitoring of the oligomerisation process where toxic species

are being created.

In this chapter the NLLS fitting to discrete lifetime models of Tyr decay
was used to compare the oligomerisation of two distinct form of A, namely
ABy and ABy. The simplicity of the discrete lifetime approach and NLLS
method makes it a good tool to easily analyse a system and compare different
experimental situations regardless of the photophysics of the sensor Tyr. For
example it can be used to directly compare the kinetics of oligomerisation
of samples in different conditions, e.g. with additives. This could help find
factors that slow down or disrupt the oligomerisation of the peptides in its
early stages and consequently slow down or disrupt the formation of cytoxic
oligomers linked with AD onset. The use of this sensing technique in vitro to
search for such analytes is within reach of many research teams around the
world. Finding such factors will have clear implications for AD therapeutics
in particular and perhaps for all amyloidoses in general.

MEM on the other hand is a more complex and time consuming analysis.
Lifetime distributions can be useful if the objective is obtaining information
on the photophysics of Tyr and understand its behaviour in a more funda-
mental view instead of using the method in a pure sensor approach. If the
interest is in studying the sensor and not just the oligomerisation kinetics,
then using a discrete lifetime method might be too reductive and informa-
tion can be lost as has been shown here. Therefore, if one wants to study
the photophysical behaviour of Tyr in the AS peptide, and how aggregation
can affect Tyr photophysics, MEM would be recommended as and additional

analysis tool.
The MEM method revealed that Tyr photophysics is more complex than

a simple three-exponential model. MEM results show that Tyr decay demon-

strates a reasonable exponential character but is a composition of four decays
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and not three. This observation is further supported by the MD simulations.
Recently Hernandez, et al. [99] have calculated potential energy landscapes
for Tyr in hydrated media and have found four minima in V (1, x2), support-
ing the findings here reported regarding the existence of four stable rotameric

forms of Tyr instead of the commonly accepted model of three rotamers.

The possibility that Tyr decay could be more complex than the three-
exponential model used to describe it, hypothesis mentioned in the previous
chapter and brought to light due to the observed behaviour of Tyr decay
with increasing wavelength of detection, is here confirmed. The existence
of four components in Tyr decay can justify the behaviour observed in the
wavelength dependent experiments. More studies in such direction would
contribute to understand better the photopysical behaviour of Tyr in the A
peptide and perhaps also in other proteins. Due to Tyr decay complexity,

MEM would be an important tool in such investigations.
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Chapter 7

Oligomerisation of dye-labelled
A By

7.1 Introduction

In this chapter Tyr is used as an intrinsic sensor to monitor oligomer forma-
tion non-invasively from the early onset of single peptide-to-peptide interac-
tions in samples with added extrinsic fluorophores. Tyr decay is analysed
using the NLLS method in a purely sensor approach.

Two probes, the small coumarin derivative 7-diethylaminocoumarin-3-
carbonyl (DEAC) and the larger Hilyte Fluor 488 (HLF), are here used
to study the influence of covalently bound fluorophores in the kinetics of
oligomerisation. The fluorescent tags are covalently bound to the N-terminal
of AB4 peptides. Additionally, the extrinsic associating probe ThT is also

shown to have an effect on the kinetic profile of oligomer formation.

7.2 Methodology

AByy tagged with DEAC (AS4-DEAC) and Afy tagged with HLF (Af40-
HLF) were purchased from AnaSpec (Fremont, USA). The ratio of tagged-
AByo to untagged A By was of 1:26 for all samples. All samples were prepared
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according to the methodology presented in Chapter 5 (page 55). To prepare
the AB4-HLF sample with ThT (ThT/ABs-HLF) all preparation conditions
were maintained and ThT was added when producing the sample at a ratio
of 1 ThT molecule to 2 Af, total peptides, i.e., producing a final ThT
concentration of 25uM.

To monitor the influence of the peptide aggregation on Tyr fluorescence
decay, the measurements were performed collecting 315 nm emission at in-
creasing times t.,, after sample preparation using the TCSPC technique on
the IBH Fluorocube system as previously described in Chapter 3 (page 30).
A Perkin-Elmer LS-50 B luminescence spectrometer was used for fluorescence

spectral measurements, ThT was excited at 450 nm.

7.3 Results and Discussion

The three-exponential decay model of Tyr fluorescence will be considered in
this chapter and a NLLS analysis is made of Tyr’s decay. All detected decays
fitted to the model exhibited acceptable statistical criteria, namely x? and
distribution of residuals.

As has been shown in the previous chapter, the three-rotamer model
is simplistic, however the three-exponential decay model can be effectively
used to interpret the main fluorescence properties of Tyr during the process
of amyloid oligomerisation and thus be used in a sensor approach to perform
comparisons between samples in different conditions. The HC sample (50uM
ApByp) discussed in Chapter 5 will again (as in Chapter 6) be used as a ref-
erence. For a quick summary of Tyr decay characteristic behaviour please

refer to page 74 or page 66 for the larger discussion and figures.

In figure 7.1 is represented the structure of the small coumarin derivative
7-diethylaminocoumarin-3-carbonyl (DEAC) dye and in figure 7.2 the larger
dye Hilyte Fluor 488 (HLF) is represented.

The dye molecules were covalently bound through their carbonyl group
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Figure 7.2: Chemical structure of HLF molecule. R; are substituents.

to the last amino acid residue of Afy’s N-terminal.

7.3.1 DEAC labelled Apy

DEAC is a relatively small dye compared to HLF but still has dimensions
larger than most of the 20 amino acids. The absorption and emission spectra
of DEAC bound to AfSyy are shown in figure 7.3a.

AB4-DEAC emission spectrum is well separated from Tyr emission. From
the absorption spectrum it was estimated that resonance energy transfer be-
tween DEAC and Tyr is not expected to be efficient. The intended final pur-
pose of the experiments with labelled ApByy peptides was to perform FRET
measurements between DEAC and HLF in the labelled peptides. For this
the ratio between labelled and unlabelled peptides was kept low, both DEAC
and HLF sample were prepared so that only 1 in 26 peptides were labelled.
The FRET experiments proved to be unsuccessful due to complex donor de-
cay photophysics and will not be presented. It will be demonstrated in this
chapter that even at low ratios of labelled to unlabelled peptides the fluo-
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Figure 7.3: Absorption spectrum (grey) and fluorescence emission spectrum
(black) of fluorescent labels bound to Afyg, a) AB-DEAC and b) ASs-HLF.

rescent tags have an influence the mechanism of aggregation and, therefore,
even if possible the information given by the energy transfer experiments
would contain artifacts in its depiction of the process of aggregation.

The fact that in the final samples 96% of the molecules were unlabelled
means that Tyr fluorescence signal arises mainly from undisturbed peptides.
This allows the samples containing tagged peptides to be compared with the
previous data obtained for unlabelled A, peptides (figure 5.4, page 66).

The retrieved lifetimes 7; and fractional contributions f; as functions of
experiment time, or aggregation time, for the A3,-DEAC sample are shown
in figures 7.4a and 7.4b, respectively. The lifetimes display a slow increase
with time, particularly 71 and 7. Such behaviour has also been noted in
all other experiments presented previously in this thesis. However, in the
case of the unlabelled Ay, (figure 5.4a, page 66) the effect is clearer in the
first hours becoming more subtle afterwards while in the A4 -DEAC such

dependence seems to be extended over a longer period of time.
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The significant changes in the fractional contributions f; for the unlabelled
ABy (figure 5.4b, page 66) are also present in the §4-DEAC sample (figure
7.4b). The trends in both samples are very similar to the exception of the
initial experimental period. Such similarities and initial difference can also
be seen and compared through the ratio f;/fo shown in figure figure 7.4c for
AB4-DEAC.

In the case of the unlabelled A,y sample the f; parameters are monotonic
functions in time. The behaviour of f; for the A, -DEAC sample is slightly
different (figure 7.4b). In the initial hours the changes in the f; parameters
are small and within the associated error. One can say, therefore, that during
the first &~ 7Th Tyr responses seem to be stable, within their errors. This can
also be seen in figure 7.4c where the values of the ratio appear constant.

What is found here with the A3,-DEAC sample is that the initial coales-
cence of monomers must occur at a smaller rate thus justifying the differences
between the two samples in the initial period. After ~ 7h the trends of the
fi; parameters follow similar profiles to those found for the unlabelled A4
sample.

In figure 7.4c is presented the f;/ fo ratio. The values were fitted accord-
ing to the equation (5.6) as was done for the unlabelled sample. The fit
was restrained to the range of values after the first 7 h, due to the above
mentioned behaviour of f;. The fitting was performed in order to access
how the increasing exponential function models the ”exponential stage”of
AB4-DEAC oligomerisation kinetics and to compare its behaviour with the
unlabelled amyloid kinetics of oligomerisation.

One can observe that the limiting values A, are not identical, but are
similar, in both situations: 0.870£0.016 for the unlabelled sample and 0.7724+
0.012 for AB4-DEAC. These results suggest that in both situations Tyr
senses a similar final equilibrium of monomers/high order oligomers/fibrils
is achieved. The characteristic "aggregation time” .44, for the sample with
DEAC labelled ASyg peptides reached a value of ~ 35 h. The retrieved value

is, within error, identical to the characteristic ”aggregation time” for the un-
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labelled peptides (=~ 33 h). Seemingly, the initial coalescence of monomers
(at temp < Th) takes place at a slower pace but the phase of exponential

growth is identical.

The data suggests that binding DEAC to the N-terminal of A,y de-
creases the number of effective encounters between peptides therefore ef-
fectively slowing the coalescence of monomers to form oligomeric species.
An effective encounter can be described as a collision between peptides in
which the peptides remain together resulting in an aggregation event. At
first view many factors could cause the decrease of effective encounters be-
tween peptides, for example, such interference could be due to steric effects
or perhaps the attached DEAC molecule disturbs the polarization of neigh-
bouring groups reducing electrostatic interactions between peptides such as
the ability to form hydrogen bonds.

Even though only approximately 4% of the peptides are tagged with
DEAC such amount seems to be sufficient to promote a number of unsuc-
cessful events that sabotage the start of the oligomerisation rocess. However,
even with a delayed start, the aggregation still seems to proceed and the for-
mation of more complex oligomers achieved. The DEAC label seems to have
only a small influence on the oligomerisation and the progress of aggregation

is similar to that of the unlabelled AB4 peptides.

7.3.2 HLF labelled Apy

The absorption and emission spectra of HLF bound to Af,y are shown in
figure 7.3b. The dye’s emission and absorption spectra in ApS;-HLF are
clearly separated from Tyr’s emission and absorption. As for the case of
AB4-DEAC, resonance energy transfer between HLF and Tyr was estimated
to be inefficient. AS4-HLF samples were also prepared to yield 96% of un-
labelled peptides, i.e., only 1 in 26 A3,y peptides were HLF labelled.

Retrieved lifetimes 7; and fractional contributions f; for Ag,-HLF are
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shown in figures 7.5a and 7.5b, respectively. The lifetimes display an initial
decrease followed by the expected increase of values after ~ 50 h. The
changes in the fractional contributions f; are again similar to those found
for the unlabelled ASy. However, the initial stages of the experiment show
significant differences. The retrieved f; for ApB,-HLF are non-monotonic
functions in time (figure 7.5b). In the initial hours there is an increase in
f2 and a corresponding decrease in f3. With the progress of oligomerisation
fo and f3 reach limit values after which they start to invert trends in an
exponential fashion.

This non-monotonic behaviour is, however, not a new finding. Such re-
sponse of the f; parameters was already detected in the concentration de-
pend experiments discussed in Chapter 5 (page 59). This suggests that the
initial increase in fo and decrease of f3 could be a signature behaviour of
the very beginning of the oligomerisation process where the first peptide-to-
peptide interactions occur leading to the creation of the first oligomers, such
as dimmers. It can be seen that the values obtained for initial stages of the
AB4-DEAC resemble the values for AB,-HLF after approximately 30 h of
experiment time. These facts together support the idea that the presence
of AB4-HLF peptides in the sample slows down the progress of oligomerisa-
tion and this effect is more pronounced in this case than for the sample with
DEAC labelled peptides. Therefore, the bigger HLF tag seemingly reduces
the rate of oligomerisation even more substantially.

The f1/f2 ratio for AB4-HLF can be seen in figure 7.5¢c. The values were
fitted according to the equation (5.6) as was done for the previous samples.
The fit was restrained to the range of values after the first ~ 50 h, due to
the non-monotonic behaviour of f;. The characteristic ”aggregation time”
taggr. for ABy-HLF as value of (66.1 = 8.5) h, a value that is higher than the
characteristic ”aggregation time” for the unlabelled AB4 and AS4-DEAC.

The binding of HLF to the N-terminal of the A3,y seems to further de-
crease the number of effective encounters between peptides therefore effec-

tively slowing the coalescence of monomers to form oligomeric species even
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more than the DEAC tag. This leads one to consider that the size of the
label molecule might be the parameter with highest influence, or potential

for disturbance, on the early oligomerisation of the AS, peptides.

The limiting value A, is slightly lower in the Ag-HLF case (0.742 +
0.013) when compared to the unlabelled and DEAC labelled ASyy samples.
As with both previously presented samples, also A(,-HLF seems to evolve
towards higher order oligomers through similar kinetic profiles but with dif-
ferent time constants. However, being the equilibrium value A, obtained for
the fi/f2 ratio lower than expected, the possibility of the equilibrium stage
of this sample being different can be considered.

An explanation for such observation could be that HLF creates steric
hindrance to such level that it does not permit the aggregation of peptides
into more complex higher order oligomers. To understand this hypothesis
an analogy can be drawn with the building of a brick tower: the bricks
(Af4o peptides) are stacked one on top of the other, when a brick of different
dimension (ABs-HLF) is inserted into the construction it creates a break
in the pattern and hinders the stability of the tower (high order oligomer).
Further bricks might perhaps still be stacked but the structural integrity
of the tower is compromised and eventually it will collapse due to lack of
stability.

Tyr fluorescence response is sensitive to events occurring in its close sur-
roundings, such as peptide-to-peptide binding, and is most likely not sensitive
to changes happening at large distances. While one can use Tyr to monitor
the formation of small oligomers, the coalescence of oligomers into higher or-
der oligomers or/and fibrils will not produce significant changes in the bulk
Tyr response. Therefore, to test the above formulated hypothesis using Tyr
lifetime responses is not sufficient or adequate and a ThT assay can prove
useful at this point. To test the hypothesis, the same AF;-HLF experiment
was performed with added ThT in order to track the formation of S-sheets
and fibrils.
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7.3.3 HLF labelled AB,y + ThT

For the AS4-HLF sample with ThT (ThT/AS4-HLF) the 1:2 ratio (ThT to
total Afy) was used in order to compare the results with the previous ThT
data presented in Chapter 4 (page 49).

Tyr fluorescence decay evolution was still monitored through the TCSPC
technique as previously and the results are shown in figure 7.6. Steady state
measurements were performed to follow ThT emission during the process of
aggregation, the intensity values at peak emission are presented in figure 7.7
as hollow circles.

When analysing Tyr decay in the ThT/AS4-HLF sample remarkable
differences are seen in its behaviour with aggregation time. The presence of
ThT seems to significantly alter the kinetic profile of oligomerisation (figure
7.6). Regarding the fractional contributions f;, figure 7.6b, the signature
behaviour is still present but the process evolves at different rates than those
found for the sample without ThT. The initial phase lasts for ~ 50 h for
AB4-HLF, while for ThT/ApS,-HLF the maximum (minimum) values of f;
(f3) are reached within the first day of measurements. It seems that the
presence of ThT speeds up the initial coalescence of monomers into simple
oligomeric species, approximately reducing by half the time of this initial
step in the oligomerisation profile.

There are also changes in the ”second stage” of the oligomerisation pro-
cess, where fy and f3 invert trends and f; starts to grow. While for all other
samples the changes evolve in an exponential fashion, in ThT/AS,-HLF the
fi evolution presents more similarities with a linear behaviour. In the pre-
viously experiment with ThT and Afy (page 49) which is being used here
as reference, it is also visible that the f; dependence with experimental time
presents a linear behaviour instead of the exponential one found for all other
ApBy samples after fo (f3) achieve their maximum (minimum).

The differences in the kinetic profile of oligomerisation are also patent in
the f1/fs ratio, figure 7.6¢c. To find the equilibrium value of f;/fs a linear

regression was performed at the end values (after 216 h). The intercept of
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Figure 7.7: Peak intensity of ThT fluorescence at different stages of Ay
aggregation. Hollow circles: ThT /AB4-HLF; Full squares: ThT/Ap,, (data
presented in figure 4.2, page 49).

the fit is placed at 0.751 £ 0.067, the value corresponds well with A, for
AB4-HLF. The slope of the fit and its associated error, -(129 + 260)x10~5
h, reveal that at these times f;/fs values are merely scattered around the
average value of 0.75. The good agreement between both A, values suggests
a similar final equilibrium position for both samples with and without ThT.
As so it is reasonable to infer about the AS4-HLF final equilibrium through
the ThT data for the ThT/AB4-HLF sample.

ThT intensity values at peak emission for ThT /A S -HLF are presented
as hollow circles in figure 7.7. The full squares represent the data for the
AByy sample, of 35uM with a ThT/ABy ratio of 1:2, which was initially
presented in Chapter 4. The intensity values in the plot have been corrected
to eliminate the effect of concentration on the emission intensity and therefore
allow direct comparison between the two samples.

Observing figure 7.7 the differences between the samples final stage are

striking. Below the first 100 h the samples behave in a similar fashion,
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this can be better seen in the inset plot. Both samples display increasing
values of Th'T intensity which, due to ThT’s specificity, signifies that complex
structures with [-sheet content begin to appear. The changes in intensity
are very small symbolizing that such structures are still a small fraction of
the total composition of the sample.

For the ASy sample, ThT intensity continues to increase in a character-
istic fashion until the end of the aggregation process, &~ 350 h after sample
preparation. For ThT/AS,-HLF such behaviour is not present. ThT inten-
sity stops increasing and stagnates at a very low value compared to Afy.
Approximately 100 h after sample preparation no further increase in ThT
is measured leading to the conclusion that the formation of structures with
[-sheets is hindered by the presence of the labelled Af,-HLF peptides in
the sample. HLF seems to alter the oligomers stability to a level that does
not allow the formation of a significant number of (-sheets and complex
structures.

Such behaviour seems to confirm the hypothesis that HLF interferes sig-
nificantly only with the process of oligomerisation but also with fibrillisation.
A B4 -HLF peptides slow down the initial stages oligomerisation where single
peptides bind together effectively to form small oligomers as shown by Tyr
data (figure 7.6). Moreover, the presence of the AfSy-HLF peptides seems
to hinder the formation of complex higher order oligomers with organized
structure containing the §-sheet motif. Additionally, it seems that the lower
value of A, found for for the equilibrium of AS-HLF (figure 7.6¢) might
be a signature of such effect.

Alternatively, the low values of ThT intensity obtained through the ex-
perimental time might be the result of quenching phenomena. In such case,
the fact that ThT’s intensity does not increase in the typical sigmoidal fash-
ion does not directly mean that there are no S-sheets containing complex
structures. The absence of increasing ThT fluorescence would merely be an
effect of such quenching mechanisms and thus the lack of signal is artificial

and not related to the absence of fibrils as suggested above. Performing CD
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or infrared spectroscopy to monitor conformational changes and formation
of B-sheets throughout the sample aging should prove useful to help exclude

or confirm this alternative hypothesis.

7.4 Conclusions

In this chapter was demonstrated how intrinsic fluorescence of Tyr in AfSy
can be useful for monitoring the early stages of oligomerisation. The " method”
was used to study the influence of fluorescent labels on the early stages of
AByo oligomer formation.

Using Tyr as a sensor allowed the comparison of the kinetic profiles of
oligomerisation of different Af4 samples. Using a three-exponential decay
model function and the NLLS method of fitting, the change in the f;/f; ratio
was retrieved and fitted allowing the comparison of the characteristic ”ag-
gregation times” t,44. for AfBs samples containing peptides with covalently
bound probes. In the case of the sample with DEAC labelled peptides the
taggr. Was found to be of ~ 35 h and for the sample with HLF labelled pep-
tides tq44r. achieved a value of ~ 66 h. It was previously shown in Chapter 5
that for a sample of unlabelled A, the characteristic ¢,44, Was ~ 33 h.

As an explanation for the founds effects, the hypothesis that the size
of the attached fluorescent molecule disturbs the interactions between A,
peptides that lead to the formation of oligomeric species is proposed. It
was demonstrated that even the small DEAC molecule covalently bound to
the A, peptide influences the kinetics of oligomerisation effectively slowing
down the formation of oligomers. The data also suggest that the bigger HLF
molecule seems to disturb the oligomerisation process to a higher extent slow-
ing down significantly the initial coalescence of monomers. Moreover the ThT
data shows that HLF also might disrupt the formation of S-sheets structures
and prevent the constitution of highly organized higher order species.

ThT, an extrinsic associating probe, has been shown to also influence the

kinetic profile of oligomerisation. ThT promoted the initial stages of peptide
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coalescence to form simple oligomeric species. However, the dye seems to
alter the exponential character of the oligomerisation kinetics reducing it to
a more linear dependence. Such linear behaviour was also patent in results

shown previously in Chapter 4.

In this chapter it has been shown how the use extrinsic fluorophores can
influence the oligomerisation process of A, peptides even at low label /A S,
ratios. In the amyloid field of studies many research groups focus on find-
ing ways to monitor oligomerisation and prevent the formation of small
oligomeric species. Awareness of label influences on the very begging on
the aggregation process is crucial to correctly interpret the data.

Here was not only shown that the experimental technique, or "method”,
used throughout this thesis in a sensor approach enables detection of binding
of single peptides non-invasively but also, it was demonstrated how it can be
effectively used to study the early stages of oligomerisation. The potential of
using the "method” in the search for factors that influence the early stages
of oligomerisation was exhibited. It is viable that this approach can be very
useful in the search to discover how to halt the formation of simple oligomers,
which could be of fundamental importance in the research on the mechanisms
of neurodegenerative diseases and even lead to more effective therapeutics not

only for AD but all amyloidoses.
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Chapter 8
Conclusions

The findings presented in this thesis support the use of Tyr fluorescence as

a non-invasive sensor for the oligomerisation of the AJ protein.

It has been shown that Tyr fluorescence responds to A aggregation ear-
lier than the dye ThT, demonstrating that Tyr is sensitive to aggregation
stages previous to the formation of [-sheets containing structures. This
supports the idea that Tyr reports on the intermolecular phenomenon of
aggregation at the level of single peptide-to-peptide binding.

The study of Tyr fluorescence behaviour in samples of different A5 con-
centrations revealed that oligomerisation has characteristics of a nucleation
dependent process. At low levels of monomer concentrations oligomer for-
mation does not seem to occur and the oligomerisation rate has been shown
to be concentration dependent.

The above mentioned experiments also revealed a non-monotonic re-
sponse of Tyr to aggregation and the information gathered about Tyr be-
haviour can be used as reference for studies of oligomerisation kinetics. This
has been, in fact, practiced and demonstrated when studying the effect of
extrinsic fluorophores on Af, oligomerisation.

It has been shown that covalently bound extrinsic fluorophores have sig-

nificant influence on the oligomerisation kinetics and might even disrupt
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the formation of -sheets and complex higher order structures. It has been
also found that the widely used ThT dye induces significant changes in the
oligomerisation kinetic profile.

These findings demonstrate that extrinsic fluorophores produce artifacts,
which does not mean that extrinsic fluorophores should not be used at all
in the study of oligomers, but it serves to bring awareness to the kind of
influences the foreign molecules might produce.

The study of Tyr fluorescence decay at different detection wavelengths in-
troduced questions about the fidelity of the discrete three-exponential model
used to deconstruct Tyr decay in AS. Using a model-free analysis, it has
been shown that AS’s Tyr decay has in fact an exponential character but
would be more accurately represented by a four-exponential model.

In monomeric AS the contribution of the fourth larger lifetime is small
and a three-exponential model can be used to represent Tyr photophysics.
With the progress of aggregation the contribution of the fourth peak grows
bigger and even though a three-exponential model can still be used at these
stages to interpret the data successfully, the photophysical behaviour of Tyr
is no longer accurately described by it.

The lifetime distributions obtained display relatively narrow peaks. These
must result from well defined potential wells where Tyr can exist in the form
of different conformations, or rotamers. Trapped in the potential wells the
rotamers have restricted movement resulting in a small range of possible in-
teractions with their environment and thus a small dispersion of the possible
decay lifetimes for each rotamer.

This finding obtained with MEM analysis of Tyr decay has been sup-
ported by MD simulations which revealed that Tyr in AS can exist in four
well defined positions, breaking with the commonly used model of three ro-
tameric forms of Tyr in proteins.

Recently Hernandez, et al. [99] have calculated potential energy land-
scapes for the three fluorescent amino acids in hydrated media and have

found four minima in V(x1, x2) for Tyr, thus supporting the findings pre-
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sented in this thesis regarding the existence of four stable rotameric forms of

Tyr instead of the commonly accepted model of three rotamers.

Tyr proves to be a good sensor for studies of A oligomerisation. Ex-
periments can be performed by researchers using this method almost in a
"black-box” approach. The insight Tyr brings as a "neutral” reporter of the
oligomerisation process opens new doors. This new "method” can be used to
test and investigate how to slow down or prevent all together the formation
of the cytotoxic oligomers.

The adoption of this "method” by research teams around the world, or
the simple application of the idea here presented to other systems, would be

the ultimate goal of the work developed and here presented.

In the quest to characterize Tyr response to the phenomenon of aggregation
various features of Tyr photophysics where unveiled. The existence of four
stable rotameric forms breaks with the common rotamer model for amino
acid fluorescence. The shifts observed with increasing the emission wave-
length detection suggest that there could be more complexity in Tyr decay
that surely is worth exploring.

No longer in the realm of monitoring aggregation, further studies on
purely the photophysical behaviour of Tyr can prove very interesting. As
future work, studying the excited state kinetics of Tyr with MEM as a func-
tion of emission wavelength, in systems of increasing complexity is an exciting
challenge. There is still much to know about Tyr decay kinetics and this the-
sis brought to light features of Tyr decay that are currently unexplained and

therefore should be investigated.
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