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“Le mouvement évolutif serait chose simple, nous aurions vite fait d’en
déterminer la direction, si la vie décrivait une trajectoire unique, comparable
a celle d'un boulet plein lancé par un canon. Mais nous avons affaire ici a un
obus qui a tout de suite éclaté en fragments, lesquels, étant eux-mémes des
especes d’obus, ont éclaté a leur tour en fragments destinés a éclater encore,
et ainsi de suite pendant fort longtemps. ”

Henry Bergson






ABSTRACT

Title: Protein evolution and data-driven sequence landscapes

Abstract: Thanks to the explosion of available protein sequence data,
driven by next-generation sequencing, unsupervised machine learn-
ing models can be harnessed to learn protein sequence landscapes.
Specifically, methods like Direct Coupling Analysis (DCA) directly
consider the patterns of conservation and coevolution between pro-
tein sites. DCA has been applied to many biological problems, from
predicting the fitness effects of mutations to artificial sequence gen-
eration. In this thesis, we broaden the application of DCA to study
protein evolution, the dynamical process of amino acid substitutions
in protein sequences driven by random mutations and natural selec-
tion. We particularly focus on the effects and implications of epistasis,
which refers to the context-dependence of mutational effects. Our
goal is to design and test various dynamical algorithms to navigate
the data-driven sequence landscape inferred by DCA, with a focus on
beta-lactamase enzyme families. Beta-lactamases are enzymes capable
of degrading many commonly prescribed antibiotics posing a serious
threat to health systems worldwide. Initially, we modeled two recently
published neutral drift protein evolution experiments that used beta-
lactamases as starting sequences. We demonstrate that our artificially
generated libraries reproduce well the statistics of the experimental
ones by introducing an evolutionary dynamics that relies on the fitness
landscape inferred by DCA and accounts for the degeneracy of the
genetic code. Computationally, we explore the influence of different
experimental parameters, highlighting a trade-off between the number
of experimental rounds and the sequencing depth when trying to
elucidate epistatic constraints. Thanks to a simple modification of the
sampling algorithm, we manage to model proteins’ evolutionary dy-
namics across timescales, spanning from dozens of years to eons. For
the first time, this approach allows us to quantitatively model the pre-
dictability of mutational effects as sequences diverge, a phenomenon
driven by epistasis. Subsequently, we examine the deep mutational
scanning experiments of two other beta-lactamase enzymes, VIM-2
and NDM-1. We analyze the role and prevalence of context-dependent
mutability by integrating experimental data with DCA predictions and
we propose that structural regions with intermediate solvent exposure
exhibit the greatest variability in mutational effects. Furthermore, we
computationally characterize mutational heterogeneities across the
entire enzyme family. We then develop and test a straightforward
approach to produce mutational paths between VIM-2 and NDM-1,
successfully obtaining functional proteins with numerous mutations
and uncovering the presence of unexpected epistatic interactions.



Keywords: Direct Coupling Analysis, generative models, epistasis,
protein evolution, neutral drift experiment, Deep Mutational Scanning,
beta-lactamases



RESUME

Titre: Evolution des protéines et paysages de séquences guidés par les
données

Résumé: Grace a I’explosion des données disponibles sur les séquences
de protéines, alimentée par le séquengage de nouvelle génération, les
modeles d’apprentissage automatique non supervisé peuvent étre
exploités pour apprendre les paysages de séquence de protéines. Plus
précisément, des méthodes comme Direct Coupling Analysis (DCA)
considérent directement les motifs de conservation et de coévolution
entre les sites protéiques. La DCA a été appliquée a de nombreux
problémes biologiques, allant de la prédiction des effets de la fit-
ness des mutations a la génération de séquences artificielles. Dans
cette these, nous élargissons l'application de la DCA pour étudier
I’évolution des protéines, le processus dynamique des substitutions
d’acides aminés dans les séquences de protéines, entrainé par des
mutations aléatoires et la sélection naturelle. Nous nous concentrons
particulierement sur les effets et les implications de 1’épistasie, qui
fait référence a la dépendance contextuelle des effets mutationnels.
Notre objectif est de concevoir et de tester différents algorithmes
dynamiques pour naviguer dans le paysage de séquence guidé par
les données, inféré par la DCA, en mettant I’accent sur les familles
d’enzymes beta-lactamase. Les béta-lactamases sont des enzymes
capables de dégrader de nombreux antibiotiques couramment pre-
scrits, représentant une menace sérieuse pour les systemes de santé
du monde entier. Au départ, nous avons modélisé deux expériences
d’évolution de protéines de dérive neutre récemment publiées qui
utilisaient des béta-lactamases comme séquences de départ. Nous dé-
montrons que nos bibliotheques générées artificiellement reproduisent
bien les statistiques des expériences en introduisant une dynamique
évolutive qui repose sur le paysage de fitness inféré par la DCA et
prend en compte la dégénérescence du code génétique. Computa-
tionnellement, nous explorons l'influence de différents parametres
expérimentaux, mettant en évidence un compromis entre le nombre
de tours expérimentaux et la profondeur de séquengage lors de la
tentative d’élucider les contraintes épistatiques. Grace a une simple
modification de 1’algorithme d’échantillonnage, nous parvenons a
modéliser la dynamique évolutive des protéines a travers les échelles
de temps, allant de dizaines d’années a des éons. Pour la premiere
fois, cette approche nous permet de modéliser quantitativement la
prédictibilité des effets mutationnels & mesure que les séquences di-
vergent, un phénomene entrainé par l'épistasie. Par la suite, nous
examinons les expériences de deep mutational scanning de deux
autres enzymes béta-lactamase, VIM-2 et NDM-1. Nous analysons
le role et la prévalence de la mutabilité dépendante du contexte en
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intégrant les données expérimentales avec les prédictions de la DCA
et nous proposons que les régions structurales avec une exposition
intermédiaire au solvant présentent la plus grande variabilité des ef-
fets mutationnels. De plus, nous caractérisons computationnellement
les hétérogénéités mutationnelles a travers toute la famille d’enzymes.
Nous développons ensuite et testons une approche simple pour pro-
duire des voies mutationnelles entre VIM-2 et NDM-1, obtenant avec
succes des protéines fonctionnelles avec de nombreuses mutations et
révélant la présence d’interactions épistatiques inattendues.

Mots-clés: Direct Coupling Analysis, modeles génératifs, épistasie,
évolution des protéines, expérience de dérive neutre, Deep Mutational
Scanning, béta-lactamases



Cerca di vivere armoniosamente, gli eccessi, credo,
ci allontanano vertiginosamente dalla salute.

— Mamma, 1996
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INTRODUCTION

In this chapter, we present an overview of the biological and theoreti-
cal concepts essential for understanding the thesis. We will introduce
more specific topics individually in the subsequent chapters as they
become relevant. Section 1.1 offers an elementary introduction to
protein biology. Section 1.2 provides some basic concepts about pro-
tein evolution, spanning from the concept of protein space to that
of sequence alignments. Section 1.3 discusses the phenomenon of
antibiotic resistance in bacteria, specifically focusing on the role of
beta-lactamase enzymes that confer resistance to p-lactam antibiotics.
A significant portion of the research presented in this thesis deals
with those enzymes as model systems. In section 1.4 one of the most
central topics of my thesis is introduced: epistasis. The term refers to
the dependence on the amino acid context of the mutational effects
in proteins. Section 1.5 gives a brief overview of some of the most
recent experimental techniques and approaches to study fitness land-
scapes and protein evolution. Finally, section 1.6 offers a theoretical
depiction of the Potts model, which we use as the primary tool for
computationally modeling protein sequence landscapes and studying
evolution.

1.1 PROTEIN BIOLOGY

Proteins are fundamental biomolecules present in all living organisms,
serving as the vital building blocks of life. They facilitate a wide
array of essential functions necessary for the survival and operation
of biological systems. Among the roles that they execute, proteins
are responsible for structural support, accelerating chemical reactions,
and acting as signaling agents to mediate communication between
cells. In its most essential form, a protein is a linear polypeptide chain
made up of smaller monomeric sub-units, also referred to as residues,
which are chemically known as amino acids.

1.1.1  Amino acids

There are 20 amino acids encoded by the standard genetic code, plus
2 additional ones - selenocysteine and pyrrolysine - that can be incor-
porated by non-standard translation mechanisms. Each amino acid is
associated with a standard letter. Chemically speaking, amino acids
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Figure 1.1 — Chemical structure of the 20 standard amino acids found in
eukaryotes, plus selenocysteine. Pyrrolysine is not depicted
owing to its rarity. Image by Bert Hubert, CC BY-SA 4.0 License.

are organic compounds constituted of two main elements: a fixed
common core and a variable side chain.

The fixed common core of each amino acid consists of an amino
group (-NH2) and an acidic carboxyl group (-COOH). These groups
are identical across all amino acids, forming their basic structure. The
variable side chain, on the other hand, differs among every amino
acid, giving each its unique combination of physicochemical properties
(i.e. charge, polarity, hydrophobicity, size, etc.), as partially shown in
Figure 1.1.

1.1.2 Protein structure & function

The conventional view of protein structure often focuses on the 3D con-
figuration of the sequence of amino acids in the folded state. However,
a better way to describe proteins is through a hierarchy of structures,
each level offering a progressively more comprehensive view of their
organization. This in turn elucidates the relationship between struc-
ture and function which is essential to comprehend how proteins
operate in the cell.

Primary structure

The primary structure refers to the linear sequence of amino acids,
which constitutes the most fundamental level of a protein, as described
in the previous subsection. The primary structure is intimately linked
to the 3D shape of proteins. This concept is emphasized by Anfinsen’s
dogma [2] which states that all information required to specify the
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Figure 1.2 — Hierarchical organization of protein structure, illustrating the
progression from the primary to the quaternary level. Image
adapted from [1].

structure of a protein is encoded in its amino acid sequence. Although
generally true, there are limitations. For example, in real cellular
environments, additional factors such as molecular chaperones, or
environment-dependent factors can influence the folding process and
the final 3D structure of proteins.

Secondary structure

The secondary structure represents the local geometrical organization
of the protein and can be classified into two main groups: alpha helices,
beta sheets. These elements are usually connected by less structured
sections, typically in the form of loops.

o Alpha helices: right-handed coiled strands, held together by hy-
drogen bonds between nearby residues. Each helix turn typically
corresponds to 3 — 4 amino acids. Alpha helices are common to
most proteins and provide stability and flexibility.

o Beta sheets: comprising strands lying side by side, beta sheets are
connected through hydrogen bonds between different parts of
the protein chain. They add rigidity and form the core of many
proteins. Beta-sheets can be categorized into two main types:
parallel and antiparallel, depending on the relative orientation
of the adjacent strands.

Tertiary structure

The tertiary structure indicates the overall 3D arrangement of a protein.
This level of organization is critical, as it enables proteins to carry
out their respective functions effectively. For example, enzymes -
proteins dedicated to catalyzing specific chemical reactions - must
have a precise 3D arrangement of their active site to fit correctly with



their substrates. This necessity is even more evident for structural
proteins, which play a critical role in maintaining the integrity and
shape of cells. These proteins provide support and stability to various
biological structures through their unique shapes.

In conclusion, the tertiary structure is foundational to a protein’s
function, dictating the specific molecular interactions that determine
the protein’s role within the cell.

Quaternary structure

The quaternary structure involves the assembly of multiple protein
subunits into a complex, essentially functioning as a large molecular
machine that performs various functions. Both homomeric (identical
subunits) and heteromeric (different subunits) complexes exist in
nature. Hemoglobin, a homomeric protein complex present in red
blood cells, is a classic example. It consists of four subunits working
together to bind and transport oxygen throughout the body. The
hemoglobin complex is an example of permanent interaction between
proteins. The interaction can also be transient, allowing proteins
to interact with multiple partners quickly in processes like signal
transduction or metabolic regulation.

Quinary structure

The highest level of protein organization involves the interactions
between proteins and their broader cellular context. The quinary struc-
ture of proteins includes the transient or semi-permanent interactions
between proteins or protein complexes within the cellular environ-
ment. This level of organization entails interactions with nucleic acids,
lipids, or other cellular components, and can lead to macroscopic
phenomena such as liquid-liquid phase-separated regions.

1.1.3 Protein biosynthesis

Protein biosynthesis is the process, common to all living beings, that
generates proteins by assembling amino acids based on the instruc-
tions encoded in the DNA. As stated by the central dogma of molecular
biology, which elucidates the flow of genetic information within a cell,
this process occurs in two main steps: transcription and translation.

Transcription

The genetic information that codes for proteins is stored within genes,
which are specific segments of DNA carrying the information neces-
sary to determine the amino acid sequence of proteins. In the first
stage of protein biosynthesis, transcription, the information stored
in the genes is transcribed into messenger RNA (mRNA). Inside the



cell’s nucleus, the enzyme RNA polymerase binds to the DNA, reads
the specific sequence of a gene, and synthesizes a complementary
mRNA strand. This mRNA acts as a temporary copy of the genetic in-
formation and is later transported out of the nucleus to the cytoplasm.
It is important to note that this process is specific to eukaryotes. In
contrast, prokaryotes, such as bacteria, do not have a defined nucleus,
and transcription occurs directly in the cytoplasm.

Translation

Following transcription, the translation phase happens. Translation
takes place in the ribosome, a cellular machine found in the cytoplasm.
The ribosome reads the sequence of the mRNA, and with the help of
molecules called transfer RNA (tRNA), it links together amino acids
in the specific order dictated by the mRNA sequence. This process
forms a polypeptide chain of amino acids, the primary structure of
proteins, that subsequently folds autonomously into its functional
three-dimensional structure. The folding process is guided by the
sequence of amino acids within the protein chain and is influenced
by various factors, e.g. the hydrophobic interaction of amino acids
with the surrounding water. Ultimately, the protein chain assumes
the set of dynamical configurations that reflect the most energetically
favorable conformations within the cellular environment.

1.1.4 The genetic code

Crucial to the process of translation is the genetic code, the set of rules
that determine how a sequence of nucleotides of DNA (or mRNA) is
translated into the sequence of amino acids in a protein. The genetic
code consists of three nucleotide sequences called codons, each of
which codes for a specific amino acid or serves as a stop signal to
terminate translation. Across a vast range of organisms, from simple
bacteria to complex multicellular eukaryotes, the same genetic code
applies. While there are a few minor exceptions, this universality
underscores the shared evolutionary ancestry of all life on Earth.

A noteworthy aspect of the genetic code is its degeneracy or redun-
dancy. Since there are only 4 nucleotides in DNA, a total of 43 = 64
possible codons exist. These must code for 20 amino acids, plus the
stop signal, meaning that multiple codons often code for the same
amino acid. This fact is illustrated in Figure 1.3, which presents a
genetic codon table. By reading the nucleotides from the inner to
the outer circle, it is possible to associate each codon with its specific
amino acid. Codons that code for the same amino acid are called
synonymous. The figure reveals that degeneracy often arises from
variability in the third nucleotide of codons; consequently, a mutation
at this position generally does not alter the coded amino acid. For
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Figure 1.3 — Circular RNA codon table. Codons are read from the inner to
the outer circle. Amino acids are shown next to codons, colored
by their chemical properties. Image adapted from [3].

instance, Threonine (Thr) is coded by all four codons starting with
AC, irrespective of the last nucleotide. However, different mappings
between codons and amino acids exist. For instance, the amino acid
serine (Ser) is encoded by six different codons: all codons starting with
UC and the codons AGC and AGU. There is also the case of methion-
ine (Met), which is coded by only one codon, AUG, and is also used to
initiate translation. A remarkable characteristic of the genetic code is
its capacity to reduce the negative impacts of non-synonymous amino
acid mutations. Mutations are usually deleterious to protein structure
and function. However, a mutation might not affect much a protein’s
function if the chemical characteristics of the replaced amino acid,
such as hydrophobicity, are preserved. Interestingly, the genetic code
mapping is such that non-synonymous single-nucleotide mutations
often have similar chemical characteristics. For example, codons in the
form of NUN (where N represents any nucleotide) always code for
hydrophobic amino acids (grey color in the amino acid side chain of
Figure 1.3). The degenerate nature of the genetic code adds a layer of
resilience and adaptability to protein evolution. Minor changes in the
nucleotide coding sequences may not lead to significant alterations in
the resulting protein, ensuring that essential functions are preserved
even in the face of genetic variations.

1.2 PROTEIN EVOLUTION

Life on Earth has evolved for over three billion years, beginning with
the self-replication of the first primitive molecules. This process has



enabled the development and spread of a wide variety of species,
creating the complex web of life we see today, much of which is still
to be explored.

Evolution is defined as the heritable change in the characteristics of
living beings over successive generations, guided by natural selection,
which acts on phenotypic variation. One of the biggest discoveries of
the 20" century is the cause and nature of this phenotypic variation:
random and spontaneous mutations in the genome.

Mutations

Among all types of mutations that affect the genetic material of living
beings, the most well-understood affect genes, the specific subsections
that code for proteins. Protein or gene evolution, therefore, is a
primary and essential form of molecular evolution. Point mutations,
insertions, and deletions are common types of mutations in genes.
While point mutations involve a change in a single nucleotide base,
insertions or deletions can have more profound effects. These latter
mutations are likely to disrupt proteins unless they happen in groups
of three, as this preserves the reading frame of the genetic information.

As noted in the previous section, point mutations can be syn-
onymous or non-synonymous. Synonymous mutations result in the
translation of the same protein, while non-synonymous mutations
lead to the translation of proteins with one mutated amino acid. The
distinction between these two types of mutations is crucial in under-
standing how genetic changes can either preserve or alter the function
of proteins. Interestingly, even though only non-synonymous muta-
tions are supposed to affect the synthesis of proteins, through amino
acid changes, synonymous mutations can play an effect as well. In
particular, it has been shown that organisms can have specific pref-
erences for specific synonymous codons, a phenomenon known as
"codon usage bias". One of the explanations that has been put forward
to explain the overuse of specific codons claims that those codons
are translated faster and more efficiently, conferring an evolutionary
advantage to genes containing them.

Natural selection plays the role of favoring organisms with mu-
tations that increase their fitness. These mutations make the organ-
isms better adapted to their environment, increasing their chances
of survival and reproduction. Conversely, mutations that result in
less favorable traits may be wiped out over time, as they hinder the
organism’s ability to survive.

1.2.1  Sequence space

The number of possible protein sequences of a given length is huge.
For a gene of length 1000, corresponding to a medium-length protein



of around 300 amino acids, the total combinatorial space amounts to
approximately 203 = 103 unique amino acid sequences. Compared
to the known universe’s approximate 1080 atoms, the magnitude of
the distinct possible sequences becomes clear. The set of all possible
sequences of a given length L, composed of amino acids or nucleotides,
is commonly referred to as sequence space. The topology of sequence
space can be envisioned as a network where adjacent points denote
sequences differing by just a single mutation. Navigating through
sequence space thus facilitates the representation of sequences via
mutations or chains of mutations along evolutionary pathways.

Despite the vastness of this space, only a minuscule fraction can
be occupied by well-structured and functional proteins and even a
smaller fraction corresponds to extant sequences. Random sequences
have a negligible probability of functioning, and most mutations
around a given sequence are deleterious. Nonetheless, as Maynard
Smith emphasized in [4], a prerequisite for the existence of modern
sequences is that sequence space must be mostly connected: most
sequences must be linked to at least another functional sequence
through a single mutation.

Protein evolution continuously expands and diversifies protein se-
quences, transforming them from their ancient precursors into highly
specialized functional entities upon which all known biological life is
based. This diversification has led to the emergence of a vast array of
protein functions, each tailored to its specific biological need.

1.2.2 Protein families

Protein sequences can be systematically classified into protein families
with a common evolutionary origin. Proteins in the same protein fam-
ily are referred to as homologous, meaning that they have a common
ancestry. Homologous proteins can be further subdivided into two
categories: paralogs and orthologs. Paralogs are homologous proteins
deriving from the same species, originating from a gene duplication
event. Over time, these duplicate genes diverge, leading to vari-
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