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Thesis abstract

Neurodegenerative diseases, such as Parkinson’s and Alzheimer’s, constitute a grow-
ing threat with ever increasing prevalence. These diseases are characterized by the
presence of protein deposits in the patient’s brain that are called amyloids. Several
proteins were identified in these deposits as being the molecular hallmark of the
disorder, among which we can cite o-synuclein for Parkinson’s disease and tau for
Alzheimers’s disease. Protein amyloid aggregation is central to neurodegenerative
diseases and hence constitutes a target of choice for diagnostic and therapeutic at-
tempts. It is characterized by the formation of a structural cross-f pattern, which
is a stack of B-sheets, usually forming long fibrils. Under specific conditions, larger
aggregates can be obtained, such as micrometer-sized particles, including so-called
particulates and spherulites. Several pieces of evidence suggest that the formation
of such aggregates, and especially at early-stages, can be involved in protein toxic-
ity. Yet, the reasons for the aggregation to occur are not well understood. In this
work, we aimed at deciphering the fundamental principles underlying protein amy-
loid aggregation by studying the changes in protein and hydration water dynamics,
the understanding of which might help in the development of water-dynamics based
diagnostic methods.

We employed mainly incoherent neutron scattering (on SPHERES at the MLZ and
IN16B at the ILL) and molecular dynamics simulations. The former provides ensem-
ble averaged information on hydrogen motions in the system, and the latter provides
a fully atomistic picture from which dynamical and structural aspects can be inves-
tigated.

Studying a-synuclein, we could show that protein backbone and side-chain motions
- that is, internal dynamics - is barely affected by aggregation. However, hydra-
tion water motions are increased around amyloid fibrils. The increased dynamics
originates from a fraction of water molecules being displaced from the protein hy-
drophobic core to the hydrophilic termini regions when fibrils are formed. Hence, it
results in a higher water entropy in fibrils, where the central cross-f pattern appears
highly efficient in protecting itself from interacting with the solvent.
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For ~S-crystallin, comparison of the internal protein dynamics of the wild-type pro-
tein with a G18V mutant revealed that the mutant is less dynamic, whatever its
aggregation state. This observation, along with the comparison of protein dynamics
with their relative hydropathy index, indicates that the internal dynamics depends
strongly on the amino acid composition, but not on the aggregation state. In addi-
tion, other factors can affect protein dynamics, such as the presence of metal ions.
The measurements carried out on insulin, in the presence or absence of zinc show
that the metal promotes protein hydration at pH 1.8, where it interacts loosely with
the protein. The zinc affects also aggregate-aggregate interaction, probably by elec-
trostatic screening as the formation of spherulites is facilitated in the absence of the
metal.

Eventually, the possibility to unambiguously and simultaneously access internal dy-
namics and center-of-mass diffusion was demonstrated by carrying out so-called fixed-
window scans on the IN16B instrument at the ILL. This novel technique applied to
lysozyme showed that particulate formation occurs in a one-step process, and the
internal dynamics remains constant all along. This pilot experiment opens up the
possibility to study fibril formation of pathologically relevant proteins.

Taken together, the aforementioned results demonstrate that we can now study the
amyloid aggregation process with great detail, and there is a great opportunity to ex-
tend this work within a biological context, in order to link the biophysical properties
of protein amyloid aggregation with its effects and toxicity in-vivo.
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Résumé de la these

Les maladies neurodégénératives, comme Parkinson ou Alzheimer, sont une men-
ace croissante, avec une prévalence augmentant sans cesse. Ces maladies sont car-
actérisées par la présence de dépots protéiques, appellés amyloides, dans le cerveau.
Plusieurs protéines ont été identifiées dans ces dépots comme étant des marqueurs de
la maladie, dont I’a-synucléine pour Parkinson et tau pour Alzheimer. [’agrégation
amyloide est centrale dans les maladies neurodégénératives et constitue ainsi une
cible privilégiée pour le diagnostic ou les essais cliniques.

L’agrégation amyloide est caractérisée par la formation d’un motif cross-3, qui con-
siste en un empilement de brins S, pouvant former ainsi de longues fibres. Dans
certaines conditions, des particules de taille micrométrique peuvent étre obtenus,
tels que les ’particulates’ ou les ’sphérulites’. Plusieurs études montrent que la for-
mation des agrégats, en particulier au stade précoce, est impliquée dans la toxicité.
En revanche, les raisons de l'agrégation des protéines ne sont pas bien comprises.
Dans ce travail, nous avons cherché a comprendre les principes fondamentaux im-
pliqués dans 'agrégation amyloide, en étudiant les changements de dynamique du
systeme protéine-solvent, ce qui de plus, pourrait aider le développement de nou-
velles méthodes de diagnostic.

Dans ce but, j’ai utilisé principalement la diffusion incohérente des neutrons et les
simulations de dynamique moléculaire. La premiere fournit une dynamique moyennée
sur I’ensemble des atomes d’hydrogene dans le systeme et la seconde fournit une vi-
sion atomique dans laquelle structure et dynamique peuvent étre étudiées.

En étudiant I’a-synucléine, j’ai montré que les mouvements des chaines latérales et
principales - dynamique interne - sont inchangés par 1'agrégation. Cependant, les
mouvements de I'eau sont accélérés autour des fibres, ce qui provient d’une fraction
de I'eau étant déplacée du coeur hydrophobe vers les régions terminales hydrophiles
lors de la formation des fibres. Ainsi, 'entropie de 'eau est augmentée dans les fi-
bres, ou le motif cross-3 central semble étre tres efficace pour se protéger lui-méme
de l'intéraction avec le solvent.

La comparaison de la vS-crystalline sauvage avec le mutant G18V montre que le



mutant est moins dynamique, quel que soit 1’état d’agrégation. Cette observation, et
la comparaison de la dynamique interne avec ’hydrophobicité des protéines, montre
que la dynamique interne dépend fortement de la composition en acides aminés et
non pas de I’état d’agrégation. En outre, les ions métalliques peuvent aussi influencer
la dynamique interne.

Les mesures sur 'insuline, en présence ou absence de zinc montre que le métal aide
a I’hydratation de la protéine, méme a pH 1.8, ou il intéragit faiblement avec la
protéine. Le zinc affecte aussi les intéractions entre agrégats, probablement par
écrantage électrostatique, étant donné que la formation de sphérulites est facilitée en
son absence.

Enfin, la possibilité de suivre en simultané, et sans ambiguité, la dynamique interne
et la diffusion du centre de masse a été démontrée en utilisant des scans a fenétre
d’énergie fixe sur I'instrument IN16B a I'ILL. Cette nouvelle méthode, appliquée au
lysozyme, montre que la formation des ’particulates’ se déroule en une étape, avec
la dynamique interne restant constante tout au long du processus. Cette expérience
pilote ouvre la voie a des études de fibrillation de protéines ayant un intérét médical.
Ensemble, ces résultats démontrent que l'on peut étudier le processus d’agrégation
amyloide avec beaucoup de détails, et il y a une grande opportunité d’étendre ce tra-
vail dans un contexte biologique afin de faire le lien entre les parametres biophysiques
de l'agrégation amyloide, ses effets et sa toxicité in-vivo.
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Introduction

1.1 The amyloid plague

The last decades showed an important increase in Alzheimer’s, Parkinson’s and
other neurodegenerative diseases prevalence, such that Alzheimer was called the 21st
century’s plague [Dobson, 2015]. Numerous factors seem to be involved, including
genetic polymorphisms, environment, and ageing. However, these risk factors remain
poorly understood, and as they are very challenging to study, results are often in-
conclusive [Brown et al., 2005].

These diseases share a common feature, namely the presence of protein-rich de-
posits - called amyloid plaques - in the brain [Braak et al., 1989]. After the ob-
servation of these plaques in patient brains, several proteins were identified as be-
ing involved in their formation. Those include a-synuclein [Breydo et al., 2012],
tau [Igbal et al., 2010], or even insulin - outside of the brain [Swift et al., 2002].
These proteins, as well as many others, can aggregate, adopt a new conforma-
tion characterized by a cross-f pattern, and form fibrils [Chiti and Dobson, 2000]
or super-structures [Vetri and Fodera, 2015] of micrometer size, including the so-
called spherulites and particulates.

The aggregation process is thought to be the main cause of damage observed in
Alzheimer or Parkinson patients. Even though visible effects of aggregation are
mostly located in the brain, it is not clear whether these proteins start to aggre-
gate there. For a-synuclein, it has been found that fibrillation can start in the
gut, then fibrils migrate to the brain through the vagal nerve in a prion-like way
[Chandra et al., 2017] [Liddle, 201§|. For tau, periodontitis was shown to be an
important risk factor [Cerajewska et al., 2015], which might be associated with ag-
gregation in the gums. Hence, the actual origin of amyloid aggregation is not trivial,
as the process could potentially start in multiple organs, and have a physiological
role, as suggested for tau [Dominy et al., 2019], and for a-synuclein [Liddle, 201§].
However, the consequences of aggregation on the cell integrity are becoming clearer.
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Figure 1.1: Glia activation after amyloid protein cell membrane disruption.
Adapted from [Heneka et al., 2014].

A globally accepted model for toxicity could be drawn from several studies. Firstly,
it has been shown for a-synuclein that cytotoxicity is higher for mutants presenting
slower fibrillation kinetics, or mutants that do not form fibrils at all, but remain
oligomeric [Lazaro et al., 2014]. A specific folding could even be observed with aB-
crystallin, where three proteins form a cytotoxic cylinder [Laganowsky et al., 2012].
Therefore, oligomers, or elongating fibrils appear to be the actual toxic species. Sec-
ondly, important damages were observed on negatively charged lipid bilayers in the
presence of fibrillating proteins, while no damage occurs when mature fibrils are
used |Hellstrand et al., 2013| |[Martel et al., 2017] [Jones et al., 2012|, thereby high-
lighting membrane disruption as a direct cause for cytotoxicity.

Along with these two points, an additional effect should be mentioned here, that is,



1.1. THE AMYLOID PLAGUE

activation of microglia - especially for its immune system role - by damage associated
molecular patterns (DAMP). When M1-like cells are activated, pro-inflammatory cy-
tokines, and reactive oxygen species (ROS), are released, which cause deleterious and
repeated inflammations (fig. [Briick et al., 2016] [Heneka et al., 2014].

Most of the current treatment strategies for amyloid disorders are focusing on neuro-
protection, such as the use of Mementine [Olivares et al., 2012] that helps maintain-
ing a reasonable level of glutamate, the use of L.-Dopa or similar agonists, a dopamine
agonist that helps maintaining the neuronal activity and has neurotrophic effect
[Oertel and Schulz, 2016] or the use of anti-inflammatory drugs [Moore et al., 2010].
Even though these treatments do improve patient life quality, they do not prevent the
disease progression [Oertel and Schulz, 2016]. It appears more and more necessary
to go further and find solutions to treat the causes and not only the consequences
for these neurodegenerative disorders. More recently, the early steps of Parkinson
disease were better understood as we shall see.

A neurodegenerative process is usually associated with impairment of the nuclear
pore complex, and retention of mRNA in the nucleus [Tamburrino and Decressac, 2016].
In addition, several genes involved in mitochondrial activity are down-regulated in
dopaminergic neurons from substantia nigra that over-express a-synuclein, resulting
in increased oxydative stress and loss of cells [Decressac et al., 2012]. Among these
genes, nurrl is of particular interest as it can help in rescuing damaged neurons
from a-synuclein toxicity when over-expressed [Decressac et al., 2013b]. Physiolog-
ically, the accumulation of proteins within the cell is related to ageing in that the
protein clearance mechanisms become less efficient as we are getting older. The re-
duced proteolysis and autophagy leads to protein accumulation in the cytoplasm.
Adding potential shift from homeostasis and oxydative stress resulting from nurrl
down-regulation, the amyloid aggregation can be favored [Stefanis et al., 2019]. Us-
ing a-synuclein as an example, the relations between protein expression, clearance
and aggregation are summarized in figure [.2l In the case of a-synuclein, all the
aforementioned results suggest that understanding what drives the protein amyloid
aggregation and understanding the early steps of this process is of paramount inter-
est to prevent disease progression.

The interest of this work is twofold, it provides valuable insights into the fundamen-
tal principles associated with protein amyloid aggregation, which can be studied as
a function of various parameters, such as mutations, protein or ion concentration.
Second, it might pave the way to new water dynamics based diagnostic methods
[Snow et al., 2017], or new prophylactic strategies.
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Figure 1.2: a-synuclein clearance and aging

The expression of the a-synuclein gene - SNCA - can be increased because of gene
multiplication and polymorphism. In addition, protein clearance is impaired with
aging as autophagy and proteolysis are reduced.

Adapted from [Stefanis et al., 2019|

1.2 Protein aggregation

1.2.1 Protein misfolding

The picture of a gene, being transcribed to an RNA, giving rise to a protein,
whose well defined structure assures a specific function has been found to be too
simplistic. After the observation of missing density in protein crystallography, clear
signs of a disordered, yet functional, region were found using nuclear magnetic res-
onance (NMR) within histone H5 globular segment [Aviles et al., 1978]. From then
on, a vast number of protein conformations were observed, ranging from the well-
folded globular one to the intrinsically disordered proteins (IDP), among which a-
synuclein and tau can be found. Specific features can be observed for different
classes of proteins, that is, strong amino acid sequence determinants for whether a
protein will be an IDP or well-folded (fig. . More specifically, the higher the
hydrophobicity, and the lower the net charge, the more likely a protein will adopt
a well-defined conformation |[Uversky, 2011]. Moreover, IDPs are polyampholytes,
with a homogeneous distribution of charged residues along the amino acid sequence
|[Das and Pappu, 2013|. They are almost never found in enzymes, or transporters,

4



1.2. PROTEIN AGGREGATION

for which catalysis or channel formation across membranes require a well-defined
structure. However, IDPs can adopt transient secondary structures upon interaction
with specific targets - so-called folding upon binding [Wright and Dyson, 2009]-, and,
in the case of a-synuclein, can also exhibit a globular shape in-vivo, where a small
hydrophobic core is protected from solvent interaction by flanking disordered regions
[Theillet et al., 2016]. The same globular, compact conformation was found in-vitro
for a-synuclein [Brodie et al., 2019] and tau [Popov et al., 2019).

All proteins thus exhibit a set of conformational states, which relates to energetics
and dynamics [Parak and Frauenfelder, 1993]. A protein energy landscape can be
drawn, with several minima being separated by energy barriers. Thus, protein dy-
namics results in a wide range of motions, from femtosecond harmonic oscillations
to milliseconds domain motions, and seconds to hours for protein-protein interac-
tions and aggregation. Motions on these time-scales can be involved in biological
function and are closely related to structure. This observation is particularly true
for enzyme catalysis processes where a specific energy is needed for the reaction
[Karplus and Kuriyan, 2005]. However, this dynamics-structure-function relation-
ship is not always well understood, neither are the reasons for a specific folding or
aggregation pathway for IDPs. In addition, further post-translational modifications
can occur, such as chemical modification, pro-peptide cleavage, or complex forma-
tion, that will make the protein reach its actual active state.

Misfolding is not always trivial, and can be correctly defined only when the protein
function is known. We will consider here a protein as misfolded, whenever a change
in its structural or dynamical pattern, and possibly oligomerization state, results in
a loss of function that is usually observed.

1.2.2 Molecular crowding and clustering

In addition to protein tertiary structure, proteins are always in interaction with
each other, and can form quaternary, or oligomeric structures. The total protein
concentration in cells lies between 100 and 300 mg/mL [Albe et al., 1990] on aver-
age. This high concentration implies a very crowded intracellular environment. In
this environment, diffusion is greatly affected, as well as interactions, that can be
either specific or non-specific. Molecular crowding can lead to clustering, driven by
weak interactions, similar to a colloidal suspension. It has been suggested that an
equilibrium results from the interplay between short-range patchy attractions, and
long-range repulsions [Stradner et al., 2004]. The results obtained by small-angle
scattering (SAS) with proteins are well reproduced using colloid-polymer mixtures

(see fig. [1.4)).
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Figure 1.3: Sequence determinants for protein folding

Comparison of the mean net charge and mean hydrophobicity of 275 folded (open
circles) and 91 natively unfolded (black diamonds) proteins. The line represents the
border between extended IDPs and compact folded proteins.

Adapted from [Uversky, 2011].
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Figure 1.4: Cluster formation with proteins and colloid-polymer suspension

A, average aggregation number of clusters versus volume fraction in lysozyme sam-
ples at 5°C (filled circles), 15°C (triangles) and 25°C (squares), and in colloid-polymer
mixtures (cp ~ 3 mg/ml, open circles). Typical cluster, reconstructed from confocal
microscopy are shown in insets. B, confocal microscopy image from a colloid- poly-
mer mixture.

Adapted from [Stradner et al., 2004]
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The crowding effect was observed for several systems, and quasi-elastic neutron scat-
tering has proven to be well suited for that [Grimaldo et al., 2014] [Braun et al., 2017].
The combination of experimental data with computer simulations has also shown,
for crystallins, that anisotropic and patchy attractions are of major importance for
the equilibrium distribution of cluster sizes [Bucciarelli et al., 2016]. However, no
clear sign of phase separation was detected.

The absence of phase separation suggests that an additional phenomenon is involved
in aggregation, as isotropic electrostatic potential and patchy weak attractions alone
are not sufficient to explain the formation of stable amyloid fibrils. Indeed, DLVO
theory (named after Boris Derjaguin, Lev Landau, Evert Verwey and Theodoor Over-
beek), and in a general way, colloid theory appears as a good starting point to under-
stand first steps of protein aggregation, as the effect of salt concentration can be well
described |[De Young et al., 1993] [Yoshimura et al., 2012). However, these models
consider only hard spheres with uniformly distributed charges, with the solvent being
viewed as a continuum. More recently, the so-called "patchy-particle” models gained
attention as they proved to be accurate in describing the directional interaction, me-
diated by multivalent ions, between proteins in a crystal [Roosen-Runge et al., 2014].

1.2.3 Amyloid super-structures

Aggregation processes can follow two main pathways, one consists of ordered
aggregates, among which I will present the so-called amyloid fibrils, and the other
consists of amorphous aggregates that will be presented in the next section. Protein-
rich deposits were identified in patients suffering from neurodegenerative disorders.
These deposits exhibit a green birefringence after Congo red staining and appear as
stacked fibrils under an electron microscope. These deposits were denoted amyloids
[Glenner et al., 1988]. The common feature of amyloid proteins is the presence of
a cross-beta pattern ([Eanes and Glenner, 1968] [Bonar et al., 1969] and fig. [L.5),
which is a series of anti-parallel stacked beta strands, with possibly some additional
three-dimensional features. This structural motif can be easily labelled using a flu-
orescent probe, Thioflavin T (ThT), which allows to follow in real-time the amyloid
aggregation process. The aggregation process - as followed by ThT - usually presents
a sigmoidal shape, characterized by an initial lag phase, followed by an exponential
growth, and a final plateau phase. Finally, a fibrillar morphology is observed. Congo
red birefringence, cross-beta pattern and fibrillar morphology defines the amyloid
fibrils as described by Nilsson [Nilsson, 2004].

Several structures are available now, even using amyloid fibrils directly obtained
from patients. Among them, we can mention the tau fibril core, obtained us-
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Figure 1.5: a-synuclein fibril formation

Left, native state, functional protein. Right, final fibrillar state. The N-ter region
is depicted in green, the core region - residue 40 to 95 - in deep blue, and the C-
ter region in cyan. Native ensemble of structures provided by Martin Blackledge,
fibril structures from Tuttle et al. [Tuttle et al., 2016] and render made using VMD
software [Humphrey et al., 1996].
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ing cryo-electron microscopy (EM) [Fitzpatrick et al., 2017], where a specific three-
dimensional folding can be observed, resembling to what has been called a greek-key
topology. Here, approximately 16 % - 72 residues - of the protein’s sequence is
involved in the fibril core, which is surrounded by a disordered fuzzy coat. For
a-synuclein, structures obtained using NMR, corresponding to the full-length pro-
tein [Tuttle et al., 2016], as well as a structure from EM, for the fibril core only
[Li et al., 2018b]|Li et al., 2018a] are available. Different topologies can be observed
for the fibril core, with or without a twist along the fibril’s main axis. Depending
on the morphology, 40 to 50 residues are involved in the fibril core formation, which
represents around 30 % of the sequence. No structural information is available yet
concerning insulin or v-crystallin fibrils.

It is interesting to note that the amyloid cross-£ seems to be a structural pattern
that can be adopted by various proteins [Dobson, 2003]. There is something uni-
versal in this very stable fold, that might make it very useful to understand the
fundamental principles that govern protein folding and aggregation. In a study with
the fs-microglobulin, it is suggested that the nucleation-like pathway of amyloid
aggregation is due to this cross-beta pattern formation, and not oligomerization
[Yoshimura et al., 2012].

Surprisingly, a similar fold was observed, but with alpha-helices in place of beta sheets
for Staphylococcus aureus PSMa3 protein [Tayeb-Fligelman et al., 2017]. This pro-
vides a clear example of functional amyloid structures, secreted by the bacteria as
virulence factors.

It has been found that fibrils can associate and form even larger structures known
as spherulites. These were first identified for bovine insulin [Krebs et al., 2004]
[Krebs et al., 2005]. They consist in a radial arrangement of amyloid fibrils, and
can easily reach 100 gm to mm in diameter, and are usually formed far from the
protein’s isoelectric point (pI) [Vetri and Fodera, 2015]. Spherulites of A4 were
identified in Alzheimer’s patients brain [Exley et al., 2009], making them also of
prime medical interest. Another worth-to-mention super-structure - for which an
amyloid nature is suspected but not yet demonstrated - is the particulate. They
are spherical structures with a diameter ranging from hundreds of nanometers to
around 2 pym. They can be formed at high temperature and at pH close to protein
pl. For both of these super-structures, the hydrophobic interactions have been shown
to play an important role, and most of the inner volume of the spherulites is devoid
of water [Vetri and Fodera, 2015|. Several parameters have been shown to influence
significantly the formation, the number, or the size of these assemblies, such as salt
and protein concentrations or temperature [Smith et al., 2012].

Further work is still needed to understand super-aggregate formation, not only from
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a medical point of view. Indeed, these assemblies might be very relevant for bio-
inspired materials, as a first study showed, where spherulites allow long-lasting, and
controlled drug-delivery in the organism |Jiang et al., 2011].

1.2.4 Amorphous aggregates

For some aggregates, structural patterns might not be well resolved, present
only as secondary structure or global, large scale structure, or there might not be
any at all. In this case, aggregates are called amorphous. This kind of aggregates can
be useful in biochemistry, especially with the formation of inclusion bodies, that are
likely to play a biological role in bacteria as a protection mechanism against thermal
stress [Villaverde and Carrid, 2003]. However, these structures can also be associ-
ated with serious issues, as it is the case for the v-crystallin family. The crystallin
aggregation process is responsible for eye-lens cataract formation, and several forms
can be distinguished depending on the gene sequence and type of aggregate formed
[Héon et al., 1999]. They come in three types, namely «, 3, and -, and genetic muta-
tions associated with cataract were mostly located in the CRYG genes, coding for the
~v-crystallins group. The monomeric protein exhibits a low frictional ratio, suggesting
low propensity for interaction with solvent or other proteins [Vendra et al., 2016].
As for amyloids, the reasons for amorphous aggregates formation are not completely
clear. Again, colloid theory provides some insights, highlighting the auxiliary role
of high salt concentration [De Young et al., 1993]. Moreover, their aggregation ki-
netics can differ significantly from amyloids, that is, no lag phase appears and nei-
ther agitation nor seeding affect it, which indicates that growth does not follow a
nucleation-dependent pathway [Yoshimura et al., 2012].

1.2.5 Relation to protein dynamics

Along with their structural properties, the dynamics of proteins is essential
for biological function in the cell. Moreover, dynamics provides important infor-
mation on the energy involved, and the thermodynamics of a particular change
in the system, such as aggregation. Several time and length scales are involved,
and parameters such as temperature, pH or salt concentration can influence the
dynamics. Hartmann and coworkers measured - using X-ray crystallography and
Méssbauer spectroscopy - mean-square displacements (MSD), of atoms in metmyo-
globin [Hartmann et al., 1982]. They observed different kind of motions as a function
of temperature, harmonic and anharmonic ones. Therefore, atoms in proteins ex-
perience harmonic potential, with weak restoring forces, but can also be involved

11
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in several conformational states, with transition rates k£ obeying the Arrhenius law:
k = AeP/BT where A is a scalar, F, the activation energy, R the ideal gas constant
and T the temperature in Kelvin. Even at low temperature, Doster and coworkers
found, using inelastic neutron scattering (INS), that harmonic, vibrational motions
can be well described by a Debye-Waller factor, with MSD proportional to tempera-
ture, except for very low temperatures, where quantum tunnelling effects dominates
[Doster et al., 1989]. In Doster’s work, a transition is observed, around 200 K, which
was described by considering an atom jump between two sites separated by a given
distance d, and by an energy AG, and was called the protein dynamical transition
(PDT).

Using high-resolution neutron backscattering (cf. [section 2.1]), a first transition
typically becomes visible around 110 K (fig. , and corresponds to the onset
of methyl groups rotation [Roh et al., 2005] [Wood et al., 2010] [Schiré et al., 2010]
[Hong et al., 2013]. Subsequently, a second transition occurs, corresponding to the
already mentioned PDT, associated with side-chains motions and backbone fluc-
tuations. The temperature dependence of the MSD after this second transition is
highly dependent on amino acid composition, as shown in a neutron scattering study
[Schiro et al., 2011].

Interestingly, the MSD presents a relatively small contribution from the backbone
compared to the contribution coming from amino acid composition, as it was shown
by Schird and co-workers [Schiro et al., 2011]. The backbone and amino acid se-
quence might mostly influence function-related structure and slow motions.

We can consider that fast dynamics - less than nanosecond time-scale - provides the
most significant contribution to conformational stability - except for some proteins
that perform electron transport for instance. Besides, slow, collective, dynamics is
mostly related to function [Bahar et al., 1998]. Fast dynamics contributions can be
understood in terms of free energy, using

F =H— TS (1.1)

with F, the free energy, H the enthalpy, T the temperature and S the entropy. In
the canonical ensemble, the entropy is given by:

S = —kp Zpi log(p;) (1.2)

with kg the Boltzmann constant and p; given by Boltzmann distribution for the

energy F; of state i /
—Ei/kgT
exp

= & g (1.3)

bi
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Figure 1.6: Dynamical transition resulting from anharmonic motions activation in
tau protein, seen in the apparent mean-squared displacement (MSD).

Typical experimental result obtained with elastic fixed windows scans (EFWS) ob-
tained on a neutron backscattering spectrometer are shown in blue - here, tau protein.
Dashed lines were added for better visualisation of the transitions.
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we can see that for slow motions, with E; < kg7, p; will be higher than for
E; > kgT. As —log(p;) increases very fast with decreasing argument compared to
p;, the contribution to entropy, and therefore to free energy will be much higher for
fast motions than for slow motions. This observation shows that entropy resulting
from fast dynamics will contribute significantly to conformational stability.

Turning our attention back to amyloid fibrils, it appears that they are highly stable
structures in their mature form. We shall then expect some changes in fast dynam-
ics. Some interesting effects were observed with concanavillin A on mean-squared
displacements, depending on whether the protein was in native, amorphous aggre-
gated or fibrillated state [Schird et al., 2012]. Indeed, dynamics is enhanced when
amyloid fibrils are formed, as compared to the native form. However, amorphous
aggregates show similar behaviour - however with slightly lower MSD -, while this
form is considered highly stable as well.

Several other studies showed that dynamics barely differs, or even not at all, be-
tween monomers and fibrils, we can cite work on lysozyme [Fujiwara et al., 2013,
on a-synuclein [Fujiwara et al., 2016], or tau [Fichou et al., 2015b]. This might be
surprising at first, but we did not mention an essential component of the system so
far, hydration water. We will review its role in the next section.

1.3 Water and protein aggregation

Water is essential for life, and the original matrix in which it appeared. It possess
numerous peculiar properties - its amphoteric nature, its electric dipole moment, its
geometry, its phases to name a few - that render it one of the most challenging, and
yet extremely interesting systems to study, despite its apparent simplicity. Moreover,
it furnishes electrons and protons to what might be the most important process for
life, photosynthesis, and it is directly involved in numerous biological processes. Most
of water aspects in biology were thoroughly reviewed by Philip Ball [Ball, 2008], we
will summarize some of them here.

1.3.1 Water as a solvent

Water presents some differences with simple liquids, for which molecules are de-
scribed as hard-spheres, interacting via direct contacts and isotropic potential. Their
capacity to form hydrogen bonds actually makes interactions highly oriented, and
the inter-atomic distances distribution shows an additional peak, not present in sim-
ple liquids, typical for this type of interaction. Geometrically, liquid water is highly
dynamic, and several defects can be found in the tetrahedral geometry, that affect
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positively the mobility of the molecule [Sciortino et al., 1991] [Sciortino et al., 1992].
In contrast, below the freezing point, the tetrahedral configuration is more stable,
leading to a lower density and larger volume.

When hydrophilic solutes are added, especially ions, the high dielectric constant
of water makes it very efficient at reorienting so that the ions are correctly sol-
vated. This effect tends to disrupt the water structure only up to the first hydra-
tion shell [Omta, 2003]. Conversely, the effect of hydrophobic solutes is not com-
pletely explored. Kauzmann proposed a model, in which water molecules are ar-
ranged such that they form a cage around the solute in a highly ordered manner
[Kauzmann, 1959]. Aggregation of hydrophobic particles would then be a way to
reduce order in the water structure, and thus, increase entropy. However, this model
was strongly challenged in studies, in which the perturbation of the water bonding
network was shown to be weak and probably mostly located in the second hydration
layer than the first [Dixit et al., 2002] [Finney et al., 2003]. More recently, simula-
tions showed an important rotational anisotropy for water molecules within 10 A of
the surface of proteins ([Shin and Willard, 2018a] [Shin and Willard, 2018b] and fig.
7).

Considering the aforementioned results, the entropic increase upon protein folding
and aggregation remains plausible, but its origin is a bit more subtle and complicated
than postulated by Kauzmann. The situation is not clearer when considering water
on large hydrophobic - or hydrophilic - surfaces, although rotational dynamics is still
very likely to play a role [Ball, 2008].

1.3.2 The protein hydration shell

A simplistic model of protein folding contains contributions from the internal hy-
drogen bonding network, as proposed by Pauling in the late 1930ies [Mirsky and Pauling, 1936],
and contributions from hydrophobic interactions in line with Langmuir’s suggestions
[Langmuir, 1939]. For globular proteins, this usually results in a hydrophobic pocket
protected from the solvent by hydrophilic residues that are in direct contact with
water. The surrounding water differs from bulk, with several works suggesting a
higher density, not only in the first layer but up to 10 A from the protein surface
[Levitt and Sharon, 1988|[Badger, 1993] [Perticaroli et al., 2017] [Svergun et al., 1998].
Moreover, relaxation times for rotational dynamics can be much slower in the hydra-
tion shell as compared to bulk water [Liki¢ and Prendergast, 2001]. In addition, a
molecular dynamics simulation study showed that the diffusion coefficient perpendic-
ular to surface is more affected than the parallel one, and this effect depends mostly
on surface geometry rather than specific amino acids [Makarov et al., 1998]. More
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Figure 1.7: Water in hydration shell shows a high rotational anisotropy

A, Schematic depiction of the mean-field model showing a probe molecule with
tetrahedrally coordinated bond vectors (white for donor, blue for acceptor) within
the liquid (blue shaded region) at a distance a, probed from the position of the
instantaneous interface (solid blue line). A plot of the interfacial density profile,
o(a), obtained from the atomistic simulation with TIP5P water, is shown with dotted
lines indicating the termination points of bond vectors bl and b3. Panels B and C
contain plots of the orientational distribution function, P(cos fonla), as indicated by
shading, computed from atomistic simulation and from the rigid tetrahedral model,
respectively.

Reproduced from [Shin and Willard, 2018b|.
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recently, the hydration shell was thoroughly investigated using molecular dynamics
simulations. The authors showed an important broadening in the rotational corre-
lation time for water in the hydration shell as compared to bulk - with slower times
being more populated, associated with a more oriented dipole moment - consistent
with higher anisotropy [Mukherjee et al., 2017]. Other parameters show an interest-
ing behaviour, that is, the effective dielectric constant increases and the local specific
heat decreases as we move away from the protein surface.

The protein hydration shell can be very stable. Indeed, «S-crystallin has evolved
such that it can remain folded and monomeric over an entire lifetime. A recent
study, making use of electron paramagnetic resonance, showed that the hydration
layer is barely affected upon protein aggregation for wild-type yS-crystallin, while
the aggregation-prone G18V mutant presents a substantially different hydration shell
[Huang et al., 2016]. Hence, hydration water can influence protein structure and sta-
bility, but also the protein can affect the hydration water, as the composition in amino
acids of proteins influences the hydration layer dynamics.

Interestingly, it has been shown that NMR and incoherent neutron scattering can be
well suited to study water within living cells (or intracellular water) [M. Stadler et al., 2016]
[Jasnin et al., 2010] [Martinez et al., 2016]. By studying the water dynamics within
red blood cells, it appears that a small fraction - 10% - of water is slowed down as
compared to the bulk water, which constitutes the other fraction [M. Stadler et al., 2016].
The slowed down fraction was attributed to the water located at the cell surface.
Moreover, by comparing the intracellular water dynamics in Escherichia coli and the
extreme halophile Haloarcula marismortui, it was observed that a significant fraction
of water molecules exhibits a lower dynamics in the halophile [Jasnin et al., 2010].
The decreased dynamics was shown to be independent on the NaCl or KCI concen-
tration. Hence, it can be attributed to biological components of the cell, such as
proteins or glycans. The evolution of macromolecules towards their current folding
and organization within the cell is likely to have been partly driven by an increase
of water entropy, where the influence of macromolecules on water would lead to ever
more favorable entropy as they evolve.

In conclusion, water can influence protein folding and dynamics as well as protein can
influence water in its hydration shell, thereby showing that an important coupling
exists. The coupling between protein and water has been well documented these last
decades, in particular from the dynamical point of view. We will now discuss some
of the results obtained so far.
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1.3.3 Coupling to protein dynamics and aggregation

As it might shine through the previous section, studying water itself is quite
challenging, and studying how it couples to protein motions might be even worse.
Nonetheless, interesting results have been obtained thus far, mainly thanks to neu-
tron scattering and computer simulations. It became clear that the protein dynam-
ical transition was linked to water. Indeed, hydration has a significant effect on
the amplitude of this transition, by allowing atoms to undergo anharmonic motions
[Ferrand et al., 1993] [Steinbach and Brooks, 1993] [Tarek and Tobias, 2000]

[Tarek and Tobias, 2008]. In addition, using a dual heat bath with simulations
showed that activation of solvent translational motions drives the dynamical tran-
sition for bacteriorhodopsin [Tarek and Tobias, 2002] [Tournier et al., 2003]. More
recently, the hydrogen bond (HB) network of water around lysozyme was studied
using simulations [Rahaman et al., 2017]. It was found that the configurational en-
tropy increases with temperature, and is reflected by the number of states the HB
network can access.

New experimental evidences arose by having access to hydration water self-dynamics
with neutron scattering. Indeed, it was observed that proteins can be functional
even in the powder state, with at least 0.4 g of water per gram of dry protein
[Rupley and Careri, 1991]. This allows to study the dynamics of the hydration shell
only using neutron scattering, removing all contributions from bulk water, which
would otherwise completely dominate the signal. Consistent with simulation data,
the PDT was observed experimentally with maltose binding protein [Wood et al., 2008].
However, a different behaviour was found for a membrane protein, for which lipid dy-
namics might equally influence protein motions [Wood et al., 2007] [Gallat et al., 2012b].
The coupling between protein and its environment is summarized in figure [1.8

The first transition at 110 K was shown to be independent on hydration [Hong et al., 2013].
The origin of the PDT at 230 K was further explored using neutron scattering applied
to samples of poly-peptide chains containing either only glycine, alanine or various
residues. This approach provided direct evidence that side-chain motions activation
is coupled with the onset of water translational motions [Schiré et al., 2010]. More-
over, this effect is not only present at the protein surface, where amino acids are in
direct contact with water, but is also observed in the protein core [Wood et al., 2013].
In addition, a transition was also observed with the cytochrome P450 and the green
fluorescent protein [Liu et al., 2017], which indicates that the coupling with water
motions might be of major importance but is not the only effect at play for anhar-
monic motions in proteins.

More recently, the protein aggregation process was studied using the protein tau. It
has been unexpected to find that amyloid fibril formation does not correlate with
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Figure 1.8: Dynamical coupling between water and proteins

A, Hydration around a soluble protein and coupling with protein dynamics (PM -
Purple membrane). B, Hydration around a membrane not coupled to membrane
protein dynamics (BR - Bacteriorhodopsin). C, Dynamic coupling between protein
and lipid in the membrane (MBP - Maltose binding protein). D, Channels of free
water flowing around the hydrated macromolecules in the cell.

Reproduced from [Frolich et al., 2009
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any change in protein internal dynamics, especially when we consider the extreme
stability of amyloid fibrils. The origin of aggregate stability is to be found in hy-
dration water. Indeed, hydration translational motions are enhanced in tau aggre-
gates [Schiro et al., 2015], which was interpreted as an increased entropy of water
[Fichou et al., 2015b]. How the cross-f structure influences hydration water is not
completely clear. It appears that the fibril core - that is, the central hydrophobic
region of the protein - alone is not sufficient to explain the hydration water mobil-
ity increase [Fichou et al., 2015a]. Moreover, it was found, using in-vivo NMR, that
a-synuclein presents a very globular shape in cells, with the hydrophobic core being
protected from the solvent by flanking disordered regions [Theillet et al., 2016]. The
compact folding of a-synuclein and tau was also demonstrated with using experimen-
tal distance constraints with simulations [Brodie et al., 2019] [Popov et al., 2019).
The dramatic structural change upon aggregation highlights the interplay between
water entropy increase and protein structure that can influence hydrophobic inter-
action. More thorough studies are still needed to better understand the physical
origin(s) of protein aggregation and neutron scattering in combination with molecu-
lar dynamics simulation provides important insights in that regard.

As an example, along with the favorable entropic contribution of water upon pro-
tein aggregation, neutron scattering and simulations have shown that hydrodynamic
interactions can strongly influence protein diffusion and aggregation in solution
[Chiricotto et al., 2016] [Grimaldo et al., 2019]. Indeed, the combination of neutron
incoherent scattering and simulations proved that the ps-ns self-diffusion of macro-
molecules is significantly affected if their radius differs from the average radius R.s¢
of all molecules in solution. But the self-diffusion is similar to that of a monodis-
perse solution if the radius is close to R.s; [Grimaldo et al., 19ed]. Moreover, us-
ing the OPEP force field with lattice Boltzmann molecular dynamics, an extensive
study of S-amyloid peptide (16-22) oligomerization and aggregation was conducted
[Chiricotto et al., 2016]. The study showed that hydrodynamic effects promote the
fusion of oligomers and exchanges between them. In addition, an elongated and
twisted structure could be observed. These two studies reveal that hydrodynamic
interactions can strongly influence the protein self-diffusion and large protein aggre-
gate formation.
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1.4 Metal ions and aggregation

1.4.1 Metals and biology

An increasing number of studies show that metal ions can play various essential
roles in biology, among which there is a structural role, by stabilizing a specific fold or
oligomer. Notably, bivalent cations seem to be prevalent. The most studied system
so far is likely to be calmodulin and its binding to Ca?". Indeed, calmodulin is central
to various cellular processes, and calcium can act on it by regulating its subcellular lo-
cation, its structure, and its interaction with other proteins [Chin and Means, 2000].
It has been found as well that pH can also be a key factor for metal induced re-
folding of superoxide dismutase [Fee and Phillips, 1975]. It appears that metal ions
can affect proteins at pH well below their pKa, where proper refolding of superoxide
dismutase is more efficient when occuring at low pH, in presence of copper and zinc.
Another example is hemoglobin, for which an iron ion is coordinated by an exoge-
nous molecule within the protein, the heme [Perutz et al., 1960]. The heme allows
the metalloproteins to transport various molecules such as oxygen or carbon dioxide.
Numerous other examples could be cited, including cytochrome, iron-sulphur centres,
zinc fingers. Many of them were thoroughly reviewed already [Holm et al., 1996].
Notwithstanding the beneficial effects of metal ions in biology, they have also their
counterpart, as they can have deleterious effects on the organism. Iron, for instance,
can bridge a molecule to oxygen, and promote the formation of super-oxide that can
damage various essential components in the cell [Welch et al., 2002]. Thus, the level
of iron has to be finely regulated, so that induced oxidative stress remains low. In
addition, metals might affect protein aggregation.

1.4.2 Metals and protein aggregation

Metal ions have been proposed as risk factors for Alzheimer’s disease, with more
or less confidence depending on the species involved [Frederickson, 1989] [Tomljenovic, 2011].
While in vivo studies are challenging, due to the difficulty to obtain reliable statistics
on patients, the effect on aggregation is very clear in vitro. Indeed, the fibrillation
kinetics of -amyloid peptide, involved in Alzheimer’s, is increased by a factor of 100
to 1000 when aluminum, iron or zinc are present in solution [Mantyh et al., 1993].
Interestingly, it seems that [-amyloid peptides can play a protective role against
metal induced oxidative stress [Zou et al., 2002]. On the other hand, the very same
metals can make the S-amyloid peptide lose its protective function, and eventually
become neurotoxic. Thus, there is a subtle balance here, that is likely to be metal
homeostasis dependent.
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Figure 1.9: Calcium significantly accelerates a-synuclein fibrillation

a-synuclein aggregation measured by ThT fluorescence using 100 pM monomeric
alpha-synuclein under shaking conditions. The presence of 2.5mM calcium increased
the aggregation kinetics of a-synuclein compared to ImM EGTA, both in the pres-
ence or absence of synaptic vesicles (black and red). For the EGTA-containing
groups, there was a trend towards faster aggregation of a-synuclein in the pres-
ence of synaptic vesicles (blue vs. gray). Three biological repeats, n= 18 for all
conditions, where n represents single wells. The values represent mean + s.e.m.
Adapted from [Lautenschlager et al., 2018§]

Similarly, a substantial effect of copper was observed on a-synuclein fibrillation. The
cation was found to promote pore-forming aggregated species formation, which are
highly toxic for cells in vitro [Zhang et al., 2015|. Also, calcium bound to a-synuclein
accelerates the amyloid fibrillation, promotes synaptic vesicle lipid binding, and a
deviation from physiological metal concentration induces synaptic vesicles clustering
(fig. [Lautenschlager et al., 2018].

The effects of metal ions on aggregation is of major importance, yet are still barely
studied, especially when we consider fast dynamics and hydration water. We still
lack information about how they bind for some proteins like a-synuclein or insulin,
and what the effects are on protein clustering, on dynamics and stability. It is likely
that neutron scattering studies, in combination with X-ray absorption spectroscopy
and other spectroscopic methods might provide valuable insights regarding these
questions. A first step toward the resolution of the effects of multi-valent ions in
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protein solution was made using neutron scattering in a study that shows a sig-
nificantly affected protein diffusion coefficient depending on the presence of metal
[Grimaldo et al., 2015a].

1.5 Concluding remarks on protein aggregation

In summary, amyloid protein aggregation is a process involving a great diversity
of factors and physical phenomena. Considering the amyloid fibrillation, a lag phase
is usually observed at the beginning of the fibrillation kinetics and might be strongly
dependent on protein clustering, and more generally on electrostatic and hydrody-
namic effects that can promote or prevent the formation of pre-fibrillar oligomers.
In addition, conformational changes can be a limiting step that can explain the ini-
tial lag phase, as the gain in stability - or the decrease of free energy - obtained by
forming the cross-g structure, will influence the kinetics of fibrillation.

If the kinetics of the amyloid aggregation has been widely studied, the origin of pro-
tein aggregation remains elusive, especially regarding the internal dynamics of the
protein and its hydration water shell. The results can differ from one protein to
another, such as concanavalin and tau. Indeed, differences in fast internal dynamics
were measured in concanavalin [Schird et al., 2012] upon aggregation, suggesting a
favorable energetic change coming from the protein internal motions, while no dif-
ference appeared at all for tau [Fichou et al., 2015b].

Regarding the hydration shell, the entropy gain seems to be of major importance as
observed in the case of the protein tau. However, we still do not know how different
parts of the protein are involved, in particular, how the proportions of fuzzy coat and
fibril core can influence the dynamics of hydration water upon amyloid fibrillation.
Along with the protein properties, metal ions can significantly influence aggregation
kinetics [Lautenschléger et al., 2018], but little is known about their effect on protein
and water dynamics.

We still need to determine how both intrinsic - protein sequence - and extrinsic -
metal ions, salt concentration - factors act on the aggregation and the ensemble-
averaged dynamics.

1.6 Scope and objectives of the thesis
In this work, we have focused on the changes that occur in protein and hydration

water dynamics during the amyloid aggregation of various proteins, a-synuclein, in-
sulin, yS-crystallin, lysozyme and tau. We made use of incoherent neutron backscat-
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tering spectroscopy, molecular dynamics simulations, X-ray powder diffraction, dy-
namic light scattering and X-ray absorption fine structure measurements. Our ex-
perimental results concern mainly the ensemble-averaged dynamics, and the local,
atomic-scale information is brought by the simulations. We used hydrated protein
powders in either the monomeric or fibrillar state. The powder state strongly facili-
tates the analysis and the interpretation of data at the cost of losing the information
about the center-of-mass self-diffusion that is suppressed in powders. In addition,
the powder state is the only way hydration water can be studied with neutron scat-
tering as the signal would be completely dominated by the bulk water in the liquid
state. However, we have started to study protein dynamics in liquid state as well, to
follow the aggregation in a time-resolved manner using the so-called elastic/inelastic
fixed-window scans (E/IFWS).

Among the proteins studied, we focused on the hydration water dynamics of a-
synuclein, which is involved in Parkinson’s disease and for which we aimed at per-
forming an enlightning comparison with the protein tau previously studied in the DY-
NAMOP group at the IBS [Fichou et al., 2015a] [Fichou et al., 2015b]. Moreover, we
took advantage of the published full-length structure of a-synuclein [Tuttle et al., 2016]
to explore the effect of the fibrillation process on hydration water dynamics in atom-
istic details using simulations.

We also studied yS-crystallin, which is involved in the eye-lens cataract and which
can form not only amyloid fibrils, but also other types of aggregates that can be
amorphous or contain a cross-3 structure. The ~S-crystallin also presents the ad-
vantage of being easily produced in large quantities, i.e. hundreds of milligrams. This
choice of protein allows us to investigate different aggregation pathways and their
effect on the protein and hydration water dynamics. In addition, the mutant G18V,
associated with early-onset cataract, is studied to determine how the dynamics is
affected by the point mutation. The main difficulty that arises with yS-crystallin is
that the different types of aggregates can form concurrently. These aggregates can
then be challenging to isolate to study the different types of aggregates separately.
In addition to a-synuclein and ~S-crystallin, we studied insulin, which presents a
medical interest as well but that is also studied for its potential use as a biomaterial.
In particular, we aimed at better understanding how the zinc cations can affect the
insulin internal dynamics and its aggregation kinetics. Moreover, insulin is commer-
cialy available, which greatly facilitates the sample preparation of the hydrogenated
samples. However, similarly to vS-crystallin, insulin can form different types of ag-
gregates in a concurrent way.

Furthermore, as the transient oligomeric species that occur on the amyloid aggrega-
tion pathway are of prime interest, we explored the possibility to measure incoherent
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neutron scattering data in a time-resolved manner on liquid protein samples that are
undergoing aggregation. To this purpose, we use the model system, lysozyme, for
which aggregation is well studied and which is highly reproducible. This first time-
resolved experiment was to be followed by another, for which we used a medically
more relevant system, the protein tau. Our aim was to capture both the center-of-
mass self-diffusion and protein-internal dynamics of any transient oligomeric species
that appears during the course of amyloid aggregation.

More generally, we want to obtain a detailed information on the changes in protein
and hydration water dynamics that occur during amyloid aggregation, and on the
effect of various intrinsic factors - protein sequence, aggregation pathway - and ex-
trinsic factors, such as metal ions. In addition, this work might provide a general
framework to study amyloid aggregation in the light of the protein and water dynam-
ics, and thus of the energy changes, and, also pave the way to new diagnostic methods
of amyloid diseases based on the dynamics of hydration water [Walton et al., 2011].

1.7 My contribution to the various projects

We mentioned the different projects and the associated objectives in the previous
section, these are (1), the dynamics of the hydration water of a-synuclein monomers
and amyloid fibers, (2), the dynamics of yS-crystallin monomers and aggregates, (3),
the effect of zinc on the dynamics of insulin monomers and aggregates, (4), the time-
resolved study of the formation of lysozyme particulates and (5), the time-resolved
study of the heparin-triggered fibrillation of tau.

For (1), I produced and purified the protein with Martine Moulin at the D-Lab, I
optimized the fibrillation conditions in 1.5 mL eppendorf tubes and prepared the
samples for neutron scattering experiment and biophysical characterizations. At the
MLZ neutron reactor in Garching, Germany, I collected the ENS and the QENS
data at 300 K in May 2018 and Giorgio Schiro collected the QENS data at 260 K
in February 2020. I analyzed the neutron scattering data under the guidance of
Giorgio Schiro. To this purpose, I wrote a Python application programming inter-
face (API) (nPDyn - github.com/kpounot/nPDyn) that can handle various types of
data from neutron backscattering spectroscopy. Concerning the MD simulations, I
spent three months at the laboratory of Douglas Tobias at UC Irvine, USA, where I
built the powder model for monomers and fibers based on several discussions we had
with Douglas Tobias and Martin Weik and I then performed the MD simulations
following an established procedure used previously for tau [Fichou et al., 2015a]. To
analyze the MD simulations data, I have written a Python/C++ API (NAMDAna-
lyzer - github.com/kpounot/NAMDAnalyzer), for which the procedure used and the
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results were validated by Douglas Tobias. The X-ray powder diffraction measure-
ment was performed at the ESRF synchrotron by Giorgio Schird and myself and I
analyzed the data using the pyFAI library [Kieffer and Wright, 2013]. The article
was written by Martin Weik and myself, with input from all other authors (section
3).

For (2), I have hydrated the protein powders for the neutron scattering experiments
at the MLZ and I performed the neutron experiment in September 2017 with Giorgio
Schiro and the one from September 2018 on my own. I analyzed the data using the
nPDyn API and wrote the chapter in this manuscript (section .

For (3), I determined the conditions to obtain pure spherulite or pure fiber samples
under the supervision of Vito Fodera during a stay of two weeks in his laboratory
at the University of Copenhagen, Denmark. I prepared the samples for the neu-
tron experiment in September 2017 and the neutron scattering data were collected
by Giorgio Schirdo and myself. 1 have suggested to investigate the role of the zinc
atom and I prepared new samples for this purpose. The neutron sacttering data on
the new samples were collected by Giorgio Schirdo on June 2018 at the MLZ and I
analyzed the data. The XAFS measurements were performed by Alessandro Longo,
Giorgio Schiro and myself. I built the structural model that Alessandro Longo used
for XAFS data analysis. I have performed the circular dichroism, the fluorescence
microscopy and the DLS experiments. The article was written by Giorgio Schiro and
myself, with input from all other authors (section .

For (4), the idea of performing a time-resolved E/IFWS measurement came up during
a discussion between Tilo Seydel and myself. The experimental conditions (protein
and salt concentrations, pH, temperature) were determined by Hussein Chaaban and
myself. I performed the E/TFWS experiment in June 2018 at the ILL with Tilo Sey-
del and I analyzed the data under the supervision of Tilo Seydel. I performed the
DLS experiment. I also built a model of lysozyme in solution and performed the
MD simulations to obtain the structural model I used to compute the theoretical
center-of-mass diffusion coefficient at 90°C. The theoretical center-of-mass diffusion
coefficient at 7°C was obtained by myself using a structure of native lysozyme from
the PDB (code 3ijv). The article was written by Tilo Seydel, Martin Weik and my-
self, with input from all other authors (section .

For (5), I assisted Ninon Zala in the production and the purification of the protein.
I optimized the experimental conditions (protein concentration, buffer, pH, temper-
ature) for fibrillation with Yann Fichou. I performed the time-resolved E/IFWS
experiment end of January 2020 at the ILL with Tilo Seydel and I analyzed the
data. I suggested a role for the aluminum in our neutron experiments and I tested
my hypothesis in a first ThT kinetics experiment. The corresponding chapter in this
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manuscript was written by myself (section [3.5)).
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Methods

2.1 Quasi-elastic neutron scattering

Neutrons are fermions that can be produced using either nuclear fission or spal-
lation. The former makes use of fuel elements consisting of heavy fissile atoms.
Several sources are operating on this principle, among them we can cite the Institut
Laue-Langevin in France, or the FRM-II in Germany. Spallation consists in hitting
a target, e.g. mercury, with accelerated protons. The impact allows to disintegrate
the nucleus, which produces several particles, including neutrons. Some sources op-
erating on this principle are the Spallation neutron source (SNS) in the USA, ISIS
in the UK, and in a near future the European Spallation Source in Sweden.
Neutrons possess a magnetic moment and are electrically neutral, which allow them
to penetrate deeply into materials, and probe various properties such as dynamics
and structures of atoms or spins. Moreover, neutrons can be produced at various
energies, depending on the moderator used (table [2.1). The use of cold neutrons (=~
2 meV energy) allows to match the energies encountered in proteins, providing access
to both spatial and temporal information. Cold neutrons also have the advantage of
preserving chemical bonds due to their low energy.

Moderator | Energy [meV] Temperature [K] Wavelength A [10~m]

cold 0.1-10 1-120 30-3
thermal 5-100 60-1000 4-1
hot 100-500 1000-6000 1-0.4

Table 2.1: Energy, temperature and wavelength ranges from three types of sources.
Adapted from [Squires, 1996]
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2.1.1 Scattering cross-section

Following the book by Squires [Squires, 1996] or the one by Bée [Bee, 1988], we
consider a beam of neutrons passing through a sample, which is basically a collection
of atoms, from which the neutron wave can be scattered in a given direction with a
given energy exchange between the neutron and the atom. The general principle of
neutron scattering is to count the number of neutrons being scattered into a solid
angle  with energy E’. This gives the partial differential cross-section,

d*c

TOdE ® dQdE’ = number of neutrons scattered per second

into solid angle d2, and with (24)

energy in the interval [E', E' + dE'].

where @ is the flux of incident neutrons, as the number passing through a flat area,
perpendicular to the beam propagation vector.

Integrating over energy, we can obtain the total scattering cross-section, which is the
total number of neutrons scattered per second, divided by incident flux. Assuming
isotropic scattering for angle ¢, this quantity is therefore given by

d*o ™ do
= [ df 27sin(f) —= 2.5
dQE /0 msin() G0 (25)
All atoms in the sample will contribute to this quantity, but we should expect them to
scatter neutrons with various efficiencies. That is, for a given nucleus, if we consider

an incoming wave propagating along z given by

Otot o = dQ/O dE/

all space

Uy, = ™ (2.6)

b .
Vo = ——ethr 2.
t re ( 7)

The factor b is known as the scattering length and is to be determined experimentally.
It varies erratically from one nucleus to another. If we consider elastic scattering,
the number of neutrons passing through unit area per unit time is

2
v dS|Wou)? = v dS i2 =0 b? dQ (2.8)
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Using (2.4), with ® = v|¥,|?, we have
do o2,

Q. ~ udf
and the total cross-section oy = 4mb?>. Thus, the scattering length is directly
related to elastic scattering probability for a given nucleus.

(2.9)

2.1.2 1Incoherent scattering function

The system under study can exchange kinetic energy with the incoming neutron.
This can be expressed by the transition rate for a given state |k, A\) to turn into the
final state |k’, \'), with k being the neutron state and A the nucleus state. We use
the so-called Fermi’s golden rule, which states that

2
Z Wk,)\ak’,/\’ = %pk’|<k/>‘,
k' in

V k) |2 (2.10)

It can be shown that this expression yields the following for the differential cross-
section [Squires, 1996/,

< o > B k:’( m )2|<k’/\’
= 3
dQdE’ NIV k \27h

Here, the nucleus is considered as a point in space, therefore, the potential V takes
the the form of the Fermi pseudopotential

B onh?
T m

VIkA) P0(Ey — Exy +E — E) (2.11)

V(r)

bé (r) (2.12)

with r being the distance between the neutron and the nucleus.

Using this potential, representing the delta on energy by an integral on a complex
exponential, and taking the averaged scattering length for the system, it can be
shown that the double differential cross-section for coherent scattering is given by
[Squires, 1996]

d20 O coh E 1 *° iq(ri(t)—ry iw
(de9> T E%Z/ (eaiO=ry Oy it g (2.13)
coh J#V -

and is related to collective dynamics and mostly used with neutron crystallography
for example. While incoherent scattering can be described by

d20‘ Oinc k/ 1 ee iq(ri(t)—r; iw
(i)~ S ) = G g o [ (2
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and is related to self dynamics, with o = 47r52, Oine = 4m (b2 — 52), q=k’-k, and
r; denotes the position of nucleus i.

Therefore, incoherent scattering will be the one interesting for us, as self dynamics
is the one we probe using quasi-elastic neutron scattering.

Some values for scattering cross-sections are given in table We can readily
see that hydrogen has a significantly higher cross-section than other nuclei. This
feature can be used to probe specifically some parts of the system using specific
deuteration. Indeed, using perdeuterated protein and hydrating the powder with
H50, all contributions but the one from hydration water will be considered negligible,
such that only the dynamics of water is modelled, and conversely.

Nucleus | Z  0con [1072ms]  oipe [1072ms]
'H 1 1.8 80.2
H 2 5.6 2.0
C 6 5.6 0.0
N 7 11.01 0.5
O 8 4.2 0.0
Al 13 1.5 0.0

Table 2.2: Scattering cross-section for experimentally relevant nuclei
Adapted from [Squires, 1996].

2.1.3 Instrumentation

Backscattering spectroscopy has come a long way to reach its actual perfor-
mance, in terms of flux, resolution and possibilities of measurement schemes. Orig-
inally proposed by Maier-Leibnitz, and developed at Munich research center FRM,
the technique makes use of Bragg’s law to obtain an efficient monochromatisation of
the incident beam and of the scattered neutrons. This can be achieved with good
success using certain types of crystals for backscattering. For example, Si(111) hexag-
onal single crystals plane, mounted spherically around the sample, allow to achieve
a resolution with full width at half maximum (FWHM) of 0.85 ueV [Frick, 2002).
Several improvements were made over the years, starting with neutron guides. In-
deed, neutrons have a very low total reflection critical angle, which make them dif-
ficult to guide and focus without losses. The development of super-mirrors, which
consist of multi-layered deposit of material, that evanescent-wave reflection can be
used, was a major improvement in neutron optics [Hayter and Mook, 1989]. From
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Figure 2.1: SPHERES backscattering spectrometer
Typical layout representative of a reactor-based backscattering spectrometer
Adapted from https://www.mlz-garching.de/spheres

then, focusing guides and incident flux were greatly improved.

A typical backscattering instrument layout is depicted in figure 2.1} As it can be
seen, a converging guide, on which some choppers and/or a so-called velocity selector
(not shown) can be found for wavelength selection and background lowering, leads
neutrons towards a phase space transformation (PST) chopper. Both SPHERES at
MLZ, Miinich and IN16B at ILL, Grenoble use also a velocity selector between the
instrument shutter and converging guide (see [Frick et al., 2010]).

The PST chopper was designed to address the problem that the beam scattered to-
ward the monochromator presents a phase space volume that does not fully match
the accepted volume for backscattering |[Schelten and Alefeld, 1984|. Therefore, the
high resolution of this kind of instrument is obtained at the cost of the flux, as a
significant part of incoming neutrons is simply not backscattered toward the sample.
Schelten and Alefeld proposed this solution, which consists in rotating graphite mo-
saic crystals. Due to the transformation from the laboratory reference frame to the
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Figure 2.2: Simulated incident and reflected intensity in momentum space

Plotted is the two-dimensional projection of a phase-space element prior (left clouds)
and subsequent (right clouds) to the reflection from a mosaic crystal at rest (A) and
at vpsT = 250 m/s (B), respectively. The point density is proportional to the neutron
density. The solid line denotes the elastic line at the monochromator, and the dashed
lines mark the limits of the acceptance range of the moving monochromator.
Adapted from |[Hennig et al., 2011]

moving frame, it results in the fact that higher energy neutrons will be scattered at
lower energy, and conversely. Thus, the momentum dispersion on one axis is made
much lower, the phase space volume will be transformed as in figure 2.2] such that
more neutrons will match the backscattering conditions. This component allows to
increase the incident flux by a factor comprised between 4 and 5 [Hennig et al., 2011].

The monochromator is a crystal mounted on a Doppler drive. This permits to move
it back and forth using different velocity profiles, which, by the Doppler effect, in-
duces a small shift in energy of backscattered neutrons. On most instruments, only a
sinusoidal profile can be used, but recently, the IN16B spectrometer gained the pos-
sibility to use custom profiles, including constant velocity, which allows to perform
fixed window scans (FWS) to measure specific energy transfer between the neutron
and the system |Frick et al.; 2012]. After passing through the sample, neutrons with
a defined energy are backscattered by the analysers towards detectors. In the elastic
case, the monochromator is at rest, and only neutrons that are elastically scattered
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by the system are analysed and detected. While when the monochromator is moving,
only neutrons that have exchanged the right amount of energy with the system, so
that they match the analysis conditions, are detected.

2.1.4 Modelling the elastic scattering signal

If we consider only the elastic scattering signal, useful information can already
be extracted. Using equation [2.14] the correlation function in the integrand can be
expanded, considering the actual measured signal by convolution with the resolution
function Sexp(q, w) = S(¢, w)®@R(q, w), to obtain [Roosen-Runge and Seydel, 2015]

S(Qv w)eXp = ]%(w)

- 2\‘-;% / dte“H (Ar?) (t)R(t)

q4 —iwt 4
i / dte=“ (AFY (£ R(t)
+ O(r%

(2.15)

In line with the Debye-Waller factor e~ (ulin) e/ 3 the mean-squared displacement can
be obtained by

(MSD), =—lim % log [Sexp(q,w)/]%(w)}

q—0 q

(2.16)
:2\;’% / e (Ar) () R(1)/ R(w)

This is the most general mean-squared displacement. In the case where we are
interested only in the elastic signal, w = 0, and the equation becomes

301 )
(MSD)y = NI / LAY (1) R(t) (2.17)

We see that the MSD provides a model-free indicator of the type of dynamics that
strongly depends on the time window given by the resolution function. This indica-
tor can be used with both elastic and inelastic fixed-window scans.

Other methods were proposed [Yi et al., 2012] [Kneller and Hinsen, 2009], the sim-
plest of which makes use of a simple Gaussian, being valid only on a limited g-range.
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Using cumulant expansion on the auto-correlation function, it is possible to derive
either a simple Gaussian expression for the MSD, or a bit more complicated one
that includes also higher terms in the expansion [Yi et al., 2012], thereby giving the
following,

4
S(qa w = O) ~ €€q2<A7”2> (1 —+ 3202> (218)

where o2 is the variance of (Ar?) over all atoms. This model was successfully ap-
plied to a-lactalbumin to highlight the heterogeneity of motions in hydrated pow-
der samples [Zeller et al., 2018]. Also, a gamma distribution can be used to take
into account the heterogeneity of motions in the sample [Peters and Kneller, 2013]
[Zeller et al., 2020]. In practice, the data to be fitted can be noisy and exhibit few
features. Therefore the fitting process can quickly become unstable when the model
gets more complicated. The Gaussian model presents the advantage to give a sim-
ple, and quick way to compare dynamics of different samples, but it is limited to
momentum transfer q?(r*) < 1, where (r?) is the mean square displacement.

2.1.5 Modelling quasi-elastic spectra
Resolution function

Let us consider again the measured signal Sey,(q, w) = S(¢, w) ® R(q, w). The
resolution function R(q,w) gives the minimum energy exchange that can be probed
by the instrument, as any line shape will be broadened after convolution with it.
This function takes several parameters into account and its expression will strongly
depend on the instrument set-up. On SPHERES at the MLZ, or on IN16B at the
ILL, the resolution function is mostly Gaussian. And common models consist of
a sum of two Gaussians, or a pseudo-Voigt profile (Gaussian + Lorentzian) which
reads

2 1 ’Y(C]) 1 2 2
R(q,w) = e W) |g=— 132 4 (] - d)——— @/ 2.19
(a.) e - (219)

where the leading term is the Debye-Waller factor, v is the Lorentzian linewidth, I
is the Gaussian linewidth, and d is a scalar in the interval [0, 1].

In addition, detector efficiency, as well as the Debye-Waller factor, can be included
in a leading scaling factor C, which is fitted for each detector independently. Thus,
the expression in brackets in the above equation being normalized, the scaling factor
provides the total incoherent scattering signal. This quantity is particularly useful
for data normalization. Eventually, the final model also includes a g-dependent
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background term B(q), which takes into account fast motions that are not probed
by the energy transfer range of the instrument, so that the final model reads

o) — 1 9@ oL e
Rla.0) = S(a) a0 (1= 5| @

Even though the background term is not normalized here, its magnitude is usually at
least three orders of magnitude lower than 1, such that it does not contribute much
to the integral, and S remains a reliable normalization factor. The fitting procedure
can be performed using vanadium data, which has the advantage to scatter almost
exclusively incoherently and shows a pure elastic peak modulated by the Debye-
Waller factor.

Brownian diffusion

As it can be seen from equation [2.14] we are basically looking at correlations of
atom positions at different times. Thus, we need to understand how atoms move to
correctly model the experimental data. Protein dynamics involves motions on broad
time, and length, scales. Using hydrated protein powders simplifies analyses, as we
do not have to deal with global diffusion.

For powders, dynamics can be modelled using a Debye-Waller factor for fast vibra-
tional motions for which energy exchanged lies beyond the energy transfer range
probed by the instrument, which multiplies other energy dependent factors.

In the case of Brownian diffusion, the self correlation function obeys the diffusion
equation [Fick, 1855,

;Gs(r,t) = DV2G(r,t) (2.21)

Following Einstein’s random walk model, this is equivalent to

9 Gt —<l2>v2G t 2.22
P Gelr ) = VG () 2.22)
with 7 being the time between two collisions, and [ the distance a particle travels
during this time. Thus (I?) /67 can be identified as the diffusion coefficient D. Re-
quiring the self correlation to be normalized, and delta distributed at t=0, a solution
to the above is

1 2
_ —r2/4Dt
Gs(r,t) = (47rDt)3/26 (2.23)

The Fourier transform of this equation in both space and time then yields a Lorentzian
of width Dg?. Thus, taking also into account slow motions that are within the res-
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olution function, the final model reads [Stoeckli et al., 1986]

2

—g2(u? Ai Diq
S(g.w) = eI Rg.w) @ | A(W) + 3 s

+ B(q) (2.24)
where D; is the i'" atom diffusion coefficient, w is the energy offset, Ay the elastic
incoherent structure factor (EISF), A; a contribution factor for the quasi-elastic signal
from atom i, and B(q) a background term. In principle, the contribution of each
atom in the system is implicitly contained in the above formula, but in practice,
experimental limitations are such that only one or two terms should be used. This
can be proven using Bayesian theory, by taking the posterior probability for a model
to correctly fit the data as a function of the number of terms in the sum, we have
[Sivia et al., 1992],

M (am)Yea
(WmaXAmax>N Det(va2)

where p(N|d) is the probability that N Lorentzians can fit the data d, wypax and Apax
are maximum energy offset and intensity, respectively, and x? is the cost function
used for fitting. The result of this analysis is shown in figure [2.3] It can be readily
seen that beyond two Lorentzians, one cannot tell which model best fits the data,
a result that strongly suggests over-fitting. It can be shown that I' in is lin-
ear with respect to the q vector, with I' = Dgq? [Springer, 1977]. Thus, neutron
scattering offers a powerful way to probe the global diffusion coefficient for atoms
that are following the aforementioned model. It actually corresponds to Fickian dif-
fusion type. However, atoms can deviate significantly from free diffusion, because
of crowding or confinement. A more involved analysis for translational motions
inside an impermeable sphere of radius ¢ was performed by Volino and Dianoux
[Volino and Dianoux, 1980]. They showed that the actual signal strongly deviates
from the Dg? law when the (q.a) product becomes greater than one.

There is still ongoing work to go beyond these models [Kneller and Calandrini, 2007]
[Kneller and Chevrot, 2012] [Kneller, 2018]. In the present work, we have made
use mostly of the so-called jump-diffusion model [Singwi and Sj6lander, 1960], when
analysing data from liquid samples.

P(N|d) x (2.25)

Jump diffusion model

The jump diffusion model is based on the assumption that particles undergo
oscillatory motion for a given time t, followed by a diffusive motion for a time t’,
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Figure 2.3: Example of bayesian analysis giving a model with two Lorentzians as the
most reliable

The aforementioned bayesian posterior probability formula was used with different
model to obtain the probability for each that they fit our data, taking into account
the deviation from the data, and model complexity.

This plot is obtained from data acquired in the lab.
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then an oscillatory motion again, and so on and so forth [Singwi and Sjolander, 1960].
The derivation goes as follows, taking the following quantities,

e g(7,t) is the probability to find a particle at position r at time t when it is
performing oscillatory motions, starting from origin at t=0.

« p(t) is the probability that a particle remains in the same oscillatory state after
time t.

o h(r,t) is similar to g(r,t), but for diffusive motions.

 ¢(t) is the probability that a particle, starting from diffusive motions, stays in
the same state during time t.

The probability to find a particle at position r after time t, provided that it was at
the origin at t=0 can be found by integrating step by step, which gives,

F0<T>t) = g(r,t)p(t)
¢
Fy(r,t) =-— A dty /d’rl q(t —ty)h(r —r1,t —t1)p'(t1)g(r1, 1)
ON t taN toN—1 to
Fx(r,t)=—(1 )/0 dtQN/O dt2N—1/0 dton—2 - "/0 dty /dTQNd"“2N—1 eodiry
X p(t — tan)g(r — ran, t — ton)q (tan — tan—1)h(Tan — Tan—1,ton — 2N — 1)
o p'(t)g(ry, ty)

(2.26)
Taking the Fourier transform and using the substitution ¢t —ton = Tony1, - ,ta—11 =
Ty, t1 = 71, this can be reduced to a simple form,
/ dt / dre @m0 By () = ACN DV
0 ' (2.27)
/ dt / dre @m0 By (1) = BONLDN
0
with
A= [Tt [ daréaDp(t)g(r, 1)
0
B= [t [dre@rNq(t)n(r, )
0 (2.28)

C= /OOO dt/drei(q""_“t)p'(t)g(r,t)
D= /OOO dt/drei(q""_m)q’(t)h(r,t)
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Therefore, the full scattering cross-section, using P for the fraction of particles
starting at time t=0 by oscillatory motion and —“— for particles starting with dif-
fusive motion, is given by [Singwi and Sjolander, 1960]:

2o _Oinc k. 7o (A+BO>+ il (B+AD> (2.20)
dQdw 27 ko |9 +7 \1—CD Tw+7m \1—CD '

To describe the positional probability of particles g(r,t) and h(r,t), Singwi and
Sjolander used a Gaussian, with time dependent width, t. Concerning probabilities
for particles to stay in the same state, an inverse exponential law was used. In the
case 11 > Ty, that is when diffusive motions prevail, the simple Lorentzian form is
retrieved, with a width following the Dg¢? law.

For 7 < 70, the line shape still appears Lorentzian, but the width is now given by

q’D

=_ - 2.30
1 + q2DT0 ( )

7(q)
where D can be related to the apparent diffusion coefficient. This model was used
to analyse data from liquid protein solution samples, with both full QENS spectra
and inelastic fixed window scans (IFWS). We took into account global diffusion,
following Fick’s law and described by the parameter I' = g?D, which was convoluted
with the expression for the internal protein dynamics, containing the jump diffusion
behaviour for oscillatory prevailing motions. Thus, the final model reads,

S(q.w) = Rlg.») @ {SlaoLr(q.w) + (1 = a0)Cri(q.)] + Spwolowo}  (231)

where qg is the EISF, S and Sp,o are scalars, giving contributions from protein and
D0 solvent respectively, Lr is the Lorentzian describing global diffusion, Lr.. de-
scribes internal dynamics, £p,o the solvent line shape, and R(q,w) is the resolution
function. This model has been used successfully to determine diffusion coefficients in
crowded environments |[Grimaldo et al., 2014] [Grimaldo et al., 2015b][Beck et al., 2018].

Rotational motions

When water motions are observed, it is common that not only translational
motions are modelled, but also rotational ones. It is worth to mention that both types
of motions cannot always be distinguished. Rotational and translational motions
can be separated only when they occur in sufficiently different length, and time
scale. The analysis of rotational motions can be performed for hydration water. The
process is simplified under the assumption that translational and rotational motions
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are uncorrelated, which implies that the intermediate scattering function can be
factorized as [Springer, 1977]

Is(qu t) - rot<q7 t)]trans(qa t) (232)

The measured signal is then a convolution between the scattering law for rotations
and the Lorentzian shaped scattering law for translational diffusion, plus a Lorentzian
term accounting for internal dynamics.

In the case of hydrated powders, the model is simplified, as we do not have to deal
with global diffusion, such that the model consists of a convolution between resolution
function and the following

S(q,w) = arot(q)Srot(q, W) @ Gtrans(@) L+ (g, w) (2.33)

where the first term on the right has to be determined, and a gives the relative con-
tribution of both types of motions to the signal.

Scattering cross-sections for rotations were thoroughly studied for diatomic molecules
by Sears [Sears, 1966a] [Sears, 1966b|] [Sears, 1967]. The resulting model for water
can be understood as free rotors, which exhibit angular momentum 1. In the assump-
tion of isotropic scattering, only the radial component affects the scattering and we
are left with an expansion of Lorentzians weighed by spherical Bessel function,

Sl ) = eI + QU D)L s e

where ji(gb) are Bessel functions, and b is the distance from center of mass for
rotation around it, which is set to the O-H distance for water. Moreover, it was
found that rotational and translational contributions can be deconvolved, such that
the convolution in equation becomes a sum. Thus, the model used to study
hydration water around proteins reads [Schiro et al., 2015]

S(q,w) = e " IR(q,w) @ [Stwans(@, ) + Srot(q, w)] + b(q) (2.35)

where b(q) is a q-dependent background. This model has shown good agreement with

the quasi-elastic signal analysis and simulations in terms of conclusions that can be

drawn for water behaviour around amyloid proteins [Schiro et al., 2015] [Fichou et al., 2015b].
All of the mentioned models so far can be fitted to experimental data, with good
robustness regarding starting parameters.
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2.1.6 Data analysis

In order to perform data treatment and analysis, I have developed an applica-
tion programming interface (API), called nPDyn (see github.com/kpounot/nPDyn),
and written in Python/C. It consists of several classes, which can handle data from
either QENS, temperature ramp EFWS, or IFWS. Thus far, .inx and hdf5 files can
be read. Concerning the latter, it is assumed that the so-called 'unmirroring’ of
the Doppler-signal was performed with Mantid [Arnold et al., 2014] already. Subse-
quently, resolution function, DO signal, and empty cell signal can be fitted using
either an already existing model from the API or a user-defined model. All of these
can be used for corrections. Functions are available for quick corrections, such as
empty cell subtraction or Paalman-Ping corrections. The latter makes use of existing
C code by Joachim Wuttke, libabsco [Wuttke, 2012], for which a Python wrapper
was created so that it can be used directly within the API.

A model can be assigned to each loaded dataset and fitted. The models already
present in the APT all use a basin-hopping minimization procedure [Wales and Doye, 1997].
The idea of basin-hopping - as used in the Scipy basinhopping method - is sketched
in fig. 2.4 Tt basically consists in performing several iterations of the following
sequence. First, randomly chose a set of initial parameters. Second, use of a min-
imization procedure to find the local minimum of the cost function, which can be
defined as a x? distance, for example. Third, compare this minimum with the pre-
viously obtained one using the Metropolis criterion. If the test is validated, the new
minimum is defined as being the global minimum. The algorithm can rather quickly
find best parameters, and provides a powerful way to optimize a model while being
quite independent of initial parameters.

Finally, nPDyn offers also several functions to plot the fitted data, and can be used
with the NAMDAnalyzer package (github.com/kpounot/NAMDAnalyzer) to com-
pare neutron experimental data with results from molecular dynamics simulations.
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Figure 2.4: Ilustration of the principle of basin-hopping minimization

The x? distance - (model - experimental)? - is plotted as a blue line as a function
of model parameters. The numbers refer to the iteration sequence, where a set of
initial parameters is randomly chosen, then a minimization procedure is applied so
that the local minimum is reached. The next iteration starts with a new set of
initial parameters. The new minimum is compared with the previous one using the
Metropolis criterion, and kept as the global minimum in case the test is validated.
Figure rendered in Python and modified with Adobe Photoshop.

2.2 Molecular dynamics simulations

The principles governing the dynamics and electronic structure of atoms are
known since the beginning of the 20" century. However, for atoms bigger than he-
lium, and a fortiori molecules, the problem becomes too complex to be solved exactly.
With the advent of computers, it has been possible to calculate, under some sim-
plifying assumptions, the electronic structure of various small molecules. This was
done using quantum mechanical principles within the framework of the Hartree-Fock
matrix and Roothan-Hall equation [Leach, 2001]. More recently, density functional
theory has gained attention as a good alternative way to compute electronic struc-
tures. However, these quantum mechanical methods are too demanding in terms of
computational power when we want to deal with macromolecules.
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Setting aside electrons, molecular mechanics models were developed, considering only
nuclei positions, and making use of classical physics to compute energy and motions.

2.2.1 Equation of motion
The basis of molecular dynamics simulations is to use Newton’s second law,

d? F;

dthi = s (236)
where 7 is the i'® atom position, F} the force acting on it and m; its mass. Using a
proper potential function, the force can be easily obtained by derivation with respect
to coordinates. Thus, the strategy is to use small time steps to integrate the second
law. Given an atom at a certain position at time t, we can, using the computed force,
determine the acceleration to be applied on, and obtain its position and velocity at
time ¢ 4+ 0t. The most widely used algorithm for this purpose is probably the Verlet
algorithm [Verlet, 1967], and subsequent improvements. The algorithm makes use of
the following expansions,

r(t+6t) = r(t) + 6tr(t) + (Zzﬁ(t) + O(5t?)
(2.37)

2

r(t — 0t) = r(t) — 5t (t) + (Zi*(t) + O(6t%)

Adding these therefore leads to an expression giving the new position in terms of
known quantities,

r(t + 6t) = 2r(t) — r(t — 6t) + 6t (t) (2.38)
Then, velocities can be obtained from using
7(t) = r(t+ dt) — r(t — dt)/ot (2.39)

Various similar algorithms do exist, some of them might be more accurate. An error-
less algorithm would perfectly give energy conservation throughout the simulation.
However, because of the truncated expansion, the computation does give rise to an
erroneous result. A solution to this problem is to compare the predicted acceleration
from the previous step using Taylor expansion with the computed one at the current
step. The A7 can then be used to apply a simple linear correction for current values
of position, velocity and acceleration.

Furthermore, various motions, with different time scales are involved in biological
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molecules, many of which do not require the usual 1 or 2 femtosecond time steps,
but could be very well approximated using larger time steps. To address this point,
a commonly used algorithm is known as r-RESPA [Tuckerman et al., 1992], which
consists in a reversible application of time translation operators on the system in the
form

[(t) = e'brrletlstLolp ) (2.40)

where I'(¢) is the system state at time t, and L; denotes the Liouville operator
associated with a given term i in the potential energy function,

Ooxr; O 0
il = Z pr 8x1 (:L’)a— (2.41)

i

with x; and p; denoting position and conjugate momentum of atom i, respectively,
and F; the force acting on it. Each type of force comes with a given time step, being
a multiple of the smallest one. The standard Verlet algorithm is retrieved if all time
steps are equal. This method substantially improves simulation performances, and
shows a good stability, even for long runs.

In all the aforementioned algorithms, we see that we always require to compute the
force. This is done by means of a defined force field, which I will review now.

2.2.2 Force field

When we consider atoms in macromolecules, we can look at several parameters,
such as bond lengths, angles, torsions, to name a few. These parameters usually
come with an equilibrium value and atoms are oscillating around it. Various force
fields are available now, but they usually all contain at least the following terms,

k‘i
V(’“):Z* i — lio) —i—Z 6 — 0i0) >+ Z 1—|—cosmu—7))
bonds 2 angles torsions

(2.42)

- Z <4ﬁu [(0u/r)? = (o /ra)] + 1 )

i j=it1 47T€07’ij

The first term corresponds to the bond length, with an equilibrium length [; o for an
i atom pair. The second term is similar, but for bond angles - such as the H-O-H
angle in a water molecule for instance. The third term deals with rotations of a
group around a bond axis, and the last one contains Coulomb and Lennard-Jones
potentials for electrostatic and van der Waals interactions, respectively. Cross-terms
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SPC  SPC/E TIP3P  BF TIP4P ST?2
r(OH) [A] 1.0 1.0 09572 0.96  0.9572 1.0
HOH angle [deg] 109.47  109.47 10452 1057 10452  109.47
A107% [keal A”/mol] 6204 6204 5820 5604  600.0  238.7
C [keal A®/mol] 6255 6255 5950 837.0  610.0  268.9
q(0) 0.82  -08472  -0834 0.0 0.0 0.0
q(H) 041 04238 0417  0.49 0.52  0.2375
q(M) 0.0 0.0 0.0 -098  -1.04 -0.2375
r(OM) [A] 0.0 0.0 0.0 015 0.15 0.8

Table 2.3: Geometry and potential parameters for several water models
Adapted from [Jorgensen et al., 1983]

can be used as well. For instance, stretching of two bonds with a definite angle
between the two bond axes can be controlled using an expression of the form

V(ly, s, 0) = kh;ﬂ (11— 110) (I — 150)] (6 — 6p) (2.43)

Concerning non-bonded interactions, the multipole expansion offers an accurate way
to compute electrostatic interactions, including dipole and quadrupole moments.
However, this method is usually limited to small molecules, and is not suited for
intra-molecular interactions. Thus, electrostatic interactions are usually computed
using point-charge models. The idea is to place partial charges on the molecule
so that its properties can be correctly reproduced. In the case of the Ny molecule,
placing a charge -q at each nucleus center and a +2q charge at the center of mass per-
mits to retrieve the neutrality, absence of dipole moment and presence of quadrupole
moment of the molecule. For proteins, partial charges might be calculated and
optimized for each amino acid separately, either using quantum mechanical calcula-
tions or other methods, such as electronegativity [Gasteiger and Marsili, 1980]. In
addition, various models were proposed to compute effects such as anisotropy, po-
larisation, van der Waals forces, and others. Several of them are reviewed in Leach’s
book [Leach, 2001].

Nonetheless, water will be discussed, as it is of paramount interest for biology and it
possesses very peculiar properties that make it challenging to model accurately. Sev-
eral models were proposed, showing different accuracy depending on the conditions
being investigated. The most commonly used models are reviewed in table The
most simple models, SPC, SPC/E and TIP3P show partial charges located at the
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center of each nucleus, and slightly differ by their geometry parameters. Four-site
models, BF and TIP4P, present a negative charge shifted toward the hydrogen along
the bisector of the HOH angle. Five-site models are also available, such as ST2, or
more recently, TIP5P. Some properties are rather well described by all these mod-
els, such as density or enthalpy of vaporisation. Some others are model dependent
such as phase transition, especially ice formation, which is better described using the
TIP4P model [Matsumoto et al., 2002].

It is important to keep in mind that all force fields are always empirical, a general
form is tried and parameters are optimized by comparison with experiment. There-
fore, some might be more appropriate depending on the system being studied or
the conditions used, and over-fitting might be a problem to take care of. Once the
equation of motion and force field are set, it can be necessary to minimize the ini-
tial structure to avoid atom contacts and large energy terms due to bad geometry.
Subsequently, simulations can be run.

2.2.3 Running the simulation
Minimization
Several algorithms exist to minimize the energy. A simple way to locate a

minimum is the steepest-descent, which consists in using derivatives of energy with
respect to parameters using the following expression,

Vk = —Gk + YkVk—1 (244)

with g, being the gradient in direction k, vy_; the displacement from the previous
iteration in the direction k-1, perpendicular to k. The weighing factor ~ is given by

Sp——L“L (2.45)
gx—-19k-1

Other methods make use of the second derivative. The best known example is the
Newton-Raphson algorithm, where the derivative of the potential function is used
along with its expansion

V'(z) = V'(xy) + (x — 2) V" (1) (2.46)
such that the minimum can be found at x* using

V' ()
V// ($k)

=K — (2.47)
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Notwithstanding its accuracy, this method is computationally demanding because
of the Hessian matrix computation. Thus, quasi-Newton methods are often used
to reduce algorithm complexity. These methods are based on an approximation of
the Hessian matrix using only current, next position and gradients. The most famous
ones are known as Davidon-Fletcher-Powell (DFP), Broyden-Fletcher-Goldfarb-Shanno
(BFGS), and Murtaugh-Sargent(MS) algorithms [Press et al., 1992].

Once energy is minimized, iterations can be started. From then on, there are several
possibilities regarding the thermodynamic ensemble that is required.

Thermodynamic ensembles

Depending on the kind of study we want to carry out, we might desire to control
some parameters to stick to a certain thermodynamic ensemble. A commonly used
one is the isothermal-isobaric (NPT) ensemble, here both pressure and temperature
are controlled. In the canonical ensemble (NVT), temperature and cell volume are
maintained constant.

Regarding constant temperature simulations, we note that a system temperature is
related to the average kinetic energy by the following equation:

3
(K)nvr = 5 NksT (2.48)

where kg is the Boltzmann constant and N the number of particles. One way to

control temperature is thus to rescale velocities using a factor A = \/ Twanted /T current -
Another possibility to control temperature is to couple the system to an external
heat bath with fixed temperature - Berendsen’s thermostat |[Berendsen et al., 1984]
-, where the scaling parameter is then given by

R (Tb“h - 1) (2.49)

Sys

where 7 is a coupling parameter, the magnitude of which has to be determined such
that the temperature is properly controlled without affecting too much velocities
throughout the simulation.

However, the aforementioned temperature control methods do not generate a rigorous
canonical ensemble, and other algorithms were proposed to control temperature more
efficiently. A commonly used one is known as extended system, initially developed
by Nosé [Nosé, 1984] and improved by Hoover [Hoover, 1985]. The basic idea is to
add a new degree of freedom s to the Hamiltonian, which reads

p?

20
48

H=H"+

+ gkT In(s) (2.50)
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where ps denotes the momentum, () is an artificial mass and g the number of degrees
of freedom in the extended system. Introducing these terms, and switching to NVT
ensemble, usually implies for the system to become non-Hamiltonian. That is, it
does not satisfy the following relations anymore,

o
p - Oz
(2.51)

In consequence, the total energy is not necessarily conserved, but the Liouville equa-
tion is still satisfied, although it appears in a different form [Tuckerman and Martyna, 2000].
More recently, velocity rescaling methods regained some interest, and an algorithm
was proposed by Bussi and coworkers [Bussi et al., 2007]. Therein, velocity rescaling

was done using a factor a = \/% where K is kinetic energy drawn from canonical
distribution B
P(K)dEK, = KNP PR, (2.52)

where N is the number of degrees of freedom in the system and § = 1/kgT. Us-
ing stochastic dynamics methods, the change dK in kinetic energy can be obtained,
which gives a form similar to Berendsen’s thermostat plus an additional stochastic
term, weighed by an arbitrary factor.

Along with temperature, pressure can also be kept constant such that the probed en-
semble is the NPT. Very similarly to constant temperature, pressure can be controlled
using an extended system by adding appropriate terms to the system Hamiltonian.
This has led to the Nosé-Hoover-Langevin piston algorithm which was used to run
simulations in this work [Martyna et al., 1994][Feller et al., 1995].

Periodic boundary conditions

If we consider a protein in a box filled with water molecules, two problems arise.
First, water molecules can escape the box, and eventually end up as free particles in
vacuum. Second, it might be difficult to deal with non-bonded forces. The problem
of particles leaving the box is easily solved by making their image at opposite sides
enter the box. For non-bonded forces, the issue comes from the slow convergence of
summation to compute pairwise interactions for all atoms.

A typical solution is to use the Ewald sum employing the following identity
L_f0) 1= f0) 053

T T T
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In addition, all charges are surrounded by a Gaussian distribution of neutralizing
charges in real space, plus another distribution - of opposite charges from the first
one - in reciprocal space. The complementary error function is usually used for f(r),
and some correction terms are needed, such that the full expression is given by

S0 qigj_erfe(alrij+n|)
[n|=0 4wy [rij+n]

1

V=

N |

N -
Yot >kt0 T %26462/(4&2) cos(k.rij) (2.54)
ij=1

2

N g
Zk:l Imeo | k

2
— 7% ko1 Tn T 300
Improvements were proposed, and other methods do exist to efficiently compute non-
bonded interactions. Some of them are reviewed by Leach [Leach, 2001].
Being now all set, the simulation can be run. In this work, NAMD [Phillips et al., 2005]
was used to this purpose, with the CHARMM36 force field [Huang et al., 2013], and

TIP4P water model, which was shown to give results in good agreement with experi-
mental data regarding dynamics, structure factor and phase changes [?] [Sanz et al., 2013].

2.2.4 Complementing experimental data

In order to run simulations that are comparable with experiments, we need first
to correctly set up the system. This is usually a challenging part, especially for amy-
loid systems, for which initial structures are not always known. Indeed, a-synuclein
is intrinsically disordered, furthermore, several fibril morphologies can be formed, or
even co-exist [Li et al., 2018b] [Li et al., 2018a] [Skamris et al., 2019).

In this work, several conformers were extracted from NMR refined ensembles for
monomers. In the case of fibrils, we used two different models, the first assays were
carried out using an NMR structure of full-length, single-stranded fibrils [Tuttle et al., 2016],
for which the cross-beta core was fitted on a double-stranded structure obtained with
electron microscopy [Li et al., 2018a]. This first model did not show good agreement
with the experiment. Therefore, we then used single-stranded fibrils. Both systems
were hydrated to the same level as for neutron scattering measurements (0.4 g H,O
/ g protein).

Once simulations are finished, the results can be easily compared with neutron ex-
periment using the autocorrelation function to compute simulated QENS spectra. In
addition, the MSD can be directly obtained using the following

MSD = le S (ri(t + A) — (1)) (2.55)

i
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where the sum ranges over atoms, N is the total number of atoms being considered,
and angular brackets denote the average over time origins. Moreover, the MSD
can also be extracted from the simulated QENS spectra - using the elastic peak
dependence on the momentum-transfer q - where instrumental resolution function is
taken into account. The MSD allows to perform an experimental validation of the
results before starting a more thorough analysis.

As discussed before, neutron scattering data provide thermally averaged information.
However, local structure and dynamics might also be of great help in deciphering the
aggregation process. This is where molecular dynamics simulations comes to play,
by providing full trajectories of each individual atom. Various analysis algorithms
are available now, either in the VMD software [Humphrey et al., 1996], or in other
packages such as MDAnalysis [Gowers et al., 2016] [Michaud-Agrawal et al., 2011],
and its related modules for water dynamics analysis [Araya-Secchi et al., 2014].
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2.3 Complementary biophysical characterizations

2.3.1 X-ray powder diffraction

Having a protein powder at hand, it is necessary to characterize it prior to dy-
namics measurements. More precisely, we want to make sure that we got the right ag-
gregated - or native - species. To this purpose we can take advantage of very well de-
fined distances in the cross-beta pattern of amyloid fibrils [Eanes and Glenner, 1968].
Even for randomly oriented fibrils in the powder, these distances will contribute to
form diffraction rings at specific angles that are characteristic of cross-beta patterns
as it can be seen in figure [2.5, The exact angle and intensity may vary depending
on the protein considered or aggregate morphology but two rings are usually visi-
ble. The first appears at 4.5 A and corresponds to the distance between individual
-strands along the fibril axis. The second ring, at 10 A, corresponds to distances
arising from the three dimensional fold of the g-sheet stack.

2.3.2 Proton-induced X-ray emission

Originally proposed by Sven Johansson in 1970 [Johansson et al., 1970], the
micro beam proton induced X-ray emission (microPIXE) makes use of the interaction
of MeV protons with the electron cloud. The induced perturbation causes electron
excitation or ionization. The subsequent relaxation then results in the emission of
photons of energy typically in the range of 1 to 30 keV. The ionization cross-section
for K and L shells is highest when the proton velocity matches that of the electron
in its orbit, usually around 10 % of the speed of light. With protons, only a small
fraction of the initial energy is lost at each interaction. Thus, proton motion is
barely affected along its way through the material and almost no bremsstrahlung is
emitted. Hence, the background signal is very low compared to other methods, and
small amounts of elements can be detected.

Another process can be detected, i.e. Rutherford backscattering (RBS) that allows to
determine atom masses and thicknesses of the samples. The number of X-ray photons
detected for a thin layer of sample at depth x is given by [Garman and Grime, 2005]

AN, = KQc,01(Z, E)w(Z, E7)Qe(Fy)e "M -F250) dy (2.56)

where K is a constant, Q the total proton charge in the exposure, my the total mass
of element exposed to the beam, oy the ionization cross-section, w the fluorescence
yield, €2 the solid angle of detection, ¢ the detector efficiency, M the sample matrix
composition that gives elements depth distribution in the sample, and 6 the angle
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Figure 2.5: Amloid fibrils typical X-ray diffraction pattern

Typical X-rays diffraction pattern - recorded here on ID30A beamline at the ESRF -
obtained for A, a natively disordered protein powder - a-synuclein here. And B, its
amyloid fibrils. The two equatorial circular arcs originate from the Mylar capillary
containing the powder.
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between sample normal and detector direction. By integrating the above equation,
the concentration of each element can - in theory - be obtained.

In practice, the determination of M and Q is challenging, especially for protein sam-
ples, where element densities can vary significantly at microscopic scale. Therefore,
the actual analysis is usually done by taking the ratio of the unknown element con-
centration with that of known sulphur concentration in the protein - given by the
number of cysteines in the amino acid sequence. To determine M, the Rutherford
backscattering spectrum can be used. A typical result is shown in figure The
method provides a good accuracy with a low detection limit. Moreover, it has the
non negligible advantage to require only tiny amounts of sample (typically a hundred
of micrograms).

2.3.3 X-ray absorption spectroscopy

X-ray absorption fine structure (XAFS) refers to the oscillatory structure of
the absorption coefficient at energies above an X-ray absorption edge. The oscil-
latory sctructure results from the process of photon absorption by a specific atom
and subsequent emission of an excited electron. The latter will be scattered by
neighbouring atoms, undergo interference effects with incoming and scattered waves
and gives rise to a spectrum specific of the local structure around the absorber
[Rehr and Albers, 2000]. The development of the method is relatively new, many ad-
vances occurred during the 90s, both theoretically and experimentally. The method
can provide very accurate measurement of distances between atoms, and is particu-
larly useful in biology when metal ions are involved.

XAFS basically consists in measurement of the absorption coefficient u by comparing
the decrease of X-ray beam intensity after it passes through the sample

I(E) = Iy(E)e Pz (2.57)

where [j is the incident beam intensity, ;1 the absorption coefficient, E the energy of
incident beam and x the distance travelled by the beam through the sample. The
XAFS spectrum y is computed using the following - and possibly other corrections
terms [Rehr and Albers, 2000]

p(E) — po(E)

X(E) = A

(2.58)

where g is a background absorption and A a normalization factor. The abscissa
is usually converted to wave vector k units for later Fourier transform of the func-
tion x(k), which then provides a radial density distribution of scatterers around the
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Figure 2.6: microPIXE and RBS spectra of protein sample

PIXE (top) and RBS spectra (bottom) from a 2 mm diameter point on a thin liquid
protein sample from which the S/Se ratio was sought, and which had been buffer
exchanged from KCI to KBr to avoid overlap of the sulphur and chlorine peaks. The
spectra were recorded simultaneously in 5 min using a beam of 2.5 MeV protons at
a current of 100 pA. In each spectrum, the recorded data are shown as black points
and the theoretical fit generated by the spectrum processing software is shown as
a solid red line. In the PIXE spectrum, the identity of the major peaks is marked:
note the log y scale of this spectrum. The RBS spectrum is modelled as a 6.15 mm
thick layer of material with chemical formula CsNy 150598 K.21 Brg13 mounted on a
1.85 mm polymer film with composition C50; 5. Coloured lines indicate the partial
spectra corresponding to each element in the sample structure and the surface energy
of each element is indicated by vertical lines.

Adapted from |Garman and Grime, 2005].
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absorbing atom. Data analysis is not straightforward, and it is actually not pos-
sible with protein samples to directly extract structural information from XAFS.
Instead, a guessed structural model is constructed, then used to compute a theoret-
ical spectrum that can be compared with the experimental one. For this purpose, a
standard formula was proposed by Sayers and coworkers in 1971 [Sayers, 1971], and
subsequently improved to yield the following general form

k: 21.2
|J1§:§33 | Gin(2KR + 25, + B)e 2B (2.59)

x(k) = Z Sg Ny
R

where S2 is an overall amplitude factor coming from many-body effects, Ny the
coordination number, R the inter-atomic distance, f(k) a backscattering amplitude,
d. and ® denote phase shifts, A\(k) the mean-free path of electrons, and o a tem-
perature dependent fluctuation term. Our data were processed using GNXAS suite
[Filipponi and Cicco, 2000], that allow to account for single and multiple scattering
to fit the experimental data.

2.3.4 Dynamic light scattering

Dynamic light scattering (DLS) is now a routinely used method in most bio-
chemistry labs. This is due to its relatively low cost, for a good throughput and
useful information that is provided regarding either quality control or sample char-
acterisation. The basic principle is to send a laser on the sample, and monitor the
intensity fluctuations in time of the outgoing signal at a given angle. Hence, we will
have to make use of the autocorrelation function here. The DLS signal is usually
described by means of two autocorrelation functions, the second order one describes
the actual intensity measured, which depends mostly on particle motions, and is
given by [Stetefeld et al., 2016]

(LIt +7))
g2(7) = ———5—"" (2.60)
(I(t))>
However, this equation includes various effects - including instrumental ones. It can
be related to the scattered electric field correlation function - also known as first order
correlation function - which directly depends on coherent scattering from particles
moving relative to each other,

(BB + )
2= By

(2.61)
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using the following Siegert relation

92(1) = B+ Blgi(7)|? (2.62)

where B is a baseline term, usually close to unity, and  is a coherence factor, that
depends on instrumental parameters, and also on some of the studied system pa-
rameters. The first order correlation function is usually represented by a decaying
exponential for diffusive motions, with a parameter I', related to the diffusion coef-
ficient by I' = Dq?, with ¢ being the momentum transfer.

For monodisperse systems, a single exponential can be used. However, polydisperse
systems are better represented using ¢g; as an intensity weighed integral over the
decay rate distribution

qi(r) = /0 T Gr)eTar (2.63)

The most widely used approach for data analysis is the cumulant method, introduced
by Koppel [Koppel, 1972]. The cumulants are related to the moments of a distribu-
tion. It takes the form of a series-expanded exponential. Indeed, let us consider the
following moment generating function,

<Fm>

M(=7,T) = (e'7) = Z (2.64)

where angular brackets denote averages. We can readily see that the m! cumulant
(I'™) can be obtained by

dm
d(—1)™

_

ky, =
m!

In(M(—7,T)) (2.65)

7=0

and the cumulant generating function is simply the natural logarithm of the moment
generating function K(7) = 1H<<6_FT)>>.
Using the Siegert relation, we can obtain the following for the measured signal go(7)

In(gs(7) — B) :1n5+2< FT—}—I;T —|—§'T +. > (2.66)
Thus, the different moments of the Gaussian distribution can be fitted on the mea-
sured signal. Importantly, the polydispersity index is given by ky/ r2.
Nowadays, data acquisition and analysis is well implemented and almost fully auto-
mated. Various parameters can be quickly obtained on a protein solution, such as
collective translational diffusion coefficients, and the polydispersity index. Moreover,
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DLS presents the great advantage of requiring only tiny amounts of sample, typically
10 pL of a solution at 5-10 mg/mL are sufficient to obtain accurate measurements.
Particles of size lower or comparable to the wavelength of the incoming beam are re-
quired to obtain reliable results, where the relation between the momentum transfer
q and the particle radius R, qR « 1, is satisfied. The standard range for measurable
particle size goes from 1 nm to 1 pm.
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Results

3.1 «a-synuclein and hydration water dynamics

Parkinson’s disease is a neurodegenerative disorder which is usually character-
ized by shaking and rigidity. These symptoms are usually associated with additional
problems such as depression, anxiety, dementia, diabetes, or cancer [Ristow, 2004]
[Lim and Lang, 2010] |[Landau et al., 2016]. Similarly to other amyloid disorders,
amyloid deposits are found in patient brains that contain an important fraction of
a- synuclein protein [Spillantini et al., 1997]. The protein is 140 amino acids long,
with three major regions. A N-terminal region usually defined up to residue 60 in-
volved in membrane interaction, a center NAC region - residue 60 to 95 - that is
aggregation prone and a C-terminal region exhibiting phosphorylation and calcium-
binding sites [Lautenschlager et al., 2018].

It is unclear how this protein can become toxic and trigger Parkinson. Various sce-
narios were proposed based on experimental data. Interestingly, the mature fibril
seems to be a safe species, while early stage oligomers, and the fibrillation process
itself might give rise to the toxicity. Indeed, membrane disruption is likely to be
one of the toxicity mechanisms of a-synuclein. It has been shown that mature fib-
rils of TAPP peptides or tau are safe for membranes, while damages occur when
the fibrillation process is taking place in presence of negatively charged membranes
[Martel et al., 2017] [Jones et al., 2012]. Moreover, various species of a-synuclein
can interact with lipids as shown in works by Hellstrand et al. and Skamris et
al. [Hellstrand et al., 2013] [Skamris et al., 2019]. Additional cellular-leveled stud-
ies provide support to the hypothesis of toxicity arising from early-stage species, see
works by Winner and Lazaro for examples [Winner et al., 2011] [Lazaro et al., 2014].
Eventually, a-synuclein can affect gene expression and homeostasis long before any
cellular damage is seen [Decressac et al., 2013b]. Obviously, the disease is age-
related, and how aging and a-synuclein fibrillation are linked is not clear, even
though decreased efficiency of protein degradation might play an important role
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[Stefanis et al., 2019].

Along with the understanding of what happens inside the cells, it is necessary to
understand what makes the protein fibrillate in the first place. And subsequently
understand how various factors as mutations, or environment can affect this process.
In line with previous work in the group, we used a combined approach involving
neutron backscattering and molecular dynamics simulations to get insights in the
biophysical origin of fibrillation. It has been shown for tau that protein dynam-
ics remains unchanged after fibrillation formation, while hydration water dynamics
was significantly increased [Fichou et al., 2015b]. However, the lack of full- length
tau fibril structure made further analyis based on simulations unfeasible. With the
a-synuclein, both native form conformation ensembles and full-length fibril struc-
ture - produced in similar conditions as ours - are available [Tuttle et al., 2016]. We
therefore embark on a comprehensive study on this protein and its hydration water
dynamics to better understand the physical determinants of its amyloid fibrillation.

Initially, the protein has been produced at the D-Lab - ILL, Grenoble - and purified at
Bente Vestergaard’s lab in Copenhagen. Protein purification and samples production
posed major challenge, mainly due to the requirement of an experimented workforce.
The main issue was the quantity required for a neutron experiment, that is, around
100 mg per sample measured. To address this issue, I performed the protein expres-
sion and purification with the help of Martine Moulin at the D-Lab, who had already
optimized the protocol for high amounts. Subsequently, the fibrillation protocol had
be to be revised completely as it was designed only for fibrillation monitoring in 100
puls with low concentration by either Thioflavin T or SAXS measurements. It took
some time to be able to produce a-synuclein fibrils in 1.5 mL eppendorf tubes with
reasonable yield - around 50 %.

Once samples were produced, measurement on SPHERES at the MLZ, Miinich and
data analysis went smoothly using a well defined methodology. However, the next
difficulty came from simulations. Indeed, if native form is relatively well defined,
it is not the case for fibrils, which can exhibit various forms in the same tube
[Pansieri et al., 2018]. Electron microscope images suggest a relatively good homo-
geneity in our conditions but we could not determine whether it is single or double-
stranded fibrils. Thus, the two configurations were built and used in MD simula-
tions. To achieve this, either the Tuttle’s single-stranded model [Tuttle et al., 2016]
was directly used, or two copies of this model were fitted on the core domain of
double-stranded model published recently |Li et al., 2018b]. After having performed
simulations as described in the following paper, we could show that only the single-
stranded model can reproduce our experimental data. This form was then used for
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all analysis.

To briefly summarize the results from the following article, we found that dynam-
ics is increased for both native and fibril forms of a-synuclein. However in a larger
extent for hydration water. The elastic incoherent structure factor shows that this
arises partly from a larger fraction of water molecules going from an apparent im-
mobile to a mobile state, for both rotational and translational motions. Analysis
of MD simulations showed a good agreement in computed MSD and QENS with
experimental data. Moreover, analysis of hydrogen bonds lifetime showed a general
increase in monomers for both rotational and translational motions, and the number
of hydrogen bonds between water and monomers is higher than for fibrils for the
residues above the residue 40. Interestingly, we could show that hydration water
is denser around termini regions than around protein core in fibrils, while density
is rather homogeneous in monomers. It seems that the observed dynamical, and
entropy, increase is strongly associated with the fact that water interacts more with
the central hydrophobic region in the highly compact monomeric state, while the
extended fibrillar structure allows the water to gain in mobility. This is supported
by the fact that the core is segregated during fibrillation - as shown by averaged
distances -, hence resulting in a less compact structure, but with a central part being
self- sufficient and efficient in protecting itself from interacting with the solvent.
This study constitutes the material of the following paper, which will be submitted
to the Journal of American Chemistry Society (JACS).
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Article 1

Water restructuring upon a-synuclein fibril
formation induces an increase of dynamics and
entropy
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Abstract

Protein amyloid fiber formation is the
pathological hallmark in various
neurodegenerative  diseases such as
Parkinson’s or Alzheimer’s. The
physico-chemical origin of protein fibrillation,
as well as the role that hydration-water might
play remain elusive. We combined neutron spectroscopy and molecular dynamics
simulations on hydrated powders of a-synuclein and tau to investigate both structural and
dynamical properties of the protein-hydration water system. Hydration-water dynamics is
enhanced in the fiber state of both a-synuclein and tau, as shown by increased water
mean-square displacements and broader quasi-elastic neutron scattering spectra. Molecular
dynamics simulations of hydrated a-synuclein powders evidence a compact monomeric state
and a more extended fiber state, in which interaction between the NAC segment and the
N-terminal and C-terminal regions is reduced. As a consequence, water around N-terminal
and C-terminal is no more constrained by the hydrophobic residues in the NAC segment,
resulting in increased dynamics and entropy. The increase in water dynamics upon fiber
formation is larger for tau than for a-synuclein. Since the latter contains a much smaller
fraction of disordered residues in the fiber state than the former, we conclude that residual
fiber disorder correlates with hydration water dynamics. The entropic driving force that
increased water dynamics present for fiber formation is suggested to be maximized in
amyloids with an extensive fuzzy coat such as tau.

a-synuclein

fibrillation
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Introduction

Alongside their native three-dimensional structures, many proteins tend to adopt alternative
configurations that can lead to aggregation and the loss of protein function1. Furthermore,
proteins without a well-defined three-dimensional structure, so-called intrinsically disordered
proteins often form highly organized aggregates such as amyloid fibrils2. Aggregates,
whether amorphous or fibrilar, have deleterious if not fatal effects, as manifested in human
pathologies, so-called protein aggregation diseases, such as Alzheimer's and Parkinson’s
diseases. In Alzheimer’s, intracellular fibrils formed by the intrinsically disordered protein tau3
and extracellular plaques by the amyloid-beta peptide4 are the two major pathological
hallmarks. In Parkinson’s, the amyloid fibrils formed by intrinsically disordered a-synuclein
are the molecular manifestation of the disease5. Major progress recently made in the fields of
solid-state NMR and single-particle cryo electron-microscopy now allows studying the
structure of amyloid fibrils at the atomic level of resolution, such as those formed from the
full-length human a-synuclein® and from the human protein tau’®, respectively. Structural
details of the core of amyloid fibrils, mimicked by crystalline peptide fragments, have been
obtained by X-ray® and electron crystallography®. This core displays a so-called cross-B
architecture, where interdigitating B-sheets form dry steric zippers that are devoid of water9.
The hydrophobic effect thus contributes to amyloid stability'!, thereby hinting at the potentially
important role that hydration water dynamics and entropy may play in protein aggregation.
The role of water in fiber formation has recently started to move into the focus of amyloid
research. Aggregation of the intrinsically disordered human protein tau, for instance, has
been suggested to involve a transition from homogeneous to heterogeneous hydration®.
Likewise, five water pools have been distinguished in Alzheimer’s 3-amyloid fibrils, including
a water pore in their center'. An increase in water entropy by expulsion of water molecules
during oligomer and fiber formation has been suggested to act as a driving force for fibril
formation™. Indeed, a neutron scattering on monomers and fibers of tau provided evidence
for an increase in water translational diffusion on the fiber surface'. To the contrary, femto-
to picosecond time-resolved fluorescence measurements on bovine k-casein indicated that
hydration dynamics is slower in the case of amyloid compared to monomeric protein’. It has
been concluded that further studies are required to decide whether the apparent discrepancy
is due to hydration-water on different proteins behaving differently or to the different
techniques used™. Regardless, a change in water mobility upon fiber formation might provide
a diagnostic means for amyloidosis by in vivo magnetic resonance imaging®®.

The protein a-synuclein is involved in synucleinopathies, such as Parkinson’s disease® and
can also affect homeostasis and gene expression outside the central nervous system and at
early aggregated states'®*. Intrinsically disordered in its native state, a-synuclein (140 amino
acids, 14.4 kDa) contains an N-terminal domain (N-ter) mainly involved in lipid binding which
extends from residue 1 to 60, a central hydrophobic domain (NAC) with several
post-translational modification sites that is involved in amyloid-fiber formation which spans
residues 61 to 95 and a mainly unstructured C-terminal tail (CTT) from residues 96 to 140***.
The fibrillation is usually described as involving nucleation and seeding mechanisms, for
which several monomers could oligomerize to form pre-fibrillar species®?. The
atomic-resolution structure of a-synuclein fibrils have been solved by solid-state NMR® and
cryo-electron microscopy?®~°, showing a complex Greek-key topology stabilized by a salt
bridge and hydrophobic packing. Forty residues surround the fiber core?, similarly than does
the so-called fuzzy coat in tau fibers’. Structural studies on mutants showed that long-range

64



interactions that compact the native state contribute to prevent aggregation?’. These mutants
can affect fibril conformation and thermodynamic stability but can also make native and early
aggregation stages less stable and more exposed to the solvent®®. Moreover, it has been
shown that exposure of the N-ter of the protein to the solvent is of particular importance for
aggregation propensity”. Whereas the dynamical heterogeneity of hydration water has been
mapped for native a-synuclein®, it remains to be studied if changes in hydration-water occur
during the fibrillation of a-synuclein®.

Neutron spectroscopy represents an exquisite tool to study the dynamics of biological
macromolecules and of their hydration water***. Incoherent neutron scattering is largely
dominated by the signal from hydrogen atoms. Consequently, examining a perdeuterated
protein hydrated in H,O provides a means to mask the protein contribution and to focus on
hydration-water dynamics®?*. A comparison with hydrogenated proteins hydrated in D,O
provides information on protein dynamics and the coupling with hydration water dynamics. In
particular, elastic incoherent neutron scattering (ENS) experiments in a temperature range
from 50 K to room temperature have been employed to study the so-called protein dynamical
transition®*® at around 220 K and their relation to protein function and hydration-water
dynamics®®. Quasi-elastic incoherent neutron scattering (QENS), measured at a few distinct
temperatures, informs about the nature of protein and hydration-water motions®’. Both ENS
and QENS have been applied to study the dynamics of protein fibers® and of their hydration
water'®.

Here, we combine ENS and QENS on powders of deuterated a-synuclein and tau monomers
and fibers with molecular dynamics (MD) simulations on a-synuclein powders to study
changes in hydration water dynamics upon amyloid formation. Mean-square displacement of
water molecules are larger in both a-synuclein and tau fibers than in monomers, and
quasi-elastic spectra are broader, evidencing a larger water mobility in fibers than in
monomers. The increase in water mobility upon fibrillation is larger in tau than in a-synuclein.
MD simulations of a-synuclein powders reveal a compact monomeric and a more extended
fiber state, suggesting that water is displaced from NAC to N-ter residues during fiber
formation. Taken together, our results suggest that a gain in water entropy drives pathogenic
protein fibrillation and that the extend of this gain is higher for protein fibers with a higher ratio
between ordered and disordered regions.
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Results

Characterization of a-synuclein fibers. The formation and integrity of a-synuclein amyloid
fibrils was assessed using electron microscopy and X-ray diffraction (Figure 1), showing the
typical elongated morphology of fibrils (Figure 1a) and patterns corresponding to amyloid
structures® (Figure 1b), respectively, for both hydrogenated and deuterated samples. To the
contrary, monomeric a-synuclein samples did neither show fibrils in electron micrographs
(Figure S1a) nor amyloid-rings in X-ray diffraction patterns (Figure S1b).

Deuterated fibers
x o

a Hydrogenated fibers

5 A
4.7;&9

Figure 1. Characterization of a-synuclein fibrils. (a) Negative-staining electron
micrographs of hydrogenated (left) and deuterated (right) fibrils. (b) X-ray fiber diffraction
patterns of hydrogenated (left) and deuterated (right) fibrils show rings at 4.7 and 9.5 A
(highlighted by arrows) characteristic of cross-f structures in amyloid fibers. The two
antipodal arcs arise from the Mylar capillary carrying the sample.

Elastic and quasi-elastic neutron scattering on a-synuclein monomers and fibers.
Elastic and quasi-elastic incoherent neutron scattering was applied to study and compare the
hydration-water dynamics of monomeric and fibrillar a-synuclein. The incoherent scattering
signal from the deuterated a-synuclein samples hydrated in H,O is dominated by hydrogen
atoms in the hydration shell (73%, whereas 27% originates from the protein atoms - see
Table S1), thus allowing to monitor mainly hydration water dynamics. Mean-square
displacement (MSD) were obtained by fitting the angular dependence of the elastic
incoherent neutron scattering (ENS) intensity within the Gaussian approximation*® at each
temperature (see Methods for details). MSDs of deuterated monomers in H,O
(D-mono-asyn-H,0) and fibrils in H,O (D-fib-asyn-H,O) are compared in Figure 2a. Above
the dynamical transition at 220 K, the MSDs are larger for D-fib-asyn-H,0O than for
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D-mono-asyn-H,O. In a control experiment, MSDs were determined for hydrogenated
monomers in D,0 (H-mono-asyn-D,0) and hydrogenated fibrils in D,O (H-fib-asyn-D,0),
whose incoherent scattering signal originates to 98% from protein atoms (Figure S3a). The
MSDs are slightly larger for H-fib-asyn-D,O than for H-mono-asyn-D,O, indicating that
a-synuclein fibers are slightly more flexible than monomers. Since the difference in MSDs
above 220 K of H-fib-asyn-D,0O of H-mono-asyn-D,O are smaller than of D-fib-asyn-H,O and
of D-mono-asyn-H,O, we conclude that the difference between D-fib-asyn-H,O0 and
D-mono-asyn-H,O is dominated by dynamical differences in the hydration water, indicating
an increase of the water dynamics upon fibrillation.
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Figure 2. Hydration water dynamics is increased in fibrils compared to monomers. (a)
Hydration water MSDs - obtained from a Gaussian fit in the momentum transfer range 0.22 <
g < 0.96 A - from elastic scans on the D-mono-asyn-H,O (blue circles) and D-fib-asyn-H,0
(orange squares). The inset shows the corresponding MSDs computed directly from
simulation trajectories as described in Methods (eq. 3). (b) QENS spectra summed over all
momentum transfer values for D-mono-asyn-H,O (blue circles) and the D-fib-asyn-H,O
(orange squares). (c) QENS spectra summed over all momentum transfer values for
D-mono-tau-H,O (blue circles) and D-mono-tau-H,O (orange squares).

To get a more detailed information on the nature of the dynamical increase of hydration water
in fibrils, full QENS spectra were measured at 260 K - that is before the water dynamics goes
out of the time window probed by the instrument - for 12 hours in an energy range -15 peV <
E < 15 peV. Qualitatively, the QENS spectra summed over all momentum transfer values are
broader for the D-fib-asyn-H,O sample than for the D-mono-asyn-H,O one (Figure 2b). To
determine the nature of the water motions broadening the QENS spectra in D-fib-asyn-H,0O,
we used a model (eq. 1 in Methods) that accounts for a fraction A, of apparently immobile
water, a fraction A, of water molecules undergoing rotational motions at a rate ', and a
fraction A, of water molecules undergoing translational motion with an apparent diffusion
coefficient D,. The fitting of D-mono-asyn-H,O and D-fib-asyn-H,O spectra (Figure S2a) with
this model (in the momentum transfer range 0.6 < q < 1.8 A™") shows that I'. is increased by
87% and D, by 48% in D-fib-asyn-H,0O compared to D-mono-asyn-H,O (Figure S2b). In
D-fib-asyn-H,O, the fraction A, decreases by about 1%, A decreases by 6% and A, increases
by 20% as compared to D-mono-asyn-H,O, thereby indicating that the increase in the water
dynamics upon fibrillation arises mainly from a higher mobility of water molecules with a
small contribution from an increased fraction of water undergoing rotational or translational
motions.
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To determine how the protein dynamics is affected by fiber formation, full QENS spectra
were measured at 300 K for 8 hours in an energy range -15 peV < E <15 peV. To describe
the protein dynamics, the model used (eq. 2 in Methods) contains a fraction a, of apparently
immobile atoms, and two fractions a, and a, of atoms undergoing Fickian-type diffusion with
apparent diffusion coefficients D, and D,. The QENS spectra of H-mono-asyn-D,O and
H-fib-asyn-D,O were fitted according to this model in the momentum transfer range 0.6 < q <
1.8 A" (Figure S3). The parameters a, barely change after fiber formation (less than 5%),
while a, decreases by 15% and a, increases by 26%. However, D, increases by 31% and D,
increases by 29%. This analysis shows that the increased dynamics observed with the MSDs
on H-mono-asyn-D,O and H-fib-asyn-D,O arises mainly from a higher mobility of protein
hydrogen atoms.

Elastic and quasi-elastic neutron scattering on tau monomers and fibers. The ENS data
were obtained from a previous work'® and reprocessed using the same procedure as for
a-synuclein (see Methods) and a QENS experiment was conducted to measure the hydration
water dynamics on the monomers and the fibers of the protein tau. Similarly to a-synuclein,
the incoherent neutron scattering arises from hydrogen atoms in the hydration shell (72%
from water and 28% from protein atoms). The MSDs for the deuterated tau monomers
hydrated with H,O (D-mono-tau-H,O) and the deuterated tau fibers hydrated with H,O
(D-fib-tau-H,O) were determined by fitting the dependence of the ENS intensity on the
momentum transfer q within a Gaussian approximation*® at each temperature (see Methods).
At 260 K, the MSDs are approximately 2.5 times larger for D-fib-tau-H,0 than
D-mono-tau-H,O (Figure S4). Conversely, the MSDs for the tau protein dynamics, measured
in a previous work'®, are identical for hydrogenated tau monomers and fibers hydrated with
D,0O (98% of the ENS intensity due to the protein). As for a-synuclein, we conclude that the
observed increase in the MSDs is mainly due to the increased dynamics of hydration water.
To better understand the origin of the increased dynamics in water dynamics around tau
fibers, QENS spectra were acquired on D-mono-tau-H,0 and D-fib-tau-H,O for 12 hours in
an energy range -15 peV < E < 15 peV at 260 K (Figure 2c), i.e. at the same temperature
than QENS data on D-mono-asyn-H,O and D-fib-asyn-H,O (Figure 2b). Previously published
QENS data on D-mono-tau-H,0 and D-fib-tau-H,O were measured only at 280 and not at
260 K. The dynamics of tau hydration water was modelled as for a-synuclein using eq. 1
(Methods). The QENS spectra of D-mono-tau-H,O and D-fib-tau-H,O were fitted in the
momentum transfer range 0.6 < q < 1.8 A" using this model (Figure S5). The parameter I",
decreases by 49% and the parameter D, by around 42%. In D-fib-tau-H,O, the parameter A,
decreases by 41%, A, decreases by 22% and A, increases by 98% as compared to
D-mono-tau-H,0. Hence, the increased water dynamics as monitored by the MSDs
originates from two phenomena, i.e. an increase of water mobility (as in a-synuclein) and a
substantial fraction of apparently immobile water becoming mobile (where the latter
phenomenon is less important in a-synuclein).

Temperature dependent molecular dynamics simualtions of hydrated a-synuclein
monomers and fibers. Molecular dynamics (MD) simulations were carried out to provide
further, spatially-resolved insight into water dynamics measured by neutron scattering. To
this end, two in-silico models were constructed (see Methods) that mimic the samples
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studied by neutron scattering, namely a hydrated powder of 20 a-synuclein monomers and a
hydrated powder of two 10-mer a-synuclein fibers. Each model served as the starting point
for 20-ns MD simulations at 50, 110, 200, 230, 260, and 300 K. The agreement of
simulations and experimental data was assessed by computing the temperature dependence
of the MSDs (Figure 2a inset and Figure S3a inset) and the Fourier transform of the
intermediate scattering function for all non-exchangeable hydrogens of water molecules
(Figures S6 and eq. 4 in Methods) from the simulation trajectories. Both calculated MSDs
(Figure 2) and QENS spectra (Figures S6) show excellent agreement with experimental data,
thus justifying further in silico analysis of the latter.

To identify the regions of a-synuclein that are responsible for the increased dynamics in
fibers, we computed the continuous (describing mainly rotational motions) and the
intermittent (describing mainly translational motions) autocorrelation functions of hydrogen
bonds between water molecules that are within 3 A of either the N-ter, the NAC or the CTT
region (Figure 3). The continuous autocorrelation function decreases faster for fibers in the
N-ter and the CTT regions, but no differences are observed for the NAC region. The
intermittent autocorrelation function decreases faster for fibers for the three regions but the
decay rate seems more pronounced in the N-ter and CTT regions. Hence, the increased
dynamics of the hydration water observed with neutron scattering arises mainly from the
water located around the N-ter and the CTT.

N-ter NAC CTT

1.0
—— monomers

fibers
0.8 1

0.6 1

0.4 1

Ceontinuous (t)

0.2

1.0+

0.8

0.6

Cintermittent(t)

0.41

0.2 1

0 250 500 750 1000 O 250 500 750 1000 O 250 500 750 1000
Time [ps] Time [ps] Time [ps]
Figure 3. The increase in water-water hydrogen-bond reorganization dynamics is
higher around N-ter and CTT regions than NAC region at 260 K. Simulation trajectories
were analyzed using the NAMDAnNalyzer - HydrogenBond (eq. 5 in Methods) routine at 260 K
to calculate both the continuous (upper row) and intermittent (lower row) water-water
hydrogen-bond autocorrelation functions. At time t=0 ps, the water molecules that are within
3 A of either N-ter (left), NAC (middle) or CTT (right) region are selected. The autocorrelation
functions were then computed for these selected water molecules using an increment of 20
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ps between each point and averaged over 20 different time origins as described in Methods.
The result for the monomeric a-synuclein is represented in blue, and the orange line is used
for the fibers.

In addition, the radial density profile for water around monomers and fibers was computed
(eq. 6 in Methods) to obtain a structural picture of the hydration shell. For a better
comparison, the water density around monomer residues was divided by the density of water
around fibril residues (Figure 4). The result reveals an excess of water density in the NAC
region of monomers as compared to fibrils, while the density around N-ter and CTT remain
constant. Therefore it indicates a restructuring of water molecules, where a fraction of water
molecules, which was shared between the N-ter, the NAC and the CTT regions in
monomers, pertains fully to the N-ter or the CTT neighborhood after fibers formation.

3.5

3.0

r2.5

r2.0

Density

rl5

1.0

0.5

0.0

Figure 4. Density of water moecules at monomers and fibril surfaces. The simulation
trajectories were analyzed using NAMDAnNalyzer RadialDensity module (eq. 6 in Methods) at
260 K to compute the density of water molecules around each individual residue as a
function of the minimum radial distance between water oxygen atoms and the residue atoms.
The density profile for the monomers was divided by the profile for the fibrils. The
three-dimensional surface plotted has been smoothed using the Scipy medfilt2D function with
a filter size of [13 (residues),7 (radius)].

In order to provide a structural framework for interpreting changes in hydration-water
dynamics upon fibrillation, we computed averaged distances between Ca in either N-ter,
NAC or CTT regions and all the other Ca and plotted them on a chord diagram where only
distances between 2 and 4 A or 4 and 6 A are represented (Figure S7). As already
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suggested on the basis of experimental data®®*****, a-synuclein monomers are highly compact
and water interacting strongly with the N-ter and the CTT is close to the NAC. In the
a-synuclein fibers, extensive contact breaking occurs, in particular between the N-ter and the
NAC regions that move further apart from each other.

Discussion

We combined incoherent elastic (ENS) and quasi-elastic neutron scattering (QENS) and
molecular dynamics (MD) simulations to assess hydration water dynamics in hydrated
powders of deuterated a-synuclein and tau monomers and fibers. Increased water dynamics
is experimentally and computationally observed in a-synuclein fibers compared to
monomers. A larger increase in hydration water dynamics as a result of fiber formation is
experimentally observed in tau compared to a-synuclein.

Hydration water dynamics is increased in a-synuclein fibers compared to monomers
Both MSD determined by ENS (Figure 2a) and QENS spectra (Figure 2b) indicate hydration
water dynamics is enhanced in a-synuclein fibers. Fitting the QENS data with a model
involving three water populations, namely immobile, translating and rotating molecules®,
allowed extracting the fraction of each population and the translational and rotational
diffusion constants (Figure S2b). The main origin of enhanced water dynamics in fibrils is an
increased diffusion constant of those water molecules that mainly undergo translational
motions.

A calculation of water density from the MD trajectories reveals a dehydration of the NAC
region when fibers form (Figure 4). A structural explanation of this water reorganization can
be provided by the conformational changes that the protein undergoes when forming fibrils
(Figure S7). The highly compact nature of the monomer contrains water molecules to be
close to the hydrophobic residues of the NAC segment. Upon fibril formation, an extensive
contact breaking occurs between the NAC segment and the N-ter and CTT regions, resulting
in a more extended structure. Water interacting with both the N-terminal and the NAC
fragments in the monomers is pulled away from the NAC fragment upon fibrillation, reducing
water density of the latter as seen in figure 4. This water restructuring upon fibrillation results
in reduced confinement of hydration water and thus in higher dynamics and entropy in the
fibers.

Increase of water mobility correlates with fraction of disordered regions in tau and
a-synuclein fibers

Interestingly, the increase in hydration water MSD (Figure S4) and the broadening of the
QENS spectra (Figure 2) upon fibrillation is found to differ between a-synuclein and tau. The
increase in MSD is twice as important for the latter than for the former. Both proteins are
highly compact in their monomeric state****. In the fiber state, a fraction of the amino acid
sequence remains disordered and extends from the well-ordered fiber state in both
proteins®®%*%_ This fraction is much smaller for a-synuclein fibers (28% disordered residues,
72% core-residues?®) than for tau fibers (85% disordered, 15% core). Hence, assuming that
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the same water restructuring observed in a-synuclein occurs in tau, a larger fraction of
hydration water is displaced from hydrophobic core upon fibrillation for tau than for the
a-synuclein. This results in the observed larger increase of water dynamics around tau fibers
than around a-synuclein fibers. Our data thus suggest that the larger the ratio between
disordered and core residues is in amyloid fibrils, the greater the increase is in water

dynamics and entropy upon fibrillation.
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Materials and Methods

Expression and purification of hydrogenated and perdeuterated a-synuclein. The
transformed E. coli BL21 (DE3) cells were incubated in H or D-Enfors medium with
kanamycin at a concentration of 30 ug/mL. The 150 mL pre-culture was then transferred to a
1.2 L fermenter (Labfors HT Infors) using 120 g/L glycerol in H or D-Enfors as the feeding
solution. The bacteria were grown at 30% O, level with 30 ug/mL of kanamycin at pH 6.9.
Once the culture reached an optical density of 10 at a wavelength 600 nm, the induction was
done with 0.5 mM IPTG as final concentration and the fermentation was continued until we
reached an OD (600 nm) of 14-18. This resulted in 59.5 and 36.2 g of cell paste for the
hydrogenated and the deuterated sample, respectively.

The cell lysis was carried out with 5 g of cells and 30 mL of lysis buffer (10 mM Tris-HCI pH
7.5, 1 mM EDTA + 1 uL benzonase). The cells were sonicated five times for 30 seconds at
60% power using a Vibracell 75115 Bioblock Scientific sonicator. The lysate was centrifuged
at 18,000 rpm for 30 minutes, and then the supernatant was heated at 90°C for 10 minutes
and centrifuged again under the same conditions. The supernatant was then filtered at 0.8
pum and loaded on a 5 mL DEAE Sephacel column pre-equilibrated in buffer A (10 mM Tris
pH 7.5). The protein was eluded using buffer B (10 mM Tris pH 7.5, 2 M NaCl) with a step at
11% for 40 mL, and then a gradient was applied from 11 to 100% to remove the residuals.
Eventually, the fractions of interest were loaded on a S200 16/600 column (GF - SEC)
without any concentration step with buffer A. The fractions containing purified a-synuclein
were pooled and dialyzed three times against pure water using a 10 kDa dialysis membrane.
Subsequently the protein was flash-cooled in 1 mL volume using liquid nitrogen and
lyophilized in a CHRIST alpha 2-4 LD plus lyophilizer with the temperature of the ice trap set
at -50°C and the pressure at 0.06 mbar. Importantly, oligomers formed when the sample was
slow cooled in a -20°C freezer instead of flash-cooling in liquid nitrogen, where less
oligomers were present (Figure S1). The final amount of protein was calculated using a mass
absorption coefficient of 0.412 (~ € / Molar Mass = 5400 / 14000). In addition, the tubes were
weighed before and after lyophilization of the protein to confirm the UV measurement. We
thus obtain the dry powders of hydrogenated and deuterated monomeric a-synuclein,
H-mono-asyn and D-mono-asyn, respectively.

a-synuclein fiber formation. To prepare the fibrils of a-synuclein, approximately 160 mg of
the powders of hydrogenated and deuterated a-synuclein were dissolved at 10 mg/mL in a
20 mM sodium phosphate H,O buffer at pH 7.4 with 50 (for hydrogenated a-synuclein) and
150 (for deuterated a-synuclein) mM NaCl. The protein solution is then filtered at 0.22 ym
and incubated in 1 mL fractions in Eppendorf tubes at 37°C with cycles of 300 s of mixing at
900 rpm with 60 s of pause during 48 h using an Eppendorf ThermoMixer® Comfort. The
fibrils were then pelleted by centrifugation at 16,500 rpm during 15 minutes and
resuspended, in pure D,O for hydrogenated a-synuclein fibers or in H,O for deuterated
a-synuclein fibers, three times to remove salts. Finally, the fibers of hydrogenated
a-synuclein and deuterated a-synuclein were lyophilized using flash-cooling in liquid nitrogen.
We thus obtain 100 mg of the deuterated and hydrogenated fibrillar a-synuclein powders,
D-fib-asyn and H-fib-asyn respectively.

Characterization of a-synuclein monomers and fibers by electron microscopy and
X-ray diffraction.
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Electron microscopy

A fraction of each sample (D-mono-asyn, H-mono-asyn, D-fib-asyn and H-mono-asyn) was
solubilized in H,O right before imaging with EM. Samples were absorbed to the clean side of
a carbon film, that is deposited on mica, stained with 2% (w/v) uranyle acetate (pH 4.5) and
transferred to a 400-mesh copper grid. The images were taken under low dose conditions
(<10 e/A?) with defocus values between 1.2 and 2.5 uym on a Tecnai 12 LaB6 electron
microscope at 120 kV accelerating voltage using a Gatan Orius 1000 CCD camera. Electron
microscope images still show small objects in D- and H-mono-asyn samples that were
flash-cooled in liquid nitrogen and lyophilized (Figure S1) that might be small aggregates or
contaminants that we removed using 10 minutes centrifugation at 16000 rpm prior to sample
lyophilization.

X-ray diffraction

A fraction of each sample (D-mono-asyn, H-mono-asyn, D-fib-asyn and H-fib-asyn) was
analysed by X-ray diffraction. The experimental protocol was the same for all the samples:
about 1 mg of sample was sealed in a Mylar capillary and diffraction patterns were recorded
at room temperature at the beamline ID30A of the European Synchrotron Radiation Facility
(France). A monochromatic X-ray beam (A = 0.98 A) with an average flux of 4x10'2 ph/s was
used to collect 20 diffraction images. Every image was obtained by exposing the sample to
the X-ray beam during 1 s, then the sample was rotated by 1° before acquiring the
subsequent image. The 20 images were then averaged to obtain the diffraction patterns
presented in Figure 1 for H-fib-asyn-D,O and D-fib-asyn-H,O, and in Figure S3 for
H-mono-asyn-D,0 and D-mono-asyn-H,0.

a-synuclein sample preparation for neutron scattering experiments. A mass of about
100 mg of each sample after freeze-drying (i.e. D-mono-asyn, H-mono-asyn, D-fib-asyn and
H-fib-asyn) was deposited on a 4 x 3 cm? flat aluminum sample holder base used for neutron
scattering and left dehydrating in the presence of P,O, in a closed desiccator for 24 h at room
temperature. A similar drying procedure over P,O, for lysozyme has been described to result
in four bound water molecules per protein molecule*. After the 24 h incubation with P,O, the
mass of the samples was determined using an analytical scale with 0.1 mg precision and
assumed to correspond to the dry protein mass (0 g water / g protein). The samples were
then placed in the desiccator in the presence of H,O (for D-mono-asyn and D-fib-asyn) or
D,O (for H-mono-asyn and H-fib-asyn) and their mass monitored until they reached the
hydration level h=0.4 [g H,O)/[g protein] (for D-mono-asyn and D-fib-asyn) or h=0.44 [g
D,OJ/[g protein] (for H-mono-asyn and H-fib-asyn). The different hydration levels (i.e. h=0.4
and h=0.44) were chosen according to the different molecular weights of H,0O and D,O to
guarantee a similar number of water molecules per protein in all the samples. The sample
holders were then sealed using a 1 mm indium O-ring and stored at - 20° C. We thus obtain
the H,O hydrated D-mono-asyn-H,O and D-fib-asyn-H,O powders and the D,O hydrated
H-mono-asyn-D,0 and H-fib-asyn-D,O powders.

Tau samples for neutron scattering experiments

The D-mono-tau-H,0* (h = 0.38) and D-fib-tau-H,0"® (h = 0.40) samples had been prepared
for an earlier study and kept at -20°C since then without opening the neutron sample holders.
Their weights were unchanged compared to the ones measured immediately after closing the
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sample holders, indicating that the sample hadn’t lost hydration water over the past years.
Sample preparation details have been published earlier and the contributions of water and
protein atoms to the coherent and incoherent scattering signals are listed in table S1.

Neutron scattering. Elastic and quasi-elastic neutron scattering experiments were
performed at the SPHERES backscattering spectrometer*® of the Heinz Meier-Leibnitz
Zentrum (MLZ) in Garching, Germany (proposal #13899 from the 28 May to the 2 June 2018
for ENS and QENS on H-mono-asyn-D,O and H-fib-asyn-D,O; proposal #15611 from 12 to
17 February 2020 for QENS on D-mono-asyn-H,O, D-mono-asyn-H,0O, D-mono-tau-H,O and
D-fib-tau-H,O. The ENS data for D-mono-tau-H,O and D-fib-tau-H,O have been measured
earlier'®*®). SPHERES is equipped with a mechanical Doppler drive to set the incident energy
and a phase space transformation (PST) chopper to optimize the neutron flux at the sample
position””. The sample holders were weighed before and after each neutron experiment to
ensure that no dehydration due to possible leaks had occurred. The sample holder was
mounted in a cryostat at room temperature and the temperature was subsequently lowered
within 120 minutes to 10 K. For each of the four a-synuclein samples, an elastic neutron
scattering scan was performed from 10 to 300 K at a heating rate of 0.2 K/min. Raw data
were pre-processed using the SLAW software available on MLZ facility computers
(http://apps.jcns.fz-juelich.de/slaw).

Atomic mean-square displacements of hydrogen atoms of H-mono-asyn-D,0,
H-fib-asyn-D,O, D-mono-asyn-H,O and D-fib-asyn-H,O were determined using a Gaussian
model® to fit the experimental elastic neutron scattering intensity in the momentum transfer
range 0.22 < q < 0.96 A" with the Scipy python library ‘curve_fit' routine. The water dynamics
for D-mono-asyn-H,O and D-fib-asyn-H,O have left the experimental temporal and spatial
resolution at temperatures above 260 K and the MSDs cannot be confidently determined
anymore. Hence, all the data on hydration water dynamics were analyzed up to 260 K only
and QENS data were acquired at that temperature (see below). To the contrary, motions in
H-mono-asyn-D,0 and H-fib-asyn-D,0 samples remained within the experimental window up
to 300 K.

The ENS data for D-mono-tau-H20* and D-fib-tau-H20'® were reprocessed in the same way
the the ENS data for D-mono-asyn-H,O and D-fib-asyn-H,O described above.

The Quasi-elastic neutron scattering (QENS) spectra for D-mono-asyn-H,O, D-fib-asyn-H,0O,
D-mono-tau-H,O and D-fib-tau-H,O were recorded for 12 hours using an energy range -15
peV < E < 15 peV at 260 K. The QENS resolution function R(q,w) for each sample was
determined using the QENS spectra from the same sample at 10 K, fitted with a normalized
pseudo-Voigt profile multiplied by a scaling factor. This scaling factor was subsequently used
to normalize the data at 260 K, which were subsequently binned using a bin window of 5
points. The QENS spectra from D-mono-asyn-H,O and D-fib-asyn-H,O were fitted with the
following model function®’:

A Ui+1) A Ty
T w4 [I(14+1)T22 7 w?4T?

(eq. 1)

S(q,w) = DW(q)R(q,w) ® | Apd(w) + Z(?l + 1)j,;2(qd) + b(q)
1
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Here, DW(q) = exp=(MSPIT/3 o e Debye-Waller factor accounting for fast vibrational
motions  with (MSD) peing the mean-squared displacement for these motions, (4. w)
denotes the resolution function, Ao is the elastic incoherent structure factor given by

Ao = A,55(ad) + A; j1 denotes the spherical Bessel function of order |, d is the length of an
O-H bond in a water molecule, 4:, A, and At are scalars, I'+ and I'; are Lorentzian widths
for rotational and translational motions where 't = D:q" and b(q) is a g-dependent
background.

The QENS spectra for H-mono-asyn-D,0O, H-fib-asyn-D,0O were recorded for 8 hours using
an energy range -15 pyeV < E < 15 peV at 300 K. The QENS resolution function R(q,w) for
each sample was determined using the QENS spectra from the same sample at 10 K fitted
with a normalized pseudo-Voigt profile multiplied by a scaling factor. This scaling factor was
subsequently used to normalize the data at 300 K, which were subsequently binned using a
bin window of 5 points.

The QENS spectra for H-mono-asyn-D,O and H-fib-asyn-D,O were analyzed using the
following model containing two Lorentzians that accounts for two fractions of atoms, the

motion of which obeys Fickian-type diffusion Ii = Dig*, @ € {1,2}.
S(¢q,w) = DW(q)R(q,w) ® [agd(w) + a1 Lr, + azLr,] + b(q) (eq. 2)

where @0, @1 and @z are scalars, Lr, is a Lorentzian of width Iy, Lr, is a Lorentzian of
width I'2 and %(¢) a g-dependent background.

The data are fitted for all scattering vectors at once (global fits) using the Scipy basinhopping
algorithm* with 100 iterations. All described analyses were performed by a custom-made
python API called nPDyn (https://github.com/kpounot/nPDyn).

Relative contributions of protein and water to the neutron scattering signal. For all
samples, the number of each element (H, D, C, N, O - D is used for ?H) is obtained using the
amino acids sequence and considering that all exchangeable hydrogens (amino-, hydroxy-
and carboxy-bounded hydrogens) are exchanged against the isotope of the hydration water.
The mass (MW) of the protein is then computed based on the element composition.
Subsequently, the hydration level h that is used experimentally allows to determine the

number of water molecules per protein monomer N = h-MW/MW yater where MWater is
18 Da for H,O and 20 Da for D,O. The neutron scattering cross-section for water is computed

¥
9X where X stands for coherent or incoherent

using o™ = icimp.onoy
cross-section, ”Z’ﬂater is the number of element i in water and 03( is the X (coherent or
incoherent) cross-section of element i for thermal neutrons®*. The neutron scattering
cross-section for protein is computed the same way. In Table S1, the element composition,
the protein mass, the number of water molecules per protein monomer and the coherent and
incoherent cross-sections for water and protein are given for all the samples used in this
work.

Generation of models for MD simulations. Initial ensemble for monomeric a-synuclein

were obtained from a previous work50. Twenty monomers were randomly selected and
placed into a box, hydrated at h=0.4 [g H,O / g protein] with TIP4P>** water, by deleting extra
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water molecules that were further than a given distance from protein surface until the desired
hydration level is reached. Finally, charges were neutralized with Na* and CI" ions using the
VMD autoionize plugin. This process was performed using VMD software53. For the fibrils,
we used the structure of full-length a-synuclein published by Tuttle and coworkers6. Two of
these partial fibrils were placed into a box, hydrated at h=0.4 [g H,O / g protein] and
neutralized in the same way as the monomers.

Molecular dynamics simulations and analysis. Using NAMD*, a 2 ns simulation was run
at a constant temperature of 300 K and a constant pressure of 1 atm, using harmonic
restraints on the fibril NAC region (residues from 61 of 95) with a force constant of 2
kcal/(mol-A?). Pressure was controlled using the Nosé-Hoover Langevin-Piston algorithm®>*®,
and the temperature using the stochastic velocity rescaling method*’. The CHARMM36 force
field® was used for the protein. Electrostatic interactions were computed using the
particle-mesh Ewald summation>>®. The real space of electrostatic and Van der Waals forces
was smoothly switched off between 12 and 14 A, and the pairlist cutoff was 16 A. The
equations of motion were integrated using the Verlet-I/r-RESPA multiple time step
algorithm®*%* with time steps of 4 fs for the long-range non-bonded forces, 2 fs for the
short-range non-bonded forces, and 2 fs for the bonded intramolecular forces. Lengths of
bonds involving hydrogen atoms were held fixed using the SHAKE algorithm®.,

The initial constant pressure equilibration at 1 atm was followed by 2 ns simulation at 100
atm pressure, keeping the other parameters fixed, in order to relax bad contacts and
eliminate gaps that could have been generated by the fast box collapse in the first step. The
pressure was then set back to 1 atm, and a 100 ns equilibration was performed at each
temperature considered (50, 110, 200, 230, 260, and 300 K). These equilibrated systems
formed the finalized initial models for subsequent constant volume and energy production
runs of 20 ns duration, during which configurations were saved at 20 ps intervals. The
simulation trajectories were analyzed using the custom-made API, NAMDAnalyzer
(https://github.com/kpounot/NAMDAnNalyzer).

To compare the experimental ENS data with the simulations, the MSDs of either hydrogen
atoms of water or non-exchangable hydrogens of the protein were computed using the
following

N

)2

MSD(t) = Z ri(t) — re(0)]2)

k=1 (eq. 3)

where N is the number of atoms considered, Tk(t) is the k™ atom position vector at time t,
and the angular brackets denote average over the time origins.

To compare the experimental QENS data with the simulations result, the intermediate

scattering function was computed using
f\.’

1 et =
Hg,t) = & Y (expia (@ —r:(O) -
=1 eq.

where Ti(t) denotes the i" atom position vector at time t, 4 the momentum transfer vector
(an average is performed over 20 randomly oriented vectors of magnitude q), the angular
brackets the average over 50 time origins, and N the total number of atom used. The
computed QENS spectra are obtained by computing the Fourier transform in the frequency
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domain of f(q.-f), the modulus of which is squared to obtain the power spectrum that is
plotted.

The hydrogen bonds were identified based on geometrical criteria, that is, a maximum
distance of 2.5 A between the hydrogen of the donor and the acceptor and an angle of
minimum 130° between the donor-hydrogen vector and the acceptor-donor vector. The
hydrogen bond autocorrelation was computed using

hij 2 h-ij 0

where %ij(t) is 1 if a hydrogen bond can be formed between atom pair ¢J at time t, and 0

otherwise. In the continuous case, if the bond has been broken at any time t, hij(t) issetto 0
for all subsequent time.
The radial number density is computed using

plr) = <%Z T il + dr) m(r)]>
(ea. 6)

where N is the number of atoms from which radial density is computed, r is the radius of the
selection sphere from the center of atom i, dr is the increment of radius, and ni(r) is the

number of atoms in the user selection that are located within the sphere of radius r centered
on atom i. The angular brackets denote the average over multiple frames.
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Figure S1. Characterization of a-synuclein monomers. (a) Negative-staining electron
micrographs of hydrogenated (left) and deuterated (right) monomers. (b) X-ray diffraction
patterns of hydrogenated (left) and deuterated (right) monomers. The position of the rings
usually observed for the cross-B structures in amyloid fibers at 4.7 and 9.5 A, but absent
here, are highlighted by arrows). The two antipodal arcs arise from the Mylar capillary
carrying the sample.
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Figure S2. a-synuclein hydration water shows higher average dynamics around fibrils
than around monomers. (a) The QENS spectra for D-mono-asyn-H,O and D-fib-asyn-H,O
were fitted according to eq. 1 (Methods) in the momentum transfer range 0.6 < q < 1.8 A".
The experimental data are represented by the blue circles with error bars. The resolution
function is represented by the orange dotted line, the Lorentzian for rotations by the green
dashed line, the Lorentzian for translation by the red dashed line, the background by the blue
solid line, and the resulting fit by the red solid line. (b) The fitted parameters from eq. 1
(where A,, A, and A, are divided by (A,+A+A))) are represented as a bar chart for the
D-mono-asyn-H,O in blue and the D-fib-asyn-H,O in orange.
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Figure S3. a-synuclein internal dynamics is slightly increased in fibrils compared to
monomers. (a) Protein MSDs - obtained from a Gaussian fit in the momentum transfer range
022 < q <096 A" - of H-mono-asyn-D,0 (blue circles) and H-fib-asyn-D,O (orange
squares). The inset represents the MSDs computed from simulations according to eq. 3
(Methods). (b) The QENS spectra for H-mono-asyn-D,O and H-fib-asyn-D,O were fitted
according to eq. 2 (Methods) in the momentum transfer range 0.6 < q < 1.8 A'. The
experimental data are represented by the blue circles with error bars. The resolution function
is represented by the orange dotted line, the two Lorentzians by the green and red dashed
line, the background by the blue solid line, and the resulting fit by the red solid line. (c) The
fitted parameters from eq. 2 (where a,, a, and a, are divided by (a,*+a,+a,)) are represented
as a bar chart for H-mono-asyn-D,0O in blue and H-fib-asyn-D,O in orange.
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Figure S4. The hydration water around tau presents an increase in MSDs upon
fibrillation that is twice as important as for the a-synuclein, explained by a larger
fraction of water being converted from the immobile to the mobile state. (a) The MSDs
for D-mono-asyn-H,O are represented by a blue dashed line and the solid blue line
represents D-fib-asyn-H,O. The MSDs for tau were obtained by reprocessing data recorded
in a previous study'®*® and are represented by a green dashed line for D-mono-tau-H,O and
the solid green line for D-fib-tau-H,O. (b) The parameters A, A, A, and I, from eq. 1
(Methods) were extracted from the analysis of the QENS spectra of D-mono-asyn-H,0O,
D-fib-asyn-H,O, D-mono-tau-H,0 and D-fib-tau-H,0. The parameters A, (immobile), A,
(rotational), and A, (translational) were rescaled by the sum (A, + A, + A)) for each sample.
Subsequently each parameter value for monomers was subtracted from the value for fibers.
The result is represented as a vertical bar chart with tau in green and a-synuclein in blue.
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Figure S5. a-synuclein hydration water shows higher average dynamics around tau
fibrils than around tau monomers. (a) The QENS data at 260 Kfor D-mono-tau-H,O and
D-fib-tau-H,O were fitted using eq. 1 (Methods) in the momentum transfer range 0.6 <q < 1.8
A" . The experimental data, are represented by blue circles with error bars. The resolution
function is represented by the orange dotted line, the Lorentzian for rotations by the green
dashed line, the Lorentzian for translation by the red dashed line, the background by the blue
solid line, and the resulting model by the red solid line. (b) The fitted parameters from eq. 1
(where A,, A, and A, are divided by (A,+A+A))) are represented as a bar chart for the
D-mono-tau-H,O in blue and the D-fib-tau-H,O in orange.
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Figure S6. Experimental and simulated QENS data of a-synuclein water. Data from
simulation at 260 K were processed using the NAMDAnalyzer - backscatteringDataConvert
module to compute the QENS spectra for a-synuclein water (eq. 4 in Methods) and adding
the background fitted from experimental data with eq. 1 (Methods). Here, the simulation
results (orange circles) are directly compared with the experimental QENS data (blue circles)
for different momentum transfer (q) values. The simulations qualitatively reproduce the
g-dependent broadening evident in the experimental QENS data.
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Figure S7. The a-synuclein structure changes from a compact to a extended state
upon the formation of fibers. Simulation trajectories were analyzed using the
NAMDAnalyzer - plotAveragedDistances chordDiagram routine to compute the pair
distances between Ca atoms of N-ter residues (upper row) or NAC residues (lower row) and
all other Ca. The pair distances are averaged over all frames in a-synuclein monomers (left)
and fibers (right). For all pair distances, the two residues they belong to were identified, and
linked on a chord diagram with a bin for distances between 2 and 4 A (blue Bezier curves)
and one for distances between 4 and 6 A (green Bezier curves). The N-ter region is
represented with the blue arc, the NAC with the yellow one, and the CTT with the red one. A
solid line is used for the region in which the Ca are selected to compute the pair distances
with all other Ca in the regions represented as a dashed line. For instance, we see in the
upper row that the Ca of residue 25 in the N-ter region is at a distance between 2 and 4 A
from the Ca of residues 68 and 79 in the NAC region for monomers (left). These distances
are lost in fibers (right), indicating that the residues are now at least at a distance of 6 A or
more.
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D-X-asyn-H,O
h=0.4

MW = 15226 Da

H226D784C627N1660215

H-X-asyn-D,0O
h=0.44
MW = 14668 Da
H784D226C627N1660215

D-mono-tau-H,O
*)
h=0.38
MW = 48269 Da
H757D2438C1959N581066

8

D-fib-tau-H,O (#)
h=04

MW = 48269 Da

H757D2438C1959N581066

8

exchangeable 226 226 757 757
H
water / 338 323 1019 1072
monomer

o" . [barns]

2621 (19%)

4975 (36%)

7892 (18%)

8308 (19%)

water
(0

[barns]

inc

54313 (73%)

1323 (2%)

163573 (72%)

172183 (72%)

gPreen  [barns]

11011 (81%)

8871 (64%)

35096 (82%)

35096 (81%)

o”en [barns] | 19829 (27%) | 63470(98%) | 66045 (28%) | 66045 (28%)
foon 16% 18% 16% 15%
f 84% 82% 84% 85%

inc

Table S1. Contributions of water and protein atoms to the coherent and incoherent
signals. For all samples (X stands for ‘mono’ or ‘fib’), the number of each atom type (H, D, C,
N, O), the mass of the protein (MW), the number of exchangeable hydrogens (exchangeable
H), the number of water molecules per protein monomer (water / monomer), the coherent
neutron scattering cross-section for water and protein (¢**'_, and o®°"_ respectively), the
incoherent cross-section for water and protein (6***"_, and o”°" . respectively), and the
relative fractions of coherent and incoherent scattering (f., and f_, respectively) are
computed as described in Methods, using the provided Python script. The percentages that
are given alongside the cross-sections represent the relative contribution to the coherent or
incoherent neutron scattering signal. h corresponds to the hydration level expressed in g
water (H,O or D,0O) per g protein (hydrogenated or perdeuterated). (*) The sample was
prepared in 2012 for a previous study®. (#) The sample was prepared in 2015 for a previous
study’®.
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3.1. a-SYNUCLEIN AND HYDRATION WATER DYNAMICS

3.1.1 A possible outlook for simulations

Our work on a-synuclein showed that hydration water mobility is increased
around fibrils as compared to the monomers, as a result of the decreased interaction
of water with the central and C-terminal parts of the protein in fibrils. As we
showed that a fraction of water molecules goes from an apparent immobile state
to a mobile state, we can suppose that hydration water is becoming more bulk-like
upon fibrillation and gains new degrees of freedom. We would like to link our work
with a recent one that makes use of simulations to study the angular distribution
of water molecules relative to a definite surface as a function of the surface type
and distance to it [Shin and Willard, 2018b] [Shin and Willard, 2018a]. In this work
by Shin and Willard, it appears that water presents strong orientation preferences
close to a hydrophobic surface. When the distance of water from the protein surface
increases, they observed that the water molecules are less oriented and become more
bulk-like. This change in orientation preference can be viewed as a transition from
a highly anisotropic environment at the protein surface to an isotropic environment
in the bulk water. Therefore, the increased entropy upon a-synuclein fibrillation can
be interpreted as a globally decreased anisotropy. In the following, we develop some
considerations on the link between entropy and anisotropy and we present an initial
idea for a way to measure anisotropy during simulations. Due to time limitations,
this idea was not pushed further yet. In particular we would need to check its validity,
and how it could affect, or bias, the thermodynamic ensemble. Also, the idea would
need to be integrated in a MD simulation package for initial testing and optimisation.
A link between entropy and anisotropy can be drawn and qualitatively stated as:

1
entropy o« ——— (3.67)
anisotropy

If we think of the transition from an anisotropic environment to an isotropic one
as resulting in a gain of new degrees of freedom, the link with entropy can be for-
mally stated using statistical mechanics. Indeed, following standard methods from
statistical mechanics [Tong, 2020], for a number N of indistinguishable free particles
with the associated Hamiltonian ‘H = %, the partition function for D¥ degrees of
freedom is given by:

Py

1 N 1
Z = W/HdDFXZ dDFpl ﬁexp 2m (368)
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where g = . This results in:

VN

By inserting this partition function in the formula for the entropy S = a% (kgTlog Z),
we obtain:

V.  DF
— kpN |log ——+ + — +1 .
S =kp [ogN/\DF—i- o+ ] (3.70)

where V is the volume of integration and A = 25::? is the De Broglie wavelength.

We can readily see on eq. |3.70| that for V = IP" with [ the length of the hypercube
enclosing the volume V', and a = (ﬁ)DF, we have %log(aDF/N> = %F and the
entropy increases with the number of degrees of freedom DF.

Another way to see how anisotropy is linked to entropy is to introduce a potential
term U(r) in the Hamiltonian. We make use of the Mayer f function given by

f(r) = exp7PU(") —1, and the partition function reads:

7 = Ziea (1 + ;‘V/ / drf(r))N (3.71)

where Z;geq refers to the partition function corresponding to the free particle (eq
3.69). The entropy is obtained as before:

S = Sldealthk:Blog(le/drf )+NkBTalog( /drf ) (3.72)

We use a hard-sphere potential applied in one dimension, which would correspond
to a particle for which the distance to the plane is restricted by the potential:

if <
Uy =14 L= (3.73)
—Up(ro/r)° ifr >rg

In this case, the particle is free to move in the two dimensions parallel to the plane,
but not along the normal to the plane, thereby resulting in a strong anisotropy
in the potential and a degree of freedom that is lost. We consider 76 = (r-n)® =
(|7 ||| cos(8))® in three dimensions with n being the unit vector normal the the
plane. The integration over ¢ and € in spherical coordinates simply yields a factor of
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3.1. a-SYNUCLEIN AND HYDRATION WATER DYNAMICS

%”, which is neglected below. We thus obtain [drf(r) = (M — 1). Hence, using

5
C=1+ %ro (B—g“ — ), the entropy reads:

N27"()UQ

S = Sideal + NkB log C - WTC

(3.74)

For a high number of particles, that is N ~ 10% for one mole, the third term with
N? completely dominates the second and implies a strong reduction of the entropy
as expected.

The entropy cannot be directly computed during the simulation. However, the po-
tential energy is computed very often. We propose to compute the anisotropy of the
potential energy U®)(r) of the k" atom using the tensor:

0 0
T® — Z 2 k) .
§ = 5500 (3.75)

Taking only the principal axes, we have A®) = LT -(k)éij. This quantity can be used

34 ij
with a gradient descent method, where a force F' = —%f((:)) (where (¥ is the position
of the k' atom) would be applied frequently during the simulation to drive the

system toward a lower anisotropy, and thus to a maximum entropy state.
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3.2. THE INTERNAL DYNAMICS OF vS-CRYSTALLIN IS DECREASED IN
THE G18V MUTANT

3.2 The internal dynamics of yS-crystallin is de-
creased in the G18V mutant

Some proteins can be highly stable, even at very high concentration. That is the
case of tau, lysozyme [Hankiewicz and Swierczek, 1974] and protein of the crystallin
family [Vendra et al., 2016]. Yet, the three of them are found to be able to form
amyloid fibrils in-vivo and are related to neuropathic - for tau - and non-neuropathic
diseases. In particular, crystallin proteins are involved in cataract, for which sev-
eral genes in the CRYG cluster were found to be often associated with the disease
[Héon et al., 1999]. Similarly to other amyloid disorders, various types of aggregates
can be found, resulting in different types of cataract. How such a stable system can
undergo fibrillation remains unclear.

Protein of the crystallin family are divided in two broad classes, a and (7, found in
very high concentration in the eye lens, usually several hundreds of milligrams per
milliliters. They provide the transparency and refractive index of the lens. Among
the different crystallins, the ~-crystallins are attracting particular attention. They
are small - 21 kDa - proteins, with at least six variants, each expressed at particu-
lar stage during life [Vendra et al., 2016]. Structurally, they are characterized by a
Greek key motif, that results in a compact, globular shape. The 7-crystallins seem
to be weakly interacting with each other or with the solvent. Their equilibrium
as a monodisperse solution is highly sensitive to changes in concentration and the
type of short-range interactions that occur between proteins. Indeed, a and vyB-
crystallins show a very different short-time self-diffusion dependence on the volume
fraction [Bucciarelli et al., 2016]. The former behave like hard spheres, while the
latter are better described by anisotropic, patchy attractions between proteins that
make the short-time self-diffusion to decrease faster with the volume fraction and
lead to a glass-like state and possibly to aggregation. In addition, a liquid-liquid
phase separation can occur and lead to cataract [Cinar et al., 2019]. The transition
to a homogeneous solution to phase separated droplets of y-crystallin is very sensi-
tive on temperature, pressure and on the presence of solutes.

Interestingly, the nature of the protein surface can strongly influence the liquid-liquid
phase separation [Cinar et al., 2019], the aggregation kinetics, and even determine
the type of aggregates that are formed [Roskamp et al., 2017]. Indeed, wild-type
~vD-crystallin shows an increased turbidity after 2 days incubation at pH 7 and pH 2
and 55°C [Wu et al., 2014]. However, the amyloid signal from the ThT fluorescence
is observed only for species formed at pH 2.0. A similar observation can be made
with the cataract associated P23T D-crystallin mutant [Boatz et al., 2017, where
molecules in aggregates formed at physiological pH retain their native conformation.
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Hence, the charges present on the protein surface can affect the aggregation pathway.
In addition, it was also demonstrated [Huang et al., 2016| that wild-type yS-crystallin
is able to retain a robust hydration shell, with local water dynamics that barely dif-
fers in a protein-concentration range from 5 to 500 mg/mL. On the contrary, the
aggregation-prone G18V mutant, which has a bigger hydrophobic surface exposed
to the solvent than wild-type yS-crystallin [Khago et al., 2016],shows a much more
fragile shell, as the protein dehydrates quickly with concentration change, or en-
vironment perturbations [Huang et al., 2016]. The amino acid composition of the
protein can thus strongly influence the hydration shell and can affect the aggrega-
tion propensity as well as the aggregation pathway [?].

In the beginning of my PhD thesis, a collaboration with Rachel Martin’s group (UC
Irvine, USA) started, aiming at studying, where our role is to provide information
on the ensemble-averaged dynamics of «S-crystallin and its hydration water. To
this end, we used incoherent neutron scattering spectroscopy on hydrated protein
powders, thus complementing the results on the structure and the local dynamics
obtained earlier in Rachel Martin’s group by NMR [Huang et al., 2016][?]. The in-
coherent neutron scattering allows to probe the ensemble-averaged ps-ns dynamics
of biological samples. The method is mostly sensitive to hydrogen atoms, allowing
to measure specifically protein dynamics when a hydrogenated protein is hydrated
with D,O. Moreover, the use of hydrated protein powders permits to suppress the
center-of-mass diffusion and thus provides access to the protein internal dynamics.
Conversely, when a deuterated protein powder is hydrated with HoO, the dynamics
of the hydration water can be studied.

We aimed at complementing the data obtained by Rachel Martin’s group by in-
formation on the ensemble averaged dynamics of yS-crystallin wild-type and G18V
mutant to better understand the effect of the amino acid substitution on protein
internal and hydration water dynamics. Unfortunately, unforeseen shutdowns of the
neutron scattering facilities at the ILL and he MLZ caused important delays in our
allocated beamtime. Hence, only a subset of samples were measured thus far. More
specifically, we could measure the elastic neutron scattering signal for temperatures
ranging from 20 to 300 K for two hydrogenated wild-type yS-crystallin incubated at
pH 7 and pH 2 for 48 hours (WT-pH7 and WT-pH2, respectively), and two G18V
vS-crystallin samples incubated at pH 7 and pH 2 for 48 hours (G18V-pH7 and
G18V-pH2, respectively). Only the WT-pH7 sample is free of aggregated species,
the WT-pH2 and G18V-pH2 samples contain amyloid aggregates and the G18V-pH7
sample contains non-amyloid aggregates [?].

By analyzing dependence of the elastic signal on the momentum transfer q, we ob-
served similar protein internal dynamics for the two wild-type samples, namely the

97



3.2. THE INTERNAL DYNAMICS OF vS-CRYSTALLIN IS DECREASED IN
THE G18V MUTANT

monomeric WT-pH7 and the aggregated WT-pH2. Also, the two G18V mutant
samples, the amyloid G18V-pH7 and the non-amyloid G18V-pH2, present similar dy-
namics. However, the wild-type presents increased dynamics compared to the G18V
mutant above 250K. Our results suggest that the internal dynamics of yS-crystallin
depends essentially on the amino acid composition and weakly on the aggregation
state.

3.2.1 Results and Discussion

The dependence of the elastic neutron scattering (ENS) signal on the momentum
transfer q provides access to the mean-squared displacement (MSD) of the hydrogen
atoms in the sample. The MSD at each temperature was extracted by fitting the
ENS dependence on q using the Gaussian approximation [Yi et al., 2012] as described
in Methods. The WT-pH7 and WT-pH2 samples show identical MSDs from 20
to 300 K (Figure [3.7). Similarly, the G18V-pH2 and G18V-pH7 samples do not
differ significantly. However, the WT-pH2 and WT-pH7 samples present significantly
higher MSDs after 250 K than the G18V-pH2 and G18V-pH7 samples. The G18V-
pH2 and G18V-pH7 samples appear less hydrated than the WT-pH2 and WT-pH7
samples as the protein dynamical transition (PDT) at 230 K [Doster et al., 2010] is
barely visible. It suggests that the substitution of a single amino acid is sufficient
to dramatically affect the MSDs that reflects backbone and side-chain motions and
hydration of the protein in the time-scale probed in this study. The interpretation of
the result as arising from a decreased hydration of the protein in the G18V mutant
corroborates previous results by Rachel Martin’s group showing that the hydration
shell of the G18V mutant is less stable than for the wild-type [Huang et al., 2016].
To confirm that the protein MSDs depends more importantly on the amino
acid composition than on the protein aggregation state, we compared the MSDs
of several proteins in monomeric and aggregated form, namely tau, a-synuclein,
~vS-crystallin wild-type and yS-crystallin G18V. The elastic neutron scattering data
of tau monomer and fiber were obtained from previous work [Gallat et al., 2012b]
[Fichou et al., 2015b], and the data on a-synuclein monomer and fiber were obtained
from the article 1 in this thesis. By summing the elastic signal over all momentum
transfer values q, it can be readily observed that the elastic signal decreases differ-
ently for each protein, but the differences between the monomeric and aggregated
forms are systematically much smaller than the differences between the proteins.
(Figure . All these elastic data were reprocessed using the Gaussian approxima-
tion within the same momentum transfer range 0.3 < q < 1 A~'. The protein tau
has the highest MSDs with a value of around 2.1 A? at 300 K for both the monomeric
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Figure 3.7: yS-crystallin dynamics depends on primary sequence
The ENS data were fitted in the Gaussian approximation using the momentum trans-
fer range 0.35 < q < 1.12 A~" at each temperature. The obtained MSDs are plotted

against temperature for WT-pH7 (blue circles), WT-pH2 (orange squares), G18V-
pHT7 (green triangles) and G18V-pH2 (red triangles).

99



3.2. THE INTERNAL DYNAMICS OF vS-CRYSTALLIN IS DECREASED IN
THE G18V MUTANT

1.0 —— WT-pH7
---- WT-pH2

0.9 201 ---- G18V-pH7
. —— a-synuclein monomer
g -~ a-synuclein fiber
v 08 f-/
£ 1.51 —— tau monomer {
o —
] Y ---- tau fiber i
£ 07 a J
w )
o = 1.0
[
£ 06
(=]
iy

0.5
0.5
\\
0.4 0.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature [K] Temperature [K]

Figure 3.8: MSDs of tau fibers and monomers, a-synuclein fibers and monomers,
~vS-crystallin wild-type monomers and aggregates and G18V amyloid aggregates.
The ENS data of tau monomer and fiber (obtained from previous work
[Gallat et al., 2012b] [Fichou et al., 2015b]), a-synuclein monomer and fiber (ob-
tained from article 1 in this thesis), WT-pH2, WT-pH7 and G18V-pH7 samples
were summed over all momentum transfer q and normalized to the first 8 points
starting from the lowest temperature (left panel). The ENS data were fitted using
the Gaussian approximation in the range 0.3 < q < 1 A~! and the obtained MSDs
were plotted against temperature (right panel).

and the fibril forms. The a-synuclein shows a MSD of 1.75 A~ at 300 K for both
monomer and fiber, the WT-pH2 and WT-pH7 has a MSD of around 1.25 A~' at
300 K and the G18V-pH7 sample of 0.75 A1

These results have an important implication, which is that the protein energy land-
scape depends weakly on the changes in protein aggregation or folding state - in
the ps-ns time scale. However, a different result was obtained with the concanav-
ilin A, for which the aggregation state affects the protein-internal dynamics in a
significant manner [Schir6 et al., 2012]. A more thorough study is needed to bet-
ter understand how the amino acid composition affects the protein dynamics and
the aggregation propensity. In particular, dimensionality reduction algorithms such
as principal component analysis [Andersson et al., 2017] or support vector machine
could be used with information on the protein charge, dynamics, hydrophobicity,
disorder, aggregation propensity and any other parameter that can be computed to
determine how these parameters correlate with each other.
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Importantly, the effect of point mutations on the aggregation propensity and dynam-
ics is of major importance, as the recent progress in adeno-associated virus (AAV)
based genetic therapies [Kuranda and Mingozzi, 2017 bears the great promise to al-
low to rescue a disorder by inserting a new gene in specific cells. Hence, the insertion
of well-selected single point mutations in the yS-crystallin sequence might help in
significantly improving the stability of the protein in-vivo and prevent the cataract
or other related diseases.

3.2.2 Methods

Protein production and purification. All the proteins used in this work were pro-
vided by our collaborator Rachel Martin from the University of California, Irvine (see
[Khago et al., 2016]). The proteins were received already purified and lyophilized,
ready to use for the neutron experiment.

Neutron scattering experiment and data analysis. The ENS data on tau
monomers were obtained from a previous study [Gallat et al., 2012b] as well as the
data on tau fibers [Fichou et al., 2015b]. The ENS data on a-synuclein are the same
as for the article 1 in this thesis. The data for WT-pH2, WT-pH7, G18V-pH2,
and G18V-pH7 samples were recorded on the SPHERES backscattering spectrom-
eter [Wuttke et al., 2012] operated by JCNS at the Heinz Meier-Leibnitz Zentrum
(MLZ) in Garching, Germany (proposal number 13777, from the 18" to the 24"
September 2018). A mechanical Doppler drive was used to set the incident energy,
and a phase space transformation (PST) chopper was employed to optimize the
neutron flux at the sample position [Kirstein et al., 2000]. Freeze-dried protein pow-
ders were incubated for 24h with P,O5 in a desiccator to completely remove water
[Dolman et al., 1997]. The dry powders were then weighed and re-hydrated by vapor-
exchange with pure DO to reach a hydration level h=0.44 (g D,O/g dry protein).
Hydrated protein powders were then sealed in flat 4x3 ¢cm? aluminum sample holders
using 1 mm indium wire. Samples were weighed before and after the experiment to
assure the hydration remained constant throughout the neutron experiment. The
aluminum cells were mounted in a cryofurnace at room temperature and the temper-
ature was subsequently lowered to 10 K in approximately 2 hours. For each sample,
the elastic peak - Doppler drive stopped - was recorded during a 24 h temperature
ramp from 10 to 300 K (0.2 K/min). Between each data point, the temperature
was increased by 0.05 K. The raw data were pre-processed using the SLAW software
available on facility computers (http://apps.jens.fz-juelich.de/slaw). All the data on
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tau and a-synuclein were reprocessed and the determination of the mean-squared
displacements was performed using of standard a Gaussian model [Yi et al., 2012]
fitted with the curve_fit routine from Python Scipy library.
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3.3. ZINC AFFECTS INSULIN DYNAMICS AND AGGREGATION

3.3 Zinc affects insulin dynamics and aggregation

Insulin is a small proteic hormone involved generally in anabolism, and specifi-

cally in glucose homeostasis in the organism [Sonksen and Sonksen, 2000]. The pro-
tein is produced by f cells in pancreatic islets. Initially, a prepropeptide is translated,
which will be subsequently cleaved - first in endoplasmic reticulum and then in the
Golgi transport system - to form mature insulin, with 51 amino acids, ready to be
released in blood vessels to regulate glucose concentration.
Insulin is mainly known for its essential role to treat diabetes. Initially, the only
source of insulin were animals, but this resulted in poorly purified samples. The vast
majority of insulin produced today is recombinant, and expressed in yeast. Injection
of insulin lead to decreased release of sugar in the blood and thus, helps the organism
in maintaining a stable and healthy level of glucose in the blood. An important con-
cern for the pharmaceutical industry is the protein stability, as it affects the storage,
the delivery (methodology for the injection) and the duration of action in patients.
Moreover, amyloid deposits were found at local injection site in diabetes patients
[Swift et al., 2002] [Shikama et al., 2010]. The protein was found to be able to
form amyloid fibrils and super-aggregates, known as particulates - spherical par-
ticles in the pum range - and spherulites - spherical particles up to hundreds of
pm in diameter [Vetri and Fodera, 2015]. It is intriguing to see that type II dia-
betes is often associated with neurodegenerative disorders. Especially, it seems to
play a significant role in Alzheimer ’s [Biessels and Kappelle, 2005] and Parkinson’s
[Aviles-Olmos et al., 2013] [Hogg et al., 2018] diseases. How insulin is involved is not
clear yet, such as the form - native or aggregated - that can impair cellular functions
and favor neurodegenerative disorders.

To better understand the insulin aggregation, and the factors influencing the final
morphology - that is, either fibril, particulates or spherulites - we initiated, in col-
laboration with Vito Fodera at University of Copenhagen, the study of this amyloid
system. To this purpose, we firstly worked on the conditions influencing the aggre-
gation pathway.

It is important to mention that heterogeneity exists also for the insulin aggregation,
even in the same tube where both fibrils and spherulites can be formed at the same
time [Foderd and Donald, 2010]. In consequence, we investigated the influence of
various parameters such as protein and salt concentration, pH or shaking on the
aggregation process. This was further motivated by the need to isolate these dif-
ferent forms. It appeared that pH and salt concentration play a huge role in the
process, but both fibrils and spherulites were always formed at the same time. Only
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shaking allowed us to completely prevent the formation of the latter species. Con-
cerning spherulites, their size make it easy to isolate them by simple centrifugation.
Subsequent measurement of the neutron scattering signal from our samples showed
an unexpected result. Indeed, the native insulin exhibits a standard mean-squared
displacement (MSD), with a well defined protein dynamical transition around 220 K.
However, both fibrils and spherulites show very linear MSDs, without any detectable
transition, a behavior that is usually seen with dry proteins. This effect could be
attributed to real dynamical suppression upon aggregation, but we did not take into
account all factors that can affect the dynamics.

Indeed, insulin is intimately linked to zinc. The metal is essential in several biological
aspects of the protein, including its release and stabilization [Li, 2014]. Moreover,
metal ions in general are known to play major role in biology, but also in protein
aggregation where the role of calcium in a-synuclein fibrillation has been investigated
[Lautenschlager et al., 2018]. Hence, we produced new samples, for which zinc con-
tent and interaction was characterized by proton induced X-Ray emission (PIXE)
in collaboration with Elspeth Garman in Oxford and X-Ray absorption fluorescence
spectroscopy (XAFS) in collaboration with Alessandro Longo at the ESRF, respec-
tively. Five samples were produced in total, namely the native insulin, containing
zinc, a 'washed’ insulin for which the powder was simply suspended in pure D50,
centrifuged and re-suspended several times. Also, an EDTA-treated sample was pro-
duced, for which we expect no zinc leftover, and that was washed as well to remove
EDTA. And finally, the two aggregated samples, fibrils and spherulites that were
washed the same way the native 'washed’, and EDTA-treated samples was.

Using PIXE, we found that zinc was completely removed from EDTA-treated, and
aggregated samples. However, the washed sample showed a slightly lower amount
of zinc than native insulin, indicating it is loosely bound to it, and can be partly
removed in pure DyO. Moreover, the XAFS measurements showed that zinc can
still interact with native insulin, even at pH 2, while this interaction is completely
lost in aggregated samples. Together with the neutron backscattering result, where
the protein dynamical transition is visible only for native and washed insulin, this
suggests that zinc contributes to hydrate the highly hydrophobic protein by bringing
water from its solvation shell with it. This effect probably contributes significantly
to insulin function as well.

In addition, if removal of zinc with EDTA does not affect the secondary structure,
as shown by circular dichroism, it does increase the hydration radius, as verified by
dynamic light scattering, which can be interpreted as an increase of the insulin ag-
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gregation propensity. Indeed, using thioflavin T (ThT) fluorescence, we could show
that insulin aggregates in a two-sigmoidal way, where a first onset on fluorescence in-
crease corresponds to fibril formation, which is barely sensitive to zinc concentration.
While a second onset, highly sensitive to zinc, seems to correspond to spherulites for-
mation. Whether spherulites are formed from fibrils directly or by another pathway
is not clear yet, but zinc might play an important role in preventing it, either by
facilitating protein solvation or by screening electrostatic interactions that make in-
sulin to aggregate into spherulites. These results constitute the following paper that
was submitted to Biophysical Journal.

105



3.3. ZINC AFFECTS INSULIN DYNAMICS AND AGGREGATION

Article 2

Zinc determines dynamical properties and
aggregation kinetics of human insulin
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Abstract

Protein aggregation is a widespread process leading to deleterious consequences in the
organism, with amyloid aggregates being important not only in biology but also for drug
design and biomaterial production. Insulin is a protein largely used in diabetes treatment and
its amyloid aggregation is at the basis of the so-called insulin-derived amyloidosis. Here we
uncover the major role of zinc in both insulin dynamics and aggregation kinetics at low pH,
where the formation of different amyloid superstructures (fibrils and spherulites) can be
thermally induced. Amyloid aggregation is accompanied by zinc release and the suppression
of water-sustained insulin dynamics, as shown by particle-induced X-ray emission and X-ray
absorption spectroscopy and by neutron spectroscopy, respectively. Our study shows that zinc
binding stabilizes the native form of insulin by facilitating hydration of this hydrophobic
protein and suggests that introducing new binding sites for zinc can improve insulin stability
and tune its aggregation propensity.

Statement of Significance

Localized amyloidosis has been found near insulin injection sites for diabetes treatment, that
leads to deleterious repeated inflammations known as the insulin-derived amyloidosis.
Neutron scattering, particle-induced X-ray emission, X-ray absorption spectroscopy, and
fluorescence spectroscopy are used here to study human insulin aggregation and reveal that
zinc, coordinated to insulin in the native form, is released upon amyloid aggregation, when
insulin forms different superstructures known as fibrils and spherulites. Zinc release leads to a
full suppression of functionally essential internal protein dynamics through a profound
modification of the protein’s hydration properties. Furthermore, zinc removal completely
modifies insulin amyloid kinetics. The results suggest that changes in protein hydration upon
zinc binding/release contribute to modify both stability and dynamics of insulin. Changes in
metal-modulated protein hydration might then be a general strategy to control protein stability
and tune protein aggregation into amorphous and ordered superstructures. Protein
superstructures are also promising candidates in the field of biomaterials: our findings on the
control of kinetics and stability by means of zinc addition/removal helps defining chemical
conditions for tailoring insulin superstructure properties.
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Introduction

In vitro under destabilizing conditions, a large number of proteins aggregate and form specific
ordered superstructures (1). These can be amyloid fibrils, characterized by a typical cross-beta
pattern (2, 3) or larger, micrometric assemblies of amyloid nature, like spherulites (4, 5). The
variety of amyloid species poses a challenge for pharmaceutical drug development, where
protein-based products have to be optimized while controlling and characterizing any
by-product particles. Indeed, due to the simultaneous occurrence of different species,
identifying and isolating each individual species is a highly demanding task, still remaining a
conditio sine qua non for the quality control of the final product (6). On the other hand,
having access to a number of markedly different protein self-assembled species offers a
unique opportunity for the development of a rational platform for the design of bio-inspired
materials for applications ranging from bio-sensing and tissue engineering to drug delivery
(7). Finally yet importantly, a large-scale morphological variability of aggregates is also
observed in the context of amyloid-related pathologies. This variability potentially determines
different etiological subtypes of diseases (8—10), making it even more challenging to
univocally establish a connection between aggregate structure/morphology and the
onset/progression of the diseases. In all the above fields, it is then crucial to disentangle the
concurring aggregation pathways and isolate the different species. Indeed, identifying the
different aggregates would allow the mechanisms of formation of the different species to be
mapped, as well as unraveling how the structure-function-dynamics relationship is perturbed
by amyloid formation for each of the different aggregation states.

Insulin, a 5.7 kDa hormone consisting of two mainly alpha-helical chains (A and B) linked by
disulfide bonds, can form amyloid fibrils (11, 12) and spherulites (13). The two types of
aggregate coexist at low pH when human insulin samples are thermally destabilized (14, 15).
Subcutaneous insulin injections are largely used during insulin therapy for diabetic patients.
Near injection sites, localized amyloidosis has been found that can lead to deleterious
repeated inflammations, known as the insulin-derived amyloidosis (IDA) (16—19) or also
“insulin ball” (20) or amyloidoma (21). The number of IDA reported cases has increased
significantly in the last years (22). When IDA occurs, it leads to poor glycemic control and
also to catheter occlusion in the case of continuous infusion. Recent in vitro studies on the
stability of insulin formulations used to treat type 1 diabetes have shown that amyloid
formation occurs either at neutral pH or below the insulin isoelectric point (pH < 5.2) (23).
An alternative way recently explored for insulin delivery to diabetic patients is the
administration by the oral route, that could potentially overcome the drawbacks of insulin
injection reducing the number of injections needed and the risk of side effects (24). However,
when administered orally, insulin first arrives at the stomach, where pH is between 1.2 and
3.0, which is the range where, in vitro, insulin forms both amyloid fibrils (11) and spherulites
(13). It is also known that diabetes is commonly associated with neurodegenerative diseases
(25) and insulin signaling impairment - for which insulin aggregation might play a role - was
shown to promote neurodegeneration (26, 27). Furthermore, insulin stability is a major
concern in the pharmaceutical industry for production and storage (8—10). As a consequence,
understanding the key factors involved in insulin self-assembly is highly desired for the
optimization of downstream product processing, as well as for a more exhaustive mapping of
the multiplicity of different structures occurring in its aggregation reaction. The insulin
aggregation pathway starts from a mixture of oligomeric forms. The oligomerization state
depends on the solution conditions, with mainly a dimer-monomer mixture occurring at low
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pH (28) and a hexamer species at higher pH. However, insulin amyloid species can be formed
independent of the details of the early oligomerization process (29) and such aggregates are
Thioflavin T (ThT)-positive, indicating the presence of a cross-beta fibrillar structure as is
found for toxic amyloid proteins such as tau or a-synuclein (2, 3). Several factors are reported
to affect the aggregation process of insulin. Approaches involving sedimentation kinetics
measurements (30), optical microscopy imaging (14), and small angle X-ray scattering (31)
have revealed the role of both insulin and salt concentration and of pH in the aggregation
process. In the context of amyloid diseases, the pathological impact of metal ions in the
alteration of amyloidogenesis is now accepted (32). In the specific case of insulin, zinc ions
(Zn**) are essential components for protein expression and activity (33). It has been shown
that Zn** slows down fibrillation of monomeric insulin at physiological pH: this result has
been used to propose that Zn** co-secreted from pancreatic B-cells protects the organism from
the formation of non-native insulin oligomers and aggregates (34). However, Zn** has been
found to be coordinated in both functional and aggregated bovine insulin at physiological pH
(39).

More generally, the significant influence of metal ions on aggregation kinetics, pathway, and
aggregate morphology has been reported for several amyloid systems (36—38). As a matter of
example, zinc and copper ions increase the stability of AP oligomers and reduce the stability
of AP fibrils, the effect on fibrils being specific to the type of ion (39). Ions can also
dramatically affect the balance between the numbers of native multimers and monomers (40),
which are prone to form amyloid-like fibrils in systems containing GAPR-1 and heparin (41).
Notwithstanding pronounced metal ion-related effects are clearly detected in other
amyloid-forming systems (37, 42—46), the mechanism at play remains elusive. Metal
coordination at the level of single protein molecules certainly changes the overall charge,
protein structure and/or hydration, eventually influencing the dynamics of the single protein
molecule (47, 48). How these changes modify the physico-chemical properties of protein
aggregates, however, remains unclear.

Recently, several pieces of evidence have been reported on the relationship between amyloid
aggregation and the dynamical properties of aggregating proteins. Measurements of
intramolecular reconfiguration dynamics in different pathological amyloid proteins suggested
a direct correlation between internal dynamics and aggregation propensity and kinetics (49,
50). Neutron scattering results obtained on different proteins showed that upon amyloid
aggregation either the protein (51) or its hydration water (52) can show an increased mobility
at temperatures above the so-called dynamical transition (53).

Here, we used neutron scattering to characterize the dynamics of human insulin in its native
state and in both its fibril and spherulite amyloid forms. In order to characterize the internal
dynamics of both fibrils and spherulites, we first screened and selected the conditions for
isolating samples containing either predominantly fibrils or predominantly spherulites.
Neutron scattering revealed a complete suppression of functionally relevant internal protein
dynamics in both insulin fibrils and spherulites. An analysis based on microbeam Particle
Induced X-ray Emission (WPIXE) and X-ray absorption spectroscopy (XAS), combined with a
protein conformational characterization, unexpectedly revealed that the protein rigidification
is due to the release, upon amyloid aggregation, of the Zn®" coordinated to insulin in the
native state (33). A crucial role of Zn** in determining insulin aggregation kinetics was then
unveiled by fluorescence spectroscopy.
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Materials and Methods

Sample preparation: native and EDTA treated insulin. Crystalline powder of human
insulin was obtained from Novo Nordisk and stored at -20°C before use. In order to dissolve
crystals to obtain monomeric samples, the powder was dissolved by adding 5 pl of HCI to a
suspension in H,O until the solution was clear. After flash-cooling in liquid nitrogen and
freeze-drying, electron microscopy and X-ray powder diffraction experiments were used to
check for the presence of any crystals — protein or salt — and for aggregates. For the washed
and EDTA treated samples, the freeze-dried solutions were dissolved with and without
EDTA, respectively. The pH was then set to the insulin isoelectric point (pI = 5.2) to perform
washing steps using several cycles of centrifugation at 18000 rpm for 20 minutes and
resuspension in pure D,O. Finally, flash-cooling and freeze-drying were performed prior to
D,O hydration for the neutron experiments.

Sample preparation: insulin fibrils and spherulites. The conditions for preparing pure
fibril and pure spherulite samples are described in the main text, as they were obtained and
optimized in the present work. Prior to neutron experiments, fibrils and spherulites were
washed using several cycles of centrifugation at 18000 rpm for 20 minutes and resuspension
in pure D,0O to remove any salt and contaminants. They were then flash-cooled and
freeze-dried as for the monomeric samples.

Incoherent elastic neutron scattering. All data were recorded on the SPHERES
backscattering spectrometer (proposal P14013, 14-20™ June, 2018) (54, 55) operated by JCNS
at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany . Freeze-dried insulin
powders were incubated with P,O; for 24 hours in a desiccator to further remove water. In the
case of lysozyme, such a procedure resulted in a residual presence of four waters per protein
molecule. The insulin powders were then weighed and re-hydrated by vapor-exchange with
pure D,O to reach a hydration level h = 0.44 D,O/protein w/w. Hydrated protein powders
were then sealed in aluminum flat neutron cells (sample thickness=0.3 mm) using 1 mm
indium wire from Alfa Aesar. Samples were weighed before and after the neutron experiment
to verify that they were correctly sealed and no water was lost. The cell was mounted in a
cryostat at room temperature, and the temperature was subsequently lowered to 10 K within
approximately 2 hrs. The elastic scattering signal was recorded at an energy resolution of 0.66
ueV (FWHM), employing Si(111) monochromator and analyzer crystals in exact
backscattering geometry (for large scattering angles), corresponding to an incident
wavelength of A = 6.27 A. The elastic signal was recorded while continuously increasing the
sample temperature from 10 to 300 K at a rate of 0.2 K/min and binned together to 0.05 K
steps. Raw data were pre-processed - i.e. normalized to the detector efficiency and to the
incident beam intensity recorded by a so-called monitor device - using the SLAW software
available on facility computers (http://apps.jcns.fz-juelich.de/slaw). With the elastic signal
arising mainly from the incoherent scattering of the hydrogen atoms, the mean square
displacements (MSD) of hydrogen atoms can be obtained using the well established Gaussian
approximation (56, 57). We performed this analysis using custom-made python scripts
(http://github.com/kpounot/nPDyn), with the Gaussian approximation verified for the
momentum transfer (q = 4nh"'sin(0/2), with 0 being the scattering angle) range 0.6-1.2 A"
Using higher terms in cumulant expansion leading to a corrected Gaussian model (57) or
using a gamma distribution based model (58) gave similar results but with higher numerical
instability during the fitting procedure.

Neutron diffraction. Data was recorded on the D16 instrument at the ILL in Grenoble,
France. The same samples within the sealed aluminum cells as used for measuring the
incoherent elastic neutron scattering were mounted in an Orange cryostat to measure the data
at two temperatures, 300 K and 200 K. The diffracted beam was measured over an angular
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range 12 - 112.5° which corresponds to a g-range 0.05 - 2.5 A~'. Neutron data were corrected
for the empty cell scattering, the ambient room background and the nonuniform detector
response. The transmission and the thickness of the sample were also taken into account. The
2D scattering intensities were normalized in absolute units with a standard calibration and
radially integrated to obtain 1D diffraction patterns.

Microbeam Particle Induced X-ray Emission (uPIXE). Zinc stoichiometries in the
different insulin samples were measured using UPIXE analysis in combination with
simultaneous Rutherford backscattering analysis (RBS) to allow correction for sample matrix
effects (59, 60). For uPIXE measurements of proteins, sulfur acts as an internal standard. The
measurements were carried out at the Ion Beam Centre, University of Surrey, UK (61). A 2.5
MeV proton beam of 1.5 pm in diameter was used to induce characteristic X-ray emission
from dried insulin sample droplets (volume per droplet ~0.1 ul) under vacuum. The X-rays
were detected using a solid state lithium drifted silicon detector and backscattered protons
were detected using a silicon particle detector. By scanning the proton beam in x and y over
the dried sample, spatial maps were obtained of all elements heavier than magnesium present
in the sample. Quantitative information was obtained by collecting 3 or 4 point spectra from
each droplet. PIXE spectra were analyzed with GUPIX (62) using the matrix composition
derived from the simultaneous RBS spectrum. Data processing is carried out using the data
acquisition software OMDAQ-3 (Oxford Microbeams Ltd, UK) to extract the relative amount
of each element in the sample.

X-ray absorption spectroscopy.

Data collection. X-ray absorption spectra were collected at the zinc K-edge (9660.75 eV) on
the EXAFS station (BM26A) of the Dutch-Belgian beamline (DUBBLE) (63) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The energy of the X-ray beam
was tuned by a double-crystal monochromator operating in fixed-exit mode using a Si(111)
crystal pair. Three different samples were put in separate glass capillaries and measured in
fluorescence mode at ambient temperature and pressure: i) a zinc solution prepared by
dissolving 4 mg of ZnSO, in 10 ml of 0.25 M NaCl solution at pH 1.8, i1) a native insulin
solution prepared by dissolving 10 mg of lyophilized insulin powder (Novo Nordisk) in 1 ml
of 0.25 M NaCl solution at pH 1.8, and iii) the same solution as in ii) incubated at 60° C for
about 24 h to induce amyloid aggregation. The EXAFS spectra, three scans per sample with a
new solution for each scan, were energy-calibrated, averaged and further analyzed using
GNXAS (64, 65).

Data analysis. In the GNXAS approach, the local atomic arrangement around the absorbing
atom is decomposed into model atomic configurations containing 2, ..., n atoms. The
theoretical EXAFS signal y(k) is given by the sum of the n-body contributions v?, v°, ..., ¥",
which take into account all the possible single and multiple scattering (MS) paths between the
n atoms. The fitting of y(k) to the experimental EXAFS signal allows refinement of the
relevant structural parameters of the different coordination shells; the suitability of the model
is also evaluated by comparison of the experimental EXAFS signal Fourier transform (FT)
with the FT of the calculated y(k) function. The coordination numbers and the global fit
parameters that were allowed to vary during the fitting procedure were the distance R(A),
Debye-Waller factor (6%) and the angles of the ¥" contributions which were defined according
to atomic structural models constructed using the VMD software(66). Zinc was solvated
based on a published refined structure (67). For the model containing histidine, the residue
was positioned by replacing one coordinating water molecule with it. Weak distance
constraints were used, so that water and histidine could compete to coordinate the zinc atom.
Simulations were then performed using NAMD 2.13 (68) with the TIP3P model for water
(69) and the CHARMM36 force field (70). The Nose-Hoover-Langevin piston algorithm
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maintained a constant pressure (71, 72), and the stochastic velocity rescaling algorithm
controlled the temperature (73). Bonds with hydrogen atoms were constrained using the
SHAKE algorithm (74) with a force constant k set to 2, and the Verlet-I/r-RESPA
multiple-time step scheme (74—76) integrated the equations of motion, with time steps of 2 fs
for long-range nonbonded forces, and 1 fs for short-range and bonded forces. Electrostatic
interactions were computed using the smooth Particle Mesh-Ewald (PME) sum (77), with a
cutoff set to 10 A , a switching function starting at 8 A, and a pairlist distance of 14 A was
used. A snapshot of the simulation run was then used to extract coordinates that were
processed by GNXAS. According to the GNXAS approach, we used a single two body
configuration y* for the Zn-L (L=O or N) distance. In order to fit the higher shell
contributions two 0’ corresponding to the Zn-O-C and Zn-O-N three-body configurations,
were used (see inset in Figure 5c). Importantly, due to the high value of the vertex angle in the
Zn-0O-C and Zn-O-N configurations, which are connected to the aromatic ring present in the
histidine, the signals of theses shells are enhanced because of the multiple scattering effect,
which is considered in the analysis. For these shells, whose Zn-O distance is the first shell, the
only free parameter needed was the vertex angle 0.

Dynamic Light Scattering (DLS). DLS measurements were performed using a DynaPro
Nanostar (Wyatt Technology) detector in Wyatt cuvettes with 10 uL. of protein solution. Each
measurement consisted of 10 times five seconds of integration with auto-attenuation enabled.
Insulin was dissolved in 0.25 M NaCl, pH 1.8, H,O solution with or without EDTA, then
centrifuged at 16000 rpm for 30 minutes. Samples were measured three times and data were
analyzed using DYNAMICS software (Wyatt Technology).

Circular dichroism (CD). Insulin was dissolved in pure H,O by lowering the pH with
sulfuric acid to avoid chlorine for CD measurement. Stock insulin solution at 2 mg/mL was
filtered, then diluted to reach the desired concentration with or without the appropriate
amount of EDTA. Measurements were performed on a JASCO J-810 spectropolarimeter at 20
nm/s scanning speed with six accumulations.

X-ray powder diffraction. A fraction of the insulin-sample powders was used for X-ray
diffraction measurements. A small amount was sealed in a Mylar capillary and diffraction
patterns were recorded on beamline ID30B at the European Synchrotron Radiation Facility
(Grenoble, France) using the following parameters: 20 images with oscillation step of 1° and
0.5 s exposure time for each image (100 % transmission for 4x10'? ph/s at L = 0.98 A).
Aggregation Kinetics. Insulin was dissolved in 0.25 M NaCl, pH 1.8, H,O solution, with or
without EDTA, then filtered. 100 pL. were pipetted into wells of a 96-well plate and 2 pL of 1
mM Thioflavin T (ThT) was added to each. Each well was sealed using vacuum grease and a
glass slide to prevent any evaporation. One measurement was then performed every 5 min at
60°C for 24 h using 450 nm excitation light and a 490 nm detection filter for ThT. The
measurements were performed on a BioTek Synergy H4 plate-reader using the bottom
configuration and a manual gain of 75.

Electron microscopy. Samples were absorbed on the clean side of a carbon film, that was
then deposited on mica, stained with 2% (w/v) uranyl acetate (pH 4.5) and transferred to a
400-mesh copper grid. The images were acquired under low dose conditions (<10 e/A?) with
defocus values between 1.2 and 2.5 um on a Tecnai 12 LaB6 electron microscope at 120 kV
accelerating voltage using a Gatan Orius 1000 CCD camera.

Optical microscopy. For each sample observed, Thioflavin T was added to a final
concentration of 20 pM. Subsequently, 8 puL of the sample were deposited between a glass
slide and a cover slip. The samples were observed by an Olympus IX81 microscope equipped
with GFP filter cube set and differential interference contrast (DIC) and a sCMOS
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Hamamatsu Orca Flash4 camera. The control of the microscope and the image acquisition
were performed using the software Volocity.

Results

Screening and selection of homogeneous aggregated samples. The first step of the present
work was to screen and identify the experimental conditions for producing homogeneous
samples, 1.e. predominantly containing either fibrils or spherulites. This step was necessary to
probe any potential difference in protein dynamics depending on the specific aggregate
formed. The effect of salt, protein concentration, temperature (which has been shown to affect
spherulite size and concentration (14)) and mechanical perturbation on insulin amyloid
aggregation was investigated.

Effect of salt and protein concentration. Insulin was incubated for 24 h at 60° C in different
solutions with salt and protein concentration ranging from 0.1 to 0.5 M and from 0.5 mg/mL
up to 5 mg/mL, respectively. Whereas protein concentration has no relevant effect on the final
aggregate formation (i.e. both spherulites and fibrils were found at all the concentrations
explored), salt concentration strongly influences it: at high salt concentration ([ 0.5 mM),
neither spherulites nor fibrils were observed (Fig. S1 in the Supporting Material).

Effect of temperature. Insulin was then incubated for 24 h at either 50, 60 or 70° C and at salt
and protein concentrations of 0.25 M and 2 mg/ml, respectively. Amyloid aggregation in
quiescent conditions (i.e. without shaking) occurs only at or above 60° C (Fig. S2 in the
Supporting Material).

Effect of mechanical perturbation. Having defined the conditions for maximizing amyloid
aggregation in quiescent conditions, mechanical perturbation was used to select either fibrils
or spherulites. It was found that shaking the sample at 600 or 900 rpm during incubation
produces a sample in which a large majority of the initial native protein is converted into
elongated amyloid-like fibrils, even at 50° C. However, even though shaking allows the
suppression of spherulites formation, it has a noteworthy effect on the morphology of fibrils.
Electron microscopy revealed the presence of well-defined fibrils at 600 rpm and strongly
aggregated ThT-positive material at 900 rpm (Fig. S3 in the Supporting Material). A pure
spherulite sample could be obtained by heating the protein in 0.25 M NacCl solution at 60° C
or 70° C without shaking, and then including a post-production treatment based on a series of
vortexing/centrifugations/supernatant removal steps (see Methods for details). After this
treatment, no fibrils could be found in the samples (Fig. S4 in the Supporting Material).

The screening described above enabled us to define conditions for obtaining homogeneous
fibril and spherulite samples. Fibrils were produced by incubating at 50° C for 24 h a human
insulin solution at 5 mg/ml, pH 1.8, 0.25 mM NaCl under shaking at 600 rpm. Spherulites
were produced by incubating at 60° C for 24 h a human insulin solution at 5 mg/ml, pH 1.8,
0.25 mM NaCl in quiescent conditions and then isolated by the post-production treatment
mentioned above and described in Methods. Both fibril and spherulite samples were then
washed in pure D,O (see Methods for details) and subsequently freeze-dried. As expected, the
macroscopic morphology of both fibrils and spherulites appears slightly damaged after
freeze-drying, yet the main features of both fibrils and spherulites remain clearly visible
(Figure 1). Moreover, the presence of cross-§ structure is revealed in both amyloid samples by
X-ray powder diffraction, showing marked differences if compared with the alpha-helix rich
native state (Fig. S5 in the Supporting Material).
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Figure 1. Morphology of insulin amyloid aggregates. a Electron microscopy of freeze-dried
insulin fibrils. b Confocal microscopy of a freeze-dried insulin spherulite.

Protein dynamical transition is suppressed in insulin fibrils and spherulites. Incoherent
neutron scattering of native insulin and of insulin fibrils and spherulites was then employed to
measure the elastic incoherent signal as a function of temperature and the momentum transfer
q. The dependence of the elastic incoherent signal on g provides information on the average
motions of individual atoms in the system. From the g-dependence of incoherent elastic
scattering from a D,O-hydrated protein powder, one can obtain the ensemble-averaged
apparent mean square displacements (MSD) of protein hydrogen atoms, reflecting
sub-nanosecond signature of vibrations as well as backbone and side chain relaxation (56).
The scattering signal from hydrated insulin powders (hydration level h = 0.4 [D,O
mass]/[protein mass]) was acquired during a heating scan at 0.2 K/min from 10 to 300 K,
yielding MSDs as a function of temperature (Figure 2). Native insulin shows the typical
temperature dependent MSDs of hydrated proteins (53), with harmonic behaviour at
cryogenic temperature, a first anharmonic onset at ~100 K, attributed to methyl group
rotations entering the experimental window (78-80), and a second onset of water-sustained
(81, 82) anharmonic motions above ~240 K (the so-called protein dynamical transition (53)).
In both amyloid insulin species, i.e. fibrils and spherulites, the protein dynamical transition is
completely suppressed, as in a dry protein (78), proving that this property is independent of
the type of amyloid aggregates. Interestingly, the MSDs of native insulin treated with EDTA,
known to be a highly efficient zinc-chelating agent, display a similar temperature dependence
to that of aggregated samples and also lack the protein dynamical transition (Figure 2).
Intriguingly, the dynamical transition can be partially suppressed by successive washing steps
in pure D,O (Fig. S6 in the Supporting Material). As the formation of crystalline ice within
the sample might also lead to dewetting of the protein at sub-zero temperatures, and hence to
the observed dry-like MSD temperature dependence, we measured the neutron diffraction
signal of insulin fibrils and spherulites to determine if crystalline ice had formed at low
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temperature. As shown in Fig. S7 in the Supporting Material, no Bragg peaks of hexagonal
ice are present in the diffraction pattern of fibers at 200 K. A broad peak centered at ~1.65 A™!
and a peak at ~1.35 A"! indicate the presence of amorphous water and of amyloid cross-B
structure, respectively.
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Figure 2. Amyloid aggregation suppresses the protein dynamical transition of hydrated
insulin. Mean square displacements (MSD) measured as a function of temperature by elastic
incoherent neutron scattering on the backscattering spectrometer SPHERES (MLZ, Garching)
for native insulin (red triangles), amyloid fibrils (blue circles) and spherulites (orange squares)
and for insulin treated with EDTA (green triangles).

Zinc release affects the kinetics of insulin amyloid aggregation. As revealed by neutron
scattering, insulin amyloid species (both fibrils and spherulites) and EDTA-treated insulin
(where zinc is expected to be chelated by EDTA and no amyloid aggregation is induced as
shown by X-ray diffraction data in Fig. S5) are characterized by the same dynamical
behavior. This suggests that the presence/absence of zinc may affect the aggregation kinetics.
To verify this, we monitored insulin aggregation kinetics at 60° C as a function of EDTA
concentration. Thioflavin T (ThT, a probe whose fluorescence correlates with amyloid
formation (83)) fluorescence was used as a probe of aggregate formation. As shown in Figure
3, the kinetics in the absence of EDTA and without mechanical shaking is characterized by a
double sigmoidal curve as previously observed (84): a lag phase is followed by a first increase
of the fluorescence signal, then by a plateau prior to a second increase. Adding EDTA clearly
reduces the double-sigmoidal trend, which is essentially suppressed at high EDTA
concentration. As expected, optical and electron microscopy observations at different time
points along the aggregation kinetics showed that fibrils and spherulites are formed roughly at
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the same time, with more numerous and larger spherulites appearing in the presence of EDTA
(Figure 3). As shown above, shaking the insulin solution during incubation prevents
spherulite formation. The kinetics experiments were then repeated as for those shown in
Figure 3 but in the presence of mechanical shaking, which inhibits the formation of
spherulites, and results in pure fibril samples. The results are shown in Fig. S8 in the
Supporting Material and reveal that shaking suppresses the first plateau phase, while the
addition of EDTA in the presence of mechanical perturbation does not produce any relevant
effect. In addition, no spherulites were found with or without EDTA with mechanical shaking.
In order to explore any possible structural/conformational perturbation directly induced by
EDTA, we also verified that in the range of EDTA concentration used both the oligomeric
state and secondary structure of native insulin at room temperature are largely unaffected. In
fact, a dynamic light scattering (DLS) analysis of size distribution showed a monodisperse
signal for native insulin, with a single peak at a radius of approximately 2.8 nm (suggestive of
the presence of an insulin dimer), barely affected upon addition of EDTA up to a
concentration of 5 mM (Fig. S9 in the Supporting Material). Circular dichroism (CD) in the
200-260 nm spectral region indicated that insulin secondary structure content is unchanged
upon EDTA addition even at high protein:EDTA ratios (Fig. S10 in the Supporting Material).
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Figure 3. EDTA modifies insulin aggregation kinetics. a Insulin aggregation kinetics at 60°
C as probed by Thioflavin T fluorescence as a function of EDTA concentration. The color
shaded areas indicate the standard deviation for three independent aggregation processes. b
Transmission electron microscopy (fibrils) and fluorescence microscopy (spherulites, insets)
images acquired during the kinetics without EDTA (blue curve in a, blue contoured images in
b) and at 5 mM EDTA (light green in a, light green contoured images in b). Micrographs
were acquired after 2 h (left), 4 h (middle) and 6 h (right) of incubation at 60° C and showed
that fibrils and spherulites were formed roughly at the same time, with more numerous and
larger spherulites appearing in the presence of EDTA.
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Insulin releases zinc upon aggregation. In the light of the effect of EDTA on both insulin
dynamics and aggregation kinetics, our hypothesis is then that, upon aggregation, insulin
molecules release the zinc ions. To test this hypothesis, the presence of zinc in the different
samples was explored. pPPIXE (59, 60) analysis was first used to determine the zinc
concentration in the insulin samples investigated by neutron scattering. The results are shown
in Figure 4 and stoichiometric ratios are summarized in Tab. S1 in the Supporting Material.
UPIXE analysis revealed that native insulin contained 1.5 zinc atoms per insulin monomer,
while zinc was below the detection limit (<0.001 atoms of zinc/monomer) in both fibrils and
spherulites and, as expected, most of the zinc was removed in the EDTA-treated sample (0.02
zinc atoms per insulin monomer). However, the washed insulin sample still contains zinc with
a stoichiometry of 0.116 zinc atoms per insulin monomer.

To get insights into the zinc-insulin interaction in native and amyloid conditions in solution
we used XAS spectroscopy. XAS can be divided into X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS), with XANES
providing information on the oxidation state, geometry and electronic configuration of the
absorber atom. In contrast, EXAFS allows solving an atom's local environment in terms of the
number of neighboring atoms, their distance from the absorber atom and their disorder on a
short length scale. XAS experiments were performed at the zinc K-edge (9660.75 eV) on
both a native insulin solution and an insulin solution incubated at 60° C to induce the
formation of amyloid species (since in quiescent conditions both fibrils and spherulites are
always formed, as described above, this sample was named “aggregates”), and on a ZnSO,
water solution. The XANES spectra in Figure S11 in the Supporting Material do not show any
significant difference between the various samples, indicating that Zn*" ions are solvated in all
the samples. Figure 5 (panel a) shows k’-weighted EXAFS transmission spectra and their
k*>-weighted Fourier transforms (panel b) for the three samples. The experimental curves in
real space (Figure 5b) are comparable up to about 3 A, indicating that the first shell is very
similar in all three samples. At larger distances, the curve for native insulin shows small but
significant differences in the 3-5 A range compared with the other two samples (in particular
the peak at ~4.2 A present only in native insulin). Small but significant differences are also
evident in the reciprocal space (Figure 5a), namely a shoulder at 4 A" and a broadening of the
peak around 7.6 A" visible only in native insulin. Figure 5a shows fitted curves in terms of
structural models (see Methods). The structural models contain either only a solvated Zn**
ion, used to analyze data of both the ZnSO, and the amyloid insulin solution samples, or a
solvated Zn*" ion in the vicinity of a histidine residue (Figure 5¢), known to coordinate zinc in
insulin, used to analyze data of the native insulin solution. Both models were obtained from
constrained molecular dynamics simulations, based on refined geometrical parameters (85)
and used to extract coordinates that were processed by GNXAS, as described in the Methods.
Structural parameters obtained from this analysis are reported in Tab. S2 in the Supporting
Material. A good agreement was found between experimental and calculated curves (Figure
5a). The Fourier-transformed calculated curves also reproduced the peak positions of the
Fourier-transformed experimental data up to ~4.5 A, in particular the differences in the 3-5 A
range (Figure 5b). XAS results indicate that Zn*" is coordinated with a histidine residue in the
native insulin solution while it is released in solution upon amyloid formation.
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Figure 4. Insulin loses coordinated zinc upon amyloid aggregation. Proton Induced X-ray
Emission (PIXE) spectra (blue points) and fit to the characteristic peaks (red lines) for (a)
native insulin, (b) insulin spherulites, (¢) EDTA treated insulin, and (d) insulin fibrils. The
theoretical positions for X-ray emission maxima are indicated in all cases.
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Figure 5. X-ray absorption spectroscopy sheds
light on the zinc environment in native insulin and
insulin aggregates in solution. a k’-weighted
EXAFS transmission spectra (dashed lines) of a
native insulin solution, an insulin solution treated at
60° C for about 24 h (aggregates), and a ZnSO,
solution. Blue continuous lines represent the signals
simulated on the basis of the structure of a fully
solvated Zn** ion (for the ZnSO, solution and for the
aggregates) and of the structure of a solvated Zn** ion
in the presence of a histidine residue (native insulin,
see panel c¢). Details on the structural models are
given in the Methods. Blue dotted line represents the
component of the simulated signal that is responsible
for the features present only in native insulin and
indicated by the circles (i.e. a shoulder at 4 A"! and a
broadening of the peak around 7.6 A™'). b k’-weighted
Fourier-transformed EXAFS transmission spectra
(dashed lines) of the same samples as in the top panel
(a). Red continuous lines represent the signals
simulated with the same structural models as in the
top panel (a). ¢ The structure of the dimeric human

: insulin (PDB 5CNY) is represented with a zoom on
1298 the structure of the zinc environment used to analyze
the EXAFS data. Zinc is represented by a grey bead
surrounded by water molecules and an histidine
residue. Dashed black lines indicate the multiple
scattering contribution from the histidine to the
EXAFS signal.

Discussion

Our study aimed at comparing the molecular
dynamics of native and amyloid insulin species by
neutron scattering and complementary biophysical
methods. Zinc binding proved to be pivotal in
controlling not only molecular dynamics at
mesoscopic scale but also the aggregation kinetics.
To enable the comparison of various insulin species and monitor potential differences in the
protein dynamics depending on the type of aggregates, we first established protocols to
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produce batches containing either native insulin, insulin fibrils or insulin spherulites at a high
level of homogeneity. We found that while fine-tuning temperature and salt concentration
allows amyloid aggregation into both fibrils and spherulites to be observed, shaking the vial
during incubation leads to fibril formation and full inhibition of spherulite formation. We can
argue that this inhibition of spherulite formation originates from mechanical perturbation
preventing the formation of sufficiently stable spherulite-specific precursors. Spherulites are
always produced along with fibrils in quiescent conditions. However, taking advantage of the
much larger sedimentation rate of spherulites compared to the other species, they could be
isolated from fibrils using gentle centrifugation.

Neutron backscattering spectroscopy showed a drastic change in the dynamics between native
insulin and insulin in aggregated form above ~240 K, but no significant difference between
the two types of aggregates (spherulites and fibers) were observed (Figure 2). Indeed
large-amplitude motions associated with the protein dynamical transition are fully suppressed
in insulin amyloid fibers and spherulites, so that the temperature-dependence of the mean
square displacements resembles that of completely dry, non-functional proteins. In the
native-insulin control measurement, a dynamical transition takes place (Figure 2). These
results are in contrast with our previous results on tau protein (52), where no differences
between native-state and fibril dynamics were observed on the same timescale, and on
concanavalin A, where internal dynamics were found to be larger in the amyloid than in the
native species (51). The tau results were suggestive of the protein internal energy depending
only on the amino acid composition (86) and not on the structure or aggregation state, as also
supported by solution studies of protein denaturation showing that the internal dynamics
remain unchanged upon denaturation (87).

In order to rationalize the differential dynamical behavior of native and amyloid insulin, we
suspected that interaction with Zn** ions might play a role, since zinc is known to be essential
for insulin expression and activity (33). We investigated how zinc binding affects the kinetics
of insulin amyloid aggregation. Upon thermal treatment of the insulin solutions, ThT
fluorescence profiles first showed an increase in the signal barely dependent on zinc presence,
which has been suggested to be related to the formation of prefibrillar aggregates or early
formation of fibrils (84) small enough to leave turbidity and temperature dependence
unaffected. We attributed the intermediate plateau phase to spherulite formation as shown by
fluorescence and electron microscopies (Figure 3): both fibrils and spherulites are present,
with spherulites being larger and more numerous in the presence of EDTA, i.e. when zinc is
removed. After the first plateau a second increase occurs, followed by a final plateau, where
spherulites are densely present and significantly larger. Increasing EDTA concentration
gradually suppresses the double-sigmoidal behavior and enhances spherulite formation. This
indicates that the presence of zinc is the limiting step for the more efficient conversion of
insulin native molecules into spherulites. When the zinc is fully removed by adding a
sufficient amount of EDTA, the intermediate phase disappears. If the loss of zinc occurs at the
level of single molecules prior to aggregation or happens once the molecules are embedded in
high MW species remains to be clarified. Importantly, shaking also suppresses the
double-sigmoidal behavior as well as the spherulite formation. From the kinetic results we can
conclude that: 1) the first plateau can be attributed to spherulite formation; 2) zinc binding
inhibits spherulite formation, probably through electrostatic repulsion.

To obtain quantitative information on zinc content in our samples, we performed
measurements with the uPIXE technique, the results of which unambiguously show that zinc
was below the limit of detection (<0.001 zinc atom/monomer, Tab. S1) in amyloid
aggregates, where the dynamical transition is suppressed. Furthermore, an EDTA-treated
control sample is shown by uPIXE to have a zinc content reduced by a factor of 75 compared
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with the native protein (Figure 4), and lacks the protein dynamical transition at 240 K in
neutron scattering experiments (Figure 2). We note that the EDTA-treated sample and the
native form present the same secondary structure according to CD data (Fig. S10) and are
predominantly dimeric according to DLS (Fig. S9). This means that both the conformational
and colloidal stability of the solution are not significantly influenced by the presence of
EDTA and the loss of zinc is mainly affecting the dynamics of the single protein molecule.
Indeed, an insulin sample with a zinc content intermediate between those of native and
amyloid insulin (as confirmed by pPIXE, Tab. S1), obtained by successive washing steps of a
native sample, shows a dynamical transition but with reduced MSD if compared to the native
sample (Fig. S6). Zinc binding to insulin thus modulates molecular dynamics and its absence
suppresses functionally relevant motions activated at the dynamical transition in amyloid
insulin, without modifying secondary, tertiary or quaternary structure. XAS data in solution
(Figure 5) confirmed that zinc is coordinated with histidine residues in native insulin, while it
is released upon amyloid aggregation. The XAS results thus established that zinc loss is not
an effect of the sample treatment (i.e. buffer exchange and freeze-drying) preceding neutron
scattering experiments.

Translating our in vitro results to a physiological context, they imply that amyloid aggregation
of insulin in vivo could induce an accumulation of free zinc ions at the injection sites, where
IDA is observed. Zinc is anyway released from monomeric insulin during its function (33),
yet our finding suggests that a substantially larger quantity of zinc may be released and could
accompany IDA. Zinc overload is known to be a pro-oxidant condition leading to oxidative
damage of biomolecules. When free zinc ion concentrations increase, zinc can bind to
proteins that otherwise would not interact with zinc and affect their functions, thus inducing
the production of free radicals by inhibiting antioxidant enzymes and the mitochondrial
respiratory chain (88). On the basis of our results we are not able to quantitatively assess the
potential cytotoxicity of zinc release during IDA, because the threshold at which zinc ion
concentration becomes high enough to produce pro-oxidant/cytotoxic effects depends on the
zinc buffering capacity of cells (33, 88). Future in vivo investigations could clarify the
physiological impact of the zinc accumulation revealed by our study.

An important information provided by the XAS results is that even in native insulin, which
coordinates zinc, the metal ion environment is largely composed of water molecules. The
presence of the high charge on the Zn*" ion is known to perturb water molecules in the first
and second solvation shells, which correspond to at least 20 water molecules interacting with
one Zn*" ion (89). Considering the 1.5 Zn/protein ratio indicated by the uPIXE analysis, the
presence of zinc on the protein surface corresponds to a minimum hydration level h = [20 x
1.5 x water MW]/[insulin MW] = 0.1. In other words, the presence of Zn*" favors the
hydration of the highly hydrophobic insulin surface, thus influencing the dynamical behaviour
as revealed by neutron scattering.

Taken together, the results from neutron scattering, pPIXE, and XAS clearly show that zinc
binding is the key parameter which allows hydrated insulin to undergo the protein dynamical
transition, while the dramatic dynamical effect on fibrils and spherulites has to be attributed to
loss of zinc. Removal of zinc results in a complete loss of water-sustained backbone and
side-chain motions with the MSD profile corresponding to that of a dry protein, thus
suggesting a dehydration effect upon zinc release. As previously suggested (52, 90, 91), the
changes in hydration water entropy may be one of the ‘driving forces’ leading proteins to
form amyloid aggregates. Restructuring of hydration water is expected to be involved both in
the initial steps of unfolding/crossp-amyloid formation and in the growth of amyloid
aggregates, thereby implying a possible change in the water configurational entropy (90).
Protein dehydration has also been shown to modify amyloid aggregation kinetics (92). The
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presence of metal ions integrated within the protein structure, which generally influences
protein solvation and electrostatics of the protein surface (93), can add a key parameter to the
energetic balance between native and amyloid state. In the case of human insulin, which is
highly hydrophobic(94), we postulate that zinc binding favors protein hydration, thus
modifying both protein dynamics, as revealed by neutron scattering, and water entropy.
Indeed, dewetting of hydrophobic groups (which are known to reduce water mobility (95) and
entropy (96)) during aggregation, and subsequent release of water molecules in the bulk
phase, corresponds to an increase of water entropy (91). The presence of zinc coordinated to
the protein reduces the hydrophobicity of the insulin surface and then the propensity for
aggregation, whereas zinc removal increases the entropy difference between native and
amyloid state and then promotes amyloid aggregation.

It has been shown that a Thr to His mutation in the chain A of human insulin leads to a
significant increase in the lag phase of amyloid aggregation (97). More generally, studies of
protein rational design (48, 98) have shown how the introduction of His binding sites for Zn**
into hydrophobic peptides can modify both their stability and dynamics. Our results suggest
that protein hydration changes upon Zn** binding/release can contribute to such modifications,
as revealed by our finding that both dynamics and aggregation kinetics of human insulin
change as an effect of Zn*" release from His binding sites. Changes in metal-modulated
protein hydration might be a general strategy to control protein stability and tune protein
aggregation into amorphous and ordered super-structures.
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Supplementary Figures
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Supplementary Figure 1: Increasing the salt concentration to 0.5 M prevents the formation of spherulites and
fibrils

The proteins were dissolved in the corresponding buffer and incubated at 60°C for 24h without shaking. The
samples were then observed with optical and electron (data not shown) microscopes after addition of ThT.
Protein concentration increases along the rows and NaCl concentration decreases down the columns.
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Supplementary Figure 2: No aggregation is visible at 50°C without shaking but it is at higher temperatures.

The proteins were dissolved in the corresponding buffer and incubated at 50, 60 or 70°C for 24h without
shaking. The samples were then observed with optical and electron microscopes after addition of ThT.
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Supplementary Figure 3: Shaking inhibits formation of spherulites but can affect the fibril morphology.
The proteins were dissolved in the corresponding buffer and incubated at 50°C for 48h with the indicated
shaking speed. The samples were then observed with optical and electron microscopes after addition of ThT.
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Supplementary Figure 4: Pure spherulite sample can be obtained after centrifugation and lyophilization.
The proteins were dissolved in the corresponding buffer and incubated at 60 or 70°C for 24h without shaking.
The samples were then observed with optical and electron microscopes after addition of ThT.
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Supplementary Figure 5: Insulin aggregated species present the cross-beta pattern.

A small fraction of the insulin sample powder that was used for neutron scattering was sealed in Mylar capillary
for X-ray diffraction on ID30B at the ESRF. An average of 20 images were collected for each sample, then the
azimuthal integration was performed using pyFAl library to generate the lower panel plots. The signal at 5.2 A
corresponds to the Mylar capillary.
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Supplementary Figure 6: Only zinc affects insulin protein dynamics.

Mean square displacements (MSD), measured as a function of temperature by elastic incoherent neutron
scattering with the backscattering spectrometer SPHERES (MLZ, Garching) for native insulin (red triangles),
amyloid fibrils (blue circles) and spherulites (orange squares) and for washed insulin sample containing 0.12
zinc atom per insulin molecule (green triangles).
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Supplementary Figure 7: Insulin samples do not show any sign of crystalline ice.
The samples, contained in aluminum plate holders, were mounted on the D16 instrument at the ILL. The
diffraction patterns were recorded over an angle between 12° and 112.5°, with a corresponding g-range
0.05-2.5 A, Each scan was obtained by integrating the 2D signal over 20 minutes.
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Supplementary Figure 8: Insulin fibril formation under shaking is weakly affected by EDTA.

Insulin aggregation kinetics at 60° C with 300 rpm shaking as probed by Thioflavin T fluorescence as a
function of EDTA concentration. The color shaded areas indicates the standard deviation for three
independent aggregation processes.
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Supplementary Figure 9: Removal of zinc barely affects insulin quaternary structure

Insulin powder was dissolved in 0.25 M NaCl, pH 1.8 then an appropriate amount of filtered 0.26 M EDTA was
added for each measurement of dynamic light scattering performed as described in methods. a Static
scattering signal versus time for sample (measured 3 times, each consisting of 10 five seconds average). b
Computed radius distribution, only one peak is present with an area accounting for 99-100 % of the signal.
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Supplementary Figure 10: Zinc removal has no effect on insulin secondary structure content
Insulin was dissolved in pure water to a final concentration of 2 mg/mL by lowering the pH using sulfuric acid. It
was then filtered and diluted again with or without EDTA to reach the indicated concentrations. Data were
acquired at 20 nm/s with 6 accumulations on a JASCO spectrophotometer.
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Supplementary Figure 11: XANES spectra of ZnSO,, native insulin and insulin aggregates

Zinc sulfate was dissolved in a 0.25 M NaCl, pH 1.8 solution. Similarly, the native insulin was dissolved in the
same buffer, and the aggregates were formed by incubating half of the native insulin solution at 60°C for 24
hours. The XANES spectra were recorded as described in methods on DUBBLE beamline at the ESRF in
Grenoble, France.
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Supplementary Tables

Table 1
Sulfur Zinc
No. of atoms per LODT No. of atoms per LODt
protein molecule protein molecule
Native 6* 0.05 1.56 0.03
6* 0.07 1.46 0.07
Average 0.06 1.50 (£0.17) 0.05

Spherulites 6* 0.01 <0.001 0.001
6* 0.01 <0.001 0.001
6* 0.01 <0.001 0.001
Average 0.01 <0.001 (+0.001) 0.001

Washed 6* 0.01 0.101 0.004
6* 0.01 0.145 0.003
6* 0.01 0.101 0.003
Average 0.01 0.116 (+0.032) 0.003

EDTA treated 6* 0.013 0.020 0.003
6* 0.012 0.020 0.003
6* 0.010 0.023 0.003
Average 0.012 0.021 (+0.005) 0.003

Fibrils 6* 0.01 <0.001 0.001
6* 0.01 <0.001 0.001
Average 0.01 <0.001 (+0.001) 0.001

* Assumed values from protein sequence
T LOD = Limit of detection (atoms/protein molecule)

Supplementary Table 1: Zinc is hardly detected in aggregated samples

Measurement on pPIXE beamline was performed as described in the text. The table reports the values
obtained for the individual measurements carried out on each sample, as well as the averages.
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Table 2

Native insulin

Aggregated insulin

ZnSO, solution

N, 6+0.5 6 6
R,[A] 2.091 + 0.005 2.083 +0.005 2.091 +0.005
¢, [A?] 5e-3 3.9e-3 4e-3
150 + 10
01 [deg] - -
(R,=4.042; 6%, = 1le-2)
147 +5
ﬂz [deg] - -

(R, = 4.40; 02, = 9.7e-3)

Supplementary Table 2: Parameters of EXAFS data analysis
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3.4. LYSOZYME AGGREGATION FOLLOWED BY E/IFWS

3.4 Lysozyme aggregation followed by E/ITFWS

The amyloid fibrillation is a complex process that consists in multiple protein-
protein interactions as well as protein-solvent interactions. Usually, several types of
aggregates are formed at the same time [Pansieri et al., 2018] [Skamris et al., 2019],
and intermediate species have challenged scientists regarding their isolation for proper
studies. However, this is a very needed objective, as these early species are thought
to be the ones toxicity originates from [Winner et al., 2011].

To circumvent this problem, time-resolved methods have been employed with good
success. For instance, small-angle X-Ray scattering (SAXS) has been used with
a-synuclein, along with chemometric data decomposition to obtain pairwise distri-
bution and volume fraction of intermediate oligomers during the course of fibrilla-
tion [Herranz-Trillo et al., 2016]. Also, mass spectrometry methods have proven to
be well suited to separate different aggregated species [Pansieri et al., 2018]. This
method can be applied in a time-resolved manner as well.

Incoherent neutron backscattering spectroscopy provides also a way to monitor fib-
rillation in real-time. Indeed, the method allows to measure ensemble-averaged self-
dynamics, where both center-of-mass motion and internal dynamics can be followed
simultaneously. In the pico-second to nano-second time scales probed by the in-
strument, and the large momentum transfer q involved, a Fickian type diffusion is
represented by a simple Lorentzian line shape of width given by I' = D,q?, where
D is an apparent diffusion coefficient containing contributions from rotational and
translational diffusion [Roosen-Runge et al., 2011]. The internal motions are usually
described by a more complicated dependence on q where I'(¢) was chosen here to
follow the jump diffusion model [Singwi and Sjolander, 1960]. The strong deviation
from Fickian diffusion of internal motions allows to separate both contributions and
provides an accurate result in liquid state, as shown recently in work by Beck et al.
[Beck et al., 2018]. Recording a full set of QENS spectra usually requires at least two
hours, a time that is not in good adequacy with usual amyloid fibrillation time scale.
To obtain a sufficient resolution in time, we took advantage of the unique capability
of the IN16B backscattering spectrometer at the ILL to perform fixed- window scans
(FWS) [Frick et al., 2012]. This provides a way to measure the neutron scattering
signal at specific energy offsets, thereby reducing the acquisition time to approxi-
mately 20 minutes with 4 different offsets.

Prior to the actual experiment run, several systems were tested to obtain a well
characterized and optimized fibrillation protocol that fulfills the measurement re-
quirements. More specifically, the use of shaking - which can be required for some
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proteins to aggregate or to better control the type of aggregates - is not possible
yet on the instrument, the sample concentration should be rather high - higher
than 50 mg/mL - and the fibrillation kinetics should be sufficiently slow. An initial
test, using insulin, y-crystallin and lysozyme, showed that the latter was the most
promising for the experiment. In addition, the protein is of particular interest for
studying amyloid fibrillation. Indeed, the protein is invoved in hereditary lysozyme
amyloidosis, a disorder that can affect liver, spleen and kidney and for which no
efficient treatment was found yet [Fazili et al., 2016]. Similarly to other systems,
several aggregates morphology are usually formed and can have different effects on
cells [Booth et al., 1997]. In our case, due to time limitations, we could not test the
three known global morphologies of lyzozyme, namely fibrils, spherulites and partic-
ulates. Only particulates and fibrils were tested and gave promising results prior to
experiment. However, only the particulates measurement could be exploited. The
results are presented in the following paper - to be submitted as a communications
in JACS - and will be briefly summarized here.

The measurement on the lysozyme sample was performed as follows, the protein
powder was dissolved in deuterated buffer and sealed in a cylindrical aluminum neu-
tron cell. A first full QENS spectrum was obtained to characterize the initial state,
by maintaining the system at low temperature to prevent aggregation. This shows
a stable signal, for which analysis provides a diffusion coefficient in agreement with
the presence of small, transient clusters as suggested also by dynamic light scatter-
ing (DLS) and molecular dynamics (MD) simulations. Then, the temperature was
increased to 363 K to start the formation of particulates. The sparse QENS data
resulting from the set of FWS can be analyzed the same way as for initial QENS.
Qualitatively, the obtained signal already shows signs of ongoing aggregation, with
the signal at low energy offset - slowly diffusing objects - and low g-value - large dis-
tances - increasing monotonically during the entire measurement. The fitted model
parameters exhibited the expected momentum transfer dependence, and the initial
center-of-mass diffusion coefficient is in agreement with the presence of small clusters
again. Then, internal dynamics appears steady until the end, while global diffusion
decreases with a simple exponential line shape until it reaches a steady value lower
than 1 A /ns corresponding to spherical objects of at least 80 nm. Eventually, a final
QENS measurement at 363 K after fibrillation confirmed the previously obtained
values, showing that the analysis of FWS data provides sufficiently accurate values.
This result shows that lysozyme particulates formation occurs in one step on the
time-scale probed in this study, in which no fibril formation appears to be involved.
The aggregation process is shown to be controlled first, by a coalescence phenomenon,
which results from the pH being close to the isoelectric point of the protein, thereby
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decreasing the protein net charge and the colloidal stability. Second, the structural
change could also play a role through the energy barrier to overcome to form the
cross-( pattern. The single exponential behavior indicates that the structural change
occur either much faster than the coalescence, or on the same time-scale.

The following article - under revision with the Journal of Physical Chemistry Letters
- presents these results.
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Article 3

Tracking internal and global diffusive dynamics
during protein aggregation by high- resolution
neutron spectroscopy
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Tracking internal and global diffusive dynamics during protein
aggregation by high-resolution neutron spectroscopy

Kevin Pounot, Hussein Chaaban, Vito Fodera*, Giorgio Schiro, Martin Weik*, Tilo Seydel*

Abstract

Proteins can misfold and form either amorphous or
organized aggregates with different morphologies and 2
features. Aggregates of amyloid nature are pathological
hallmarks in so-called protein conformational diseases,
including Alzheimer’s and Parkinson’s. Evidence prevails
that the transient early phases of the reaction determine
the aggregate morphology and toxicity. As a consequence,
real-time monitoring of protein aggregation is of utmost
importance. Here, we employed time-resolved neutron ° ! R > e
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backscattering spectroscopy to follow center-of-mass

self-diffusion and nano- to picosecond internal dynamics of lysozyme during aggregation into a
specific 3 -sheet rich superstructure, called particulates, formed at the isoelectric point of the
protein. Particulate formation is found to be a one-step process and protein internal dynamics to
remain unchanged during the entire aggregation process. The time-resolved neutron backscattering
spectroscopy approach developed here, in combination with standard kinetics assays, provides a
unifying framework in which dynamics and conformational transitions can be related to the different
aggregation pathways.
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Proteins can convert from their soluble, native form into amorphous, fibril-like aggregates or more
complex superstructures’. In humans, these aggregates can have deleterious if not fatal effects, as
manifested in so-called protein aggregation diseases. These include eye lens cataract caused mainly
by amorphous aggregates of lens proteins?, and Alzheimer’s and Parkinson’s diseases associated with
highly ordered amyloid fibrils formed by the intrinsically disordered proteins tau and & -synuclein,
respectively®* or core-shell structures (spherulites)’. Such a variety of aggregates poses fundamental
questions on the different mechanisms underlying the formation of each species and on how the
dynamics-structure-function relationship is altered throughout aggregation. To extend our
understanding beyond the initial and end states of aggregation, real-time analysis methods are
required. These methods shed light on changes that a protein undergoes in both structure and,
equally important for biological activity, dynamics on different length and time scales during the
aggregation process.

Several biophysical methods have been developed and applied to follow the time evolution of
protein aggregation processes. The most ubiquitous and readily applicable method is monitoring
Thioflavin T (ThT) fluorescence, the increase during amyloid-fibril aggregation of which® can be
kinetically modelled’. Fluorescence self-quenching in dye-labelled peptides® and fluorescence
correlation spectroscopy in combination with amyloid-binding fluorophores® have also been
employed. In addition, fluorescence-based methods can also be used to monitor aggregation in
vivo'. Furthermore, small-angle X-ray scattering (SAXS) has been used to infer the average size and
volume fraction of intermediate oligomers of @ -synuclein during fibrillation™. Similarly, small-angle
neutron scattering (SANS') can be used to study protein amyloidogenesis®®* and aggregation.
Electric impedance spectroscopy™ and dielectric relaxation spectroscopy’® are also sensitive to
amyloid aggregation. Nuclear magnetic resonance (NMR), in contrast, provides exquisite structural
and dynamic information of amyloid fibrils'”*%, but cannot follow the entire aggregation process in
real-time. Here, we adapted neutron backscattering spectroscopy to provide a complementary and
unique time-resolved approach that provides access to the center-of-mass self-diffusion (D,) of a
protein in solution and simultaneously to its internal diffusive dynamics (D,)*® during aggregation.

Incoherent neutron spectroscopy accesses the ensemble-averaged single-particle self-dynamics and,
when applied to biological samples, is mainly sensitive to the scattering from hydrogen atoms®>*.
This technigque simultaneously probes the center-of-mass self-diffusion of the assembly and its
internal diffusive dynamics?**® without requiring the labeling mandatory for the aforementioned
fluorescence-based methods. Moreover, high-resolution neutron backscattering spectroscopy
accesses the dynamics on the pico- to nanosecond time and Angstréom length scales, thereby
permitting to obtain a center-of-mass short-time self-diffusion coefficient?! that is only sensitive to
the hydrodynamic size of the protein as opposed to NMR, SAXS and dynamic light scattering (DLS),
for which particle-particle interactions contribute to the signal as well. We employed elastic/inelastic
fixed-window scans (E/IFWS) to reduce data acquisition to 20 min per scan as compared to ~2 hours
for quasi-elastic neutron scattering (QENS) spectra (see Methods in the Supporting Information (SI)),
providing an adequate temporal resolution to follow protein aggregation.

Here, we studied lysozyme aggregation into spherical assemblies called particulates®. The formation
of these superstructures can by triggered by raising the temperature of a lysozyme solution at a pH
close to the protein’s isoelectric point (pl) to 90°C***. A D,0 lysozyme solution (50 mg/mL) at pD 10.5
and 0.1 M NaCl was used. The aggregation process was first monitored in the aluminum cell used for
the neutron experiment by ThT fluorescence and its time-dependence showed excellent
reproducibility (Figure 1). The particulates are of a similar morphology as the ones formed in a plastic
container (figure S1). ThT kinetics indicates that the entire aggregation process reaches a plateau
within 6 hours (Figure 1a), not showing any significant lag phase that is generally observed during the
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formation of amyloid-like spherulites or fibrils*>?¢. Fluorescence imaging (Figure 1a, inset) and

SEM-based analysis (Figure 1b) confirm the presence of spherical particles with a diameter
distribution peaked at around 600-700 nm (Figure 1c). Structural features in the protein before and
after aggregation were investigated by Fourier-transformed infrared spectroscopy (FTIR, Figure S2)
and X-ray powder diffraction (XPD, Figure S3). The FTIR spectrum shows a peak centered at 1650 cm™
for native lysozyme, while the particulates are characterized by a peak at around 1625 cm™ (Figure
S2), as expected for a S8 -sheet rich sample in DZO”. In addition, XPD on lysozyme particulates
showed amyloid-like features®, with a powder ring at 4.7 A and a faint, broad signal at around 9.5
A (Figure S3), in agreement with a previous report®. These ThT fluorescence, FTIR and XPD results
confirm that lysozyme particulates are enriched in S-sheets, yet it remains unclear whether the latter
are of purely amyloid nature or not™.

a

ThT fluorescence

0.4 06 0.8 10
Diameter [um]

Figure 1. Lysozyme particulates reproducibly form within 6 hrs. a The average of three independent ThT
fluorescence kinetics is plotted as green circles. The error bars represent the standard deviation. The inset
shows the ThT fluorescent particulates, extracted from the aluminum sample holder after the neutron
scattering experiment. b SEM micrographs of particulates formed in D,O under the same conditions as for ThT
kinetics at 90°C in the presence of 0.1 M NaCl. The SEM images confirmed the spherical morphology that was
observed with fluorescence microscopy. ¢ Size distribution of lysozyme particulates as measured in SEM
micrographs.

Neutron spectroscopy experiments were carried out at the IN16B backscattering spectrometer®®! of

the Institut Laue Langevin (ILL) in Grenoble, France. To characterize the initial state, we measured
guasi-elastic neutron scattering (QENS) spectra at 7°C (see Methods in Sl). Fitting scattering
intensities (see Methods in SI) in a global-fit approach yielded an experimental apparent
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center-of-mass self-diffusion coefficient Ds(ex"’ =3 A%ns (Figure S4) to which both translational and
rotational diffusive motions contribute. This experimental Ds(ex”) is smaller than the corresponding
theoretical D" = 5.6 A/ns of monomeric lysozyme estimated as described in Methods in Sl at the
same protein concentration (50 mg/mL). This difference indicates the presence of oligomers at 7°C
prior to triggering aggregation (Figure S5a), consistent with earlier work on lysozyme*®*** and with the
absence of electrostatic repulsion among single protein molecules under our experimental
conditions. The latter naturally favor oligomerization, which is the early step for particulate
formation The presence of oligomers was also confirmed using DLS (see Methods and Figure S6),
with faster translational motions observed with DLS being consistent with a picture of transient
clusters reported earlier® (see Sl). The DLS data contains a larger contribution from small oligomers
and monomers being exchanged between oligomers on the s time scale.

After the QENS measurement at 7°C, aggregation was triggered by increasing the temperature to
90°C within approximately 30 min (Figure S8). Based on ThT kinetics data (Figure 1a), a sequence of
E/IFWS was acquired for four energy offsets within 20 min and repeated during 6 hrs to cover the
entire aggregation process (see Sl/Methods). After data processing (see SI/Methods), we focused on
the momentum transfer interval (0.4 < g < 1.6 A™) where the signal/noise ratio was acceptable
(Figure 2). Qualitatively, the signal changes with time as follows. At low g, the scattering signal
increases at energy offsets of 0 and 0.6 peV, remains constant at 1.5 peV and decreases at 3 peV.
These model-free observations suggest a decrease of D, in the sample as a function of time, which we
attribute to a growth of the average size of lysozyme particles (cf. Sl section 1.10 and figure S11). To
obtain quantitative insight into D, and into internal diffusive dynamics (diffusion coefficient D)) of
lysozyme, we used the same fitting procedure and model (equation 5 in Methods) as for the full
QENS dataset recorded at 7°C. The fit yields D, = 30 A?/ns for protein-internal diffusive motions on
the ns — ps timescale that is constant with time over the entire aggregation process (Figure 3) and in
reasonable agreement with values found for other proteins®. To the contrary, D, decreases from
~16 A%/ns at the beginning of the aggregation process to ~1 A?/ns after 6 hrs (Figure 3). To determine
whether the oligomers observed at 7° C are still present at 90° C at the beginning of the aggregation
process, we estimated D, of monomeric lysozyme (cf. SI/Methods). We find D" = 30 A%/ns for
unfolded monomeric lysozyme (Figure S5b), whilst we obtain D/** = 16 A%/ns from QENS at the
beginning of the aggregation process (Figure 3). This difference shows that the oligomers observed at
7°C are likely still present when aggregation starts at 90°C. Six hours after aggregation was triggered,
full QENS spectra were again recorded during 120 min at 90° C. Analysis of these spectra yielded
Ds‘ex") = 1 A%/ns (Figure S7), confirming the reliability of the results obtained with the E/IFWS
sequence recorded in only 20 min. Interestingly, the temporal evolution of D, well correlates with
the inverse of the ThT signal, indicating that the change in the Ds(ex”) is entirely determined by the
occurrence of massive aggregation events (Figure 3).
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Figure 2. The elastic/inelastic fixed window (E/IFWS) data show qualitative signs of lysozyme aggregation.
The neutron scattering signal S(g, w) (dots) is shown as a function of time and momentum transfer g for the
four energy offsets w=0 (blue), 0.6 (pink), 1.5 (green), 3.0 (red) ueV measured, in one panel each. The lines
connecting the dots are guides to the eye.

The center-of-mass diffusion coefficient D/*® obtained from neutron scattering follows a single
exponential decay (Figure 3), implying lysozyme particulate formation is a one-step process. In
computational studies on amyloid B -protein®* and 3 -amyloid (16-22) peptide®® aggregation, it was
found that cross- 8 formation is substantially slower than oligomer formation during the aggregation
process. In the case of lysozyme, oligomers are already present in solution before aggregation,
thereby suggesting that association between oligomers would give rise to the immediate formation
of the particulates as detected by the increase of the ThT signal (Figure 1). Moreover, the
single-exponential decrease of D.®® and its correlation with the inverse of the ThT signal (reflecting
particulate growth), suggests that cross- B formation of lysozyme occurs either substantially faster or
on the same time-scale than particulate growth. For a nucleation-dependent®” process, or if
oligomeric species persisted during a plateau phase, one would expect Ds‘ex’” to exhibit a more
complex behavior®. The observation of the single exponential time-dependence of Ds‘ex"’ is not
surprising if one considers that, under our experimental conditions, i.e. the pD being close to the pl of
the protein, the absence of a net charge on the protein reduces the protein-protein repulsion,
thereby favoring coalescence phenomena between single protein molecules as the driving
mechanism for aggregation®.
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Figure 3. A single exponential law describes both ThT fluorescence and center-of-mass diffusion kinetics. The
time evolution of the center-of-mass diffusion coefficient determined from neutron scattering (D,/*®, blue
triangles) follows the one of ThT fluorescence (green circles, inverted with respect to figure 1). The time
dependence of D, was fitted (red dashed line) using a single exponential. The orange squares represent the
protein internal diffusion D..

Besides providing access to the center-of-mass diffusion coefficient, time-resolved E/IFWS allowed us
to determine D,. Surprisingly, D, - corresponding mainly to protein backbone fluctuations in the range
captured by our experiment** - remains constant throughout the aggregation process (Figure 3),
suggesting that lysozyme does not experience significant changes in backbone fluctuations or
hydration properties®® when it is integrated into the growing particulate, consistent with
observations made on denatured proteins compared to the native state®, or with tau amyloid fibrils
compared to the monomeric state*, but in contrast to results reported for Concanavalin A** and
o -synuclein®. Possibly, time-of-flight neutron spectroscopy that probes a broader energy range than
neutron backscattering might uncover dynamical differences between the initial monomeric protein
and the final particulates outside the time window accessed in the present study.

We hereby established the application of high-resolution neutron backscattering spectroscopy, in
particular the E/IFWS to simultaneously follow the time evolution of center-of-mass diffusion and of
protein-internal dynamics of lysozyme during its aggregation into particulate superstructures. We
demonstrate that lysozyme internal dynamics remain unchanged during particulates formation.

E/IFWS constitute a crucial addition to the toolbox of experimental methods that monitor dynamical
changes of proteins during the formation of amorphous and fibrillar aggregates. Indirectly, these
dynamical changes also inform on structural changes, since Ds‘e""’ reflects the hydrodynamic size of
the aggregates. As a future outlook, Raman scattering and dielectric spectroscopy can potentially be
measured simultaneously during E/IFWS acquisition***. E/IFWS can simultaneously provide unique
insight into internal dynamical changes during the aggregation. The approach presented here will be
valuable to study aggregation of intrinsically disordered proteins involved in neurodegenerative
diseases, such as alpha-synuclein®® and tau, provided aggregation can be triggered in situ on the
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neutron spectrometer. In particular, the internal dynamics of supposedly toxic intermediate species
that transiently form along the aggregation pathway can be determined®®*’.
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1. Materials and methods

1.1. Lysozyme particulate formation followed by thioflavin T fluorescence kinetics

Lysozyme from chicken egg white (batch: 62970-5G-F, from by Sigma-Aldrich (Germany)) powder was
kept at 4°C for storage. The lysozyme powder was dissolved in a D,0 (99.9%) solution at pD 10.5 and
0.1 M NaCl to a final concentration of 50 mg/mL. Subsequently, Thioflavine T (ThT) was added to a
final concentration of 20 uM, the solution was sealed in a double-walled aluminum cylindrical sample
container (outer diameter 22 mm, gap Ar = 0.15mm) with a 1 mm indium wire and incubated in a
water bath at 90°C for either 0.5, 1, 1.5, 2, 3, 4 or 6 hours. After incubation, 300 uL of the solution
was transferred in three wells (100 pL in each well) of a 96-well plate and the ThT fluorescence was
measured on a BioTek Synergy H4 Hybrid plate-reader. ThT fluorescence was measured using 450 nm
light for excitation and 490 nm filter for detection employing bottom optics and a manual gain of 65.
The measurements in the three wells were averaged for each incubation time. The result is reported
in figure 1b. In addition, the morphology of the particulates formed either in a plastic container or in
the aluminum sample holder during the neutron scattering experiment (section 1.9) was observed to
be similar as shown in figure S1.

1.2. Scanning Electron Microscopy

The morphology of the lysozyme particulates was studied by Scanning Electron Microscopy (SEM)
using a Quanta™ 3D FEG scanning electron microscope (Thermo Fisher Scientific, Hillsboro, OR, US).
The lysozyme powder was dissolved in a deuterated solution (D,0, 99.9%) with 0.1 M NaCl at pD 10.5
to a final concentration of 50 mg/mL. The solution was incubated at 90°C for 90 minutes. Afterwards,
the obtained lysozyme particulates were centrifuged at 10.000 rpm, 10 °C for 10 min. The samples
were then washed in 1 ml deionized water (H,0) and re-suspended. The centrifuge step was
repeated. Subsequently, the samples were mounted on carbon tapes and sputter-coated with 0.2 nm
gold using a Leica EM ACE200 (Leica Microsystems GmbH, Wetzlar, Germany) prior to imaging. The
size distribution of the particulates was investigated by quantitative measurement of the size of 500
particulates from different representative SEM images (Main text Figure 1b).
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1.3. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used on native
lysozyme and lysozyme particulates in transmission mode to obtain information on the secondary
structure. The solid samples were run on a Bomem IR spectrometer (Bomem, Quebec, Canada). The
spectra were collected during 256 scans at 2 cm™ resolution in the 4000-600 cm™ region. A double
subtraction method was used tailed by the second derivative of 12 points, and a 2-3 point baseline
correction in the amide | region. Finally the obtained spectra were area-normalized (Figure S2).

1.4. X-ray powder diffraction

The lysozyme powder was dissolved in deuterated solution (D,0, 99.9%) and 0.1 M NacCl at pD 10.5
(100 pL) to a final concentration of 50 mg/mL in an Eppendorf tube. The solution was incubated at
90°C for 6 hours. Afterwards, the obtained lysozyme particulates were lyophilized by freezing them
at -80°C and then using a Christ Martin lyophilizer operating at 0.01 mbar. A fraction of the powder
(0.1 mg) was sealed in a Mylar capillary and mounted on the ID29 beamline of the ESRF synchrotron
in Grenoble, France. Diffraction data were collected with a PILATUS 6M detector using the following
scheme: 20 images with a total oscillation range of 10° (0.5° per image) and 1 s exposure time per
image (100% transmission for 5.42x10* ph/s at A = 0.98 A). The obtained diffraction images were
averaged and processed using the pyFAI library® to perform the azimuthal integration (Figure S3).

1.5.Theoretical apparent center-of-mass diffusion coefficient of monomeric lysozyme

The theoretical diffusion coefficient Ds“h“’ of lysozyme (50mg/mL) in D,O was computed at 7°C and
90°C (Figure S5) for comparison with the experimental coefficient Ds(ex‘” (Figure S4) obtained from
neutron scattering data.

This calculation involves (1) the theoretical diffusion coefficient in the limit of infinite dilution Do, and
(2) concepts from colloid physics to calculate the diffusion coefficient at the given finite protein
concentration.

To obtain D,, HYDROPRO? is employed, using the protein structure in the pdb format as input. The
pdb structure for lysozyme is published only for ambient temperature (PDB entry code 3IJV used
here). For the HYDROPRO calculation at 7°C, i.e. at the temperature at which full QENS spectra
(Figure S4) were recorded prior to triggering aggregation, this native lysozyme structure (PDB entry
code 31JV) was used directly.

To compute the theoretical apparent center-of-mass diffusion coefficient for the unfolded?® lysozyme
monomer at 90°C, i.e. the temperature at which particulate-formation was followed in the neutron
spectroscopy experiment, molecular dynamics simulations were employed to unfold the native
structure. A starting model was constructed using the same published structure of lysozyme (PDB
entry code 31JV). This structure was solvated employing the VMD solvate plugin with a padding of 15
A and charges were neutralized using the VMD autoionize plugin with Na and Cl ions*. The
equilibration was performed using NAMD 2.13° with the TIP3 model for water® and the CHARMM36
force field’. The Nose-Hoover-Langevin piston algorithm maintained a constant pressure®® and the
stochastic velocity rescaling algorithm controlled the temperature’. Bonds with hydrogen atoms
were constrained using the SHAKE algorithm®, and the Verlet-I/r-RESPA multiple-time step
scheme* was used to integrate the equations of motion, with time steps of 2 fs for long-range
nonbonded forces, and 1 fs for short-range bonded forces. Electrostatic interactions were computed
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using the smooth Particle Mesh-Ewald (PME) sum®, with a cutoff set to 12 A, a switching function
starting at 10 A, and a pair list distance of 16 A was used.

Subsequent to the above steps, the native solvated lysozyme was unfolded using a 2 ns simulation at
327°C in the isothermal-isobaric (NPT) ensemble. Subsequently, a 100 ns equilibration at 90°C was
performed, again in the NPT ensemble. After the simulation, the coordinates from six different
frames along the simulation trajectory were used to produce pdb files. These files were used as input
in the HYDROPRO software? to compute rotational and translational diffusion coefficients in the
dilute limit.

In the procedure described above, the protonation state of the protein corresponds to a pH of 7 as
obtained from CHARMM topology files. A calculation with PROPKA™® gives mean pKa values of 10.1
for tyrosines and 11 for lysines for the unfolded lysozyme, thereby suggesting that less than half of
tyrosines and a tenth of lysines are oxidized at pH 10, and that the structure at pH 7 is a reasonable
representation of the monomeric lysozyme. The conformational ensemble probed during the 100 ns
equilibration is sketched in Figure S5a where 25 structures obtained along the trajectory of 2500
frames are superposed. The radius of gyration of the unfolded lysozyme oscillates between 15 and 20
A but remains larger than the monomer (Figure S5b). The radius of gyration is in agreement with a
previous study on thermal unfolding of lysozyme®’, even though the authors used a pH lower than 7.
Six conformers along the trajectory are used to compute the theoretical apparent diffusion
coefficient, which yields 30 + 1 A?/ns.

1.6. Calculation of the diffusion coefficient at finite volume fraction (® > 0)
To obtain the apparent diffusion coefficient observable in QENS (cf. section 1.10), we used an
effective hydrodynamic protein volume fraction computed using:

By ®
o)
! R (1)

where ®is the dry volume fraction computed from the lysozyme specific volume » = 0.726 mL/g"®
R}, is the hydrodynamic radius obtained from HYDROPRO by inserting the translational diffusion
coefficient into the Stokes-Einstein relation, and R the dry protein radius obtained with

R 3/ 3w
47 Na (2)
with M being the molar weight (14.3kDa) and N4 the Avogadro number.
HYDROPRO returns the translational and rotational diffusion coefficients in the dilute limit.
Subsequently, molecular crowding can be considered using established analytical expressions of
scaling factors derived from colloid models for translational motions® ©* 2 and rotational
motions® ©% ?Y. Finally, the apparent diffusion coefficient D=D(D,, D,) is computed from the thus

obtained rotational D, and translational D, components using the root finding algorithm
scipy.optimize.root to solve the implicit relation?*:

n

D.(l+1)+ (Dy —D)¢*
>_Bia) DUl +1)+ (D, + D)g?2 ’ (3)

=0
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with n being set to 100 to obtain good convergence and Bi(q) being obtained using the radial

hydrogen number density function (relative to the protein center of mass) p(r,n).
Bile) = (20+1) [ drplr m)if(an o
0

The Python/C scripts that were used to perform the analysis are available on github
(github.com/kpounot/NAMDAnNalyzer — ScatDiffusion module).
The resulting theoretical apparent diffusion coefficients as a function of volume fraction for native
and unfolded lysozyme, respectively, are reported in figure S5c.

1.7. Dynamic Light Scattering

Lysozyme was prepared at final concentration of 20 mg/mL in 100 L of a deuterated solution (D,0,
99.9%) and 0.1 M NaCl, pD 10.5. The solution was filtered using a 20 um filter and centrifuged at
17000 rpm for 15 minutes prior to measurements. All measurements were carried out on a Wyatt
DynaPro NanoStar instrument, using standard cuvettes containing 10 uL of sample. The data were
acquired and analyzed using the Dynamics software from Wyatt technology. Each sample showed an
integrated intensity of about 700 000 counts and a sum of squared errors lower than 400 for
cumulant fit. Instrument limitations, due to the lack of a Peltier element, restricted the accessible
temperature range from 25 to 60°C. Dynamic Light Scattering (DLS) experiments were carried out at
these two boundary temperature values (Figure S6).

1.8. Comparison of the long-time translational diffusion coefficient D, obtained from DLS with the
apparent short-time diffusion coefficient D /®® obtained from neutron scattering, and the
calculated diffusion coefficient D,*"*

The diffusion coefficient D, that is obtained from DLS (Figure S6a, by fitting the signal corresponding
to the first peak in Figure S6b) reflects the long-time collective translational diffusion, where direct
particle-particle interactions (collisions) influence the diffusion. Conversely, the coefficient D
extracted from the analysis of the neutron scattering data reflects the short-time self-diffusion,
where the time and length scales considered are too small for direct particle-particle interactions to
affect the result. In the dilute limit, i.e. for a single protein in solution, long-time collective and
short-time self diffusion coefficients are equal. The experimental values we obtained for both
coefficients at finite volume fractions can be extrapolated to the dilute limit using eq. 20 and eq. 24
in the work by Banchio and Nigele® for D./*® and D,, respectively. In addition, assuming that the
lysozyme - monomer or oligomer - is spherical, the result from the DLS measurement at 25°C can be
extrapolated to 7°C (temperature of neutron scattering experiment prior to temperature raise) using
the Stokes-Einstein relation. We thus extrapolate the DLS result, D, at 7°C to the dilute limit to obtain
D,,=3.52 A?/ns, and we extrapolate the neutron scattering result D,*® to the dilute limit at 7°C to
obtain D, " = 3.2 A?/ns. The theoretical diffusion coefficient in the dilute limit can be obtained by
taking the value where the blue curve intersects the ordinate in Figure S5a (cf. section 1.6), which
corresponds to a zero protein volume fraction. We obtain D, " = 6.3 A?/ns, which indicates that
both DO,S‘EX"’ and D, are approximately by a factor of two lower than the theoretical expectation for
monomers. From this observation, we conclude that our experimental QENS and DLS results indicate
the presence of oligomers prior to triggering the aggregation. We note again that the extrapolated
experimental coefficient D, *® from QENS contains contributions from both translational and
rotational motions™ (cf. section 1.6). We also note that, since the aggregates are presumably
transient, the different observation time scales of DLS (Js) and QENS (ns), respectively, do not
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necessarily give fully consistent results on the cluster size (cf. discussion and references in the main
part).

An approximation of the diffusion coefficient for the lysozyme solution at 90°C can be obtained also
from the experimental value at 7°C. Using the Stokes-Einstein relation with tabled values for the
viscosity of D,0%, we obtain 363250k /280m363x = 6.6 where 7280k is the viscosity of D,0O at
280K, which gives D,*****=19.8 A?/ns for the folded lysozyme at 90°C. This value is slightly higher
than the one obtained experimentally, which can be explained by the fact that lysozyme is unfolded
at 90°C, while this value is approximated from a folded structure. Hence, we can assume a similar
distribution of oligomers at 7°C and 90°C.

1.9. Neutron scattering experiments

We have used the cold neutron backscattering spectrometer IN16 with Si(111) analyzer crystals,
corresponding to an elastic wavelength of 6.27 A. A mechanical Doppler drive was used to set the
incident energy, and a phase space transformation (PST) chopper was employed to optimize the
neutron flux at the sample position®®. The lysozyme was dissolved at 50 mg/mL in 1 mL of D,O
(99.9%) and 0.1 M NaCl at pD 10.5 and was sealed in a double-walled cylindrical aluminum sample
container (outer diameter 22 mm, gap Ar = 0.15 mm) and introduced at 7°C into a standard Orange
cryofurnace that allowed changing the sample temperature during the experiment. The choice of the
instrument was motivated by the high flux available and its unique capability to perform elastic and
inelastic fixed-window scans (E/IFWS) that allowed us to acquire data with a reasonable time
resolution - around 20 minutes for a full cycle of elastic and three inelastic data points (Figure 2)*°. A
schematic illustration of the concept of E/IFWS is depicted in figure S11.

BZ4,25

Quasi-elastic neutron scattering (QENS) spectra were first recorded at 7°C (Figure S4), with the
momentum transfer g range 0.19 < g < 1.90 A explored. Subsequently, the temperature was
increased to 90°C (heating time approximately 30 min; temperature vs. time displayed in Figure S8)
to trigger the aggregation process, and E/IFWS were acquired at 90°C using the following scheme: 1
min counting time at O peV, 2 min at 0.6 peV, 6 min at 1.5 peV, and 6 min at 3 peV. This sequence
was repeated continuously for 6.5 hours. Finally, QENS spectra were recorded at 90°C (Figure S7) to
obtain a more accurate measurement of the final state as a control.

No visible corrosion of the employed Al sample container for the lysozyme solution was detected at
the end of the neutron experiment. This absence of corrosion is in agreement with published work
on the behavior of Al surfaces”.

The neutron data are permanently curated by the ILL and accessible at
http://dx.doi.org/10.5291/ILL-DATA.8-04-811

1.10. Neutron scattering: Basic concepts and details of modeling and data analysis

Basic concepts: Crucially, the analysis of the relatively scarce fixed-window neutron scattering data
(E/IFWS. section 1.9 and schematic figure S11) is achieved by a so-called global fit for the data at all
momentum transfer values g and energy transfer values AE simultaneously. The model contains two
Lorentzian contributions (one accounting for the center-of-mass diffusion and one for the
protein-internal dynamics), the g-dependence of which is fixed in the model. Moreover, the aqueous
solvent contribution in the fits is fixed by results from separate fits and tabled values of
corresponding measurements on pure water (D,0). In this way, the number of free parameters is

165



drastically reduced at the expense of imposing the g-dependence, which involves assumptions on the
type of diffusion. However, the validity of these assumptions was shown previously in stable-state
QENS where full spectra could be recorded®®?.

It is important to note that the neutron backscattering experiment with its energy resolution of
approximately 0.8 peV FWHM corresponds to an observation time scale of the diffusion in the
sample of a few nanoseconds (cf. sections 1.6 and 1.8). On this short observation time scale, the
proteins diffuse by less than their radius, and protein-protein collisions are negligible®®. Therefore,
the observed center-of-mass diffusion coefficient of the proteins Ds(e’“p) can be interpreted in terms
of a colloidal short-time coefficient. Since the scattering from the proteins with its prevailing
hydrogen atoms is mostly incoherent, this coefficient D,(“?) can be identified with the self-diffusion
or, synonymously, tracer diffusion coefficient. Due to the large momentum transfers involved in the
backscattering experiment, D, = DS(‘)"I’)(D,,D[) is an implicit function that contains contributions
from both rotational (“tumbling”) D, and translational D, diffusion®. Therefore, D, s also
denoted apparent or observable diffusion coefficient (cf. sections 1.5 and 1.6). The internal diffusive
dynamics arising mainly from protein backbone is convoluted with the center-of-mass diffusion in the
measured signal. On the observation scale of our experiment, this internal diffusion can be well
modeled by the inclusion of an additional Lorentzian function in the model (equation 5 below), as
shown in previous work®. This additional Lorentzian accounts mainly for the protein backbone
fluctuations, while the protein side chains diffuse too fast to be detected within the range of our
E/IFWS experiment®. The resulting combined model function for our neutron spectra will be
explained in the following.

Details of modeling and data analysis: To analyze the neutron scattering data, we assumed that the
center-of-mass diffusion follows Fick’s law and is, thus, reflected in the incoherent QENS signal by a

Lorentzian contribution with the width?>® T'(¢) = D{*"P¢® The validity of this relation was shown
in previous work for various protein solutions both at physiological and elevated temperatures®®?.
The superimposed contribution to the scattering function from the backbone and side-chain motions
- that is, internal dynamics - within the protein was assumed to follow a more complicated functional
dependence, the so-called jump diffusion model®’. In brief, it is approximated by an additional
 Dig?
Lorentzian contribution, the g-dependence of which reads = 1+ Diq*70 where g is the
momentum transfer,

D; is the diffusion coefficient associated with internal dynamics and 70 is the residence time for
atoms between diffusive jumps. The jump-diffusion model has been shown to capture the backbone
contribution of the protein internal dynamics reasonably well*®. In contrast, it does not describe the
fast side-chain motions that are beyond the energy range probed by the present experiment.

The additional aqueous solvent contribution to the signal was analyzed by measuring the pure
solvent separately. The solvent was then fitted separately using a single Lorentzian lineshape and the
result was added to the model used for the protein solution?’. This approach of fixing the solvent
contribution further reduced the number of free parameters in the fit of the protein solution data.

Data reduction, i.e. normalization to the incident beam intensity recorded by a so-called monitor
device, integration over the regions of interest of the vertically position-sensitive detector tubes,
calculation of the energy axis, and centering of the elastic line positions — using a separate vanadium
measurement - was performed using Mantid’s data reduction module for IN16B>".
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Empty cell subtraction, as well as the fitting of the resolution function, D,O signal, normalization of
the detector efficiency employing the Vanadium signal, and fitting of the fully reduced data were
performed using an custom-made python API, with the source code available on github
(github.com/kpounot/nPDyn). The resolution function was fitted using both a pseudo-Voigt profile
and a double Gaussian model — presented results used pseudo-Voigt profile. The D,O spectrum was
fitted using published linewidths already available from measurements on the time-of-flight
spectrometer IN6, following the procedure described previously***.

Hence, the final model reads:
5(¢,AE) = R(q,AE) ® {BlaoLr(q, AE) + (1 — ao)Lr44(q, AE)] + Bp,0LDs0} (5)

where (¢, AE) s the resolution function, & accounts for the overall amplitude, @0 can be
identified with the Elastic Incoherent Structure Factor EISF*** and represents the relative
contribution of the center-of-mass diffusion Lorentzian, £r is the center-of-mass diffusion
Lorentzian, the Lorentzian with the width Lr4y is the convolution between the Lorentzians for
center-of-mass diffusion and internal dynamics, and Pp,0£D,0 is the D,0 signal, which is fixed in
the fits as explained above. The convolution with the resolution function is performed analytically.
The convolution of the Lorentzians representing the resolution and the model is straightforward and
simply gives a Lorentzian of linewidth being the sum of the two convoluted Lorentzians. The
convolution of the Gaussian representing the resolution function and the Lorentzians in the model is
analytically given by the Voigt function®.

To find the global minimum of the fit, i.e. to remove the dependence on the starting parameters
(“initial guess”) during the fitting procedure, we used the scipy basinhopping algorithm, which
performs multiple iterations of the following scheme: (1) random shift of the starting parameter
values, (2) use of a minimization algorithm to find the local minimum, (3) compare the local minimum
with the previously found minimum by the Metropolis criterion to accept or reject the parameters
fitted in the iteration®*. The basinhopping procedure thus allows to better explore the solution
landscape and maximizes the chance to find the true global minimum. In the case of the global fit, i.e.
fitting all momentum transfer values at once, the aforementioned formula for the Lorentzian widths
I' and 7 were used, with an explicit dependence on momentum transfer g. For momentum
transfer-wise fits, where each momentum transfer value is fitted individually, the two Lorentzian
widths become scalar parameters.

In addition, the robustness of the fitting procedure for E/IFWS was assessed by performing
momentum transfer-wise fitting of data (Figure S9), which shows that the information about
center-of-mass diffusion and protein-internal dynamics is already present at each
momentum-transfer. Moreover, we observed that the subtraction of the empty cell signal suppresses
most of the elastic peak in the data, and might lead to a bias of the result when the elastic point is
lower than the others. We thus performed a fit of a subset of the data which does not contain the
EFWS (Figure S10), yielding again the same result. The errors at the energy transfer AE=0.6 peV are
larger than at higher energy transfers, such that the fitting procedure favors the latter due to the
error weighting.
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2. Supplementary figures

Figure S1. Lysozyme particulates formed in plastic and aluminum containers are similar. Observation of
particulates by ThT fluorescence microscopy. Particulates were formed either in the aluminum sample holder
during the neutron scattering experiment (right), or, as a control, in a plastic container (left), showing the
same morphology. The scale bar holds for both images. We note that the samples for the experiments in the
figures S1, S2 and S3 were not identical, but were prepared independently according to the identical protocol.
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Figure S2. Lysozyme undergoes substantial secondary structure change upon particulates formation.
ATR-FTIR spectra (section 1.3) for native lysozyme (blue) and lysozyme particulates (orange), respectively.
Native lysozyme is mainly alpha-helical in accordance with other studies**. However a transition to f3 -sheet is
observed in the particulate samples, which was also shown by Krebs et al.**. We note that the samples for the
experiments in the figures S1, S2 and S3 were not identical, but were prepared independently according to the
identical protocol.
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Figure S3. Lysozyme particulates exhibit an amyloid-like signal in X-ray powder diffraction patterns. X-ray
powder diffraction pattern for lysozyme particulates (section 1.4); a Average over the 20 measurements of the
diffraction patterns of the lysozyme particulates powder. b The azimuthal integration yields a curve that
presents three sharp peaks at small reciprocal distance, corresponding to salt crystals. The blue arrows indicate
amyloid-related rings® and the black arrow the position of the Mylar capillary peak. We note that the samples
for the experiments in figures S1, S2 and S3 were not identical, but were prepared independently according to
the identical protocol.
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Figure S4. Determination of the center-of-mass diffusion coefficient D* of lysozyme with QENS prior to
aggregation. a QENS spectra at four different momentum transfer (g) values measured at 7°C prior to
aggregation (blue circles, errors represented by blue vertical bars) and fit results using the momentum
transfer-wise procedure (sections 1.9 and 1.10). The dotted orange line represents the resolution function, the
green dotted line the D,0 signal, the dashed red line the Lorentzian describing center-of-mass diffusion, the
dashed purple line the Lorentzian describing the protein-internal dynamics, and the red solid line the resulting
model. b The width of the Lorentzian describing center-of-mass diffusion (blue line with error bars) is plotted

against g and fitted using the relation F( ) D(exp) (orange line with shaded area to represent the

standard deviation) to obtain the indicated apparent diffusion coefficient D,
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Figure S5. Determination of theoretical apparent center-of-mass diffusion coefficients for monomeric
lysozyme at 7 a 90°C. a The native lysozyme structure (PDB 31JV) was used to compute the apparent
center-of-mass diffusion coefficient (as described in Methods, sections 1.5 and 1.6) for the monomer as a
function of the protein effective volume fraction at 7° and was subsequently unfolded as explained in section
1.5 during MD simulation. Twenty-five superimposed conformers, extracted at a definite interval of 100 frames
along the 2500 frames simulation trajectory, are shown.. b Radius of gyration for each conformer during the
100 ns equilibration. The horizontal blue line gives the radius of gyration for the native lysozyme. The vertical
dotted lines represent the frames that were used to compute the theoretical diffusion coefficient (as described
in Methods, sections 1.5 and 1.6). c¢ - left Theoretical center-of-mass diffusion coefficient for the native
monomeric lysozyme as a function of the volume fraction. The green dashed line indicates the diffusion
coefficient corresponding to the volume fraction that was used in the neutron scattering experiment and the
blue dashed line indicates the diffusion coefficient we would obtain for the lysozyme monomer at the volume
fraction used in the DLS experiment. c - right Theoretical apparent diffusion coefficient as a function of the
effective volume fraction for the unfolded lysozyme monomer at 90°C averaged over six conformers (blue line).
The shaded blue area represents the standard deviation from the average value. The green dashed line
indicates the diffusion coefficient corresponding to the volume fraction that was used in the neutron
experiment. Due to the unfolding, the volume fraction occupied by the protein is increased relative to the
native protein.
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Figure S6. Dynamic light scattering measurement of lysozyme solution suggests the presence of oligomers. a
Measured DLS signal (blue line) and fit result - using cumulant fit in green dashed line or regularization fit in
orange dashed line as provided in the software (see section 1.7) - for a lysozyme solution at 25 °C (left panel)
and 60 °C (right panel). b Radius distribution for both temperatures - 25°C in blue and 60°C in orange -
represented using the percentage of intensity. Parameters obtained from the software analysis are given for
the first peak at each temperature.
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Figure S7. Determination of the center-of-mass diffusion coefficient after aggregation with full QENS. a QENS
spectra at four different momentum transfer q values measured at 90°C 6.5 hours after aggregation was
triggered (blue circles, errors represented with blue vertical bars) and fit results using the momentum
transfer-wise procedure (sections 1.9 and 1.10). The dotted orange line represents the resolution function the
green dotted line the D,O signal, the dashed red line the Lorentzian describing center-of-mass diffusion, the
dashed purple line the Lorentzian describing the protein-internal dynamics, and the red solid line the resulting
model. b The width of the Lorentzian describing center-of-mass diffusion (blue line with error bars) is plotted

s 2
against g2 and fitted using the relation F(q) = ge:cp)q (orange line with shaded area to represent the
standard deviation) to obtain the indicated apparent diffusion coefficient D,
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Figure S8. Temperature increase - measured on the sample temperature sensor of the instrument - triggering
the aggregation process used during the neutron scattering experiment on IN16B at the ILL (section 1.9).
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Figure S9. E/IFWS data fitted using a momentum transfer-wise procedure. a Normalized experimental E/IFWS
spectra for each scan recorded during aggregation (blues circles) and fitted model (eq. 5 in section 1.10; red
lines). b Apparent diffusion coefficient from E/IFWS data fitting for center-of-mass (cold colors) and
protein-internal dynamics (warm colors) as a function of time and momentum transfer g values, as obtained
from individual fits of eq. 5 in section 1.10. A Savitzki-Golay filter was used in the time dimension for better
visualization (window length of 1 hour and polynomial order of 3).
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Figure S10. IFWS data fitted using a global fitting procedure. a Normalized experimental IFWS (elastic data
excluded) spectra for each scan recorded during aggregation (blues circles) and fitted model (eq. 5 in section
1.10; red lines). b Apparent diffusion coefficients from IFWS data (i.e. excluding the EFWS data) fitting for
center-of-mass (blue circles) and protein-internal (orange triangles) dynamics as a function of time and
momentum transfer q values, as obtained from eq. 5 in section 1.10. The apparent diffusion coefficients
obtained using E/IFWS are in reasonable agreement (Figure 3).
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Figure S11: Schematic illustration of the concept of elastic and inelastic fixed window scans (E/IFWS): Two
Lorentzian functions with linewidths (HWHW) of 6=0.8 and 3.0 ueV, respectively, are displayed as intensity
versus energy transfer, corresponding to simple full QENS spectra (without convolution with the energy
resolution function). The vertical lines mark the elastic (EFWS) and three inelastic positions (IFWS) where the
intensities were recorded during the neutron backscattering experiment. The intercepts of the vertical lines
with the two Lorentzians help to illustrate how the measured intensities evolve at different energy offsets as
the sample evolves dynamically: For instance, the formation of protein aggregates corresponds to a narrowing
of the Lorentzians. (Cf. section 1.9)
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3.5. TAU FIBRILLATION ON ALUMINUM SURFACES - PRELIMINARY
RESULTS

3.5 Tau fibrillation on aluminum surfaces - pre-

liminary results

The protein tau is a member of the microtubule-associated proteins family. They
are mostly expressed in the brain. The alternative splicing results in six possible iso-
forms, all of which can be found in amyloid deposits in the brain of Alzheimer’s
patients [Braak et al., 1989] [Buée et al., 2000]. It was found that the proteins in
these deposits exhibit a specific structural pattern, called cross-3, which consists in
a stack of J-sheets that eventually result an elongated fibril [Kirschner et al., 1986]
[Fitzpatrick et al., 2017]. The formation of these elongated fibrils is known as the
amyloid fibrillation process. Various evidences show that the toxicity of the amyloid
aggregation originates from early-stage oligomeric species or growing fibrils that can
interact with lipid membranes and damage them upon fibril growth [Winner et al., 2011]
[Skamris et al., 2019] [Martel et al., 2017] |[Jones et al., 2012] [Ait-Bouziad et al., 2017].
Whilst the Alzheimer’s disease is a complex pathology for which amyloid aggregation
is certainly not the sole responsible [Canter et al., 2016], tau remains an important
target for the development of new treatments, yet it is still poorly understood.
Several risk factors were identified for Alzheimer’s disease, among which we can find
the exposition to aluminum |[Mantyh et al., 1993]. It appears that a lifetime expo-
sition to the metal can lead to its accumulation in the brain [Walton, 2010] and
a small amount of aluminum are sufficient to trigger amyloid aggregation in-vitro
[Tomljenovic, 2011]. In mice, it has been shown that the chronic administration
of aluminum ions promotes tau aggregation and neurotoxicity [Oshima et al., 2013].
However, aluminum ions do not induce a substantial structural change in tau [Madhav et al., 1996]
but do promote phosphate-independent aggregation into non-fibrillar, possibly oligomeric
species [Scott et al., 1993]. Interestingly, aluminum oxide nanoparticles can induce
detectable structural change in tau upon binding to the protein hydrophilic residues,
resulting in cytotoxicity [Kermani et al., 2018]. Hence, aluminum ions and aluminum
oxide surfaces seem to have distinct effects on tau aggregation. We used incoherent
neutron scattering, combined with thioflavin T (ThT) fluorescence measurement to
monitor the center-of-mass self-diffusion coefficient and the protein internal dynam-
ics during the amyloid aggregation process.

The incoherent neutron scattering allows to probe the ensemble-averaged dynam-
ics, with a ps-ns time scale for the quasi-elastic neutron scattering. Moreover,
the incoherent scattering signal in biological samples is dominated by the hydro-
gen atoms, a property that permits to employ deuteration strategy to monitor ei-
ther the dynamics of protein or hydration water independently [Gabel et al., 2002]
[Grimaldo et al., 19ed]. The technique was previously employed with hydrated pow-
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ers of tau monomers [Gallat et al., 2012a] and mature fibrils [Fichou et al., 2015b]
[Schiro et al., 2015]. It has been shown that the hydration water dynamics is in-
creased in fibrils as compared to monomers, while the protein-internal dynamics -
backbone and side-chain motions essentially - is not affected. The result suggests
that hydration water plays a crucial role for amyloid fibrillation of tau, but it tells
nothing on the aggregation pathway itself, and whether or not transient oligomeric
species are formed.

The oligomeric species that appear on the tau aggregation pathway attract more
and more attention as they exhibit cytotoxicity, and can also spread in a prion-like
way through endo and exo-cytosis [Shafiei et al., 2017]. Unfortunately, their tran-
sient nature makes them challenging to isolate and study. Recently, methods were
found to form stable oligomers. One makes use of chemical labeling of the protein
cysteines to prevent the cysteine-dependent aggregation [Karikari et al., 2019]. The
other makes use of a cross-seeding mechanism, that is, oligomers of AS-peptide are
used as seeds to induce the aggregation of tau into stable oligomers that exhibit tox-
icity |[Lasagna-Reeves et al., 2010]. However, no method was reported yet to isolate
oligomers formed on the heparin-triggered tau aggregation pathway, nor in presence
of aluminum, which motivates the use of time-resolved studies to obtain information
about these elusive oligomers.

In a previous section (3.4 we demonstrated that the formation of lysozyme par-
ticulates - a spherical, micrometer-sized aggregate of lysozyme - can be followed
using incoherent neutron scattering, by recording the so-called elastic and inelastic
fixed-window scans (E/IFWS). The method allowed to monitor simultaneously the
center-of-mass (self-)diffusion and the protein-internal dynamics of lysozyme dur-
ing the aggregation process with a time resolution of approximately 20 minutes.
The incoherent nature of the scattering and the ns time correlation make the neu-
tron scattering unique in that it probes the so-called self-diffusion, which depends
only on the particle effective hydrodynamic radius and electro/hydrodynamic effects,
and thus provide a very accurate measure of protein aggregation [Beck et al., 201§]
[Grimaldo et al., 2019].

We hereby present the time-resolved elastic and inelastic fixed-window scans (E/IFWS)
study of tau amyloid fibrillation triggered by heparin (measurements performed at
the ILL, end of January 2020). We used the tau isoform 2, of 441 amino acid long,
which showed a good reproducibility for the fibrillation kinetics. The heparin was
added to a solution of tau and directly measured using E/IFWS. We observed that
the aluminum surface induces a fast decrease of the center-of-mass diffusion and
an increase of the protein-internal dynamics. Moreover, the aluminum surface and
aluminum ions in solution do not have the same effects on tau aggregation, as the
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aluminum surface promotes the formation of ThT-positive (cross-f rich?) oligomeric
species, while no aggregates, nor ThT-positive species were detected with aluminum
ions.

Our preliminary results suggest that the aluminum surface inhibits the formation of
heparin-triggered tau fibrils, but promotes the formation of oligomeric species that
might pertain to a different aggregation pathway than fibrils. Furthermore, it is also
clear that the nature and oxidation state of the aluminum - either oxidized surface
or trivalent AI** ions (aluminum chloride) - has distinct effect on the aggregation
process. The effect of aluminum on the dynamics of tau and fibrillation kinetics
was not expected originally as we wanted to repeat the experiment we conducted on
lysozyme (section on a more medically relevant system.

This work is presented in details in the following and constitute a preliminary study
for which several results need to be reproduced. The effect of aluminum on the fib-
rillation and the dynamics of tau - and potentially on its hydration water - needs to
be further investigated as discussed in section [3.5.2]

3.5.1 Results

Tau fibrillation monitoring. The conditions to obtain fibrils for tau at 60 mg/mL
within 24 h were investigated using ThT fluorescence monitoring in a plate-reader
as described in methods. We found that the following buffer - 20 mM HEPES, 150
mM NaCl, 5 mM DTT, 5 mM EDTA at pD 7.2, D;O - allows for the formation of
fibrils within 24 h with a good reproducibility (Figure [3.9).

Time-resolved E/IFWS. The protein solution was prepared as described in meth-
ods with a concentration of tau of 60 mg/ mL. Two independent samples were mea-
sured using the E/IFWS procedure described in methods and we observed a similar
behavior for each sample, that is the elastic signal decreases for approximately 2
hours and then remains constant throughout the experiment (Figure [3.10h). The
observation of the samples using electron microscopy, after radioprotection clear-
ance, revealed that no aggregated species is present (Figure ) Also, 80 ulL of
the same sample preparation was used to monitor the ThT fluorescence signal in a
plate-reader. It appeared that the ThT signal increases as expected for the amy-
loid fibrillation (Figure [3.10k) and the observation with electron microscopy after
16 hours showed the presence of fibrillated species in the sample incubated in the
plate-reader (Figure [3.10d). The inelastic fixed-window scans show a more erratic
behavior that is difficult to interpret qualitatively, except for energy offset AE = 0.6
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Figure 3.9: The fibrillation of tau is highly reproducible in the plate-reader.
The protein solution was prepared and the ThT fluorescence was monitored as de-
scribed in methods. The solid blue line represents the average of 3 independent
sample preparations, and the blue shaded area represents the standard deviation.

ueV where the signal evolves as for the elastic signal (Figure . The neutron
scattering data were analyzed as described in methods. The fitted model shows that
the sample can be interpreted with two populations of tau, one pertains to the ap-
parent immobile fraction which represents about 15 % of the measured signal at the
beginning of the experiment and decreases to 7 % on average after 2 hours (Figure
3.12h). The other fraction is described by both center-of-mass self-diffusion D{®P)
and protein-internal dynamics D;. The coefficient Dge"p) is initially of 3 A2 /ns and
decreases to 0.8 A%/ns in 2 hours. The coefficient D; steadily increases from 15 to 28
A2 /ns in approximately 5 hours. The weighed sum of both the immobile and mobile
fractions allows to obtain a good fit to the data (Figure[3.12p). To understand what
D(*P) = 3 A2 /ns corresponds to, a theoretical center-of-mass self-diffusion coefficient
was computed for the monomeric tau at 60 mg/mL and at 37°C (see methods for

details). Five structures were used and an average value D) = 7.8 A?/ns was

obtained (Figure [3.13). However, the standard deviation is significant as it can be
seen on Figure [3.13p, where, depending on the tau structure, D{*"*®) ranges from 5
to 13 A?/ns.

The effect of aluminum on fibrillation kinetics. To determine if and how the
aluminum surface of the neutron cell can affect the tau amyloid fibrillation, a solution
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Figure 3.10: The neutron scattering changes over time but no aggregates are formed
in the aluminum cell.

The protein solution was prepared for the E/ITFWS experiment as described in meth-
ods. Two independent measurements were performed as described in methods (a)
represented by the blue squares and orange triangles with associated errors. b After
radioprotection clearance, the samples were recovered from the cell and observed
with an electron microscope, where 2 images from different places on the grid are
shown for each sample. The blue bordered images correspond to an observation
made 50 h after triggering the fibrillation with heparin, and the orange to 26 h after
triggering the fibrillation. ¢ A volume of 80 ul. was pipetted in the sample used in
(a) (orange triangles) before running the second E/IFWS experiment, ThT was then
added to a final concentration of 20 uM and the fibrillation kinetics was followed in
parallel to the E/IFWS measurement (a) in a 96-well plastic plate as described in
methods. After 16 h, the sample was recovered from the plate-reader and observed
with an electron microscope, where 2 images from different places on the grid are
shown for each sample (d).
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Figure 3.11: Qualitative overview of the E/IFWS experimental data.
The processed data (normalization and empty cell subtraction, see methods) are
plotted against momentum transfer q values and time for each energy transfer AE.
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Figure 3.12: The center-of-mass diffusion decreases with time, while the internal dy-
namics increases.

The E/IFWS data were fitted using equation in methods. a The fitted param-
eters are plotted against time where the symbols on the y-axes corresponds to the
ones used in equation [3.81 b The experimental data are plotted using blue circles
as a function of energy transfer AE and time. The fitted model is represented by
the solid red line.
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Figure 3.13: The protein tau exhibits important variation of its center-of-mass dif-
fusion coefficient between different conformers.

The theoretical center-of-mass diffusion coefficient D{*"*°) was computed as described
in method using the five structure represented in (a) with different colors. b The
parameter D{¢) is plotted as a function of the volume fraction, where the average
of the five structures is a the blue solid line and individual structure as the lightblue
dashed line.
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of tau at a concentration of 4 mg/mL was prepared and the ThT fluorescence was
monitored in three wells containing either an aluminum foil, aluminum chloride (A1*>*
ions) or no aluminum (see methods). In the well without aluminum, we observed
an increase of the fluorescence, followed by a plateau phase reached 1 hour after the
fibrillation was triggered with heparin (Figure [3.14h). With the aluminum foil, the
plateau is reached slower but the amplitude of the increase of ThT signal is 7 times
bigger than without aluminum foil. The well containing aluminum ions does not
show any increase of the ThT signal. The observation with an electron microscope
revealed that only the well devoid of aluminum contains tau fibrils (Figure [3.14p).
The aluminum ions seem to completely inhibit the fibrillation, while the aluminum
foil sample presents several round- shaped particles of 50 nm or less in dimension.
The results from figure represent only one experiment that needs to be repeated
and extended with more protein and concentrations of aluminum ions.
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Figure 3.14: Aluminum ions prevent tau fibrillation, but the aluminum surface pro-
motes the formation of a ThT-positive species.

The protein solution was prepared as described in methods with the concentration
of tau set at 4 mg/mL and the fibrillation kinetics was followed using a plate- reader
(a), for the well for which the walls were covered by an aluminum foil (blue line), the
well containing aluminum chloride (orange line) and the well that does not contain
aluminum (green line). b After 6 hours, the samples were recovered and observed
with electron microscopy, where 2 images from different places on the grid are shown
for each sample. The border colors correspond to the panel (a).
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3.5.2 Discussion

In this preliminary work, we show that the presence of aluminum likely has a pro-
found effect on the tau amyloid fibrillation by combining time-resolved neutron scat-
tering, ThT fluorescence and electron microscopy. Our results suggest that pres-
ence of an aluminum surface induces a fast formation of cross-§ structure as the
ThT signal increases substantially with aluminum foil. This conformation change
is accompanied by a decrease of the center-of-mass diffusion coefficient, which in-
dicates that the structure of tau is either becoming more elongated, or that tau is
forming oligomers. In addition, the protein-internal dynamics increases significantly,
which was unexpected considering a previous result obtain on hydrated powders
of tau [Fichou et al., 2015b], where the internal dynamics do not change between
monomers and fibrils. The round particles observed with electron microscopy in
Figure might correspond to oligomers that pertain to a different aggregation
pathway than fibrils observed without aluminum.

Additional work is still needed to better understand the effect of aluminum, in par-
ticular, X- ray powder diffraction will help to determine whether a cross-$ pattern is
present. In addition, the stability and the size of the oligomers formed in presence
of the aluminum foil have to be measured using dynamic light scattering, native and
SDS acrylamide gel, mass spectrometry, and longer ThT kinetics (at least 72 h). If
stable enough, the oligomers might even be used to study the hydration water dy-
namics using hydrated powders of deuterated tau samples with incoherent neutron
scattering. Also, additional kinetics measurements are needed, especially, we need to
determine if the heparin is necessary to induce aggregation when the aluminum foil
is present, which would help in establishing whether the oligomers observed pertain
the same pathway of heparin-triggered aggregation or not. Eventually, molecular
dynamics simulations might be envisaged to obtain atomic-scale information of the
interaction between tau and aluminum surface or AlI** ions.
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3.5.3 Methods

Production of tau. The human tau isoform 2 - of 441 amino acids, with a histidine-
tag - was expressed in FE. coli (BL21 DE3) cells using a pET28h vector with a
kanamycine resistance gene. A volume of 30 mL of a pre-culture was transferred in
2 L of LB medium and incubated at 37°C and 160 rpm mixing, with kanamycine at
30 pg/mL until an optical density of 0.6 at 600 nm is obtained. The expression of
tau was then triggered by adding 1mM IPTG and the cells were harvested 2 h later.
For each 2 L of culture, the lysis was performed in 35 mL of a 20 mM Tris, pH 8, 500
mM NaCl, 10 mM imidazole, 5% glycerol, 5 mM S-mercaptoethanol, 5 mM MgSO,,
and 0.05 mg/mlL DNAse buffer with one tablet of Complete EDTA-free protease
inhibitor. The lysis was performed by sonication with a Branson digital sonifier 450
using 8 cycles of 15 s sonication at 90% power followed by 45 s pause. The sonicated
cells were then centrifuged at 30000 g for 30 minutes and the supernatant was loaded
on a 10 mL Ni-NTA resin equilibrated with 40 mL of the lysis buffer. The resin was
washed using 40 mL of a 20 mM Tris, pH 8, 10 mM imidazole, 5% glycerol buffer
with 1 M NaCl for the first wash, and 250 mM NaCl for the second. The elution of
the protein tau was performed with 30 mL of a 20 mM Tris, pH 8, 250 mM NaCl,
250 mM imidazole, 5% glycerol buffer. The fractions containing the protein tau were
identified using a 12% SDS-PAGE gel and were pooled for concentration in Amicon
Ultra-15 10 kDa concentrators such that a final volume of slightly less than 2 mL
was obtained. Subsequently, 1 mL of the protein tau was loaded on a Hiload 16/60
5200 size exclusion column with a 0.5 M ammonium acetate solution. The purity of
the fractions containing the protein was assessed using a 12% SDS-PAGE gel and the
protein concentration was measured on a ThermoScientific NanoDrop One spectrom-
eter using an molecular extinction coefficient € = 7450 M~tcm™! . Finally, fractions
of 20 mL of the purified tau solution was frozen in a -80°C freezer (the flash freezing
used in section [3.1]is not necessary here as we work in liquid state) in 50 mL Falcon
tubes and lyophilized using a Christ alpha 1-2 LD plus lyophilizer working at 0.05
mbar with the condenser set at -54°C.

Fibrillation of tau. The heparin used is polydisperse with an average size of 15
kDa, and was ordered at Sigma (ref. H3393-25KU, lot #SLCC8011). The fibrillation
protocol was established as follows, tau was dissolved in D,O with 20 mM HEPES,
150 mM NaCl, 5 mM DTT, 5 mM EDTA at pD 7 at either 5 mg/mL for the repro-
ducibility tests, or at 60 mg/mL for the neutron experiment. The fibrillation was
triggered by adding heparin at a molar ratio of 1:4, heparin:tau. To determine the
effect of the aluminum, the protein was dissolved in the same buffer as above at a
final concentration of 4 mg/mL. Using a 96-well plate, aluminum chloride was added
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in a well with a molar ratio 1:1, aluminum:tau. In a second well, a piece of aluminum
foil was inserted such that all surfaces are covered with aluminum, and a third well
without aluminum was used as a control. This last measurement was performed
only once and it needs to be reproduced with various protein and aluminum ions
concentrations.

Thioflavin T fluorescence assays. The fluorescence of thioflavin T (ThT) was
used to monitor the fibrillation of tau with light either prior to the neutron exper-
iment to establish the fibrillation condition (Figure , in parallel to the neutron
experiment (Figure , or after the neutron experiment to determine the effect
of aluminum (Figure [3.14). The protein solution for fibrillation was prepared as de-
scribed above in a volume of 100 uL. and ThT was added to a final concentration of
20 uM. A volume of 80 uL of the solution was pipetted into a 96-well plate. The
fluorescence was then monitored at 37°C in a BioTek H4 hybrid plate-reader with
optics in bottom position. The excitation wavelength was set to 450 nm and a 490
nm emission filter was used. The gain was set manually to 60. For the tests with
aluminum, the optics were in top position, with a distance set to 8 mm, thereby
explaining the differences in intensity observed with other measurements.

Theoretical apparent center-of-mass diffusion coefficient for tau monomer.
The structures of monomeric tau were extracted from a powder model, equilibrated
during a molecular dynamics simulation in a previous study [Fichou et al., 2015a].
Five structures were extracted from the molecular dynamics simulation at random
frames along the trajectory. These structures were then used as input in the HY-
DROPRO software [Ortega et al., 2011] to compute the rotational and translational
diffusion coefficient of tau in the dilute limit and at the temperature used in the neu-
tron scattering experiment. To obtain the apparent diffusion coefficient that can be
compared with our result from neutron scattering, we used an effective hydrodynamic
volume fraction computed using:

Do — B (%)3 (3.76)

where @ is the dry volume fraction computed from a specific volume v = 0.73 mL/g
(approximation computed using NAMDAnalyzer - ScatDiffusion module), R}, is the
hydrodynamic radius obtained from HYDROPRO by plugging the translational dif-
fusion coefficient into the Stokes-Einstein relation, and R the dry protein radius

obtained with
. 3 vM,
R = f/ — v 3.77
A Ny ( )
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with M, being the molar mass and N4 the Avogadro number. HYDROPRO returns
the translational and rotational diffusion coefficients in the dilute limit, but molecular
crowding can be considered using established analytical expressions of scaling factors
for translational motions [Tokuyama and Oppenheim, 1994](¢¢11:12) and rotational
motions [Banchio and Nagele, 2008](°¢2!). Finally, the apparent diffusion coefficient
is computed using the root finding algorithm scipy.optimize.root to solve the implicit
relation [Grimaldo et al., 2015b] [Roosen-Runge et al., 2011]:

o DIl + 1) + (D; — D)?
2= BlOp 0 — (0, — D)

=0 (3.78)

With n being set to 100 to obtain good convergence and B;(q) being obtained using
the radial number density function (relative to the protein center of mass) p(r,n)
and spherical Bessel function :

Bilg) = (20 +1) [ drp(r.n)jE(ar) (3.79)

The Python/C scripts that were used to perform the analysis are available on github
(github.com/ kpounot/NAMDAnalyzer — ScatDiffusion module).

Electron microscopy. For all samples observed, the protein powder was dissolved
in HoO and 5 plb was absorbed to the clean side of a carbon film that is placed on
mica. The adsorbed sample was then negatively stained with 2 % (wt/vol) uranyle
acetate and transferred to a 400-mesh copper grid. The images were taken under
low dose conditions (< 10 e~/A?) with defocus values between 1.2 and 2.5 ym on
a Tecnai 12 LaB6 electron microscope at 120 kV accelerating voltage using a Gatan
Orius 1000 CCD camera.

Neutron scattering. All the measurements were performed at the ILL, on the
IN16B spectrometer [Frick, 2002] [Frick et al., 2010]. A mechanical Doppler drive
was used to set the incident energy, and a phase space transformation (PST) chopper
was employed to optimize the neutron flux at the sample position [Kirstein et al., 2000].
The protein solution for fibrillation was prepared on ice by dissolving the tau pow-
der at 60 mg/mL in D,O with 20 mM HEPES, 150 mM NaCl, 5 mM DTT, 5 mM
EDTA at pD 7. The fibrillation was triggered by adding heparin at a molar ratio of
1:4, heparin:tau. For the second run, 80 ul. was pipetted to perform a parallel ThT
kinetics in the plate-reader. The solution was then quickly pipetted into a cylindrical
aluminum cell with a sample thickness of approximately 0.3 mm, and sealed with 1
mm indium wire. The cell was placed in an Orange cryofurnace with the tempera-
ture set at 37°C. The data acquisition scheme for E/IFWS went as follows: (a) - the
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measurement of the energy transfers at 0, 0.6 and 1.5 peV - for 0.5, 1 and 3 minutes
respectively - was repeated three times. Then (b) - one measurement of the energy
transfers at 3 and 6 peV - for 3 and 5 minutes respectively - is performed. This
scheme was repeated until the experiment is stopped. Taking into account the time
for the Doppler drive to change its velocity profile, approximately 5 minutes for each
measurement of (a), are required resulting in a total time of 15 minutes, which is
followed by one measurement of approximately 9 minutes for (b). In addition, QENS
data were acquired at 37°C during 2 hours for the vanadium, the empty cell, and
the buffer, as well as for the tau solution after 15 h E/IFWS using a energy transfer
range of —30 < AF < 30 pueV. The data are acquired simultaneously for a range of
momentum transfer 0.19 < ¢ < 1.89 A~

Neutron data analysis. The neutron data were analyzed using a custom-made
written python API (nPDyn - github.com/kpounot/nPDyn). The data were nor-
malized to the incoming neutron beam intensity recorded by the so-called monitor
device, integrated over region of interest of the position-sensitive detector tubes. For
QENS data, the energy axis was computed using the maximum energy transfer mea-
sured and the number of channels, and the elastic peaks of the mirrored data were
aligned by locating the elastic peaks using a Gaussian profile that was fitted to the
data. The empty cell signal and the vanadium signal (resolution function) were fitted
using a pseudo- Voigt profile given by:
c I'r i (1-0¢
T(AE?+T1%)  271yg
where ¢ is the momentum-transfer value, AF the energy exchange value, A a scaling
factor that is used for subsequent normalization of data, ¢ , I'g and vz are scalars,
and bkgd is a background term accounting for fast vibrational modes. The data were
normalized using the parameter A in the resolution function, and the signal from the
empty-cell was subtracted. The model describing the dynamics takes into account
the possibility of adsorption of tau on the aluminum surface. Hence, we make the
assumption that there exists a fraction of protein that diffuses freely in solution and
a fraction that is adsorbed, for which an elastic factor was added to the model, which
reads:

S(q,AE) = R(q,AE) @ B(g){ ao(q)é(AE)
+ (1 —ao(q))[arLr + (1 —a1)Lryy] b (3.81)
+ Bp,0LD50

where (3 is a momentum transfer q dependent scalar, ay accounts for the q-dependent
elastic incoherent structure factor, §(AFE) is the Dirac delta, a; is a scalar between

R(q,AE) = A exp AR 4 bkgd (3.80)
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0 and 1, Lr and Lr,., are two Lorentzians, with I' = Dyq¢®, Dy being the center-
of-mass diffusion coefficient, and v = % where D; is the apparent diffusion
coefficient for protein-internal dynamics and 7 the average time the atom spend in
translational motion (from the jump diffusion model [Singwi and Sjélander, 1960]).
Finally, Sp,0Lp,0 represents the signal from the buffer (a scaled Lorentzian), which
was measured separately. All the fits were performed using the nPDyn Python
package. All the momentum transfer q were fitted at once using the basinhopping
algorithm|[Wales and Doye, 1997] using momentum transfer values in the range 0.4 <
g < 1.7 A='. The global fitting was performed individually for each time point along
the experiment.
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Conclusion and perspectives

4.1 The protein amyloid aggregation

During this thesis, we obtained unprecedented detailed information on the hydration
water dynamics and its coupling to the protein dynamics for the a-synuclein amyloid
fibrillation. This was made possible by the high complementarity between incoher-
ent neutron scattering and MD simulations. In addition, we have shown how zinc
cations can dramatically affect the insulin dynamics and aggregation kinetics using a
combination of neutron scattering experiments, proton-induced X-ray emission, EX-
AFS, and ThT kinetics. Furthermore, we took advantage of the unique capability
of IN16B to perform elastic and inelastic fixed window scans - E/IFWS - to perform
the first time-resolved neutron backscattering experiment on an amyloid system, the
lysozyme particulates.

The work on a-synuclein benefited from the availability of native and fibril struc-
tures for the full-length protein recently solved by NMR and cryo-EM microscopy.
Hence, neutron scattering data could be complemented by molecular dynamics sim-
ulation that I carried out under the guidance of Pr. Douglas Tobias at UC Irvine.
Our results show a systematic increase in hydration water dynamics in fibrils forms
as compared to monomers. The simulations informed us that water is gaining in
dynamics upon fibrillation, and also that water molecules interact less with fibrils
than with monomers, resulting in a larger fraction pertaining to a mobile state. The
change in hydration water dynamics, or entropy, is smaller for a-synuclein than pre-
viously observed for tau. We preclude that this effect originated from the proportion
of the fuzzy coat, which upon fibrillation displace more water molecules into a bulk-
like state in tau than in a-synuclein. Indeed, the native forms of both proteins are
highly compact [Brodie et al., 2019] [Popov et al., 2019], whilst the fibril forms are
more extended, with a central region exhibiting a Greek-key motif that barely in-
teracts with water. Hence, the water molecules are close to the hydrophobic core
in the native form, but during the fibrillation they are pulled away from the core,
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which results in a gain of dynamics and entropy. Interestingly, protein fibrillation
barely affects the backbone and side-chain dynamics. However, the protein amino
acid sequence plays an important role in determining the internal dynamics, as it
was shown with vS-crystallin (section [3.2)).

The analysis of the elastic incoherent neutron scattering spectra of ~S-crystallin
shows that the internal dynamics of the two wild-type forms - native and aggre-
gated - is identical. Similarly for the G18V pH2 and pH7 samples, which however
show a systematic lower MSD at high temperature than the wild-type form. This
result shows that the yS-crystallin internal dynamics is strongly influenced by its
amino acid composition, and not its aggregation state. Not only the protein intrinsic
properties - such as amino acid sequence - affect the dynamics of proteins, but also
a change in the extrinsic properties can play an important role, as we showed for
insulin.

Insulin is a hormone, the expression and activity of which is intimately associated
with zinc. It is thus an appropriate system to study the effect of divalent metal
ions on protein dynamics and aggregation. In this work, I have performed measure-
ments of insulin dynamics and aggregation kinetics in presence or absence of zinc to
decipher its effect on protein dynamics. Our results show that zinc can contribute
to hydrate the highly hydrophobic insulin. The initial aggregation step that corre-
sponds to fibril formation is slightly affected by its presence. Hence, while the metal
contributes to regulating protein dynamics and activity, it barely affects the amyloid
fibril formation of insulin. This observation is in contrast to the effect of metal ions
on other systems such as a-synuclein, the amyloid fibrillation kinetics of which is sub-
stantially faster in presence of calcium ions [Lautenschlager et al., 2018]. This might
be explained by the already high stability of the native folding of insulin. Zinc might
screen electrostatic interactions that favor fibrils and spherulites formation, but it
contributes also to protein stability by favoring hydration and the water-sustained
protein dynamics. Hence, metal ions are of particular interest in the frame of amy-
loid aggregates formation. As their intra-cellular concentration is well controlled
within the cells, we can presume that any age-related change in metal homeostasis
can lead to the formation of aggregation-prone protein species in the cell. These
early, aggregation-prone, species are often elusive and thus difficult to isolate and
study. But their critical role in amyloid-associated toxicity makes it necessary to
decipher their formation. To this end, many time-resolved methods were developed.
An extensive list of time-resolved methodologies applied to amyloid aggregation are
cited in section included in this text. In this thesis, we propose a new approach,
using elastic and inelastic fixed-window scans (E/IFWS) on IN16B at the ILL, which
was applied to a model system, namely the lysozyme aggregation into particulates.
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4.2. OUTLOOK

The measurement of E/IFWS in a time-resolved manner allows to unambiguously
access both the center-of-mass (self-)diffusion of the protein, and its internal dynam-
ics. By analyzing the obtained center-of-mass diffusion complemented with X-ray
powder diffraction and Fourier-transformed infrared spectroscopy, we showed that
lysozyme undergoes unfolding and aggregates in a one-step process into amyloid-like
particulates. Concurrently, we showed that lysozyme oligomers are already present
when the aggregation is triggered. These oligomers are likely to be directly involved
in the aggregation process by providing fast forming nuclei from which particulates
can grow. Notwithstanding the dramatic change in structure and size of the sys-
tem as particulates are formed, we observed that the internal dynamics remained
constant throughout the experiment. This is in agreement with above results for
a-synuclein and ~S-crystallin for which backbone and side-chains motions were not
severely affected by fibrils formation.

The E/IFWS experiment can be adapted to the system under study by, for instance,
reducing the integration time if the concentration can be increased, or recording
only the elastic signal in a minute or less if the quasi-elastic signal is not considered
that necessary. Moreover, additional measurements can be performed simultaneously
within the neutron spectrometer. That is, Raman spectroscopy can be performed
[Adams et al., 2009] as well as dielectric relaxation spectroscopy [Sanz et al., 2018].
The E/ITFWS experiment was repeated with the protein tau and an unexpected effect
of the aluminum is strongly suggested by our preliminary results.

In conclusion, we have at hand plenty of tools to obtain valuable information on the
protein amyloid aggregation, ranging from atomistic picture of protein and hydration
water dynamics to pum-scale structural features. However, addressing the neurode-
generative diseases problem requires to extend all the biophysical information we can
obtain to the biological field, in order to build a systemic approach that is going to
help us to link our biophysical results to protein activity and toxicity in cells.

4.2 Outlook

In this work, a great deal of dynamics and mechanistic details of the protein amyloid
aggregation could be obtained, but the link to cell biology and neurodegeneration was
not explored. This link is of prime importance to address, because the development
of new diagnosis methods or treatments precludes knowledge of which aggregated
species, on the amyloid aggregation pathway, are toxic as well as when and where
the conditions for the formation of these species are met in the organism.

To this purpose, experts from different fields need to interact, including those work-
ing on protein dynamics, structural, cell biological and neuroscientific aspects. In
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4.2. OUTLOOK

the DYNAMOP group at the Institut de Biologie Structurale, we are currently set-
ting up new collaborations, to add to the molecular projects a cellular dimension.
This endeavor is facilitated by the great environment in Grenoble, with the pres-
ence of the CEA, where promising methodologies for new diagnostic tools are be-
ing developed [Pansieri et al., 2019] [Pansieri et al., 2018] and the presence of the
Grenoble Institute of Neurosciences, where the biological effects of the amyloid pro-
teins mentioned in this thesis can be thouroughly studied [Decressac et al., 2013a]
[Decressac et al., 2013b].

This collaborative work will aim at linking the biophysical characterization (dynam-
ics, aggregation kinetics, structure) of the amyloid proteins to their toxicity in cells
and possibly in mice, by studying various a-synuclein and tau mutants and by vary-
ing the metal ion concentration.
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