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SUMMARY

Supramolecular linear polymers are a class of non-covalent molecular assemblies of relevance in
biology and chemistry. Proteins such as actin, tubulin, and flagellin assemble into filaments that
are part of this class of polymers. In the cell they have different roles, from the spatial organization
to motility. Due to the importance of these functions, thermodynamic characterization of these
systems was carried out already in the 1950s. Over the last decades, a different class of protein
polymers, amyloid fibrils, have garnered increasing interest due to their relevance in different
pathologies, such as Alzheimer’s and Parkison’s disease. Amyloid fibrils are protein filaments
characterised by a typical cross-{ structure. The kinetics of amyloid formation are objects of
numerous studies, but the thermodynamic behaviour is still insufficiently researched. This thesis
builds on the current knowledge to lay the foundation for a detailed description of amyloid fibril
elongation along its reaction coordinate.

In order to be able to describe a reaction it is necessary to evaluate the stability of the species
involved. In the amyloid growth reaction this means characterizing the stability of the soluble
and amyloid state. In Chapter[2] I compare two models to describe the stability of the amyloid
state: the isodesmic and the cooperative one. The isodesmic model, the only one currently
in use, proved to be insufficient in describing the complexity of amyloid polymerization. For
this purpose, I introduced the cooperative model, through which I was able to characterize the
stability of the amyloid state and to describe the salt dependency of the amyloid stability.

The different components that contribute to the stability of a species, namely entropy and
enthalpy, can be studied by measuring how the stability changes with temperature. In Chapter 3]
I analyse the thermal stability of two fibrillar systems, glucagon and PI3K-SH3, as a function of
temperature. Two novel models that exploit kinetic out-of-equilibrium behaviour are applied to
describe the enthalpic contribution to the stability of the two systems.

Alongside the characterization of the amyloid stability, in Chapter {]a structure of PI3K-SH3
amyloid fibril solved by cryo-EM is presented. The architecture of amyloid fibrils has started to
be resolved at atomic level just recently. This contribution to the field allows the rationalization
of numerous previous findings related to the mechanism of PI3K-SH3 fibrillation.

Ultimately, in Chapter[5] I combine the novel knowledge from the previous chapters to provide
the first description of the transition state of the PI3K-SH3 amyloid elongation reaction. By
using five mutants to probe different parts of the sequence, the role of the mutated residues
in the structural ensemble of the transition state can be inferred. This is possible through the
use of the newly-established thermodynamic measurement and the already-established kinetic
measurement techniques, which together allowed me to adapt the ®-value analysis of protein
folding to the amyloid elongation reaction. The possibility to investigate the transition state of
the amyloid growth reaction paves the way for more detailed characterization of the amyloid
fibrillation mechanism.
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INTRODUCTION

Supramolecular assemblies are ordered complexes of molecules held together by non-covalent
interactions [1]. Their formation is dictated by reversible and highly directional interactions
among the monomers involved. This term is used to describe a wide class of molecules that can
form spheres, sheets or rods. These assemblies are object of study in physics, chemistry and
biology and their unique properties make them optimal building blocks for advanced functional
materials [2, 3]].

The self-assembly of linear supramolecular polymers is found in both synthetic and biolog-
ical systems. Cellular motors, cyto-skeleton and semiconducting polymers are the result of
non-covalent unidirectional polymerization of molecules such as proteins or small aromatic
compounds [4-7]]. Moreover, this class of polymers is related with diseases, as sickle cell and
amyloidoses [8} 9].

Protein filaments were among the first classes of supramolecular linear polymer to be discovered
[10,[11]. As the field of cell biology rapidly evolved from the 1950s, protein assemblies were
found to have many different biological roles, like the formation of hairs, muscular contraction,
cellular motility and spatial organisation [4, |10, |12-15]]. It was clear that these assemblies needed
a complex regulatory machinery to exert their function in their physiological environment,
but at the same time some intrinsic property of the polypeptides involved had to be present,
since not all proteins are able to assemble. Actin was the first filamentous protein assembly to
be fully characterized, thanks to the ease of extraction and to the variety of roles in different
biological contexts. Oosawa and collaborators applied and adapted the polymerization framework
established by Flory to actin polymerization, leading to the first description of the thermodynamic
and kinetic aspects of a polymerizing protein system [[12, |16, 17]. Later two other main cellular
components, tubulin and flagellin, were identified as exerting their functions as supramolecular
polymers and were therefore characterised in this framework [4, 13} |14]. All functional filaments
have well established roles in the composition of organelles, structures and tissues, and therefore
their formation and dissolution are strictly regulated and coordinated at the cellular and organism
level [18}|19]. The proteins involved in these filaments are able to interact with several other
biological components, that, usually through phosphorylation and dephosphorylation of the
polymerizing monomers, promote and inhibit the polymerization [20, |21]. Mis-regulations of
these polymeric systems are usually hallmarks of cancer, in which the cells are often characterized
by changes in plasticity and mobility [22} 23]

More recently, a new class of aromatic compounds raised interest for its ability to form
supramolecular one-dimensional polymers [1]. These compounds, that for the sake of clar-



1. Introduction

ity I will call polymers of small aromatic molecules, show mechanical properties similar to
covalent polymers and are capable to form semiconductors, all maintaining the versatility of a
non-covalent system [2| 7]. These polymers’ reversibility is due to the intermolecular interactions
formed by hydrogen bonds and non-covalent stacking of aromatic rings. The stability of the
molecules, the solubility in a wide range of buffers and the versatility of synthesis made these
compounds ideal to study and characterize in depth different mechanisms of polymerization
[24-26].

Finally, in the landscape of supramolecular assemblies, amyloid fibrils are nowadays one of
the most researched, but still not fully understood systems [9]. Amyloid fibrils are filamentous
assemblies of proteins with a link to the onset of pathologies such as Alzheimer’s and Parkinson’s
disease. Furthermore, in the last decade, small peptides and hormones were found to be stored in
the form of amyloid assemblies, while bacteria exploit amyloid fibrils as a class of functional
filaments [9, 27, [28]]. Amyloid fibrils are formed by proteins that adopt a new conformation as
they assemble on the filaments. This conformational change is called misfolding, in opposition
to the functional folding reaction, and the final conformation is known by the name of cross-3
structure [29]. The misfolding step is what differentiates this class of protein supramolecular
filaments from actin, tubulin and flagellin, that instead fold in their native structure and later
participate in the formation of filaments [30]. Moreover, non-amyloid protein filaments have
a well-established role in cells and have been selected through evolution to polymerize in
a regulated way. In contrast, disease-related amyloid polymers form as a consequence of
unregulated events.

Deeper understanding of the polymerization mechanism of amyloid fibrils is fundamental to
tackle the disease-related issues [29]. In this task, the use of models and methodologies coming
from the studies of functional proteins and small molecules assemblies can help to fill the
gap. An overview of the current knowledge on amyloid polymerization will follow in the next
sections, together with a comparative analysis of the different aspects that are shared with the
other supramolecular linear assemblies.

1.1. Amyloid elongation

Amyloid fibrils are protein based polymers formed through a nucleation step, in which several
monomers interact to initiate the "minimal fibril". The "minimal fibril" is defined as the smallest
linear molecular assembly that can grow through monomer addition with the same rate of any
bigger linear assembly. Growth of the fibril occurs by monomer addition in a reaction called
elongation [29]. In the elongation reaction two molecular species are involved: a fibril and a
monomer. The fibril is a linear assembly of » monomers (F;,) that by the end of the elongation
reaction will incorporate a new monomer and reach the size n+1 (F,.1). The monomer (M) starts
from a more or less structured state in solution and misfolds, getting incorporated at the end of
the fibril. The reaction is bi-molecular and its rate depends linearly on the species concentrations
as follows [31]]:

k. [F][M] (1.1)

where k_ is the rate constant of elongation. This formulation simplifies the reaction, as it does
not depict the variety of species in the population of fibrils. It is often used to study the reaction
steady-state, in which the population of fibrils remains constant, while the concentration of
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Figure 1.1: Correlation between critical concentration [M]., and rate of elongation. a) The rate of
elongation depends linearly on the concentration of monomer in solution. In blue the positive rates
correspond to events of elongation. In orange, the negative rates show events of depolymerization.

b) Change of monomer concentration ([M]) over time. An amyloid fibrillar system at equilibrium is
characterized by a critical concentration of soluble monomer ([M].,). If the actual concentration of
monomer is higher ([M] > [M],,), then the fibrils will elongate until the equilibrium is reached (blue line).
If the actual concentration of monomer is lower ([M] < [M].,), then the fibrils will dissociate (orange
line)

monomers is depleted over time. In the case of secondary phenomena such as fragmentation
or secondary nucleation, this relation does not suffice. For the scope of this work these two
secondary processes do not constitute a relevant topic, so they will not be further elaborated on.

The elongation reaction is reversible and the opposite reaction is called depolymerization or
dissociation. It consists in the loss of a monomer from the fibril end. The dissociation reaction is
dependent only on the concentration of the fibrils, and it is expressed as follows:

k_[F] (1.2)

where k_ is the rate constant of depolymerization. Also in this case the linear dependency of
the depolymerization on the concentration of fibrils is explicit . In both the polymerization and
depolymerization reaction, every fibril can potentially react at both extremities. However, single
particle experiments showed a polarized growth with preference of an extremity of one order of
magnitude over the other [32,|33]].

This leads to the formulation of the effective rate of the reaction, which is defined by the change
of the monomer concentration over time:

]

o = k-l —ki [F][M] (1.3)

When the same amount of elongation and depolymerization events occur, the amount of monomer
in solution does not change any longer and the equilibrium of the reaction is reached. This leads
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to a constant pool of soluble monomers being in equilibrium with the monomers composing the
fibrils, that is formalized in the following equation:

ky[F][M] = k_[F] (14)
S
Ke = £ = Tile (1.5)

where K, is the equilibrium constant that is inversely related to the concentration of monomers
outside of the fibrils. The concentration of monomers at the equilibrium is defined as critical
concentration ([M].,) and represent the concentration of monomers below which no fibrils are
present (Fig. [I.Tp). The formulation of the equilibrium in the terms above presented does not
allow us to define how the system behaves below the critical concentration. The concentration
of fibrils, [F], is not described in terms of what it actually is, an ensemble of monomers, and
therefore it cannot be entirely depleted. In the next sections the full expression of the species in
solution is described, but for the description of the steady-state of the reaction it is currently not
needed.

The steady-state is defined as the state in which the reaction proceeds with the same rate and
d[M]/dt is constant. For the elongation reaction this happens when [M] >> [M],, and consists
in the linear depletion of soluble monomers over time. The addition of monomers on the fibril
ends continues with the same pace until [M| approaches [M].,. In the opposite case, when
[M] << [M].4 the reverse steady-state can be observed, in which the the amount of monomer
linearly increases as the fibrils depolymerize (Fig. [I.1b).

The rate of addition of new monomers on the end of the fibrils in the steady-state depends
on several factors. One factor is intrinsic to the reaction itself: the residency time [34]. The
residency time is defined as the time in which the fibril end is occupied while the monomer
rearranges on its end. The residency time defines the saturation behaviour of the reaction as a
function of concentration. The longer the fibrils are occupied with a monomer rearranging on
their ends, the lower will be the monomer concentration at which no fibrils are idle and available
for a new reaction. A correlation was found with the length of the sequence, as well as it can be
influenced by external factors such as denaturants and salts [35]|36].

Other external factors influencing the steady-state are salts, the degree of non-amyloid structure
still present in the monomer and the temperature. Amyloid fibrils are homopolymers and
salt screening of the repulsion between the monomeric units results in a faster rate [37]]. The
conformational rearrangement of the monomer can be modulated by the addition of denaturant
[35,3840]. Finally the temperature influences the energy available to cross the activation barrier
of the reaction [38,41-51]]. All these external agents can act in both directions, by speeding up or
slowing down the reaction. The salts can salt out the monomers at high concentrations, causing a
decrease of the rate. Denaturants can destabilize the fibrils if used in very high concentrations,
possibly ending up to promote the depolymerization reaction. Similarly the temperature can act
by speeding up the elongation reaction, but at high temperatures the depolymerization reaction
may be favoured, resulting in an overall reduced elongation rate.

The influence of these factors on the steady-state of the elongation reaction is correlated with their
effects on the energy level of the transition state (AG¥). The rate constants of both elongation



1.2. Stability of a supramolecular one-dimensional assembly

and depolymerization is defined by the height of the energetic barrier represented by AG* in the
following way:

AG*
k=Texp——— 1.6
exp—— (L6)
where I is the kinetic pre-factor and R and T are respectively the gas constant and the temperature.
The energy AG* is a defined by two major contributions, enthalpy, AH* and entropy AS*,
accordingly to the relation:

AG* = AH* — TAS* (1.7)

This barrier is composed by two different conceptual steps, the conformational shift of the
monomer and the formation of all the required contacts with the fibril ends, in order to become
itself the new fibril end. The two steps together can be defined by only one barrier that defines a
concerted and continuous shift from the soluble conformation to the cross-3 one [34]. A detailed
analysis of the influence of the temperature on AG¥ shows that the transition state is mainly
entropically driven, while its formation is influenced by electrostatic repulsion, as salts speed up
the elongation rate 37, 49].

Further knowledge of the transition state of the elongation reaction has been reached only via
simulations, while no further work has been conducted to elucidate it by an experimental point
of view [52-54]]. An existing framework to study the transition state of protein conformational
changes is the ®-value analysis [55]. Through this methodology it has been possible to study the
folding pathways of many different proteins and to shed light on the complexity of the folding
reaction. The experimental methodology consists in characterizing several mutants of a specific
protein in their kinetic and thermodynamic aspects. The effect of the mutation is indicative of
the role of the mutated residue in the transition state [56]. The amyloid elongation reaction can
be considered conceptually as a folding reaction, with the peculiarity of being bi-molecular [30].
Methodologies to study the reaction kinetics are well assessed, but the field is still lacking a
solid experimental framework to measure the stability of the amyloid fold. This work aims at
filling this gap, building on the current knowledge of thermodynamic measurements of linear
supramolecular assemblies.

1.2. Stability of a supramolecular one-dimensional assembly

Probing the equilibrium of a reaction is fundamental to understand a chemical system. The
distribution of the molecules at the end of a reaction defines their relative stability and allows us
to describe how the system behaves when out of the equilibrium. The relative stability of the
species is usually modelled by the Gibbs free energy, AG?, which is linked to the equilibrium
constant K., by the following relation:

AG® = —RT InK,, (1.8)

where R and T are the gas constant and the temperature. Knowing the equilibrium constant is
therefore necessary to describe the stability. This is straightforward for reactions like the folding
of a polypeptide chain in a two state system. As every molecule can be either in one or the other



1. Introduction

of two states, folded (N) or unfolded (U), the stability of the folded state is given by the ratio of
the two populations at the equilibrium:

Koy = % (19)

Intuitively, the folded state is much more stable, as many more protein molecules are folded at
the equilibrium under normal conditions. At the same time, being a mono-molecular reaction,
the equilibrium is dependent on the isolated conformational change of every polypeptide chain.
The equilibrium is therefore not influenced by the total protein concentration, if not by indirect
effects like crowding at high concentrations [57].

Many of the polymeric filamentous systems described in the previous section are composed of
molecules which are either part of the filament or in its monomeric soluble form []1,|17, (30, |58]].
To describe the system stability all the species in solution have to be considered. As the filaments
are quasi one dimensional, the soluble monomer [A] is able to interact with other monomers,
dimers [A],, trimers [A]3, tetramers [Al4, up to n-mers [A];. The simplest model to describe all
these interactions assumes that all are regulated by the same equilibrium constant K,:

K[A]* = [A]
K [A][Al = [A]3
K. [A][A]s = [Al4 (1.10)

K [A][A]; = [A]in1

As the equilibrium constant is connected to the stability of the system as in Eq. every
interaction is defined by the same energetics (Fig. [[.2a). For this reason the model is called
isodesmic. The isodesmic model was first introduced by Oosawa and collaborators to describe
the polymerization of protein filaments [[17]. The solution of the equation system above presented
allows us to describe the equilibrium constant as a function of the total concentration of protein

[A]lot:

1 1
K=\ WAL, (11D

If [A];0r >> [A], the solution of the equation converges to K, = 1/[A], which corresponds to the
approximation of the system previously shown in Eq. [I.5] For both the approximation and the
isodesmic model, the knowledge of the soluble monomer concentration at the equilibrium is
fundamental to determine the stability of the polymeric system.

Through the isodesmic model, protein filaments like the one formed by tropomyosin can be
fully described [59]]. However, most of the other supramolecular linear assemblies composed by
proteins show a different behaviour. Actin assemblies were studied both in the kinetic behaviour
and at the equilibrium, leading to the observation that a nucleation step was necessary to be
included in the description of the polymerization mechanism [[12} 60]. The concept of a nucleus
as the starting assembly for the formation of a filament was introduced first in the helical model
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Figure 1.2: Comparison of isodesmic and cooperative model to describe supramolecular polymer
stability. a) Energy diagram representing the equivalence of the interaction energy between a monomer
and all the other polymeric species in an isodesmic system. b) Energy diagram representing the differ-
ence of interaction energy between a monomer and a polymeric specie below and above the nucleus
size (4) in a cooperative system. ¢) Concentration of monomeric ([A]) and polymeric ([P] = 3.:2 JlA])
species as a function of the total concentraton in an isodesmic and in two cooperative systems with
different o = K,,/K,. Panels a and b adapted from [1].

[61]. The formation of a nucleus is considered unfavourable compared to the elongation of
an existing filament, and this is reflected by the fact that elongated structures compose the
biggest part of filaments solution. The helical model formalizes this by introducing a nucleation
equilibrium constant, which is related to the equilibrium constant of elongation by the term
o = y(K,/K,)*. o is much smaller than unity and allows us to describe the following dependence
of the equilibrium once again on the soluble monomer concentration:

ola] *

[Alior = [A] + = K,A]

(1.12)

Also the helical model converges to [A] = K, ! for total concentrations much bigger than the
critical concentration. These works set the ground for the study of the energetics of interaction
of supramolecular one-directional assemblies, leading to the characterization of more protein
systems and of the dependence of them on the cellular energetics [20} 62, 63]].
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Polymers of small aromatic molecules follow similar patterns of polymerization, but more
models were developed and tested to depict the wide variety of behaviours observed in this
class of molecules [1}, 64, 65]]. The synthetic nature of these compounds makes them easier
to modify compared to the bigger, more flexible and delicate proteins. This aspect allowed
studying the aromatic polymers stability through the use of temperature changes and different
solvent. Moreover, they exhibit tunable polymerization behaviour upon small modifications of
the monomeric structure or upon the use of different solvents [[66, 67]].

A wider interpretation of the helical model has been found to be useful to describe the polymer-
ization behaviour of different aromatic polymers. In the helical model of Oosawa the nucleus
size 1s fixed and two conformation of the polymer are possible and in equilibrium. Goldstein
and Stryer introduced the so called cooperative model, where the polymer can only adopt one
conformation, but the presence of a nucleus of variable size n can be stated as follows (Fig.

)Z

KA = Al

K, [A][A] = [A];

KofAJlATs = Al
KalA][Al_1 = [A], (1)

K [A][A]; = [A]in

where K, is the equilibrium constant that regulates the interactions among monomer and species
smaller than a nucleus. K, is related to the elongation rate constant by the term o = K,,/K,.
Once more, the equilibrium constant converges to the inverse of the free monomer concentration
for high total concentrations.

The difference between isodesmic and cooperative model is evident by looking at how they
behave around the critical concentration (Fig. [[.2k). The steepness of the curve representing the
population of filaments is much higher for the cooperative model, where due to the unfavourable
interactions for the formation of nuclei almost no polymers are present below the critical
concentration. Above this concentration, the monomeric population will not rise any longer, as
the interactions between a monomer and a polymer of size above the nucleus is favoured. An
isodesmic system instead will start to gradually form polymers below the critical concentration
and the soluble monomer will slowly approach the critical concentration at total concentration
much higher than the critical concentration itself.

Regardless of the system used, the determination of the critical concentration is the key to
establish the stability of the supramolecular assembly. This concentration for stable polymeric
systems is difficult to probe, as it tends to be below the detection levels of usual instrumentation.
Besides, obtaining a dataset able to show the differences depicted in Fig. [I.2 is difficult, as a
technique with a wide range of sensitivity is required.

Tuning the stability of these system proved to be best way to measure it reliably and to model
the polymerization mechanism. The chemical stability of the aromatic compounds allows mea-
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suring them in conditions not available for proteins. Using high temperatures does not damage
the molecular structure nor cause disordered aggregation. At the same time, the temperature
destabilizes the assemblies, leading to solutions composed by monomers only. By cooling down
the system at equilibrium, it is possible to distinguish between cooperative and isodesmic poly-
merization, all while maintaining the same total concentration of molecules [24]. Destabilizing
the system is also possible by using different solvents that favour either the monomeric or the
polymeric form [25, |67]].

So far, the critical concentration of amyloid systems has been the object of a limited number of
studies, mainly focused towards the protein A [68-71]]. Due to the high stability of amyloid
fibrils, the critical concentration is difficult to access. The ease of degradation of the polypeptide
chain renders the prolonged use of high temperatures problematic, so the limited amount of
information obtained were modelled through indirect steady-state kinetic measurements based
on the Eq. (and how it is sketched in Fig. [I.Tj). Similarly, the slow nucleation kinetics,
which are also the biggest difference between amyloid fibrils and the other two systems here
described, do not allow us to exploit the full polymerization kinetics like with actin and the other
functional systems (although one tentative has been reported [72]]). Amyloid stability has been
modelled so far just in the framework of the isodesmic model, using chemical denaturation to
access the critical concentration [[73-75]. This approach, similar to the one proposed for aromatic
compounds by Korevaar et al., is inspired from the protein folding field. The use of a chemical
denaturant shifts the reaction equilibrium, allowing experimental access to the species otherwise
not measurable [76]. This can be either the unfolded monomer, for protein folding reactions, or
the soluble monomer concentration, for supramolecular assemblies.

Chemical denaturation has been established since more than 50 years as a methodology to
measure protein folding stability. Its introduction in the field of amyloid fibrils is more recent
and adjustments still have to be made. The work shown in this thesis improves on the current
framework and sets the necessary controls to be made in order to extrapolate meaningful stability
parameters. In the next section a historical excursion of the technique is presented together with
the current applications in the field of supramolecular assemblies.

1.3. Chemical denaturation as a tool to measure
conformational stability

Denaturation upon specific changes of solution conditions was already found to be a generic
property of proteins in the 1930s, when it was described as a process that results in the loss
of various specific properties, like the ability to form crystals, immunological recognition,
spectroscopical properties and function [79]. Through the use of chemicals or temperature it was
possible to change, in some cases irreversibly, the so called "configuration" of the polypeptide.
Knowledge about the molecular meaning of the "configuration" was still lacking, and it took
more than 30 years to describe the loss of "configuration" as the unfolding of the native network
of interaction of a protein in a two-state folding reaction [80]. Accessing the unfolded state
through denaturation allowed measuring the unfolded protein population and, like in the case of
the critical concentration in a polymeric systems, this means that a definition of stability became
possible. Aiming in this direction, further experiments linked the denaturating action of additives
like urea or guanidine chloride with the effective stability of the native state, introducing several
models to extrapolate the stability parameters in the absence of denaturant [81,82]. One of the
first observations that was possible through the use of chemical denaturant was that the folded,
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Figure 1.3: Denaturation curves of RNAse A (a,b) and sperm whale myoglobin (c). Different denat-
urants are able to denature the proteins with different efficacy, from the weakest urea to the strongest
guanidine tiocyanate. a) Denaturation curves of RNAse A in presence of urea (empty triangles),
guanidine chloride (empty squares) and guanidine tiocyanate (filled circles). b) AGp for the transition
phase of the denaturation curve are shown together with the linear extrapolation of the stability value
in absence of denaturant. ¢) Denaturation of sperm whale myoglobin by various urea derivatives. The
upper figure represent the change of molar extinction coefficient at 409 nm, while the lower one shows
the mean residue rotation at 233 nm. Panels a and b adapted from [77] and ¢ from [78].

functional state of a protein is only slightly more stable than the unfolded one, shedding light
on the balance between enthalpic and entropic factors as driving forces towards the folded state
[83]].

The main model used to measure the stability of the folded system is based on the linear
relation between stability and denaturant concentration. The basis for a linear dependency
were established empirically through a series of comparisons between different proteins and
different denaturants [[77, 84]. The linear relation between the stability AGp) and the denaturant
concentration [D] is identified in the so called m-value:

AGip = AG" +m|D] (1.14)

where AGY the stability extrapolated in absence of denaturant. The introduction of the linear
relation between denaturant and stability of the folded state allows avoiding to explicitly declare
the mechanism behind denaturant induced unfolding. Further models rely on a binding constant
between the protein and the denaturant, but still today evidence is missing in this direction [[76].

Direct measurement of the unfolded state is possible when its population is of the same order
of magnitude as that of the native state. To achieve this, different proteins require different
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amounts of denaturant, hence more stable proteins need more denaturant. At the same time
different denaturants have different denaturing powers, leading to a measurable population of
unfolded proteins at lower or higher concentrations, as it can be seen in Fig. [77,/78]]. The
less denaturant is needed to unfold a protein, the higher the accuracy of the stability measure, as
the extrapolation back to the absence of denaturant becomes less error-prone. Hence, stronger
denaturants are preferred in protein folding, with guanidine chloride leading the charts as it is
the best compromise between strength of denaturation and experimental usability [[77, [85].

Chemical denaturants are also defined as chaotropic agents, molecules that alter the ordered
pattern of the water structure in solution [86]. Guanidine salts are as well suggested in the
Hofmeister series as the strongest solubilizing agent. This property made guanidine salts good
candidates to study the dissolution of prion amyloid fibrils, a specific kind of highly stable
amyloid polymers which causes different degenerative pathologies, such as the Creutzfeld-Jakob
disease and BSE [87, [88]]. Denaturation became an useful tool to distinguish different strains of
this class of amyloid fibrils: the qualitative analysis of the denaturation midpoint of these fibrils
allows us to differentiate the biological properties of the strain 89, 90].

The use of denaturants in the amyloid field was introduced in the previous section. The limited
amount of literature in the topic used the isodesmic model to characterize the stability of the
fibrils, even though it is known that it does not depict the complexity of amyloid polymerization
[73575]. It must be noted that the use of denaturants to describe the system stability can work
only if the system behaves as a two state system at every concentration of denaturant, hence it
must be able to acquire both states. This requirement is met by the vast majority of amyloid
fibrillar systems, as they involve either intrinsically disordered proteins (IDP) or denatured states
of structured proteins [29]. On the contrary, functional protein filaments like actin, tubulin
and flagellin form as the result of the assembly of the native structures of monomers. The
denaturation of these filamentous systems will not only result in the shift of the equilibrium
between the monomeric and polymeric states, but will also coincide with the unfolding of the
monomers, creating a three state system [14} 91].

While some amyloid systems involve polypeptide chains that are not structured and can form
fibrils under physiological conditions, like a-synuclein, A3 and IAPP, others need to be destabi-
lized and acquire at least a partially unfolded conformation, like lysozyme, 32-microglobulin,
B-lactoglobulin, PI3K-SH3 and glucagon [29]]. The fibrillation of this second class of protein
is usually induced by the use of denaturants, drastic pH shifts or temperature change [39} (92—
935]]. Denaturants play a a destabilizing action by denaturing the native structure of the protein,
favouring kinetically the formation of amyloid fibrils. Guanidine salts exert a further stabilizing
action by screening the charges of the different monomers in the filament [96]. A more detailed
overview of the topic is later introduced in the first part of this work.

In order to characterize the stability of amyloid systems it is very important to ensure that no
third state such as e.g. oligomers with a structure different from fibrils, is formed with the use of
denaturant, i.e. to probe the equilibrium of the polymerization reaction only. In this work the
stability of two amyloid systems is extensively characterized, PI3K-SH3 and glucagon, both
forming amyloid fibrils in low pH. In the next sections the two proteins are described in term of
the state-of-the-art knowledge of both their monomeric and polymeric states, with emphasis on
the structure characterizing the soluble state.
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1.3.1 PI3K-SH3

Phosphoinositide 3-kinases are a class of proteins involved in cellular signalling, with a central
role in the transduction and amplification of external stimuli related to cell growth [97]]. This
central role makes this class of kinases a key component of the study of cancer propagation, to
the point that elevated levels of its own signalling cascade are considered a hallmark of cancer.
The protein itself is composed of different domains which mediate the interactions with other
cellular components. The different domains can be split among two different macro-regions:
p85-p55-p50, the regulatory unit, and p110, the catalytic unit [98]. The regulatory unit p85,
which comes in the isoforms o and [3, contains the adaptor domain SH3, which as many other
homologue domains mediates the protein-protein interactions of various nature through the
recognition of the P-X-X-P motif [99]. PI3K-SH3, a 84 residues long protein, is the major
subject of this thesis and apart for its biological relevance and structure [100-102], it has been
also used as a model protein to study protein folding [[103]|{104]].

The finding of amyloid fibrillar aggregates formed by this protein without connection with
amyloid-related diseases paved the way for the hypothesis of amyloid as the most stable con-
formational state of a protein [30, |105]]. A detailed overview of the role of PI3K-SH3 in the
establishment of some basic concept regarding the amyloid fibril formation are outlined in the
second part of this thesis. Here I will discuss instead the unstructured monomer conformation in
the acidic pH that has been used throughout the whole work.

The fibrils do not form under neutral pH, but are the result of incubation in pH < 3 [39]. The
different behaviour between physiological and acidic pH resulted in the characterization of the
monomeric conformation, which may have hinted towards the determinants of amyloidogenicity.
Surprisingly, the monomeric pH 2 state turned out to present all the signatures of the denatured
state, with the presence of possible hydrophobic clusters highlighted by ANS fluorescence
[105]. The native fold is indeed lost upon decrease of pH, with a sharp loss of the conformation
below the isoelectric point (4.7) which leads to an unstructured but yet compact state [39]]. The
compactness of the state, which seemed to increase upon acidification below pH 2.5, was not
related to the acidification itself, but to the screening of the high monomeric charge (+12) derived
from increased salt concentrations. No link between residual structure and compactness was
determined, as the kinetics of pepsin digestion suggested equal accessibility to proteolysis of
most extended states [106]. Moreover, very similar solution and fibrillation behaviour was
recorded for a circularized version of PI3K-SH3, suggesting the lack of a specific structural
preference in acidic environment [[107]]. Once the absence of a stable structure was established,
more in depth studies were directed toward the characterization of a possible ensemble of rapidly
inter-converting conformations [[108, 109]. Long range weak interactions are still found in the
acid conformation, but no remaining native structure can be observed [108]]. At the same time,
experiments involving point mutations on the sequence of PI3K-SH3 demonstrated the absence
of specific interactions, hinting instead towards the presence of hydrophobic clusters that justify
the binding and consequent fluorescence of the ANS dye [109].

1.3.2  Glucagon

Glucagon is a 29 residue peptide secreted by the o pancreatic cells in response to low glucose
level in the blood [110]. The storage of the peptide seems to happen in multimeric form, possibly
as a trimeric assembly resembling insulin [111] or even in fibrillar aggregate with cross-3
conformation [27]]. In the trimeric assembly, glucagon seems to adopt a predominant o-helix
conformation, but when monomeric and soluble in solution it is largely unstructured with a
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propensity to form o-helix only at low temperatures or in the presence of apolar solvents and
lipids [[112, |113]. Being a peptide of great pharmaceutical interest, glucagon’s biophysical
properties are well characterized [95]]. The isoelectric point is close to the physiological pH
making it not very soluble unless in acidic or alkaline solutions [|114]]. At the same time, long
storage in acidic or alkaline conditions lead to fibrillation of the peptide in 3-sheet-rich aggregates
[112].

The formation of amyloid structures by glucagon has been studied extensively, motivated in past
by the high polymorphism of the fibrils [95]. Even though the protein is composed of only 29
residues, more than five different amyloid strains were characterized by spectroscopy [45}/115]]
and the atomic structure was solved for an additional one [|116]]. All the different strains exhibited
different spectroscopical properties, highlighting a range of distinct molecular packings that
translate into different fibrillar structure. The wide structural polymorphism leads to different
stabilities, but at the same time some common properties are shared by all the strains. There is a
clear exothermic signature of the stability as all fibrils depolymerize upon heating [45]]. Similarly,
the thermal stability of the strains seems to be increased in presence of salts that, by screening
the charges of the monomers, decreases the inter-layer repulsion [[117]].

Glucagon fibrillation was also extensively studied by exploiting the intrinsic fluorescence of
the single tryptophane residue present in its sequence [45]. Regardless of the fibril strain, the
tryptophane residue is always buried inside the fibrillar core, causing a blue shift of the emission
peak. The magnitude of the blue shift depends on the localization of the tryptophane, which

together with circular dichroism spectroscopy allows us to distinguish the various fibrillar strains.

1.4. Aim of this work

The mechanisms of amyloid formation and growth have been widely studied in the last decades,
increasing the knowledge via always more detailed kinetic studies of the reactions involved. Still,
the field is lacking solid modelling of its thermodynamic aspects. Moreover, the misfolding step,
in which the monomer shifts from its soluble conformation to the fibrillar one, has still to be
understood at a single amino-acid residue level of detail [31]. To fill this gap it is necessary to
obtain information about the transition state of the reaction. In this work I set up the framework to
study the transition state by applying the ®-value analysis to the elongation reaction. The thesis
is divided in four chapters: the first three describe how to fulfil the fundamental requirements
needed for the fourth chapter, the first ®-value analysis of the PI3K-SH3 amyloid fibril elongation,
performed on a preliminary set of mutants.

Establishing the ®-value of the different residues requires to know the energetic levels of the

states involved in the reaction, namely the soluble state, the transition state and the amyloid state.

The first two part of this thesis describe the methodologies developed to measure the stability,
both through chemical denaturation and temperature changes. In Chapter 2] a new step in the
description of the thermodynamic stability of the amyloid fold is made. The cooperative model
is for the first time introduced into the amyloid field and used to explain dataset not compatible
with the isodesmic model. In Chapter [3|two frameworks are presented and tested to extract the
stability over a wide range of temperatures, using both kinetic and out-of-equilibrium models.

To define the role of a residue in the transition state, it is important to know what is the role in
the structured state. In this context, knowing the structure of the amyloid state is necessary. The
structural characterization of PI3K-SH3 amyloid fibrils by cryogenic electron microscopy is
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presented in Chapter [ The structure is supported by kinetic data highlighting the contribution
of different residues in forming the amyloid network of interactions.

Finally, Chapter [5| exploits the knowledge obtained in the first two to describe the role of five
residues in the transition state of the PI3K-SH3 amyloid elongation reaction. Five mutants
involving residues in different portions of the sequence were studied in both their kinetic and
thermodynamic behaviour to extract the corresponding ®-values. This work creates the basis for
a rigorous analysis of the transition state and lays down the basis for further analysis on the same
and other amyloid systems.
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Abstract

Amyloid fibrils are homo-molecular protein polymers that play an important role in disease and
biological function. While much is known about their kinetics and mechanisms of formation, the
origin and magnitude of their thermodynamic stability has received significantly less attention.
This is despite the fact that the thermodynamic stability of amyloid fibrils is an important de-
terminant of their lifetimes and processing in vivo. Here we use depolymerization by chemical
denaturants of amyloid fibrils of two different proteins (PI3K-SH3 and glucagon) at different
concentrations and show that the previously applied linear polymerization model is an oversim-
plification that does not capture the concentration dependence of chemical depolymerization of
amyloid fibrils. We show that cooperative polymerization, which is compatible with the picture
of amyloid formation as a nucleated polymerization process, is able to quantitatively describe
the thermodynamic data. We use this combined experimental and conceptual framework in
order to probe the ionic strength dependence of amyloid fibril stability. In combination with
previously published data on the ionic strength dependence of amyloid fibril growth kinetics, our
results provide strong evidence for the product-like nature of the transition state of amyloid fibril
growth.
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2. Thermodynamics of amyloid fibril formation from chemical depolymerization

2.1. Introduction

Filamentous protein structures are ubiquitous in biology. They can fulfill functional roles, as
in the case of the cytoskeletal proteins actin [[118]] and tubulin [119], or be associated with
diseases, as in the case of sickle hemoglobin polymers [120] or amyloid fibrils [30]. For
the cytoskeletal filaments, both the mechanical and thermodynamic stability, as well as the
molecular origin of their reversibility have been the subject of extensive studies in the last
decades [[17]]. Indeed, actin filaments were the first protein polymers the thermodynamic stability
of which has been characterized in detail in seminal work by Oosawa [|61]]. Aktin filaments can
be described as helical polymers, whereby each monomeric building block interacts not only
with its nearest neighbors in the polymer, but also with building blocks further away. Actin
monomers undergo relatively minor structural changes upon polymerization [121]], and the same
is also true for tubulin and sickle hemoglobin [122]. Amyloid fibrils, on the other hand, are
protein polymers in which the protein building blocks usually adopt a very different structure
inside the fibril compared to the isolated protein molecule [123]]. Amyloid fibrils are mostly
known as being the hallmark of a wide range of diseases, but mounting evidence demonstrates
that amyloid fibrils can also play functional roles in biology [124]]. Many different proteins
entirely unrelated in structure (IDPs or folded proteins) and function (peptide hormones [27]],
lipid-binding proteins [125], milk proteins [[126]) have been found to form amyloid fibrils, either
in vivo or in the test tube. While much insight has been generated in the last two decades on the
kinetics and mechanisms of amyloid fibril formation [[127-130], much less is known about the
thermodynamic stability of these structures [131], and to what extent common driving forces
govern the amyloid formation of different proteins. It is very important to be able to quantify and
rationalize the thermodynamic stability of amyloid fibrils because the thermodynamic stability
is likely to be a decisive factor in determining whether amyloid fibrils of a certain protein can
be cleared in a biological context. Such clearance could happen either through spontaneous
binding of molecules, such as antibodies, to soluble or aggregated protein [[132] or else through
active, energy consuming processes, such as the action of chaperone complexes on amyloid
fibrils [[133].

Experimental data of amyloid fibril stability [73}[74] has so far been analysed in the framework
of the linear polymerization model [61]. The simplest, so-called isodesmic form of this model
contains only a single equilibrium constant, that for the addition of monomer to all possible
species, including to another monomer. Under this assumption, the stability of the fibrils can be
directly determined from a measurement of the free monomer concentration at equilibrium, for
sufficiently high total concentrations. In many practical cases, the free monomer concentration
is very low (nM range [134]]) and difficult to determine accurately. In order to overcome
this practical problem, amyloid fibrils can be destabilized by chaotropes, such as GdnSCN or
GdnHCI [73, [74]. By assuming a linear relationship between the concentration of denaturant
and the free energy difference AG between the monomeric and polymeric state, equivalent to
the assumption in protein unfolding experiments [[135]], sigmoidal fibril depolymerization data
can be fitted and the value of AG extrapolated to the absence of denaturant [73, [74]. While this
method of determination of amyloid fibril stability is commonly used, its validity has not yet
been thoroughly tested. Here we use intrinsic protein fluorescence to monitor the fraction of
fibrillar vs. soluble protein. We investigate and rationalise the influence of the type of chemical
denaturant, the ionic strength and the protein concentration on the depolymerization curves and
show that a cooperative model provides a better description of the thermodynamics of amyloid
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fibril formation than the simple isodesmic polymerization model. The cooperative model,
adapted from the field of supramolecular chemistry [24, 65]], describes the thermodynamics of
polymerization by two different equilibrium constants: a nucleation constant and an elongation
constant. We find that experiments in which the peptide concentration is varied allow a better
discrimination between the isodesmic and cooperative models than the standard experiments in
which only the denaturant concentration is used.

We apply our insight and methodology to the analysis of the ionic strength dependence of
amyloid fibril stability and compare it with the ionic strength dependence of the fibril growth
kinetics [37]]. Our combined analysis of this data provides strong evidence for the fact that the
transition state of the fibril growth reaction is highly product-like with respect to the distance of
the newly adding peptide to the fibril end.

2.2. Results

In order to establish a reliable methodology for the determination of the thermodynamic stability
of amyloid fibrils, we chose two polypeptide systems that have been shown to form amyloid
fibrils under acidic conditions, the peptide hormone glucagon [95, 136] and the protein PI3K-
SH3 [39,|105]]. Both of these polypeptides contain the amino acid tryptophan and therefore the
use of intrinsic protein fluorescence can be explored for the distinction between monomeric and
aggregated protein [45]] (Suppl. Fig. [2.8)). In several previous studies of amyloid fibril stability
based on chemical depolymerization, the equilibrated samples were subjected to centrifugation
and the protein concentration in the supernatant was determined [74, [75]]. Experimental data
confirming the equivalence between the data from concentration measurements and the intrinsic
fluorescence data can be found in Supplementary Figures and

For both PI3K-SH3 and glucagon, homogeneous fibril preparations without appreciable amounts
of non-fibrillar material (as judged by AFM imaging, see Supplementary Figure can be
produced by adjusting the solution conditions appropriately [45, [137]. In our experiments of
fibril depolymerization we started from fully equilibrated fibrillar samples that we prepared by
seeding, i.e. the addition of preformed fibrils to monomeric samples. We then homogenized
the samples and shortened the average fibril length by subjecting the samples to ultrasonication
(Supplementary Figure [2.7). Details about the sample preparation can be found in the methods
section.

2.2.1 Choice of denaturant

Having chosen the polypeptide systems to investigate, we next proceeded to the choice of the
chemical denaturant to be used to destabilise the fibrils. Previous reports mostly used strong
denaturants, such as GdnHCI or GdnSCN [73+735]] rather than milder ones, such as urea. It
is well established that the ionic denaturants are more powerful than urea in the unfolding of
proteins [[138]. However, we found that in our case the fibrils could be dissociated by urea, and
even that in the case of PI3K-SH3 amyloid fibrils, urea was a more powerful denaturant than
GdnHCI (see Supplementary Figure [2.10). This is in contrast to the unfolding of monomeric
PI3K-SH3 that was unfolded at lower concentrations of GdnHCI compared to urea, at neutral
pH (see Supplementary Figure[2.10). Based on these initial results, we decided to chose urea as
the denaturant of choice for our amyloid fibril depolymerization experiments, as this choice of
a neutral denaturant allows us to explore the role of electrostatic interactions in amyloid fibril
stability in more detail. The use of GdnHCI would lead to an almost complete screening of
the electrostatic interactions at the high denaturant concentrations used in these experiments. It
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has to be noted that prolonged incubation of proteins in high urea concentratiosn can lead to
carbamylation reactions [[139]]. The acidic pH conditions employed in the present study strongly
disfavour this reaction. We showed by mass spectrometric analysis (Supplementary Figure
that even after 9 days incubation in 6 M urea, no sign of carbamylation was observed for
PI3K-SH3, which required the longest equilibration times.

2.2.2  Analysis of chemical depolymerization with an isodesmic model

Equilibrium denaturation curves of folded proteins are often analysed with a two state model,
whereby it is assumed that the denaturant linearly shifts (with proportionality constant m) the
free energy difference between the folded and the unfolded polypeptide [56]. Due to the large
number of aggregate species of different sizes, a two state model is not appropriate in the case
of protein polymerization. It has first been proposed by Goto and coworkers [73] to apply the
isodesmic form of the linear polymerization model [61] to fit equilibrium depolymerization
curves of amyloid fibrils, and this method of analysis has been exclusively used to-date. The
mathematical formulation of this model can be found in Supplementary Section 2. Individual
sigmoidal depolymerization curves can be fitted and free energy differences between the fibrillar
and the soluble states, as well as m-values, can be determined. The absolute concentration of
peptide is an important parameter in the model that determines the shape of the depolymerization
curve (see Supplementary Section 2). If depolymerization curves are acquired at different peptide
concentrations, the extracted free energies and m-values are expected to be identical, within
error. We have fitted data from experiments at three (glucagon) and two (PI3K-SH3) different
peptide concentrations. It is convenient to display such data in a normalised way, i.e. as a
fraction of depolymerised protein, rather than as an absolute concentration (Figure [2.1)). In
Supplementary Figure[2.14] we show the same data without normalisation. We find that while all
the individual curves can be well-fitted (Figure 2.1] left panel), in the case of glucagon the fits at
the three different concentrations yield significantly different values for the free energy difference
AGy (-36.7 vs. -38.8 vs. -42.2 kJ/mol for the lowest, intermediate and highest concentrations,
respectively). In the case of PI3K-SH3, the difference is similar (-64.7 vs. -71.1 kJ/mol), despite
the fact that here the difference in concentrations is less significant. The reason for the difference
between the individual fits is that both AGy and m are free parameters and can both vary between
fits to the data sets at different protein concentrations. If, however, the data at the different
concentrations are fitted globally (Figure[2.1] right panel), we find that in the case of PI3K-SH3, a
satisfactory fit result is achieved and the value for the free energy of fibril stability is intermediate
between the two values of the individual fits (-66.5 kJ/mol). On the other hand, a global fit to
the data for glucagon is not as good and yields a value for the free energy comparable to that
from a local fit of the lowest concentration (-36.7 kJ/mol). Tables 1 and 2 in the Supplementary
Materials show all the free energy and m-values, when neither, either of these or both parameters
are globally fitted. Therefore, already a global fit to denaturation curves at only two different
protein concentrations reveals potential inadequacies of the isodesmic model for the description
of chemical depolymerization experiments of amyloid fibrils.

2.2.3 Extension of the isodesmic model

The isodesmic version of the linear polymerization model assumes that all equilibria in a solution
of polymers have the same equilibrium constant. However, this assumption is clearly not in
agreement with the known mechanistic features of amyloid fibril formation. Amyloid fibrils
form through a nucleated polymerization process [127} |129]], whereby the formation of the
initial oligomeric nucleus is energetically less favourable than the addition of a monomer to
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Figure 2.1: Equilibrium depolymerization profiles of glucagon and PI3K-SH3 fibrils at two different
peptide concentrations. a) The data for each peptide concentration have been fitted individually (contin-
uous lines). The insets are AFM images showing the sample at low denaturant and at high denaturant
concentrations. The image size is 5x5 um. b) Global fits to both concentrations simultaneously for each
peptide (dotted lines).

a fully grown fibril [140]. We hypothesised that this simplification could be at the origin of
the inability of the isodesmic model to quantitatively describe the concentration dependence of
chemical depolymerization curves of amyloid fibrils (Figure [2.1). We therefore increased the
complexity of the model by allowing a different equilibrium constant for monomer association
to any aggregate below a certain aggregation number n, i.e. a distinct equilibrium constant of
nucleation. The nucleation process is thus defined as a series of less favourable interactions
between a monomer and any species up to an n-mer, where n defines the size of the nucleus. By
allowing for two distinct equilibrium constants with a ratio ¢ = I,i—’;, it is possible to account for
the fact that the formation of a pre-fibrillar structure is thermodynamically less favourable than
its growth.

This cooperative model, which is slightly more general than the helical polymerization model of
Oosawa [17] (see Supplementary Section 2 for details on possible extensions of the isodesmic
polymerisation model) has been successfully used to describe the aggregation process of
supramolecular non-covalent polymers [65]]. It has for example allowed to explain the differential
effects of a gradual change in solvent conditions on the stability of several supramolecular poly-
mer systems [25[]. The building blocks of supramolecular polymers are usually simpler molecules
than polypeptides, with much fewer degrees of freedom and less potential for polymorphism,
allowing the systems in some cases to be characterised very accurately and in great detail [[141].
Our concentration-dependent measurements of amyloid fibril depolymerization allow us for
the first time to test the applicability of this type of model also in the case of amyloid fibrils.
Figure [2.2] shows a comparison of fits of the same data sets as in Figure [2.1]to both the isodesmic
and cooperative models. Compared to the isodesmic model, the cooperative model has two
additional free parameters, c and n. We performed fits for different fixed values of n, ranging
from 1 to 50. The resulting fit parameters are recorded in tables 3 (PI3K-SH3) and 4 (glucagon)
in the Supplementary Materials. o and n are not independent of each other, the higher the
fixed value of n, the closer ¢ is to unity. We also compared the model, whereby all species
other than the monomer have the same spectroscopic signature (oligomer same as aggregate,
’o0saa’), to the model whereby all species up to size n have the same spectroscopic signature as
the monomer (oligomer same as monomer, ~osam’). Given the intrinsically disordered nature of
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Figure 2.2: Cooperative polymerisation describes the concentration dependence of chemical depoly-
merization profiles of PI3K-SH3 (a) and glucagon (b) amyloid fibrils. The black lines show the best
global fits of the two different linear polymerization models, corresponding to n = 4 in the case of the
cooperative model for both proteins (see Supplementary Materials for a more detailed discussion of the
effect of changes in n).

both PI3K-SH3 [39] and glucagon [142]] under these solution conditions, we think it more likely
that the oligomers will display a signature of intrinsic fluorescence closer to that of the fibrillar
aggregate than to that of the monomer. Furthermore, the osaa model yields more consistent
values for both AGy and o . The best fits are achieved for small to intermediate values of o (2-5),
whereby the difference between the fit to the isodesmic model and the best fit to a cooperative
model is more significant in the case of glucagon compared to PI3K-SH3 (Figure 2.2)). The
physical significance of n and o are discussed in more detail in the Supplementary Materials.

2.2.4 Exploring the concentration dimension in chemical depolymerization

The finding that an increase in the concentration of urea allows to gradually depolymerize
amyloid fibrils reflects that the denaturant shifts the equilibrium in a concentration dependent
manner towards the soluble state. Therefore, while the critical concentration in the absence of
denaturants can be very low and difficult to measure, at higher denaturant concentrations, it will
eventually approach the total concentration of the sample. In order to explore this behaviour, we
investigated the dependence of both glucagon and PI3K-SH3 amyloid fibril dissociation on the
protein concentration at fixed concentrations of denaturant. A suitable denaturant concentration
for each protein was chosen based on the data in Figures 2.1} and 2.2} we chose 3 M urea for
glucagon and 4 M urea for PI3K-SH3. In Figure [2.3] we plot the concentration of soluble
protein as a function of the total protein concentration. We performed these measurements by
using the more conventional method of sample centrifugation, followed by measurement of the
supernatant concentration. In Supplementary Figure [2.13] we show that for both proteins, the
results from fluorescence and absorbance measurements are very similar, in particular at higher
concentrations. We fit these data to both the isodesmic and the cooperative model and find that
for both proteins, the cooperative model provides a significantly better fit than the isodesmic
model. This is in particular also true for PI3K-SH3, for which both models gave very similar fits
when two denaturant-dependent depolymerization curves were globally fitted at two different
monomer concentrations (Figure [2.2] left panel).
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Figure 2.3: The dependence of the concentration of soluble protein on the total protein concentration at
constant denaturant concentration. a) PI3K-SH3 in 4 M urea. b) glucagon in 3 M urea. The data was
obtained from direct concentration measurements of the supernatant after centrifugation. The solid
black line indicates the total protein concentration in both cases.

Therefore, the exploration of the protein concentration in addition to the denaturant concentration
in amyloid fibril depolymerization experiments represents a powerful combination, allowing
a more rigorous test and comparison of different models compared to an exploration of the
denaturant concentration dimension alone.

2.2.5 Influence of ionic strength on amyloid fibril stability

Having established an experimental and conceptual framework in which to analyze the thermo-
dynamic stability of amyloid fibrils quantitatively, we then proceeded to apply this methodology
in order to probe the dependence of amyloid fibril stability on the ionic strength of the solution,
by adding different concentrations of NaCl. We found that an increase in the concentration of
NaCl stabilizes the amyloid fibrils of both PI3K-SH3 and glucagon (Figure|2.4|a and b), manifest
through a shift of the depolymerization midpoint towards higher denaturant concentrations. This
is expected, given the net positive charge of both proteins at the acidic pH of the study. The
net charge carried by each monomer disfavors the polymerization process, and screening of the
charges decreases this unfavorable contribution. We fitted the depolymerization curves by fixing
the parameters of ¢ and n to the values determined in our previous best fits and plotted the
logarithms of the equilibrium constants for elongation obtained from those fits against the square
root of the total ionic strength of the solution (Figure [2.4]c and d, see Supplementary Section 3
for the mathematical analysis). We found that the stability of PI3K-SH3 amyloid fibrils depends
more strongly on the solution ionic strength than the stability of glucagon fibrils, as evaluated
from linear fits to these plots. This difference is consistent with the different (formal) net charge
of PI3K-SH3 (+12) and glucagon (+5) at pH 2.

We have previously performed a detailed study of the dependence of the amyloid fibril elongation
kinetics of PI3K-SH3 on the concentration of NaCl at a low background ionic strength of 10
mM [37] and we are now able to compare the ionic strength dependencies of both kinetics and
thermodynamics of PI3K-SH3 amyloid fibril growth. The use of high urea concentrations in our
chemical depolymerization experiments, however, requires a higher buffer concentration than
that employed in the kinetic experiments and therefore the ionic strength ranges explored in the
two cases overlap only slightly. However, by comparing the slope from the three highest ionic
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Figure 2.4: Dependence of amyloid stability on ionic strength. a) depolymerization profiles of
PI3K-SH3 amyloid fibrils at different ionic strengths, adjusted by the addition of different NaCl concen-
trations. b) Denaturation profiles of glucagon amyloid fibrils at different ionic strengths. ¢) Plot of the
logarithm of the equilibrium constants obtained from the fits in the top left panel, as a function of the
square root of the ionic strengths for PI3K-SH3 (see Supplementary Section 3 for details). Parameters
of the linear fit: slope = 37.5, y-intercept = 16.8. d) Plot of the logarithm of the equilibrium constants
obtained from the fits in the top-right panel, as a function of the square root of the ionic strengths for
glucagon. Parameters of the linear fit: slope = 12.84, y-intercept = 12.88.

strength values explored in the kinetic experiments and the three lowest ionic strength values
explored in the thermodynamic experiments, it is possible to semi-quantitatively compare the
ionic strength dependence of kinetics and thermodynamics (Figure [2.5/a). We find that the fitted
slopes are very similar for the kinetic (43.5) and thermodynamic (57.2) plots.

In Figure b), we illustrate with a schematic energy landscape of fibril elongation how
screening of the electrostatic charges by salt ions in solution can lower the free energy barrier [37]],
as well as lower the energy of the fibril and hence stabilize it (see Supplementary Section 3 for
details).

2.3. Discussion

2.3.1

The determination of amyloid fibril stability from chemical depolymerization experiments
requires a measurement of the relative populations of fibrillar and monomeric protein. This
can be achieved through physical separation of aggregated from non-aggregated protein by
centrifugation of the sample and measurement of the protein concentration in the supernatant [74,
'/5]]. However, spectroscopic approaches, based on either circular dichroism [45, 73] or intrinsic
protein fluorescence [45] have also been proposed, that do not require a physical separation of
aggregates from monomeric protein. This feature is useful, as the separation of aggregated from
soluble protein can depend on the size distribution of the aggregated species in conjunction with
the applied centrifugal force. Fibrillar and monomeric protein can in most cases be expected to

Intrinsic fluorescence as a probe of amyloid fibril depolymerization
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Figure 2.5: Comparison of the influence of salt on the kinetics and thermodynamics of the elongation
of PI3K-SH3 amyloid fibrils. a) In orange, the data from [37]], concerning the dependence of the
elongation kinetics of PI3K-SH3 on the concentration of NaCl, while in red the thermodynamic data
from this study. The linear fits have the following slopes: kinetics = 43.5; thermodynamics = 57.2 b)
Schematic energy landscape illustrating the stabilizing effect that an increase in the ionic strength of the
solution has on both the transition state and the final state of the elongation reaction.

have a different spectroscopic signature, due to differences in secondary structure and chemical
environment of the aromatic amino acid residues. Therefore the change in relative populations
can be monitored by analyzing the ratio of the fluorescence emission at two different wavelengths.
We use this method here, based on Trp fluorescence, and show that it is equivalent to the direct
concentration determination in the supernatant after centrifugation.

2.3.2 Nature of the denaturant

The equilibrium between the soluble and fibrillar conformation can be altered by the addition of
chemical denaturant, similar to the denaturation of folded proteins. Interestingly, we find here
that urea can be a more powerful denaturant for amyloid fibrils than GdnHCIl, which is in contrast
to the general finding that GdnHCI is a more powerful denaturant for protein unfolding than
urea [138]]. This inversion in the denaturant strength between monomeric proteins and amyloid
fibrils can be explained through the differential importance of electrostatic effects. For the
homo-molecular polymerization process of amyloid fibril formation, electrostatic interactions are
generally unfavorable [[143]], and the addition of a denaturant salt, such as GdnHCl, will stabilise
amyloid fibrils electrostatically at the same time as destabilizing them through competition
for the hydrogen bonding network [144]. At comparably low denaturant concentrations, the
stabilizing effect can be stronger than the destabilizing one, leading to a net stabilization. This
stabilizing effect is virtually absent for non-ionic denaturants, such as urea, therefore explaining
the depolymerization of some amyloid fibrils at lower urea than GdnHCI concentrations. It
can be expected that this effect is particularly pronounced under solution conditions where the
proteins carry a high net charge, such as the low pH values used here.

2.3.3 Appropriate model for the analysis of chemical depolymerization of
amyloid fibrils

The theoretical framework for the description of the thermodynamics of linear polymers has been
developed by Oosawa, initially for actin polymerization. There it was found that the system was
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best described by so-called helical polymers, whereby each monomer interacts with several other
monomers in the fibril, not only with the two next neighbors, as expected for a perfectly one-
dimensional polymer. This structural feature leads to the fact that the initial nucleus is difficult to
form, as a monomer will not be able to form the same number of favorable interactions with the
nucleus compared to when it adds onto a complete fibril. Amyloid fibril thermodynamics has so
far exclusively been analyzed with the simplest form of the linear polymerization model [73/5],
whereby a single equilibrium constant for monomer addition is postulated. As we show in this
work, individual chemical depolymerization curves can be fitted very well with this simple
model, but as soon as the total concentration of the protein is varied, it becomes obvious in
some cases that this model cannot accurately describe the equilibrium behavior of amyloid
fibrils. Inspired by the field of supramolecular polymerization, we find that a model that allows
for a less favorable equilibrium constant of monomer attachment to species below a threshold
size n provides a consistent theoretical description that allows to quantitatively account for the
data. Interestingly, we find that the best fits are achieved for small values of n (approximately
between 2 and 5) and for values of ¢ that are one to two orders of magnitude smaller than unity.
We would like to stress here that this model is likely to still represent an oversimplification,
given the real complexity of amyloid fibril formation, whereby in most cases different steps of
monomer addition and structural rearrangement [145-147]] lead to the formation of a minimal
fibril. Nevertheless, it is probably the simplest extension to the basic linear polymerization model
and the fact that our data can be well-fitted suggests that at least for the thermodynamic behaviour
of amyloid fibrils, a description in terms of an effective equilibrium constant for the addition of
monomers to small, pre-fibrillar species captures the essence of the process. It is interesting to
note that the numerical values of the free energy of monomer addition and ¢ together suggest
that also the addition of monomers to the smaller structures is favorable, albeit less so than the
addition of monomer to a fully formed fibril. These results can be compared to the kinetics of
amyloid fibril nucleation, which is generally found to be very slow and therefore the formation
of the nucleus is viewed as being highly unfavorable. Indeed, the finding that in many amyloid
systems, fibrils are found that consist of thousands of individual monomers suggests that the
rate of nucleation of a fibril is at least 3-4 orders of magnitude slower than the rate of its growth.
These observations can be reconciled with our present analysis by considering that for the kinetic
behavior, the height of the free energy barriers, as well as the reaction order of nucleation and
growth processes, have to be taken into account. A detailed analysis of these parameters in
the case of the amyloid B peptide has recently revealed that the free energy barrier for primary
nucleation is indeed several times higher than that for fibril elongation [51]. In our experiments,
however, we probe the thermodynamic behavior of fibril formation. While the energy barrier for
the formation of a dimer, trimer or tetramer might be much higher than for monomer addition to
a fibril [S1]], our results suggest that once such a small oligomer is formed, it can be similarly
stable, per monomer, as a fully grown fibril.

It is also interesting to note that the increasing number of available high resolution structures of
amyloid fibrils [[137,|148,|149] paints the consistent picture of a minimal fibril unit, consisting of
between 2 and 8 monomers, which displays the full range of interactions of a fully grown fibril.
It is plausible that structures smaller than this minimal unit are thermodynamically somewhat
less stable than bigger structures, in contrast to classical nucleation theory, where structures
smaller than the critical nucleus are considered unstable with respect to individual monomers.
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Figure 2.6: Comparison of two distinct scenarios of the transition state of amyloid fibril growth. The
free energy barriers that define the kinetics of fibril growth are marked in red in both cases; however,
we plot here only the electrostatic component of the free energy as a function of the center of mass sep-
aration between the approaching monomer and the fibril end. a) The transition state of fibril elongation
corresponds to an isolated misfolding event of the free monomer (1), which is electrostatically unfavor-
able followed by a diffusive search of the fibril end (2). The electrostatic signature of the latter cannot
be elucidated from kinetic experiments, because only the highest free energy barrier is probed [34} 150].
The final state (monomer incorporated) is electrostatically less favorable than the initial state and the
transition state, but has the lowest free energy. b) The transition state of fibril elongation corresponds
to a situation after a diffusional search (1), where the monomer is in close contact with the fibril end.
The misfolding reaction is aided by the presence of the fibril end (2, templating effect). The transition
state and the final state are similarly electrostatically unfavorable, because these two states have a very
similar center-of-mass distance that dominates the electrostatic interactions. Therefore, we argue that
our data on the ionic strength dependence of both kinetics and thermodynamics of fibril elongation is
best compatible with a late, product-like transition state (scenario b).

2.3.4 Electrostatic effects to probe the nature of the transition state for amyloid
fibril elongation

Our experimental and conceptual framework allows us to probe the effect of changes in solution
ionic strength on the thermodynamic stability of amyloid fibrils. Here we study two proteins
that form fibrils at acidic pH conditions, where the individual protein molecules carry a positive
net charge that opposes homomolecular polymerization [37, (143} |151} |152]]. The electrostatic
repulsion of the individual monomers within the fibril can be expected to be screened by salt
ions in solution, similar to what has been reported for the formation of surfactant micelles [[153]]
or virus capsids [[154]. The use of urea as a denaturant allowed us to probe this effect and
we represent the resulting data by plotting the logarithm of the equilibrium constant against
the square root of the total ionic strength (Figure [2.4] a). The slope of such a plot depends
on the effective charge of the molecular interaction in question (see Supplementary Section
3 for a detailed discussion of the underlying model). In agreement with the higher formal
net charge of PI3K-SH3 compared to glucagon at acidic pH, we find that the stability of
PI3K-SH3 amyloid fibrils is more strongly affected by solution ionic strength than that of
glucagon fibrils. It is insightful to compare the dependence of both PI3K-SH3 amyloid formation
thermodynamics and kinetics [37] on NaCl concentration. For technical reasons (see above), the
range of ionic strengths exploited in both studies overlaps only slightly, but if we extrapolate
the respective slopes we are nevertheless able to compare kinetic and thermodynamic ionic
strength dependencies. We find that the slopes of the kinetic and thermodynamic ionic strength
dependency plots are very similar (Figure [2.5|a), with the thermodynamic slope being slightly
higher. This result suggests that the monomer adopting the transition state for fibril elongation
experiences very similar, albeit slightly less, electrostatic repulsion compared to the monomer
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fully incorporated into the fibril, thereby implying a high degree of similarity between the
transition state and the final state of the fibril elongation reaction. Under conditions of acidic
pH, where each monomer carries only positive charges and therefore a substantial net charge,
electrostatic repulsion is probably mainly defined by the principal reaction coordinate [|34]], the
center of mass distance between the monomer and the fibril end. Therefore, our results suggest
that the transition state of PI3K-SH3 amyloid fibril elongation corresponds to a monomer in
very close proximity of the fibril end, only marginally removed from its final position when
incorporated into the fibril. This conclusion is in close agreement with the finding that the
hydrophobic effect plays a major role in stabilizing the transition state of fibril elongation, as
revealed through a strongly favorable entropy of activation [49} 51]]. The picture that therefore
emerges from this analysis is that the rate-limiting step of amyloid fibril elongation consists
of a structural rearrangement of the monomer while being in close contact with the fibril end.
Therefore, the defining energy barrier for fibril elongation is of an inter-molecular, rather than
intra-molecular nature (see Figure for a comparison of these two distinct scenarios). This
result is an important contribution to the ongoing discussion about the intra- vs. intermolecular
nature of the protein misfolding events that lead to amyloid fibril formation. It has been proposed
for several amyloid systems, such as poly-glutamine [155] and tau [[156] that the crucial and
rate-limiting event along the pathway of amyloid fibril formation is a purely intra-molecular
misfolding event to form an ’aggregation competent state’ that can add onto a fibril without any
significant barrier crossing. Our results for PI3K-SH3, on the other hand, are more compatible

with the picture whereby the misfolding transition is a highly cooperative event between monomer
and fibril end.

2.4. Conclusions

In summary, we have been able to show for the first time that the thermodynamics of amyloid
fibril formation is best described by cooperative polymerization rather than by simple linear
polymerization. This result is in excellent agreement with mechanistic insight into amyloid fibril
formation, as well as with the emerging high resolution structural information on amyloid fibrils.
Furthermore, we have been able to accurately probe the role of electrostatic effects in amyloid
fibril stability. In combination with previously available data on the influence of solution ionic
strength on the kinetics of amyloid fibril growth, we are able to reveal the product-like nature of
the transition state-ensemble for amyloid fibril elongation by PI3K-SH3 monomers.

2.5. Materials and methods

2.5.1 Proteins

The human glucagon employed in the study was a kind gift from Novo Nordisk. The bovine
PI3K-SH3 domain was purified according to the protocol in [39]. The constructs contains a
6xHis-tag linked to the protein by a thrombin cleavage site. The sequence of the WT protein after
cleavage is the following, with the dipeptide Gly-Ser remaining as overhang from the cleavage:

GS MSAEGYQYRA LYDYKKEREE DIDLHLGDIL TVNKGSLVAL GFSDGQEAKP EEIG-
WLNGYN ETTGERGDFP GTYVEYIGRK KISP

The protein was expressed in a BL21 E. coli strain with TB medium for auto induction containing
0.012% Glucose and 0.048% Lactose. The cells were grown for over 24 h and then harvested by
centrifugation. After resuspension in sodium phosphate buffer (50 mM sodium phosphate pH
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8, 5 mM Imidazole and 100 mM NaCl), the cells were disrupted by sonication, in the presence
of protease inhibitors (cOmplete Mini EDTA-free, Roche) and DNAse (Sigma-Aldrich). The
lysate was centrifuged, and the supernatant loaded on a Ni-NTA Superflow Cartridge (Qiagen,
Venlo, Netherlands) equilibrated in 50 mM sodium phosphate pH 8, 5 mM Imidazole and 100
mM NaCl. The protein was eluted with a linear gradient from 5 to 300 mM imidazole in 50
mM sodium phosphate pH 8, 100 mM NaCl in 25 ml elution volume. Fractions containing the
protein were collected and cleaved overnight at 7degC with 1 unit of thrombin (from bovine
plasma, Sigma-Aldrich Saint Louis, Missouri, USA) per 1 mg of protein. The cleaved solution
was then concentrated and loaded on a SEC HilL.oad 26/60 Superdex 75 column (GE Healthcare,
Chicago, Illinois, USA) equilibrated with 5 mM ammonium acetate pH 7. Fractions containing
the PI3K-SH3 domain were collected and lyophilised for further use.

2.5.2 Fibril preparation

Glucagon fibrils were formed from protein solutions prepared after resuspension of the
lyophilized peptide in 10 mM glycine hydrochloride pH 2 at 1 mM final concentration. This
solution was incubated under shaking at 37°C for 1-2 hours. The fibrils obtained through this
procedure were used as seeds for further solutions of monomeric protein, which were prepared
at a concentration range between 1 and 2 mM and seeded at ca. 10% (monomer equivalents).
The solution was left overnight at room temperature without shaking or stirring.

PI3K-SH3 fibrils were formed from protein solutions prepared from the lyophilized protein
(produced as described above), resuspended in 10 mM glycine hydrochloride pH 2 at 200uM
final concentration. This solution was incubated under shaking at 42°C overnight. The fibrils
obtained through this procedure were then used as seeds for further solutions of monomeric
protein, which were prepared at a concentration range between 200 and 300uM and then seeded
at ca. 10% (equivalent monomer mass). The solution was left overnight at room temperature
without shaking or stirring.

Such high concentrations of fibril stock solutions are needed, as the fibrils are strongly diluted
upon addition of the denaturant, which is necessary to achieve denaturant concentrations high
enough for depolymerization. Before preparing the samples, the fibril preparations were son-
icated with a VialTweeter-sonotrode (Hielscher, Teltow, Germany). Glucagon fibril solutions
were sonicated in a volume of at least 700ul, twice for 3 seconds, 100 % amplitude, with a
pause of ca. 30 s. PI3K-SH3 fibrils were sonicated for 10 s at 100% amplitude in a volume of at
least 700ul. The fibril preparations were imaged by AFM, both before and after the sonication
protocol, to evaluate the effect of the sonication on the lengths of the fibrils.

2.5.3 Atomic force microscopy imaging

Atomic force microscopy (AFM) was performed on dried fibril samples. The fibril samples
were diluted to ca. 3uM in the same buffer, then 20ul were placed on freshly cleaved mica
and incubated at room temperature for 10 min. After 10 min the mica was washed with milliQ
water. Imaging was performed with a Bruker Multimode 8 (Billerica, Massachusetts, USA)
using OMCL-AC160TS cantilevers (Shinjuku, Tokyo, Japan).

2.5.4 Depolymerization experiments

The fibril samples were mixed with different volumes of urea or GdnHCI stock solutions and
buffer. In order to maintain a solution pH of 2 constant throughout the whole denaturation series,
an 8 M urea stock solution was prepared by dissolving 12 g of urea (SigmaAldrich) in 16 ml



28

2. Thermodynamics of amyloid fibril formation from chemical depolymerization

of concentrated buffer, to yield a final concentration of 10 mM glycine hydrochloride and 16
mM HCI. The HCl is necessary, as the urea has a weak buffering capacity. In order to keep the
ionic strength constant in all samples, NaCl was added to the 10 mM glycine HCI buffer to a
final concentration of 16 mM. In order to ensure that the samples have reached equilibrium when
they are analyzed, we assessed the time of equilibration (see Supplementary Figure [2.T1)) and
based on these assessments left the samples to equilibrate for one week in the case of glucagon
fibrils and two weeks in the case of PI3K-SH3 fibrils.

2.5.5 Fluorescence measurements

Fluorescence spectra were recorded on a Tecan M1000pro instrument using a Greiner UV-
transparent 96 well plates. The wells were filled with 140ul of solution and the temperature was
maintained constant at 27°C. The fluorescence spectra were measured by top reading, exciting
at 280 nm for glucagon samples and 290 nm for PI3K-SH3 samples (5 nm bandwidth), while
the emission was recorded between 300 nm and 420 nm (5 nm bandwidth). A blank spectrum
(buffer) resulting from the average of 10 different spectra is subtracted before analysis. In order
to determine the relative populations of soluble vs. fibrillar protein, we computed the ratios of
the fluorescence intensities at 340 and 320/310 nm (glucagon/PI3K-SH3) for each spectrum.
This choice of wavelengths was based on the difference between the fibrillar and monomeric
spectra in each case (Supplementary Figure [2.8§).

2.5.6 Absorbance measurements

In order to measure the degree of aggregation of the fibrillar samples, they were centrifuged at
16.100 g for 1 hour. The supernatant was removed and its absorbance was measured between
220 and 350 nm with a Nanodrop 2000 (ThermoFisher) spectrophotometer. The extinction
coefficients at 280 nm are 8480 M™! for glucagon and 15930 M™! for PI3K-SH3.
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Supplementary results
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Figure 2.7: AFM images of PI3K-SH3 and glucagon fibrils,
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Figure 2.8: Intrinsic fluorescence spectra of PI3K-SH3 (left) and glucagon (right) at various denaturant
concentrations. The fluorescence intensity ratios at the indicated wavelengths were analysed.
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Figure 2.9: Quantification of soluble protein in supernatant before and after fibrillation, using ab-
sorbance spectroscopy. Left: PI3K-SH3; Right: glucagon. The errorbars represent the standard
deviation on a sample size of n = 3. Details on the protocol of centrifugation can be found in the
experimental methods section in the main manuscript. It can be seen from these results that the fibril
formation raction is near-complete and that the protein concentration in the supernatant is too low to be
reliably measurable, illustrating the need to destabilise the fibrils with chemical denaturants.
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Figure 2.12: Direct comparison between absorbance (after centrifugation) and intrinsic fluorescence
(intensity ratio 340/320 nm) data of urea depolymerization of glucagon amyloid fibrils. The errorbars
represent the standard deviation on a sample size of n = 3.
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Figure 2.14: This is the same data set of chemical depolymerisation of PI3K-SH3 (left) and glucagon
(right) as shown in Figures 1 and 2 of the main manuscript, but without normalising by the total protein
concentration.
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Figure 2.15: Mass spectrea of PI3K-SH3 to probe carbamydation. PI3K-SH3 monomers were incu-
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in buffer (bottom), at a final concentration of 100 uM. Afterwards, the sample containing urea was
extensively dialysed against buffer to remove the urea. Both samples were then analysed by ESI-MS to
check for possible carbamylation of the basic moieties of the protein. A small amount of fragmented
protein (at position 39) is present in both samples and likely stems from the production.
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Models for data analysis

Within the theoretical framework of the linear polymerization model we can describe the
thermodynamics of formation of a linear polymer, such as an amyloid fibril, as a series of
equilibria:

ky
M—i—Mk:Mz

k3
M2+Mk:M3

kg
M3+Mk:M4

2.1)

k
Mnfl +M k:n Mn

-1

kj

M1 +M k: M;

-1

Each of these reactions is defined by an equilibrium constant which is defined as:

[M;]

G

(2.2)

Every K; is then related to the free energy change, AGy, by the relation:

AG? = —RTInK; (2.3)

The description of any real supra-molecular polymer system can then be based on this series of
reactions by assuming certain relations between the different equilibrium constants, as will be
shown in the following.

Isodesmic model

In the simplest form of the linear polymerization model, the so-called isodesmic model, it is
assumed that the equilibrium constants K; are equal for all the interactions. This means that the
dimerization reaction will be associated with the same change in free energy as the interaction
between a monomer and a polymer of dimensions i. This simplicity allows to obtain an analytical
solution that relates the monomer concentration at equilibrium to the total concentration of in the
following way:
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1 1 1
KM =1 ok Ml \/ KoMl | 4(KeMor)? 24

where K. is the equilibrium constant that defines all the interactions between monomers and
the other species in solutions, and [M] is the total concentration of the sample. This equation
therefore describes the evolution of the concentration of monomeric protein, [M], as a function
of total concentration. It is clear from this expression that the monomer concentration in
an isodesmic system only asymtotically approaches a constant value, the so-called critical
concentration.

In fibril depolymerization experiments where the concentration of denaturant, [D], is varied at
constant [M], Ke([D]), is the independent variable. The two following relations can therefore
be defined, in direct analogy to the linear free energy relationships in protein folding [56]:

_ AG([D])
Ke([D]) =exp——pr— (2.5)
AG(|D]) = AGP" + m[D] (2.6)

where AGoP"[ is the free energy in the absence of denaturant. By introducing these terms in
the equation [2.4] we can describe the depolymersiation curve as a function of the denaturant
concentration as follows:

M 2MJoexp— AG+m \/ 4[M] o, exp — 20+mD] AG+m[D] 11
Mot Z[M]tot (exp_AG+_"M)2

f= 2.7

The dependence of the depolymerization profile on the total concentration allows to test the
applicability of this theoretical framework to the system under study by globally fitting data
at different protein concentrations, [M]o. In addition to testing the model, this procedure that
we have employed in the present study, allows also to extract more robust thermodynamic
parameters. Tables and below summarise the results of the possible combinations of
glocal and local fits of the data shown in Figure 1 and 2 of the main manuscript.

Experimental data of amyloid fibril depolymerization by chemical denaturants has so far only
been analyzed in the framework of this simplest model [73-75]. In the present study, however,
we find that the isodesmic model is not able to quantitatively describe the ensemble of depoly-
merization curves at different protein concentrations. Furthermore, from a fundamental point
of view, the isodesmic model is not a good description of a nucleated polymerization. Several
simple extensions of the isodesmic model have therefore been introduced, all based on the idea
that the equilibrium constant is size-dependent.
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Fit m [KJ mol?] as:

Local Global
-64.7 9.5 -70.0 20 uM
ricac 2 g0 108 677 01 6oum
[KJ mol '] as: 10.0 20 uM
Global -66.8 9.9 -66.5 9.9 m

Table 2.1: Parameters obtained from fits of the PI3K-SH3 amyloid fibril depolymerisation by using the
isodesmic model. The table summarises the results from all combinations of global and local fits of the
parameters AGy and m.

Fit m [KJ mol2] as:

Local Global
-36.7 6.0 -35.7 25 UM
Local ~388 63 -372 57 85 uM
Fit AG 422 6.9 -38.2 195 uM
[KJ mol '] as: 6.1 25 uM
Global 369 7 367 55 82MM
6.3 195 uM

Table 2.2: Parameters obtained from fits of the glucagon amyloid fibril depolymerisation by using the
isodesmic model. The table summarises the results from all combinations of global and local fits of the
parameters AGy and m.

Helical and cooperative polymerization models

In their studies of actin, Oosawa and co-workers noticed that the polymerization behaviour of
this protein was not compatible with the isodesmic model and as a consequence introduced the
helical polymerization model [[17,61]. In this model, a transition between the linear form of a
trimer and a helical form is energetically unfavourable, due to elastic energy of deformation, but
the addition of a monomer to the helical form is energetically more favorable than addition to
the linear form, due to the larger number of inter-molecular contacts. The relevant equilibrium
concentrations can be described as follows:

[M3s] = y[M3] = yK ' (K[M])?

[Myp] = Kj [Ma] [M] = yK~ 'K’ K, [M]* (2.8)

[Min] = Ki [M(i—1)a] M] = v(K/Ky)* K" (Ky [M])' = 0K, (K, [M])!

where o = y(K/K})?, with K the equilibrium constant of addition to a linear polymer, Kj, the
equilibrium constant for addition to a helical polymer and y < 1 the unfavorable Boltzmann
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factor for mechanical deformation of the linear into a helical polymer. Usually, 0 < 1 and
therefore the system displays nucleation behaviour. It can be shown [17]] that the total protein
concentration in such a helically polymerizing system can be written as

Mior = a _[[Ag[]M])Z (i —GIEXZ]M])Z — o[M]—20K,[M] (2.9)
which, for 0 < 1 and K < K}, can be simplified to
[Mior = [M]+ % (2.10)

which predicts a well-defined critical concentration [M.] = K, I, The helical polymerization
model in this form is elegant and well adapted to account for the specific structural features of
actin filaments. It is, however, not the simplest extension of the isodesmic model. We chose
to analyze our data on the chemical depolymerization of amyloid fibrils with an even simpler,
and somewhat more general model, the so-called cooperative linear polymerization model [24,
65[]. This model introduces the assumption of a minimal unit of the polymer, called nucleus,
the energetics of formation of which differs from that of elongation according to the following
relation:

K, = oK, 2.11)

Note that the definition of o is different than in the helical model. In this model, all reactions
between a monomer and species up to n-mers (where n is the nucleus size) are described by the
equilibrium constant K;,, while the interactions between monomers and species with a higher
number of monomers than n follow the equilibrium dictated by the constant K.. A detailed
description of this model can be found in the review from Zhao and Moore [[65]]. Here we limit
ourselves to a discussion of its application to analyze data of amyloid fibril thermodynamics.

Introducing the dimensionless concentrations Xi(=K¢[M] (ot and x=K¢[M], the relation between
the two is described by the following equation formulated by Korevaar et al.[25]]:

i (ox)""(nox—n—1) oX o1 (X nx—n—1)
e (VT ) () e

This equation is solved numerically through the use of the least_square module of the
scipy.optimize python library. In order to fit experimental data from a concentration series
(see e.g. Figure 3 of the main manuscript), the solution of this equation for multiple Xy is
fitted using [M]; as the independent variable and K. as an open parameter (using the relation
Xtot=Ke[Mliot)-

The fitting procedure for a depolymerization experiment, whereby the denaturant concentration is
varied requires instead a different approach. The independent variable is [D], while [M]o is kept
constant and K. is described in terms of K.([D]) = exp (AGBYT + m[D]/(RT) with AGgBUf,



2.7. Supplementary information

37

m and o as fitting parameters, whereas n is kept constant for each given run.

Tables [2.3] and [2.4] below show the results of a systematic variation of the parameter n. We
have performed fits for two types of models, which we call osaa and osam. The former (osaa,
oligomers same as aggregates) corresponds to the scenario whereby the oligomers up to size
n have the same fluorescence properties as the larger aggregates, whereas the latter (osam,
oligomers same as monomers) corresponds to the scenario whereby all species up to size n
have the same fluorescence properties as the monomer. It can be seen that the cooperative
model, for all choices of n, provides a much better description of the concentration dependent
depolymerization experiments than the isodesmic model. The fit parameters and fit quality are
relatively insensitive to the exact choice of n, however, for both proteins the best results are
achieved for small values of n of approximately 5. Therefore, we have used n = 5 for the analysis

of the influence of changes in salt concentration on the stability of the aggregates, see below.

Regarding the choice of model (osam vs. osaa), we conclude that the osaa is not only structurally
more plausible (due to the disordered nature of the monomers of both PI3K-SH3 [39] and
glucagon [142] under these conditions, it can be expected that the monomer will have a distinct
spectroscopic signature from any oligomeric species, which are likely to be more compact, with
solvent-protected Trp), but also yields lower values for 6. Smaller ¢ values correspond to a
more distinct thermodynamic stability of small (<n) vs. large (>n) species, which we think is
more plausible than o value closer to unity.

We would like to stress here that n should not be regarded as a critical nucleus size. The
values for AGy and o we obtain from our fits suggest that also species below the size n are
thermodynamically favourable (negative free energy of monomer attachment), albeit less so
compared to monomer attachment to a species larger than n. In the framework of classical
nucleation theory, the nucleus is considered a thermodynamically unstable species, i.e. the free
energy of addition of a monomer to a species smaller than n is positive [140]. Our results suggest
that the formation of small oligomeric species from amyloid proteins is thermodynamically
favourable. However, it is still possible to explain the slow nucleation of amyloid fibrils, namely
through the assumption of high free energy barriers for nucleation, as has been observed for
example for the amyloid -peptide [51]. When starting an aggregation experiment with freshly
prepared monomeric protein, the establishment of the equilibrium distribution of small oligomers
depends on the energy barriers rather than the thermodynamics of oligomer formation.
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AGy [KJ/mol] m [KJ/mol?] c R?

n signal
isodesmic -66.9 10 NaN 99.6
1 osaa -67.9 10 NaN 99.6
osam -67.1 93 NaN 99.7
2 osaa -59.2 7.6 0.110 99.8
osam -60.3 7.8 0.229 99.8
3 osaa -58.5 7.3 0.139 99.8
osam -62.0 7.8 0.506 99.8
4 osaa -57.7 7.1 0.132 99.8
osam -63.3 7.8 0.640 99.8
5 osaa -57.1 6.9 0.121 99.8
osam -64.3 79 0.715 99.8
8 osaa -57.0 6.8 0.113 99.8
osam -66.3 79 0.821 99.7
10 osaa -56.9 6.8 0.113 99.8
osam -67.3 79 0.860 99.7
20 osaa -63.9 8.6 0285 99.6
osam -70.5 7.8 0930 99.7
40 osaa -63.9 8.6 0.285 99.6
osam -73.7 7.8 0962 99.7

Table 2.3: Fitting parameters AGy, m and ¢ from a systematic variation of n, in the framework of the
two models osaa and osam (see text for details) for PI3K-SH3.

Electrostatic contribution to amyloid fibril stability

The basic assumption of the approach we present here is that the dependence of the rates and
equilibria of molecular processes in aqueous solution on the salt concentration (or, more precisely,
on the ionic strength) of the solution informs about the importance of electrostatic interactions
in these processes and states. Conceptually, this approach is rooted in the work of Debye and
Hiickel, who presented a theory of electrostatic interactions in dilute salt solutions [157]]. Here
we follow and extend a treatment that we have presented previously in the context of the ionic
strength dependence of amyloid fibril elongation rates [37]. The rate of amyloid fibril growth, R,
can be written as R = k,[M][P], where k. is the rate constant of elongation, [M] the monomer
concentration and [P] the concentration of fibril ends. We have discussed previously [34} |37]

that £, can be written as k, = Fe’%, whereby I is a diffusive pre-factor and AG# is the free
energy barrier for fibril elongation. An important point to mention here is while the process
of incorporation of a monomer into a fibril end can involve the sequential crossing of multiple
barriers, it is the highest barrier only that determines the kinetics [34, |150]]. This free energy
barrier can be split into a non-electrostatic part (AG#,, breakage of H-bonds and other non-
covalent interactions, hydrophobic effect, etc. [49])) and an electrostatic part (AG#). We postulate
that the electrostatic contribution to AG* can be written as a screened Coulomb potential [37,
154]:

2
Nazmzre o KT

AGF = AGF + AGE = AGH
ne T 4G ne T Ameye,ri

(2.13)
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AGy [KJ/mol] m [KJ/mol?] c R?

n signal
isodesmic -36.7 5.5 NaN 098.6
1 osaa -37.4 5.7 NaN 98.6
osam -37.4 53 NaN 99.0
2 osaa -36.0 42 0.030 99.8
osam -36.2 42 0.041 99.8
3 osaa -36.2 4.1 0.084 99.8
osam -37.0 42 0.212 99.8
4 osaa -36.2 4.1 0.097 99.8
osam -37.9 42 0.350 99.8
5 osaa -36.3 4.1 0.102 99.7
osam -38.7 42 044 99.8
8 osaa -36.5 42 0.115 99.7
osam -40.4 4.2 0.620 99.8
10 osaa -36.5 42 0.115 99.7
osam -41.3 42 0.682 99.8
20 osaa -36.5 42 0.115 99.7
osam -44.4 4.2 0.833 99.8
40 osaa -36.5 42 0.115 99.7
osam -47.6 42 0910 99.8

Table 2.4: Fitting parameters AGy, m and ¢ from a systematic variation of n, in the framework of the
two models osaa and osam (see text for details) for glucagon.

where free energies are given in J/mol. Here, z)y and zr denote the effective charges of the
monomer and the fibril end, respectively, that lead to the electrostatic repulsion in the transition
2 . .
state. K = 4/ 2(8)006 INA is the inverse Debye length and ¥ corresponds to the average centre of
0EkpT

mass distance between the monomer and the fibril end in the transition state ensemble [34, 37,
49]). For kr* < 1, we can linearize this expression, by using e ™ ~ 1 — x for small x:

Nazmzre*  Nazmzre’k
Ameye,r 4mene,

AG* = AGE, + (2.14)

In this expression, only x depends explicitly on the ionic strength; therefore, if we derive the
logarithm of the fibril elongation rate with respect to the square root of the ionic strength, we

obtain:
legR NAZMZFez dx ]\/'AZ[\/[ZFE2 2000€2NA
= = = AZmzZF (2.15)
dv/1 Aneoe,RT d\/1 4neye,RT \| €& kpT

We see, therefore, that the orange slope of a plot of the logarithm of the fibril elongation rate
against the square root of the ionic strength is proportional to the product of the effective charges
on the monomer and fibril end that are relevant for the interaction in the transition state of fibril
elongation [37]].
We next focus on the equilibrium constant for fibril elongation, which is related to the free energy
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Tonic strength [VVM] AGy [KJ/mol] AGy [KJ/mol]

m glob. fit m fixed
0.17 -35.2 -36.8
0.22 -37.3 -39.1
0.28 -38.2 -40.6
0.32 -39.5 -42.3
0.36 -40.1 -42.9

Table 2.5: Glucagon amyloid fibril stabilities as a function of salt concentration. In the first column,
sigma is kept constant at 0.064, n is kept constant at 5 and m is globally fitted among the whole dataset.
In the second column, m is also fixed as well at 4400 KJ/mol, the value determined previously from the
fit of the data set in the absence of salt.

change associated with the addition of one mole of monomer to fibril ends according to equation
3), AG? = —RTInK,. Again, we can divide AGY into a non-electrostatic contribution and an
electrostatic contribution:

I 2
Nazyzpe oK

0 __ 0 0 __ 0
AG” = AG), +AGE = AGy, + 5 M

(2.16)

This expression is analogous to equation 2.13] except for the substitution of the % ("double
dagger’) superscript (notation for transition state quantities) by the superscript 0. Here, r*¢
denotes the center of mass distance of the last incorporated monomer from the previous fibril end,
i.e. the center of mass of the second to last incorporated monomer. The effective charges have
been primed in order to express the idea that the effective charges acting in the transition state
ensemble and in the final state can be different. A rearrangement of this expression analogous to
the one outlined for the kinetic expression above leads to:

dlogK, Nazjyzpe* dk  Nazyzpe® [2000e2Ny A 217

dv1 ~— 4AmeoeRT dv/J1 4meoe,RT \| eo&kpT *MEF 2.17)
Our experimental data for PI3K-SH3 and glucagon (Figure 4 in the main manuscript, individual
values of AGy can be found in tables and below) show that the slope is larger for
PI3K-SH3, suggesting a higher effective charge that destabilizes the fibrils. This is consistent
with the higher formal charge of PI3K-SH3 at this acidic pH, based on the amino acid sequence.
In our analysis, we explored two different ways to fit the ionic strength dependence data, by
keeping m fixed to the values determined previously and by fitting m globally to the ionic
strength-dependent data set (see two columns in tables [2.5/and [2.6). We found that the general
conclusions drawn here are independent of the exact manner in which the denaturation curves

are fitted, and we show the results of the method with fixed m-value in the plots in the main
manuscript.

We next proceed to relate the ionic strength dependencies of both kinetics and thermodynamics
of fibril elongation. Our analysis above shows that the slopes for the kinetic and thermodynamic
jonic strength dependencies are both independent of the characteristic distances, 7+ and 79, and
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Tonic strength [vVVM] AGy [KI/mol] AGy [KI/mol]

m glob. fit m fixed
0.17 -52.0 -56.0
0.18 -54.2 -59.0
0.19 -55.1 -59.9
0.22 -56.3 -61.2

Table 2.6: PI3K-SH3 amyloid fibril stabilities as a function of salt concentration. In the first column,

sigma is kept constant at 0.121, n is kept constant at 5 and m is globally fitted among the whole dataset.

In the second column, m is also fixed as well at 6900 KJ/mol, the value determined previously from the
fit of the data set in the absence of salt.

. _ Ny 2000e2N, . .
have the same numerical pre-factor, A = Tre e RT \ / e0E kT Therefore, in order to eliminate the

numerical constant A, we can express the ratio of the slopes as:

dlogR /dlogK, zmzr
d1 dvi — 27k

We next perform a close analysis of the behavior of PI3K-SH3 for which both the dependence of

(2.18)

the kinetics [37] and thermodynamics (this work) on solution ionic strength has been determined.

We find that the slopes and therefore products of the effective charges are extremely similar in
both the transition state and the final state (Figure 5 a of the main manuscript). This finding
provides strong evidence for the fact that the transition state ensemble of fibril elongation, at least
in this protein system, is highly product-like, regarding the center of mass distance component
of the multi-dimensional reaction coordinate [34]. It is likely that under these conditions of high
net charge, the electrostatic interactions are dominated by the center of mass distance between
the newly incorporating monomer and the monomer that corresponds to the fibril end, rather than
by the internal degrees of freedom. Therefore, no information on the similarity of the internal
structures between transition state ensemble and final state can be obtained from our analysis.






THERMAL CHARACTERIZATION OF THE
AMYLOID FIBRIL ELONGATION REACTION

3.1. Introduction

In order to determine the driving forces of a reaction it is fundamental to study its behaviour in
the temperature dimension. By observing the reaction upon changes in temperature, it is possible
to extract information about the enthalpic and entropic contribution to both the kinetics and
stability of the system. The pioneering studies of actin and flagellin assemblies in the temperature
dimension led to the observation that the energetic reaction signatures in the experimentally
measured temperature ranges are not monotonic, highlighting the complexity of the system
[14, [158]]. Similarly, in the study of the supramolecular polymers composed by aromatic
molecules, temperature is a key parameter in distinguish the assembly behaviour. Originally,
the study of the polymerization model was done by measuring the polymer and monomer
concentrations as a function of the total concentration. This meant monitoring the system over
a wide range of concentrations, which could not be done with a single methodology due to
limited detection ranges. Instead of working in the concentration dimension, the temperature
dimension allows us to obtain information both on the model and on the enthalpic component
of the assembly interactions. Cooling down the monomeric solution proved to be an easier and
clearer way to tell whether the system behaves cooperatively or isodesmically, as the signature of
a single concentration can be monitored throughout the whole temperature range with the same
methodology [24 66, 67].

Nowadays amyloid fibrils are one of the most researched protein assemblies, and many studies
have addressed the temperature dependence of their formation with a focus on the thermal
signature of the elongation reaction barrier [38, 41-51]. In all the monitored temperature ranges,
the temperature dependence of the elongation reaction appeared to be monotonic, with some
possible deviations at either high or low temperatures. Furthermore the stability of the fibrillar
assemblies was probed as a function of the temperature, showing strong deviations from a
monotonic behaviour for a-Synuclein, Af and 32 microglobulin [[159].

The use of temperature can be further exploited to model both the thermodynamic and kinetic
behaviour of the reaction once the equilibrium conditions are defined. Here I expand on the
current knowledge of the temperature dependence of the amyloid elongation reaction, aiming to
extract both kinetic and thermodynamic information through a differential temperature depen-
dence of the two opposing reactions. Differently from previous experimental approaches, major
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Figure 3.1: Temperature dependence of glucagon fibril monitored by CD spectroscopy. The sonicated
fibrillar sample (25 uM) was measured every 1°C, with a time of equilibration of 15 minutes at each
temperature step.

emphasis was placed on the use of the steady state of elongation and towards the dependence of
the depolymerization on the temperature ramping speed. In order to achieve this, the temperature
dependence of amyloid systems composed by glucagon and PI3K-SH3 amyloid fibrils was
established.

Focusing on the time necessary for the system to equilibrate, I measured the intrinsic fluorescence
of glucagon in various concentrations of GdnCl while ramping the temperature up and down at
different rates. The stability in the range of temperatures between 20 and 60°C was extrapolated
to the absence of denaturant, enabled by the long time of equilibration that allows us to explore
both kinetic and thermodynamic parameters in one single experiment while maintaining the
fibrils out of equilibrium.

The steady state of the fibril elongation was instead used as a means to extract thermodynamic
informations by quartz crystal micro-balance (QCM) measurements. The rate of elongation of
PI3K-SH3 fibrils was studied between 20 and 55°C. The observation of a biphasic temperature
dependence allows us to investigate the differential role of the two opposite reactions and to
obtain thermodynamic parameters for the whole temperature range.

These new methodologies open up the possibility to investigate the thermodynamic of the
elongation reaction by exploiting temperature and kinetics, the most well established aspects of
amyloid growth. The models proved to be robust and, even if more controls are required, they
could be applied to different amyloid systems to probe their stability.

3.2. Results

3.2.1 Qualitative evaluation of the temperature dependence of fibril stability

To determine the effect of temperature on the elongation reaction of glucagon amyloid fibrils,
the thermal denaturation of glucagon fibrils was first monitored acquiring circular dichroism
(CD) spectra of sonicated fibril samples. To allow the system enough time to equilibrate, the
temperature was ramped by 1°C every 15 minutes (Fig. left panel). The spectrum at 20°C
shows the characteristic 3-turn curve, with a peak at 205 nm and a shoulder around 220 nm,
probably due to the presence of a tryptophane in the sequence. The signal intensity of the
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Figure 3.2: Non-equilibrium behaviour of a polymer temperature ramp. a) Simulation of the behaviour
of a supramolecular polymeric system in a temperature ramping experiment. In a scenario where the
polymer depolymerize as the temperature increases, the faster the ramping occurs, the less monomer
is able to depolymerize in time. b) Temperature ramping of glucagon amyloid fibrils in different
concentrations of denaturant at a speed of 0.1°C min™!. The black lines show the best fit to the data.
The legend shows the samples GdnCl concentrations. The blue vertical line highlights the time when
the highest temperature was reached (90°C), while the horizontal blue line shows the total monomer
concentration of the samples.

peak at 202 nm decreases as the temperature increases, highlighting the loss of the amyloid
conformation.

The high stability of the amyloid fold is also due to the low rate of depolymerization, therefore
I explored the time of equilibration as a variable to test the thermal denaturation profile of the
glucagon fibrils. Different samples of fibrils with equimolar concentrations were ramped at
different rate and sequentially cooled down with the same rate (Fig. [3.1] right panel). Upon
heating to 50°C and cooling back to 20°C with different heating speed (from 0.5 to 7 °C min™"),
the degree of signal intensity that is lost correlates inversely with the rate of heating/cooling.
As the heating/cooling rate increases, less time is given to the fibrils to equilibrate at higher
temperatures. As the increased temperatures induces depolymerization of the fibrils, less time at
higher temperatures results in a lower amount of soluble monomer present in solution.

By cooling back the solution the ellipticity continues to decrease, meaning that the fibrils continue
to depolymerize to reach the equilibrium. The signal stabilizes itself when, during the cooling
phase, the temperature corresponds to the one at which the actual soluble monomer concentration
is the equilibrium one. The phenomenon is much more prominent as the heating/cooling rate
increases, highlighting the fact that the system requires more time to reach the equilibrium at
every temperature step then is available at high ramping rates.

3.2.2 Quantitative characterization of glucagon thermodynamics in out-of-
equilibrium regime

As the systems "lags behind" while ramping the temperature, it is possible to study it outside
of equilibrium. In order to do so, I analysed the behaviour of the fibrils in the presence of
denaturant, in order to destabilize them and favour the depolymerization reaction. Glucagon
fibril samples were diluted in different GdnCl and probed through intrinsic fluorescence between
20 and 60°C using the slowest heating/cooling speed possible, 0.1°C min™'. The samples were
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Figure 3.3: Temperature dependence of glucagon fibrils stability. a) The values of AG obtained from
the fitting of the data presented in Fig. [3.2b are extrapolated to the absence of denaturant for different
temperatures. b) Van’t Hoff plot with linear fit to measure the enthalpy contribution to the amyloid state
stability (AH = -237.1 kI mol!; AS = -0.6 kJ mol"! K'1).

measured both while ramping the temperature up and down, so to probe the apparent critical
concentration of monomer while maintaining the system out of equilibrium. If during the heating
phase the increase in temperature happens in time intervals exceeding the equilibration time,
the system will have enough time to reach the equilibrium. If the time intervals of heating are
inferior to the equilibration time, the system will lag behind. The same reasoning applies to the
cooling phase of the system.

In order to consider the reaction from a quantitative point of view, the ratio of fluorescence
between 350 and 330 nm was translated to the amount of soluble monomer as described in the
Method section. All the fibrillar samples reach their maximum of soluble monomer in solution
during the cooling phase, hinting toward a non-equilibrium behaviour (Fig. [3.2b). As the
temperature increases, the fibrils cannot depolymerize fast enough and reach the peak of soluble
monomer during the cooling phase. As the equilibrium concentration of free monomer still has
to be reached, the fibrils keep on depolymerizing as long as the soluble monomer concentration
is lower than the one required by the actual temperature.

The fibrils’ behaviour can be described as the result of the balance of the elongation and
depolymerization reactions (black lines in Fig. [3.2b). The fit of the two rate constants as a
function of their enthalpic and entropic contributions allows us to describe the behaviour of
every sample in different concentrations of denaturant. It is then possible to extrapolate the
stability of the fibrillar system in absence of denaturant by a linear a posteriori fitting (Fig.
[3.3h). The stability, that can be approximated by the ratio of the elongation rate constant over
the depolymerization rate constant, can be reliably measured for the denaturant concentrations
which show a significant change of soluble monomer concentration in the temperature range
here studied.

The temperature dependence of the fibril stability in the absence of denaturant can be visualized in
a Van’t Hoff plot (Fig. [3.3b). The stability dependence on the inverse of the temperature confirms
the exothermic signature of the elongation reaction. The stability decreases as temperature
increases, showing once again that the amount of soluble monomer increases with the temperature.
The resulting enthalpy of the reaction, AH, is -237 kJ mol™!, highlighting the drastic dependence
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Figure 3.4: Temperature dependence of PI3K-SH3 elongation reaction. a) Thermal dependence of
elongation rates of PI3K-SH3. The error bars represent the standard deviation on a triplicate measure-
ment. b) Van’t Hoff plot of the stability of PI3K-SH3 elongation reaction ((AH = -68.7 kJ mol!; AS =
-0.1 kJ mol"! K1)). The values are obtained from the computation of the stability parameter of a finite
number of temperatures obtained from the fitting described with the blue line in the panel a .

of the stability on the temperature in this range and the enthalpic drive of the amyloid elongation
reaction.

3.2.3 Temperature dependence of PI3K-SH3 elongation kinetics

The rate of elongations of PI3K-SH3 fibrils was measured at different temperatures through QCM-
D measurements. The measured elongation rates are modelled as the result of the competition
between the forward and the backward reaction: the elongation itself and the depolymerization.
Both rate constants are described as a function of the temperature, as shown in the Methods
section.

First the dependence of the elongation on temperature was probed at a single concentration,
namely 5 pM, in a range of temperatures between 10 and 55°C (Fig. [3.4p). The reaction rate
exponentially increases with temperature until it reaches a maximum at ca. 40°C. The rate than
rapidly decreases, with the fibrils almost not polymerizing any longer at 55°C.

The result of the net rate modelled as competition between the elongation and depolymerization
reaction is shown in Figure [3.4a. The two opposite reactions are defined by different temperature
dependencies, to depict the drastic increase of the depolymerization reaction with temperature
compared to the elongation. The rate of elongation (k;.[M]) is obtained through fitting the
four data points at the lowest temperatures (from 10 to 30°C), where the contribution of the
depolymerization reaction is negligible (black line in Fig. [3.4). This first estimate of the
elongation rate constant is then used to fit the rest of the dataset including the depolymerization
reaction. The fitting is done both by keeping the enthalpy parameter (AHi) fixed alone or

together with the entropy parameter (ASi).

The difference of temperature dependence between the two opposite reaction is determined by the
enthalpic contribution to the barrier. The elongation AHj[ is less than half of the depolimerization
AH* for both fitting approaches described before: the enthalpic barrier of elongation is 36.7 kJ
mol™!, while the enthalpic contribution of the backward reaction is 100.5 kJ mol! (in the case of
both the AHi and AS%E|r being fixed parameters) or 78.5 kJ mol™! (if ASftF 1S an open parameter).
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Figure 3.5: Concentration dependence of the elongation reaction in the temperature dimension. a)
Schematic representation of b) Three different concentration of monomer are used to elongate the
PI3K-SH3 fibrils attached on the sensor. The rates of elongation are normalized and compared by using
a reference injection on all the sensors at the temperature of 20°C.

This finding is coherent with the fact that the contribution of the depolymerization reaction
becomes significant only above 35°C. The resulting effect on the stability, which is proportional
to the natural logarithm of the ratio of the constants, is an exothermic signature for the reaction
for temperatures above 10°C (Fig. [3.4b). The enthalpy difference between the the soluble and
the amyloid state can be extracted and it results to be ca. -68 kJ mol™!.

To further demonstrate that the rate of elongation corresponds to the balance between the
elongation and depolymerization rate, the temperature dependence of the reaction was measured
using three different concentrations of monomer. The steady state of elongation was measured
for temperatures ranging between 10 and 60°C with concentrations of 4, 12 and 17 uM (Fig.
[3.5). While the elongation reaction is dependent on both the concentrations of fibril ends and the
soluble monomer (k- [P] [M]), the depolymerization reaction has only a dependence on the fibril
end concentration (k_ [P]). For both elongation and depolymerization, the fibril ends are the
same, hence the apparent rate of elongation is defined by how many events of elongation happen
compared to the events of depolymerization. As the temperature increases, the depolymerization
process becomes intrinsically dominant, but the extent to which it influences the apparent rate is
defined by the concentration of soluble monomer, which drives the events of elongation. The
data reproduce this behaviour: the highest concentration (17 uM) is still elongating at high rates
at 60°C, while the lowest concentration (4 uM) depolymerizes, having a net rate of "elongation"
lower than zero.

3.3. Discussion

3.3.1 Characterization of the temperature-dependence of the glucagon amyloid
fibrils elongation reaction

The response of glucagon fibrils to changes in temperature has been extensively studied by Otzen
and collaborators [45] [95]. A wide range of responses to temperature changes was found for
fibrillar samples prepared in different ways. This has been attributed to the high polymorphism
of the system, which seems to be a prominent characteristic of glucagon fibrils. In the work
here presented, the focus has been on the response of the fibrils on changes in temperature as
a function of time, using fibrils named in the literature as "Type B" [95]]. These fibrils show a
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B-turn CD spectrum, which with its peak around 202 nm closely resembles our samples (Fig.

[3.1)). These fibrils, formed in acidic environment with low salt and at room temperature, were
shown to be mildly resistant to heat, which is consistent with the findings here presented.

The dependence of the depolymerization of these fibrils on the heating/cooling speed opened
a new dimension to study amyloid fibrils. The study of aromatic polymers in supramolecular
chemistry is widely based on this methodology, relying generally on the temperature dependence
of the equilibrium to describe the polymerization mechanisms [24}66L|160]. Here the temperature
ramping experiment with glucagon fibrils showed how the elongation reaction can be studied by
maintaining the amyloid system out of equilibrium. By ramping up the temperature, we favour
the depolymerization of the system, due to the exothermic signature of the elongation reaction
[45]]. While the temperature rises, the system acquires more energy and slowly approaches the
equilibrium state. In this experiment, the temperature scan is stopped once the temperature
reaches 60°C, after which the cooling down phase begins. This causes the system composition
to "catch up" with the temperature and eventually, at a given temperature, equilibrium will be
reached. The further cooling slows down the reaction, causing the system to lag once again
behind due to the decrease of the reaction kinetics.

As the temperature decreases, the fibrillar system reaches equilibrium at a given time point ¢,
as the equilibrium soluble mass at that temperature is present in solution. The soluble mass is

insufficient for the time point before, #-df, and too abundant for the time point afterwards, 7+dr.

In Figure [3.2h the time point at which the expected soluble mass correspond to the measured
soluble mass, the peak in concentration of measured soluble mass is observed.

Every curve, corresponding to a single concentration of denaturant, can be described by a set
of two different rate constants, elongation (k) and depolymerization (k_), both dependent on
the temperature. From the ratio of the elongation rate constant over the depolymerization rate
constant, an approximation of the equilibrium constant can be obtained, K, = k /k_. This is
valid if there is no significant loss of fibril ends during the process, which is the reason why only
the samples with at least 10% of fibrillar mass remaining at the maximal depolymerization are
considered for the following analysis. In Figure[3.3p, the relation between AG = —RT InK, and
the denaturant concentration is shown at different temperatures. A linear fit describes the trend
of the relation and extrapolates the fibrillar stability to the absence of denaturant. This kind of
analysis does not imply a priori the linearity of the relation AG = f([D]), otherwise implied in
the non-linear fitting of the data in the equilibrium denaturation framework. If the result obtained
with this method at 30°C is compared to the result obtained in the previous chapter through
equilibrium denaturation, a difference can be easily spotted. The stability of glucagon fibrils
obtained through chemical depolymerization obtained with the cooperative model is around
36-38 kJ mol'!, lower than the value obtained with the non-equilibrium methodology, -50 kJ
mol . As in the non-equilibrium methodology the denaturant used is GdnCl, a better comparison
should be drawn with the equilibrium data obtained at high salt concentration in the presence of
urea. The stability of the fibrils in high ionic strength buffer (120 mM NaCl) increases up to -43
kJ mol!, approaching the value here obtained. As the Debye plot (Fig. does not show any
strong bending at higher salt concentration, a higher value for the stability in presence of complete
screening could be expected, a situation which resembles more closely the high concentration
of GdnCl used here for screening. Moreover, the modelling here employed approximates the
elongation behaviour as the ratio of rates, that refers only to the growth of full length fibrils,
while the data obtained through equilibrium depolymerization at a fixed temperature models the
entire system as defined by two different equilibrium constants for nucleation and growth.
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Previous experiments showed a non-Arrhenius behaviour for the fibril formation reaction [45],
in an effort to characterize the entire fibrillation process, nucleation included. The elongation
reaction alone was analysed by Buell et al., who found a weak endothermic signature for the
elongation reaction barrier of activation for temperatures inferior to 30°C. Both publications
agree in describing a maximum rate for the amyloid growth in the range between 20 and 30°C. In
this work, I probed the effect of temperature on the elongation reaction to measure the stability of
the amyloid fold. In the temperature range probed by this experiment (20 to 60°C), the reaction
signature is strongly exothermic (Fig. [3.3b). This is in contrast to previously published data
that measured a enthalpy value one order of magnitude lower and a variation of the same with
temperature [161]. In the work presented in this thesis a probable overstatement of the stability
in absence of denaturant at lower temperature can be the cause of the magnitude of the enthalpic
signature of the reaction. On the other hand, the model employed in the paper from Jeppesen
et al. assumes that the enthalpic signature measured by calormietry arises from a complete
conversion of the injected monomer to the amyloid fold, which may not be the case at higher
temperatures. Still the difference is evident and it cannot be addressed with the available data.

The thermal stability of the fibrillar system is instead in agreement with the same data presented in
the literature, since the fibrillar preparation here used resembles closely the Type B fibrils, which
show a melting temperature of 55° in absence of salt. The presence of high quantities of salt
(GdnCl) could further stabilize the fibrils, leading to increased melting temperature. Regarding
the difference with the endothermic signature of the Arrhenius plot of the kinetic reaction, the
increase of the depolymerization rate with the temperature could create an overall exothermic
signature for the stability, while the elongation rate still increases with the temperature.

For a reliable use of the model here described, some additional factors have to be addressed.
While primary nucleation events are improbable, due to high energetic barrier for their formation
and to the constant presence of seeds in solutions, secondary nucleation has to be ruled out.
Similarly, the effect of the denaturant could influence the secondary nucleation events during the
cooling down phase, an accurate description of the latter being fundamental for the meaningful
fitting of the dataset. In the end, the presence of a constant amount and type of fibrils, modelled
as [P], should be confirmed by a more in-depth study of the fibril length homogeneity.

A final comparison should be drawn with protein folding. Protein folding, being an intra-
molecular reaction, does not rely on pre-existent native proteins to fold (in an in vitro en-
vironment). The intra-molecular nature of the reaction allows every monomer to exchange
conformation between the unfolded and the folded state at every temperature, without the need
of interactions with other molecules. Amyloid fibrils are polymer and are composed by many
monomers involved in inter-molecular interactions. The different monomers that compose the
fibril can change conformation on the basis of their position in the polymer. Depolymerization,
even if favoured, occurs only at the fibril ends and therefore the equilibrium itself does not only
depend on the molecular contacts, but also on the absolute concentration of the protein.

3.3.2 Temperature dependence of PI3K-SH3 elongation kinetics

The effect of temperature on the elongation reaction of amyloid fibrils has been widely doc-
umented [33} |38, 4144, 46-51, |130]]. Increased temperature seems to favour the elongation
reaction for many different amyloid systems, with a monotonic exponential increase of the
elongation rate up to temperatures in the range of 40-50°C (up to 70°C for A fibrils in low pH
[44]). The results shown here are in agreement with previous findings related to PI3K-SH3 [49],
but extend the analysis further to include also higher temperatures. The information contained in
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Figure 3.6: Enthalpy landscape of the PI3K-SH3 elongation reaction. The enthalpy barrier of elonga-
tion (AH?) and depolymerization (AHfr) agree with the enthalpy difference between the unfolded and
amyloid state (AH).

this higher temperature regime is fundamental to describe the complete thermal dependence of
the reaction, both in its forward and backward components.

The AHi parameter, obtained through the analysis of rates in the first four temperatures probed
in this experiment, 36.7 kJ mol!, agrees with the value proposed by Buell et al, 42.14+8.5 kJ
mol!. The further apparent deviation from a standard non-Arrhenius behaviour is here analysed
in the framework of two opposite Arrhenius-like reactions. The different dependence of the two
reactions, represented by the AHi and AH* parameter, leads to a maximum rate of elongation
around 35-40°C. At lower temperature, the high stability of the amyloid fold is due to the
negligible depolymerization reaction. The van’t Hoff plot describes the stabiliy over the whole
temperature range observed and allows us to describe the enthalpic differences between the
soluble, amyloid and transition state as depicted in Fig. [3.6]

The high stability of the amyloid state allows us to probe the elongation reaction in the presence
of very low soluble monomer concentrations, since the critical concentration of monomer is very
low. The critical concentration of monomer is given by the ratio of the two rate constants, which
is also the inverse of the equilibrium constant. The relation between the natural logarithm of the

equilibrium constant and the inverse of the temperature is described in the van’t Hoff plot in Fig.

[3.4pb. The similar behaviour of the two rate constants results in an exothermic signature for the
whole temperature range. As in the case of glucagon, the bi-phasic kinetic behaviour is translated
into a monotonic decrease of the stability over temperature. Moreover, the strong negative

enthalpy contribution underlines the enthalpic drive towards the acquisition of the amyloid fold.

The critical concentration extracted from this fit for the maximum temperature, 60°, corresponds
to ca. 7uM. This result is in excellent agreement with experiments performed with multiple
monomer concentrations. By testing multiple concentrations it is possible to rule out other
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reactions, such as a structural rearrangement of fibrils or an effective lack of Arrhenius-like
behaviour for the elongation reaction. In the low temperature regime, the linearity is maintained
for all the concentrations, mirroring the behaviour that is expected from the relation k. [M] [P].
At the two highest temperatures the behaviour changes radically, in agreement with the high
AH?* of the depolymerization rate constant. As expected from the previous analysis, at 60°C
the lowest concentration of protein does not elongate the fibrils, as it is inferior to the critical
concentration. The medium and high concentration instead still elongate, even though without
the same proportionality to concentration as at lower temperatures. The shift of the critical
concentration is represented in the Fig. [3.5b, where the critical concentration is represented by
the concentration of protein which crosses the y = 0 axis.

In the case of PI3K-SH3, as well as glucaon, there is a discrepancy between the stability
parameters obtained though this methodology and the stability parameters obtained through
chemical depolymerization. The stability of PI3K-SH3 probed at 30°C through chemical
depolymerization in presence of 16 mM NaCl is ca. 56 kJ mol"!, while the stability measured
through this kinetic approach is ca. 37 kJ mol™!, in absence of NaCl. As the charge of PI3K-SH3
in pH 2 is +12, the dependence of the stability on charge screening is high. By extrapolating
the stability measured through chemical depolymerization in absence of NaCl, the stability goes
down to ca. 47 kJ mol™!. The difference between the two values is of ca. 25%, which is reasonable
given the fact that two very different techniques are employed. The chemical denaturation
approach aims at the description of the ensemble of species in solution, while the kinetic approach
here presented focuses on the balance between the elongation and depolymerization reaction.
Both approaches exploit two different dimensions to extrapolate the fibrillar stability: the
denaturant concentration, for the chemical depolymerization methodology, and the temperature
dimension, for the kinetic approach. Furthermore, other sources of error for this methodology
can contribute to the observed difference. The normalization of the rates on a single temperature
relies heavily on the accuracy of the measurements at that temperature. Moreover, the density of
the measurements can be increased at higher tempeatures, leading to a higher resolution where
the competition between the two opposite reactions becomes more prominent. In the end, an
error of ca. 20% on the concentration measure of the monomer solution can be expected at this
low concentrations. This translates in ca. 5% of error on the stability measure.

3.4. Conclusions

Through the study of the dynamic behaviour of the two fibrillar systems, glucagon and PI3K-SH3,
I was able to describe the dependence of the kinetics on variations in the temperature dimension
and obtain the thermodynamic parameters of the elongation reaction. The amount of information
that can be drawn from this kind of analysis exploits both the thermal stability and the seeding
potential of amyloid fibrils.

The non-equilibrium methodology employed with glucagon spans both the temperature and
the denaturant dimension. Describing the full temperature dependence of the amyloid state is
possible by exploiting the slow kinetics of the system and then extrapolating the results back to
the absence of denaturant. This approach is particularly interesting when it comes to highlight
the difference in behaviour between the classical folding and the amyloid elongation reaction.

The temperature dependence of the steady-state of elongation is a powerful technique to describe
the behaviour of the elongation reaction over different concentrations, while characterizing the
full thermal behaviour of both elongation and depolymerization rate constants. Applying it to
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the PI3K-SH3 amyloid elongation reaction led to both the extraction of the thermal dependence
of the kinetic constants and to the description of the concentration criticality over a wide range
of temperatures.

To summarize, measuring the kinetics of the elongation reactions over a wide range of tempera-
tures provides information to describe the stability of the fibrillar system, while avoiding the use
of denaturant. While further controls on the effective measurement of the isolated elongation
reaction are required to apply this methodology more rigorously and to other fibrillar system, the
possibility to dissect the different rate constants and to measure the thermodynamic parameters
make this methodology a promising tool to characterize amyloid stability.

3.5. Methods
3.5.1 Fibril preparation

Glucagon and PI3K-SH3 fibrils were prepared accordingly to the protocol described in Section
252

3.5.2 CD spectroscopy

The glucagon fibril spectra and kinetics were measured on an AVIV spectrophotomer (Aviv
Biomedical, Lakewood, NJ, USA) using as parameters a bandwidth of 1 nm, averaging time of 1
second and three repetitions for each measurement. The measurements were all performed using
a total protein concentration of 25 uM in 10 mM GIlyHCI pH 2.5, with a 1 mm cuvette. The
temperature ramping speed depends on the experiment and is specified in the result section.

3.5.3 Fluorescence measurement

The samples measured by fluorescence spectroscopy were composed of glucagon fibrils with
a total protein concentration of 100 uM in 10 mM GIlyHCI pH 2.5 buffer and different concen-
trations of GdnCl ranging from 1.4 M to 5.4 M. The fluorescence measurements were carried
out with a Prometheus NT.Plex instrument (NanoTemper Technologies, Miinchen, Germany).
The different samples were loaded on NT.Plex High Sensitivity capillaries (NanoTemper Tech-
nologies, Miinchen, Germany) and sealed with wax. The samples fluorescence was measured
by excitation at 280 nm and recording at 330 and 350 nm. The temperature range was between
20°C and 60°C using a heating/cooling speed of 0.1°C min™!.

3.5.4 Non-equilibrium temperature ramp kinetics

To estimate the fraction of soluble monomer, the ratio of the fluorescence intensity of 350/330
nm was converted to a fraction of soluble monomer by normalizing the signal between 0 and 1,
using the highest and lowest molarity of GdnCl as references. To analyse the data, the fraction of
soluble monomer was converted to concentration of soluble monomer and then fitted with the
model described below.

As the system is not able to reach the equilibrium in the time of the experiment, an out-of-
equilibrium framework was used to describe and fit the data. At every time point, the change of
soluble mass, d[M|/dt, is described as:

% — [Pk (t) — [P] ks (1) [M]
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where k_(t) and k4 (¢) are described as a function of temperature according to the following
relation:

AH* — T () AS*
RT ()

k=Texp—

where AH* and AS* are, respectively, the enthalpy and entropy of activation, R the gas constant
and T (¢) the temperature as a function of time. The time dependence of the temperature is
desribed as it follows:

T(t) = {TO +wt, while ramping up 3.1)

To —wt, while ramping down

where w is the ramping speed (0.00167°C s7!), Ty the starting temperature and t the time.

The relation between the time and the temperature is the key to define the non-equilibrium
behaviour of the system, that acts according to 7'(¢) while it still has to reach the equilibrium of
the temperature 7' (r — dt). Both elongation and depolymerization events happen accordingly to
the rate constants of 7'(¢), which define the stability as follows.

The stability of the fibrillar system is by the equilibrium definition, for which d[M]/dr = 0, stated
as follows:

0= [Plk- —[Pks[M]
ke 1

K,=-——
ke [M]
AGo = —RT InK,

Every concentration of denaturant has a stability parameter that can be measured at every
temperature according to the determined values of k; and k_ previously defined. The stability
in absence of denaturant is then obtained for every temperature by linear extrapolation of the
denaturant concentration range between 2.5 and 4 M GdnCl.

3.5.5 Temperature dependence of elongation kinetics

The dependence of the elongation reaction on temperature was probed by QCM. Different
sensors were incubated with 5 uM PI3K-SH3 solution at different temperatures ranging from 10
to 70°C. The number of different injections that can be made on a single sensor is limited due to
a maximal fibril length that can be sensed at constant sensitivity. For this reason, the different
rates were compared to an injection made at the same temperature on all the sensors. The rates
were then normalized with respect to this injection and the standard deviation was measured.
Every temperature was measured at least in triplicate and its standard deviation calculated from
that. The experiment was performed by Alberto Coden [162]].

To analyze the data, the steady state of elongation was described as the combination of the
elongation and depolymerization reaction:
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rapp:k+[M][P]_k—[P] (3.2)
Fapp = KPP [M] — KPP (3.3)

where ry),), is the apparent elongation rate, k. the rate constant of elongation, k_ the rate constant
of depolymerization, [M] the concentration of the injected monomer and [P] the concentration of
fibril ends. As [P] is the same for both terms, it has been included into the apparent rate constants

kaf P and k“PP. The temperature dependence of both kaf P and k“P" is described as it follows:

AH* — TAS*
krr — [pIT S — 3.4
prex (- T 34
—AH* TAS*
kPP =TY9PP exp exp| —— (3.5)
RT RT

where I is the kinetic prefactor, AH* the enthalpy of the reaction, AS* the entropy of the reaction,
R the gas constant and T the temperature. The term ['*?” =T [P] includes the uncertainty on
both the prefactor and the fibril end concentration. For simplicity, since the focus is on the
determination of the enthalpic contribution of the reaction, the term I'*”? is considered to be
identical in both the forward and backward reaction and its temperature dependence can be
neglected.

The fitting was performed using AH* and AS* as free parameters. The rate constant kip P was
fitted only in the low temperature regime, where the increase of the logarithm of the rate is linear
with respect to the inverse of the temperature and where the contribution from k“”” is negligible.
Then the fitting on the whole dataset has been performed using the equation [3.3] in one case
leaving the AS as an open parameter, while in the other case fixing it to the value found in the
linear fit.
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Abstract

High resolution structural information on amyloid fibrils is crucial for the understanding of
their formation mechanisms and for the rational design of amyloid inhibitors in the context of
protein misfolding diseases. The Src-homology 3 domain of phosphatidyl-inositol-3-kinase
(PI3K-SH3) is a model amyloid system that plays a pivotal role in our basic understanding
of protein misfolding and aggregation. Here, we present the atomic model of the PI3K-SH3
amyloid fibril with a resolution determined to 3.4 A by cryo-electron microscopy (cryo-EM).
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4. Atomic Structure of PI3-Kinase SH3 Amyloid Fibrils by Cryo-Electron Microscopy

The fibril is composed of two intertwined protofilaments that create an interface spanning 13
residues from each monomer. The model comprises residues 1-77 out of 86 amino acids in total,
with the missing residues located in the highly flexible C-terminus. The fibril structure allows us
to rationalise the effects of chemically conservative point mutations as well as of the previously
reported sequence perturbations on PI3K-SH3 fibril formation and growth.

4.1. Introduction

Alzheimer’s and Parkinson’s Disease as well as spongiform encephalopathies are prominent
examples of protein misfolding diseases [30]. These disorders are characterised by the presence
of amyloid fibrils [[163]]. Amyloid fibrils are straight and unbranched thread-like homopolymeric
protein assemblies, which are stabilised by backbone hydrogen bonding between individual
peptide molecules. These interactions lead to a highly ordered, repetitive cross-f architecture, in
which the B-strands run perpendicularly to the fibril axis.

It has been shown that in the case of neurodegenerative protein misfolding diseases, the final
amyloid fibrils are often not the most cytotoxic species, but that small, oligomeric precursors
are more hydrophobic and more mobile and hence more prone to deleterious interactions with
cellular components [164]. However, recent progress in the mechanistic understanding of
amyloid fibril formation shows that the mature fibrils can be the main source of toxic oligomers,
due to their role as catalytic sites in secondary nucleation processes [1635]]. Furthermore, in the
case of systemic amyloidosis diseases, where amyloid fibrils form in organs other than the brain,
the amyloid fibrils themselves are the deleterious species, as their presence in large quantities
can disrupt organ functions [166].

Until recently, structural information on amyloid fibrils could only be obtained from relatively
low-resolution methods, such as X-ray fibre diffraction [[123], limited proteolysis [167]] and
H/D exchange [|168]]. High-resolution structural information on amyloid fibrils has only become
available in recent years through progress in solid state NMR spectroscopy (ssNMR) [169-
171] and cryo-electron microscopy (cryo-EM). In particular cryo-EM enables atomic resolution
structures of amyloid fibrils to be determined, and this has indeed been achieved in a few cases so
far [29,|148,|149, 172-180]]. Such detailed structural information is crucial for the understanding
of amyloid formation mechanisms, as well as for the rational design of inhibitors of the individual
mechanistic steps, such as fibril nucleation and growth [[181].

Here we present the high-resolution cryo-EM structure of amyloid fibrils of the Src-homology
3 domain of phosphatidyl-inositol-3-kinase (PI3K-SH3). SH3 domains are kinase subdomains
of usually less than 100 amino acids length and have been found to be part of more than 350
proteins, ranging from kinases and GTPases to adaptor and structural proteins, within various
organisms [[182]. SH3 domains are known to play a significant role in several signalling pathways
where they mediate protein-protein interactions by recognising PxxP sequence motifs [[102,|183].
The structure of natively folded PI3K-SH3, a domain consisting of 86 amino acids from bovine
PI3K, has been well-characterised by X-ray crystallography and NMR spectroscopy [100, |183].

Used initially as a model system for protein folding studies [[103[], PI3K-SH3 was among the
first proteins discovered to form amyloid fibrils in the test tube, while not being associated to any
known human disease [105]]. Fibril formation was observed at acidic pH, where in contrast to
the native fold at neutral pH [100} 102]], monomeric PI3K-SH3 lacks a well-defined secondary
structure [39,|105, |106]. Since this discovery, PI3K-SH3 has played a pivotal role in advancing
our fundamental understanding of the relationships between protein folding, misfolding and
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aggregation. Indeed, the hypothesis of the amyloid fibril as the most generic ‘fold’ [30] that a
polypeptide can adopt was significantly shaped by the finding that PI3K-SH3 forms amyloid
fibrils. Many pioneering studies on the basic biochemical, structural and mechanistic features of
amyloid fibrils have been performed with PI3K-SH3. Early cryo-EM measurements highlighted
the need for conformational rearrangement of the sequence within the fibril [[184]. The important
role of the destabilisation of native secondary structure elements and the need for non-native
contacts and extensive structural rearrangements during the formation of fibrillar aggregates
was also observed for a related SH3 domain [[185]. Despite not being related to any human
disease, PI3K-SH3 aggregates were shown to be cytotoxic, suggesting sequence-independent
toxic properties of amyloid fibrils and their precursors [[186]. PI3K-SH3 also provided insight
into the kinetics of molecular recycling of the monomeric building blocks of the fibril [187]], as
well as into the dynamics of the formation of oligomeric precursors of amyloid fibrils [[188].

The structure of PI3K-SH3 fibrils we present here is in agreement with previous ssSsNMR data
[189], but we find that its interface is orthogonal to that suggested previously based on a low
resolution reconstruction [[184]. Indeed, the inter-filament interface in PI3K-SH3 fibrils is large
compared to that of other amyloid fibrils determined to-date, and is formed from residues distant
in primary sequence. With the atomic model we can rationalise the effect of newly designed,
as well as previously reported sequence variants of PI3K-SH3 on the kinetics of fibril growth.
Our study therefore not only adds important insight into the structural variety of amyloid fibrils,
but also demonstrates how such structures can be used to rationalise the dynamics of protein
assembly processes.

4.2. Results

4.2.1 Structure Determination by Cryo-EM

Fibril formation by the full-length PI3K-SH3 domain under acidic solution conditions [[103]
led to long, straight fibrils of which the main population could be structurally determined by
cryo-EM (Fig. 4.1). High overall homogeneity of the preparation has been shown by atomic
force microscopy (AFM) and negative staining EM imaging (Fig. 4.2, Supplementary Figs. 4.7
and 4.8). Nevertheless, two different morphologies could be distinguished in both AFM and EM
images (Fig. 4.2, Supplementary Fig. 4.7). The predominant, thick morphology has a diameter
of 7-8 nm while the other, thinner morphology exhibits about half the diameter of the thick fibril
(Supplementary Fig. 4.8).

For cryo-EM imaging, samples of PI3K-SH3 amyloid fibrils were flash-frozen on Quantifoil
cryo-EM grids and imaged with a Tecnai Arctica microscope (200 kV) equipped with a Falcon 3
direct electron detector (Supplementary Fig. 4.9). Image processing and helical reconstruction
were performed with Relion 2 [190-192]]. A three-dimensional density map for the thick PI3K-
SH3 fibril could be reconstructed to an overall resolution of 3.4 A. The clear density of the fibril
allowed us to build an atomic model for residues 1-77 out of a total of 86 amino acids (Fig. 4.1).
The missing nine residues are located at the C-terminus, which shows blurred density likely due
to substantial flexibility. Previously reported low-resolution cryo-EM [184]] data are in good
agreement with our structure (Supplementary Fig. 4.10).
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Figure 4.1: Double Filament SH3 fibril structure. a Cross-section of the double filament (DF) PI3K-
SH3 fibril (two monomers). The different protofilaments are colored blue and orange. Density maps
are shown at a contour level of 1.4 o . The density map was sufficiently clear to model residues 1-77.
b Side view of filaments twisting around each other displaying a total of 125 layers. ¢ Relative ar-
rangement of two adjacent PI3K-SH3 monomers within the fibril, showing a 2.35 A shift between the
protofilaments.

4.2.2  Architecture of the PI3K-SH3 Amyloid Fibril

The thick PI3K-SH3 fibril is a left-handed helical structure consisting of two intertwined protofila-
ments, and is thus called DF (double filament) fibril. The handedness of the density reconstruction
was determined by comparison with AFM images (see Methods and Supplementary Fig. 4.11).
From an analysis of the fibril height profiles in AFM images, we determined the helical pitch to
be 170 £ 10 nm in reasonable agreement with a pitch of 140 nm obtained from the cryo-EM
structure.

Protofilament subunits (PI3K-SH3 monomers) are stacked in a parallel, in-register cross-f3
structure. The spacing between the layers of the cross-f structure is around 4.7 A and well
visible in the density (Supplementary Fig. 4.12). The subunits in the two opposing protofilaments
are not on the same z-position along the fibril axis but are arranged in a staggered fashion (Fig.
4.1C). The helical symmetry is therefore described by a twist of 179.4 © and rise of 2.35 A, which
corresponds to an approximate 2;-screw symmetry. The same staggering arrangement has been
observed previously for other fibril structures, such as amyloid-f (1-42) and paired-helical
filaments of tau [149].
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Figure 4.2: AFM images of PI3K-SH3 amyloid fibrils. a AFM image of PI3K-SH3 fibrils (scale bar, 3
1 m). b Four different close-up views of fibrils showing both the thick, double filament (DF) fibril and
thin, single filament (SF) fibril morphology (scale bar, 300 nm).

Each protofilament subunit, or PI3K-SH3 monomer, consists of seven parallel in-register 3-
strands (B1, aal-5; B2, aa7-19; B3, aa22-26; B4, aa28-34; B5, aa46-56; B6, aa59-68; B7,
aa72-77) that are interrupted by either sharp kinks, glycine or proline residues — or a combination
of those (Figs. 4.1A, 4.3, Supplementary Fig. 4.12). In particular glycine residues at kink
positions have also been observed in other amyloid structures [175]. The total of seven kinks
and turns (Fig. 4.3A) results in an amyloid key topology [178]], which includes a structural motif
similar to the bent -arch described by Li et al. [[175] for the a -synuclein fibril.

By encompassing 13 residues of each monomer, 26 in total (Supplementary Fig. 4.13), the
inter-filament interface of the PI3K-SH3 DF fibril is very large. The protofilaments mainly
interact through two identical symmetry-related hydrophobic patches (Fig. 4.4) at the periphery
of their interface, between the bottom part of the bent 3-arch motif and the respective C-terminal
part of the opposing protofilament. The stability is provided by the hydrophobic clusters of Val3®,
Leu®?, Gly*!', Phe*?, Val’*, Tyr®” and Val’®', Leu®”’, Gly*!", Phe*?', Val’*, Tyr%’ (Figs. 4.1A,
4.4).

The amyloid-characteristic cross-f8 motif composed of parallel in-register 3-sheets connects the
different DF fibril layers and therefore contributes the largest share of intermolecular contacts
(Fig. 4.5, Supplementary Fig. 4.12). This cross-f stacking is complemented by multiple inter-
and intramolecular contacts including side chain interactions in homosteric and heterosteric
zippers [194]. A further noteworthy feature of the structure is the fact that the PI3K-SH3 subunits
are not planar but extent along the fibril axis (Fig. 4.5). The subunits within a protofilament
therefore interact not only with the layer directly above (i+2) and below (i-2), but also with layers
up to (i+6) and (i-6); the subunits are interlocked.

A single PI3K-SH3 monomer in the DF fibril exhibits an amyloid key topology (Fig. 4.1A),
which is stabilised mainly by hydrophobic patches stretching between the strands B3—35 (Ile??(i),
Trp55 (i-4), Leu2*(i), Leu?(i)) (Fig. 4.4), and hydrogen bonds or salt bridges between strands
B5 and B6 (Asp™(i), Argf0(i-2), Glu*’(i)) and B2- B6 (Arg®(i), Glu®!(i-6)) (Figs. 4.1A, 4.3A).
In the turn between strands 85 and 6, Asp'?(i+4) might bind to Lys'>(i+4) while Glu'” (i+4)
might interact with Asn>’ (i) (Figs. 4.1A, 4.3A). The bent B-arch motif between strands 4 and
BB5 is potentially strengthened by a contact between Asn®3(i) and GIn*®(i) that would tie the
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Figure 4.3: Secondary structure comparison of the DF PI3K-SH3 fibrilcryo-EM structure data obtained
previously by solid-state NMR (fibrils) or liquid-state NMR (monomeric, native state). a Tilted cross-
section of four DF SH3 fibril layers. Secondary structure is predominantly formed by seven cross-f3
sheets. b Secondary structure comparison to the native solution structure (PDB: 1PKS) [100] and
ssNMR results (fibrils) modified according to Bayro et al. [189]. Flexible regions are shown as dashed
lines, B-sheets as arrows, and the helix as a cylinder.

motif together (Figs. 4.1A, 4.3A). Further possible electrostatic interactions can be observed
between strands B2 and 86 where the amino-group of Arg®(i+4) might exhibit a salt bridge to
Glu®!(i-2) (Figs. 4.1A, 4.3A). In addition, aromatic side chains are located in close proximity
to glycine residues Tyr®(i)-Gly’! (i+6), Phe*?(i)-Gly®’(i+2), Tyr’3(i)-Gly’(i-6), indicating a
potential involvement of glycine-aromatic Cox -H- - - 7 -interactions [195}196]]. Further aliphatic-
aliphatic and aromatic-aliphatic interactions comprise e (§)-Pro°0(i-2, i-4)-Ala*8(i-2, i-4),
Metl(i)—Tyrn(i ), and Leu“(i)—Tyrsg(i—4). We could also observe possible interactions in-between
monomer layers, so-called hydrogen bond ladders, e.g. with GIn?, GIn*®, Asn>’ and Asn®.
Additionally, these ladders could potentially be formed as well by side chains pointing outside
of the fibril such as Glu*, Glu2", Asp21, Asp23 and Asp28. Remarkably, nearly all side chains
in the outer C -chain that are oriented towards the solvent are non-hydrophobic (Fig. 4.1A)
(Ser’-Glu*, Tyr!'#-Ser?®). Hence, the polar outside of the fibril shields the hydrophobic interface
(Fig. 4.4). Only the hydrophobic residues Leu?® and Val*?, which are located on the fibril surface
next to the bent -arch motif, disrupt this pattern (Figs. 4.1A, 4.4).

Further hints towards the role of electrostatic interactions in maintaining the structure, comes
from a pH-shift experiment. By changing the pH from 2 to 7.4, we observed that fibrils
depolymerise almost completely after 1 hour (Supplementary Fig. 4.14), in agreement with the
highly dynamic nature of PI3K-SH3 fibrils reported previously [197]. We propose three clusters
that may be highly influenced by this pH shift: a) the space between strands B5 and 86 (Asp**(i),
Arg®(i-2), Glu*’()); b) the interactions between Asp'3(i) and Lys!>(i), and between Glu'”(i+4)
and Asn’’(i); ¢) the solvent-exposed and protonatable patch involving Asp21 (), Asp23(i) and
His?3(i) (also highlighted as having a fundamental role in amyloid formation [[198]).
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Figure 4.4: Hydrophobicity of the fibril cross-section. Hydrophobicity levels of the DF SH3 fibril
cross-section are coloured according to Kyte-Doolittle [193]]. Hydrophobic residues are mainly packed
within the fibril core, while hydrophilic residues point towards the solvent. Hydrophobic patches in
both monomers are clearly visible and are spanning several f3-sheets.

The secondary structure of PI3K-SH3 fibrils and monomers has been analysed by comparing
available solution NMR (monomeric native fold, PDB: 1PKS) [[100] and ssNMR data (amyloid
fold) [189]] with our model (Fig. 4.3B). The only feature that is shared by all models is the flexible
C-terminus starting around residue 80. Analysis of protein contact maps via the Contact Map
WebViewer of the DF fibril compared to the monomeric native structure showed no
consistent residue contacts in both structures, illustrating the substantially different conformation
that the monomer unit has to adopt in order to incorporate into the fibril. The secondary structure
of the native and amyloid fold differs substantially apart from a f3-sheet between residues 70
to 80. While the monomeric native structure is characterised by one helix between residues 34
and 39, B-sheets and multiple flexible loop-regions, the DF fibril consists of seven f3-sheets,
exclusively, that are almost uninterrupted (Fig. 4.3B). The longest break in the 3-sheet pattern
of the fibril is the bent B-arch motif leading to a rigid loop between Gly>> and Gly*® (Figs. 4.1A,
4.3A). Our findings are consistent with former results by Bayro et al. who proposed a
PI3K-SH3 amyloid model based on solid-state NMR data. Both structures show f3-sheets as the
only secondary structure motif with most of the 3 -sheet regions corresponding (Fig. 4.3B). The
main differences between the ssSNMR and cryo-EM structures are found in the region between
residues 25 and 60. Here, ssNMR data suggest two wide-spanning f3-sheets while according to
cryo-EM data this region consists of not two but four 3-sheets, that are disrupted by a glycine

residue, Gly?” (83— B4) (Supplementary Fig. 4.12) and a sharp kink, Gly>*-Tyr>® (85— B6) (Fig.

4.3A).

4.2.3 Impact of Mutations on the SH3 Aggregation

We probed the sensitivity of the fibril growth kinetics towards chemically conservative single
point mutations by substituting isoleucine residues for alanine across the protein sequence. We
expressed and purified the sequence variants and experimentally quantified the rates at which
five different variants (122A, 129A, I53A, I77A, 182A) elongated wildtype (WT) fibrils by
quartz crystal microbalance (QCM) measurements (Supplementary Fig. 4.15) [38,[200]. This
technology is ideally suited for such cross-seeding experiments. The fibril growth rates of WT
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Figure 4.5: Side view of the secondary structure of the atomic model. a Single subunit i highlighted
in blue with adjacent subunits in beige, described by even numbers, while the subunits of the opposite
protofilament are described by odd numbers. b View of the minimal fibril unit (i) to (i-6) in one fila-
ment. The minimal fibril unit is displayed from two views by a turn of 180° highlighting the course of
one monomer spanning several fibril layers.

and variant proteins can be directly compared, given that the same, constant ensemble of fibrils
is monitored. An additional big advantage is that the use of WT seeds as templates ensures that
the sequence variants adopt the same fibril structure as the WT, and therefore the change in fibril
growth kinetics with respect to the wild type can be interpreted in terms of the perturbation
induced by the sequence modification.

We measured the rates of WT fibril elongation by the different variants and expressed the rates
relative to that of the elongation by WT monomer (Fig. 4.6, Supplementary Fig. 4.15). We found
that the relative elongation rates differ by more than two orders of magnitude, with the mutations
in the first third of the sequence, as well as around the middle of the sequence, displaying slow
elongation rates (I122A = 0.02 4+ 10.9% , 129A = 0.02 £ 7.5% , I53A = 0.003 £+ 72.7% ), whereas
the mutations close to or within the disordered C-terminus display approximately the same rates
as the wild type (I77A = 1.13 £ 9.3% , I82A = 1.59 + 10.3% ). We also took AFM images
of the different single point mutants at a concentration of 100 u M that were all seeded with
WT-derived fibrils and incubated for 2 days at room temperature under quiescent conditions
(Supplementary Fig. 4.16). From these images, it can be seen that all fibrils at the end of the
experiment have a very similar morphology and length, except for those in the sample with I53A,
where shorter fibrils are observed. The fibril growth of all the mutants seems to have come to
completion within this time scale leading to very similar fibril lengths. Only in the case of IS3A,
the fibril growth rate is so slow that the available monomer was only partly incorporated into the
seed fibrils during the course of the experiment. However, the very high mass sensitivity of the
QCM permits to resolve even the growth rate of this slow growing mutant, and hence we base
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Figure 4.6: Point mutations and their effect on fibril elongation rates. a Top view of a PI3K-SH3
monomer derived from DF fibrils. Highlighted residues: Isoleucine residues mutated to alanine

(I22A, 129A, 1I53A, 177A, 182A), from this work (red) and charged residues mutated by Buell et al.
[200](K16Q, ES2K, E61K, pink). Mutation I82A is missing in the model due to the flexible C-terminus.
b Elongation rate of Ile-to-Ala mutants. The elongation rates are normalised to a WT rate of one.

our analysis of the relative growth rates exclusively on the QCM experiments (Supplementary
Fig. 4.15).

4.3. Discussion

Concerning fibril architecture and polymorphism, we observed that in addition to the thick
7-8 nm DF SH3 fibril consisting of two filaments, also thin fibrils of about half the diameter
are present in both AFM (Fig. 4.2, Supplementary Fig. 4.8) and negative stain EM images
(Supplementary Fig. 4.7). We therefore hypothesise that the thin fibrils correspond to single
filament fibrils (SF fibrils) of the same type that make up the DF fibrils. Our hypothesis is
further supported by AFM images that suggest that long SF fibrils can contain stretches that
appear to be identical to DF fibrils (Supplementary Fig. 4.8). It therefore seems likely that
fragments of an additional protofilament can attach to or grow on a given SF fibril, to form DF
fibrils. The incomplete cooperativity between the elongation of the individual filaments in a DF
fibril suggests relatively weak interactions between the filaments. This, in turn, implies that one
filament could well be stable without contact to another filament. We conclude that, at least in
the case of PI3K-SH3, inter-filament interface contacts are not necessary for fibril formation.
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A similar observation has been made for $2-microglobulin fibrils [201], which can comprise a
single protofilament as well as two or more filaments resulting in at least six different polymorphs
without major differences in the filament structure. Accordingly, a mixture of all polymorphs
yielded only a single set of NMR resonances [201]. The stability of individual PI3K-SH3
filaments is particularly noteworthy, inasmuch as the inter-filament interface in the DF fibrils is
comparatively large (Supplementary Fig. 4.13). A large inter-filament interface does therefore
not indicate stable inter-filament interactions. We note here also that the identical conformation
of every subunit along the fibril axis is in line with fibril growth by PI3K-SH3 monomer addition
(34, 202].

A single subunit in the PI3K-SH3 DF fibril is not planar but winds itself along the protofilament
axis (Fig. 4.5), which leads to interlocking within a protofilament. In contrast, in a planar
subunit, the inter-subunit interactions within one protofilament would consist exclusively of
the cross-f3 pattern, while all transverse interactions would be intramolecular. Here, however,
one subunit within one protofilament is not only in contact with its direct neighbours (above
and below) but with four other monomers in total, i.e. in addition to the longitudinal hydrogen
bonds in the cross-f structure, there are other transverse interactions between the subunits. This
staggered arrangement leads to an interlocking mechanism connecting several monomers within
a protofilament, which very likely further stabilises the structure (Fig. 4.5). Interestingly, this
interlocking mechanism is commonly seen in other amyloid fibril structures determined by
cryo-EM [148, 175, (176, 178, [179]. It should be noted that NMR data can only distinguish
between intra- and intermolecular contacts but cannot directly reveal a potential staggering of
subunits along the fibril axis.

Given that the interlocking is observed in other fibril structures as well, it might in general
contribute to the formation of stable fibrils by optimisation of the side chain packing [170].
In addition, the staggered architecture might in part be responsible for the templating effect
during fibril elongation, as it establishes a rugged binding interface that may guide the incoming
monomer into the fibril conformation, engaging it in more intermolecular contacts than a flat
interface could.

As a measure for the interlocking of subunits we have previously defined the concept of a
minimal fibril unit [[148]], which is the smallest fibril structure fragment in which the capping
subunits at both ends would have established the same full contact interface with other consti-
tuting monomers as the capping subunits of an extended fibril. Since we hypothesise that one
protofilament of the DF fibril could exist on its own and is identical to the SF fibril, here we
describe the minimal fibril unit also for a single protofilament. For the PI3K-SH3 fibril, the
minimal fibril unit has a size of four subunits when considering an individual protofilament, and
a size of eight subunits in the case of the DF fibril (Fig. 4.5B).

In order to rationalise kinetic data of fibril formation and growth we substituted five different
isoleucine residues with alanines, probing how these chemically conservative single point
mutations at different positions affect the addition of new monomers to the fibrillar structure
formed by the wild type sequence. Three mutations (I122A, I129A, IS3A) showed a strong decrease
of the elongation rate of two to three orders of magnitude compared to the wild type sequence (Fig.
4.6). In these positions, the side chains of the three isoleucines are all pointing towards the fibrillar
core (Fig. 4.6). While the chemical nature of the amino acid substitution we chose is conservative
(aliphatic to aliphatic), the bulkiness of the side chain decreases. The ability of these variants to
elongate the WT structure, albeit significantly slower than the WT sequence itself, suggests that
the formation of a cavity due to the reduced bulkiness is energetically tolerated. However, the
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free energy difference between the monomeric state and the transition state (structural ensemble)
of the elongation reaction appears to be increased. Such an increase in energy difference could
come either from a stabilisation of the monomeric state, or from a destabilisation of the transition
state. The former seems less likely, due to the mostly disordered nature of PI3K-SH3 at pH 2,
while the latter possibility could be caused by the reduction in hydrophobic contacts between the
monomer and the fibril end. This conclusion, which assumes some degree of contact between the
monomer and the fibril end in the transition state for fibril growth, is in excellent agreement with
previous results that underline the importance of the sequence hydrophobicity for the magnitude
of the elongation free energy barrierPuclIPetailedAnalysisEnergy2012 “The remaining two mutations
(I77A, 182A) (Fig. 4.6) are instead located close to or within the flexible C-terminus and show
indeed a much weaker or no effect on the elongation rate. In both cases a chemical modification
to alanine does not perturb any interactions crucial for the energetics of the transition state.

The availability of the high-resolution structure also allows us to rationalise the influence of
previously reported single point mutations of PI3K-SH3 on the kinetics of fibril elongation. In
a previous study [200], the effect of changes in charge at three different positions (Fig. 4.6;
K16Q, E52K, E61K; residues depicted in pink) led to very different effects on the elongation
rate. While these mutations, similar to the ones we have designed and studied in the present
work, could lead to different fibrillar structures if induced to form fibrils de novo, the use of WT
seed fibrils in both studies allows us to discuss here the effect of these mutations in the light of
the present fibril structure. This is because the well-known templating effect in amyloid fibril
growth imprints the structure of the fibril template onto the monomeric protein that adds onto
the fibril end. The mutation E52K probably leads to the creation of a positive charge inside the
hydrophobic fibril core, a highly unstable arrangement. In the WT fibril, Glu®! can form a salt
bridge with Arg”, which leads to an additional driving force for the deprotonation of Glu®!. If
Glu®! is substituted by a lysine (E61K), two positive charges come into close proximity, again
leading to a highly unstable situation. On the other hand, the mutation K16Q does not lead to
any major change in the kinetics of fibril elongation, which is most likely due to the side chain
pointing towards the outside of the fibril [37].

Our structural model can also help to understand the effects of further sets of previously in-
vestigated sequence changes [[198]]. With the aim of understanding which part of the sequence
plays a major role in the amyloidogenicity of the protein, different portions of the sequence were
replaced or mutated. In the vast majority of cases, the amyloidogenic behaviour was completely
abolished, which we can now explain with our structural model: the introduction of bulky or
charged residues facing the inner core of the structure destabilises the present amyloid fold, as
evidenced by the mutants E17R/D23R and Q7E/R9K/E17R/D23R [[198]. The only mutation
that does not show a significant decrease in amyloidogenicity does not involve changing the
charge of a buried residue: the mutant referred to as PI3-QMR (E17Q/D23M/H25R) modifies a
single charge of outward pointing residue 25 (assuming Glu'” and Asp?? to be protonated at pH
2 [198]).

It should also be noted that the circularisation of the PI3K-SH3 sequence through the use of
disulphide bridges causes a decrease of the elongation rate but does not prevent the circularised
mutant to acquire the amyloid conformation [[107]. The close proximity of the N- and C-termini
(Fig. 4.1A), in combination with the flexibility of the C-terminal nine residues, likely allows the
cyclised (disulfide bridge between Cys> and Cys®?) sequence to form an amyloid structure very
similar, if not identical to the one presented here.
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A noteworthy example of substantial sequence modification is the grafting of the N-Src loop
of SPC-SH3 onto PI3K-SH3, while simultaneously removing the stretch from residue 31 to 53
from PI3K-SH3 [203]]. This operation did not remove the amyloidogenic properties from the
modified PI3K-SH3 domain. The removed sequence stretch is part of the bent -arch motif in
the amyloid conformation. The removal of this prominent motif could have been expected to
lead to a more significant impairment of amyloid fibril formation. However, the altered sequence
is likely to be able to respond to this strong perturbation by forming an alternative structure.

In summary, we have determined the structure of an PI3K-SH3 amyloid fibril. The PI3K-SH3
fibril has been extensively studied in the past and the effect of many mutations on the kinetics
of amyloid formation has been described. The atomic structure of the PI3K-SH3 fibril enables
us now to rationalise the effect of these mutations, which is the basis for understanding the
sequence-dependence of amyloidogenicity and ultimately the determinants of amyloid formation
in general.

4.4. Methods

4.4.1 Protein production

WT and mutants of the bovine PI3K-SH3 domain were purified according to the protocol of
Zurdo et al. [39]. All constructs contain a 6xHis-tag linked to the protein by a thrombin cleavage
site. The sequence of the WT protein after cleavage is the following, with the peptide Gly-Ser
remaining as overhang from the cleavage:

GS MSAEGYQYRA LYDYKKEREE DIDLHLGDIL TVNKGSLVAL GFSDGQEAKP EEIG-
WLNGYN ETTGERGDFP GTYVEYIGRK KISP

The protein was expressed in a BL21 E. coli strain with TB medium for auto-induction containing
0.012 % Glucose and 0.048 % Lactose. The cells were grown for over 24 h and then harvested
by centrifugation. After resuspension in sodium phosphate buffer (50 mM sodium phosphate
pH 8, 5 mM Imidazole and 100 mM NaCl), the cells were disrupted by sonication, in presence
of protease inhibitors and DNAse. The lysate was centrifuged, and the supernatant loaded on
a Ni-NTA Superflow Cartridge (Qiagen, Venlo, Netherlands) equilibrated in 50 mM sodium
phosphate pH 8, 5 mM Imidazole and 100 mM NaCl. The protein was eluted with a linear
gradient from 5 to 300 mM imidazole in 50 mM sodium phosphate pH 8, 100 mM NaCl in
25 ml elution volume. Fractions containing the protein were collected and cleaved overnight
at 7° C with 1 unit of thrombin (from bovine plasma, Sigma-Aldrich Saint Louis, Missouri,
USA) per 1 mg of protein. The cleaved solution was then concentrated and loaded on a SEC
HiLoad 26/60 Superdex 75 column (GE Healthcare, Chicago, Illinois, USA) equilibrated with 5
mM ammonium acetate pH 7. Fractions containing the PI3K-SH3 domain were collected and
lyophilised for further use.

4.4.2 Fibril formation

The lyophilised protein was resuspended in 10 mM glycine-hydrochloride pH 2.5 buffer at a
final concentration of ca. 200 uM. The solution was shaken in an Eppendorf tube at 1400 rpm at
42°C for 24 h to form seeds. These seeds were then sonicated in an Eppendorf tube in a volume
of ca. 500 ul for 15 s (1 s “on”, 2 s “off” , 10 % amplitude) with a Bandelin Sonoplus using
a M72 probe. To prepare the twisted fibrils, a new solution with ca. 100 uM monomer in 10
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mM glycine-hydrochloride pH 2.5 was then mixed with 5 uM of equivalent seeds mass and
incubated without stirring at 50 °C overnight.

4.43 AFM imaging

The fibril samples were diluted in 10 mM glycine-hydrochloride, pH 2.5 to a concentration
of 5 uM and 10 ul were pipetted on a mica substrate. After 10 min of incubation, the mica
was washed extensively with milliQ water and dried under a nitrogen gas flush. The pictures
were taken in tapping mode on a Bruker Multimode 8 (Billerica, Massachusetts, USA) using
OMCL-ACI160TS cantilevers (Shinjuku, Tokyo, Japan).

4.4.4 Fibril elongation measurements with QCM

The elongation rate of PI3K-SH3 fibrils was measured through immobilisation of fibrils on a
QCM sensor and subsequent incubation with monomer solution [34]. To immobilise the fibrils
on the sensor, chemical modification is necessary. To achieve that, the fibrils were mixed at a
final concentration of 50 uM in buffer (10 mM glycine-hydrochloride, pH 2) with EDC (1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride) (1M) and cystamine hydrochloride (0.5
mgml). After pelleting and washing the chemically modified fibrils, they were sonicated in an
Eppendorf tube in a volume of ca. 500 ul with a Bandelin Sonoplus using a MS72 probe (10%
amplitude, 15 s, 1 s “on”, 2 s “off” ). The gold sensors (Biolin Scientific, Gothenburg, Sweden)
were then incubated with the above-mentioned solution overnight in a 100% humidity environ-
ment. The measurements were performed with a QSense Pro (Biolin Scientific, Gothenburg,
Sweden) by measuring the elongation rate as change in resonant frequency over time. With the
temperature set at 25°C, the monomer solutions were injected for 30 s at a flow rate of 100 ul per
second and the measurement lasted until a stable slope was reached. To obtain the relative rates,
the protein solutions were injected in different sensor chambers after a WT injection, the latter
being used as normalization reference. Two different triplicate measurements were performed
for IS3A. Two different duplicate measurements were performed for all the other mutants. The
rate was measured as slope of the 3rd overtone and averaged among the multiple injections. The
data are presented as average values with error bars indicating the standard deviation.

4.4.5 Fibril dissociation at pH 7.4

Fibril dissociation at pH 7.4 was probed by measuring ThT and intrinsic fluorescence change
over time in two series of triplicates. The ThT measurements were performed by mixing 40
ul of 100 uM PI3K-SH3 fibrils and 50 uM ThT in 10 mM glycine-hydrochloride pH 2 with
60 ul of 100 mM sodium phosphate pH 7.4. The mixing was carried out using the injection
system of a CLARIOstar plate reader (BMG LABTECH, Ortenberg, Germany) and measuring
immediately afterwards by exciting at 440 nm and recording the signal intensity at 480 nm.
The intrinsic tryptophan fluorescence measurements were carried out by mixing the same two
solutions (without ThT) by pipetting, followed by the measurement of fluorescence spectra every
15 seconds by exciting at 290 nm and recording between 300 and 380 nm in 2 nm intervals.

The analysis of soluble peptide by concentration determination at the end of the dissolution
experiment was performed after one night of equilibration after the mixing of the two solutions
mentioned above (without ThT). The samples were spun down for 30 min at 16,100 g. The
supernatant was then measured and the protein concentration was determined by measuring the
absorbance at 280 nm together with the extinction coefficient of PI3K-SH3 of &€,g9 = 15930
Mlem! using a V650 UV-Vis spectrophotometer (Jasco, Easton, MD, USA).
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4.4.6 Negative stain and cryo-EM image acquisition

Negatively stained fibrils were prepared on 400 mesh carbon-coated copper grids (S160-4,
Plano GmbH, Germany), stained with 1% uranyl acetate, and imaged using a Libral20 electron
microscope (Zeiss) operated at 120 kV. Cryo-preparation was performed on glow-discharged
holey carbon films (Quantifoil R 1.2/1.3, 300 mesh). The sample containing 50 uM PI3K-SH3
was 4x/10x/20x diluted with 10 mM glycine-hydrochloride (pH 2) to a final concentration of
12.5, 5 or 2.5 uM monomer equivalent. A total sample volume of 2.5 ul was applied onto
the carbon grid and blotted for 3.5 s before being cryo-plunged using a Vitrobot (FEI). With
110,000-fold nominal magnification 622 micrographs have been recorded on a Tecnai Arctica
electron microscope operating at 200 kV with a field emission gun using a Falcon III (FEI) direct
electron detector in electron counting mode directed by EPU data collection software. Each
micrograph was composed of 60 fractions. Each fraction contained 42 frames, i.e. in total 2520
frames were recorded per micrograph. The samples were exposed for 65 s to an integrated flux
of 0.4 ¢/A%/s. Applied underfocus values ranged between 1.5 and 2.25 pm. The pixel size was
0.935 A, as calibrated using gold diffraction rings within the powerspectra of a cross grating grid
(EMS, Hatfield).

447 Cryo-EM Image Processing and Helical Reconstruction

MotionCor?2 [204]] was used for movie correction. Fitting CTF parameters for all 622 micrographs
was performed using CTFFIND4 [205]]. Further image processing and 3D reconstructions were
done with Relion2 [[190} [191]]. Selection of 256 micrographs was done with CCTFFIND by
estimating the maximum resolution at which Thon rings could be detected to be better than 5
A. From these micrographs, 4540 fibrils were manually picked. From these fibrils, 103,733
segments were extracted using an overlap of 90 % between neighbouring segments. The size of
the segment images is 220 pixels. For data set characterisation we performed 2D classification
(Supplementary Fig. 4.17). As an initial model for the refinement we used a noise-filled cylinder.

After several rounds of 3D refinements with helical symmetry search, we found a problem with
the tilt priors: the tilt angle distribution became bimodal with maxima at 85° and 95°. However,
we would expect the tilt angles to show a unimodal distribution around 90°. The ~ 4.7 A cross-f3
pattern is a strong signal and substantially affects the alignment. If the helical rise parameter
is slightly smaller than the correct value, the cross-f3 pattern can still be aligned by changing
the tilt angles to higher or lower values (which accordingly reduces the spacing of the cross-f3
pattern). To overcome this problem, we fixed the tilt prior to 90° by usage of the Relion option
—helical_keep_tilt_prior_fixed, and then first optimized the helical parameters. In subsequent
refinements, the helical symmetry parameters were fixed and the tilt angles (together with the
other angles) were optimized.

Since the automated 3D refinement in Relion did not yield high-resolution reconstructions, we
performed gold-standard refinements by splitting the data into an even and an odd set by selecting
entire fibrils (not just segments, as they are overlapping). The FSC curve (Supplementary Fig.
4.18) was computed between the two half-maps and yields a resolution (with the 0.143 criterion)
of 3.4 A.

The handedness of the fibril structure was determined by comparing the reconstructed density
with AFM images (Supplementary Fig. 4.11). For this comparison, the 3D density map of the
fibril was converted to a height profile using Chimera [206] as follows: set surface color by
height and set the color scale to gray. Then set camera projection mode to orthographic and



4.5. Acknowledgments

71

save the image. The alignment of the AFM image with the calculated height profiles yield a
cross-correlation coefficient of 0.943 for the left-handed and 0.914 for the right-handed helix.

4.4.8 Model Building and Refinement

A single chain atomic model of PI3K-SH3 was built with Coot [207, 208]]. Subsequently, seven
copies of a single chain were placed into the EM density map. At residues GIn*® and Glu*’,
between strands 35 and 6, the density map is slightly ambiguous and could possibly be in
agreement with an alternative interpretation for the trace of the Ca -chain (Supplementary Fig.
4.19).

The final model containing seven helical symmetry related chains was used for further real space
refinement in PHENIX [209]. Refinement was carried out using a resolution cut-off of 3.4 A
and NCS restraints between all seven subunits. At later stages of the refinement, hydrogen-bond
restraints were defined for the cross-f sheets and Ramachandran restraints were used. The model-
map FSC curve as obtained from phenix.real_space_refine is shown in Supplementary Fig. 4.18
(dashed line). The final statistics on the details of the refinement are shown in Supplementary
Table 4.1. Molecular graphics and analyses were performed with Chimera [206].

Data availability

The structure of the PI3K-SH3 fibril has been deposited in the Protein Data Bank under accession
code 6R4R [http://dx.doi.org/10.2210/pdb6R4R/pdb]. The 3.4 A cryo-EM density map has been
deposited in the Electron Microscopy Data Bank under accession code EMD-4727. The source
data underlying Fig. 4.6b and Supplementary Fig. 4.14 are provided as a Source Data file. Other
data are available from the corresponding authors upon reasonable request.
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4.6. Supplementary information

Data Collection
Microscope

Camera

Acceleration voltage (kV)
Nominal Magnification
Defocus range (um)

Dose rate (e—/AZ/S)
Number of movie frames
Exposure time (s)

Total electron dose (e—/AZ)
Pixel size (A)
Reconstruction

Box size (pixel)

Interbox distance (A)
Number of extracted segments

Number of segments after 3D classification
Resolution based on the 0.143 FSC criterion (A)

Map sharpening B-Factor (A2)
Helical rise (A)

Helical twist (°)
Symmetry

Model Composition
Non-hydrogen atoms
Number of chains
Model Refinement
Resolution (A)

Map CC (around atoms)
RMSD bonds (A)
RMSD angles (°)
All-atom clash score

Ramachandran outliers/favored (%)

Rotamer outliers
C-beta deviations
EMRinger score
Molprobility score

Tecnai Arctica
Falcon 3

200

110,000
1.5t02.25

04

2520

65

26.2

0.935

200

18.8

103,733

27,681

3.4

150

2.3548

179.436

C1 (pseudo-21 helical)

4494
7

3.4
0.6457
0.008
1.426
6.73
0/88 %
0/1.59 %
0/0

4.98

1.97

Table 4.1: Statistics of cryo-EM data collection, reconstruction and model building
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Figure 4.7: Exemplary negative stain micrograph showing the predominant thick double filament (DF)
PI3K-SH3 fibrils and less dominant thin single filament (SF) fibrils (red arrows).
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Figure 4.8: Averaged height pattern of different fibril profiles along their length. The different profiles
were aligned on the peak position, the shortest profile was chosen as a minimum length, and their
height averaged (error bars correspond to the standard deviation). The first three peaks are indicative of

the double filament (DF) portion of the fibrils, while the flat part is indicative of the single filament (SF)
portion.
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Figure 4.9: Representative cryo-EM micrograph of DF PI3K-SH3 fibrils. The fibril twist of the thick
DF fibril is already well visible in this low-contrast image.
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Figure 4.10: Overlay of the presented DF PI3K-SH3 fibril model with the low-resolution cryo-EM
density (contour graphically extracted) from Jimenez et al. (1999). The model and the density are in
good agreement, which suggests that both preparations likely yield the same structure.
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AFM image
AFM images simulated
from 3D density maps
original mirrored

Figure 4.11: Comparison of an AFM image of a DF PI3K-SH3 fibril with height profiles computed
from the 3D EM reconstructions. The original left-handed reconstruction (yellow) yields a higher
cross-correlation coefficient (0.943) with the AFM images (grey) than the mirrored reconstruction
(0.914, cyan), indicating that the DF PI3K-SH3 fibril is left-handed.
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Figure 4.12: Side view of DF PI3K-SH3 amyloid fibril showing residues 22—35. Displayed are three
layers of DF PI3K-SH3 encompassing parts of in-register sheets 33 and 84 with hydrogen bonds
highlighted as dashed lines. The cross-f pattern between sheets 33 and 4 is only interrupted by
residue Gly?’.
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Figure 4.13: Interface gallery. a The protofilament interface of DF PI3K-SH3 fibrils is composed

of two sequence regions (orange and blue) and is large compared to those of amyloid fibrils previ-
ously determined by cryo-EM (b) (AB(1-42), PDB: 50Q56; 32 microglobulin, PDB: 6GK37; AA
amyloidosis (human), PDB: 6MST8; AA amyloidosis (murine), PDB: 6DSOS8; ¢-synuclein*, PDB:
6A6B9; a-synuclein**, PDB: 6H6B10; tau (PHF)11, PDB: 503L; tau (SF), PDB: 503T11; tau Pick’s
Disease, PDB: 6GX512) 6,7,10-13 . ¢ Protofilament interfaces of different A variants determined
by solid-state NMR (AB(1-40)AE22, PDB: 2MVX14; Af(1-42), PDB: 5KK315) exhibit similar sizes
and complexities as observed for DF PI3K-SH3 fibrils. Interfaces are shown as Co-chain. Interface
contacts have been defined as Co-contacts with a cut-off of <10 A. Beige, no interface contacts; orange,
interface contact formed by first involved -sheet; blue, interface contact formed by second -sheet.
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Figure 4.14: PI3K-SH3 amyloid fibril dissociation at pH 7. Left panel: ThT (brown data points) and
intrinsic tryptophan fluorescence intensity ratio 340 nm/310 nm (blue data points) traces of fibril
dissociation after dilution into pH 7.4 buffer (measurements are done in triplicate). Right panel: Con-
centration of protein in the supernatant as percentage of the total protein concentration after incubation
for 24 h and centrifugation for 30 min at 16,100 g. Error bars represent the standard deviation on a
triplicate measurement. Source data are provided as a Source Data file.
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Figure 4.15: Example of QCM-D traces. Injections of monomeric wild-type (WT) PI3K-SH3 are high-
lighted with blue bands, and injections of monomeric Ile-to-Ala mutants of PI3K-SH3 are highlighted
with red bands (a I122A; b I129A; ¢ I53A; d [77A; e I82A). The white regions correspond to contact of
the QCM sensor surface with buffer. Shown are both the changes in resonant frequency (blue), as well
as dissipation (orange). In both cases, the signal for the two overtones N = 3 (dashed line) and N = 5
(solid line) are shown.
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Figure 4.16: AFM images of a WT seeds before elongation experiments. b WT seeds incubated with
WT monomer. ¢-g WT seeds incubated with monomer of 122A (¢), I129A (d), IS3A (e), [77A (f), IS2A
(®).

Figure 4.17: Exemplary 2D classes of DF PI3K-SH3 fibrils. a Overview of eight 2D classes com-
prising 146,215 particles. b Magnification of one of the classes displaying the characteristic 3-sheet
stacking.
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Figure 4.18: FSC Analysis. FSC curves from the even/odd test (solid black) from the gold-standard
refinement yields a resolution of 3.4 A (using the 0.143 criterion). The even/odd FSC curve is fitted
(orange) with the model function 1/(14+e(x-A)/B)) (with A=0.2325 and B=0.03286) to obtain a more
robust resolution estimate. The FSC curve comparing the density map computed from the atomic
model with the full density reconstruction yields a cross-resolution of 3.4 A (dashed black).
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Figure 4.19: Details of map density between residues 45 and 55. The density around residues GIn*®
and Glu*’ does not allow for unambiguous chain tracing, which is mostly due to the weak density of
the Glu*’. Weak densities of negatively charged residues are typically observed in cryo-EM density
maps. The unclear density might also indicate the presence of a less populated second conformer.
Detailed magnification of the density map shows the critical area. The Ca-chain trace is shown
(brown).



®-VALUE ANALYSIS OF PI3K-SH3
AMYLOID FIBRIL ELONGATION

5.1. Introduction

Until the 1980s, one of the open fundamental problems in the mechanism of protein folding was
the determination of the folding pathway [210]]. The relation between sequence and structure
had to be understood, but it was acknowledged that the connection between the two was to be
found in the conformational space explored by the protein during the folding reaction.

In 1989, Sir Alan Fersht and collaborators proposed a new approach to study the pathway of
protein folding by mapping the transition state of the enzyme Barnase [211]]. The strategy aims
at measuring the equilibrium stability and kinetic rates of folding of different mutants of the
protein. If the mutants show differences compared to the WT, these will allow describing to
which extent the mutated residues contribute to stabilize the transition state structural ensemble.

The methodology has been successfully employed to describe the transition state of many more
proteins over the following years and it became known as ®-value analysis, in analogy to the
Bronsted [3-value analysis [212]]. Similarly to the latter, the ®-value analysis relies on the
conventional definition of the transition state, namely the maximum free energy point along the
reaction coordinates. The transition state of protein folding can be described as the ensemble of
states in the saddle point of the energy surface [56]. To reach this point on the folding reaction
coordinates, the unfolded protein has to form and break several weak bonds. This property of
the reaction allows studying it through structure-reactivity relationships, using a perturbation
approach to observe the changes of the reaction upon modifications of the structure. The ®-value
analysis exploits this property, as it consists in the experimental analysis of the effect of mutations
of individual residues. In this way the transition state (TS) can be investigated by obtaining
atomic resolution details [56]. The resolution of this approach allowed the study of folding
pathways of many proteins, filling the gap in the mechanistic understanding of such a complex
reaction.

Similarly to protein folding in the second half of the 20th century, in the last three decades
amyloid fibrils and the misfolding reaction received increasing interest. A new link was found
between the amyloid conformation and its involvement with several neurodegenerative and
systematic pathologies, while the cross-3 conformation has proven to be common to many
different polypeptide systems [9, [30]. Even though the formation of an aggregation-driven
alternative folding was already proposed as a mechanism in 1935 by Astbury and Dickinson,
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today the reaction mechanism of misfolding is still largely unknown [213]]. The huge variety
of different pathways that lead to fibrillar aggregation is often at the base of the many different
models proposed [214]. Among all, the one reaction with the deepest understanding seems to
be so far the elongation reaction. The elongation reaction involves a fibril end and a soluble
monomer. Throughout the reaction the monomer goes from soluble to fibrillar state, changing
its conformation and reaching a more favourable energetic state [30]. Both the change in the
energetic state and in conformation resemble closely the classical folding process, with the
difference of being a bimolecular process.

While literature regarding kinetic aspects is wide and detailed for many different amyloid systems,
the thermodynamic aspects are less characterized. Even less studied is the transition state, of
which its mechanistic aspects so far have been investigated at atomic level just by simulations
[52-54]], relying on existing structures of the amyloid fibrils, even though lacking experimental
guides. To better tackle the challenge of diseases correlated to amyloid structures, a detailed
mechanistic understanding of the reaction is necessary [214].

In this work, PI3K-SH3 amyloid fibril elongation kinetics and thermodynamic are characterized
at an unprecedented level of detail. By using a limited set of mutants, I present a strategy to
study the influence of the different residues in the elongation process. The experimental part
involves both kinetic measurements to study the kinetic barrier of elongation and equilibrium
measurements aimed at characterizing the difference in stability of the two conformations. The
effects of single point mutations on the two energetic states allow us to understand the role of the
different mutated residues in forming the minimum core of interactions that guide the monomer
to acquire the amyloid fold. By demonstrating the ability of this method to individuate some key
residues of the elongation reaction, the hope is to set the ground to deeper mechanistic studies in
the amyloid field, directed both toward functional and pathological amyloids.

5.2. Theoretical framework

The definition of the ®-value relies on both kinetic and thermodynamic measurements [212].
Kinetic measurements are necessary to probe the energetic barrier that the unfolded protein
has to overcome to reach the folded state. Thermodynamic measurements are instead aimed at
describing the final distribution of the unfolded and folded protein population.

The energetic barrier, AG;_y, is defined as the difference in energy between the transition state,
the highest energy state, and the unfolded state (Fig. [S.I). This energy difference is defined as:

AGI'.—U o« —RT lnkf

where k¢ is the rate constant of folding, R the gas constant and T the temperature.

The difference in stability between the native and the unfolded state, AGy_g, is described by the
energy difference between the two states. This is defined as follows:

_ V]
Keo = (5]
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Figure 5.1: Schematic representation of the folding reaction. The reaction barrier (AG;_y) and the
difference in stability (AGy_y) of the two states are highlighted in the picture, together with the relative
differences (AAG;_y and AAGy_p).

where K, is the equilibrium constant, which is equal to the ratio of the two populations of folded
and unfolded proteins ([N] is the concentration of proteins in the native conformation, [U] is the
population of proteins in the unfolded conformation).

In both cases, these two energy values are defined by the difference of bonds between the two
states. This allows us to define both energies as the sum of the contributions of each single
residue i:

AG =Y AG;
i=1

As the ®-value analysis is a perturbative approach, it is now necessary to define how the
perturbation will influence both the transition state, TS, and the native state, N (Fig. . For
what concerns this work, the nature of the perturbation is that of a non-disruptive mutation.
Therefore, given a mutation in the residue i, we can define the new values AG;_,, and AG},_,.
As the non-disruptive mutation consists of the removal of atoms from the original residue, the
number of contacts that can be formed by the new residue will usually be inferior, as will be its
contribution to the different energetic states assuming no structural rearrangement. This means
that AG? < AG; for both states. The extent of bond formation in both states for the mutated
residue i defines the two values AG, _;; and AG)y ;.

The original residue i has a role in the native structure, contributing with its contacts to the
energetic stability of the state itself. Also, the transition state in its classical interpretation is
defined by a core of interactions that compose the minimum nucleus necessary to proceed with
the formation of the native state. This core of interactions is part of the native state as well, and
it is defined by the ensemble of residues that interact among them. Depending on the role of
residue 7 in the transition state, the native contacts may be already formed or not. In the former
case, the contribution of the residue to the transition state will be the same as its contribution
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to the native state. In the latter case, no native contacts are formed, and therefore its energetic
contribution to the transition state will be zero. The comparisons between the energetic barrier
and the stability of the mutant and the WT allow us to define this contribution. To do so, the
following relations have to be formulated:

AAG;_y = AG;_y —AG,_y
AAGyN_y =AGy_y —AGy_y

Three situation can be now delineated:

* When the residue i has formed all native contacts already in the transitions state, both the
states will be destabilized equally by the mutation. This leads to AAG;_y ~ AAGy_y;

e If the residue i is not involved in the formation of the transition state, the energetic
contribution will be AAG;_y ~ 0;

* A partial participation of the residue i in the transition state leads to a partial destabilization
of the same, but not in the same extent of the destabilization on the native state. This can
be translated in the relation AAG;_y < AAGy_y.

Having stated all these cases, it is now possible to define the ®-value as the ratio between the
two energetic differences:

_ AAG;_y
 AAGy_y

The three cases enunciated above can now be depicted in terms of ®-values:

® ~ 1 The two differences of energy are approximately the same, and the residue i has already
formed in the transition state all the contacts that persist in the native state;

® ~ 0 The lack of a destabilizing effect in the transition state means that the residue i does not
have a role in the formation of the structured regions of the transition state ensemble itself;

0 < ¢ <1 The smaller destabilization of the barrier compared to the destabilization of the native
state could mean that the residue i forms in the transition state a fraction of the contacts
formed by it in the native state.

This model can be now compared and applied to the so-called "misfolding" reaction (Fig. [5.2).
Similarly to the folding reaction, in the misfolding process a monomer, usually unstructured,
assumes a structured conformation on the end of the fibril. As in the folding reaction, the
monomer free in solution adopts a lower energy conformation upon structuring itself. However,
unlike the folding reaction, the misfolding reaction is bi-molecular, as it involves both the
monomer and the fibril end. As the fibril is already highly structured, it is assumed that it does
not undergo a rearrangement. This reaction is indeed usually called elongation, as the fibril
increases its length by one unit.

The barriers can be therefore described as follows:

AG;_y This term correspond to the difference in energy between the transition state and the
starting unfolded monomeric structure;
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Figure 5.2: Schematic representation of the folding reaction. The reaction barrier (AG;_y/) and the
difference in stability (AG4_y ) of the two states are highlighted in the picture, together with the relative
differences (AAG;_y and AAG4_p).

AG4_y This term corresponds to the folding AGy_y, where the amyloid fibrillar state (A)
substitutes the native state.

The differences between the mutants and the WT become AAG;_y for the elongation barrier
and AAG4_y for the stability of the two states. The ®-value is then defined as:

_ AAG: g

o Y —
AAGy_y

The overall interpretation of the data is then made like in the analysis of the folding reaction,
exploiting the ®-value to define the role of the mutated residue in the transition state of the
elongation reaction.

5.3. Results

5.3.1 Mutant fibrils preparation

Five different mutants of PI3K-SH3 were designed to probe the degree of structure of different
part of the sequence in the transition state structural ensemble. The choice fell on the five
isoleucine residues. These amino-acids are located in position 22,29,53,77 and 82 of the PI3K-
SH3 WT sequence. Each mutant has one of the five isoleucine residues mutated to alanine, in
order to measure how the different positions are perturbed by the same non-disruptive mutation.

WT PI3K-SH3 and the five different mutants were first tested for their ability to elongate WT
seeds in a test tube. WT PI3K-SH3 seeds were used at a final concentration of 5% monomer
equivalents in the presence of 200 uM protein of the different mutants. The solutions were
incubated for 3 days and checked for effective fibril formation by AFM (Fig. [5.5). All the
different mutants seem to elongate the WT fibrils, creating long fibrils with length superior to 5
UM in all cases except I82A. Similarly, the fibrillar morphology is maintained for all the mutants,
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Table 5.1: Relative rate of elongation of PI3K-SH3 mutants. The rate is measured for both the 5 pM
and 20 uM concentrations of monomer. The errors here reported correspond to a triplicate measure-
ment of the rate on the third resonant frequency.

Rel. rate SuM  Rel. rate 20uM

122A  0.018 £0.002 0.103 +0.017
I129A 0.019 £0.001 0.181 £+ 0.003
I53A  0.003 £0.002 0.007 £ 0.003
I77A 1.142 £0.111 1.106 £ 0.082
I82A 1.601 £0.176 1.460 £ 0.104

with the exception of I82A that forms clusters composed by fibrils with slightly differnt height
profiles. If the mutant would only elongate on the WT seeds, no change of structure should be
observed. The different properties of the I82A fibrils may hint towards secondary pathways of
fibril formation.

After sonication, all the fibrils reached a similar length (ca. 140 nm) showing that the sonication
protocol can be employed without the risk of damaging the fibrillar preparation.

5.3.2 Elongation kinetics

The elongation rates of the mutants were probed by quartz crystal micro-balance, a surface-
based technique [215]]. Seeds of PI3K-SH3 WT fibrils were immobilized on all the sensors and
solutions of the different mutants were flushed over different sensors to measure the elongation
rate. Since the immobilization protocol does not guarantee that the same amount of seeds is
immobilized on every sensor, every sensor was first elongated with PI3K-SH3 WT so to have a
normalization standard for the rate of elongation of the mutant, allowing comparability between
Sensors.

The rate of elongation of the different mutants on the WT seeds represents a measure the height
of the reaction barrier. A faster elongation rate, which is measured as higher amount of mass
attaching on the sensor per unit of time, means that more monomeric protein attaches to the
fibrils fixed on the sensor, acquiring the amyloid fold. The rates of elongation were measured
for two different concentrations of monomeric protein, 5 and 20 uM (Fig. [5.4p). PI3K-SH3
WT and the mutants elongate at different rates, but two classes can be identified for both the
concentrations (Tab. [5.1)). I77A and I82A monomers elongate the WT fibrils at rates similar to
the WT monomer, with a slightly increased rate of the two mutants within the same order of
magnitude. 122A, I29A and I53A monomers instead elongate the WT fibrils at a much lower
rate. The rates of I22A and I29A are one to two orders of magnitude slower and I53A is two to
three orders of magnitude slower than the WT. The lower concentration, 5 uM, corresponds to
the slower kinetics, due to the probable proximity of the monomer concentration to the critical
one, explaining the deviation from the normal linear concentration dependence of elongation.

From these rates, it is possible to measure the difference of the barrier heights as the ratio of
rates without the need to explicitly calculate the height of the barriers (further explanations in the
Methods section). As slow rates are the result of an increased barrier of elongation, the difference
between the two barriers, AAG;_y;, will be related to the magnitude of the decrease of the rate
itself. The same can be stated for faster mutants, which have a lower barrier of elongation.
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Figure 5.3: Fluorescence spectra of the denaturation series of PI3K-SH3 WT and mutants. The spectra
are recorded with a bandwidth of 5 nm after excitation at 290 nm with a bandwidth of 5 nm. The
gradient of color goes from blue for the lowest concentration of urea, OM, to red for the highest, 6M.

The values of AAG;_y; are reported in the Tab. The energetic differences are calculated
for both the rates coming from incubation with 5 and 20 uM. AAG;_y ranges between values
around 0.3 kJ mol’! for I77A, which is the mutant elongating with the rate closest to the WT
one, to I53A, -12/-14 kJ mol'!. For both the concentrations, the three slower mutants show an
elongation barrier that differs more than 4 kJ mol! from the WT one, while I77A and I182A
elongation barriers differ less than 1 kJ mol™!.

5.3.3 Equilibrium denaturation

The stability of the amyloid state is measured through equilibrium denaturation experiments.
In order to measure ®-values in a meaningful manner, the PI3K-SH3 WT fibril structure has
to be maintained. In order to do so, the different mutants were incubated at a total protein
concentration of 200 uM with 5% monomer equivalents of sonicated WT seeds. The so-formed
fibrils were then sonicated and diluted to 40 uM in different denaturant concentrations. After
an equilibration time of 2 weeks, the fraction of soluble monomer was measured as ratio of
fluorescence between 340 and 310 nm (Fig. [5.3).

The stability of the amyloid state is extrapolated to the absence of denaturant and, unlike the
elongation barrier, it can be defined in its absolute value. Depending on the stability of the
amyloid fold, which is defined by the concentration of soluble monomer, different amounts of
denaturant are required to shift the reaction equilibrium so to be able to measure the concentration
of the soluble monomer itself. This results in a denaturation profile of which the transition phase
depends on the stability. More stable amyloid systems will present a transition phase shifted to
the right. Likewise, a less stable amyloid state will result in a denaturation profile shifted to the
left.

PI3K-SH3 WT and its mutants show different denaturation profiles, once again classifiable into
two different categories (Fig. [5.4b). The three slowest mutants, I122A, 129A and I53A, show
also a destabilization of the amyloid fold, as all the three denaturation profiles are significantly
shifted to the left. [77A, which was slightly faster to elongate than the WT, here shows a slight
destabilization of the amyloid fold. I82A instead once again shows a slightly more stable fold
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than WT. The absolute values range from -43.8 kJ mol! in the case of I53A, to -67.1 kJ mol™!
for I82A, and are all described in Tab. [5.2]

The difference of stability between the amyloid fold of PI3K-SH3 WT and the mutants is easily
calculated as the absolute values are available (Tab. [5.2)). AAG4_y is for all the mutants above
1 kJ mol™!, ranging from -2.2 kJ mol! for I77A to -19.6 kJ mol"! for I53A. Once again, I77A
shows the smallest difference compared to the WT, while IS3A shows the biggest destabilization.
A positive AAG4_y is observed for I82A, fibrils of which are indeed stabilized compared to the
WT by 3.8 kJ mol™'.

Even though all mutants were analysed within the same framework, some notable differences
can be observed in the fluorescence spectra of the amyloid state (Fig. [5.3)). While the spectra of
the amyloid fold (blue lines) seems to be conserved among WT, 129A, 177A and I82A, both 122A
and I53A show a shoulder at ca. 340 nm, in proximity to the soluble monomer fluorescence peak.
This difference could be due to several reasons. The critical concentration of the elongation
reaction could be high enough to be measurable even in the absence of denaturant, meaning
that the shoulder reflects the soluble monomer population. This option, in combination with the
plateau at low denaturant concentration, would be incompatible with the hypothesis of linearity
of the stability with the denaturant concentration. To check whether this was the case, a sample
of PI3K-SH3 fibrils elongated with I5S3A monomers was centrifuged by ultra-centrifugation and
the supernatant absorbance was measured, confirming that the soluble monomer concentration
is lower than 3 uM. Similarly, secondary nucleation events could occur, but no significant
surface adsorption was recorded by QCM measurements. As Ile53 is situated close to the
only tryptophane residue, it could induce a slight rearrangement that could cause a different
fluorescent signature for the buried fluorophore (Fig. [5.4c).

5.3.4 ®-value calculation

By comparing the effect of the different mutants on the energetic barrier of elongation and on
the stability of the amyloid fold, information on the role of the mutated residues on the transition
state can be obtained. The ®-values were calculated for both the concentrations used for the
kinetic experiments and are presented in Table[5.2]

The two classes of residues identified in both the kinetic and thermodynamic analyses can be
delineated also in the ®-values. I29A and IS3A show a high ®-value (>0.6) in both cases taken
in consideration (kinetic data from 5 and 20 uM injections), while I22A has a high ®-value when
measured at 5 uM, while the value at 20 uM is just slightly higher than I82A. The three slowest
and least stable mutants are all located in the core of the fibril, with the side chain facing the
inside of the fibril, therefore a higher contribution to the transition state was to be expected (Fig.
). The drastic effect on the elongation barrier is common to all three mutants (AAG;_y > 4
kJ mol!), highlighting the fact that even such conservative mutations can significantly alter the
energetic landscape of the elongation reaction. Hence, these ®-values suggest a significant role
in forming the core of the interaction that is the transition state for these three residues.

I77A and I82A are both located outside of the core, and show the lowest ®-values. Differently
from the three slowest mutants, the ®-values are consistent in both the 5 and 20 uyM measurements.
In both I77A and I82A the increased elongation rates suggest a lower elongation barrier compared
to the WT. The close similarity of both the elongation rate and thermodynamic stability of I77A
to the WT delivers the lowest ®-value, -0.12, which hints towards an absence of contacts
for Ile77 in the transition state. The negative value arise from the opposite effect on the two
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Figure 5.4: Ensemble view of relative rates, thermodynamic stability and ®-values of the different
PI3K-SH3 mutants. a) Rate of elongation of the mutants normalized on the elongation rate of PI3K-
SH3 WT. The error bar show the standard deviation on three different measures. b) Denaturation
profile of PI3K-SH3 fibrils in presence of urea. ¢) Amyloid conformation of a PI3K-SH3 WT monomer
inside the amyloid fibril. The mutated residues are highlighted in red and marked with the correspond-
ing color. The ®-values corresponding to the kinetic measurements done at 20 uM for every mutant are
also reported.

different measurements: while the kinetic barrier seems to be lower, the final amyloid state seems
destabilised. The I82A ®-value is closer to the I22A ®-value at 20 uM than 122A ®-value is
to the other two slowest mutants, but its effect is diametrically opposed on both the elongation
and thermodynamic behaviour. A stabilization of the transition state, identified through a lower
energetic barrier, is proved above experimental error for both the concentration used in the kinetic
experiment. Still, the values of AAG;_y; and AAG4_y; are closer to I77A, suggesting a lack of a
well defined role in the formation of contacts both in the transition state and in the final amyloid
conformation. The higher ®-value can therefore be addressed as noise deriving from the small
values of both AAG;_y and AAG4_y.

5.4. Discussion

This first study on a small cohort of mutants introduced the methodology necessary to approach
the study of the transition state of the amyloid elongation reaction. Through the use of five
chemically identical mutations spacing the PI3K-SH3 sequence, a first glimpse of the spatial
role of the residues in the formation of the transition state was possible.

The kinetic analysis proved to be a robust method to probe the elongation barrier, with errors
lower than 15% of the measure for all the mutants except IS3A. I53A is placed at the exact center
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Table 5.2: Elongation barrier and amyloid stability parameters of PI3K-SH3 fibril elongation.

AAG; y 5uM  AAG: y20uM  AGa_y AAGAy y @ d

kJ mol! kJ mol! kImol'' kImoll 5uM 20uM

122A -10.1 -5.7 -47.2 -16.1  +0.62 +0.35
129A 9.9 4.3 -56.8 6.5  +1.51 +0.65
I53A -14.5 -12.3 -43.8 -19.6  +0.74  +0.63
177A +0.3 +0.3 -61.2 22 -0.15 -0.12
I82A +1.2 +0.9 -67.1 +3.8 031 +0.25

of the amyloid core structure, and the simple "non-disruptive" mutation seems to contradict
its own nature, causing a disruptive effect on the amyloid stability. Even though the chemical
difference between the two residues is minimal, it must be noted that the concept of what is
a disruptive mutation in the amyloid elongation reaction has to be redefined. In the classical
folding ®-value analysis, a protein carrying a non-disruptive mutation is expected to acquire the
WT fold as the mutation should not interfere with the overall pattern of interactions. Instead,
in the amyloid elongation reaction, the templating effect of the existing fibril is inducing the
correct amyloid fold on the mutated monomer [[194, 216} 217]]. This means that mutants that
cannot acquire the correct conformation will not be able to elongate the pre-existing WT seeds.
However, this will result in a lack of adaptability of the system, that will not allow elongation
of mutants which do not form the essential number of contacts to sustain further elongation.
The mutation of the Ile53 to alanine could fall indeed in this category of mutants that would
not affect drastically the native fold, but that instead rises very significantly the barrier of the
elongation reaction. While this new limit requires revision of the concept of non-disruptive
mutation, overall this property of the elongation reaction leads to an increased accuracy of the
methodology through an intrinsic selection of the usable mutants.

Another novelty emerges from the concentration dependence of the ®-value. The apparent
discrepancy of the ®-value upon the use of different concentrations is intrinsic to the bimolecular
nature of the elongation reaction. The effect of the overall concentration plays a role also in the
folding of the monomer in the native structure, yet it does not affect directly the mechanism of
the reaction [218]]. The elongation of the amyloid fibril however can saturate upon the increase
of the monomeric concentration as the templating effect of the fibril ends requires the same ends
to be available for new bindings [34]. The linear relation k. [M] [P] holds its linearity until the
saturation of the fibril ends become significant. The saturating behaviour depends on the speed
of the elongation reaction: the longer a monomer takes to rearrange on the fibril end, the lower
will be the saturating concentration, as the fibril ends will be occupied for a longer time. The
elongation kinetics of PI3K-SH3 WT were shown to be fast [187], with a linear dependency
of the rate on the concentration that continues above 100 uM [162]. In this work, PI3K-SH3
WT and mutant elongation kinetics were analysed at 5 and 20 uM. It is fundamental that the
comparison between rates is done at a concentration where both the WT and the mutants are in a
linear regime, so that the ratio of rates is only dependent on the intrinsic difference of k. By
keeping the concentration low, the linear regime of WT is established, while linearity is expected
for the mutants, as they elongate slower (or just slightly faster) than the WT.

The apparent change of ®-value is most probably related to the fact that in very low concentrations
(namely 5 uM), a deviation from the simple linearity is the result of the stability of the fibrils
themselves. As the concentration goes toward 0, the least stable fibrils will approach the rate
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of zero elongation faster than the most stable ones, causing the increased ®-values that can be
observed in this work for I22A, I29A and I53A at low concentration (5 uM). Likewise, the fastest
and most stable mutants, [77A and I82A, do not depend on the concentration, as for both 5 and
20 uM they are far from the rate of zero elongation, like the WT. From the above it is possible
to conclude that the values at 20 uM are more reliable, and that slow mutants should always be
tested at higher concentrations if the rate is close to zero.

Another point that was widely discussed for the classical ®-value analysis of protein folding is the
significance of the ®-values themselves. Different opinions about the threshold of significance
were exposed and rebutted, but intervals of confidence for both kinetic and thermodynamic
measurements were set over the years [55,[219-223]]. All of the above agreed upon the fact that
more conservative mutations are more easily interpretable, that the solution conditions should

be well defined and that very high or very low changes of AAGy_y should be excluded [224]].

More insights in the reliability of the measurements is conferred by multiple substitutions in
the same position, which should reflect the bulkiness of the mutation in the magnitude of the
®-value [223]]. ®-values below 0.3 are considered to correspond to residues not involved in the
formation of any contact in the transition state or the average result of too drastic mutations,
while values above 0.6 can be safely linked to a role in the transition state, as well as very high
values of AAG;_y [220, 221]]. The kinetic aspects were taken in consideration, with emphasis
on the danger of extrapolating the measured rates to the absence of denaturant. The proposed
solution was to use the same parameters of extrapolation of the WT (namely the m-value) or
defining the ®-value in presence of denaturant [222]. Finally, the thermodynamic aspects were
the most criticized, and common agreement was reached in defining a limit of confidence for the
AAGy_y values to ca. 3 kJ mol™! [55, 221, 222].

A similar comparison cannot yet be drawn with the ®-value measured of amyloid elongation,
as to date only one attempt was made to apply the ®-value analysis to protein aggregation
[225]]. In the pioneering work of Wang and Ferhst, mutants of p53 were compared in an effort
to characterize simultaneously different rate constants, with a focus on the conformational
rearrangement that the monomer should undergo before being incorporated in the fibril. The
approach presented in this thesis is instead focused at the description of the transition state of the
elongation reaction only, with the sound assumption of an unstructured monomeric starting state
[39,(105,|106]]. The details unveiled about the transition state of the reaction will hopefully build
the basis for a much greater study on more amyloid system. Until then a wide comparison of
significant values will be difficult to make. In light of this, some first observation can be drawn
together with a comparison with the classical ®-value analysis.

As in the classical ®-value analysis, also in its application to the amyloid elongation reaction the
final ®-value is the result of a ratio of differences, which amplifies the different experimental
errors [222]. At the same time, in the work here presented the error on the kinetic measurement
is reduced, as no denaturant and therefore no extrapolation is required for both the WT and
mutants. On a similar note, the value of AAG,4_y is extrapolated using a global fit to share the
same m-value among all the different mutants, allowing only the stability parameter to define the
differences among the different mutants.

This, together with the considerations above mentioned, allows us to define the three slowest
mutants, 122A, I129A and I53A as part of the transition state ensemble of interactions, with a
contribution of I22A that seems to be limited if compared to the other two. Also comparing the
values here measured with the limitations previously set for the classical folding reaction, all
the three mutants show a significant ®-value above the threshold of 0.3, with both AAG;_y; and
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AAG 4y above the values indicative for participation in the transition state. The higher ®-values
of I29A and I53A suggest a key role for the bent 3-arch in the elongation reaction.

The fastest mutants, I77A and I82A, have instead a very limited contribution to the reaction
barrier. This, together with the small AAG4_y, suggests the lack of a role in the formation of
the transition state core. 177A ®-value is circa zero, which supports the lack of contacts in the
transition state, but at the same time is obtained from both AAG;_y; and AAG4_y; lower than the
significant threshold. I82A also shows a similar behaviour, and even though the ®-value of ca.
0.25 may suggests a different role compared to I77A, the lack of a resolved atomic structure
hints towards an experimental artefact due to the very low AAG;_y.

A further remark should be addressed toward polymorphism, one of the most interesting prop-
erties of the amyloid fibrils [226, 227, 229]. The polymorphism of the amyloid fold seems to
stem from the absence of an evolutionary drive, opposite to the conserved functional native
fold. This means that from a single sequence, the WT, a single native functional state can
be reached through the folding reaction. Contrarily, numerous different amyloid folds can be
achieved even under the same solution conditions. This factor has to be kept in mind as in the
classical ®-value analysis, multiple folding pathways seem to be accessible and mutations could
cause the polypetide chain to prefer one route instead of the other [219]. The eventuality of
multiple folding pathways, multiplied by the different kind of amyloid states deriving from the
polymorphism, would make a ®-value analysis of the elongation reaction virtually impossible.
In order to avoid such a complexity, both experimental methods and theoretical framework were
adequately adjusted. First, to prevent a high degree of polymorphism, a highly pure preparation
of fibrils was prepared and used for further rounds of seeding. This lead to the isolation of a
single filament polymorph, previously characterized in the second part of this work. Second,
the elongation reaction is a bimolecular reaction, where the fibril end, with its rigid structure,
guides the soluble monomer to acquire the correct amyloid fold, as it has been demonstrated in
this work and in literature [[194} 216, 217]. Third, no evolutionary pressure means that there is
no push to reach the same misfolded state through different routes. This, although it leads to
polymorphism, probably does not allow different folding routes for the same final state.

One last observation concerns the concept of stability and amyloid fibrils. Since the definition
of fibrils as the most stable thermodynamic state of proteins [30] until the recent finding that
classifies crystals of amyloid peptides as the most stable state [228], the difference with the
concept of stability of the native fold became more clear. On one side, the kinetically driven and
functionally stable native fold, and on the other the thermodynamically driven and more stable
amyloid fold [214]. This dichotomy led to a direct comparison of the stability of the two folds
and to the conclusion that life happens in a regime of metastability [[/4]]. In the work presented
here, the information related to the transition state of the elongation reaction depict how a soluble
unfolded monomer acquires this highly stable conformation. The same concept of metastability
should be applied here. The time limitation of the experiment allows us to probe a particular
amyloid fold, the one presented in the structure previously described. The effective minimum of
conformational energy may be also in this case represented by another amyloid fold, leading to
the fact that also this analysis is done in a metastable regime. This metastability does not hinder
the final aim of the analysis, as it still holds the aim of characterizing the transition state of the
single elongation reaction, regardless of the polymorph studied.
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5.5. Conclusion

Through the ®-value analysis applied to the amyloid context, it is possible to discern which
residues are involved and which are not in the formation of the transition state of PI3K-SH3
elongation reaction. Three residues showed a significantly higher ®-value, corresponding to a
key position both in the final structure and in the transition state, while the two residues with
lower ®-value influence the reaction to a lower extent and are placed outside, at the edge of the
fibrillar core.

Applying the ®-value analysis approach from the classical folding to the amyloid elongation
reaction, with the appropriate considerations, opens up the possibility to study the elongation
reaction at an atomic level of resolution. As more data are going to be collected on new mutants
and new proteins, a wider picture of the elongation state reaction is going to be drawn. More
rigid standards to select meaningfully the residues and to interpret the data will be reached as it
happened for protein folding, and new insights in the reaction will be obtained.

5.6. Materials and methods

5.6.1 Proteins

PI3K-SH3 WT and the mutants were expressed, produced and purified according to the protocol
described in section 4.4.1] The lyophilized protein was then dissolved in the required buffer.

5.6.2 Atomic force microscopy imaging

Atomic force microscopy imaging was performed as described in the sections #.4.3]

5.6.3 Fibril preparation

PI3K-SH3 WT fibrils were formed from protein solutions in 10 mM glycine hydrochloride pH 2
at a final concentration of 200 uM. The solutions were stirred at 42°C overnight and the presence
of presence was verified through atomic force microscopy. These fibrils were then sonicated
with a VialTweeter-sonotrode (Hielscher, Teltow, Germany) for 10 s at 100% amplitude in a total
volume of 800 ul. The so obtained fibrils were used to seed, at 5% (equivalent monomer mass),
a new solution of PI3K-SH3 WT whose concentration ranges between 200 and 300 uM. The
solution was left overnight at room temperature, and investigated the day after for fibrils through
atomic force microscopy and supernatant absorbance measurements. The fibrils so prepared
were used both for attachment to QCM sensors and for further seeding.

PI3K-SH3 fibrils for the equilibrium denaturation experiments were prepared starting from
solutions of WT and mutants at 200 uM. Identical volumes of these solutions were mixed with
an equal volume of fibrils prepared as above described, to reach a final concentration of 5% in
equivalent monomer mass. The fibrils were checked by atomic force microscopy.

5.6.4 Ultra-centrifugation

Sonicated fibrillar samples were spun in triplicate at 54 rpm using a TLASS rotor for 45 mins in
an Optima MAX-XP Ultracentrifuge (Beckman Coulter, Brea, CA, USA). 20 pl of supernatant
were removed and its absorbance was measured using a Nanodrop instrument (Thermofisher,
Waltham MA, USA). The concentration of the protein was determined at 280 nm using the
extinction coefficient £580=15930 M-'cm!.
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5.6.5 Depolymerization experiments

The preparation of the samples was carried out according to the same protocol as described in
Section[2.5.2] The WT and the mutants were measured with a final concentration of 40 uM in
a range of denaturant of 0 to 6 M in 24 samples for the mutants I22A, 129A and I53A, and 0
to 6.4 M in 26 samples for I77A, I82A and the WT. The data of the WT and the mutants are
fitted globally with the parameters m and o, while the stability parameter AGy is fitted locally
for every mutant.

5.6.6 Fluorescence measurements

The samples were measured as described in Section[2.5.5]

5.6.7 Quartz crystal microbalance kinetic measurements

Fibrils attachment to the gold sensors and the measurement technique was performed as described

in section d.4.4]

To increase the sensitivity of the measurements to the mutants with slower elongation rates, two
different modifications to the protocol were made: 1) the concentration of the fibril solution
which was left to incubate on the gold sensor was increased to 200 uM; 2) the concentration of
the protein injected in the measurement flow was increased to 20 puM.

5.6.8 ®-value calculation

To determine the ®-value of a mutant, the values of AAG4_y and AAG;_y have to be calculated.

AAG,4_y 1s defined as the difference between the stability of amyloid fold of the PI3K-SH3 WT
and the mutant. Therefore for every mutant it can be defined as follows:

AAGy_y = AGY T, — AGT™,

where the values of AG4_y are extrapolated from the equilibrium denaturation analysis through
the use of the cooperative model.

AAG;_y is as well defined as the difference between the energetic barrier AG;_y of PI3K-SH3
WT and the one of the mutant. AAG;_y for every mutant is defined as follows:

kwr

AAG;_y = AGYT; — AGP™; = —RT In p
i

This expression of the formula allows avoiding the complicated estimation of the kinetic prefactor
I' that is necessary to estimate the absolute value of AG;_y .

AAG;_y

The final ®-value is measured for every mutant as the ratio ® = ~—.
A-U

5.7. Appendix
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122A

129A

IS3A

I77A

I82A

Figure 5.5: Atomic force microscopy of PI3K-SH3 WT fibrils elongated with WT and mutant
monomers. The left column shows the fibrils after three days of incubation, while the right column
shows the fibrils after the sonication protocol.






CONCLUSION AND FUTURE PERSPECTIVES

So far aymloid fibril stability has been analysed only in the framework of the isodesmic model
[73575]]. This model represents the simplest description of linear polymerization and it is known
to fail to depict on a theoretical level the complexity of amyloid polymerization. In Chapter 2]
I describe how this became evident also on an experimental level when it failed to model the
concentration dependence of the denaturation curves (Section[2.2.2)). Introducing the cooperative
model, which includes the concept of a nucleus, the fitting of the data improved considerably,
even though the model still represents an approximation of the polymerization behaviour (Section
[2.2.3). Through the comparison of the salt dependence of the stability and of the energetic barrier
of PI3K-SH3 elongation, this new framework provided further evidence of the coordinated
transition state between monomer and fibril end (Section [2.3.4)).

Establishing the correct model to analyse the stability of the amyloid state was possible through
the use of denaturants. In Chapter [3|I explored the temperature dimension to study the elongation
reaction. In the first part I propose a model in which a combination of denaturant and temperature
is used to extract an approximation of the stability parameter of glucagon fibrils throughout the
two dimensions, while keeping the system out of equilibrium (Section[3.2.2)). In the second part
I model the change of the rate of growth of PI3K-SH3 fibrils with temperature as the result of
the competition between the elongation and depolymerization reactions. By establishing this
framework, I am able to extract an approximation of the stability parameter throughout the whole
temperature range (Section [3.2.3).

In Chapter [ the structure of PI3K-SH3 amyloid fibrils is presented. Amyloid fibril structures
started just recently to be resolved and this work represents a strong contribution in the structural
understanding of these assemblies. Moreover the PI3K-SH3 fibril structure allows to rationalize
the biggest part of the literature results and constitutes a solid ground for further studies of
fibrillation of this model protein.

Chapter [5]lays the foundations for the ®-value analysis of the amyloid fibril elongation reaction.
Through the characterization of five different mutants I obtained information about how the
different residues are involved in the transition state. It was possible to define two classes of
residues based on their ®-values and on their position in the amyloid structure. Three residues
show a clear role in the formation of the transition state of the reaction, while the other two do
not show a significant contribution.

All together this work represents a first attempt towards a detailed description at atomic level
of the energy landscape of the elongation reaction of PI3K-SH3 amyloid fibrils. A solid
methodological framework has been established to study the stability of the amyloid state,
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while a first successful attempt was made to describe part of its transition state. Combined
with the existing knowledge on the soluble state, the elongation reaction of PI3K-SH3 fibrils
is closer to become the first described all along its reaction coordinate. Further efforts will be
directed towards probing the role of different residues to obtain a comprehensive picture of the
transition state. Finally, this framework can be applied to all amyloid system characterized by an
unstructured soluble state, becoming a potentially interesting tool for disease-related proteins
such as A(3, a-synuclein or IAPP.
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LLIST OF ABBREVIATIONS

AFM Atomic force microscopy

ANS 8-Anilinonaphthalene-1-sulfonic acid
AS After sonication

AB Amyloid {3

BS Before sonication

BSE Bovine spongiform encephalopathy
CD Circular dichroism

Cryo-EM Cryogenic electron microscopy
DF Double filament

ESI-MS Electrospray ionization mass spectroscopy
GdnCl Guanidine chloride

GdnSCN Guanidine tiocyanate

GIlyHCI Glycine hydrochloride

HCI1 Hydrochloric acid

IAPP Islet amyloid polypeptide

IDP Intrinsically disordered protein

NMR Nuclear magnetic resonance

NaCl Sodium chloride

PI3K-SH3 Phosphoinositide 3-kinase SRC homology 3 domain
QCM Quarty crystal microbalance

SF Single filament

SPC-SH3 Spectrin SRC homology 3 domain

ssNMR Solid state nuclear magnetic resonance
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B. List of abbreviations

ThT Thioflavin T
Trp Tryptophan
WT Wild type

1 Transition state
® Phi-value

a-syn o-synuclein
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