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Introduction and Objectives

INTRODUCTION
The impact of amyloid fibril aggregation in human health

Proteins are very versatile macromolecular polymers consisting of one or more chains
constituted by amino acids. Most of the essential structure and functions of cells are
mediated by proteins. They are widely implied in the skeleton, control senses, muscles
mobility, food digestion, defenses against infections and feeling process. No other
macromolecule shows such versatility in their functions. A fundamental principle in
protein science is that “protein structure leads to protein function” X. The correct folding
in proteins is a crucial step in the conversion of genetic information in biologic activity
in the living beings. Figure 1 illustrates the different possible fates of a polypeptide
chain after its synthesis at the ribosome. A polypeptide of 100 amino acids, if each one
only could adopt 2 positions, would have 1.26 10%° possible different conformations, if
we assume that each conformation only takes 101! s, the folding process would take
~10% years. This is the Levinthal paradox, who enounced this problem in 19682
However, this is a wonder of nature is that, after the synthesis of proteins in the cell,
most of them are able to natively fold in their biologically active conformation, either

in a spontaneous way or assisted by chaperons and other factors.

A small fraction of the proteins are incorrectly folded despite the existence of exigent
mechanisms of control of protein aggregation in the cell. Under certain metabolic
circumstances (stress, cell aging or the presence of exogenous or infectious agents)
some misfolded proteins or peptides form highly-organized aggregates rich in cross-
beta sheet, which deposit extracellular aggregates and/or intracellular inclusions
commonly known as amyloid. The name amyloid comes from the early mistaken
identification by Rudolf Virchow of the substance as starch (amylum in Latin) in 1854.
For a period, the scientific community debated whether or not amyloid deposits are
fatty or carbohydrate deposits until it was finally found (in 1859) that they are, in fact,
deposits of proteinaceous material 3. Those fibrillar aggregates, structurally and
morphologically similar to the amyloid fibrils, also form inside the cells in some

diseases. Since in 1907 Alois Alzheimer 4 described for the first time senile plaques
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and neurofibrillar tangles in a middle-aged woman affected by memory deficits, the

number of diseases related with amyloid aggregates has increased continuously.
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Figure 1. General view of the states accessible of a polypeptide chain after its synthesis in the
ribosome. Image adapted from Dobson et al 5.

To date there are more than 30 diseases, some sporadic and/or hereditary and some
transmissible, associated with amyloid deposits. This type of diseases is known under
the generic name of protein deposition diseases. Among these, there are some of the
most devastating neurodegenerative diseases, such as Alzheimer, Parkinson and

Huntington diseases. Some of those diseases are listed in Table 1. In other diseases
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unrelated to the central nervous system, the protein aggregates are deposited in tissues
or organs impairing severely their function. This group of diseases infringes an
enormous social and personal damage and it is crucial therefore to understand in detail

the mechanisms of their genesis and to learn how to treat and prevent them.

Table 1. Some examples of diseases associated with amyloid deposits. Adapted from Rochet et al®

Disease Aggregating protein or peptide References
Alzheimer Amyloid B peptide (Abeta) 78
Parkinson a-Synuclein (aSyn) 9-11
Huntington Huntingtin with poly-Q expansion 10.12,13

Frontotemporal dementia Tau protein 9,10,14

Spongiform encephalopathies
15

and Jakob disease Prions or fragments

Amyotrophic lateral sclerosis Superoxide dismutase | 16
Primary Systemic AL 17

Amyloidosis Immunoglobulin light-chain or fragments
Haemodialysis-related 18

amyloidosis B2-microglobulin

Type 1 diabetes Amylin or islet amyloid polypeptide 19
Cataracts y-crystalline 2
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Hereditary systemic
2122

amyloidosis Lysozyme
Aortic medial amyloid Medin 3
Familial British dementia ABri 24-26
Finnish-type familial .
amyloidosis Gelsolin
Secondary systemic 2
amyloidosis Serum amyloid A

Senile systemic amyloidosis
. . . 21 22,28
and familial amyloid Transthyretin

polyneuropathy

Morphology and structure of amyloid aggregates and fibrils

Despite the lack of sequence homology or the length of the polypeptide chain of the proteins
related to amyloidosis, the extracellular fibrillar deposits associated to these diseases share
well-defined properties, such as the external morphology or the highly ordered internal
structure. The research based on transmission electron microscopy (TEM) and atomic force
microscopy (AFM) shows long and straight fibrils without ramification 2°3! or associated
laterally to form ribbons®2. Those fibrils present a diameter of 6-12 nm and are composed of
a number of twisted filaments (Figure 2). According to the X-ray diffraction studies, the
protein is arranged in each filament in a highly-ordered cross-p structure, forming [3-sheets
that extend throughout the entire length of the fibrils 3. They interact with specific dyes such
as Congo red or thioflavin T (ThT) and have a characteristic circular dichroism (CD) and
infrared spectra, typical of a high content in p-sheet secondary structure **. The most recent
advances in magic angle spinning, solid-state nuclear magnetic resonance (NMR)

spectroscopy applied to amyloid fibrils *>%, together with the recent success in growing
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nano- and micro-crystals of short peptides with amyloid characteristics®”8, have allowed to
obtain a great level of detail in the internal molecular structure of the fibrils. Detailed
information about the structure of amyloid fibrils has also come from amide hydrogen-
deuterium studies combined with high-resolution NMR and mass spectrometry3®-42,
Interestingly enough, these methodologies have also established that amyloid fibrils are
dynamic structures that can undergo a recycling of molecules in equilibrium between the
bulk solution and the fibril ends . This observation has important implications in the design
of therapeutic strategies, especially because increasing evidence indicates that the true toxic
species to cells are dynamic soluble oligomeric species***®, which, as it is described
aftherwards, are product of self-association of proteins and act as precursors in the

amyloidogenic process.
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Figure 2. Transmission electron microscopy images of amyloid fibrils of amylin and model of structure of
an amyloid fibril formed by filaments of #-sheets. Image adapted from Goldsbury et al 3.

The fibrillar structures appear to be stabilized by a high density of hydrogen bonds between
the backbound which form the -sheet. However, the amino acid sequence can also impact
on the particular details of each fibril structure, by specific interactions between side chains,
within the fibril and change strongly the propensity to fibrillate. Despite the similarity in
amyloid fibril structures, there is a significant morphological variability even between the
amyloid fibrils formed from the same protein in vitro 648, This is related to a heterogeneity

in the nano-scale structure of the fibrils, which is influenced by a variety of factors related to
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the environmental conditions of their formation, such as temperature, pH, ionic strength, or
mechanical factors such as the presence or absence of agitation *°. Furthermore, amyloid
fibrils can acquire a variety of structures depending on the conditions corresponding to
several energy minima in their conformational landscape, being the final conformation
simply selected by the thermodynamics or kinetics of the process, where the amyloids are an
absolute minimum in the free-energy landscape. It has been proposed that every protein in
some conditions could reach this highly ordered structure if submitted to the appropriate
conditions® (Figure 3). In contrast to the unique native conformation of natural proteins, a
number of peptides and proteins, even unrelated to any disease, are able to form amyloid
fibrils with similar morphology “8 >°°. This fact has promoted the use of model protein system

in vitro to study the mechanisms of amyloid fibril formation.

folding
intermediates

energy

aggregate

amyloid fibrils

A
A 4

A
A 4

intramolecular contacts intermolecular contacts

Figure 3. A schematic energy landscape for protein folding and aggregation. Image adapted from Jahn et

al 51,
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The kinetic of the protein amyloid aggregation

The kinetic and thermodynamic approches on the way to determining the mechanism of
protein aggregation began with the work of Oosawa et al 2, where they explore the
macromolecular aggregation with a nucleation and growth model, typical of crystallization.
This model or some of its modifications has been routinely used over the years by other
researchers®®. Those models presents such a complexity which required some assumptions in
order to obtain an analytical solution of the expressions®. The typical shape of the time
course of fibril formation is sigmoidal. It is characterized by a lag phase of variable length,
which is the time required for the formation of the nuclei of aggregation, followed by an
exponential growth, that progresses toward the fibrillation by a series of elongation steps
with addition of protein molecules to the ends of the fibrils®. In some cases has been
described using a logistical expression as the simplest solution®®.

Theoretical models usually explain the amyloid aggregation as a succesive process in which
a number of consecutive and/or parallel stages occur to convert the soluble protein monomer
to large amyloid aggregates 5’ %8, Among these stages models include partial unfolding or
refolding, oligomerization, conformational conversion, elongation, condensation,
fragmentation, etc. The broad diversity of proposed models of aggregation can be understood
in terms of a predominance of one or more of these stages in the overall aggregation Kinetics,
which results in a variety of Kkinetic behaviors, depending on the protein and/or the
experimental conditions studied in each case®. Despite the large number of proposed
models®®, a detailed description of the process at the molecular level remains in large part
elusive because it is challenging to describe experimentally the early stages of aggregation
of polypeptide chains. This is primarily due to the difficulties in detecting and characterizing
the small, structurally heterogeneous, and transient species that are involved. The aggregation
process leading to amyloid fibrils involves a common pathway generally triggered by protein
misfolding, followed by oligomeric precursors to fibrils 43,
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Aggregation precursors may be the toxic species to cells

In recent years strong evidence has identified the soluble oligomers and pre-fibrillar protein
aggregates, as the main causative agents of cell toxicity and cell dysfunction. These species
could be defined as precursors or key intermediates in the amyloid fibril formation*3-4560-62
The general toxic nature of prefibrillar aggregates has been further underlined by the finding
that oligomeric species of proteins unrelated to disease, such as HypF-N from E. coli, the
SH3 domain of PI3 kinase or equine lysozyme, are highly toxic in fibroblast and neuron
cultures %395, Supporting this hypothesis, some studies have established a significant
correlation between the levels of soluble A-beta peptide, including its oligomeric forms, and
the degree of synaptic alteration, neurodegeneration and cognitive decline in Alzheimer
patients ®°. Furthermore, the neurotoxicity of A-beta oligomers has been demonstrated in
animal brains by injection of purified oligomers into rat hippocampus . Also for a-synuclein
increasing evidence suggests that nonfibrillar dimers or oligomers play a major role in the
disease progress of Parkinson’s disease ®8. These are some examples from the increasingly
abundant literature. In contrast, the amyloid fibrils of the same proteins show relatively low
toxicity 8666% and it can be possible even to reduce the toxicity of A-beta accelerating the

fibrillation, limiting the amount of oligomers™.

The reasons of the toxic behaviour of these prefibrillar aggregates to cells are currently at the
front of research. However, this investigation is very limited by the lack of structural
information available for the toxic oligomeric species and also the mechanism of their
pathological action remains unclear. For instance, it is possible that A-beta neurotoxic effects
are the result of an interaction between oligomers and neurotransmitter receptors, interfering
with signaling patways in the synaptic plasma membranes "*. Other hypotheses imply
formation of specific ion channels or the non-selective permeabilization of the plasmatic
membrane 2. The main difficulty is that these oligomeric states are relatively short-lived and
rapidly convert into the amyloid fibril state and are therefore difficult to detect or study.
Consequently, understanding the stability of toxic oligomers under physiological conditions

could turn out to be a key factor in amyloid-related diseases. It is therefore of great necessity
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to understand the nature, structural and dynamic, of these oligomers and the reasons of their

genesis.

Characteristics of the pre-fibrillar oligomeric precursors

These oligomeric precursors, similarly to the amyloid aggregates, present distinct
morphologies visible by TEM or AFM depending on the conditions. Non-fibrillar globular
beads of 2-6 nm of diameter, chains of beads or annular structures have been described "
(Table 2). These metastable oligomers appear to be relatively disordered initially but then
convert into species containing extensive B-sheet structure®®, which are often capable of
stimulating efficiently the formation of amyloid fibrils, reducing the lag phase of aggregation
677 All these prefibrillar species also possess high content in B-sheet structure and interact
with Congo red and ThT, which suggest a degree of structural regularity. Some of these
disordered oligomers appear to be key precursors of protofibrils and fibrils. The elucidation
of their conformational properties is of crucial importance in understanding the determinants

of amyloid aggregation in order to design therapeutic strategies to inhibit their formation ”.

Table2. Properties of identified oligomeric intermediates. The dimensions were determined by AFM, table

adapted from Rochet et al®

Protein Prefibrilar species Dimensions (nm) References
Spheres 4
a-Synuclein (aSyn) .
Protofibrils 5
islet amyloid polypeptide Protofibrils 2.4-3.7 &
Amyloid B peptide Spheres 2.5-3.9
74,80
(Abeta 40) Protofibrils 3.9
Amyloid B peptide Spheres 4-5
73,81
(Abeta 42) Protofibrils 8.7-11.3

-11 -
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The conformational events triggering the aggregation cascade

The scientific comunity is doing a great effort to understand the early stages of the
aggregation cascade, the factors triggering it and the nature of the species implied. The way
in which proteins could achieve the partially-folded conformations prone to aggregation is
clearly related to the highly dynamic nature of proteins, which undergo a large variety of
structural transitions even under native conditions 8284, In fact, recent studies have proposed
that the destabilization of the native fold results in the modulation of the protein
conformational ensemble, disfavoring structural cooperativity and increasing the sampling
of partially-folded amyloidogenic conformations &. Peptides and proteins that are natively
unfolded, as well as fragments of proteins generated by proteolysis athat are unable to fold
in the absence of the remainder of the polypeptide chain, can also adopt conformations that
are susceptible to form intermolecular interactions triggering aggregation under some
circumstances, for example, if their concentrations become elevated. Although amyloid
aggregation usually involves a conformational change, there are some cases in which the
formation of amyloid fibrils is preceded by an assembly of quasi-native or native-like
structures into aggregates. Then, a structural conversion takes place within the aggregates to
transform into pre-fibrillar species that may not yet be fibrillar in their morphologies but have
some of the characteristics of amyloid-like structures, such as CD or FT-IR spectra typical
of B-sheet structure or binding to Congo-red and ThT dyes 887_ It is increasely evident that

natural sequences in proteins have evolved to avoid this type of conformations®®.

Amyloid aggregation propensity is stroghly dependent on sequence

There is a profound ignorance about the molecular basis of the amyloid aggregation. In this
way, a large body of research has been focused on obtain rules and patterns, which allow us
to predict the propensity to form aggregates from the protein sequence®® % 1. In particular,
hydrophobic side chains at key positions in the sequence % , net charge and PB-sheet
propensity of the sequence are factors that can influence strongly the rate of aggregation 3%,
Remarkably, the changes in the rate of aggregation of unstructured peptides and proteins

-12 -
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following a series of mutations could be rationalized using a phenomenological equation,
based on simple physicochemical principles 2. This provides strong support to the idea that
aggregation of polypeptide chains reflects the typical behavior of a simple polymer, in
contrast to the process of folding of globular proteins, where the folding rates are strongly
coupled to the specific structures of the native states determined by highly evolved
sequences. The increasing knowledge about the sequence effects on aggregation has led to
the development of algorithms to identify the regions of the sequence that promote

aggregation within an unstructured polypeptide chain®>%.

The SH3 domain of a-spectrin: a model protein to study the mechanism of amyloid

fibril formation

Usually the proteins related to diseases have been shown to be difficult to handle because of
their intrinsic properties and high aggregation propensity, making it extremely difficult to
obtain reproducible quantitative information about the aggregation kinetics. In addition, the
use of well-characterized model proteins®, even though it is unrelated to any known disease,
is a potent approach to investigate the mechanisms of formation of amyloid fibrils due to the

extended information available about their folding mechanism and conformational stability.

The SH3 domains are small globular protein domains very extended in the proteome being
part of a wide variety of proteins and generally are implied in molecular recognition, signal
transduction or protein-protein interaction %. They are composed by a single polypeptide

chain composed between 60 and 85 amino acids and share a similar tridimensional structure.

Many groups, including ours, have studied for many years the structural stability and folding
of the SH3 domains®®-1%, Therefore, a vast amount of data about the biophysics and structure
of amyloid fibrils has been generated with this model system. The folding transition state of
this domain is organized around the distal B-hairpin and the subsequent 310-helix, and the
formation of the tight distal B-turn has been described as a compulsory step in the folding
pathway %, Those kinetics and equilibrium studies have considered this small domain as an

archetypical two-state folding protein, without partially populated intermediates. Although
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this apparent two-state folding behavior, H/D exchange studies monitored by NMR with the
a-Spectrin SH3 domain (Spc-SH3) indicate that under native conditions is in a statistical
conformational equilibrium with transient local or partial unfolded conformations %197,
Therefore, since the Spc-SH3 cooperativity is local, the conformational movements and
fluctuations of the elements of its structure could be partially coupled between them 108,
making it possible the formation of partially folded states which can be populated under

native or slightly denaturalizing conditions.

During the course of previous research in our group, it was found that the single mutation
N47A, placed within the folding nucleus of the Spc-SH3, favors the rapid formation of curly
amyloid fibrils under mild acid conditions favored by the presence of salts % 46, Under these
aggregating conditions, the majority of the protein is natively folded. The effects of the N47A
mutation on the folding, stability and structural cooperativity of the Spc-SH3 domain have
been studied previously'®!1°, This mutation produces a destabilization of the native state by
about 2 kJ mol. The amyloidogenic character of this mutation is mainly due to an increase
in the rate of formation of amyloid nuclei ® and recent computational studies have proposed
that it enhances the population of a partially unfolded intermediate, which may be crucial in

triggering the aggregation cascade %,

During the research that gives rise to this thesis project, this model protein has been used to
characterize the molecular and physicochemical details of the intermediate steps leading to
the conversion of a soluble and folded protein into amyloid nuclei that further assemble into
fibrillar aggregates. We concentrated ourselves particularly on the early stages of the
aggregation process. The results obtained with this model protein domain could help to
increase our understanding of the aggregation mechanisms of other proteins related to

amyloid diseases, such as a-Synuclein, which has been subject of study in the thesis project.

The a-Synuclein

The a-Synuclein (aSyn) is cytoplasmatic protein from the synuclein family 2. Synucleins

are small proteins (between 113-143 amino acids), natively unfolded, highly evolutionarily
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conserved and abundantly expressed in the nervous system of vertebrates. aSyn is expressed

within glia and neurons, where it is particularly abundant at presynaptic terminals 113, The

precise physiological function of aSyn has yet to be established although different studies

suggest a function related to a range of interactions of aSyn with lipids. Such as: binding and

stabilizing fatty acid droplets and micelles!*, transporting polyunsaturated fatty acids in

dopaminergic neurons!®™>!®  modulating presynaptic vesicle pool size and vesicle
117

recycling''’, inducing curvature in vesicles and membranes!'® and membrane

remodeling'%120,

A considerable number of neurodegenerative diseases are associated with the aSyn, such as,
Parkinson's disease, dementia with Lewy body, Lewy body variant of Alzheimer's disease,
multiple system atrophy, and Hallervorden-Spatz disease, implicating a crucial role of
aggregated forms of alpha-synuclein in their pathogenesis *2X. The early stages of aSyn fibril
formation involve the partial folding of soluble unstructured aSyn into a highly fibrillation-
prone, pre-molten globule-like conformation, which represents a key intermediate on the

fibrillation pathway!??.

The aggregation process typically described in many studies for the aSyn, as a natively
unfolded protein, is a kinetic mechanism of nucleation and growth, typical of crystallization.
The time course of fibril formation generally shows a typical lag phase of variable length
followed by an exponential growth *°. The lag phase or “nucleation” phase is the time
required for the formation of the nuclei of aggregation, being the rate limiting step of the
aggregation process. Once a nucleus is formed, it progresses toward the fibrillation by a series
of elongation steps with addition of protein molecules to the ends of the fibrils'?®. Many
factors affect the aggregation process. Indeed, it has been previously reported that the
addition of seeds'?*'%, a variation in the pH%, salt presence in solution?”?8, chemical
modifications (nitration?®, oxidation'*®, phosphorylation®!, acetylation 2.y , shaking®®

and also the addition of anionic surfactants'®*13" could accelerate the fibrillation rate.

As mentioned above, our aim is to contribute to the molecular and physicochemical
understanding of the earliest stages of the amyloidogenesis cascade, with special focus on

the early oligomeric species, due to their toxic nature. However, under conditions where
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aggregation takes place with long lag phases early aggregation nuclei and oligomeric species
are very low populated and difficult to describe and characterize. In addition, considering
that our aim is to contribute in the biological relevance of the model and given the implication
of aSyn ina variety of interactions with lipids and membranes in its normal function, we focus
our efforts in the study of the process in presence of a widely used, simple model for
membrane environment * such as sodium dodecyl sulfate(SDS), which has also been

reported to accelerate the amyloid formation of aSyn in vitro 124

OBJECTIVES OF THE THESIS

This thesis project was aimed to contribute to the progress in the understanding of the
molecular and physicochemical determinants of amyloid fibril formation. Our main general
goal was to characterize the structural, thermodynamic and kinetic properties of the main

species that participate in the earliest stages of the mechanism of amyloid aggregation.

To achieve this goal, we used a wide variety of biophysical methods and techniques to
explore the different stages of amyloid fibrillation. On the basis of previous research
perfomed in our group and using a well-characterized model system such as the Spc-SH3
domain, a detailed kinetic and thermodynamic study of the amyloid fibril formation and their
precursors was undertaken, in order to establish new methodologies to analyze aggregation
that would be applicable to other disease-related protein systems. Futher, we aimed to extend
our experimental and theroretical procedures to study the amyloid aggregation of alpha-
synuclein, related to Parkinson’s disease. This would lead to obtention of energetic
information that may be of extraordinary interest in future development of therapeutic

strategies for neurodegenerative diseases.
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The specific objectives of this work include:

To elucidate the details of the mechanism of the earlist stages of amyloid fibril
formation using the Spc-SH3 domain as model system. Understanding the earliest
molecular events during primary nucleation of the amyloid aggregation cascade is of

fundamental significance to prevent amyloid related disorders.

On the basis of the mechanistic information obtained, to develop mathematical model
of analysis of the early aggregation kinetics in order to extract meaningful

thermodynamic and kinetic information about the species involved.

To understand the effects of environmental variables, such as the presence of salt
ions, on the amyloid fibrillation kinetics of the Spc-SH3 domain and to identify their
influence on the derived thermodynamic magnitudes of the amyloidogenic precusor

states.

To analyze structurally the conformational changes triggering fibril formation using
a site-directed mutagenesis approach probing all secondary structure elements in the
Spc-SH3 backbone and to obtain structural information about the precursor states of

amyloid nucleation of the N47A Spc-SH3 domain.

To characterize the biophysical properties and and structure of the aSyn in presence
and in absence of SDS and to compare the amyloidogenic propensity between the
unmodified and the N-acetylated natural variant of this protein. We will put special
effort in identifying the amyloidogenic precursor species for this protein under the

selected conditions in order to clarify the mechanism of aggregation.
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Characterization of Oligomers of Heterogeneous Size as Precursors of Amyloid Fibril Nucleation

ABSTRACT

Understanding the earliest molecular events during nucleation of the amyloid aggregation
cascade is of fundamental significance to prevent amyloid related disorders. We report here
an experimental kinetic analysis of the amyloid aggregation of the N47A mutant of the a-
spectrin SH3 domain (N47A Spc-SH3) under mild acid conditions, where it is governed by
rapid formation of amyloid nuclei. The initial rates of formation of amyloid structures,
monitored by thioflavine T fluorescence at different protein concentrations, agree
quantitatively with high-order kinetics, suggesting an oligomerization pre-equilibrium
preceding the rate-limiting step of amyloid nucleation. The curves of native state depletion
also follow high-order irreversible kinetics. The analysis is consistent with the existence of
low-populated and heterogeneous oligomeric precursors of fibrillation that form by
association of partially unfolded protein monomers. An increase in NaCl concentration
accelerates fibrillation but reduces the apparent order of the nucleation kinetics; and a double
mutant (K43A, N47A) Spc-SH3 domain, largely unfolded under native conditions and prone
to oligomerize, fibrillates with apparent first order kinetics. On the light of these
observations, we propose a simple kinetic model for the nucleation event, in which the
monomer conformational unfolding and the oligomerization of an amyloidogenic
intermediate are rapidly pre-equilibrated. A conformational change of the polypeptide chains
within any of the oligomers, irrespective of their size, is the rate-limiting step leading to the
amyloid nuclei. This model is able to explain quantitatively the initial rates of aggregation
and the observed variations in the apparent order of the kinetics and, more importantly,
provides crucial thermodynamic magnitudes of the processes preceding the nucleation. This
kinetic approach is simple to use and may be of general applicability to characterize the

amyloidogenic intermediates and oligomeric precursors of other disease-related proteins.

INTRODUCTION

Protein amyloid aggregation is intimately associated with a wide range of disorders, among
which there are some devastating human diseases such as Alzheimer's, Huntington's,

Parkinson's, prion diseases or type Il diabetes *. Protein aggregation is also a general problem
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in biotechnological applications of proteins and in some cases plays a biologically relevant
role, such as for instance in the polymerization of actin 2. For these reasons, experimental
Kinetics studies of protein aggregation have been of general interest since several decades
ago 3. Quantitative aggregation kinetics analysis can help to infer the detailed mechanism
and provide insight into the identity and properties of key intermediates in the aggregation
pathway. Understanding the mechanisms of protein aggregation is a key step to control
protein aggregation and to delineate effective therapeutic strategies for protein aggregation

disorders.

An increasingly large body of experimental and theoretical examples of protein aggregation
kinetic studies can be found in the recently reviewed literature *° . Theoretical models usually
treat protein aggregation as a multi-stage process, in which a number of consecutive and/or
parallel stages occur to convert the soluble protein monomer to large amyloid aggregates “.
These stages may include partial unfolding or refolding, oligomerization, conformational
conversion, elongation, condensation, fragmentation, etc. The broad diversity of proposed
models of aggregation can be understood in terms of a predominance of one or more of these
stages in the overall aggregation kinetics, which results in a variety of kinetic behaviors,

depending on the protein and/or the experimental conditions studied in each case .

Almost invariably, the formation of oligomeric species, normally soluble and sometimes
structurally unstable or metastable, is a key step in the nucleation of amyloid structures. For
example, the 40- or 42-residue forms of amyloid-beta peptide (Abeta) give rise to different
oligomeric species with a relatively disordered structure in rapid equilibrium with the
monomeric forms "8, Likewise, similar oligomers featuring dynamic structures have been
identified during amyloid fibril formation of the yeast prion Sup35p, phosphoglycerate
kinase or the SH3 domain of the P13 kinase °*'. Nucleation is then completed by structural
conversion of these intermediate species into small amyloid-like structures that act
subsequently as templates triggering rapid growth of fibrils. Sometimes, native or native-like
structures are forming the oligomeric aggregates and then conversion to amyloid structures

takes place within the aggregates 213,
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The investigation of the mechanism of formation of soluble oligomers during the initial
stages of aggregation is of vital importance because these species appear to constitute the
main toxic agents in neurodegenerative diseases 4. Supporting this hypothesis, a significant
correlation was found between the levels of soluble Abeta peptide, including its oligomeric
forms, and the degree of synaptic alteration, neurodegeneration and cognitive decline in
Alzheimer’s disease patients, whereas a similar correlation was not observed for the insoluble
deposits 1. Also for a-synuclein, increasing evidence suggests that non-fibrillar dimers or
oligomers play a major role in the progress of Parkinson’s disease . Similarly, it has been
shown with neuronal cell cultures that there is less cell death in the presence of large
aggregates of poly-Q-rich Huntingtin than when the soluble fraction is present *’. Certain
non-fibrillar aggregates of transthyretin have also been shown to be toxic to neuronal cells
under the conditions where the native tetramers and the mature fibrils have no significant

toxicity 8,

The general toxic nature of prefibrillar aggregates has been further underlined by the finding
that oligomeric species of proteins unrelated to disease, such as HypF-N from E. coli, the
SH3 domain of PI3 kinase or equine lysozyme, are highly toxic in fibroblast and neuron
cultures, whereas the amyloid fibrils of the same proteins show low toxicity %%, These and
many other studies have emphasized on the importance of using well-characterized model

proteins, even unrelated to disease, to investigate the mechanisms of amyloid aggregation.

In previous work, we have reported that the wild type form and several mutants of the SH3
domain of a-spectrin (Spc-SH3) are rapidly converted to amyloid fibrils at mild acid pH 2422,
We found that the rate of nucleation is strongly affected by sequence mutations and
experimental conditions, in particular temperature, pH and the concentrations of protein and
salt, resulting in considerable changes in the governing kinetics and also in the morphological
properties of the finally assembled fibrils 2. For instance, at low salt concentration the
aggregation shows a considerable lag phase, as usually observed for nucleation-dependent
polymerization, resulting in well-ordered straight and twisted amyloid fibrils. An increase in
salt concentration removes the lag phase due to an increase in the rate of nucleation, which

iIs no longer rate-limiting in the formation of fibrils. Under these conditions, a higher
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accumulation of amyloid nuclei results in curly and relatively disordered fibrils. Salt ions
appear to act by lowering the apparent activation energy of fibril nucleation . These results
implied that the molecular events taking place prior to and during the nucleation of amyloid
structures determine the fate of the protein chain along the subsequent aggregation cascade.
Therefore, a more detailed knowledge of the molecular mechanism of nucleation could give
additional insight upon the physicochemical factors governing the process and offer more

opportunities to its manipulation and control.

In this work we analyzed quantitatively the kinetics of formation of amyloid nuclei of the
N47A Spc-SH3 mutant using a range of biophysical techniques. Although most amyloid
fibrillation studies with both disease-related and unrelated proteins have observed significant
lag phases in the kinetics, typical of nucleation-dependent processes, during these lag phases
the formation of amyloid nuclei is a rare process, difficult to observe experimentally, and the
aggregation kinetics are mainly governed by the elongation of few preformed nuclei
accompanied by other secondary processes. For this reason, we decided to work under
conditions of fast nucleation, i.e., in the absence of a lag phase, so that amyloid nuclei are
abundantly formed and the observed kinetics are mainly representative of the nucleation
process itself, whereas subsequent processes such as fibril elongation or fragmentation can
be neglected during the initial stages of the kinetics. Under the selected conditions the
nucleation kinetics can be quantitatively described as an irreversible high-order reaction,
suggesting that nucleation of amyloid structures is preceded by formation of oligomeric
precursors in rapid equilibrium with the monomer. Using a battery of biophysical methods
we showed that these oligomers occur at very low population, have a heterogeneous size and
form by rapid association of partially unfolded protein monomers. We proposed a
mathematical kinetic model in which stable amyloid nuclei form by a conformational change
of the protein within the oligomers. The model explained very well the observed initial rates
of aggregation and allowed us to derive thermodynamic magnitudes characterizing the
amyloidogenic intermediate and its oligomerization, as well as the rate constants of

conformational change that forms the amyloid nuclei.
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MATERIALS AND METHODS

Protein sample preparation

The Spc-SH3 domain mutants studied were overexpressed in E. coli and purified as described
elsewhere 24, N-labelled protein was produced in E. coli cultures using M9 minimal media
with N-ammonium sulfate as the sole nitrogen source. For aggregation experiments the
lyophilized protein was dissolved, unless stated, in the appropriate buffer at 4°C, centrifuged
for 2 minutes and filtered through a 0.2 um filter. Protein concentration was determined by

measurement of absorbance at 280 nm using an extinction coefficient of 15220 M—tcm2.

ThT and ANS fluorescence

Thioflavine T (ThT) or 1-Anilino-8-naphthalene sulfonate (ANS) fluorescence was
continuously monitored during amyloid fibril formation at 37°C in a Varian Cary Eclipse
spectrofluorimeter (Agilent Technologies, Santa Clara, CA) equipped with a Peltier-
controlled thermostatic cell holder. To start aggregation, a freshly prepared protein solution
was mixed with a concentrated stock solution of each dye previously prepared in the same
buffer (100 mM glycine, pH 3.2, 100 mM NaCl). The sample was then placed into a
fluorescence cuvette, which was previously thermostatized at 37°C, and covered with
mineral oil to avoid evaporation. Fluorescence intensity of ThT at 10 uM was monitored at
485 nm using an excitation wavelength of 440 nm and the ANS fluorescence was measured
at 470 nm with excitation at 370 nm using various ANS concentrations. Previous control
experiments allowed us to establish the appropriate concentration of each dye for the
experiments. A linear relationship between the ThT fluorescence and the mass amount of

amyloid fibrils was established using preformed amyloid fibrils (Figure S1).

Initial rates of growth of amyloid structure were calculated by fitting the initial region of the
ThT kinetics curves, corresponding to an approximate signal growth of less than 50% of the

maximum, using a double exponential function:
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y=y,+All-e ")+ A {l-e*) 1)

The initial slope is then calculated from the resulting fitting parameters as:

(= (‘XLO ~ Ak + ALK, @)

This operational extrapolation procedure allowed us an accurate determination of the initial
slopes of the ThT curves and avoided the assumption of any time interval in the kinetics to

define an initial aggregation rate.

Circular dichroism (CD)

CD measurements were made in a Jasco J-715 spectropolarimeter (Tokyo, Japan) equipped
with a thermostatic cell holder. Near UV CD spectra of the native N47A Spc-SH3 domain
and the preformed amyloid fibrils were acquired at 4°C between 260 nm and 320 nm at a
protein concentration of 8 mg mL~! in a 1 mm path length cuvette (Figure S2). This short
path length was necessary to avoid instrument saturation due to the high protein concentration
of the samples. Far-UV CD measurements with the K43A-N47A double mutant were done
at a protein concentration of 0.2 mg mL-tusing a 1 mm path length cuvette. For kinetic
experiments monitored by near-UV CD, a fresh protein sample was placed into a 1 or 2 mm
cuvette, depending on the protein concentration of the experiment. The CD signal at 295 nm
was then monitored at 37°C during the time course of aggregation. Data were averaged for

20 s using a band width of 1 nm and a response time of 4 s.

Nuclear Magnetic Resonance

To follow the amyloid aggregation by two-dimensional NMR in real time, 4 mg of *N-
labelled protein was dissolved in 500 uL of cold buffer (100 mM ds-Gly, 100 mM NaCl, pH
3.2) containing 10 % D»0O and placed into the NMR tube. The final protein concentration
was 1.1 mM (8 mg mL™1). The temperature in the NMR probe was set to 37°C and,
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immediately after temperature equilibration, a series of 'H->*N HSQC two-dimensional
spectra were acquired during the time course of aggregation in a 600 MHz Varian
NMRsystem spectrometer (Agilent Technologies, Santa Clara, CA). Each spectrum
consisted of 512x32 complex points recorded using a relaxation delay of 1 s and resulting in
a total experiment time of 2 minutes and 28 seconds. The spectral widths were 12.04 ppm
for *H and 30.00 ppm for °N. Spectra were processed using NMRPipe 2°. The assignment of
the 'H-°N crosspeaks of the HSQC spectrum was performed using as a reference the
previously published assignment of the WT Spc-SH3 domain . To obtain the aggregation
kinetics, the signal intensities were evaluated using NMRview 2" and represented versus the

incubation time.

Dynamic light scattering (DLYS)

Aggregation was monitored at 37°C by DLS in a DynaPro MS-X instrument (Wyatt, Santa
Barbara, CA, USA) using a thermostatized 30 pL quartz cuvette. The protein solution and
the buffer were centrifuged and filtered through a 0.02 um filters before the measurements.
During the time course of the aggregation the DLS data were acquired every 45 seconds until
saturation of the signal. The laser power was adjusted to avoid early saturation. Dynamics
v.6 software was used in data collection and processing of the correlation function to finally

obtain the particle size distributions during the course of aggregation.

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy

Infrared spectra were recorded from 4000 cm~! to 900 cm™ on a Bruker IFS-66 FTIR
spectrophotometer (Brucker, Ettlingen, Germany) equipped with a BioATR-I11 cell. For each
sample, 128 interferograms were coadded and Fourier transformed with a zero filling factor
of 4 to yield spectra with a nominal resolution of 2 cm=. The sample temperature was
controlled and set to 37°C by means of a thermostatic cell jacket. FTIR measurements were

taken at 37°C every 90 seconds for the first 120 minutes of incubation and thereafter every
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30 minutes. Buffer spectra were recorded under identical conditions and subtracted from the
spectra of the protein sample (Figure S3). Spectral contributions from residual water vapor
were reduced using the atmospheric compensation filter built in the Bruker OPUS software.
Difference FTIR spectra were then calculated by subtracting the first measurement from all
subsequent spectra. The change in the area of the difference band (from 1635 cm~! to 1591

cm1) was calculated and plotted versus time.

Differential scanning calorimetry

The thermal unfolding of the K43A-N47A Spc-SH3 double mutant was monitored in a Auto-
Cap VP-DSC instrument (Microcal, Northampton, MA) at a scan rate of 1.5°C min~! and a
protein concentration of about 1 mg mL-. The molar partial heat capacity curve (Cp) was
calculated from the DSC data and analyzed using Origin 6.1 (OriginLab, Northampton, MA)

according to the two-state unfolding model.

Size-exclusion chromatography

Size-exclusion chromatography (SEC) experiments were performed at 37°C using a
thermostatized Superdex 75 HR 10/30 column connected to an AKTA prime plus FPLC
chromatograph (GE Healthcare, Tokyo). N47A Spc-SH3 samples were prepared in the
aggregation buffer at the appropriate concentration and were incubated at 37°C in a water
bath during different times. The same buffer was used for the elution at a flow rate of 1 mL
min~1. A volume of 100 pL was loaded onto the column. The elution profiles were recorded
by monitoring the absorbance at 280 nm. The column was previously calibrated using protein

standards.
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RESULTS

Kinetics of formation of amyloid structure observed by thioflavine T fluorescence

The Kkinetics of growth of amyloid fibrils of N47A Spc-SH3 was followed at 37°C at several
protein concentrations by continuously monitoring ThT fluorescence at pH 3.2 in 100 mM
glycine buffer, 100 mM NaCl. Under these experimental conditions, the development of
amyloid structures takes place very rapidly without any significant lag phase, indicating a
fast formation of amyloid nuclei (Figure 1A). No stirring or shaking of the samples was
necessary to obtain rapid and reliable aggregation kinetics and we observed no significant
sedimentation of the aggregates during the length of our experiments. This allowed us
monitoring directly the aggregation Kkinetics using a variety of biophysical techniques,

avoiding irreproducibility arising from the control of stirring.

The appearance of a significant amount of fibrils visible by electron microscopy is delayed
under these conditions for at least 30 min (see Figure 10 in ref. #). Therefore, initial growth
of ThT fluorescence could be attributed to the formation of small amyloid nuclei. The
aggregation process does not follow first-order kinetics and its rate is strongly dependent of
the initial concentration of protein. In addition, the ThT signal does not reach a plateau within
the time of the experiments. Initial rates of formation of amyloid nuclei were estimated from
initial slopes of the kinetic traces as described in Material and Methods. Using a double
logarithmic plot, we found that the initial rates scale approximately with the fourth power of
the initial protein concentration, indicating a high order for the nucleation of amyloid
structure (Figure 1B, Table 1). Nevertheless, there is a slight but significant sigmoidal shape

in this plot.
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Figure 1. Kinetics of formation of amyloid fibrils followed by ThT fluorescence at 37°C. A: Kinetic curves of
amyloid fibrillation of N47A Spc-SH3 in the presence of 100 mM NaCl at different initial protein concentrations
as indicated. B: Double logarithmic plot of the initial rates of amyloid fibrillation of N47A Spc-SH3 versus the
initial protein concentration in presence of different NaCl concentrations: 50 mM (blue); 100 mM (red) and
200 mM (green). The initial rates of the double mutant K43A-N47A Spc-SH3 in the presence of 100 mM NaCl
are shown in magenta. Symbols correspond to the experimental rates and continuous lines represent the best

fits according to equations 4 to 8 of the model as described in the text.

Kinetics of depletion of native protein

We monitored the aggregation under the same experimental conditions by acquiring a series
of ©®N-tH HSQC NMR experiments during the course of the fibrillation process at 37°C
using a 1.1 mM (8 mg mL1) sample of **N-labelled protein. This experiment was aimed at

the detection of any early soluble intermediates of the protein, which may become populated
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prior to the formation of the fibrils. All spectra looked, however, identical to that of the native
protein except for a rapid and continuous decrease in intensity (Figure S4). No significant
shifts of the HSQC signals were observed during the whole process and the intensity decays
of all the signals are virtually identical. These observations may suggest that the native
protein is converted to large aggregates without accumulation of any intermediate visible by
NMR. It is possible that interconversion of intermediates taking place in the NMR time scale
could result in extreme line broadening, which renders invisible the signals. A plot of the
normalized and averaged intensities of all the native HSQC peaks does not follow a single
exponential decay (Figure 2). The kinetics could instead be very well fitted using the

integrated equation of an n-order irreversible kinetics:

N]=,©

— 0
(L+Cotkef )

Where n is the apparent order of the reaction, Co is the initial protein concentration, [N] is
the concentration of native protein at time t and k is an apparent n-order rate constant. This

fitting resulted in an apparent order of 4.2 + 0.3 (Table 1).
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Figure 2. Kinetics of native-state depletion monitored by NMR. Averaged and normalized intensities of the
cross peaks of all residues of N7A Spc-SH3 in a series of >N-'H-HSQC NMR spectra recorded during the
course of aggregation at 37°C using an initial protein concentration of 1.1 mM. The red continuous line
represents the best fit using the integrated equation of an n-order irreversible kinetics. The inset shows an
expansion of the early times of the kinetics.
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The rate of disappearance of the native protein during the early stages of fibrillation was also
monitored by near-UV CD at several protein concentrations ranging between 0.84 mM and
1.6 mM (Figure 3). In these experiments we took advantage of the absence of CD signal at
295 nm in the near-UV CD spectrum of the amyloid fibrils and we could assume therefore
that the CD signal intensity at this wavelength is proportional to the concentration of the
native protein monomer during the aggregation process. The Kkinetic curves are strongly
concentration-dependent and in agreement with a high-order process. When normalized by
the protein concentration, as expected for this type of kinetics, the curves converge
approximately to a common trend. Global fitting of all the kinetic curves using equation 3
did not give fully satisfactory results especially for the curves at the lowest protein
concentrations. Individual fittings yielded apparent orders ranging between 4 and 4.7 and
relatively similar values for the apparent rate constants (Table 1). The initial rates of native
state depletion, estimated by extrapolation of the slopes of the kinetics, are also strongly
dependent on protein concentration. Double logarithmic plot of the initial rates versus the

protein concentration provides an apparent order of about 6.

Native concentration (mM)

0.0

T T T T
0 50 100 150 200 250
Time (min)

Figure 3. Kinetics of native state depletion monitored by near-UV CD. Different initial protein concentrations
of N47A Spc-SH3 were analyzed as indicated. The intensity of the native CD signal at 295 nm was monitored

as a function of time and normalized using the values of initial protein concentration.

These results clearly demonstrate that during the early stages of aggregation, both the

depletion of native protein and the growth of amyloid structures follow high-order
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irreversible Kinetics. A simple interpretation of this result would suggest that the precursors
of the rate-limiting step for amyloid nucleation are oligomers of about 4 to 6 protein
molecules. Formation of these oligomeric precursor species from the native state of the
protein seems to be therefore a necessary step preceding the nucleation process. Furthermore,
this oligomerization must be sufficiently fast under these conditions to avoid a lag phase in
the fibrillation.

Formation of B-sheet structure

Infrared spectra were measured during the aggregation process under the same conditions of
the above experiments (Figure S3). The development of a prominent band at 1622 cm™
indicative of the formation of B-sheet structure occurs in a rapid phase within 100-120 min
(Figure 4). Further development of 3-sheet structure occurs in a slower process as a result of

fibril formation.
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Figure 4. Kinetics of formation of beta-sheet structure during the course of aggregation. Aggregation of
N47A Spc-SH3 was monitored by infrared spectroscopy at different initial protein concentrations as indicated
in the figure. The data correspond to the area of the spectral band between 1591 cm and 1635 cm™ in the

difference spectra obtained by subtracting initial spectrum from that of each time point of the kinetics.
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Table 1: Kinetic analysis of the apparent order for irreversible aggregation of Spc-SH3 using different

biophysical techniques and methods of analysis.

Method Type of Apparent log k Protein
analysis order (M min™) concentration (mM)
ThT
Initial rates® 3.80£0.13 - 0.31-1.44
fluorescence
Non-linear
NMR 42+0.3 9.2+0.6 1.1
fitting®
Near-UV CD Initial rates® 6.1+0.5 129+14 084-16
Non-linear
457 +0.07 9.2+0.3 1.6
fitting®
4.73+0.08 9.7+0.3 1.4
452 +0.08 89+0.2 1.18
4.62 +0.06 96+0.2 1.14
4.28 +0.06 79+0.3 0.95
40+01 6.9+0.3 0.84
ANS
Initial rates® 3.1+05 - 0.14-1.17
fluorescence
Far-UVv CD Initial rates® 15+0.3 - 0.36-1.11

aInitial rates of signal growth were plotted versus the initial protein concentration in a double logarithmic plot.

The apparent order is derived from the slope in a linear fit to this representation.

®The normalized signal intensity decay was fitted to the integrated equation of an irreversible n-order kinetics.
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The rapid conformational change to achieve beta-sheet structure was also observed by far-
UV CD in a previous work although these data were presented in a normalized form (mean-
residue molar ellipticity, see Figure 2 in ref. 2%). The negative CD signal at 215 nm increases
very rapidly in a fast phase within about 100 min, indicating a fast conformational change
with B-sheet formation even at the lowest protein concentration analyzed (0.36 mM). The
initial rates of CD signal development scale approximately with the 1.5 power of the initial
protein concentration, suggesting that the appearance of some [-sheet structure occurs prior
to the fibril nucleation and is likely to be concomitant to pre-oligomerization. These results
clearly indicate the occurrence of a rapid conformational phase previous to nucleation of the
amyloid fibrils, which involves partial unfolding of the protein, formation of 3-sheet structure

and oligomerization.

Detection of partially-folded species

The formation of oligomers of partially unfolded protein may result in the exposure of
hydrophobic surface, which could be monitored using ANS fluorescence. We first followed
the process for a protein concentration of 1.26 mM using different ANS concentrations
ranging between 10 uM and 400 uM (not shown). The ANS fluorescence intensity develops
rapidly in all experiments reaching a plateau. The final ANS fluorescence intensity is
approximately proportional to the ANS concentration up to about 100 uM and then tends to
saturate. Above 50 uM ANS we found a significant effect of ANS on the rate of aggregation
(results not shown). Using 25 uM ANS and varying the protein concentration, we observed
considerable dependence of the growth rate of fluorescence intensity and absence of lag
phase (Figure 5). The growth of ANS fluorescence intensity occurs earlier than that of ThT
fluorescence, indicating rapid exposure of hydrophobic patches preceding nucleation of
amyloid structure. Initial rate analysis indicates an apparent order of 3.1 + 0.5, which is
intermediate between the order observed for fibrillation and that of the initial conformational
change monitored by far-UV CD. These results suggest that the development of the ANS
fluorescence signal is not specific of the appearance of oligomers but it may also report on
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the formation of amyloid structures. This is supported by separate experiments, in which we
found that ANS co-precipitates with the amyloid fibrils indicating strong ANS binding to

amyloid structures (results not shown).
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Figure 5. Exposure of hydrophobic surface during the course of aggregation of N47A Spc-SH3. Aggregation
was monitored by ANS fluorescence at several initial protein concentrations are indicated along each curve.

The concentration of ANS in these experiments was 50 xM.

Direct detection of oligomeric species

To investigate the growth rate of aggregates, DLS measurements were performed during the
course of the aggregation at several protein concentrations. Figure 6 shows the time evolution
of the scattering intensity and the apparent hydrodynamic radii (Rn) of the smallest particles
visible in the size distributions. The changes in the particle size distributions clearly indicate
a progressive conversion of the native protein (detected at the early times as a peak with
apparent radius of about 1.7 nm) into larger particles (Figure 6A). Growing particles are
observed with apparent radii starting from about 10-20 nm and increasing up to 30-50 nm,
depending on the initial protein concentration, similarly to that observed for Abeta fibrillation
by DLS 28, In addition, the peak corresponding to the native Ry shifts up to ca. 2.7 to 3.0 nm,

which suggests the association of a few protein molecules into small oligomers. This shift is
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considerably delayed as the protein concentration is reduced indicating a slower
accumulation of oligomers. The delay of oligomerization is coincident with a similar delay
in the growth of scattering intensity (Figure 6B). The lag in the development of scattering
intensity is not observed in the kinetics monitored by ThT fluorescence at similar
concentrations, which indicates that only small-sized amyloid particles, likely amyloid
nuclei, form at early times in the kinetics. The fact that the onset of growth in scattering
intensity is concurrent with the oligomerization is suggestive of a condensation of nuclei as

the process dominating the growth of large amyloid aggregates.
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Figure 6. Time course of aggregation of N47A Spc-SH3 monitored by DLS. Several initial protein
concentrations were analyzed as indicated. A: Hydrodynamic radii of the two smallest particles visible in the
size distributions as a function of the time of incubation. The sigmoidal lines are used only for clarity purposes.

B: Time dependence of the scattering intensity.
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SEC experiments were also made to analyze the mixtures during the early stages of the
fibrillation (Figure 7). Samples of 8 mg mL~! (1.1 mM) of protein were incubated at 37°C
for several time periods and analyzed in a Superdex S75 column previously equilibrated in
the same aggregation buffer and also thermostatized at 37°C (Figure 7A). The elution profile
of a non-incubated sample shows a single peak eluting at 18.5 mL, corresponding to the
native monomer. After 30 min of incubation, high-molecular weight particles are already
formed eluting at the exclusion volume of the column. The amount of these aggregates
increases at longer times of incubation while the amount of monomer decreases
concomitantly. These species correspond very likely to stable protofibrils or fibrils. In
contrast, for protein samples incubated for only 5 min or 10 min there is still no evidence of
formation of the high-molecular weight aggregates and most of the protein eluted as
monomer. There is however a non-negligible UV absorption in the elution profiles for elution
volumes corresponding to intermediate sized particles, suggesting a low population of
oligomeric species (see Figure 7B). These low-molecular-weight oligomers cannot be
detected at any elution volume if the SEC analysis of the same samples is made at 4°C or
25°C (not shown), indicating reversibility of the oligomerization at low temperature. When
we repeated the same experiment at 37°C and double protein concentration (2.2 mM), the
presence of small oligomers is much more evident in the profiles and the formation of high-
molecular weight particles is faster (Figure 7C). There is no clear peak corresponding to any
particular oligomer size but a broad UV absorption between the monomer and the large
aggregate peaks. This suggests the existence of a distribution of interconverting oligomers,
very likely in equilibrium with the monomers. Since SEC is a separative technique, the
dilution that occurs during the chromatography separation would tend to shift the equilibrium

towards the monomer.

From these results, we can conclude that early oligomers form rapidly during the kinetics
leading to the early accumulation of small amyloid nuclei. The rate of this process is strongly

dependent of the protein concentration and shows apparent high-order kinetics.
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Figure 7. Size-exclusion chromatography analysis of N47A Spc-SH3 during the course of aggregation.
Samples were incubated at 37°C during the times indicated along each elution profile prior to the analysis. A:
Initial protein concentration of 1.1 mM; B: expansion of the ordinate axis of panel A; C: initial protein

concentration of 2.2 mM.
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Influence of the salt concentration on the nucleation Kinetics

Previously, we have reported that the concentration of NaCl strongly affects the nucleation
of the N47A Spc-SH3 fibrillation 2. Here we re-investigated the effect of the salt
concentration on the nucleation kinetics by measuring the initial rates of fibrillation at 37°C
by ThT fluorescence. Initial rates were measured under each condition only at protein
concentrations producing an absence of significant lag phase, indicating a fast amyloid
nucleation. As observed before, an increase in NaCl concentration accelerates the nucleation
but, interestingly, reduces the apparent order of the kinetics from 6.4 + 0.3 at 50 mM NaCl
to 3.2 £ 0.2 at 200 mM NaCl (Figure 1B, Table 1). This might be in principle interpreted as
a reduction in the average size of the critical oligomers preceding the nucleation produced
by the increase in the concentration of salt ions. This would be contrary however to the
increase in size of oligomers produced by a rise in the concentration of NaCl as observed by

DLS in our previous work .

A simple nucleation model to interpret initial aggregation rates

To understand the observed kinetic effects in terms of a plausible mechanism, we proposed
a simple model for amyloid fibril nucleation. This model is based upon previous
polymerization models reported in the literature 3 >®, in which partial unfolding and/or linear
polymerization processes previous to the rate-limiting steps of aggregation were assumed to
be pre-equilibrated, i.e., they can be considered sufficiently fast to be under equilibrium
during the process. The model is summarized in Figure 8 and mathematically developed in

detail in the Supporting Information (Text S1):

In this model, N and U are respectively the native and the unfolded states of the protein. The
state | is a monomeric intermediate prone to intermolecular association in equilibrium with
the folded and unfolded states. The species A; are oligomeric aggregates formed by reversible
association of intermediate molecules. There is no limit imposed in our model to the
maximum size of these oligomers, which will be only determined by the concentration of the

associating species and the equilibrium association constants. The nucleation step was
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modeled as an irreversible conformational change of the protein when it is part of an
oligomer, giving rise to an oligomeric amyloid nucleus Fi of the same size °. We did not
impose any restriction to the size of the oligomers that may undergo the nucleation change,
except for the fact that nucleation can only occur from oligomeric states. This is different to
most aggregation models, which usually assume a unique nucleus size. Since we are
specifically modeling the initial rates of the amyloid nucleation process, we assumed that
further elongation steps are not significant during the very early stages of the kinetics and do
not contribute significantly to the accumulation of amyloid structures. This assumption is
reasonable since we are extrapolating the aggregation rates to time zero, where no amyloid
nuclei are still formed. In addition, as discussed in the Supporting Information (Text S3), a
significant contribution of monomer addition to any nuclei or fibrils formed during the early
times would result in upwards curvature of the kinetics, which is not observed under our
experimental conditions, except for very slow nucleation conditions, such as at low protein

and salt concentration (results not shown).

The equilibrium constants governing the conformational equilibrium of the monomeric

protein are defined as:

And the equilibrium constant for each oligomerization step:

We assumed for simplicity that the equilibrium constants of all oligomerization steps are
equal (Kai = Ka) 3. Using this assumption, it is easy to obtain relatively simple equations
relating the total protein concentration, Co, to the equilibrium constants and the population

of every equilibrium state (see Supplementary Material).
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Figure 8. Kinetic scheme for amyloid nucleation. N, I and U represent respectively the native, intermediate and unfolded monomeric states. A; states represent
oligomers of i size, where i can take any value from two to infinite. F; represent oligomeric amyloid nuclei. Double arrows indicate rapidly-equilibrated reversible

processes and the single arrow indicates a rate-limiting irreversible process.
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For instance, the fraction of protein in the native state, Xn, can be obtained solving the

following equation:

K, Xy

1=AX, + "N
N+(1—|3xN)2

()

The equilibrium constants governing the conformational equilibrium of the monomeric
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protein are defined as:

And the equilibrium constant for each oligomerization step:

We assumed for simplicity that the equilibrium constants of all oligomerization steps are
equal (Kai = Ka) 3. Using this assumption, it is easy to obtain relatively simple equations
relating the total protein concentration, Co, to the equilibrium constants and the population
of every equilibrium state (see Supplementary Material). For instance, the fraction of protein
in the native state, xn, can be obtained solving the following equation:

K, Xy

1=AX, + "N
N+(1—|3xN)2

()

Where A = 1 + Ky, and B = K;:Ka-Co. Similarly, the pre-equilibrated concentration of

monomer in oligomeric species prior to the onset of the aggregation process is given by:
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Cuo = SilA], - B ) 2=Br)

=2 KA(]'_ BXy )2 ©)

And the initial rate of conversion of protein to the amyloid state is given by:

dC. ) _ d &, =
o= o] maDlial=TkaAL @

Here Cr stands for the concentration of protein monomers in amyloid states. ki is the first-
order rate constant for the conformational change of an i-sized oligomer to form an amyloid
nucleus of equal size. Also for the sake of simplicity, we assumed that the rate constants are
approximately independent of the size of the oligomers, i.e. kri ~kr. Using this assumption

eq. 7 becomes:

kF (BXN )2 (2 — BXN )
KA(l_ BXy )2

= kFCA,o = (8)

According to this equation, the initial slopes of the kinetics of amyloid growth —for instance,
those measured by ThT fluorescence— will be a function of the first-order rate constant of
conformational conversion, the initial protein concentration and the thermodynamic
parameters governing the conformational-association equilibrium preceding the rate-limiting

nucleation step.

Using equation 8 we simulated the initial rates of amyloid nucleation for an extensive set of
values of the model parameters. A summary of the results of these simulations is shown in
the Supporting Information (Text S2). First, we simulated the case where the amyloidogenic
intermediate is the most stable state under the aggregating conditions (K; >> 1). In this case
there are two limiting nucleation regimes: A) Low protein concentrations: Co << Ka. Under
these conditions the slope of the plot of log ro vs log Co is linear with a slope of 2. This means
that most of the protein is in the monomeric state and the nucleation takes place via the dimer,
with apparent 2" order (1 <> A2 — F2). B) High protein concentration: Co >> Ka™'. In this

case, the slope of the double logarithmic plot is 1 because most of the protein pre-equilibrates
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as oligomers and the process simplifies to a first-order reaction (Ai — Fi). The change from

second to first order occurs progressively when Co approaches to Ka™.

In the case of a stable folded protein, with a low-populated amyloidogenic intermediate, there
are two similar limiting regimes: A) Second order for Co << (Ka-K) ~* and B) first order for
Co >> (Ka-K))™L. For protein concentrations around a critical concentration, Co ~ (Ka-Ki) 1,
the plot of log ro vs log Co undergoes an inflexion with a transient increase in slope.
Interestingly, for the same critical concentration, the maximum slope depends on the relative
values of K; and Ka, i.e., on the stability of the monomeric intermediate compared to that of
the oligomers. Low values of K; and high association constant, Ka, give rise to a steep
inflexion with high apparent reaction orders. This is due to a quite pronounced shift in the

oligomerization pre-equilibrium as the protein concentration rises.

Changes in the values of the rate constant of the conformational change, kr, result only in a
vertical displacement of the double logarithmic plot. The effect of changes in the global
unfolding equilibrium constant, Ky, is relatively small because it affects only marginally the
relative population of | and the corresponding oligomerization equilibrium.

Using the equations of this model, we have fitted the experimental initial rates of amyloid
nucleation measured by ThT fluorescence as a function of the protein concentration. In this
analysis we assumed that only the amyloid nuclei are detected by thioflavin T fluorescence.
An important problem arising when fitting these data is that the theoretical equations depend
on four independent parameters (Ka, Ki, Ku and kg). To reduce their number, we fixed the
values of Ky using the experimental value at 37°C derived from the analysis of the thermal
unfolding by DSC at low protein concentration 2%. Another difficulty in this analysis is that
the interval of protein concentrations and the range of experimentally accessible initial rates
are limited. For instance, at 50 mM NacCl, the fibril nucleation is fast only at high protein
concentrations, whereas below 1 mM the aggregation kinetics shows a considerable lag phase

23, The range of experimental data is therefore quite limited for this condition.

Individual fits at the three different salt concentrations describe very well the data but the

dependency between the fitting parameters is high. We found that the fits converge to similar
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values for Ka for the different NaCl concentrations and the three sets of initial rates could be
globally fitted using a common value for this parameter (Figure 1b), which suggests that the
association equilibrium constant does not change much with the concentration of NaCl. The
parameters resulting from this analysis are shown in Table 2. The increase in salt
concentration stabilizes the amyloidogenic intermediate relative to the native and unfolded
states, thus increasing its population. The rate constant of the conformational conversion of

oligomers into amyloid nuclei is also considerably increased with salt concentration.

To further validate our nucleation model, we studied the aggregation Kkinetics of a double
mutant of the Spc-SH3 domain (N47A + K43A). The second mutation K43A destabilizes
strongly the native state. The far-UV CD spectrum indicates a partially unfolded
conformation (Figure S5a) and the DSC thermogram obtained at a low protein concentration
shows a weak and broad unfolding transition (Figure S5b), consistent with a low structural
cooperativity. This double mutant forms fibrils much faster than the single mutant N47A in
the presence of 100 mM NaCl as observed by TEM (results not shown). Initial rates of
nucleation were measured by ThT fluorescence (Figure 1b). Under these conditions, there is
a rapid growth of ThT fluorescence indicating a fast formation of amyloid nuclei. The plot
of log ro vs log Co has a slope close to one over most of the concentration range explored.
This is consistent with a kinetic regime where the amyloid nucleation takes place from the
oligomers, i.e., Co >> (Ka-K))™L. In fact, DLS indicates that this double mutant domain forms
oligomers even at 15°C and at relatively low concentrations (Figure S5c). SEC analysis at
37°C also shows a considerable population of oligomers prior to the incubation and during
the very early times of the aggregation kinetics (Figure S5d). Fitting the initial aggregation
rates using our model yielded a considerably higher K; for this mutant, mainly due to a strong
destabilization of the native state. We needed however to fix the Ka value in this fitting
because the data did not contain enough information for an accurate determination of all the
fitting parameters (Table 2). Nevertheless, these results strongly support the validity of our
model and its power to provide thermodynamic and Kinetic data characterizing the amyloid

nucleation process.
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DISCUSSION

Here we have shown that amyloid fibrillation of the N47A Spc-SH3 mutant domain takes
place following apparent high-order irreversible kinetics, as a result of oligomeric precursors
preceding the fibril nucleation event. This high-order kinetics is confirmed by fitting of
aggregation kinetics followed by 2D-NMR or near-UV CD, which selectively monitor the
concentration of native monomers. On the other hand, the kinetics followed by far-Uv CD
and ANS fluorescence show that partial unfolding of the native protein involving secondary
structure changes and the exposure of hydrophobic patches takes place significantly faster
than nucleation and with lower apparent order. This implies that these early conformational
changes are, at least in part, associated to the formation of the pool of oligomeric precursors
themselves. These oligomers are likely to be low-populated, unstable and interconverting
species. Formation of transient oligomeric intermediates has been previously reported as a
crucial event preceding amyloid fibrillation in many proteins. For instance, oligomeric
intermediates formed at low pH above a critical concentration of amyloid-beta 1-40 were
proposed to have micellar properties and be in equilibrium with the monomeric protein 28,
Using photo-induced cross linking it was observed that the Abeta 1-40 peptide undergoes a
rapid oligomerization equilibrium involving monomer, dimer, trimer, and tetramer during
the pre-nucleation phase of fibril assembly 8. Insulin fibrillation takes also place by rapid
formation of soluble oligomers followed by a slower transition into a second distinct class of
oligomers that lead to amyloid fibrils 2. Single-molecule fluorescence methods have also
shown a rapid and transient increase in the population of oligomeric species during the early
stages of PI3-SH3 aggregation ’. These early oligomers formed a highly heterogeneous size
distribution. All these studies and many others show common features for early stages of
amyloid formation: i) early oligomers are structurally unstable and interconverting species
with heterogeneous sizes; ii) the oligomerization pre-equilibrates rapidly from the monomers
prior to the nucleation event; iii) the oligomers then convert into amyloid structures, which
is the rate limiting step in fibrillation. These general characteristics are in good agreement

with our results and constitute the basis of the presented model of amyloid nucleation.
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To monitor the initial aggregation rates we selected deliberately the conditions under which
the conversion of native N47A Spc-SHa3 into fibrils takes place without a lag phase due to a
rapid formation of amyloid nuclei. The advantage of this approach is that the earliest times
of the kinetic traces followed by ThT fluorescence are mainly sensitive to the nucleation
event. Similar lag-free aggregation kinetics was previously observed by Dobson and
coworkers * for the P13-SH3 domain at pH 3.6, whereas fibrillation showing a lag phase
occurs at lower pH. These authors invoked a “nucleated conformational conversion”
mechanism to explain their fibrillation kinetics in the absence of lag phase, similar to that
proposed here. This mechanism was previously proposed for the prion protein Sup35 °, which
was reported to form structurally fluid oligomeric complexes that appear to be crucial
intermediates in the de novo amyloid nucleation. Fibrillation of B2-microglobulin into
disordered worm-like fibrils or short rod-like fibrils has also been shown to occur without a
lag-phase by an aggregation pathway, which is different to that of the relatively rigid long-
straight fibrils classically associated with amyloid *°. The partitioning between these different
competing pathways is modulated by environmental conditions and occurs during the earliest
conformational and association phenomena, which direct subsequent events leading to
different types of aggregates.

Since the early work of Oosawa et al. 3 many theoretical models to describe quantitatively
the kinetics of protein aggregation have been proposed with the aim to obtain kinetic and
thermodynamic parameters characterizing the critical steps of the process (see ° for a
comprehensive review). Models were developed to fit the nucleation-dependent Kinetic
curves typical of protein aggregation and were usually formulated with the assumption of an
aggregation nucleus of a specific size ® 3! 3 3, Recently, Roberts and coworkers have
proposed a combined Lumry-Eyring and Nucleated Polymerization (LENP) model © 3, in
which the aggregation rates are considered slow compared to the folding-unfolding
equilibrium. They model the nucleation event as a conformational rearrangement of x-sized
oligomers into x-sized nuclei. Interestingly, by exploring different qualitative kinetic
regimes, they showed that their model is a generalization of many previously proposed
nucleation and growth models for aggregation. One of their main findings is that under the

scenarios where nucleation is fast, the apparent kinetics of monomer depletion follows x-
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order kinetics. Our finding of high order kinetics is in agreement with the predictions of the
LENP model, which supports the validity of our assumption of fast nucleation. Apparent
sizes of the dominant amyloid nuclei ranging between 3 and 6 molecules would be derived
from the apparent order of the kinetics depending on the conditions.

In spite of this agreement, our nucleation model does not imply any assumption of a specific
size for the aggregation nuclei. In fact, we model the nucleation event as a conformational
change taking place within any preformed oligomer irrespective of their size. The size
distribution of the oligomers is however controlled by the thermodynamic parameters of the
process, i.e., the stability of the amyloidogenic intermediate, the equilibrium constant for the

oligomerization and the protein concentration.

In a recent work, Vitalis and Pappu * have reanalyzed the aggregation mechanism of
polyglutamine peptides using a model that also accounts for the possibility of nucleation from
a pool of heterogeneous oligomers, similarly to the model proposed here. They clarified
previous observations of fractional and/or negative values of estimates of the critical nucleus
size arising from the assumption of a homogeneous nucleation model. The model proposed
by these authors for early aggregation shares with the nucleation model proposed here two
major assumptions: First, a rapidly pre-equilibrated distribution of oligomers is formed by
successive monomer addition; second, the nucleation event occurs by a rate-limiting
conformational conversion of oligomers into pre-fibrillar species. On the other hand, there
are several mathematical and conceptual differences between the two models: Vitalis and
Pappu do not analyze the initial aggregation rates but they adapt their model to the analysis
of early aggregation kinetics as originally developed by Ferrone 3, in which they analyze the
slope of extent of aggregation plotted versus t?. They also take into account the elongation of
the fibrillar aggregates via monomer addition, whereas we neglected its contribution in our
model as discussed above and in Text S3 of the Supporting Information. In addition, these
authors limited in their analysis the maximum oligomer size and the minimum size of
oligomers that are competent for conformational conversion. Finally, they do not consider

the existence of a folding-unfolding equilibrium for the monomer.
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In spite of these differences, some of their fundamental conclusions are similar to ours. They
highlight the importance of the factors controlling the oligomer distribution in determining
the apparent oligomer size in the analysis of the kinetics is made assuming a single nucleus
size. In particular, if the process nucleates under conditions where large fractions of the
aggregating material are present as soluble oligomers that are competent to promote fibril
formation, then the apparent nucleus size may results in quite anomalous values (fractional
or even negative in their analysis).In fact, using the equations of the model and the parameters
of Table 2, we could calculate the average size and the size distributions of the pre-
equilibrated oligomers for each concentration of protein (see Figure S6). It is evident that the
size of the oligomers and their population depend quite dramatically on the total protein
concentration. At low concentrations there are mainly dimers at very low populations. As
concentration increases, the overall oligomer population increases and the size distributions
become shifted toward larger sizes and considerably broadened. An increase in the NaCl
concentration strongly enhances oligomerization. Importantly, the experimental order of the
kinetics does not need to be correlated with the average oligomer size, except if the
measurements are made near the critical concentration. For instance, at 50 mM NaCl
concentration, the N47A Spc-SH3 mutant shows an apparent order of 6.4, which is in very
good agreement with the average sizes of the oligomers predicted by our model (between 4
and 8 in the protein concentration interval explored) but, despite this coincidence, the size
distributions are quite broad at these protein concentrations. In contrast, the kinetics of the
K43A-N47A double mutant were studied well above its critical concentration and even
though the aggregation nucleates from a wide variety of oligomer sizes the experimental
order is close to one. The observation of concentration-independent nucleation at high protein
concentration appears to be a general property of polymerization models due to the fact that
under this regime the nuclei are no longer the least thermodynamically unstable species, as

described by Powers and Powers .

The direct detection of the oligomeric precursors of nucleation has proved extremely
difficult, due to their instability and the fact that they are not usually the dominant species in
the aggregating solution. Here we used DLS and SEC to analyze the mixtures during the

course of the aggregation. DLS shows the formation of oligomeric particles with average
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hydrodynamic radii of about 2.7 to 3.0 nm and SEC is also able to detect a low population of
oligomeric species at early aggregation times but only when the samples were analyzed at
37°C and at very high protein concentrations. In contrast, the oligomers are clearly present
for the K43A-N47A double mutant even prior to aggregation, as demonstrated by DLS and
SEC. It is likely, however, that the oligomer fraction detected during aggregation includes
also stable amyloid nuclei, which would not dissociate during the SEC analysis.
Nevertheless, the existence of this range of oligomeric species is fully consistent with the

observed aggregation kinetics.

The possibility of nucleation from oligomers of different sizes, which are modulated by the
experimental conditions, could have profound implications in understanding the mechanism
of amyloid aggregation. This is schematically illustrated in Figure 9. The conformational
conversion of the polypeptide chain into amyloid structure may be constrained differently
within oligomers of different sizes, giving rise to a structural variability in the nuclei and a
consequent polymorphism of the final amyloid structures modulated by the conditions 23303,
Also, the amount and size distribution of nucleating oligomers would affect strongly all
subsequent fibrillation stages. Conditions disfavoring oligomerization, such as low salt or
low protein concentration, would promote a slower nucleation via smaller oligomers. As a
consequence, less abundant and more homogeneous nuclei would preferentially grow via
monomer addition into more ordered filaments that could then assemble into mature twisted
fibrils. On the other hand, rapid accumulation of a heterogeneous distribution of amyloid
nuclei could promote aggregation via condensation or growth of heterogeneous fibrils via
monomer addition to a diversity of structural templates, in any of these cases giving rise to
more disordered fibrillar aggregates ** or even amorphous aggregates as we observe for
N47A Spc-SH3 in the presence of 300 mM NacCl (results not shown).

An important advantage of our Kinetic approach is its mathematical and experimental
simplicity. The measurement of initial aggregation rates are relatively straightforward and do
not need the recording of long aggregation kinetics, allowing the exploration of a larger
number of experimental variables. Also, the equations describing the initial rates are very

simple and complicated numerical integration procedures are not necessary to fit the data.
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This method could be applicable to any protein aggregation process as long as the kinetics
does not show a lag phase and the initial rates are representative of the formation of the

earliest amyloid structures.

Our analysis provides important thermodynamic and kinetic magnitudes allowing us to
rationalize the nucleation event. This is of chief importance to understand the factors
governing the stability of early amyloidogenic species. The amyloidogenic monomeric
intermediate of N47A Spc-SH3 is a very unstable state, likely an ensemble of partially
unfolded species. Its stability is much lower even than the fully unfolded state under the
aggregation conditions. It has however a very strong propensity to oligomerize, as indicated
by the large association constant Ka. As a result, the concentration of I is very low under all
conditions, but the factors affecting its stability are key to modulate the amount and
distribution of oligomers that are competent to nucleate aggregation. This is crucial to
understand the mechanisms by which proteins maintain solubility and avoid deleterious
aggregation processes. Protein sequences have evolved to maintain a high structural
cooperativity of the native states, favoring either the native or the globally unfolded state
under all conditions and reducing the population of aggregation-prone partially unfolded
species. A reduction in the global unfolding cooperativity produced by mutations has been

shown to enhance amyloidogenicity 8.

Our kinetic approach could be also relevant for the case of intrinsically disordered proteins,
such as Abeta or a-synuclein, because their most populated soluble states are not necessarily
the amyloidogenic ones. It has been shown that disordered polypeptide chains must partially
refold to initiate amyloid aggregation *° achieving a high-energy, partially-folded
conformation, which then is able to oligomerize and aggregate. This is similar to what we
observed for the double mutant K43A-N47A Spc-SH3. The soluble monomeric state is
probably an ensemble of conformations with low unfolding cooperativity but the
amyloidogenic conformation does not need to be the most populated one but just a

subfraction of this ensemble.

Another important result is that an increase in the NaCl concentration appears to produce a

selective stabilization of the monomeric intermediate, I, and not an enhancement of its
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association tendency. NaCl also increases the rate constant of the conformational conversion
to amyloid structure. Salt ions may affect protein aggregation by a number of mechanisms
but how each specific molecular stage is influenced by ions is still not known. Simple Debye-
Hickel screening of electrostatic interactions has been ruled out as a main contributor to
aggregation for several systems “° 41 although it plays a role on fibrillation of a-synuclein at
low ionic strengths #2. Preferential anion binding to the protein groups has been proposed as
a main mechanism promoting fibrillation of B2-microglobulin at acid pH, because the
aggregation enhancement produced by different ions is ordered according to the
electroselectivity series #. Similar observations were made for the fibrillation of glucagon
and mouse prion protein #* both at acid pH. In contrast, the effect of ions on a-synuclein
fibrillation has been found to follow the Hofmeister series, suggesting an important role of
hydration effects 2. The aggregation of Abetal-40 at pH 9 seems to depend on a combination
of both effects 1. The result of our analysis ascribes the effect of salt ions mainly to a relative
stabilization of the amyloidogenic monomer, which is partially unfolded and exposes a
significant amount of hydrophobic surface. Also, at the mildly acid pH of our experiments
the protein is positively charged. At the relatively low NaCl concentrations used in these
experiments and given that the Na™ and CI- ions are neither strong “salting-out” or “salting-
in” ions *®, it is unlikely that the intermediate is primarily stabilized by a Hofmeister effect.
In fact, the fully unfolded state exposing more surface area is less stabilized by NaCl than
the intermediate. Preferential binding of chloride anions to the intermediate relative to the
native state could be playing a role in compensating the net positive charge, reducing
electrostatic repulsion and thus favoring oligomerization. A more profound investigation of

the effect of different salt ions is however necessary to clarify these effects.
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CONCLUSION

We have shown that the amyloid nucleation kinetics of the Spc-SH3 domain obeys to a high-
order irreversible kinetics. The analysis of the aggregation kinetics by a variety of biophysical
methods has allowed us to infer that the earliest stages of the amyloid nucleation process
imply a pre-equilibrium involving oligomerization of a partially-unfolded intermediate
followed by a conformational conversion of the polypeptide chain within the oligomers. The
latter process leads to formation of the amyloid nuclei. A simple mathematical model can
account very well for the experimental initial rates of aggregation and their dependence with
the concentration of protein. The model has allowed us to derive thermodynamic magnitudes
characterizing the highly unstable amyloidogenic intermediate and its oligomers. It is shown
that environmental conditions such as protein or salt concentration can strongly affect the
stability and population of the precursors, leading to different nucleation scenarios that may
in turn result in diverse aggregation pathways and fibril morphologies. The Kinetic approach
presented here may be applicable to characterize the amyloidogenic intermediates and
oligomeric precursors of amyloid aggregation in disease-related proteins.
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SUPPORTING INFORMATION
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Figure S1. Linearity of the thioflavine T (ThT) fluorescence as a function of the concentration of amyloid
fibrils. Amyloid fibrils of N47A mutant of the Spc-SH3 were prepared by in incubation at 37°C in 100 mM
glycine buffer, 100 mM NaCl pH 3.2, isolated by centrifugation and resuspended in the same buffer for ThT

assay.
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Figure S2: Near-UV CD spectra of N47A Spc-SH3 in the native state and the amyloid fibrillar state. Spectra
were recorded at the same protein concentration at 25°C in 100 mM glycine buffer, 100 mM NaCl pH 3.2.
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Figure S3: Infrared spectra of N47A Spc-SH3 recorded during the aggregation at 37°C. Buffer was 100 mM
glycine buffer, 100 mM NaCl pH 3.2 and the protein concentration was 1.59 mM.

-70 -



Characterization of Oligomers of Heterogeneous Size as Precursors of Amyloid Fibril Nucleation

@51

110.0- .
g @5 ge @13 d@m
115.0: @28 48@40 f éss @3 g&? 000

- 4
E 9
2 @ @24
? 120.0 15 1%@ 3@
| e @V,
@z@ 3 g A 17
@?0
| 42
125.0 @ @ﬁ @
@31@126@34 @16
41 0 55
g @42 @33 @
130.0- 47
@
10.0 9.5 9.0 8.5 8.0 7.5 7.0
'H (ppm)

Figure S4: Overlay of ®N-'H HSQC NMR spectra of N47A Spc-SH3 at different times of aggregation at
37°C. Buffer conditions were the same as in Figure S3, except for the use of per-deuterated glycine and the
addition of 10% DO for field lock. The concentration of N-labelled protein was 1.1 mM (8 mg mL™). The
three spectra have been plotted using a single contour level and the same intensity threshold. The times of

incubation are: 3 min (blue); 50 min (green) and 1957 min (red). The numbers next to each cross-peak indicate

the residue number assignment.
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Figure S5: Structure, stability and oligomerization state of the K43A-N47A Spc-SH3 double mutant. a) Far-
UV CD spectrum in comparison with the N47A single mutant; b) thermal unfolding monitored by DSC; c)
Apparent hydrodynamic radius determined at 15°C at different concentrations as indicated. The vertical dashed
line indicates the radius of the native Spc-SH3 domain; d) Size-exclusion chromatography at 37°C at two

different concentrations as indicated. The peak eluting at ca. 20 mL corresponds to the monomer and the
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Figure S6: Simulations of oligomer size distributions. Average size distributions were calculated using the

parameters derived from the fitting of the experimental initial rates using the equations of the model (see main

manuscript text). (a) Average size of the oligomers as a function of the total protein concentration; (b) Average

size of all the particles present in solution; (c) Size distribution of the oligomers at 1 mM of total protein

concentration; (d) Size distribution of the oligomers at the critical concentration, (Ka'K))™, obtained under

each experimental condition.
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Text S1: Model of amyloid nucleation preceded by partial unfolding and

oligomerization pre-equilibrium.

A = A (N>

Model description and assumptions:

A partially-unfolded intermediate, I, is in rapid equilibrium with the native, N, and the fully
unfolded state, U. The intermediate oligomerizes through a sequential addition of monomers.
No limit is imposed to the maximum size of the oligomers, Ai. It is assumed that the
conformational equilibria of the monomer species and the oligomerization are fast enough to
be pre-equilibrated during the whole process. Amyloid fibril nuclei, Fi, are then formed by a
conformational change of the polypeptide chains within the oligomers. Any oligomer can
undergo this conformational change and the first order rate constant for this process is equal
for all oligomers. We assumed that the formation of amyloid nuclei is essentially irreversible
and that further fibril growth by monomer addition does not significantly occur during the

early stages of the kinetics, as discussed below.
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Mathematical development

The equilibrium constants for the conformational unfolding of the monomer are:

Y I
[N] [N] "

And the total concentration of protein monomers at the beginning of the aggregation process:

Cy=[NJ+ U]+ 1]+ i[A]

2)
The fraction of protein in each state is given by:
N Al
0 0 CO CO

(3)

Assuming that all equilibrium constants of oligomerization are equal:

« AL (AL A
I (Al (AL @

Using this equation the concentration of any oligomer of size i can be related to that of the

monomeric intermediate as:
[A]Z KA[AM][I] = Ki[pﬁ—z][l]z == KL_l[I ]I (5)

And the concentration of protein monomers in the intermediate state and in any of the
oligomers is given by:

17+ Yi[A]= Y (A= ik

i=2 i=1 i=1 (6)
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Where A: = | in this series. This series is convergent to:

“’ii_l i _ —1wi i=w
zl Ki1] KAiZ:l: (K1) LK, [1] -

Since for x < 1:

2=y

And using the equilibrium constants K; and Kuy:

C, =[NJa+ Ku)+(1_,[<IA][,])z ®)
1=x,(1+K, )+ i- Kfclz:&.xN P Pt + (JLFIB);NN)Z )
Where:
B=K,CK, yA=1+K,
Rearranging this equation we obtain a cubic equation in xn:
AB?X; —(B7 +2AB)¢: +(A+2B+K, Jx, ~1=0 (10)

Solving for xn and using the equilibrium constants we can calculate the concentrations of

each state at the time zero of the aggregation process.

The rate of conversion of oligomers Aj into amyloid nuclei F; is given by:
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dt dt ! (11)

Where kg, is the first-order constant of the conformational conversion. Assuming that kr; is
independent of the oligomer size, the initial rate of conversion of protein monomers into

amyloid structure is:

o=(%) =S Stk lal -k ilal - e 200

dt =

Since it can be easily shown that:

- I - .1 (Bx,)(2-Bx
zl[Ai]:KAlleA[l] :KAIZI(BXN) K( N) ( 2 N)
i=2 i=2 i=2 A (1 BXN) (13)
Where we have used the following identity:
= xH(2-x)
i-x' =
iZz: (1-x) (x < 1)
The fraction monomers in each oligomer species A is given by:
v <IA]_IKO] (B
CG GKe o GKe oo (14)

And the average number of monomers in the oligomeric species can be easily obtained as:

i (BXN )2(2 B BXN )

HK 1 _@-Bx,? _ (2-Bx,)
(1]

(BXN )2 (1_BXN)
(1-Bxy) (15)

Al TP YK

i=2 i=2 i

SiAl Ykl X
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Where we have made use of the above results and of the fact that for x <1:
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Text S2: Model simulations.

Using the equations of the model described in Text S2 we have simulated the initial rates of

nucleation as a function of the initial protein concentrations.

1. Amyloid nucleation of a stable partially unfolded amyloidogenic intermediate. In this
case the | state is the most stable state. This is equivalent to the linear polymerization
model of Oosawa and Kasai 3. To simulate this case we can asume that K is large

compared to Ku.
The following data were calculated for K; = 100, Ky = 0.12, and different values of

Ka. ke =1 min.

1E-3 4

1E-4 4

r, (mol min™)

1E-5 -

slope =2

1E-6

1E-7 T T

C, (M)

The slope changes gradually from 2 to 1 as Ka increases. This is logical because for
low Ka, the monomer governs the pre-equilibrium but it has to self-associate into
dimers to form nuclei. For high values of Ka most of the protein is oligomeric from

the beginning of the process and the process appears first order.

2. Amyloid nucleation of a folded protein.
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In this case the pre-oligomerization equilibrium is coupled to the folding-unfolding

equilibrium. The relative population of | and Ai will be reduced depending on the

values of the equilibrium constants K; and Ku.

a) Effect of K; and Ka. Ka was varied independently of K, for Ky =0.12 and ks = 1

min.

1E-3
1E-4
1E-5
1E-6
1E-7

- 1E-8
1E-9
1E-10
1E-11
1E-12

1E-13 +—

1E-3
1E-4
1E-5
1E-6
o 1E7
1E-8
1E-9

1E-10

1E-11 4+—

K, = 0.001

K, = 0.01
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1E-3

1E-4

1E-5

° 1E-6

1E-7

1E-8

1E-94

The rate of nucleation depends very strongly on Ka and K;:

- For Co << (KaK))~* the rate of nucleation is very low and scales on the second power
of Co.

- If Co >> (KaK)) 1, the rate tends to a limit imposed by kr and the nucleation is first
order.

- If Co = (KaKj) 1, there is a transient increase in the slope of the double logarithmic
plot. This is due to an abrupt displacement of the oligomerization equilibrium as Co

increases. The value (KaK)) ~ acts as a critical concentration.

b) Next we simulated curves for the same product KaK; = 10% but changing their

relative values. Ky and kr are the same as in a)
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0.01
K -K =10° .
' Fast nucleation
1E-4 1* order
L<D
_.q_): | =13.6
© 1E-6 slope KI
© —10"
= 102
— 1E-8 Critical concentration s
— 10
Slow nucleation 4
nd 10
2" order
1E-10 —— , —
1E-4 1E-3

Initial protein concentration, C_ (M)

In the region of the critical concentration Co ~ (KaKj) ~! there is a transient slope

increase. The slope is higher for higher Ka and lower K values.
c) Effect of the global unfolding equilibrium constant Ky:

Simulations were made varying Ky and the resulting values of the unfolding

Gibbs energy, AGu. Values of Ka and K are as in b)
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0.1 _ §
KoK =1000 AG,=7.3 kd mol

0.01 ——— AG, =5.3kJ mol
_ an- -4

K =10"-10 u )
1E-3 AGU = 3.3 kd mol )
1E-4
1E-5

1E-6

1E-7
1E-8

1E'9 T T T T T T T L |
1E-4 1E-3

The unfolding Gibbs energy does not have a strong effect on the initial rates because

it has a relatively low effect on the population of the amyloidogenic intermediate.
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Text S3: Contribution of fibril elongation by monomer addition to the early kinetics.

We consider now the possibility that monomer addition would also contribute significantly
to the initial rate of amyloid growth. During the early stages of the kinetics both the
nucleation and elongation can be considered essentially irreversible and the concentrations
of the monomeric and oligomeric precursors remain approximately constant and equal to the
pre-equilibrated concentrations *. With these assumptions, the rate of formation of amyloid

nuclei is:
dN -
Tt'::kFZ[Ai]:kFNA (16)
i=2

Ne =Kk Nt a7

Where Na and Nr are respectively the number concentrations of oligomer and amyloid

particles at a particular time. The rate of aggregation at early times is given by:

r=k.C, +Kkc[IINg =k.C, +k-kcN, [l (18)

Here ke is the elongation rate constant. This equation implies that if monomer addition was
important the initial slope of the aggregation kinetics would increase and the kinetics would

have an upwards curvature.

The relative contribution of monomer addition to the overall rate is:

_keNL [t _ ke[t

r

Lo c, (A (19)

The following simulations show that an increase in slope with time during the early kinetics
due to amyloid growth by monomer addition can only be significant for high ke. On the other
hand, formation of oligomers is favored by high protein concentration, decreasing the
concentration of intermediate and reducing the contribution of monomer addition.
In these simulations we used Ka = 2.5 x 10°, K, ranging between 102 and 107%, and ke =
10% and 10* M~ min2.
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These simulations show that while under most conditions the initial aggregation rates are
representative of the formation of nuclei, if the elongation rate constant is high, the
contribution of monomer addition can be significant even at short times of aggregation. This
problem could be alleviated by using an appropriate extrapolation of the initial rates at time

ZEro.
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Modulation of the Stability of Amyloidogenic Precursors

ABSTRACT

A deep understanding of the physicochemical factors modulating amyloid aggregation of
proteins is crucial to develop therapeutic and preventive approaches for amyloid-related
diseases. The earliest molecular events of the aggregation cascade represent one of the main
targets as indicated by the toxic nature of certain early oligomers. Here, we study how
different types of salt ions influence the kinetics of amyloid assembly of the N47A mutant
a-spectrin SH3 domain using a battery of techniques. The salts influenced aggregation rates
to different extents without altering the overall mechanism and the high apparent order of the
experimental kinetics. A quantitative analysis of the initial aggregation rates measured by
thioflavine-T fluorescence using a simple nucleation model allowed us to estimate the kinetic
and thermodynamic magnitudes of crucial aggregation precursors, as well as evaluating the
impact of each type of ion on the earliest amyloid nucleation stages. Whilst cations did not
have any noticeable effect under our experimental conditions, anions stabilize an
amyloidogenic intermediate state and also increase the rate of the conformational conversion
from dynamic oligomers to amyloid nuclei, resulting in a strong acceleration of the
nucleation process. Anions appear to act by preferential binding to the amyloidogenic
intermediate state, thus enhancing its population and subsequent oligomerization. Overall,
our results contribute to the rationalization of the effect of ions on the amyloid nucleation
stage and give insight into the properties of the crucial intermediate precursors of amyloid

aggregation.

INTRODUCTION

A group of diseases, most of them with tremendous social consequences, is related to the
inability of a certain protein or peptide to adopt or maintain its native, functionally active
conformation. Despite the existence of exigent mechanisms of control of protein aggregation
in the cell, under certain metabolic circumstances (stress, cell aging or the presence of
exogenous or infectious agents) some misfolded proteins or peptides form highly organized
aggregates, which deposit as fibrils or plagues commonly known as amyloids. To date there

are more than 30 diseases, some sporadic and/or hereditary and some transmissible,
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associated with amyloid deposits *. Among these, there are some of the most devastating
neurodegenerative diseases, such as Alzheimer, Parkinson and Huntington diseases. This
group of diseases infringes an enormous social and personal damage and it is crucial therefore
to understand in detail the molecular mechanisms and the physicochemical factors governing

their genesis in order to learn how to treat and prevent them.

The aggregation process leading to amyloid fibrils involves a common pathway generally
triggered by protein misfolding, followed by precursors to fibrils 2. In recent years plenty of
evidence has identified soluble oligomers as the main causative agents of cell toxicity 5,
whereas a controversial debate has arisen about the role of insoluble amyloids as reservoirs
rather than sequestering deposits of toxic soluble species "®. These oligomers appear to be
relatively disordered initially, but then convert into species containing extensive [-sheet
structure ° that are often capable of stimulating fibril formation 1°. The interest in these types
of low-molecular-weight oligomers has increased since these species have been detected in
the brains of patients suffering from Alzheimer disease *2. According to the “nucleated
conformational conversion” (NCC) model for aggregate formation °, a group of monomers
initially present in solution coalesces to form “molten” oligomers, which subsequently
undergo a reorganisation process and eventually give rise to more organised oligomers and
fibrils rich in [-sheet structure. Although the nucleated conformational conversion
mechanism has been supported by many experimental and theoretical observations 19137 a
detailed description of this process at the molecular level remains in large part elusive
because it is challenging to describe the early stages of aggregation of polypeptide chains by
experiment. This is primarily due to the difficulties in detecting and characterizing the small,
structurally heterogeneous, and transient species that are involved. This situation is being
considerably alleviated by the progressive emergence of increasingly comprehensive and
guantitative formalisms, which have successfully explained the early aggregation kinetics of

a number of proteins under a variety of nucleation regimes 8%,

Recently, we have shown that under conditions of rapid nucleation the quantitative analysis
of experimental fibrillation Kinetics can provide valuable information about the key precursor

states of amyloid nucleation 2. We have derived a simple mathematical model, which can
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account very well for the experimental initial rates of aggregation from the pure monomeric
native protein and their dependence with the concentration of protein. The model allowed us
the estimation of thermodynamic magnitudes characterizing the highly unstable
amyloidogenic intermediate and its oligomers during amyloid aggregation of the Spc-SH3

domain.

It was also shown that environmental conditions such as protein or salt concentrations can
strongly affect the stability and population of the precursors, leading to different nucleation
scenarios that may in turn result in diverse aggregation pathways and fibril morphologies.
Previous studies done on other systems have also highlighted that the amyloid-forming
propensity of amyloidogenic peptides/proteins is highly modulated by environmental factors
2223 Salts generally speed up fibrillation of many proteins including insulin 24, p2-
microglobulin 2°, a-synuclein %, and S6 2’. A recent study has also revealed that a compact,
partially folded conformation of the amyloid beta peptide could be trapped by a variation in
the salt concentration 28, However, in many cases the effects are dependent on the nature of

the ions even at low concentrations.

Although the effect of salt ions on protein solubilization/precipitation has been largely
investigated 2%, the influence of salt ions on amyloid fibril formation and particularly on
the early stages of the process still remains unclear. Salt ions represent a particularly
important group of environmental determinants, as they are ubiquitously present in living
cells and have proved to be involved in the aggregation process of system related to diseases,
such as amylin (IAPP) 3% Salt jons may in principle promote the aggregation of a
polypeptide chain in multiple ways. They may accumulate non-specifically in the proximity
of oppositely charged protein groups, causing the electrostatic protein-protein interactions to
fall off more rapidly with distance, according to Debye-Hiuickel screening; this screening
reduces repulsive electrostatic interactions and allows forces that favour intermolecular
association to prevail. Alternatively, salt ions may interact directly with charged or polar
chemical groups of the polypeptide chain, with an efficiency that follows the so-called
electroselectivity series 3*. Finally, salt ions can promote protein aggregation by perturbing

the hydration shell of the molecule *. The efficiency of this “salting out” effect is determined
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by the nature of the salt, as described by the Hofmeister series that ranks anions and cations

according to their precipitation power %,

Here, we show that different types of ions strongly influence the kinetics of nucleation of
amyloid assembly of the N47A mutant of a-spectrin SH3 domain. The use of such a well-
characterized model protein, even though it is unrelated to any known disease, is a potent
approach to investigate the mechanisms of formation of amyloid fibrils due to the extended
information available about its folding mechanism and conformational stability 363, In
addition, proteins related to diseases have been shown to be much more difficult to handle
because of their intrinsic properties and high aggregation propensity making it extremely

difficult to obtain reproducible quantitative information about the aggregation Kinetics.

A range of biophysical techniques (circular dichroism, thioflavine T (ThT) fluorescence,
dynamic light scattering, transmission electron microscopy, Fourier-transform infrared
spectroscopy) was combined to study the effect of several cations and anions on the rates of
amyloid formation. Initial aggregation rates were measured by in situ ThT fluorescence at
different protein concentrations and fitted using our recently developed kinetic model
describing the amyloid nucleation process 2!. The data were analyzed and compared

quantitatively in the presence of different salt ions.

With this approach we have estimated thermodynamic magnitudes characterizing the
amyloidogenic intermediate and its oligomerization, as well as the rate constants of the
conformational change to form the amyloid nuclei, for a set of different salts. The results of
these experiments allow us an understanding of how the kinetic phases of nucleation are
affected by salt ions. The results strongly suggest that ions act by stabilizing preferentially
an amyloidogenic intermediate, which results in enhanced formation of critical oligomers.
These effects may likely occur by direct ion binding to the protein groups that may result in

an ion-mediated alteration of the hydration shell of the protein.
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EXPERIMENTAL SECTION

Protein samples
The N47A mutant Spc-SH3 domain was purified as described elsewhere “°. For aggregation
experiments, the lyophilized protein was rapidly dissolved in the appropriate buffer at 4°C,
centrifuged for 2 min, and filtered through a 0.2 um filter. Protein concentration was
determined by measurement of the absorbance at 280 nm using an extinction coefficient of
15784 Mt.cm™,

Thermodynamic stability of the native state in presence of ions

To evaluate how different salts influence the thermodynamics of stability of the protein,
differential scanning calorimetry experiments (DSC) were carried out with a VP-DSC
capillary-cell microcalorimeter from MicroCal (Northampton, MA, USA). Calorimetric cells
(operating volume 0.134 ml) were kept under an excess pressure of 50 psi to prevent
degassing during the scan and also to permit the scans to be performed at a temperature up
to 100 °C. Several buffer-buffer baselines were obtained before each run with the protein
solution in order to ascertain proper equilibration of the instrument. Buffer baselines were
systematically subtracted from the thermograms of the sample, and the time response of the
calorimeter was corrected. Reheating runs were carried out to determine the calorimetric
reversibility of the denaturation process. The DSC experiments were performed at a scan rate
of 1.5°C.min"t and a protein concentration of 0.2-0.6 mg.mL™%, which is sufficiently low to
preclude aggregation during the heating. The partial molar heat capacity curves (Cp) were
calculated from the DSC data and analyzed using Origin 7.0 (OriginLab, Northampton, MA)
according to the two-state unfolding model. This analysis allowed the determination of the

thermodynamic magnitudes of unfolding of the native state under each condition.

Amyloid fibril morphology

The formation of amyloid fibrils in the presence of each salt was monitored by transmission

electron microscopy (TEM). Protein samples were incubated during 10 days to allow the
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formation of amyloid fibrils under each condition analyzed. The samples were diluted tenfold
in the same buffer and a 15 pl aliquot was placed on a formvar-carbon-coated copper grid
and left for 4 min. The grid was then washed twice with distilled water and stained with 1%
(w/v) uranyl acetate for 1 min. The dry samples were then observed on a Zeiss 902 electron
microscope (Zeiss, Oberkochen, Germany) operating at an accelerating voltage of 80 kV and

observed at a magnification factor of 50000.

Kinetics of native state depletion during aggregation

The depletion of the native state during amyloid aggregation was specifically followed by
near-UV circular dichroism (CD). CD experiments were performed on a Jasco J-715 (Tokyo,
Japan) spectropolarimeter equipped with a thermostatted cell holder. Near-UV CD spectra
(320-250 nm) of the aggregation solution were measured using a 1 mm cuvette. In
aggregation kinetics experiments, the CD signal was monitored at 295 nm as a function of
time every 20 seconds and at a constant temperature of 37°C using a 1 mm path-length
cuvette. The kinetic curves were normalized using the initial concentration, Co, and data were
then fitted to an n-order irreversible Kinetics to obtain the apparent order and rate constants,

as shown in equation 1:

V] = %

- 1
(14 C¥(n — Dkt)n-1

(1)

The conversion time of a 25% of the native protein to aggregates, ti4, was calculated as:

() -1

t) = —4——
CI(n— Dk

(2)

A=

Initial rates of native state depletion were calculated from the CD curves by fitting the initial

region using a double exponential function:

y=v0+ Aj.e ¥t + A, e k2t (3)

The initial slope is then calculated from the resulting fitting parameters as:
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d
T'O = (_y) = Al' k1 + Az. kz (4)
dt t-0

This operational extrapolation avoids the assumption of any time interval in the Kkinetics to
define an initial aggregation rate.

Characterization of particle size

To analyze the molecular size of particles and aggregates during the kinetic experiments,
DLS measurements were performed with a DynaPro MS-X instrument (Wyatt Technology
Corporation, Santa Barbara, CA, USA) using a thermostatized 30 ul quartz cuvette. The
protein solutions and the buffer were centrifuged and filtered through 0.02 um Anotop 10
filters (Whatman plc, Brentford, Middlesex, UK) immediately before measurements. Sets of
DLS data at 37°C were acquired every 45 s until saturation of the signal. The laser power
was adjusted to avoid early saturation. Dynamics V6 software (Wyatt Technology
Corporation, Santa Barbara, CA, USA) was used in data collection and processing. The
experimental autocorrelation curves data were analyzed to obtain the particle size

distributions using the regularization fit as implemented in Dynamics V6 software.

Secondary structure changes during aggregation

Fourier-transform infrared (FTIR) spectra were recorded from 4000 cm™ to 900 cm™ on a
Bruker IFS 66 FTIR spectrophotometer (Brucker, Ettlingen, Germany) equipped with a BIO-
ATR-II cell. For each sample, 128 interferograms were co-added and Fourier transformed
with a zero filling factor of 4 to yield spectra with a nominal resolution of 2 cm™. The sample
temperature was controlled and set to 25°C by means of a thermostated cell jacket. Then the
sample temperature was quickly raised to 37°C and spectra were acquired sporadically during
the aggregation process. Solvent spectra were recorded under identical conditions and
subtracted from the spectra of the proteins. Spectral contributions from residual water vapour

were reduced using the atmospheric compensation filter built in the Bruker OPUS software.
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Second derivatives were obtained using the Stavitzky-Golay algorithm with the 13-point

smoothing.

Initial rates of formation of amyloid aggregates

Kinetics of amyloid aggregation was monitored in continuous mode by ThT fluorescence
using a Cary Eclipse spectrofluorimeter (Varian Inc.). A 500 uM stock solution of ThT was
freshly prepared in the desired aggregation buffer (pH 3.2). A 98 ul of protein sample
previously prepared in the aggregation buffer was mixed with 2 pl of the ThT stock solution.
Fluorescence emission intensity at 480 nm was measured continuously at the desired

temperature during the aggregation process in a 3 mm path-length fluorescence cuvette.

Initial rates of formation of amyloid structure were calculated by the same fitting procedure

described above for the CD curves.

RESULTS

The Kinetics of amyloid aggregation is strongly affected by the presence of different

salts

To ascertain how different salts affect the aggregation kinetics of the N47A Spc-SH3 domain,
several physical observables were monitored under the experimental conditions previously
reported for the formation of amyloid by Spc-SH3 *¢8, Basically, samples were prepared at
a protein concentration of 1.2 mM in different salt ions solutions at a total ionic strength of
0.2 M taking into account the ionization degree of the glycine buffer and of the salt. The salts
concentration used in this study are 0.1 M LiCl, 0.1 M KCI, 0.1 M NaCl, 0.025 M MgSOza,
0.1 M NaNQO3z, 0.1 M KBr, 0.033 M MgCl> and 0.033 M CaClo.
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Figure. 1 Effect of different salt ions on the kinetics of the native state depletion of the N47A Spc-SH3
domain followed by near UV CD at 295 nm (a and b) and the formation of amyloid structure followed by
ThT fluorescence (c and d). Experiments were made at 37°C and the protein concentration was around 8.5 mg

mL~* (1.2 mM) in each case. The symbols used are indicated in the graphs.

The near UV CD signal was used to monitor the disappearance of the native state during
aggregation. Near UV CD spectra of the N47A Spc-SH3 domain were recorded at 25°C in
the presence of different ions. The similarity of the spectra indicates that the salts added do
not alter the tertiary structure of the protein (Supplementary information Figure S1a). The
N47A mutant of Spc-SH3 has a characteristic near UV CD spectrum with a positive band at
295 nm. As aggregation progressed, the CD spectrum changed considerably and the positive
band at 295 nm, corresponding to the tryptophan signal, disappears for mature amyloid fibrils

(Supplementary information Figure S1b).

Aggregation of the N47A Spc-SH3 domain in presence of the different salts at a similar
concentration of protein of 1.2 mM was observed by monitoring the near UV CD signal at

295 nm as a function of the incubation time at 37°C. Consequently, we took advantage of the
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absence of the CD signal at 295 nm in the near-UV CD spectrum of the amyloid aggregates
and we assumed therefore that the CD signal intensity at this wavelength is proportional to
the concentration of the native protein monomer during the aggregation process. The
normalized signal intensity decay does not follow a first-order kinetics as described
previously 2! but could be well fitted using the integrated equation of an irreversible n-order
kinetics (Figure 1a and Figure 1b). Individual fittings yielded superior apparent orders
ranging between 3 and 4 and the initial rates or aggregation vary by almost three orders of
magnitude, depending on the nature of the salt ions in solution (Figure 2a). The apparent rate
constants rank roughly in three groups, each one with similar values. The slowest aggregation
rates are observed for 0.033 M MgCl. and 0.033 M CaCly, then 0.1 M NaCl, 0.1 M LiCl, 0.1
M KCI rank similarly, and finally 0.1 M KBr, 0.025 M MgSO4 and 0.1 M NaNOs show the
highest rate constants.

The influence of the different type of salts ions on the kinetics of formation of amyloid
structure was also observed by thioflavin T fluorescence (ThT) under identical conditions.
From the data shown in Figures 1c and 1d, it is evident that salt ions have a strong effect on
the kinetics of formation of amyloid aggregates. Apart from a short lag observed in the
presence of 0.033 M MgCl; and 0.033 M CaCl,, there is no lag phase in any of the other
kinetics, which indicates a rapid formation of amyloid nuclei. According to Figure 2a, the
ThT fluorescence early rates of growth correlate quite well with the rate of depletion of native
protein. This suggests a direct relationship between the kinetics of formation of amyloid

nuclei and that of consumption of native monomers.

To explore the rate of growth of aggregate particles during aggregation of the protein in the
presence of different salt ions, the kinetics were also studied by measuring the scattering
intensity by DLS (Supplementary information Figure S2a). In the presence of 0.033 M CaCl;
and 0.033 M MgCl> the development of aggregates, which is related to an increase in the
DLS intensity counts, proceeds very slowly during the first 200 minutes and increases rapidly
thereafter. In the presence of the other salt ions, much higher rates of particle growth are
observed. The initial growth of scattering signal ranks similarly to that of the native state

depletion and that of ThT fluorescence for the different salts.
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A more detailed analysis of the DLS data allowed us to follow the early distributions of
particle sizes during the aggregation process (Supplementary Information Figure S2b and
S2c). Before incubation and under all conditions, there were only particles with an apparent
hydrodynamic radius (Rn) of =1.6 nm corresponding to the monomeric native protein 3641,
As aggregation progressed, the peak corresponding to the native Ry shifts up to values
ranging between 2.8 and 4.0 nm, suggesting the formation and accumulation of small
oligomeric nuclei, which become dominant in the DLS size distributions over the smaller
monomeric native particles. The apparent Rn of spherical particles is approximately
proportional to the 1/3 power of the mass, whereas for coils it scales approximately with the
1/2 power #2, This implies an average degree of oligomerization of about 3-5 for the observed

oligomers, depending on their degree of compactness.

The mean times of the shift in Rn, ts, associated to formation of these oligomers were
estimated by fitting the time dependence of the apparent Rn using a logistic sigmoidal
function. The apparent Rn given by the intensity-weighted distributions are mainly
representative of the particles dominating the scattering signal. Since the scattering intensity
is proportional to the square of the mass particle, the transition of the apparent R, from that
of the native monomer to that of oligomers should occur for an approximate 25% conversion
of protein monomers into oligomers. These times correlate well with the corresponding
times, tys, calculated from the near UV CD kinetics (Figure 2b). This supports that formation
of amyloid oligomeric species at the expense of native molecules is the dominant event in

the early aggregation kinetics of Spc-SH3.

The growth of larger particles, likely amyloid fibrils, is also observable by the presence of a
second peak in the distributions, which increases its hydrodynamic radius progressively.
Although having similar processes, the speed of this series of events depends markedly on

the nature of the salt ions.
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Figure. 2 Correlation between the rates of growth determined using different techniques. Correlation
between initial rates obtained with near UV CD and the ThT fluorescence experiments (a). Correlation between

the time of oligomers appearance and the conversion time of a 25% of the native protein to aggregates.

Correlation coefficients and error bars are indicated in each panel.

The conformational change leading to cross-beta structure accompanying amyloid

aggregation was also observed in the presence of the different salt ions by measuring the

infrared spectra sporadically during the aggregation process for all the conditions studied.

The development of a prominent band at 1622 cm~ indicative of the formation of extended

intermolecular B-sheet structure occurs rapidly. After 30 minutes of incubation at 37°C this
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band is present in all spectra (Supplementary information Figure S3), which suggests a
similar conformational change in the presence of all the salts. However, the different

intensities of the band reflect the different rates of aggregation, as described above.

The fibrillar nature of the aggregates and their overall morphologies are similar for all the
salts and also similar to those previously described in the presence of 0.1 M NaCl . As
indicated by transmission electron microscopy (TEM) images recorded with samples
incubated for 10 days at 37°C in the presence of the different salts (Supplementary

Information Figure S4).

These results show that the different salt ions do not change the series of conformational and
oligomerization events along the aggregation pathway but they can have a strong differential
effect upon the rates at which these processes occur. Since the ionic strength has been kept
constant in these experiments, we can conclude that a Debye-Hiickel screening effect is not
responsible for these variations.

Quantitative analysis of the initial rates of growth of ThT fluorescence reports about

crucial intermediates of amyloid nucleation

We have shown recently that in the absence of lag phase the initial growth of ThT
fluorescence could be mainly attributed to a rapid accumulation of small amyloid nuclei and
that the dependence of the initial aggregation rates with the initial protein concentration could
be analyzed in terms of a simple kinetic model, which allowed us to derive thermodynamic
and kinetics magnitudes characterizing the nucleation 1. For this reason the aggregation
kinetics followed by ThT fluorescence were studied at 37°C in the presence of the different
salts and at various protein concentrations spanning about one order of magnitude or more
depending on the salt. Initial rates of formation of amyloid nuclei were estimated from the
slopes of the ThT kinetic traces extrapolated to time zero, as described in Materials and
Methods. To fulfil the requirement of rapid nucleation of the model, we used in the analysis

only the kinetics without a significant lag phase.
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Similarly to the kinetics of native state depletion, the apparent order of the kinetics, derived
from the slope of a double logarithmic plot (Figure 3), varies between 3 and 4 depending of
the salt present in solution. The high-order kinetics suggests an oligomerization pre-
equilibrium preceding the rate-limiting step of amyloid nucleation. This step yields stable
oligomeric amyloid nuclei as observed by DLS. However, as reported previously 2!, the
apparent order of the aggregation kinetics changes significantly with conditions and does not

correlate with the degree of oligomerization, suggesting a variety of oligomeric precursors.

We found that the experimental initial rates of amyloid nucleation measured by ThT
fluorescence as a function of the protein concentration could be quantitatively accounted for
using a simple model for amyloid nucleation (Scheme 1) 2.

Scheme 1

In this analysis we assumed an unrestricted oligomerization pre-equilibrium of a partially
unfolded state, preceding the rate limiting step of conformational conversion to amyloid
nuclei. The oligomer distribution is only determined by the thermodynamic parameters of
the conformational-oligomerization pre-equilibrium and by the concentration of the self-
associating species. Only the amyloid nuclei F; are detected by thioflavin T fluorescence. The
theoretical equations of the model depend on four independent fitting parameters (Ka, Ki, Ku
and k).

The initial rate of aggregation is given by:
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_ kp(Bxy)?(2 — Bxy)
0T TR, (1 - Bxy)?

(5)

Where the fraction of native protein, Xn, can be obtained for each initial protein
concentration, Co, by solving:

Kixy

1= Ay 4 —N
Nt A" Bay)?

(6)

Where A =1 + Ky, and B = K;-Ka-Co.

The values of Ky (the equilibrium constant between the native and the fully unfolded states)
were obtained independently by a set of DSC experiments in the presence of the different
salts. These experiments were made in the same buffer used in the aggregation experiments
but at a sufficiently low protein concentration to avoid aggregation during thermal unfolding.
Under these conditions, all unfolding curves were highly reversible as observed in a second
consecutive heating scan and followed very well the two-state unfolding model, from which
we obtained the thermodynamic parameters of the unfolded state.

Once fixed the values of Ky, individual fits for all salts tested describe very well the data
(results not shown) but the dependency between the three remaining fitting parameters was
still high. We found that the fits converged to similar values for Ka (the equilibrium constant
of oligomerization) for the different salt ions and the entire set of initial rates could be then
globally fitted using a common value for this parameter (Figure 3). This suggests that the

oligomerization equilibrium constant has a small dependence on the nature of the salt ions.
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Figure. 3 Double logarithmic plot of the initial rates of amyloid fibrillation of N47A Spc-SH3 versus the
initial protein concentration in presence of the different salt ions. The symbols used are indicated in the graph.
Symbols correspond to the experimental rates and continuous lines represent the best fits according to the

equation (5) described in Ruzafa et al. 2.

From the parameters resulting from this global analysis (Table 1) we could conclude that the
amyloidogenic intermediate (I in our model) is selectively stabilised in the presence of
MgSO4 or KBr and especially NaNOs, in comparison with our standard conditions (0.1 M
NaCl). In the presence of LiCl or KCI the thermodynamic parameters are very similar to
those obtained with NaCl. In contrast, CaCl, and MgCl. produce a destabilization of the
amyloidogenic intermediate by about 2 kJ mol™. Noteworthy, the nature of the cations does
not appear to have an effect in this parameter because homologous chlorides have similar

effect on the values of AG.

The first-order rate constant of conformational conversion of dynamic oligomers into
amyloid structure (ks) is almost 10-fold higher in the presence of NaNO3z and MgSQOas. The ks
values obtained with all the chlorides are quite similar. This observation suggests that bound
ions could participate in the conformational conversion to amyloid structure. Different ions

may have a different influence in this conversion.
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We have also studied the effect of salt concentration on the nucleation Kinetics using MgCl,
which has proved to be one of the less efficient salts to promote aggregation, in comparison

with the data obtained for NaCl in our previous study 2%:3,

As shown in Figure 3, an increase in MgCl. concentration accelerates the nucleation and
reduces the apparent order of the kinetics from 3.8 + 0.3 at 0.033 M MgCl,t03.2+0.2at 0.1
M MgCl». Similar observations were drawn previously for the N47A Spc-SH3 fibrillation
upon an increase in the NaCl concentration ?!. The increase in salt concentration also
stabilizes the amyloidogenic intermediate relative to the native and unfolded states, thus
increasing its population. As shown in Table 1, the rate constant of the conformational
conversion of oligomers into amyloid nuclei is also considerably increased with the salt
concentration (kf increases by 7-fold in 0.1 M MgClI; relative to 0.033 M MgCly).

In conclusion, while the different cations do not affect the early nucleation stages, anions
appear to act at two stages of the nucleation mechanism: firstly, they alter the stability of the
amyloidogenic intermediate state, changing its relative population. Secondly, they influence

the rate of conformational conversion to amyloid structure within the oligomers.
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Table 1 Fitting parameters derived from the analysis of initial nucleation rates at 37°C.

AGua AGa AG|
Salt (M) log kr
(kJ/mol) (kJ/mol) (kJ/mol)
0.1 M NaCl 5.52 12.89+£0.28 4.26 £0.06
0.1 M LiCl 4.54 12.70+£0.31 4.19%+0.1
0.1 M KCI 4.28 12.81+0.31 4.10+0.09
0.1 M KBr 4.39 12.27+0.29 4.61+0.08
0.1M
3.81 11.32+£0.30 5.05+0.07
NaNOs -31.99
0.025 M
4.70 +2.89 12.24+£0.30 4.92+0.09
MgSO4
0.033 M
6.04 1479+£0.32 4.28+0.09
CaCl;
0.033 M
6.17 14.69+0.30 4.11+0.07
MgCl;
0.1M
4.65 11.52+0.34 4.93+0.10
MgCl;

aCalculated from the unfolding curves measured by DSC. The value of AGy is fixed in the fitting procedure.

DISCUSSION

The formation of transient oligomers made of partially-unfolded intermediates has been
previously reported as a crucial event preceding amyloid fibrillation in many proteins 434°,
Single-molecule fluorescence methods have also shown a rapid increase in the population of
a distribution of oligomeric species of different sizes during the early stages of the N47A

Spc-SH3 “6 and PI3-SH3 aggregation *’. The earliest of these oligomers appeared to be
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structurally-unstable and interconverting species with heterogeneous sizes but were
described to undergo progressive stabilization as aggregation progresses due to
conformational conversion into stable amyloid species 4. These general characteristics of
oligomeric intermediates are in good agreement with our results, confirming that
conformational conversion to nucleate amyloid structure takes place from a heterogeneous

distribution of oligomeric species as proposed in our model.

The detection of the kinetically-relevant monomeric intermediate proposed in our nucleation
model is, however, much more difficult because of its very low stability and population. In
fact, our thermodynamic data indicate that this intermediate state is much less populated
(0.3%-1%) even than the fully unfolded state (10%-18%) under the different conditions
analysed here and it does not manifest in the thermal unfolding curves followed by DSC,
which fit very well to a two-state unfolding model. Notwithstanding, the proposal of a
partially-unfolded intermediate in our nucleation mechanism is supported by recent findings
from a computational analysis using an all-atom G6 model of the equilibrium folding
transition of the Spc-SH3 domain and several amyloidogenic mutants (including the N47A
mutant analyzed here) “8. In this study, the authors identify a partially-unfolded, conserved
intermediate at a very low population, which is enhanced by the amylodogenic N47A
mutation. Moreover, partially folded aggregation-prone intermediates have been detected
and characterized structurally in destabilized mutants of the homologous Fyn-SH3 domain
using relaxation dispersion NMR spectroscopy*®®. Interestingly, both intermediates share
some common structural characteristics with significant native-like topology involving -
strands 2, 3 and 4, and structural distortions mainly affecting the interaction between the N-
and C-terminal B-strands. These evidences demonstrate the accessibility of a partially-
unfolded state in the SH3 folding landscape, which under favourable conditions could trigger

the amyloidogenic cascade.

In the present study, we have analyzed in detail how different salt ions affect the kinetic
mechanism of amyloid nucleation of the N47A Spc-SH3 domain. We have reported in a
previous paper that the environmental conditions, and specially the salt concentration, could
modulate the aggregation kinetics®®. Here, using a recently developed kinetic model for the
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amyloid nucleation 2%, we have shown that amyloid fibrillation kinetics of the N47A Spc-
SH3 domain mutant is highly dependent on the presence of anions, which modulate the
stability of the amyloidogenic intermediate state. Our analysis provides important
thermodynamic and Kinetic magnitudes allowing us rationalizing the nucleation event. This
is of chief importance to understand the factors governing the stability of early amyloidogenic
species. As shown in Table 1, data obtained differ depending on the nature of the salt ions

present in solution.

In electrostatic interactions, if the Debye-Hickel screening effect is alone a predominant
factor, then it should depend on the ionic strength regardless of the nature of ions. This is not
the case in this study, since different salts produce disparate effects on the aggregation rate
despite identical ionic strength. This suggests that the other factors should play an important

role in the modulation of the amyloid formation of N47A Spc-SH3 domain.

To understand the effects of dissolved salts on proteins, both B-viscosity coefficients and salt
surface tension increments have been suggested as possible indicators of the Hofmeister
effect of a salt®>3, The Jones-Dole-B coefficient is a measure of the strength of ion-water
interactions normalized to the strength of water-water interactions in the bulk solution.
Hofmeister series is almost identical to the order of molal surface tension increment (MSTI);

i.e., kosmotropes have high MSTI and inversely, chaotropes has low MSTI.

Consequently, the thermodynamic parameters obtained in this study for both unfolded
protein and amyloidogenic intermediate, both relative to the native state, were plotted versus
the B-coefficient and the MST]I of each electrolyte (Figure 4).

There appears to be a significant degree of correlation between the stability of the
amyloidogenic intermediate (AGy) and the lyotropic series. The stability of this intermediate
state appears to be higher for kosmotropes ions. It is also found that the energy of the fully
unfolded state (AGu) is increased in the presence of kosmotropes ions, as expected. A similar
albeit weaker correlation is also observed in the case of the viscosity coefficient B (Figure
4b). Nevertheless, these correlations appear to be just general trends and some
inconsistencies are observed. Although MgSQzs is in the middle of these Hofmeister-related

series, it produces one of the highest stabilizations of the intermediate. Moreover, NaNOs
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produces the strongest stabilization of the intermediate but it is at different positions in these
series. Therefore, these results could just qualitatively highlight an implication of the
Hofmeister effect as a weak regulator of the early stages of amyloid nucleation, especially in
the stabilisation of the intermediate state.

However, recent studies have challenged the original concept of the Hofmeister effect of ions
as a water structure “making” and “breaking” effect. Recent advances in understanding the
mechanism of the Hofmeister effect have provided valuable insights into the role of several
ion-specific phenomena. Experimental evidence clearly shows that changes in bulk water
structure by added salts cannot fully explain specific ion effects. Instead, Hofmeister
phenomena need to be understood in terms of direct interactions between the ions and

macromolecules.

A decade ago Omta and co-workers >* showed that water structure outside the hydration shell
of an ion is not influenced by the ion. As a result, it was concluded that no long-range
structure-making or structure-breaking effects for either kosmotropes or chaotropes takes
place. These experiments challenged the notion that salt solutions affect bulk water structure.
Thermodynamic studies on protein stability also disagreed on the traditional Hofmeister
theory . In this study, the authors employed pressure perturbation calorimetry to
demonstrate that no correlation can be found between a solute’s impact on water structure
and its effect on protein stability. A recent study based on isothermal titration calorimetry
and NMR spectroscopy has also suggested an important mechanism by which chaotropic
anions destabilize protein folds and increase their solubility by preferentially interacting with
hydrophobic concavities, which results in a weakening of the hydrophobic effect %6, All these
recent studies have demonstrated that bulk water structure is not central to the Hofmeister
effect. Instead, molecular-level models are being developed to explain the Hofmeister series

that only involves the ion’s direct interactions with macromolecules and their first hydration

shell 7.

For this reason, we also have evaluated a potential role of direct ion binding in the early stage
leading to amyloid fibrils. The N47A Spc-SH3 domain has a pl of 5.27 and is therefore
positively charged at the pH used in this study. This means that if ions bind directly to the
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protein surface the anions should be the most probable candidates. Indeed, in Figure 5 we
represented the Gibbs energy of the | and U states, relative to the N state, versus the anions
activity, which was calculated from the Davies equation °8. There are clear linear

dependences for both AGjand AGu as a function of the logarithm of the activity of chloride
anions.
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Figure. 4 Correlation of the surface tension increment (a) and the viscosity B coefficient (b) with AGu(grey
symbols) and AGi (black symbols). The continuous lines represent the linear regression. Correlation

coefficients are indicated in all cases. Errors bars correspond to the values obtained from the quantitative
analyses.

Thermodynamic linkage between anion binding and conformational stability in proteins was

studied two decades ago °°. In this referential study, preferential anion binding was reported
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to be the cause of stabilization of the A-state of cytochrome ¢ and myoglobin, with molten-
globule characteristics. The net increment in the number of bound ions X between two states

A and B in equilibrium is given by ©:

Av = —RT. 28848 (7)

" dlnay

Figure. 5 Dependence with the activity chloride anion of the Gibbs energies of the unfolded state, AGy (grey)
and of the intermediate amyloidogenic state, AGi (black) both relative to the native state. Linear regressions

are indicated in the graph in both cases.
From the slope of the linear fits of Figure 5 we estimated that an average of 1.1 + 0.1 chloride

anions bind additionally to the intermediate relative to the native state, whereas this

preferential binding amounts only of 0.6 + 0.2 for the unfolded state.

These results indicate that binding of one additional chloride anion relative to the native state

stabilizes the amyloidogenic intermediate therefore increasing its concentration.

An interesting observation is the drastic effect of sulfate ions in the aggregation kinetics even
at low concentration. Sulfate ions are well known for their ability to strongly promote
amyloid aggregation under conditions of acidic pH and increase the stability of the resulting

fibrils?>61-63, Pedersen and co-workers have shown how sulfate ions stabilize a salt-dependent
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type of glucagon fibrils. The stabilization effect was explained by the shape or size of sulfate
ions being suitable for interactions with proteins in an amyloid like 3-sheet conformation.
Sulfate ions were also found to be the most efficient promoter of HypF-N aggregation and
structural re-organization in both the monomeric and early-oligomeric states . In this study,
sulfate ions revealed to be one of the most effective anions in favoring the formation of
amyloid fibrils by stabilising the amyloidogenic intermediate state. Sulfate ions are reported
as being kosmotropic ions. The other ions favouring most efficiently amyloid nucleation are
usually classified as chaotropes (Br- and NOs’). These results highlight the hypothesized
effect of direct ion binding as amyloid modulating factor. We could then hypothesize that the
intermediate state -which possess a much more defined structure than the fully unfolded
protein and exposes significant hydrophobic patches- would offer considerable surface for
binding of anions which consequently compete with interactions between hydrophobic
surfaces *. It is likely that these effects occur via an alteration of the protein solvation layer
that modifies the protein conformational landscape and, as a consequence, alters the energy

of the amyloidogenic precursor.

Our thermodynamic results also indicate that the amyloidogenic intermediate, possibly in an
anion-bound state, is very prone to oligomerize. Therefore, small changes in concentration
of this intermediate induced by environmental factors become strongly amplified by the large
energy gain accompanying its self-association, which favours larger and more abundant
critical oligomers and finally faster formation of nuclei. The initial rates obtained for the
different salts do not allow the identification of any important difference in the association

equilibrium constant.

CONCLUSIONS

In this study, we have shown that anions can have a drastic effect on the rate of nucleation of
amyloid fibrils of the N47A mutant of the Spc-SH3 domain, whereas cations do not have an
important role under the experimental conditions analyzed. The thermodynamic and kinetic
contributions to the nucleation derived from the experimental aggregation kinetics have

allowed us identifying the specific molecular events of amyloid nucleation that become
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modulated by anions. The energy of a low-populated amyloidogenic intermediate is reduced

by the activity of anions in solution, increasing its population.

We conclude that preferential anion binding plays a crucial role in stabilizing the precursors
of nucleation thus accelerating the subsequent fibrillation processes. These results increase
our understanding of the earliest molecular events triggering the amyloid aggregation
cascade.

The possibility to control the rate of protein self-assembly and the stability of the species
populated during the process are important to understand the pathogenesis of the amyloid-
related diseases.
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NOTES

Electronic Supplementary Information (ESI) available: The near UV CD spectra of the
protein in different salts are shown in Figure S1. Figure S2 shows the DLS intensity and size
distribution in function of the time. Infrared spectra of Spc-SH3 after 30 minutes of
incubation are represented in Figure S3. Figure S4 illustrates the morphology of the amyloid
fibrils as observed by transmission electron microscopy.
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Figure S2. Time course of aggregation of N47A in the presence of different salt ions monitored by DLS.
Time dependence of the scattering intensity (a). Hydrodynamic radii of the two smallest particles visible in the

size distributions as a function of the time of incubation (b and c).
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Mapping the Structure of Amyloid Nucleation Precursors by Protein Engineering Kinetic Analysis

ABSTRACT

Understanding the early molecular mechanisms governing amyloid aggregation is crucial to
learn how to prevent them. Here, we used a site-directed mutagenesis approach to explore
the molecular mechanism of nucleation of amyloid structure in the N47A Spc-SH3 domain.
The changes in the native state stability produced by a series of mutations on each structural
element of the domain were uncorrelated with those produced on the aggregation rates,
although the overall aggregation mechanism was not altered. Analysis of the thioflavin T
initial rates based on a simple kinetic model allowed us extracting thermodynamic
magnitudes of the precursor states of nucleation and mapping the regions of the protein
participating in the structure of the amyloidogenic precursors. This structure differs from that
of the folding transition state of the SH3 domains, strongly suggesting that the regions of the
conformational landscape leading to amyloid formation are divergent from those leading to

the native fold.

INTRODUCTION

Amyloid fibril formation is a multistep process involving a series of intermediate aggregated
states L. In recent years a large body of evidence has identified soluble oligomers as the main
causative agents of cell toxicity 2. It is therefore of great interest to understand the nature of
these small oligomers and the reasons of their genesis. However, the lack of a deep
understanding of the molecular mechanisms of the early aggregation processes and the
factors triggering them comes from their complicated nature, the difficulty in obtaining
homogeneous and reproducible samples and data for this type of aggregates and, especially,
the scarcity of theoretical formalisms to interpret quantitatively the experimental data.
Recently, this situation is being considerably alleviated by the progressive emergence of
increasingly comprehensive and quantitative formalisms, which have successfully explained
the early aggregation kinetics of a number of proteins in a variety of nucleation regimes &1°.
Nevertheless, most proteins related to diseases have been shown to be very difficult to handle
because of their intrinsic properties and high aggregation propensity, making it extremely

difficult to obtain reproducible quantitative information about the aggregation kinetics. For
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this reason, the use of well characterized model proteins, even though unrelated to disease,
is a potent approach to investigate the mechanisms of formation of amyloid fibrils thanks to
the extensive information available about their folding mechanism and conformational

stability.

The Spc-SH3 domain is an archetypical two-state folding protein, which has been during
decades subject to extensive studies about its folding mechanism, conformational stability
and aggregation 118, The folding transition state of this domain is organized around the distal
B-hairpin and the subsequent 310-helix, and the formation of the tight distal B-turn has been
described as a compulsory step in the folding pathway *°. Destabilization of this turn by the
N47A mutation promotes the formation of curly amyloid fibrils under mild acid conditions
favoured by the presence of salts 1>2°, The amyloidogenic character of this mutation is mainly
due to an increase in the rate of formation of amyloid nuclei 2! and recent computational
studies have proposed that it favours the population of a partially unfolded intermediate,
which may be crucial in triggering the aggregation cascade 4. It is of great interest therefore
to characterize the molecular and physicochemical details of the transition by which a soluble
and folded protein converts into amyloid nuclei that further assemble into fibrillar aggregates.

Recently, we have shown that experimental kinetic analysis can report about the kinetic and
thermodynamic properties of the precursors of amyloid nucleation 22. We developed a simple
kinetic model that quantitatively accounted for the initial rates of aggregation of the Spc-SH3
domain under conditions of rapid formation of amyloid nuclei. The model perfectly captured
the variability of experimental aggregation rates and apparent kinetic orders, and allowed us
extracting meaningful kinetic and thermodynamic parameters characterizing the different
nucleation steps and more recently we identified the specific role of ions in these nucleation
stages 2. The availability of thermodynamic magnitudes characterizing the critical steps of
the nucleation process allows a further exploration of its mechanism by analysing the
response of these magnitudes to changes in experimental conditions or to specific mutations.
This latter approach has been widely used in investigating the molecular mechanisms of
protein folding for more than two decades 2*-3°. Mutational studies have also proved to be

extremely valuable in the structural and stability characterization of amyloid fibrils and the
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process of their assembly 3%, Such results indicate that mutational studies have the potential

to provide residue-specific structural information on the process of amyloid formation.

Consequently, in this study we have employed a site-directed mutagenesis approach to
analyse deeply the molecular mechanisms of amyloid nucleation of the Spc-SH3 domain.
Using the single mutant N47A Spc-SH3 as reference, we designed a set of second mutations
on selected positions of the polypeptide chain to produce energy changes affecting the
different structural elements of the protein. A range of biophysical techniques was combined
to study the effect of the mutations on the structure and stability of the native protein, and on
the kinetics of amyloid aggregation. Then, initial aggregation rates, measured for all the
double mutants by in situ ThT fluorescence at different protein concentrations, were analyzed

using our recently developed nucleation model 2.

With this approach we evaluated the changes produced by each mutation in the
thermodynamic magnitudes characterizing the amyloidogenic intermediate and its
oligomerization, as well as in the rate constants of the conformational change to form the
amyloid nuclei. The results provided a very detailed description of the molecular events

leading to the formation of amyloid nuclei.

EXPERIMENTAL SECTION
Protein samples preparation

The DNA of all the double mutants was obtained by a QuikChange® Site-Directed
Mutagenesis kit (Agilent Technologies Inc.) using primers designed to insert the desired
mutations in the DNA of the N47A Spc-SH3 mutant, which was used as template. The N47A
variant and the double mutants of the Spc-SH3 domain were expressed and purified as
described previously 6. Protein aliquots were dialyzed extensively against pure water and
lyophilized for storage at -20°C. For aggregation experiments the lyophilized protein was
dissolved in 0.1 M glycine, 0.1 M NaCl pH 3.2 (unless otherwise stated) at 4°C, centrifuged
for 2 min and filtered through a 0.2 um filter. The protein concentration was determined by

measurement of absorbance at 280 nm using an extinction coefficient of 15784 Mt.cm™.
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Thermodynamic stability of the native state

Differential scanning calorimetry (DSC) experiments were carried out with a VP-DSC
capillary-cell microcalorimeter from MicroCal (Northampton, MA, USA). Temperature
scans were performed between 5°C and 100°C at a scan rate of 90°C.h%. The reversibility of
the thermal unfolding was always checked in a second consecutive scan of the same sample.
Instrumental baselines were subtracted to the experimental thermograms of the samples and
the time response of the calorimeter was then corrected. The partial molar heat capacity
curves (Cp) were calculated from the DSC data and analyzed using Origin 7.0 (OriginLab,
Northampton, MA) according to the two-state unfolding model. This analysis allowed the

determination of the thermodynamic magnitudes of unfolding of each protein variants.

Effect of the mutations on the secondary structure of Spc-SH3

To monitor possible changes in the secondary structure, circular dichroism (CD) experiments
were performed on a Jasco J-715 (Tokyo, Japan) spectropolarimeter equipped with a
thermostated cell holder. Far UV CD measurements (260-200 nm) were done at a protein
concentration of 0.2 mg.mL in a 1 mm path length cuvette using a bandwidth of 1 nm, a

scan rate of 100 nm.min, a response time of 1 s, and an average of 8 scans.

Characterization of particle size

To analyze the molecular size of particles and aggregates during the kinetic aggregation
experiments, DLS measurements were performed with a DynaPro MS-X instrument (Wyatt
Technology Corporation, Santa Barbara, CA, USA) using a thermostatized 30 ul quartz
cuvette. The protein solutions and the buffer were centrifuged and filtered through 0.02 pum
Anotop 10 filters (Whatman plc, Brentford, Middlesex, UK) immediately before
measurements. Sets of DLS data at constant temperature (37°C) were acquired every 45 s

until saturation of the signal. The laser power was adjusted to avoid early saturation.
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Dynamics V6 software (Wyatt Technology Corporation, Santa Barbara, CA, USA) was used
in data collection and processing. The experimental autocorrelation curves data were
analyzed to obtain the particle size distributions using the regularization fit as implemented

in Dynamics V6 software.

Amyloid fibril morphology

The formation of oligomers and amyloid fibrils by each mutant was monitored by
transmission electron microscopy (TEM). Protein samples were diluted 10-fold with
aggregation buffer (0.1 M glycine, 0.1 M NaCl pH 3.2) and a 15 pl aliquot was placed on a
formvar coated copper grid and left for 4 min. The grid was then washed twice with distilled
water and stained with 1 % (w/v) uranyl acetate for 1 min. The dried samples were then
observed in a Zeiss LEO 906E electron microscope (Zeiss, Oberkochen, Germany), operating
at accelerating voltage of 80 kV and observed at a magnification factor between 60000 and
100000 depending on the nature of the aggregates. Particle diameters were determined using
ANALYSIS v3.2 LS image analysis software (Olympus Soft Imaging Solutions, GmbH,
Germany).

Initial rates of amyloid aggregates formation determined by ThT fluorescence kinetics

Kinetics of amyloid aggregation was monitored in continuous mode by ThT fluorescence
using a Cary Eclipse spectrofluorimeter (Varian Inc.). A 500 uM stock solution of ThT was
freshly prepared in 0.1 M glycine, 0.1 M NaCl pH 3.2. A 98 ul of protein sample in the
aggregation conditions was mixed with 2 ul of the ThT stock solution. Fluorescence emission
intensity at 480 nm was measured continuously at 37°C during the aggregation process in a
3 mm path-length cuvette. Initial rates of growth of amyloid structure were calculated by an
operational extrapolation procedure as detailed previously 222% and in Supplementary
Information (Text S1).

Kinetic model for quantitative analysis of the initial nucleation rates
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To understand the observed kinetic effects in terms of a plausible mechanism, we proposed
recently a simple model to account quantitatively for the initial rates of amyloid fibril
nucleation ?2. This model is based upon previous polymerization models reported in the
literature 3638, in which partial unfolding and/or linear polymerization processes previous to
the rate-limiting steps of aggregation were assumed to be pre-equilibrated. The model is

summarized in Scheme 1.

Scheme 1

In this model, N and U are respectively the native and the unfolded states of the protein. The
state | is a monomeric intermediate prone to intermolecular association in equilibrium with
the folded and unfolded states. The species Ai are oligomeric aggregates formed by reversible

association of intermediate molecules.

The model assumes an unrestricted oligomerization pre-equilibrium of a partially unfolded
state preceding the rate limiting step of conformational conversion to amyloid nuclei. The
oligomer distribution is only determined by the thermodynamic parameters of the
conformational-oligomerization pre-equilibrium and by the concentration of the self-
associating species. It is assumed that only the amyloid nuclei F; are detected by thioflavin T
fluorescence. The theoretical equations of the model depend on four independent fitting
parameters: K; (the equilibrium constant between the native and the intermediate states), Ka
(the equilibrium constant of oligomerization), Ky (the equilibrium constant between the
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native and the fully unfolded states) and kr (the first order rate constant of conformational
conversion of dynamic oligomer into amyloid structure). To reduce the number of parameters
to only three, the values of the equilibrium constant between the native and the fully unfolded

states (Ku) were obtained independently by the DSC experiments and fixed in the analyses.

The initial rate of aggregation is given by:

_ kp(Bxy)?(2—Bxy)

K4(1-Bxp)? @

To

Where the fraction of native protein, xn, can be obtained for each initial protein
concentration, Co, by solving:

Kixy

1= Axy +——1N
Nt A" Bay)?

(2)
Where A =1 + Ky, and B = K;-Ka-Co.

RESULTS
Description of the mutations

Using the N47A Spc-SH3 domain mutant as a reference, a series of second mutations were
designed with the aim of producing energy changes at every secondary structural element of
the protein (Figure 1a). Mutations to alanine were normally selected except for a few specific

cases, in which the mutation to alanine did not produce significant stability change.

The mutations could be classified into three groups: Four mutations were made to probe local
stability changes at the loops and turns: R21D, K27A, N38A and D48G. A second group of
mutations were designed to probe exposed interactions at secondary structure elements:
L10A, T32A, K43A and A56G and finally three mutations affected directly the hydrophobic
core of the protein: V46A, V53A and V58A. Intramolecular contacts affected by the mutated

residues are detailed in Figure 1b.
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Figure 1. Schematic and structural representations showing the locations of the 11 mutations and their

intramolecular contacts. (a) Schematic representation of the polypeptide chain showing the residues mutated

(upper panel) and ribbon diagram of the N47A Spc-SH3 domain structure (PDB code 1QKX) featuring the

structural characteristics of the SH3 domain and the mutated residues. Backbone and side chains of the mutated

residues are shown in sticks. This graph was generated using Pymol . (b) Intramolecular contact map for the

N47A Spc-SH3 structure. Dark dots mark inter-residue contacts affected by the side chain mutations. The

dashed lines delimit the secondary structure elements.
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Structure and thermodynamic stabilities of the double mutants

Far-UV CD experiments of the variants at 25°C were carried out to check the conservation
of the secondary structure. For most mutants the resulting spectra are very similar to that of
the native Spc-SH3 domain except in the case of N47A-K43A, N47A-V53A and N47A-
V58A, which exhibit significant differences in the spectra (Figure 2a). Nevertheless, the
spectra of these mutants are not characteristic of a fully unfolded Spc-SH3 domain and
indicate residual structure, suggesting that they are partially unfolded. The thermodynamic
changes in the stability of the protein produced by the mutations were investigated using
DSC.
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Figure 2. Structural and thermodynamic stability of the mutants studied by far-Uv CD and DSC. (a) Far-
UV CD spectra of N47A and the double mutants of the Spc-SH3 domain. Experiments were carried out at 25°C
in the presence of 0.1 M glycine, 0.1 M NaCl pH 3.2 at a protein concentration of 0.3 mg/mL. Double mutants
showing the largest differences in secondary structure are indicated in grey closed squares (N47A-K43A), grey
closed triangles (N47A-V53A) and grey closed circles (N47A-V58A). (b) Enthalpy change of unfolding (AHm)
versus the unfolding temperature (Tr) for all the mutants obtained from the fittings of the DSC thermograms
using the two-state model. The line corresponds to the linear regression (r = 0.975) of the data indicated in
black. The values obtained for the mutants showing different secondary structure are shown in grey using the
same symbol as in (a).

The experiments were made under the same conditions of the aggregation experiments (i.e.
0.1 M Gly, 0.1 M NaCl pH 3.2) but at low protein concentration (0.2-0.6 mg mL™) to avoid

aggregation during the thermal unfolding (Supplementary information Figure S2). Under
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these conditions, the thermal unfolding of all mutants was highly reversible as we observed
in a second heating scan (not shown). The thermograms obtained for all mutants could be
well fitted using the two-state unfolding model, from which the thermodynamic parameters
of the unfolding process were obtained (Table S2). Mutations L10A, K27A, T32A, N38A,
V46A and A56G produced destabilizing effects, whereas the R21D and D48G mutations
stabilized the protein, as previously described “°. Noteworthy, mutations K43A, V53A and
V58A resulted in very broad unfolding transitions with low unfolding enthalpies, in
agreement with a partially unfolded structure of the corresponding mutants.

A plot of the unfolding enthalpies (AHm) versus the unfolding temperatures (Tm), gave a
single linear dependence (Figure 2b) for all the mutants that showed cooperative unfolding,
excluding the data obtained for N47A-K43A, N47A-V53A and N47A-V58A. This linearity
indicates that the changes in enthalpy of unfolding are mainly due, within the experimental
error, to its dependence with temperature due to the heat capacity change of unfolding, AC,=
dAH/dT, which appears to be common to these mutants, Cp= 3.67 + 0.15 kJ K™* mol™. This
value is fully consistent with those previously published for the Spc-SH3 domain 172,
confirming that these mutants conserve the native structure of the N47A Spc-SH3 domain.
The fact that the three less structured mutants deviate from this linear regression confirms

their partially-unfolded conformation.

Aggregation kinetics of the double mutants

To ascertain how the different mutations affect the early aggregation kinetics of the N47A
Spc-SH3 domain, several observables were monitored at 37°C under identical aggregation
conditions, i.e., a protein concentration of around 1.2 mM in 0.1 M glycine buffer, 0.1 M
NaCl pH 3.2.

The growth of aggregate particles was explored by measuring the scattering intensity by DLS
(Supplementary information Figure S3). Surprisingly, the mutants N47A-L10A and N47A-
D48G did not show any significant growth in scattering intensity indicating the absence of

aggregate particles during the first 250 min of incubation at 37°C. The rest of the mutants

-134 -



Mapping the Structure of Amyloid Nucleation Precursors by Protein Engineering Kinetic Analysis

showed considerable differences in the rates of growth of scattering intensity.

A detailed analysis of the DLS data allowed us following the distribution of particles sizes
during the early stages of the aggregation process (Supplementary information Figure S4).
Although, the speed of changes in the size distributions was markedly different depending
on the mutant, the series of events appear globally similar for many of them. In most mutants
and similarly to the N47A reference, at the start of the incubation there are only particles with
an apparent hydrodynamic radius (Rn) of around 1.6 nm, which is consistent with the value
reported for the native Spc-SH3 monomer 119 As aggregation progressed, the peak
corresponding to the native Ry shifts up to values ranging between 2.5 nm and 5 nm,
suggesting the formation of small oligomers, corresponding to stable amyloid nuclei, which
start to dominate the distribution over the native particles. This process is faster for some
mutants than others indicating different rates of nucleation.

In agreement with their lack of scattering intensity increases, the mutants N47A-L10A and
N47A-D48G presented exclusively particles with an apparent Ry of 2 nm and 1.6 nm
respectively during the whole course of the experiment. The Ry of the N47A-L10A mutant
at 37°C is between that of the native monomer and the 2.3 nm value predicted for a fully
unfolded monomer %!, This is consistent with the melting temperature of 30.3°C measured by
DSC for this mutant. In addition, the partially folded mutants (N47A-K43A, N47A-V53A,
N47A-V58A) also showed slightly expanded radii right from the beginning of the
experiment. In fact, the N47A-K43A variant is present as an oligomer right at the beginning
of the incubation at 37°C.

The growth of amyloid fibrils was also observed by the presence of a second peak in the Rn
distributions, which increases its hydrodynamic radius progressively. Interestingly, the
average rates of fibril elongation, estimated from the slopes of the increase in apparent Ry,
were not correlated with the speed of oligomerization described above. In fact, the fastest
growing fibrils were observed for the single mutant N47A and the double mutant N47A-
A56G. On the opposite side, fibrils elongated more slowly for mutants oligomerizing early
and extensively, such as N47A-K43A and N47A-V53A. These observations suggest that
heterogeneous oligomeric nuclei can manifest different capacities to seed an efficient fibril

elongation 22, In addition, rapid and extensive formation of oligomeric nuclei and
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protofibrillar species for some mutants could deprive the solution from soluble monomers to

drive fibril elongation.

The kinetics of formation of amyloid structure at 37°C was also observed by thioflavin T
(ThT) fluorescence (Figure 3). Thioflavin T increases its fluorescence upon binding to the
ordered amyloid structure. The signal is considered proportional to the total mass of protein
in the amyloid aggregates, whereas it is relatively independent of the aggregate particle size
42 Noteworthy, binding of ThT clearly precedes the light scattering increase, as observed by
comparison of the aggregation kinetics obtained by ThT fluorescence (Figure 3) and
scattering intensity (Figure S3). This indicates that accumulation of small amyloid particles
precedes the formation of large fibrilar aggregates.

All variants except N47A-L10A and N47A-D48G rapidly formed amyloid structure to
different extents under this experimental condition. Except for the two non-aggregating
mutants, the absolute absence of lag phase in the ThT experiments confirms a rapid formation
of amyloid nuclei. Once again, the rate of growth of ThT fluorescence varies strongly
between the different mutants. Noteworthy, the initial slopes of the kinetics do not always
correspond with higher amplitudes in the ThT fluorescence at late times. This supports that
a faster nucleation does not necessarily correlate with a more extensive fibrillation, due to
the fact that some oligomeric nuclei may be less competent for an efficient elongation of

amyloid fibrils.

More importantly, the initial rates of amyloid nucleation are also uncorrelated with the
stability of the native state for the different mutants. For instance, the least stable mutant
N47A-L10A did not fibrillate to a significant extent. N47A-T32A and N47A-V46A are also

among the least stable mutants but their rates of aggregation are relatively low.

Figure 3d shows a correlation between the initial rates of growth obtained from the ThT
experiments and the mean times of the shift in the hydrodynamic radius (ts). This was
obtained by fitting the time dependence of the apparent Rn using a logistic sigmoidal function
(Supplementary Information Figure S4). This supports a direct relationship between the
initial growth of ThT fluorescence and the rapid accumulation of the small amyloid nuclei.

Due to the initial oligomeric nature of the N47A-K43A at 37°C, this variant was discarded
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from this analysis.
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Figure 3. Kinetics of formation of amyloid fibrils followed by ThT fluorescence at 37°C (a, b, c). Protein
concentration was about 8.5 mg mL™ (1.2 mM) in each case. The symbols used are indicated in each graph.
Correlation between initial rates obtained with the ThT fluorescence experiments and the time of oligomers

appearance determined by DLS (d). Correlation coefficient and errors bars are indicated.

The morphology of the aggregates formed by the double mutants was also explored by
transmission electron microscopy (TEM) during the time course of aggregation (Figure 4).
At early incubation times (Figure 4 a-d), only aggregates with globular or amorphous shapes
could be observed and there are practically no fibrillar aggregates. Although the sizes of the
oligomers observed by DLS are in the limit of the microscope resolution, most of the globular
particles visible by TEM appear to have a wide distribution of sizes, with radii roughly
between 3-6 nm, consistent with the DLS data. After about 840 minutes of incubation, fibrils
can be clearly observed for most mutants, except for N47A-L10A and N47A-D48G, which
did not evolve towards fibrillar aggregates when incubated at 37°C under the same
conditions. The overall curly morphologies of the fibrils were similar for all variants and also

similar to those described previously %21,
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These results obtained from various biophysical observables showed that most of the studied
mutants convert to similar amyloid aggregates. Although the processes occurred at different

rates, the mutants have shown to aggregate by a common mechanism.
a- b-
C- d-
e- f-

Figure 4. Time course of amyloid fibril formation of variants of Spc-SH3 observed by transmission electron

microscopy. TEM images correspond to different times of incubation at 37°C. Representative images
correspond to (a) N47A-T32A incubated for 10 minutes, (b) N47A-K43A incubated for 10 minutes, (c) N47A-
K27A incubated for 10 minutes, (d) N47A incubated for 30 minutes, (e) N47A-K27A incubated for 1440 minutes,
(f) N47A-R21D incubated for 1440 minutes. The white segments represent 200 nm in each panel.

Analysis of the initial rates of growth of ThT fluorescence reports about crucial

intermediates of amyloid nucleation

Recently, we developed a simple kinetic model, which has proved to be applicable to the
amyloid nucleation mechanism of Spc SH3 domain under different conditions 2>?3, This
simple and mathematically affordable aggregation model allowed us to analyze
quantitatively the initial rates of amyloid growth derived from ThT fluorescence kinetics and

extract kinetic and thermodynamic magnitudes characterizing the key molecular events
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preceding the nucleation process. Although the use of Thioflavine T fluorescence to detect
oligomers was defined as relatively insensitive *3, in the present study using the Spc SH3
domain, it has shown to be a sensitive probe for the initial growth of amyloid oligomers.
Nevertheless, our methodology could also be applied to other techniques used to specifically
detect oligomers. Recent studies using solid state NMR 48 and also °F NMR #°*° have
shown to have the ability to resolve individual oligomers and track their formation in real-

time.

This model is summarized in the Methods section. Here we made a series of ThT kinetics
experiments for all double mutants to measure the initial rates of amyloid growth at different
initial protein concentrations (Figure 5). The dependences of the initial rates on the initial
concentrations of protein were fitted using the model equations in order to evaluate the

impact of each mutation on the amyloid nucleation stages.

In the fitting procedure, we first fixed the values for AGy at 37°C, obtained independently
from the analysis of the thermal unfolding by DSC at low protein concentrations (Table 1)
therefore reducing the number of adjustable parameters to just three for each mutant. As
shown in Figure 5, the double logarithmic plots of the initial rates versus the protein
concentration show a great variability between the different mutants. Individual fittings
described very well the data and allowed us to derive the thermodynamic magnitudes
corresponding to the stability of the intermediate state (AG;) and its subsequent
oligomerization (AGa), as well as the rate constant of the conformational change within the

aggregates to yield amyloid nuclei (kr) (Table 1).

The kr values are similar in all cases, indicating that the different mutations do not influence
to a great extent the rate of conformational change of the protein within the dynamic
oligomers to form amyloid nuclei. This suggests that once the polypeptide chains are
associated into oligomers, the barrier for their conversion into amyloid structure is almost
independent of the mutations. This is in agreement with the concept that amyloid structure is
mainly stabilized by main chain interactions. On the other hand, the variability in AG, and

AGa is much greater.
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Table 1. Fitting parameters derived from the analysis of the initial nucleation rates at 37°C.

Variant AGu (kJ/mol)®  AG(kd/mol)  AGa (kJ/mol) log ke
N47A 5.28+0.40 13.08 £0.40 -31.80 £ 0.49 4.25+0.06
L10AN47A -1.97+£0.30 - - -
R21DN47A 6.33£0.40 16.52 £ 0.95 -34.93+1.01 4.04+0.21
K27AN47A 3.37£0.40 16.70 £0.72 -37.93+0.81 4.37+0.09
T32AN4TA 1.46 £ 0.30 16.04 + 0.50 -36.25+ 0.54 4.11+0.06
N38AN47A 0.50+0.30 15.68 +£0.95 -37.16 £ 1.08 443+0.12
K43AN47A 2.30+0.80 1391+1.30 -37.12+1.43 457 +0.09
V46AN47A 1.75+0.30 13.53+1.30 -32.24 +£1.49 4.39+0.25
D48GN47A 7.34+0.40 - - -
V53AN47A 3.80+£0.80 10.74 + 1.61 -32.08 £ 2.04 4.49+0.15
AS6GN47A 3.68 +0.40 13.11+1.13 -32.45+1.33 448 +0.12
V58AN47A 3.85+1.00 10.43+0.61 -31.75+0.86 4.33+0.06
N47A2 4.64+0.30 11.65+1.28 -32.02 +1.68 459+0.16
L10AN47A? -0.74 £ 0.30 10.43+1.88 -24.52 +7.96 442 +0.82

aDetermined from aggregation kinetics studied in presence of 0.2 M NaCl. *Calculated from the unfolding

curves measured by DSC. Data of N47A Spc-SH3 were taken from reference 5.

In order to interpret the AG; data in terms of a structural characterization of the
amyloidogenic precursor, I, we used an approach similar to the ¢-value analysis of folding

transition states 243,
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Figure 5. Double logarithmic plot of the initial rates of amyloid fibrillation of N47A Spc-SH3 and the double
mutants versus the initial protein concentration. The symbols used are indicated in the graph. Symbols
correspond to the experimental rates and continuous lines represent the best fits according to the equation

described in Materials and Methods and in Ruzafa et al. 2.

In this type of analyses the ¢-value is typically calculated as the ratio between the changes
produced by a mutation in the energy difference between the transition state and the unfolded
state (AAG:-u), relative to the changes produced in the energy difference between the native

and the unfolded states (AAGn-v).

In our study, ¢-values characterizing the effect of each mutation on the | state could be
similarly obtained as AAG-u/AAGn-u but some of the values result to be much greater than
1 and others even negative. The reason of this is that some of the mutations strongly altered
the native fold and/or its stability and, in addition, the energy changes produced by the
different mutations in the native-state stability do not correlate with the changes in the rates
of nucleation. In fact, a plot of AG; versus AGn-u illustrates this lack of correlation

(Supplementary information Figure S5). For this reason, we decided not to use normalized
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¢-values but directly compare the AG)-y differences between the double mutants, obtained
as AG| — AGu, and the reference N47A single mutant. These values represent the energy cost
of formation of the partially-folded amyloidogenic intermediate from the fully unfolded state,
in which all interactions are broken and the protein groups are fully exposed and solvated,
for each mutant (Figure 6a).

In order to obtain data related to the N47A-L10A mutant, we also studied the aggregation
kinetics of this mutant in 0.2 M NaCl, which was previously shown to accelerate amyloid
aggregation considerably 2%22, Under these conditions the N47A-L10A mutant fibrillated
faster as shown by an increase in ThT fluorescence intensity. However, the interval of protein
concentrations and the range of experimentally accessible initial rates were very limited.
Because of these limitations, the initial rates obtained for N47A-L10A in the presence of 0.2
M NaCl were analyzed in conjunction with the similar data obtained with the single mutant
N47A under the same conditions. In this fitting the kr value was shared for the two mutants,
since we found that this parameter did not change much between all mutants studied. This
gave us a reasonable estimation of the nucleation thermodynamic magnitudes for the L10A
mutation, although with significantly higher uncertainties (Figure 5d and Table 1). The
thermodynamic magnitudes represented in Figure 6a allow us to globally classify the
mutations in two groups: A group of mutations located in the region between R21 and V46
(RT loop, divergent turn and strands 2 and 3), which show significant changes in AG; -

AGuy relative to the reference N47A mutant.

These changes imply that these mutations destabilize the amyloidogenic intermediate and
therefore the affected residues participate in its structure.

In contrast, the AG, - AGuy values obtained for the mutation L10A (strand 1) and the
mutations V53A, A56G and V58A (310 helix, strands 4 and 5) are very similar to that of
the reference mutant N47A. This indicates that these residues do not participate in the
structure of the intermediate, because the mutations do not significantly alter its energy
relative to the fully unfolded state. Therefore the regions probed by these mutations are
unfolded in the intermediate and this implies that the distal B-hairpin formed by strands 33
and B4 must be open before amyloid nucleation. This is striking because these mutations
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have profound effects on the stability of the native state and some of these residues are

directly implied in the hydrophobic core of the domain.
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Figure 6. Changes in the amyloidogenic intermediate stability (a) and its oligomerization energy (b) as a
result of the mutations. 2Determined from aggregation kinetics studied in the presence of 0.2 M NaCl.

Interestingly, all the mutations in the 21-43 region (RT loop, divergent turn, strands 32 and
B3) make the oligomerization Gibbs energy, AGa, considerably more negative, therefore
increasing the oligomerization propensity of the intermediate (Figure 6b). This indicates a
direct participation of these residues in intermolecular interactions mediating dynamic
oligomerization. In contrast, mutations V46A, V53A, A56G and V58A do not change in the
oligomerization Gibbs energy consistently with the lack of implication of the final region of
the sequence in the structure of the intermediate. Moreover, the strong inhibition in the
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aggregation process produced by the L10A mutation can be fully attributed to its considerable
effect in decreasing Gibbs energy gain associated to oligomerization. This indicates that the
strand B1 is fully involved in the oligomerization process. The importance of L10 in the
aggregation cascade was also highlighted by the predictions of the aggregation-prone regions
of Spc-SH3 domain using Aggrescan *!, TANGO 2 and Zyggregator *3 algorithms. These
programs identified the highly hydrophobic region 7-14 as having the highest intrinsic
aggregation propensities (Supplementary information Figure S6). These results strongly
suggest that oligomerization is mediated by intermolecular interactions between the highly
hydrophobic residues of strand B1 and an exposed hydrophobic surface created by the
structured elements of the intermediate (residues of the RT loop, divergent turn, 2 and 33

strands).

DISCUSSION

Native-state thermodynamic stability is not correlated with the amyloid nucleation

propensity

We have shown here strong changes in thermodynamic stability of the native state produced
by different mutations (Table S2) but these changes do not generally correlate with the
nucleation and fibrillation propensities of the mutants. The changes on amyloid propensity
need to be rationalized on the basis of the specific effects on the nucleation mechanism. In
fact, despite their dramatic opposite effects on the stability of the native state, both mutations
L10A and D48G essentially abolished fibrillation in the presence of 0.1 M NaCl but this
effect takes place at completely different steps of the mechanism. The mutation D48G was
reported to stabilize significantly the protein through a local conformational change of the
distal turn, facilitating the formation of the distal B-hairpin *° and therefore promoting native
folding. Since amyloid nucleation requires the selective unfolding of the distal B-hairpin, it

IS not surprising that this mutation inhibits aggregation.

The effect of the mutation L10A is remarkable. This mutation strongly destabilises the native

state and at the same time inhibits fibrillation very strongly. Opposite to the distal hairpin,
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the strand B1 does not participate in the folding nucleus of the Spc-SH3 domain °. Our results
show that whilst this region seems to be unfolded in the amyloidogenic intermediate state, it
participates in establishing the hydrophobic intermolecular interactions to form dynamic
oligomers that precede nucleation. Therefore, the L10A mutation specifically destabilizes

these oligomers and reduces their population resulting in a much slower aggregation rate.

As for the rest of mutations, there are two main classes of effects: those mutations at regions
participating in the structure of the amyloidogenic intermediate mainly act by altering
specifically its stability and also affecting the formation of oligomers. In contrast, the
mutations at regions becoming unstructured in the intermediate act exclusively by
destabilizing the native state and, therefore, by increasing the population of alternative states,

including the amyloidogenic one.

Although many earlier studies based on the elucidation of fibril formation pointed towards a
significant inverse correlation between native stability and the propensity to form amyloids
458 "3 more recent mutagenesis study on the fibrillation of the thermophilic protein S6
revealed no correlation between native stability and fibril formation *°. Instead, the unfolding
rates correlated directly with the lag phases of amyloid aggregation suggesting that the
nucleation occurs from a quasi-native state. Our results support the importance of local
specific intramolecular interactions between certain parts of the domain in the early stages of
the fibrillation process. Such hypothesis was also drawn in the study of two amyloidogenic
variants of human lysozyme ®, in which transient unfolding of a specific region of the protein
including the beta domain and the C-helix is favoured by the mutations. However, we also
demonstrate that specific intermolecular interactions could also be determinant in the primary
amyloid nucleation events. In some other cases, however, the intermolecular contacts that
promote the amyloid conversion may be provided by fibril fragmentation ° or by non-

specific heterogeneous nucleation 2.

Folding and amyloid fibrillation are divergent routes on the conformational landscape

It has been generally assumed that amyloidogenesis is initiated by a change in conformation
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of the native structure leading to an intermediate state which is prone to aggregate by

exposing an amyloidogenic region that in turn promotes self-association 2.

There is also accumulating evidence that the amyloid-competent species may be a locally-
unfolded native-like state that becomes accessible through thermal fluctuations occurring
under physiological conditions %4 However, such scenario differs sharply from the
conformational change hypothesis %7, according to which the early precursor of amyloid
results from an unfolding transition involving the crossing of a major energy barrier.
Therefore, it is crucial to understand how the folding and aggregation landscapes are related

to be able to identify and characterize the conformational states that connect them 8,

Previous kinetic and thermodynamic studies performed on the folding process of the Spc-
SH3 domain using a mutagenesis approach identified the residues involved in the folding
transition state and also the obligatory steps in protein folding %, In particular, the
formation of the B3-B4-hairpin has been described as an obligatory step during folding of
Spc-SH3 15, This structural motif is also central in the structure of the folding nuclei of other
SH3 domains . In addition, residue V53 has been reported as a key residue in the protein
core participating strongly in the folding nucleus of the domain establishing hydrophobic
contacts stabilizing the correct topology leading to the native fold. High ¢-values
characterizing the residues involved in the transition state structure include mainly residues
in the distal hairpin and the 310 helix (44, V46, N47, D48, F52, V53 and A55), whereas

other regions contribute little to the transition state ensemble in terms of free energy.

In our study, the residues defined as major contributors to the stability of the amyloidogenic
intermediate are located at several structural elements, some of them unrelated with the
folding transition state i.e., the RT loop (R21), the diverging turn (K27), strand 32 (T32), the
n-src loop (N38) and strand 33 (K43 and V46). In contrast, the amyloidogenic intermediate
appears to have strand 1 (L10), strand B4 (V53), the 310-helix (A56) and strand B5 (V58)
mainly unstructured. These results are striking because they indicate that, in order to form
the kinetically critical amyloidogenic precursor, the protein needs to acquire a markedly
different topology to that found along the native folding-unfolding pathway. Accordingly,

native folding and nucleation of the Spc-SH3 domain take place on different regions of the
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conformational landscape (Figure 7).

Figure 7. Regions of Spc-SH3 involved in aggregation (a) and folding (b) transition states. The structure of
N47A Spc-SH3 (pdb: 1QKX) is shown in both representations with important structural regions colored in
black. The data for aggregation are taken from those shown in Figure 6. The data for the folding process are
from ref 8.; only regions with relevant high ¢ values are colored in black in panel (b). The protein structural

representations were done using Pymol %,

Other studies performed on other SH3 domain "2 agree properly with our main conclusions.
P13-SH3 domain was reported as the very first protein unrelated to disease that was shown
to form amyloid-like fibrils in vitro 3. PI3-SH3 domain shares the same fold and 24%
sequence identity with Spc-SH3 2. Using protein engineering, Ventura and co-workers
reported that the RT loop (residues L11-D23) and the adjacent diverging turn (residues L24-
D28) of PI3-SH3 are specific regions influencing the amyloidogenic behavior. More
recently, an interesting study based on pulse-labeling hydrogen-deuterium (HD) exchange
monitored by mass spectrometry and NMR spectroscopy on amyloid fibrils of PI3-SH3 "t
reinforced the crucial role of residues comprising the RT loop and the diverging turn in the

ordered aggregates during fibrillation.

Other studies point toward native-like partially unfolded states as amyloidogenic precursors.
Fyn-SH3 has been used recently to elucidate the mechanisms by which intermediates initiate
fibrillar aggregation 7. In this case, the authors stabilized a weakly populated on-pathway
intermediate of the SH3 domain via a triple mutant of the protein. The structure of the
intermediate was characterized by NMR relaxation-dispersion measurements. The C-
terminus (i.e., the last B-strand) is disordered and, therefore, the N-terminal B-strand is

solvent exposed; however, the native-like central three-stranded [3-sheet remains intact in this
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intermediate. A recent computational study by Shakhnovich and co-workers has proposed a
conserved aggregation-prone intermediate state in the folding pathway of Spc-SH3
amyloidogenic variants 4. Although the lack of structure predicted in strand B5 and the
potential role of the strand B1 in establishing intermolecular contacts are fully coincident
with our results, the intermediate was characterized as having native-like topology, with the
central three-stranded p-sheet still formed. However, in this work, the authors used a Go type
algorithm that focuses on the native-like interactions and would not be therefore appropriate

for exploring landscape areas containing non-native conformations.

Finally, it is important to emphasize that our methodology provides a selective
characterization of the intermediate state that is Kkinetically relevant to the aggregation
process. It is likely that the protein ensemble is exploring other low-populated intermediates
over wide regions of the conformational landscape as reported before ™ but many of these
states may be unproductive to trigger the amyloidogenic cascade. Therefore, our results
strongly support that the sequences of natural proteins may have evolved to favour fast and
efficient folding pathways and avoid the amyloidogenic regions of the energy landscape ®.

Implications in disease-related amyloid aggregation

Our kinetic methodology could be expanded to different applications in proteins related to
disease. The importance of obtaining the quantitative thermodynamic magnitudes about the
amyloidogenic precursors of different proteins resides mainly in the possibility of changing
a variety of factors (experimental conditions, sequence mutations, inhibitor compounds etc.)
and analyzing how these thermodynamic properties respond to these changes. This may be
applicable, for example, to amyloid-beta (1-40), which at low temperature and moderate salt
concentration adopts a helical conformation in the central hydrophobic region favoring
hydrophobic collapse ”’. Helical intermediates have been predicted to be crucial in amyloid
fibrillogenesis 8. In some cases, oligomers formed during the aggregation process have
different toxicity. These are the cases of the rat and human versions of IAPP1.19 ° and also

the HypF-N domain 2. Analyzing the thermodynamic and structural properties of the different
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types of oligomers using our approach may shed light on their different cytotoxic properties.

Our kinetic model could also be extended to the study of inhibitor compounds. For example,
polyphenols have been shown to alter the aggregation kinetics of many proteins 48082,
However, the mechanism of action is not fully understood. For instance, direct interaction of
EGGC with the prostatic acid phosphatase fragment PAP248-286 has been shown to strongly
inhibit formation of amyloid SEVI, likely by a shift in the conformational-oligomerization
equilibrium towards non-amyloidogenic species 8. Our approach could be adapted to explore
the effect of these inhibitors by inclusion of the corresponding preequilibria in the kinetic
scheme. With this methodology, it could be possible to unveil the thermodynamic effects of

such chemicals on the nucleation stage.

CONCLUSION

In this study, a mutagenesis analysis of the early aggregation kinetics of the Spc-SH3 domain
has allowed us to characterize structurally and energetically the molecular events leading to

fibril nucleation.

The combination of DSC and biophysical experiments performed on the series of second
mutations made upon the N47A mutant and covering all the structural elements of the protein
has highlighted the lack of correlation between the thermodynamic stability of the native
state and the propensity to form amyloid fibrils. Instead, our results have demonstrated that
the inhibitory or potentiating effect of amyloid formation exerted by the mutations is mainly
related to the relative efficiency in the formation of early dynamic oligomers, which precedes

the formation of amyloid nuclei.

A robust kinetic and thermodynamic analysis on the basis of a simple model has allowed us
the identification of the residues playing an important role in the structure of the
amyloidogenic intermediate state and participating in its intermolecular self-association
process. It appears that the conformational transition leading to amyloid nucleation follows
a completely different pathway to that of the folding-unfolding process and involves partial

unfolding of the domain core and intermolecular association mediated by the unfolded N-
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terminal strand.

Taken together, these insights provide a deeper understanding of the fundamental forces that
control the competition between folding, misfolding and aggregation. Such understanding
undoubtedly enriches the framework for the development of rational strategies for the design
of therapeutic compounds able to influence steps in the complex self-association processes
so as to reduce the risk of misfolding events.
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NOTES

Electronic Supplementary Information (ESI) available: Text S1: Determination of the initial
rates. Thermodynamic parameters of the equilibrium thermal unfolding of N47A Spc-SH3
and the double mutants measured by DSC are shown in Table S2. DSC experiments of N47A
and the double mutants of Spc-SH3 domain (Figure S2). Aggregation kinetics followed by
DLS intensity (Figure S3). Figure S4 illustrates the time evolution of the hydrodynamic radii.
In Figure S5 AG; versus Acen-u IS plotted. Aggregation propensity of the primary sequence of
N47A Spc-SH3 domain predicted by algorithms (Figure S6).
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SUPPLEMENTARY INFORMATION
Text S1:

Determination of initial rates of growth

In this study, initial rates of growth of amyloid structure were calculated by fitting the initial
region of the ThT kinetics curves using a double exponential function:

y:yo"'AlXe-klt-"Az X (1)

The initial slope of the ThT curves was then accurately calculated from the resulting fitting
parameters as:

"o :L@J =4k +4,-k
dt /0 (2)

The fit of the initial ThT curve (Figure S1) is only used for extrapolation purposes and only
the initial slope (extrapolated to time zero) is considered. This operational extrapolation
procedure allowed us an accurate determination of the initial slopes of the ThT curves and
avoided the assumption of any time interval in the Kkinetics to define an initial aggregation
rate.
Another alternative method of the initial slope was also tested by calculating the first
derivative of the kinetic trace and extrapolated it to time zero. As shown in Table S1, the
results obtained by the two procedures are identical.
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Figure S1: (a) Aggregation kinetics curves of T32A-N47A obtained from ThT fluorescence experiments.
Symbols represent the experimental data and the continuous lines correspond to the best fit to equation 1.
(b) First derivative of the ThT kinetics curve obtained for T32A-N47A (9.1 mg.mL™?) is represented in black
squares. The tangent of the maximum decay is shown as the red line.

Concentration (mg.mL™?) Equation 2 First derivative
9.1 9.80 9.36
8.6 6.70 6.82
6.2 3.28 3.25
4.2 0.65 0.66
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Table S1: Initial rates obtained from ThT aggregation kinetics performed at different protein concentrations

using the two methods described.

Mutant Tm (°C) AHm (kJ.mol?)

N47A? 51.2+0.1 152.1+04
N47A-L10A 30.3+0.1 77.0+£05
N47A-R21D 53.5+0.1 1554 +£0.3
N47A-K27A 46.7+£0.1 129.5+ 0.6
N47A-T32A 416+0.1 108.8 £0.2
N47A-N38A 38.6+0.1 101.3+£0.3
N47A-K43A 43.9+1.0 60.9+4.2
N47A-V46A 42.3+0.1 113.7+04
N47A-D48G 55.7+ 0.1 164.1+04
N47A-V53A 545+3.1 61.1+6.7
N47A-A56G 46.1+0.1 1455+04
N47A-V58A 56.1+2.8 54.3+4.8

Values of the unfolding temperature (Tr) and enthalpy change (4Hm) have been obtained by two-state
analysis of the DSC unfolding transitions. The errors have been estimated from the fittings as 95% confidence
intervals for each parameter.

a- Data taken from Morel et al., 2.

Table S2. Thermodynamic parameters of the equilibrium thermal unfolding of N47A Spc-SH3 and the

double mutants measured by DSC in 0.1 M Glycine, 0.1 M NaCl pH 3.2.
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out at low protein concentration in 0.1 M Gly, 0.1 M NaCl pH 3.2. Symbols represent the experimental data

and the lines correspond to the best fit using the two-state unfolding model. For sake of clarity, experimental

- 158 -



Mapping the Structure of Amyloid Nucleation Precursors by Protein Engineering Kinetic Analysis

data of N47A mutant is shown in open squares and the best fit using the two-state unfolding model in dashed
lines.
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Figure S3. Aggregation Kinetics at 37 °C of the double mutants and the N47A mutant followed by scattering
intensity.
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Figure S4. Time evolution of the apparent hydrodynamic radii (Rh) for the two smallest peaks in the particle
size distributions measured by DLS during the course of fibrillation of the N47A and the double mutants of
a-Spc SH3 domain. The continuous lines represent the best fit of the time dependence of the apparent Ry using

a logistic sigmoidal function.
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N-Terminal Acetylation of a-Syn Reduces the Population of Partially Folded Oligomers

ABSTRACT

Parkinson’s disease is a neurodegenerative disorder with a high impact in our society. This
Is one of several diseases related to the oligomerization and aggregation of a-Synuclein
(aSyn). The interaction of aSyn with surfactants, lipids and membranes appears to play a key
role in its physiological function. The aSyn found in cells presents a post-transcriptional
modification consisting of the acetylation of its N-terminus, which appears to affect its
behavior and therefore also its function. Sodium dodecyl sulfate (SDS) has been widely used
as a simple model for membrane environment and has been reported to accelerate amyloid
fibrillation of aSyn in vitro. In this study, we compared N-acetylated and unacetylated aSyn
in their mode of interaction with SDS and related their different properties with their
amyloidogenic propensity. We found that in the presence of sub-CMC concentrations of SDS
aSyn forms SDS-associated partially folded oligomers. These oligomers appear to constitute
optimal species for spontaneous and efficient formation of amyloid nuclei, which further
drive rapid, lag-free amyloid fibrillation. N-acetylation reduces the extent of aSyn
oligomerization favoring its interaction with micelles, thereby reducing the rate of formation

of amyloid nuclei.

INTRODUCTION

Parkinson’s disease (PD) is the most common neuronal motor system disorder. This
neurodegenerative disease affects more than 1% of the population aged over 65 . PD is
characterized by the loss of dopaminergic neurons in the “substantia nigra” and the
appearance of intraneuronal inclusions, composed basically by proteins, known as Lewy
bodies 2. These Lewy bodies are also implied in the multiple system atrophy and other
synucleinopathies, including dementia %78, The major components of the Lewy bodies are
fibrillar aggregates of a-synuclein (aSyn) °, a 140 amino-acids protein particularly abundant
in the presynaptic terminals 1°, and its oligomeric forms. These oligomers are believed to

play a role in the progress of PD 11 12,

aSyn has been considered for many years to be an intrinsically disordered protein with high
net charge and low hydrophobic content 13, However, its native state has been described very
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recently as a folded tetramer 4*°, although this finding has led to many discussions in the
scientific community 628, For this reason, its precise physiological function has yet to be
established, although different studies suggest a function related to lipids and membrane .
Although aSyn presents a mostly disordered structure in aqueous solution 3, it could adopt
a-helical structure when binding to negatively charged membranes *°. A range of interactions
with lipids has been described for the aSyn, such as: transporting and regulating
poliunsaturated fatty acids (PUFAs) in dopaminergic neurons?®?! 22 modulating presynaptic
vesicle pool size and vesicle recycling?, inducing curvature in them?* and due to its
interactions with membranes a type of membrane remodeling function is proposed®2®. The
interactions of aSyn with small droplets of docohexanoic acid (DHA), which is very abundant
in the brain, induce a-helical structure in the protein and protect against proteolysis the N-
terminus?’, In addition, exposure of aSyn with high levels of PUFAs, has been described to

promote the formation of cytotoxic aSyn oligomers and both in vivo 28 2° and in vitro %0 3L,

In general, many studies have suggested that aSyn exists mostly as unfolded monomers but
in equilibrium with labile oligomeric forms 32*3, On the other hand, oligomers with amyloid
structure are often observed in coexistence with amyloid fibrils, but many aspects of the
relationship between oligomerization and the mechanism of amyloid fibril assembly are not
yet understood. It has been evidenced recently that amyloid oligomers are the main toxic
species in amyloidogenesis 3+%°. Moreover, these kinetic intermediates have appeared to be
highly modified by a change in the protein N-terminus'#*°. N-a-Acetylation is one of the
most common post-translational modifications occurring in eukaryotic cells. It has been
suggested that up to 80-90% of mammalian and 40-50% of yeast proteins bear an N-a.-acetyl
group. Nevertheless, the role of this modification, which affects thousands of proteins,
remains poorly understood. This post-transcriptional modification increases the
hydrophobicity of the N-terminal section of the protein and also favors protein-protein
interactions within the cells**. Despite the identification of quantitative N-acetylation of
aSyn both as soluble protein and entrapped within Lewy bodies from human PD brains 2,

most of the biophysical studies investigating aSyn structural, biochemical, and aggregation
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properties in vitro have been relying on recombinant aSyn from E. coli, which is not

acetylated.

Sodium dodecyl sulfate (SDS) is an anionic surfactant commonly used in biophysical studies
to mimic membrane environments for proteins and indeed it has been extensively used with
aSyn #4748 The SDS interacts with aSyn in a complex pathway, presenting a dual behavior.
Firstly, increasing the SDS concentration stabilizes the amyloidogenic conformations until a
maximum of amyloidogenic propensity, between 0.5-1 mM SDS. Upon a subsequent
increase in SDS concentration, this amyloidogenic propensity decreases concurrently with
an increase of the a-helix content #3454¢_ Moreover, recent reports have described an increase
of the affinity of the Nac-aSyn for lipids and physiological membranes and a decrease in its
aggregation propensity**°°. However, despite the amount of existing information, the link
between the conformational effects of N-acetylation on unstructured aSyn, the changes
produced on aSyn-surfactant interactions, and the consequences in the formation of

amyloidogenic oligomers and fibrils is not well understood.

In this study, we compare the biophysical properties of the N-acetylated (Nac-aSyn) and
unmodified (aSyn) synucleins and analyze the effect of SDS on their structure,
oligomerization and amyloid aggregation. We demonstrate that low concentrations of SDS
(sub-CMC conditions*) promote the accumulation partially-folded oligomeric species in
aSyn. Moreover, N-acetylation reduces significantly the population of these oligomers and
decreases the rate oligomer-mediated amyloid aggregation. These results give insight into
the interactions between aSyn and surfactant molecules and help to understand the
mechanisms by which this type of interactions may promote conditions favoring amyloid
oligomerization and fibrillation and thereby the appearance of cellular toxicity mediated by

aSyn oligomers in membrane environments.
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MATERIALS AND METHODS

Purification of aSyn WT and WT acetylated

The N-acetylated and unmodified forms of aSyn were produced by overexpression in E.Coli
modified with the plasmid encoding human aSyn (to obtain the Nac form it is necesary to
add the NatB plasmid to the cells and 5 pg/mL chloramphenicol to the LB media®?). The cells
were grown in LB media in the presence of 100 ug/mL of ampicillin at 37°C with shaking
until an optical density at 600 nm of 0.6-0.8. Protein expression was induced by adding
isopropyl 1-thio-p-D-galactopyranoside to a final concentration of 50 pg/mL (0.2 mM) for 4
h. The cells were harvested by centrifugation at 2200 g for 10 min at 4 °C. The pellets were
resuspended in buffer (25 mM TRIS, 1 mM EDTA, 0.1 mM DTT, pH 7.4, 1 x protease
inhibitor mixture (sigma)) and lysed by ultrasonication. The lysate was ultracentrifuged at
105000 g for 45 min at 4 °C. The supernatant was filtered (0.45 um) and applied onto a
HiTrap QFF anion-exchange column (GE Healthcare) previously equilibrated in buffer (50
mM TRIS, 0.1 mM DTT, pH 7.4). Protein was eluted with 150 mL of buffer with a gradient
of NaCl concentration (0-500 mM) in an Akta Prime FPLC (GE Healthcare). After analysis
by SDS-PAGE, the fractions containing the protein were precipitated with ammonium sulfate
at 47.5 % of saturation and ultracentrifuged at 105000 g for 30 min at 4°C. The precipitate
was resuspended (50 mM TRIS, 50 mM NacCl, 8M urea, 0.1 mM DTT,pH 8.3) and injected
in a HiLoad 26/60 Superdex 200 column (GE Healthcare). Then, the eluted protein fractions,
analyzed by SDS-PAGE, were pooled and dialyzed extensively against the same buffer in
the absence of urea. Then, the protein was concentrated (Amicon ultracentrifugal filter units
MWCO 3.000, Millipore) and injected in a HiLoad 26/60 Superdex 75 column (GE
Healthcare). Pure pooled fractions were dialyzed against 20 mM HEPES, 0.05% NaN3, pH
7.2, lyophilized and kept frozen at -20°C. N-terminal acetylation was verified by electrospray
mass spectrometry giving a molecular weight of 14502.1 Da for Nac-aSyn and 14460.1 Da
for aSyn.
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Sample preparation

The lyophilized protein was dissolved in 20 mM HEPES pH 7.2, containing 0.05% NaNs3
except for the CD experiments described below. The protein concentration was determined
by the measurement of absorbance at 280 nm using 5960 M cm™ as molar absorptivity,

calculated as described 2.

Thioflavin T Fluorescence

Kinetic experiments were performed to monitor amyloid fibril aggregation at 37°C by
continuous measurement of Thioflavin T (ThT) fluorescence * as described elsewhere >4,
Fluorescence was recorded using a Varian Cary Eclipse spectrofluorimeter (Agilent
Technologies, Santa Clara, CA, USA) equipped with a Peltier-controlled thermostatic cell
holder. Stock solutions of 200 uM ThT and 100 mM SDS were prepared in pure water (Milli-
Q). Protein samples were freshly prepared in 20 mM HEPES, 0.05% NaNs, pH 7.2, in an
appropriate concentration in order to obtain a final protein concentration of 100 uM. In order

to avoid evaporation during the experiments, the cuvette was sealed using a specific stopper.

Differential Scanning Calorimetry

Temperature scans were performed at protein concentrations of 20, 60 and 100 uM in a VP-
DSC microcalorimeter fitted with capillary cells (MicroCal, Northampton,MA, USA). DSC
scans were run between 5°C and 125°C at a scan rate of 2°C mint. The reversibility of the
thermal unfolding was always checked in a second consecutive scan of the same sample.
Several buffer—buffer baselines were obtained before each run with the protein solution in
order to ascertain proper equilibration of the instrument. Instrumental baselines were
subtracted to the experimental thermograms of the samples and the time response of the
calorimeter was then corrected. The partial molar heat capacity curves (Cp) were calculated
and analyzed using Origin 7.0 (OriginLab, Northampton, MA, USA).
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Determination of hydrodynamic radius by Dynamic Light Scattering

DLS measurements were performed at 25°C using a DynaPro MS-X instrument (Wyatt
Technology Corporation, Santa Barbara, CA, USA) in a thermostated 30 ul quartz cuvette.
The protein solutions and the buffer were filtered through 0.02 um Anotop 10 filters
(Whatman plc, Brentford, Middlesex, UK) immediately before the measurements. Sets of
DLS data were acquired at 25°C every 10 s until 20 sets of data were obtained. Dynamics V6
software (Wyatt Technology Corporation, Santa Barbara, CA, USA) was used in data
collection and processing. The experimental autocorrelation curves data were analyzed to
obtain the particle size distributions using the regularization fit as implemented in Dynamics
V6 software. Total scattering intensity measurements were also made with the same
instrument as a function of the SDS concentration. The intensities changes were normalized

using the following expression:

_ rma — 1

Inorm P —

Ifinal - IInitial

Gel-filtration Chromatography coupled to Static/Dynamic Light Scattering

The samples were run at room temperature on a Superdex 200 10/300 GL (GE Healthcare)
at a flow rate of 0.5 mL/min coupled with a Zetasizer DLS Malvern instrument
(Worcestershire,UK) for simultaneous detection of UV absorption and light scattering. The
samples were freshly prepared in the appropriate buffer at a concentration of 100 uM and the
column was previously equilibrated in the same buffer. The chromatograms were analyzed
by the OmniSEC 4.7 analysis software, using bovine serum albumin as a standard sample for
the calibration of the instrument. This technique allows us obtaining simultaneously for each
eluted peak the weight-averaged molecular masses (Mw) from static light scattering
measurement, as well as the apparent hydrodynamic radius, Rn, by DLS measurements

independently of the Ve.
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Determination of secondary structure by Circular Dichroism (CD)

Far-UV CD measurements were made at 25°C in a Jasco J-715 spectropolarimeter (Tokyo,
Japan) equipped with a thermostatic cell holder in a 10 mm path length cuvette. The
protein samples were prepared and dialyzed using a buffer without NaN3 due to the intense
absorption band that the sodium azide produces (near 210 nm). The protein concentration
used was 100 uM. Represented data were the average of 5 scans using a bandwidth of 1 nm
and a scan speed of 100 nm/min. The a-helix content was estimated using the mean residue

ellipticity value at 222 nm as described elsewhere *°.

Transmission Electron Microscopy (TEM)

A Carl Zeiss LEO 960E (Zeiss, Oberkochen, Germany) transmission electron microscope
was used for the analysis of the aSyn aggregates morphology. The samples were incubated
in different conditions for 30 and 150 minutes at 37°C. 10 uL of the incubated solution were
placed on a Formvar 300-mesh copper grid (ANAME, Madrid, SP) for 1 minute. The sample
was negatively stained with 10 uL of 1% (w/v) uranyl acetate solution for 1 minute. Excess
stain was removed with a tissue paper and the grids were air dried before visualization. The

samples were observed at a magnification between 60000 and 100000.

RESULTS
a-Synuclein Binds SDS in a Partially Folded a-Helical Conformation

The secondary structures of aSyn and Nac—aSyn at 100 microM were compared by CD in
the presence of different SDS concentrations. In the absence of SDS, the far UV CD spectra
obtained for both proteins are similar (Figure S1). The resulting spectra show a marked
characteristic shape corresponding to random coil structure. These results are in agreement

with previous studies reporting the intrinsically disordered nature of aSyn 430,
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Upon addition of SDS (Figure S2), the progressive development of a minimum at 222 nm
indicates that aSyn acquires o-helical structure as a result of interactions with SDS  with a
value up to ~45% for unmodified aSyn and ~50% for Nac-aSyn reached in the presence of 5
mM SDS. However, the titration experiments over a range of SDS concentrations show
different behaviors between Nac-aSyn and unmodified aSyn (Figure 1b). For aSyn the
process can be described by two phases, one below about 0.7 mM SDS, where the a-helical
content increases linearly up to a 30%, and a second phase above 0.7 mM SDS, where the a-
helical structure develops more smoothly with the increase in SDS concentration, until ~5
mM SDS (Figure 1b). Although below 0.7 mM SDS the a-helical growth is quite parallel for
both proteins, it appears to be slightly retarded for Nac-aSyn compared to the unmodified
aSyn. In addition, for Nac-aSyn the structure develops linearly and steadily until ~1.5 mM
SDS, from which the a-helical content remains practically unaltered upon further addition of
SDS. Therefore, the structural change induced by SDS in Nac-aSyn appears to be more

cooperative than for unmodified aSyn. This could be a result of a higher affinity of Nac-aSyn
for SDS micelles *°.

Nac- aSyn

% alpha helix

4 5

1 2 3
Conc SDS (mM)

Figure 1. SDS induces a-helical structure in unmodified aSyn and Nac-aSyn. The graph shows the
percentage in a-helix as a function of the concentration of SDS. The colors used are red for aSyn and blue for
the Nac-aSyn. In splines lines represent the tendencies of the different phases.
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The hydrodynamic radius is highly dependent on SDS concentration

As we have shown by far UV CD experiments, the secondary structure of aSyn is highly
dependent on the SDS concentration as a result of interactions with the surfactant. This gain
in a-helical structure could also be associated to changes in molecular size of the protein, as
well as to the formation of micelles and/or oligomerization. For this reason the particle size
was analyzed at different concentrations of protein and SDS using dynamic light scattering
(DLS).
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Figure 2. Effect of the SDS concentration on the scattering intensity of aSyn (a) and Nac aSyn (b). The
experiments were performed at the protein concentration indicated in the graphs.

Firstly, we measured the increase in total scattering intensity associated to the addition of
SDS to the buffer. The scattering intensity is correlated to the formation of large particles in
solution such as oligomers or micelles. From these data we estimated a critical micellar
concentration (CMC) of 7.45 mM for SDS (Figure S2, Supplementary material) in good
agreement with the value described elsewhere*®. Then, we measured the scattering intensity
increase produced by SDS addition in the presence of different protein concentrations (Figure
2). According with these data, both protein forms produce a dramatic decrease of the apparent
CMC of SDS similarly to previous reports . Moreover, for unmodified aSyn a significant
dependence of the intensity growth with the protein concentration can be appreciated at
intermediate SDS concentrations, whereas for Nac-aSyn we observed a very similar

transition for all the concentrations.
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Figure 3. Effect of SDS concentration on the hydrodynamic radius of WT aSyn (a) and Nac aSyn (b).
Experiments were carried out at different protein concentrations as indicated in the graphs.

In addition to the scattering intensities, the DLS data provide a richer picture about the
particle size distributions in the protein-SDS mixtures. In the absence of SDS, both Nac-aSyn
and unmodified aSyn have a similar hydrodynamic radius (Rn) of ~2.9 nm. Similar values
were previously reported °’ and are in agreement with aSyn being a monomeric largely
unstructured protein. Upon SDS addition, the particle size distributions changed
progressively. Significant differences between the Nac-aSyn and unmodified aSyn occur at
low SDS concentration concomitantly with the appearance of a-helical structure as observed
in the far UV CD spectra. This change can be appreciated as an increment in the apparent R
for the small particles until ~5-6 nm. The range of SDS concentrations at which the maximum
Rn values are reached is dependent on the protein concentration and different between the
two protein forms. This range is considerably broader for aSyn than for Nac-aSyn. This
transitory increment in apparent Rn could be related to an oligomerization of the protein
induced by SDS. It would appear then that Nac-aSyn presents a lower effect in the position

of the maximum.

Once past this maximum Rj (~0.8-1 mM SDS), a further increase of the SDS concentration
produces the progressive decrease of Rn down to ~3.0-3.2 nm. These conditions are over the
apparent CMC, and the radius is compatible with a SDS micelle (~2 nm) associated with an
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aSyn molecule. That could imply that, concurrent with the increase of structure, shown in the
far UV-CD spectra, a transition occurs from aSyn oligomers to aSyn monomers associated
with the SDS micelles. The similar Ry values reached at high SDS concentrations indicate

the high similarity of the state reached for both protein forms.

asyn oligomers formed at low SDS concentration can be detected by size exclusion

chromatography (SEC)

The apparent oligomerization of aSyn observed by low SDS concentrations may induce a
variation of the elution volume (Ve) in SEC experiments. Here, we examined in more detail
the potential oligomeric state differences between the aSyn and Nac-aSyn. To this end, we
performed analytical SEC coupled to on-line determination of absolute molecular weight by
laser light scattering. aSyn and Nac-aSyn were dissolved at a concentration of 100 uM in
buffer with or without SDS and injected in a Superdex 200 10/300 GL SEC column at a flow
rate of 0.5 mL/min. In absence of SDS, aSyn has a Ve anomalously low for a molecular
weight of 14460.1 Da. If aSyn were a globularly folded protein, according to the calibration
performed on the column using standard globular proteins, it would elute at around 20.9 mL.
This difference can be explained by the fact that aSyn has an expanded random coil structure.
Both aSyn and Nac-aSyn proteins eluted at an identical volume of 13.7 ml (Figure 4, Table
1), suggesting that N-acetylation does not have a large impact on the overall hydrodynamic
behaviour of aSyn. Furthermore, the molecular weights estimated by light scattering from
these eluted peaks for Nac-aSyn (16000 Da) and aSyn (17000 Da) are consistent with a

monomeric state.
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Figure 4. Effect of SDS in aSyn and Nac-aSyn by size exclusion chromatography. The graphs a and b
correspond to the elution profiles of aSyn and Nac-aSyn respectively in the presence of different SDS
concentrations (0 mM (green); 0.7 mM (red); 1.5 mM (pink) and 3 mM (black)). The graph c represents the Ve
of the proteins versus the SDS concentration, and the graph d shows the absolute molecular weight versus the
SDS concentration. In both graphs ¢ and d the aSyn and the Nac-aSyn data are represented in red and blue
respectively.

With the addition of SDS a shift to lower Ve is produced in all cases. SEC is a separative
technique and therefore produces a dilution of the sample. For this reason, the effective
protein concentration of this analysis might be ~20-30 uM. Accordingly, these data would
be comparable to the DLS measurements in batch shown above at 20 uM concentration of
protein. When the concentration of SDS increases, significant differences exist between the

N-acetylated and unmodified forms. At a concentration of 0.7 mM SDS, aSyn elutes
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considerably earlier than Nac-aSyn indicating a higher hydrodynamic size. The apparent Ry
of the protein eluting in this peak and its absolute Mw indicates an oligomeric state for aSyn
associated to SDS molecules under these experimental conditions. In contrast, the Ry and
Mw values are considerably smaller for Nac-aSyn, suggesting no detectable oligomerization
at 0.7 mM SDS by this technique.

When we increase the SDS concentration until 1.5 mM SDS the shift produced is maximum
(Ve ~9.8 mL) and similar for both aSyn forms. According to the column calibration, such Ve
corresponds to that of a globular protein of about 200 kDa, meanwhile according to the
analysis using the scattering intensity data, the absolute Mw is about 34-35 kDa for both
forms (2.4 times the Mw of aSyn). This could be associated with a protein monomer that
binds to SDS micelles (made of 50-90 SDS molecules*) as we have shown in the scattering
measurements (Figure 2). A further increase of the SDS concentration (3 mM), as it has been
shown in far UV-CD (Figure 1), produces the appearance of 45% a-helical structure for the
aSyn and 50% of the Nac-aSyn form. These highly folded species probably present a more
compact structure. The higher Mw might be related to an increase in the number of SDS
molecules incorporated into the micelles and/or to the incorporation of another aSyn
molecule to the protein-micelle complex. Under these conditions, the Ve for Nac-aSyn is ~11
mL, slightly lower than for the unmodified form (~11.3 mL). This difference could be
interpreted as a result of a higher affinity of the N-acetylated protein for the SDS micelle.
Nevertheless, the Mw values measured from the elution peaks at each SDS concentration
should be interpreted as apparent averages of different protein-SDS complexes coexisting in

rapid exchange.
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Table 1. Elution volumes, molecular weights and average hydrodynamic radii at different concentrations of
SDS measured by SEC-scattering as represented in Figure 4.

Conc SDS (mM) Ve (mL) Mw (Da) Rh (nm)
0 13.70 17000 2.7
aSyn 0.7 11.07 56000 5.9
15 9.80 34000 4.3
3 11.30 44000 4.2
0 13.65 16000 31
Nac-aSyn 0.7 11.70 20000 35
15 9.75 35000 4.3
3 11.05 46000 4.4

In summary, N-acetylation appears to reduce the degree of aSyn oligomerization at sub-CMC
SDS concentrations. At supra-CMC SDS concentrations, the differences between the aSyn
forms are reduced but Nac-aSyn migrates slightly before than the unmodified aSyn, which

implies a slightly larger size of the complex aSyn-SDS micelle.

N-acetilation increases the stability of aSyn-SDS mixed micelles and reduces the range

of existence of protein oligomers

As it has been already shown, aSyn and Nac-aSyn can interact with SDS differently, with
formation of oligomers and mixed protein-SDS micelles to different extents, depending on
the conditions and concentrations. These processes are accompanied by acquisition of a-
helical structure by both aSyn forms. To understand the energetic changes associated to these
processes, the effect of thermal melting of these protein-SDS complexes could be followed
by DSC. The DSC thermograms measured at different protein and SDS concentrations are

shown for both proteins in Figure 5.

In the absence of SDS, neither aSyn nor Nac-aSyn show any unfolding transition in the DSC

thermograms. These results agree perfectly with an unstructured conformation for both
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proteins as described in the literature®®®, and also with our circular dichroism results

indicating the lack of specific secondary structure under these experimental conditions.

As the concentration of SDS increases, we could observe the appearance of a faint transition
around ~50°C that further grows and shifts until ~70°C. Moreover, these transitions show a
fully reversible behavior that implies an equilibrium process, therefore susceptible of being

analyzed thermodynamically.

This shift and the width of the transition give us an idea of the complexity of the process,
which has precluded so far a quantitative analysis of the data. However, a variety of
qualitative information can be obtained such as an estimation of thermal stability of the
protein-SDS complexes, as indicated by the melting temperature (Tm), an approximation to
the amount and level of acquired structure, indicated by the unfolding enthalpy (AH) and an
idea about the degree of hydration of the hydrophobic surface of the protein and surfactant,
estimated by the heat capacity change (ACp). Those data are listed in the tables 2 and 3 and

represented in Figure 6.

In addition, the emergence of the melting transition in both protein forms appears to be
affected by the protein concentration. In the case of the unmodified aSyn, the transition starts
to occur at 0.7 mM SDS for 20 uM of protein (5a), at 0.5 mM for 60 uM (5b) and at 0.4 mM
SDS for 100 uM (5c¢). Meanwhile, for Nac-aSyn, the transitions arise at lower SDS
concentrations, at 0.6 mM SDS for 20 uM (5d) and at 0.4 mM SDS for both 60 uM (5e) and
100 uM (5f). This could be interpreted as a result of a higher affinity for SDS of the acetylated

form.
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Figure 5. Effect of SDS concentration on the thermal melting of protein-SDS complexes for the unmodified
asyn (a,b,c) and Nac-aSyn (d,e,f) at different protein concentrations: (a,d) 20 uM; (b,e) 60 ©M; (c,f) 100 M.
The scan rate was 2 K/min in all the cases, the buffer used was 20mM HEPES, 0.05% sodium azide, pH 7.2,
and the SDS concentrations are shown alongside each thermogram. The thermograms were artificially moved
along the ordinate axis for clarity.
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Table 2. Thermodynamic parameters obtained for aSyn from the DSC experiments of the figure 5 and represented in figure 6

20 WM 60 LM 100 M
[(?n[ﬁ)] m (°C) (kﬁr::ol) (ﬁ?/?ﬁoof) m (°C) (kJAllr;:ol) (iJC/?;%lC) m (°C) (kﬁnToD @3%286
0 - - 0 - - 0 - . 0

0.2 - - 01 - - 0.2 . - 0.4
0.4 - - 19 - - 0.9 51.8 63 0.9
0.5 - - 17 433 39 17 5.8 80 15
asyn 0.6 - - 35 50.6 59 2.0 58.3 111 2.0
0.7 47 83 36 58.7 85 3.2 59.6 108 28
0.8 54.6 131 5.2 60.9 77 38 61.7 131 36
1 60.2 189 7.1 67.5 145 5.4 68.1 213 4.9
1.25 66.1 224 9.6 73.6 194 7.2 74.6 314 7.9
15 726 298 14.8 78.1 260 8.9 78.6 383 106
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Table 3. Thermodynamic parameters obtained for Nac-aSyn from the DSC experiments of the figure 5 and represented in figure 6

20 WM 60 uM 100 uM
[(?nDI\/IS)] m (°C) (kﬁrlr_:ol) (ﬁ/?ﬁglc) m (°C) (kﬁgol) (iaclmﬁ m (°C) (kﬁrlr_:ol) (?(S:/ﬁigf)
0 - - 0 - - 0 - - 0

0.2 - - 16 - - 0.4 - . 0.2
0.4 - - 1.9 437 19 05 52.6 70 16
0.5 - - 14 51.9 93 26 56.2 79 13
Nac-aSyn 0.6 48.0 87 3.6 517 95 35 61.3 101 2.9
0.7 51.8 154 6.4 58.3 137 5.1 62.6 125 35
0.8 54.5 165 6.9 60.0 155 6.0 62.7 125 45
1 62.1 228 10.4 67.4 256 8.6 68.5 167 48
1.25 63.1 254 103 74.4 339 126 73.9 255 6.9
15 741 461 16.0 78.9 406 13.0 78 304 7.0
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Similarly to what we have seen using other biophysical techniques, the thermograms obtained
by DSC describe two distinct phases related to the SDS-protein interaction. The first one
includes the SDS concentration range where there is no transition induced yet. This range is
approximately coincident for unmodified aSyn with the first phase of partial formation of a-
helical structure and with the formation of protein oligomers as observed by DLS. For Nac-

aSyn, the SDS concentration range of this phase is narrower.

The second phase occurs when a transition appears and the Tm increases almost linearly
along the SDS interval (Figure 6a). This phase could be associated to the thermal melting of
mixed protein-SDS micelles that become progressively more stable and abundant as the
concentration of SDS increases. As it was previously mentioned, the Nac-aSyn form appears
to be more sensitive to the addition of SDS indicating a higher affinity of this form for SDS

micelles.

A derived parameter can be calculated from these data, the ACp at 20°C, defined as the
decrease of the Cp produced by the SDS presence relative to the unstructured protein in the
absence of SDS. To correct for possible uncertainties in baseline position, the Cp curve of
aSyn in the absence of SDS was fitted to a polynomial and the parameters obtained were used
to fit the right side of each thermogram, once passed the melting transition. This allowed us
to estimate by extrapolation the Cp(20°C) of the unfolded protein at each SDS concentration.
The ACp values were normalized per mole of protein monomer. Using this parameter the
influence of SDS over the Cp of the initial state can be evaluated. This parameter is related
to the amount of hydrophobic surface area protected in the protein-SDS micelle complexes
that becomes exposed to solvent with the melting. The ACp per mole of protein at high SDS
concentrations reach very high values (up to 16 kJ Kt mol™) for a protein of the size of aSyn.
Even for highly compact globular proteins, the ACp of unfolding per residue ranges between
40 and 75 J Kt mol™ at 20°C ®°, which would give between 5.6 and 10.5 kJ K™*mol if aSyn
were very compactly folded and forming a well-defined hydrophobic core when interacting
with SDS. This is quite unrealistic since, according to the structures availiable, aSyn interacts
with micelles in a helical bended conformation without tertiary contacts %%, Although many

aSyn hydrophobic residues become buried at the protein-micelle interface, it is quite unlikely
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that they account for these large ACp effects. Therefore, besides the contribution of the
protein, a large contribution from the hydrophobic surface area of the hydrocarbon chains of
SDS that become exposed with the SDS micelle disruption must be adding up to the large
ACp values observed. The ACp presents a similar tendency as the Tm (Figure 6b) and, in
general, the ACp values are higher for the Nac-aSyn form than for aSyn, which implies a
larger hydrophobic surface area buried from water within the core of the mixed protein-SDS
micelles. This is once more an indication of a higher number of SDS molecules in the Nac-

aSyn-bound micelles. The increase in ACp is somehow delayed for aSyn.

In the absence of a mathematical model capable of quantitatively describing the protein-SDS
interaction and the thermal melting process, the values of AH can only be a gross estimation
obtained by rough integration of the area under the transitions. In spite of that, the tendency
described is similar to that obtained for ACp. A higher affinity of Nac-aSyn for SDS can be
deduced from higher values of AH generally obtained under most conditions. A greater AH
value per mole of protein implies a higher number of SDS molecules incorporated into the
protein-stabilized micelle.
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Figure 6. Effect of the SDS concentration on the AH (a,b,c) and ACp(oec) (d,e,f) for the aSyn (red,solid lines)
and Nac-aSyn (blue, dotted lines) at different protein concentration; The data represented in these figures are

included in tables 2 and 3.

In summary, both aSyn forms interact with SDS and reduce its CMC considerably, acquiring

a-helical structure. However, the transition from disordered structure to micelle-associated,

a-helical structure is more cooperative for Nac-aSyn than for unmodified aSyn. This is

related to the fact that at sub-CMC SDS concentrations unmodified aSyn can form high order

oligomers with partial helix to a greater extent than Nac-aSyn. In contrast, Nac- aSyn shows

a higher affinity for SDS micelles and promotes incorporation of a greater number of SDS

molecules.
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N-acetilation of aSyn reduces the rate of amyloid aggregation

Once characterized the soluble states of aSyn and Nac-aSyn and its interactions with SDS,

we examined their influence on the amyloidogenic propensity of the protein.

To investigate the morphology of the aggregates, a TEM study was performed on 100 uM
protein samples incubated at 37°C in the presence of various concentrations of SDS. In
absence of incubation neither fibrils nor oligomers have been detected. After a short time of
incubation (~30 min), the two proteins form similar globular or amorphous aggregates of a
variety of sizes. No fibrillar material is observed. At longer times (~150 min), most of the
aggregated material is still amorphous, although very few aggregates start to show certain
fibrillar shape. Very low amount of fibrillar aggregates can be generally seen at these early
incubation times. At longer incubation times, curly fibrils appear to develop from the
amorphous aggregates at both 0.4 mM and 0.7 mM SDS. At higher SDS concentration (1.5
mM), the protein aggregates remain mayoritarity amorphous for longer incubation times.
From these data we cannot extract any important differences between the morphology of the

aggregates of aSyn and Nac-aSyn.
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WT WT N-AC

Figure 7. Morphology of amyloid fibrils of aSyn WT (a,c,e) and N-Acetylated(b,d,f) in the presence of SDS.
The samples were incubated at 37°C without shaking for different times. The image a corresponds to 0.7 mM
SDS, 30min, the image b corresponds to 0.4 mM SDS, 150min of incubation, the images ¢ and d correspond to
0.7 mM SDS, 12h of incubation and the images e and f correspond to 1.5 mM SDS, 12 h of incubation. The

segments represent 200 nm.
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The next step was to study of the influence of the SDS on the kinetics of formation of amyloid
structure by Nac-aSyn and aSyn using thioflavin T (ThT) fluorescence.

ThioflavinT is a fluorophore highly sensitive to oligomeric species and fibrils presenting
cross-beta amyloid structure. Consequently, ThT can be used to monitor the process of
amyloid oligomer formation, nucleation and subsequent fibril elongation. The Kkinetic
aggregation experiments followed by ThT fluorescence were performed at a protein
concentration of 100 uM in 20 mM HEPES, 0.05% NaN3z pH 7.2 buffer at 37°C without
shaking. In the absence of SDS, the protein shows a monomeric state with random coil
structure. Under these conditions the aSyn aggregation presents a very long lag phase of
several weeks (results not shown). This lag phase could be reduced with the addition of seeds
4362 salts 8365, shaking ®© and also the fibrillation rate could be enhanced by the addition of
anionic surfactants >67-%°  As it has been already mentioned, low SDS concentrations induce
a conformational change accompanied by oligomerization prior to the formation of protein-
SDS micelles. However, the detailed molecular mechanisms of this fibrillation enhancing
activity of surfactants of not well understood., Since the detected oligomers may be able to
act as amyloidogenic nuclei, we compared the amyloid aggregation kinetics of aSyn and Nac-
aSyn in the presence of different SDS concentrations (Figure 8). Due to its high complexity,
we concentrated our study specifically on the early stage of the process where the fibril
elongation is nearly inexistent whereas formation of oligomeric aggregates is the

predominant process.

For both protein forms the aggregation rates are strongly dependent on the SDS
concentration. Moreover, the aggregation kinetics are devoid of detectable lag phase except
at high SDS concentrations, where short lag phases of about 100 min are visible. These
kinetics are therefore susceptible to be studied by quantifying initial aggregation rates, as we
described before 347072,
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Figure 8. Effect of SDS on the kinetics of formation of amyloid structure for aSyn (a) and Nac-aSyn (b)
followed by ThT fluorescence. Experiments were made at 37°C and the protein concentration was 100 M in

each case. The colors correspond to different SDS concentrations as indicated in the graphs.

As it has been recently reported *°, N-acetylation decreases the rate of aggregation of aSyn.
Here this different behavior could be quantitatively evaluated in terms of initial aggregation

rates using our experimental data sets (Figure 9).

Figure 9. Variation of the ThT initial aggregation rates with the SDS concentration. The data of the
unmodified aSyn are represented in red while those of Nac-aSyn are represented in blue.
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The SDS dependence of the initial aggregation rates can be divided in two phases (Figure
9), similarly to those described above. In a first one, the aggregation rate increases with the
SDS concentration reaching a maximum. In a second phase, a progressive decrease in the
initial aggregation rate is observed with the appearance of a lag phase and an inhibition of
the aggregation process is obtained at SDS concentration above about 1.2 mM.

However, the unmodified aSyn reaches much higher initial rates and ThT intensity values,
as can be easily seen in Figure 8. This indicates a faster aggregation and a higher quantity of
amyloid structure for the non-acetylated aSyn.

Similarly to the dependence of the hydrodynamic radii with the concentration of SDS (Figure
3), a broader interval of SDS concentration with high aggregation rates appears to be found
for the unmodified aSyn, consistently with a higher persistence of its partially folded
oligomers with SDS. In contrast, Nac-aSyn presents a higher affinity for SDS micelles at
high SDS concentrations and a lower propensity to oligomerize, as described above. These
mixed SDS-protein micelles present less propensity to form amyloid structure. In addition,
form both proteins at high SDS concentrations, which stabilize protein-micelle complexes,
the amyloid aggregation is strongly reduced. Therefore, we can conclude that aSyn
oligomeric species that become populated at sub-CMC SDS concentrations constitute the key

species necessary to nucleate amyloid formation.

DISCUSSION

Both native monomeric aSyn and Nac-aSyn are intrinsically disordered in solution

In this study, we have shown that aSyn and Nac-aSyn share similar structure and biophysical
properties. According from our CD, DLS and DSC experiments, the proteins are monomeric
and mainly unstructured. These observations agree perfectly with many previous studies
reporting that the deposition of aSyn originates from an intrinsically disordered monomer
ensemble that under fibril promoting conditions forms amyloid 274, However, this view was

challenged recently 1415, In these controversial studies, the authors suggested that the protein
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exists in its actual native state as a fibrillation-resistant a-helical tetramers and that these
differences in the protein conformation could have arisen from the use of harsh conditions in
the purification protocols and/or from molecular differences between the purified samples
arising from a modification to the aSyn N-terminus by acetylation. The tetrameric form of

the native aSyn has been reported in these studies to be rich in a-helix.

Previous work and this present study have highlighted the propensity of aSyn to adopt o-
helical conformation. This conformational change is favored in the presence of surfactants,
lipids or other membrane components. The native state of aSyn has been thought to originate
from an ensemble of intrinsically disordered monomeric forms, with recognition that the
monomers therein are capable of adopting a wide range of accessible conformations
depending on solution and environmental conditions 13777 Uversky first spoke of aSyn
as the “‘protein chameleon’” 72 due to its ability to respond to its environment and binding

partners by varying its foldedness and aggregation state.

Our data support a mainly unstructured conformation for both Nac-aSyn and aSyn forms in
the absence of external determinants that may induce or select those specific conformations
that are encoded in its sequence and thereby its structural propensity to develop its biological
functions or to aggregate. This results in a very slow rate of nucleation of amyloid structure
and a prolonged lag phase in the aggregation kinetics. Under these conditions, secondary

nucleation processes are likely to govern amyloid aggregation 2.

SDS-induced aSyn oligomers and not aSyn bound to micelles are the key precursors of

amyloid nucleation

Since we are mainly interested in the early formation of primary oligomeric nuclei and
because aSyn function is related to lipids and membranes, we have analyzed the aggregation
of aSyn in the presence of SDS, a simple mimetic of membrane environment, which has been
described to accelerate the process dramatically. Firstly in our study, we have focused on the
effect of SDSon the structures of aSyn and Nac-aSyn. It has been argued that aSyn in the
absence of SDS presents dynamic long-range tertiary interactions that limit its aggregation
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propensity’®. This could lead to the proposal that SDS may affect aSyn aggregation by
disrupting those interactions. The binding equilibrium of aSyn with SDS follows two
different phases as evidenced by our experiments using various biophysical techniques. Our
results are in good agreement with the previous similar studies*®, although a more complex
process cannot be discarded®®. A proposed mechanism of aSyn oligomerization and
subsequent amyloid aggregation in the presence of SDS is illustrated in Figure 10.

The first transition occurs mainly from 0 to 0.4-0.7 mM SDS depending of the protein
concentration. This phase is characterized by a sharp conformational change characterized
by an enhancement of the content of alpha helix (~30%), an increment of the hydrodynamic
radius and an increase in the molecular weight, accordingly with the scattering
measurements, without micellization of SDS. The ACp and AH of melting remain nearly
unaltered from that of the unfolded state. This implies that the resulting structure of aSyn
within these SDS-associated oligomers is not cooperative and should be essentially labile
and dynamic, still exposing considerable amount of hydrophobic surface area. This stage
could be defined by an equilibrium constant, K1, which defines the oligomer formation of
aSyn in presence of SDS. This transition results in an increase in the amyloidogenic
propensity, related to the formation of dynamic aSyn oligomers, which can dramatically
increase the probability of intermolecular contacts that can rapidly evolve into amyloidogenic

nuclei.

-192 -



N-Terminal Acetylation of a-Syn Reduces the Population of Partially Folded Oligomers

o— - &6
?/ —~_o T b6 —o
~ S o Ky j”o—!/ 2 *//cﬁpp

Ve RS- *’i?#%* ;t;? b

é 7 d Ko oS\C(?P/O Amyloidogenesis Amyloidogenes}
PoT? os/(ggg

Figure 10. Scheme for SDS-aSyn interaction. K; and K, are equilibrium constant that represent the two
different phases discussed. Km represents the micellization SDS constant.

The rate of formation of amyloid aggregates is maximal at the end of this transition, at a SDS
concentration of 0.7-0.8 mM. Upon further increase in SDS concentration, a second transition
could be observed consisting in the formation of aSyn-bound SDS micelles. In this
subsequent stage, the o-helical structural content is increased while the Rn and Mw
decreased. In addition, the structure becomes more cooperative and stable as indicated by the
large ACp and AH values observed for their thermal melting. The gain in the system
cooperativity also implies a strong reduction of the SDS-promoted amyloid aggregation of
aSyn. This second phase could be defined by an equilibrium constant, Ko, which
characterizes the formation of folded aSyn bound to SDS micelles from the oligomers.

All the species described in this proposed mechanism are in equilibrium with the SDS
micellization process and are at the same time affected by the mass action law, producing a
reduction of the critical micelle concentration of the SDS.

As it was previously mentioned, SDS interacts with aSyn in a complex pathway, presenting

a dual behavior. A similar model was described by Ahmad and coworkers*? , although these
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authors did not identify the formation of oligomeric aSyn species in their study. Otzen and
coworkers also identified similar SDS-induced transitions for aSyn but using a different set
of techniques, including small angle x-ray scattering, defined a slightly more complex model
for aSyn fibrillation induced by SDS 434546 Like us, these authors also concluded that SDS
can facilitate fibrillation by mediating intermolecular contacts between different aSyn
molecules. In addition to these models, Ferreon and coworkers proposed a more complex
model for the SDS induced conformational changes of aSyn based on single molecule FRET
experiments®8%81 They describe up to five different aSyn conformations including the
unfolded state, two different partially helical intermediates (one with an extended
conformation and another with a broken-helix hairpin structure) and two micelle associated
states (also extended and bent respectively, the latter only attained at very high SDS
concentrations). These authors did not define, however, the oligomerization degree of these
states, which might also be responsible for reduced FRET distances due to intermolecular
contacts. Nevertheless, most of our observations are largely consistent with previous studies
in the literature and points directly to SDS-associated, partially-folded aSyn oligomers as

critical for nucleating the amyloid aggregation pathway.

N-terminal acetylation protects aSyn from amyloid aggregation by reducing
oligomerization and stabilizing the micelle-bound state

The N-terminal acetylation of the aSyn induces a different behavior in presence of SDS.
Based on the data presented in this work together with the literature 828 we can conclude
that the N-acetylation increases the affinity of the aSyn for the SDS micelles. This affinity
increase is considered to be related to a stabilizing effect of acetylation of the N-terminal o-
helix structure, which is the region responsible of the interaction with surfactants 8% It
enhances nearly twice the affinity for anionic lipid surfaces . These reasons make
trustworthy the suggestion that the function of the N-acetylation is related to a regulatory

effect of the aSyn interaction with lipids and surfactants.

We have shown that the formation of the mixed SDS-protein micelles is favored in the case

of Nac-aSyn. This could be due to an increase of the equilibrium constant, K2, coming from
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a stabilization of the folded state. This could result in two effects on the aggregation cascade.
First, by a mass action effect it reduces the population of the amyloidogenic oligomeric
intermediate and the interval of SDS concentrations where it is populated, and second, as
Nac-aSyn presents a higher affinity for the SDS and the evolution of the aggregation process
would require the dissociation of SDS from the oligomers. Consequently for both reasons,
the aggregation rate is limited in the acetylated form compared to the unmodified one. This
IS in agreement with previous studies showing that aSyn acetylation somehow precludes
aggregation or at least decreases the aggregation propensity 145087,

These observations could seem a bit paradoxical because it has been reported that oligomers
represent the most toxic species in diseases related to amyloid. Moreover, the deposits found
in Parkinson affected-brain are mainly constituted of Nac-aSyn. However, our results could
point towards an effect of N-acetylation on the balance between unstructured monomers,
dynamic oligomers and micelle-protein complexes. This may result in different structural
properties of the amyloid oligomeric species and therefore affect their toxicity of the
oligomers obtained from the two forms of aSyn. The different oligomers produced by each
aSyn form could also produce an alteration of their amyloidogenic propensity, being more

efficient the evolution to amyloid fibrils of the oligomers produced by the unmodified form.

CONCLUSIONS

We have demonstrated that SDS-associated partially-folded and dynamic oligomers of aSyn
constitute optimal species for spontaneous and efficient formation of amyloid nuclei, which
further drive lag-free amyloid fibrillation. Although N-acetilation of aSyn does not produce
significant changes in the unstructured conformation of the protein in solution, we have
provided evidence that acetylation increases the affinity for SDS. This results in a decrease
in the population of oligomeric species and therefore reduces the amyloidogenic propensity

significantly.

A deeper study should be performed in order to increase our knowledge of the system at
different SDS and protein concentrations. The SDS-induced aSyn fibrillation kinetics could

be amenable to a quantitative analysis using our previously developed nucleation model .

-195 -



Chapter 5

We also expect to extend this study to the aSyn mutants related to the development of PD,
the missense mutations A30P, E46K ant A53T®88 which also fold in presence of fatty acids,

as it has been described previously*°.
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SUPPLEMENTARY MATERIAL

Figure S1. The secondary structure of WT and N-acetylated a-Syn by far UV CD in absence of SDS. The
colors used are red for aSyn and blue for the Nac-aSyn

-202 -



N-Terminal Acetylation of a-Syn Reduces the Population of Partially Folded Oligomers

| I
—— 0 mM SDS
— 3000 -
N
O 0004 — | )
S 90004
£ —
-12000 1
&
T -15000 2 mM SDS
D —

18000 10 mM SDS

T T T T —T T T
220 230 240 250 260220 230 240 250 260

Figure S2. Effect of SDS in the secondary structure of WT and N-acetylated a-Syn by far UV CD.
Experiments were made at 25°C, the protein concentration was 100 M and the SDS concentration range was
0-10 mM SDS. The spectrum of the experimental buffer is shown in grey.
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Figure S2. . Effect of the SDS concentration on the scattering of buffer free of aSyn. The green line
corresponds to the best fit to a logistic function.

The CMC determined is 7.45 £ 0.19 mM SDS.
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Figure S3. Repetitive DSC experiments of WT a-Syn at 4°C. Experiments were carried out at 60 #M protein
concentration in 0.7 mM SDS, 20 mM HEPES, 0.05% NaNs, and pH 7.2 at a scan rate of 120 K/min.
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Summary and Conclusions / Resumen y Conclusiones

SUMMARY

This thesis project can be divided in several successive stages, which are summarized in the

next paragraphs.

A first part includes a detailed study of the early stages of aggregation of the Spc-SH3
domain, specifically its N47A mutant. We have shown that the kinetics of amyloid nucleation
of the Spc-SH3 domain obeys to a high-order irreversible kinetics. The analysis of the
aggregation kinetics by a variety of biophysical methods has allowed us to infer that the
earliest stages of amyloid nucleation process imply a pre-equilibrium involving
oligomerization of a partially unfolded intermediate followed by a conformational
conversion of the polypeptide chain within the oligomers. The latter process leads to
formation of the amyloid nuclei. A simple mathematical model can accounts very well for
the experimental initial rates of aggregation and their dependence with the concentration of
protein. The model has allowed us to derive thermodynamic magnitudes characterizing the
highly unstable amyloidogenic intermediate and its oligomers. It is also shown that
environmental conditions, such as protein or salt concentration, can strongly affect the
stability and population of the aggregation precursors, leading to different nucleation
scenarios that may in turn result in different aggregation pathways and fibril morphologies.
This kinetic approach might be applicable to characterize the amyloidogenic intermediates
and oligomeric precursors of amyloid aggregation in disease-related proteins.

Subsequently, using this model, we have studied the effects of different salts ions on the
aggregation kinetics of the N47A mutant of the Spc-SH3 domain. In this work, we have
shown that anions can have a drastic effect on the rate of nucleation of amyloid fibrils,
whereas cations do not have an important role under the experimental conditions used. The
thermodynamic and kinetic magnitudes related to the nucleation process derived from the
experimental aggregation kinetics have allowed us identifying the specific molecular events
of amyloid nucleation that become modulated by anions. The energy of a low-populated
amyloidogenic intermediate is reduced by the activity of anions in solution, increasing its
population. We concluded that preferential anion binding plays a crucial role in stabilizing

the precursors of nucleation thus accelerating the subsequent fibrillation processes. These
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results increase our understanding of the earliest dynamic molecular events triggering the
amyloid aggregation cascade. The possibility to control the rate of protein self-assembly by
modulating the stability of the species populated during the process is important to

understand the pathogenesis of the amyloid-related diseases.

After investigating of the effects of the protein environment on the early aggregation steps,
we moved to a study of the effects of protein mutations. A set of residues was mutated in
order to produce local stability changes covering all the structural elements of the Spc-SH3
domain. Surprisingly, there is a lack of correlation between the thermodynamic stability of
the native state and the propensity to form amyloid fibrils for all the mutants. Instead, our
results have demonstrated that the inhibitory or potentiating effect of amyloid aggregation
exerted by the mutations is mainly related to the relative efficiency in the formation of early
dynamic oligomers, which precedes the formation of amyloid nuclei. A robust kinetic and
thermodynamic analysis on the basis of our previously developed nucleation model has
allowed us to identify which residues play an important role in the structure of the
amyloidogenic intermediate state and later on participate in its intermolecular self-
association process. It appears that the conformational transition leading to amyloid
nucleation follows a completely different pathway to that of the folding-unfolding process
and involves partial unfolding of the domain core and intermolecular association mediated
by the unfolded N-terminal strand. Taken together, these insights provide a deeper
understanding of the fundamental forces that control the competition between folding,
misfolding and aggregation. Such understanding undoubtedly enriches the framework for the
development of rational strategies for the design of therapeutic compounds able to influence

steps in the complex self-association processes so as to reduce the risk of misfolding events.

Finally, once we have developed a robust methodology to analyse the kinetics and
thermodynamic determinants of amyloid nucleation using the Spc-SH3 domain as a model
protein, the next logical step was to study a disease-related protein system. In this work we
have chosen a-synuclein (aSyn), which is related with Parkinson’s disease. Due to the
functional involvement of aSyn in interactions with lipids and membranes, we have focused

our study on the interaction of a-synuclein with SDS, a well-known surfactant often used as
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a membrane mimetic model. To increase even more the biological relevance of our study,
since aSyn is found N-acetylated in vivo, a comparison between the N-acetylated and
unacetylated forms of the protein was carried out. We have demonstrated that at sub-CMC
concentrations SDS stabilizes partially folded and dynamic oligomers of a-synuclein. These
oligomers constitute optimal species for spontaneous and efficient formation of amyloid
nuclei, which further drive lag-free amyloid fibrillation. In contrast, at higher SDS
concentrations, aSyn interacts with SDS micelles, which protect the protein from
aggregation. Although N-acetylation of a-Syn does not produce significant changes in the
unstructured conformation of the protein in solution, we have provided evidence that
acetylation increases the affinity for SDS micelles. This causes a decrease in the population
of oligomeric species and, therefore, reduces significantly the amyloidogenic propensity.
These results establish a solid basis, on top of which a more extensive analysis of the
aggregation kinetics of aSyn can be carried out, similarly to what we have made with the
Spc-SH3 domain. The finding of lag-free, rapidly nucleating aggregation kinetics will allow
us the application of our nucleation model with the aim of extracting kinetic and

thermodynamic magnitudes characterizing the key amyloidogenic precursors.

The potential impact of our methodology of analysis is huge. This is one of the few studies
in which thermodynamic properties relevant to aggregation precursors have been provided.
This allows us to evaluate how and to what extent these properties become affected when an
alteration over the system is produced. In the same way, besides the effects of salt ions and
mutations, many other factors can be studied such as pH, solvents (and cosolvents) or the
addition of inhibitors/activators. Additionally, as the mathematical complexity of our
nucleation model is not excessively high, it allows us to obtain fast results with low

computational time.

On the other hand, our methodology has some limitations. A previous extensive analysis of
the system is required, particularly in order to find the conditions of lag-free fast nucleation
where our model is applicable. This necessary condition also limits the range of analyzable
experimental conditions. Despite these limitations, our methodology has revealed as a

powerful tool for the study of the aggregation mechanism of disease-related proteins and its

-211-



Chapter 6

risk factors, in particular to characterize the early oligomeric forms, which are responsible of

the cytotoxic effects related to these pathologies.

CONCLUSIONS

Finally, the most relevant conclusions drawn in this thesis are enumerated below:

1-

3-

We have been able to elucidate the molecular details of the mechanism of the earliest
stages of amyloid fibril formation using the N47A mutants of Spc-SH3 domain as a
model system. The aggregation kinetics obey to a high-order process that can be
explained by the presence of a fast oligomerization preequilibrium followed by a

conformational conversion that leads to amyloid nucleation.

On the basis of the mechanistic information obtained, we have developed a
mathematical model that describes quantitatively the initial aggregation rates of the
Spc-SH3 domain. The model has allowed us to derive thermodynamic magnitudes
characterizing the highly unstable amyloidogenic intermediate and its dynamic

oligomers.

We have determined that anions play a drastic effect on the rate of nucleation of
amyloid fibrils of the Spc-SH3 domain. Preferential binding of anions decreases the
energy of an amyloidogenic intermediate stabilizing the precursors of nucleation, thus
accelerating the subsequent fibrillation processes, whereas cations do not have an

important role under the experimental conditions analyzed.

Using mutations covering all the structural elements in the protein, we have
demonstrated that their effect on amyloid formation is mainly related to the relative
efficiency in the formation of early dynamic oligomers, which precedes the formation

of amyloid nuclei.
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5- The analysis of the initial rates based on our kinetic nucleation model allowed us to
extract thermodynamic magnitudes of the precursor states of nucleation and map the
structure of the amyloidogenic precursors. This structure differs from that of the
folding transition state of the SH3 domains.

6- We have demonstrated that at sub-CMC concentrations SDS interacts with o-
synuclein stabilizing partially-folded and dynamic oligomers that constitute optimal
species for spontaneous and efficient formation of amyloid nuclei, which further drive
lag-free amyloid fibrillation. In contrast, binding of aSyn to SDS micelles protects

aSyn from amyloid aggregation.

7- N-acetilation of a-synuclein increases the affinity for SDS micelles, causing a
decrease in the population of oligomeric species and, therefore, reducing the

amyloidogenic propensity.

Future Work

This thesis has establish a solid basis to continue with the research in amyloid aggregation of
a disease-related protein, such as aSyn, in particular in the application of our nucleation
model to SDS-induced aSyn aggregation with the aim of further understanding the kinetics
and thermodynamics conformational and oligomerization steps that are crucial to the primary

nucleation process. In this respect, we would like to continue several further work lines:

On the one hand, we will continue the investigation of the interactions between SDS and
aSyn (both in acetylated and non acetylated forms), increasing the amount and variety of

experimental data at different SDS and protein concentrations.

The SDS-induced aSyn fibrillation kinetics could be amenable to a quantitative analysis
using the nucleation model developed in this thesis. We also expect to extend this study to

the study of aSyn mutants related to the early development of Parkinson’s disease.
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On the other hand, it would also be interesting for us to study other factors that affect over
the amyloid aggregation such as, the interactions with other lipids or surfactant molecules,
the inhibition/activation (using peptides and small molecules) or the effect of other
environmental factors (pH, polarity of the solvent, different salt ions), looking specifically at

their effects on the thermodynamics and mechanism of the process.

Complementary training activities

In January 2011, a short training period of a month was carried out under the supervision of
Dr. Kerensa Broersen in the SWITCH Laboratory (Brussels, Belgium), centered on learning
the purification and preparation protocols of a-synuclein and several mutants related to early-

onset Parkinson’s disease,.

A three-month period (April-June 2013) was also spent at Yale University (USA) in the
research group of Professor Andrew Miranker. The main research topic was the study of the
capacity of the oligomeric forms of the unmodified and N-acetylated a-synuclein variants to

induce pores in membranes.

This thesis project has presented the work carried out during the last 4 years as holder of a
grant “Formacion de Profesorado Universitario (FPU)” awarded by the Spanish Ministry of

Education, Culture and Sport.

RESUMEN

Este proyecto de tesis se puede dividir en varias etapas sucesivas, que se resumen en los

siguientes parrafos.

Una primera parte de este trabajo incluye un estudio detallado de los estados iniciales de
agregacion del dominio Spc-SH3, concretamente empleamos su mutante N47A. Hemos
mostrado que las cinéticas de nucleacion del dominio Spc-SH3 obedecen a una cinética

irreversible de orden superior. El estudio las cinéticas de agregacion, empleando multitud de
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métodos biofisicos, nos ha permitido deducir que los estados iniciales del proceso de
nucleacion amiloide implica un pre-equilibrio que incluye la oligomerizacién de intermedios
parcialmente plegados seguida de una conversion conformacional de las hebras
polipeptidicas entre los oligdmeros. Este Ultimo proceso conduce a la formacion de nlcleos
amiloides. Un modelo matematico simple puede describir muy bien los resultados
experimentales de velocidad inicial de agregacion y su dependencia con la concentracion de
proteina. El modelo nos ha permitido obtener magnitudes termodinamicas para caracterizar
el altamente inestable intermediario amiloidogénico y sus oligémeros. También se ha
mostrado que las condiciones ambientales, como la concentracion de proteina y la
concentracion de sal, pueden afectar fuertemente en la estabilizacién y poblacion de los
precursores de la agregacion, dando lugar a las diferentes condiciones de nucleacion que
pueden producir dos distintos mecanismos de agregacion y asimismo producir las diferentes
morfologias de las fibras. La aproximacion cinética presentada aqui puede ser aplicable para
caracterizar los intermedios amiloidogénicos y los precursores oligoméricos de la agregacion

amiloide en proteinas relacionadas con enfermedades.

Subsecuentemente, empleando este modelo, nos embarcamos al estudio del efecto de las
sales en las cinéticas de agregacion del mutante N47A del dominio Spc-SH3. En este estudio
mostramos que los aniones presentaban un efecto drastico en la velocidad de nucleacion,
mientras que los cationes no presentaban un papel importante en las condiciones del estudio.
Las magnitudes relacionadas con la termodindmica y cinética en el proceso de nucleacion
obtenidas de las cinéticas de agregacion nos permiten identificar que se ven moduladas por
los aniones. La energia de un estado intermediario amiloidogénico poco poblado se ve
reducida por la actividad de aniones en disolucién, aumentando su poblacion, acelerando
subsecuentemente el proceso de fibrilacion. Este resultado incrementa nuestro conocimiento
de los dindmicos estados tempranos implicados en el desencadenamiento de la cascada de
agregacion amiloide. Este control sobre la velocidad de agregacion ejercida por la
modulacion de la estabilidad de las especies pobladas mediante el uso de sales nos brinda la
posibilidad aumentar nuestro conocimiento de la patogénesis de las enfermedades

relacionadas con amiloides.
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Una vez investigados los efectos ambientales en las etapas iniciales de la agregacion,
pasamos a estudiar los efectos de las mutaciones en la proteina. Para ello empleamos un
conjunto de mutaciones a lo largo de todos los elementos estructurales del dominio Spc-SH3
para producir cambios locales en la estabilidad. Sorprendentemente, existe una notable falta
de correlacion entre la estabilidad termodinamica del estado nativo y la tendencia a formar
fibras amiloides para todos los mutantes. En su lugar encontramos que la inhibicion y la
potenciacion de la agregacion amiloide ejercida por las mutaciones se produce
principalmente a nivel de una modificacion en la eficiencia efectiva en la formacién de los
dindmicos oligdbmeros iniciales que preceden al proceso de formacién de nucleos amiloide.
Un andlisis robusto de las cinéticas y de la termodinamica, y basdndonos en el modelo de
nucleacion que previamente habiamos desarrollado, nos ha permitido identificar los residuos
que juegan un papel importante en la estructura del estado intermediario amiloidogénico y
participan en su proceso de auto-asociacion intermolecular. Parece que la transicion
conformacional que da lugar a la nucleacion amiloide sigue un mecanismo completamente
diferente al que se produce en los procesos de plegamiento-desplegamiento e implica el
desplegamiento parcial del nacleo del dominio y que la asociacién intermolecular se produce
via el extremo N-terminal de la cadena. Tomados juntos, estos indicios proporcionan un
profundo entendimiento sobre las fuerzas fundamentales que controlan la competicion entre
plegamiento, plegamiento erréneo y agregacion. Esta comprension indudablemente
enriquece el conocimiento fundamental para el desarrollo de estrategias racionales para el
disefio de compuestos terapéuticos capaces de interferir en los complejos procesos de auto-
asociacion, de tal forma que se reduzca el riesgo de que se produzca plegamiento erréneo en

las proteinas.

Finalmente, una vez desarrollada una robusta metodologia para analizar las cinéticas y la
termodinamica que determina la nucleacion de amiloides usando el sistema Spc-SH3 como
proteina modelo, el siguiente paso légico era estudiar un sistema en la que la proteina esté
relacionada con el desarrollo de enfermedades. En este trabajo hemos seleccionado la a-
Sinucleina (aSyn), una proteina relacionada con el mal de Parkinson. Debido a las
implicaciones funcionales de la aSyn en interaccion con lipidos y surfactantes aniénicos,

hemos centrado nuestro estudio en la interaccion de la aSyn con SDS, un conocido
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surfactante empleado como modelo mimético de una membrana. Para darle ain mas
relevancia bioldgica a nuestro estudio, dado que la aSyn se encuentra N-acetilada in vivo,
hemos comparado las formas N-acetilada y sin modificar de la aSyn. Hemos demostrado que
a una concentracion sub-CMC de SDS se estabiliza una forma oligomérica y parcialmente
plegada de aSyn. Estos oligdbmeros constituyen especies Optimas para la formacion
espontanea y eficiente de nucleos amiloides, que conducen a una fribrilacion amiloide rapida,
libre de tiempo de espera de nucleacion. En contraste, a una concentracion mayor de SDS, la
aSyn interactda con micelas de SDS, que evitan que se produzca la agregacion. Aunque la
forma N-acetilada de la aSyn no produce cambios significativos en la forma desplegada en
disolucién, hemos mostrado evidencias de que la acetilacion incrementa la afinidad por las
micelas de SDS. Esto produce una disminucion de la poblacién de oligbmeros y, asimismo,
reduce significativamente la tendencia a formar amiloides. Estos resultados establecen una
base solida sobre la que un analisis mas extenso de las cinéticas de agregacion puede ser
llevado a cabo, de forma similar al que hemos realizado con el dominio Spc-SH3. El
encuentro de unas condiciones en las que se produce una cinética de agregacion en
condiciones de nucleacidn rapida, libres de tiempos de espera de nucleacién, nos permite
aplicar nuestro modelo de nucleacidn con el objetivo de extraer magnitudes cinéticas y

termodinamicas que caractericen los precursores clave en la amiloidogénesis.

El impacto potencial que tiene el desarrollo de esta metodologia es enorme. Este es uno de
los pocos estudios que proporcionan propiedades termodindmicas relevantes de los
precursores de la agregacion. Esto permite evaluar cdmo y a qué nivel se producen las
alteraciones sobre las propiedades del sistema. De la misma forma, ademas del efecto de las
sales idnicas y las mutaciones, muchas otras variables se podrian evaluar, como son el pH, el
efecto del disolvente (cosolventes) o la adicién de compuestos inhibidores o activadores.
Asimismo la complejidad matemaética de nuestro modelo de nucleacion no es excesiva y

permite la obtencion rapida de informacion con un bajo tiempo computo.

Por otro lado, nuestra metodologia presenta algunas limitaciones. ES necesaria una
importante cantidad de informacidn previa a nivel de preparacion de las muestras para estar

en las condiciones de nucleacion rapida, sin tiempos de espera de nucleacion, en las que
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nuestro modelo sea aplicable. Esto mismo limita el rango de condiciones experimentables

analizables. A pesar de estas limitaciones, nuestra metodologia se revela como una potente

herramienta para el estudio del mecanismo de agregacion de proteinas relacionadas con

enfermedades y sus factores de riesgo, en especial para caracterizar sus formas oligoméricas

iniciales que, como ya hemos mencionado, son las responsables de los efectos citotoxicos

relacionados con esas patologias.

CONCLUSIONES

Finalmente, para resumir, presentamos las conclusiones principales del proyecto de tesis:

1-

Hemos sido capaces de elucidar los detalles moleculares del mecanismo de formacion
de fibras amiloides en sus etapas mas tempranas usando el sistema modelo, el dominio
Spc-SH3. Las cinéticas de agregacion obedecen a las de un proceso de orden superior
que puede ser explicado por la presencia de un rapido pre-equilibrio de
oligomerizaciéon seguido por una conversion conformacional que da lugar a la

nucleacion de amiloides.

Usando la informacion mecanistica obtenida, hemos desarrollado un modelo
matematico que describe cuantitativamente las velocidades iniciales de agregacion
del dominio Spc-SH3. EI modelo nos permite obtener magnitudes termodinamicas
para caracterizar los intermediarios amiloidogénicos altamente inestables y sus

dinamicos oligbmeros.

Hemaos determinado que los aniones presentaban un efecto drastico en la velocidad
de nucleacion de las fibras amiloides del dominio Spc-SH3. La union preferente de
los aniones disminuye la energia de un estado intermediario amiloidogénico,

aumentando su poblacion, y acelerando subsecuentemente el proceso de fibrilacion,

-218 -



Summary and Conclusions / Resumen y Conclusiones

4-

mientras que los cationes no presentaban un papel importante en las condiciones del

estudio

A través de mutaciones a lo largo de todos los elementos estructurales de la proteina
modelo, hemos demostrado que los efectos sobre la agregacion amiloide se producen
principalmente a nivel de una modificacion en la eficiencia efectiva en la formacion
de los dindmicos oligdmeros iniciales que preceden al proceso de formacion de

ndcleos amiloide.

El andlisis de las velocidades iniciales basado en nuestro modelo cinético de
nucleacion nos permite extraer magnitudes termodindmicas de los estados
precursores de la nucleacion y caracterizar la estructura de los precursores
amiloidogénicos. Esta estructura difiere de la que se produce en el estado de transicion

durante el proceso de plegamiento del dominio Spc-SH3.

Hemos demostrado que las concentraciones sub-CMC de SDS interaccionan con o-
Sinucleina estabilizando los estados parcialmente plegados y oligdmeros dinamicos,
que constituyen especies 0ptimas para la formacion espontanea y eficiente de nucleos
amiloides, que conducen a una fibrilacién amiloide rapida libre de tiempo de espera
de nucleacion. Por el contrario, la unién de a-Sinucleina a micelas de SDS evita que

se produzca la agregacion amiloide.

La forma N-acetilada de la a-Sinucleina incrementa la afinidad por las micelas de
SDS produciendo una disminuciéon de la poblacién de oligdmeros y, asimismo,

reduciendo la tendencia a formar amiloides.

Trabajo futuro

Esta tesis ha establecido una base sélida para continuar con la investigacién en la agregacion

de amiloides sobre proteinas relacionadas con enfermedades, como la a-Synucleina, en
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particular en la aplicacion de nuestro modelo de nucleacion a la agregacion de aSyn inducida
por SDS con el objetivo de obtener un mayor conocimiento de las cinéticas y termodindmicas
conformacionales y de las etapas de oligomerizacidn, que son cruciales en las primeras etapas
del proceso de nucleacion. A este respecto, nos gustaria continuar con varias lineas de

trabajo:

Por un lado, continuaremos con la investigacion de la interaccion entre el SDS y la aSyn (en
su forma acetilada y sin modificar), lo que implica aumentar la cantidad y la variedad de los
datos experimentales a diferente concentracion de SDS y proteina.

Las cinéticas de fibrilacion de aSyn inducida por SDS pueden ser susceptibles para llevar a
cabo el analisis cuantitativo empleando el modelo de nucleacion desarrollado en esta tesis.
También esperamos extender este estudio a los mutantes relacionados con el desarrollo

precoz del mal de Parkinson.

Por otro lado, también esta propuesto el estudio de otros factores que afectan al proceso de
agregacion como la interaccién con otros lipidos o surfactantes, la inhibicidén/activacion
(usando péptidos y pequefias moléculas) o la modificacion de otros factores ambientales
(pH, polaridad del disolvente, diferentes sales), mirando especificamente sus efectos

termodinamicos y mecanisticos sobre el proceso.

Actividades complementarias de formacion

En enero de 2011, durante un mes se realizd un corto periodo de apredizaje bajo la
supervision de la Dra. Kerensa Broersen en el SWITCH Laboratory (Bruselas, Bélgica),
centrado en el aprendizaje de la purificacion y protocolos de preparacion de a-Sinuclein y

varios mutantes relacionados con el desarrollo precoz del mal de Parkinson.

Una estancia de tres meses (abril a junio de 2013) fue realizada en la universidad de Yale
(USA) en el laboratorio del Prof. Andrew Miranker. El tema principal de la investigacion fue
un estudio sobre la capacidad de los oligdmeros de a-Synuclein sin modificar y de su variante

N-acetilada para inducir poros en membranas.
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En este proyecto de tesis presentamos el trabajo realizado durante los Gltimos 4 afios durante
los que he disfrutado de beca Formacion de Profesorado Universitario (FPU) concedida por
el Ministerio de Educacion, Cultura y Deporte.

-221-






ThT
ANS

E. coli
Spc-SH3
uv

CD
NMR

WT
DLS
ATR-FTIR
DSC
Co
SEC
FPLC
TEM
t

Rn

Co

N

|

U

Fi

Cr

Ai

lo
AGuy
AG

Na
NFr

APPENDIX A: ABBREVIATIONS

Thioflavin T
1-Anilino-8-Naphthalene Sulfonate
Escherichia coli

SH3 domain of a-Spectrin
Ultraviolet

Circular dichroism

Nuclear Magnetic Resonance

Wild Type

Dynamic light scattering

Attenuated total reflectance Fourier-transform infrared
Differential scanning calorimetry

Partial molar heat capacity curves

Size-exclusion chromatography

Fast protein liquid chromatography

Transmission electron microscopy

Time

Hydrodynamic radii

Total protein concentration

Native monomeric state

Intermediate monomeric state

Unfolded monomeric state

Oligomeric amyloid nuclei

Concentration of protein monomers in amyloid states
Oligomers of i size

Initial rate

Unfolding Gibbs energy related to the native state

Gibbs energy of the intermediate related to the native state

Concentration of oligomer at a particular time
Concentration of amyloid particles at a particular time
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DNA
HEPES
asyn
SDS
PD
NCC
Nac
Ve
CMC

Equilibrium constant between the native and the
intermediate states.

Equilibrium constant between the native and the fully
unfolded states
Equilibrium constant of oligomerization

First order rate constant of conformational conversion of
the dynamic oligomer into the amyloid structure
Molal surface tension increment
Deoxyribonucleic acid
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
a-Synuclein

Sodium dodecyl sulfate

Parkinson’s disease

Nucleated conformational conversion

N-Acetylated

Elution volume

Critical Micellar Concentration
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