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Résumé

Cette these a pour objectif la mise en place d’une stratégie mathématique pour 1’étude
du processus physique de I'agrégation des protéines. L’étude de ce processus largement in-
connu est particulierement importante puisqu’il a été identifiée comme un élément clé d’une
vaste gamme de maladies incurables, appelées maladies amyloides. Les maladies & prions
appartiennent a cette classe et sont causées par l'agrégation d’une configuration mal pliée
de la protéine prion. Notre travail contribue a la recherche sur les maladies & prions, en
se concentrant sur deux types d’agrégats : les oligomeres et les fibres. Les oligomeéres sus-
pectés d’étre les agrégats les plus toxiques sont étudiés dans la premiére partie de cette these.
Nous fondons notre travail sur 'analyse de deux types de données expérimentales. D’ une
part, nous considérons les données de dispersion statique de la lumiere (SLS), qui peuvent
étre interprétées biologiquement comme la mesure de la taille moyenne des oligomeres et
mathématiquement comme le deuxieme moment de la concentration des agrégats. D’autre
part, nous considérons les données de distribution de taille d’oligomere collectées a plusieurs
instants en utilisant la Chromatographie d’Exclusion de Taille (SEC). Notre étude conduit & la
conclusion importante selon laquelle au moins deux types différents d’oligomeres sont présents.
De plus, nous proposons une description de l'interaction entre ces oligomeres en proposant
pour la premiere fois un modele a deux especes. Notre modele est composé d’un ensemble
d’ODE avec les taux cinétiques comme parametres. La description qualitative fournie par ce
modele a été couplée a 'information contenue dans les données expérimentales de SLS dans le
cadre de ’assimilation de données. Au moyen de la méthode du filtre de Kalman étendue, nous
résolvons un probleme inverse non linéaire, estimant ainsi les coeflicients cinétiques associés
aux données expérimentales. Pour valider ce modeéle, nous avons comparé notre estimation
aux données expérimentales de SEC, en observant un trés bon accord entre les deux. Notre
caractérisation des especes d’oligomeres peut conduire a de nouvelles stratégies pour conce-
voir un premier traitement ciblé pour les maladies a prions. La méthodologie appliquée a
I’étude des oligomeres peut étre considérée comme une premiere étape dans l’analyse des
fibres. En raison des propriétés physiques de ces agrégats, des expériences moins nombreuses
et moins précises peuvent étre effectuées, et une approche mathématique peut donc appor-
ter une contribution précieuse a leur étude. Notre contribution est de proposer une stratégie
générale pour estimer 1’état initial d’un systeme de fibres. Inspiré par la théorie de Lifshitz-



Slyozov, nous décrivons ce systeme par une équation de transport couplée a une équation
intégrale. L’estimation est faite en utilisant quelques observations empiriques sur le systeme.
Nous considérons le cas général d’observation d’'un moment d’ordre n. Il est en effet possible
de mesurer le moment d’ordre 1 par fluorescence de thioflavine T ou le moment d’ordre 2
par SLS. Nous proposons une solution théorique et numérique du probleme d’estimation de
la condition initiale dans le cas linéaire d’un systeme de dépolymérisation. En particulier,
pour des taux de dépolymérisation constants, nous proposons une stratégie de régularisation
par noyau, qui fournit une premiere caractérisation de I’estimation. Dans le cas de taux de
dépolymérisation variables, nous proposons la méthode d’assimilation variationnelle 4d-Var et
la méthode d’assimilation de données séquentielle du filtrage de Kalman. Ces deux méthodes
sont plus générales et peuvent étre facilement adaptée pour traiter différents problemes. Ce
probleme inverse est particulierement intéressant puisqu’il peut également étre appliqué dans
d’autres domaines tels que le cycle cellulaire ou la formation de poussiere.

Mots clefs : les maladies a prions, amyloide, oligomere, hétérogénéité, probleme inverse,
I’estimation d’état, I'identification des parametres, ’assimilation des données, filtre de Kal-
man, 4d-Var, équation du transport



Abstract

The aim of this PhD thesis is to set up a mathematical strategy to investigate the physical
process of protein aggregation. The study of this largely unknown process is particularly
important since it has been identified as a key feature of a wide class of incurable diseases,
called amyloid diseases. Prion diseases belong to this class and are caused by the aggregation
of a misfolded configuration of the prion protein. Our work contributes to the research on
prion diseases, by focusing on two kinds of aggregates : oligomers and fibrils.

Oligomers, which are suspected of being the most toxic aggregates, are studied in the
first part of this thesis. We base our work on the analysis of two types of experimental data.
On the one hand, we consider Static Light Scattering (SLS) data, which can be interpreted
biologically as the measurement of the average oligomer size and mathematically as the second
moment of aggregate concentration. On the other hand, we consider oligomer size distribution
data collected at several instants by using Size Exclusion Chromatography (SEC). Our study
leads to the important conclusion that at least two different types of oligomers are present.
Moreover, we provide a description of the interaction between these oligomers by proposing,
for the first time, a two-species model. Our model is composed of a set of ODEs with the
kinetic rates as parameters. The qualitative description provided by this model has been
coupled to the information contained in the noisy experimental SLS data in a data assimilation
framework. By means of the extended Kalman filter method, we solve a non-linear inverse
problem, thereby estimating the kinetic coefficients associated to the experimental data. To
validate this model we have compared our estimation to the experimental SEC data, observing
a very good agreement between the two. Our oligomer species characterisation may lead to
new strategies to design a first targeted treatment for prion diseases.

The methodology applied to the study of oligomers can be seen as a first step in the analysis
of fibrils. Due to the physical properties of these aggregates, fewer and less precise experiments
can be performed and so a mathematical approach can provide a valuable contribution to their
study. Our contribution is to propose a general strategy to estimate the initial condition of a
fibril system. Inspired by the Lifshitz-Slyozov theory, we describe this system by a transport
equation coupled with an integral equation. The estimation is performed making use of some
empirical observations on the system. We consider the general case of observing a moment
of order n. It is indeed possible to measure the first moment by Thioflavine T fluorescence



or the second moment by SLS. We provide a theoretical and numerical solution of the initial
condition estimation problem in the linear case of a depolymerising system. In particular, for
constant depolymerisation rates, we propose a kernel regularisation strategy, that provides a
first characterisation of the estimation. In the variable depolymerisation rates, we outline the
variational data assimilation method 4d-Var. This method is more general and can be easily
adapted to treat different problems. This inverse problem is particularly interesting since it
can also be applied in other fields such as the cell cycle or dust formation.

Keywords : prion diseases, amyloid, oligomer, heterogeneity, inverse problem, state es-
timation, parameter identification, data assimilation, Kalman Filter, 4d-Var, transport equa-
tion
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Introduction

This PhD thesis is the result of the work I carried out under the surpervision of Marie
Doumic, the Head of the Inria team MAMBA, and Philippe Moireau a senior researcher in
the Inria team MZDISIM. The main objective of this work has been to apply the mathema-
tical framework of data assimilation to explore the largely unknown phenomenon of protein
polymerisation.

0.1 Motivation

Protein polymerisation is a phenomenon of major importance, since it has been identi-
fied as one of the causes of a class of diseases called amyloid diseases. Protein aggregation
occurs when some protein, which is naturally present in healthy organisms in a monomeric
configuration, misfolds. In the misfolded (ill) configuration, proteins are able to bind to other
proteins and, in this way, propagate the disease. In fact, when an ill protein aggregates with
a healthy protein, it is able to make the healthy protein assume the misfolded configuration.

Our understanding of the mechanisms that propagates these diseases is far from complete
and there is, as yet, no cure for these diseases. Many fundamental questions still need to be
answered, and perhaps the most important question is which are the most toxic aggregates ?
In other words, which aggregates can propagate the disease the fastest 7 This question will be
rephrased in our work as which aggregates are associated with the highest aggregation rate ?

Once these objects have been identified, a natural question arises. How can we attack or
destroy them? In order to design treatment, we need to know how these toxic aggregates
interact with the other aggregates or with the monomeric proteins. How does the aggregation
take place ? Do aggregates grow by sequential addition of monomers? Alternatively, do they
attach themselves to dimers, trimers or i-mers? How many different kinds of aggregates are
there ? How do these aggregates interact with each other 7 Once large aggregates have formed,
do they disintegrate, do they break up, or do they lose small pieces? In the last case, what is
the typical size of these small pieces?

This is, of course, only a small selection of all the possible questions that are currently being
investigated by biologists, physicists and mathematicians. Multidisciplinary collaboration is
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essential if we wish to obtain a better understanding of this complex phenomenon that can
be characterised by highly heterogeneous aggregates both in terms of structural configuration
and in terms of size. In our work, we collaborate with a team of biophysicists from INRA.
Thanks to this collaboration we have been able to study in vitro experiments on ovine prion
(ovPrP) and propose an adequate mathematical model of their aggregation mechanisms.

0.2 A brief introduction to prion diseases

This section presents a brief overview of discoveries and hypotheses concerning prion di-
seases and, more generally, amyloid diseases. Our work aims at making a positive contribution
to the decades of research that have been carried out on this important subject.

Prion diseases, also known as transmissible spongiform encephalopathies (TSEs), are fatal
neurodegenerative disorders affecting both humans and animals. Prion diseases are caused by
the aggregation of an abnormally folded cellular prion protein.

The prion protein, called PrP€, is mostly expressed in the central nervous system but it
can also be found in the lymphoreticular tissue, skeletal muscle, kidney, heart, skin, mammary
gland, digestive tract and endothelia. The physiological function of this protein has not yet
been precisely characterised.

The pathogenic form is denoted by PrPS¢, with ‘sc’ standing for scrapie, the prototype
prion disease occurring in sheep and goats. The toxicity of this PrP5C is due to its ability
to convert healthy PrP€ cellular proteins into ill proteins and, consequently, to propagate
the disease. PrP5¢ has a strong tendency to aggregate and exhibits high resistance to heat
and chemical denaturation [143, 29]. Its resistance to protease digestion and insolubility in
non-ionic detergents makes it particularly difficult to attack.

The connection between prion diseases and the prion protein PrP¢ was well established
in the work [144]. It was shown that mice developed resistance to experimental prion di-
sease when the expression of the prnp gene, encoding for PrP®, was reduced using a gene
knockdown technique. However, the identification of the infectious agent and, in particular,
understanding whether PrPSC is able to cause the disease by itself or needs other cofactors
remain controversial issues.

Initially, TSEs were associated with slow viruses because of the long incubation periods.
Experiments designed to disrupt large molecules using electron beams were used in the study
of TSEs. These experiments showed that the size of the infectious agent was very small and,
tellingly, much smaller than a virus. Taking into account these results, G.W. Outram and
A.G. Dickinson in 1979 [57] proposed the existence of wvirinos, small infectious particles with
a vector-like nature. Focusing on scrapie, they conjectured that the scrapie agent bound to
host proteins. In this way, it is seen as legitimate by the host and the immune response is not
activated.

In 1967 J.S. Griffith and T. Alper, for the first time, presented the possibility that pro-
teins can self-replicate without the presence of nucleic acids [79, 4]. This hypothesis was
revolutionary and in fact went against the central dogma of molecular biology™.

In 1982 S.B. Prusiner purified a mainly proteinaceous infectious agent. He coined the word
prion from PRoteinaceous Infectious ONly [141]. For his work on prions, Prusiner won the

1. “The central dogma of molecular biology deals with the detailed residue-by-residue transfer of sequential
information. It states that such information cannot be transferred back from protein to either protein or nucleic
acid.” [50].
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Nobel prize in Physiology or Medicine in 1997.

Today, Griffith’s hypothesis, even if not completely proven, has been supported by se-
veral studies [106], and is generally accepted. Nevertheless, studies exploring the virus-like
hypothesis are currently being carried out [115, 101].

Kuru, Creutzfeldt-Jakob disease (CJD), Gerstmann-Strussler-Scheinker syndrome (GSS),
and familial fatal insomnia (FFI) have been proved to belong to prion diseases. Last year,
in [145, 77] the authors demonstrated the existence of a new human prion (a-syn) responsible
for Multiple System Atrophy (MSA) in humans affected by Parkinson’s disease. MSA has
subsequently been identified as a prion disease. The wide spectrum of prion diseases has been
explained by the variety of ways in which the PrP¢ can fold. Is has been proved that not
all the misfolded forms are pathogenic, but each pathogenic strait corresponds to a precise
disease phenotype [2, 143, 173].

Like for sporadic CJD and MSA, other neurodegenerative diseases such as Alzheimer’s
disease (AD), fronto-temporal dementia (FTD), amyotrophic lateral sclerosis (ALS) and Par-
kinson’s disease (PD) may be characterised by the aggregation of misfolded proteins into large
ordered structures that accumulate in the brain. These aggregates can spread and progressi-
vely affect the whole neuronal network causing neuronal loss [49], the typical characteristic
of all neurodegenerative diseases. The similarity to prion disease mechanisms explains the
name ‘prion-like’ or ‘prionoids’ to denote the misfolded proteins [2]. More than 20 misfolded
proteins have been identified in humans and animals, and include g-amyloid and 7 responsible
for AD, TDP-43 for ALS, and FTD and huntingtin for Huntington disease.

In contrast to prions, until recently we had no evidence for the transmissibility of prionoids.

A preliminary study, published this year, suggests that Alzheimer’s disease can spread from
one person to another [101].
Prion diseases can be transmitted in two ways : vertically when the disorder is inherited
and horizontally when infected by other animals from the same or different species. BSE,
commonly known as “mad cow disease” was first reported in the UK in 1986 and soon spread
worldwide, becoming endemic in many countries. In this case, the cause of the epidemic was
attributed to the fact that the food given to cattle contained contaminated meat. BSE was
then transmitted to humans (vCJD), cats and zoo animals.

The mechanisms leading to the conversion of PrP¢ into PrP5¢ and the capability of aggre-
gating are still unclear. Research results indicate a common pattern for disease propagation
in prion as well as in prion-like diseases. The proteins associated to the diseases, in their mis-
folded or partially unfolded configuration, can template to the normally folded proteins and
interact with them to form cross-beta sheets, a common motif of regular secondary structure
in proteins [2, 143, 57].

Two models have been suggested for this process. The first one was proposed by Jarrett and
Lansbury (1993) for prion diseases [95]. Both PrP® and PrP5¢ are assumed to exist naturally
in the human organism. The two forms are in a reversible thermodynamic equilibrium that
is perturbed in the presence of PrPS¢ aggregates, which provides favourable conditions for
the conversion from PrP¢ to PrP5C. It should be pointed out that in this model the disease
needs some PrP5¢ aggregates (seeds) to start. The second model was presented by Prusiner in
1991 [142]. In this second model, an initial slow reaction with high activation energy converts
PrP¢ into PrPS¢. The protein PrP5¢ is able to template and it forms a dimer with PrP°¢
(PrPC~PrP®°). In the dimeric configuration PrP¢ converts faster than the initial reaction.
The newly created PrP5¢-PrP5¢ dimer then dissociates and allows the formation of new
PrP5¢-PrP€ dimers propagating the disease. In this case, PrP5¢ seeds are not necessary.
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Once the PrP5¢ proteins start to aggregate, they form structures called oligomers or po-
lymers, depending on the number of proteins composing the aggregates. Typically, PrP5¢
aggregates grow along a single axis creating organised filamentous structures called fibrillary
filaments or fibrils. Fibrils can interact with each other and form higher order fibrillary ag-
gregates called amyloids [140]. Fibrils can also break when they reach a critical length and in
this way accelerate the propagation of the disease.

The toxicity associated to the deposits of protein aggregates in the tissues is still unk-
nown [180]. However, the exponential production of PrP5¢ explains the rapid evolution of
CJD which leads to death within a few months of the onset of the disease [152]. In scrapie,
after an incubation period of 2-5 years, the affected animals die within 6 months of the onset.

Treatments preventing the formation of aggregates are likely to lead to positive results.
In [76] the authors present the discovery of HSP104, HSP70, and HSP40 disaggregases, which
are able to dissolve cytosolic aggregates such as yeast prions. It has been noticed that —
overexpressing HSP104 — the yeast becomes immune to prions, as expected. However, the
suppression of Hsp-104 also leads to the same result [174]. These studies suggest that a
dynamical aggregation-fragmentation process is essential to explain prion disease.

In an attempt to cure prion and prion-like diseases, various approaches to design medical
treatment are currently being studied all over the world [128, 100, 82, 28]. At present, the
therapies in prion and prion-like diseases are only able to cure or at least relieve the symptoms.
A better understanding of the mechanisms governing prion propagation is essential to design
new treatments as this knowledge could then be used to interpret the prion-like diseases.

0.3 Objectives and contributions

The main objective of this thesis is to set up a mathematical strategy to investigate the
physical process of protein aggregation. The aim is not to develop new methods but, rather,
to apply existing methods to a new problem.

We focus on prion diseases, which belong to the class of amyloid diseases. We refer to
experimental data on ovine prion proteins. In particular, we analyse the behaviour of prion
oligomers. Increasing evidence has shown that the most infectious factor is the smaller subfi-
brillar oligomers formed by prion proteins [155].
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We aim at designing a mathematical model able to capture the principal features of
prion oligomer evolution and reproduce the in vitro experimental results.

With no existing model for this oligomer system, we have based our study on two essential
elements. On the one hand, we consider the mathematical models proposed for larger prion
aggregates called polymers or fibrils [129, 116, 139, 26, 179, 116, 78], on the other hand, the
experimental data provided by the team led by Dr. Human Rezaei at INRA. The experiments
carried out by this team were vital in order to gain a better understanding of this phenomenon.
The value of these data comes from the fact that the experiments were designed in tandem
with our collaborators to address the specific questions raised in the course of our research.

Our study reveals the need to model at least two oligomer species. We have called these
two species stable oligomers and unstable oligomers. The former grow by gaining one monomer
at a time and shrink by losing one monomer at a time. Unstable oligomers can gain or lose
one monomer at a time, similarly to stable oligomers, and, most importantly, can completely
disintegrate into monomers. The two species interact through the exchange of monomers. In
fact, the oligomers of both species are made up of the same kind of monomers and in their
evolution contribute to and draw from the same monomer reservoir.

All chemical reactions involving oligomers of size i are associated to rates that are poten-
tially dependent on the size. These rates govern the behaviour of the oligomer system and
constitute the set of parameters of our model.

Many prion polymer models have been proposed in the literature. In particular, we find
ordinary differential equation systems [129, 116]. The main drawback of such models is that
they require a number of equations that is at least equal to the number of aggregate sizes.
Therefore, they are unsuitable when studying large aggregates, due to their high computa-
tional cost. A big advantage in working on oligomers is that these aggregates are made up,
at most, of several hundred monomers. Since the monomers are the composing unit of the
oligomers, we define the oligomer size as the number of monomers forming the oligomers.

Inspired by the Becker-Déring theory [19], we propose an ODE model consisting of a
differential equation for each oligomer size, for each oligomer species and a differential equation
for the monomers. It reads as follows

w; = _kdisiwi + konéu_lwiflv - konvfuwiv + kdepﬁ_lwﬂrl - kdep?wiy 1€ [io, Zl]
Yi = koni'l_lyi—lv - kon?yiv + kdepg+1yi+1 - kdepgyiy (RS [i07 il]
v = Zilzio ( - U(kon%ﬂwi + konl‘yyi) + kdepzuwi + kdepi/yi + 'Lkdisiwi)~

Here y; and w; are the concentrations of the stable and unstable oligomers of size i, respec-
tively, and v is the concentration of isolated monomers. The range of sizes [ig, 71| generally
covers hundreds of sizes. The kinetic rates Kon;, kdep; and kgis; are the size-dependent rates
associated to the polymerisation — i.e. sequential monomer addition — depolymerisation — i.e.
sequential monomer loss — and disintegration, respectively.

When targeting real applications, we faced noisy and/or partial data. In order to produce
a reliable tool, we need to treat these data accurately.

[ We aim at setting up a data analysis methodology.
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Correctly achieving this objective plays a crucial role. It allows us to gain a deep unders-
tanding of the data and leads to a better comprehension of the physical process. The results
of the data analysis are necessary to develop a model that matches biological reality. This
objective includes analysing the reliability of the experimental data. In our work, we provide
a mathematical approach to estimate the amount of error in the experimental data. This
can also lead to establishing which data are descriptive of reality and which data should be
neglected. Moreover, this methodology can be applied to the study of any kind of protein
and, more generally, to any kind of molecule.

The achievement of the first two objectives naturally leads to the third objective

Taking into account some measurements on the oligomer systems, access to a per-size
and per-species description of the system evolution.

. J

This objective can be equivalently presented in the form of an inverse problem, as follows

Taking into account some measurements and a model describing the evolution of the
oligomer system, estimating the initial condition and the parameters of the model.

To solve this estimation problem, we start by assuming some simplifying conditions on
the system. We assume that at the beginning of each experiment, we have a ratio of stable
oligomers over the totality of the oligomers that does not change with respect to size. Fur-
thermore, we assume that the unstable oligomers are subject to disintegration much faster
than any other process. Assuming, in addition, that the kinetic rates do not depend on size,
we obtain a model that is completely determined by only four parameters. Specifically, we
have three kinetic rates associated to the polymerisation, depolymerisation and disintegration
processes and the initial ratio of stable oligomers. The final model reads

Ui = kon¥i—1V — kon¥iV + kdep¥i+1 — KdepYi, @ € [io, 1],
w; = _kdiswia (&S [iOa i1]7
v = Z?:io ( — VkonYi + Kdep¥i + ’ikdiswi)a

wi(0) = (1 —a)u(0),

¥i(0) = au;(0),

v(0) = 0,

where « is the initial ratio of stable oligomers and for all times ¢ and all sizes i, u;(t) =
yi(t) + w;(t). In general, it is not possible to measure the quantities one wants to estimate
directly. In our applications, we observe the variation in time of the average oligomer size.
Such data can be collected by a static light scattering (SLS) device and the observations can
be described mathematically as follows

zs1s(t) = M1 (U(t) + Zl i2uz’(ﬂ> + X2+ X,

=10
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The parameters A\; and Ao depend on the experimental conditions and are unknowns. We
assume that the data are affected by some additive noise x. The estimation of A\; and Ao and
the analysis of the noise y is performed using our data analysis methodology.

Coupling the data and the model in a data assimilation framework [54], we extract the
useful information contained in both of these elements and thus realise the third objective.
Simultaneously estimating the initial condition and the kinetic parameters, even with the
simplified model, is no trivial problem. In fact, we are dealing with a non-linear problem
and non-linearity represents a well-known difficulty when solving an inverse problem. We
choose to apply the Extended Kalman Filter method to compute the estimations. As for all
data assimilation methods in a non-linear setting, a critical point is the initialisation of the
estimator. To define a good initial estimation, also called initial state a priori, we obtain a first
candidate derived by a series of biological considerations and our modelling understanding.

We estimate the parameters associated to three sets of data, representative of the three
main behaviours experimentally identified in oligomer observations. The estimation strategy
is an important tool in the study of this phenomenon as it provides quantitative estimations
of the kinetic parameters, which are impossible to measure otherwise.

A key aspect in data assimilation is to be able to validate the estimations, typically using
extra data. We compare the estimated oligomer distributions to their empirical measurements
collected by size exclusion chromatography (SEC) at certain instants. In order to be able to
establish a degree of confidence in these comparisons, we performed a data analysis of the
noise in the SEC data. The validation of the estimation suggests the validation of the model.

With this work we have provided — for the first time — a model for the evolution of ovPrP
oligomers, based on the study of in vitro experimental data. This model is able to describe
the most important processes occurring in ovPrP oligomer evolution in a simple way. This
new tool may prove very useful for the study of other kinds of proteins or other kinds of
aggregates.

In particular, our qualitative description of the oligomer system can be taken into account
in the study of larger aggregates such as protein fibrils. Studying this kind of aggregates
presents additional difficulties.

From an experimental point of view, there are very few techniques available to observe
the evolution of fibrils. For instance, because of the large aggregate sizes, we cannot perform
SEC to measure size distribution. One of the alternatives proposed is a microscopic analysis.
Microscopic pictures of the fibril samples are taken (see, for instance, Figure 1). Then, the
length of the fibrils is directly measured on the pictures. An example of the kind of data
resulting from this type of analysis is given in Figure 2.

Because of the measurement process, we cannot access concentrations of polymers of
sizes less than 145mer. Moreover, two sources of noise must be considered : on one hand,
instrumental error affecting the resolution of the pictures and, on the other hand, human
error in rounding the measurements.

From a modelling point of view, due to the wide size range and the subsequent compu-
tational costs, ODE systems cannot be simulated. A continuous-size model is thus usually
preferred. Taking into account only the so-called primary pathways, we consider only the
polymerisation and depolymerisation processes. We refer to the Lifshitz-Slyozov theory. The
system dynamics is thus given by a transport equation — describing the evolution of the ag-
gregate concentrations — and an integral equation — describing the variation of the monomer
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F1GURE 1 — Microscopic image of ovPrP fibrils. Source : Dr. Human Rezaei.
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FIGURE 2 — Size Distribution obtained from microscopic pictures at time ¢ = 0 on the left
and time ¢ = 35min on the right. Source : Dr. Stéphanie Prigent.
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concentration. Formally, it reads

Owu(z,t) + 0p(V(x, t)u(z,t)) = 0, V(z,t) € RT x Rt
Viz,t) = a(@)o(t) - b(z),
o(t) + [T wut,x)de = p>0 vVt € R
Ut=0 = U0,
V=0 = Yo,

where u(x,t) is the concentration of aggregates of size = at time ¢, v is the concentration of
monomers, a is the polymerisation rate and b is the depolymerisation rate.
In the case of a depolymerising system, we can consider the system

Owu(z,t) — 0x(b(z)u(z,t)) = 0, V(z,t) e Rt x RT
o(t) + [T zu(t,z)de = p>0 Vit eRT
Ug,

Ujt=0
V=0 = Yo,

Given that it is possible to measure the first moment of the function w by Thioflavin T (ThT)
fluorescence [18] and the second moment by Static Light Scattering [55, 165], we consider the
general case of observing the variations in time of the moment of order n of u. We model the

observations as follows
V4

z(t) = A1 | 2"u(x, t)dz + Ao + x(2),
/

where y is some additive noise and A;, Ay are constants depending on the experimental
settings.

We propose a methodology to estimate the initial condition of a physical system evol-
ving with a backward transport equation, through the observation of one of its mo-
ments.

This inverse problem of initial condition estimations, has been analysed in the case of
constant transport velocity. In this setting, we propose a kernel regularisation strategy. We
describe how to set the optimal kernel with respect to the order of the observed moment and
the amount of noise on the data. Furthermore, we provide an upper bound for the accuracy
of the optimal estimation.

This first setting is useful as a reference case to study of the variable transport velocity
case. To treat this second case, we propose a variational data assimilation strategy called
4d-Var. We show the equivalence of these two approaches in the case of constant velocity.
This second method, however, is based on a formalism that can be more easily adapted
to other problems. The 4d-Var method consists in minimising a least square criterion. The
minimisation can be carried out using an adjoint method.

The two methods have been tested on synthetic data. The code implementing the 4d-
Var has been included in the data assimilation library VerdandInMatlab, which is a Matlab
module of the Verdandi C++ library [41].

A sequential data assimilation approach, the Kalman Filter method, has also been inves-
tigated as a supplementary strategy to tackle this estimation problem.
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0.4 Outline of the present work

This thesis has been divided into two independent parts. The first part is organised in two
chapters.

— Chapter 1 In the first chapter of this thesis, we detail our study on ovPrP oligomers.
We start by describing the experimental setting. We take into account two kinds of mea-
surements : Static Light Scattering (SLS) [55, 165] and Size Exclusion Chromatography
(SEC) [102]. The SLS test provides average measurements. Specifically, it can be related
to the average cluster size. The SEC test is able to separate the aggregates of a given
sample with respect to their size. For each size, the concentration of the objects of that
size is given. After a brief description of the devices, we detail the data analysis. We
focus on the estimation of unknown scaling parameters associated to the experimental
conditions and the analysis of the noise.

A qualitative study of these data constitutes the starting point for the development
of a mathematical model. We notice that the oligomers in three concentration regimes
manifest different behaviours. The main challenge has been to create a model able to
explain and reproduce all three behaviours.

Three main processes have been identified : polymerisation, depolymerisation and disin-
tegration. We present biological or numerical evidence supporting this choice. Moreover,
we illustrate the steps leading to the formulation of a two-species model in which one
species is able to disintegrate while the other can polymerise and depolymerise.

We present the following inverse problem : Given the observations

2(t) =v(t)+ )i (gji(i) + uioie*’u“dist) + x(t),

=10

where x is some additive noise, to find

v
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with initial conditions
yz(o) = du(O), Wo; = (1 - d)U(O), kon(o) = ];'oru kdep(o) = ];'depa kdis(o) = Edisa

is the observed trajectory.

We present the Kalman filter and extended Kalman filter as strategies to estimate the
state of a dynamical system from the knowledge of some noisy and/or partial measure-
ments. We then describe the application of the Extended Kalman Filter (EKF) method
to our problem. We discuss the choices leading to the definition of the initialisation of
the extended Kalman estimator.

The results are presented and validated by comparing the estimated oligomer size dis-
tribution with the SEC data.

— Chapter 2 The results of the work detailed in Chapter 1 are brought together in this
second chapter in the form of the pre-printed article

The mechanism of monomer transfer between two structurally distinct PrP oligomers
A. Armiento, P. Moireau, D. Martin, N. Lepejova, M. Doumic and H. Rezaei.

In addition to what was presented in Chapter 1, this chapter points out the relevance
of our results from a biological point of view.

The second part of this work is presented in the three following chapters.

— Chapter 3 In the first chapter of this part, we present the state of the art of prion
modelling. We aim at providing the context of the transport model that is taken into
account in this part of the work. We focus on two theories : the Becker-Dé [19] theory
and the Lifshitz-Slyozov theory [111]. The former is a discrete-size model. It consists of a
set of ODEs modelling a polymerising-depolymerising system. This model is particularly
interesting, being the one that inspired the oligomer model presented in the first part
of this thesis. The second theory considers a continuous time-setting, and consists of
two coupled equations. A transport equation describes the dynamics of the aggregate
concentrations, while an integral equation — derived from the system mass conservation
— links the monomer evolution to the aggregate concentrations. This model, as for the
Becker-D6 model, represents a system in which aggregates attach or lose monomers. The
rates at which these reactions happen govern the transport velocity. The continuous-
size framework applies under the condition that the monomer size is asymptotically
small compared to the average cluster size. The two methods are linked to each other.
It has been proved that the solution of the Lifshitz-Slyozov model can be obtained
as an asymptotic limit of the solutions of the Becker-Doring model, when the average
size of the system tends to infinity [47]. Applying the Lifshitz-Slyozov theory to model
depolymerisation experiments, we neglect the polymerisation term in the model. This
assumption yields a linear backward transport equation.

We consider the observation of the moment of order n of the concentration function,
which is the solution of the transport equation. It is in fact possible to observe the
first moment — corresponding to the total polymerised mass — by Thioflavin T (ThT)
fluorescence [18] and the second moment — corresponding to the average cluster size —
by Static Light Scattering [55, 165].
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We set up the following inverse problem : Given the observations

l
A(t) = A / i, )da + Az + X (1),
0

to find
£
such that 51 5
u “
E(w,t) - %(b(x)u(m,t)) =0, =xzel0,4,t>0,
u(l,t) =0,
W(x,0) = uo + &,

Chapter 4 The second chapter of the second part corresponds to the article published
in the Journal of Theoretical Biology

Estimation from moments measurements for amyloid depolymerisation
A. Armiento, M. Doumic, P. Moireau, and H. Rezaei.

This work presents two general methodologies to solve the inverse problem presented in
Chapter 3. The first belongs to the class of kernel methods [64]. This method requires
an explicit theoretical relation linking the initial condition — which is the object of our
estimation — to the noiseless data. In our case, when observing the moment of order
n, we would need to derive the observations n 4+ 1 times. In the presence of noise,
such an operation is not possible. Data are thus regularised by convolution with a
kernel function, to have the desired regularity. We provide a characterisation of the
kernel function, depending on the amount of noise in the data. This strategy has been
investigated in the case of constant transport velocity.

The second method is a variational data assimilation method called 4d-Var [105]. It is
designed for the general case of variable transport velocity. The initial condition esti-
mation is obtained by minimising a least square criterion accounting for the error in
the initial condition approximation and the discrepancy between the experimental ob-
servations and the observation simulated on the estimation. Moreover, we characterised
the derivative of the criterion with respect to the initial condition by introducing the
adjoint variable [23].

In the case of constant transport velocity, the equivalence between the two strategies is
shown. Furthermore, the well-posedness of the inverse problem is investigated. Thanks
to the linearity of the problem, it corresponds to verifying the so called observability
conditions.

The methods have been numerically implemented and tested on synthetic data consi-
dering several amounts of noise in the data. We find that in both cases, the accuracy
of the estimations deteriorates for increasing levels of noise and in increasing orders of
the observed moment.

We also illustrate, using an example, how these methods can be applied to real data.
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— Chapter 5 The third and last chapter of the second part is dedicated to an overview of
data assimilation methods. These methods are presented in a state-space formulation.
Given the inverse problem introduced in Chapter 3, we define the operators associated
to the model and the observations in this new formalism. The methods are presented in
a continuous time setting with linear, time-independent infinite-dimensional operators.
We focus on the 4d-Var method — belonging to the class of variational methods — and
the Kalman filter method — belonging to the class of sequential methods.
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Premiere partie

Data assimilation on an ODE model of
polymerisation






CHAPITRE 1

Direct model and inverse problem
solution for prion oligomer proteins

In this chapter we present the results of our research on the behaviour of ovine prion oli-
gomers, namely ovPrP oligomers. As explained in the introductory chapter, the oligomers are
protein aggregates made up of small number of monomers. These aggregates are particularly
important as increasing experimental evidence is leading to the hypothesis that subfibrillar
oligomers are the most infectious factor in prion diseases [93, 159]. Although much progress
has been made in the study of prion oligomers, the biochemistry and the biophysics of prion
oligomers remain unclear. In our research, we aim at understanding the main mechanisms
occurring in oligomer evolution, as better knowledge of the oligomerisation pathways would
help to clarify the pathological events at the molecular level. Our work can thus be seen as a
first step on the path that will, hopefully, lead to the design of medical treatment targeting
prion oligomers to cure prion diseases.

In this chapter we present the experiments and measurements performed by our collabo-
rators in Dr. H. Rezaei’s team at the INRA laboratories in Jouy-en Josas. Interdisciplinary
collaboration between mathematicians, physicists and biologists has been crucial to obtain a
better understanding of the subject and achieve significant progress.

When we started this project, the approach commonly adopted by biologists to study the
dynamics and the aggregation-fragmentation mechanisms of prion oligomers was measuring
the variations in the average molecular weight by a Static Light Scattering (SLS) device [55].
We based our considerations on this type of data and we represented the dynamics of the
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oligomer system using a classical model which is known in the literature as the Becker-Doring
system [19]. We assumed that oligomers can be involved in two kinds of processes : sequential
polymerisation, i.e. gaining one monomer at a time, and depolymerisation, i.e. losing one
monomer at a time.

By using the information from the experimental data and the Becker-Déring system, we have
tried to answer some of the open biological/biochemical questions. In particular, we have
focused on

1. estimating the oligomer size distribution at any time ¢,

2. identifying the kinetic parameters.

In fact, knowing the oligomer size distribution is helpful to distinguish between the forma-

tion pathways. Furthermore, as we prove in our work, it contains information on the structural
heterogeneity of oligomers.
The kinetic parameters give information on the interactions between the oligomers and bet-
ween the oligomers and the monomers. By analysing the kinetic rates, we can identify the
objects that are more thermodynamically stable. The stability of assemblies is in fact impor-
tant to predict the evolution of the oligomer population. It has been observed that aggregates
with a low thermodynamical stability are prone to losing monomers. This implies that when
high and low stable aggregates coexist, the low stable aggregates shorten, giving rise to a
monomer reservoir that is used by the more stable aggregates [181].

Ideally, once we have a complete understanding of oligomer species and their behaviour,
it will possible to conceive a treatment to attack the agent responsible for amyloid formation
with a targeted strategy.

To achieve these objectives, we gather all the available sources of information and we
connect them through a data assimilation framework. We adopt the Extended Kalman Filter
method to perform the estimation. The accuracy of the estimation depends on the amount of
error in the measurements and the definition of the initial oligomer size distribution. To gain
some information regarding the initial distribution, a new set of experiments was performed
and this time the size exclusion chromatography (SEC) measurements were collected. Cou-
pling these data with the multi-wavelength static light scattering (MWLS) analysis [165, 55],
we have access to the size distribution at different times.

The measurement of the initial oligomer distribution allows us to define a good estimation
of the oligomer initial state. Having access to the oligomer distributions at successive times,
we notice an unexpected behaviour of the oligomers that led us to question the model.

Thanks to our multidisciplinary collaboration, it was possible to formulate and evaluate
a variety of mathematical models to represent our oligomer system. Some of the models were
excluded because they did not match with biological evidence, while others were excluded
because they were not able to reproduce the behaviours observed in the data. In this chapter
we present the steps that guided us to the formulation of a two oligomer species model. In
this model we consider two kinds of oligomers :

— ones that can polymerise and depolymerise, which we call stable

— and ones that can polymerise, depolymerise and, above all, disintegrate, which we call
unstable.

We denote by w; and y; the concentrations for unstable and stable oligomers of size i, res-
pectively. We assume that we have only one type of monomers and we call v the monomer
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concentration. The mathematical model results in the following set of ODEs

W, = —kdisiWi + Konj—1Wi—1V — konj WiV + Kdep;', | Wit1 — Kdep; Wi, — to < i < iy,
Ui = koni‘/_lyi—lv - kongyiv + kdepi‘/+1yi+l - kdepi‘/yia 10 <1 <1y,
v = 211:10 ( - U(k'on;uwi + kon%’yi) + k‘dep;ﬂwi + k’dep?yi + Zk‘disiwi)a
(1.1)

where the non-negative coefficients kong', kdep;, kdisi; @ € {y,w} are the kinetic rates of the
polymerisation, depolymerisation and disintegration reactions, respectively. Furthermore, we
denote by ig and i; the minimal and maximal oligomer size.

It is worth mentioning that it is not possible to empirically measure the kinetic rates.
At the start of our project, the only vague information we had was that a classical range
for the depolymerising rate is between 107° and 10~ ?min~!, commonly around 10~3min~".
With our approach we have been able to estimate all the kinetic rates precisely of the order
of 10~ min—1.

This chapter contains four sections. In Section 1 we present and analyse the experimental
data. In Section 2 we discuss and formulate our oligomer model. In Section 3 we introduce
the Extended Kalman Filter and detail its application to estimating the kinetic rates and the
initial oligomer size distribution. In Section 4, we discuss the results.

1.1 Experimental data analysis

In this section, we describe the formation of the oligomer system under study and how
we can observe it experimentally. In particular, we focus on the experimental setting and we
describe the methodology to analyse the experimental data.

1.1.1 In vitro oligomer formation

In the introductory chapter of this thesis, we presented the mechanisms of protein polymer
formation in vivo. We can highlight three key pathogenic events in prion diseases : 1) the
presence of misfolded (ill) proteins, 2) the misfolded proteins come into contact with healthy
proteins and catalyse their conversion into the ill form 3) over time all the healthy proteins will
be converted into ill proteins. To recreate these steps in in vitro experiments, scientists induce
a partial unfolding of healthy full-length ovine PrP® proteins by thermal treatment. The
partially unfolded proteins are then able to aggregate and form oligomers [150]. Depending
on the way proteins aggregate with each other, we can distinguish between three structurally
different oligomer species, as presented in [40]. Since the three oligomer size ranges do not
overlap, it is possible to isolate one particular kind of oligomer by isolating clusters with sizes
in a particular range. The selection of the clusters with respect to the size can be performed
by a size exclusion chromatography test, which is detailed later in this section.

We report here some more technical information about the protocol and we refer to ar-
ticles [62] and [40] for more details.

The in vitro oligomer formation starts with non-associated PrP® proteins (monomers). Full-
length Ovine PrP 23-234 (Ala-136, Arg-154, Gln-171 variant) were produced in Escherichia
coli and then purified. The proteins are incubated in a concentrated solution of the denatu-
rant guanidinium chloride and then heated up to 37°C'. In this way, the proteins lose their
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quaternary structure! (denaturation) and start to aggregate with each other forming oli-
gomer structures. To have a detailed description of the purification process we refer to the
publication [150]. The conversion of the misfolded proteins PrP5¢ into the oligomeric form
is performed in 20mM sodium citrate buffer (pH 3.40). The PrP®¢ — at a final concentra-
tion of 50uM — is incubated in a Perkin Elmer GenAmp2400 thermocycler at 65°C for two
hours. Homogeneous fractions of oligomers are then collected after separation by size exclu-
sion chromatography (SEC), as first described in the work [62]. SEC is performed at 20°C
using a TSK 4000SW (7mm * 600mm) gel-filtration column (Interchim, Montluon, France)
with 20mM sodium citrate (pH 3.35). Protein elution is monitored by UV absorption at
280nm. The oligomer size distribution is determined by SEC data coupled with static light
scattering data. The light scattering test is performed with an in-lab device using 407nm laser
beams in a 2mm-path-length quartz cuvette. Kinetic experiments are performed according
to a standardised methodology, as reported in the work [40] : 72°C in 20mM sodium citrate
buffer (pH 3.40).

1.1.2 Biological experiments

FIGURE 1.1 — SLS device (left) and SEC device (right).

The experiment that we consider in our research is a depolymerising experiment. In this
case, the term “depolymerising” does not imply that the only process involved is the depoly-
merisation, but rather the global size-reducing behaviour of the aggregates at the beginning
of the experiments. The main reason for setting up this kind of experiment is that — since
monomers are necessary for the growth of aggregates and we start with no monomers — we
are able to decouple the growing-shrinking processes and have only shrinking processes, at
least for a certain initial time lapse.

Once oligomers have been formed and isolated via size exclusion chromatography, we
extract two samples that are put into two cuvettes of different volumes. We assume that
the oligomers are homogeneously distributed and that any extracted sample is identically
distributed. The two cuvettes are put in two static light scattering devices under the same

1. The quaternary structure is the arrangement of more than one polypeptide chain in a multi-subunit
complex to form a fully functional protein.
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temperature and pressure conditions. We perform a series of three experiments in which we
put different total mass concentrations, namely p, in the smaller cuvette. We use the bigger
cuvette as a pool from which we extract oligomer samples of concentration p that are then
used to perform the size exclusion chromatography test and obtain the size distribution. With
this strategy, we have access to the size distribution at several times without perturbing the
system in the smaller cuvette. Given the general consensus of the scientific community on
this protocol, we assume that — since the oligomers in the two cuvettes are set in the same
conditions — they undergo the same evolution process. We thus consider that the static light
scattering measurements performed on the small cuvette and the size exclusion chromato-
graphy performed on the samples taken from the large cuvette are observations of the same
System.

In the following sections, we describe the two kinds of data collected during the expe-
riments on prion protein oligomers. An important feature of the aggregation-disaggregation
processes is its dependence on the total monomer concentration. To take into account and
better understand this dependence, three experiments were performed at three different total
monomer concentrations. The total monomer concentration, denoted p, can be mathemati-
cally defined as follows

p=vt Y i (1.2)

where v is the concentration of isolated monomers, while the second term indicates the concen-
tration of the aggregated monomers. We call u; the concentration of oligomers of size . There-
fore, the quantity iu; corresponds to the concentration of monomers composing the oligomers
of size i. We recall that the notation ig and i; stand for the minimal and maximal oligomer
sizes, respectively.

The experimental concentrations were chosen to represent three different regimes

— p = 1uM : low concentration regime
— p =3uM : medium concentration regime

— p = TuM : high concentration regime.

1.1.3 Size exclusion chromatography (SEC) data

Chromatography is a classical technique to separate macromolecules according to their
specific properties. In our work we are interested in separating molecules on the basis of
their size, leading us to consider the Size Exclusion Chromatography (SEC) test. This test is
also called gel filtration because the aggregates pass through a gel grid, which is packed in a
column. By controlling the degree of cross-linking of the grid, we can separate different sizes.
For example, a loose grid can separate large molecules. An early application of the SEC test
was carried out in 1955, see [102].

The excluded molecules are associated with an elution volume?, which is the volume of
buffer exiting the column before the molecules. Big molecules are not trapped in the gel
structure and are thus selected first. The associated time elapsing before exiting the column
is small and, equivalently, the elution volumes are small. The SEC device returns the weight
concentration of the eluted molecules that is conventionally given with respect to the volume.

2. FElution is the process of extracting one material from another by washing with a solvent. The elution
volume is the volume of solvent necessary to elute the material.
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FIGURE 1.2 — (A) Schematic picture of a gel with an electron microscopic enlargement. (B)
Schematic drawing of sample molecules diffusing in the gel pores. (C) Graphical description of
molecules separating in the gel column. (D) Schematic chromatogram. Source : GE Healthcare

Life Sciences, Size Exclusion Chromatography handbook.
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We denote these data as zgsec(V), where V' is the elution volume. To give an example, in
Figure 1.2-(D) we show a typical result of SEC separation. When the data are represented
with respect to the volume, the curves are independent of the speed at which the experiment
has been carried out. Hence, it has conventionally been adopted in the literature to facilitate
the analysis and comparison of the results.

In Figure 1.3, we present the experimental SEC data in three different concentration
regimes : p=1, 3, TuM.
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FIGURE 1.3 — Experimental SEC data relative to the total concentrations p =1, 3, TuM.

When observing these data, we can clearly distinguish two peaks. The first one, on the left,
corresponds to the oligomer peak while the second one corresponds to the monomer peak. As
mentioned before, oligomers — being bigger than monomers — correspond to smaller elution
volumes. Moreover, we do not have objects with intermediate elution volumes because, if this
had been the case, we would have observed other peaks as in Figure 1.2-(D). Therefore, in
our mathematical model we should pay particular attention to ensuring that oligomers of
intermediate sizes are not formed.

Thanks to multi-wavelength static light scattering (MWLS) analysis, [55], we can have an
empirical Volume-Size transformation law. In Figure 1.4, we show the correspondence relation
between oligomer sizes and elution volumes.

Coupling the SEC and MWLS data, we have access to the oligomer concentration with
respect to the size of the oligomers. The oligomer size is defined as the number of monomers
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FIGURE 1.4 — Volume-Size Equivalence

composing the oligomer and it is expressed in mer, standing for “monomer”. Denoting by
V' the measured elution volume, we apply the change of variables V' = f(i), for the volumes
V € [9.5,15]ml and the sizes ¢ € [25,70]mer. In this way we obtain the oligomer weight
concentration with respect to the size. By dividing each value by the corresponding size, we
then obtain the oligomer concentration. Let ¢ be the time at which the chromatography test
is performed, we introduce the notation

Zsec,o(i,t) = ZSGC(;(Z)), for 7 € [257 70]777,67’,

Zsec,m(V7 t) - Zsec(v), fOI‘ x € [].7, 25]m1

Let us call u;(t) the concentration of oligomers of size ¢ at time ¢ and v(t) the monomer
concentration. Moreover, let \,, A\, be two unknown positive coefficients, we have :

Zsec7o(i, t) — )\Oul(t), fOI‘ Z G [25, 70] (13)
and
25
/ Zsec,m(vv t)dV = )\mv<t)- (1.4)
17

We assume that ig = 25mer and i1 = 70mer. Or, equivalently, we assume that the smallest
and biggest detected sizes correspond to the smallest and biggest oligomer size. We notice
that — given the physical properties of the SEC device — this assumption is true when we
observe an oligomer system but it is not true if we observe larger aggregates. In fact, large
aggregates are likely to be bigger than 100mer and the device is not able to separate polymers
bigger than this size. These aggregates elute together at the end of the SEC test.

In Figure 1.5, we plot the functions zgec,o and zgec,m for different total concentrations.

1.1.3.a SEC experimental constants In this section we detail how to estimate the para-
meters A, and Ay, introduced in Equations (1.3)-(1.4).
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FIGURE 1.5 — Left : Oligomer distribution computed from SEC data. Right : monomer peak
in SEC data. From the top to the bottom we consider the total concentrations p =1, 3, TuM.
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Since our experiments start with no monomers, v(0) = 0. Consequently, in this case
Equation (1.2) reads
1
Zzzseco (i,t) = Ao sz = Aop-

=10 i=1g

We conclude that

Zil:io iZSGC,O(ia t)

Ao = (1.5
. p )
To estimate the coefficient \,,, we consider an instant ¢t # 0. We can write
25 i
/ Zsec7m(‘/, t)dV == )\m'l)(t) == )\m <p - A;l Z Z.ZSGC,O(Z‘7 t)) .
17 i=ig
Therefore, we have
2 zseem(V, )dV
A’m|t = ) (16)
pP— Aot EiZio i2sec,o(i; 1)
where the subscript /\m|t highlights the dependency of the formula on time. Let {tj } 5=1,-,NSEC obs
be the times of the SEC measurements, where t; = 0. We define
NSEC obs
A Am 1.7
" NSEC obs — 1 Z e ( )

In the following table and in Table 1.1, we report the values obtained with formulas (1.5),
(1.6) and (1.7).

p=3uM | Nnjis = 14938 | Ajios = 2.6642 | Apyjarp = 2.3596
p=TuM | Anjs = 0.9815 | Anps = 11031 | Apjgs = 15483 | A5 = 1.3046

The coefficients A, and A, depend on the device. We do not expect them to vary greatly
in the three experiments. We notice that, in the experiment at p = 7uM, the value of A, is
almost half as small as in the other two cases. This discrepancy has been explained (after-
ward) by considering that the samples used to perform the SEC test in this experiment had
concentration of 3.5uM while we applied the formula (1.5) with the value p = 7. We can thus
see how this approach is useful to reduce the errors arising from missing information about
the experimental protocol or slight differences in the concentrations of the samples used in
the SEC test.

1.1.3.b SEC data noise We move on now to analyse the effects of noise on the SEC data.
SEC data are affected by two kinds of noise : an additive white noise and a variability in the
position and the width of the peak.

The first kind of noise is related to the precision of the SEC device. We can easily identify
the effects of this noise when looking at the base-lines of data in Figure 1.3 that correspond to
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p=1uM t = Omin | ¢t = 25min | £ = 140min
SoiLs, izseco(is t) 35.0279 | 6.9363 0.3611
> zsecm (Vo t)dV 0.1879 1.2152 1.7863
Ao = 35.0279, A, = 1.6601
S izseco(i ) /Ao 1.0000 0.1980 0.0103
25
2 zseem (Vi 1)AV/ A, 0.1132 0.7320 1.0760
o(t) + L fui(t) 1.1132 0.9300 1.0864
p=3uM t =0min | ¢t = 15min | { = 125min | £ = 270min
SiLs izsecois t) 93.4175 | 42.0483 16.0868 12.6014
2 Zseem (Vo t)dV 0.283 2.464 6.616 6.124
Xo = 31.1392, A, = 2.1725
S izseco(i ) /Ao 3.0000 1.3503 0.5166 0.4047
2 zsee,m (Vi £)AV/ A, 0.1303 1.1343 3.0454 2.8188
v(t) + 30k, dui(t) 3.1303 2.4846 3.5620 3.2235
p="TuM t =0min | ¢t =5min | { = 15min | £ = 95min | £ = 1150min
U izsecoli, t 97.9113 | 68.4282 | 42.2460 | 46.0280 37.2613
1=10 )
> zseem(V, t)dV 0.2205 | 2.0689 4.3899 5.7430 5.6570
Ao = 13.987, A, = 1.2344
0 izecolis )/ Ao 7.0000 | 4.8922 3.0203 3.2907 2.6639
1=10 )
2 zseem (Vo )AV/ Ay, 0.1787 | 1.6761 3.5564 4.6525 4.5829
u(t) + S0 iug(t) 7.1787 | 6.5682 6.5767 7.9432 7.2468

TABLE 1.1 — Numerical values computed from SEC data at concentrations p = 1, 3, 7TuM,
applying the definitions (1.5) and (1.7).
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a zero concentration. Since SEC data are independent of the sample mass and concentration,
we can assume that the resolution is the same for all the experiments.

To better understand the source of the second kind of noise, we recall that when oligomers
pass through the SEC column, they are delayed causing the band broadening that can be
observed in Figure 1.2-(C). Consequently, oligomers with the same size do not all leave the
columns at the same moment and we observe broad peaks. This effect is unavoidable because
it is linked to the diffusion of sample molecules inside and outside the gel medium.

A good SEC test has to guarantee sufficient selectivity and limit the peak broadening
effects. Unfortunately, the resolution is influenced by too many factors — e.g. particle size,
particle uniformity, column packing quality, volumes in system components, flow rate, sample
volumes, viscosity, etc. — and it is therefore difficult to derive a mathematical description of
the effect of this noise on SEC data.

monomers

p=1pM t = 25min
p = 1puM t = 140min
p=3uM t = 15min
p =3uM t =125min
p = 3uM t = 270min
p=TuM t = 5min
p="TuM t = 15min
p=TuM t = 95min
p=TuM t = 1150min

concentration (M)

Vol (ml)

FIGURE 1.6 — Normalised monomer concentration data collected with the SEC device.

However, in the case of a single type of molecules, the broadening of the peak is a de-
terministic process that depends on the object’s structure and the composition of the gel. In
fact, if we compare the monomer peaks of our data — normalised to have the maximum one —
we observe a general agreement, see Figure 1.6. We remark that the monomer peak observed
at time t = 1150min and p = 7uM has a different shape that may indicate a phenomenon
of monomer degradation. The monomer peak shape can give some indication as to whether
SEC data are trustworthy or not. Hence, we would assume the noise to be larger on the data
corresponding to £ = 1150min and p = 7uM.

This kind of argument cannot be applied to the oligomer peak since it corresponds to a
group of objects and the peak shape changes over time. An empirical strategy to analyse the
noise on these data would be to repeat the same experiment several times and compare the
experimental oligomer peaks with an average peak. Without this additional information it is
not possible to quantify the broadening effects on the oligomer peak during the experiments.
However, for the following reason, we can have a high level of confidence in the initial oligo-
mer distribution. Indeed, the initial samples are extracted from the same oligomer pool and
then diluted to have the concentration p = 1, 3, 7TuM. When we compare the normalised
distribution of these three samples, we have a perfect match, see Figure 1.7. Hence we assume
that there is no error in the initial oligomer peak shape. Furthermore, we can assume that
the value of the total concentration p is known exactly. We define the initial condition as
the initial empirical oligomer peak rescaled to have its integral equal to p, and we can thus
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FIGURE 1.7 — Normalised initial oligomer concentration data collected with the SEC device.

assume that it is known precisely.

1.1.4 Static Light Scattering (SLS) data

v

(a) Light scattering instrument from Inra Labora- (b) Diagram of a set-up to measure the light scat-
tory tering intensity

FIGURE 1.8 — SLS device

The second experiment involves Static Light Scattering (SLS) [55, 165]. Applying light
scattering to chemical problems has become a popular technique to analyse macromolecular
properties. To interpret experimental Static Light Scattering data, we begin with a brief
overview of light scattering in order to convey a general understanding of the technique.

When light is sent through a material, several interactions are possible : fluorescence,
transmission, absorption, and scattering. In particular scattering is the deflection of light
from a straight trajectory, after encountering some physical object.

The intensity of the scattered light is a function of the molecular weight and concentration
of the scattering object. To measure such intensity we use a Static Light Scattering device.
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Typically, the solution of molecules is in a cylindric cuvette, integrated in the SLS device. A
laser emits a beam of monochromatic light that hits the molecules. Both the power of the
light source and the intensity of the light scattered from the sample are continuously detected
and recorded. We call 6 the angle formed between the axis which connects the cuvette and the
detector and the direction of the laser beam. The intensity of the scattered light is usually
expressed as a function of the scattering angle 6. In Figure 1.8b, we present a simplified
scheme of the experimental setup.

In our experiments, oligomer assemblies have been monitored by light scattering by incu-
bating oligomer assemblies at different concentrations at 50°C' in a quartz cuvette of 2mm
path-length and illuminated by a Laser beam of 405nm and 50um waist. The scattering angle
was set to @ = 88°. The scattered intensity was measured using a homemade device [39], see
Figure 1.8a.

A mathematical description of the light scattering comes from the Rayleigh theory [169,
168, 164]. We report here some of the main steps that lead to the mathematical model in
Equation (1.8). Let us start from the case of an incident unpolarised light scattered off a small
particle in an ideal solution. The intensity of the scattered light is

87r40412, 9
Iscattered = Ilaserw(l + cos 9),

where I,qer is the incident light intensity, «,, is a constant called polarizability which depends
on the particle’s characteristics. The scattered light is inversely proportional to the distance
r between the particle and the detector and to the light’s wavelength A.

We expect that the light intensity depends on the number of particles seen by the detector.
Therefore, when we consider nIN4 particles (N4 is Avogadro’s number) in a volume V' the
scattered light intensity becomes

nNy 8rta?

Iscattered = Vv Ilaser 7«2)\2p (1 + 0082 6)

We assume here that the particles are randomly located and that we can consider them as
independent sources of scattered light.
In the case of polymer particles in solution, the polarizability depends on molecular weight.
Specifically, the polarizability of particles at concentration ¢ = % is
noM dno
oy = —_—,
P 9r Ny de

where ng is the refractive index of the solvent and ddico is the dependence of the refractive
index with respect to the concentration. Substituting this value in the equation for Icattered
we have

27t n% (dno

2
Iscattered = Ilaserwm de ) (1 + COS2 H)MC = KMe,

where

K 2t ng <dno

2
_ 2
= Ilaser 7’2)\2 NA de > (1 —+ cos 0)

depends only on the experimental setting and, more importantly, it is independent of the
concentration or molecular weight of the polymer system.
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If the solution contains a mixture of different kinds of polymers, we have

Lscattered = K § ciM;,

(]

where ¢; are the weight concentrations of the different kinds of objects and M; the relative
molecular weights.

Remark 1.1.4.1

To apply this theory to our problem, we consider that we have only monomers and polymers
in our solution. Our polymers differ only by their size, that is the number of monomers
aggregated into a polymer. Hence, we consider that the i-th kind of object is the polymer of
size i. We call u; the concentration of aggregates of size i. Since ¢; is the weight concentration
we can write

¢; = Ui Mmonomer-

Moreover, the molecular weight of an oligomer of size ¢ is ¢ times the weight of a monomer,
namely M; = i Monomer-

In conclusion, the experimental data recorded by the SLS device are a linear transforma-
tion of the second moment of the concentration distribution. Given that monomers correspond
to the size ¢ = 1lmer, we have

zas(t) = M1 <v(t) + Z i2ui(t)> +X+x, X~ N(0,0’z), (1.8)

=10

where ig and i; are the sizes of the smallest and the biggest aggregates in the system,
respectively. The parameters A; and A2 depend on the experimental conditions and are unk-
nowns. We assume that the data are affected by an additive Gaussian white noise y. We
discuss the nature of this noise more fully in the following.

Remark 1.1.4.2
The SLS data are commonly read as the evolution of the average cluster size over time. In
fact, the average molecular weight is defined as :

Zi C; Ctot

It is easy to link this quantity to the intensity of scattered light as follows

Iscattered
Muw) = —————.
< > K ctot

Taking into account Remark 1.1.4.2 and recalling the law of mass conservation expressed in
Equation (1.2), we deduce that the average cluster size is defined as follows

M I 1 i
<Z> — < w) _ scattered S Z i2u7; .
M monomer M monomerK Ctot P .
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FicUre 1.9 — SLS data at p = 1uM.
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F1GURE 1.10 — SLS data at p = 3uM.
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FIGURE 1.11 — SLS data at p = 7uM. Left : data recorded at times in [0, 1140]min. Right :
data recorded at times in [5, 85]min.

In Figures 1.9, 1.10 and 1.11 we report the experimental SLS data in the three concentra-
tion regimes p =1, 3, TuM.

In the 7uM case, we observe a depolymerisation phase followed by a polymerisation phase.
We also notice a plateau phase between two depolymerisation phases, see Figure 1.11b.

To use these data, we need to estimate the unknown parameters A1, Ao and quantify the
noise level. A precise estimation of these quantities is extremely important for the success of
the data assimilation strategy. In the following, we detail the methodology applied to set the
parameters A1, Ao and to analyse the noise.

1.1.4.a SLS experimental constants We start by establishing a criterion to define the
coefficient Ag. The description of SLS data given in (1.8) can be equivalently written as

Zsls(t) = )\1 (U(t) + Z izui(t)> + X X~ N(/\2,0'2). (19)

=10

We thus consider Ao as the mean of the measurement noise. During the experimental phase,
it was possible to perform the SLS test on a cuvette with no proteins in it, formally p = OuM.
The data collected are presented in Figure 1.12. In this setting we have

Zsls,p=0 = X-

Consequently, we can define
Ao = mean|zs p—0)- (1.10)

We compute the mean as follows : given n data points {z;}i=1,.. n, the mean Z is

Do i

n

I



42 Chapitre 1. Direct model and inverse problem solution for prion oligomer proteins

SLS machine noise
2500 T T T

2000

1500 |-

Light Intensity

1000

500 | | | |
0 20 40 60 80

Time(min)

FIGURE 1.12 — SLS data on a cuvette containing no protein.

The estimated mean? of the collected data is

[ Ay = 1393.

We do not have experimental data from which we can derive an estimation on the multipli-
cative coefficient Aj. At first, we decided to set this coefficient in order to guarantee coherence
between SEC and SLS data. To do so, for each time {¢;} at which we have SEC data, we
compute the quantity

1 25 1 & _ .
vi= |  Zsecm(Vitj)dV + — Y izec0(i t;). (1.11)
Am Jiz Ao i=ig
Zsls(tj> - )\2

A1
A1 as the factor that minimises the distances of the points {(tj’yj)}jzlv'"vNSEC obs from the

Zs1s(ti) — A
curve 818(;)2 Assuming that we may make a small error in recording the experimental
1

time ¢;, we want to compare the point (t;,y;) to the values of the SLS taken at times in a
neighbourhood of the time ¢;. We thus define the distance of a point (¢,y) from a curve f as
follows

If experimental data were not affected by the noise we would have y; = . We take

dl(t,y); f]= min  {(s—t)*+ (f(s) —y)*}. (1.12)
sE[t—e,t+e]
Consequently, we set Ay to
NSEC obs Zals — )\2
. Sts
AL = arggmn Z; d [(tj,yj); —
‘]:

In practice, we choose ¢ such that we have 20 SLS data points in the range [t — ¢,t + ¢].
Applying this criterion for the three concentrations we obtain the coeflicients

AL =100 (1pM), Ay =111 3uM), A =125 (7TuM).

3. The estimation is performed using the Matlab integrated function normfit.
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This choice gives us a good agreement between the two classes of measurements. However, it
lacks a biological explanation. This is why, even if we have found a good criterion, we question
again the definition of this coefficient. We recall that all the oligomer distributions at time
t = 0 correspond to the same distribution, rescaled by a factor depending on the total mass
concentration, see Figure 1.7. We can assume that — once we have set the parameter \, — we
can have a high degree of confidence in the SEC data at time t = 0. Looking for the parameter
A1 that makes the SLS data start from the second moment of the initial distribution given
by the SEC data, we obtain

AL =93 (1pM), A =109 (3uM), Ay =114 (TuM).

We take the mean of these values and set

[ A1 = 105.

With this second approach, we obtain a value that is close to the value obtained with the
first method. Now, however, it is supported by biological interpretation.
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FiGURE 1.13 — Comparison between the data %, with Ay = 1393,\; = 105 (black
1

curve), and the points {(Z;,¥;)}j=1,...Ngpq o1 defined in Equation (1.11) (red dots).

ls —

z A
In Figure 1.13 we compare the transformed data —> 2 to the values of the second

moment computed from the SEC data {(t;,v:)}:i =1,..., NéEC obs: We notice that we have
a good agreement in the case of p = 1, 3uM, while for p = 7TuM we have the point relative
to t = 1150min far from the SLS curve. However — analysing the noise on the SEC data —
we have already said that the noise on the SEC curve at p = 7TuM and ¢t = 1150min is high.
Therefore we place greater trust in the SLS data.

1.1.4.b SLS data noise As explained in [84], the intensity of the scattered light oscillates in
time due to the Brownian diffusive motion of macromolecules. The movement causes intensity
fluctuation. The SLS data in Figure 1.12 — collected by observing a cuvette without proteins
— can be used as measurements of the noise.

A useful tool to display the distribution shape of a set of data is the histogram [30]. The
histogram is built by dividing the data range of values into intervals (bins). At each interval
a box is placed whose height depends on the number of data points falling into the interval
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FIGURE 1.14 — Comparison between the noise density (solid line) and the Gaussian function
having the mean and variance of the data set. On the left we have the distribution on data
observed in the period [0, 75]min and on the right in the period [50, 75]min

range. Given y; the observed data, h the bin width and y a point at which we want to estimate
the density f(y), the histogram estimate is

Fuist () =D Tn(y — i),
i=1

where Ij, is the characteristic function of the interval [0,h], I}(z) = 1 if © € [0,h] and 0
otherwise.

Moving from this basic idea, we see that it is possible to obtain a smooth estimation by
replacing the characteristic function I, by a smooth kernel function. The kernel function is
usually a symmetric probability density with zero mean [131]. In the following, we consider
the normal density function with mean 0 and variance h?. More precisely, we obtain the

estimation
n

1 1 (y—y)?
fkernel fun(y) = — Z e 2n7 | (113)
n= hv/2m

Furthermore, we estimate the mean and the variance of the data set as follows

1
men 4 o= Sy
1
variance o2 = n_lz?ﬂ(yi—,uV.

In Figure 1.14 we present a comparison between the noise distribution? and the Gaussian
function relative to the estimated mean and variance.

We perform a chi-square statistical test on the default hypothesis of having a random
sample normally distributed, with mean and variance estimated from the sample, against the

4. The noise distribution is computed according to Equation (1.13) by the Matlab integrated function
ksdensity.
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hypothesis of data not normally distributed. The result is that we can reject the normally
distributed hypothesis at the 5% significance level.

When we perform our noise analysis in a zone without spikes, the error we make by
approximating the noise distribution by a Gaussian function becomes smaller.

We analyse the noise on the SLS data relative to the concentrations p = 1, 3, 7TuM. In
Figures 1.15, 1.16, 1.17 we show that if we select a region in which there is no spike, we find
that the noise has a normal distribution. We should point out that in these three cases — in
contrast to the case of data in Figure 1.12 — we cannot perform the noise analysis directly.
We consider a quadratic fit as an approximation of the noiseless data. Then, we estimate the
distribution on the residuals. The noise analysis results are therefore strongly dependent upon
the fitting strategy. In our work, we choose a polynomial fit. We compare the results when
choosing polynomials of degrees 2, 3 and 4. We observe a global agreement in the three cases.
In Figures 1.15, 1.16, 1.17 we present the results obtained using a quadratic fit.

1072
3 5 [ I I
SLS (p = 1uM) ’ noise distribution
‘ ‘ : : ==0=+ Gaussian approximation
3k |
5000 2.5 b
£
£ 4000 2r i
8
= 1.5 N
203000
3
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1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 ‘ ‘ ‘
Time(min) 960 —40 —20 0 20 40 60

FI1GURE 1.15 — Left : SLS data at p = 1uM. Right : Distribution of the noise on SLS data
between 120 and 150 minutes (solid line) and Gaussian approximation of the noise distribution
(dashed-dotted line).

The noise distribution in regions with spikes is of the kind shown in Figure 1.14. We notice
that the spikes occur more at lower concentrations and that the presence of spikes or their
intensity is inversely proportional to the concentration p. We deduce that there are at least
two noise sources : an additive white Gaussian noise and a noise characterised by spikes. We
decided to limit the influence of this second noise source by applying a low-pass filter on the
data. In the rest of our study, we work on the filtered data and we assume them to be affected
only by an additive white noise.

1.1.5 Normalised experimental data

In Figures 1.18, 1.19 and 1.20 we present an outline of the rescaled observation data to
which we refer in the following. With a mild abuse of notation we refer to the SLS data as
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FIGURE 1.16 — Left : SLS data at p = 3uM. Right : Distribution of the noise on SLS data
between 170 and 200 minutes (solid line) and Gaussian approximation of the noise distribution
(dashed-dotted line).
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FiGURE 1.18 — Experimental data on ovPrP oligomer size distribution, total concentration
p=1uM.

1.2 Design of a mathematical model

In this section we design a mathematical model step by step to describe the observed
phenomena of in vitro prion oligomer polymerisation. Following a classical approach [163, 19,
81], we start by identifying the most important chemical reactions. We then transform these
reactions into an ODE system. The reactions that we have selected are :

— the cluster’s gain of monomers, namely polymerisation,
— the cluster’s loss of monomers, namely depolymerisation,
— the cluster’s decomposition into monomers, namely disintegration.

Polymerisation and depolymerisation reactions have been frequently considered in prion
models [19]. The main novelty of our work is that we take the disintegration reaction into
account.

By observing the SLS data Figures 1.18b, 1.19b, 1.20b, we notice that the average oligomer
size is both decreasing — as in the experiments at p = 1uM, p = 3uM — and increasing —
as in the experiment at p = 7uM. We thus need to take into account at least two classes of
processes : one making the cluster grow in size and the other making the cluster reduce in
size.

Moreover, we do not take into account the creation of new oligomers. The formation of
new oligomers through monomer aggregation is in fact a very slow reaction that requires
much longer times than the experimental time as presented in [40].
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1.2.1 Oligomer size-increasing process

Several growth processes have been proposed in the literature [170, 62, 16]. We refer to
the work [62] in which the authors propose a model of fibril elongation by attachment of small
oligomers and the growth by polymerisation is proposed as a first simplification of a more
complex model.

For the system considered, the hypothesis of growth by polymerisation is supported by
biologists. We denote by kqn; the rate, or speed, at which an oligomer of size 7, namely o;,
gains a monomer, namely m, becoming of size ¢ + 1. The reaction rates are always assumed
to be positive or null. Formally we have

oi—i—mko—m&oi_s_h 19 <1 < 17. (1.15) ]

Thanks to the law of mass action, proposed by Guldberg and Waage in 1864 in [81], an
elementary chemical reaction such as

k
A+B?C+D

can be modelled by the ordinary differential equation
d[A]
dt
where [A] is the concentration of A. Similar differential equations can be written for B, C
and D, see [118] for more details.

With u; and v being the concentration of oligomers of size ¢ and isolated monomers,
respectively, the system modelling the reactions (1.15) is

= —h[A][B] + k[C][D],

du; . .

dtz = —konsvu; + konj—1vui—1, o <t <1,

1 (1.16)
/l} .

E = - Z;lzio konivs,

where kon;,—1 = 0. An easy calculation shows that the total monomer concentration p —
defined in equation (1.2) — is constant
d(v+ S0, dug)

dti:io = ; (—koni)vui + i(—kon;vt; + koni—_1vui—1) = 0.
=10

To have an understanding of the system’s behaviour over time, it might be useful to
observe that the oligomer dynamics in System (1.16) can be formally seen as a first order
approximation of the transport equation

ou 0
ar a_ \Uvon ==Y, 1.1
T + o (konvu) =0 (1.17)

where the function u is such that (i, t) = u;(t). More precisely, taking a Taylor expansion of
konu around the size i, we have
102

kon (i ++ 08)u(i + 66, t) = kon(i)u(i,t) + aa;c (ko (i)u(i, )i + 5 5 (an(i)u(i, 1)) 66% + 0(37%).
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Therefore, choosing i = —1, we have

U; u . . . 2
B 0 onct (00 (0)—Foni 10 (O)i-1(0) = T, )+ o (D)o )~

(v(t)kon(2)u(i,t)).

The evolution of the oligomer concentration can thus be approximated by the sum of two
contributions :

0
— F(kon(i)v(t)u(i, t)) describing a shift toward the right — that is toward the big sizes —
x
at velocity kopv
82
 Ox2
ning.

(v(t)kon(i)u(i,t)) describing the decrease of the peak value and the peak broade-

When the polymerisation is the dominant process, we notice an increase in the oligomer
average size. Therefore, we can capture this phenomenon by the analysis of the SLS data.
We have an example in the case of the high concentration regime (p = 7uM) after 100
minutes. Moreover, when observing the SEC data in Figure 1.20a, we notice that the peak
corresponding to ¢ = 1150min has shifted toward the right.

These experimental data support the polymerisation hypothesis.

1.2.2 Oligomer size-reducing process

To select the most important size-reducing processes, we have considered, on the one hand,
the models presented in literature and, on the other hand, the insights we get from scientists
and experimental data.

We started from the work [62], in which the disintegration process was proposed as the
main size-reducing process for ovPrP aggregates.

We call kgis the disintegration rate. Thus, oligomers of size ¢ disassemble into ¢ isolated
monomers at speed kgis;- As was done before, we can transform the chemical reactions

kdisi 3 0 . .
0; — 1m, 19 <1 <y, (1.18)

into the ordinary differential equations

d .

= = ki, io <i <ij,

| (1.19)
v 1 .

ar Z;Lio ikdisiUi-

Given the initial oligomer distribution {uo; }i,<i<i;, the functions u;(t) = ug;e "disi’ are
solutions of System (1.19).

Plotting the oligomer concentration function wu(i,t) = u;(t) at several times, we would see
it flattening over time toward zero distribution. In fact, observing a system of disintegrating
oligomers, after a certain time lapse, we would have only monomers. In Figure 1.21 we present

a numerical example to illustrate this behaviour. In the example, we take 20 < ¢ < 70,
(z—45)2
kqis; = kais = 0.5, and ug; = ug(i) where ug(x) = e 252
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FI1GURE 1.21 — Oligomer distribution evolution. Constant disintegration rate kgis = 0.5, initial
(i—45)2

distribution ug; = e 252 | for 20 < ¢ < 70.

If we assume that in our physical system oligomers can both polymerise and disintegrate,
we get the model

du; ) ..

dtl = —konivu; + koni—10ui—1 — kaisiUi, 10 <@ < g,

1 (1.20)
v . .

n > itio (—Eongvui + ikqis;u;).-

This model being a generalisation of models (1.16) and (1.19), we can reproduce both the
decrease of concentration values due to disintegration and the shift toward the right of the
oligomer concentration function. Furthermore, this model can also simulate the behaviour
observed in Figure 1.18a. The left shift of the peak could in fact be obtained by considering
higher disintegration rates for large sizes than for small sizes. In Figure 1.22 we present a
numerical example in which we have ko, = 0 and kqis; = 0.05 - 2%, for 20 <1 < 70.

—t=0
—t=1
0.8 — t=2
—t=3
t=4
0.6 =5
t=6
04 t=7 ||
t=8
—1t=9
0.2 - —t=10 [j
0 =\
20 30 40 50 60 70

FI1GURE 1.22 — Oligomer distribution evolution. Kinetic rates kon; = 0 and kgis; = 0.05 - 951
(i—45)2
and initial distribution ug; = e 252 | for 20 <14 < 70.
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The analysis of the evolution at a medium concentration regime highlights a more interes-
ting behaviour. We point out two features of the data in Figure 1.19a : 1) the concentration of
small oligomers (between 20mer an 30mer) increases over time ; 2) the distribution measured
at 125min does not differ much from the distribution at time 270min.

From the second feature, we can conjecture that the distribution reaches a pseudo steady
state. To model a steady state, we need to consider two processes that balance each other. In
other words, we should consider reversible reactions.

We have assumed that monomers cannot polymerise. Therefore, it is not possible to balance
the disintegration process.

However, we can balance the polymerisation process by introducing the depolymerisation
process in our model. We call kqep, the rate at which an oligomer of size i loses one monomer,
becoming of size ¢ — 1. The depolymerisation reactions read as follows

7

kdepi . . .
0; — 0;_1+m, 19 <1 < 7. (1.21)

The corresponding mathematical model is then

dt = _kdepiui + kdepi+1ui+17 10 <t < 14,

1 (1.22)
/l] .

i izi Kdep; i,

where kdepi1+1 =0.
As done before for the polymerisation process, we can consider System (1.22) as the first
order discretisation of the backward transport equation

0wt~ 2 haeplxule. ) =0, (123

where kqep(2) is the transport rate and we have kgep(i) = kdep; and u(i,t) = u;(t), for all
10 <1< 1.
1.2.3 One-species models

If we gather the three processes of polymerisation, disintegration and depolymerisation in
a single model we obtain the ODE system

du;

dtz = —koniVU; + Koni—10Ui—1 — Kdep;Ui + Kdep; 1 Ui+1 — KdisUi,

) (1.24)
v ; .

T Y itio (FKonivui + kdep;wi + ikdis; i)

We have seen before that the polymerisation and disintegration processes alone cannot
explain the empirical observations. The same holds for the polymerisation and depolymeri-
sation processes alone. In fact, if we take kgis; = 0 for all ¢, we are not able to reproduce the
rapid concentration decrease, noticed in SEC data. Let us consider the SEC measurements in
the experiment at p = 3uM, Figure 1.19a. Starting from the observation at ¢ = 0 as an initial
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condition, we want to fit the first oligomer distribution corresponding to the observation time
t = 15min.

If we do not consider the disintegration process, the best result we can have is fitting the
peak position but not the peak value, as shown in Figure 1.23a. When we include the effects
of the disintegration, we obtain a good agreement both in peak position and in peak value,
see Figure 1.23b. In conclusion, depolymerisation alone cannot explain the rapid decrease in
oligomer concentration.

A further analysis shows that the disintegration, needed to fit the first curve, forces the
oligomer system to vanish. We can observe this behaviour in Figures 1.23b, 1.23c. Therefore,
we must modify the model to limit the effects of disintegration.

Several hypotheses have been formulated and tested. Substituting the term kgis;u; in
System (1.24) by a term of the form kqis; fi(t)u;(t), where f; are decreasing functions, we can
slow down the disintegration. The system with this new term could thus represent ovPrP
oligomer evolution better than System (1.24). This term can be obtained by considering a
modified disintegration process. Let ¢ play the role of a catalyser, we have

k 18
oi+¢ S p+im, g <i<in
Let f be the concentration of ¢. These reactions correspond to the differential equations

dui
dt

= —kaqisi fui 0 <1 <1y.

We aim at defining a candidate or a set of candidates for ¢.
We start by considering the candidates {0;}i,<j<i, and hence the reactions

kis.
0it0; 3 oj+im, ig<i,j<ii. (1.25)

Taking into account the polymerisation and depolymerisation processes as well, we have

dui il
T —konivti + Koni—10Ui—1 — Kdep;ui + Kdep; 1 ti+1 — Kaisi Z uj | u;.
J=t0

At least in the cases of low and medium total monomer concentration regimes, we know that
the quantity Z;LZO u; decreases over time. With this hypothesis we are able to have a good fit
of the SLS data for p = 1uM and 3uM. However, we are still not able to fit the distributions
in the SEC data or to describe the evolution at high concentration regimes.

After discussing this model with the biologists who performed the experiments, we were
able to discard it without any further analysis, since there are no chemical results supporting
this assumption. In fact, reactions (1.25) imply that oligomers o; and o; bind together for
a long enough time lapse (of the order of magnitude of 107% seconds) to be experimentally
observed.

It is interesting to notice how the existence of interdisciplinary collaboration played a
key role in the process of designing models. It gave a mutually better understanding of the
physical phenomenon of ovPrP oligomer evolution.

For instance, one of the hypotheses proposed by the biologists consisted in having ¢ = nm,
where n is a small integer (n < 3). When an oligomer gains n monomers, it may either increase
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its size, as in the polymerisation process, or it may become unstable and then disintegrate.
The difference in behaviour is due to the point at which the monomer is attached. We notice
that, under this assumption, we get the model

dui

dt = _konivui + koni—lvui—l - kdepiui + kdepH_lui—}—l - kdisiuivna
dv : .

dt = Zilzio(_koniului + kdepiui + deisivnui)~

Analysing this model, we remark that it cannot be accepted. Even if we have a term of the
form —kgis, f(t)u; in the oligomer dynamics, the function f = v™ increases over time in the
case of low and medium concentration regimes.

We conclude that neither ¢ = nv nor ¢ = {0;} can represent all the possible behaviours
we observe in the experiments. We are consequently led to investigate other hypotheses, as
detailed in the next section.

1.2.4 Two-species model

In this section, we assume a stronger hypothesis : the existence of two oligomer species.
We have seen how the assumption of the disintegration process is necessary to explain a
rapid loss of mass at the beginning of the experiments. We have also noticed that, in a one-
species model, this same process induces too fast an oligomer disaggregation, compared to
experimental data. Introducing a second species, we are able to confine the effects of the
disintegration on just a part of the oligomers assuming that only one oligomer species can
disintegrate. Given that we refer to instability as the oligomer’s tendency to disintegrate, we
call the disintegrating species unstable and the other one stable. We denote by :

— w; the concentration of unstable oligomers of size i,

— y; the concentration of stable oligomers of size 7.

These two kinds of oligomers can be thought of as characterised by two different space struc-
tures. In other words, the stability could depend on the way monomers aggregate to one
another. We are thus not assuming the existence of two different kinds of monomers. This
hypothesis together with Remark 1.1.4.1 guarantees that, in our representation of the SLS
data in Equation (1.8), the multiplicative coefficient A\ for the intensity of the light scattered
off unstable oligomers is the same as the one scattered off the stable oligomers. Consequently
the relation

zas(t) = M1 (v(t) + Zl: i2w;(t) + Zl: iQyi(t)—i-) A2 + X

1=1g 1=1g

holds true.

We are now interested in defining the possible interactions between the two oligomer
species. We propose a model in which the two species only interact through exchanging
monomers. Therefore, the reactions taken into account are
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kgi i .
O;mstb 13 im,
unstb kon;” unstb
0; +m . 041 s (1 26)
dep; 11 :
koniy
o?tb +m = of-‘frbl,
k Yy
dep;1
where 0°*P and 0™t are the stable and unstable oligomers, respectively.
The corresponding dynamics for oligomer concentrations are given by
Wi = —kdisiwi + Konj—1Wi—1V — Konj WiV + kdep;u_'_lwi—l-l - kdep;vwia
Ui = kong_lyi—lv - kongyiv + kdepi'/_:,_lyi—i—l - kdepgyia (1-27)
v = Zz‘l:io ( - U(kon;uwi + koniyyi) + kdep?wi + kdep?yi + zkidisiwi)'
We call

ui(t) = wi(t) + yi(t)

the total concentration of oligomers of size ¢ at time ¢. We recall that in our experiments
we measure the total oligomer concentration u. From Equations (1.27), it follows that the
differential equation solved by w is

Ui = Konj 1 Wi—1V — Kong Wi + Kon!_ 1 Yi 10 — konl yiv (1.28)
w w Y Y ’
+ Edepjy Wit1 — Kdep; Wi + Kdepj11Yi+1 — Kdep; Yi — Kdisiwi-

Let us introduce the ratio of stable oligomers of size i among all the oligomers with the same
size.

a;: [0,7] — [0,1]

yi(t)
t — MoK

Since ©u = w + y, we have
yi(t) = ai(t)u;(t) and  w;(t) = (1 — ai(t))us(t).
By simple replacement we obtain

i = [Konj—1 (1 = @im1)ui—1 — kon’ (1 — @i)ui + konj_ 1 @ti—1%i—10 — kon aiju]v
+ Fdepyyq (1 = aig1)tits — kdepy’ (1 — i) ui + kdepyy 1 Qit1tits — Kdepy i (1.29)

— kaisi(1 — a)u;.
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To better understand the evolution of oligomer concentration, we interpret this ODE as
the first order approximation of the PDE

zzb(x’ "= U(t)aagc((konw(@(l — a(w,t)) + kon(2)a(z, t) Ju(z,t))
_ ;T((kdepw(x)(l — o, 1)) + kaep (@)a(z, 1) )u(w, £)) (1.30)

— kqis(2)(1 — a(z, t))u(z, t).

Due to the disintegration of unstable oligomers, the rate a; is a non decreasing function of
time that eventually reaches the value 1 and then remains constant. We can thus say that
in finite time the concentration u evolves according to a first order approximation of the
transport equation

%(x,t) = %((kony(w)v(t) - kdepy(x))u(:v,t)). (1.31)

The continuous system reaches a steady state at time ¢ if the equation kon?(2)v(t) = kgep? ()
is satisfied for all x.

From the literature [11, 85] we know that when the system composed of monomers and
stable oligomers reaches an equilibrium, the monomer concentration satisfies

Kdep;, — (kaepy

. Pi+1 . €pi+1

lim <Z;> < Vg < hzm <kl;_> )
3

on; on;

In particular, when the kinetic coefficients do not depend on the size, we have that both in the
continuous-size and in the discrete-size model the monomer concentration at the equilibrium
is given by
Veq = kdep.
kOH

Let us point out that this model is in good agreement with the observation of a decelerating
polymerised mass loss. In fact, we would have an initial rapid mass loss due to the tendency
of unstable oligomers to disintegrate. The mass loss then decreases with the increasing rate of
stable oligomers. Once we are left with only stable oligomers, the system may depolymerise,
stay balanced or polymerise. We can observe these three different behaviours in our three
experiments of reference, at p = 1, 3, TuM, respectively, confirming the interest of observing
the system in three concentration regimes.

In the analysis of this model, we start from some further assumptions.

— Polymerisation and depolymerisation of unstable oligomers are negligible processes com-
pared to the disintegration process. Consequently, for all sizes i we take

kdepzu =0, kongv = 0. (132)
— We assume that the initial stable ratio is the same for all sizes. Formally we have
@i(0) = a. (1.33)

For the sake of simplicity we remove the kinetic rate superscript. The final model reads
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dwi
= _k isg Wiy

dt i

d .

% = koni—1%i-1v — Koni¥iv + kdepi+1yi+1 - kdepiyia
E = 211:7,0 ( - Ukoniyi + kdepiyi ol deisiwi)a

w;i(0) = (1-a)u(0),

yi(0) = oauy(0),

\ U(O) = 07

1.2.5 Boundary conditions

In the previous sections we identified the main processes characterising the evolution of
the oligomer system. We are now interested in defining the size range [ig, 1] and describing
the behaviour of oligomers of extreme sizes iy and 4.

Let us consider SEC data in Figures 1.18a, 1.19a, 1.20a. As explained before, small elution
volumes correspond to large sizes. We consider that data associated to elution volumes less
than 9ml are not reliable because heavily affected by noise. By multi-wavelength static light
scattering, we have associated 9ml of elution volume to the size 70mer. We can conclude
that the SEC device is able to distinguish between aggregates made of up to 70 monomers.
However, we cannot assume that the maximal oligomer size is 7T0mer. We set the maximal
size to

[ 11 = 150mer. ]

This size is assumed to be bigger than the size of largest oligomers in the system.

We focus now on the definition of the minimal size ig. We notice that the oligomer peak
and the monomer peak are always separated by a region with null concentration between
15ml and 18ml, concluding that the minimal oligomer size is the one corresponding to 15ml.
Therefore, we set

[ 19 = 25mer. ]

We define a boundary condition to guarantee that, in our model, no oligomers of size
less than ¢y can be created. Preliminary results in the analysis of oligomer structure indi-
cate the existence of a structural kernel to which monomers attach, see Figure 1.24. The
kernel structure is such that, if a monomer detaches from it, then all the monomers are freed
simultaneously. We assume that the kernel size is 25mer.

We represent this feature by imposing a condition of full depolymerisation at size 25mer.
Specifically, oligomers of size 25mer depolymerise becoming of size 24mer and then instan-
taneously disintegrate into 24 isolated monomers.

These assumptions are reflected in the term

(10 — 1)kdep;, Wio (1.35)
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FIGURE 1.24 — Molecular dynamic simulation of O1 oligomers performed at 320°K using a
H2H3 segment of sheep PrP. The structure shows the existence of a base composed of about
7 PrP protomers on which several other PrP molecules are grafted. The ensemble constitutes
ovPrP oligomers. According to energetic considerations, the stability of the base is different
than for the rest of the assembly. Therefore, the base could correspond to the minimum
size of an assembly that could reach O1 before the occurrence of the disintegration process.
Source :Francesca Collu and Franca Fraternali, data not yet published.
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added to the dynamics of monomer concentration.

1.3 Inverse problem and data assimilation method

In this chapter, we have introduced a physical system of ovine prion proteins (ovPrP)
and the experimental strategies designed to observe the in wvitro evolution of this system.
We have detailed how to interpret the experimental data and estimate their reliability. We
have then been able to propose a mathematical model that provides a good representation
of the qualitative behaviour noticed in the empirical observations. We recall that it is not
possible to measure directly the kinetic parameters or the initial distribution of the two
species. It is thus necessary to provide an alternative strategy to estimate these quantities.
In the following, we show how we use this model to perform the estimations of the kinetic
parameters and the initial conditions associated to the three experiments presented before.
We solve this problem in the framework of data assimilation. Data assimilation strategies
are designed to estimate the state or the parameters of a system, through the information
contained in some observations of the system. A first application of data assimilation methods
can be found in the fields of meteorology and oceanography [54, 75, 99]. They have then been
used as a powerful tool of research in almost any applied field. In our application, we adopt a
data assimilation strategy known as Extended Kalman Filter (EKF) method. This method is
a natural extension of the Kalman Filter method in the non-linear case. For this reason, we
first provide a practical introduction on the Kalman Filter method with the description of the
general principles and the deduction of an algorithm in the linear case. We then present the
Extended Kalman Filter method. Further details can be found in [61, 98, 157, 74, 21, 166, 73|
and the references therein. We illustrate how we apply the EKF to our problem. We conclude
by presenting the final estimations and commenting on their reliability.

1.3.1 Initial size distribution

In this section we focus on the initial condition of System (1.34). We notice that the initial
condition is completely characterised by the total distribution u;(0) and the ratio .

We have already detailed how the SEC data are affected by two kinds of noise : an additive
noise and a noise on the peak shape. Comparing the initial oligomer distribution in the three
experimental cases, see Figure 1.7, we deduce that the peak shape is perfectly known. To have
an estimation of the initial distribution, we decide to filter the additive noise in the SEC data.
To do so, we refer to the SEC theory saying that the peaks in Figure 1.7 can be fitted by a
Gaussian function. Furthermore, from the literature [1], we know that there is a logarithmic
relationship between the elution volume (V') and the molecular weight. Specifically, we can
write

log(mol weight) = 31 — 72V,

where 71, v2 € R. The molecular weight corresponds to the size times the monomer weight.
Therefore, calling x the size and My onomer the monomer weight, we obtain

log(gj) = (771 - log(Mmonomer)) -7V =7 — %V,

where v1 = 71 — log(Mmonomer)- Fitting the SEC data with a Gaussian function of parameters
_(v—m)?
a,m, s, we have zgec(V) = ae” 52  + noise. Consequently, when we transform the data to
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have the oligomer distribution with respect to the size, we obtain

—1
(B8 —m)? _ (logz+ygm—v1)?
ae 52 . ae (v2s) .
Zsec.o(T) = + noise = + noise. (1.36)
’ T T

We conclude that the oligomer size distribution data zsec,o can be fitted by a lognormal
function.

To estimate the coefficients v; and -9, we linearly fit the empirical calibration curve
of Figure 1.4 in logscale. The resulting fit is presented in Figure 1.25. The corresponding
parameters are v; = 5.827, vo = 0.1728. In practice, we fit the initial distribution from the

I I I
1018 |- = XD measurements [
—_— linear fit
1007 F B
S
g 1016 :
N
=~
1015 - 7
104 b | J
9 10 11 12 13 14 15 16

Vol (ml)
F1GURE 1.25 — Linear fit of the empirical calibration curve in log-scale.

SEC data with a Gaussian function. We then substitute the computed Gaussian parameters
in the formula (1.36), obtaining an estimation of the distribution w;(0). To give an example,
we show in Figure 1.26 the results of this strategy in the case of the total concentration 1uM.
We prefer this approach rather than fitting the size distribution with a lognormal function.

Gaussian Fit ( p = 1pM, t = 0) 10_}4ognormal Fit (p=1uM, t=0)
T — . T T T
— olig conc — olig conc
o 2F —— gaussian fit || —— lognorm fit
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g £ 2F i
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FIGURE 1.26 — Left : Gaussian fit of oligomer peak zgec data. Right : Fit of zgec o data.

In fact, in our experience, this method results in greater accuracy and reliability.
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In conclusion, using this method to estimate the distribution u;(0), we can consider the
initial condition of System (1.34) fully characterised by the parameter c.

1.3.2 Preliminary parameter estimation

In this section we present some strategies to estimate the system unknowns without using
the system dynamics. Therefore, we use the experimental data and a qualitative description
of the oligomer system. The estimations obtained in this way are, however, partial and vague.
To have a more reliable estimation of these rates, it is necessary to include the model in
our analysis. This task is carried out by data assimilation. We give more details about this
method in the following sections.

Beforehand, however, we should point out that the kinetic rates depend on the temperature
at which the experiment has been performed. The Arrhenius empirical law [7, 8] states that
the kinetic coefficients are linked to the temperature T' in the following way

__E
k‘T = Ae RT

where F and R are positive constants independent of the temperature and A varies slightly
with temperature. Our estimations correspond to the temperature 50°C', which was kept the
same in all the experiments.

1.3.2.a Size-reducing rates To gain a rough idea of the order of magnitude of the kinetic
rates, we consider an approach that is commonly used by biologists. We take a simplified
description of the oligomer system, illustrated by the following chemical reaction

o5 m. (1.37)

We represent the oligomers as one single object that we call o, while m are the monomers.
The rate k stands for the velocity at which the oligomer system transforms into monomers.
It can be interpreted as the sum of the depolymerisation and disintegration rates averaged in
size.

The oligomer concentration, formally o(t) = 10, iu;, evolves according to the ODE

o= —ko.

Noticing that 0(0) = p, we have o(t) = pe~*. Thanks to the SEC data we can compute the
value of o(t) at the measurement times. We fit these values with an exponential function to
have an estimation of k. We can see in Figure 1.27 the results of these estimations. We do
not have a good fit in the cases where p = 3uM and p = TuM.

If we fit the data with a sum of two exponential functions, instead, we obtain the results
in Figure 1.28. We can see that in this second case we obtain better fits. The parameters of
the exponential fitting functions are presented in Table 1.2.

We can use these values to estimate the order of magnitude of the kinetic parameters as
being between 10 3min~! and 10~ min~".

If we want to give a biological interpretation of the fitting parameters, we need to make
a step further in our still simple analysis. In writing the chemical reaction (1.37) we have
treated the oligomers as one global object. Nevertheless — deriving the oligomer evolution
model — we have concluded that there are at least two oligomer species. We can thus make a
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FIGURE 1.28 — Two-exponential fit of {21.7225 iU }t;=1,...,NSEC obs-

1) a b a b c d
1uM 1 -0.06476

3uM | 2.995 | -0.05244 || 2.363 | -0.07839 | 0.6371 | -0.001681

TuM | 4.901 | -0.00675 || 3.636 -0.17 3.417 | -0.00276

TABLE 1.2 — Coefficients of the exponential fits f(t) = ae” in Figure 1.27 (Columns : 1, 2)
and the fits f(t) = ae? + ce? in Figure 1.28 (Columns : 3, 4, 5, 6).



64 Chapitre 1. Direct model and inverse problem solution for prion oligomer proteins

more accurate assumption by grouping the oligomers by their species. In this way we should

consider the reactions
unstb k,unstb

? o (1.38)
oSth M om

For each group we can make the same considerations as in the previous case. Given that each
group concentration can be represented by an exponential function, the total concentration
o(t) results in the sum of two exponential functions.
In conclusion, we can interpret the parameters b and d in the exponential fit as the estima-
tions of the characteristic speeds at which the stable and unstable oligomers transform into
monomers. However, we do not have a way to distinguish between the two parameters and
thus associate them to k"stP or stb,

The results of this parameter analysis can support the existence of two kinds of oligomer
species.

1.3.2.b Size dependence of the rates A critical point in our research has been to deter-
mine the nature of the dependency of the kinetic rates on the oligomer size. To answer this
question, several hypotheses have been done and tested numerically but none of them resul-
ted well adapted. The previous analysis on the size-reducing parameters tells us that — when
we represent the kinetic parameters by their average values — we may obtain a reasonable
representation of the system. We have thus considered the case of size-independent coefficients

koni = kon, kdepi = kdepa kdisi = kqis, (139)

so that the average values correspond to the constant values kon, Kdep, kais- To test this
hypothesis, our collaborators designed a new biological experiment. Starting from an oligomer
sample, formed with the previously detailed protocol, we perform a SEC test to separate the
initial oligomer system in two groups depending on the size. The big and small aggregates
are divided in two different groups. We then perform the SLS test on the two groups.

The experiment has been done twice with two different initial total concentrations : p =
0.3uM and p = 6uM. In Figure 1.29 we compare the SLS measurements on the two groups.
We notice a qualitative agreement between the SLS data on big and small sizes. We can thus
assume that the two groups evolve in the same way and in particular — since the evolution
is mainly ruled by the kinetic rates — that there is not a significant difference between the
kinetic rates for the two groups. This experiment is thus supporting the hypothesis (1.39).
In the following we show that is possible to find a set of parameter estimations in agreement
with this hypothesis.

1.3.2.c Ratio of stable oligomers In the following, we focus on the relationship between
the disintegration rate — that we assume to be size-independent — and the ratio of stable
oligomers «. In our model, the values of the oligomer distribution peak depend only on two
factors. On the one hand, the dissipation — associated to the stable oligomer evolution — leads
to a decrease in the peak value and to peak broadening. On the other hand, the disintegration
of unstable oligomers makes the peak value decrease.

We assume that the dissipation has a just a minor contribution to the value of the peak.
From Equation (1.29) and assumptions (1.39) and (1.33), we deduce that the oligomer distri-
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FI1GURE 1.29 — SLS data. Left : total concentration p = 0.3uM. Right : total concentration
p = 6uM. In blue solid-dotted line the evolutions of oligomers with sizes distributed around
the size 31mer, in orange solid line measurements on oligomers with sizes distributed around
the size 42mer.

bution peak value evolves according to the following differential equation

f=-01—-alt)kasf

log (-’}g) = Fai <t -/ ta(sms) .

If the function f is known, we obtain an equation linking kgis to «. From the SEC data

0
we obtain the peak value at several times. In Figure 1.30, we plot the values of log (j;”((t))>

Consequently we have

computed from the experimental data in the three concentration cases. We notice that up

log( olig peak value(t0)/ olig peak value(t))
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FiGure 1.30 — Function log <t> obtained by linear interpolation of experimental data
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0
to ¢ = 15min the function log <f)> grows almost linearly for all the concentrations. We

f(t)
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numerically estimate the slope of the function on the region [0,15min and we obtain the

0
value 0.05. If we approximate log (%) by the line 0.05¢ on [0, 15] min we have
¢
0.05t ~ kqis (t —/ a(s)ds) ; t € [0,15] min. (1.40)
0

1.3.3 Inverse problem definition in a state space formalism

The definition of an inverse problem is based on the idea that we want to find some
unknown value through the indirect observation of this value. For instance, to solve a linear
system corresponds to solving an inverse problem. In fact, in this case we aim at finding a
vector u of which we can observe a linear transformation defined by the matrix C.

The inverse problem reads : Given z = Cu, find u.

In our case, we are interested in the case of a dynamical system on which we can take
measurements. We focus on the problem of estimating the initial condition of a dynamical
system using some available measurements. In the state-space formalism, we present the
dynamical system in its so-called state-space form

{u@) = A(u(t),t) + Bt)w(t), teRT, (1.41)

u(0) = uo+¢,
in which we consider
— u(t) the state variable at time ¢,
— A the model operator,
— B a model error operator
— w some additive model noise,
— U, the known part of the initial condition,
— & the unknown part of the initial condition.

In this general formulation, we are able to take into account two sources of uncertainty :
partial information on the initial condition, that has been decomposed as the sum of a known
and unknown part; a model error Bw representing the gap between the trajectory obtained
with the model operator A and the physical trajectory.

Furthermore — introducing the observation operator C' that models the process of measu-
rement — we describe the available measurements as follows

2(t) = Clu,t) + x(1),

where y denotes the observation noise. If we can directly observe our system — or part of it
— the operator C' is simply a selection operator. However, as seen in the previous sections, in
our case, we have very indirect observations albeit depending linearly on the state.

The inverse problem is formulated as follows
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Given the observations

{ ut) = A(at),t) + Bw(t), telo,7],

1.3.4 Kalman Filter theory

The Kalman filter was first designed by R.E Kalman in 1960 to solve a discrete data
filtering problem [61]. The method is also known as the Kalman-Bucy filter because Bucy
collaborated in the publication of the continuous-time Kalman filter in 1961 [98]. The purpose
of the Kalman estimator is to approximate the state of a set of variables which are defined
as the solution of a given system. By using a sequential procedure, the available observations
are taken into account to improve the state estimation.

This method has a crucial role in many areas such as navigation strategy [43], target
tracking [61], neuronal networks, [87], meteorology[122], oceanography [136], etc.

The Kalman estimator @ is defined as the solution of a dynamical system. Its dynamics
is ruled by two terms : the model of the estimating state variable and a term accounting for
the distance between the experimental observations and the observations generated on the
estimated state.

In a state-space formalism, we can define a sequential estimator as the solution of the
following system

{u((t)) = A(a(t),t) + G(z — C(a(t),t)), te[0,7],
w(0) = Us.

The operator G is called gain operator or filter. Depending on the definition of such an
operator, we have different data assimilation methods.

The Kalman estimator has been designed and is only valid in a context of linear model
operator and linear observation operator, see [61]. In the following we denoted the Kalman
gain by K.

The Kalman approach was first used to solve a discrete-time problem. We started by
presenting the method in this setting and then we deduce its continuous formulation. In
Section 5.2.2 we then present the Kalman filter in the case of infinite-dimensional model and
observation operators. For further details, we refer to [74, 157, 177).

1.3.4.a Discrete-time Kalman estimator The discrete-time setting is a simple framework
in which to present the Kalman theory. Starting from the definition presented in this section,
we will be able, in the next section, to deduce a continuous version of the Kalman estimator.
Furthermore, the description of the Kalman method in a discrete setting directly provides us
with a numerical algorithm to solve our estimation problem.

Let us consider a time grid 0 = ty < ... < ty = 7 with constant time step 0t and a
process with finite dimensional states u; € R™ at times {t;}r—o, . ~n. We take into account
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some uncertainty on the initial condition, namely &, and the presence of some additive noise
{wi } k=0, n affecting the value of the process state. The stochastic states {uy}r=o,. N are
defined by the following linear stochastic difference system

{Uk = App—1ug—1 + Bruwy,

1.42
Uy = U+ 67 ( )

where Ajyj,_1 is the linear operator that relates the state at time Zj to the state at time
tr_1. Furthermore, we take into account discrete observations zp € R™ modelled by a linear
observation operator C}. as follows

zr = Crug + Xk- (1.43)

We assume that the random variables wy and xj are independent, temporally uncorrelated,
with zero mean and covariances @) and W, namely white noise. Formally, we have

Elwpwi] = Qok—j,  E[xaxj] = Wk,

where dj,_; is such that §;_; = 1 when ¢ = j and 6,_; = 0 otherwise. For the sake of simplicity,
we make the assumption that the noise distribution does not change over time, since in our
work we restrict ourselves to this case. However, the Kalman filter may be presented in a
general setting of time-dependent covariances. Moreover, the Kalman filter can be generalised
to coloured or correlated noise [32].

We introduce two state estimates for each time %,

— the a priori state estimate 4, € R", defined without using the measurement zy,
— the a posterior: state estimate 12; € R™, defined using the measurement z.
We can thus define the covariances associated to these estimates
Py = Cov(ug — ) = E[(ug — ;) (up — @)7]
and
PF = Cov(a; —ug) = E[a] — ug) (a4 — ug)T].

The key idea of the Kalman approach is to define the a posteriori state estimate as a li-
near combination of the a priori state estimate and the discrepancy between the predicted
observation C'i, and z. Formally, we have

ﬂ; = ’LAL]; + Ki(zk — Ckﬂ];)

Given the multiple possible interpretations, the quantity z; — C'i, has also been called o0b-
servation discrepancy, innovation or residual. The m X n gain matrix K}, is optimally defined
to minimise the covariance P,j , or equivalently to minimise the a posteriori estimation error,
over all the possible gain matrices. Formally we have

Ky = argminE[(4,, + G(zx — Cpty, ) — ug) (4, + G2 — Crtty, ) — ug)7].
G

The a posteriori covariance of the estimator associated to the gain G may be written as
follows

E[(ﬁlz + G(Zk — Ck’ll,;) — uk)(ﬁ]; + G(Zk — Ck’ll];) — uk)T} =
E[((1 = GCW) iy —w) + Gxe) (1 = GO —ue) + G ) '] =
(I — GCy)P; (I —GC)T + GWGT.
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By using the linear algebra identities

Otrace[M N MT]
oM

Otrace[M RT]  Otrace[RMT]
oM B oM -

= 2MN,

with N a symmetric matrix, and minimising the trace of the a posteriori covariance with
respect to the gain, K satisfies

—2P]€_C,I + QKkaPk_C]I + 2K, W =0,

hence
Ky = P CT (CuPCT+W) ™.

To better understand the role of this operator, it is worth mentioning that when W is small, it
means that the noise in the observation is small. Moreover, given the inverse proportionality
between W and K}, the more W decreases the more K}, increases. In other words, when the
observation noise is small, the Kalman gain is a strong weight on the innovation term.

Furthermore, if P, tends to zero — which means that we have almost no error in the a
priori state estimate — then the Kalman gain is also approaching zero. When we have a good
a priori estimate, we do not need to correct it.

We present the Kalman estimator dynamics in a prediction-correction form. At each time
tr we perform two steps :

— the prediction step, also called model forecast step, corresponds to the next step forward
of our model. We compute the a priori state estimate 4, and its covariance P .

— In the correction step, also called data assimilation step, we take into account the ob-
servation z; to compute the a posteriori state estimate a;j and its covariance P,:r .

The prediction-correction algorithm is just one of the possible forms of the Kalman filter
method, we refer to [157] to have a broader overview of these algorithms.

At the initial time tg, the best estimation of the initial state is given by u, = E[ug]. The
starting condition of the Kalman filter algorithm is

uO — UO - UQ,
- +
Py = P = Elu.ud].

At time ¢y, the a priori estimation 4] is defined as the mean value of the state u;. Using the
discrete model (1.42) we can write

’lll_ = E[ul] = E[Al\ou() + Blwl] = Al\Oag_-
Consequently, the covariance P is

P =E[(uw1 — 4y ) (w1 — 47)T]
= E[(A1|OUO + Biwi — af)(A”OuO + Biwi — ﬂ;)T]
= E[(Ayjo(uo — ag) + Biwi)(Aqjo(uo — af) + Biw1)™] = A1|0P0+AI|O + B1QBy,

as the (up — 4g) and w; are uncorrelated.
We can extend the same argument to successive times obtaining the following formulas
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— o+
Uy = Agg—19g_q,
(Prediction)

Py = Ag B Ay + BrQBY.

From the a priori estimation we can incorporate the information of the measurement at
time t; and compute the a posteriori state estimate ﬂz as follows

e

ﬁz_ = ﬁk_: + Kk(zk - Ckﬁ];),
K, = P, Cl(CxP C]+ VV)_1 : (Correction)

Pl = (I-EiCy)Py (I - KxCr) + KxWK].

\. .

The sequential processing of measurements is one of the reasons that made this method so
popular. It is, indeed, particularly well-suited to a real-time processing of the data. Moreover,
since the gain operator K and the covariance operators do not depend on the state of the
system, they can be precomputed before the analysis of the data, saving time in real-time
applications. The main drawback of this method is that it requires computing two full co-
variance matrices at each time step. This computation becomes prohibitive when the state
dimension is too big, which would be the case, for instance, for applications in meteorology
or oceanography where the state can reach millions of components [136].

Remark 1.3.4.1

It can be proved that the residual term (z — Cj; ) is zero-mean white and with covariance
Crp Py, C,I + W. The Kalman filter can thus be seen as a filter that whitens the measurements
extracting the maximum of the information contained [5].

1.3.4.b Continuous-time Kalman estimator In this section we derive the definition of the
Kalman estimator and the operator P in a continuous-time framework. Let us start by the
relationship between the measurement error covariances in the discrete and in the continuous
setting. For more details we refer to [74, 157, 97].

The continuous observations are

2(t) = Ce(t)u(t) + x(1),

where the subscript ‘c’ stands for continuous and x is a continuous white noise with zero
mean. The noise covariance can be written as follows

Cov(x(1), x(s)) = (¢t — )W (2).

where § is the Dirac function with a value of co when ¢ = s, or 0 otherwise and with area
equal to 1. The matrix W(t) is called spectral density matriz. Continuous white noise is a
mathematical concept that is never observed directly in any physical system. Nevertheless, it
can provide an approximate description of a real process. A precise definition of continuous-
time white noise is not trivial. We refer to [23] for a more complete description.
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Let us take the following discrete approximation rule, for a discrete uniform time grid

with time step dt,
1 tp+4t
up = — u(t)dt.
= 1A

‘We obtain

1 [tetot
a=g; [ Cultult) + x(t)dt = Cla + .

5t )y,
with
1 L+t
= — t)dt.
Xk 5t /tk x(t)

Xk is a discrete noise with mean

t 40t
E[xe] = $/4'Mwmw—o

and covariance

tp+ot tk+5t
Wi = Cov(xi) = Elexil = w5 / / x(s)T]dtds
5t ty ty
tp+ot tk+5t 1 t+6t
d(t — s)dtds = — W (t)dt.
5t2 /tk S)dids = 55 Q
If, as in our case, the spectral density matrix is constant in time, we have W (t) = W, and
W.

W=W;,=— 1.44
p= s (1.44)

We consider the following discretisation scheme
Ak|k—1 =1+ A(Sta Bk = BC7 Ck = CC7 Q = 5tQC7

where [ is the identity matrix. Let us take into account the discrete-time Kalman filter and
the following limit

1

o B P Cl (CoPCLot + W)~ R
5t—0 Ot 6t—>0 ot ke e

We consider the equivalent expression of P;' as P, = (I — K,C) P, . Given the discretisation
scheme, the a posteriori covariance can be wrltten as

P, = (I + Ast)P (I + Adt)T + §tBeQcBe
= B + (AP} + PFAT + B.Q.B.)st + AP AT5¢?
= Py — KCp Py + (A(I = KxCr) By + (I = KxCr) By AT+ BeQcBe)dt + O(5t°).
Therefore,

P Py - By

T S ra—
IRRT KkaPk_ B .
= —PCIW;'C.P + AP + PAT + B.Q.B.
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To derive the continuous version of the Kalman estimator we combine the definitions of
~A— /\J’_ . .
@, and 4 , obtaining
At .4 .t
iy = App—10;_ + K (2 — CoAppp_19)_,)

= (I + Adt)a_, + Ky (2x — Ce(I + Adt)iy_,).

Subtracting ﬁ:—1 from both sides, dividing by ¢t and taking the limit as 6t — 0 we have

In conclusion, taking out the subscripts, the Kalman estimator is defined by the following
System

df:i(:) = Ad(s) + K (2(s) — C(s)a(s)), Vse[0,7],
K(s) = P(s)CT(s)W=L  Vsel0,7] (1.45)
L ﬁ(O) = Uo,

where P is the unique solution of the Riccati differential equation

APO) — AP(s) + P(9)AT - PS)CT(WIC()P(s) + BE)QBT(), Vs € [0,7],
P0) = PB.

(1.46)

1.3.5 Extended Kalman Filter (EKF) theory

In most practical cases as well as in our application, the observation operator and/or the
model operator are non-linear [44, 136]. As said before, the Kalman Filter cannot be applied
in these cases. A widespread strategy is to consider the Extended Kalman Filter (EKF),
proposed by Schmidt to solve nonlinear spacecraft navigation problems [21]. This strategy
is based on the linearisation of the problem around the target trajectory using a first-order
truncation of the Taylor series expansion. Strategies based on the second-order approximation
of the operators exist, but the high computational costs often make them impossible to use
in practice [17, 5, 109, 175].

The EKF is proved to converge only for small errors as it is based on a linearisation
strategy [166, 73]. We describe how we deal with this difficulty in the application section 1.3.9.

As we did for the Kalman filter, we present the Extended Kalman filter in a discrete
setting. We assume that we have a process whose states {uy € R™, k € N} are governed by

the non-linear model
ug = Ayk—1(ur—1) + Brwi,

A (1.47)
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and can be observed through a non-linear protocol

2k = Ci(ug) + X-

We assume that the random variables wy and x are independent, white, with zero-mean and
covariances @ and W.
We linearise the state model around the point u;_1 = zl,"f_l obtaining

u = Awie—1(03_) + Brwi, + Apjp_ (ur—1 — i),

dAyk-1

du
Analogously, we linearise the observation equation around the point uj = i,  obtaining

where Ay = (ﬂz_l) is the derivative of the state operator.

2L = Ck(’ll];) + Ck(uk — ﬁ];) + Xk,

dC
where Cj, = d—k(ﬁ;) is the derivative of the observation operator.
u

We have thus approximated our non-linear problem by a linear problem on which we can
apply the Kalman Filter method. As for the Kalman method, the EKF can be presented in
a prediction-correction form as follows

f— o+
Uy, = A (), Dredict
. rediction
Py = Ay B AL, + BQB] ( )
and R A A

af = dy + Ki(z — Crily), 1
Ky, = P Cl(CkP CT+W) ", (Correction)
Pr = (I-KiCi)P; (I - KxCy) + KxWK].

We notice that the linearisation of the operators A, C has been done around the best
estimate of the state uy before the prediction step and before the correction step, respectively.

We should point out that the Extended Kalman Filter may be formulated to account for
non-linear noise sources. We focus on the case of additive model noise and observation noise,
that being the case used in the following.

For the sake of completeness, we report the continuous-time formulation of the EKF
method. The EKF estimator is defined by the following system

d?i(tS) = A(i(s),s) + K (2(s) — C(a(s))), Vs €0,
K(s) = P(s)CTW™!, Vse[0,7] (1.48)
\ ﬂ(O) = U,

where P is the unique solution of the Riccati differential equation
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d];f) = AP(s)+ P(s)AT — P(S)C’T(s)WflC(s)P(s) + B(s)QBT(s), Vse€[0,7],
P(0) = P. ( |
1.49
Where this time A = % and C' = %

1.3.6 Our inverse problem

Under the assumptions (1.39) and (1.33), our system is completely determined once we
know the four parameters

kon’ kdep; kdis’ .

Therefore, the solution of our inverse problem is an estimation of these parameters. In the
following we define our inverse problem and more specifically

— the model operator

— the observation operator.

1.3.6.a Model operator The oligomer model (1.34) can be formulated in several equivalent
ways. In the following we show that some formulations can meet the needs of our estimation
strategy better than others.

First of all we reformulate System (1.34) including null dynamics for the kinetic para-
meters. In this formulation, all the unknowns of the problem appear in the initial condition
and we can apply the filtering theory as presented in the previous sections. We obtain the
following system

.

dyi

T —konvyi + konv¥i—1 — Kdep¥i + Kdep¥i+1, 1o <@ <y,

dwi

dt

= —kdiswW;, o <1 <1y,

dv . )
T (t0 — 1)kdepYio + (—konv + kdep) Y ¥i + kais Y tw;,

Ao , (1.50)
a7

dEgep
dt

dEais
dt
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We recall that the term (ig — 1)kqep¥i, comes from the boundary conditions (1.35). For the
sake of simplicity, we omit the index in the sum operation, we thus consider ) instead of
D ity

Let us consider the augmented state (y, w, v, kon, kdep kdis) T, where y = (Yig, - - -, ¥, )T and
w = (wigy, ..., w;;)T. The model operator describing the dynamics of the augmented state is
nonlinear. We apply the EKF method. Once all data points have been processed, we have the
estimations

i) y(r) y(r)
0 (r) w(r) ()
o || e || e
Akon (T) kon 7_) kon
kidep (1) Kdep (1) Kdep
Eqis () Kqis(T) Kais

With this formulation, we would be able to estimate the kinetic rates but we would not
have any information on the initial distribution of the oligomers. It would thus be necessary
to estimate the initial condition with a smoothing method, see Section 5.3 and [157, 30, 148|
for an introduction to smoothing methods and their applications.

However, by modifying the formulation of the state model we obtain a more direct solu-
tion with less computational costs and higher accuracy. We remark that the unstable oligomer
concentrations can be easily expressed analytically by w;(t) = wg,e *dist. We decide to in-
troduce this formula directly into the model. We consider the state (y, wo, v, kon, kdep, Kdis) -
The associated dynamics is

7

¢

dyi

dt = —kon¥¥; + konVyi—1 — kdepyi + kdepyi-i-lv 10 <1 <1,

dwo;
dt

= 0, 10 <1 <1,

dv

a = (iO - 1)kdepyio + (_konv i kdEp) Z Yi + kdis Z ie_kdistw()h

dkon
dt

= 0,

dkgep
dt

dkdis
dt

(1.51)
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In this case, at the end of the time window, we have

wo

ICICO R IO I CoO T I G
AkOH(T) - kon T) N kon
kAdep (1) kdep(T) Kdep
kgis(7) Kais(7) kais

As we can see, the extended Kalman estimator is able to estimate both the kinetic rates and
the initial distribution of the unstable oligomers. Moreover, as the total oligomer distribution
{u;}; is known, we could also derive the initial distribution of stable oligomers.

Further formulations may be taken into account. For instance, by the law of mass conser-
vation (1.2), we could substitute v by p — > i(w; + y;) and omit the differential equation for
the monomer concentration v. However, in doing so we would introduce a higher nonlinearity
into the model.

We could also treat the parameter a as we have done with the kinetic parameters and

d
add the dynamics %% _ 0 to the model. This choice would introduce some technical difficulty

as, for example, defining the initial state covariance operator. In fact, we have seen in the
previous sections that we cannot assume « and kg;s to be independent but, at the same time,
we do not have a complete description of their inter-relation. Furthermore, the hypothesis of
size-independence of the coefficient « is reasonable but not as well supported as in the case
of the kinetic rates. Introducing the null dynamics for « in the model could be too strong a
condition.

1.3.6.b Observation operator The observation operator describes the measurement process
applied to the system. We can consider two observation operators associated to the two types
of measurements available : the SEC and the SLS data. The definition of these operators is
given in Equations (1.3) and (1.14), respectively.

We can define several inverse problems depending on the measurements used to estimate
the unknowns of the model. We have shown how the SEC data were very useful to design
the model as they provide qualitative information on the system. However, the SEC data are
not quantitatively reliable since the data error is difficult to model and, therefore, difficult to
estimate.

The SLS data are more reliable because we can better analyse the noise and have a
good estimation of its distribution. Consequently, we can derive more accurate quantitative
information.

We decide to define our inverse problem taking into account only the SLS data and
then validate the results with the SEC data.

A final decision to make is whether to concatenate the three sets of SLS data in a vector
z = (zsls,pzl,zsls,ng,zsls,p:7) and thus use the data simultaneously to compute the initial
condition estimation or define three independent inverse problems, one for each concentration.
We prefer the second option. In fact, even if our theoretical model takes the kinetic rates to
be the same in all the experiments, in practice, we more likely expect the parameters to vary
within a confined range of values.
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We conclude this section with the definition of the observation operator C' and some last
remarks. We recall that

zas(t) = (v(6) + D0 i+ ) +x(1), Vee [0,7].

=10

The definition of the observation operator depends on the choice of the state variable. For
instance, if we consider the model formulation presented in System (1.50) and we call the
state £ = (y, w, v, kon, Kdep, kdis)T, then we would have the following linear operator

Cx= (i - @[ - |10 0 0)ax).

However, we have seen that the second formulation, corresponding to System (1.51) is prefe-
rable. In this case the state is x = (y, wo, v, kon, Kdep, kdis)T and observation operator reads as
follows

Clz(t),t)= (1§ --- i} |ideFais® ... Zekas’ [1]0 0 0)a(t). (1.52)

We point out that, in this last setting, the operator is dependent on the time and, more
importantly, on the rate kqis, making it non-linear.

1.3.7 Model operator discretisation

To discretise our model, we consider an upwind scheme. Let us define the time domain
[0,7] = [0, 7], where 7 is the experimental observation time. We consider a uniform time
grid 0 = tp < ... < ty = 7 with a constant time step dt. Given f a function, we use the
superscript f7 to represent the approximation of the value f (tj). The discrete-time formulation
of model (1.51) thus reads

( y;wl = Y+ 0t kon"v" (—yl +yiy) + 6t kaep " (—yi + Y1),
wo?Jrl = woy,
" = 0" 4 6t (i — 1)kdep”yl + 0t (—kon™ V"™ + kaep™) >y}
0t ki Y e dis "ty (1.53)
kon™ = kon”,
kaep™™ = kaep™
kg™ = kg™

1.3.8 A priori parameter estimation

So far we have built up a general understanding of the oligomer system though consi-
derations deriving both from a qualitative description of the oligomer system and from the
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information contained in the empirical data. Now, we aim at integrating this knowledge with
the quantitative information provided by the model and then set the initial condition of our
estimation strategy, namely z.,.

We use the discrete model to compute the sequence (u")p<n<n, approximating the state
variables on the time grid. We can thus apply the observation operator on these estimations
and compute the synthetic observations.

In the following, we present the steps leading to the definition of an initial estimation and
its successive corrections.

We start from the following assumptions.

— Observing the experimental size distribution data at p = 3uM, we have designed a
formula to define a first guess for the disintegrating rate kgjs.
In Figure 1.19a, we notice a pseudo steady state. In fact, the distribution at time
t = 270min does not differ significantly from the distribution at ¢ = 125min. From
Equations (1.30) and (1.31), we deduce that it is possible to have a steady state only
when unstable oligomers have all disintegrated. We can thus assume that, from time
t = 125min, we do not have any unstable oligomers. Omitting the noise contribution,
we have that

Zsec,o(t = 125) = u(125) = y(125), for p = 3uMM.

Moreover, we make the hypothesis that the initial stable oligomer peak shifts over time
without changing its shape. Therefore, we assume that

max(y(t)) = max(y(0)), V.

In particular, the relation holds true at ¢ = 125min. We are aware that this hypothesis
is not correct — since there are broadening effects and mass loss of stable oligomers—
nevertheless, it is efficient enough to define an initial approximation.

Assuming that the ratio of stable oligomers at time ¢ = 0 is the same at all the sizes,
we have that the peak position of the initial oligomer distribution is the same as for the
initial stable oligomer distribution

i* = argmax u;(0) = argmax y;(0).
i i

From the model we know that w;(t) = w;(0)e *dist = (u;(0) —y;(0))e~*dist. Writing this
relation for the size i*, we obtain

wix(t) = (max(zsmo(O)) — max(zsec,o(125)))e*kdist,

It is easy to see that we can derive the value of kgjs, if we know the value of the trajectory
w;+ at, at least, one instant. Recalling that the kinetic coefficients are assumed size-
independent, we have

wix(t) = max w;(t) = mzax(ui(t) —y;(t)).

Finally, let us call tsap1e @ moment in which we have only stable oligomers and  # 0 a
generic instant at which we have SEC measurements. We conclude the following formula

_ 1 max(zsec’o(O)) - maX(zseC,o(tstable))
kais = — lo .
maX(Zsec,o(n)) - maX(Zsec,o(tstable))
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For the experiment at p = 3uM, we can take tsape = 125min and 7 = 15min.

We want to adapt the same argument to the cases p = 1uM, p = TuM.

For the experiment at p = 1uM, the SEC data have been recorded three times. The
natural choice is to set tstaple = 140min and n = 25min. In fact, at the end of the
experiment, it is reasonable to assume that there are only stable oligomers left.

For p = 7TuM, we consider the experimental data in Figure 1.20. The third SEC curve,
recorded at time £ = 15min, corresponds to an increasing phase in SLS data and, thus,
to a phase in which the polymerisation is the dominant process occurring. Knowing
that only the stable oligomers can polymerise, we assume that at that moment the
unstable oligomer concentration is negligible. We set tgtaple = 15min and 7 = 5min. In
Table T 1.3.8.1, we report the resulting estimations of kgjs.

— Having an estimation for kg5, we use Equation (1.40) to compute the ratio of stable
oligomers. In particular, choosing a time ¢ that is small enough to approximate «(t) = «
for all ¢ € [0,t.], we have kgis(t — fg a(s)ds) = kgis(1 — a)t. Consequently, we take

005
kdis .

a=1

— Equation (1.31) is useful to derive a relation between ko, and kqep. If the rate konv(t) —
kgep is negative, then the stable oligomers are mainly depolymerising. On the other
hand, if the rate is positive, the system is polymerising. At the equilibrium we have
konv(t) = kdep- We call veq the monomer concentration that satisfies the equality.

— We start by the case where p = 3uM in which we have a pseudo steady state.
In Table 1.1 we have the value of monomer concentrations at times 125 and 270
minutes, corresponding to the equilibrium phase. These values are 3.045 and 2.819
respectively. We set veq, =3 to the average value of 2.9.

— In the case where p = 1uM, the system is constantly depolymerising. Given that
the final monomer concentration is of 1uM, we obtain the inequality kon-1 < Koneq-
We arbitrarily define veq,—1 = 2.

— At concentration p = TuM, we observe that the system is depolymerising at time
t = 15min. Given the corresponding value of monomer concentration at this time,
we derive the inequality kon3.5 < kgep.- The system is, in contrast, polymerising
at time ¢ = 1150min and we derive the condition kon4.6 > kqep. We deduce that
3.5 < Veq,p=7 < 4.6. We then set veq =7 = 4.

To conclude, we obtain the value of kg, as follows

kde

P

kon = ——.
Veq,p

— The depolymerisation coefficient is arbitrarily set to kqep = 0.05, by taking the average
value of the values in Table 1.2.
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F1GURE 1.31 — Fit with the coefficients of Table T 1.3.8.1 relative to p = 1uM.
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FI1GURE 1.33 — Fit with the coefficients of Table T 1.3.8.1 relative to p = TuM.

We summarise in this table our choices

14 kon kdcp kdis « Veq

1uM | 0.025 | 0.05 | 0.0653 | 0.2341 | 2
: (T 1.3.8.1)
3uM | 0.0172 | 0.05 | 0.0744 | 0.3279 | 2.9

TuM | 0.0125 | 0.05 | 0.1503 | 0.6674 | 4

In Figures 1.31, 1.32, 1.33, we present the associated numerical observations.
As a natural consequence of the strategy described, we notice reasonable agreement on the
size distribution. Unfortunately, the SLS data — which are more trustworthy — are not well
fitted. This result constitutes a good starting point for further analyses.

We recall that the experiment at p = 3uM is the one in which the set of assumptions
presented above are more natural. Furthermore, in this case, the SEC and SLS data are in best
agreement. We have introduced in Equation (1.12) a formula to measure the distance between
the SEC and SLS data : the smaller the distance, the greater the coherence between the two
observations. Roughly speaking, we can say that the SEC and SLS data are in agreement if
the SLS data fit the orange points well in Figures 1.31b, 1.32b, 1.33b, computed by applying
the observation operator on the experimental size distribution.

Focusing on the 3uM experiment and following the guidelines presented above, we run the
model several times with the set of parameters defined by slight modifications of the values
in Table T 1.3.8.1. Increasing the value of kqep to 0.09, we find that the set of parameters
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kon kdep Kais a Veq

. (T 1.3.8.2)
0.031 | 0.09 | 0.07 | 0.2 | 2.9

\. J

In Figure 1.34, we present the comparison between experimental and synthetic observa-
tions both for the experiment at 3uM and for the other concentrations. We observe a good
fit of the SLS data. Moreover, as this set of parameters is in agreement with the assumptions
detailed before, we still have a qualitative agreement with the SEC data. It is interesting to
notice that with this choice we obtain a better fit than before for the case 1uM.

It should be pointed out that it is possible to find other sets of parameters that provide
a good fit of the SLS data at p = 3uM. For instance, we present the following parameters

Kon kdep kais « Veq

(T 1.3.8.3)
0.14 | 0.38 | 0.077 | 0.35 | 2.7

and the associated synthetic observations for the three concentration regimes in Figure 1.35.

In the following, we set the initial condition of the EKF estimator to the values given in
Table T 1.3.8.2.

1.3.9 Extended Kalman Filter application

In this section we apply the EKF theory to solve our inverse problem. The method has been
implemented in Matlab using the functions of the data assimilation library VerdandInMatlab,
which is a module of the C++ library Verdandi [41]. The values of kon, kdep, Kdis, and « in
Table T 1.3.8.2 characterise the initial condition of the Kalman estimator. We consider the
model operator (1.51) and the SLS data modelled by the observation operator (1.52). In our
simulations we set the time step to 6t = 0.1 and the simulation time to the experimental final
time.

We recall that the operators Py and W represent an estimation of the amount of error in
the initial state and in the observations, respectively. Consequently, they play a crucial role
in the result of the estimation. Following a classical approach [21], we define these operators
as the covariance of the uncertainty in the initial condition, £, and the covariance of the
measurement noise . Since both the state space and the observation space have a finite
dimension, the operators can be written in a matrix form.

We recall that the discrete operator W may be related to the spectral density matrix W,
of the continuous white noise W¢, as follows [74, 157]

W =6t 'W..

In our work, due to the small time lapse between two observations, we take W, as the variance
of the error in our experimental data. Specifically, we compute a polynomial fit of the SLS
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data and we analyse the distribution of the residual. In practice, we set W to the following
values

p=1uM | p=3uM | p=TuM

(T 1.3.9.1)
W 1.6 8 1

Another possible choice would be to assume that the variance computed from the observation
data Wqata satisfied Wyata = 5t;;taWC. This would lead to the definition W = 6t 16t qata Waata.
The operator P, is characterised by a block structure as follows

Py Py,w
Pyy Py

Pkdep

Pkdep

Entering the specifics of each block, the initial stable oligomer covariance is given by
P, = Cov(yo) = Cov(aug) = Cov(a)upul = Pyuouf,

where the definition of P, is apparent from the above equation.
With analogous computations the covariance between yg and wy is

and the initial unstable oligomer covariance
P, = Pauoug.

The operators P, Py, Pryy, Pk dep’ Py, are scalar values. Each of them is defined as the square
of the estimated distance between the initial estimation and the target value.
We report the operator values in the following table

Py Pkon Pkdep Pkdis FPa

) (T 1.3.9.2)
10720 | 107% ] 107* | 107 | 1072

If we do not choose the covariance operators carefully, the Kalman estimator may exit the
region of validity of the model. This would happen, for instance, when the trajectory of
some parameter estimator became negative. For well-chosen covariance operator, the EKF
algorithm returns the estimator Z. The Kalman estimator may be interpreted as the minimiser,
at each time t, of a least square criterion given by a weighted sum of the error in the initial
condition and the discrepancies z(s) — Cz(s), for all times s < t. As we present more in
detail in Chapter 5, the weights in the criterion are the inverse of the operators Py and W,
respectively. In a linear setting we can prove that there exists a unique minimiser of the
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least square criterion. For non-linear problems, like our application, the criterion may have
several minimisers. At the end of the EKF algorithm, the Kalman estimator coincides with
one of these minimisers. To avoid local minima, we adopt a multiple-run strategy, following
the example of the Iterated Extended Kalman Filter [96, 117, 20]. More precisely, we run
the algorithm again using the returned estimation as the initial condition, without changing
the values of the covariance operators. We compare the output of this last run to the first
estimation. If the distance between the two estimations is less than a chosen threshold, we stop.
Otherwise, we iterate the EKF algorithm again and we compare the estimations. We repeat
this process until the distance between two successive estimations is less than a threshold or
we have reached a maximal number of EKF iterations.

We recall that the operator P measures the estimation error in the state. It defines a
confidence region centred on the target trajectory, in which the estimator trajectory lives.
The KF, and thus the EKF, is designed to minimise the estimation error. At the end of
one run of the EKF algorithm, the estimation error is less than the initial estimation error.
Re-running the algorithm with the initial covariance operator instead of the final covariance
allows the estimator to evolve in a “wider” region and avoid eventual local minima of the
error function.

The multiple-run strategy may also be seen as a way to put a high confidence in mea-
surements in a gradual way. In fact, using the observations at each EKF run to correct the
estimation, we are implicitly placing more and more trust in these data.

Furthermore, with the multiple-run strategy we can reduce the EKF linearisation errors
and thus improve the accuracy of the estimation. In fact, at each run, we linearise the model
and the observation operator around a better estimation than at the iteration before.

We run the EKF algorithm taking the values in Table T 1.3.8.2 as initial conditions for the
estimator and choosing the operators Py and W according to Tables T 1.3.9.2 and T 1.3.9.1.
We preselect the threshold on the distance between two successive estimations to 10™° and
use the distance associated to the norm || - ||o. The maximal number of EKF iterations is set
to 20. The final estimations are presented in the table below

P kon kdep kqis a

1M | 0.02579 | 0.10288 | 0.10151 | 0.13234
: (T 1.3.9.2)
3uM | 0.24335 | 0.61940 | 0.12948 | 0.48961

TuM | 0.06447 | 0.27284 | 0.19152 | 0.50458

In Figures 1.36, 1.37, 1.38 we present the results of the EKF algorithm for the concentrations
p=1,3, TuM, respectively.

In each of these figures, we have six subfigures : two showing the comparison between
the synthetic and the empirical observations and four showing the trajectories of the four
parameter estimators kon, kdep, k‘dls, &. In the cases p = 1, and TuM we have 20 parameter
estimator trajectories associated to the 20 EKF iterations. In the case p = 3uM we have
convergence in 18 iterations. We have plotted the trajectories in a colormap varying from
blue for the first iteration to red for the last iteration. Moreover, to visualise the data more
clearly, the thickness of the plot line is gradually reduced from the first to the last iteration.
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We can infer the reliability of the final estimation by analysing these four subfigures with

parameter estimators. For instance, in Figure 1.37 — relative to p = 3uM — the distance bet-
ween the estimations gradually decreases until reaching a final value that triggers the stopping
condition on the estimators. We can thus conclude that we have an optimal estimation.
When observing Figure 1.38 for p = 7TuM, we notice a different behaviour. We can identify
two sets of estimations that are alternatively returned by the EKF iterations. In other words
if we use one of the two as the initial condition for the EKF algorithm we obtain the other
one as the final condition. For example, the estimation at the end of the 19th iteration is
(kon, kdep: kdis, &) = (0.061479,0.254831, 0.12000, 0.50316) while at the end of the 20th ite-
ration we have the values shown in Table T 1.3.9.2. These two sets of parameters may be
interpreted as local minima. Therefore, we cannot place much trust in these estimations.
To conclude, we comment on Figure 1.36 relative to low concentration experiment. We claim
that the estimations ifdis and & are optimal but the estimations kon and ]Aidep tend to some
value that has not yet been reached. We need more iterations of the EKF algorithm to reach
the optimal value.

We can summarise our confidence in the estimations in Table T 1.3.9.2 as follows

o}

p ]%OII l%dep ]%dis

wM| ? | ? | OK|OK
: (T 1.3.9.3)
3uM | OK | OK | OK | OK

TuM | No | No | No | No

Since the estimations in Table T 1.3.9.2 for p = 1, and 7uM are not satisfactory, we
continue our investigation focusing on these two cases. We run the EKF algorithm with
several choices of initial condition and covariance operators.

— We start from the low concentration experiment. We run the iterated EKF method
starting from the initial condition given in Table T 1.3.8.2 and the covariance operators
P, =107 P, = Pkdep = P’fdis = P, = 1072 and W = 10. This time we increase
the maximal allowed number of EKF iterations to 500. We find that the convergence
condition is satisfied after 222 iterations. The final estimation results in

kon kdep kdis &

. (T 1.3.9.4)
0.16960 | 0.22829 | 0.10195 | 0.14268

In Figure 1.39 we present the comparison between synthetic and experimental observa-
tions as well as the parameter estimator trajectories. This time we have plotted only
one trajectory every ten iterations. We can see that the estimations of kg5 and « are
similar to the values in Table T 1.3.9.2, reinforcing the idea that these estimations were
already trustable.
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— We move to the high concentration experiment. In Figure 1.40 we present the parameter
estimation obtained with initial condition (Kon,kdep, kdis, ) = (0.1,0.1,0.1,0.1) and
covariance operators P, = 10720, Pion = Pkdep =Py, = Pa = 1072 and W = 10. The
final estimation is

kon kdep kdis &

. (T 1.3.9.5)
0.06085 | 0.24226 | 0.15248 | 0.49153

We observe that the convergence of the parameter estimations to a minimal value is
reached in 9 iterations of the EKF. Furthermore, we do not see the oscillating beha-
viour typical of other estimations, see Figure 1.38. For these reasons we can trust these
estimations.

In conclusion, here are our final estimations

P kon kdep Kdis &

1uM | 0.16960 | 0.22829 | 0.10195 | 0.14268
(T 1.3.9.6)

3uM | 0.24335 | 0.61940 | 0.12948 | 0.48961

TuM | 0.06085 | 0.24226 | 0.15248 | 0.49153

1.4 Conclusions and discussions of the chapter

Our study brought to light the presence of at least two oligomer species in the ovPrP
system under investigation. We propose a qualitative description of the aggregation process,
taking into account only two oligomer species. The two species are characterised as follows

— a first oligomer species, termed stable, which mostly polymerise and depolymerise
— a second oligomer species, termed unstable, mostly disintegrate.

The disintegration of the unstable oligomers generates a monomer reservoir from which stable
oligomers can draw and polymerise.

We present an ODE model with the kinetic rates as parameters. Under the assumption
of size-independent kinetic rates, we have shown that the model is completely determined
by only three parameters. This model is able to reproduce the three typical behaviours of
oligomer systems that have been identified experimentally. Specifically, we have the complete
transformation of oligomers into monomers at low total concentrations, the presence of a
pseudo steady-state at middle total concentrations and an increase in the average oligomer
size at high total concentrations.

By means of a data assimilation strategy, we have exploited the SLS data to estimate
the kinetic parameters associated to three experiments performed at three different total
concentration regimes.
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The comparison between our estimation of the size distribution and the SEC data —
which were not used to compute the estimations — shows a good agreement between the two.
Hence, our model is able to accurately reproduce the evolution of the average size (SLS data)
and the evolution of the oligomer size distribution. Taking these considerations into account
we validate the model. In particular, our initial simplifying hypothesis of size-independent
parameters is representative of reality. We notice small variations in the three sets of parameter
estimations relative to the three experimental settings. The global agreement in their orders
of magnitude further confirms the reliability of the results.

This methodology can be directly applied in future research on protein polymerisation.
Two of its main advantages are the following :

— It can reduce experimental costs. We were able to compute our estimations by conside-
ring the three SLS data sets and only one of the twelve SEC data sets.

— It can provide access to new data. For instance, we can have an estimation of the
oligomer size distribution, at any time. Of even more interest, is that it allows us to
look at the evolutions of the two oligomer species separately. Using the estimations in
Table T 1.3.9.6, we simulate the evolution of the two oligomer species for a range of
sizes [25, 150]mer. We obtain the results illustrated in Figure 1.41a, 1.41b, 1.41c for the
three concentration regimes. In particular, in the case where p = 7TuM, we observe the
presence of oligomers with sizes bigger than 7T5mer. We recall that the physical features
of the SEC device make it unsuitable to analyse aggregates of sizes bigger than 100mer.
These simulations could thus explain the disagreement between the SLS data and the
SEC data for t = 1150min and p = 7uM, that we highlighted in our analysis.

The results of this work are gathered in Chapter 2 in the form of a pre-printed article

The mechanism of monomer transfer between two structurally distinct PrP oligomers
A. Armiento, P. Moireau, D. Martin, N. Lepejova, M. Doumic and H. Rezaei.
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CHAPITRE 2

Article : Mechanism of monomer
transfer between two oligomer species

Abstract

In mammals, Prion pathology refers to a class of infectious neuropathologies in which the
mechanism is based on the self-perpetuation of structural information stored in the patholo-
gical conformer. The characterisation of the PrP folding landscape has revealed the existence
of a plethora of pathways conducing to the formation of structurally different assemblies with
different biological properties. However, the biochemical interconnection between these di-
verse assemblies remains unexplored. The PrP oligomerisation process leads to the formation
of neurotoxic and soluble assemblies called O1 oligomers with a high size heterodispersity.
By combining different size distribution estimation techniques as a function of time with ki-
netics modelling and data assimilation we revealed the existence of at least two structurally
distinct sets of assemblies, Ola and O1b, forming O1 assemblies. These two groups exchange
monomers through a disintegration process that increases the size of Ola. Our observations
suggest that PrP oligomers constitute a highly dynamic population. Our results show that
protein assemblies responsible for Prion diseases are a highly dynamical population, and that
stable assemblies have to be explicitely targeted by drug treatments.
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Abstract

In mammals, Prion pathology refers to a class of infectious neuropathologies in which the
mechanism is based on the self-perpetuation of structural information stored in the
pathological conformer. The characterization of the PrP folding landscape has revealed the
existence of a plethora of pathways conducing to the formation of structurally different
assemblies with different biological properties. However, the biochemical interconnection
between these diverse assemblies remains unexplored. The PrP oligomerization process leads
to the formation of neurotoxic and soluble assemblies called O1 oligomers with a high size
heterodispersity. By combining different size distribution estimation techniques as a function
of time with kinetics modelling and data assimilation we revealed the existence of at least two
structurally distinct sets of assemblies, O1* and o1°, forming O1 assemblies. These two
groups exchange monomers through a disintegration process that increases the size of O1°.

Our observations suggest that PrP oligomers constitute a highly dynamic population.



Transmissible spongiform encephalopathies (TSEs), or prion diseases, constitute a distinct
group of fatal neurodegenerative diseases of humans and other animals. Creutzfeldt-Jakob
disease (CJD), Gerstmann-Striussler-Scheinker syndrome (GSS) and fatal familial insomnia
(FFI) are the most common human prion diseases. The prion theory, which has been proposed
to describe the self-perpetuation of structural information stored in prion assemblies, is now
starting to be extended to a wider range of pathologies caused by protein misfolding and
aggregation''!. One of the intriguing aspects of the prion conversion process is the existence of
broad panel of PrP assemblies that are highly heterogeneous in size'”. The existence of such
heterogeneity is associated to stochastic events and often to differences in the micro-
environment where the conversion process occurs"”. However, the diversity in the size of PrP
assemblies could also be highly deterministic, as was observed with the oligomerisation
process of recombinant PrP (recPrP) in a highly controlled environment. Indeed, recPrP
polymerisation at pH 4.1 and 7.2 leads to the formation of at least three structurally distinct
neuro-toxic oligomers whose size and ratio are each governed by the primary structure of PrP
1. The biochemical and biological implications of such a diversity remain unclear even if
structurally different prion assemblies are claimed to be at the basis of the quasi-species
phenomenon and prion adaptation to different hosts'®. The existence of structurally different
assemblies raises the question of their respective thermodynamic stability and the
consequences of their coexistence in the same environment. Indeed, according to an Ostwald-
like ripening phenomenon, the coexistence of assemblies structurally different could lead to a
transfer phenomenon from the low stability to the high stability assemblies'”’.

To address this question, we focused our study on O1 oligomers which (see Figure 1A) are
highly heterogeneous regarding their size distribution, as shown by multi-wavelength static
light scattering (MWLS) analysis. Two hypotheses could explain the heterogeneity in size of
O1 oligomers (Figure 1B). The first hypothesis corresponds to the formation of several
discrete oligomers through different polymerisation pathways. In this case, each oligomer is
structurally different and could have distinct biological properties. The second hypothesis
corresponds to a sequential addition of monomers to an oligomer scaffold similar to the
nucleation elongation mechanism proposed for amyloid fibril formation. This second
hypothesis could generate either structurally equivalent or non-equivalent objects.

In order to discriminate between these two hypotheses and explore the dynamics of different
assemblies which compose the O1 peak, we adopted a strategy that consisted of inducing the
depolymerisation of O1 assemblies. During the depolymerisation process, the kinetics of size

variation was followed by Static Light Scattering (SLS), which reflects the variation in the



mean average molecular weight <Mw> (Figure 2, A, B and C), and by size exclusion
chromatography (SEC) (Figure 2, D, E and F), which, coupled with multi-wavelength static
light scattering (MWLS), gave us access to the size distribution (Figure 2, G, H and I) at
several time points of the experiment. The depolymerisation of Ol assemblies at 1uM
(equivalent to the monomer concentration) appears to be total and gives rise to the formation
of monomeric PrP as shown by SEC and size distribution (SD) as a function of time (Figure 2
A, D and G). According to the SEC profile, the general behaviour of the shortening process,
which leads to the formation of the monomers, cannot be explained by sequential
depolymerisation only, but requires also a disintegration process (see SI). However, during
the depolymerisation process, followed by SEC and SD, an asymmetric decrease in the O1
peak was observed. This asymmetric evolution could suggest either a faster rate of decrease
of large O1 assemblies, or could result from the depolymerisation of at least two different
species (Figure 1B).

As for O1 at 1 uM, the depolymerisation of O1 at 3uM, followed by the SLS signal, revealed
a decrease in <Mw> of the system until a plateau was reached (Figure 2B). SEC and SD
analysis as a function of time revealed, as for O1 at 1uM, a faster decrease in the amount of
large assemblies. However, while for O1 at 1 uM the depolymerisation into monomers was
total, at 3 uM an accumulation of small size assemblies was observed (Figure 2 E and H).
Interestingly, the depolymerisation process at 7 uM led us to highlight a hidden process. First,
the initial stage of the depolymerisation process at 7uM appears to be clearly multiphasic
(Figure 2C insert). As this particular behaviour appears at a higher O1 concentration, this
suggests the existence of a multi-order kinetic process such as a polymerisation process.
Moreover, for O1 at 7 uM another particularity was observed. The SLS signal (i.e. <Mw> of
the system) presents a minimum for t=120min. Therefore, during the first step of the process
the <Mw> of the system decreases. The system is in a depolymerizing/disintegrating mode.
Then for t >120, the SLS signal increases as a function of time, suggesting an increase of
<Mw> of the system and a polymerizing mode. SEC and SD profiles as a function of time,
which revealed the apparition of high molecular weight assemblies initially absent in the O1
peak, have confirmed this observation. Two hypotheses could explain the apparition of high
molecular weight assemblies. The first hypothesis corresponds to the formation of de novo
assemblies formed directly by the monomer. The second hypothesis corresponds to an uptake
of monomers by thermodynamically more stable assemblies. To discriminate between these

two hypotheses, monomers at concentration of 7uM were incubated in the same conditions as



O1 at 7uM and no polymerisation was observed *. These last observations led us to propose
a mechanism in favour of the second hypothesis and to build a kinetic model that takes the
overall process.

In order to build a kinetic model describing the evolution of the system, we considered
different points: the first is the existence of a disintegration process highlighted at 1uM
concentration of O1. The second process, which was absent at 1uM but appears at 7uM, is the
occurrence of a repolymerisation reaction. The third consideration is the existence of a
depolymerisation process leading to the formation of monomers that contribute to a shift to
smaller sizes for all three concentrations (Figures 2 G, H and I). Finally, we exclude the
spontaneous polymerisation of the monomers in our experimental conditions as was
previously demonstrated *. Hence, any model should combine at least these three elements:
disintegration, templating (i.e. recapture), and depolymerisation. However, we should also
consider that if disintegration applies to all the oligomers (i.e. if we consider only structurally
equivalent assemblies) then it will prevent the polymerisation process, since it would lead all
polymers to disintegrate into monomers. Therefore, we should conclude on the existence of at
least two structurally distinct species coexisting under the O1 peak: one unstable, subject to
disintegration (o), the other more stable, with a disintegration rate very low (of’). Gathering
all these elements, the simplest possible model could be illustrated by Figure 3 and leads us to
the following three reactions

a ]
07 —iCy,
kais

Oib +C — Oib+1'

kDTL

or — ol .+c¢,
k
dep

which result in the following differential equations

dof “
dt —kais0;
do?
_ b b b b
dt koncl(oi—l — 0 ) - kdep(oi - 0i+1)’
_ b b .
E - _koncl z 0; + kdep 2 0; + kdis Z l Olg ,
i=2 i=2 i=2

where of* denotes the (time-dependent) concentration of unstable oligomers of size i, oib the

concentration of stable oligomers of size i and ¢, the concentration of monomers. For the sake



of simplicity, we consider constant disintegration, polymerisation and depolymerisation rates,
respectively denoted Kkg;s , Kon and kgep, and we do not consider polymerisation and
depolymerisation for the unstable species. We are thus led to estimate only four parameters:
the three reaction rates, and the ratio 0’ /(o? + of ) at the initial time, which we also
assume to be independent of the size i. To fit the model to the SLS data (not making use of
the SEC data), we use a data assimilation approach by Kalman filtering (see Supporting
Information for more details). Best-fit parameters are shown in Table 1 and model-data
comparison in Figure 3. For such a simple model, we found a remarkable quantitative
agreement, as well as parameters remaining in the same order of magnitude. Moreover, the
good agreement obtained between the SEC experimental data and the curve predicted by the
parameters fitted on SLS leads us to validate the monomer exchange model between of* and
o? while other models failed to fit the time-dependence size evolution of oligomer assemblies
(see SI).

These observations lead us to validate the monomer exchange model between the two sets of
O1 assemblies. Our conclusion is thus twofold: first, a very simple two-species model is able
to fit the data, whereas a one-species model, even with size-dependent coefficients, is not.
Second, surprisingly, we do not need size-dependent coefficients (Table 1), so that it is
possible that within a given species, it is plausible that the objects may be structurally

equivalent.

o
kon kdep Kais ob —|‘—o‘7
o= 1uM | 0.16 | 022 | 0.10 | 0.14
p=3uM | 022 | 057 | 0.1l | 0.45

p=7uM | 0.06 | 0.25 | 0.17 | 0.50

Table 1: Best-fit parameters obtained by the data assimilation method on the two-species
model ofand o? (for details see also SI). p corresponds to total oligomer concentration

equivalent to monomer.



Conclusion

Our step-by-step approach, from experimental analysis to data assimilation, leads us to a
partly counter-intuitive conclusion: the existence of monomer exchange between two types of
PrP oligomer assemblies. The formation of heterodisperse assemblies during the evolution of
pathologies due to protein misassembly raises the question of their coexistence and their
evolution. This phenomenon occurs during prion conversion for which several species could
coexist and form what is also commonly called prion quasi-species® . From a
thermodynamic point of view, it is clear that not all assemblies are kinetically and
energetically equivalent and some species with specific biological activities could be
generated transitorily. However, the evolution of all these assemblies should follow specific
thermodynamic and kinetic rules such as selection by higher stability and/or higher rate of
formation. In the present work we demonstrate that from monomeric PrP at least two types of
oligomers are simultaneously generated. In conditions that could biologically correspond to
monomer depletion, we demonstrate that these two oligomers are able to exchange
monomers. The biological consequences of such a phenomenon could be the transitory
apparition of physiopathological patterns and the existence of buffer assemblies serving as
monomer reservoirs to enhance and maintain more stable assemblies. It is also clear that such

a phenomenon should be considered for all therapeutic purposes.

Experimental section

Preparation of recombinant PrP constructs.

Full-length Ovine PrP 23-234 (Ala-136, Arg-154, GIn-171 variant) were produced in
Escherichia coli and purified as described previously!"". The O1 oligomers were generated by
incubating of OvPrP at 80mM at 55°C for 6 hours and purified as previously detailed™. The
size distribution of O1 assemblies was estimated by coupling to multi-wavelength static light
scattering with size exclusion chromatography using a TSK 4000SW. The resulting data were
transformed to size distribution using a custom MATLAB program. The depolymerzation of
O1 assemblies was followed by light scattering by incubating O1 assemblies at 50°C.

Kinetic simulations and data assimilation.

Differential equations presented above have been simulated, as well as many variants using a
first-order scheme in Matlab (for details see also SI). The parameters were estimated using the

Extended Kalman''*' Filter Method, implemented in Matlab, warping the lines of the Verdandi



data assimilation library (http://verdandi.sourceforge.net).
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Legends

Figure 1: Size distribution of PrP oligomers.

a) size exclusion chromatography (balck line) coupled to multiwavelength static light
scattering lead to estimate size of oligomers generated during PrP oligomerization (in red).
The O1 heterodispersity in size (i.e. moleculare weight) could result either to the formation of
subpopulation of oligomer (C,, B; and A;) according to a multiple parallel pathways or

sequential size increasing (from C, to C)).

Figure 2: Exploration of O1 oligomers stability through their depolymerisation rate. The
depolymerisation rate of Ol assemblies have been explored by using static light scattering
(i.e. mean average moleculare weight .<Mw>) as function of time (a,b and c). Arrows indicate
aliquots sampling at different time for SEC (d, e and f) and MWLS (g,h and i) analysis in
order to estimate size distribution analysis as function of time. Colors of arrows are reported
to the curves colors and are related to the time of sampling. Left column (a,d and g)
corresponds to depolymerisation experiments performed at O1 concentration of 1uM. Midel
column (b,e and h) to depolymerisation experiments performed at O1 concentration of 3uM
and right column (c.f and 1) to depolymerisation experiments performed at O1 concentration

of 7uM.

Figure 3: Comparison between experimental data and synthetic observations. Size
distribution (a,b and c) and light scattering intensity (d,e and f) as function of time and at
different O1 concentration and have been fitted (solid line) using best-fit parameters reported
in Table 1. The experimental data are represented in dots. Simulation corresponding to the
evolution of size distribution of Of (g) and 0P (h) and the convolution of OF + 0P (i) (see

Supplementary Information).
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SUPPLEMENTARY INFORMATION

1. Details on the step-by-step modelling approach: how we came to the best-fit model

We detail here the approach we followed in order to explain how, from an extremely simple
model, we were naturally led to our conclusion. We also believe that this methodology can be

reproduced for other experiments.

To model the kinetics of oligomers, the simplest and most widespread model consists first in
considering only polymerisation and depolymerisation by monomer addition. In the case
where there exists only one species for each size, we model it by its time-dependent

concentration c;(t), and the reactions read as follows

koni
it ¢ > Citq

kdepl-
C; — Ci_q4 T ¢y

This corresponds to the so-called Becker-Doring systeml!]

dc; ]
d_tl(t) = _(koni c;(t) — koni_1 ci—1() + (kdepiJr1 Cip1(t) — kdepici(t))' 122,

dc -
—®= ;(—cl(t) Komy 00(0) + kg €,(0)).

Here we do not take into account the spontaneous polymerisation of monomers, taking

Kon, = 02l Furthermore, the experiments start with only oligomers, or equivalently ¢, (0) =

0, so that polymerisation does not influence the beginning of the reaction.

The first thing that we notice is that considering the SEC data (Figure 2, D, E and F) at the
beginning of the reactions, the peak value both slightly shifted to the smaller sizes, lowered,
and the polymerised mass decreased. At first sight, this is in line with the dynamics governed
by a purely depolymerising system.

In a first approximation, the Becker-Doring system may be approximated by a transport

equation — the so-called Lifshitz-Slyozov system — so that it acts mainly as a drift operator,



driving the peak either towards smaller sizes (as observed here), when depolymerisation is
stronger, or towards larger sizes, when polymerisation dominates (as observed at the end of
the reaction curve 7 uM, see Figure 2, F). With size-varying coefficients, the model can
deform the peak, but polymerised mass can be lost only when polymers reach the smallest
stable size. In a second approximation, a correction to the drift operator is given by a diffusion
operator, leading the peak to be both larger and lower, as can be seen in the simulation
reported in Figure 3, H.

Hence the behaviour of the peaks observed in Figure 2, D, E and F may appear qualitatively
plausible at first sight — they both shifted to the left and are more diffuse. However, when
simulating and trying to fit the data — only the beginning of the reactions, where
polymerisation is negligible since there is only a very small number of monomers — we
conclude that depolymerisation alone could not explain the curves: the correct loss of mass
involves a diffusion effect too strong, and a shift towards smaller sizes that are much higher

than the one observed.

1073

100
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Light Intensity

concentration (uM)

30 40 50 60 70 0 50 100 150 200 250
Size (mer) Time(min)
Fig. S1: comparison between experiments (dots) and simulations(dashed and solid lines) with
pure depolymerisation models, for an initial concentration of 3uM. Left: SEC data at times 0

(black), 15min (blue), 125 min (green) and 270min (yellow). Right: SLS data (black dots:

experiment, red dashed and solid: simulations).

Dashed curves (Left and Right) correspond to kg, = 0.16: the position of the peak for the
first time t=15min is correct for the size distribution, but its height is not and nor is the slope
of'the SLS data.

Solid curves (Left and Right) correspond to kg, = 1: the slope for SLS data fits well at the

beginning, but the size-distribution has shifted too much to the left.



For instance, if we take k,, = 0and k., =1, we can see in Figure S1 Right that the solid
line fits the SLS data at the beginning of the experiment. However, when we compare the

simulated oligomer distribution and the SEC data at t = 15min we can observe a strong

difference both in peak position and peak value.
To approximate the peak position of the distribution at time ¢ = 15min, we consider the

parameters k,, = 0and kg,,, = 0.16, resulting in the dashed lines of Figure S1: the peak

position is correct, but its value is much too high, whereas the slope for the SLS data is too

small.

This leads us to add a disintegration term in the system, so that we obtain

dc;
d_tl(t) = _(konl- Ci(t) - koni_lci—l(t)) + (kdepi+1 Ci+1(t) - kdepici(t)) - kdisl- Ci»

With this additional term, the beginning of the reaction curves fits well. However, in fact, the

disintegration term leads any size of polymer to vanish exponentially fast at a rate k,;,, even

if there is polymerisation.

SLS (p = 3uM
103 (p=3uM)
SLS data
—— only depo
)
32 Z
"J_Z‘
= g
2 =
gs =
g -
= =
3 )
< 3
5]
© e 2]
30 40 50 60 70 0 50 100 150 200 250

Size (mer) Time(min)

Figure S2: comparison between experiments (dots) with simulation (solid line) with a

polymerisation, depolymerisation and disintegration model with one species, for an initial



concentration of 3uM. Left: SEC data times 0 (black), 15min (blue), 125 min (green) and
270min (yellow). Right: SLS data (black dots: experiment, red solid line: simulations).

We see that the size distributions and the SLS curve do not fit untill time 15min, but
afterwards, due to the disintegration process, they all go to zero in the simulations, in contrast

to the experimental measurements.

This behaviour is illustrated in Figure S2: choosing the kinetic parameters k,,, = 0,kz,, =

0.16, kg, = 0.05, we are able to fit the beginning of the 3uM experiment both in SLS data
and in SEC data. The model cannot reproduce long time behaviour (t > 20min) because the
simulated oligomer distribution tends to zero too rapidly.
With this model we can well describe the experiments at the initial concentration of 1uM, but
then the recapture process observed at the end of the reaction at 7uM becomes impossible to
obtain.
This leads us to dissociate the two observed phenomena:

- the disintegration corresponds to an unstable species A, denoted o]

- the shifts of the curve, corresponding to the polymerisation/depolymerisation process

of the Becker-Doring system, describe the kinetics of the species B, denoted o?.

We then obtain the following equations, as written in the main text

dof a
dt = —ky;is0{",
do?
_ b b b b
dt - koncl(oia—l — 0 ) - kdep(oi - 0i+1)'
_ b b .
- -k, cq Z 07 +kgep z 0] + ks iol .
i=2 i=2 i=2

We did not make the system any more complex. We claim that this simple model is, in fact,
sufficient to explain the experimental results.

The entire analysis was carried out qualitatively, by iterating direct simulations. At this point,
having an already qualitatively good agreement between the simulations and the experimental

curves, we were ready to go further by using parameter estimation techniques.

2. Direct simulations and comparison with experimental data



Before using a fully quantitative parameter estimation method, we had to run simulations and
visually compare them with the data, both to gain some idea about the sensitivity of each

reaction rate on the model and to obtain orders of magnitude for them.

a. Scales

Size Exclusion Chromatography (SEC). The aggregates pass through a gel grid, and the
device measures the concentration of molecules associated to the same elution volume. In

Figure S2
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Figure S3.
Multi-wavelength static light scattering data, allowing us to have a correspondence between
the elution volume measured by SEC (in ml) and the size of the polymers going through the

SEC device (in the number of monomers, denoted mer).

we see the correspondence between the volume measurement and the size of a polymer. We
use this scale to obtain a measurement of the size distribution, up to a constant to be

determined. In Figure S4,



monomer concentration (M)

Elution Vol (ml)

Figure S4
Normalised initial distribution for the three experiments considered, at 1 M (dark blue), 3uM

(red) and 7uM (green). We can observe that they superimpose very well

we scaled the initial size distribution of each experiment to have their peak value equal to
one: they exhibited a remarkable agreement, which led us to have a high level of confidence
in it. For each experiment, we then scaled this initial SEC measurement by the known initial
concentration (1, 3 and 7 pM respectively), and used the same factor to scale the

measurements at the following times.

The Static Light Scattering (SLS) measures a linear transformation of what is
mathematically called the second moment of the polymer concentration, i.e. the quantity
sz 120; (t). Denoting SLS(z) the experimental measurement of the SLS at time ¢, we have,
for two constants ¢>0 and ¢ >0 such that (comment: c’est peut etre peu clair sion appelle ¢ et
¢’ des constantes et ¢ i des concentrations )
SLS(0) = cZizoi () +c'.
i22

Here we denoted o; = of* + o?.
To compare the simulations to the data, we thus have to estimate ¢ and ¢’. We thus proceed as
follows:

- The constant ¢’ corresponds to the mean amplitude of the noise measured in a cuvette

containing no protein (See Figure S5).
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Figure S5

Noise measurement of the empty cuvette for the SLS device.

We measured ¢’=1393 (in Light Intensity).

- Forthe constant ¢, there are several methods are possible methods to estimate it. After
testing several, and evaluating the confidence we may have in each, the best appeared
to be to use the initial SEC measurements to estimate );., i >0; (0), and then take this
value to calculate c¢ such that

SLS(0) = CZ i20, (0) + c'.

i22

This gave us three values for ¢, namely 93 (1 pM), 109 (3 uM) and 114 (7 uM). We chose

the mean of these values, c=105, which moreover gave a good time-dependent agreement

between SLS and SEC data (see Figure S6)
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Comparison between SLS (black dots) data and second moment computed from SEC data
(red pomts) for the three experiments, from left to right: 1puM, 3uM and 7uM.

b. Simulations

We ran the simulations in Matlab, using a simple first-order scheme to solve the ODE system.
All sizes are simulated from size 25 to size 150. We assumed the size limit 24mer to
disintegrate instantaneously, since none is experimentally observed, representing an unstable
oligomer structure. The upper bound of 150mer has been arbitrarily chosen to encompass all
possible oligomer sizes. We remark that SEC data give us the oligomer distribution for sizes
between 25 and 70mer.

We simulated the model with various values for the four parameters k,, k;,, k4 and the

dep,

ratio 6=0?/(0? +o0f ).

2. Parameter estimation: Kalman filtering approach

To estimate the four parameters k,,, Kge, Kqis and 0=0f/(0f + o0 ), we used the

on’ dep,

Extended Kalman Filter Method!3) . The codes have been implemented in Matlab.

The state variables (0&, 0f,c,) are extended with the parameters k,,,, k gep kqis With dynamics

dkon dkdep dkdis
=0, =0, = 0.
dt dt dt

To apply this method we need to define an estimation of the initial state that would be the
mital condition of the estimator built by the method.

Several simulations of the model allowed us define the a priori estimation k,, =0.1,

k =0.1,k4, = 0.1038,6, = 0.3 of the parameters k,,, kye,, kg5 and 6 respectively.

dep dep,

The mitial condition is thus fixed to ((1 — 6,)0,(0),6,0;(0),0, kono,kdepo,kdiso).
The dynamics of the Kalman estimator results in the contribution of two terms :

1) the model -- that summarizes our knowledge on the oligomer system

2) 2)acorrective term exploiting the availability of some observation on the system.



In our case we have used only the SLS data - the observation operator being the second

moment as in 4! - to obtain the estimation. We then use the SEC data to validate the

estimations. The final estimations are given in Table 1 in the manuscript.
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Deuxiéeme partie

Data assimilation on a PDE model of
polymerisation






CHAPITRE 3

The transport model as a simple prion
model

In the second part of this thesis we present an overview of the strategies that can be used
to solve the following inverse problem

Given the observation of some moments of a state function u, the solution of a transport
equation, we want to estimate the initial condition and/or the transport velocity.

To the best of our knowledge, very few studies on this subject are available in the lite-
rature [135, 59, 14]. Interestingly, it finds an application on prion protein modelling. In this
introduction we briefly explain how the phenomenon of protein aggregation can be modelled
by a transport equation. To do so, we introduce two classical models for phase transition
phenomena, :

— the infinite ODE system proposed by Becker and Déring [19], which reads as follows
w; = Ji—1(u) — Ji(u), 1>1
i = —Ji(u) = 3275 Ji(w),

Ji(u) = ajuru; — bipruipr,  u = (ui)i>1,
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— and the integro-differential system proposed by Lifshitz-Slyozov [111]

Ou(z,t) + 0z (V(z, t)u(x,t)) = 0, V(z,t) € RT x Rt
V(z,t) = a(z)v(t) —b(x),
o(t) + [;° zu(t,x)de = p>0 vt € Rt
Ujt=0 = Uo,
V=0 = Yo-

Collet, Goudon, Poupaud and Vasseur — introducing a scaling parameter — demonstrated
in [47] that the solution of the Becker-Déring system converges to the solution of a Lifshitz-
Slyozov system when this parameter tends to zero.

At end of this chapter, we formalise the inverse problem studied in the rest of this thesis
work. For this second part no information from the previous part is required. Chapter 4
takes the form of an article gathering the work done in collaboration with M. Doumic, P.
Moireau and H. Rezaei [6]. It presents two inverse problem solutions : one given by a kernel
regularisation method and the other by a data assimilation method called 4d-Var. The two
strategies are analysed, compared and illustrated by means of a practical example.

Chapter 5 provides an overview of data assimilation methods.

Becker-Doring theory and discrete-size coagulation-fragmentation
model overview

A very classical approach to describe the evolution of a system of molecules or cells
was presented by Smoluchowski in 1917 [162, 163]. In this study the author focuses on the
phenomenon of coagulation. Coagulation is the binding of two clusters to form a bigger cluster.
This phenomenon is also known in the literature as aggregation. By denoting z; the clusters
of size i, the coagulation can be represented by the following chemical equation

i, j
Ti+T; — Titj

where q; ; are positive kinetic coefficients.

The Becker-Doring theory, formulated for the first time in 1935 [19], models the behaviour
of clusters that can just gain one monomer ! or lose one monomer at a time according to the
chemical equations

a; .
Ti+ 1 — T 1> 1,
b.
Z; — Ti—1+ 1.

In the original version, the quantity of monomers was assumed to be constant over time.
Later, in 1979, this model was modified by Penrose and Lebowitz [134], considering the case
of monomers used to form larger clusters. When we refer to the Becker-Déring system we
usually consider this second formulation.

Let us call u;(t) the expected number of i-particle clusters per unit of volume at time ¢ and
u = (u;);>1. By the law of mass action, the cluster concentrations are ruled by the following
equations

1. As in the first part of this thesis, we call monomers the clusters of size one.
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Uy = Ji—1(u) — Ji(u), i>1

iy = —J1(u) = 372, Ji(u),

where, J;(u) = a;juiu; — bit1ui+1, and a;, b; are positive kinetic coefficients.
Furthermore, in this model the mass of the system is conserved over time. Formally it
yields

00
Minonomer § Zuz = Muonomer P,
i=1

where Mionomer 1S the mass of one monomer. Therefore, the density is a conserved quantity
for the solutions.

A complete study of the Becker-Doring system, for finite total mass and positive initial
condition is provided by Ball, Carr and Penrose in [11] (1986) and [10] (1988). In particular,
an existence and uniqueness theorem for the solution of the Becker-Doring system has been
demonstrated.

Theorem 1 i) Consider the problem (3.1) with initial data uj,—o = u® verifying

[e.e]

Ziu?:p<oo.

i=1

If the coefficients satisfy a;,b; = O(\/i), then there exists one and only one solution.

ii) Let ¢ be a solution of (3.1), and ¢; be a nonnegative sequence satisfying

2302 i — dilaiu(t)dt < oo,
supy > =y piui(t) < oo,
®it1 — ¢; > 0 for i big enough.

Then for any m > 2 the following relation holds true

Z qszul t2 / Z ¢Z+l ¢z) i+1Ui+1 ds =
to

Z piui(t)+ / Z Git1 — ¢i)ai +uur ds + [ Pm(am—1urtm—1 — bt ds.

i=m 2l

We notice that the second point of the theorem is useful to study the asymptotic beha-
viour of the solution v and its moments. In fact, when the kinetic coeflicients are bounded,
the hypothesis is satisfied and we can take ¢; = 1 or ¢; = i for a > 1, see [11].

To conclude this overview of Becker-Doéring models, we cite the work of Simha in 1941, who
modelled the fragmentation of long-chain polymers [156]. The Becker-Doring theory has been
extended to the discrete coagulation-fragmentation model formulated by Spouge in 1984 [167]
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as follows
W .
. o] 00 7 i—1 .
uz = ZS 1 as 7‘ susu1 S ’U/z ZS:l aivsus + ZS:Z+1 bsaius - 7 ZS:l Sbiys ’ t > 1
. 00 o]
uy = —-u Zszl ay ss + 2322 bs,lus~

(3.2)
This set of ODEs models the coagulation of two clusters — of size i and s respectively — forming
an i 4 s-cluster at rates

a; suius if i #s,  with a; 5 = as,

1 o
§ai7,~u? ifi=s
and the fragmentation of clusters without mass loss. If we consider a binary fragmentation,
each cluster of size s is decomposed into two clusters of sizes 7 and s — ¢ at rates by ;us.
Consequently, the fragmentation coefficients are such that b; s = b; ;—s.

In the discrete coagulation-fragmentation models, depending on the definition of the ki-
netic rates, the mass conservation can break down in finite time. This phenomenon is known
as gelation, for more details we refer to [27, 110, 88|.

We point out that we retrieve the Becker-Doéring system, by setting the parameters to

a; =a;1 =ai; b1 =biy11=">bit1; i>1
2a1 = a1, 2by = bo 1,
a;s =0, bis =0 otherwise.

For other models of coagulation-fragmentation we cite the works of Friedlander in 1960 [72],
Binder in 1977 [25] and the book by Drake [60]. For more results about the Becker-Déring
theory, we recall the studies [38, 94, 124, 132, 133, 176, 171].

3.1 Lifshitz-Slyozov theory

The Lifshitz-Slyozov model describes, in continuous time, the removal or the addition of
monomers to the clusters. In this model, the cluster size is a continuous variable x € R4
because the monomer size is assumed to be infinitesimally small compared to the cluster
size. It was originally designed to model the formation of a new phase in solid solution. The
system proposed in [111] consists of a transport equation coupled with an integro-differential
equation as follows

2 1) + o ((alo(t) ~ ba)u(e,0)) =0, 220,120,

u(t) + f u(z,t)de = p > 0, t>0 (3.3)
v(0) = v

u(@,0) = uo(a),

where u(z,t) > 0 denotes the concentration of aggregates of size x at time ¢ and v is
the monomer concentration. The second line of this system comes straightforward by the
conservation of total mass and hence the conservation of the total concentration. In fact,
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the quantity f(f zu(x,t)dz at the right hand side of the equation may be interpreted as the
concentration of monomers in the polymerised form. For every size x, the concentration of
monomers in aggregates of size z is given by the concentration u(z,t) times the number of
monomers in each aggregate, namely z. In conclusion, we can naturally read the second line as
the sum of isolated monomer concentration and polymerised monomer concentration, which
is the total mass concentration.

The first equation in System (3.3) is a transport equation. The positive functions a and b
are associated to the kinetic rates at which the aggregates take or lose monomers, respectively.
Therefore, the quantity a(x)v(t) — b(x) corresponds to the growth rate of clusters of size = at
time ¢.

The expressions of a and b depend on the polymer size and the mechanism of exchange
during the reactions, more details are provided in the review [161]. For instance, in the original
work of Lifshitz and Slyozov [111], the authors assume that the mass transfer is driven by
monomer diffusion, hence they obtain the coeflicients

a(z) = x%, b(z) = 1.

The Lifshitz-Slyozov system has been used to investigate Ostwald ripening, a phenomenon
commonly described as “large grains are growing at the expense of smaller ones”.
Starting by analysing the size of a single cluster in a bath of monomers, they conclude that
the evolution of an z-cluster is determined by the ratio between the monomers concentration
v(t) and an equilibrium concentration veq(x), characterised by the size x. Generally, veq(z) is
a decreasing function of the size. Let us assume that there exists a unique critical size ),
which splits the size domain into

—b(x) <0, for 0<z<zyy),
—b(z) >0, for T > Ty(p)-
Then, if v(t) < veq(x), the cluster of size x shrinks. Otherwise, the cluster of size x expands.
Consequently, there is an energetic advantage making the small grains dissolve and transfer
their mass to the large clusters.

The well-posedness of the Lifshitz-Slyozov system is studied by Collet and Goudon in [46].
We present here the existence and uniqueness theorem formulated in their paper.

Theorem 2
Assume that a,b are C* functions on [0, +oo] satisfying

a(x) >0, b(x) >0,
@)] + 1V (2)| < .

Let the initial data ug be nonnegative and satisfy

o o
/ ug(z)de < oo, / zug(z)de < p.
0 0
Then System (3.3) has a unique solution

(v,u) € C°([0,7]) x C°([0,7],w — L*(RT)).
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The condition a(0)p—0b(0) < 0, guarantees that at any time a(0)v(¢t) —b(0) < 0. Therefore,
the characteristics of the transport equation are directed outside the domain at z = 0 and we
do not need a supplementary boundary condition at x = 0.

Let us consider the evolution of the total cluster concentration

[e.o] [e.o]

% /u(a:,t)dx = ?:(x,t)dx: —/;ﬂ;((a(m‘)v(t) —b(x))u(x,t))dx
0 0 0

= (a(0)v(t) = b(0))u(0,1),

where the last equation is true for solution w vanishing at infinity. This assumption is for

instance true, when we treat systems with finite total mass p. We deduce that total cluster

concentration increases or remains the same if a(0)v(t) > b(0) and decreases otherwise.
Further results can be found in [103, 125, 123, 126, 85, 172].

3.2 The Lifshitz-Slyozov system as an asymptotic limit of the Becker-
Doring system

In [47], the authors show that the Lifshitz-Slyozov system can be obtained as an asymptotic
limit of the Becker-Déring system. The leading idea to demonstrate the asymptotic equiva-
lence is to consider the functions {u;(t)};>1, the solution of the Becker-Doring system, as a
discretisation in space of a function u(z, t), that, with a function v, solves the Lifshitz-Slyozov
system.

In the following, we briefly describe the main steps to get this result. We start by rewriting
System (3.1) in a dimensionless form. We rescale every variable by its characteristic value —
denoted by capital letters

ot  w(¢T)  w(tT) _p
t: = = -

o Ty U P=m
azz%for, al:%ll’ Ei:é, for 7 > 2.

The dimensionless form of System (3.1) is then (taking out the overlines)

du; .
dtl = a(ai_lului_l — aiului) + B(bi+1ui+1 - bzul) for i > 2,
du
CT; = aa1u? — aaguiug + B(bsus — baus),
dU1 _ 9 b o b
w - 7 [2(araruf — Bbyus) + D72, (aauru; — Bbiy1uiy)]

and the equation of mass conservation becomes
o0
uy + 7y § ;= pp,
=2

where A2
= p=—  a=ATU;, a;= :
7 Ul a MmonomerUl ! ! U

8= BT.
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We then introduce a scaling factor € > 0 and the function u®(x, t) such that u® is piecewise
constant on the space grid {x; = ie} and it is defined as follows

{ u®(z,t) = wui(t) forax € [z, xip1), t>0andi>2,

7

us(z,t) = 0 for x € [0, 2¢),

where u is the solution of the dimensionless system with a suitable scaling of the parameters
with respect to €. In particular, the scaling proposed in the article [47] is

1 1
72523 /L:L a:ﬁ_g7 ap < -,
leading to the system

duf 1 €,,€ €,,€ 1 € € :
i s(@iuiui_y — apuiuf) + Z(biui, — biuf)  for i > 2,
du% €)2 1 €,,€ 1 € €
3 - aa (uf)? — Zagujusg + < (bguz — baus),
dui 2 £)2 € o0 €,,€ €
- aray(uf)” + ebous — € 3 %o (aiufug — biprugyy)

and mass conservation equation
o0
u§ + &2 E iu; = p.
i=2

Finally, as € — 0, we obtain the Lifshitz-Slyozov system as the following theorem states [47].
Theorem 3 ([47])
Assume the kinetic coefficients a;, b; satisfy
K K
ai,bi < K, laiv1 — aq <= |bi+1_bi’§7

for some constant K. Then, there exists a subsequence and two functions
a,b € Wh*((0,00)) N L®(RT) s.t.

lim  sup (la; —a(ie)| + b —b(ic)]) =0 VO<h< H < o0.

e—0 h/e<i<H/e

Assume that there exist constants 0 < s < 1, 0 < p, My, My < oo for which Ve > 0
o0 (o] o

e> uf(0) < My,  u§(0)+e2) it =p,  eY (e)Tu(0) < M.
i=2 i=2 i=2

Then, as € — 0, up to a subsequence, we have

ut — u, ru® —xu  in C°([0,T]; M((0, 00))-weak-*),

ui(t) = v(t) uniformly in C°([0,T)),
where (v, u) is the solution of (3.3).

The space M*'(0,00) is the space of bounded measures on (0, 00). This space is the dual
of the space of continuous functions vanishing at infinity and for = 0, namely C§((0,0)).
The function v is thus such that u(-,t) € M*(0,00), see [46].

A modified version of the Lifshitz-Slyozov model is presented in [86], with an analysis of
the steady state. The asymptotic limit of the discrete coagulation-fragmentation model in
Equations (3.2) has also been investigated in the studies [60, 3, 104].
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3.3 Prion replication model

We find the first application of aggregation-fragmentation models to the protein polyme-
risation in [129]. Fragmentation was then taken into account in later studies such as [26, 138,
179] and recently [68, 154].

A first model for in vivo prion replication was the model by Nowak et al. in 1998 [127]
given by the ODE system

. 00 i—1 .
U; = UIQ;—1U—1 — ULA;U; — dui + Zj:i—i-l(bi,j + bi,i_j)uj - Zj:l bmui, 1> 1

. o0
U = A—yur — Yo aiun iy,

where, with the notation introduced for the Becker-Doring system, w; is the concentration of
polymers containing ¢ monomers. Each prion polymer of size ¢ gains a monomer at reaction
rate a;. Polymers can split into smaller aggregates. Any polymer of size ¢ can break into two
pieces of sizes j and ¢ — j at rate b; ; or degrade at rate d. Monomeric PrPS¢ is produced at
rate A and metabolically removed at rate .

One year later Masel et al. [116] proposed the more general model

. o .
U = wr@i—1ui-1 —uiaiu; — biug + 2327, bjugks g, 0> o

(3.4)
. o .
Ur = A—yur— Y0 aiuat + 2 s > ki by,

in which, in contrast to the Nowak model, the polymers of size ¢ can break at rate b; into
two pieces of sizes j and ¢ — j at probability k;; = k;_;;. Furthermore, there exists a minimal
size ig such that all polymers with fewer than 7o monomers disintegrate instantaneously into
monomers.

Greeret al. formulated a continuous model to describe a population of polymers evolving by
nucleation, polymerisation, fragmentation and degradation of monomers as well as production
of monomers by the cell [78]. The model reads as follows

581;($7t) + aax(a(x)v(t)u(:c,t)) + b(x)u(z,t) =2 Tk;(x, Vb(y)uly, t)dy, x> o
% =A—yv—v ?a(m)u(az, t)dz + 2 Zfo }oa:k(x, y)b(y)u(y, t)dydx (3.5)

a(xo)u(zg,t) = OiEO

Several authors analysed this model. For instance, we recall the studies [65] or [146] in
which — under the assumption of size-independent kinetic rates — the authors proposed a

model of three differential equations : one for monomers v, one for the total number of
o0

polymers U(t) = [ u(x,t)dz and one for the total number of polymerised monomers P(t) =
Zo

oo

J zu(z,t)dz. In [37, 36], the authors analyse the case of size-dependent kinetic rates. In [58]
o

it has been proved that, under assumptions on the coefficients, Greer’s model (3.5) can be
obtained as an asymptotic limit of the Masel model (3.4). Following a similar approach to the
one described in the previous section, a scaling factor ¢ is introduced. The authors proposed
the choice
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with (i) being the average polymer length. Therefore, the condition & — 0 corresponds to
(i) — 0.

Remark 3.3.0.1
The continuous models are suitable for cases of large polymers like prion fibrils.

The Masel model has been extended to a model that accounts for nucleation, which is the
spontaneous aggregation of monomers into an oligomer structure [139]. For a more complete
review of prion models, we refer to [107, 120].

3.4 Inverse problem

In our work, we consider the in wvitro evolution of a population of prion proteins. The
in vitro condition allows us to simplify the model and consider only two main reactions :
the polymerisation and the depolymerisation. Under such assumptions, the Lifshitz-Slyozov
model [111] or the Becker-Doring model [19] can describe, in a continuous or discrete way,
the behaviour of the system observed.

A set of experiments was performed to study prion behaviour. In these experiments, an
initial population of PrPS¢ fibrils evolves in a liquid solution. The system is observed by an
SLS device, which measures the intensity of the light scattered by the system and provides
information on its average molecular weight. Prion fibrils are structures made up of thousands
of monomers and when we consider other kinds of proteins we may have polymers made of
millions of monomers. An ODE model requires one differential equation for each polymer size
and, for large polymers, results in high computational costs. In the following, we consider
the continuous-size formulation. We point out that, contrarily to the construction of the
asymptotic limit presented in Section 3.2, we do not consider a dimensionless writing of the
system. In this way we can consider the physical order of magnitudes of polymer sizes and
directly compare the model solution to the experimental observations on the system. As the
total mass of the system is finite and conserved during the in wvitro experiments, we can
assume the polymer sizes to be in the finite interval [0, ¢]. We refer to [13] for a discussion and
theoretical justification of the use of a continuous size variable rather than a discrete one. In
this paper the authors treat large polymers models with efficient numerical schemes, reducing
the system dimension with respect to the ODE system. Furthermore, the authors consider
continuous models in the physical size range, proposing size discretisation steps dx > 1 and a
scaling parameter ¢ = O(%).

The experimental data are recorded at discrete times. The time lapse between two obser-
vations is of about 1.6 seconds, while the observation time scale is in hours. We consider a
linear interpolation of the data and we treat them as a continuous function of time. We refer
to [45] for a more precise analysis of the possible strategies to treat discrete-time data. For
more details about the SLS technique we refer to Section 1.1.4 or [55, 165]. We recall that
there is no size-scaling in data returned by SLS devices. We thus choose to not rescale the
sizes and describe our model on the physical rage of sizes [0, £].

In a continuous-size model, the SLS measurements formally read

V4
(1) = M (v(t) + / Pl ) + X+ x(1), (3.6)
0
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where A1 > 0, A2 € R and x is an additive centred white noise.

By the law of mass conservation, the concentration of monomers is comparable to the
¢

first moment of the polymer concentration function, namely [ zu(z,t)dz. Denoting as (x) the
0

average polymer size, we notice that the moment of order n of the polymer concentration is
of the order of magnitude of (x)"~!v. Since we are not considering a scaling in the sizes, (z)
may be very large when we study polymers. For these reasons, in our case, we can make the
following assumption

4
v /x"u(x,t)dx. (3.7)
0
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FI1GURE 3.1 — Static Light Scattering measurements on PrP fibrils.

Let us now focus on the model. In the experiments of reference, we have only polymers at
the beginning. In Figure 3.1, we show an example of the experimental data. We can identify
two phases : a first phase in which the average polymer size is mostly decreasing (up to 4
hours), followed by a second phase in which it is mostly increasing. As v(0) = 0, the growth
rate a(0)v(0) — b(0) is negative. Consequently, the polymerised mass decreases over a certain
time domain [0, 7).

Setting opportune experimental conditions — like for instance a low total mass concentra-
tion p — the aggregation process may be considered a minor process. In these cases, we can
take the following assumption

a(x)v(t) < b(z), Vi, V. (3.8)

Under these two assumptions we approximate System (3.3) and observations (3.6) by
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%(z,t) + %(b(x)u(w,t)) =0, z€[0,4,t>0,
u(l,t) =0, (3.9)

u(z,0) = up(z) = ue + &,

l
z(t) =\ /x"u(ac, t)dx + A2 + x(t), (3.10)
0

Setting n = 2, the equation (3.10) corresponds to (3.6). We have chosen to set a general
framework and to consider the observations as the moment of order n € N. For example, it is
possible to observe the first moment of u by Thioflavin T (ThT) fluorescence which provides
the measurement of the total polymerised mass [18].

Let us recall that, from the mass conservation law in System (3.3), we have v(t) = p —
0
[ zu(z, t)dz. Therefore, the transport equation in System (3.3) results in
0

E(:c,t) + %(a(x) <p - /OZ zu(z, t)da:) — b(z)u(x, t)) =0, z€[0,4,t>0

which is non linear in u. Assumption (3.8) is particularly useful since it allows us to set
up an inverse problem methodology in a simpler linear setting. This study constitutes a
first necessary step to, in the future, solve the initial condition estimation problem for the
Lifshitz-Slyozov model.

To illustrate the nature of the observations we are going to work with, in Figure 3.2 we
present the O-th, 1st and 2nd moments of the solution of System (3.9) with the Gaussian
function in Figure 3.2a, as initial condition ug(z). Moreover, to highlight the sensitivity of
the observations with respect to the transport velocity, we plot the observations associated
to the choices of b(z) = b varying between the values 0.1 and 0.4.

In conclusion, we introduce the inverse problem that we tackle in the rest of this work.
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FIGURE 3.2 — (a) Gaussian function ug(z) = e 2106 . (b) From left to right the 0-th, 1st
and 2nd moments of the solution of System (3.9) with the initial condition ug. In a colormap
from blue to red, we show the moments associated with transport rates from 0.1 to 0.4.
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Inverse Problem

Given the observations

V4
2(t) = A / 2™z, t)de + g + x(2),
0

to find )
£
such that 54 9
U
g - 7 = >
o (1) = 5= (b(@)i(z,1) =0, we[0,4, t>0,
u(l,t) =0, (3.11)
ﬁ(m? 0) = Uo + ga

In the next chapter, we present two strategies to solve this inverse problem. The first
belongs to the class of kernel methods, while the second is a variational data assimilation
method called 4d-Var. In particular, the first is designed for the specific case of constant
transport velocity. In Chapter 5 we provide a more complete overview of data assimilation
methods.
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CHAPITRE 4

Article : Estimation from moments
measurements for amyloid
depolymerisation

Abstract

Estimating reaction rates and size distributions of protein polymers is an important step
for understanding the mechanisms of protein misfolding and aggregation, a key feature for
amyloid diseases. This study aims at setting this framework problem when the experimental
measurements consist in the time-dynamics of a moment of the population (i.e. for instance
the total polymerised mass, as in Thioflavine T measurements, or the second moment measu-
red by Static Light Scattering). We propose a general methodology, and we solve the problem
theoretically and numerically in the case of a depolymerising system. We then apply our me-
thod to experimental data of depolymerising oligomers, and conclude that smaller aggregates
of ovPrP protein should be more stable than larger ones. This has an important biological
implication, since it is commonly admitted that small oligomers constitute the most cytotoxic
species during prion misfolding process.
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Abstract

Estimating reaction rates and size distributions of protein polymers is an impor-
tant step for understanding the mechanisms of protein misfolding and aggregation, a
key feature for amyloid diseases. This study aims at setting this framework problem
when the experimental measurements consist in the time-dynamics of a moment of
the population (i.e. for instance the total polymerised mass, as in Thioflavine T mea-
surements, or the second moment measured by Static Light Scattering). We propose
a general methodology, and we solve the problem theoretically and numerically in the
case of a depolymerising system. We then apply our method to experimental data
of depolymerising oligomers, and conclude that smaller aggregates of ovPrP protein
should be more stable than larger ones. This has an important biological implication,
since it is commonly admitted that small oligomers constitute the most cytotoxic
species during prion misfolding process.

Keywords: Amyloid, prion, protein stability, oligomer, transport equation, state es-
timation, inverse problem, data assimilation

Introduction

Protein aggregation is a key feature of a large range of diseases, called amyloid dis-
eases, among which we can quote Alzheimer’s, Parkinson’s, Huntington’s, transmissible
spongiform encephalopaties (or prion diseases - e.g. Creutzfeldt—Jakob’s, Kuru, bovine
spongiform encephalopathy /madcow), etc [20, 23].

This category of diseases takes its name from the protein fibrils, called amyloids, which
are formed during the disease and accumulate into the tissue. Their formation arise from
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misfolded versions of proteins present naturally in the body, each disease having its spe-
cific precursor protein (e.g. APP for Alzheimer’s, PrP for Prion, Som for haemodialysis-
associated amyloidosis). While their accumulation in organs is characteristic for the dis-
ease, the reason for their association as well as their role in tissue damages are still unclear.
Moreover, their aggregation mechanisms - most probably specific for each protein involved
- are at the moment largely unknown.

The main reasons for so many open questions to remain, despite both the longstanding
interest raised in the biological, biophysical and biochemical communities, and the major
importance of amyloid diseases for public health, are twofold. First, the number of possible
chain-reactions involved is huge, possibly infinite - as the size of aggregates is. Hence model
design and discrimination is very complex, and conclusions made on a specific protein are
hardly translatable to another one. Second, the most common experimental devices can
measure averaged quantities on the polymerised proteins, such as the total polymerised
mass (Thioflavine T measurements [5]) or the average size of polymers (Static Light Scat-
tering (SLS) [27]). How such measurements may be used to estimate reaction rates (which
may also be an infinity) and size distribution of aggregates, and thus to select the major
mechanisms, is an emerging field of inverse problems with few theoretical progress 1] and
positive results on experimental data 29, 30].

To contribute to this new field, this article focus on one of the major concerns in
pathologies due to protein misassembly and aggregation: the determination of oligomer size
distribution. It has been reported that — while amyloid fibrils present low biological activity
— oligomers and small assemblies are the cytopathogenic elements |26, 13|. Depending on
the type of pathology and the protein involved, oligomers could either be involved into the
pathway of amyloid fibrils formation or be associated to an independent pathway, which
only leads to the formation of oligomers. Oligomer size characterisation can play a key role
in distinguishing between these pathways. Therefore, the investigation on size distribution
remains the first step to understand how oligomers are formed, their biological activity
and their biophysical characterisation to finally design therapeutic strategies.

This question - how to estimate size distributions - leads us to setting a framework
problem and studying it, both theoretically and numerically, in one of its simplest possible
version. We then apply our method to experimental data, using the time-dependent average
size of polymers (measured by SLS) to reconstruct the oligomer initial size distribution.
We compare our estimation to the experimental estimation obtained by chromatography
and discuss the implications of our results. Eventually, we discuss the new problems and
possibilities opened-up by these results, and how this methodology could easily be adapted
to other models and experiments.

Mathematical Setting

Since protein aggregates can reach extremely large average sizes, we adopt here a
continuous framework [22] and denote = € (0, 00) the size of an aggregate, i.e. x represents
the (rescaled) quantity of monomers contained in a given polymer. We thus call u(z,t)
the concentration of polymers of size x at time ¢ (see 2] for a discussion and theoretical



justification of the use of a continuous size variable rather than a discrete one).

One of the techniques most widely used is the measurement of Thioflavin T (ThT)
fluorescence, [5], which provides measurements of the total polymerised mass, i.e a linear
transformation of the first moment of the concentration function

zint () = cl/ zu(z, t)dz.
0

The Static Light Scattering (SLS) technique, [27], could give us an affine transformation
of the second moment

00
zsls(t) =C1 / l'QU(IE, t)d[]} + c2,
0

where ¢ > 0, ¢ € R.

The framework problem we want to contribute stands: Under which assumptions (and
limitations) is it possible to estimate the reaction rates and/or the initial size distribution,
from a time measurement zyn(t) or zgs(t)?

As a first simplifying assumption, we model the primary reactions involved in the
evolution of polymers with the Lifshitz-Slyozov system, that is one of the most common
polymerising /depolymerising model. In this system, polymers (or clusters, in another
application context) can only grow by monomer addition, with a size-dependent reaction
rate a(x), and depolymerise by monomer loss, with a reaction rate b(x). This results in
the following system

—u(z,t) + —x((a(w)v(t) - b(x))u(az,t)) =0, x€l0,4,t>0,
u(l,t) =0, (1)

where ¢ € (0, 00| is the upper bound of polymer sizes. We assume here ¢ < oo, in contrast
with the initial Lifshitz-Slyozov model [14]. The function v(t) is the concentration of
monomers in the cuvette and is directly related to polymer concentration from the following
mass conservation law

¢ 0
v(t) +/0 zu(z,t)de = v(0) +/0 zup(xz)de >0 Vi>0. (2)

When applied to amyloid formation, this model may be seen as a qualitative model taking
into account what biologists call primary pathway and neglecting, as a first approach,
secondary pathways such as fragmentation or coalescence [8]. Note that there are many
other possible applications of this model, such as phase transition, which was the original
application for which it had been designed [14].

The problem now stands: Measuring zgs(t) or zn(t), or more generally the time-
dependence of a n-th moment defined by foe z"u(z,t)dz, with u(z,t) solution of Sys-
tem (1)(2), what may be possibly estimated among the unknown quantities, i.e. the
initial state ug(x) and the parameter functions a(z) and b(x)?



This problem in its full generality is both nonlinear and highly ill-posed. Hence, we
proceed to further simplifications and study the state estimation of a model of pure de-
polarisation. Assuming to start with no monomers, i.e. v(0) = 0, we can neglect the
polymerisation term, at least during the beginning of the reaction — see Figure 12 for
measurements of such an experiment. The model then becomes

gtu(a:,t) - ;;(b(x)u(x,t)) =0, x€l0,4,t>0,

u(l,t) =0, (3)
u(x,0) = ug(z).

The state estimation problem may be formulated as follows:

(IP) How to estimate ugp — the initial condition of System (3) — from the given a priori

knowledge of b(z) and measurement foe x"u(z, t)dx?

In order to settle a general framework, easy to adapt to more complex problems in the
future, we introduce below the notations for the standard state-space formalism used for
dynamical systems.

State space formalism

We introduce the state space U = L%(]0,¢]) equipped with its natural norm and intro-
duce the state variable u standing for the function

0,7] — U

B T o u(Et).

Then we rewrite System (3) in the state-space form

du
u(0) = uo,

where A is the linear functional operator — called model operator —

D(A)  L*([0,4]) — L*([0,4]),

A: f s 0u(bf),

of domain

D(A) = {f € H'([0,4]) | f(¢) = 0}.

Assuming b € L*([0, ¢]), we easily prove that there exists A such that the operator A—\Id
is dissipative, hence A is the generator of a strongly continuous semigroup T; — see for
instance [3] for an introduction to such concepts.



We formalise our measurement procedure by introducing the observation space Z = R
and a so-called observation operator associated in our case to the n-th momentum of a
given state variable

u — Z,

C: L n
u — [y 2 u(r)de,

(5)

which is a time-invariant linear bounded operator with ||C| < 2. In the following
sections ,we will use the notation C™ when we need to stress the dependence on the order
of the moment.

Note that the observation operator is defined independently of the model A. However
— by taking into account the model dynamics — we easily write the relation between ob-
servations and the initial condition of polymer concentration. To do so, we introduce the
operator V.. € L(U, L*([0,7], Z))

Ju — Lo,

Vr ug +— CTrug,

since in our case L%([0,7], Z) = L*([0,7]).

Let us now denote by z(t) the observations at our disposal. We can say that the
observations are related to a target solution @ of System (3) up to some measurement
errors — i.e. observation noise — x. Formally, we have

z=Cu+ x.

Using the various operators introduced, we formulate our inverse problem in two equiv-
alent forms. In the more classical inverse-problem formulation, our objective appears as

Inverting W, to reconstruct g from the given measurement z generated through time
t e 0,7].

In a more data assimilation form we aim at

Estimating g from given measurements z generated through time t € [0, 7], knowing the
model dynamics A and the model of observation operator C'.

In Section 1, we consider the specific case where the depolymerisation rate b(z) is
constant: we show that the problem is equivalent to the estimation of the (n + 1)-th
derivative of the measurement, so that we can use (for instance) a kernel regularisation
method for which we recall the standard convergence results. This gives us some light on
what we could expect for convergence in more general cases. In Section 2, we turn to the
variational formulation, recall its intrinsic links with the previous regularisation method,
and extend it to non constant b(x). We then illustrate our results by numerical simulations
in Section 3. We apply our method, together with a statistical study for the measurement
noise, to analyse the experimental data in Section 4. All this exploratory study leads us
to sketch perspectives for future work and open problems.



1 First Approach: kernel regularisation

In this section we assume to have a constant depolymerisation rate b(z) =b > 0. We
know that in this case, the solution of System (3) is given by u(x,t) = ug(x + bt). We
have, by a simple change of variable, that

L L
Vi >0, C"u(t)= /:U”u(a:,t)da: = /(:U’ — bt)"ug(z")dz’,
0 bt

and therefore
L*([0,4) — L*([0,7]),
V4

] NN (t—> / (x—bt)”uo(x)dx>, (6)

bt
where n can be avoided when not necessary. We easily see that

Ran®? = {u € H"™ ([0, 7)), ug(r) =+ = uf’(r) = 0} .
Deriving recursively ¥, ug, we obtain
dn+1 |
W(\IJTuO) = (=b)"" nlug(bt) forn >0,

so that we have the following explicit formula for ug

1 dn+1 <:C

up(z) = By g (Wrugp) E) , forn>0. (7)

In the previously seen formalism, we model an additive noise as follows: we call € the upper
bound for the noise level measured in a Sobolev space W %P ([0, 7])-norm, and we assume

Ix|lw—sp(0,7]) < € (8)

The choice for the parameters s and p depends on the kind of noise (s = 0 for a deterministic
noise, s = 3 and p = 2 for a deterministic equivalent of a gaussian white noise [17]). The
ill-posedness of the problem comes from the fact that the noisy measurement z is in general
not differentiable, so that we cannot use directly Equality (7) to solve our problem. This is
a classical linear ill-posed problem of order §;p = n + 1 in the scale WP, see [12]. Before
applying Formula (7), we need to regularise our measurement z. A classical regularisation
method consists in convolving the measurement with a mollifier sequence, method called
kernel density estimation for the statistical problem of estimating the density from an i.i.d.
sample [28]. Thanks to classical results, we know that the regularity of the convolution
depends on the regularity of both the measurement and the kernel. Let us take a kernel
function p € C2°(R), such that

/ p(x)dx =1, / *p(x)de =0, forl<k<m. 9)
R R



We define the family of mollifiers p, by
1 /x
w=—p(=), 10
poc=—p (a) (10)

depending on the parameter o > 0. Our estimation of the initial condition is carried out

by the function
gea_ A #Z@)
0 = ggnttPe oyt g

where the convolution operator * is defined by f * g(z) = [g g(«')f(z — 2')da’. The
accuracy of our approximation shall depend on the noise level €, on the regularity of
the kernel family, on the parameter a and on the order of the derivative, that is n + 1.
Classically, we obtain an optimal upper bound for the accuracy of the estimation as stated
in the following proposition.

ProPoOSITION 1

Let 1 <p<oo,n€N,0<s <1 andlet ig € W™HP([0,4]) with m defined as in
Equation (9). Let V. iy € W™n+22([0, 7]) defined in Equation (6). Let z € W~5P([0,7])
a measurement of the n-th momentum W 1y such that T > % and

|z = Wrio|lw-sw(or)) <&

Let us define

. 1 dn—H y T
Hole) = e g U0 (5) (D
Let p defined by Equation (9) and p, by Equation (10), with « € (0,1). We define
dntt 1 x
N
Yo = GgntiPat (n!(—b)"“z <b>) (12)

as an approximation of ig. Then the following estimation is of optimal order in the sense

of [12]
~ v € m
Hu(ﬁ)aa — UOHLP([O,E]) < ) <7an+s+l + « +1> = Fe(a)? (13)

where the constant © depends on || ¥ g ||y m+n+20(0.7), |27

Hp(n—i—l

P||L1(R), Hp(n)HLl(]R);
Ny

For the sake of completeness, the proof of this proposition is recalled in Appendix A.
This gives us an a priori method to choose the parameter o: Aiming at the smallest

approximation error — we select the o that minimises F;(a)). The a priori optimal choice
for « is the minimiser of the convex function F.(«)

opt = O (sm) . (14)



By this choice, we obtain an estimation fLZ’%pt such that

&%pt

“ o _ m+4l
[l — g || Lr(jo,g) = O (6“**”“*8) : (15)

In the case of a variable depolymerisation rate b(x), computations are not so easy
and in general we do not have such an explicit relation between measurements and initial
condition. This is part of the reasons why we now turn to data assimilation approaches.

2 Second Approach: a data assimilation variational approach

In this section, we propose to base our inverse problem solving strategy on the so-
called 4d-Var approach as named by [15]. The principle consists in minimising — hence
the variational designation — with respect to the initial condition a least-square criterion
J combining the discrepancy between the actual data and the simulation, with additional
regularisation terms accounting for the confidence in the model.

The advantage of this method lies in its very general formalism that leads to high
flexibility in the choice of the model operator or the observation operator.

Typically, we decompose gy as the sum of a known a priori u.,, and an unknown
variation f representing the uncertain part of our initial concentration

fLO = Uo + g (16)

As £ is unknown, the trajectory {i(t), ¢t € [0,7]} cannot be obtained directly. However,
we can parametrise the dynamics (4) with respect to any guess £ of {&. We denote by
{we(t), t € [0,7]} the resulting state trajectory knowing the guess §

e = Auj
{u|§(0) = uo +&. (a7)

We then write the criterion to minimise

T

/yp—cmmﬁﬁ. (18)

0

| =

%@%=;&R#®5+

The isomorphism on U, namely Py, and the scalar v are weights on the natural norm on I/
and Z, respectively. These weights are defined in accordance with the level of confidence
into our a priori on the initial condition and the measurement — typically based on an a
priori evaluation of the noise x. Note that contrarily to the kernel regularisation method,
if the space for the noise is less regular than L?, this method cannot be used directly: prior
regularisation on the measurement is needed. On the contrary, this method provides a
unique minimiser for general rates b(x) as soon as the direct problem is well-posed.

Our objective is to minimise J, under the constraint of the model dynamics (17). We
thus introduce the so-called adjoint variable g, as the Lagrange multiplier associated



with the dynamical constraint (17). The adjoint variable is then solution — see for instance
[7] — of the dynamics

{ der+ A'qer = —C” (z — Cu|$) , teo,7]

Q\g,T(T) =0, (19)

where A* is the adjoint of the model operator defined by
A*: D(A*) c L*([0,4]) — L2([0,4)])
f —  —b(x)0y f
with domain
D(A") = {f € H'([0,4]) | f(0) = 0}
and C* is the adjoint of the observation operator C' defined by (5), hence
cr: R — L%(]0,4))
r +— frix—a™r
Therefore, the adjoint system reads in strong formulation

;

0
EQ\E,T('I7 t) - b(x)ax(ﬂg,r(% t)

1
= —vya" z—/ (2 t)d' ), z €[04, tel0,T
(2= | wmate!, pyda) 0.4, tel0,7] (9
Q\g,ﬂ'(oat) = 07
Q\gﬂ'(l‘a T) =0.

\

Using the adjoint variable, a standard computation allows to characterise & | = argming Jr
as

§r = Poqi-(0),
where g|, is the adjoint variable associated to the @, = g, hence leading to a famous
both-end problem formulation [7]

ﬂ|7— = A’U|T, t €[0,7]
djr + A*qr = —C* (2 = Cup.),  te€l0,7]
)+ (0) = uo + Poqj-(0),

g7 (1) = 0.

(21)

2.1 Equivalence with the kernel regularisation method

According to a classical interpretation, we can read the second term of the criterion as
the ordinary least-square data fitting term, while the first term is often considered as a
regularisation term by choosing

1
%:EM



with 8 small enough so that
BIEI? <7 [ P

Minimising the criterion 7, is then equivalent to minimise for o =

2@

. 201 ¢112 2
mgm {a H€HL2([O,Z}) + Hz(t) - WT(QHLQ([OJ})} ’

where clearly appears the classical Tikhonov regularisation.
Moreover, we can consider different criteria by changing the state space U or considering
different Py. For instance, when choosing

. ;Id, U = H*([0, 1)),

the variational method is equivalent to the generalized Tikhonov method where we min-
imise

. 2 2
msln {a||§HHs([O’gD + Hz(t) - ‘I’T(S)HLQ([O,TD} :

Note that s > —"TH is necessary for this minimisation to be a regularising method - see
for instance the analysis of Tikhonov’s regularisation in Hilbert scales in [6], and below the
comments on the observability condition.

To give some insight into the links between the two regularisation methods, let us take
the case of classical Tikhonov regularisation, b constant, u, = 0 with 7 > %.

We recall that W, ( fbt — bt)"E(y)dy. The operator W is injective, compact,
and with dense image When taken from L2([0,/]) to L?([0,7]) with 7 = ¢/b. Its adjoint
operator is

This provides us with the following result.

PROPOSITION 2 -
For any z € L*([0,7]), there exists a unique minimiser ¢ for J(€) defined by

2
7€) = SNy + / 2(0) — W (©)[t,

and £ € H"1([0,/]). If moreover £ € H"1([0,£]) with £(0) = --- = £€M(0) = 0, we have
the following estimate

1 ™, %
1€ = €l z20.0) *||Z =W (E)ll2(0,7) + alléll mn10,0)-

We recognise here the case s = 0 and n = m of Proposition 1, by denoting o = a"*!.
For the sake of completeness, we sketch out the proof in Appendix A.

10



2.2 Observability Condition

In data assimilation, the well-posedness or ill-posedness of the inverse problems is char-
acterised by a so-called observability condition translating that there is enough information
in the data to reconstruct the initial condition. Typically, this condition is of the form

There exists a time 7y and a constant © > 0 such that, for all u € C([0,7],U) solution of
System (4), we have .

Vr > 1o, /|C’u(t)|2dt > Ofuol2. (22)
0

Following our previous computation, we remark that when ¢ = L?([0,/]) equipped with
its natural norm Inequality (22) cannot be satisfied. Let us see this in the b-constant case.

T l 2 T l 2

/|Cu\2dt:/ /m"u(az,t)dm dt:/ /ﬂ;”uo(m—}—bt)d:z dt
0

0 0 0 bt

L
If n =0, we call F(bt) = [ug(z + bt)dx. The observability condition then reads
bt

T

0
/F(s)2ds > GO/F (s)?ds.

0

Counter examples proving that this cannot be uniformly the case for any F' are well-known,

take for instance any mollifier sequence p, = ép( 2), where p € Cg° ((0, min{/, T}))
However, it would have been possible to have the observability condition if we would

have chosen different metrics. For example, let us consider the case of very regular obser-

vations in H"*1([0, 7], Z) with the seminorm

A 2

dn+1f
|| Ezmt1(j0,7)) :/
0

dgn+1
and state space U = L?([0,/]). Thanks to Equation (7), we can easily find a constant ©
that satisfies, V7 > 19 = %, the observability condition

dt

/T A (1) 2
0

dt > Ol|uol|£2(j0,0))

dtn—i-l

associated to the criterion

Yz

Y.
J©) = Sz + 5 120) = Truo®) 3 go.0)-

11



Alternatively, we can satisfy the observability condition in the case of less regular initial
condition in & = H~(*1)([0,£]) and observations in L?([0,7]). The criterion thus reads

7 V=
J() = N ||§”2 (1) (j0,) T EHZ(t) - \I’TUO(t)H%Q([O,T])'

Therefore, the inequality of the observability condition becomes

/|\IJTuo(t)|2 > @||U0”%{—<n+1>([0,4])'

According to Equation (7), we can rewrite this inequality as

/a) dn+l 2
2

> ’
/|\I/TUO(t)| = nl(=b)nt1 H den+1 (‘IJTUO)HH*("“)([OJ])

It is easy to prove that

e

dtn-i—l HH_(”'H)([O,T]) < ”\IITUOHL2([O,T])7

and we can satisfy the observability condition with © = n!(—b)"*! and 7y = %.

In these two cases (the space [0,7] — Z equipped with a very regular norm, or on the
contrary the very weak assumption on the regularity of the initial state I), the observability
condition shows that the problem is well-posed for 7 > % and so there is no need for either a
regularisation or an a priori information. However they cannot be used for real applications
since we do not observe z(t) in such a regular space, and we want to reconstruct regular
initial states.

3 Numerical Analysis

3.1 Model discretisation

In this section we describe the numerical implementation and the comparison between
the two approaches.

We set the space domain to [0,¢] = [0, 200]mer. We define the notation mer for
monomer which is the fundamental unit aggregating into oligomers. We set the time do-
main to [0, 7] = [0, 100]min and the transport velocity to b = 2min~!

We present two cases associated to two initial concentration conditions: the gaussian func-
1=(2-100) . ,
tion upg = €2~ 207 uM and the characteristic function ugc, = I[70,130)#M . For the sake

of simplicity, in the following of this section we omit the units.
We consider a uniform space grid 0 = xg < ... < zy, = ¢, with a constant space step dx.
By evaluating the continuous initial conditions on this grid, we obtain the vector

lip = (To,j)o<j<N, = Uo(T;).

12



We fix a time discretisation tg < ... < ty, of the time domain [0, 7] with a constant time
step dt. We call uf the approximation of w(xj,t;). The cluster concentrations, at time ¢,
are approximated by the vector u* = (u’?

] )j- To compute these quantities, we refer to the
discrete model

ubtl = Ak+1|kuk, for ke N
u® = .

(23)

The expression of the discrete model operator Ay, depends on the numerical scheme
which is adopted to discretise the transport equation of System (3). For the upwind scheme
it is

Appx = 1y, +6LbD, (24)
where the discrete differential operator D is such that

k k k k
k u-+1—u. . k u” —u,_l )
(Dut)j = ==5—=  ifb>0 (Duf); = =% ifb<0.

We can also use a numerical scheme with higher approximation order such as a Lax-
Wendroff scheme. The discrete model operator associated to this scheme is

bot b25t?
Ay = 1In, + %D§ + WDm,
where N . B} . .
ut o —ut us, 1 —2ul +ut_
(D§uk)j _ gl J—1 and (Dmuk)j _ gl J j—1

20z 2012

We choose space and time steps satisfying the Courant—Friedrichs—Levy (CFL) condition
‘%‘ < 1 that ensures the stability of the schemes [16].

3.2 Synthetic data generation

To test our inversion strategies, we generate synthetic observations. In this respect we
fix uniform grids on [0, 7] and [0, ¢] with discretisation steps much smaller than the ones
considered solving the inverse problem. Specifically, we take the time step 6¢ = 10™3 and
space step dx = 2-1073. We use the discrete model (23) with g as initial condition to
compute the sequence (ﬂk)lgkg N...- Consequently, we compute the observations thanks
to the discrete observation operator

(n)_ 13 n n fo
Ck =z -5 T ... Ty g 2“”

obtained by using the trapezoidal rule to approximate the space integral appearing in the
continuous definition. We remark that — since the continuous observation operator C' is
time independent — C does not depend on k.

We consider synthetic observations of the form

2z = Crtg + Xk, k=0,..., Nops, (25)
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where x; = ewp and the values wy are randomly generated according to the standard
gaussian distribution. As we can see in [18], this construction produces a white gaussian

noise on the observations such that heuristically

Consequently, we can take the

Oth moment

lz = Cll gy 191y <

1st moment
!

<e.

¢ as the noise level in H_%([O, 7]).

10° 2nd moment

T
0.5% noise,

6000 T

T
—0.5% noise, £

T T T
— 0.5% noise, ¢ = 2.6 - 10

50 e=0.25 H 5000 —0.05% noise, H 5 —0.05% noise, £ = 0.26 - 10> H
___0.05% noise, noiseless obs noiseless obs
10+ £=0.025 4000 - 4t
noiseless obs
30 3000 3+
20+ 2000 - 21
10+ 1000 - 11
o s s
. . | | \ 1 . | | . 1 . | | .
05 20 40 60 80 100 000 20 40 60 80 100 0 20 40 60 80 100
Time (min) Time (min) Time (min)

Figure 1: Three moments of the

1 —(2—100)2

Ugg = e?

and b = 2.

202

state function u having dynamics (23) where

0th moment 1st moment 10° 2nd moment
__0.5% noise, — 0.5% noise, £ = 30 — 0.5% noise, ¢ = 3-10%
60 e=03 H 6000 —0.05% noise, ¢ =3 ] 6 —0.05% noise, £ = 0.3 - 10* ]|
___0.05% noise, noiseless obs noiseless obs
£ =003
e noiseless obs | | 1000 | e
20 2000 21
of 0f N’"’vamw-ww Us
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min) Time (min)

Figure 2: Three moments of the state function v having dynamics (23) where ugq, = I [70,130]
and b = 2.

In Figures 1 - 2, we present the synthetic observations associated to the gaussian
function wpg, and the characteristic function woe,, respectively. In both cases we have
computed the first three moments of the state function u. Moreover, we consider noised
observations. The noise corresponds to errors of 0.05% and 0.5%.
values of the noise level € have been reported in figure legends.

The corresponding

3.3 Numerical Simulations: kernel regularisation method

In this section we present some examples of numerical initial condition estimation by
the kernel regularisation method. We recall that the estimation is given by the function g

14



defined in Equation (12). The parametrised kernel family p, is defined by pa(z) = Lp(£).
22

L__¢ 2037 According to these

0.3v21
choices, the coefficient m — defined in Equation (9) — is equal to 1. We compute the

(n + 1)-th derivative of the convolution between z and the regularisation kernel p, as the
convolution between z and the (n + 1)-th derivative of p,. The derivative can be either
analytically computed or approximated by finite differences. In the examples of this section
we have considered the analytic expression of kernel derivatives.

To compute the discrete convolution we need two vectors. One vector is the set of
measurements z. The other vector is obtained by evaluating the derivative of the kernel
function, ©'La on a discrete grid. First of all we approximate the kernel p by j = p,

) gpntl o g pp p By p = pli—22,
where I|_j o] is the characteristic function for the domain [~2,2]. We remark that when we
numerically compute the integral of p we obtain 1, which is the same value as the integral of
p over R. Hence, approximating p by p we make an error smaller than machine-precision.
Consequently, we consider the support of p, and its derivatives to be included in [—2a, 2a/.

qant+1 . . . . .
We evaluate dxnf{’ over the grid —2a =z < ... < z, = 2a with the same discretisation
step, dt, as the measurement time grid.

The discrete convolution of two vectors x, y of lengths m and h, respectively, is the
vector w such that wy = Zj TjYgk—j+1, for k=1,...m+h+1. For every component k the
index sum j varies between max(1, k+1—h) and min(k, m). This algorithm is equivalent to
extend with zeros the vectors for indices j outside the range [max(1, k41— h), min(k, m)].

We remark that zero-padding the kernel derivative vector is equivalent to evaluating
the function d;;lff‘ outside the domain [—2«,2a]. Moreover, extending with zeros the
measurements for times bigger than the observation time is coherent with the biological
interpretation: a depolymerising system in which all polymers have been reduced into
monomers cannot change its state.

On the other side, adding zeros for negative times would lead to a bad reconstruction
of the initial condition on the left border. Our idea is to extend the observation data
for negative times in [—7,,0]. The positive value 7, is such that the component wy —
corresponding to the left border value of the estimation 118’0‘ — is computed as a complete
sum. To this purpose, we fix 7, bigger than the length of the kernel domain, specifically 4c.
To consider negative times, we extend the definition of the initial condition for negative
sizes by up(x) = 0 if z < 0. The n-th moment for negative times reads

The kernel p is chosen as the gaussian kernel, p =

t

l l
C"u(t) = /b (x — bt)"up(z)de = /0 (z — bt)"up(z)dz.

We notice that the n-th moment is a polynomial of degree n in t. Assuming there is a
size Tpin > 0 such that the support of ug is included in [, £], we obtain that, for every

t < Tmm CMy(t) = [ (@ — bt)"ug(x)dz. To conclude, we assume Zp;, = 10 in our
Tmin

numerical examples. We fit the observations relative to times in the range [0,5] with an

n degree polynomial. We present in Figure 3 an example of extension of observation data
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for the first three moments in the case of gaussian initial condition ug,. We discretise the
arbitrarily chosen negative domain [—10, 0] with a time step dt. We evaluate the polynomial
fit on this grid and we use these data to extend our observations.

Oth moment 1st moment 100 2nd moment
70 T T 8000 T T T \‘\ T T T
60 fromom AN 8 *x
% %
6000| %, i \
50 b N\
of \
40
4000 -
30 4
20
2000 ol
10+
ol , , \ . ol , , . ol , ) .
=10 0 20 40 60 80 100 =10 0 20 40 60 80 100 =10 0 20 40 60 80 100
Time (min) Time (min) Time (min)

Figure 3: From the left to the right the Oth, 1st and 2nd moment relative to the initial
condition ug, and depolymerisation rate b = 2. In red the moments for positive times, in
black the moments for negative times in [—10, 0], in green the polynomial function fitting
the red curve in [0, 5] and used to extend the data on [—10,0].

We compute the discrete convolution between the extended observation and the kernel
derivative vector. We multiply the resulting vector by 0t — to approximate the continuous
integral of the convolution — and by W in accordance with Equation (12).

We present in Figure 4 and Figure 6 the estimation of the initial conditions ug, and
UQeh, respectively. We remark that the quality of the estimation decreases when the order
of the moment and the noise level increase.

3.4 Numerical Simulations: the data assimilation method

We now turn to the variational approach detailed in Section 2. In order to discretise and
simulate the two-end problem (21), we rely on a discretised version of the optimal criterion
(18) to be minimised under the constraint of the discretised model (23). The resulting time-
discretised optimal system can then be proved to converge to time-continuous solution of
(21) |7]. Therefore, we decompose the initial condition by defining £ € RN such that
Uy = Uo —|—§v and seek an estimate of 5 given by

Nt

- . (1 1

£ = argémm Jn, (&) = argﬁmm (2\\5\]?301 + 3 Z |2k — CkukH?\/[k) . (26)
k=0

The matrix M}, is the discrete approximation of the operator vI/dz and it depends on
the quadrature rule chosen to approximate the integral in time. We fix M} = dtyIy,.

Furthermore — if we assume that the initial a priori approximates the unknown initial
1

Iy
5x3 N

condition with the same error on every cluster size — we can take Py =

16
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Figure 5: Synthetic observation in the case of gaussian initial condition uge (purple line)
and relative fit given by the observations generated from the data assimilation estimator.
From the top to the bottom by rows, we see the Oth-moment, 1st-moment, 2nd-moment.
From the left to the right by columns the noise corresponds to a 0%, 0.05%, 0.5% error.
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These two matrices are classically defined as Py = Cov(tig — o) and My = Cov(xz) L.
As well explained in [25] — if W(¢) is the time-independent covariance of the continuous
white gaussian process x(t) — the covariance of measurement noise in discrete time is
Wi = % Since My = W,;l, we find the relation My, = 6tM(t) = dtyldz.
Consequently, we define v as v = (62)~!, where o2 is the variance of the white gaussian
process x(t). The parameter /3 is analogously defined as 3! = HEH%Q([O’Q). In practice, we
can numerically estimate the parameter v — by analysing the noise on the data — while the
value of the parameter 5 reflects the confidence that we have on the a priori information
on the initial condition.

To minimise the criterion we use a gradient-descent based optimisation method that —
starting from the initial guess £ = 0 — iteratively attempts to estimate the minimum from
the criterion gradient evaluated on the current guess

VIN(€) = Py ¢ = (q),

where q|0€ is the time-discrete adjoint variable at time 0 solution of the time-discrete system

v (27)

{ af = Apppaly — CMy(z — Cpufy),  0< k<N,
Ye

Note that the time-discrete adjoint variable is the Lagrange multiplier associated with
the dynamical constraint (23) in the minimisation of (26). Besides, it is also a time-
discretisation of the time-continuous adjoint variable (19).

As numerical synthetic test cases, we present in Figure 8 the estimation of a gaussian
initial condition by the variational data assimilation method. Respectively in Figure 10,
we estimate a characteristic function. As previously done with the kernel method, the
nine estimation curves correspond to the nine observation curves presented in Figure 1 or
Figure 2.

4 Application on experimental data

Having presented, theoretically investigated and numerically tested our mathematical
approach, we are now ready to apply our method to experimental data.

4.1 Presentation of the experimental protocol and noise analysis

The data to analyse consist in observations on ovine prion protein oligomers (PrP
oligomers), in depolymerising conditions. PrP oligomers are a kind of amyloid deposit
generated by the concatenation of monomers forming chains of a few tens of proteins. These
structures are relatively small compared to protein polymers, that could be composed by
up to thousands of proteins [24].

We refer to Appendix B for details on the protocol used to form and make measurements
on oligomer systems. We present in Figure 12 an example of Static Light Scattering
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Figure 8: Comparison between the exact gaussian initial condition ug, (purple line) and the
approximations 4§ (blue line) provided by the data assimilation method. Each estimation
is associated with the measurements in Figure 9.
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23



Oth moment + 0% noise

Oth moment + 0.05% noise

0th moment + 0.5% noise

1.2 : : : : 1.2 : : : 1.2 : .
1h 1 i g 1
b 1 = osf ( 1 Zos
b 1 2 o6 1 206
g g
t 1 g 04F 1 g 04
b 1 02} g 0.2
0 0 0
0 10 80 120 160 200 0 10 80 20 160 200 0 40 80 120 160 200
Size (mer) Size (mer) Size (mer)
1st moment + 0% noise 1st moment + 0.05% noise 1st moment + 0.5% noise
1.2 : : : : 1.2 : : : : 1.2 : : : :
1F B 11 Ve il 1F 1
= 08f 1 = osf 1 = osf 1
z z =
2 06) 1 2 o6f 1 2 o06f 1
g g £
£ 04f 1 Foaf 1 Eoaf 1
8 8 ]
0.2 1 02} g 0.2} 1
0 = = 0 — 0
0 10 80 120 160 200 0 10 80 20 160 200 0 10 80 120 160 200
Size (mer) Size (mer) Size (mer)
2nd moment + 0% noise 2nd moment + 0.05% noise 2nd moment + 0.5% noise
1.2 : : : : 1.2 : : : : 1.2 : : : :
A NA | al N | Al A |
= 08} 1 = os) [\/ 1 = o8} 1
3 3 3
= g =
2 06) 1 2 o6l 1 2 o06f 1
z z E
g 04f 1§ oaf 1 Eoaf 1
3 3 ]
0.2} 1 02} g 0.2} 1
0 0 /\v/\ A N 0 O\
N V. AW A ‘ T \J ‘ ‘ ‘
0 10 30 120 160 200 0 10 80 120 160 200 0 10 80 120 160 200

Size (mer) Size (mer) Size (mer)

Figure 10: Comparison between the exact initial condition wgy, (purple line) and the
approximations 4§ (blue line) provided by the data assimilation method. Each estimation
is associated with the measurements in Figure 11.

24



Oth moment + 0% noise Oth moment + 0.05% noise Oth moment + 0.5% noise

0 . . . 0 . . . 0 . . . Lk daali\ul
0 20 0 60 80 100 0 20 0 60 80 100 0 20 10 60 80 100
Time (min) Time (min) Time (min)
1st moment + 0% noise 1st moment + 0.05% noise 1st moment + 0.5% noise
: : ; : : : : : : : : :
6000 4 6000 1 6000 E
5000 B 5000 1 5000 1
4000 B 4000 1 4000 1
3000 b 3000 1 3000 Bl
2000 4 2000 1 2000 g
1000 1 1000 4 1000 g
0 . . 0 . . 0 . . TVRRTWN R IY
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (min) Time (min) Time (min)
100 2nd moment + 0% noise 1052nd moment + 0.05% noise 105 2nd moment + 0.5% noise
: : : : : : : . : . : :
1 1 6 1
1 ] 5 1
1 ] 4 1
1 1 3 1
1 1 9 1
1 1 . 1
0 ) ) 0 ) ) 0 ) Y el 4 e
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time (min) Time (min) Time (min)

Figure 11: Synthetic data in the case of ugg, as initial condition (purple line) and relative
fit given by the observations generated from the data assimilation estimator. From the top
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Figure 12: Depolymerisation kinetics of ovPrP oligomers monitored by static light scat-
tering.

measurements on a depolymerising system of PrP oligomers. We recall that the SLS
measurement is a linear transformation of the second moment zsr,g(t) = ¢1Cu(t)+ca, with
unknown parameters c1,co. We assume to observe the experiment until all the oligomers
are depolymerised into monomers. We fix the parameter co such that the mean of the
measurements at end of the observation domain is zero. We thus consider the shifted data
zZsLs — Co as measurements. Solving the inverse problem with this observation data, we
estimate the function cjug. In the following, we assume that ¢; = 1.

In order to analyse the measurement noise, we assume it to be a white gaussian additive
noise and test this hypothesis. Since we assume that the initial size distribution is a
regular function, we expect the corresponding second moment to be a regular function
with a smooth graph. For this reason, we start by filtering the data. We use a cubic
Savitzky-Golay filter. For more details about this filter see [19].

The difference between the empirical data and the fit gives us an estimation of the
noise contribution, see Figure 13a. We run a x? numerical test to test the null hypothesis
of residual points following a gaussian distribution. The test accepts the null hypothesis
at the 5% significance level. We then estimate the mean and the standard deviation of the
gaussian distribution generating the residual. We estimate the mean at 0 and the standard
deviation ¢ = 501. The purple dotted line in Figure 13b shows the estimated gaussian
density function: this leads us to accept our noise model and keep this value of o as a
reasonable estimation of the noise level.

The experimental protocol also includes the separation of oligomers by size, using the
Size Exclusion Chromatography (SEC) device. Thanks to this technique we can measure
the initial oligomer distribution. We point out that it would not have been possible to
make these measurements on fibrils, due to the large size of the aggregates and the limits
of the device. We can see in Figure 14 the measurement of the initial oligomer distribution
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Figure 13: Analysis of the noise on SLS data. We present (left) the residuals obtained as
the difference between the SLS data and the cubic Savitzky-Golay filter of the data. In the

right figure we present two estimations of the density function associated to the residual
data.
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Figure 14: Size-exclusion chromatogram of purified ovPrP oligomers.
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associated to the data in Figure 12. We notice that the biggest oligomer size taken into
account is 200mer, with an almost zero relative concentration, while the smallest detectable
size is 20mer. In this set of data, the most present oligomers have sizes between 30mer and
100mer. We also remark that this distribution has only one peak centred around the size
50mer. Evaluating the noise level on the SEC device is a complex subject, going beyond
the scope of this study.

In the following we set up the inverse problem of estimating the initial size distribution
by using the SLS measurements only. We then discuss the results obtained when we also
take into account the SEC measurement.

4.2 Initial state estimation without a prior:

Oligomer dynamics can be modelled by System (1), [9]. We remark that in this model
there are two unknowns: the depolymerisation rate b and the initial condition ug. The
approaches that we have presented in this paper are designed to estimate only the initial
condition. We thus start our analysis with the simple model of constant backward transport

0 0
au(:r,t) - b%u(w,t) =0,

u(L,t) =0, (28)
u(z,0) = ug(x).

Our strategy is to fix an arbitrary value for b and then perform the initial condition
estimation. The resulting estimation depends explicitly on b, as we have seen in Equa-
tion (7). For example, consider two models associated to the rates by # ba. Equation (7),
in the case of a noiseless second moment observation, reads

(2) 1 d3 x

ug|, () = —5—-=2|—

Olb; 2(=b)3dt3” \b; )’

for i = 1,2. We use the notation ug|, to indicate the solution of the inverse problem when
we consider the transport velocity b; in the model (28). Eventually, we can notice that

= (2 (122). o

This relation leads us to the conclusion that, when we fix a depolymerisation rate, we
obtain a function that differs from the exact one in a linear change of variables and a scaling
factor. To illustrate this relation, we show in Figure 15a an example of distributions which
produce the same second moment observation, see Figure 15b, evolving with different rates.

We thus fix the depolymerisation rate to the arbitrary value b = 2min~!. We consider
the experimental time domain [0, 7] = [0, 110]min. Biological considerations lead us to the
definition of the size domain [0, ¢] = [0, 200]mer.

To apply the data assimilation method we need to define the least square criterion.
We choose the isomorphism Py of the form Py = %Id. Consequently, we only need to fix
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Figure 15: Several choices of initial condition and depolymerisation rate can lead to the
same second moment observation.

a value for the regularisation parameters 8 and . As explained before, these parameters
are linked by an inversely proportional relation to the confidence on the a priori on the
initial condition and the noise level on measurements, respectively.

Since for the moment we do not consider additional information on the initial condition,
our a priori is the zero constant function. In particular, we do not know whether this a
priori is far or not from the target initial condition. Therefore, we assume to have low
confidence on the a priori or equivalently we allow the estimations to be far from the a
priori. This assumption corresponds to the choice of a small value for 8. In the following
we fix = 1072.

We consider v ~ U%, where o is the standard deviation of noise distribution. Conse-
quently, we take v = 1076,

We show in Figure 16 the results of data assimilation estimation. We see in Figure 16b
that we obtain a good fit of the experimental data. In Figure 16a we have the initial state
estimation. We recall that this estimation is associated to the arbitrary choice of b and the
real initial distribution can be a transformation of this function, according to Formula (29).
Nevertheless, we can infer interesting features such as the presence of one main peak and
the fact that the peak starts from small sizes.

4.3 Estimation with a prior:

In this section we take into account the SEC measurement of Figure 14 to discuss the
result of our initial state estimation of Figure 16a.

A first possibility is to admit that the chromatography technique cannot trustfully
measure the variation of the distribution but it can nevertheless find the position of the
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Figure 16: Left: Initial condition estimation by variational approach when we choose
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peak. Hence, we transform the estimation according to Formula (29) to move the peak
to the same value as in the chromatography measurements. Since experimental data have
been normalised to have integral equal to one, we can define a coefficient to make the
two curves have the same maximum. In this way, we could use the SEC to identify the
depolymerisation rate — that in this case corresponds to b = 6.5min~!. Consequently, we
consider the blue curve in Figure 17 as the estimation of the initial condition. However,
according to the SEC specification and methodology the difference between the two distri-
butions - the experimental one and the estimated one, see Figure 17 - seems too important
to correspond to a noise on the measurement.
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Figure 18: Initial condition estimation associated to the rate b = 1min~'. The peak
corresponds to sizes less than 20mer. Second Figure in semi-log scale, to point out the
difference of magnitude between the two regions [0, 20]mer and [20, 200]mer.

A second possible interpretation is to think that the peak of the estimator does not
correspond to the peak we can see in SEC measurements and it may concern sizes up to
20mer, instead. We recall that the SEC device cannot detect aggregates composed by less
than 20 monomers. For instance, if we take b = Imin~' we would have an initial condition
that can illustrate this case.

We present in Figure 18 such an initial condition. We can notice that the maximum of
oligomer concentrations for sizes bigger than 20mer is much smaller than the value of the
peak. This would imply that the concentration of oligomers measured by SEC is negligible
compared to a high concentration of (hidden) small oligomers: this is barely plausible.

On the contrary, let us assume that we trust completely the SEC data and that those
data represent the overall distribution, i.e., we extend the data by zero in the region
[0, 20]mer. Having fixed the initial condition, our problem can thus be seen as a parameter
identification problem. This problem can be presented as

Estimating the depolymerisation rate b, appearing in the definition of the model dynamics
A, from given measurements z generated through time ¢ € [0, 7], knowing the initial
condition %y and the model of observation operator C.

To have a rough approximation of b, we run the direct model for several choices of b
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Figure 19: Influence of the depolymerisation rate on the measurement. Left: the initial
condition (black line), given by the SEC data, and several constant functions b. Right:
experimental SLS data (black line) and the second moment observations associated to the
b of the same colour on the left figure.

and then, for each of these choices, we compare the second moment generated with the
operator C' to the SLS data z. We can see in Figure 19 the result of this analysis when
we choose b as a constant function with values varying between 1min~' and 7min~!. We
came to the conclusion that, if we assume the initial condition in Figure 19a, the solution
of the parameter identification problem is not a constant function.

This conclusion follows from the fact that — whenever we consider two rates by < bo, —
we have (y — b1t)"™ — (y — bat)™ > 0 and consequently

l l
29 = Cug = / (y — bat)"up(y)dy < / (y — bit)"uo(y)dy = Cuy = 2. (30)
b

ot bit

Specifically, all the curves start from the same value and then they do not cross anymore.
Anyway we can see in Figure 19b that experimental data intersect all the synthetic obser-
vations. We deduce that it is not possible to define a constant parameter b € [1, 7Jmin~*,
solution of the parameter identification problem. A sensitivity analysis could also be car-
ried out to gain more insights, see [4, 1]. Furthermore, Inequality (30) implies that any
value b € (0,1)U(7, 00)min~! would lead to an observation far from the experimental data.

We have so concluded that, if we take the curve in Figure 19a as the initial oligomer
distribution, we need to consider a size-dependent depolymerisation rate. Let us discuss
a simple case in which we distinguish two depolymerisation rates, one for small aggregates
and one for big aggregates. For instance, let us define b as a piecewise function that takes
only two values, b(x) = b1l,<q + bol;~,. Running our direct model, we notice that the
parameters by and by are associated to the slopes at the end and at the beginning of the
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Figure 20: On the left we have the initial condition (black line), given by the SEC data,
and several piecewise constant functions b(x). On the right we present the experimental
SLS data (black line) and the second moment observations associated to the b of the same
colour.

data z, respectively. Furthermore, the size a is associated to the point of slope change.
After testing several possibilities, we have chosen a = 25mer and by = 6.6min~'. In
particular, we can see in Figure 20 that if we consider b(x) = bjly<25 + 6.61,~25 and
by varying between 0.25min~! and 0.55min~! we can well approximate the experimental
measurements. This simple model of parameter variation therefore illustrates the idea that
a low depolymerisation rate for small aggregates and a high depolymerisation rate for big
aggregates allows a better agreement with the data.

To conclude, this modelling choice for the variation of b gives a first insight of the
expected behaviour of the parameter and will be refined in future works by fully solving a
complete parameter identification problem. In this respect, our approach allows easily to
consider an initial condition estimation problem associated to the parameter identification
problem and then apply the variational approach on this new problem. Specifically, we
consider an augmented state u® composed by the state function u and the parameters
u® = (u;b). The dynamics of this new variable is given by

e~(1)-(*4")

and the initial condition of the system is u®(0) = (u(0);b(0)). We can use the SEC data
to fix an a priori on the initial condition so that only the parameters remain unknown.
Keeping the same notation as before, we call our target 5“ = (0;b). We remark that this
new model presents the additional difficulty of the nonlinearity. A common strategy to
overcome this difficulty is to approximate this model replacing the model operator by its
tangent.
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4.4 Discussion

Departing from our general methodology, we were able to estimate the shape of the
initial size distribution of ovPrP oligomers under the assumption of a constant depolymeri-
sation rate. We then compared it to the experimental distribution obtained with the SEC
device (Figure 17), and the discrepancy between these two distributions led us to revisit
our previous assumptions.

To explain this discrepancy, two hypotheses could be evocated. The first one is a very
important underestimation of the amount of small oligomers assemblies by SEC techniques
(Figure 18). The second possibility is a higher depolymerisation rate for large PrP assem-
blies compared to smaller one (Figure 20). According to SEC specification and method-
ology the first hypothesis can be excluded. Therefore, lower stability of large assemblies
appears as the best possible explanation.

The fact that large assemblies present lower stability than small oligomers could have
an important biological implication. Indeed it is commonly admitted that small oligomers
constitute the most cytotoxic species during prion misfolding process [26]. Therefore the
low stability of large assemblies could make an accumulation of lower molecular weight
assemblies and contribute to increase the toxicity level.

Conclusion

In this paper, we have defined the inverse problem of estimating the initial condition
of a dynamical system — whose evolution is described by a transport equation — given the
measurements of the second moment over time. We have described two possible approaches
to solve this problem. The first belongs to the family of kernel regularisation methods, and
allowed us to define a good strategy that exploits all the features of the model and deals
precisely with the regularity of the functions. We have introduced this strategy in a case
of constant transport velocity both to provide the method guidelines and to give an insight
into the properties of the model and the relations between the state function, its moments
and the transport velocity. However, since it has been designed for this very specific case,
this method lacks of flexibility.

The second approach belongs to the family of data assimilation methods. The inverse
problem is written in terms of operators and we obtain a general formalism that can be
applied directly on a variety of models. We have seen how this approach is equivalent to
the first approach in the case of constant transport velocity and we refer to this second
approach to address the more general case of variable velocity and a priori information on
the data. The pure depolymerisation problem that we have presented in this paper is a
very specific case with relatively narrow possible applications. However, the highly flexible
second approach is fundamental and easily adaptable to any more complex situations,
and to begin with, the full polymerisation-depolymerisation system given by the Liftshitz-
Slyozov model (1). We have also briefly explained in the previous section how we can use
the same strategy to solve a problem of parameter identification, see also [21]. With no
more effort we can treat the case of multiple measurements. It would be enough to define
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an observation operator that — applied on the state function — returns the concatenation
of the measurements. This perspective is particularly interesting since we have seen above
an example of how by SEC and by SLS it is possible to get several measurements on the
same system and the more observations we have the better we can estimate the solution
of the inverse problem.

The two methods have been numerically tested and compared on synthetic data. The
results of these numerical estimations are in agreement with theoretical estimates. We
remark that the estimations we get can take negative values. This is an expected behaviour
because we look for an estimation in LP-norm and we do not enforce positivity constraints.
A possible improvement for the variational approach would be to either do a constrained
optimisation or parametrise the state function to guarantee its positivity at all times.

In the last section we have presented and discussed our inverse problem methodology
applied to experimental data of ovPrP oligomers, and this study exemplified the flexibility
of the data assimilation framework. We were led to the conclusion that most probably the
smaller polymers are more stable than the larger ones. To support this conclusion, further
experiments have to be carried out. The simultaneous measurement of the first moment,
i.e. of the total polymerised mass (by ThT), and of the second moment (by SLS) should
be much more informative, and would lead to interesting extensions of our approach. This
is a direction for future work.
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Appendices

A Mathematical proofs

In order to prove Proposition 1 we first recall a classical lemma on convolution products.

LEMMA 3
Let n € N, p > 1, a € (0,1), the function p € C°(R) and the coefficient m satisfying
Assumptions (9). We define the function pa(z) = Lp(£).

i) If the function f is in WYP(R, ), we have

1f = pa* fllorry) < crallfllwremmy)s (31)
where ¢1 = ||zp||1(r)
ii) Let n < m, if the function f is in W"TLP(R, ), we have

If = pa* flle@my) < 2P fllwnsiom, ), (32)

where co = %Hx”“p(az)ﬂy(m,
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iii) Furthermore, we have
1pa * f™ N ory) = 165 * flleory) < esa ™ flLer,)s (33)

where ¢3 = |[(p™)all L1 (m)-
iv) Given s € [0,1), if the function f is in W—*?(R,) and p, p € L*(R), we have
lpa * fllLe(ry) < ca@” [ fllw-spmey)s (34)
where ¢4 depends on ||p||L1(R)¢ HPIHLI(]R)'

v) Given s € [0,1), if the function f is in W~5P(R,) and p(™, p"tD) ¢ LY(R,), we
have
pa * F™ | Loy < esa™ T flly—cn(m,)- (35)

where ¢5 depends on ||p(”)\|L1(R), Hp(”H)HL1(R).

Let us now state and prove Proposition 1.

PROPOSITION 4 (PROPOSITION 1)

Let 1 <p<oo,n €N, 0<s <1 and the function V,ug defined in Equation (6). Let
U g € WM +22((0, 7)), with m defined as in Equation (9). Let = € W=*P([0,7]) a
measurement of the n-th momentum W ug such that 7 > % and

|z = Wrio|lw-sw(o)) <&
The following relation holds true

1 dantt L /X
0(®) = gyt gt VT () (36)

Let p defined by Equation (9) and p, by Equation (10), with o € (0,1). We consider

e dantt 1 T
Yo = Ggntilet (n!(—b)"ﬂz <b>> (37)

as approximation of tg. Then the following estimation is of optimal order in the sense
of [12]

~E, 0 € m+1) _
" — UOHLP([O,Z]) <0 <W + o ) = F.(a), (38)
where the constant © depends on || riig|lyym+n+2(01), 127 0l Licwys 10 L1y 10T | L1 cw)-

Proof. We start by defining the function

~Q
uO - pa * 'Z,LO
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By the triangle inequality for LP-norm we have

g™ — ol Lepo,) < 4§ — wollLr(o.0) + 1ty — @6 || r(j0,0))-

Let us consider the two terms on the right-hand separately.
The first term is [|ag — ol Lr(j0,) = [|Pa * o — uollzr([0,¢)- By using Inequality (32),
we obtain

4§ — ol Lo 0.0y < ™ [Jug|lwwrm+10(0.0)

with 71 = ;]2 +Dp|| 1 ). While the second term is

g™ — 45 M| Lr(0,0) = o * U5 — Pa * uoll Le([0,)
= ||pa * (4G — uo) || Lr(j0,0))
1 drtt y
nl(—bynt ‘ P ¥ (2 = \I’TUO)‘

Lr((0.4)’
By recalling Inequality(35) , with f = z — W, 49, we have

—(n+1+s) Hz -

Hﬁg’a - ﬂgHLp([O,Z}) < W’ﬂa ‘I/TﬁOHW*S»P([O,é])-

In conclusion, we obtain

—(n+1+s) ”z -

a5 — woll Lo (o) < M@ ™ D |uollywm+1a (o) + () 2 W[y —s.p ([0,7))

1

<mn Al (bt T a
1

nl(—p)n+1 127
+1 €

<6 (o7 + ).

where © = W maX{"YlH\IIT’ELO”Wm+n+2,p([O7T]) ,"yg}. ]

(m"rl) H\I},T_'ljo ‘|Wﬂ+m+2,P([07TD

) —(nt149) | W io|| =0 (0,7

We now turn to Proposition 2.

PROPOSITION 5 (PROPOSITION 2) )
For any z € L*([0,7]), there exists a unique minimiser & for J(€) defined by

2
7€) = SNy + / 2(8) — W (©)[dt,

and £ € H"1([0,/]). If moreover £ € H"1([0,£]) with £(0) = --- = £M(0) = 0, we have
the following estimate

1 o o
1€ — €| L2 (10,4]) *”2 = V(O r2q0,7) + @lEll Ent1(0,0)-
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Proof. This result is based on general inequalities for Tikhonov method, that we recall
below.

LEMMA 6 (ESTIMATES FOR TIKHONOV REGULARISATION)
Let K : U — Y a compact injective operator between two Hilbert spaces U and ), with

norms || - |l and || - ||y, K* : ¥ — U its adjoint (relatively to these norms) and KT its
Moore-Penrose pseudo-inverse. Let y. € Y. Let u. o € U the unique solution of
(K*K 4+ a®*)ue 0 = K*y.. (39)

Then wu, o is also the unique minimiser of the following functional
1 o?
Tie(u) o= g Ku—el}+ 5l
Moreover, if u. o € Ran(K*) and we have

| Kue o

1
v < lgelly,  lleeallu < llyelly-

If moreover y € Ran(K), denoting Ku = y and u, the solution to (39) with y. = y, we
have uq, € Ran(K*K) and
[tallu < {12l

If moreover u € Ran(K™), we have
lua = ully < o K*ully,
if moreover x € Ran(K*K), we have
e — ully < o (KK ullu.
We now apply this result to U = L2([0,/]), Y = L%([0,7]) and K = ¥,. We take u = £
and y. to be the measurement function ¢ € [0, 7] — 2(¢), and y = U,£.

Ran¥? = {u € H"}([0.7]).u(r) = - = u™(7) = 0}

and
Ran®*" = {u e H™1([0,]),u(0) = - - = u™(0) = o} .

Lemma 6 gives us that u. o, = £ is the unique minimizer for J. We decompose as is well-
known

1€ — Ellp2(o,) < 1€ — vallL2(o,) + e — taellL2(0.0)-

In Proposition 2, the assumptions on 5 mean that 5 € Ran(K™), hence
lua = Ellu < all K€y < alléll g o)
Concerning the term ||g - Ua||L2([07@]), we apply the second inequality of Lemma 6 to
Equation (39) with y. replaced by y. — y, for which u. o — u, is a solution, and find
o 1 1 o

1€ = uallzzo.0) < - llve = wlly = ~llz = ¥r(E)ll 20,7

This ends the proof. |
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B Oligomer formation protocol

The protocol to form and make measurements on oligomer systems — previously de-
scribed in [10] — consists in inducing a partial unfolding of full-length ovine PrP protein by
thermal treatment. This partial unfolding leads to generation of three distinct oligomers
that can be purified by size exclusion chromatography, for further investigation we refer
to [11]. The conversion of PrP into the oligomeric form is performed in 20mM sodium
citrate buffer (pH 3.40). The PrP — at a final concentration of 50uM - is incubated in
a Perkin Elmer GenAmp2400 thermocycler at 65°C' for two hours. Homogeneous frac-
tions of oligomers are then collected after separation by size exclusion chromatography
(SEC), as first described in [10]. The SEC is performed at 20°C' using a TSK 4000SW
(Tmm *600mm) gel-filtration column (Interchim, Montlugon, France) with 20mM sodium
citrate (pH 3.35). Protein elution is monitored by UV absorption at 280nm. The size
distribution of oligomer assemblies has been determined by the SEC device coupled with
the static light scattering device. Depolymerisation kinetics are performed with an in-lab
device using 407nm laser beams in a 2mm-path-length quartz cuvette. Kinetic experi-
ments are performed according to a standardise methodology, as reported in [11]: 72°C
in 20mM sodium citrate buffer (pH 3.40). The oligomer concentration has been fixed at
3uM.
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CHAPITRE 5

Complements on data assimilation
strategies for infinite-dimensional
operators

In this chapter we focus on data assimilation methods for PDE models. These methods can
be divided into two main classes : variational methods and sequential methods. The former
are based on the minimisation of a variational criterion, the latter define an estimator that is
able to correct its trajectory sequentially, thereby reducing the estimation error when a new
observation is available.

Two of the best known methods in these classes are the variational 4d-Var method and
the sequential Kalman Filter method. In Chapter 4, we presented the 4d-Var method without
accounting for a model error, that is considered in this chapter. An introduction to the Kalman
method was provided in Chapter 1 in the case of ODE models considering a stochastic setting.
In this chapter we present the method for PDE models in a deterministic setting and we
provide its stochastic interpretation.

We start by recalling the state-space formalism used in Chapter 4. We present the 4d-
Var method more in detail and we conclude by introducing the Kalman approach and its
application to initial condition estimation problems.



180  Chapitre 5. Complements on data assimilation strategies for infinite-dimensional operators

5.1 State-space formalism and model error

The state-space formalism is particularly useful to describe data assimilation methods in
a compact way. In fact, we can handle a variety of applications with slight differences in the
formalism.

To start with, let us briefly recall the formalism introduced in the last chapter. The key
idea is to take the state of the model as a function of time with values in the state space.
Formally, we consider the state space U = IL.2([0, £]), which is the usual Hilbert space of square
integrable functions. Consequently, the state function is defined as follows

0,7] — U

v t — U(t):[o’z] : ulz. 1)

5.1.1 Model operator

In the state-space formalism, the model is given by the model operator. In our case, the
model operator is the following unbounded linear operator

D(A) C T2([0,4) — T*([0,4])
A ; d(bf)
dz ’

where b € H'(]0, £]) is a known function. The domain of A is defined as follows

D(A) = {f € H'([0,4]) | f(£) =0}

It is easy to prove that D(A) is dense in L2([0,/]). It is indeed sufficient to note that it
contains C§°([0, £]), which is dense in L2([0,¢]) [31].
Our model (3.11) can thus be written in the state-space formalism as
du
— = Au,
dt (5.1)
u(0) = uo.
As mentioned in the last chapter, the 4d-Var estimator can be defined by introducing
the adjoint variable. The dynamics of the adjoint variable are determined by the adjoint of
the model operator. The operator A being densely defined, it is indeed possible to consider

its adjoint model operator A*. In a general formulation, the adjoint model operator is an

unbounded operator
A" s D(A%) € L2((0,4) — L2([0, 1)),

characterised by the following relation
(Au,v) = (u, A*v) Yu € D(A),Vv € D(A"),

where (-, -) denotes the inner product and || - || the I.? norm. The domain of the adjoint model
operator is defined by

D(A*) = {v € LX([0,])|3c > 0 s. t. |(Au,v)| < cllu]| Vu € D(A)}.
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Let us consider a function v € L2([0, £]) and
¢y i u € D(A) — (Au,v).
If v e {f € H'([0,£]) | £(0) = 0}, we can write
0 L
d(bu) vdy = [buv]§ — /budvdy = —/ubdvdx.

dx dx dx
0 0

Oy(u) = (Au,v) =

S —

Therefore, the adjoint model operator is defines by

| DA cL¥(o.4) — L([0,4])
At f — —b%

with
D(A*) = {f e H'([0,4)) | f(0) = 0}.

We conclude this section by noticing that the operator A is closed. In fact, the domain
D(A*) is dense in L2([0, £]), since it contains the dense subspace C°([0,¢]). It is then enough
to verify that (A*)* = A and recall that the adjoint of an operator is always closed [31].

5.1.2 Observation operator

To model the measurement process, we consider the functional operator C' that, at each
function in the state space, associates its moment of order n. Let Z = R be the observation
space, we have
u — Z,

¢ u — foéx”u(x)daz,

(5.2)

which is a time-invariant linear bounded operator such that ||C|| < sy
The adjoint observation operator C* is the operator satisfying, for all v € R,

¢ ‘
(Cu,v)r = U/a:”udx = /(vx")udx = (u,vz").
0 0

Consequently, it is defined as follows

c*: R —  L2([0,4)
r +— frixzeatr

5.1.3 Modelling uncertainties

When we consider a mathematical description of a physical application, we need to take
into account several sources of uncertainties. In this chapter, we will see how to treat these
uncertainties in a deterministic setting and we provide a description of the stochastic setting.
We consider three kinds of error :
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1. We can have a model error. This kind of error is commonly due to necessary simplifica-

tions and to a partial knowledge of the physics observed. The model uncertainty may be
modelled as an additive noise w € L2([0, 7], W), affecting the state dynamics as follows
d
d—:’ = Au(t) + Buw(t).
For the sake of simplicity we assume B to be a known bounded linear operator, B €
L(W,U). In Chapter 5, we have performed our analysis in the case B = 0.

. We consider a noise on the initial condition. For this reason, we decompose the initial

state as
Uy = Us + &,

where u, € U — also called state a priori — and £ € U denote its known and unknown
part, respectively.

We take into account some additive measurement noise x € L2([0,7], Z). In our case,
the observation space is Z = R. The noised measurements are given by

z(t) = Cu(t) + x(t), te[0,7].

Incorporating these uncertainties in the model, it results

du

— = Au+ Buw,
M, &)= @ TR

u(0) = uo + €.

In the following we use the name M(w, &) to highlight the dependence of the model on the
unknowns w and £.

Let us call % the trajectory we want to estimate. The inverse problem, in this more general

setting, is

7

Inverse Problem : Estimating u, the solution of the system M (w, f), given the mea-
surements

generated through time ¢ € [0, 7].

z=Cu+ y,

In the following we show how to treat this problem in a data assimilation framework.

5.2 Data assimilation methods

In this section, we present two data assimilation strategies. The first, called 4d-Var, be-

longs to the class of variational methods since it relies on the minimisation of a quadratic
functional. This strategy provides an optimal estimation of the target trajectory, based on
the observations collected over a given time window.

The second strategy, called Kalman filtering, belongs to the class of sequential methods.

Sequential methods seek to estimate the target trajectory, by filtering the discrepancy bet-
ween empirical data and theoretical prediction. The Kalman approach is also called optimal
filtering, since it builds the estimator that at any time ¢ corresponds to the minimiser of a
variational criterion based on the observations up to time t.
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5.2.1 Variational method : 4d-Var

The variational data assimilation method 4d-Var has been widely used in the literature,
see for instance [99, 63, 105]. The name stands for “four-dimensional variational method” since
it considers a physical state in 3d reality plus observations distributed in time. It provides an
estimator that best fits the observations taken for a given time window.

In our paper [6] (Chapter 4) we have shown how it is possible to use either a kernel
regularisation method or the 4d-Var data assimilation method to estimate the initial condition
of System (3.9).

Now, we want to present the 4d-Var method in the more general setting of a non-null
modelling error, B # 0. This case often occurs since we may have incomplete information
on the process or we need to consider a simplified version of the reality in which only the
principal features are taken into account.

The method provides the estimations of @, 5 , namely @ and &, by minimising a least square
criterion. The criterion contains three terms weighting the amount of error associated to the
uncertainties &, w, x. The weights in the criterion are given by the self-adjoint, non-negative
and invertible operators

Poe LU), WeL(Z), QeL(W).
Let us define the following norms and scalar products

Yueld Hu||?ao,1 = (u, u)Po_l = (Py tu, u)y,
VieZ el = (2 Hwor = (WL, )z,
o eW [ullh s = () who = (@ 'w, whw.

The least square criterion is given by

T

1 1
Trw,) = Sl + 5 [ (I = Cwlyos + wly-r)at, (53)
0

under the constraint that u is the solution of M(w, ). We define

(@,¢&) = ar(grgin Tr(w, §). (5.4)

The isomorphisms Py, W, (Q weight the natural norms of the state, observation and model
noise spaces, respectively. These operators play a crucial role in the estimation since they
reflect the confidence we have in the initial condition approximation ue, in the observations
z and in the model A. In an ideal noiseless and errorless case, &« = . In a more general
case, U is an estimation of the target solution. As we have shown in the last chapter, in
the simple case of scalar weights, the resulting estimation depends on the relative weights of
each term with respect to the others. These operators may be associated with a stochastic
interpretation [149, 33] as the covariance of the uncertainties. More precisely, Py = Cov(§)
and, for all times t € [0, 7], W(t) = Cov(x(t)), Q(t) = Cov(w(t)).

In the case of linear model operators and linear observation operators, it is possible to
prove that there exists a unique minimiser of J, under the constraint that u satisfies the
model dynamics. To characterise this minimiser, we introduce the adjoint variable, namely gq.
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Given the notation d, A, standing for the derivative of the model operator with respect to the

u € D(A), we define the adjoint of u as the solution of the following dynamical system

dg +dyA*q=—-C*W (2 - Cu), tel0,1]

dt (7 ’ ) (55)
q(t) =0.

This variable may be seen as the Lagrangian multiplier associated to the minimisation constraint
that u is the solution of M(w,§).

Let us denote by % the solution of M(w, £) and q its adjoint variable. We can easily define
the optimal estimation ¢ as follows

£ = Pyq(0). (5.6)

For the sake of completeness, let us detail the derivation of this result. Using the notation
d¢ and d,, for the derivatives with respect to the initial unknown ¢ and the model noise w,
respectively, we have

deJr - 06 = <P51§, 08) + ;/ddz — Cu, z — Cu)yy—1 - 6&dt,
0

We recall that the uncertainties £ and w are assumed to be independent. Let us focus on the
second term of this sum. For all f € U, we denote by uy the solution of M(w, f). Consequently,
we have

_ i (2 = Cugynse, 2 — Cugynsg)w—1 — (2 — Cug, 2 — Cug)yy—
de(z — Cug, z — Cug)y-1 - 6€ = flg% 5
= —2(z — Cug, Cdeu(6)) -1,

where deu(d€) is the sensitivity of the trajectory with respect to the initial condition . We
can notice that deu - 6 solves the following system

{ Y= duAy
y(0) = &¢.

Substituting this result into the computation of the criterion derivative and taking out the
subscript, we have

deJr - 06 = (Py '€, 66) — / (C*W ™z = Cu), deu(5€))dt

0
-

— (PE 56) + / (G + duA*q, deu(5€))dt
0
= (Py¢, 68) + [(g, dew(5€))]5 = (Py '€ — q(0), 6¢).

This identity being satisfied for all choices of ¢, we can conclude Equation (5.6).
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Analogously, we can consider the derivative of the criterion with respect to the model
noise w. Let us notice that d,u(éw) — which is the sensitivity of the trajectory with respect
to the noise w — solves the system

{ y = dyAy+ Bw,
y(0) = 0.

We have

T

1
dpJr - dw = / <§dw<z — Cu, 2z — Cu) -1 - dw + (Q tw, 5w>)dt
0

= /T ( —(C*W ™z = Cu), dyu(dw)) + (Q  w, (5w>)dt

0
-

= / ((q + dyA*q, dyu(dw)) + (Q 1w, (5w>)dt

0
-

= (q, dyu(ow))]} +/ ( — (g, dyAdyu(dw) + Béw) + (d,A*q, dyu(dw)) + (Q ™ 'w, 5w))dt

0
-

= /<_B*q +Q 'w, dw)dt.
0

Therefore, we conclude

5(t) = QB q(t), Vte[0,7]. (5.7)

The variational estimator @ of % is the solution of the both-ends problem

du

o = AutBQB

4o

d—(j+A*q = —C*'W=l(z-_Cu), (5.8)
ﬂ(O) = U<>+P()(j(0),
q(r) = 0.

In practical applications, this system is decoupled and solved iteratively. Let us start by
setting (u’, ¢°) = (us,0). Then, for all iterations k > 1, we solve the following systems. First,
we solve the state initial condition system

d k
% = Auf 4+ BQB*¢" 1,
uF(0) = ue + Pog"1(0).
Then, we solve the adjoint final condition system
d k
% + A = —Ccrw! (z — Cuk) ,

*(r) = 0.
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At each iteration we go forward in time with the state variable and come backward with
the adjoint variable. We iterate until convergence of the method, namely until a stopping
condition is met. This method provides very good estimations, but it commonly requires a
high number of iterations to reach convergence. For an overview of the 4d-Var strategy in a
non-linear setting we refer to [42].

5.2.2 Kalman Filter

In this section we introduce a sequential data assimilation method known as Kalman
filtering. The method was first introduced by R.E. Kalman in 1960 [61]. It aims at estimating
the target trajectory @ in a sequential way. Starting from the known state a priori, the Kalman
estimator @ is designed to correct its trajectory in an optimal way and, eventually, reach the
target state function. The advantage of using this strategy, rather than 4d-Var, consists in
a reduced computational cost. In fact, as we detail in the following, the Kalman estimator
coincides with the solution of 4d-Var at the end of the time domain, but it needs just one
simulation run.

In Chapter 1, we have already presented this method in a stochastic framework, in the
case of finite-dimensional spaces. Now, we treat the method in a deterministic framework for
infinite-dimensional spaces. The stochastic framework for infinite-dimensional spaces is in fact
not trivial. A formal presentation of it is provided in Section 5.2.3.

We define the Kalman estimator as the variable that, at any time ¢ € [0, 7], corresponds
to the optimal estimation obtained from the observations up to time ¢t. Formally, we define
the Kalman estimator as follows

a(t) = @m(t), Vte[o,7], (5.9) ]

where #; is the estimator obtained with the 4d-Var method, by minimising the criterion

(12() = Culs) By + ()% )ds,  (5.10)

1 1
Ti(w,§) = 5”5”?30—1 T3

o .

defined over the time window [0, ¢]. We take
Pye LU), WeL(Z), QeLlW) (5.11)

self-adjoint, non-negative and invertible operators. As seen in the previous section, the varia-
tional minimiser u; together with its adjoint q; solve the both-ends problem

% = Au+ BQB*q, Vse€|[0,t]
% +A*q = —C*'Wt(z—Cu), Vse0,t]
ﬂ(O) = Uo+ POQ(O)7
at) = o

However, in practical applications, this definition cannot be used, since it would require solving
a minimisation problem at each time ¢. A second characterisation is thus provided by the
following theorem.
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Theorem 4 ([23])
For all 7 > 0, let us consider the following Riccati differential equation

dl:iES) = AP(s) + P(s)A* — P(s)C*W~'CP(s) + BQB*, Vs € [0,7],
PO) = P (5.12)
and the dynamical system
da(s) Ad(s) + P(s)C*W 1 (2(s) — Ci(s)), Vs € [0,7]
dt (5.13)
’&(0) = Uo.

i) Let us assume that System(5.12) has a solution P € C*([0,7]; L(U)). Let (i, q) be the
solution of System (5.8). Then, the variable u defined by the following equation

l u(s) = u(s) — P(s)q(s) Vs e [0,7], (5.14) ]

is the unique solution @ € C*([0,7];U) of Equation (5.13).
ii) The variable 4, defined by Equation (5.14), is the Kalman estimator.

Idea of the proof i) Let w be defined as w = u — Pg. Let us compute its dynamics. We will
use the notation u to indicate the derivative. By a simple calculation, we obtain

i = Al + BQB*{ — (AP L PA*— PC*W-'CP + BQB*)q _ P( _AG— WL (2 — Ca) )
= A(u— Pg) + PC*W™ (2 = C(u — Pq)) = Au+ PC*W~'(z — Ca).

Furthermore,
u(0) = a(0) — P(0)q(0) = uo.

i1) To prove the second result, we notice that Equation (5.14), at time s = 7, reads u(7) =
ur (7). As Equation (5.14) is true for all choices of 7 € R4, we obtain that u satisfies Defini-
tion (5.9).
To define the Kalman estimator we thus need that Systems (5.12) and (5.13) admit a
solution. In the following, we show that it is possible to define a mild solution of System (5.12).
Let us define, for all ¢t € [0, 7], the operator P(t) as the bounded operator given by

Ta(t) = P()\, YAeU. (5.15)

The variable @, () is the 4d-Var estimator associated to the following criterion

t
1 1
Tir@€) = el + 5 [ (1Cullms +lwly)ds = 0w, (5.10)
0
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with the constraint that u solves the system

du

— =A B t
& u+ Bw, Vse|[0,t],
u(0) = ¢&.

Similarly to what was done for the definition of the 4d-Var method, we can find the minimiser
of the criterion [J; » by differentiation. We obtain

gt,)\ = Poqi2(0) and @y a(s) = QB qA(s), Vs e€[0,t].

The 4d-Var estimator ;) and its adjoint g ) solve the following both-ends system over the
time domain [0, ¢]

i
ZQ’A = Aty + BQB*q., Vs € 0,4,
"
Z;’A+A*qm = C*WlCuyy, Vs € [0, 4], (5.17)
A (0) = worx + Pog(0),
(jt,)\(t) = A\

In particular, by System (5.17), we see that
Girt) =\ (5.18)
Therefore, Equation (5.15) is equivalent to
ug A (t) = P(t)qi(t). (5.19)

In the following, we briefly sketch the steps to prove that this operator is the mild solution
of System(5.12). Let us recall that the mild solution of the Riccati differential equation (5.12)
is an operator P : [0,7] — L(U) such that

i) Vt € [0,7], P(t) is self-adjoint.
ii) Vt € [0, 7] and Vq € U, P satisfies

P(t)q =T (t)PT(t)"q + /t T(t—s)BQB*T(t —s)"qds—

. 0 (5.20)

/ T(t — ) P(s)C*WLCP(s)T(t — 5)*qds,
0

where T'(t) is the strongly continuous semigroup generated by A1l.
iii) Vg € U, the map t € [0, 7] — P(t)q is continuous.
We refer to [52, 51, 23] for further details.

1. The family of operators (T'(t)):>0 on U satisfies : 1) T'(0) = I, 2) T'(t + h) = T(t) o T'(h), for all

Ty —
t>0,h>0,3) lim, g+ ||St)u — ullu =0, Vu € U. Furthermore, Au = lim, ¢+ M
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i) P(t) is a self-adjoint and non-negative operator In the following we prove that P veri-
fies the first condition to be a mild solution of System(5.12). From Equations (5.18), (5.19)
and (5.17), we have Vqi,q0 € U

(a1, P(5)a2)u = (Ts,q1 (), Ts,go(5))ua
= @ 0 PO O+ [ ({an0), a0t + (@ 1), 1))
= (G 0 POy O+ [ (=A%, + W Clty, e+
/O Goar (F), Afit.gy + BOB Gr.g,Jusdr
= (G (0): PO gu O+ [ (W7t (1), Ct 1) 2+
| #0001, @B e

As the operators Py, W~! @ are self-adjoint, we can conclude that P(s) is self-adjoint, for
all s € [0,t]. Furthermore, from the positivity of Py, W~1, Q, by taking ¢ = g2 = ¢ we have

(g, P(s)g)u = 0.
ii) P(t) solves Equation (5.20) Let us introduce the operator
D:te0,7]— —PH)C*W™LC e LU). (5.21)

We can prove that P(t) solves Equation (5.20) taking into account the following two results,
relying on the mild evolution operator theory [51] :

— For all t € [0,7] and for all g € U
t
P(t)g=T(t)PoSp(t,0)*q + / T(t —s)BQB*Sp(t, s) qds. (5.22)
0
— For all ¢ € U, the operator Sp(t,s) : {(t,s) € [0,7]*|s < t} — L(U) is the unique

solution, in the set of strongly continuous bounded linear operators on U, of the following
System

Sp(t,s)g = T(t—s)g+ f; T(t—r)D(r)Sp(r,s)qdr, (5.23)
Sp(t,s)g = T(t—s)q+ [LSp(t,r)D(r)T(r — s)qdr.

From Equations (5.23), Sp(t, s)* satisfies
Sp(t,s)*q=S(t,s)"q— /St Sp(r,s)*q(r)dr,
with g(r) = C*W~LCP(r)S(t,7)*q. Therefore, from Equation (5.22) we have
P(t)qg =S(t,0)PyS(t,0)"q — /Ot S(t,0)PySp(r,0)*q(r)dr

+ /Ot S(t,s)BQB*S(t,s)"qds — /OtS(t, s)BQB*(/St Sp(r, s)*ij(r)dr)ds.
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The second and the last integral may be written as follows

/0 S(t,0) PySp (r, 0) G(r)dr + /0 s(t.5)BQB" / Sp(r.)"d(r)dr)ds =
/S(t,T)S(T‘,O)POSD(T,O)*E]V(T)dT+/ S(t,r)/ S(r,s)BQB*Sp(r,s)"q(r)dsdr =
0 0 0
/S(t,r)P(r)a(r)dT:/ S(t,r)P(r)C*WLCP(r)S(t,r)*qdr.
0 0

Then, we can easily conclude.

iii) The mapping ¢ € [0,7] — P(t)q is continuous For all ¢ € U, let us consider P(t)q as
defined in Equation (5.22). From the strong continuity of 7" and Sp, we have the function
t €10,7] — T(t)PySp(t,0)*q is continuous. Given the following upper-bound for Sp(t,0) [51]

ISD(t, $)ll ey < mae™ 2, (5.24)
with mq, mg € Ry, we deduce that for all s € [0, 7]

tS}lp] |S(t, s)BQB*Sp(t,s)*|| Ly < mlemQTHB”%(W,u)HQHL(W)-
cls,T

Therefore, the function ¢ — I} 1S(t,s) BQB*Sp(t,s)" is continuous. Moreover, taking into
account the inequality (5.24), we also have the bound

sup |[S(t,8)BQB*Sp(t,s)*qll cw
(t,s)EA,

< 6™ Bl w201 Qlleom (510 1S(t.5)" e lalhe < o0

From Lebesgue dominated convergence we have the continuity of the function
t fot S(t,s)BQB*Sp(t, s)*qds. We can thus conclude that the mapping ¢ — P(t)q is conti-
nuous on [0, 7].

With this final result, we conclude that P is a mild solution of System (5.12). We refer
to [52] for a proof of its uniqueness. A mild solution of System (5.13) is given by

u(t) = Sp(t,0)us + /Ot Sp(t,s)P(s)C*W 1 z(s)ds.

Finally, to have a classical solution of System (5.13), we need some further condition as
the following

T(t)Py and T(t)BQB* : U — D(A) Vt € [0,7] (5.25)
and
S [ IAT 0t < oo (5.26)
j=0 70

where { (15, #;)}52 are the eigenvalues and the eigenvectors of Py € L(U) [52].
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5.2.3 Stochastic deduction of the Kalman Filter

As we have seen in Section 1.3.4 for finite dimensional problems, the Kalman estimator
has a natural probabilistic interpretation as the minimiser at each time step of the covariance
of the estimation error. Here, we also want to provide a formal statistical framework of the
Kalman estimator for infinite-dimensional problems. We refer to [53, 66] for more details,
since a complete presentation would go beyond the scope of this thesis. Note, however, that
it is well known that the Kalman estimator can be equivalently presented in a deterministic
or stochastic framework, see for instance [178, 91].

In this chapter we have considered the following model

du(t) Au(t) + B(t)w(t), Vte|0,1],
- (5.27)
uw(0) = wup=u,+&.

When we perform an experiment and we collect some observations on the system, we aim
at finding the trajectory @ solution of

%? = Au(t) + B(t)o(t), Vte[0,7]
(5.28)
u(0) = iy = uo + E.

We can thus interpret System (5.28) as a deterministic model describing the trajectory of the
state function relative to one experiment, while System (5.27) is a stochastic model describing
all possible experiments. Therefore, ¢ and w(t) are random variables, and € and & (t) are their
realisations. We assume ¢ to have zero mean. Let us consider ) the space of the realisations
of w. We recall that a Wiener process is a random process p : (t,v) € [0,7] x  — v(t) such
that for all ¢, u(t,-) is centred and almost everywhere continuous, with orthogonal increments
and such that

Cov(p(t, ), p(s, -)) = mint, 5)Q.

By differentiation in time, this process can be associated to a white noise w as follows
dp = wdt.
The covariance of w is then given by
Cov(w(t),w(s)) = d(t — s)Q.

where 0 is the Dirac function. Therefore, System (5.27) should be written in the form of a
stochastic linear differential equation as follows

du = Audt + B(t)dp, w(0) = u,+¢&.

Let us consider the finite time interval [0, 7] and T'(¢) the strongly continuous semigroup on
U = L%(]0,4]), generated by the deterministic operator A. The solution of the stochastic
System (5.27) can thus be written by means of stochastic integration as follows

u(t) =T (t)ug + /OtT(t —$)B(s)dy, Vte|[0,7].
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Let us now move to the observations. In this chapter, we have modelled the observations
as follows

z(t) = Cu(t) + x(t), telo,7]. (5.29)

We assume Y to be a white noise, see for instance [23] for a complete presentation of white
noise in infinite-dimensional settings. The observations used to estimate @ are a realisation of
this stochastic model and can be written as follows

z(t) = Cu(t) + x(t), te]|o,7].

To define the Kalman estimator at time ¢, as mentioned in the deterministic setting, we
process the observations sequentially and 4(t) corresponds to the optimal estimation obtained
through the information in the observations up to time ¢. Therefore, let us consider y(t) the
total observation up to time ¢, it can be described by the following stochastic differential
equation

dy = Cudt +dn, y(0) = 2(0).

where 7 is the Wiener process associated to the white noise y.
For the sake of simplicity, let us consider for the moment u, = 0. Let us now consider the
estimators

(1) = /O W(t, 5)dy(s).
with

U(t,) € L(Z,U) such that [ [ ¥(t,-)]|*ds < oo and

5.30
(¥(t,-)z, u) is measurable Vz € Z,Vu € U. (5:30)

These estimators correspond to the family of sequential estimators. As in the deterministic
setting the Kalman estimator is the sequential estimator associated to an optimal gain, in the
stochastic setting it corresponds to an optimal choice of W. Specifically, let u be the solution
of System (5.27), the Kalman estimator is the minimiser of the following criterion

Ji(v) = Elllu(t) = v llz] = E[(u(t) = v, u(t) = v, Vte[0,7]. (5.31)

In the following we show a relation between this criterion and the covariance of the estimation
error. We notice that, as u, = 0, for any time ¢ € [0, 7], the mean of the state u(t) is

t
Elu(t)] = T(t)E[uo] + / T(t — s)BE[w(s)]ds =0
0
and the mean of the estimation error is
t
Elag (1)) = / W(t, 5)(CEfu(s)] + E[(s)])ds = 0.
0
Therefore, the mean of the estimation error, namely ey (t) = 4y (t) — u(t) € U, is

Elew(t)] = Elaq] — Ei] = 0.

Let us call its variance
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Let {1}, =0,...,00 be an orthonormal basis of ¢/. We write ey on the element of the basis
ew = Y 72olew, ¢j)1b;. Consequently, (ew, ew) = D27 {ew, ¢;)?. The criterion is linked to
the error covariance in the following way

=E) (ew(t), ¢;)7] ZE eyt = (Cov(ew(t)dj, ¢5) = > _(Pu(t)gj, ¢;)-
7=0 7=0 7=0
Consequently,

Ji(tw) = | Pu(t)[]1,

where, for all self-adjoint non-negative operators L, the norm ||L||; = Z;io (Loj, ¢j), for
any choice of the orthonormal basis {1;};=0,... 0
To conclude, we need to characterise the optimal ¥. By introducing the operator

A(r,s) = Elu(r) ou(s)] r,s>0,

where the operation denoted by o is defined by (a o b)c = (b, c)a, for all a,b,c, € U, we can
define the optimal ¥, namely ¥, as the solution of

t
/ U(t,r)CA(r,s)C*dr + U (t,s)W = A(t,s)C* for almost all s € [0, t]. (5.32)
0

Furthermore, we can characterise U as
U(t,s) = SpP(s)C*W!

where Sp is the operator defined in Equation 5.23 and P is the weak solution of System (5.12).
In conclusion, the Kalman estimator is defined as

t
a(t) = Sp(t,0)ue —|—/ SD(t,s)P(s)C*W_ldy(s) te€0,7]
0
satisfies
J(t,a) = min I (1, i), 1€ [0,7].

Furthermore,

P = Cov(u — u),

and consequently

1P[l1 = min || Pyl
v

As in the finite-dimensional case, we can thus interpret the operator P as the covariance
of the Kalman estimator.
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5.3 Smoothing methods

In Section 5.2.2, we have shown how the Kalman estimator, starting from the a prior:
state estimation ue, takes into account the observations, sequentially, to correct its trajectory
over time. When all data have been processed, the Kalman estimator satisfies the condition

w(r) = a(r). (5.33)

Therefore, the method is not designed to retrieve the initial condition but rather to pursue
the target trajectory. The application of some further strategy is needed, in order to complete
the initial condition estimation.

These strategies are known as smoothing methods or retrodiction filter methods [12]. Smoo-
thing methods aim at estimating the model state at some time ¢ in the past, given some
measurements. In our work, we apply these methods to estimate the state at time 0, from the
observations over the time interval [0, 7.

In the following we introduce some smoothing methods, we comment on their applicability
in our case and we conclude by presenting the one we used in practice.

5.3.1 Forward-backward filtering

The first two methods we want to illustrate are based on the idea of computing the
classical Kalman estimator forward in time and then go backward in time by means of a
second estimator. The strategy of combining two estimators in a forward-backward method
was first suggested in [71].

5.3.1.a Rauch-Tung-Striebel smoothing A first approach is one of the most commonly
used strategies. It was presented by Rauch-Tung-Striebel [148]. The method consists in asso-
ciating the forward Kalman estimator to the following backward estimator

I'Lrts(t) = Aurts(t) + BQB*P_I(t) (urts(t) - IAL(t)) te [07 T]

Upes(7) = ()
with associated covariance

Pus(t) = (A+ BQB*P~Y(t)) Pus(t) + Pus(A(t) + BQB*P~Y(t))" — BQB*,  t€[0,7],

Ps(T) = P(T).

This strategy, however, cannot be applied in our case since it would require the inversion
of the operator P. In the following we discuss the invertibility of P in our application. Let us
consider a uniform time grid 0 =ty < ... < ty = 7 and a uniform size grid 0 = z¢ < ... <
xy = £, with relative discretisation steps 0t and dzx.

Let us consider the prediction-correction Kalman algorithm as presented in Section 1.3.4.a.
At time ¢y, the a priori covariance operator P, is given by

- _ + 7T T
P = Ak|k_1Pk_1Ak‘k_1 + BrQB;,. (5.34)
where Ay,_; is the discrete model operator, Pktl is the a posteriori covariance operator, By,

is the discrete model noise operator and () the covariance of the discrete noise associated to
the continuous noise w.
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To study the invertibility of P~ let us start by defining the discrete model operator Ay;_;.
We consider two discretisation schemes. The first is the upwind scheme that gives
1 -1 1
- oth
A = —
k+1|k + 5z o
1 -1
To take into account a more accurate scheme we can also consider the second-order Lax-
Wendroff scheme, which results in
1 0 1 -2 1
stb | -1 - - st |1
20x

Appap =

In both the cases, when we set the CFL is equal to one [108], namely 5 1, we have the
x

nilpotent operator

Appapr = - : (5.35)
o1
0

When there is no model noise, namely B = 0, from Equations (5.34) and (5.35), we have

where P is the M — 1 x M — 1 submatrix composed by the last M — 1 rows and columns

of P,j_l. We conclude that, in order to invert P we need to introduce some “noise” in the

model. This may be done in two ways : either as a numerical error, by setting % <1, or

by considering some model noise. The first way, however, would result in an error affecting
all the state components and it makes the matrix ill-conditioned. Therefore, a better choice
would be to design and consider some non-null model error B. The minimum necessary error
is in the form

where v # 0. In order to obtain this result, a possible choice is

0

By =
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This choice corresponds to some noise at the boundary xy; = £. In this way, we are accounting
for some error in the Dirichlet condition u(¢,t) = 0. Given the model noise space W = R and
() = -, the continuous model noise operator is given by the unbounded operator

B: R — L*0,4)
roo— 70y,

where y(z) =0 for 0 < z < £ and §;(¢) = 1. We recall that in this thesis we have presented
the Kalman method in the case of bounded model error operators. For more details on the
method for bounded model error operators we refer to [48]. However, in practice, we have
considered a smoothing method that does not require the inversion of P.

5.3.1.b Adjoint smoothing A second method can be derived straightforward by the defini-
tion of the adjoint variable as the solution of the both-ends problem (5.8). Solving the coupled
system of equations in (5.8) represents the bottleneck of the 4d-Var method. As previously
mentioned, an iterative decoupling strategy can be taken into account. However, it would
require a high number of iterations, each iteration involving the solution of the state model
and the adjoint model.

The Kalman estimator may be used to decouple the both-ends system. In fact, from
Equation (5.14), we can write the dynamics of the adjoint variable ¢ independently of the
4d-Var estimator @ as follows

dg

5 TA= —C*W (z = C(a+ Pq)) = —C*W ™! ( = Ca) — C*W~'CPq.

An initial condition estimation method can thus consist in :

1. computing the Kalman estimator @ and the Riccati operator P, by solving the Sys-
tems (5.13) and (5.12) forward in time,

2. solving the backward system

% + (A" + C*WICP) g = —~C*W ™ (2 — Ca), te 0,7,

q(t)=0.
3. estimating the initial condition by
ue + P(0)g(0).

In numerical applications, this method requires storing both the matrixes P and the the
Kalman estimator state 4y for each time t;. The consequently cumbersome computational
memory costs, make it impossible to use in our application.

In the following we present some strategies to bypass this problem.

5.3.2 Augmented-state method

The augmented-state strategy is the one that we have preferred in our applications. For
all times ¢ € [0, 7], let us define the augmented-state as

u(t) = (u(t), uo)" = (u(t), 6()",
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having the both the state and the initial condition ug in its components.
The initial condition being constant over time, the evolution of the augmented-state is

modelled as follows
. A0 B
u-(o 0)01—1—( 0 )w—Au—i—]Bw.
T

56)T2u<>+€'

with initial condition u(0) = (uo, uo)T = (uo, uo) (f
C,0), the observation data can be mo-

Given the augmented observation operator C =
delled in the augmented-state framework as follows

+
(

z(t) = Cu(t) + x(t), t € 0,7].
Let us denote the Kalman estimator of the augmented-state as
ti=(a,0)"
and the associated Riccati operator as

_( Put) Pue(t)
P#) = < Pru®) 1) )

Replacing the operators in Systems (5.13) and (5.12) by their augmented versions, we obtain
the following differential systems

a:Aa+PuC*<z—ca),

b=py,C* (z — Ca) (5.36)

and
P, = AP, + P,A* — P,C*W~'CP, + BQB*,
P,o= AP,g— P,C*W~ICP,,
Py =—Pp ,C*W1CP,y.

We point out that P, solve the differential equation (5.12). By setting P, (0) = Py, we have
P, = P. Consequently, the estimator appearing in the first components of the augmented-
state 11, denoted by 4, is the state Kalman estimator described by Systems (5.13).

To define the initial value of the Riccati operator, namely P(0), we consider Equa-
tion (5.14) in this setting. We have

u(t) = u(t) — P(t)a(),

where m and @ are the state estimator and its adjoint, defined by the 4d-Var for the augmented-
state problem.
The equation above at time ¢t = 0 gives

o= (3 - () (45 %8) (58)
() (s )
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In the last equivalence, we have used the fact that the components of the adjoint variable
associated to the initial condition 6 solve the system

=0 _—
{w):o = »=0

From what we saw before, u and ¢, are the 4d-Var estimator of u and its adjoint. Therefore,
from Equation 5.37, we have

8(0) = (0) = uo + Pog(0) = Py, (0) = Py,

The operator IP being self-adjoint, we obtain P, ¢(0) = Py. The initial value of Py can be easily
obtained from the stochastic interpretation of P as state covariance, resulting in Py = Fj.

To conclude, the initial state estimation can be obtained by selecting the components 6
of the augmented-state Kalman estimator at the end of the time window. In fact, we would
have

0(r) = 0(t) = 6(0) = u(0).

This approach is particularly interesting, since it can also be applied to perform a joint state-
parameter estimation, as we illustrated in the first part of this thesis.

In our study, we apply this last method to estimate the initial condition. In agreement
with the theoretical equivalence in Equation (5.33), we found the same numerical estimations
as the ones computed by 4d-Var and shown in Chapter 4.

5.4 Conclusion of Chapter 5

In this chapter we have presented two of the most important and commonly used data
assimilation methods : the variational 4d-Var method and the sequential Kalman filtering.
We have briefly illustrated how the estimators built by these two methods are liked to each
other. Both the methods provide accurate solutions to the inverse problem, but they also
have weakness. The 4d-Var requires the solution of the state model and adjoint model over
the entire time domain at each iteration of a gradient descendent algorithm resulting in
potentially high computational costs. The Kalman method requires the computation of the
operator P that for high dimensional problems corresponds to high computational memory
and time costs. In low-dimensional inverse problems like the one presented in Chapter 4
we have compared the two methods on synthetic data. Both the methods are able to well
estimate the initial condition, but the computational time is drastically reduced when using
the Kalman method going from the order of tens of minutes to the order of minutes.



Appendix A : Data assimilation for
model validation

Let us consider a physical system that can be experimentally studied by collecting some
measurements on it. We gather in a model the physical information of the system. In this
thesis we have shown that, when we have a model and some data, we can put these elements
together and build an estimation of the real system. In particular, in the case of a linear
state model and a linear observation model, the existence of the minimum of the variational
criterion for the 4d-Var method or the convergence of the Kalman estimator for the Kalman
filter method are guaranteed.

In Chapter 5, we present data assimilation methods as useful strategies to estimate the
initial condition of a system. In Chapter 1, we apply a data assimilation method to esti-
mate some model parameters. In this appendix, we illustrate on a specific example that data
assimilation methods may be a valid instrument to analyse the validity of a model.

Let us take the concrete example of a system of ovPrP fibrils, as presented in Section 3.4.
We observe these fibrils in an experiment of depolymerisation. Measuring the static light
scattering intensity of a system with total concentration p = 0.25uM, we obtain the SLS
data in Figure 5.1. We want to apply a data assimilation method to estimate the initial
condition of this system. We describe its evolution by the linear model

ot SYou

a(w,t)—i—b%(ac,t):(), x €[0,4], t €[0,5]h,
(e, t) =0, (5-38)
U(x,0) = to(z),

in which we consider a constant depolymerisation rate b. The SLS data are then modelled as

14
A1) = / iz, t)dz + x(1), € 0,5]h, (5.39)
0
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FIGURE 5.1 — Static Light Scattering measurements on ovPrP fibrils.

with A\; > 0 and x some additive noise on the measurements. We notice that, in the case
of prion fibrils, we cannot perform the SEC test and it is thus not possible to estimate the
coefficient \;. However, thanks to the linearity of the model, we know that Aju evolves with
the dynamics in System (5.38) and the initial condition Ajug. When we apply our strategy to
estimate the initial condition, we retrieve Ajuyg.

Another difficulty comes from the unknown depolymerisation rate b. As we explain in 6],
when we apply our estimation method with a different choice of depolymerisation rate b, we
estimate a transformation of the target initial condition . Considering the depolymerisation
rate b in the model, we denote as ug the initial condition estimator. We have

AN
up(x) = <b> o <b$> .

When we know neither the multiplicative coefficient A\; nor the depolymerisation rate, our

estimator is
B\ (b
UO(SU) = )\1 (b) ’lvj,o <b$> == Cllvbo (CQCC) 5 (540)

with ¢; and ¢y positive coefficients. We can be interested in computing ug, since it contains
precious information about the profile of the target initial condition.

Let us consider the Kalman estimator starting with a zero a priori with several choices
of operators W and Py. We set the covariance matrices to W = SBIn,, Py = vIn,, where
I is the identity matrix. We obtain the results shown in Figure 5.2a with associated fits of
the observations in Figure 5.2b. We define o = g The smaller « is, the more we trust the
observations over the a priori estimation on the initial condition. We notice that for low values
of a we have good fits of the data. However, when we have a good fit of the observations, the
corresponding estimation of the initial condition becomes negative. From the formula (5.40),
we deduce that g also takes negative values. This result cannot be admissible since % describes
a concentration function, which is by definition non-negative. We conclude that System (5.38)
is not suitable for describing the experimental data in Figure 5.1.
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Size Size Size

(a) Kalman estimator of %g(z) (blue line), starting from a zero a priori (dotted green line).
a=0.1

0 1 2 3 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (hours) Time (hours) Time (hours)
a=0.01 a = 0.001 a=10"

0 1 2 3 4 5 0 1 2 3 4 2 3 4
Time (hours) Time (hours)

3]

[
—

Time (hours)

(b) Observations fit. Comparison between the experimental data (red line), the observations of the
Kalman estimator trajectory (green line) and the observations of the solution of System (5.38) with
the estimation provided by the Kalman filter method (blue line) as initial condition.

FI1GURE 5.2 — Kalman initial condition estimator and observation fit. The estimations were
performed setting a discretisation time step to 6t = 10™%, the discretisation space step 6z =
10, the depolymerisation rate to b = 0.5 and the covariances W = I, Py = vI. The value
of a = g is given for each of the plots.
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Appendix B : Reminders on the
transport equation

The simplest transport equation is given by the following linear constant transport equa-
tion

ot o (5.41)

u(z,0) =, Vx € R,

where v € R. In this case we can easily compute the solution.

{au(z,t)—i—yau(x,t) = 0, V(z,t)eRxR"

Theorem 5
If ug € C1(R), there exists a unique solution of the Cauchy problem (5.41) given by

u(x,t) = up(x — vt) V(x,t) € R x RT.

Démonstration. We introduce the characteristic curves in R? given by (X(t),t) where X (t)

is the solution of
dX

a
Let (y, s) be a point such that X (s) = y, then we have

X(t)y=y+v(t—s).
Along the characteristics the function u, the solution of System (5.41), satisfies

d dX Ou ou
SX@),0) = TOFX),0+ THX (0,0 =0.

We can therefore say that the solutions are constant along the characteristics. For all points
(x,t) we can find the unique characteristic function passing through that point, namely X, ;,
and thus write

u(z,t) = u(Xg(t),t) = u(X5(0),0) = u(x — vt,0) = ug(x — vt).

)
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Let us consider now the more general situation of variable transport velocity.

{8“(x ) + (m,t)%(wjt) = 0, V(xt) €la, b[xRT (5.42)

ot
u(zx,0) = uy,, Va €la, b,

with v(a,t) = v(b,t) = 0. As done in the constant case, we look for the characteristic curves,
solutions of

dX
E(t) =v(X(t),t). (5.43)
The variation of the solution of System (5.42) along the characteristics is given by
d

dX . Ou ou

(X (0),0) = SO 5 (X(0),8) + S (X(0),1) =0,

Therefore, we have again that the solutions are constant along the characteristics defined by
equation (5.43).
We conclude by discussing the system

ot oz (5.44)

{&L(x,t)—i—ayu(a:,t) = 0, VY(z,t)€la,b[xRT
u(zx,0) = wuy, Vz €la, b,

which is the system studied in the second part of this thesis.
We notice that in this last setting the PDE can be written as

ou ovu ou
t)+ S (x,t) =

ou
a(w, ) 5 (z,t) = s (x,t)u(z,t) + I/(l',t)%(l‘,t) =0.

ov
T,t) +
( ? ) aw
Given the characteristics defined by the ODE (5.43), we can repeat the same calculations as
before and compute the variation of the solution along the characteristics :

d dX  Ou ou ov
S X0, 1) = ST, 1)+ Gr(X (1), 8) = — L (X (1), Hpu(X (1), ).

We thus conclude that the solutions vary along the characteristics.
Let us introduce

w(t) = u(X (1), t)els 55X,
Its derivative is given by

oy _ (a o

t ov

dt 3 (X0 + U(X(t),t)&c(X(t)7t)> i 2 (X(s),5)ds _ ().

The function w is hence constant. If characteristics do not cross, for each point (z,t) we can
consider the unique characteristic function passing through it and define

w(X (1), t)elo 55 (X©9ds — 4(X(0),0) = uo(X(0)).
We conclude that the solution of System (5.44) satisfies

w(X (1)) = ug(X(0))e Jo GEX() s,
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CHAPITRE 6

Conclusions and perspectives

The work presented in this thesis is a contribution to the study of the mechanisms gover-
ning the aggregation of proteins. Studying these mechanisms experimentally is a real chal-
lenge, as few experimental tests are available to observe protein aggregation and, in the
majority of cases, only very indirect measurements can be obtained. However, in the study
of neurodegenerative prion diseases, it is possible to measure the polymerised mass or the
average aggregate size over time, and for small aggregates we can also measure the size distri-
bution accurately at certain (few) instants. At present, there are no experimental strategies
to measure the division rates or aggregation rates.

For these reasons, a mathematical — direct and inverse — approach of the problem model-
ling is essential. In this thesis, we apply data assimilation methods to estimate the kinetic
parameters and the initial size distribution through the observations over time of the average
size of a system of ovPrP oligomers.

In the following, we highlight three of our main contributions to the study of PrP oligo-
mers :

1. We set up a data analysis methodology in order to study the amount of noise in the
experimental observations and to estimate the unknown scaling factors in the data. This
methodology applies to all kinds of molecules observed by SLS and SEC.

2. We identified three main chemical reactions governing the evolution of the ovPrP :
polymerisation, depolymerisation and disintegration. The main novelty of this study
is that we take into consideration the disintegration process. Moreover, our analysis
indicated the presence of at least two different oligomer species obtained by aggregation
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of the monomeric ovPrP. An explanation of this heterogeneity may lie in the physical
structures of the oligomers. The two species show very different behaviours. One of the
species, termed stable, evolves by gaining or losing monomers through polymerisation
and depolymerisation. The other species, termed unstable, is mostly disintegrating. The
two species interact through the exchange of monomers : the monomers freed by the
disintegration of unstable oligomers may subsequently be used by the stable oligomers
to grow in size. We gathered our conclusions on the dynamics of the oligomer system
to propose the following ODE model

( d’wi
= —kaiswi,

at distl

dyi

diyt = kon¥i—1v — kon¥yiv + kdepyi—l-l - kdepyia
d ; (6.1)
d%f) = Z;lzio ( — Vkon¥i + kdepyi + ikdiswi)7

wi(0) = (1—a)u(0),

yi(0) = au;(0),

v(0) = 0,

It provides a simple representation of the most important features of the physical system.

3. By means of the extended Kalman approach, we estimated the kinetic parameters kqp,
Kdep, kais and the initial ratio of stable oligomers « in three relevant experimental
conditions, through the information contained in SLS data. The reliability of these
estimations has been tested by comparing our oligomer size estimation to the SEC
data. A possible improvement in this validation step would be possible by considering
a more precise description of the error affecting the peak shapes in SEC data. To this
end, repeating the experiments would allow us to determine an average peak shape and
estimate the variability.

We believe that the methodology proposed in this work is a promising approach that can be
extended to the study of various kinds of prions and prion-like proteins. It is worth mentioning
that — even if only the average size measurements were used to solve the estimation problem
— the observation of the size distribution played a crucial role in the success of this study. The
simultaneous analysis of SLS and SEC data gave us a general understanding of the dynamics
of the oligomer system, which would have been impossible to obtain with the SLS data alone.
Moreover, SEC data enabled us to determine a good initial condition a priori estimation.
We see the measurement of both the average polymer size and the size distribution as a key
strategy to obtain important progress in the study of protein aggregation.

In order to analyse large protein aggregates, considering an ODE model may require ana-
lysing a very large number of equations. To bypass this difficulty, PDE models are commonly
preferred as they may provide a better understanding of the population dynamics, as for
instance we have shown in Section 1.2. To set up a methodology for the study of fibrils,
we considered the Lifshitz-Slyozov theory in the case of a depolymerising system, thereby
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obtaining the following backward transport model

%u(x,t) — %(b(m)u(x,t)) =0,
(o0, ) = 0, (6.2)

u(x,0) = ug(z).

We investigated the inverse problem of estimating the initial condition of System (6.2) when
observing the n-th moment of the state function u over time. We propose three possible
strategies to solve this linear problem.

1. The first one applies in the case of constant transport velocity. This strategy is based
on an explicit formula linking the initial condition to the measurements in the noiseless
case. To apply this relation on noisy measurements, we regularise the data through
convolution with a regularisation kernel. The advantage of this method is that we can
obtain a very precise estimation of the approximation error. However, it is difficult to
extend it to other cases because any modification in the problem would require the
definition of a new explicit relation.

2. To treat the more general case of a variable transport velocity we consider data assi-
milation methods. These methods can be presented in a general formalism that does
not depend on the specific problem. We start by investigating the 4d-Var variational
method. This method is based on the minimisation of a least square criterion. The me-
thod takes into account all the available data at once. The minimisation is in practice
performed by a gradient descent-based method. At each iteration of this method, we
need to integrate the state model forward in time and the adjoint model backward in
time. This method provides very good estimations, but, as our experience confirmed,
the minimisation method requires hundreds of iterations before convergence.

3. To obtain the initial condition estimation in lower computational times, we consider
the Kalman method. This method integrates the data points sequentially to correct the
trajectory of the estimator. The Kalman method in a linear setting is proved to converge
to the solution of the 4d-Var method when all the data have been processed. This method
is faster than the variational method since it goes through the time domain only once,
and, as mentioned, it produces an equally good estimation. The main drawback of this
method lies in the computation, at each time step, of the full covariance matrix P. This
computation may require prohibitive computational costs and therefore be impossible
when treating two-dimensional or three-dimensional problems. However, it can be done
in the case of one-dimensional problems, as in our application. The maybe counter-
intuitive use of the Kalman approach to estimate the initial condition of a system is
explained by the fact that it can be applied on an augmented state having the initial
condition in its components. The initial condition, being constant in time, is estimated
at the end of the time domain.

This work opens up new questions and perspectives. In the following, we start by pre-
senting some of the mathematical perspectives for each of the two parts of this thesis. We
conclude by proposing a selection of the possible biological perspectives.



210 Chapitre 6. Conclusions and perspectives

Perspectives for Part |

Identifiability

In Chapter 1, we presented an inverse problem consisting in the estimation of the initial
condition of an ODE model through the observation over time of the second moment of the
solution. Assuming size-independent kinetic rates and a size-independent initial ratio of stable
oligomers, our problem can be seen as a parameter identification problem. The well-posedness
of the inverse problem can be tested by analysing the identifiability of the system. A system is
identifiable if distinct parameters should give distinct observations. Formally, let us consider
the dynamical system

B wt) = A(u(t,0),0,t), teRT,
MO ={ iy 2 i

where the components of § € © C R¢ are the parameters of the model. In our case, d = 4. In
the noiseless case, the observations are given by

z(0,t) = C(u(t,),0,t), t € 0,7].
We say that the system is identifiable in 6 if
vOe®, z(0,)==z0,)=0=0.

The system is identifiable if it is identifiable for all 6 € ©.

A classical method to study identifiability for ODE systems is based on Taylor series [137].
A variety of other approaches also exists. Among them we can cite methods based on the
state isomorphism theorem [56], on algebro-differential elimination [112, 70], on the Kalman
filter [24, 130, 35] and on 4d-Var [42].

To illustrate the problem, we briefly outline in our case the method based on Taylor
series. We assume that the model operator A and the observation operator C' are infinitely
differentiable. We consider the Taylor series expansion of z(f,-) around ¢ = 0. A sufficient
condition for identifiability is that the following equations

dk
dtk
have a unique solution 6 € ©. The values A\; are knowns and correspond to the value measured
in 0 of the derivative of order k of the observation function z(6,-).
The main drawback of this approach is that it may lead to difficult computations. However,
our model belongs to one of the few classes of non-linear problems in which this approach can
be used in practice. In fact, System (6.1) can be written in the state-space form as follows

{ wt) = A(u(t,0),0,t)u(t,0), teRT,
u(0,0) = wup(f)

(C(u(t,0),0,) (0) = Ap, k=1,...,00 (6.3)

and the observation operator C' associated to the SLS measurements is linear.
In this case, System (6.3) can be written as follows

CUQ(Q) = )\U,
% (k—1)! dFiA  dily
C(Zi=1 (k— )i —1)! dtk— ( )dti—l

(0)) — M, VE> L
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Studying the solutions of the system of equations obtained with these formulas, we can as-
certain the identifiability of our system. In our application, finding an analytical solution of
this system seems extremely challenging.

Size-continuous model

Another interesting mathematical question is the study of the asymptotic limits of the
ODE system (6.1), when the average aggregate size is large. To this end, one can follow the
approach described briefly in Section 3.2 and detailed in [47, 58]. The size-continuous model,
obtained with this strategy, can then be taken into account to describe the evolution of large
protein aggregates such as fibrils.

Perspectives for Part |l

In the second part of this thesis, we focus on the study of an estimation problem in the
case of a transport model (6.2) and the observation of the moment of order n of the state
function u(x,t).

In Chapter 3 we saw that this model describes a depolymerising system well when the
monomer size is asymptotically small. When we treat the problem numerically, we have to
discretise the size-domain. To ensure the validity of the discrete model, we need to set a very
small size-discretisation step dx.

Representing the function u(x,t) by its values on a uniform size-grid with size-step oz,
we obtain the state vector (u(idz,t));—o.... [52-1]- Unfortunately, when the length of this vec-
tor, that we denote by N, is too big, the Kalman estimator is subject to the “curse of
dimensionality” [22] and cannot be used in practice. In fact, at each time step, the method
requires the computation of the covariance matrix P, which is a full N x N matrix. As al-
ready mentioned, this drawback is particularly important when considering two-dimensional
and three-dimensional problems. As our application is a one-dimensional problem, Kalman
filtering is a suitable strategy.

In the case of a large state dimension, however, alternative solutions that do not require
computing the matrix P should be investigated. In the following, we propose two of these
solutions. A variety of other methods called reduced-order filtering methods [67, 158, 119] have
also been designed to avoid the computation of the full matrix P.

Back-and-forth nudging

We recall that, in the Kalman method, we need to compute the operator P because it
defines the optimal Kalman gain, namely K = PC*W !, In order to circumvent the difficulty
of computing P, a first approach is based on building a sequential estimator associated to a
different gain. The aim is to find a simple gain that guarantees a reduction in the estimation
error, but does not require high computational cost. In particular, the gain proposed is not
associated with the minimisation of a variational criterion. This approach is known as nudging
in the data assimilation community, but also as Luenberger filter design since it was first
introduced by Luenberger in [113, 114]. Let us consider u the solution of the following system

{u@) = A(u(t),t), telo,7],
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and the observations
z(t) = C(u(t), t) + x(t), t > 0.

We recall that a sequential estimator is given by the solution of a dynamical system as follows

{aL(t) = A(ur(t),t) + G(z — C(uL(t), 1)), tel0,7],
up(0) = e

Luenberger then proposed to control the behaviour of wy, by finding the simplest gain G
which stabilises the dynamics of the observer error

U=u,—Uu

to zero. In our case, the model operator and the observation operator are linear and time-
independent. Therefore, the observer error u is the solution of the following system

{’ﬁ(t) = (A-GO)u+Gx(t), telo,7],
u(0) = ¢&.

A choice of G such that A — GC is dissipative, guarantees a reduction in the observer error
over time. More precisely, as time goes by, @ goes exponentially fast to zero, regardless of the
value of &.

For instance, in [83] the author proves that, for conservative problems, the gain to G = C*
gives the exponential stabilisation of the observer error. In our application the model operator
is dissipative, but only because of the loss of information at the boundary x = 0. Therefore,
we believe that the gain G = C* may still be a good choice. In the following we easily show
that it is at least stabilising. Let us consider the energy of the observer error, it solves the
following differential equation

1d b
2dt”~H2 / audalf—/ ux /y udydz.

In the case of a constant transport velocity b, for instance, the error has decreasing energy

since .
1d . 2 ~2 / n~ 2
5 3 lil? = —ba(0) ( [ udx) :

Luenberger estimators are usually designed as asymptotic estimators of the target trajectory.
However, in our case, the interest of such a property is limited as, over time, the state u exits
the space domain [0, ¢] from the boundary x = 0, at a constant rate. Therefore, in finite time
we have u = 0. One can thus object that the constantly null estimator is an equally good
asymptotic estimator. The interest of the Luenberger approach lies in the fact that it can also
be used to estimate the initial condition ug.

The initial condition estimation can be performed with a “back and forth” approach [147,
153, 9, 83]. The idea is to define an estimator using the Luenberger observer forward and
backward in time. Specifically, we compute the Luenberger observer over a certain time win-
dow. When the estimator uy, exits the domain, we store its value at the boundary. We then
use these values to compute another Luenberger observer backward in time, over the same
time domain. The key idea in our case is to reinject the information, that has been lost at
the boundary x = 0 during the forward propagation, in the backward propagation.
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We denote by ur, and ur,;, the forward and backward observers, respectively. The iteration
of the following back-and-forth cycles

@ulﬁ auf n L n k
S bol=a (z—fox ude), V(z,t) €[0,4] x [0, 7]
uﬁ(&t) = 0, t e [077—]7
ulﬁ(m,O) = ungil(va)? S [0’6]
and
( 8uL’g 8ung B n b n, k
pria el —r (z — fo T uLbdaj), V(z,t) € [0,4] x [0,7]
u(0,) = uf (0,7 t), s€ 0.4
uLf(z,7) = uf (,7), z €0,

gives better and better estimations and

lim ||uf(0) — ugp|| — 0.
—+o00

We show now an example of initial condition estimation obtained by back-and-forth nud-
ging for a backward transport model with transport velocity b = 0.2 through the observation

of the moment of order 0 over the time domain [0,5]. In Figure 6.1, we present the target
_ (2—0.3)2
initial condition up = e~ 10-2  and a selection of nine functions uf (0) for several cycle ite-

rations k. In particular, the first subfigure corresponds to the first cycle and the last one to
the 100-th cycle.

This approach provides good estimations with a very simple gain and, importantly, it does
not require computing the matrix P. The possible drawbacks of the nudging approach are the
difficulty of designing the gain G and the potentially high number of cycle iterations needed
to reach convergence when the stability improvement obtained by using the gain G is limited.

Moments

The second approach aims at defining a reduced model which describes the same physical
system as in System (6.2). The advantage of a reduced state dimension comes at the cost
of some additional assumptions on the state function u. In the following, we present the
preliminary considerations of an on-going study.

Inspired by the fact that our observations consist of some moments of the state function,
we consider the differential system solved by the moments of the state function u to be a
good candidate. Let us introduce the mapping

M: weld — (u)i:<fR+q:iwd:U>i€1Rm

which associates any function w to the vector of its first m moments.
Let us call u the solution of System (6.2), the differential equations solved by the compo-
nents of u = M(u) are

,[j,z‘:/ xiaudx:/ :z:ig(bu)da:::/cibuhR —/ iz by dz.
Ry at Ry 856 + Ry
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Targ Target
1+ === B-F nudging 1r === B-F nudging
1 0

1 0 1

m=  Target
1r === B-F nudging 1

1 === B-F nudging
0 0 0
0 1 0 1 0 1
Target Target Target
1+ === B-F nudging 1 == B-F nudging 1+ === B-F nudging

FIGURE 6.1 — Luenberger estimation of the initial condition.
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Considering a constant transport velocity b, we have

fr; = —ibu;_1,
(6.4)
[Lo = —bu(O, 15).

Once we have fully investigated this approach in the case of a constantly depolymerising
system we can, without further difficulty, consider the complete Lifshitz-Slyozov system

() «()(Q—M@M@JD:O, £>0,t>0,
v(t) f u(z,t)dx = p > 0, t>0
v(0) = v

(6.5)

with constant polymerisation rate a. In fact, in this case, the moment system is given by

fi(t) = —iav(t) —b)bpi—r = i(alp — p1(t)) — b)pi-1,
fro(t) = (av(t) = b)u(0,t) = (a(p — pa1(t)) — b)u(0, 7).

In the case of a variable rate, a possible approach would be to consider a polynomial
approximation of b(x) and a(x). With this strategy, we obtain more complex dependency
between the moments in the definition of fi;, and the same expression for jfig.

We notice that, in this approach, as pointed out in the presentation of the nudging ap-
proach, the values of the function u at the boundary x = 0 play an important role. Writing
u(0,t) with respect to the moments p; is the main difficulty of this approach and it would
provide a closure condition for the system. The closure of the moment system is no trivial
problem, we refer, for instance, to [160, 121, 151] in which the authors deal with the problem
of finding a closure condition for the moment of order m depending on the moment of order
m + 1.

Let us consider now the constant depolymerisation case. Given the observation of a mo-
ment of order n < m of u, we aim at estimating the initial condition ug in two steps :

(6.6)

1. We consider the model in System (6.4) and the selection of the n-th component of u
as observation operator. We solve the inverse problem on the reduced moment system,
thereby estimating the initial condition of the moments 1(0).

2. The estimation of ug is given by the unique function having 1(0) as first m moments.

We notice that this strategy can only apply when there is an injective correspondence
from the moments to the functions. We thus make the assumption that ug belongs to a family
of functions F whose elements are completely determined by knowing their moments. We
can subsequently extend this approach to a general case in which the function ug can be
approximated by a linear combination of the functions in F. The approximation can then be
computed, for instance, by minimisation of a least square criterion.

A first difficulty is to define a convenient family F. Recalling that, in our application,
u represents the protein aggregate distribution, we consider F as a family of continuous
distributions. An advantage of this choice is that we can refer to an extensive literature
on distributions and their moments [80, 92, 34, 15]. We can thus find a sufficient condition
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characterising the distributions that are determined by their moments. For instance, we know
that log-normal distributions are not a good candidate for F, as shown in an example in [90].

We look for a family of parametric functions defined on the semi-interval [0, +00). Let us
define

©: 0eRP — fypeF.

We consider the family of truncated Gaussian distributions (TGD) of mean v € R, variance
02 € R, and area w defined as follows

(z—v)?
v e 202 ifx>0
U(ZIS‘) — 2o
0 ifx<0.
The mapping © thus reads
91 _ (»'1"1—922)2
@ : 0 6 Rg — (& 293 ]13320) (67)

where 1;>¢ is the characteristic function of the semi-interval [0, +00). The advantage of this
choice is twofold : on the one hand we can represent the TGD by only three parameters, and
on the other hand, given an initial condition ug € F, we have u(-,t) € F for all ¢. We recall
that it is this second property that allows us to close the moment system.

The moments of a TGD of parameters § = (v, 0,w) can be written as follows

+oo —+o00 ) w (xiu)z
_ (3 — (2 - 2 —
146, —/ z'u(z)dr = / T e 22 dr =
! 0 V2o

/+oo( toy)i-Y e d Z(Z> i <_”> o
v+o e =w Ve I | — )
_TV g 2 g r=0 r g
:132
where I, (_7”) = \/% fﬁ z"e” 2 dx
Let us call
F: 6eR? —» we € R™

and

L: ppg€R™ = OoF (uy)ecF. (6.9)

The operator L provides a way to close the differential systems on the moments. Because of
the non-linearity of L, System (6.4) is non-linear. To perform the first step of our approach we
can consider the EKF method. Once we have estimated the initial condition of the moments
1(0), we can use L to obtain ug, the state initial condition. This ends our state estimation
approach.

As mentioned before, this approach can then be extended to the case of a generic u € U. In
this case, we cannot solve u = L(M (u)) exactly, therefore we consider the approximation @ €
F of u, obtained by minimising the least square criterion as @ = arg min,¢ » |u — L(M (u))||2.
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Numerical simulations To test our strategy, we need to discretise the moment model. Let us
consider a uniform time grid 0 =t5 < ... < ty = 7. We denote by ,uf the approximation of
the ¢-th moment at time t;. We consider a #-scheme of parameter « to obtain the following
discrete model

lei-‘rl . Mk
Het = iblap (1), 0<i<m
(6.10)
Nk+1 . ,uk
OTO = —bL(auk‘+1 +(1— a)ﬂk)(0>-

Let xFt1 € R™ be the vector of the approximations of the first m moments at time .
K pp

We thus compute p**+! as the solution of g(u, u*) = 0 where g = (go, ..., gm_1) and
pi — pf
gi(p, p*) = = 5 Etib(apior + (1 —a)pf,) for0<i<m (6.11)
k. .
Ho — 14
9o, p*) = === + bL(ap + (1 = a)u")(0).

This system can be solved by applying Newton’s method. To this end, we need to compute
the derivative of g with respect to u. Furthermore, this computation is useful when solving the
inverse problem because it will be required for computing the model tangent when applying
EKF method, see Section 1.3.5.

We can easily see that the equations for the moments of order ¢ > 0 are linear. Calling
9i = (g1, -.,9m—1), we find that its derivative with respect to p is

ba 6t~ 1

dygi(p, 1) =
(m—1)ba 6t~!
The derivative of gy with respect to u is given by

di0
dugo(p, p*) = ~= + bady L{ap + (1 = a)u*)(0).

where ;o is a row vector with the first component equal to 1 and 0 elsewhere. The compu-
tational difficulty of solving System (6.11) lies in the term d,L(ap + (1 — a)u*). From the
definition of L (6.9), we have d, L(u) = dg©(F~1(n))d,F~ (1), where dy© is the derivative
of ©® with respect to the parameters 6.

Let us first deal with the derivative of ©. From the definition of © (6.7), we compute its
partial derivatives

00 1 -l

= = e 5 1,5

0t v 2703 =

90 _ 6 e =0y

062 /2m0 e

00 _ 0 CF (-6 1),
Z 62) ="

905 2r
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Let us now focus of the operator F'. To discretise this operator, the first difficulty we need
to handle is the computation of the integral in the Equation (6.8) and more precisely in the
quantities I ( ) Let us call for simplicity h = —*, in the following we deduce a recursive
formula to compute the integrals I,.(h). The first terms are :

Io(h) Tz = (1— ®(h),

“ v

2
where ®(z) = \/% I . e~z dt is the cumulative distribution function of the standard Gaus-
sian distribution, and

227 n2
1 0 2 ez ez
IL(h) = — ze 2dr=— | — = .
i ) \/27T/h V2T 2
h

For all r > 2, we have

I 22 h'l w2
I.(h) = \/%/h 33T€77d$ﬁef% + (r = D)I—a(h) = B '1(h) + (r — 1)L —a(h).

We can thus define the operator F' as
Fr0eR v (ui= (0 Sing (V67050 (-%)) eR™

The tangent of F' is given in the following lines.

OF, ¢ i 02
w3 (o) (<5),

r=0
OF, e 0 6o\ —1
=0 05 z—re”lf( >+9l TdI( >>
692 ! ; (’I"> 3 <( 3 93 93
) 0
e 02 e 203
0 i—r)05 o5 < > %
' r=0 (7"> ( 3 93 2
OF; ! - 02 02
= 05" (r05 M (- ) + 054l
003 1T:0 (7"> 2 ( < 3>+ 3 ( > 92>
| o
? i 92 01—&—1 e 203
9 91 THT 1[ ( ) — (=1 2
L (T) o) "V 03 Var
L r _h?
in which we used the fact that dI,.(h) f =— \;Lge

To have a rough idea of the nonlinear relatlon linking 6 to F'(0), let us consider a simple
example. For opportune choices of mean 62 and covariance A3, the tgd can be approximated
by the Gaussian distribution associated to the same parameters 6. In this case, considering
the first three moments we can explicitly write F' and its tangent as follows

011
F(@) = (91(92[0 + (93[1)
01 ((9% + 9%)]0 + 9293[1)

Y



Chapitre 6. Conclusions and perspectives 219

Iy on bk
3 03
doF(0) = 021y + 0311 011 0114
(0% + 03)]{] + 650311 201(02]{) + 93[1) 201031,

Now that we have a precise definition of the operator F', we want to compute its inverse
operator F~!. We recall that knowing F~! and its derivative would allow us to compute the
derivative of the operator L and consequently solve the discrete model (6.10).

Since we know I’ and its derivative, we perform this last step using Newton’s method
to approximate the roots of G(0) = 0, where G(0) = F(0) — p. The algorithm returns the
approximation of 6 together with the value of dgF'(#). Therefore, we can conclude by noticing
that d, F~(u) = (dgF ()"

We point out that one should pay particular attention when using Newton’s method to
compute this last result. As is well-known, the approximation provided by Newton’s method
strongly depends on the choice of the initial guess. When applying the method in our case to
compute the moment vector p*+1, a natural choice for this initial guess would be the vector of
parameters relative to the function at time t, namely ¥ = F~1(u*). It is important to choose
a family of functions F such that the parameters associated with the transported function
over time are controlled. This represents a key aspect that is worth investigating further. For
instance, it is possible to verify that the family of Gamma functions is unsuitable for this
strategy.

In the following, we illustrate the moment method with an example. Let us consider the
_ (ac—2)2
e 2:03?1,54. Let u be the solution of the backward transport

1

0.3v/2m
model, with initial condition ug and transport velocity b = 0.5. We discretise the transport

model with an upwind scheme. We consider a uniform discretisation of the size domain with
step 0z = 0.5 - 1072 and a uniform discretisation of the time domain with step dz = 1073,

In Figure 6.2, we compare the first three moments of the state function, which solves the
discrete transport model described above, and the solution of System (6.10) with m = 2 and
initial condition M (ug). The distances between the moments obtained with the two methods
are provided in the following table

initial condition ug =

mom Oth 1st 2nd
Meo | 0.0166 | 6.7-10°% [ 7.2-107% |
. | 0.05 0.02 0.03

We solve now the inverse problem of estimating the initial condition ug. We take into ac-

count the synthetic observations of the second moment of the solutio2n of the discrete transport
r—1.8

0.31/%6_ ;*(0-3;2 . We are thus making an

error in the estimation of the peak position. In Figure 6.3 we show the target initial condition

and our a priori estimation.

We estimate the initial condition through the solution of the discrete moment system.
Specifically, we take into account the first three moments, namely m = 2. We denote by fig
the target initial condition and pe our a priori. In the following table we report their numerical
values.

model. We consider as initial a priori the tgd u, =

mom | Oth | 1st | 2nd
it0 1 2 | 4.09 |
Lo 1 1.8 | 3.33
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FIGURE 6.2 — Comparison between the moments computed by solving the moment system
(blue solid line) and the moments of the solution of the transport model (red dashed line),

for the initial condition ug =

0.3V 27

_ (@=2)2
e 2032 and the transport velocity b = 0.5. From left to

right we compare the Oth, 1st and 2nd moments over the time domain [0, 10].
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FIGURE 6.3 — Target initial condition (red dashed line) and Kalman estimator a priori (green

line).
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We set the initial covariance operator Py to the diagonal matrix with diagonal elements
(1071°,1072,107!). In Figure 6.4, we present the initial condition estimations when conside-
ring increasing levels of noise on the observations of the second moment. More precisely we
consider the noise levels of 0%, 0.05%, 0.5%. The measurement covariances are set to 1078,
1076 and 10~%, respectively to the three increasing levels of noise. In Figure 6.4 we show the
resulting estimations and in Figure 6.5 the associated second moment observations.

In the following table we report the moment estimations in the three cases and the function
parameters associated.

noise 0 6

0% 1 1.9998  4.09 1 1.9998 0.3013
0.05% | 0.9997 2.001 4.0907 | 0.9997 2.0010 2.9447 |
0.5% 1 2.0045 4.0930 1 2.0045 2.738

T T T
1.4} m— transp [ 1.4} — transp [ 14} = transp H
e mOm — mOm — mom
- target || - target || - target ||

FIGURE 6.4 — Estimations of ug (red dashed line) obtained by EKF from the discrete moment
model (blue line) and the discrete transport model (purple line) and the observations in
Figure 6.5.

T T T T T T
= obs data —— obs data —— obs data
=== mom 4 — mom 4 — mom |

6 8 10

FIGURE 6.5 — Second moment observations associated to the target initial condition ug (red
line) and second moment observations associated to the initial condition estimation in Fi-
gure 6.4 (blue line).

We conclude by noticing that the estimations obtained with this strategy seem to be
more accurate than the estimations obtained by considering the discrete transport model, see
Figure 6.4. These preliminary results open up new mathematical questions such as the analysis
of the estimation error and the observability of this reduced problem. In particular, this last
point corresponds to analysing observability conditions in the case of finite-dimensional non-
linear problems [89]. Furthermore, computing the distance between two functions through the
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distance of their moments, rather than using an L2 norm, may be a more suitable strategy
when dealing with transport problems. In [69] the authors investigate the use of alternative
norms to the L2 norm in these cases.

Lifshitz-Slyozov model

The final aim of our work is to solve the initial condition estimation problem for the
complete Lifshitz-Slyozov model (6.5). The difficulty of this model lies in its non-linearity.
Let us briefly discuss some of the possible strategies to handle this problem. Let us consi-
der the transport equation in the Lifshitz-Slyozov model (6.5). By replacing the monomer
concentration by the expression in the second line of the system we obtain

?;(x,t) + ;w((a(x)p —b(z) — a(x) /000 xu(:c,t)dx)u(:r,t)) =0.

In practice, when we consider this equation in the data assimilation framework, we find two
major problems. The first is due to the discretisation error due to the approximation of the
integral. Accurate discretisation schemes are then required. Adopting these schemes, however,
may constitute a problem when we want to solve an inverse problem since they demand a
high computational cost. The second problem is the accuracy of the inverse problem solution,
that in a non-linear setting strongly depends on a precise estimation of the amount of error
in the data and the initial condition a priori.

A possible strategy to treat the complete Lifshitz-Slyozov model, but circumvent the
difficulty of nonlinearity, is to consider the monomer concentration as known. In this case,
the model would be linear in the state. Measuring the monomer concentration experimentally
is indeed possible. We can measure it directly by SEC, as shown in the first part of this thesis,
or indirectly by Thioflavin T fluorescence which records the polymerised mass fooo xu(z,t).
However, these data are affected by noise. Let us assume the case of an additive noise €. By
replacing the v by its empirical measurement v + ¢, we are thus introducing some noise into
the model that results in

%(a}, t)+ é% ((a(:v)v(t) — b(z))u(z, t)) + sg(a(m)u(x, t)) = 0. (6.12)

Let us define the operators
D(A) Cc L2([0,4]) — L2([0, £])
f — = ((w(t) - D))
with domain D(A) = {f € H'([0,4]) | f(¢{) = 0} and
D(B) c L4([0,4) — TL2([0,4])
! — = (af)

Alt) :

B:

with domain D(B) = D(A). Equation (6.12) can thus be written in the state-space formalism
as follows
= A(t)u + eBu.

The difference with the framework presented in this thesis is that, this time, the noise in
the model is not additive. Designing inverse problem strategies in this new setting is a new
mathematical challenge.
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Biological short-term perspectives

An interesting immediate consequence of this work would be the design of a new set of
experiments to physically separate the two oligomer species. Such experiments could give rise
to new lines of investigation. In association with a mathematical analysis, it could lead to
the detection of new oligomer species and, ultimately, a full characterisation of ovine prion
oligomers. In this more ample framework, understanding the species evolutions and their
interactions will constitute the first challenge.

Furthermore, it is possible to apply our data analysis methodology to SLS and SEC data
collected on other kinds of proteins. As observed in the course of our work, this data analysis
represents a valuable tool in itself, as it enables us to detect the reliable data and ensure their
correct interpretation.

As an example, we can consider the study currently being carried out on the mutant
protein H190A [40]. In Figure 6.6, we show the SLS measurements on the mutant oligomer
system, at several concentrations between 0.6 M and 8 M. The oligomers made up by HI90A
monomers are supposed to undergo the same processes as ovPrP. By means of these first
experimental observations, we notice faster experimental times, likely associated to higher
kinetic rates. Furthermore, we can identify a multi-phasic behaviour of SLS data.

Another short-term perspective, would be using our model as a starting point in the
study of other prion or prion-like proteins. A straightforward application of our investigation
strategy, presented on ovPrP, to other types of proteins represents a simple way to test the
validity of our ODE model in these studies. For instance, we could test the suitability of our
model to describe the SLS data in Figure 6.6 for concentrations p = 6, 8uM up to 70min.
More generally, we recommend applying our approach to test the validity of any model, as
presented in Appendix A.

Biological medium-term perspectives

One of the interesting points highlighted and not fully investigated in the course of this
work is the analysis of the noise in the SLS data, which is characterised by spikes. Our
preliminary conclusions were that the frequency and/or the intensity of these spikes seem to
be higher for small concentrations. A more in depth understanding of this noise can reveal new
mechanisms governing polymer aggregation. We notice that, after establishing the nature of
the noise, it is possible to estimate the kinetic parameters and the initial condition by means
of a modified version of the extended Kalman filter that takes into consideration different
kinds of noise.

A preliminary set of experiments on human prion fibrils displays an oscillatory behaviour
of the SLS data. Our model may serve as a starting point in the study of this phenomenon.
In fact, a first mathematical analysis on a toy model suggests that it is possible to explain the
oscillations by considering the interactions between several species. This study will represent
one of the subjects explored by Mathieu Mezache in his PhD work.

Biological long-term perspectives

Our study reveals the presence of two oligomer species. The characterisation of their
thermodynamical stability, provided by our work, may be used to propose new therapeutic
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strategies. In the context of multidisciplinary collaborations, the efficiency of these strategies
can be, first of all, tested with numerical simulations and in vitro experiments. Designing in
vivo experiments and finding their representation through mathematical models represent the
last challenges to solve in order to finally find a cure for amyloid diseases.
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