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Abstract

Alzheimers disease (AD) is a neurodegenerative disorder characterized by the accumulation of amy-
loid plaques and neurofibrillary tangles composed of hyperphosphorylated Tau protein. Tau aggrega-
tion plays a central role in the progression of tauopathies, a group of age-related neurodegenerative
disorders, by disrupting microtubule stability and promoting the spread of Tau pathology through
seeding mechanisms. Glycogen synthase kinase 3 beta (GSK3β) is one of the key kinases implicated
in Tau hyperphosphorylation, and its dysregulation is closely associated with the pathogenesis of
AD. This study explores the complex regulation of GSK3β activity through post-translational mod-
ifications, including phosphorylation and O-GlcNAcylation, and their impact on Tau function and
aggregation. We found that Akt inhibits GSK3β kinase activity in a phosphorylation-independent
manner. Akt-mediated phosphorylation at Ser9 inhibits GSK3β activity on unprimed Tau substrates,
while selectively restoring its activity on primed Tau, highlighting a differential regulatory mecha-
nism. GSK3β is also extensively O-GlcNAcylated at multiple sites, including Ser9, which does not
significantly alter kinase activity but reduces Ser9 phosphorylation by Akt, indicating a crosstalk be-
tween these modifications that may influence GSK3β function.

Additionally, we investigated the functional and seeding properties of Tau fragments, R2Ct and R3Ct,
which encompass key aggregation-prone regions and the PHF-1 epitope (S396, S400, S404). The
R3Ct fragment demonstrated a greater loss of microtubule-stabilizing function and an increased
propensity for toxic seeding compared to R2Ct, with these effects being exacerbated by GSK3β
phosphorylation. We further tackled the impact of specific phosphorylation events on Tau behav-
ior, through a semi-synthetic strategy to produce homogeneous, site-specifically phosphorylated full-
length 2N4R Tau, including PHF1-3P Tau with three phosphorylation sites (pS396, pS400, pS404).
Our results indicate that PHF1-3P Tau significantly impairs microtubule assembly and, while reduc-
ing heparin-induced aggregation, promotes the formation of long PHF-like fibrils via cross-seeding.

Furthermore, we explored the use of nanobodies as potential therapeutic agents for inhibiting Tau
aggregation. Nanobodies, which are single-domain antibodies derived from camelid species, offer
unique advantages due to their small size, high stability, and ability to bind to specific epitopes with
high affinity. By targeting key regions within Taus intrinsically disordered domains, nanobodies can
effectively inhibit aggregation and prevent the formation of neurofibrillary tangles. In our studies, we
identified nanobodies that specifically bind to the PHF6 and PHF6* motifs within Tau, critical sites
for fibril formation, and demonstrated that these nanobodies can reduce Tau aggregation in vitro.

This research provides critical insights into the regulation of GSK3β by phosphorylation and O-
GlcNAcylation to modulate Tau hyperphosphorylation, the differential effects of Tau phosphoryla-
tion on seeding and aggregation, and the use of semi-synthetic approaches to study complex PTM
interactions on Tau. Additionally, the identification of nanobodies as inhibitors of Tau aggregation
opens new avenues for therapeutic intervention in AD. These findings enhance our understanding of
the molecular mechanisms driving Tau pathology in AD and highlight potential therapeutic targets
for mitigating Tau aggregation and propagation in tauopathies.
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Résumé

La maladie d’Alzheimer (AD) est une maladie neurodégénérative caractérisée par l’accumulation de
plaques amyloïdes et d’enchevêtrements neurofibrillaires composés de la protéine Tau hyperphos-
phorylée. L’agrégation de Tau joue un rôle central dans la progression des tauopathies, un groupe de
troubles neurodégénératifs liés à l’âge, en perturbant la stabilité des microtubules et en favorisant la
propagation de la pathologie Tau par des mécanismes de seeding. La glycogène synthase kinase 3
bêta (GSK3β) est l’une des kinases clés impliquées dans l’hyperphosphorylation de Tau, et sa dérégu-
lation est étroitement associée à la pathogénèse de l’AD. Cette étude explore la régulation complexe
de l’activité de GSK3β par des modifications post-traductionnelles, y compris la phosphorylation
et l’O-GlcNAcylation, et leur impact sur la fonction et l’agrégation de Tau. Nous avons découvert
que la phosphorylation de GSK3β par Akt sur Ser9 inhibe l’activité de GSK3β sur les substrats Tau
non-primés, tout en restaurant sélectivement son activité sur les substrats primés, soulignant un mé-
canisme de régulation différentiel. GSK3β est également fortement O-GlcNAcylée à plusieurs sites,
y compris Ser9, ce qui n’altère pas significativement l’activité kinase mais réduit la phosphorylation
de Ser9 par Akt, indiquant une interaction complexe entre ces modifications qui pourrait influencer la
fonction de GSK3β.

En outre, nous avons étudié les propriétés fonctionnelles et de seeding des fragments de Tau, R2Ct et
R3Ct, qui englobent des régions critiques pour l’agrégation et l’épitope PHF-1 (S396, S400, S404).
Le fragment R3Ct a montré une plus grande perte de fonction de stabilisation des microtubules et une
propension accrue à l’agrégation toxique par seeding par rapport au fragment R2Ct, ces effets étant
exacerbés par la phosphorylation de GSK3β. Pour mieux comprendre l’impact des événements de
phosphorylation spécifiques sur le comportement de Tau, nous avons développé une stratégie semi-
synthétique pour produire une protéine Tau 2N4R complète et homogène, phosphorylée de manière
site-spécifique, incluant la Tau PHF1-3P avec trois sites de phosphorylation (pS396, pS400, pS404).
Nos résultats indiquent que Tau PHF1-3P altère significativement l’assemblage des microtubules et,
tout en réduisant l’agrégation induite par l’héparine, favorise la formation de longues fibrilles de type
PHF via le cross-seeding.

De plus, nous avons exploré l’utilisation de nanocorps comme agents thérapeutiques potentiels pour
inhiber l’agrégation de Tau. Les nanocorps, qui sont des anticorps à domaine unique dérivés d’es-
pèces camélidés, offrent des avantages uniques grâce à leur petite taille, leur grande stabilité et leur
capacité à se lier à des épitopes spécifiques avec une grande affinité. En ciblant des régions clés au
sein des domaines intrinsèquement désordonnés de Tau, les nanocorps peuvent inhiber efficacement
l’agrégation et empêcher la formation d’enchevêtrements neurofibrillaires. Dans nos études, nous
avons identifié des nanocorps qui se lient spécifiquement aux motifs PHF6 et PHF6* au sein de Tau,
des sites critiques pour la formation des fibrilles, et démontré que ces nanocorps peuvent réduire
l’agrégation de Tau in vitro.

Cette recherche apporte des connaissances essentielles sur la régulation de GSK3β par phospho-
rylation et O-GlcNAcylation, les effets différentiels de la phosphorylation de Tau sur le seeding et
l’agrégation, et l’utilisation d’approches semi-synthétiques pour étudier les interactions complexes
des modifications post-traductionnelles sur Tau. De plus, l’identification des nanocorps comme in-
hibiteurs de l’agrégation de Tau ouvre de nouvelles perspectives pour l’intervention thérapeutique
dans l’AD. Ces résultats améliorent notre compréhension des mécanismes moléculaires conduisant
à la pathologie Tau dans l’AD et mettent en évidence des cibles thérapeutiques potentielles pour at-
ténuer l’agrégation et la progression de Tau dans les tauopathies.
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FRET Fluorescence Resonance Energy Transfer

FTA Filter Trap Assay

GalNAz N-azidoacetylglucosamine

GGT Globular glial tauopathy

GSK3β Glycogen synthase kinase 3 beta

GWAS Genome-Wide Association Studies

HCD Higher-energy Collisional Dissociation

IDP Intrinsically Disordered Protein

IDR Intrinsically Disordered Region

23



LIST OF ABBREVIATIONS

kDa kiloDalton

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry

LLPS Liquid Liquid Phase Separation

MALDI-TOF Matrix-Assisted Laser Desorption - Ionisation-Time of Flight

MS Mass Spectrometry

NCL Native Chemical Ligation

NFT Neurofibrillary tangles

NP Neuritic Plaques

NPFs Narrow Pick Filaments

OBP OGT Binding Peptide

OGA O-GlcNAcase

OGA-L OGA-Long

OGA-S OGA-Short

OGT O-GlcNAc transferase

PCA Posterior Cortical Atrophy

PD Pick disease

PET Positron-emission tomography

PHF Paired Helical Filament

PKB Protein Kinase B

PSP Progressive supranuclear palsy

PTMs Post-Traductional Modifications

SDS Sodium Dodecyl-Sulfate

SP senile plaques

TAMRA Tetramethylrhodamine

Tau Tubulin Associated Unit

TEM Transmission electron microscopy

TEnTR Trans-Entorhinal Region

ThT Thioflavin T

UDP-GlcNAc Uridine Diphosphate N-acetylglucosamine

VHH Variable Heavy domain of Heavy chain

WHO World Health Organization

WPFs Wide Pick Filaments
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LIST OF ABBREVIATIONS

Table 1: Amino Acids and Their Codes

Amino Acid Three-Letter Code One-Letter Code

Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic Acid Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic Acid Glu E
Glycine Gly G
Histidine His H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val V
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Part III

General Introduction to Protein Biochemistry
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1. Protein biochemistry

Proteins are complex macromolecules essential to life, often constituting more than 50 % of the dry
weight of living organisms. They play a crucial role in a wide range of biological processes, from
maintaining cellular structure to facilitating biochemical reactions. Proteins are composed of one or
more polypeptide chains, which are copolymers made up of approximately 20 different amino acids
known as "proteinogenic" amino acids, linked together by peptide bonds.
The structural organization of proteins is a key aspect of their function and is categorized into several
levels: primary, secondary, tertiary, and quaternary structures. The three-dimensional (3D) structure
of proteins is determined by the interactions between the unique side chains (R groups) of the amino
acids, and this 3D structure is intimately linked to the protein’s specific function.

Figure 1: The amino acid chain can be analyzed to predict the secondary, tertiary, and quaternary structures of
a protein

Proteins exhibit a remarkable diversity in their roles within biological systems. They can function as
enzymes, catalyzing biochemical reactions; as hormones, regulating various physiological processes;
as structural components, forming tissues; as transport molecules, carrying substances across cell
membranes; and as defensive agents in the immune system, among other roles. The physicochemical
properties of proteins, such as sizewhich can range from a few thousand to several million daltonssol-
ubility, and isoelectric point, are determined by their specific amino acid composition and structural
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conformation.
The study of protein biochemistry involves a range of techniques to explore the structure and function
of these molecules. This includes methods for protein production, purification, and structural and
functional characterization. Techniques like chromatography, electrophoresis, and mass spectrometry
are commonly used to analyze proteins.
The biological importance of proteins is underscored by their involvement in nearly all cellular pro-
cesses, making them fundamental to the understanding of life at the molecular level. The study of
protein biochemistry is not only essential for basic biological research but also has significant ap-
plications in medicine, biotechnology, and industry. This field is continually evolving, integrating
approaches from chemistry, biophysics, molecular biology, and cell biology to uncover the molecular
mechanisms that underpin life Cuq 2024; Sanvictores and Farci 2024.
In this work, we will be focusing on one protein named Tau.

2. Regulation of Protein Expression

Protein expression regulation is a crucial process that allows cells within the same organism to ex-
press different sets of proteins despite having an identical genome. Epigenetic regulation modifies
chromatin structure and gene accessibility to the transcriptional machinery, with key modifications
including DNA methylation, where methyl groups are added to cytosines often associated with gene
repression, and histone modifications such as acetylation, methylation, and phosphorylation, which
influence DNA compaction and accessibility. These modifications can be inherited and are influ-
enced by environmental factors, allowing cells to adapt (Ramírez-Clavijo and Montoya-Ortíz 2013).
Transcriptional regulation is often the primary point of gene expression control, involving transcrip-
tion factors that bind to specific DNA sequences called cis-regulatory elements, including promoters,
which are sequences located upstream of a gene that initiate transcription, and enhancers, which in-
crease transcription efficiency from a distance. Extracellular signals, such as hormones, can activate
or inhibit these transcription factors, modulating gene expression in response to stimuli (Casamas-
simi and Ciccodicola 2019). Post-transcriptional regulation occurs after transcription, where mRNA
undergoes various maturation and regulatory processes, such as splicing, which generates multiple
protein isoforms from a single gene to enhance protein diversity, and mRNA stability, where the lifes-
pan of mRNA in the cytoplasm affects protein production, with regulatory elements in the mRNA
influencing its degradation (Zhao, Roundtree, and He 2017). Translational regulation is another crit-
ical regulatory point, particularly at the initiation of translation, which can be modulated by protein
factors that bind to mRNA to either inhibit or stimulate translation, and regulatory RNAs, such as
antisense RNAs or microRNAs, that can bind to mRNA and block translation. Translation consumes
a significant amount of cellular energy, representing up to 90% of the energy used for protein syn-
thesis, highlighting its regulatory importance (Sonenberg and Hinnebusch 2009). Cells also respond
to internal and external signals through signaling pathways that modulate gene expression, activat-
ing transcription factors or directly influencing the translation machinery, for example, in response
to stress, cells may induce the transcription of specific genes while globally inhibiting translation to
prioritize proteins essential for survival.

3. Regulation Mechanisms of Post-Translational Modifications (PTMs)

Post-translational modifications (PTMs) are chemical changes that occur after protein synthesis. These
modifications include phosphorylation, which involves adding phosphate groups often through ki-
nases, altering enzymatic activity and protein function, such as the crucial role of eIF2-α phosphory-
lation in translation initiation. Acetylation of lysines affects protein interactions and stability, while
ubiquitination marks proteins for degradation by the proteasome, regulating protein levels within the
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Figure 2: Regulation of gene expression

cell. Glycosylation, the addition of carbohydrate chains, impacts protein structure and function, par-
ticularly in cellular signaling. PTMs enable cells to rapidly respond to environmental changes without
the need for new protein synthesis.
Cellular adaptability largely depends on the dynamic nature of PTMs. Cells can quickly adjust their
responses to stimuli through rapid and reversible modifications of proteins. For instance, during cel-
lular stress, specific proteins may be phosphorylated or dephosphorylated, altering their functions
within minutes.
Characterizing PTMs presents several challenges. The complexity arises from multiple and inter-
acting modifications, making it difficult to pinpoint the specific effects of each modification. Ad-
ditionally, the dynamic nature of PTMs requires sensitive and rapid detection techniques to capture
real-time changes. Cellular specificity further complicates the establishment of universal models, as
responses to stimuli can vary significantly between different cell types.

4. The Relationship Between Protein Structure and Function

The relationship between the structure and function of proteins is fundamental in biology, as the spe-
cific three-dimensional shapes of proteins dictate their roles in cellular processes. Proteins are macro-
molecules composed of chains of amino acids that fold into specific three-dimensional structures.
This structural complexity can be understood through four hierarchical levels: primary, secondary,
tertiary, and quaternary structures. The primary structure refers to the linear sequence of amino acids
in the polypeptide chain, which ultimately dictates how the protein will fold. Secondary structures,
such as alpha helices and beta sheets, arise from local folding patterns stabilized by hydrogen bonds
between backbone atoms. The tertiary structure represents the overall three-dimensional conforma-
tion of the entire polypeptide, driven by interactions among side chains, including hydrophobic inter-
actions, ionic bonds, and disulfide bridges. Finally, the quaternary structure involves the assembly of
multiple polypeptide subunits into a larger functional complex, as seen in proteins like hemoglobin
(Structure des protéines 2024).

The function of a protein is intimately connected to its structure, as the shape and folding of a protein
determine how it interacts with other molecules. For example, enzymes have active sites with specific
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shapes that fit their substrates precisely, enabling them to catalyze chemical reactions with high speci-
ficity and efficiency. This specificity is a direct result of the proteins three-dimensional conformation,
which is tailored to recognize and bind certain molecules while excluding others. Similarly, antibod-
ies have variable regions that bind to specific antigens, and their structure is key to their function in
the immune response. If the protein’s structure is disrupted, such as through denaturation caused by
heat, pH changes, or chemical agents, the protein often loses its functional capabilities. This loss of
function upon structural alteration underscores the importance of maintaining the integrity of protein
folding for biological activity (Structure des protéines 2024; Protein Structural Analysis 2019).

Structural similarity often correlates with functional similarity, a concept known as structural homol-
ogy. Proteins with similar amino acid sequences and three-dimensional structures usually perform
similar functions, even if they are found in different organisms. This allows scientists to predict the
function of newly discovered proteins based on their resemblance to known proteins. Structural biol-
ogy techniques such as X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and
cryo-electron microscopy are invaluable for determining the structures of proteins and understanding
their functions at the molecular level. Insights gained from these techniques can help elucidate how
proteins interact with other biomolecules, such as DNA, RNA, lipids, and other proteins (Protein
Structural Analysis 2019).

Understanding the structure-function relationship in proteins is crucial for therapeutic development.
Detailed knowledge of protein structures enables the design of drugs that specifically target proteins
involved in disease processes. For example, enzyme inhibitors can be crafted to bind precisely to the
active sites of enzymes, thereby blocking their activity. This approach is widely used in the devel-
opment of treatments for diseases such as cancer, where overactive enzymes drive cell proliferation,
or in infectious diseases, where viral or bacterial enzymes are targeted to inhibit pathogen replica-
tion. By studying the structures of disease-related proteins, researchers can develop molecules that
precisely interfere with their function, offering a pathway to highly specific and effective therapies
(Structure des protéines 2024).

This section underscores the importance of protein structure in determining function and highlights
how structural insights can drive scientific and medical advancements. Understanding the intricate
details of protein folding, stability, and interaction capabilities not only reveals fundamental biologi-
cal principles but also opens avenues for targeted therapeutic interventions.

5. Structural Biology and Determining Protein Structure

Structural biology is a crucial field dedicated to understanding the three-dimensional architecture of
biological macromolecules, including proteins and nucleic acids. Determining protein structures pro-
vides insights into their functions, interactions, and roles in various biological processes. A variety of
techniques are employed to achieve high-resolution structures, each with its own strengths, applica-
tions, and limitations.

X-ray crystallography is a widely used method that relies on the diffraction of X-rays through crys-
tallized proteins to determine atomic positions. The resulting diffraction pattern is analyzed to gener-
ate electron density maps, from which the positions of atoms are deduced, providing detailed insights
into the proteins three-dimensional structure. This technique excels at revealing high-resolution struc-
tures of individual proteins and complexes, but it requires high-quality crystals, which can be chal-
lenging to obtain for certain proteins, such as membrane proteins or highly flexible proteins.
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Nuclear Magnetic Resonance (NMR) spectroscopy leverages the magnetic properties of atomic
nuclei to determine the structure of proteins in solution. By applying a strong magnetic field and
radiofrequency pulses, NMR detects interactions between atomic nuclei, providing information on
distances and angles between them. This allows the determination of protein structures in conditions
that closely mimic the physiological environment, making it ideal for studying protein dynamics,
conformational changes, and interactions in solution. However, NMR is limited by the size of the
protein; it becomes less effective for larger proteins or complexes due to spectral complexity and re-
duced signal quality.

Cryo-electron microscopy (cryo-EM) has gained prominence as a powerful tool for determining the
structures of large and complex macromolecular assemblies without the need for crystallization. In
cryo-EM, proteins are rapidly frozen in a thin layer of vitreous ice, preserving their native conforma-
tion, and then imaged using a beam of electrons. High-resolution structures are obtained by averaging
thousands of images, allowing the visualization of proteins at near-atomic resolution, especially suited
for large complexes, membrane proteins, and transient states. The preparation of cryo-EM samples
can be technically demanding, and the interpretation of data requires sophisticated computational
techniques.

Neutron diffraction uses neutrons instead of X-rays to probe protein structures. Neutrons interact
with atomic nuclei rather than the electron cloud, making them particularly sensitive to light atoms
such as hydrogen, which are often invisible in X-ray diffraction data. This technique is valuable for
studying hydrogen bonding and hydration shells around proteins, but it requires specialized facilities
like nuclear reactors or spallation sources, making it less accessible than other methods.

Small-angle X-ray scattering (SAXS) is a solution-based technique used to obtain low-resolution
information about the overall shape, size, and conformational changes of proteins in solution. SAXS
measures the scattering of X-rays at small angles as they pass through the sample, providing data
on the global structure and dynamics of proteins and complexes under various conditions. Although
SAXS does not provide atomic resolution, it is highly useful for studying flexible proteins, conforma-
tional changes, and protein-ligand interactions in a more native-like environment.

Mass spectrometry is primarily used to determine the mass, composition, and post-translational
modifications of proteins. While it does not directly provide three-dimensional structural information,
mass spectrometry can reveal the stoichiometry of protein complexes, identify interaction partners,
and map the locations of modifications such as phosphorylation, glycosylation, and acetylation. Ad-
vanced techniques like cross-linking mass spectrometry can also provide distance constraints between
specific residues, contributing to the understanding of protein topology and interactions.

AlphaFold, represents a revolutionary advancement in artificial intelligence for predicting protein
structures from amino acid sequences, significantly enhancing structural biology. By integrating deep
learning with biological and physical knowledge, AlphaFold provides highly accurate predictions
that rival experimental methods like X-ray crystallography, NMR spectroscopy, and cryo-electron
microscopy. Its AlphaFold Protein Structure Database (AlphaFold DB) now includes over 214 mil-
lion predicted structures, vastly increasing the available protein structural data. Key features include
confidence metrics, such as the predicted local distance difference test (pLDDT), which indicates the
reliability of specific regions, and Predicted Aligned Error (PAE), which helps assess positional ac-
curacy. This extensive resource supports high-throughput structural bioinformatics, aids in structure-
based drug discovery, and offers insights into disease mechanisms by elucidating the structures of
proteins related to various conditions. The database is set to expand further, promising to enhance its
value for the scientific community.
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Studying the structural impact of post-translational modifications (PTMs) on proteins remains a sig-
nificant challenge in structural biochemistry, despite advances in analytical techniques. This com-
plexity arises from several factors: technical challenges associated with sample heterogeneity make it
difficult to obtain homogeneous preparations, as a single protein can exhibit various combinations of
PTMs, complicating data interpretation. Techniques such as X-ray crystallography may have insuf-
ficient resolution to detect subtle modifications, and PTMs can increase protein flexibility, making it
harder to achieve high-resolution structures. Additionally, PTMs can exert structural effects distally
from the modification site, and their impact on protein-protein interactions and temporal dynamics
further complicates their study. Nevertheless, emerging approaches are addressing these challenges,
including the use of complementary techniques (such as crystallography, NMR, and cryo-EM), com-
putational methods and molecular simulations, single-molecule analysis techniques, and the devel-
opment of specific enrichment and purification methods for modified forms. These integrative ap-
proaches are gradually enhancing our understanding of how PTMs modulate protein structure and
function, even as many challenges remain in this evolving field.

Understanding protein structures and their interactions is essential for elucidating the mechanisms of
proteinopathies, where misfolded proteins can form toxic aggregates or lose their normal functions,
as seen in diseases like Alzheimers, where beta-amyloid aggregates into plaques and Tau protein into
neurofibrillary tangles. Detailed structural knowledge allows the identification of therapeutic targets,
guiding the design of molecules that stabilize native protein conformations, prevent misfolded pro-
tein aggregation, or promote the clearance of toxic aggregates. This approach also supports precision
medicine by identifying different strains of misfolded proteins, enabling tailored treatments for neu-
rodegenerative diseases. Furthermore, early structural insights can lead to sensitive biomarkers for
diagnosing proteinopathies before clinical symptoms appear, and understanding the molecular mech-
anisms of misfolding could help develop preventive strategies. Finally, this knowledge fosters innova-
tive therapies, such as pharmacological chaperones for correct protein folding, immunotherapies tar-
geting misfolded proteins, and molecules that modulate pathological protein-protein interactions, un-
derscoring the critical role of structural biology in addressing proteinopathies (family=Canada 2015).
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Chapter 1: Alzheimer’s Disease
1. History and Definition of Alzheimer’s Disease

The meeting between the German psychiatrist and neurologist Alois Alzheimer (Figure 1.1a) and
his patient Auguste Deter (Figure 1.1b) in 1901 marked a historic and foundational moment in the
scientific understanding of dementia. At the time, the young clinician could not anticipate that his
discoveries about the connection between brain and mental illnesses would make him world-famous.
In 1901, Auguste Deter, at the age of 50, exhibited symptoms of memory loss and relational difficul-
ties. After her death in 1906, Alzheimer examined her brain, as well as that of another patient, John
F., using silver staining. He observed the presence of amyloid plaques and neurofibrillary tangles, al-
though these terms were not used at the time. These discoveries marked the beginning of a significant
advancement in the understanding of brain diseases (Möller and Graeber 1998).

(a) Portraits of Alois Alzheimer (b) Portrait of Auguste Deter

Figure 1.1: Portraits of Alois Alzheimer and Auguste Deter

On November 3, 1906, the young physician Alois Alzheimer delivered a lecture describing the psy-
chiatric symptoms and histological changes in the brain of his patient Auguste Deter. This moment
marked the first publication of what would become one of the most tragically famous conditions, the
disease that now bears his name: Alzheimer’s disease (AD) (Dahm 2006).

2. Symptoms of Alzheimer’s Disease

Today, Alzheimer’s disease has been declared a "global public health priority" by the World Health
Organization (WHO) , as there is no permanent cure for Alzheimer’s disease. So far, there are
only well-established concepts and hypotheses regarding the causes and drug targets of Alzheimer’s
disease. Based on this concept, medications help reduce the progression of the disease pathology
(Downer et al. 2021).
Alzheimer’s disease is the most common form of dementia, affecting memory, thinking, and behav-
ior. It is a progressive brain disorder that slowly destroys memory and cognitive skills, eventually
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impairing the ability to carry out daily tasks. The disease may initially appear after the age of 60, and
the risk increases with age, but it can also affect younger individuals, although less frequently.
Symptoms of AD can vary from person to person but the most common ones include memory loss, dif-
ficulty performing tasks, decreased judgment, and changes in mood or behavior (What Is Alzheimer’s
Disease? 2019; Alzheimer’s Disease 2018). Symptoms evolve as the disease progresses through
different stages.

3. Factors Influencing Alzheimer’s Disease

AD is considered a multifactorial disease associated with several risk factors such as age, genetic
factors, head injuries, vascular diseases, infections, and environmental factors. Additionally, there are
also molecular causes which will be detailed in the subsequent manuscript.

3.1. Environmental Factors
Age is the most significant risk factor for Alzheimer’s disease (Coria, Rubio, and Bayón 1994), with
risk increasing as individuals age (Risk Factors for Alzheimer’s Disease | Alzheimer’s Society 2023;
Causes and Risk Factors for Alzheimer’s Disease 2024). Individuals over 65 are more likely to de-
velop Alzheimer’s disease, with the risk doubling every five years after this age. Although most
people with Alzheimer’s disease are over 65, about 1 in 20 people with the disease are under 65,
known as early-onset or younger-onset Alzheimer’s disease (Early-Onset Dementia and Alzheimer’s
Rates Grow for Younger American Adults 2021).

Figure 1.2: Projected Prevalence of Alzheimer’s Disease in 2050. (Figure adapted from Alzheimer’s Disease
2017)

3.2. Genetic Factors
Alzheimer’s disease (AD) is impacted by various genetic factors that play a crucial role in its devel-
opment.
The APOE gene, specifically the APOE ε4 allele, is widely recognized as a major genetic risk factor
for Alzheimer’s disease. Individuals carrying the APOE ε4 allele have an increased risk of developing
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Alzheimer’s disease and may exhibit an early onset of the disease (Silva et al. 2019). In contrast,
the APOE ε2 allele may offer some protection against Alzheimer’s disease, delaying its onset com-
pared to the ε4 allele (Raber, Huang, and Ashford 2004). Since 2022, genome-wide association
studies (GWAS) have identified about 75 genetic susceptibility loci (Grupe et al. 2007; Bellenguez
et al. 2022). These studies initially confirmed the APOE gene as the most significant risk factor
for Alzheimer’s disease (Coon et al. 2007). Furthermore, the initial GWAS revealed the following
susceptibility loci: BIN1 (Bridging integrator 1), CLU (Clusterin), PICALM (Phosphatidylinositol-
binding clathrin assembly protein), and CR1 (Cell-surface receptor 1) (Chapuis et al. 2013; Harold
et al. 2009; Lambert et al. 2009).
Regarding other genetic factors, rare forms of early-onset Alzheimer’s disease (EO-FAD) are closely
related to mutations in genes such as APP (amyloid precursor protein) and PSEN1/2 (presenilin) (A
Armstrong 2019).

3.3. Increased Alzheimer’s Risk in Women
Women may face a greater risk of developing Alzheimer’s disease compared to men due to a com-
bination of genetic, biological, hormonal, psychiatric, and psychosocial factors, as well as increased
longevity. Genetically, women carrying the APOE-σ4 allele, a significant risk factor for Alzheimer’s,
are nearly twice as likely to develop the disease compared to women without the allele. In contrast,
men with this allele have only a slightly elevated risk (Podcasy and Epperson 2016). Additionally,
some genes pose risks for Alzheimer’s exclusively in women or men, indicating sex-specific genetic
influences (Women and Alzheimer’s Disease | Lifespan 2024).
Biologically, brain imaging studies show that toxic tau protein spreads more rapidly and extensively
in women’s brains, potentially accelerating disease progression. Womens brains may also metabo-
lize sugar more efficiently, masking early Alzheimer’s symptoms and delaying diagnosis. Hormonal
changes, especially declining estrogen levels during menopause, increase women’s vulnerability to
Alzheimer’s. The Women’s Health Initiative Memory Study found that postmenopausal hormone
therapy with estrogen and progesterone doubled the risk of dementia in women aged 65-79 (Women
and Alzheimer’s Disease | Lifespan 2024).
Psychiatric conditions such as depression and insomnia, which are more prevalent in women, are
linked to a higher risk of Alzheimer’s. Pregnancy-related hypertensive disorders, like gestational hy-
pertension and preeclampsia, may elevate the risk of dementia later in life. Psychosocial factors, such
as lower educational levels common in previous generations of women, are associated with a higher
risk of Alzheimer’s due to reduced cognitive reserve. Additionally, the traditional caregiving roles
often assumed by women can lead to increased stress levels, potentially influencing their risk (O’Neal
2024).
Finally, women generally live longer than men, and since older age is the greatest risk factor for
Alzheimer’s, this increases the overall prevalence of the disease in women (Women and Alzheimer’s
2019).

3.4. Low Education
Low education is a significant risk factor for developing Alzheimer’s disease (AD).
Case-control studies consistently show that individuals with low educational attainment (typically de-
fined as 6 years or less of formal schooling) have a higher prevalence of AD compared to those with
higher education levels (Gatz et al. 2001; Schmand et al. 1997).
Meta-analyses and systematic reviews have quantified this increased risk, with summary odds ratios
ranging from 1.59 to 1.89 for developing any dementia, including AD, in individuals with low edu-
cation. Longitudinal studies following cognitively healthy individuals over time have found that low
education is associated with a higher incidence and risk of developing AD and other dementias.
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A continuous meta-analysis found that each additional year of education reduces the risk of AD by
around 8% (95% CI: 5-12%). Furthermore, a dichotomous meta-analysis showed an 85% increased
risk (95% CI: 56-118%) of developing AD for individuals with low education compared to those with
higher education levels. While the definition of "low education" varies across studies (ranging from
0 to 12 years), the evidence consistently points to an inverse relationship between years of education
and risk of AD(Maccora, Peters, and Anstey 2020).
The proposed mechanisms linking low education to increased AD risk include reduced cognitive re-
serve, lifestyle factors associated with lower socioeconomic status, and potential interactions with
genetic and vascular risk factors (Ngandu et al. 2007). .

3.5. Cardiovascular Risk Factors
Cardiovascular risk factors play a significant role in the development of Alzheimer’s disease, influ-
encing brain and cognitive health. Studies have demonstrated that conditions such as hypertension,
diabetes, hypercholesterolemia, obesity, smoking, and lack of physical activity can contribute to cog-
nitive impairment and the progression of Alzheimer’s disease. Additionally, high cardiovascular risk
is associated with an increased risk of developing Alzheimer’s disease, underscoring the importance
of controlling these factors to maintain brain health. To reduce this risk, it is recommended to mon-
itor and control blood pressure, cholesterol, body weight, and adopt a healthy lifestyle including a
balanced diet and regular physical activity. Furthermore, quitting smoking, managing type 2 diabetes,
and engaging in stimulating cognitive activity can also contribute to reducing the risk of developing
Alzheimer’s disease associated with cardiovascular factors. In summary, by taking measures to con-
trol cardiovascular risk factors, it is possible to reduce the risk of developing Alzheimer’s disease,
highlighting the importance of a proactive approach to maintaining good cardiovascular and brain
health throughout life (Leszek et al. 2021).

4. Neuropathological lesions

4.1. Macroscopic Features
The brain affected by AD often shows a decrease in weight and atrophy, at least moderate cortical
atrophy, more marked in the medial temporal lobes (MTL), with relative preservation of the primary
motor, somatosensory, and visual cortices, as well as widening of the lateral ventricles (ex vacuo
hydrocephalus). Cerebral atrophy often affects posterior cortical areas, including the precuneus and
posterior cingulate gyrus, in the preclinical stage of AD (Zhou et al. 2010) (Figure 1.3). However,
none of the macroscopic features are specific to Alzheimer’s disease, and healthy older individuals
often exhibit moderate cortical atrophy, notably affecting the frontal lobes (Piguet et al. 2009), with a
loss of white matter volume. Medial temporal atrophy affecting the amygdala and hippocampus with
temporal horn enlargement is typical of Alzheimer’s disease. However, this is also observed in other
age-related disorders, such as hippocampal sclerosis (Serrano-Pozo et al. 2011).

4.2. Microscopic Aspects
The definitive diagnosis of Alzheimer’s disease requires microscopic examination of several brain
regions with a semi-quantitative assessment of lesion density and their topographic distribution.
In 1906, Alzheimer used silver staining techniques, then recent, to examine the autopsy of the brain
of his patient Auguste Deter (Figure 1.1b). The results revealed the presence of senile plaques (SP)
extracellularly and of intracellular neurofibrillary tangles (NFT) 1.4, which are now recognized as the
primary lesions causing Alzheimer’s disease (Mufson et al. 2015).
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(a) Formalin-fixed brain slice from the left side, at the level
of the posterior hippocampus, of a non-demented individual

(b) Formalin-fixed brain slice from the left side, at the
level of the posterior hippocampus, of an individual with
Alzheimer’s disease

Figure 1.3: Comparision of Formalin-Fixed Brain Slices (Jellinger 2020)

Extracellular SPs and intracellular NFTs, essential for neuropathological diagnosis, are associated
with tau-positive neuropil threads (NT), dystrophic neurites, and neuritic plaques (NP) , cerebral
amyloid angiopathy , reactive astrocytes and activated microglia, as well as neuroinflammation. These
lesions result in synaptic and neuronal loss in vulnerable regions, leading to cerebral atrophy and the
characteristic clinical picture of the disease. Hirano bodies, granulovacuolar degeneration (GVD),
TDP-43 deposits, and other lesions may also be present (DeTure and Dickson 2019; Tomé et al.
2020).

Amyloid Plaques

Amyloid plaques result from the extracellular accumulation of Aβ peptides with a molecular weight
of approximately 4.5 kDa. This peptide is the result of proteolytic cleavage of amyloid precursor
protein (APP) (Kang et al. 1987–0025). APP is a large transmembrane protein encoded by the APP
gene located on chromosome 21 (Goldgaber et al. 1987). APP can undergo two different degrada-
tion pathways: the non-amyloidogenic pathway and the amyloidogenic pathway, and other alternative
pathways (Figure 1.5). In the non-amyloidogenic processing pathway, membrane-bound mature APP
is cleaved by α-secretase within the amyloid-β (Aβ) region (indicated in red), releasing soluble
α-APP (sAPPα) and C-terminal fragment α (CTF-α). CTF-α is then cleaved by γ-secretase to
generate P3 and the APP intracellular domain (AICD). In the amyloidogenic pathway, which occurs
preferentially in acidic environments such as endosomes, internalized APP is sequentially cleaved
by β- and γ-secretases to produce soluble β-APP (sAPPβ), Aβ, and AICD. C-terminal fragment β
(CTF-β) is an intermediate product of β-secretase cleavage. An example of alternative pathways is
achieved by cleavage at the β-site of APP by the enzymatic activity of the secretase BACE1, a trans-
membrane enzyme with aspartyl protease activity. Cleavage by β-secretase yields a slightly shorter
soluble fragment (sAPPβ) and a longer corresponding C-terminal fragment (CTFβ) or C99 (Zheng
and Koo 2011).
Cleavage of APP by α-secretases releases the soluble ectodomain of APP named sAPPα and a
membrane-bound intracellular C-terminal fragment named CTFα and C83 (Jellinger 2020). This
pathway is also known as neuroprotective because the sAPPα peptide possesses neuroprotective
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Figure 1.4: Image of original post-mortem histological slides showing silver-impregnated neuritic plaques and
a neurofibrillary tangle in the brain of Auguste Deter (Mufson et al. 2015)

properties, preventing the formation of Aβ peptides formed in the amyloidogenic pathway (Hick
et al. 2015).
In the amyloidogenic pathway, Aβ peptides are produced. These peptides vary in size: Aβ-40, com-
posed of 40 amino acids, and Aβ-42, composed of 42 amino acids, resulting from the sequential
cleavage of a protein by β- and γ-secretases (O’Brien and Wong 2011).
In the context of Alzheimer’s disease (AD), the amyloidogenic cleavage process of APP directly com-
petes with the neuroprotective pathway. This competition can lead to dysregulation of the neuropro-
tective pathway, thus favoring the amyloidogenic pathway and contributing to disease development.
In this hypothesis, mutations in genes encoding APP, presenilins 1 and 2 (enzymes in the γ-secretase
activation pathway) also play a role (Kojro and Fahrenholz 2005; Jellinger 2020).
γ-Secretases cleave the C-terminal fragments of APP such as C83 or C99 releasing 3 or 4 amino acids
from the transmembrane fragment. This pathway is only active after cleavage by α or β-secretase.
The products of γ-secretase cleavage of C83 are a 3 kDa peptide, called p3, and an intracellular
domain of amyloid precursor protein (AICD), while cleavage by γ-secretase of C99 produces the
famous Aβ peptide and an identical AICD fragment (Haass et al. 2012).

Figure 1.5: Proteolytic cleavage of amyloid precursor protein (APP) by non-amyloidogenic (left) and amy-
loidogenic (right) processing pathways (Sun et al. 2022)

Regarding distribution, amyloid plaque deposits are mainly found in the gray matter of the brain and
are associated with degenerative neuronal elements as well as an abundance of microglia and astro-
cytes. Amyloid plaques vary in size and appearance, ranging from small accumulations to denser or
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diffuse masses. "Classic plaques" include a compact core of Aβ amyloid surrounded by a less dense
crown. They also include abnormal neuronal processes, activated astrocytes, and microglia (Jellinger
2020). Studies have shown a positive correlation between the distribution of amyloid plaques and
different brain regions, highlighting an association between these deposits and specific regions of
the brain in the pathogenesis of Alzheimer’s disease (Tsui et al. 2022). Amyloid plaques progress
in brain regions according to the Thal stages, with an initial presence in the neocortex, then in the
entorhinal cortex, hippocampus, and deeper regions such as the thalamus and hypothalamus (Figure
1.6) (Hampel et al. 2021).

Red areas in phase 1 represent cortical regions with initial amyloid-β accumulation during early preclinical
stage. The continued deposition in the same areas is represented by darker colors in subsequent phases, with
new areas showing amyloid-β in red at each phase. Neocortical regions with initial amyloid-β accumulation
in phase 1 include associative cortices. Additional accumulation is observed in allocortical regions and the
mesencephalon (phases 2 and 3), with the cerebellum and brainstem showing amyloid-β accumulation in late
clinical stages. The transition to darker shading indicates continued Aβ accumulation (Hampel et al. 2021)

Figure 1.6: The five phases of amyloid pathology development in Alzheimer’s disease

4.3. Neurofibrillary Tangles
After being initially identified using silver staining, examination of neurofibrillary tangles (NFTs) by
electron microscopy revealed their fibrillary structure. Indeed, as early as 1963, it was discovered that
NFTs exhibit paired helical filaments (PHFs) (Kidd 1963). A few years later, through biochemical
analysis of PHFs isolated from the brains of Alzheimer’s disease patients, the composition of NFTs
was elucidated. It was established that NFTs were primarily composed of aggregates of Tau proteins
(Figure 1.7), as well as Aβ peptide, MAP2, and ubiquitin (Brion et al. 1985; Kosik et al. 1989; Mas-
ters et al. 1985; Perry et al. 1987). For the first time in 1986, the Grundke-Iqbal group observed that
Tau protein in PHFs is in a hyperphosphorylated form (Grundke-Iqbal et al. 1986).
The Braak staging system is a method used to assess the progression of neurofibrillary tangles (NFTs)
associated with Alzheimer’s disease (Braak et al. 2006).
Braak stages are hierarchical, meaning that a given stage encompasses the abnormalities observed
in previous stages. Stages I and II are marked by involvement of the transentorhinal and entorhinal
cortices, respectively. By stage III, moderate damage is observed in the hippocampus, amygdala,
and adjacent neocortical areas. Stage IV defines the initial extension of the pathological process to
neocortical association areas, including the insular cortex and basal frontal areas. Stage V shows
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(A) Microtubule labeling by a serum produced from the thermostable fraction of MAPs (B) Counterstaining
with Congo red (PHFs identification). This shows that anti-microtubular protein serum also recognise PHFs
(Brion et al. 1985)

Figure 1.7: Immunolabeling on hippocampal section of AD patients

impairment of neocortical association areas, particularly in the temporal, parietal, and occipital asso-
ciative regions. By stage VI, degeneration spreads to primary motor and sensory fields (Figure 1.8)
(Macedo et al. 2023).

(A), I (B), II (C), III (D), IV (E), V (F), and VI (G) according to original histopathological descriptions, display-
ing a median sagittal brain section. Affected brain regions are colored in different shades of purple (Macedo
et al. 2023)

Figure 1.8: Topographical representation of Braak stages 0 (absence of Tau accumulation)

In the following chapter (Chapter 2), details on the structure and function of the Tau protein will be
elaborated.

Relationship between the two lesions

Many studies have established a link between Aβ and Tau and raised the possibility that protein-
protein interactions are key to both the spread and toxicity of these two abnormal proteins (Kara,
Marks, and Aguzzi 2018). Several models have been described: (1) Seeding of toxic Tau is enhanced
by the presence of Aβ; (2) Aβ toxicity depends on the presence of Tau; (3) Aβ and Tau mutually
reinforce their toxicity (Figure 1.9).
The first hypothesis is ex’ed by the fact that the presence of amyloid-beta (Aβ) significantly enhances
the seeding of toxic Tau, as evidenced by several key points. Direct interaction between Aβ and
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Tau proteins facilitates pathological cross-seeding, with the Aβ core region binding specific areas
of Tau and promoting its aggregation via a shared epitope (Tripathi and Khan 2020). According to
the amyloid cascade hypothesis, the accumulation of Aβ is an early event in Alzheimer’s disease
that triggers subsequent Tau pathology, with Aβ deposits leading to the formation of neurofibrillary
tangles composed of hyperphosphorylated Tau. Aβ also influences the spatial distribution of Tau
pathology, potentially causing a shift towards neuritic dystrophy or tangles depending on the dis-
ease stage. In mouse models, amyloid deposition accelerates and broadens Tau propagation, with
Aβ promoting the formation of specific pathological Tau forms (Paul et al. 2024). Furthermore,
pre-aggregated Aβ can act as a template for Tau aggregation by increasing the hydrophobic surface
area, thereby facilitating template-assisted growth of Tau protein. The rate of Tau fibril formation
in vitro is enhanced in a dose-dependent manner with increasing concentrations of Aβ seeds (Aβ
Plaques: Breeding Ground for Toxic Tau? | ALZFORUM 2017). The molecular interaction between
Aβ and Tau involves oxidative stress induced by Aβ, which upregulates RCAN1, thereby inhibiting
calcineurin (a Tau dephosphorylating phosphatase) and activating GSK3β, leading to increased Tau
phosphorylation and toxicity (Lloret et al. 2011). Aβ also promotes pathological Tau formation by
affecting kinases and phosphatases that regulate Tau, resulting in its misfolding (Bloom 2014).
The second hypothesis is supported by research suggesting that, even though the "amyloid cascade"
hypothesis posits that neurodegeneration in Alzheimer’s disease is caused by the abnormal accumu-
lation of beta-amyloid (Aβ) plaques in the brain, neurofibrillary degenerations (NFDs) have been
observed to manifest before the appearance of amyloid plaques. According to the amyloid cascade
hypothesis, the initial event triggering neuronal degradation in Alzheimer’s disease is an increase in
amyloid plaque accumulation.
The toxicity of amyloid-beta (Aβ) in Alzheimer’s disease (AD) is critically influenced by the presence
of Tau protein, as highlighted by several key points. Experimental evidence supports this relation-
ship, with studies in Tau knockout mouse models showing reduced Aβ-induced neurodegeneration
and synaptic dysfunction, indicating that Tau is necessary for Aβ toxicity (Ng et al. 2024). In vitro
experiments further demonstrate that Tau enhances the toxic effects of Aβ on neurons (Zhang et al.
2021). A feedback loop has been observed, wherein Aβ not only triggers Tau pathology, but toxic
Tau can also amplify Aβ toxicity, worsening the neurodegenerative process (Bloom 2014).
The two initial hypotheses lead to the third hypothesis: the mutual reinforcement of toxicity between
amyloid-beta (Aβ) and Tau proteins in Alzheimer’s disease (AD). This relationship is well-supported
by various studies. Aβ and Tau proteins directly interact, facilitating pathological cross-seeding,
where the core region of Aβ interacts with specific regions of Tau, promoting Tau aggregation through
a shared epitope, indicating common binding regions (Tripathi and Khan 2020). This cross-seeding
mechanism means that the presence of Aβ can enhance Tau aggregation and vice versa, significantly
contributing to their mutual toxicity (Kim et al. 2023).
These findings suggest that therapeutic strategies targeting both Aβ and Tau may be more effective
than those focusing on a single protein, with some inhibitors showing promise in reducing the aggre-
gation and toxicity of both proteins by binding to their common epitope (Tripathi and Khan 2020).

5. Therapies for AD

As of now, only a few immunotherapies targeting amyloid-beta (Aβ) peptides have been approved by
the FDA in the United States for the treatment of Alzheimer’s disease (AD). Aducanumab (Aduhelm)
received accelerated approval in 2021, though its development was halted by Biogen in 2024 for
commercial reasons rather than issues with safety or efficacy (Aducanumab to Be Discontinued as
an Alzheimer’s Treatment 2022; Biogen Walks Away From Aducanumab to Prioritize Lecanemab
and Alzheimer Disease Pipeline 2024). Lecanemab (Leqembi) was granted accelerated approval in
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Figure 1.9: Aβ plaques and NFTs as features of AD

January 2023, followed by traditional approval in July 2023, demonstrating a 27% reduction in cog-
nitive and functional decline compared to placebo over 18 months in the phase 3 CLARITY AD trial
(Lecanemab Approved for Treatment of Early Alzheimer’s Disease 2021). Donanemab is currently
under FDA review for potential approval (Donanemab Approved for Treatment of Early Alzheimer’s
Disease 2023). These therapies employ different mechanisms to target Aβ: both aducanumab and
lecanemab bind to the N-terminal of Aβ, while donanemab targets a central epitope of Aβ. Their
mode of action involves the removal of soluble Aβ from the peripheral nervous system, following
the "peripheral sink therapeutic strategy," which reduces soluble Aβ levels in the plasma, thus fa-
cilitating the clearance of Aβ from the brain via the blood-brain barrier. However, these treatments
do not directly target the amyloid plaques that accumulate outside neurons in the brain, and their
efficacy remains modest, with about a 25-30% reduction in cognitive decline compared to placebo.
Looking forward, while these immunotherapies mark progress in AD treatment, further research is
crucial to developing more effective therapies. Additional approaches, such as tau kinase inhibitors
and agents that enhance tau protein clearance, are also under investigation. In summary, Aβ-targeting
immunotherapies currently represent the only approved therapeutic options for AD, but their limited
efficacy underscores the need for continued research to develop more effective treatments and address
other pathological mechanisms involved in Alzheimer’s disease.
The exploration of Tau antibodies in Alzheimer’s disease (AD) has provided valuable insights into
their mechanisms of action and therapeutic potential. Research indicates that antibodies targeting
the mid-region of Tau are more effective at blocking Tau’s seeding activity than those targeting
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the N-terminal region. Studies, including those presented at the 2021 International Conference on
Alzheimer’s and Parkinson’s Diseases, have shown that mid-region antibodies, such as those target-
ing amino acids 235250, can significantly inhibit the propagation of Tau aggregates, which is crucial
for preventing the spread of Tau pathology in the brain. Despite the lower efficacy of N-terminal anti-
bodies in blocking seeding activity, several of these antibodies, including semorinemab, tilavonemab,
zagotenemab, and gosuranemab, have progressed to clinical development due to their high affinity
for Tau and ability to clear neurofibrillary tangles in model systems (Song et al. 2023). The choice
of epitope is critical for the efficacy of therapeutic anti-Tau antibodies, with mid-region antibodies
showing superior performance in preventing seeding and limiting the spread of Tau pathology. This
is especially significant given the recent clinical trial failures of N-terminally directed antibodies,
which have cast doubt on their effectiveness in treating tauopathies (Song et al. 2023; Albert et al.
2019). The findings underscore the importance of epitope selection in antibody development for AD,
with mid-region antibodies offering a more promising avenue for therapeutic intervention. Ongoing
research continues to investigate the mechanisms by which these antibodies exert their effects and
their potential in clinical settings, aiming to develop more effective immunotherapies for Alzheimer’s
disease (Song et al. 2023).
Here’s a concise summary of the current clinical trials for Tau immunotherapies, both active and pas-
sive, indicating the phase of each study and the companies involved:
Various Tau-targeting immunotherapies are under clinical investigation for treating Alzheimer’s dis-
ease (AD) and related tauopathies. These include both active and passive immunotherapy approaches.
Active immunotherapies such as AADvac1 and ACI-35 are in advanced stages, with AADvac1 under-
going Phase 2 trials for AD and Progressive Nonfluent Aphasia. ACI-35, developed by AC Immune
and Janssen, is in Phase 2/3 trials for AD. On the other hand, several passive immunotherapies, in-
cluding Bepranemab, BMS-986446, and E2814, are in different stages of clinical trials. Bepranemab
is in Phase 2 for AD and Phase 1 for Progressive Supranuclear Palsy, while BMS-986446 and E2814
are in Phase 2 and Phase 1/2 trials for AD, respectively. Some therapies, like Gosuranemab and
Zagotenemab, have been discontinued, highlighting the challenges in this area of research. Overall,
these immunotherapies represent a promising approach, although further studies are required to fully
establish their therapeutic efficacy (Therapeutics Search | ALZFORUM 2019).
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Tau protein is a microtubule-associated protein primarily found in neurons, where it plays a crucial
role in stabilizing microtubules, which are part of the cell’s cytoskeleton. Structurally, Tau is char-
acterized by several domains, including an N-terminal projection domain, a proline-rich region, a
microtubule-binding domain, and a C-terminal tail. The microtubule-binding domain, consisting of
three or four repeat regions, is essential for its interaction with microtubules. Tau’s ability to promote
the assembly and stabilization of microtubules is vital for maintaining the structural integrity and
proper function of neurons, including axonal transport. However, in pathological conditions such as
Alzheimer’s disease, Tau can become hyperphosphorylated, leading to its dissociation from micro-
tubules and aggregation into neurofibrillary tangles, contributing to neurodegeneration.

1. Tau: An intrinsically Disordered Protein

1.1. Definition of Intrinsically Disordered Proteins

Structure-Function Paradigm

In the early stages, protein research focused on the study of globular (structured) proteins, so the prin-
ciples of biochemistry explained that protein structure is rather specific to globular proteins. These
fundamental bases defining protein structures continued to receive experimental support in the 20th
century given the large number of protein structures deposited in repositories such as the Protein Data
Bank (PDB) (Huang, Rose, and Hsu 2015). There was no doubt about the structure-function rela-
tionship: "a protein requires a structured native structure to perform its biological function" was the
philosophy of structural biology of the time. Proteins were initially considered rigid molecules. This
idea of the static property of proteins comes from one of the most important functions: catalysis (Fis-
cher 1894). Later, Koshland proposed the need for a certain degree of flexibility in protein structures
to perform their roles, and this was accepted (Koshland 1958). The three-dimensional (3D) structure
of the protein, the center of the structure-function paradigm, is already encoded in the primary struc-
ture of the protein formed by its sequence of amino acids. This is thus defined by the different types of
interactions between amino acids. This 3D structure of the protein allows for specific ligand binding
sites as well as ensuring functions. On the other hand, with the increase in cases of structure-function
deviating from the classic structure-function paradigm, a proposal for a disorder-function paradigm
has been presented.

Disorder-Function Paradigm

Abnormal behaviors of proteins such as missing electron densities in PDB structures, high sensitivity
to proteolysis, peculiar behaviors during purification, etc., have always been observed but considered
as artifacts in the shadow of classic structural biology. The study of this unknown part of structural bi-
ology resulted in the discovery of intrinsically disordered proteins (IDPs). The IDPs are characterized
by the absence of stable 3D structure under physiological conditions. In this case, the absence of 3D
structure is directly encoded by the amino acid sequence of the protein (primary structure) (Trivedi
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and Nagarajaram 2022). Several servers allow predicting the disordered nature of the protein (Figure
2.3 B for example). The absence of 3D structure does not equate to the absence of biological function
in this case. Several IDPs have been discovered, and various functions as well as mechanisms of
action have been deciphered. Our protein (Tau), studied in this thesis, also belongs to the family of
IDPs, and we will see in the following of this chapter the properties of this protein.

Disorder to order transition

We can describe a continuum of structural rigidity/flexibility existing between very rigid globular
proteins on one end and more flexible or disordered proteins on the other (Figure 2.1). At the far left

Figure 2.1: Schematic representation of the continuum existing between very rigid globular proteins (on the
left) and completely disordered proteins, lacking any structuring (on the right) (Habchi et al. 2014)

of this continuum are the classical globular proteins, which have a highly compact and rigid tertiary
structure. These proteins adopt a very stable spherical or spheroidal shape, with a buried hydrophobic
core and hydrophilic side chains exposed on the surface. This rigid globular structure is essential for
their enzymatic, transport, or signaling functions (Protéine globulaire 2024). Moving towards the
center of the continuum, we find proteins that combine well-structured globular domains with more
flexible or disordered regions. The tertiary structure of a globular protein appears as a succession
of ordered regions, either in α-helix or β-sheet form, connected by more flexible segments. As we
move further to the right of the continuum, proteins become increasingly intrinsically disordered or
flexible, lacking a well-defined tertiary structure. Proteins are not rigid macromolecules. They are
flexible, and their ability to deform is often essential for their biological function. At the far right,
we find completely disordered proteins or protein regions, existing as highly flexible ensembles of
conformations in solution, without a stable tertiary structure (Habchi et al. 2014).

1.2. Expression and Structure of Tau
Tau is an intrinsically disordered protein (Figure 2.3 B) encoded by a single gene: MAPT . This gene
is located on the long arm of chromosome 17 (17q21) (Holper, Watson, and Yassi 2022) and consists
of 16 exons. Exons 0 (-1) and 14 out of the 16 exons that compose the gene MAPT are transcribed
but not translated (Figure 2.2).
In the central nervous system (CNS), Tau is translated from a 6 kb mRNA transcript in the human
brain to produce a variety of six Tau isoforms ranging in size from 37 to 46 kDa (Figure 2.2). These
isoforms are distinguished by the presence of 0, 1, or 2 N-terminal amino acid inserts and the presence
of 3 or 4 repeat domains (R1-R4) in the C-terminal part (Goedert and Jakes 1990). Exons 2 and 3 of
mapt each encode an N-terminal insertion of 29 amino acids leading to the 0N, 1N, or 2N isoforms
(exon 3 is not translated in the absence of exon 2), while alternative splicing of exon 10 leads to the
presence or absence of the R2 repeat domain resulting in the 3R and 4R isoforms. The longest isoform
of Tau in the CNS is thus 2N4R composed of two N-terminal inserts, a proline-rich region (PRR), 4
repeat domains: R1, R2, R3, and R4, and a C-terminal domain (Figure 2.2). Unlike the repeats that
form a microtubule-binding region, the N-terminal part of Tau represents a projection domain away
from microtubules into the cytoplasm and may be involved in microtubule spacing (Chen et al. 1992).
Tau 2N4R is composed of 441 amino acids that adopt a positive overall charge at physiological pH.
The overall amino acid composition is hydrophilic, consistent with the unfolded nature of the protein
(Figure 2.3). Tau 2N4R is composed of 80 serines (S) or threonines (T), 56 glutamic (E) and aspartic
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Figure 2.2: Gene structure and its primary transcript of the Tau protein

acids (D), 58 arginines (R) and lysines (K), and 8 aromatics: 5 tyrosines (Y), 3 phenylalanines (F),
and no tryptophan (W), and relatively low quantities of hydrophobic residues, making the entire pro-
tein hydrophilic (Mandelkow and Mandelkow 2012).

(A) Distribution of charge of Tau 2N4R protein (Figure created using the CIDER server) (B) Disorder prediction
of Tau 2N4R protein (Figure created using the PONDR server)

Figure 2.3: Sequence and structural property of Tau 2N4R

The exons 4a, 6, and 8 originate from a 9 kb MAPT transcript that is expressed only in the peripheral
nervous system (PNS). These exons are then translated into a series of larger Tau proteins, ranging in
size from 110 to 120 kDa.
There is substantial evidence that the intrinsically disordered Tau protein can adopt a compact, paperclip-
like conformation in solution.
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Global Folding and Paperclip Conformation

Fluorescence resonance energy transfer (FRET) and antibody binding studies initially suggested that
Tau can form a double hairpin structure, bringing the N- and C-terminal domains into proximity
with the repeat domain, resembling a paperclip shape. NMR studies using paramagnetic relaxation
enhancement (PRE) provided high-resolution structural insights, revealing that Tau adopts a much
more compact conformation than previously thought from electron microscopy images (Jeganathan
et al. 2008).

Structural Features

The paperclip model shows Tau in a loosely packed but highly flexible form, exchanging between
numerous conformations consistent with its intrinsically disordered nature. The repeat domain (R1-
R4) and flanking regions are proposed to form a semi-rigid, transiently folded core, with the N- and C-
terminal domains folding back and making long-range interactions with this core. Specific sequences
like the VQIINK and VQIVYK motifs in R2 and R3 are prone to forming β-sheet structures and are
implicated in the paperclip folding (Jeganathan et al. 2008; Mukrasch et al. 2009; Zabik, Imhof, and
Martic-Milne 2017).

Functional Implications

The paperclip conformation is thought to regulate Tau’s interactions with microtubules and other
binding partners by modulating the accessibility of key binding sites. Pathogenic mutations or post-
translational modifications that disrupt this native paperclip folding could potentially expose aggregation-
prone regions and promote pathological Tau aggregation (Jeganathan et al. 2008; Mukrasch et al.
2009).

Conformational Dynamics

The paperclip structure is not a single, rigid conformation but rather represents an ensemble of com-
pact conformations in dynamic equilibrium. Binding of Tau to partners like microtubules or molecular
chaperones like Hsp90 can induce conformational opening and unfolding of the paperclip (Mukrasch
et al. 2009; Zabik, Imhof, and Martic-Milne 2017; Weickert et al. 2020).

2. Functions of Tau

The configuration of Tau is important for its normal functioning. The N-terminal part of Tau extends
away from microtubules, and although it does not directly bind to these structures, it plays a role in
regulating microtubule dynamics, influencing microtubule attachment and spacing relative to other
cellular components (Sillen 2007). The specific function of the N-terminal region is still poorly un-
derstood, but it has significant implications for distinguishing between the 0N, 1N, and 2N isoforms,
which exhibit distinct subcellular localizations in the brains of mice (Kanaan et al. 2011).
The proline-rich domain contains four P-XX-P motifs that can bind to proteins containing the SH3
(Src homology-3) domain, such as Src family kinases like Lck, Fgr, Fyn, as well as other diverse pro-
teins such as Bin1 (Bridging integrator 1) and peptidylprolyl cis/trans isomerases. Direct interactions
between Tau and SH3 domain-containing proteins play a crucial role in regulating Tau’s signaling
functions (Flanagan et al. 1997). Similarly, this domain has been demonstrated to interact with DNA
and RNA, which may explain the presence of Tau in the nucleus (Bukar Maina, Al-Hilaly, and Serpell
2016).
Tau binds to microtubules through the repeat domain, and the part separating the repeats has a regu-
latory role. The presence of different amino acids in the repeats shows that there is some difference
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in the affinities of the repeats to microtubules (Sillen 2007). Other proteins also bind to Tau through
the repeat domain, such as F-actin, α-synuclein, histone deacetylase, apolipoprotein E, and prese-
nilin (Guo, Noble, and Hanger 2017). Regarding the C-terminal region of Tau, neither its function
nor the proteins that bind to this domain have been determined. However, studies have revealed that
modifications in this region can influence other domains of Tau, thus affecting their interactions with
other proteins and their availability for phosphorylation. These observations highlight the potential
importance of the C-terminal region in the overall regulation of Tau and suggest its involvement in
complex regulatory processes.

The functions and localizations of Tau will be detailed in Section 3.

3. Localization and roles of Tau in Neurons

The cellular distribution of Tau is regulated during development. In young neurons, Tau is evenly
distributed in the cell body as well as in neurites. Later, as axons emerge and neurons polarize, Tau
enriches in axons, with minor amounts found in dendrites and nuclei (Wang and Mandelkow 2016).

3.1. Cytoskeletal Localization
Recognized as a Microtubule Associated Protein (MAP), the essential role of Tau protein is in the
regulation of microtubules. In adult neurons, Tau is mainly localized in axons where it interacts with
microtubules.
Microtubules (MTs) are cytoskeletal fibers approximately 25 nm in diameter. Their length varies due
to the dynamic balance between polymerization and depolymerization at each end. Microtubules are
composed of a unique type of globular proteins: tubulin. Tubulin is a dimer consisting of two similar
polypeptides called α-tubulin and β-tubulin. Tubulin dimers polymerize end-to-end via GTP hy-
drolysis catalyzed by the β subunit, to form microtubules composed of 13 protofilaments that come
together to form a hollow cylinder (Figure 2.4). The protofilaments forming the microtubules are
arranged in parallel, allowing them to have a well-polarized structure. Indeed, microtubules have
two different ends: a positive end (β-tubulin end) called the fast-growing end, and a negative end
(α-tubulin end) called the slow-growing end. These two ends then give the image of a conveyor belt
during the elongation phase (Cooper 2000).
Tau stabilizes microtubules either by direct binding or by acting as a bridge that allows microtubules
to interconnect with cytoskeletal components such as actin and neurofilaments(Qiang et al. 2018).
Inactivation of Tau protein reduces neuronal growth (Liu, Lee, and Jay 1999), alters the repulsive re-
sponse of growth cones (Biswas and Kalil 2018), disrupts axonal extension (Caceres and Kosik 1990),
delays neuronal maturation (Caceres, Potrebic, and Kosik 1991), and reduces the density of micro-
tubules (Harada et al. 1994). Tau also recruits end-binding (EB) proteins to the stable microtubule
bundle, preventing them from targeting the microtubule ends where they increase the frequency of
catastrophes (Ramirez-Rios et al. 2016).
Microtubule dynamic instability is a fundamental feature of the microtubule cytoskeleton, character-
ized by the rapid alternation between growth (polymerization) and shortening (depolymerization) at
microtubule ends. This dynamic behavior is driven by GTP hydrolysis on β-tubulin subunits follow-
ing their incorporation into the microtubule lattice. A key aspect of this instability is the occurrence
of catastrophes, where microtubules switch from a phase of growth to rapid shrinkage, and rescues,
where they transition back from shrinkage to growth. Catastrophes are not random single-step events
but involve multiple intermediate steps. The rates of microtubule growth and shrinkage are influenced
differently by tubulin concentration, with growth scaling linearly while shrinkage remains largely un-
affected. Interestingly, the frequency of catastrophes shows low sensitivity to tubulin concentration.
Additionally, microtubule aging plays a role, as older microtubules exhibit a higher probability of
undergoing catastrophe compared to younger ones (Bowne-Anderson 2013)
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Figure 2.4: Structure and assembly of microtubules. (Figure adapted from Akhmanova and Steinmetz 2008)

3.2. Axonal Localization
Under physiological conditions, Tau is mainly expressed in neurons and, to a lesser extent, in oligo-
dendrocytes and astrocytes. Intraneuronal Tau is concentrated in the axons of neurons, with some
quantities of this protein also found in somatodendritic compartments, plasma membranes, nucleus,
and mitochondria.
The distribution of Tau is polarized in neurons. Specifically, Tau mRNA is directed to axons by the
axonal localization signal in the 3’ untranslated region of mapt. Subsequently, mRNA translation
can be regulated. Cytosolic Tau can also be translocated to axons either by free diffusion between
different compartments or by motor transport mediated by proteins. The retention of Tau in axons is
ensured by maintaining a low level of Tau phosphorylation in axons, which increases the capacity for
binding to axonal microtubules, as well as an axon initial segment (AIS), which forms a retrograde
barrier allowing Tau to enter axons but preventing its return (Guo, Noble, and Hanger 2017).

3.3. Dendritic and Synaptic Localization
The role of Tau in dendrites is still not well understood. However, studies have shown the role of Tau
in regulating synaptic plasticity in hippocampal neurons. Similarly, Tau plays a role in the synaptic
and morphological maturation of new hippocampal granule neurons. Tau is required for the proper
formation of postsynaptic densities, dendritic spines, and mossy fiber terminals. Knocking out Tau
also results in the sensitivity of new neuronal granules to neurogenesis modulators (Guo, Noble, and
Hanger 2017).

3.4. Tau and Neuronal Membrane
The N-terminal domain of Tau projects toward the plasma membrane of neurons, suggesting roles
in intracellular signaling pathways, particularly within lipid-rich microdomains (Pooler and Hanger
2010). Tau’s binding to the plasma membrane is influenced by its phosphorylation state: dephospho-
rylated Tau strongly associates with the membrane, as demonstrated in neuronal cells. When kinases
are inhibited, reducing Tau phosphorylation, Tau rapidly translocates from the cytosol to the mem-
brane. Conversely, inhibiting the phosphatase PP2A increases Tau phosphorylation and prevents its
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membrane interaction (Pooler et al. 2012). This membrane association of dephosphorylated Tau is
further supported by studies showing increased Tau release from brain slices during neuronal depo-
larization, which correlates with a rise in membrane-bound dephosphorylated Tau (Croft et al. 2017).
Although Tau’s primary role in stabilizing microtubules may seem at odds with its membrane asso-
ciation when dephosphorylated, this behavior can be understood as part of Tau’s dynamic regulation.
Phosphorylation reduces Tau’s affinity for microtubules, allowing it to associate with other cellular
structures like membranes. This suggests that dephosphorylated Tau’s membrane binding may fa-
cilitate cellular signaling or vesicle formation, playing a role in intercellular communication through
processes such as exosome release. This dynamic regulation is disrupted in pathological conditions
like Alzheimers disease, leading to abnormal Tau accumulation (Arrasate, Pérez, and Avila 2000;
Croft et al. 2017).

3.5. Nuclear Localization
A number of studies have shown that Tau protein is present in the nucleus and nucleolus of many
cell lines (Maina et al. 2018). Post-translational modifications, such as phosphorylation, impact the
nuclear localization of Tau protein and its ability to bind to DNA and protect it (Diez and Wegmann
2020). Additionally, it has been discovered that nuclear Tau undergoes stress-triggered redistribution,
suggesting its involvement in the nucleolar stress response (Maina et al. 2018). The relevance of
Tau extends beyond its conventional cytoplasmic localization, as evidenced by its presence in the
nucleus and its possible involvement in DNA and RNA homeostasis. Thus, research on the nuclear
localization of Tau and its possible role in neurodegenerative diseases is ongoing and could lead to a
better understanding of the pathophysiology of these diseases (Ulrich et al. 2018).

4. Tau and Post-translational modifications

4.1. Post-translational modifications
Post-translational modifications (PTMs) refer to covalent processing occurrences altering the charac-
teristics of a protein either through proteolytic cleavage or the addition of modifying groups to one
or more amino acids. Far from being merely decorative, PTMs play crucial roles in determining a
protein’s activity state, localization, turnover, and interactions with other proteins (Mann and Jensen
2003).There are numerous distinct post-translational modifications, each with specific functions. The
most common modifications include phosphorylation, glycosylation, acetylation, methylation, ubiq-
uitinylation and sulfonation.

4.2. Tau and PTMs
Approximately 35 percent of the amino acid residues in tau are susceptible to modification peri- or
post-translationally. These residues are serine (S), threonine (T), tyrosine (Y), lysine (K), arginine
(R), asparagine (N), histidine (H), and cysteine (C) (Alquezar, Arya, and Kao 2021). As an intrinsi-
cally disordered protein, Tau is prone to a variety of PTMs, such as phosphorylation on S, T, or Y,
acetylation, ubiquitination, SUMOylation on K, methylation on K or R, oxidation on sulfur (M,C) ,
O-GlcNAcylation on S and T, and N-glycosylation on N. These PTMs regulate the structural proper-
ties, stability, or cellular localization of Tau, as well as its interaction network with targets, thereby
influencing the aggregation propensity or function of Tau. Consequently, alterations in PTMs have
been considered as crucial indicators for the pathogenesis of neurodegenerative diseases (Ye et al.
2022). Tau can also undergo protonation on histidine residues and proteolytic cleavage (or trunca-
tion), although these modifications are often not considered alongside traditional PTMs.
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In my thesis, I will focus on two primary post-translational modifications affecting Tau, namely phos-
phorylation and O-GlcNAcylation.

4.3. Phosphorylation
Phosphorylation is a crucial process of post-translational modification of proteins, playing a signifi-
cant role in regulating their function and localization within the cell. This process is highly regulated
and specific, and defects in phosphorylation processes are linked to human pathologies.

Tau phosphorylation

Phosphorylation is the most studied post-translational modification in Tau. Being a disordered protein
with numerous phosphorylation sites, Tau is a target for several kinases. The longest isoform of Tau,
2N4R, has 85 potential phosphorylation sites for serine, threonine, or tyrosine residues (Rawat et al.
2022).
Three types of kinases can phosphorylate Tau:

• Proline-Directed Protein Kinases, which phosphorylate Ser/Thr-Pro motifs such as GSK3β
(Pelech 1995)

• Non-Proline-Dependent Protein Kinases, which phosphorylate serines and threonines without
the need for proline, such as casein kinase 1 and 2 (Singh et al. 1996)

• Tyrosine kinases, which phosphorylate five tyrosines of Tau, such as kinases from the Src family
(Lebouvier et al. 2009).

Phosphorylation is a reversible post-translational modification through the action of phosphatases tar-
geting either phosphorylated Ser/Thr, such as PP-1, PP-2A, PP2-B, and PP-5, or tyrosines, such as
STEP (Braithwaite, Stock, and Mouradian 2012). Normal phosphorylation of Tau is represented by
2-3 moles of phosphate per mole of protein (Ksiezak-Reding, Liu, and Yen 1992). Phosphorylation
of Tau at specific sites is the predominant mechanism by which Tau and its functions are regulated.
The first significant role of Tau phosphorylation lies in regulating Tau’s binding to microtubules.
Phosphorylation of the KXGS motif, found in the three or four repeat domains, reduces Tau’s binding
to microtubules in vitro and likely in vivo. In vitro studies have shown that phosphorylation of Tau
at Ser262 alone is sufficient to significantly attenuate Tau’s ability to bind to microtubules (Schneider
et al. 1999). Additionally, in situ phosphorylation of two or more other sites within the KXGS motif
is necessary for the reduced binding of Tau to microtubules and to facilitate cellular processes. Thus,
several other studies have demonstrated the importance of Tau phosphorylation in its binding to mi-
crotubules (Johnson and Stoothoff 2004) (Figure 2.5).
During axonogenesis, the function of Tau appears to be locally regulated by phosphorylation. Inter-
estingly, there is a proximodistal gradient of Tau protein phosphorylation at Ser199/202 and Thr205
along the nascent axon: Tau protein in the cell body and proximal axon is phosphorylated at 80 %
at these sites, while Tau in the growth cone is phosphorylated at 20 % (Mandell and Banker 1996).
Moreover, neurite outgrowth appears to require spatial and temporal specific phosphorylation of Tau
at KXGS motifs, likely by MARK or PKA (Biernat and Mandelkow 1999; Biernat et al. 2002). Con-
versely, there are hypotheses indicating that GSK3-mediated phosphorylation of Tau could facilitate
neurite retraction (Sayas, Ávila, and Wandosell 2002). Tau regulates axonal transport in the central
nervous system. When the protein is overexpressed in mouse models, axonal and myelin degenera-
tion is observed, with axonal swellings containing cytoskeletal elements, particularly in spinal cord
neurons (Ishihara et al. 1999; Probst et al. 2000; Spittaels et al. 1999).
Tau protein can inhibit fast axonal transport by reducing the motor attachment frequency, but it has
no effect on the speed or run length of kinesin once it is attached to microtubules. Phosphorylation of
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Tau modulates its affinity for microtubules and therefore its ability to regulate motor activity. GSK3β
overexpression in transgenic mice expressing human Tau protein significantly increases Tau protein
phosphorylation and reduces axonopathy compared to mice overexpressing only human Tau protein,
likely because increased phosphorylation of Tau decreases its affinity for microtubules and makes it
less effective in competing with kinesin for attachment sites, thereby increasing kinesin attachment
and restoring anterograde axonal transport (Johnson and Stoothoff 2004). Hyperphosphorylation,

Figure 2.5: Dynamic equilibrium of Tau-microtubule binding regulated by Tau phosphorylation (Figure adapted
from Ballatore, Lee, and Trojanowski 2007)

however, possesses the ability to disturb this dynamic Tau balance. Subsequently, the hyperphos-
phorylated proteins totally separate from the microtubules, causing them to become unstable and
preventing axonal transmission. Furthermore, the amount of free proteins in the cells are greatly
enhanced as a result (Figure 2.6).

Figure 2.6: Consequences of Tau protein hyperphosphorylation for the structure of tubulin microtubules, a
classic pathology of AD (García-Morales et al. 2021).

4.4. O-GlcNAcylation
Glycosylation is an important post-translational modification of proteins, which can affect their func-
tion, stability, and localization within the cell. It is catalyzed by specific glycosyltransferases that add
carbohydrates to specific amino acid residues.
There are two main types of glycosylation: N-glycosylation and O-glycosylation. N-glycosylation
involves adding carbohydrates to a specific asparagine in the consensus motif N-X-S/T, where X can
be any amino acid except proline. O-glycosylation involves adding carbohydrates to specific serine
or threonine residues in various motifs (Figure 2.7).
Glycosylation is involved in numerous physiological processes, and defects in glycosylation can lead
to serious diseases, such as congenital disorders of glycosylation (CDG), which affect enzymes in-
volved in N-glycan synthesis of N-glycosyl-proteins (Huynh and Boyce 2023).
A variant of O-glycosylation is O-β-GlcNAcylation, which involves adding a single O-β-N-acetylglucosamine
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Figure 2.7: The two main types of glycosylation (Ma et al. 2020)

group to serine and threonine residues of hundreds of nuclear, cytoplasmic, and mitochondrial pro-
teins, representing the major form of intracellular glycosylation.
35 years ago, Hart and Torres discovered protein O-GlcNAcylation by using bovine milk galactosyl-
transferase to attach tritiated UDP-galactose onto GlcNAc residues on murine lymphocytes (Torres
and Hart 1984).
O-GlcNAcylation occurs through the hexosamine biosynthetic pathway (HBP) (Figure 2.8), which
integrates the metabolism of glucose, amino acids, fatty acids, and nucleotides to produce uridine
diphosphate N-acetylglucosamine (UDP-GlcNAc), the substrate for O-GlcNAcylation. O-GlcNAc
signaling is influenced not only by nutrient availability but also by various cellular stresses, such as
heat shock, hypoxia, and nutritional deprivation. The precise mechanisms underlying this response
are still under investigation (Hart et al. 2011).
Unlike phosphorylation, which is regulated by hundreds of kinases and phosphatases, O-GlcNAcylation
is regulated by only two enzymes: O-GlcNAc transferase (OGT),responsible for transferring Glc-
NAc derived from UDP-GlcNAc to protein S/T residues upon the release of UDP, and O-GlcNAcase
(OGA) that removes GlcNAc from proteins (Huynh and Boyce 2023) (Figure 2.9). Protein structures
of OGT and OGA are described in Section 4.5. and Section 4.6. respectively.
O-GlcNAcylation controls many cellular processes and is essential in mammals, as deletion of the
OGT gene has been shown to be lethal in mice. It also influences all types of tissues, such as the
brain, where there is high expression of the OGT gene, and O-GlcNAcylation is abundant in postsy-
naptic densities and synapses. OGT utilizes UDP-GlcNAc to add a GlcNAc group to the serine or
threonine amino acid residues of intracellular proteins, while OGA catalyzes the hydrolysis of this
group (Huynh and Boyce 2023).

4.5. OGT : Role, gene and protein structure
OGT, or O-GlcNAc transferase, belongs to the Leloir-type glycosyltransferase family. Leloir enzymes
utilize nucleotide-based molecules as substrates, specifically nucleotide sugars (as UDP-GlcNAc)
which serve as high-energy donors, facilitating glycosylation processes. This mechanism enables
the transfer of sugar moieties onto specific target molecules, thereby modulating their function and
activity within the cell (Ross, Davis, and Fridovich-Keil 2004).
Human OGT is encoded by a single gene situated on chromosome X, specifically at the locus Xq13.1,
which is in close proximity to the X-inactivation center (Shafi et al. 2000). Alternative splicing of this
gene gives rise to three distinct isoforms of OGT (Lazarus et al. 2011):

• A full-length nucleocytoplasmic form weighing approximately 110 kDa, often referred to as
OGT.

• A shorter form with a molecular weight of around 75 kDa, known as sOGT.

• A mitochondrial form weighing about 103 kDa, termed mOGT.

Thesis of Lea El Hajjar 56



Chapter 2. Tau Protein

Figure 2.8: The flow of nutrients through the hexosamine biosynthetic pathway governs protein O-
GlcNAcylation (qiangTauDoesNot2018)

These isoforms exhibit differential subcellular localization and may have distinct roles or functions
within the cell.
OGT (O-GlcNAc Transferase) recognizes and modifies its protein substrates through multiple modes
involving its TPR (Tetratricopeptide Repeat) domain and catalytic site.

TPR Domain and Substrate Recognition

The TPR domain of OGT binds to intrinsically disordered regions (IDRs) of substrates, forming a
superhelical structure. This domain contains an "Asn-ladder" and "Asp-ladder" of asparagine and
aspartate residues, which interact functionally with the stalk and catalytic domains of substrates like
OGA. Specific TPR residues spanning TPRs 3-13.5, primarily on the concave surface, form a binding
tunnel leading to the active site and are crucial for substrate recognition. These residues can be cate-
gorized into four types based on their effects on OGT-substrate interactions: those affecting binding,
those affecting catalysis, those affecting both binding and catalysis, and those with no effect (Kositzke
et al. 2021; Lu et al. 2023).

Catalytic Site and Substrate Recognition

The catalytic site of OGT relies mainly on backbone interactions with various peptide substrates,
enabling promiscuous substrate recognition. The GlcNAc moiety of substrates forms abundant con-
served interactions with the OGT catalytic pocket. Additionally, substrate peptide side chains and
backbones interact with surface residues in the substrate-binding cleft near the active site (Li et al.
2017a).
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Figure 2.9: O-GlcNAcylation process (Figure adapted from Alteen, Tan, and Vocadlo 2021)

4.6. Substrate recognition by OGT
There is various mechanisms by which O-GlcNAc transferase (OGT) recognizes and binds its sub-
strates.
Substrate Selection: Consensus Sequence
Finding a consensus sequence that determines the location of the O-GlcNAc modification is a desir-
able prospect since consensus sequences control a significant portion of the N-linked glycosylation in
the secretory pathway. Over the years, 7,002 O-GlcNAcylation sites have been identified across 1,803
proteins, with 58.4 % located on serine residues and 41.6 % on threonine residues, reflecting the natu-
ral abundance of these amino acids in the human proteome, where serine makes up 60.9 % and threo-
nine 39.1 %. The analysis of amino acid sequences around these O-GlcNAcylation sites has led to the
identification of a semi-consensus sequence, which suggests a preference for certain amino acids, such
as proline, valine, and alanine, adjacent to the modified serine or threonine residues. These specific
amino acids within the semi-consensus sequence may enhance the likelihood of O-GlcNAcylation,
potentially influencing the structural conformation of proteins and their interaction with OGT, thereby
impacting their biological functions and aiding in the prediction of O-GlcNAcylation sites in other
proteins (Wulff-Fuentes et al. 2021; Wu et al. 2014).
According to analysis carried out after the OGT enzyme was discovered, glycosylation may need sub-
stantial enrichment of S/T residues, proline, and acidic residues close to the glycosylation site. Early
characterisation of O-GlcNAc-modified peptides revealed common "PVST" and "TTA" patterns close
to the glycosylation site, which are somewhat similar to "mucin domains" for O-GalNAc modification
in the secretory route. Further analysis of phosphorylation/O-GlcNAcylation crosstalk has identified a
frequently occurring motif involving Ser/Thr proline-directed phosphorylation sitesi.e., sites targeted
by proline-directed kinasesthat are enriched in the phospho-proteome. This suggests a significant
overlap between phosphorylation sites and potential O-GlcNAcylation sites, further influencing sub-
strate selection and modification patterns (Leney et al. 2017).
Based on structural evidence provided by crystallising OGT with synthetic peptides, subsequent work
discovered a degenerate consensus sequence, [TS][PT][VT][ST][RLV][ASY] (Pathak et al. 2015).
Many OGT substrates feature positively charged residues (R/K) 710 residues upstream of the gly-
cosylation site that interact with Asp residues in the TPR domain, according to additional studies
based on comparative sequence analysis and mutational evidence (Joiner et al. 2021). Later structural
research looked for consistent secondary structures of OGT substrates, but it was unable to find any
patterns in the structure, order, or disorder of the substrates that were known to exist (Stephen, Adams,
and Wells 2021).
Substrate selection: selection by OGTs catalytic domain
A plausible hypothesis regarding OGT’s potential to attain substrate selectivity is the employment
of its dual domains, namely the catalytic and TPR domains. Research has also been done on the
function of the catalytic domain itself in substrate selection, even if the TPR domain is still the more
widely used option for substrate selectivity. It was proposed that OGT possessed a distinct PIP3-
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(A) Schematic representation of OGT domains: TPR units (gray), transitional helix H3 (purple), N-Cat
domain (blue), Int-D domain (green), and C-Cat domain (red). The native isoforms (sOGT, mOGT, ncOGT)
and the crystallization construct differ in the number of TPRs (Lazarus et al. 2011), (B) Crystal structure of
OGT binding to the metabolite UDP (Lazarus et al. 2011), (C) Cryo-EM map of human OGT dimer (left
panel). GTD, glycosyltransferase family B domain (Lu et al. 2023)

Figure 2.10: OGT protein structure

binding domain on its C terminus that could bind phosphoinositides, and that OGT modified insulin
signaling-related proteins as a result of this interaction. Nevertheless, subsequent research has not
been able to replicate this binding activity (Lazarus et al. 2011).
One interesting finding is that the catalytic domain of OGT is the only thing that p38, a particular
OGT inhibitor, interacts with. The proteins that OGT interacts with were shown to be unaffected by
this contact, however OGT was induced to O-GlcNAc alter the constitutive interactor neurofilament-
H. As far as we are aware, this is the only protein interactor that has been demonstrated to work
exclusively with OGT’s catalytic domainthe TPR domain being excluded.
Substrate Recognition by the TPR Domain of OGT
The TPR domain can bind to unstructured regions of substrate proteins, facilitating their glycosyla-
tion by OGT. It recognizes disordered segments of the substrates, providing a compositional bias in
amino acids for OGT targets. Additionally, the TPR domain interacts with globular parts of the sub-
strates through unidentified regions of OGT, beyond the active site. It can also bind to specific peptide
sequences of the substrates, as demonstrated with the HCF-1 peptide, which significantly extends into
the TPR domain, anchored by numerous interactions.
OGT plays a crucial role in sensing and responding to glucose levels in cells. When glucose concen-
trations are high, OGT modifies various nuclear and cytoplasmic proteins. This modification affects
the activity of these proteins, influencing important cellular processes such as gluconeogenesis regu-
lation and insulin-like signaling pathways (Pathak et al. 2015).
Additionally, OGT appears to have a significant impact on cellular kinase signaling cascades, as
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many sites where O-GlcNAcylation occurs overlap with sites of phosphorylation. This suggests a
complex interplay between O-GlcNAcylation and phosphorylation in regulating cellular signaling
(Wells, Vosseller, and Hart 2001).
Dysregulation of OGT activity, leading to hyper-O-GlcNAcylation, is associated with conditions such
as diabetes and cancer. In these conditions, prolonged hyperglycemia or excessive glucose uptake
results in elevated levels of O-GlcNAcylation, which can have detrimental effects on cellular function
(Goldberg et al. 2006).
Given the role of OGT in these diseases, regulating its activity could potentially be a therapeutic
target. By modulating OGT activity, it may be possible to mitigate the adverse effects of hyper-O-
GlcNAcylation and potentially treat or manage conditions such as cancer and diabetes (Yang et al.
2008).

OGA: Role, gene and protein structure

In humans, OGA (O-GlcNAcase) is encoded by the gene MGEA5 (for meningioma-expressed anti-
gen 5) since it was identified as an antigen expressed in meningioma patients), which is located on
chromosome 10 at the locus 10q24.1-q24.3. Interestingly, this genetic locus overlaps with the genetic
locus associated with Alzheimer’s disease. This suggests a potential link or involvement of OGA in
the pathogenesis or susceptibility to Alzheimer’s disease (Zhu and Hart 2021).
Human OGA (hOGA) is a 103-kDa nucleocytoplasmic protein comprising three distinct regions:
an N-terminal catalytic domain (residues 60366) responsible for O-GlcNAc removal, a stalk do-
main (residues 367706), and a C-terminal pseudohistone acetyltransferase (HAT) domain (residues
707916), lacking key residues for binding acetyl-coenzyme A (acetylCoA) , necessitating clarifica-
tion of its precise role (Figure 2.11) (Li et al. 2017b).
Similarly to OGT, two isoforms of OGA exist that differ in their cellular localization.

• OGA-L, the long, full length form, located predominantly in the cytoplasm and the nucleus
(Gao et al. 2001; Toleman et al. 2004)

• OGA-S, the short form, located predominantly at the nucleus (Comtesse, Maldener, and Meese
2001)

Figure 2.11: OGA isoforms

In 2017, Li and collaborators utilized a simplified version of hOGA, comprising residues 60704 of
hOGA, named OGACryst and in which the unstructured insert residues 401552 were replaced by a 15-
residue glycine-serine (GS) linker (GS15linker), to elucidate the crystal structure of OGA. This struc-
ture was elucidated because structural predictions indicate that hOGA features two low-complexity
regions, with one situated at the N-terminus and the other inserted within the stalk domain. These
regions are projected to exhibit flexibility and lack structural order, presenting a significant hurdle
in the generation of protein crystals suitable for diffraction studies, that can be overcomed by using
OGACryst.

Tau O-GlcNAcylation

Like phosphorylation, Tau protein is a target for O-GlcNAcylation. Tau O-GlcNAcylation was first
described in 1996 (Arnold et al. 1996), with the level initially estimated to be around four O-GlcNAc
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(A) Schematic of the domain architecture of the hOGA and OGAcryst constructs used in the study of Li et al.
2017b. Catalytic domain (residues 60366), stalk domain (residues 367706), HAT domain (residues 707916),
and low-complexity regions are highlighted in magenta, cyan, orange and white, respectively. GS15linker
represents amino acid (aa) residues 401552, which were replaced by a 15-residue glycine and serine linker in
OGAcryst (Lazarus et al. 2011) (B) Ribbon representation of the OGAcryst homodimer in two different views.
The OGA-α monomer is colored gray; the catalytic domain and stalk domain of OGA-β are colored magenta
and cyan, respectively. GS15linker is shown as a dashed line

Figure 2.12: OGA protein structure

groups per molecule on at least 12 Ser/Thr sites. Tau O-GlcNAcylation sites were first identified in
2010 where O-GlcNAc-modified peptides undergo tagging using a unique biotinylation reagent and
enriched through affinity chromatography then subsequently liberated from the solid support via pho-
tochemical cleavage. Finally, the liberated peptides are subjected to analysis using electron transfer
dissociation mass spectrometry (Wang et al. 2010a). Several Tau GlcNAcylation sites have been de-
scribed, including T123, S185, S191, S208, S238, S400, S412, and S413 (Morris et al. 2015; Yuzwa
et al. 2012; Smet-Nocca et al. 2011). These sites were identified using O-GlcNAcylated recombinant
Tau. The S400 site was identified as the sole endogenous Tau O-GlcNAcylation site in mouse brains
(Yuzwa et al. 2012; Morris et al. 2015). In vivo, identification of O-GlcNAc sites is often challenging
due to their low stoichiometry. Therefore, it requires enrichment procedures such as lectins, antibod-
ies, and/or solid-phase extraction (Calle et al. 2021; Kim 2011). In 2023, new strategies aimed at
either increasing OGT activity or improving O-GlcNAcylation detection led to the identification of
new O-GlcNAc sites. Li et al. identified 19 O-GlcNAcylation sites, 13 of which were new, while
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Bijttebier et al. identified low-abundance sites such as S208, S191, and S184 or S185 in a transgenic
mouse model expressing human Tau protein treated with Thiamet-G (an OGA inhibitor), using im-
munoprecipitation combined with LC-MS/MS analysis (Li et al. 2023b; Bijttebier et al. 2023).
Many studies have shown that Tau O-GlcNAcylation may play a regulatory role by reducing the
protein’s phosphorylation level, potentially inhibiting its aggregation and the formation of NFT-type
deposits in tauopathies. Additionally, it has been shown that O-GlcNAcylation has an intrinsic in-
hibitory role in Tau aggregation without altering its microtubule polymerization function (Yuzwa et
al. 2008; Yuzwa et al. 2012; Yuzwa et al. 2014). This part will be detailed in the section 3.

4.7. Other PTMs
Tau protein undergoes PTMs that regulate its normal functions. Other than phosphorylation and O-
GlcNAcylation, acetylation, primarily on lysine residues, which regulates Tau’s stability and function;
methylation, where mono-methylation of lysines plays a role in Tau regulation; and ubiquitination,
which is involved in the normal degradation and turnover of Tau. These PTMs regulate Tau’s affin-
ity for microtubules, modulate protein-protein interactions, control its subcellular localization, and
manage its turnover and degradation. Tau’s PTMs are dynamic and finely regulated; for example, the
half-life of Tau in hippocampal neurons is about 9.4 days, and there is a complex interplay between
different PTMs, with some influencing or competing with others (Alquezar, Arya, and Kao 2021).
PTMs also play a role in pathological functions, as discussed in Chapter 4.
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1. Generalities about Tauopathies

Neurodegenerative disorders characterized by the aggregation of abnormal Tau protein in the brain are
grouped under the single umbrella term ’tauopathies’. Tau lesions in tauopathies display heterogeneity
in their isoform composition, morphology, involvement of cell types, and the specific brain regions
predominantly affected (Chung et al. 2021).
Two types of tauopathies are described : primary and secondary tauopathies.
Primary tauopathies are conditions characterized by the prominent accumulation of abnormal Tau
protein. Examples include Pick’s disease, progressive supranuclear palsy, corticobasal degeneration,
and argyrophilic grain disease. Secondary tauopathies encompass diseases in which Tau pathology
arises from diverse underlying causes. For instance, in Alzheimer’s disease and chronic traumatic
encephalopathy, Tau aggregation occurs as a response to other primary pathological processes, such
as amyloid-beta accumulation or repetitive brain injury (Zhang et al. 2022; Chung et al. 2021).

2. Tauopathies classifications

2.1. Isoform classification

Primary tauopathies

Primary tauopathies are rare and heterogeneous. It include aging-related Tau astrogliopathy (ARTAG),
argyrophilic grain disease (AGD), corticobasal degeneration (CBD), primary age-related tauopathy
(PART), and progressive supranuclear palsy (PSP), among others (Irwin 2016). While many primary
tauopathies are believed to be influenced by genetic factors to some extent, certain tauopathies are
more distinctly associated with environmental triggers or exposures.

Secondary tauopathies

The most common example of a secondary tauopathy is AD, where tau pathology is thought to be
driven or accelerated by beta-amyloid (Aβ) (See chapter 1 for more details). Other examples worth
mentioning are Down syndrome, For instance, chronic traumatic encephalopathy (CTE) is linked to
repetitive concussions or subconcussions, and Guam Parkinsonism-dementia complex (PDC), associ-
ated with exposure to environmental neurotoxins (McGeer and Steele 2011; Mackenzie and Neumann
2016).

2.2. MAPT Mutations: Coding and Non-Coding Variants and Their Effects on
Tau Isoform Composition

MAPT mutations can be broadly categorized into coding and non-coding mutations, each exerting
distinct influences on tau mRNA splicing and the isoform composition of tau inclusions
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Non-coding Mutations

Non-coding mutations, particularly those located in the intronic regions such as the splice donor site
of intron 10 (e.g., +3, +16), disrupt the regulatory elements responsible for tau exon 10 splicing. This
disruption results in the increased inclusion of exon 10, leading to an overproduction of 4R tau iso-
forms, which contain the additional microtubule-binding repeat encoded by exon 10. Consequently,
the Tau filaments formed exhibit distinct structural folds, such as the argyrophilic grain disease (AGD)
fold, which is observed in cases with the +3 mutation (Strang, Golde, and Giasson 2019; Bhagat et al.
2023)..

Coding Mutations

Coding mutations, typically exonic missense mutations within the microtubule-binding repeat domain
(e.g., P301L, S320F), are present in both 3R and 4R tau isoforms. These mutations enhance tau
aggregation kinetics by destabilizing local structures and exposing amyloidogenic motifs, thereby
promoting the formation of pathological tau aggregates. Additionally, these mutations reduce the
ability of tau to bind and stabilize microtubules, impairing their essential role in maintaining neuronal
integrity (Strang, Golde, and Giasson 2019; Bhagat et al. 2023)..
Furthermore, certain exonic mutations such as S305N and the silent S305S mutation can also affect
exon 10 splicing. The S305N mutation induces stem-loop instability, which alters the 3R:4R ratio
and reduces lysosomal Tau degradation. Conversely, the S305S mutation increases exon 10 inclusion,
leading to an overproduction of 4R tau isoforms (daCostaTaumRNAMetabolism2022).

2.3. Structure-based classification of tauopathies
Another classification of tauopathies is based on the primary Tau isoforms found in the aggregates,
namely the 3-repeat (3R) and 4-repeat (4R) Tau isoforms (Figure 2.2), which can be detected us-
ing isoform-specific antibodies or by analyzing the Western blot pattern of sarcosyl-insoluble Tau
(Höglinger, Respondek, and Kovacs 2018).
Primary tauopathies can be categorized as either 3R tauopathy (such as Pick disease, abbreviated as
PD), 4R tauopathy (such as Progressive supranuclear palsy, PSP; Corticobasal degeneration, CBD;
Globular glial tauopathy, GGT; Argyrophilic grain disease, AGD), or 3R+4R tauopathy (such as Pri-
mary age-related tauopathy, PART) .
Secondary tauopathies are all classified as 3R+4R tauopathies such as Alzheimer’s disease (AD) and
Chronic traumatic encephalopathy (CTE) (Holper, Watson, and Yassi 2022).
The presence of various filament morphologies in human tauopathies has prompted the notion that
different molecular conformations of aggregated Tau may exist.

Tau filaments in Alzheimer’s disease

In Alzheimer’s disease (AD), Tau undergoes abnormal self-assembly to form paired helical filaments
(PHFs) and straight filaments (SFs), which accumulate in the brain as neurofibrillary tangles.
In 2017, cryo-electron microscopy (Cryo-EM) studies conducted by Fitzpatrick et al. 2017 have
shown that paired helical filaments (PHFs) and straight filaments (SFs), purified from the brain of
a 74-year-old AD patient, are ultrastructural polymorphs, characterized by differences in their inter-
protofilament packing. The sarkosyl-insoluble fraction of the patients neocortex contained numerous
PHFs and SFs, which consisted of full-length, hyperphosphorylated Tau, as confirmed by immuno-
gold electron microscopy. In line with earlier discoveries, both PHFs and SFs consist of two protofil-
aments with C-shaped subunits, as observed consistently.
The cores of both PHFs and SFs are composed of residues V306F378 (that is, all of R3 and R4) as well
as 10 amino acids C-terminal to the repeats, and are comprised of eight β-sheets (β18) that extend
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along the length of the protofilament, forming a C-shaped architecture. Each C structure includes a
β-helix region, where three β-sheets are arranged in a triangular fashion, and two regions character-
ized by a cross-β architecture, where pairs of β-sheets align antiparallel to each other.
Around the region that constitutes the core of the fibers, as observed in cryo-EM (with PHFs having
a width ranging from 7 to 15 nm and a longitudinal periodicity of 65 to 80 nm), the rest of the protein
forms a "fuzzy coat" - a disordered layer approximately 16 nm thick, that resembles a polyelectrolyte
brush which extends from both the N- and C-terminal domains of the fibril core (Figure 3.1). These
regions represent together the largest portion of PHF-Tau (more than 70% considering the longest hu-
man Tau protein). The extreme N-terminal sequence consists of an unstructured, negatively charged
domain while the remaining N-terminal sequence, attached to the fibril core, is positively-charged.
This long N-terminal domain forms a two-layer polyelectrolyte brush together with the short, neutral
C-terminal sequence around the fibril core, keeping a high degree of flexibility and potentially ac-
cessibility (to PTM enzymes, for example). Together, these layers create a 16-nm-thick fuzzy coat,
which exhibits specific adhesive and mechanical properties, and is believed to play a critical role in
the aggregation and stability of Tau fibrils, as well as in their interactions with other proteins and the
physiological environement (Wegmann et al. 2013).

Figure 3.1: Fuzzy coat of Tau fibrils.

The ultrastructural polymorphism between PHFs and SFs arises from variances in the lateral contacts
between the two protofilaments.
In PHFs, both protofilaments adopt identical structures, which are helically symmetrical, and their
interface is characterized by the anti-parallel stacking of residues 332PGGGQ336 (Figure 3.2 C). In
SFs, the two protofilaments exhibit asymmetric packing (Figure 3.2 D). A less pronounced β-sheet-
like density at the N-terminal end of the structured core is observed in one protofilament due to steric
hindrance at the protofilament interface, hindering the formation of a peripheral β-strand on the other
protofilament. While the β-helices of both protofilaments seem to share a similar chemical environ-
ment, the β-helix of the second protofilament appears to be more disordered.

Tau filaments in chronic traumatic encephalopathy

Chronic traumatic encephalopathy (CTE) is a neurodegenerative condition marked by the abnormal
buildup of hyperphosphorylated Tau protein in the brain, defining it as a tauopathy (Dickstein et al.
2016).Repetitive head impacts (RHI) from contact sports or military service stand as the primary risk
factor for developing chronic traumatic encephalopathy (CTE) (Butler et al. 2022).
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(A) Sequence alignment of the four MTBR with the eight β-strand regions from blue to red.
(B) Details of the C-form secondary structure of a protofilament.
(C) Cryo-EM density and atomic models of PHFs.
(D) Cryo-EM density and atomic models of SFs.

Figure 3.2: Cryo-EM structure of PHFs and SFs in Alzheimer’s disease

In 2019, Falcon et al. 2019 determined the structures of Tau filaments from the brain of three individ-
uals with CTE using cryo-EM. As a 3R+4R tauopathy, CTE exhibits the presence of all Tau isoforms
within its filaments. Two types of filaments were identified, with type I comprising 90 % of the ob-
served filaments, and type II representing the remaining 10 %.
Type I filaments consist of two protofilaments, where residues K274-R379 of the 3R Tau isoform and
S305-R379 of the 4R Tau isoform constitute the core of the C-shaped protofilaments (Figure 3.3 A).
Type I filaments differ from AD filaments due to a distinct β-helix region that forms a hydrophobic
cavity, which is absent in AD filaments. Type II filaments resembled PHFs, and had pronounced
helical twists (Figure 3.3 B).

Tau filaments in Pick’s Disease

Pick’s disease is a specific type of frontotemporal dementia (FTD), a degenerative brain disease that
usually affects people under 65. It is characterized by the abnormal accumulation of Tau proteins,
called Pick bodies, in the brain (Pippin and Gupta 2024). Pick’s disease is the 3R only tauopathy that
only contain 3R Tau isoforms.
In 2018, Falcon et al. 2018a used cryo-EM to determine the structure of Tau filaments from a patient
having pick’s disease. Two types of filaments could be distinguished: Narrow Pick Filaments (NPFs)
representing 93 % of filaments, and Wide Pick Filaments (WPFs) representing 7 % of filaments .
Similar to AD, a fuzzy coat composed of the disordered N- and C-terminal regions of Tau surrounded
the filament cores.
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(A) Cryo-EM density and atomic models of type I Tau filaments, (B) Cryo-EM density and atomic models of
type II Tau filaments

Figure 3.3: Cryo-EM structure of CTE type I and II Tau filaments

NPFs consist of a single protofilament with an elongated structure, which contrasts significantly with
the C-shaped protofilament of PHFs and SFs typically observed in AD. WPFs are formed by the
association of two NPF protofilaments at their distal tips.

Figure 3.4: Cryo-EM structure of the NPF

Tau filaments in corticobasal degeneration

Corticobasal degeneration (CBD) is an infrequent, progressive neurodegenerative condition marked
by the abnormal buildup of hyperphosphorylated Tau (p-tau) protein within the brain. It is classified
as a primary 4-repeat (4R) tauopathy, indicating that the Tau filaments exclusively consist of Tau
isoforms with four microtubule-binding repeats (Kouri et al. 2011).
In 2020, Zhang et al. 2020 used cryo-EM to analyze the structures of Tau filaments extracted from
the brains of three individuals diagnosed with CBD based on neuropathological confirmation. The
cores of the Tau filaments include the hole R1, R3 and R4 repeats. Narrow and wide filaments
were observed, named as Type I and Type II, respectively. All Type I filaments extracted from the
three individuals consisted of only one protofilament adopting a four-layered fold, while Type II
filaments comprised two protofilaments of Type I. The core structure of the protofilaments consisted
of residues K274-E380, corresponding to the last residue of the R1 repeat, the entire sequence of R2-
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(A) Cryo-EM maps of type I and type II tau filaments (B) Atomic models of type II Tau filaments and the R1R4
region of Tau and the sequence after R4 that is present in the core of CBD filaments

Figure 3.5: Cryo-EM structure of CBD type I and II Tau filaments

R4, and an additional 12 residues following the R4 repeat. Eleven β-strands were identified, with
β1-β3 corresponding to the R2 repeat, β4-β6 originating from the R3 repeat, β7-β10 stemming from
the R4 repeat, and β11 arising from the sequence following the R4 repeat.
The central four layers consist of β7, β4, β3, and β10. Strands β3 and β4 are connected by a sharp
turn, while β7 and β10 are connected through β8 and β9, which wrap around the turn. On the opposite
side, β2, β5, and β6 form a three-layered structure. β2 packs against one end of β5, and β6 packs
against the other end. The first and last strands, β1 and β11, interact with each other, closing a
hydrophilic cavity formed by residues from β2, β3, β10, β11, and the connections between β1 and β2,
as well as between β2 and β3. All interfaces in the CBD fold have mixed compositions of polar and
hydrophobic groups. In CBD type II tau filaments, the two protofilaments are related by C2 symmetry.
The interface between protofilaments is formed by antiparallel stacking of 343KLDFKDR349. Besides
van der Waals interactions between the antiparallel side chains of K347 from each protofilament, the
side chain of K347 is positioned to form hydrogen bonds with the carboxyl group of D348 and the
backbone carbonyl of K347 on the opposite protofilament (Figure 3.5).
These filaments were consistent across all cases but differed from those found in Alzheimers disease,
Picks disease, and CTE.

Tau filaments in PART

In 2021, Shi et al. 2021a utilized extracts from the frontal cortex of PART patients to elucidate the
filament structure of Tau bound to a PET ligand (APN-1607). We can find a mix of PHFs and SFs.
These filaments were found to be identical to those observed in posterior cortical atrophy (PCA) (an
AD variant) (see Figure 3.6).

Tau filament in other tauopathies

In 2021, Shi et al. 2021b aimed to elucidate the structures of filaments in resting tauopathies for
comparison both within this group and with the filaments observed in AD.
As observed in the preceding sections, the structures of Tau filaments in AD differ from those in PD,
CTE, and CBD, but are identical to those found in PART diseases.
By Shi et al. 2021b, 4R tauopathies are described as being subclassified into two classes: Tauopathies
with three-layered core regions, where R2 and R4 pack on either side of R3, as seen in PSP and
GGT, and four-layered tauopathies where the packing of the C-terminal region against a portion of
R2 provides a fourth layer for the folds observed in CBD and AGD.
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Figure 3.6: Cryo-EM maps of Tau filaments from PCA and PART

3. Mechanism of Tau Aggregation

The abnormal aggregation of Tau protein is a key feature of tauopathies, including Alzheimer’s dis-
ease. This complex process involves several distinct steps that have been elucidated through in vitro
and in vivo studies.The aggregation of Tau protein follows a nucleation-elongation kinetic mecha-
nism, similar to other amyloidogenic proteins. This process involves several key steps: nucleation,
elongation, fragmentation, and secondary nucleation.

3.1. General mechanism of amyloid aggregation
The general mechanism of amyloid aggregation can be summarized as follows: Monomeric proteins
undergo a conformational change to an aggregation-prone state, facilitated by factors such as muta-
tions, post-translational modifications, and interactions with cofactors. These misfolded monomers
then assemble into oligomeric nuclei or seeds through a nucleation process, which is the rate-limiting
step of aggregation. Nucleation can occur via primary nucleation from monomers or secondary nu-
cleation on the surfaces of existing aggregates. Once nuclei are formed, they can rapidly grow by
elongation through the addition of monomers, following a nucleation-polymerization mechanism.
This elongation results in the formation of protofibrils and eventually mature amyloid fibrils with a
characteristic cross-β structure (Figure 3.8). Different aggregate species like oligomers, protofibrils,
and fibrils coexist and can interconvert or propagate further aggregation via secondary nucleation.
Fragmentation of fibrils can also generate new growth nuclei, amplifying aggregation. Additionally,
cell-to-cell propagation of aggregates can occur, spreading the aggregation process. Finally, amyloid
aggregates can escape degradation pathways like autophagy, leading to their accumulation within
cells (Almeida and Brito 2020; Linse 2019).
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3.2. Mechanism of Tau Aggregation

3.3. Initiation
The initiation step involves the conformational conversion of normally soluble monomeric Tau into
an aggregation-prone misfolded state, a key initial step that allows Tau aggregation to proceed. Tau
monomers must undergo a conformational change or partial unfolding to expose aggregation-prone
regions and form aggregation-competent conformations. This conversion can be induced or promoted
by various factors such as mutations (e.g., P301L), post-translational modifications like hyperphos-
phorylation, oxidative stress, interactions with cofactors like heparin, RNA (that is more physiologi-
cal than the heparin) or metal ions, or changes in the cellular environment (Fichou et al. 2018a). The
formation of the earliest small oligomers from the aggregation-prone monomeric Tau is considered
the rate-limiting, critical nucleation step (Limorenko and A. Lashuel 2022; Goedert and Spillantini
2017). Liquid-liquid phase separation of Tau into droplets has also been proposed as an initiating
process that can lead to Tau aggregation over time (Wegmann et al. 2018).

3.4. Nucleation
The rate-limiting and critical initial step is the nucleation phase, that allows Tau aggregation to pro-
ceed. It involves the formation of small oligomeric nuclei or seeds from monomeric Tau that has tran-
sitioned into an aggregation-competent conformation. Nucleation follows a "nucleation-conversion"
model, where Tau monomers must first misfold into aggregation-prone conformations before assem-
bling into the initial nuclei. The formation of these first aggregation-competent Tau oligomers is the
rate-limiting step in the overall aggregation process. This nucleation process can be induced or pro-
moted by factors like mutations, cellular stress, post-translational modifications (PTMs) like hyper-
phosphorylation, or interactions with cofactors like RNA or heparin. The Hsp70 chaperone inhibits
Tau nucleation in a dose-dependent manner, particularly reducing the formation of the earliest small
Tau oligomers (<10-mers). Single-molecule FRET experiments have shown that Hsp70 decreases
the number of early Tau oligomers formed upon nucleation. A study using highly sensitive tech-
niques demonstrated that the P301L mutation in tau actually increases the nucleation rate by favoring
the formation of the initial aggregation nuclei. Once the nuclei are formed, further elongation can
rapidly occur by the addition of Tau monomers in an energetically favorable polymerization process
(Shammas et al. 2015; Limorenko and A. Lashuel 2022).

3.5. Elongation
The elongation process occurs after the initial nucleation step, where oligomeric nuclei or seeds have
already formed from the aggregation-prone monomeric Tau. Once nuclei are formed, they can rapidly
grow by elongation through the addition of Tau monomers to the ends of the existing seeds, following
a nucleation-polymerization mechanism. The elongation process is relatively rapid and energetically
favorable compared to the initial nucleation step. The Hsp70 chaperone inhibits Tau fibril elongation
in a dose-dependent manner, even at substoichiometric levels. Kinetic studies showed that Hsp70
decreases the relative elongation rate constants when added to pre-formed Tau seeds in seeding ex-
periments. Electron microscopy revealed that in the presence of Hsp70, the resulting Tau aggregates
appeared smaller and less elongated compared to controls. The P301L mutation in Tau was found
to increase not just nucleation rates but also favor elongation by enhancing fibril growth and stabil-
ity. During elongation, unmodified Tau monomers can incorporate into the growing fibrils and then
undergo conformational changes and abnormal post-translational modifications like hyperphosphory-
lation (Goedert and Spillantini 2017; Limorenko and A. Lashuel 2022; Dimou et al. 2023). Different
cofactors like heparin, RNA, or fatty acids can promote elongation by stabilizing and templating the
growth of tau fibrils from the initial nuclei (Dominguez-Meijide, Vasili, and Outeiro 2020).
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4. Tauopathies: Prion-like diseases?

Emerging evidence indicates a common pathogenic feature among neurodegenerative disorders: the
accumulation of misfolded proteins with altered physicochemical properties in the Central Nervous
System. While lacking infectivity, experimental findings suggest that the replication and spread of
proteins associated with neurodegenerative diseasessuch as amyloid-β (Aβ), tau, α-synuclein, and
the transactive response DNA-binding protein of 43 kDa (TDP-43)follow a similar pathological mech-
anism to prions.

4.1. Definition of Prion
The term "prions" denotes abnormal, transmissible agents capable of inducing the aberrant folding of
specific normal cellular proteins called prion proteins, predominantly located in the brain. While the
precise functions of these normal prion proteins remain incompletely understood, they are believed
to play roles in cellular processes such as synaptic transmission and neuronal signaling. Abnormal
folding of prion proteins leads to poor degradation, accumulation, and the formation of deposits in-
side and outside brain cells.
Despite extensive research efforts, there is still much to learn about prions and prion diseases, in-
cluding their exact mechanisms of transmission, factors influencing susceptibility, and potential ther-
apeutic interventions. However, advancements in understanding prion biology have led to improved
diagnostic techniques and potential avenues for the development of novel treatments (rédaction 2019).

Prion protein

The discovery of the prion protein is attributed to Dr. Stanley B. Prusiner, an American biochemist.
In the 1980s, Prusiner proposed the revolutionary hypothesis that the infectious agent responsible for
transmissible spongiform encephalopathies (TSEs), such as mad cow disease (bovine spongiform en-
cephalopathy) and Creutzfeldt-Jakob disease in humans, was not a conventional virus but a protein.
Prusiner proposed that these diseases were caused by an abnormal form of a naturally occurring pro-
tein in cells, known as the cellular prion protein (PrPc) (Liautard et al. 2002).
The prion protein (PrP), encoded by the PRNP gene (also known as CD230), is highly conserved
across mammals (Makrinou, Collinge, and Antoniou 2002). Human PrP consists of 253 amino acids
before post-translational modifications, resulting in a mature length of 208 amino acids. Structurally,
it comprises a globular domain with 3 α-helices and 2 β-strands, an N-terminal tail featuring oc-
tapeptide repeats that bind copper, and a C-terminal GPI anchor attaching it to cell membranes.
PrP exists in two main isoforms: PrPc (cellular prion protein), the normal, predominantly α-helical
isoform found in healthy cells, and PrPSc (scrapie prion protein), the abnormal, β-sheet-rich, protease-
resistant isoform associated with prion diseases. While the precise function of PrPc remains unknown,
proposed roles include copper transport, neuroprotection, cell signaling, and synapse formation, with
its ability to bind copper ions via octapeptide repeats potentially related to its function. In prion dis-
eases, PrPsc serves as a template to convert normal PrPc into the misfolded PrPsc isoform through
a seeded aggregation process. The accumulation of PrPsc aggregates in the brain leads to neurode-
generation and the formation of sponge-like vacuoles, resulting in the symptoms of prion diseases.
Polymorphisms in PRNP, particularly at codon 129 (Met/Val), can influence the risk and onset of
prion diseases.
In summary, the prion protein plays a central role in the pathogenesis of prion diseases through its
ability to misfold and propagate the abnormal PrPsc isoform, leading to neurodegeneration and the
characteristic features of these disorders.
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Prion-like diseases

Prion-like diseases belong to a category of neurodegenerative disorders akin to prion diseases, where
misfolded proteins have the ability to replicate and spread pathology across the brain. These diseases
are also known as proteinopathies or protein misfolding disorders. In various disorders, misfolded
proteins accumulate and form aggregates, which can trigger further misfolding of normal proteins,
perpetuating a self-reinforcing cycle (Scialò et al. 2019).
Some examples of prion-like diseases include AD, FTDP, PD, PSP... As we can realise that those
diseases are part of the tauopathies (Han et al. 2023).

4.2. Tau: a prion-like protein
The growing body of research indicates that Tau, a protein implicated in various neurodegenerative
disorders, shares striking similarities with prions in its ability to spread pathology throughout the
brain. Like prions, misfolded Tau aggregates can serve as *seeds*, prompting the misfolding and
aggregation of normal Tau proteins in a templated manner. This process of *seeding* and templating
occurs both within cells and between them, facilitating the propagation of Tau pathology across inter-
connected brain regions (Han et al. 2023; Holmes and Diamond 2014). Features defining prion-like
behavior include the stable propagation of misfolded protein conformations. Notably, native Tau fila-
ments extracted from Alzheimers disease (AD) brains, which bear all posttranslational modifications,
efficiently induce endogenous Tau seeding in cultured cells (Falcon et al. 2015), after intracerebral
injection in Tau transgenic mice (Jackson et al. 2016), and even in wild-type mice (Audouard et al.
2016). Furthermore, studies have revealed the existence of distinct conformational strains of mis-
folded Tau, each exhibiting unique biochemical and neuropathological features. These different Tau
strains can influence the patterns of pathology, rates of disease progression, and vulnerability of spe-
cific brain regions, akin to the strain phenomena observed in prion diseases (Dujardin and Hyman
2019). There is also circumstantial evidence that prion-like Tau seeds are present in brain tissues in
tauopathies and can promote Tau aggregation. For instance, the injection of brain homogenates from
different tauopathies into the brains of mice expressing non-aggregated human Tau led to the for-
mation of inclusions specific to the corresponding tauopathy (Clavaguera et al. 2013). Additionally,
Sarkosyl-insoluble paired helical filaments (PHFs) extracted from AD brain tissues have been shown
to induce seeding in cultured cells and wild-type mice. Moreover, widespread seeding activity has
been measured in regions predicted to be free of phospho-Tau deposition and in detergent-insoluble
fractions lacking Tau, indicating early transcellular propagation of Tau seeds prior to histopathologi-
cal changes, which then triggers the subsequent development of neuropathology. This seeding activity
correlates positively with Braak stages in the frontal and parietal lobes (Furman et al. 2017). Emerg-
ing evidence also suggests that Tau oligomers and aggregates can be released from cells, possibly
via exosomes, and taken up by neighboring cells, thus initiating further *seeding* and propagation.
This intercellular transmission mirrors mechanisms observed in prion diseases, although tauopathies
are not considered infectious or transmissible between individuals (Brunello et al. 2020) (Figure 3.9).
While the prion-like concept offers valuable insights into the mechanisms underlying tauopathies,
ongoing research is imperative to fully grasp the extent to which prion-like mechanisms contribute to
the development and progression of these neurodegenerative diseases (Han et al. 2023; Holmes and
Diamond 2014; Dujardin and Hyman 2019).

4.3. Definition of seed-competence of Tau aggregation
The ability of some Tau aggregates to encourage the aggregation of more Tau monomers is referred
to as "seed competence." Seed-competent aggregates have the ability to start an aggregation chain re-
action, which is essential for the spread of Tau pathology in neurodegenerative disorders (Lo 2021a).
Recent studies have made significant strides in identifying the composition and structure of Tau
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monomers, particularly focusing on the distinction between inert and seed-competent forms in Tau ag-
gregation. Tau monomers have been classified into two distinct types: inert (M_i) and seed-competent
(M_s). While inert Tau monomers do not promote aggregation, seed-competent monomers have the
ability to induce aggregation and self-assemble into larger structures, a key factor in the onset of
tauopathies. The structural differences between these monomer types have been elucidated using
techniques such as crosslinking mass spectrometry, revealing that M_s possesses specific structural
features that enable it to act as a template for aggregation, whereas M_i remains stable and non-
aggregative. Factors like heparin can facilitate the conversion of M_i into M_s, highlighting the po-
tential triggers for Tau aggregation in disease contexts. Additionally, seed-competent Tau monomers
have been successfully isolated from both recombinant sources and human brain tissue using mild
purification techniques, underscoring their existence in vivo and their role in the pathological aggre-
gation observed in tauopathies (Mirbaha et al. 2018).

4.4. Propagation and Seeding of Tau in Alzheimer’s Disease
The conclusion drawn from the previous sections is that the development of prion diseases involves
at least two distinct steps: (1) the transport of the misfolded prion, allowing contact with still-normal
prionsand (2) the induction of misfolding. The first step is referred to as propagation, while the second
step is known as Seeding. This mechanisme is the same for Tau propagation.

Intercellular Propagation of Tau

Intercellular Tau propagation is a critical aspect of tauopathies, and while 90% of Tau is secreted as
a free form, this mode of transfer is likely not the most efficient (De La-Rocque et al. 2021). The
majority of Tau is released into the extracellular space as a soluble protein, but this free form may not
effectively propagate Tau pathology between neurons. The prion-like propagation hypothesis sug-
gests that Tau can induce misfolding in neighboring cells, and this process is more efficient when Tau
is in aggregated forms, such as oligomers or fibrils, which can seed further aggregation in recipient
cells. Studies indicate that Tau can be internalized by neurons through various mechanisms, including
endocytosis of Tau aggregates or extracellular vesicles. This internalization is crucial for the spread of
Tau pathology. The synaptic environment may facilitate Tau transfer, as Tau has been shown to be en-
riched in synaptic fractions of brain-derived materials from Alzheimer’s disease patients, suggesting
that synaptic connections may play a significant role in intercellular propagation. Various in vivo and
in vitro models have been developed to study Tau propagation, including those that utilize intracranial
delivery of Tau aggregates or the use of transgenic mice expressing human Tau, helping to elucidate
the mechanisms of Tau transfer and its implications in neurodegenerative diseases (De La-Rocque
et al. 2021; Colin et al. 2020). Other potential pathways for Tau secretion have been proposed based
on experimental studies. Tau could be secreted via ectosomes, which are extracellular vesicles de-
rived from the plasma membrane. Another possibility is the exosomal pathway, where Tau is released
into the extracellular space through exosomes, vesicles originating from multivesicular bodies. Ad-
ditionally, studies suggest that Tau might spread along synaptic connections between neurons. Direct
transfer via membrane nanotubes linking cells is another proposed mechanism. Moreover, a recent
study indicated that hyperphosphorylated Tau could be secreted through direct translocation across
the plasma membrane, a process mediated by sulfated proteoglycans (Sayas et al. 2019) (Figure 3.9).
The evidence supporting the prion-like propagation of tau in Alzheimer’s disease (AD) and other
tauopathies is substantial and multifaceted.
There is now compelling evidence that Tau seeds are released and taken up by neurons where Tau
seeds induce aggregation of non-aggregated Tau, across synaptically linked neuronal networks spread-
ing through neuroanatomically linked brain regions (as described below). However, to be relevant to
the mechanism by which Tau pathology spreads in humans, one would need evidence that this occurs
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in patient brains. Braak staging is not an evidence for trans-synaptic spread of Tau pathology. It may
simply reflect a spatio-temporal vulnerability of different neuroanatomical regions to Tau aggregation.

Templated Seeding

The concept of "templated seeding" refers to the process by which Tau aggregates (seeds) induce the
misfolding and aggregation of normal Tau proteins, central to the propagation of Tau pathology in
Alzheimer’s disease (AD) and other tauopathies. This mechanism involves Tau aggregates acting as
templates that recruit and convert nearby monomeric Tau into an aggregated form, similar to a crys-
tallization process where a small number of misfolded proteins initiate a chain reaction of aggregation
in normal proteins (Mudher et al. 2017). The aggregates produced through templated seeding must
physically resemble the parental seeds, a structural similarity essential for their ability to effectively
induce further aggregation (Kaufman et al. 2017) (Figure 3.10).
Tau seeds can be derived from various sources, including brain homogenates from tauopathy mod-
els, recombinant Tau proteins, or synthetic Tau fibrils, and these seeds exhibit unique conformations
and post-translational modifications (PTMs) that influence their seeding ability (Mudher et al. 2017).
Larger oligomers or aggregates of Tau have been found to have greater seeding capacity compared to
monomeric Tau, with oligomers composed of 10 to 100 Tau units displaying enhanced ability to in-
duce aggregation in recipient cells (Kaufman et al. 2017). Experimental evidence supports the efficacy
of templated seeding, as Tau aggregates injected into animal models have been shown to propagate
Tau pathology. For example, injecting Tau seeds from transgenic mice into wild-type mice results
in the induction of tau aggregation in the recipient animals (Clavaguera et al. 2013). Understanding
the mechanisms of templated seeding is critical for developing therapeutic strategies aimed at halting
or reversing Tau propagation in tauopathies, as targeting this seeding process may help prevent the
spread of Tau-related neurodegeneration (Mudher et al. 2017).

Cellular absorption of Tau seeds

The cellular absorption of Tau seeds, which are pathological aggregates involved in tauopathies such
as Alzheimers disease, is crucial for the spread of Tau pathology. This process primarily begins with
endocytosis, including macropinocytosis and receptor-mediated endocytosis, which allows cells to in-
ternalize these aggregates and induce the aggregation of normal Tau within the cell (Perea, Bolós, and
Avila 2020; Asai et al. 2015). Internalized Tau seeds are mostly located in endosomal and lysosomal
vesicles, with studies showing that modified Tau seeds, such as those with the P301L mutation, are
found in fractions enriched with endosomal and lysosomal markers, indicating specific intracellular
processing (Tseng et al. 2021). Additionally, the modifications of Tau seeds vary by cell type, with
changes such as acetylation and phosphorylation observed in primary neurons and immune cells, but
not in all cell lines (Asai et al. 2015). Tau seeds associated with disease tend to accumulate in au-
tophagic vesicles, which can affect Tau aggregation dynamics and the spread of pathology (Cabrera-
Pastor 2024). Lastly, internalization appears to be more efficient for Tau aggregates or oligomers than
for soluble monomers, highlighting the importance of aggregated forms of Tau for its propagation
(Gibbons, Lee, and Trojanowski 2019; Takeda et al. 2015).

Tau seeds properties

Tau seeds, derived from various sources such as brain homogenates from tauopathy patients or symp-
tomatic Tau transgenic mice, viral vector-injected rodent brain extracts, Tau-aggregate-bearing trans-
fected cells, and recombinant Tau incubated with aggregation inducers in vitro, present a diversity
that allows researchers to explore their distinct properties and effects in different contexts. Native Tau
filaments, which are more efficient at inducing seeding than preformed filaments, exhibit this effi-
ciency through unclear post-translational modifications or conformational changes (Hou et al. 2021).
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Moreover, the human brain may harbor multiple Tau species with seeding abilities, contributing to
a complex landscape of Tau pathology (Tseng et al. 2021). Conflicting reports on the minimal Tau
units required for efficient seeding indicate a need for further research, as some studies suggest that
Tau trimers or monomers can initiate aggregation, while others propose that larger oligomers or in-
soluble Tau aggregates are necessary (Mirbaha et al. 2015). Interestingly, more stable Tau aggregates
may exhibit lower seeding activity, suggesting that the dynamics of Tau aggregation influence their
pathogenic potential. Beta-pleated sheet content, which correlates with seeding efficiency, highlights
the importance of structural characteristics in Tau pathology (Mate De Gerando et al. 2023). Addi-
tionally, Tau seeds can be isolated from both soluble and insoluble fractions of Alzheimer’s disease
brain tissue, indicating that Tau pathology encompasses a range of species with varying biochemical
properties (Furman et al. 2017). Pathological Tau species might utilize distinct mechanisms of toxi-
city, with some evidence suggesting that Taus harmful effects may be independent of its aggregation
state. Despite the central role of Tau aggregation in tauopathies, the direct relationship between Tau
aggregate propagation and neurodegeneration remains an area of ongoing investigation (Mudher et al.
2017).

Internalisation and seeding of Tau

The internalization of pathological Tau species is a critical step in the propagation of Tau pathology
across cells and brain regions in tauopathies like Alzheimer’s disease.
Major pathways for Tau internalization into recipient cells include macropinocytosis, clathrin-mediated
endocytosis, and lipid raft-dependent endocytosis, with heparan sulfate proteoglycans (HSPGs) being
predominant mediators. Additionally, Tau can be internalized through tunneling nanotubes, which are
transient membrane channels directly connecting neighboring cells. Phagocytosis, particularly by mi-
croglial cells, has also been proposed as a potential mechanism (Zhao, Wu, and Tang 2021). The spe-
cific internalization pathway may depend on the conformation of Tau fibrils (monomers, oligomers,
or larger fibrils) and the type of recipient cell, as live imaging studies show that different Tau antibod-
ies can exhibit distinct spatiotemporal patterns of internalization into neuron-like cells (Shamir et al.
2020).
After internalization, the imbalance between Tau secretion, internalization, and clearance mechanisms
may lead to the propagation of misfolded Tau species, contributing to the spreading of Tau pathology
in the brain during tauopathies.

4.5. Trans-cellular propagation of Tau seeds
The transcellular transfer of Tau aggregates, central to neurodegenerative diseases such as Alzheimers,
has been extensively studied using microfluidic chamber systems. These systems allow for the inves-
tigation of neuron-to-neuron interactions by separating neuronal populations while maintaining direct
connections via microgrooves. Research has demonstrated that human Tau aggregates can propa-
gate from one group of neurons to another through these connections, suggesting a mechanism of
trans-synaptic transfer (Wu et al. 2016; Katsikoudi et al. 2020; Takeda et al. 2015). Effective Tau
transfer is closely linked to synaptic connectivity, as evidenced by experiments showing positive Tau
immunoreactivity in neurons with established axonal connections (Takeda et al. 2015; Wang et al.
2017a). Exosomes have also been identified as a mechanism for Tau transfer, carrying Tau aggregates
between neurons and facilitating their spread without direct cell-to-cell contact (Wang et al. 2017a;
Sala-Jarque et al. 2022).
Tau aggregates spread through synaptic connections in a hierarchical manner, following the brains
anatomical pathways (Schoonhoven et al. 2023; Hu et al. 2022). Exosomes, small extracellular vesi-
cles, play a significant role in this process by transporting Tau between neurons, as observed in exper-
imental models such as organotypic hippocampal slices and microfluidic devices (Wang et al. 2017a).
The extent of Tau spread is influenced by neuronal connectivity, with research showing Tau migration
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from the entorhinal cortex to regions like the hippocampus (Colom-Cadena et al. 2023).
Tau uptake by various cell types, including neurons and immune cells, is mediated by specific recep-
tors such as heparan sulfate proteoglycans (HSPGs) (Kim et al. 2024). Tau binds to these receptors,
facilitating its internalization and promoting the transmission of Tau aggregates between cells (Wang
et al. 2017b; Morozova et al. 2019). In neuronal cultures, Tau uptake can be blocked by muscarinic
receptor antagonists, indicating the role of these receptors in Tau internalization, while immune cells
may utilize different pathways (Morozova et al. 2019). Additionally, amyloid beta (Aβ) has been
shown to enhance Tau uptake in neurons, with Aβ pretreatment increasing Tau internalization and
potentially exacerbating Tau pathology in Alzheimer’s disease (Kim et al. 2024).
The trans-synaptic spread of Tau pathology has also been observed in transgenic mice using various
techniques. Studies show that Tau aggregation in the rodent brain, induced by intracerebral injections
of brain homogenates containing Tau seeds, results in time-dependent development of Tau pathology
in anatomically connected regions (Clavaguera et al. 2013). Other research highlights Tau pathology
appearing in areas connected to Tau seed or viral vector injection sites (Liu et al. 2012). Interest-
ingly, Tau propagation can occur even without the templated misfolding of endogenous Tau, as seen
in a P301L model where abnormal Tau spreads without endogenous Tau expression (Wegmann et
al. 2015). Moreover, Tau spread might not rely solely on trans-synaptic propagation but could also
involve interstitial diffusion and microglial contribution. For instance, reducing microglial cells or in-
hibiting exosome production by these cells significantly reduces the spread of AT8-positive oligomers
in rodent models (Asai et al. 2015).

Braak stages

6 stages are defined for the propagation of misfolded Tau in the AD. The regions affected at various
stages of Alzheimer’s disease progression reflect a pattern of pathological changes in the brain. In
the initial stages (Stage I), the pathology manifests predominantly in the transentorhinal and entorhi-
nal regions, which are crucial for memory and early cognitive functions. As the disease advances
into Stages I-II, it spreads to involve associative areas of the brain, contributing to deficits in higher
cognitive processes such as language, perception, and executive function. Finally, in the later stages
(Stages III-VI), the pathology extends to affect the neocortical regions, which are integral for complex
cognitive functions, leading to profound cognitive decline and functional impairment characteristic of
advanced Alzheimer’s disease. This sequential involvement of brain regions mirrors the progressive
nature of the disease, starting from areas closely associated with memory and spreading to encompass
broader cognitive domains as the pathology spreads throughout the brain.

4.6. Selective Neuron Vulnerability as an Alternative to the Prion-like Propa-
gation of Tau Pathology

The propagation of Tau pathology in neurodegenerative diseases, particularly Alzheimer’s disease,
has traditionally been explained by the "prion-like" spreading hypothesis, where Tau aggregates trans-
mit their misfolded state from one neuron to another. However, it is crucial to highlight that this may
not be the sole mechanism at play. An alternative model, known as the selective neuron vulnerability
hypothesis, has been proposed to explain Tau pathology in a different light. This model suggests
that certain populations of neurons are inherently more susceptible to Tau pathology due to intrinsic
factors or external stressors. According to this view, neurons that already harbor Tau aggregates or
oligomers can induce stress in neighboring neurons, leading them to produce aggregates in response
to these adverse stimuli (Chung, Lee, and Lee 2018; Walsh and Selkoe 2016).
Importantly, the selective neuron vulnerability hypothesis does not necessarily exclude the prion-like
mechanism. Instead, it proposes that both mechanisms may coexist, potentially working together in
the progression of Tau pathology. While the prion-like propagation may be responsible for the trans-
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mission of Tau aggregates across neuronal networks, selective vulnerability could determine which
neurons are affected and how they respond to Tau pathology. This dual mechanism model suggests
a more complex interaction, where the prion-like spread facilitates aggregate transmission, and se-
lective vulnerability influences the susceptibility and response of individual neurons (Landrieu et al.
2022).
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Figure 3.7: Structure-based classification of tauopathies
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Figure 3.8: Proposed mechanism for amyloid formation

(A) Misfolded protein can be refolded (1), degraded (2), or aggregated (3),where the first step involves
oligomers, followed by fibril formation around the fibril axis until the initial aggregates (B) Schematic view of
an in vitro assay with the corresponding aggregation stages for each phase (Stroo et al. 2017)
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Figure 3.9: Mechanisms of cell-to-cell transfer of pathological Tau protein

Figure 3.10: Templated seeding process (Figure from Tamvaka et al. 2023)

Figure 3.11: Staging of Tau pathology in AD
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Tau’s clearance, conformation, and aggregation potential can all be changed by the same PTMs that
control Tau function (Park et al. 2018). Not every Tau PTM is "pathological," though. Numerous
PTMs have been found in Tau that was isolated from healthy brains, indicating that PTMs normally
play a role in Tau function (Haj-Yahya and Lashuel 2018). Phosphorylation is the most researched
Tau PTM, and it was previously believed that elevated phosphorylation was the cause of Tau intra-
cellular aggregation (Hanger, Anderton, and Noble 2009). Nonetheless, an increasing amount of data
indicates that additional PTMs may also significantly control Tau function and may even come before
phosphorylation in the chain of events that results in the creation of Tau inclusions.
Given that certain alterations have only been discovered in the disease-related Tau aggregates (Cohen
et al. 2011; Hanger, Anderton, and Noble 2009) , it has been proposed that these alterations might be
controlling Tau dysfunction.

1. Hyperphosphorylation in non-pathological conditions

Hyperphosphorylation of Tau protein is a crucial element in the development of tauopathies, but it can
also occur in non-pathological and reversible contexts, such as during hypothermia, anesthesia, and
hibernation. In certain physiological conditions, like brain development and hibernation, Tau under-
goes transient hyperphosphorylation, a modification that is quickly reversed, as observed in hibernat-
ing animals where Tau returns to its normal state upon awakening, preventing permanent pathological
alterations. Similarly, hypothermia can trigger Tau hyperphosphorylation; however, this alone is in-
sufficient, as additional regulatory mechanisms play a role, underscoring the tightly controlled nature
of Tau phosphorylation and its sensitivity to environmental factors (Duquette et al. 2021).

2. Tau hyperphosphorylation and aggregation

There are 85 possible phosphorylation sites in the longest Tau isoform, 2N4R Tau, which includes 44
S, 35 T, and 5 Y sites (Reynolds et al. 2000). Over 20% of Tau has the capacity to become phospho-
rylated.
In Tau isolated from healthy brains, it has been discovered that about 20 residues of these locations
are phosphorylated (Morishima-Kawashima et al. 1995; Cook et al. 2014). On the other hand, hyper-
phosphorylated Tau have been found in the PHFs (Grundke-Iqbal et al. 1986).Hyperphosphorylation
of Tau might play a role in modulating propagation of Tau pathology: in mice expressing wild-type
Tau, intracerebral injection of dephosphorylated AD-derived hyperphosphorylated Tau strongly re-
duced Tau propagation (Hu et al. 2016). Individuals with a tauopathy have been discovered to have
approximately 44 residues that are "abnormally" hyperphosphorylated, some of which overlap with
residues present in Tau from healthy brains (Hanger, Anderton, and Noble 2009).
According to certain hypotheses, Tau protein loses its ability to attach to microtubules and aid in their
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stabilisation, which leads to cytoskeleton destabilisation, especially in neurons. As a result, a build-up
of hyperphosphorylated Tau protein would occur, promoting its aggregation and NFT production (Li,
Yin, and Kuret 2004) (Figure 4.1).
Other proposed hypothesis is that hyperphosphorylation of Tau protein precipitates Tau aggregation
through several interrelated mechanisms, ultimately contributing to the formation of NFTs, charac-
teristic of AD and other tauopathies. Firstly, hyperphosphorylation induces conformational changes
in Tau, making it more prone to aggregation by altering its structure to facilitate interactions with
other Tau molecules. Secondly, the phosphorylation enhances Tau’s ability to bind to other Tau pro-
teins, thus promoting aggregate formation. Thirdly, hyperphosphorylated Tau exhibits a propensity
for self-assembly, leading to the formation of small, amorphous aggregates via spontaneous liquid-
liquid phase separation (Avila 2006; Meng et al. 2022).
Finally, the increased stability of hyperphosphorylated Tau, due to its heightened resistance to degra-
dation, allows it to accumulate and form aggregates more readily (Avila 2006).
The 1998 mass spectrometry study by Hanger et collaborateurs (Hanger et al. 1998) on PHFs isolated
from Alzheimer patients allowed for the identification of the primary "pathological" phosphorylation
sites that characterise the disease. Based on this, antibodies that specifically recognise pathological
phospho-épitopes have been developed, enabling, among other things, the post-mortem detection of
Alzheimer’s disease.

Figure 4.1: Hypothesis of hyperphosphorylation and Tau aggregation (Jie et al. 2021)

The neuroanatomist Heiko Braak examined the spatiotemporal evolution of specific phospho-epitopes
in brain slices from AD patients and identified the epitope AT8 (pS202/pT205) as the preferred
marker of pathological development enabling the determination of various stages and verification
of the post-mortem diagnosis (Braak and Braak 1991; Braak and Braak 1995; Braak et al. 2006).
In 100 µm polyethylene glycol-embedded hemisphere sections immunostained for hyperphosphory-
lated Tau (AT8, Innogenetics), cortical neurofibrillary pathology progresses through stages I to VI,
revealing a temporal and spatial pattern of lesion development in Alzheimer’s disease. Initially, at
stage I, minimal involvement is observed, mainly confined to the transentorhinal region on the medial
surface of the rhinal sulcus, in a non-demented 80-year-old female. Progressing to stage II, additional
immunoreactivity extends into the entorhinal region, with lesions encroaching into the hippocampus,
noted in a non-demented 80-year-old male. By stage III, the lesions worsen, spreading through the
transentorhinal region into adjacent temporal neocortex areas in a 90-year-old female. Stage IV ex-
hibits involvement of Ammon’s horn sectors and insular cortex, reaching up to the medial temporal
gyrus but sparing primary neocortical fields. In stage V, lesions extend into the superior temporal
gyrus and affect premotor and sensory association areas, with varying degrees of involvement in the
occipital lobe peristriate region, observed in a 90-year-old female with dementia. Finally, in stage
VI, strong immunoreactivity is evident in primary neocortical areas, including first order sensory as-
sociation areas and even the occipital neocortex, in severely demented 70-year-old female Alzheimer
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patients, showcasing the progression of neurofibrillary pathology (Figure 4.2, Braak et al. 2006).

Figure 4.2: Stages IVI of cortical neurofibrillary pathology in 100 µm polyethylene glycol-embedded hemi-
sphere sections immunostained for hyperphosphorylated tau (AT8, Innogenetics) (Braak et al. 2006)

Other studies have also used the hyperphosphorylated Tau as a marker for the disease tracking. The
transentorhinal region (TEntR) of the brain is primarily the site of Tau phosphorylation during the
early Braak stages (III). In the TEntR at Braak stage III/IV, phosphorylation at certain sites like as
Tyr18 and Thr231 has already grown dramatically in comparison to earlier stages (Neddens et al.
2018).In the isocortex, Tau phosphorylation at most sites (e.g. Ser199, Ser396, Ser422) starts increas-
ing significantly only at late Braak stages (V-VI). At Braak stage V/VI, phosphorylation at these sites
is 50- to 1300-fold higher compared to healthy controls, with the highest levels in the temporal and
frontal cortex (Therriault et al. 2022; Neddens et al. 2018). Phosphorylation of tau at Ser199 and
Tyr18 shows a similar progression pattern, with a significant increase in the TEntR at Braak stage
III/IV and much higher levels in the TEntR compared to isocortical regions at late stages. Tau phos-
phorylation at Thr231 is an exception, as it is significantly increased (30- to 160-fold) in both the
allo- and isocortex at late Braak stage V/VI. Phosphorylation at Ser262 remains very low and shows
almost no progression, except for an 8-fold increase in the TEntR between early and late Braak stages
(Neddens et al. 2018).
An example of a protective phosphorylation site is the phosphorylation of Ser262, which is a key
target for kinases like PAR-1/MARK that regulate Tau’s binding to microtubules. Phosphorylation
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at Ser262 reduces Tau’s affinity for microtubules, and inhibiting its aggregation (Despres et al. 2017;
Haj-Yahya et al. 2020).
Recent studies have developped antibodies targeting phosphorylated Tau proteins, for immunotherapy
aims. Active p-Tau immunotherapy involves immunization with a p-Tau peptide to generate antibod-
ies (Figure 4.3, Xia, Prokop, and Giasson 2021).
Antibodies that target phosphorylated Tau (p-Tau) proteins are being explored for immunotherapy
applications in tauopathies such as Alzheimer’s disease. There are two main approaches: active and
passive p-Tau immunotherapy.
Active p-Tau immunotherapy involves immunizing patients with a p-Tau peptide to elicit antibod-
ies against specific phosphorylated epitopes. For instance, the Tau379-408[P-Ser396,404] peptide
immunogen targets the phospho-serine 396/404 region and has been shown to reduce tauopathy de-
velopment in mouse models (Sigurdsson 2018).
In contrast, passive p-Tau immunotherapy entails the direct administration of pre-formed antibodies
that target specific p-tau epitopes. Several monoclonal antibodies have been developed and char-
acterized for this purpose. For example, CBTAU-22.1 recognizes the phosphorylated Ser422 epi-
tope and can inhibit the spread of pathological tau aggregates in vitro. An affinity-matured vari-
ant, dmCBTAU-22.1, boasts improved binding and a greater ability to interfere with tau aggrega-
tion (vanAmeijdeEnhancementtherapeuticpotential2018). Additionally, antibodies such as AT8,
AT180, PHF-6, TG-3, and PHF-1 exhibit high specificity for their respective p-Tau epitopes, as
demonstrated by quantitative specificity assays (“High Specificity of Widely Used Phospho-tau Anti-
bodies Validated Using a Quantitative Whole-cell Based Assay” 2020).
Both active and passive immunotherapy strategies aim to produce antibodies that selectively target
and clear pathological p-Tau species, with the goal of potentially slowing or preventing the spread of
Tau pathology.

Figure 4.3: Summary of therapies targeting phosphorylated Tau (Xia, Prokop, and Giasson 2021)

Despite hyperphosphorylation being known to induce Tau aggregation, identifying the specific sites
that trigger this aggregation is also necessary. In 2018, Despres et al. 2017 identified the phosphoryla-
tion site within the AT8 epitope necessary to induce Tau aggregation. After phosphorylating Tau with
ERK2 kinase, only two phosphorylation sites were found on the AT8 epitope: Ser202 and Thr205.
However, these two phosphorylations were not sufficient to induce Tau aggregation. Subsequently,
after phosphorylation by Rat Brain Extract (RBE), an additional phosphorylation on Ser208 was dis-
covered, leading to Tau aggregation (Figure 4.4 A, B). This could be caused by the disruption of the
protective turn-like structure of AT8-2P described by Gandhi et al. 2015 (Figure 4.4 C, D).
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(A) Aggregation of Tau441, phosphorylated by ERK2, and RBE followed by ThT emission at 490 nm, (B)
TEM images at the end point of the aggregation assay of Tau441 phosphorylated by RBE or by Erk2 (C) Turn-
like structure of AT8-2P (Gandhi et al. 2015) (D) Disruption of turn-like structure of AT8-3P

Figure 4.4: Additional phosphorylation of Ser208 by RBE promotes aggregation of Tau441

3. Tau O-GlcNAcylation and aggregation

Phosphorylation of certain proteins, including Tau, can compete with O-GlcNAc at specific loca-
tions as they have similar activity sites. Impaired glucose metabolism is one of the first signs of AD
pathogenesis (Heiss et al. 1991). Variations in O-GlcNAc levels in the brains of Alzheimer’s disease
(AD) patients are a topic of ongoing debate, with studies showing both decreases and increases in O-
GlcNAcylation. A general consensus points to a reduction in O-GlcNAcylation in AD brains, often
linked to impaired glucose metabolism, a hallmark of AD. This reduction in O-GlcNAc, especially
on proteins like Tau and amyloid precursor protein (APP), is thought to contribute to neurodegener-
ation by diminishing the protective effects of O-GlcNAc against protein toxicity (Zhu et al. 2014).
For instance, decreased O-GlcNAcylation has been associated with increased Tau phosphorylation
and neurofibrillary tangle formation, exacerbating Tau pathology due to metabolic dysfunction (Liu
et al. 2009). Moreover, the glycosylation of Tau, particularly O-GlcNAcylation, seems to inversely af-
fect its phosphorylation, with reduced glycosylation observed in AD-affected brains. However, some
studies have reported increased O-GlcNAcylation in specific contexts, such as in detergent-insoluble
Tau fractions, indicating a more complex relationship between O-GlcNAcylation and Tau aggrega-
tion (Förster et al. 2014). The discrepancies in these findings could be due to factors like age, gender,
genetic background, disease progression, and the specific brain regions examined, underscoring the
need for standardized approaches in future research (Park et al. 2020).
Other Genome-Wide Association Studies (GWAS) studies have linked the decrease in glucose trans-
porters to Tau pathology (Shulman et al. 2011).
O-GlcNAcylation serves as a nutrient sensor, responding to variations in glucose availability and

Thesis of Lea El Hajjar 85



Chapter 4. Hyperphosphorylation, O-GlcNAcylation and Tau Aggregation

other metabolic stresses. It enables cells to adjust their physiology to changes in nutrient intake and
to maintain blood glucose levels within a narrow range (Gonzalez-Rellan et al. 2022). Therefore, it
represents a crucial post-translational modification (PTM) to investigate regarding the regulation of
Tau aggregation. As Tau O-GlcNAcylation occurs on similar sites as Tau phosphorylation, numerous
studies have proposed a protective role of O-GlcNAcylation by inhibiting Tau phosphorylation and
impeding its aggregation. In 2014, Yuzwa et al. 2014 demonstrated in vitro that the O-GlcNAcylation
of Tau can reduce its aggregation.
Using in vitro biochemical assays, they demonstrated that O-GlcNAcylation of Tau directly inhibits
its oligomerization and aggregation into higher-order structures like fibrils. High-resolution NMR
spectroscopy showed that O-GlcNAcylation at S400 alters the local conformation of Tau, potentially
preventing aggregation by interfering with the interactions necessary for Tau self-assembly (Figure
4.5) (Yuzwa et al. 2014).

Figure 4.5: O-GlcNAc modification causes slower aggregation of Tau441 in vitro, induced by heparin (Yuzwa
et al. 2014)

4. Cross-talk between phosphorylation and O-GlcNAcylation

The crosstalk between phosphorylation and O-GlcNAcylation refers to the intricate interplay between
these two PTMs on proteins, occurring through multiple mechanisms. Several types of cross-talks can
exist:

• Reciprocal crosstalk involves both modifications competing for the same serine or threonine
residue, potentially altering the modification patterns and functions of the protein.

• Proximity crosstalk occurs when modifications influence each other nearby on the protein se-
quence, allowing O-GlcNAcylation to regulate phosphorylation and vice versa.

• Distal crosstalk involves modifications affecting each other at distant sites on the protein se-
quence, where O-GlcNAcylation can impact phosphorylation far from the initial modification
site. Enzyme crosstalk involves interactions between the enzymes responsible for these modi-
fications, such as kinases and O-GlcNAc transferase, influencing each others activities.

• Substrate crosstalk occurs when the protein substrates of these enzymes interact and affect each
others modification patterns.

The interplay between O-GlcNAcylation and phosphorylation reveals a complex regulatory network
within cells, where an overall increase in O-GlcNAcylation can lead to changes in the phosphopro-
teome, with certain phosphorylation sites decreasing while others increase, albeit to a lesser extent.
O-GlcNAc and phosphate can compete for the same sites on serine and threonine residues of pro-
teins, or occupy nearby or different sites on the same substrate. A large-scale study demonstrated that
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inhibiting GSK-3 with lithium resulted in significant alterations in O-GlcNAcylation across various
protein substrates, highlighting a competitive regulation between O-GlcNAc and phosphate. Ad-
ditionally, treatments that modify the activity of protein kinases A, C, or tyrosine kinases induce
reciprocal effects on the O-GlcNAcylation of cytoskeletal proteins, suggesting a broader reciprocal
regulation between these two post-translational modifications (Zeidan and Hart 2010; Wang, Pandey,
and Hart 2007; Wang, Gucek, and Hart 2008).
This extensive crosstalk between phosphorylation and O-GlcNAcylation plays critical roles in var-
ious cellular processes, including signaling, transcription, and the development of chronic diseases
(vanderLaarseCrosstalkphosphorylationOGlcNAcylation2018; Hart et al. 2011).
On Tau, although phosphorylation is more abundant, these two post-translational modifications coex-
ist. The crosstalk between O-GlcNAcylation and phosphorylation of Tau is relevant to understanding
neurodegenerative diseases like Alzheimer’s.
It has been shown that when Tau is O-GlcNAcylated, it is less phosphorylated, and vice versa. This
underscores the reciprocal relationship and competition between these two modifications.
O-GlcNAcylation and phosphorylation of Tau are dynamically regulated and can have opposing ef-
fects. Increased O-GlcNAcylation of Tau generally decreases its phosphorylation, while decreased
O-GlcNAcylation leads to hyperphosphorylation of Tau (Cantrelle et al. 2021; Lee, Suh, and Kim
2021; Gatta et al. 2016).
Increases in Tau levels and hyperphosphorylation are caused by directly targeting the ogt gene in
mice’s neurones; these changes are associated with Tau pathology in Alzheimer’s disease (Lefebvre
et al. 2003). Conversely, decreasing Tau phosphorylation at specific locations results from increas-
ing Tau O-GlcNAcylation by OGT overexpression. In hemizygous JNPL3 mice harbouring the hu-
man Tau-P301L mutant, chronic administration of the OGA inhibitor Thiamet-G dramatically lowers
neurofibrillary tangles (NFTs) without changing total Tau phosphorylation at Alzheimer’s disease-
relevant sites (AT8 and pS422). Additionally, this medication raises O-GlcNAc levels, which specif-
ically lowers tangles’ AT8 immunoreactivity. Comparable outcomes were noted in rTg4510 mice,
where long-term administration of Thiamet-G elevated Tau O-GlcNAcylation and reduced patholog-
ical Tau aggregation while leaving non-pathological Tau phosphorylation unaltered (O’Donnell et al.
2004). Therefore, OGA inhibition can lessen neurodegeneration and NFTs without affecting Tau
hyperphosphorylation. On the other hand, in human neuroblastoma cells, causing Tau hyperphospho-
rylation with the phosphatase inhibitor okadaic acid results in a decrease in Tau O-GlcNAcylation and
a reduction in its nuclear transfer (Graham et al. 2014). It’s interesting to note that compared to less
phosphorylated versions, hyperphosphorylated Tau has less O-GlcNAcylation (Bourré et al. 2018).
Another study revealed that although prolonged Thiamet-G treatment improved survival and motor
impairments, it did not alter Tau O-GlcNAcylation or phosphorylation in Tau.P301L transgenic mice.
Instead, it enhanced protein O-GlcNAcylation. These results imply that increased O-GlcNAcylation
of proteins other than Tau may be the source of the advantages associated with raised O-GlcNAc
levels (Borghgraef et al. 2013) (Figure 4.6).

O-GlcNAcylation of Tau reduces Phosphorylation Levels

O-GlcNAcylation of Tau is crucial for regulating its phosphorylation levels (Graham et al. 2014). Re-
search consistently shows that O-GlcNAcylation reduces Tau phosphorylation at various sites associ-
ated with AD. This reduction likely occurs through a site-specific mechanism, where O-GlcNAcylation
interferes with the sequential phosphorylation of specific residues.
When Tau protein is O-GlcNAcylated, it exhibits lower levels of phosphorylation, and the reverse
is also true. This reciprocal relationship reinforces the concept of a competitive and dynamic inter-
play between these two modifications. O-GlcNAcylation directly affects the cellular localization of
Tau. Lefebvre et al. 2003 shows that O-GlcNAcylated Tau, which is less phosphorylated, is prefer-
entially transferred to the nucleus. This localization shift underscores the functional significance of
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(A) Relative O-GlcNAc levels between control (CON, grey bars) and mice treated with okadaic acid (OA, white
bars) or OA and PUGNAc inhibitors (OA+PUG, black bars) that are PP2A and OGA inhibitors, respectively,
are determined either by RL-2 or CTD110.6 staining. Site-specific Tau phosphorylations are measured by their
respective antibody responses in each conditions (Liu et al. 2004) (B)Representative data from the quantification
in a reveals a general reduction in AT8 staining (left panels, in red), whereas the amount of global O-GlcNAc
(CTD110.6) is greatly increased in the thiamet-Gtreated group of JNPL3 mice (upper right panel, in green).
Scale bar indicates 100 m. (Yuzwa et al. 2012)

Figure 4.6: Effect of O-GlcNAcylation level on phosphorylation level of Tau

O-GlcNAcylation in regulating Tau’s cellular dynamics and potential roles in nuclear processes.
These O-GlcNAcylated forms of Tau show reduced phosphorylation by GSK3β compared to non-
modified Tau (Lee, Suh, and Kim 2021; Cantrelle et al. 2021). Priming of Tau by CDK2 phospho-
rylation can influence subsequent GSK3β phosphorylation, but O-GlcNAcylation still reduces the
overall level of GSK3β phosphorylation on Tau (Cantrelle et al. 2021).

Phosphorylation of Tau reduces O-GlcNAcylation Levels

Phosphorylation of Tau significantly impacts its O-GlcNAcylation levels. Studies consistently demon-
strate that phosphorylation of Tau reduces O-GlcNAcylation at several epitopes associated with AD in
rodent brains. This reduction likely occurs through a site-specific mechanism, where phosphorylation
of Tau disrupts the binding of OGT to Tau, thereby decreasing O-GlcNAcylation levels. This effect is
observed even under conditions of low phosphorylation, mimicking physiological states. The reduc-
tion in O-GlcNAcylation due to Tau phosphorylation has important implications for understanding
Tau function and its role in neurodegenerative diseases like AD. Since O-GlcNAcylation plays a crit-
ical role in regulating Tau’s aggregation and neurotoxicity, decreased O-GlcNAcylation due to phos-
phorylation may contribute to the development and progression of these diseases (CantrellePhosphorylationOGlcNAcylationPHF12021;
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Graham et al. 2014; Liu et al. 2004). Phosphorylation of Ser396 and Ser404 reduces O-GlcNAcylation

(A) Phosphorylation patterns of PHF1-G by GSK3β (B) Aggregation of PHF1 series induced by heparin

Figure 4.7: Effect of O-GlcNAcylation level on phosphorylation and aggregation of Tau
(CantrellePhosphorylationOGlcNAcylationPHF12021)

of Ser400, which is notably identified as the principal site on the Tau protein (Morris et al. 2015).
Conversely, prior O-GlcNAcylation of Ser400 decreases GSK3 kinase activity at the two adjacent
serine residues. This study further highlights the protective role of O-GlcNAcylation, as it inhibits the
formation of the PHF-1 phospho-epitope implicated in Alzheimer’s disease (Figure 4.7).

Phosphorylation and O-GlcNAcylation Crosstalk in Tau Protein Aggregation

The cross-talk between phosphorylation and O-GlcNAcylation of the Tau protein significantly im-
pacts its aggregation propensity, a critical factor in the pathology of AD.
O-GlcNAcylation plays a role in site-specific regulation of Tau phosphorylation under different ex-
perimental conditions, including cultured cells, in vivo models, and metabolically active brain slices.
Their study revealed that in a mouse model of starvation, which mimics the disrupted glucose metabolism
seen in Alzheimer’s disease (AD), there was a significant reduction in Tau O-GlcNAcylation. This
reduction was associated with increased Tau phosphorylation at certain sites, although not all phos-
phorylation sites exhibited elevated levels (Liu et al. 2004; Bourré et al. 2018).
While O-GlcNAcylation decreases Tau phosphorylation, it does not fully prevent Tau aggregation.
The PHF1-3P isoform of Tau, which is both phosphorylated and O-GlcNAcylated, still plays an ac-
tive role in Tau aggregation (Cantrelle et al. 2021).
Disruption of the balance between O-GlcNAcylation and phosphorylation of Tau has been impli-
cated in the development of AD and other neurodegenerative disorders. Maintaining proper O-
GlcNAcylation levels may be a potential therapeutic approach. In summary, the search results demon-
strate that O-GlcNAcylation and phosphorylation of Tau are closely intertwined, with O-GlcNAcylation
generally acting to reduce Tau phosphorylation. This crosstalk plays an important role in regulating
Tau function and aggregation, with implications for neurodegenerative diseases (Bourré et al. 2018;
Pratt and Vocadlo 2023).
In conclusion, increasing or decreasing O-GlcNAcylation does not always produce an opposing ef-
fect on Tau phosphorylation at specific sites, indicating an indirect interaction between these two
post-translational modifications (PTMs) that could involve enzymatic crosstalk. Direct assessments
(CantrellePhosphorylationOGlcNAcylationPHF12021; Bourré et al. 2018) have shown that O-
GlcNAcylation of Tau has minimal impact on its phosphorylation by various kinases or the kinase
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activity of rat brain extracts. Research further supports that while O-GlcNAcylation may influence
certain phosphorylation sites, its overall effect remains modest, particularly in physiological contexts.
Moreover, in mice, whether wild-type (WT) or APP mutant, only one O-GlcNAc site (S400) has been
identified despite using lectin column enrichment methods (Morris et al. 2015; Wang et al. 2010b),
and this without the application of OGA inhibitors. However, more recent studies have identified
additional sites using more advanced enrichment techniques (IP-LC-MSMS) (Bijttebier et al. 2023),
highlighting the challenges in detecting and identifying GlcNAc residues. Notably, in animal models,
a reduction in O-GlcNAcylation has been associated with Tau hyperphosphorylation, which may con-
tribute to neurodegenerative pathology, emphasizing the importance of a balanced interaction between
these modifications to maintain normal Tau function and prevent its aggregation.
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Recent research has uncovered that Tau protein has the capacity to undergo a phenomenon known
as Liquid-Liquid phase separation (LLPS) (Ainani et al. 2023; Li et al. 2023a). Liquid-liquid phase
separation (LLPS) is defined as a phenomenon that occurs when a homogeneous mixture contain-
ing multiple components spontaneously separates into two distinct liquid phases, each with varying
concentrations of components. In living cells, LLPS is a spontaneous process wherein proteins or
nucleic acids segregate from the solution into a dense phase in thermodynamic equilibrium with a
dilute phase. They form condensed liquid-like droplets or coacervates, which can play a role of
membraneless compartments/ organelles (Ainani et al. 2023).

1. Liquid-Liquid Phase Separation

Liquid-liquid phase separation (LLPS) is a fundamental biophysical process that enables the forma-
tion of membrane-less biomolecular condensates within cells (Li et al. 2023a). This phenomenon
is propelled by multivalent interactions among proteins and/or nucleic acids, often found in proteins
containing intrinsically disordered regions (IDRs) or modular domains capable of transient, weak in-
teractions. As the concentration of these biomolecules surpasses a certain threshold, their interactions
intensify, surpassing those with the surrounding solvent, leading to phase separation into a protein-
rich condensed liquid phase and a protein-depleted dilute phase (Figure 5.1).

Figure 5.1: Formation mechanism of LLPS (Yang et al. 2023)

We can use LLPS diagram, also known as a phase diagram, that is a graphical representation that
illustrates the conditions under which a protein solution undergoes phase separation into a dense
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protein-rich phase and a dilute protein-poor phase (Figure 5.2).

Figure 5.2: Phase diagram of LLPS (The McGurk Lab 2018)

Proteins involved in LLPS are typically categorized as "scaffolds," essential for initiating LLPS
through their multivalent nature, and "clients," which are drawn into the condensates by the scaf-
folds. LLPS facilitates the concentration of specific proteins and nucleic acids into discrete cellular
locations, thereby enabling various biological functions such as gene expression regulation, stress
response, and the formation of membrane-less organelles like nucleoli and stress granules.

2. Molecular interactions underlying LLPS

LLPS is a process in which macromolecules, such as proteins and nucleic acids, assemble into liquid
droplets or condensates. This process is driven by various molecular interactions, each playing a
crucial role in the formation and stability of these condensates.

2.1. Hydrophobic Interactions
Hydrophobic interactions are essential for stabilizing liquid condensates. Proteins with hydrophobic
residues tend to aggregate to minimize their exposure to water, promoting the formation of droplets.
This behavior is particularly pronounced in intrinsically disordered proteins, which often contain a
high proportion of hydrophobic residues. These interactions are pivotal in the assembly and mainte-
nance of the condensates (Murthy et al. 2019).

2.2. Electrostatic Interactions
Electrostatic interactions between charged side chains of amino acids are also fundamental in LLPS.
These interactions encourage protein self-association, especially in low ionic strength environments.
The presence of salts like NaCl can disrupt these interactions, thereby influencing the formation and
stability of the condensates (Poudyal et al. 2023).

2.3. Dipolar and Cation-π Interactions
Dipolar interactions and cation-π interactions further contribute to the stability of condensates. Pro-
teins containing aromatic residues often engage in cation-π interactions, which help stabilize the
liquid-liquid phase-separated structures. These interactions are important in maintaining the integrity
of the condensates (Dignon, Best, and Mittal 2020).
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2.4. Fraction and Modelling of Residues
The fraction, pattern, and identity of charged and hydrophobic residues within proteins are crucial
in inducing LLPS. For example, a high concentration of charged residues and low solvation energy
in the aqueous phase are key characteristics for proteins that act as clients in the phase separation
process (Dignon, Best, and Mittal 2020).

2.5. Properties of Scaffold Proteins
Scaffold proteins play a crucial role in liquid-liquid phase separation (LLPS) due to their unique
structural properties, particularly the presence of intrinsically disordered regions (IDRs) and low-
complexity sequences. These regions enable scaffold proteins to form multivalent interaction net-
works, increasing the likelihood of condensation into liquid droplets, while their flexible nature al-
lows them to adapt to environmental changes and interact with other proteins. Specific amino acid
ratios, such as phenylalanine (Phe), glycine (Gly), and arginine (Arg), are also important for LLPS,
as aromatic residues like Phe promote hydrophobic interactions and charged residues like Arg facil-
itate electrostatic interactions, both of which are crucial for stabilizing condensates. Additionally, a
low solvation energy associated with a high concentration of charged residues in the aqueous phase
supports the formation of these condensates, highlighting the dynamic role scaffold proteins play in
driving LLPS (Ozawa et al. 2022). LLPS predictors were built based on studies of sequence properties
of scaffold proteins (Vernon and Forman-Kay 2019). General characteristics of a scaffold include in-
trinsically disordered and low-complexity regions (Elbaum-Garfinkle et al. 2015; Molliex et al. 2015;
Nott et al. 2015), RNA binding, and Phe, Gly, Arg ratios.
Thermodynamic conditions, including protein concentration, salt concentration, temperature, and
post-translational modifications, play crucial roles in modulating the formation and properties of these
condensates (Peng, Hsu, and Wu 2021; Tong et al. 2022). Several databases, including PhaSePro, cat-
alog experimentally verified instances of proteins undergoing LLPS, providing valuable insights into
their biophysical driving forces, biological functions, and regulatory mechanisms.Additionally, pre-
dictive tools such as FuzDrop, IUPred2A, PLAAC, PScore, catGRANULE, and PSPredictor offer
computational resources for studying LLPS-related phenomena (Figure 5.3).

3. Tau’s phase separation

In recent years, there has been a growing body of research suggesting the potential involvement of
liquid-liquid phase separation in neurodegenerative processes. A significant proportion of proteins
undergoing LLPS are either intrinsically disordered or contain intrinsically disordered regions (IDRs)
(Martin and Holehouse 2020), this characteristic is why Tau has been particularly intriguing and prone
to study its LLPS.
Bioinformatic analysis indicates that the amino acid sequence of Tau harbors a high propensity for
granule formation.

3.1. Physiological roles of Tau LLPS
The formation of Tau-enriched condensates through LLPS holds the potential to locally concentrate
Tau, thereby regulating its capacity to bind and stabilize microtubules within specific subcellular
regions. This concentration mechanism may facilitate the spatial organization of Tau-mediated mi-
crotubule dynamics, influencing various cellular processes such as cytoskeletal organization, intracel-
lular transport, and neuronal signaling (Liu et al. 2023). To establish their microtubule arrays, neurons
encounter several challenges. Initially, they need to initiate microtubule nucleation in a manner inde-
pendent of the centrosome. Additionally, they must arrange microtubules into bundles that can extend
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Figure 5.3: Residue-specific propensity scores for granule formation of Tau2N4R calculated by the software
catGRANULE

for millimeters in length particularly within the long axons of neurons where these structures are cru-
cial for maintaining cell shape and facilitating intracellular transport (Hernández-Vega et al. 2017).
In 2017, Hernández-Vega et al. 2017 demonstrated that under conditions of molecular crowding, Tau
forms liquid-like drops. Tubulin partitions into these drops, where it nucleates and drives the for-
mation of microtubule bundles. These bundles deform the drops and remain enclosed by diffusible
tau molecules, exhibiting a liquid-like behavior. They suggest that Tau drops can drive the forma-
tion of microtubule bundles in neurons by acting as non-centrosomal microtubule nucleation centers
and that a liquid-like encapsulation by tau could provide both stability and plasticity to long axonal
microtubule bundles (Figure 5.4).

3.2. Pathological role of Tau LLPS
Pathological role of Tau LLPS remains primarily with its relation to Tau aggregation. Insights into
the relationship between LLPS and amyloid fibrils were first derived from studying FUS and TDP-43,
two RNA-binding proteins that form inclusions in FTD and ALS (Patel et al. 2015; Mann et al. 2019).
It has been suggested that phaseseparated tau droplets from soluble tau species, which undergo LLPS
under cellular conditions, can serve as an intermediate toward tau aggregate formation (Wegmann et al
EMBO J 2018).Both proteins have an IDR responsible for oligomerization, phase separation, hydro-
gel formation (via cross-β structures), and fibrillar aggregation (Loughlin and Wilce 2019). However,
for tau protein, the relationship between LLPS and fibril formation remains less well understood.
The hypothesis of the mechanism of Tau aggregation involving LLPS, is that Tau forms liquid con-
densates that can accelerate Tau amyloid aggregation (Figure 5.5) (Wen et al. 2021). The connec-
tion between Tau LLPS and amyloid aggregation is complex, with studies suggesting that Tau LLPS
may not always lead to amyloid aggregation (Loughlin and Wilce 2019). It has been suggested that
phaseseparated Tau droplets from soluble tau species, which undergo LLPS under cellular conditions,
can serve as an intermediate toward tau aggregate formation (Wegmann et al. 2018).

3.3. LLPS regulation by PTMs
Post-translational modifications (PTMs) play a crucial role in regulating the liquid-liquid phase sepa-
ration (LLPS) behavior of Tau.
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Figure 5.4: Regulation of microtubule dynamics by Tau LLPS

Phosphorylation

Phosphorylation by kinases such as MARK2, GSK3β, and PKA promotes Tau LLPS by adding nega-
tive charges and decreasing the overall positive charge, which facilitates hydrophobic interactions and
compaction. Specific phosphorylation sites like T181, T212, S214, S404, S202/T205, and S396/S404,
linked to Alzheimer’s disease, increase the propensity for Tau LLPS. Consequently, hyperphospho-
rylated Tau shows greater LLPS than minimally phosphorylated forms. Notably, phosphorylation of
Tau by GSK3β drives the maturation of liquid droplets into gel-like aggregated structures over time,
highlighting the critical role of phosphorylation in Tau’s pathological aggregation (Kanaan et al. 2020;
Abasi et al. 2024).

Acetylation

Acetylation of lysine residues by acetyltransferases such as p300 neutralizes the positive charges on
Tau and increases its hydrophobicity. Unlike phosphorylation, acetylation significantly attenuates or
blocks Tau LLPS by disrupting electrostatic interactions and hydrogen bonding with RNA (Kanaan
et al. 2020; Powell et al. 2024).

Other PTMs

Ubiquitination and glycation can influence Tau LLPS behavior, but their specific effects remain poorly
understood (Abasi et al. 2024).
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Figure 5.5: Schematic linking Tau LLPS and it’s aggregation (Wen et al. 2021)
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1. Generalities about GSK3β

Glycogen synthase kinase 3 (GSK3) is a kinase that have more than 100 substrates (Linding et al.
2008). GSK3 refers to two paralogs that are commonly referred to as isoforms, GSK3α and GSK3β
that share 97% identity in their catalytic cores but have different N- and C-terminal extensions.
GSK3β is a serine/threonine kinase that plays crucial roles in various cellular processes by regulating
multiple signaling pathways. Its involvement in pathways like Wnt/β-catenin and receptor tyrosine
kinase (RTK)/PI3K highlights its significance in fundamental cellular functions such as proliferation,
differentiation, and cell survival (Hetman et al. 2000; Morgan-Smith et al. 2014). One of the intriguing
aspects of GSK3β is its constitutive activity, meaning it is active under basal conditions in the absence
of upstream signaling inputs. This constitutive activity allows GSK3β to continuously phosphorylate
its substrates, exerting its regulatory effects on various cellular processes. Hence, GSK3 activity is
inhibited rather than activated upon signaling pathways, notably phosphorylation by Akt/PKB at the
GSK3 N-terminal residue (S9/21, depending on the GSK3 isoform) was described as an inhibitory
process of GSK3 activity. Another way of regulation of GSK3 activity is based on substrate priming
(Fang et al. 2000). GSK3β typically requires priming phosphorylation on its substrates, but not
mandatory for some of them, for efficient phosphorylation to occur. This priming phosphorylation
creates a recognition site for GSK3β, facilitating its subsequent phosphorylation of nearby residues.
This requirement for priming phosphorylation adds an additional layer of regulation to the specificity
and activity of GSK3β in signaling pathways (Beurel, Grieco, and Jope 2015).

2. Structure of GSK3β

The overall structure of the GSK3β catalytic domain resembles that of other protein kinases, featuring
an N-terminal lobe primarily composed of β-strands and a C-terminal lobe predominantly consisting
of α-helices (Figure 6.1). The N-terminal lobe serves functions such as binding to ATP, the phosphate
donor molecule, and positioning the substrate for phosphorylation (Stamos et al. 2014). Conversely,
the C-terminal lobe harbors the catalytic residues essential for transferring the phosphate group from
ATP to the substrate. This structural arrangement is conserved among protein kinases and is crucial
for their catalytic activity and substrate recognition.
In June 2001, Dajani et al. 2001 resolved the crystallographic structure of GSK3β using Human
GSK3β expressed in the baculovirus expression system. Crystals were grown from full-length human
GSK3β (420 residue-cleavable His-tag) but clear electron density is only evident for the 351 residues
from Lys 35 to Ser 386. The N-terminal region of GSK3β (residues 35-134) is characterized by
a structural motif composed of seven β strands arranged in a curved fashion, ultimately forming a
closed orthogonal β barrel. The connection between the N-terminal domain and the rest of the protein
is facilitated by an α helix (residues 138149) extending from the end of the 7th beta strand. The core
of the α-helical domain (residues 152342) exhibits a topology resembling that of the corresponding
region found in mitogen-activated protein (MAP) kinases such as ERK2 and p38. Beyond residue
342, GSK3β diverges significantly from the typical MAPK (mitogen-activated protein kinase) fold.
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Residues 342-386 constitute a series of short helices and loops tightly packed against the long C-
terminal alpha-helical domain of the kinase. These findings suggest that the C-terminal region of
GSK3β, post the 342nd residue, exhibits a unique structural arrangement compared to its N-terminal
kinase domain. Contrary to the standard MAPK fold, this C-terminal region adopts a distinctive
configuration consisting of short helices and loops, which intricately interact with the alpha-helical
domain of the kinase.

(A) Stereo pair secondary structure cartoon of human glycogen synthase kinase 3β colored blue-red from the
visible N terminus at residue 35 to the visible C terminus at residue 384. The orthogonal β barrel formed by
the N-terminal domain is on the left (B) As (A), but with the view rotated by 90ř around the horizontal

Figure 6.1: Structure of Human GSK3β

3. Primed phosphorylation mechanism

GSK3β exhibits a distinctive substrate preference compared to other kinases, as it is one of the few
kinases that require prior phosphorylation of its substrate before further phosphorylation can occur
(terHaarStructureGSK3vreveals2001; Stamos et al. 2014).
GSK3β phosphorylates various substrates, yet its phosphorylation of different targets varies in terms
of manner and efficiency. The recognized canonical phosphorylation motif for GSK3β, [S/T]XXX[S/T](P),
features two serine residues separated by three intervening residues. In general, substrates of GSK3β
are initially phosphorylated by another kinase, at the P + 4 position which is a proline-directed phos-
phorylation site. This feature is explained by the 3D structure of the GSK3 catalytic site, where
the primed substrate binds a pocket close to the active site in which Arg96 plays a critical role. A
GSK3-Arg96 mutated form is not able to phosphorylate primed substrates anymore or bind its own
N-terminal phospho-Ser9 (pSer9) regulatory site, resulting in a loss of phosphorylation-mediated con-
trol of GSK3 activity (Frame, Cohen, and Biondi 2001). In addition, in consecutive [S/T]XXX[S/T]
phosphorylation motifs, GSK3 can sequentially phosphorylate several S/T site in a stepwise manner.

4. Regulation of GSK3β

The regulation of GSK3β by PTMs plays a crucial role in modulating its activity and cellular func-
tions. GSK3β undergoes diverse PTMs, including phosphorylation, acetylation, ubiquitination, and
others, which finely tune its enzymatic activity, subcellular localization, and substrate specificity
(Woodgett 2001; Eom and Jope 2009; Ko et al. 2015).
Phosphorylation is perhaps the most extensively studied PTM regulating GSK3β, with phosphoryla-
tion at specific serine or tyrosine residues affecting its catalytic activity and interactions with binding
partners. Inhibitory serine 9-phosphorylation stands out as the most extensively studied mechanism
regulating the activity of GSK3β. This phosphorylation leads the N-terminal tail of GSK3β to act as
an prephosphorylated inhibitory peptide by occupying the priming site binding pocket (Frame, Co-
hen, and Biondi 2001).
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One of the most studied GSK-3β upstream kinases is Akt/PKB (Stambolic and Woodgett 1994; Cross
et al. 1995–0028). One major way that growth factor signalling, such as that which occurs through
the PI3 kinase pathway, might increase neuronal survival and prevent death is through the inhibition
of GSK3β activity by Akt activation (Figure 6.2).

Figure 6.2: The signalling pathway by which insulin inhibits GSK3 (Figure adapted from Saraceno et al. 2018

5. GSK3β in AD pathology

GSK3β emerges as a pivotal player in the intricate pathogenesis of Alzheimer’s disease (AD), or-
chestrating various mechanisms that contribute to its progression. Foremost among these is GSK3β’s
involvement in the hyperphosphorylation of Tau protein, a hallmark event leading to the formation of
neurofibrillary tangles, a defining pathological feature of AD (Hooper, Killick, and Lovestone 2008;
Toral-Rios et al. 2020). GSK3β is a key kinase that phosphorylates Tau at multiple sites, particularly
in the proline-rich and C-terminal regions of the Tau protein. It most efficiently phosphorylates the
PHF-1 epitope (pS396 and pS404) in the C-terminus of Tau, which is a hallmark of Alzheimer’s dis-
ease pathology (Avila et al. 2012; Zhou et al. 2022). GSK3β phosphorylates S396, S400, and S404
in the C-terminal domain of Tau, with phosphorylation levels of 56%, 59%, and 81% respectively
(Chakraborty et al. 2023). In the study by Cantrelle et al. 2021, the phosphorylation levels of Tau
at sites S396, S400, and S404 were reported to be similar, each around 60%, even in the absence of
priming. This suggests that GSK3β can effectively phosphorylate these sites without the need for
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prior phosphorylation events, which aligns with the mechanism of sequential phosphorylation. Se-
quential phosphorylation involves the phosphorylation of one site facilitating the phosphorylation of
adjacent sites, and the similar levels observed for S396, S400, and S404 support this concept.
Moreover, heightened GSK3β activity exacerbates the production of amyloid-β (Aβ) peptides, the
primary constituents of amyloid plaques, further driving neurotoxicity and neuronal demise (Hooper,
Killick, and Lovestone 2008; Lauretti, Dincer, and Praticò 2020).
Beyond these hallmarks, dysregulated GSK3β signaling disrupts synaptic plasticity, neurogenesis,
and memory formation, thereby exacerbating cognitive deficits observed in AD. Additionally, GSK3β’s
pro-inflammatory actions fuel neuroinflammation, exacerbating neuronal damage. Consequently, tar-
geting GSK3β has emerged as a promising therapeutic avenue for AD (Hooper, Killick, and Love-
stone 2008; Toral-Rios et al. 2020).
While preclinical studies have shown the neuroprotective potential of GSK3 inhibitors in animal mod-
els, clinical efficacy in AD patients remains to be established definitively (Griebel et al. 2019; Sayas
and Ávila 2021). Nevertheless, ongoing research endeavors continue to explore the therapeutic po-
tential of GSK3 inhibition in mitigating AD pathology and associated cognitive decline (Griebel et al.
2019).
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Understanding Tau protein aggregation involves various methodologies that span in vitro, cell-based,
and in vivo approaches. This chapter details the key methods employed to study tau protein aggrega-
tion, elucidating their principles, applications, and significance.

1. Inducing Tau Aggregation

Tau is a highly soluble protein, making its spontaneous aggregation in vitro challenging, which neces-
sitates the use of specific aggregation-inducing agents (Crespo, Koudstaal, and Apetri 2018). Heparin,
arachidonic acid (ARA), and RNA are commonly used to promote Tau polymerization, as their neg-
ative charges facilitate this process (Zheng et al. 2024; Rankin, Sun, and Gamblin 2007; Crespo,
Koudstaal, and Apetri 2018). Additionally, phosphorylation of Tau, particularly by glycogen syn-
thase kinase 3 beta (GSK3β), is crucial in driving the formation of stable, dense aggregates, including
paired helical filaments (PHFs) similar to those found in Alzheimer’s disease. These phosphorylated
aggregates migrate in a manner akin to neurofibrillary tangles (NFTs) isolated from the brains of
Alzheimer’s patients during sucrose gradient centrifugation (Rankin, Sun, and Gamblin 2007).

1.1. In vitro

Seeding Experiments

In vitro Tau seeding assays involve adding pre-formed Tau aggregates, or "seeds," to solutions of
monomeric recombinant Tau protein to study their ability to induce further Tau aggregation. Seeds
can be sourced from sarkosyl-insoluble Tau extracts from diseased brains, such as those affected by
Alzheimer’s or other tauopathies, or from synthetic Tau fibrils formed from recombinant Tau. The
kinetics of Tau fibril formation upon seeding are monitored using thioflavin-T fluorescence, which
tracks fibril formation over time, as well as light scattering or turbidity measurements to report on ag-
gregation kinetics. Electron microscopy is utilized to visualize the resulting fibrillar Tau aggregates.
The seeding potency of different Tau strains is assessed by comparing their ability to accelerate Tau
aggregation against unseeded controls, with more potent seeds leading to faster nucleation and elon-
gation kinetics. These experiments provide mechanistic insights into the nucleation-polymerization
process of Tau aggregation and allow for the study of how factors such as mutations, cofactors, and
inhibitors modulate the distinct nucleation and elongation phases. However, the in vitro conditions
do not fully replicate the complex intracellular environment, and typically only a single recombinant
Tau isoform is used, unlike the isoform mixture found in vivo (Lathuiliere and Hyman 2021; Xu,
Martini-Stoica, and Zheng 2016; Nam and Choi 2018).

Effects of Cofactors

Cofactors such as polyanions (heparin, RNA), fatty acids, and other molecules play crucial roles in
inducing and modulating the kinetics of Tau protein aggregation in vitro.
Heparin:

101



Chapter 7. Studying Tau Aggregation

Heparin, a highly sulfated glycosaminoglycan, has played a crucial role in advancing our understand-
ing of Tau aggregation, a key process in Alzheimer’s disease pathology. As early as 1996, pioneer-
ing work by Goedert and colleagues demonstrated that heparin acts as a polyanionic cofactor that
promotes the assembly of Tau into fibrillar structures by neutralizing the positive charges on lysine
residues. This interaction facilitates Tau-Tau binding, stabilizing aggregation-prone conformations
and accelerating the formation of Tau filaments similar to the paired helical filaments (PHFs) found
in Alzheimer’s disease brains (Goedert et al. 1996a; Townsend et al. 2020). Subsequent research has
shown that the sulfation pattern of heparin significantly affects the kinetics and morphology of Tau
fibrils, with specific modifications, such as the removal of 2-O-sulfates, leading to a marked slow-
down in aggregation kinetics.
Recent studies using proteomics and cryo-electron microscopy have revealed that Tau fibers induced
by heparin exhibit structural and biochemical differences compared to those purified from the brains
of Alzheimer’s patients. Specifically, heparin-induced fibers are more heterogeneous and have a
slightly different conformation than the disease-associated fibers. These findings raise concerns about
the pathological relevance of heparin-induced fibers as models for Tau pathology in vitro. Heparin,
while a powerful inducer, might obscure the effects of other natural cofactors and post-translational
modifications of Tau. Additionally, since heparin is an artificial compound, it may not accurately
represent the endogenous cofactors responsible for Tau aggregation in vivo, which are yet to be iden-
tified. Therefore, while heparin has been a valuable tool for studying Tau aggregation in vitro, it is
now evident that the fibers it induces do not fully reflect the in vivo pathology of Tau, highlighting
the need for new approaches to better replicate Tau aggregation under more physiological conditions
(Chakraborty et al. 2021; Limorenko and Lashuel 2021).
Heparin’s ability to promote Tau aggregation has been further complemented by the discovery that
other molecules, such as RNA and fatty acids, also act as cofactors, with RNA inducing seeding-
competent amyloid fibrils and fatty acids like arachidonic acid accelerating aggregation through con-
formational changes in Tau.
RNA:
RNA’s role in the aggregation of Tau protein into paired helical filaments (PHF) has become a sig-
nificant focus in neurodegenerative disease research, particularly in Alzheimer’s disease (AD). Initial
studies highlighted that RNA, especially poly(A) RNA, serves as a potent driver of Tau aggregation,
facilitating the formation of Tau oligomers that are pivotal in the early stages of pathological aggre-
gation. It was found that Tau binds to RNA with high affinity, forming Tau-RNA complexes that
inhibit Tau’s interaction with microtubules, thereby modulating its aggregation. Subsequent research
revealed that Tau aggregates in both cellular and animal models are enriched with RNA, particularly
small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs), which suggests RNA’s involve-
ment in altering nuclear speckle dynamics and pre-mRNA splicing. Moreover, RNA has been shown
to induce the formation of distinct Tau strains, contributing to the diversity of tauopathies, with dif-
ferent RNA sequences influencing the structural characteristics of Tau aggregates. Intriguingly, Tau
can also aggregate into seeding-competent fibrils without traditional co-factors, with these fibrils se-
questering RNA, indicating that RNA interactions are crucial for the stability and propagation of Tau
aggregates, potentially guiding them toward disease-specific structures (Maziuk et al. 2018; McMil-
lan et al. 2023a).
Other polyanions, such as RNA oligonucleotides and polyglutamic acid, can similarly induce Tau ag-
gregation (Montgomery et al. 2023), while small molecules like phenothiazines can selectively inhibit
heparin-induced Tau aggregation (Limorenko and A. Lashuel 2022).
The use of aggregation inducers, such as polyanions, presents several disadvantages, including the
risk of false positives, as these inducers can interact with non-target molecules, leading to results that
do not accurately reflect the true aggregation of Tau. This complicates the interpretation of experi-
mental data and may skew conclusions about the mechanisms of aggregation. Additionally, PTMs
like phosphorylation and acetylation significantly influence Tau’s interactions with other proteins and
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its aggregation behavior; phosphorylation introduces negative charges that can disrupt aggregation in-
teractions, while acetylation neutralizes positive charges, also affecting aggregation potential. These
modifications can obscure the actual role of PTMs in Tau aggregation, making it challenging to as-
sess their specific contributions. Moreover, the complex interactions between inducers and PTMs
may lead to misinterpretations, where PTMs are incorrectly assumed to be responsible for observed
aggregation in the presence of inducers, even though they might merely alter Taus response without
directly causing aggregation (Kamah et al. 2014).
In summary, various cofactor molecules, especially polyanions like heparin and RNA, are extensively
used in vitro to induce, accelerate, and modulate the kinetics and structural properties of Tau aggre-
gates, providing valuable insights into the mechanisms of pathological Tau aggregation.
Research has shown that certain fragments of Tau, particularly those that include the core-forming
region of the fibers, can spontaneously aggregate to form structures resembling paired helical fila-
ments (PHFs) or the protofilaments of PHFs/straight filaments (SFs) under very specific conditions,
without the need for external inducers. For instance, Tau fragments containing the repeat domains can
assemble into fibrillar structures under controlled conditions, providing insight into the mechanisms
of aggregation. The study by Lövestam et al. 2022 demonstrated that Tau fragments, such as those
spanning amino acids 266 to 391, can be assembled in vitro into filaments identical to those isolated
from the brains of Alzheimer’s disease patients.

Studying Tau Fragments/Mutations

Studying Tau fragments and mutations has provided valuable insights into how they influence the
key nucleation and elongation steps of Tau aggregation. Truncated Tau fragments containing just the
repeat domain, such as K18 and K19, are widely used in vitro since these repeats form the core of
Tau fibrils. Specific fragments like F2 (Tau274-305) and F3 (Tau306-336), generated by proteolysis,
readily aggregate and act as seeds to accelerate the aggregation of full-length Tau (Chen et al. 2019;
Wang et al. 2009; Wang et al. 2007).
Additionally, fragments like Tau151-391 exhibit a higher propensity for self-aggregation compared
to full-length Tau when expressed in cells. N-terminal and C-terminal truncations modulate Tau
aggregation differently, with C-terminal truncations generally promoting aggregation more robustly
(Boyarko and Hook 2021).
Mutations also play a significant role in Tau aggregation. For instance, the P301L mutation in the
repeat domain enhances aggregation kinetics by destabilizing structures around the amyloidogenic
306VQIVYK311 motif. Molecular dynamics simulations have shown that P301L increases the expo-
sure of this motif, driving nucleation and self-assembly. Similarly, the S320F mutation stabilizes the
local Tau structure but allosterically increases the exposure of the 306VQIVYK311 motif, promoting
aggregation (Chen et al. 2019). Mutations like ∆K280 in the repeat domain facilitate the formation of
proteolytic fragments such as F2 and F3, which further seed aggregation. In terms of nucleation and
elongation, fragments like F2 and F3 act as potent nucleation seeds, accelerating the elongation of
full-length Tau into fibrils. Mutations such as P301L and S320F enhance the initial nucleation phase
by increasing the exposure of aggregation-prone motifs, while C-terminal truncations generally in-
crease elongation rates once nuclei are formed (Wang et al. 2009; Wang et al. 2007). Other mutations
in the Tau protein are known to enhance its aggregation and are associated with various tauopathies.
For instance, the R406W mutation is linked to Frontotemporal Dementia with Parkinsonism linked to
chromosome 17 (FTDP-17) and is characterized by increased Tau aggregation and reduced binding to
microtubules. Similarly, the P301S, G272V, V337M, ∆K280, G335V, and N279K mutations, all as-
sociated with FTDP-17, also promote Tau aggregation and impair its ability to bind to microtubules,
with N279K specifically affecting 4-repeat Tau. Additionally, the G303V and R406W mutations
are associated with PSP and lead to increased Tau aggregation. These pro-aggregation mutations
contribute to the pathogenesis of tauopathies by disrupting Taus normal function and promoting the
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formation of neurofibrillary tangles, a hallmark of these diseases (Fontaine et al. 2015).

1.2. In vivo

Injection of Preformed Tau Fibrils

The provided research articles illustrate the technique of injecting preformed Tau fibrils or patholog-
ical Tau aggregates from diseased brains into animal models to seed the aggregation of endogenous
Tau and study the prion-like spreading of Tau pathology. Clavaguera et al. 2009 injected Tau filament-
containing brain homogenates from transgenic mice expressing mutant human Tau into the brains of
transgenic mice overexpressing wild-type human Tau, which induced the formation of neurofibrillary
tangle-like Tau inclusions that spread to anatomically connected brain regions over time. Ahmed et al.
2014 injected brain extracts from aged P301S Tau transgenic mice into younger P301S mice, resulting
in rapid induction and propagation of Tau pathology along neuroanatomical connections.Guo et al.
2016 injected distinct pathological Tau strains isolated from Alzheimer’s disease (AD), progressive
supranuclear palsy (PSP), and corticobasal degeneration (CBD) patient brains into non-transgenic
wild-type mice. These different Tau strains induced distinct patterns of neuronal Tau pathology that
spread over time, recapitulating aspects of the respective human tauopathies. Narasimhan et al. 2017
injected pathological Tau isolated from AD patient brains into triple-transgenic AD mice, inducing
time-dependent Tau aggregation that propagated from the injection site to connected brain regions.
Lasagna-Reeves et al. 2012 showed that the injection of oligomeric Tau species derived from AD brain
extracts into wild-type mice induced widespread templated misfolding of endogenous mouse Tau into
filamentous aggregates over time. These studies collectively demonstrate how pathological Tau seeds
can induce and propagate Tau pathology in various animal models, mirroring the progressive nature
of human tauopathies.

Inducible Expression Systems

Inducible expression systems are widely used to study intracellular Tau aggregation mechanisms by
allowing precise control over the expression of wild-type or mutant Tau proteins. These models offer
valuable insights into the dynamics and regulation of Tau aggregation. Developed conditional ex-
pression systems in human neuroglioma H4 cells for 4-repeat wild-type (WT) Tau and the FTDP-17
mutants V337M and R406W were done . Upon induction, Tau expression increased over 5-7 days,
leading to the formation of Tau filaments detectable by thioflavin-S binding and electron microscopy.
The R406W mutant exhibited the highest proportion of sarkosyl-insoluble, aggregated Tau compared
to WT and V337M (DeTure et al. 2002). Similarly, Lim et al. 2014 and Khlistunova et al. 2006
used doxycycline-inducible systems to express Tau in N2a neuroblastoma cells, resulting in robust
intracellular Tau aggregation detected by thioflavin-S staining. These studies compared different Tau
constructs, such as the repeat domain (K18), the δK280 mutant, and aggregation-inhibiting mutants.
Inducible expression systems enabled researchers to investigate the effects of various mutations, such
as P301L, V337M, and R406W, on Tau aggregation propensity, and to explore the role of cofactors
like heparin or small molecules in modulating aggregation. They also allowed for the study of corre-
lations between Tau phosphorylation, fragmentation, and aggregation, as well as the reversibility of
aggregation upon silencing Tau expression. The benefits of these systems include the ability to control
Tau levels, compare mutations and isoforms in identical genetic backgrounds, and study the temporal
dynamics of aggregation. However, they also have limitations, such as potentially not fully recapitu-
lating physiological conditions due to overexpression and the need for additional cellular factors for
later stages like tangle formation.
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2. Monitoring and Visualizing Tau Aggregates

2.1. In Vitro Methods
In vitro methods allow for controlled, reproducible studies of Tau aggregation under defined condi-
tions, providing detailed insights into the mechanisms and kinetics of the process.

Thioflavin T Fluorescence Assays

The thioflavin T (ThT) fluorescence assay is a widely used method to study Tau protein aggregation in
vitro. ThT is a benzothiazole dye that exhibits enhanced fluorescence upon binding to cross-β sheet
structures present in amyloid fibrils and aggregates (Harada et al. 1994).

Figure 7.1: Illustration of cross-β structure in protein aggregates and proposed binding mechanism of β-sheet
ligands such as thioflavin-T

As Tau aggregation proceeds, the formation of β-sheet rich Tau fibrils allows ThT binding, resulting
in an increase in ThT fluorescence signal over time (Lim et al. 2014). In the experimental setup, re-
combinant Tau protein (often the 4R2N isoform or mutants like P301L) is incubated under conditions
that promote its aggregation into fibrils. ThT is added to the aggregation reaction mixture at a low
micromolar concentration, and fluorescence readings (ex/em 440/490nm) are taken at different time
points to monitor the kinetics of Tau aggregation. This method is widely used to quantify the extent
of Tau aggregation by measuring the endpoint ThT fluorescence signal (Sui, Liu, and Kuo 2015),
allowing comparisons of the effects of mutations, cofactors, and inhibitors on the rate and extent of
Tau fibril formation. It can provide insights into aggregation mechanisms by analyzing kinetic pro-
files and is used for screening and identifying potential Tau aggregation inhibitors in drug discovery
efforts.
The assay is simple, cost-effective, and amenable to high-throughput screening formats, providing
real-time monitoring of the aggregation process. However, it detects only β-sheet rich fibrillar ag-
gregates, not oligomeric or disordered aggregates, and potential interference from test compounds
binding to ThT may occur (Figure 7.1). Additionally, it requires purified recombinant Tau, which
does not fully recapitulate intracellular conditions.
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Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique where an electron beam is trans-
mitted through a specimen to form an image, offering significantly higher resolution than light micro-
scopes, capable of capturing details as small as a single column of atoms.
TEM is widely applied in fields such as cancer research, virology, materials science, nanotechnology,
semiconductor research, pollution, paleontology, and palynology (Transmission Electron Microscopy
| Nanoscience Instruments 2024).
In Tau aggregation research, TEM is crucial for directly visualizing Tau fibril morphologies formed
during in vitro aggregation studies. Samples from these experiments, involving recombinant Tau pro-
tein, are deposited onto TEM grids and negatively stained before imaging.
TEM can distinguish between different Tau aggregates, such as oligomers, protofibrils, and mature
fibrils, based on their distinct morphologies. Mature tau fibrils typically appear as long, unbranched
filaments with a characteristic cross-over repeat distance of approximately 80 nm. TEM enables
the monitoring of the effects of mutations (e.g., P301L), cofactors (heparin, RNA), inhibitors, and
other variables on Tau fibril formation by imaging at different time points. It provides detailed ul-
trastructural characterization, including filament widths, twists, and polymorphic variations, which
are essential for understanding the assembly mechanisms of Tau fibrils. Techniques like electron to-
mography can reconstruct the 3D structures of Tau fibrils from 2D TEM projection images, while
immuno-gold labeling combined with TEM can map specific Tau epitopes within the fibril structures
(Ksiezak-Reding and Wall 2005; Lim et al. 2014).
In summary, TEM is an indispensable technique in Tau aggregation research, offering direct visual-
ization and characterization of Tau oligomers and fibrils, complementing other biophysical methods
to provide comprehensive structural insights into Tau aggregation mechanisms and fibril assembly
pathways.

2.2. Cell-Based Models
Cell-based models provide a more physiologically relevant environment to study tau aggregation, al-
lowing for the investigation of intracellular processes and interactions.
Techniques based on the fusion of Tau with fluorescent probes, such as "turn-on" or "turn-off" flu-
orescence approaches, have significant limitations, particularly in accurately describing the form in
which Tau aggregates within the cell. One study showed that the presence of fluorescent probes can
create steric hindrance that is incompatible with the structure of filaments observed in Alzheimer’s
disease, casting doubt on the reliability of these methods for analyzing Tau aggregation (Kaniyappan
et al. 2020).

Bimolecular Fluorescence Complementation (BiFC) Assays

The bimolecular fluorescence complementation (BiFC) assay is a powerful cell-based technique that
enables the visualization of Tau protein aggregation in live cells. In this assay, a fluorescent protein
such as Venus or YFP is split into two non-fluorescent fragments (e.g., VN and VC). These fragments
are genetically fused to Tau molecules, creating Tau-VN and Tau-VC fusion constructs. In their
monomeric state, the VN and VC fragments remain apart, resulting in no fluorescence. However,
when Tau molecules interact and aggregate, the VN and VC fragments are brought into close proxim-
ity, allowing them to complement and reconstitute the fluorescent protein. Experimentally, cells are
co-transfected with Tau-VN and Tau-VC constructs. Under normal conditions with monomeric Tau,
there is little to no fluorescence. Upon induction of Tau aggregation through mutations, hyperphos-
phorylation, or seeding, fluorescent puncta appear in the cells, indicating sites of Tau-Tau interactions
and aggregates (Wang et al. 2009; Wang et al. 2007; Tak et al. 2013).
This technique offers several advantages, including the direct visualization and monitoring of Tau ag-
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gregation in live cells over time, providing spatial information on the localization of Tau aggregates,
and detecting a range of Tau species from dimers/oligomers to larger insoluble aggregates. It elim-
inates the need for exogenous dyes or staining procedures. BiFC assays are useful for studying the
effects of Tau mutations, modifications, and cofactors on aggregation propensity, screening potential
inhibitors of Tau aggregation, and investigating the dynamics and cellular trafficking of Tau aggre-
gates. Additionally, it can be combined with other fluorescent sensors to correlate Tau aggregation
with various cellular processes.

Förster Resonance Energy Transfer (FRET) Sensors

Fluorescence Resonance Energy Transfer (FRET) sensors are powerful tools used to study Tau pro-
tein aggregation and conformational changes in live cells. In these assays, Tau is genetically fused
to a FRET pair of fluorescent proteins, such as CFP (donor) and YFP (acceptor). In the monomeric
state, the FRET pair is positioned at a specific orientation and distance that allows energy transfer
from CFP to YFP upon excitation. During Tau aggregation or conformational changes, the relative
orientation and distance between the FRET pair change, thereby altering the FRET efficiency. Ex-
perimentally, cells are transfected with the FRET Tau fusion construct. FRET efficiency is measured
by exciting CFP and monitoring the emission ratios of YFP/CFP, which indicate changes in FRET.
This can be achieved using techniques such as fluorescence lifetime imaging (FLIM) or ratiomet-
ric imaging. These sensors are used to monitor intracellular Tau aggregation by detecting FRET
changes corresponding to oligomer and fibril formation. They also allow the study of the effects
of mutations, post-translational modifications, and inhibitors on Tau conformational dynamics and
aggregation propensity. Additionally, FRET sensors can investigate the seeding and propagation of
different Tau strains by adding preformed seeds and tracking subsequent FRET changes (Lim et al.
2014; Tak et al. 2013; Lo 2021b).
The advantages of FRET sensors include the ability to study Tau aggregation in live cells in real-time,
providing detailed information on conformational changes during different stages of aggregation.
They can also be combined with other fluorescent biosensors to correlate Tau aggregation with var-
ious cellular processes. However, there are limitations, such as the potential impact of fusing large
fluorescent proteins on Tau behavior, limited sensitivity for detecting the earliest oligomeric species,
and issues with photobleaching and phototoxicity from prolonged excitation.

2.3. In Vivo Models
In vivo models are crucial for studying the pathological consequences of tau aggregation and the
mechanisms of disease progression in a whole-organism context.

Transgenic Animal Models

To study the in vivo propagation of Tau protein, researchers have developed various animal models
and experimental methods. Transgenic mouse models are widely used, including P301S mice, which
express the human mutated tau protein (4R0N) and develop neurofibrillary lesions, and ALZ17 mice,
which express the longest non-mutated human tau isoform (4R2N) but do not form aggregates (Pádua
et al. 2024; Wenger et al. 2023). Invertebrate models like Drosophila, with transgenic flies express-
ing human Tau, allow for rapid examination of Tau toxicity and aggregation mechanisms, while C.
elegans, a nematode, can be genetically modified to express different Tau forms to study their ef-
fects on neurons. Non-mammalian vertebrate models such as zebrafish, with their rapid development
and transparency, are advantageous for in vivo imaging of Tau pathology. Among other mammalian
models, transgenic rats offer benefits over mice due to their larger brain size, which facilitates cer-
tain studies, and their well-characterized behavior. Additionally, non-human primates, though less
commonly used due to ethical and practical reasons, provide insights into Tau pathology in a brain
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structure closer to that of humans (Langui, Lachapelle, and Duyckaerts 2007; Dujardin, Colin, and
Buée 2015). Models using neuropsin promoters enable the expression of mutated Tau specifically in
the entorhinal cortex to study its propagation to the hippocampus. Experimental methods include in-
tracerebral injections of Tau aggregates to observe their spread, grafting Tau-expressing neurons into
mouse brains to track propagation, in vivo imaging techniques like positron emission tomography
(PET) to monitor labeled Tau, and biochemical and histological analyses to study Tau phosphory-
lation and aggregation over time (Krishnaswamy et al. 2018; Tagai et al. 2021; Calvo-Rodriguez
et al. 2019). While these models help elucidate tau propagation mechanisms, they have limitations,
such as non-physiological Tau overexpression in some cases and challenges in distinguishing active
Tau propagation from simple diffusion post-injection. Nevertheless, the combined use of these ap-
proaches enhances our understanding of Tau propagation in vivo within the context of tauopathies
like Alzheimer’s disease.

Thesis of Lea El Hajjar 108





Part V

Objectives

110



As discussed, Tau protein, a vital component of neuronal homeostasis, is implicated in various neu-
rodegenerative diseases when it malfunctions. Currently, there are two predominant theories regard-
ing the role of post-translational modifications (PTMs) in the pathological aggregation of the Tau
protein. Some scientists argue that these processes are independent (Lai, Harrington, and Wischik
2016; Wischik et al. 1988), while others propose a connection and emphasize the necessity of study-
ing PTMs to understand the mechanism of paired helical filament (PHF) formation, which remains
unclear (Brion et al. 1985; Grundke-Iqbal et al. 1986). We have chosen to investigate this second
hypothesis. Consequently, the objectives of this thesis are based on exploring the link between the
deregulation of the PTM process of the Tau protein and its aggregation.
Several studies have been conducted to understand the structure of Tau aggregates, the dynamics of
aggregation, Tau misfolding, and its pathological toxicity in the body. However, the precise mecha-
nism of Tau aggregation remains unknown. Additionally, the role of PTMs in the aggregation process
has yet to be fully elucidated. Although many structures of Tau amyloid fibers obtained through
cryo-electron microscopy (cryo-EM) are highly informative, they do not provide clear insights into
the mechanism or the role of PTMs in the fibrillation process. Among the PTMs, phosphorylation is
the most extensively studied, but regulation through O-GlcNAcylation offers alternative therapeutic
avenues. An O-GlcNAcase (OGA) inhibitor, ASN120290 (also known as ASN-561, developed by
Asceneuron), is currently in Phase 1 clinical trials as a potential treatment for progressive supranu-
clear palsy (PSP) and other Tau-related dementias. By increasing the glycosylation of Tau protein,
OGA inhibitors appear to stabilize Tau in a non-pathogenic soluble form, and improve tau pathology
and neurodegeneration in rodent models of tauopathies.
However, data previously collected on Tau O-GlcNAcylation in the team indicate that there are three
major O-GlcNAc sites in Tau, all located in the C-terminal domain: S400, S412, and S413. Other
minor sites, representing less than 5% of occupancy, were also found within the PRD (S185, S191,
S208, S238) (Smet-Nocca et al. 2011; Bourré et al. 2018). Enrichment of O-GlcNAc proteoforms
allowed the study of the O-GlcNAc impact on Tau phosphorylation by diverse kinases or the kinase
activity of a whole rat brain extract (CantrellePhosphorylationOGlcNAcylationPHF12021; Bourré
et al. 2018), and its effect on Tau aggregation induced by heparin or the aggregation of phosphorylated
proteoforms of Tau induced by unmodified Tau seeds. A reciprocal regulation has been demonstrated
between O-GlcNAcylation and phosphorylation restricted to the single pathological epitope PHF-1
(pS396/pS400/pS404). In particular, O-GlcNAcylation of residue S400 decreases phosphorylation of
S404 by the kinase CDK2 and blocks sequential phosphorylation of the epitope by the kinase GSK3β.
In addition, phosphorylation at S404 induces a local conformational change that is enhanced either
by multiple phosphorylations of the PHF-1 epitope or O-GlcNAcylation at S400. Furthermore, O-
GlcNAcylation reduces the rate of Tau aggregation, whether phosphorylated or not, but has a limited
impact on the fibril formation. In contrast, GSK3β phosphorylation were shown to stimulate the
aggregation of monomeric Tau induced by non-phosphorylated tau seeds. The study of the interplay
between phosphorylation and O-GlcNAcylation of Tau does not indicate a significant direct regula-
tion, except for the PHF-1 epitope, suggesting rather an indirect effect via the O-GlcNAc regulation
of enzymes involved in the dynamics of phosphorylation. Hence, our study focuses on the regula-
tion of Tau phosphorylation and its role in the function and fibrillar assembly of Tau protein. More
especially, we have focused on:

1. The regulation of GSK3β kinase activity by O-GlcNAcylation as an alternative mechanism to
regulate tau hyperphosphorylation (El Hajjar et al. 2024)

2. The role of phosphorylation of the PHF-1 epitope in the regulation of Tau (dys)functions. In
this context, we have used two strategies:
a. To study the seeding activity of C-terminal tau fragments in the aggregation of tau and the
role of PHF-1 phosphorylation in this process (El Hajjar et al, submitted)
b. To discriminate between different phosphorylation states of the PHF-1 epitope on Tau func-
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tion in microtubule assembly and aggregation using the native chemical ligation approach to
provide homogenously phosphorylated Tau.

The advantages of our approach are multiple. First, the quantitative characterization of PTM profiles
at a per-residue resolution using Nuclear Magnetic Resonance (NMR) spectroscopy allows us to iden-
tify the modification sites of Tau, determine the relative levels of modification at each individual site,
and highlight interactions between different PTMs (CantrellePhosphorylationOGlcNAcylationPHF12021;
Bourré et al. 2018; Theillet et al. 2012; Lippens et al. 2016). Modified Tau samples characterized by
NMR - which is a non-destructive analytical method- can then be used to evaluate the aggregation ca-
pacity with or without heparin in vitro, and the function in tubulin polymerization. NMR also allows
us to identify conformational changes induced by PTMs. Then, our approach is based on the manip-
ulation of enzymatic activities in solution or semi-synthetic proteins. It provides molecular details to
study the effect of site-specific phosphorylation on Tau (dys)function, or the direct crosstalk between
phosphorylation and O-GlcNAcylation on the regulation of GSK3β kinase activity and its impact on
Tau phosphorylation, which are more intricate to capture in a complex cellular environment. Our
experimental setup is adapted to address this concern not only through a reduction of the number of
interacting partners to a strict minimum (recombinant kinases and/or OGT), but it also provides a
snapshot of these dynamic regulatory systems by preventing PTM removal by antagonist enzymes.

Project Objectives

This project is directed along two main axes:

Axis 1: Studying the Role of Phosphorylation in Tau Aggregation
The primary challenge in studying the mechanisms of Tau aggregation is to avoid using the use of
external inducers of aggregation, such as polyanions like heparin. The aggregation of full-length phos-
phorylated Tau proteins without heparin remains difficult to achieve and is not reproducible. Heparin
is very effective in triggering rapid and massive aggregation of recombinant Tau proteins, both full-
length and truncated forms. However, the presence of multiple negative charges interferes with the
binding of (highly) phosphorylated forms, preventing the use of heparin in aggregation reactions in-
volving phosphorylated Tau. Moreover, heparin does not play a physiological role in Tau aggregation
within neurons, even though synthetic fibers obtained have a morphology similar to Alzheimer’s dis-
ease PHFs under electron microscopy. However, heparin-induced synthetic fibers have a very differ-
ent ultrastructure from PHFs in cryo-EM. For these reasons, our objective is to determine the factors
influencing the aggregation of phosphorylated Tau.
In this first project, aggregation reactions of Tau fragments are initially carried out with heparin.
These fragments are then used as seeds, which correspond to fibrillar and/or oligomeric forms, to
initiate aggregation of full-length Tau. The fragments are phosphorylated with GSK3β kinase and
their aggregation is induced with heparin, then they are used as seeds to induce aggregation of the
full-length 2N4R Tau isoform, both phosphorylated Tau through a semi-synthetic approach involving
expressed protein ligation (EPL) , and non-phosphorylated Tau, carrying the aggregation-prone P301L
mutation or not.

Axis 2: Studying the Role of O-GlcNAc-mediated regulation of GSK3β, a ki-
nase involved in Tau pathology
Within the laboratory, it has been shown that the phosphorylation profile of Tau is minimally affected
by O-GlcNAcylation, suggesting an indirect regulation between phosphorylation and O-GlcNAcylation.
The objective of this project is to evaluate the effect of O-GlcNAcylation on the phosphorylation and
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physiological function of Tau through the O-GlcNAc-mediated regulation of kinases. We have thus
addressed the question of GSK3β kinase regulation because it is one of the major kinases involved
in the pathological phosphorylation of Tau associated to AD and it is modified by O-GlcNAcylation.
We have investigated whether O-GlcNAcylation regulates the activity of GSK3β, which could ulti-
mately lead to changes in the phosphorylation profile and consequently, in Taus ability to polymerize
microtubules or form fibrillar aggregates. It has been proposed that in vivo, O-GlcNAcylation of the
N-terminal domain of GSK3β modulates phosphorylation of Ser9 residue by Akt/PKB, which plays
an inhibitory role in the kinase activity. The objective of this second project is to characterize the
O-GlcNAcylation profile of GSK3β and modulation of its kinase activity by this PTM.
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Chapter 8: GSK3β kinase activity regulation

1. Different GSK3β constructs

Based on a recent study conducted by Li et al. 2023b in 2023, a new vector design was presented
to enable the co-expression of Tau and OGT. In this model, the Tau gene sequence is fused with an
OGT-binding peptide (OBP) to enhance Tau O-GlcNAcylation by OGT. This peptide is separated
from the Tau sequence by a linker composed of five amino acids repeated twice: (GGGGS)2. The
fusion of this peptide, whether at the N-terminal or C-terminal of Tau, increases OBP-tagged protein
O-GlcNAcylation level in E. coli and, more especially, had a significant impact on the levels and
homogeneity of Tau O-GlcNAcylation had little significant impact on the results obtained (Figure
8.1) (Li et al. 2023b).

Figure 8.1: Linear representation of target gene and tag fusion genes and overview of the OGT binding peptides
(OBP)-tagged strategy (Li et al. 2023b)

Based on these findings, we adopted this approach and adapted it to our project by modifying the
expression vectors for GSK3β-His6 and the GSK3β-OGT co-expression system. The objective was
to promote the interaction between GSK3β and OGT, either during the incubation of the two enzymes
or within the cell for co-expression. For the existing vectors, the polyhistidine tags are located at the
C-terminal for the GSK3β-His6 vector and at the N-terminal for the GSK3β-OGT co-expression
vector.
Our approach involved integrating the OBP peptide sequence at the N-terminus or C-terminus of
GSK3β-His6. Unlike the study by (Yang et al. 2023), we added a TEV protease recognition sequence
(GGGGS-TEV) to our linker to enable tag removal if required. We generated synthetic genes with
these constructs. In this chapter, different peptides will be used and are described in table 8.1.

2. Protein purification

Purification of OBP-tagged GSK3β

With the OBP tag at either the C-terminus (marked Go) or N-terminus (marked oG) of GSK3β,
we produced OBP-GSK3β fusion proteins. These fusion proteins were expressed as C-terminal
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Peptide Name Sequence Molecular
Weight (Da)

Tau-pS404 Ac-IVYKSPVVSGDTpSPRHLSNV-NH2 2276.43
pSer9-GSK3β Ac-SGRPRTTpSFAES-NH2 1416.37
LRP6a-2P Ac-NPPPpSPApTERSH-NH2 1490.37
GSK3β N-ter [218] Ac-SGRPRTTSFAESCKPVQ-NH2 1892.1
GSK3β C-ter
[385420]

Ac-
QAAASTPTNATAASDANTGDRGQTNNAASASASNST-
NH2

3395.35

Table 8.1: List of peptides with their sequences and molecular weights used for chapter 11

polyhistidine-tagged proteins in E. coli, together with non-OBP tagged GSK3β, and refined using
the identical procedure (Figure 8.2). We verified that the OBP tag had no discernible impact on
GSK3β kinase activity in kinase tests (Figure 8.2 D).

3. Kinase activity of GSK3β constructs

The kinase activity of the different constructs of GSK3β was studied by phosphorylation assays
of full-length 15NTau or primed peptide Tau-pS404 by GSK3β analyzed using MALDI-TOF MS.
Recombinant Tau protein was incubated with active GSK3β decorated by different PTMs (phospho-
rylation at S9, O-GlcNAcylation or both PTMs introduced sequentially with O-GlcNAc first, then
phosphorylation or the other way around) and ATP, followed by MALDI-TOF MS analysis to detect
phosphorylated proteins. The mass spectra revealed a shift corresponding to phosphorylated Tau, indi-
cating successful phosphorylation by GSK3β. Control samples lacking ATP showed significantly no
phosphorylated Tau proteins, confirming the specificity of GSK3β-mediated phosphorylation (Figure
8.3).
It is important to distinguish between the phosphorylation of the primed peptide Tau-pS404, which
allows for quantification of the relative proportions of product (3P form) and substrate (1P form), and
the phosphorylation of full-length Tau, where a global phosphorylation level is measured specifically
at the PHF-1 epitope. Notably, the quantification of kinase activity on peptides is relative rather than
absolute, due to differences in ionization efficiencies between the 1P and 3P forms of the peptides.

4. Phosphorylation and kinase activity of GSK3β

Using recombinant GSK3β and active Akt-1 proteins, we have characterised the effect of Akt-
mediated phosphorylation of GSK3β on its kinase activity towards a primed Tau peptide substrate
(Tau-pS404) prior to studying the O-GlcNAcylation of GSK3β and its possible regulatory role and
interplay with phosphorylation.

4.1. Phosphorylation of GSK3β by Akt-1
When GSK3β was preincubated with active Akt-1 and ATP for two hours at 30 °C, the phospho-Ser9-
GSK3β antibody response significantly increased (by approximately two times) when compared to
recombinant GSK3β or GSK3β incubated with Akt without ATP as a control. This indicates that Akt
effectively phosphorylated GSK3β Ser9 (Figure 8.4 B).
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(A) SDS-PAGE analysis of the purification of OBP-GSK3β from the soluble extract of E. coli BL21(DE3), dis-
playing the elution fractions (lanes 3 to 9) from the linear gradient of increasing imidazole concentration and
the column flow through (lane 2) (B) SDS-PAGE control of the combined homogeneous fractions following
dialysis (lanes 5 to 9 in panel A) Panel B displays the results of the MALDI-TOF mass spectrometry analysis
of the OBP GSK3β fusion proteins MALDI-TOF mass spectrometry analyses of OBP GSK3β fusion proteins
shown in panel B. (D) Kinase activity of N-(blue) and C-terminal (orange) OBP GSK3β fusion proteins com-
pared to GSK3β (grey)

Figure 8.2: Ni-NTA purification of OBP GSK3β fusion proteins with a C-terminal polyhistidine tag

4.2. Effect of Akt on GSK3β Kinase Activity
Based on these observations of Akt-mediated phosphorylation of GSK3β, we next investigated how
this phosphorylation event influences the kinase activity of GSK3β. We observed only a slight inhi-
bition of GSK3β activity on the primed Tau-pS404 peptide following Akt phosphorylation (Akt/+)
compared to nonphosphorylated GSK3β (absence of Akt). However, our control experiment with
GSK3β and Akt without ATP (Akt/-) revealed a more pronounced, phosphorylation-independent in-
hibition of GSK3β kinase activity probably through the binding of phosphorylated Akt to the GSK3b
catalytic domain (Figures ?? A, B). Although it is possible that GSK3β could be phosphorylated by
Akt during the GSK3β kinase assay, which requires ATP to phosphorylate the Tau-pS404 peptide,
this is unlikely due to the dilution of both kinases by a factor of ten in the assay compared to the
conditions used for initial GSK3β phosphorylation.
Interestingly, in a similar kinase assay using unprimed full-length Tau protein as the substrate, Akt-
mediated Ser9 phosphorylation of GSK3β did not reverse the inhibitory effect of Akt binding (Figure
refakt-gsk32 B). These findings reveal an unexpected inhibitory effect of Akt on GSK3β kinase activ-
ity that is mitigated only by Akt-mediated Ser9 phosphorylation on the primed Tau-pS404 substrate.
Remarkably, Ser9 phosphorylation of GSK3β’s N-terminal domain significantly reduces the inhibitory
impact, most likely via competing with Akt binding. The competing process between the phosphate
from primed substrates and GSK3 Ser9 itself is reinforced by the finding that Akt-mediated phos-
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(A) MALDI-TOF MS characterization of GSK3β-mediated phosphorylation of protein in the absence (black)
and the presence (grey) of ATP (B) MALDI-TOF MS characterization of OBP-GSK3β-mediated
phosphorylation of Tau-pS404 peptide in the presence of ATP. m/z signals at 2275 correspond to the unreacted
Tau-pS404 peptide while signals at 2435 (increment of +160) correspond to the product of the enzymatic
reaction

Figure 8.3: Characterization of GSK3β-mediated phosphorylation

phorylation does not restore GSK3β kinase activity on unprimed Tau protein. Moreover, it has been
suggested that the concentration of primed substrates may differ in their capacity to oppose GSK3’s
Ser9 phosphorylation. Though it is frequently overlooked, Ser9 phosphorylation does not always re-
sult in a clear suppression of GSK3 activity. It has been proposed that detecting Ser9 phosphorylation
is a helpful indicator of the conditions under which GSK3 activity is regulated (Beurel, Grieco, and
Jope 2015). GSK3 activity in some protein complexes is not susceptible to the inhibitory mechanism
controlled by Ser9, as was previously described for Wnt signalling.
Our results thus imply that GSK3β’s action towards a subset of certain substrates, or Tau epitopes,
that are prephosphorylated by other kinases, may be regulated by Akt-mediated phosphorylation of
GSK3β. It has been demonstrated before that GSK3β promotes the aggregation of Tau protein into
filaments in vitro and raises the phosphorylation of primed Tau at the pathogenic AT8 and PHF-1
epitopes. The hyperphosphorylation of the PHF-1 epitope, linked to Tau pathology, and the distinct
Tau epitope that doesn’t require priming was impacted by Akt-mediated regulation of GSK3β kinase
activity. When considered collectively, our findings point to a distinct phospho-dependent control of
GSK3β function and emphasize the role that priming plays in the process of Tau hyperphosphory-
lation that involves GSK3β. Consequently, if Ser9 phosphorylation is inhibited, GSK3β becomes
inactive, which lowers Tau hyperphosphorylation.
Conversely, Ser9 phosphorylation by Akt does not restore GSK3β kinase activity to the same de-
gree on unprimed Tau (Figures ?? A and ?? (B)). This suggests that there is competition between
active phosphorylated Akt, the primed substrate, and the N-terminal pSer9 of GSK3β itself for the
phosphate binding pocket, influencing the regulation of GSK3β kinase activity.

5. O-GlcNAcylation and Kinase Activity of GSK3β

Apart from the regulation depending on phosphorylation, the possible function of O-GlcNAcylation
in modifying GSK3β activities is yet mysterious. The relationship between phosphorylation and
O-GlcNAcylation in cellular regulatory processes has been proposed, and while O-GlcNAcylation
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(A) Crystal structure of the GSK3β/Axin complex bound to the phosphorylated N-terminal autoinhibitory
pSer9 peptide (PDB ID: 4NM3) is shown. GSK3β and Axin are depicted in cyan and beige ribbons, respec-
tively, with the pSer9-GSK3 peptide in purple. ATP and the pSer9 peptide are shown as sticks. The close-up
view highlights the polar interactions (dotted yellow lines) between pSer9 and arginine/lysine residues, includ-
ing Arg96 of the priming site binding pocket (B) Western blot analysis of GSK3β phosphorylation by Akt-1
in the absence (Akt/-) or presence (Akt/+) of ATP, with a control lacking Akt-1 (w/o Akt). Densitometric
quantification shows relative pSer9-GSK3β phosphorylation compared to the control (w/o Akt)

Figure 8.4: Akt binding and autoinhibitory Ser9 phosphorylation control the activity of GSK3β

of GSK3β has been identified, its precise role within GSK3β activities remains unclear, and only
a handful of O-GlcNAc sites has been identified so far. Changes in the AD brain have been linked
to variations in O-GlcNAc levels, yet these findings are still up for debate. While dysregulation of
protein levels involved in O-GlcNAc dynamics may result in an overall increase in O-GlcNAc levels
in the AD brain, a decrease in glucose uptake/metabolism, a substantial metabolic shift in the ageing
brain, may equally diminish protein O-GlcNAcylation in AD.
Previous research has shown that using the Thiamet-G OGA inhibitor to raise O-GlcNAc levels can
interfere with Tau pathology associated with Alzheimer’s disease (AD) and other neurodegenerative
illnesses. This is accomplished by alleviating cognitive deficits in AD mice models, lowering neu-
rodegeneration, and reducing the buildup of neurofibrillary tangles. O-GlcNAcylation of Tau protein
prevents the development of filaments generated by heparin in vitro. It is yet unknown, neverthe-
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(A) Kinase activity of GSK3β from the Akt-mediated phosphorylation reaction, with and without ATP, or
without Akt as a control, on a primed Tau-pS404 peptide. The percentage of triple PHF-1 phosphorylation
(PHF1-3P) is presented as the mean ś SD of three replicates. (B) Phosphorylation of a primed Tau-pS404
peptide by OBP-GSK3β in the presence of active, phosphorylated Akt-1 (B) with (Akt/+) or without (Akt/-)
ATP

Figure 8.5: Effect of Akt mediated phosphorylation on GSK3β activity

less, how Tau O-GlcNAcylation and phosphorylation at particular locations are related. According to
past research, O-GlcNAcylation of Tau protein only affects the phosphorylation of the PHF-1 epitope
and has no effect on the pathological formation of amyloid-like fibrils by phosphorylated Tau. This
provides credence to the theory that O-GlcNAc regulation of other variables implicated in Tau dis-
ease, such as kinases that produce Tau hyperphosphorylation, is the source of O-GlcNAc-mediated
regulation of Tau pathology in neurodegeneration, such as with OGA inhibitors.

5.1. O-GlcNAcylation Characterization of different GSK3β constructs
We initially attempted to O-GlcNAcylate GSK3β using recombinant OGT. Subsequently, we adopted
a strategy to enhance O-GlcNAc modification by fusing an OGT-binding peptide (OBP) to either the
N- or C-terminus of GSK3β. This approach allowed us to investigate the impact of the OBP tag on
O-GlcNAc transferase activity both in solution with purified OGT and through coexpression in E.
coli.

GSK3β and OBP-tagged GSK3β O-GlcNAcylation

We used different techniques to increase the overall O-GlcNAcylation level and uniformity in order
to better understand the O-GlcNAc glycosylation pattern of GSK3β and its functional impact on ki-
nase activity and Akt regulation. We investigated the effects of fusing an OGT-binding peptide (OBP;
KKVPVSRA sequence) to GSK3β and the activity of recombinant OGT on GSK3β. It has previously
been demonstrated that using this strategy will increase the homogeneity of O-GlcNAc modifications
for additional functional analysis by encouraging the O-GlcNAcylation of Tau and other target pro-
teins coexpressed with OGT in E. coli (LiOGTBindingPeptideTagged2023).
Recombinant OGT was incubated with untagged or OBP-tagged GSK3β for 6 hours at 31 řC, either
with (OGT/+) or without UDP-GlcNAc (OGT/-) as a negative control. Extended incubation periods
dramatically reduce kinase activity but do not appreciably raise O-GlcNAc levels (data not shown).
The crude O-GlcNAcylation processes were then exposed to chemo-enzymatic labeling reactions in
order to selectively detect O-GlcNAc modified proteins (TAMRA labeling) and better characterize
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(A) Phosphorylation of full-length 15NTau 2N4R isoform by unmodified GSK3β (grey). Non-phosphorylated
Tau (black) is shown as a reference for determination of the m/zdifference of 296.18corresponding to 3.7
phosphate per Tau molecule (considering a mass increment of +80 Da per phosphorylation)(B) Kinase activity
of GSK3β from the Akt-mediated phosphorylation reaction with and without ATP or without Akt as a control
on unprimed, full-length Tau protein. The phosphorylation level is monitored by mass spectrometry (as shown
in C), and the level of PHF-1 phosphorylation (number of phosphates per tau) is determined by the overall
m/z difference of phosphorylated to the nonphosphorylated Tau (C) Regulation of GSK3β kinase activity on
unprimed tau by Akt-1 in the absence or presence of ATP or without Akt as a control, monitored by or mass
spectrometry

Figure 8.6: Phosphorylation pattern of full-length 15NTau 2N4R isoform by unmodified GSK3β

the distribution of O-GlcNAc proteoforms (mass tag labeling with mPEG5K).
All OBP-tagged or untagged constructs exhibited effective O-GlcNAcylation of GSK3β, as demon-
strated by the selective TAMRA labeling of O-GlcNAc transferase reactions with recombinant OGT
in the presence of UDP-GlcNAc (Figure 8.7 A,B). This was further verified using RL-2 (antibody,
which specifically recognizes O-GlcNAcylation) to serine or threonine residues of proteins) selective
staining of O-GlcNAc transferase processes in the presence of UDP-GlcNAc (Figure 8.7 C).
Additionally, mass tag labeling showed a decrease in the non-O-GlcNAc proteoform in favor of the
mono-, di-, and tri-O-GlcNAc proteoforms, with the majority of mono-O-GlcNAc species (Figure 8.7
D). Further glycosylation changes (+4 or +5 GlcNAc) resulted in faint bands whose intensities were
just over the detection limit, but they were still discernible.
The addition of the OBP tag to either the N- or C-terminus of GSK3β had a limited effect on the
overall level of O-GlcNAcylation compared to untagged GSK3β, and no significant difference was
observed between the N- and C-terminal positions.
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O-GlcNAcylation of GSK3β and OBP-tagged GSK3β coexpressed with OGT

Next, we examined the O-GlcNAcylation of GSK3β proteins with and without the OBP tag by co-
expressing them with OGT in E. coli. With this thorough approach, we were able to evaluate the
functional implications of the O-GlcNAc modification patterns on GSK3β activity and regulation.
However, in the coexpression system, where the non-O-GlcNAc form barely shows up (representing
less than 5% of all proteoforms), the O-GlcNAcylation level is significantly higher (Figure 8.8).
According to these findings, GSK3β O-GlcNAcylation is significantly more effective in bacteria that
co-express OGT than it is in solutions containing purified OGT.
Thus, by attracting regulatory proteins, it is anticipated that the OBP tag will facilitate the formation
of O-GlcNAcylation complexes with OGT and target proteins.

5.2. Identification of O-GlcNAcylation Sites on GSK3β by MS analysis
To map the O-GlcNAcylation sites on GSK3β, mass spectrometry analysis was employed on both un-
tagged and OBP-tagged GSK3β constructs. Using a bottom-up MS strategy with digestion by trypsin
and chymotrypsin, we achieved over 98% sequence coverage for all constructs under each condition
(Table 8.2).

Construct/O-GlcNAcylation
Condition

O-GlcNAc Sites Number of Sites

OBP-GSK3β/OGT/+ T7/T8/S9, S13, S21, T38, T43,
S368, T392

8

GSK3β-OBP/OGT/+ T7, S9, S13, S21, T38, T39, T43,
S55, T364, S368/S369, S389,
T392, S398, T408, S415, S417

16

GSK3β/OGT/+ T7, S9, S13, S6, T43, T364,
S389/T390, S389, T390, T392,
S398

11

OBP-GSK3β/OGT coexpression T7/T8, S9, S21, T43, S55, S389,
T392, T395, S398, T408, S413,
S419

12

GSK3β-OBP/OGT coexpression T43, T408, S415 3
GSK3β/OGT coexpression T7/T8, S9, S389, T390, T392,

S398
6

Table 8.2: O-GlcNAcylation Conditions and Sites for GSK3β Constructs

Mass spectrometry analysis identified between 3 and 27 O-GlcNAc modification sites through higher-
energy collisional dissociation (HCD)-based LC MS/MS across different O-GlcNAcylated peptides.
These sites predominantly reside within the disordered N- and C-terminal domains of GSK3β (Figure
8.9).
The identification of O-GlcNAc (N-acetylglucosamine) modifications using Higher-energy Collision-
induced Dissociation (HCD) is challenged by the complexity of peptides containing multiple serine
(Ser) or threonine (Thr) residues, making it difficult to pinpoint specific modification sites. The
main issue with HCD fragmentation lies in the lability of the glycosidic bond between GlcNAc and
Ser/Thr residues (Nagel et al. 2013; Ma and Hart 2017). During HCD fragmentation, GlcNAc often
detaches before the peptide backbone is fragmented, leading to a critical loss of information about
the modification site. This complicates the identification of O-GlcNAcylated peptides, as database
search algorithms may fail to detect modifications when GlcNAc is lost prior to peptide fragmenta-
tion. Additionally, when multiple Ser/Thr residues are present within a peptide, HCD fragmentation

Thesis of Lea El Hajjar 123



Chapter 8. GSK3β kinase activity regulation

can produce fragment ions that do not clearly indicate which residue is modified (Burt et al. 2022;
Xu et al. 2021). This problem is exacerbated in longer peptides or those with similar sequences,
where distinguishing between modification sites becomes challenging. In contrast, other fragmenta-
tion methods, such as Electron Transfer Dissociation (ETD), preserve the O-GlcNAc bond, allowing
for direct detection of modified peptides and more confident assignment of modification sites. There-
fore, ETD is often preferred for analyses requiring precise localization of O-GlcNAc modifications
(Nagel et al. 2013; Ma and Hart 2017).
Based on analyses of 7002 human O-GlcNAc site surrounding sequences, the majority of identified
O-GlcNAc sites fulfil the semi consensus sequences described for Ser/Thr-O-GlcNAcglycosylated
residues, indicating a highprevalence of Ser, Thr, Pro, Ala, Val, and Gln residues from the -5 to +5
positions relative to the glycosylation site (Wulff-Fuentes et al. 2021).
Further validation of O-GlcNAcylation in these regions was performed using peptides encompassing
the entire N- and C-terminal domains of GSK3β. These peptides were subjected to O-GlcNAcylation
with recombinant OGT, followed by reverse-phase HPLC isolation of O-GlcNAc-enriched fractions,
and subsequent electron transfer dissociation (ETD)-based MS/MS to identify O-GlcNAc sites.
The presence and diversity of O-GlcNAc sites varied depending on the position of the OBP tag and
the conditions used for O-GlcNAcylation, whether in solution or by co-expression of GSK3β and
OGT. Within the conserved N-terminal regulatory domain, O-GlcNAc sites were identified among
the three consecutive residues Thr7, Thr8, and Ser9 in both untagged and OBP-tagged GSK3β con-
structs, from GSK3β either incubated with OGT in vitro or co-expressed with OGT in E. coli (Figure
8.10). ETD MS/MS analysis of isolated GSK3β N-terminal peptides confirmed the O-GlcNAcylation
at Thr8 and Ser9, including the di-O-GlcNAcylated form at Thr8/Ser9.
O-GlcNAc modifications were also detected on Ser13 and Ser21 in the N-terminal disordered do-
main, and on at least five distinct sitesSer389 and/or Thr390, Thr392, Thr395, Ser398, Thr408in
the C-terminal domain. The number and exact location of these O-GlcNAc sites varied depending
on the OBP tag positioning and O-GlcNAcylation conditions. Notably, Thr392 was consistently O-
GlcNAcylated across all constructs (Figure 8.11).
In addition to the disordered regions, at least six O-GlcNAc sites were identified within the ki-
nase domain of GSK3β. Thr43 was consistently found to be O-GlcNAcylated under all condi-
tions. Other notable sites within the kinase domain included Thr38/Thr39, Ser55, Thr363/Thr364,
and Ser368/Ser369. These sites are located either within the β2 and β3 strands of the N-terminal
β-barrel (residues 35-134) or in a flexible loop of the C-terminal domain (Figure 8.9 B), contributing
to the solvent-accessible surface area opposite the phosphate and Axin binding pockets.
Resuming, we found multiple O-GlcNAc sites in the C-terminal disordered domain and within the ki-
nase domain in a solvent-accessible area across from the active site and phosphate binding pocket. We
also identified O-GlcNAc sites within the disordered, regulatory N-terminal domain on Thr7, Thr8,
Ser9, Ser13, and Ser21 residues. GSK3β has just a small number of O-GlcNAc sites that have been
previously discovered, all of which were found in the kinase domain. Thr38, Thr39, and Thr43which
we have also identifiedare among the known O-GlcNAc sites (https://www.oglcnac.mcw.
edu/). These sites were previously discovered from human embryonic stem cells using multiple
reaction monitoring mass spectrometry (Maury et al. 2014).
The results suggest a high degree of heterogeneity in O-GlcNAc modifications within the disordered
regions of GSK3β, while the kinase domain exhibits a lesser extent of modification. The presence
of the OBP tag influenced the diversity of O-GlcNAc sites, particularly when positioned at the N-
terminus, and to a greater extent at the C-terminus in solution conditions. However, the C-terminal
OBP tag reduced the diversity of O-GlcNAc modifications in the co-expression system, unlike the
N-terminal OBP tag. The co-expression of GSK3β with OGT improved overall O-GlcNAcylation
levels, indicating an increased homogeneity of O-GlcNAc modifications in C-terminal OBP-tagged
GSK3β constructs. Thus, the OBP tag modulates O-GlcNAcylation levels and impacts site diversity
based on its position relative to the GSK3β protein and the conditions used for O-GlcNAcylation.
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5.3. O-GlcNAcylation Marginally Improves GSK3β Kinase Activity
We next investigated the kinase activity of GSK3β after O-GlcNAcylation reactions with OGT and
UDP-GlcNAc (OGT/+) or control reactions without UDP-GlcNAc (OGT/-) for untagged and each
OBP-tagged construct. Our findings showed a slight improvement in GSK3β kinase activity upon
O-GlcNAcylation, as measured by the phosphorylation level of a primed Tau-pS404 substrate. The
proportion of PHF1-3P was marginally higher in OGT/+ reactions compared to OGT/- reactions (Fig-
ure 8.12). For the unprimed Tau protein, a characteristic phosphorylation-dependent electrophoretic
mobility shift on SDS-PAGE was observed under both OGT/+ and OGT/- conditions (Figure 8.12
B), while a complete triple phosphorylation of the PHF-1 epitope was achieved, as monitored by
MALDI-TOF MS and NMR spectroscopy (Figure 8.12 C and D).
These results demonstrate that both O-GlcNAc-modified and nonmodified GSK3β exhibit similar ki-
nase activity on primed and unprimed Tau substrates.
We further analyzed the effect of O-GlcNAcylation on the inhibition of GSK3β kinase activity using
the autoinhibitory pSer9-GSK3 peptide and the diphosphorylated LRP6a-2P (fragment of the Wnt
co-receptor LRP6a that contains two phosphate groups on specific amino acid residues. This mod-
ification mimics the activated state of LRP6a, which is crucial for propagating signals in the Wnt
signaling pathway) (Table 8.1). Consistent with previous findings, the pSer9-GSK3 peptide showed
significantly lower inhibition capacity (IC50 in the 500 µM1 mM range) compared to LRP6a-2P on
the phosphorylation of the primed Tau-pS404 substrate.
The LRP6a-2P peptide was tested, as a GSK3β inhibitor, against the primed Tau-pS404 substrate at
20 µM, which was phosphorylated by OBP-tagged GSK3β from OGT/+ and OGT/- reactions. The
IC50 values (concentration for 50% inhibition) were measured. When comparing OGT/+ to OGT/-
GSK3β, the IC50 values were somewhat lower for both N- and C-terminal OBP-tagged proteins for
OGT/+ (77 µM and 51 µM, respectively) than for OGT/- GSK3β (124 µM and 64 µM, respectively).
This impact was more noticeable for the N-terminally OBP-tagged GSK3β. This implies a higher
efficiency of inhibition for the glycosylated O-GlcNAc form of GSK3β (Figure 8.13).
A significant variety of O-GlcNAc proteoforms is suggested by the total O-GlcNAcylation level, the
number of O-GlcNAc sites, and their position, of which only a tiny fraction may have an up- or
down-regulatory activity.

6. O-GlcNAcylation and Phosphorylation interplay

O-GlcNAcylation of various residues within the N-terminal domain of GSK3β may directly com-
pete with Ser9 phosphorylation by either occupying the same site or adjacent sites, hence controlling
GSK3β kinase action.
We investigated the potential role of O-GlcNAcylation in modulating Akt-mediated phosphorylation
and/or non-phosphorylation-dependent GSK3β inhibition.
The phospho-Ser9-GSK3β antibody responded similarly for GSK3β from both OGT/+ and OGT/-
circumstances when GSK3β was incubated with Akt and ATP (Akt/+). Comparing it to matching
nonphosphorylated GSK3β (Akt/- or without Akt), it rose by approximately 1.7 times, suggesting
that the phosphorylation levels of O-GlcNAc and non-O-GlcNAc glycosylated GSK3β are similar
(Figure 8.14 A).
Furthermore, OGT binding does not obstruct Akt-mediated control of GSK3β kinase activity in the
absence of O-GlcNAcylation (without UDP-GlcNAc), indicating different interfaces for Akt and OGT
interactions inside GSK3β. This theory is supported by the fact that phosphorylated Akt, which most
likely occupies the phosphate-binding site, inhibits GSK3β kinase activity, and that OGT glycosy-
lates Ser/Thr sites on the kinase domains opposing side (Figure 8.9 B).
When OBP-GSK3β without GlcNAcylation (oG/O-) and Akt were incubated together without OGT
(oG/O ), the GSK3β kinase activity on a primed Tau-pS404 substrate remained similar to conditions
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without OGT. GSK3β is inhibited when Akt is present but devoid of kinase activity (Akt/-), and
partially restored when Akt phosphorylates Ser9 (Akt/+). This pattern holds true even in the pres-
ence of O-GlcNAcylation (oG/O+), indicating that GSK3β O-GlcNAcylation and interactions with
OGT do not obstruct Akt’s phosphorylation-independent inhibition of GSK3β kinase activity. In-
stead, Akt-dependent phosphorylation restores the activity of O-GlcNAcylated GSK3β, suggesting
O-GlcNAcylation plays a minor role in enhancing GSK3β kinase activity (Figure 8.14).
On the other hand, we demonstrated that coexpression of GSK3β (with an N-terminal OBP-tag) with
OGT in bacteria significantly downregulates the Akt-mediated phosphorylation of Ser9 (Figure 8.14
B). This coexpression led to a significant increase in O-GlcNAc levels and a redistribution of the O-
GlcNAc proteoforms (Figure 8.8). These findings suggest that, depending on the O-GlcNAcylation
profile, O-GlcNAcylation can modify the Akt-mediated phosphorylation of Ser9 and suggest that Ser9
phosphorylation-mediated Akt-mediated control of GSK3β function may face competition from ele-
vated O-GlcNAc levels. The coexpression of OBP-GSK3β and OGT in bacteria likely results in an
increase in Ser9 O-GlcNAcylation or proximal sites within the GSK3β N-terminus, which substan-
tially inhibits the subsequent Akt-mediated Ser9 phosphorylation.
Elevated O-GlcNAc levels, resulting from GSK3β and OGT coexpression through the downregu-
lation of Ser9 phosphorylation, mildly alter the Akt-mediated regulation of GSK3β activity. Ac-
cording to our findings, Akt can still phosphorylation-independently block the kinase activity of O-
GlcNAcylated GSK3β, although the residual Ser9-phosphorylated version of GSK3β most likely
helps to mitigate some of Akt’s inhibitory effects (Figure 8.14C).
Then, we investigated the effect of Akt phosphorylation prior O-GlcNAcylation of GSK3β. When
GSK3β is phosphorylated (oG/A+) as opposed to nonphosphorylated (oG/A−) or control (oG)
GSK3β, the total O-GlcNAc level of GSK3β (as measured by RL-2) is significantly reduced by
2.4 times. This is accompanied by a slight redistribution of O-GlcNAc proteoforms, which shows
an increased proportion of the non-O-GlcNAc form along with a decreased proportion of the di- and
tri-O-GlcNAc forms. The kinase activity of GSK3β on a primed Tau-pS404 peptide is inhibited by
Akt in the absence of phosphorylation (oG/A−), regardless of subsequent O-GlcNAcylation or not,
whereas the kinase activity of phosphorylated GSK3β (oG/A+) is restored. As a result, the subse-
quent O-GlcNAcylation has no effect on the phosphorylation-dependent and independent control of
GSK3β kinase activity by Akt (Figures 8.14 F).

7. Conclusion

Our study highlights the intricate regulation of GSK3β activity through the interplay of phosphoryla-
tion and O-GlcNAcylation. O-GlcNAcylation, particularly of Ser9 or nearby residues, can modulate
GSK3β activity in a cell type- or stimulus-specific manner, potentially counteracting the effects of
Akt hyperactivation seen in cancer. Elevated O-GlcNAc levels, achieved through Thiamet-G treat-
ment, for instance, affect site-specific Tau phosphorylation by modulating GSK3β activity via Akt
regulation.
Our findings show that active Akt can inhibit GSK3β without direct phosphorylation, and Akt-
mediated phosphorylation can restore GSK3β activity on primed Tau substrates. This suggests a
dynamic conformational switch in GSK3β, where O-GlcNAcylation favors an active conformation,
preventing Ser9 phosphorylation from binding and thereby regulating GSK3β function.
This study provides molecular insights into the regulation of GSK3β in a controlled environment,
reducing the complexity found in cellular contexts. Our results indicate that conditions promoting
N-terminal O-GlcNAcylation of GSK3β, without directly inhibiting its kinase activity, could work
with active Akt to inhibit GSK3 activity by preventing pSer9-induced reactivation toward primed Tau
epitopes.
These regulatory mechanisms have significant implications for Tau hyperphosphorylation, potentially
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impacting the understanding and treatment of Alzheimer’s disease and other Tau-related neurodegen-
erative disorders. A schematic conclusion is shown in Figure 8.15.
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(A) TAMRA labeling of GSK3β O-GlcNAcylation reactions with OGT (G/O) (right panel) and control of
protein loading by Western blotting with GSK3 antibody (left panel) (B) TAMRA labeling of OBP-GSK3β
(oG/O) or GSK3β-OBP (Go/O) O-GlcNAcylation reactions (right panel) and control of protein loading by
Coomassie staining (left panel) (C) Western blot of OBP-GSK3β O-GlcNAcylation reactions with OGT (oG/O)
with RL-2 (right panel) and GSK3 antibodies (left panel) (D) Mass-tag labelling of GSK3β proteins in O-
GlcNAc transferase reactions with UDPGlcNAc (+) or control reactions without (-) UDP-GlcNAc

Figure 8.7: In vitro GSK3β and OBP-Tagged GSK3β O-GlcNAcylation with recombinant OGT
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(A) Mass-tag labelling of OBP-GSK3β or GSK3β-OBP coexpressed with OGT in bacteria (B) Western blot of
OBP-GSK3β or GSK3β-OBP coexpressed with OGT in bacteria with RL-2 (right panel) and GSK3 antibodies
(left panel)

Figure 8.8: Characterization of O-GlcNAcylated GSK3β proteins coexpressed with OGT in E.coli

(A) Schematic representation of identified O-GlcNAc sites (blue hexagons) on the GSK3β sequence within
the N- and C-terminal OBP-tagged and untagged constructs (B) GSK3β kinase domain O-GlcNAc sites (blue)
in the 3D structure of the complex GSK3β: pSer9-GSK3 peptide (sticks): Axin (PDB ID: 4NM3), ATP as
beige sticks, and Mg2+ ions as green balls

Figure 8.9: Mapping of GSK3β O-GlcNAc sites by bottom-up LC MS/MS identification
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Figure 8.10: MS fragmentation spectra of OBP-GSK3β from LC-MS/MS analyses using HCD-based frag-
mentation, identifying Ser9 as O-GlcNAc site from two different peptides (A) and (B). b-ions and y-ions are
annotated in red and blue, respectively
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Figure 8.11: MS fragmentation spectra from HCD-based LCMS/MS analyses for identification of Thr392 O-
GlcNAc site of the C-terminal domains of GSK3β
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(A) Kinase activity of GSK3β, OBP-GSK3β, and GSK3β-OBP on a primed Tau-pS404 peptide monitored by
mass spectrometry as shown in (B) SDS-PAGE analysis of phosphorylation reactions of full-length, unprimed
15N-labeled Tau protein with GSK3β preincubated with OGT with (G/O+) or without (G/O-) UDP-GlcNAc
(C)MALDI-TOF MS analysis of phosphorylation of a primed Tau-pS404 peptide with OBP-GSK3β (left
panels) or full-length, unprimed 15N Tau with GSK3β (right panel) preincubated with OGT and UDP-GlcNAc
or in the absence of UDP-GlcNAc (D) NMR analysis of 15N-labeled phosphorylated Tau protein

Figure 8.12: Kinase activity of O-GlcNAc glycosylated GSK3β on primed Tau-pS404 and unprimed Tau.
GSK3β O-GlcNAc reactions with recombinant OGT with (OGT/+, green) or without (OGT/-, red)
UDP-GlcNAc as a control
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GSK3β kinase activity was measured in the presence of the diphosphorylated peptide LRP6a-2P, derived from
the Wnt LRP6 receptor. OBP-GSK3β fusion proteins were incubated with OGT, either with (OGT/+, green)
or without (OGT/-, red) UDP-GlcNAc. (A) IC50 values of the LRP6a-2P peptide were determined by testing
increasing concentrations of the inhibitor (from 2.5 to 500 µM) on the kinase activity of OBP-GSK3 (B, left
panel) and GSK3-OBP (B, right panel) using a primed Tau-pS404 substrate at 20 µM. The percentage of PHF1-
3P was determined as the mean ± SD of two replicates

Figure 8.13: Regulation of GSK3β kinase inhibition by O-GlcNAcylation
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(AC) Effect of O-GlcNAcylation on GSK3β phosphorylation by Akt-1. OBP-GSK3β (oG) is obtained from O-
GlcNAc reactions with OGT and UDP-GlcNAc (oG/O+, green), without UDP-GlcNAc (oG/O, red), or through
OGT coexpression (blue), and phosphorylated by Akt-1 with ATP (A/+) or without ATP (A/-). Controls are
oG/O+ and oG/O samples without Akt-1 (x) (A) Western blot showing pSer9-GSK3 phosphorylation levels
(B) Western blot showing reduced Ser9 phosphorylation in OBP-GSK3β coexpressed with OGT (C) Kinase
activity of GSK3β variants on primed Tau-pS404 peptide (D-F) Effect of Akt-1 phosphorylation on GSK3β
O-GlcNAcylation. OBP-GSK3β is phosphorylated by Akt-1 with ATP (oG/A+, green) or without ATP (oG/A-,
red) and O-GlcNAcylated by OGT with UDP-GlcNAc (O/+) or without (O/-). Controls include OBP-GSK3β
without Akt-1, with OGT and UDP-GlcNAc (green) or without (red) (D) Western blot showing OGT-mediated
O-GlcNAcylation levels (E) mPEG5K-labeling analysis of O-GlcNAc proteoforms (F) Kinase activity of phos-
phorylated and nonphosphorylated GSK3β on primed Tau-pS404 peptide

Figure 8.14: Cross-talk between phosphorylation and O-GlcNAcylation of GSK3β, and regulation of GSK3β
kinase activity on a primed Tau-pS404 peptide

Figure 8.15: Schematic conclusion for the regulation of GSK3β by phosphorylation and O-GlcNAcylation
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Phosphorylation of Tau plays a crucial role in both normal physiological processes and neurodegen-
erative diseases like Alzheimers disease (AD). Tau hyperphosphorylation reduces its ability to bind
to microtubules, leading to microtubule destabilization, accumulation of free Tau in the cytosol and
promoting Tau aggregation into paired helical filaments (PHFs) and NFTs. The phosphorylation of
the PHF-1 (paired helical filament-1) epitope of Tau, specifically at serine residues S396 and S404, is
significant in the context of Alzheimers disease (AD). Hyperphosphorylation of the PHF-1 epitope,
which may also include the additional S400 site, is a hallmark of AD and is associated with the for-
mation of neurofibrillary tangles (NFTs), a characteristic feature of AD pathology.
The filament core in AD demonstrates structural conservation among patients and primarily con-
sists of the R3 and R4 microtubule-binding repeats of Tau. The core composition includes these
microtubule-binding repeats together with variable flanking regions pertaining to part of the C-terminal
domain including the R pseudo-repeat, and the N-terminal region of R3 repeat, which could be part of
the R2 or R1 repeat depending on the 4R or 3R isoform, respectively. Cryo-EM studies have revealed
that the core structure of paired helical filaments (PHFs) is conserved across different AD patients,
indicating a common pathological mechanism of Tau aggregation in AD. The core forms a distinc-
tive β-arch structure that turns at residues 322CGS324, located within the R3 repeat region, and this
structural feature is consistent across AD Tau filaments. Two protofilaments stack together to form
the filament, with an interface extending from residue G323 to I354, encompassing parts of both R3
and R4 repeats (Duan et al. 2023; Falcon et al. 2018b).
In this chapter, we studied the physiological and pathological roles of Tau R2Ct and R3Ct, two
aggregation-prone Tau fragments. These fragments were designed as they span the entire C-terminal
domain to include the PHF-1 epitope. They also include the core of Tau filaments starting either at
the R2 repeat for the R2Ct fragment or R3 repeat for the R3Ct fragment. Thus, R3Ct could originate
from both 3R and 4R isoforms while R2Ct from 4R isoforms only. We also looked at the function of
GSK3β phosphorylation, which results in a triple phosphorylation of the PHF-1 epitope (S396, S400,
and S404).
First, we will present the phosphorylation pattern and its impact on microtubule binding and heparin-
induced aggregation of these fragments (section 1). Following this, we will examine the seeding ac-
tivity of these fragments on themselves (section 2), on full-length Tau (section 3), and on full-length
semi-synthetic Tau bearing diverse patterns of homogenous phosphorylation at the PHF-1 epitope
(section 4).

1. Characterization of Tau fragments

1.1. Phosphorylation of R2Ct and R3Ct
The full-length Tau protein has already been assigned by our team. In this study, we aimed to as-
sign the NMR spectra of R2Ct and R3Ct, as well as their phosphorylated proteoforms, to investigate
conformational effects of phosphorylation using high-resolution NMR spectroscopy and further func-
tional implications.
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(A) Full-length Tau, (B) R2Ct fragment, (C) R3Ct fragment indicating the different domains encompassed
in each protein. PHF6 and PHF6* correspond to hexapeptide sequences that have been described as nuclei
of Tau fibrillar aggregation. PHF-1 indicated by black dots is a phospho-epitope of the Cterminal domain
(S396/S400/S404) found in Tau inclusions from AD brains which is generated by the kinase activity either of
GSK3β alone or combination of CDK2/cyclin A and GSK3β (D) Recombinant fragment encompassing the
297-391 residues as the minimal fragment able to fold into PHFs in solution (E) Core of PHF-Tau filaments
from AD brains (inset, PDB ID: 5O3L) is shown for comparison

Figure 9.1: Representation showing the R2Ct and R3Ct segments used in this study, as well as the domains of
Tau protein

As demonstrated in 1H-15N HSQC spectra (Figure 9.2), GSK3β produced a homogeneous triple
phosphorylation of the C-terminal PHF-1 epitope at S396, S400, and S404 in both R2Ct and R3Ct
segments, in accordance with a prior characterization in full-length Tau protein. While sequential
phosphorylation by CDK2/cyclin A and GSK3β resulted in the same phosphorylation pattern of the
PHF-1 epitope as GSK3β alone. As previously described for full-length Tau, CDK2/cyclin A phos-
phorylation of R2Ct and R3Ct fragments produced a heterogeneous phosphorylation at PHF-1 epitope
with a near homogenous phosphorylation of S404 but partial phosphorylation of S396.
Using consistent 15N,13C isotope labelling for NMR triple resonance backbone assignment, we pro-
duced R2Ct and R3Ct fragments in both their non-phosphorylated and GSK3β-phosphorylated forms
in order to determine their conformational propensity.

We have studied the conformational propensity of the different variants based on the chemical
shifts of HN, N, CO, Cα, Hα, and Cβ nuclei. This has allowed us to examine the conformational
propensity of the R2Ct and R3Ct fragments, as well as a potential differential effect of PHF-1 triple
phosphorylation on the fragment conformation that would explain their distinct behaviors in MT poly-
merization activity. The 13C secondary chemical shifts of Cα and Cβ show that all variations of Tau
fragments have a random coil shape. The non-phosphorylated R2Ct and R3Ct Tau fragments both
take on the identical structural propensity profile, as demonstrated by the neighbor-corrected Struc-
tural Propensity (ncSP) score (Figure 9.5 A).
Each repeat domain in Tau protein exhibits a tendency to adopt an extended β-structure, including the
R’ pseudo-repeat, in line with earlier findings (Mukrasch et al. 2009). Additionally, a helical propen-
sity is demonstrated by a 10-residue stretch of the extreme C-terminus, namely residues 427437.
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1H-15N HSQC NMR spectra of T au fragments in their nonphosphorylated and GSK3β phosphorylated form
for R2Ct (red), R2Ct-P (blue), R3Ct (green) and R3Ct-P (orange) highlighting the homogenous triple phospho-
rylation of the PHF-1 epitope

Figure 9.2: Comparision of the PHF-1 phosphorylation of R2Ct and R3Ct fragments by GSK3β with or without
priming by CDK2/Cycline A

As demonstrated by ncSP scores (Figure 9.5), secondary structure propensity (SSP) based on 1Hα,
13Cα, and 13Cβ, and backbone torsion angles prediction from TALOS-N (Figure 9.6), the PHF-1
phosphorylation induces an additional extended conformation within the N-terminal region of the
phosphorylation sites (residues 392-402) in both GSK3-phosphorylated fragments.
Furthermore, at a brief stretch C-terminal to PHF-1, the phosphorylated portions of PHF-1 have a
modest tendency to adopt a turn conformation (pS404-L408). It has been previously demonstrated
that pS404 induces this tendency to adopt a turn conformation, which is further aggravated when ad-
ditional PTMs are present at S396 and/or S400 in 20-mer peptides containing the (392-411) region.
Phosphorylation of T231/S235 in the AT180 epitope has been demonstrated to trigger an N-cap sta-
bilising an α-helix in the C-terminal region of phosphorylation sites, which is consistent with our
data. Moreover, it has been suggested that the peptide is locked in a poly-proline II (PPII) conforma-
tion by an intramolecular salt bridge between the phosphate and the arginine or lysine side chain. An
intermolecular salt bridge with tubulin is in competition with a salt bridge interaction between R230
and pT231 in the Tau RT231PP sequence. Similar to this, pS396 may lock K395 in a salt bridge,
inhibiting interactions of these residues with binding partners, as demonstrated by significant pertur-
bations of K395 NH resonance upon phosphorylation of PHF-1 epitope. This would account for the
loss of function in tubulin polymerisation.
Nonetheless, no discernible variations in the structural alterations generated by phosphorylation have
been seen between the R2Ct and R3Ct segments. When considered collectively, these findings in-
dicate that extra N- and C-terminal sequences in fragments have no effect on the conformational
changes brought about by repeated phosphorylation, which do not spread outward.

1.2. Tubulin polymerization assay
Each fragment was incubated at a concentration of 20 µM with 20 µM tubulin at 37°C in polymeriza-
tion buffer. The non-phosphorylated R2Ct fragment promotes tubulin polymerization, although to a
lesser extent than the full-length 2N4R Tau. This ability is entirely lost when the fragment undergoes
phosphorylation by GSK3. In contrast, the R3Ct fragment, whether phosphorylated or not, does not

Thesis of Lea El Hajjar 137



Chapter 9. Phosphorylation and aggregation

7.07.58.08.59.0

110

115

120

125

441L340K 310Y 278I

372E
434A

311K394Y

309V338E

315L 393V

298K

384A
426A307Q

331K

395K
428L

429A 382A

314D
277I

351Q 308I
357L

279N

284L

418D 408L 390A300V
436L425L

344L

421D

282L

288Q

437A

363V

342E
321K 353K

339V

290K 370K
294K 371I

392I
379R

280K
375K

378F
275V

387D 281K
329H 343K 417I380E

354I362H 283D
317K369K

347K 306V
337V274K

350V
374H 299H

345D 420V

432V

431E

346F

419M

398V

439Q
410N 406R

349R
297I

385K 318V

402D
313V

360I
295D

328I

424Q

286N

391E

358D
348D

400S

383K 287V
336Q

291C

322C

404S381N

438K
407H388H

412S
430D396S

296N

327N

368N
359N

433S

413S

320S
361T
319T341S

352S
289S 422S

409S

316S

285S

373T

324S

293S

416S

305S

356S

414T

377T

386T

403T
435S

427T

355G

292G 323G
401G

415G

{154}
440G{105}

333G

389G 304G

335G

334G

411V

399V

376L

367G

325L

326G

276Q

330H

400Sp

404Sp

396Sp

15N
(ppm)

1H
(ppm)

R2Ct
R2Ct-P GSK3

Figure 9.3: 15N13C-HSQC spectra of R2Ct (red) and R2Ct-P (phosphorylated by GSK3β, blue)

support tubulin polymerization. The complete loss of polymerization activity observed in both phos-
phorylated R2Ct and R3Ct Tau fragments containing the PHF1-3P phosphorylation sites suggests
that a minimum number of microtubule-binding repeats, potentially in combination with the adjacent
proline-rich regulatory region, is necessary to mitigate the reduction in tubulin polymerization activity
caused by PHF-1 phosphorylation (Figure 9.7).

1.3. Heparin aggregation
We have seen that Tau is present in the NFTs in an aggregated form of highly ordered fibrillar material
known as PHF (Brion et al. 1985). This protein is also found phosphorylated in those PHFs (Grundke-
Iqbal et al. 1986). The mechanisms of Tau aggregation are still poorly understood, but it is now known
that the regions of the MTBD that make up the majority of PHFs are repeat regions, and the structural
organisation of PHFs varies depending on the type of isoform and tauopathy from which they originate
(Fitzpatrick et al. 2017). Furthermore, a number of researchers now propose that Tau may also exhibit
prion-like behaviour, spreading among nerve cells and attracting endogenous normal Tau to trigger
its aggregation, leading to the production of new NFTs (Mudher et al. 2017).
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Figure 9.4: 15N13C-HSQC spectra of R3Ct (green) and R3Ct-P (phosphorylated by GSK3β, orange)

Full length Tau heparin-induced aggregation
First, we conducted a test to determine the minimum concentration of heparin necessary for Tau ag-
gregation. Aggregation reactions were screened at different heparin concentrations ranging from 0 to
5 µM. This study will allow us to select an optimal concentration for the seeding reactions.
The aggregation conditions remain constant, using the same buffer. For a 100 µL aggregation reac-
tion, a concentration of 10 µM TauS262A is incubated with increasing concentrations of heparin: 0,
0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, or 0.5 µM. By adding 50 µM ThT and 0.33 mM DTT, the reaction
is incubated for several days at 37 °C.
After several experiments, we saw that Tau begins to aggregate at a heparin concentration of 0.15 µM.
Therefore, for our seeding experiments, we should use a concentration below 0.15 µM. A concentra-
tion of 0.05 or 0.1 µM would be appropriate for this experiment.

Seeds preparation from non- and phosphorylated Tau fragments
Heparin-induced self-assembly of R2Ct and R3Ct fragments and their GSK3β-phosphorylated pro-
teoforms, R2Ct-P and R3Ct-P, was seen for 48 hours at 37řC using TEM and ThT fluorescence.
Heparin-induced Tau filaments differ structurally from those taken from AD brains (Fichou et al.
2018b; Zhang et al. 2019), but when Tau proteins or fragments were incubated without heparin, as
was demonstrated for comparable non-phosphorylated fragments (Lövestam et al. 2022), no aggrega-
tion was found. All segments show a time-dependent increase in ThT fluorescence in the presence of

Thesis of Lea El Hajjar 139



Chapter 9. Phosphorylation and aggregation

(A-C) R2Ct’s non-phosphorylated (red) or phosphorylated (blue) forms, or R3Ct’s non-phosphorylated (green)
or phosphorylated (orange), were assigned neighbor-corrected secondary structure propensity (ncSP) scores.
Phosphorylation-induced conformational alterations are mostly localised in the PHF-1 site (phosphorylation
sites are marked by triangles) and its C-terminal region at residues [405-427] (inset). These changes are high-
lighted by comparisons of R2Ct and R3Ct (A), R2Ct and R2Ct-P (B), and R3Ct and R3Ct-P (C)

Figure 9.5: GSK3β phosphorylation-induced conformational alterations in R2Ct and R3Ct fragments

heparin (at a Tau:heparin ratio of 4:1), indicating the creation of amyloid-like structures (Figure 9.8
A, B).
According to negative-staining TEM, all Tau self-associates to form filamentous aggregates of varying
lengths, with total amounts consistent with the relative ThT signals at the end point. While R2Ct-P
and R3Ct-P produce small aggregates in which the PHF-like structure is not discernible, R2Ct ex-
hibits longer PHF-like fibrils than R3Ct, albeit with a heterogeneous length distribution (Figure 9.8
C).
Using a Tau:heparin ratio of 10:1, seeds were generated for both segments in their non-phosphorylated
and GSK3β-phosphorylated forms for 7 days at 37řC. The 10-fold dilution of seeds in subsequent
seeding reactions with soluble monomers results in a heparin concentration of 0.1 µM, which is below
the critical concentration for Tau fragment self-association, based on the heparin concentration used
here to create seeds. Those aggregates are then used as seeds for the seeding reactions in the fol-
lowing sections. To assess the impact of intermediate phosphorylation state further, seeds containing
CDK2-phosphorylated fragments were generated.

2. R2Ct and R3Ct seeding and cross-seeding by R2Ct and R3Ct seeds

Using a final monomer concentration of 25 µM for 1 µM of seeds, we assessed the seeding and cross-
seeding characteristics of R2Ct and R3Ct seeds, whether or not they were phosphorylated by GSK3β,
on the aggregation of the non-phosphorylated or GSK3β-phosphorylated monomeric fragments.
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Figure 9.6: Protein backbone torsion angles for the R2Ct and R2Ct-P segments, which illustrate the cumulative
proportions of helical (blue), extended strand (orange), and coil (grey) conformations, are predicted from NMR
chemical shifts using Talos-N

2.1. Seeding and Cross-seeding behavior by unphosphorylated seeds fragments
R2Ct and R3Ct seeds have different seeding effects on the aggregation behaviour of the soluble ver-
sion of those fragments in their non-phosphorylated state. Differential seeding activity on both protein
variants is suggested by the fact that R2Ct seeds increased aggregation of R2Ct fragment as indicated
by a larger rise of ThT signal while having a limited impact on aggregation of R3Ct. On the other
hand, R3Ct seeds showed comparable Seeding effects on the R2Ct and R3Ct fragment aggregation
(Figure 9.9).
These results highlight how well R2Ct and R3Ct seeds encourage the aggregation of their own solu-
ble species. Furthermore, whereas R2Ct seeds do not encourage R3Ct aggregation, R3Ct seeds allow
R2Ct aggregation to cross-seed (Figure 9.9). This pattern was noted for the K18 and K19 fragments,
which correspond to the isolated MTBR domain of the 4R and 3R isoforms, respectively. K19 seeds,
on the other hand, encourage K18 aggregation, whereas K18 seeds do not. It has been proposed
that the catalytic centres for conformational selection in K18 and K19 fibril development are the R2
and R3 repetitions, which are the most stable repeats in K18 and K19, respectively. Because R2 is
absent from K19, R3 in K19 seeds can thus recruit identical R3 in K18, but K19 must overcome a
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Figure 9.7: Kinetics of tubulin polymerization in the presence of Tau fragments R2Ct (red), R3Ct (green),
and their GSK3β-phosphorylated proteoforms, R2Ct-P (blue) and R3Ct-P (orange). Polymerization activity is
represented as mean ś standard error of the mean (SEM) from three experimental replicates (n = 3)

seeding barrier when fibril development is driven by K18 seeds (Siddiqua et al. 2012). Furthermore,
it has been demonstrated that in Tau fibrils, R2 demonstrates greater structural plasticity than R3, and
that this conformational adaption controls R2/R2 dimerisation (El Mammeri et al. 2023). Our results
indicate that, if R3 is the catalytic centre of R3Ct fibrillization, it can template R3 conformational
selection in both R2Ct and R3Ct monomers. In contrast, when R2Ct seed template protein misfold-
ing with R2 acting as the driver of conformational selection, R3Ct aggregation has to overcome a
cross-seeding barrier.

2.2. Effect of the PHF-1 phosphorylation on the seeding reaction
Overall, the aggregation of phosphorylated fragments is more efficiently seeded when non-phosphorylated
monomers are used as seeds (9.10 A-C) or when the monomers themselves are phosphorylated (Fig-
ure 9.10 G-I), using R2Ct and R3Ct seeds. Compared to R3Ct-P, R2Ct-P seeds appear to more
effectively induce the aggregation of all monomers, resulting in a high number of short fibrils and the
appearance of amorphous aggregates/oligomers (Figures 9.10). Conversely, R3Ct-P seeds promote
the formation of a few long PHF-like fibrils from both non-phosphorylated R2Ct and R3Ct monomers.
The same pattern was observed when R2Ct-P monomers were seeded with R3Ct-P seeds. Accord-
ing to these findings, phosphorylated fragments aggregate less efficiently under seeding conditions
compared to their non-phosphorylated counterparts, and R3Ct aggregates less efficiently than R2Ct.
This observation aligns with previous findings regarding heparin-induced aggregation. The behavior
of seeding under phosphorylated conditions (phosphorylated monomers/seeds) differs notably from
what is observed under non-phosphorylated conditions. Cross-seeding of aggregation, such as R3Ct-P
by R2Ct-P seeds or R2Ct-P by R3Ct-P seeds, appears more effective than homologous seeding (using
the same seed/monomer combination). Specifically, homologous seeding of R2Ct-P results in fewer
long fibrils, whereas cross-seeding generates a greater number of short fibrils and amorphous aggre-
gates. These findings suggest that PHF-1 hyperphosphorylation of seeds may lower the cross-seeding

Thesis of Lea El Hajjar 142



Chapter 9. Phosphorylation and aggregation

Thioflavin T emission at 490 nm of (A) aggregation of R2Ct (red) and R2Ct-P (blue, phosphorylated by
GSK3β) fragments (B) and aggregation of R2Ct (red) and R2Ct-P (blue, phosphorylated by GSK3β) frag-
ments(C-F) Observations under TEM of the aggregation reaction of (C) R2Ct, (D) R2Ct-P, (E) R3Ct and (F)
R3Ct-P after 48 h of incubation

Figure 9.8: In vitro heparin-aggregation of Tau fragments and it’s phosphorylated proteoforms

barrier and/or indicate that R2 or R3 may no longer serve as the catalytic center for conformational
selection.

3. Full-lenght seeding by R2Ct and R3Ct seeds

Next, we looked into the ability of phosphorylated and non-phosphorylated fragments to seed full-
length Tau that either included or did not possess the aggregation-prone P301L mutation. First, the
two isoforms of Tau, non-mutant and mutant (P301L), were aggregated in the presence of heparin to
ensure their ability to self-assemble. The results showed that while Tau and the Tau-P301L mutant
had similar kinetics and an identical elongation rate constant, Tau-P301L reached a plateau twice as
high as Tau and both produced fibrils that resembled PHFs of different lengths (Figure 9.11).
This will be followed by seeding reactions in the absence of heparin for comparison.

3.1. Seeding by non-phosphorylated seeds
In our experiments, we investigated the aggregation of 2N4R Tau proteins upon seeding with non-
phosphorylated R2Ct and R3Ct seeds, as well as in the absence of seeds as controls. The kinetics
of aggregation were monitored by measuring changes in ThT fluorescence. The initial nucleation
and elongation steps were challenging to observe under certain conditions, as the ThT signal started
at a high intensity without significant changes over time, indicating that the presence of seeds sig-
nificantly accelerates nucleation. To further analyze seeding, we utilized sedimentation assays and
negative-staining TEM at the end-point (200 hours) (Figure 9.12), taking advantage of the difference
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(A, C) Changes in ThT fluorescence (n=3, displayed as the mean ś SEM) demonstrate the time-dependent
seeding activity at 37řC by 1 µM of either R2Ct (red) or R3Ct (green) seeds on 25 µM monomeric R2Ct (A)
or R3Ct (C). The R2Ct or R3Ct fragment control with no heparin (grey) and at a high Tau:heparin ratio (100:1)
that resembles the heparin concentration made possible by seed dilution (black) are shown. (A, D) Fibrillar
aggregates caused by R2Ct (red) or R3Ct (green) seeds on monomeric R2Ct (B) and R3Ct (D) are depicted in
negative staining TEM images. The relative plateau of ThT signals normalised on R2Ct aggregation caused by
R2Ct seeds is shown graphically in (E)

Figure 9.9: Seeding and cross-Seeding activity of non-phosphorylated R2Ct and R3Ct seeds on non-
phosphorylated R2Ct and R3Ct soluble monomers (inset)

in molecular weight between the seed fragments and 2N4R Tau monomers. The loss of soluble Tau
or Tau-P301L monomers over time in the sedimentation assay could indicate the formation of various
insoluble species, including oligomers or amorphous aggregates, in addition to the bona fide fibrils
observed by TEM.

3.2. Seeding by phosphorylated seeds
In parallel, we examined the aggregation of 2N4R Tau proteins using CDK2/GSK3β-phosphorylated
R2Ct and R3Ct seeds (namely, R2Ct-PP and R3Ct-PP), as well as CDK2-phosphorylated fragments,
which mimic an intermediate phosphorylation state closer to physiological conditions. It was ob-
served that the Tau-P301L mutant is more prone to aggregation when seeded with preformed R2Ct
or R3Ct seeds compared to wild-type Tau, with R3Ct being particularly effective, irrespective of
its phosphorylation state. However, the seeding of Tau-P301L aggregation was more dependent on
the phosphorylation state, with PHF-1 phosphorylated R2Ct-PP and R3Ct-PP seeds showing greater
seeding activity than CDK2-phosphorylated or non-phosphorylated seeds (Figure 9.12 A-C). TEM
analysis revealed the formation of PHF-like filaments that were longer than the initial fibrils or ag-
gregates used as seeds (Figures 9.8 and 9.12). The sedimentation assays also indicated that seed
phosphorylation facilitates the aggregation process, potentially by reducing the cross-seeding barrier
and promoting conformational changes that favor aggregation, particularly involving the PHF-1 se-
quence, which tends to adopt a β-sheet conformation.
This finding was further supported by immunoelectron microscopy, which confirmed the incorpo-
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Monomers at 25 µM with 1 µM of seeds, or non-phosphorylated R2Ct (C) and R3Ct (D) and R3Ct-P (A, G).
The control groups consist of aggregation of 25 µM Tau fragments without heparin (grey) or 0.1 µM heparin
(black). Figure 4 displays the relative plateau of ThT signals that have been normalised on R2Ct aggregation
induced by R2Ct seeds. This occurs for non-phosphorylated seeds on R2Ct-P and R3Ct-P (C), phosphorylated
seeds on R2Ct and R3Ct (E), and phosphorylated seeds on R2Ct-P and R3Ct-P (I).

Figure 9.10: Cross-seeding of different fragments proteoforms
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(A) Aggregation kinetics of Tau (grey) and Tau (dark green), monitored by Thioflavin T emission at 490 nm
(B) Observations under TEM of the aggregation reaction after 75h of incubation

Figure 9.11: In vitro heparin-aggregation of Tau and Tau-P301L

ration of full-length Tau monomers into the fibrils. The P301L mutation, localized near the R2-R3
junction, likely reduces the seeding barrier for both R2Ct and R3Ct, making them equally effective in
promoting the aggregation of Tau-P301L, independent of the phosphorylation state of the seeds.

3.3. Conclusion
Tau aggregation originates from protein misfolding, where misfolded Tau can aggregate into fibrils
that act as templates, facilitating the misfolding and incorporation of adjacent Tau monomers dur-
ing fibril elongation or driving surface-catalyzed secondary nucleation to generate new fibrils. This
process, known as "seeding," is a critical mechanism in the propagation of Tau pathology (Mroczko,
Groblewska, and Litman-Zawadzka 2019; Ashraf et al. 2014). Seeding is thus considered a key
mechanism in the formation and spread of Tau pathology, where seeds act as templates to drive new
fibril formation (Mudher et al. 2017). These seed-competent species can range from single misfolded
monomers to various oligomer assemblies or aggregates, comprising a wide array of Tau proteoforms
with diverse PTMs, not limited to phosphorylation, and truncated variants (Mirbaha et al. 2018; Mir-
baha et al. 2015; Mair et al. 2016). Despite these advances, the exact molecular mechanisms under-
lying Tau aggregation, propagation, and the specific species involved in seeding remain unresolved.
Our study focused on the R2Ct and R3Ct Tau fragments, which include the entire C-terminal do-
main starting from either the R2 or R3 repeats. These fragments can arise from both 4R and 3R
isoforms for R3Ct, or exclusively from 4R isoforms for R2Ct. We found that R2Ct and R3Ct ex-
hibit reduced or completely absent tubulin polymerization activity, respectively. Phosphorylation by
GSK3β, which induces triple phosphorylation at the PHF-1 epitope, inhibits tubulin polymerization
and causes a local conformational change that increases the likelihood of folding into an extended
β-sheet conformation, particularly over the sequence containing the PHF-1 motif (residues 392-402)
in both fragments.
Given the observed loss of microtubule (MT) polymerization function, we investigated the potential
toxic roles of these fragments, both phosphorylated and unphosphorylated, in aggregation seeding.
Heparin-induced seeds from these fragments demonstrated the ability to promote aggregation of the
soluble versions of the fragments, depending on the monomer/seed combinations and their phospho-
rylation states. We observed that R3Ct seeds can induce seeding of both R2Ct and R3Ct monomers,
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(AE) or Tau (FJ) devoid of the aggregation-prone mutation. Seeds are made from R2Ct or R3Ct segments that
have not been phosphorylated (nonP), have been phosphorylated by CDK2 (R2Ct-PC or R3Ct-PC), or have
been phosphorylated sequentially by CDK2 and GSK3β (R2Ct-PP or R3Ct-PP). When R2Ct (A, F) or R3Ct
seeds (B, G) are applied, the sedimentation experiment is used to examine how full-length Tau aggregates.
Measured as the ratio of the amount of protein in the soluble fraction after 200 hours at 37řC (t200) with R2Ct
(red) or R3Ct (green) seeds on the initial protein concentration prior to incubation (t0) (n=2), the extent of
Tau-P301L (C) or tau (H) aggregation is expressed as the mean ś SEM. fibrillar aggregates produced by R2Ct
(red) or R3Ct (green) seed, as seen in negative staining TEM images.The ratio of the quantity of protein in
the soluble fraction after 200 hours at 37řC (t200) with R2Ct (red) or R3Ct (green) seeds on the initial protein
concentration before incubation (t0) (n=2), expressed as the mean ś SEM, indicates the degree of Tau-P301L
(C) or Tau (H) aggregation. Images obtained by negative staining TEM demonstrating fibrillar aggregates
generated on Tau-P301L (D, E) or tau (I, J) by seeds of R2Ct (red) or R3Ct (green), either non-phosphorylated
(nonP) or phosphorylated by CDK2/GSK3β (PP)

Figure 9.12: Cross-seeding activity of full-length Tau 2N4R soluble monomers, either Tau-P301L mutant, with
non-phosphorylated and phosphorylated R2Ct (red) or R3Ct (green) seeds

while R2Ct seeds only facilitate homologous seeding, indicating a cross-seeding barrier that restricts
R2Ct seeds from promoting R3Ct aggregation, possibly due to the presence or absence of the R2
repeat. Our findings reveal that GSK3β phosphorylation of seeds can reduce the seeding/cross-
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seeding barrier and/or modify conformational selection, enhancing the recruitment of monomers into
seeds. Additionally, the efficiency of aggregation seeding appears to be a complex cooperative pro-
cess involving interactions between the ability of seeds to template conformational changes and the
monomers aggregation capacity. This study sheds light on the mechanisms of Tau aggregation seeding
and the factors influencing Tau aggregation and pathology.

4. Application on Semi-Synthetic Tau

4.1. Generalities about Semi-Synthetic Proteins
Semi-synthetic proteins represent an advanced approach that integrates chemical synthesis techniques
with recombinant protein expression methods. This hybrid strategy provides several distinct advan-
tages over natural proteins, enhancing the ability to study and manipulate protein structures and func-
tions. One of the primary benefits of using semi-synthetic proteins is the ability to introduce specific
modifications at exact positions within the protein sequence. This precise control is often unattain-
able with natural proteins, where modifications are typically constrained to what is naturally encoded
by the organism. Semi-synthetic methods also facilitate the incorporation of non-natural elements,
such as synthetic amino acids, post-translational modifications, or spectroscopic probes, which are
challenging or impossible to integrate using biological systems alone. This capability opens up new
avenues for investigating novel protein functions and mechanisms.
Moreover, semi-synthesis addresses the limitations of size that are inherent in purely chemical syn-
thesis approaches. By combining synthetic peptide segments with recombinant protein components,
researchers can produce larger and more complex proteins that would be difficult to synthesize en-
tirely through chemical methods. One of the key techniques enabling this capability is native chem-
ical ligation (NCL) , developed by Stephen Kent and his student Philip Dawson, which allows the
chemoselective condensation of unprotected peptide segments in aqueous solution. NCL specifically
facilitates the ligation of a peptide with a C-terminal thioester to another peptide with an N-terminal
cysteine residue, forming a native peptide bond at the ligation site. This method has revolutionized
the field of chemical protein synthesis by allowing the total chemical synthesis of proteins over 30
kDa, thus overcoming the size limitations of traditional chemical synthesis methods (Dawson and
Kent 2000).
This approach also ensures a high level of purity and homogeneity in the produced proteins, over-
coming the biological variability often encountered with natural proteins. Semi-synthesis refers to
methods that combine synthetic and recombinant techniques to produce proteins, allowing for greater
control over the structure of the protein and the incorporation of specific modifications that may
not be achievable through traditional recombinant methods. For instance, semi-synthetic strategies
have been employed to produce acetylated forms of Tau, which can exhibit different aggregation
properties compared to unmodified Tau (Haj-Yahya and Lashuel 2018). The flexibility offered by
semi-synthetic methods allows researchers to design proteins with specific modifications tailored to
particular applications, particularly in chemical biology and biophysical studies. This ability is cru-
cial for understanding the impact of post-translational modifications on protein structure and function,
offering insights into biological mechanisms that are not easily studied with natural proteins alone.
Additionally, semi-synthetic proteins are particularly useful in spectroscopy. By preparing proteins
with incorporated spectroscopic probes, researchers can conduct detailed studies on protein dynam-
ics and interactions, gaining valuable information about protein behavior that might otherwise be
inaccessible. Overall, semi-synthetic proteins provide a powerful tool for advancing protein science,
enabling more precise and controlled studies of protein structure and function, and facilitating the
exploration of complex biological systems (De Rosa et al. 2013).

Thesis of Lea El Hajjar 148



Chapter 9. Phosphorylation and aggregation

4.2. Semi-Synthetic Tau Protein
Semi-synthetic Tau proteins are produced through a combination of chemical synthesis techniques and
recombinant expression methods, allowing for the precise introduction of specific post-translational
modifications (PTMs) at designated locations within the Tau protein sequence. This precision is
particularly essential for studying the role of Tau in neurodegenerative diseases, such as Alzheimer’s
disease, where PTMs like phosphorylation play a critical role.

Advantages of Semi-Synthetic Tau Proteins
The semi-synthetic approach offers numerous advantages for studying Tau proteins, including precise
control of modifications, which allows for the introduction of specific PTMs at defined positions in the
Tau proteinsomething unattainable with purely biological methods. This approach also provides ac-
cess to disease-associated modifications observed in tauopathies, aiding in the understanding of their
impact on Tau aggregation and toxicity. Additionally, semi-synthetic methods enable researchers to
study protein dynamics by analyzing how specific modifications affect Taus structural dynamics and
interactions with microtubules and other cellular components. The production of semi-synthetic pro-
teins with high purity and homogeneity overcomes the biological variability often seen with natural
proteins. This approach also offers flexibility in research, allowing for the systematic introduction of
multiple modifications to explore the complex interactions and functions of Tau in cellular environ-
ments. Furthermore, the knowledge gained from studying semi-synthetic Tau proteins can inform the
development of targeted therapies aimed at preventing or reversing Tau-related pathologies.

Applications
Semi-synthetic Tau proteins have diverse applications in research, including the study of aggregation,
where they are used to investigate the mechanisms of Tau aggregation and the formation of neurofib-
rillary tangles (NFTs), a key marker of neurodegenerative diseases. They also facilitate a deeper
understanding of post-translational modifications (PTMs), allowing researchers to produce Tau pro-
teins with specific modifications to directly examine the impact of these PTMs on Tau structure and
function. Additionally, the ability to produce diverse Tau proteoforms with high purity offers unique
opportunities for biomarker development, enabling the discovery of new biomarkers and the creation
of more precise assays to quantify total Tau and specific PTMs in tauopathies.
Given that Tau phosphorylation is one of the most extensively studied PTMs, we have specifically
focused on the phosphorylation of the PHF1 epitope in this project. In collaboration with Prof. Chris-
tian Hackenberger’s team at FMP-Berlin, Germany, and through the various stays of his post-doc in
our laboratory, we used the semi-synthetic proteins they developed, carrying either two phosphory-
lations (Ser396, Ser404 as ss2P) or three phosphorylations (Ser396, Ser400, Ser404 as ss3P). This
was achieved by leveraging the C-terminal position of the PHF-1 epitope in the Tau sequence, allow-
ing a single ligation step with the recombinant (1-389) domain to complete the semi-synthesis of the
full-length protein (Figure 9.13).
The objective of achieving proteins via semi-synthetic methods is to overcome the issue of hetero-
geneity. This approach allows for the site-specific installation of any desired modification, such as
phosphorylation. Typically, they first prepared the phospho-Ser building block and then incorporate
it into the peptide via solid-phase peptide synthesis. For wild-type Tau, there are no differences be-
tween recombinant and semi-synthetic methods (ssWT). However, using the semi-synthetic approach
to achieve proteins bearing PTMs or even different PTMs offers significant advantages for subsequent
cross-talk analysis. This innovative approach to semi-synthetic Tau proteins opens new perspectives
for fundamental and applied research on neurodegenerative diseases, providing valuable tools to bet-
ter understand and potentially treat these conditions (Lim and Li 2022).
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(A) ssWT Semi-Synthesis: Expression of Tau(2-389) in E. coli and subsequent ligation with synthetic Tau(391-
415) containing N-terminal selenocysteine and Tau(417-441) via Sec-assisted EPL, followed by selective de-
selenization to produce WT Tau(2-441)-OH. (B) ss3P Semi-Synthesis: Expression of Tau(2-389) in E. coli and
ligation with modified Tau(391-415) containing N-terminal selenocysteine and multiple phosphorylation sites
(pS396, pS400, pS404), and Tau(417-441) through Sec-assisted EPL, followed by selective deselenization to
generate PHF1-3P Tau(2-441, pS396, pS400, pS404)-OH.

Figure 9.13: Semi-synthesis of (A) ssWT and (B) ss3P Tau(2-441) using Sec-assisted Expressed Protein Liga-
tion (EPL) and selective deselenization.

4.3. PHF-1 Phosphorylation impact on Semi-Synthetic Tau-Induced Tubulin
Polymerization

Using in vitro tubulin polymerisation assays, all three semi-synthetic Tau proteins were incubated at
37 řC in tubulin polymerisation buffer (80 mM PIPES, pH 6.9, 0.5 mM EGTA, 2 mM MgCl2) contain-
ing 20 µM of α,β-tubulin dimer and a fluorescent reporter in order to assess the role of Tau proteins
in controlling the stability and assembly of MT. The fluorescence at 460 nm was recorded for one
hour in order to track the MT assembly. As seen in Figure 9.14, tubulin assembly was induced more
quickly in case of ssWT; fluorescence peaked after 30 minutes, whereas the plateau was achieved
by both ss2P and ss3P after 40 minutes. As anticipated, the PHF-1 proteoforms of ss2P and ss3P
significantly hindered Tau-mediated MT assembly, resulting in a 20% reduction in total fluorescence
intensity in comparison to ssWT. Those results are compatible with what is described in the literature
(Gong and Iqbal 2008; Alonso et al. 2018).
Negative charge can inhibit Tau-tubulin polymerization. Tau’s interaction with tubulin and micro-
tubules is influenced by electrical properties, as Tau normally has a positive charge that allows it to
bind to the negatively charged microtubules. More especially, it is thought that Tau interacts with the
acidic tubulin C-terminal tails (CTTs), which are disordered segments extended from each tubulin
monomer of α β tubulin heterodimers. The tubulin CTTs contribute to the regulation of MT interac-
tion with other proteins and control MT polymerization dynamics impacting the intracellular transport
of organelles and vesicles through protein motors. Factors that neutralize or modulate tau’s electri-
cal properties can facilitate conformational changes and expose aggregation-prone motifs (Hu et al.
2023). RNA, a negatively charged molecule, inhibits Tau-mediated microtubule assembly; for exam-
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Figure 9.14: In vitro tubulin polymerization assay (2 µM) in the presence of 20 µM of WT Tau (blue), homo-
geneous and site-specific PHF1-2P Tau (green), PHF1-3P Tau (orange) and Tubulin alone (grey)

ple, poly(A) RNA blocks Tau’s ability to stimulate microtubule polymerization in a dose-dependent
manner. Tau has a higher affinity for linear homopolymeric RNA (like poly(A)) compared to tubulin,
with about a five-fold greater affinity (McMillan et al. 2023b). Phosphorylation, which adds negative
charges to Tau, affects its interaction with microtubules, as hyperphosphorylation of Tau reduces its
ability to bind to microtubules. Phosphorylation may neutralize the positive charges in Tau, limiting
its intermolecular interactions with tubulin. Here, the phosphorylation restricted to the single PHF-1
epitope only moderately affects MT assembly in a way that is dependent of the phosphorylation state.

4.4. Heparin induced self-assembly into PHF-like filaments of semi-synthetic
Tau

We first conducted a in vitro aggregation assay to examine the effects of phosphorylation on the ki-
netics of Tau fibril formation. We did this by incubating the semi-synthetic Tau proteins (10 µM for
ssWT, ss2P, and ss3P) in aggregation buffer (50 mM MES, pH 6.9, 2.5 mM EDTA, 30 mM NaCl,
0.33 mM DTT) for approximately two days without shaking. Thioflavin T (ThT) fluorescence was
used as a reporter to track the development of fibril formation. None of the three semi-synthetic Tau
proteins (ssWT, ss2P, and ss3P) could form fibrils in the absence of heparin (negative control) (Figure
9.15 A).
Heparin-induced aggregation was shown to begin slower in the PHF-1 proteoforms of ss2P and ss3P
than for the non-phosphorylated ssWT, with ss3P aggregating even more slowly than ss2P.
Fitting the kinetic data with AmyloFit, a model system implemented for Aβ42 aggregation as de-
scribed by Knowles and coworkers (Meisl et al. 2016) suggests a mechanism involving both primary
and secondary nucleation pathways in which the primary fibril surface act as a catalyst to promote
the growth of new fibrils in a second step of nucleation. For both ss3P and ss2P, AmyloFit indicates
an aggregation process dominated by the secondary nucleation pathway in contrast to ssWT where
the primary nucleation pathway dominates. We also observed an increased lag phase in both ss3P
and ss2P as compared to ssWT. Collectively, for the above-mentioned reasons, both ss2P and ss3P
demonstrate a slower onset of heparin-induced aggregation with the primary formed fibrils contribut-
ing to the acceleration of the aggregation process thanks to a secondary nucleation pathway.
All three semi-synthetic Tau proteins, ssWT, ss2P, and ss3P, were able to form PHF-like fibrils in a
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ssTau proteoform non-P PHF1-2P PHF1-3P
k+kn 1, 57× 108 3, 13× 107 1, 93× 107

[Tau monomer]−2 · h−2

k+k2 1, 58× 104 2, 11× 1013 1, 05× 1013

[Tau monomer]−3 · h−2

nc 2 2 2
n2 2 2 2

Table 9.1: Kinetics parameters of aggregation of ssWT, ss2P and ss3P incorporating both primary and sec-
ondary pathways where kn is the rate constant of primary nucleation, k2 the rate constant of secondary nucle-
ation, k+ the rate constant of elongation, nc and n2 the reaction orders describing the dependencies of primary
and secondary pathways, respectively, on the monomer concentration. Kinetics were fitted with AmyloFit

heparin-induced aggregation assay, according to a transmission electron microscopy (TEM) analy-
sis of the fibril morphologies at the end of the in vitro aggregation reactions (Figure 9.15 C). To be
more precise, ssWT produced a large number of flexible fibrils, while ss2P and ss3P produced fewer,
longer, curly fibrils, with a lower quantity of fibrils in both samples than in ssWT.
A different series of studies was carried out to evaluate the distribution of Tau species in order to fur-
ther quantify heparin-induced aggregation of semi-synthetic Tau proteins. We used a filter-trap test,
in which aggregation reactions were stained with either Ht-7 (epitope defined as residues 159-163) or
PHF-1 (epitope usually defined as pS396/pS404) antibody, to quantify insoluble/aggregated proteins,
and a sedimentation assay to assess loss of soluble protein monomers. All of the heparin-induced ag-
gregation samples were put onto SDS-PAGE at t0 and t48, the times after which they were incubated
at 37řC with heparin.
After 48 hours of incubation, the sedimentation assay results showed a considerable loss of soluble
Tau for all three semi-synthetic proteins. In the filter-trap assay, Tau sample ssWT consistently accu-
mulated in the insoluble fraction (Figure 9.15 E). On the other hand, even while the soluble fraction in
the sedimentation experiment decreased similarly to that of the phosphorylated Tau aggregates ss2P
and ss3P, their abundance in the insoluble fraction was lower than that of ssWT.
When considered collectively, these data imply that site-specific hyperphosphorylation of the PHF-1
epitope may lessen the in vitro heparin-induced aggregation of Tau by encouraging the creation of
soluble oligomers or tiny aggregates that are not caught in the filter-trap experiment.
Those results contradict the hypothesis that Tau phosphorylation accelerates or induces Tau aggrega-
tion and that C-terminal serine PHF-1 residues (S396, S400, S404) phosphorylated by GSK3β are
abnormally hyperphosphorylated in AD brains (Chakraborty et al. 2023). However, we continued to
see longer PHF-like fibrillar aggregates and increased ThT fluorescence intensity with ss2P and ss3P
(Figure 9.15 B and C). When considered collectively, these data suggest that homogenous site-specific
PHF-1 hyperphosphorylation of Tau protein merely lowers the elongation rate in the heparin-induced
aggregation model.
A previous finding reported that the PHF-1 hyperphosphorylation mediated by GSK3β kinase ac-
tivity promotes fibril formation with kinetics comparable to non-phosphorylated Tau as induced by
heparin (Chakraborty et al. 2023). The heterogeneity of the enzymatic phosphorylation pattern may
therefore retain sufficient amounts of non- or less phosphorylated species to promote aggregation to
some extent in a primary nucleation step. The non- or less-phosphorylated aggregates may then act
as seeds for the aggregation of highly phosphorylated species, which can be efficiently incorporated
during the elongation step. In contrast, the secondary nucleation mechanism observed in our study
would likely be caused by the homogeneous phosphorylation where repulsion between phosphate
groups and heparin further interferes with heparin binding to the microtubule binding domain in the
primary nucleation pathway of the aggregation process. The homogeneous phosphorylation obtained
by the expressed protein ligation thus provided mechanistic details of the aggregation process of phos-
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(A) Time-dependent aggregation induced by heparin monitored by changes of ThT fluorescence intensity for
ssWT (Blue), 2P (Green), and 3P (orange). (B) TEM images of fibrils from the three semi-synthetic Tau
proteins induced by heparin. (C-D) Sedimentation assay: (C) SDS-PAGE showing proteins in the aggregation
reaction and (D) quantitative analysis normalized to the initial time point (t0). (E-F) Filter trap assay: (E)
Dot blot stained with HT-7 monoclonal antibody and (F) quantitative analysis normalized to t0. Data shown
correspond to the total aggregation reaction

Figure 9.15: In vitro heparin (2.5 µM)-induced aggregation assay (10 µM) in the presence of semi-synthetic
Tau

phorylated Tau protein induced by heparin, suggesting that phosphorylation reduces the efficiency of
primary nucleation and makes better use of the secondary nucleation pathway.

4.5. Seeding and Cross-seeding of semi-synthethic Tau
In order to mitigate potential issues arising from Tau protein phosphorylation-induced interference
with heparin binding (ss2P, ss3P), we opted to assess Tau aggregation capabilities through a cross-
seeding approach that better simulated disease.
Based on the following factors, we chose and used the Tau(300-441) fragment (R3Ct), previously
characterized as seeds: It has two microtubule binding repeats (R3 and R4) that make up the core
of the PHFs from AD brain, it has the C-terminus so that we can use known kinases, like GSK3β
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or CDK2/cyclin A, to recapitulate the various phosphorylation patterns of the PHF-1 epitope (Figure
9.1 C). Additionally, in our previous study (described in Paragraph 3 of this Chapter), we have shown
that the R3Ct seeds are more efficient than R2Ct seeds to promote seeding of full-length tau 2N4R
isoform.
As a recombinant protein, unmodified R3Ct was produced and purified with ease. Two additional
phosphorylated proteoforms were subsequently generated by either sequentially incubating CDK2
and GSK3β to produce a comparatively homogenous (> 95 %) tri-phosphorylated PHF-1 epitope
(PP-R3Ct, pS396, pS400, and pS404, Figure 9.16) or by incubating unmodified R3Ct with CDK2 to
yield primarily a mono-phosphorylated fragment on S404 and a lesser degree of phosphorylation on
pS396 (P-R3Ct, Figure9.16).

(A) Mass spectrometry analyses of R3Ct before (red) and after after CDK2 (Cyan) or CDK2/ GSK3β (black)
phosphorylation (B) 15NHSQC spectra of R3Ct before (red) and after after CDK2 (Cyan) or CDK2/ GSK3β
(black) phosphorylation (C-D) Zoom of the 15NHSQC on PHF-1 region where we can see the unphosphorylated
(C) and phopshorylated sites

Figure 9.16: Phosphorylation of R3Ct

Having obtained the fragment proteoforms (R3Ct, R3Ct-P, and R3Ct-PP), we proceeded to create the
seeds by starting the fragment aggregation process (10 µM) with 1 µM heparin at 37 řC for a duration
of 7 days. After that, 1 µM of every seed was incubated for an additional 8 days at 37 řC without
shaking with 10 µM of each of the three semi-synthetic Tau proteins for ssWT, 2P, and 3P.
To produce the seeds, we reduced the protein to heparin ratio (to 1:10). We then diluted the Tau seeds
(R3Ct, R3Ct-P, and R3Ct-PP) to 1 µM in order to rule out the possibility that the heparin was causing
the newly added monomeric semi-synthetic Tau proteins to aggregate.
The cross-seeding procedure was observed using ThT. However, the ThT fluorescence intensity rose
very slowly, which made it challenging to compare the relative kinetic parameters of aggregation and
interpret future data.
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Following the cross-seeding reactions, TEM was used to examine the fibril structures in each instance.
The three variants R3Ct, R3Ct-P and R3Ct-PP, which were generated as seeds, primarily aggregated
into individual short-length fibrils. However, we saw mostly clusters of short-length fibrils in every
instance when we incubated unmodified R3Ct seeds with each of the three semi-synthetic Tau pro-
teins (ssWT, ss2P and ss3P) (Figure 9.17).

Negative staining TEM images showing fibrillar aggregates of the semi-synthethic seeding assay by (A) R3Ct,
(B) R3Ct-P and (C) R3Ct-PP

Figure 9.17: Negative staining TEM images showing fibrillar aggregates of the semi-synthethic seeding assay

When monomeric semi-synthetic Tau proteins (ssWT, ss2P, and ss3P) were present during the cross-
seeding experiment using either R3Ct-P or R3Ct-PP seeds, the TEM images that were gathered
demonstrated a noticeable increase in fibril length, indicating the development of PHF-like fibrils.
We observed that cross-seeding with R3Ct primarily resulted in the formation of short-length fibrillar
clusters. In contrast, in other cases, we mainly saw the presence of PHF-like filaments, with partic-
ularly large elongated fibrillar clusters forming when cross-seeding R3Ct-PP with ss3P (Figure 9.17
C).
These observations were consistent with the data collected from sedimentation and filter-trap assays
when we quantified the Tau cross-seeding aggregates, which are described for heparin-induced aggre-
gation experiments, in accordance with the unique fibril labelling seen by TEM. For the sedimentation
experiment, 0.5 µg of each cross-seeding reaction was loaded onto SDS-PAGE before (t0) and after
200 hours of incubation at 37 řC (t200) and 10 ng were dotted onto the membrane for the filter-trap
assay (Figure 9.18). According to our findings, using R3Ct seeds significantly reduces the amount of
soluble protein while simultaneously causing the greatest degree of insoluble protein/aggregates out
of all ssWT seedings. When phosphorylated semi-synthetic Tau ss2P and ss3P are seeded with R3Ct-
P as opposed to ssWT, there is a notable rise in the quantity of insoluble protein/aggregates seen.
Additionally, the filter-trap and sedimentation experiments demonstrate that the maximum level of
soluble protein loss and insoluble protein accumulation for phosphorylated semi-synthetic Tau ss3P
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occurs during seeding procedures utilising R3Ct-PP seeds. Interestingly, these findings highlight how
crucial triple phosphorylation of the PHF-1 epitope is for effective 2N4R Tau fibril production and
seeding. Consequently, it seems that phosphorylated seeds preferentially promote templated aggrega-
tion of phosphorylated 2N4R Tau with the highest efficiency for the identical triple phosphorylation
of PHF-1 in both seeds and monomers, whereas non-phosphorylated R3Ct seeds were able to tem-
plate the aggregation of 2N4R Tau regardless of their phosphorylation state with the highest efficiency
for non-phosphorylated Tau. When considered collectively, these findings show that hyperphospho-
rylated Tau at the PHF-1 epitope can stimulate the aggregation within a modelled diseased setting.

Cross-seeding experiment using 1 µM of R3Ct, R3Ct-P, and R3Ct-PP Tau seeds with semi-synthetic 2N4R
ssWT (blue), homogenous and site-specific 2N4R ss2P Tau (green), and ss3P Tau (orange). The aggregation
responses at T0 and T200 were assessed using the following methods: (A) filter-trap assay; and (C) quantitative
analysis for normalization of ssTau monomer seeding with R3Ct seeds. In the first graph, all ssTau protein
monomers are normalized using R3Ct seeds. In the second graph, each ssTau monomer seeding with R3Ct-P or
R3Ct-PP seeds is normalized against R3Ct seeds (B) SDS-PAGE of the sedimentation test and (D) quantitative
analysis. T0 was used for normalisation in the sedimentation test

Figure 9.18: Cross-seeding experiment of semi-synthetic Tau proteins using seeds of R3Ct and phosphorylated
proteoforms

To ascertain if the fibrils shown in TEM were caused by the aggregation of monomeric semi-synthetic
Tau proteins integrated into the seeds, we carried out an immuno-gold labelling of fibrils. Except for
the cross-seeding of ssWT with R3Ct-P and R3Ct-PP, all of our cross-seeding processes produced
fibrils containing the semi-synthetic Tau proteins. Only the non-phosphorylated seeds (R3Ct) ex-
hibit the seeding of non-phosphorylated Tau ssWT aggregation (Figure 9.19). This implies that the
semi-synthetic Tau (ss2P, ss3P) must be phosphorylated in order for phosphorylated seeds to initiate
aggregation.
The cryo-EM structures of filament cores from different tauopathies do not contain PHF-1 or other
phospho-epitopes, despite the fact that hyperphosphorylation is a common characteristic of fibrillar
Tau from patient brains. Phosphorylation sites, which are often located in the regions flanking the
repeat domains or in the C-terminal domain, are not part of the ordered core structure visible in these
cryo-EM studies (Figure 3.2). For phosphorylation sites that potentially occupy residues within the
fibril core, it could be difficult to see phosphorylation sites inside the fibril structure due to the hetero-
geneity of phosphorylation. Because of the homogeneity of PHF-1 phosphorylation that our method
provides, cryo-EM may be able to shed more light on atomic interactions, particularly the structural
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Figure 9.19: Immuno-gold labeling assay on ssWT Tau with R3Ct seeds

Figure 9.20: Immuno-gold labeling assay on ss3P Tau with R3Ct-PP seeds

ones. This could lead to new discoveries regarding the aggregation mechanisms that underlie neu-
rodegenerative diseases and the identification of possible therapeutic targets.

4.6. Conclusion
Tau is subjected to numerous PTMs, particularly phosphorylation, which impacts its interactions
with microtubules (MTs), fibril aggregation, and seeding activity. The PHF-1 epitopewhich includes
pS396/pS404 or pS396/pS400/pS404is relevant to pathogenesis. The primary challenge in studying
Tau phosphorylation is the lack of specific tools for accurately identifying and quantifying phos-
phorylated Tau at various sites. Research indicates that Tau is hyperphosphorylated in the brains
of tauopathy patients, a factor crucial to disease progression. This limitation has led to reliance on
generalized assays that may not fully capture Tau’s phosphorylation profile. In contrast, significant
progress has been made in understanding α-synuclein, particularly concerning its phosphorylation
and O-GlcNAcylation. Recent advancements involve using semi-synthetic α-synuclein proteins to
create fibrils that can be precisely modified and analyzed, revealing how phosphorylation and O-
GlcNAcylation affect α-synuclein’s aggregation and toxicity (Hu et al. 2024). These findings suggest
that adopting similar semi-synthetic approaches for Tau could enhance site-specific phosphorylation
analysis, offering deeper insights into Tau’s role in neurodegeneration and potentially uncovering new
therapeutic targets.
PHF1-3P Tau can be prepared to a high standard using our semi-synthetic approach, which maintains
the native sequence and important cysteine residues. Using this technique, it was found that hyper-
phosphorylated Tau proteins (ss2P and ss3P) impede MT binding and decrease aggregation kinetics
in comparison to Tau protein ssWT. This is probably because heparin’s activity is inhibited by the
repulsion of negative charges.
PHF-1 proteoforms with triple phosphorylation are important in pathological aggregation, as evi-
denced by cross-seeding tests that revealed phosphorylated seeds preferentially enhance phosphory-
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lated Tau aggregation while non-phosphorylated seeds effect all proteins similarly.
The significance of homogenous site-specific Tau proteins for comprehending PTM codes and their
influence on Tau-MT interactions and aggregation is emphasised by this study. Research on tauopathy
and Alzheimer’s is aided by the semi-synthetic approach, which offers a fresh paradigm for examining
PTMs and related cross-talk pathways.
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Alzheimer’s and related conditions known as tauopathies cause Tau proteins to clump into filaments
in brain cells. Here, we employed single domain antibody fragments or camelid heavy-chain-only
antibody fragments (VHHs) that target Tau as immuno-modulators of its pathologic seeding.
The results presented in this section are part of a laboratory project in which I participated during a
one-month internship in Lisbon, conducted in collaboration with Professor Cláudio Gomes’s team.
Some of the obtained results were included in an article: A selection and optimization strategy for
single-domain antibodies targeting the PHF6 linear peptide within the tau intrinsically disordered
protein.

1. General introduction about nanobodies

Nanobodies, also known as single-domain antibodies, are emerging as powerful tools for targeting
Tau protein in the context of tauopathies such as Alzheimer’s disease (AD).
Derived from the variable domains of heavy chain-only antibodies found in camelids (e.g., alpacas,
llamas), nanobodies are small (≈ 15 kDa) and consist of a single variable domain, enabling specific
antigen binding. They can be generated through immunization followed by phage display library
screening or direct panning of synthetic phage libraries, often requiring extensive secondary screen-
ing for high specificity and affinity.
Recent advancements include using quantitative flow cytometric sorting of yeast-displayed libraries
to directly select nanobodies that bind selectively to Tau fibrils, bypassing secondary screening (Zu-
pancic et al. 2023). The goal is to develop nanobodies with high sequence specificity, conformational
specificity, and low off-target binding to effectively target pathological Tau. Nanobodies can detect
Tau aggregates in biological samples and tissues, valuable for research and diagnostics, and hold
therapeutic potential by inhibiting the seeding of Tau fibrils and oligomers, potentially preventing Tau
pathology spread in neurodegenerative diseases. Their small size allows better tissue penetration and
potential blood-brain barrier crossing, making them attractive candidates for in vivo applications and
therapies for tauopathies (Abskharon et al. 2023).
The penetration of the blood-brain barrier (BBB) by single-domain antibodies (VHHs) is not consis-
tent, and several mechanisms influence this process. Receptor-mediated transcytosis is a key mecha-
nism through which certain molecules, including antibodies, can cross the BBB. This process involves
specific receptors, such as the transferrin receptor (TfR), which facilitate the transport of molecules
across the endothelial cells of the BBB. VHHs that target these receptors can be internalized and trans-
ported into the brain (Wouters et al. 2022). Adsorptive transcytosis is another mechanism by which
positively charged molecules can cross the BBB. VHHs with a high isoelectric point (pI), often above
7, enhance this passage due to their positive charge, which facilitates interaction with cell membranes
(Pothin, Lesuisse, and Lafaye 2020). Although passive diffusion is less common for antibodies due to
their size, certain VHHs, especially those with specific characteristics like increased hydrophilicity,
can cross the BBB via passive diffusion (Tsitokana et al. 2023). To enhance BBB crossing, several
strategies can be employed. Adding positive charges to the surface of VHHs has been shown to im-
prove their ability to cross the BBB; for instance, cationized VHHs have demonstrated better brain
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penetration due to their enhanced interaction with endothelial membranes. Encapsulating VHHs in
nanoparticles, such as liposomes, can improve their bioavailability and ability to cross the BBB, as
this method allows targeting of specific receptors on the BBB, thereby increasing transport efficiency
(Pothin, Lesuisse, and Lafaye 2020). Optimizing the affinity of VHHs for specific BBB receptors,
such as TfR, can also enhance their penetration. Studies have shown that VHHs with higher affinity
for these receptors are more effective at crossing the BBB (Wouters et al. 2022). Finally, develop-
ing in vitro models of the BBB allows for testing and optimizing VHHs for their ability to cross the
barrier, helping to evaluate the impact of various modifications on brain penetration (Tsitokana et al.
2023).

1.1. Structure and properties of nanobodies
Structurally, VHHs have a compact, globular form characterized by three complementarity-determining
regions (CDRs) that form the antigen-binding site. Their small size, around 2-3 nm in diameter, en-
ables them to access epitopes that are often unreachable for conventional antibodies. VHHs exhibit
remarkable stability, maintaining functionality under extreme pH and temperature conditions, and
they generally have higher solubility compared to conventional antibody fragments. Their small size
also facilitates better tissue penetration and, in some cases, the ability to cross the blood-brain barrier
more effectively than full antibodies. Furthermore, VHHs can be engineered to target intracellu-
lar proteins, demonstrating high specificity and affinity towards their targets while maintaining low
immunogenicity due to their similarity to human VH domains. Additionally, VHHs are easily pro-
duced in microbial expression systems and can be readily engineered into multivalent or bispecific
formats. These properties render VHHs valuable tools across various applications, including research
for protein detection and imaging, therapeutic interventions targeting intracellular proteins, diagnos-
tic assays, and as potential delivery vehicles for drugs or other therapeutic agents (Mortelecque et al.
2024).

1.2. Mechanism of Tau aggregation inhibition
The mechanism of Tau aggregation inhibition by VHHs (nanobodies) involves several key aspects.
Primarily, VHHs such as E4-1 and Z70 target the PHF6 sequence (VQIVYK) within the Tau protein
(Danis et al. 2022; Mortelecque et al. 2024). This sequence is critical for Tau aggregation as it nucle-
ates the aggregation process and forms part of the core of Tau fibrils. By specifically binding to the
PHF6 sequence, these VHHs interfere with the assembly of Tau into fibrils, as evidenced by reduced
formation of Tau fibrils in in vitro aggregation assays in their presence. The presence of VHHs, like
E4-1, slows down the kinetics of Tau aggregation, demonstrated by a longer time to reach 50% of
the maximal aggregation signal compared to controls. Additionally, at equimolar concentrations of
Tau and VHH, the total amount of aggregation, measured by thioflavin T fluorescence, is significantly
reduced. VHH Z70, for instance, shows almost complete inhibition of fibril formation at equimolar
concentrations.
VHHs can be engineered to penetrate cells and act intracellularly, targeting Tau aggregation directly
within neurons where most pathological Tau resides. By binding to the PHF6 region, VHHs may
also compete with aggregation-promoting factors like heparin in in vitro assays. Although not explic-
itly stated in the results, the binding of VHHs to the PHF6 sequence may stabilize the monomeric
form of tau, preventing its conversion into aggregation-prone conformations. Moreover, the inhibi-
tion of Tau aggregation by VHHs appears to be dose-dependent, with higher concentrations of VHHs
leading to greater inhibition of aggregation. These properties collectively highlight the potential of
VHHs as therapeutic agents in mitigating tauopathies by inhibiting Tau aggregation through multiple
mechanisms (Danis et al. 2022; Mortelecque et al. 2024).
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(A) A typical IgG antibody is a dimer with two heavy and two light chains. The heavy chain includes variable
(VH) and constant (CH1, CH2, CH3) domains, while the light chain has one variable (VL) and one constant
(CL) domain. Glycosylation sites in CH2 (orange stars) contribute to flexibility and effector functions (B)
HCAbs have a single variable domain (VHH) as the paratope (yellow box) and lack the light chain and CH1 (C)
VHHs are soluble, 15 kDa molecules with an antigen-binding site (yellow box) (D) VHHs contain three CDRs
(green, blue, red) and four FRs (grey, cyan, magenta, yellow). FR2 has key hydrophobic residues (orange). A
disulphide bond (dotted red) stabilizes FR2 and CDR3 (E) The anti-lysozyme VHH structure shows Ig folding
with β sheets. The antigen-binding site (yellow box) is formed by CDRs (F) VHH binds lysozyme (light blue),
with CDR3 (red) recognizing and inhibiting its catalytic cleft (Cardoso et al. 2012).

Figure 10.1: Diagrams showing an HCAb, a VHH, and a typical antibody

1.3. Study of the effect of H3-2 and Z-70 nanobodies on the inhibition of Tau
aggregation

Seeding Inhibition by Z-70

We investigated the impact of the nanobody Z-70 on the aggregation of the Tau protein fragment K18
under two distinct conditions: one without seeds and one with 10 µM of seeds. For each condition,
we tested three different ratios of K18 to Z-70: 1:0, 1:0.1, and 1:0.25.
Initially, we analyzed the aggregation curves of K18 in the presence of different concentrations of
Z-70, without the presence of K18 seeds. The aggregation curves are displayed in Figure 10.3. In
these experiments, aggregation was induced by the addition of 5 µM heparin. The curves represent
four replicates per condition.
From these curves, we extracted the half-reaction times for each aggregation reaction. It was observed
that the half-reaction times were consistent within the same conditions. Based on these data, we
plotted a histogram of the averaged half-reaction times, as shown in Figure 10.3 B. The data indicate
that the half-reaction time increases with the increasing concentration of Z-70, suggesting that Z-70
slows down the aggregation process. This indicates that Z-70 likely inhibits the primary nucleation
phase of K18 aggregation.
Next, we examined the aggregation of K18 in the presence of varying concentrations of Z-70 and 10
µM of K18 seeds. This setup allowed us to evaluate the effect of Z-70 on the elongation phase of K18
aggregation. The aggregation results are presented in Figure 10.4.
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Aggregation of Tau (10 µM) in the absence of heparin (black curve), in the presence of heparin and of increasing
concentration of (A) VHH F8-2, (B) VHH E4-1, and (C) VHH Z70 (0, 1, 2.5, 5, and 10 µM) monitored by
Thioflavin T fluorescence at 490 nm (n = 3). Error bars: SEM

Figure 10.2: VHH E4-1 and VHH Z70 inhibit in vitro Tau aggregation (Danis et al. 2022)

The slopes of the aggregation curves, obtained through analysis using the software Origin, were found
to be similar across the different conditions. The most relevant parameter derived from these analyses
is the slope, which represents the elongation rate constant (k+) of the aggregation reaction. The
consistent slopes across varying Z-70 concentrations suggest that Z-70 does not significantly affect
the elongation of K18 aggregation.
The normalized elongation rate constants (k+) are provided in Table 6. Comparison of these constants
indicates that they do not vary significantly with increasing concentrations of Z-70, further suggesting
that Z-70 has little effect on the elongation phase of K18 aggregation.
By inputting these constants into the Amylofit software, we obtained the primary and secondary
nucleation constants (Table 10.1).

Dataset kn (s−1) k2 (M−1s−1) k+ (M−1s−1)
K18 13.13746 1.31E+07 1.00E+08

K18:0.1 Z70 3.590436 1.17E+07 9.42E+07
K18:0.25 Z70 1.195843 7.58E+06 9.94E+07
K18:0.4 Z70 1.64 6.27E+06 3.99E+07

Table 10.1: Aggregation rate constants for different concentrations of Z70 in the K18 aggregation reaction.
Units: kn (s−1), k2 (M−1s−1), k+ (M−1s−1).

The most significant variation was observed in the primary nucleation constant (kn), indicating
that Z-70 primarily inhibits the primary nucleation process. An inhibition strength histogram of Z-70
on various stages of K18 aggregation (Figure 4) shows that Z-70 exhibits a strong inhibitory effect on
primary nucleation but only minimal effects on elongation and secondary nucleation at a concentration
of 2.5 µM.
These results suggest that Z-70 specifically targets and inhibits the primary nucleation phase of K18
aggregation, which is a critical step in the formation of pathological Tau aggregates.
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(A) inhibition of Tau-K18 aggregation by Z70 at VHH:Tau-K18 ratios between 0.1 and 0.4, n = 4

Figure 10.3: In vitro inhibition of Tau aggregation by the VHHs

Seeding Inhibition by H3-2

Initially, this experiment was designed to serve as a negative control, as H3-2 was not expected to
have a recognition site on K18 (a surprising finding will be discussed later). Consequently, high
concentrations of H3-2 were used directly, at a 1:1 ratio. The same protocol used with Z-70 was
followed with H3-2.
The results of the initial experiments are shown in figure 10.6 A. It can be observed that the presence
of H3-2 leads to a longer aggregation time. From this curve, we extracted the half-reaction times for
each aggregation reaction (Figure 10.6 B).
In this set of experiments, 10 µM of seeds were added to each condition. The aggregation results are
displayed in Figure 10.7.
We then extracted the various aggregation rate constants, which are provided in Table 10.2.

Dataset kn (s−1) k2 (M−1s−1) k+ (M−1s−1)
K18 13.77201 1.22E+07 1.00E+08

K18:H3-2 0.136884 7.38E+06 2.89E+07

Table 10.2: Aggregation rate constants for K18 in the presence and absence of H3-2. Units: kn (s−1), k2
(M−1s−1), k+ (M−1s−1). The dataset K18 represents aggregation in the absence of H3-2, while K18:H3-2
reflects aggregation in its presence.

To assess the inhibitory strength of H3-2 on different stages of aggregation, we calculated the
ratios of the rate constants and plotted an inhibition strength histogram (Figure 10.8 A). The data
indicate that H3-2 significantly inhibits the primary nucleation step.
Subsequently, we studied the formation of oligomers in the absence and presence of 10 ţM H3-2, as
shown in Figure 10.8 B.
The number of K18 oligomers formed under these conditions was calculated and presented in Table
16
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Figure 10.4: Seeded fibril formation of 10µM K18, in the absence (Grey) or the presence of 4 µM (pink) of
Z-70 at 37°C. Aggregation is induced by 10 µM of K18 seeds. 4 replicates are present for each condition

(A) Inhibition strength of Z-70 on each aggregation step (B) Number of oligomers formed and the relative
percentage in the absence and the presence of 4 µM of Z-70

Figure 10.5: Effect of Z-70 on K18 seeding
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(A) inhibition of Tau-K18 aggregation by H3-2 at H3-2:Tau-K18 ratio of 1:1, n = 4, (B) Average of the extracted
Half-times of K18 aggregation reaction in the absence (grey) or the presence of 10 µM (blue) of H3-2

Figure 10.6: In vitro inhibition of Tau aggregation by H3-2

Figure 10.7: Seeded fibril formation of 10µM K18, in the absence (Grey) or the presence of 4 µM (Blue) of
H3-2 at 37°C. Aggregation is induced by 10 µM of K18 seeds. 4 replicates are present for each condition
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(A) Inhibition strength of H3-2 on each aggregation step (B) Number of oligomers formed and the relative
percentage in the absence and the presence of 10 µM of H3-2

Figure 10.8: Effect of H3-2 on K18 seeding
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Chapter 11: Protein expression and production

1. Expression and production of Tau mutants

In this work, we used TauS262A wich is a full-lenght Tau comprising one mutation (a Serine replaced
by an Alanin on position 262) wich have no effect on our work. Another full-lenght Tau used also is
the TauP301L where a mutation occurs at position 301 in the Tau protein sequence. This mutant of
Tau have normally a higher level of aggregation.
In our study, we evaluated also the physiopathological function of two distinct Tau fragments that
encompass the full C-terminal region starting either at the R2 or R3 repeat (272-441 or 300-441,
respectively), namely Tau R2Ct and R3Ct, corresponding to fragments of the 4R or 3R isoforms,
respectively.

The characteristics of the studied Tau mutants and fragments are given in table 11.1.

Protein Molecular Weight (MM) Molar Extinction Coefficient (ε) (L mol−1 cm−1)
Tau S262A 46410.5078 g/mol 7575 L mol−1 cm−1

R2Ct-WT 17933.33 g/mol 3105 L mol−1 cm−1

R3Ct-WT 15841.59 g/mol 1490 L mol−1 cm−1

Table 11.1: Characteristics of Studied Proteins

Tau mutants constructs in pET15b
Before my arrival at the laboratory, various non-tagged Tau constructs cloned into the pET15b vector
were generated: pET15b-TauS262A, pET15b-TauR2Ct, and pET15b-TauR3Ct. pET15b is an ex-
pression vector that overexpresses proteins under the control of a T7 promoter. The pET15b vector
contains an ampicillin resistance gene.

Figure 11.1: Gene Plasmid Map of (A) pET15b-TauS262A, (B) pET15b-R2Ct, pET15b-R3Ct

Figure 11.2: Different constructions generated
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Full-length TauS262A include all the known domains such as the N-terminal region, proline-rich re-
gion, microtubule-binding repeats (R1-R4), and the C-terminal region, with only one Serine (262)
replaced by Alanine.
The R2Ct fragment starts at residue 272 and ends at residue 441. It includes the PHF6* and PHF6
hexapeptide sequences, which are a nucleus for Tau fibrillar aggregation. The fragment encompasses
the second repeat (R2), the third repeat (R3), and the fourth repeat (R4). The R3Ct fragment starts at
residue 300 and ends at residue 441. It includes the PHF6 hexapeptide sequence in the third repeat
(R3) and the fourth repeat (R4) (Figure 9.1).

Transformation into Expression Bacteria
The plasmid constructs are inserted into the E. coli bacteria for protein expression (BL21(DE3)
strains, Invitrogen). 1 ţL (10 ng/ţL) of vector is added to 45 µL of competent BL21(DE3) bacte-
ria. An electric shock is applied using an electroporator to permeabilize the bacterial membrane and
facilitate the entry of the vector into the cell. Subsequently, 1 mL of LB medium is added and incu-
bated at 37řC, 150 rpm for 1 hour, and then plated on an LB-Agar plate containing the corresponding
antibiotic: ampicillin for Tau constructs. The plate is incubated at 37řC overnight.

Overproduction of Proteins
IPTG Induction Principle: IPTG (Isopropyl β-D-1-thiogalactopyranoside) is used to induce protein
expression in bacteria containing the vectors. These genes are placed under the control of a T7
promoter and a lacO operator. Without IPTG, the LacI repressor is synthesized and binds to the
operator, inhibiting transcription. In the presence of IPTG, LacI is sequestered and dissociates from
the lacO operator, allowing transcription and translation to occur.
Production of TauS262A / TauR2Ct / TauR3Ct
A colony is picked and placed in a 50 mL LB-Antibiotic pre-culture, and incubated at 37řC until an
OD600 > 2 is reached. The pre-culture is then centrifuged for 20 minutes at 6000 g.
In the case where we want 15N or 15N,13C labelled protein, the pellet is resuspended in 20 mL of M9
medium enriched with 15N [6 g/L Na2HPO4; 3 g/L KH2PO4; 0.5 g/L NaCl; supplemented with 1 g/L
15NH4Cl; 4 g/L Glucose; 0.5 g/L 15N-Isogro; 10 mL of MEM vitamin cocktail (filtered through 0.22
µm filters, Sigma); 100 µg/mL ampicillin; 1 mM MgSO4 and 100 µM CaCl2] and then filtered through
0.22 µm into 2 L of M9-ampicillin medium (ampicillin at a concentration of 100 mg/L culture).

Composition Quantity
M9 1L

20% Glucose 20 ml
1M MgSO4 1 ml

100 mM CaCl2 1 ml
15NH4Cl 1 g

Isogro 15N (CORTEXCNET) 0.5 g
100x Vitamins (SIGMA) 10 ml

Table 11.2: Composition of M9 medium for 15N isotopic labeling.

In the case we don’t want labelled protein, the pellet is resuspended in 20 mL of LB medium and then
filtered through 2 L of LB-ampicillin medium.
The culture is incubated for 11 hours overnight at 9řC and then for 5 hours at 37řC until an OD600

= 0.8-1 is reached. Once the OD600 is reached, protein expression is induced with 1 mM IPTG
(Euromedex) for 3 hours at 37řC. After induction, the culture is centrifuged for 20 minutes at 6000
g, 4řC, then the pellet is resuspended in 40 mL lysis buffer and frozen at -80řC. DNase (1 ţg/mL)
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Non Labled 15N labled 15N 13C labeled
LB Yes No No
M9 No Yes Yes
Glucose C6H12O6 No Yes Yes
Glucose C6H12O6 No No Yes
Chlorure d’ammonium 15NH4Cl No Yes Yes
Isogro 15N No Yes No
Isogro 15N,13C No No Yes
MgSO4 No Yes Yes
Vitamines No Yes Yes
CaCl2 No Yes Yes
Ampicilline Yes Yes Yes

Table 11.3: Conditions for different labeling types

is added to the resuspended pellets which are then thawed at room temperature. The cells are lysed
using a high-pressure homogenizer (Emulsiflex, Avestin). The cell extract is then centrifuged for 30
minutes at 30000 g, 4řC. The supernatant is heated for 15 minutes at 80řC, centrifuged for 30 minutes
at 30000 g, then loaded onto a column for cation exchange chromatography for purification.
TauS262A, TauR2Ct, and TauR3Ct are purified by cation exchange chromatography, then the frac-
tions corresponding to the proteins of interest are pooled. The protein is then purified by HPLC to
increase the purification level and to perform an initial desalting step. Finally, a desalting step is
performed to remove as much salt as possible. The proteins are then lyophilized and stored at -20řC.

Tau Purification

Purification of TauS262A / TauR2Ct / TauR3Ct

Purification of Tau by Cation Exchange Chromatography: Ion exchange chromatography is based
on ionic interaction between the protein and the column. For positively charged proteins (Tau-S262A
pI 8.25; Tau-R2Ct pI 9.36; Tau-R3Ct pI 8.95), a HiTrap SP HP cation exchange column (5 mL) is
used in phosphate buffer at pH 6.5. The negative ions of the stationary phase retain Tau through
interactions with its positive charge. Elution is performed with a salt gradient from 0 to 25% over
15 minutes at a flow rate of 1 mL/min; Na+ ions interact with the column’s negative charges and
compete with Tau, allowing protein elution. The samples are analyzed by mass spectrometry and
electrophoresis.
Purification of Tau by High-Performance Liquid Chromatography (HPLC): The C8 column
(Zorbax Agilent 300SB-CB, semi-preparative) is used for various HPLC purifications of the proteins
of interest. Fractions from ion exchange chromatography and mass spectrometry analysis are injected
onto the column after equilibration in buffer A (5% ACN; 0.1% TFA). Once the entire sample is
injected onto the column and the 280 nm curve stabilizes, a buffer B gradient (80% ACN; 0.1% TFA)
is initiated in two steps. First, an increase to 25% in 0 minutes is performed, followed by a linear
gradient from 25% to 60% in 40 minutes (the theoretical elution point of the proteins of interest is
around 40% buffer B), and finally a gradient to 100% buffer B in 10 minutes to regenerate the column.
Collected fractions are analyzed by mass spectrometry. The fractions containing
Buffer Exchange and Desalting: Tau samples are desalted using HiTrap Desalting columns (GE
Healthcare) to remove salts from cation exchange and HPLC buffers. Purified Tau is frozen in liquid
nitrogen and lyophilized overnight.
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2. Expression and production of enzymes

Enzymes constructs

GSK3β and OGT constructs

A construct of kinase cloned into the pET-21a vector is generated: the pET21-GSK3β construct al-
lows for a protein with a polyhistidine tag at the C-terminal end. pET-21a vector contain an ampicillin
resistance gene. pET24-OGT construct allows for a protein with a polyhistidine tag at its C-terminal
end. The pET24 vectors contain a kanamycin resistance gene.

Figure 11.3: Plasmid constructs of (A) GSK3β in pET21a and (B) OGT in pET24

OBP-tagged GSK3β constructs

Two construct of OBP-tagged GSK3β cloned into the pET-21a vector are generated where one have
it on the N- and the other on the C-terminal 11.4.

Figure 11.4: Plasmid constructs of (A) GSK3β-OBP and (B) OBP-GSK3β in pET21a
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CDK2 and CyclinA constructs

The recombinant pGEX co-expression plasmid GST-CDK2/CIV1 is inserted into competent BL21(DE3)
bacterial cells via chemical transformation. Similarly, the recombinant CyclinA expression plasmid
(without a tag) is inserted into competent BL21(DE3) bacterial cells via chemical transformation.

Transformation into Expression Bacteria
The plasmid constructs are inserted into the E. coli bacteria for protein expression (BL21(DE3)
strains, Invitrogen). 1 ţL (10 ng/ţL) of vector is added to 45 µL of competent BL21(DE3) bacte-
ria. An electric shock is applied using an electroporator to permeabilize the bacterial membrane
and facilitate the entry of the vector into the cell. Subsequently, 1 mL of LB medium is added and
incubated at 37řC, 150 rpm for 1 hour, and then plated on an LB-Agar plate containing the corre-
sponding antibiotic: ampicillin for GSK3β, CDK2 and CyclinA, and kanamycin for OGT. The plate
is incubated at 37řC overnight.

Production of GSK3β and nc-OGT

A colony is picked and placed in a 25 mL LB-kanamycin pre-culture (20 mg/L culture) and incubated
overnight at 37řC until an OD > 4 is reached. Once the OD is reached, the pre-culture is placed in
2 L of LB-kanamycin medium (20 mg/L culture). The culture is incubated for 11 hours overnight at
9řC and then for 5 hours at 37řC until an OD = 0.8-1 is reached. Once the OD is reached, protein
expression is induced with 1 mM IPTG at 16řC for 20 hours. The culture is then centrifuged for 20
minutes at 6000 g, 4řC. The cells are lysed using a high-pressure homogenizer (Emulsiflex, Avestin)
and the cell extract is then centrifuged for 30 minutes at 30000 g, 4řC, then loaded onto a NiNTA
affinity chromatography column.

Production of CDK2 and CyclinA

The bacterial pellets of each protein are thawed at room temperature and 150 µL of DNase I are added
to each pellet before lysis.

Enzymes purification

Purification of nc-OGT and GSK3β

Nickel Affinity Chromatography (NiNTA) Affinity chromatography is based on the affinity between
the protein tag and the column. For poly-histidine tagged proteins, a His-trap HP column (1 mL,
Cytiva) containing Nickel ions (Ni 2+) is used. Ni2+ ions retain the proteins through interactions with
the histidines of the tag. Elution is performed with an imidazole gradient from 50 mM to 500 mM;
imidazole interacts with nickel and competes with histidine, allowing elution. A TEV cleavage (for
nc-OGT) or SENP-3 (for GSK3β) (1 mg for 20 mg of protein) is performed for 16 hours at 4řC to
remove the histidine tag.
To remove the cleavage enzyme and cleaved tags, the cleaved protein is loaded back onto the NiNTA
column. The cleaved protein, without its tag, is eluted in the flow-through.
Protein Concentration: The protein is concentrated using Amicon concentrators (Millipore, 10 kDa
cutoff) and filtered through 0.22 µm filters before being stored in aliquots at -80řC.

Purification of CDK2/CyclinA

After lysis, a 30-minute centrifugation at 30,000 g is performed to collect the supernatant, and the sol-
uble bacterial lysates containing the recombinant GST-CDK2 and CyclinA are mixed. The mixture
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is loaded onto a washed and equilibrated glutathione Sepharose resin in a wash buffer. Incubation
is carried out for 3 hours at 4řC with agitation. The supernatant is removed and the CDK2/CyclinA
complex is eluted by incubating the resin in 100% elution buffer at 4řC overnight. The supernatant
containing our CDK2/CyclinA protein is collected. To remove the GST tag, enzymatic cleavage with
PreScission Protease is performed. The PreScission Protease itself has a GST tag and thus binds to the
glutathione Sepharose; it will not co-elute and contaminate the cleaved target protein. The CDK2/Cy-
clinA protein is mixed with the protease and then passed over the resin. The GST tag is cleaved, and
the protein passes through the resin while the protease remains on the resin.
MALDI-TOF MS and NMR are also techniques used for the analysis of the proteins purified (spe-
cially Tau protein constructs) but they will be detailed in

3. Protein analysis techniques

3.1. SDS-PAGE (Polyacrylamide Gel Electrophoresis in the presence of Sodium
Dodecyl Sulfate)

To analyze and interpret the various experiments conducted, methods were used to identify proteins of
interest. SDS-PAGE (Polyacrylamide Gel Electrophoresis in the presence of Sodium Dodecyl Sulfate)
was performed at each step to monitor purification steps and verify the presence and purity of the
proteins. SDS-PAGE is based on the principle of protein migration according to their size and charge
under the influence of an electric field on a polyacrylamide gel prepared under denaturing conditions
(presence of SDS). SDS binds to the proteins, making them all negatively charged regardless of their
pI, and denatures them, facilitating their migration. The gels are prepared at different acrylamide
concentrations (ranging from 8 to 20%) depending on the size of the proteins studied.
The samples are prepared in 4X Laemmli buffer (250 mM Tris pH 6.8, 20% (V/V) Glycerol, 3%
(M/V) SDS, 0.1% (V/V) Bromophenol Blue, 0.7 M β-Mercaptoethanol). 30 µL of sample is added
to 10 µL of 4X buffer (final concentration 1X), then heated for 5 min at 100řC and finally loaded onto
the gel. The gel with the samples to be migrated is placed in running buffer (25 mM Tris pH 8, 192
mM Glycine, 1% SDS) with a current of 150V. To reveal the presence of proteins, the gel is placed in
Coomassie Blue staining solution (0.1% M/V Coomassie Blue, 40% V/V Ethanol, 10% V/V Acetic
Acid) for 30 min, then incubated in destaining solution (15% (V/V) Acetic Acid, 5% (V/V) Ethanol).

3.2. Calculation of Protein Mass
The mass of the different proteins studied is obtained by calculating the area of the peak corresponding
to the protein at UV = 280 nm on the various chromatograms.

3.3. Calculation of Protein Concentration
Protein concentration in solution is measured on a Nanodrop where a drop of 1-2 ţL placed on a
UV detector allows the measurement of optical density at 280 nm related to protein concentration
according to Beer-Lambert law DO = εlC.
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1. Tubulin Polymerization Assay

The tubulin polymerization assay was conducted using the fluorescence-based tubulin polymerization
assay kit (Cytoskeleton, Inc. Cat. # BK011P). Each fragment, phosphorylated or not, was prepared
at a 10× concentration (200 µM) in a solution containing 80 mM PIPES pH 6.9, 0.5 mM EGTA, and
2.0 mM MgCl2.
To reconstitute the tubulin polymerization assay, 1 mM GTP, 2 mg/mL of tubulin (porcine tubulin,
prepared according to the kit recommendations), and 20 µM of tau fragments were dissolved in 1.5
mL of polymerization buffer. Subsequently, 55 µL of the reaction mixture was dispensed into a 96-
well plate (Corning Costar, Cat. # 3686).
Polymerization kinetics were monitored by following the increase in fluorescence emission at 460 nm
over a 60-minute period at 37◦C on a plate reader (PHERAStar, BMG LABTECH GmbH, Ortenberg,
Germany). Three replicates were performed for each condition.

2. Aggregation assays

2.1. Generation of Fibrils and production of seeds
To generate fibrils of R2Ct and R3Ct fragments, as well as their phosphorylated variants, 10 µM of
each fragment were incubated in an aggregation buffer. The buffer composition included 50 mM
MES (pH 6.9), 2.5 mM EDTA, 30 mM NaCl, and 0.33 mM DTT, and was supplemented with 2.5
µM heparin to reach a final volume of 1 mL. Fibril formation was monitored by adding 50 µM
Thioflavin T (ThT) fluorescent probe to 100 µL of the same reaction mixture. This allowed for
tracking the aggregation kinetics using a PHERAStar fluorescence plate reader (BMG LABTECH
GmbH, Ortenberg, Germany). The aggregation reactions were incubated for 3 to 5 days at 37◦C. After
incubation, seeds were collected for subsequent seeding experiments. Negative-staining transmission
electron microscopy (TEM) was performed using a JEOL JEM-2100 microscope at 200 kV to analyze
the fibrils.

2.2. Seeding and Cross-seeding Assays
Seeds were prepared in the same aggregation buffer containing 10 µM of tau fragments (R2Ct, R2Ct-
P, R3Ct, or R3Ct-P) in the presence of 1 µM of heparin for 7 days at 37◦C. Seeding and cross-seeding
assays closely mirrored the aggregation reaction used to produce Seeds, except that heparin was sub-
stituted with the Seeds.
Seeds from aggregation reactions were diluted to a final concentration of 1 µM in the seeding reac-
tions, in the presence of 10 µM of soluble, monomeric Tau protein or Tau fragments. Consequently,
the heparin included within the seeds was also diluted, ultimately yielding a final concentration of 0.1
µM. A negative control conducted without seeds, but in the presence of 0.1 µM heparin, showed that
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this concentration of heparin alone is insufficient to stimulate fibril formation in the absence of Seeds.

(A) Seeding experimental protocol representation and (B) Seeding combinations done in this thesis

Figure 12.1: Seeding mechanism followed in this work

2.3. Aggregation and seeding characterization

Sedimentation assay

Sedimentation analysis of Tau protein aggregation involved loading 0.5 µg of the aggregation reac-
tions onto an SDS/PAGE gel at two time points: before incubation (t0) and after incubation at 37 ◦C
for 48 hours (t48) for heparin-induced aggregation, or a certain number of hours (tend) for seeding
reactions. Each sample was loaded in duplicate to ensure even distribution across the gel. Following
electrophoresis, the gel was stained with Coomassie Blue to visualize the protein bands. The amounts
of soluble protein were measured colorimetrically using the Amersham ImageQuant™ 800 imaging
system (Cytiva) and quantified via densitometry using ImageJ-Win64 or ImageQuant TL 10.0.261
(Cytiva) software. The comparison between t0 and the post-incubation samples provided insights into
the extent of protein aggregation.

Filter-trap assay

The nitrocellulose membrane (0.45 µm pore size, Protran™, Cytiva) used for the filter-trap assay was
initially hydrated with PBS buffer. Tau fibrillization reaction products (5 µL) were diluted up to 40
times in 2% SDS-PBS buffer and then added to the wells of a 96-well dot blot apparatus (Schleicher
& Schuell Minifold Spot Blotting Unit system). Each well was subsequently washed twice with
2% SDS-PBS buffer under vacuum. The membrane was then removed from the filtration apparatus,
washed twice more with 2% SDS-PBS, and blocked with 5% non-fat dry milk in PBS buffer. After
blocking, the membrane was washed with PBS-T and incubated with the mouse primary antibody HT-
7 (targeting antigen 159-163, diluted 1:1000 in PBS-T) for 16 hours at 4 ◦C. Following three PBS-
T washes, the membrane was incubated with the secondary HRP-conjugated anti-mouse antibody
(diluted 1:10000) for 45 minutes and washed again with PBS-T. Protein detection was performed
using the chemiluminescent reagent (Cytiva Amersham™ ECL™ Prime Western Blotting Detection
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Reagent). Chemiluminescent signals were captured with the Amersham ImageQuant™ 800 imaging
system (Cytiva) and quantified by densitometry using ImageQuant TL 10.0.261 software (Cytiva).

2.4. Fiber collection and analysis

Negative-staining transmission electron microscopy

Transmission Electron Microscopy (TEM) is a powerful imaging technique that uses a beam of elec-
trons to create highly detailed images of thinly sliced samples. The basic principle of TEM involves
transmitting a high-energy electron beam through a very thin specimen. As the electrons interact with
the sample, they are scattered depending on the density and composition of the material. These inter-
actions produce an image that is magnified and focused onto an imaging device, such as a fluorescent
screen or a digital camera.
Observation of heparin-induced aggregation and seeding reactions was performed by negative stain-
ing transmission electron microscopy (HITACHI H7500 microscope at 80 kV). A volume of 3 µL
from the aggregation reactions was applied to 400-mesh hexagonal nickel grids (Euromedex) for 30
seconds. The solution was then carefully removed with a filter paper, then the grids were washed
three times with ultrapure water. For negative staining, 10 ţL of 2 % uranyl acetate was applied for
10 seconds, after which the solution was removed with filter paper. The grids were re-stained for 60
seconds with 2 % uranyl acetate and the solution was removed.

Fibril Immunogold Labelling

5 µL of the aggregation sample were put on 400-mesh hexagonal nickel grids (Euromedex) for one
minute in order to immunogold label the fibrils. The EM grids were placed three times over fresh
drops of PBS buffer without drying in order to remove excess fibrils. After that, the grids were incu-
bated for 30 minutes with 5% (wt/vol) BSA in PBS as the blocking step.
The grids were then incubated for 30 minutes with a 1:100 dilution of the main anti-Tau antibody
(Ht-7 or PHF-1) in 1% BSA. The grids were first subjected to five PBS washes, and then they were
incubated for 30 minutes with the gold-labeled secondary antibody (6 nm-Gold donkey IgG anti-
mouse IgG) diluted 1:40 in 1% BSA.
To avoid uranyl acetate precipitating in PBS, the sample was rinsed 10 times with water before stain-
ing. Subsequently, the sample was immersed in a 2% (wt/vol) uranyl acetate solution in water for one
minute, and allowed to dry for fifteen minutes to achieve a negative stain. TEM imaging was carried
out at 80 kV with an HITACHI H7500 microscope.
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1. PTM of Tau

Phosphorylation reaction of Tau
Phosphorylation is carried out using CDK2/CyclinA and GSK3β enzymes.The phosphorylation of
Tau by CDK2/cyclinA and GSK3β is not independent but rather interconnected through a priming
mechanism. CDK2/cyclinA can prime Tau by phosphorylating it at specific sites, which then allows
GSK3β to further phosphorylate Tau at additional sites.
The priming step performed by CDK2/CyclinA adds approximately 12 phosphate groups to the full-
length Tau protein and one phosphate group to the R2Ct and R3Ct fragments. This step increases
the phosphorylation rate by GSK3β, which adds four phosphorylations to the full-length Tau and 2
phosphorylations to the R2Ct and R3Ct fragments.
The AT180 phospho-epitope (pT231/pS235) and the AT8 epitope in its doubly phosphorylated state
(pS202/pT205) are phosphorylated by CDK2/CyclinA. Other phosphorylations have also been found
in the PRD (pT153, pT175, pT181, pT212), with pT212 and pS202 acting as priming sites for GSK3
phosphorylation of pS208 and pS198, respectively, resulting in a triple phosphorylated state of AT8
or AT8-3P, pS202/pT205/pS208.
Normally, GSK3β phosphorylates (S/T)-XXX-(pS/pT) motifs (where pS/pT is the priming site),
i.e., a Ser/Thr residue located four residues N-terminal to the priming site, and more rarely at a
number of residues of five or six (Leroy et al. 2010). Four new phosphorylation sites are identi-
fied after GSK3β phosphorylation in TauS262A-PP: S198 and S208 in the PRD following prim-
ing at S202 and T212, respectively, and S396 and S400 in the C-terminal end following priming at
S404 (CantrellePhosphorylationOGlcNAcylationPHF12021; Despres et al. 2017; Smet-Nocca et
al. 2011).
The concentration of Tau for phosphorylation reactions is 100 µM. A quantity of protein is solubilized
in a 5X phosphorylation buffer (250 mM Hepes, KOH pH=7.8, 62.5 mM MgCl2, 5 mM EDTA), 10%
(v/v) enzyme (CDK2/CyclinA or GSK3β) is added, along with 5 mM DTT and 5 mM ATP. A reaction
mixture volume (30 µL) is kept without ATP addition as a negative control.
The phosphorylation reaction and the negative control are incubated for 16 hours at 25řC. The phos-
phorylation reaction is stopped by a 15-minute incubation at 80řC, then cooled on ice. The mixtures
are then centrifuged for 15 minutes at 10 000g, and the supernatant is purified by reverse-phase HPLC.
The fractions are analyzed by MS and NMR.
A chapter on the phosphorylation of Tau by CDK2/cyclin and GSK3β can be found in the appendix
A.

O-GlcNAcylation reaction
O-GlcNAcylation is carried out by the enzyme OGT. During the incubation of Tau (at 800 µM) with
recombinant OGT at approximately 0.5 mg/ml (in its nucleocytoplasmic isoform known as nc-OGT)
in the presence of UDP-GlcNAc, in the conservation buffer for OGT and GSK3β, three major O-
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GlcNAc sites located in the C-terminal end at residues S400, S412, and S413 are identified by NMR.
A global O-GlcNAcylation level of 1.8 1.9 GlcNAc per Tau molecule, determined by MALDI-ToF
MS, is obtained according to this protocol (Bourré et al. 2018).
The O-GlcNAcylation reaction and the negative control are incubated for 16 hours at 30řC. The
O-GlcNAcylation reaction is stopped by a 15-minute incubation at 80řC, then cooled on ice. The
mixtures are then centrifuged for 15 minutes at 10,000 g, and the supernatant is purified by reverse-
phase HPLC. The fractions are analyzed by MS.

A chapter on the O-GlcNAcylation of Tau by nc-OGT can be found in the appendix A.

2. PTM of GSK3β

Akt-mediated phosphorylation of GSK3β
OBP-GSK3β proteins, either previously O-GlcNAcylated (oG/O+) or not (oG/O−), or coexpressed
with OGT, were prepared at a concentration of 25 µM. These proteins were incubated with 2 µM
Akt1/PKBα (UniProtKB P31749; active and phosphorylated at Thr308 and Ser473, Merck) and 1
mM ATP, or without ATP as a control. The incubation was carried out in Akt phosphorylation buffer,
which contains 50 mM Tris-HCl (pH 7.5), 0.1% 2-mercaptoethanol, and 10 mM MgCl2, at 30 řC for
2 hours. Following incubation, both phosphorylated and control GSK3β proteins were analyzed via
Western blotting. The blotting utilized an antiphospho-GSK3 antibody (Phospho-GSK3beta (Ser9)
monoclonal antibody clone C.367.3, Invitrogen).

O-GlcNAcylation reaction of GSK3β
GSK3β proteins were incubated at a concentration of 50 µM with 4.5 µM OGT and 2 mM UDP-
GlcNAc, or without UDP-GlcNAc as a control, in OGT reaction buffer (50 mM potassium phosphate
buffer pH 7.6, 150 mM NaCl, 1 mM EDTA, 0.5 mM THP, 12.5 mM MgCl2) at 31 řC for 6 hours. The
O-GlcNAcylated GSK3β proteins were then analyzed by SDS-polyacrylamide gel electrophoresis
and Western blotting using the RL-2 antibody (O-linked N-acetylglucosamine monoclonal antibody,
Invitrogen) and the anti-GSK3 antibody (GSK3 alpha/beta monoclonal antibody clone 21A, Invitro-
gen) to ensure equal protein loading.

3. Techniques used for the detection of PTMs

3.1. Western Blot
Equal amounts of protein (20-30 ţg) were mixed with 4x SDS-PAGE loading buffer and boiled at 95řC
for 5 minutes, followed by separation on a 10% SDS-PAGE gel and transfer to a PVDF membrane
(Millipore) using a semi-dry transfer system (Bio-Rad) at 20 V for 1 hour. The membranes were
then blocked with 5% non-fat dry milk in PBS-T for 1 hour at room temperature. Subsequently, the
membranes were incubated overnight at 4řC with primary antibodies: anti-phospho-specific antibody
and anti-O-GlcNAc antibody, diluted in 5% BSA in PBS-T. The list of primary antibodies used are in
table 13.1.
After washing three times with PBS-T for 5 minutes each, the membranes were incubated with HRP-
conjugated secondary antibodies (1:5000 dilution in blocking buffer) for 1 hour at room tempera-
ture, followed by three additional washes with PBS-T. Protein bands were visualized using enhanced
chemiluminescence (ECL) reagents (Pierce ECL Western Blotting Substrate) as per the manufac-
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Used Antibodies Utilization
Anti-Phospho-Tau (PS396/PS404)
Antibody

Detecting phosphorylated Tau at PHF-1 site
(pS396/pS404)

Anti-Phospho-Tau Monoclonal
Antibody AT8

Detecting phosphorylated Tau at AT8 site
(pS202/pS205)

Anti-O-GlcNAc RL2 Monoclonal
Antibody

Identifying O-GlcNAc modifications in proteins

Anti-phospho GSK3β Detecting phosphorylated GS3β at Ser9

Table 13.1: Used antibodies and their utilization in PTMs experiments.

turers instructions. The chemiluminescent signal was captured using a Bio-Rad Imaging System and
analyzed using Image Lab software (Bio-Rad).

3.2. Mass Spectrometry (MS)
Mass spectrometry is an analytical technique used for determining the molecular masses of analyzed
compounds as well as their identification, and more rarely their quantification.

MALDI-ToF MS

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS)
is a powerful analytical technique used for the identification and characterization of biomolecules.
The principle of MALDI-TOF MS involves the following key steps:

• Sample Preparation: The analyte is mixed with a matrix compound, which is typically an
aromatic organic compound that absorbs UV light. This mixture is then applied to a metallic
sample plate and allowed to co-crystallize.

• Desorption/Ionization: A pulsed laser beam, usually in the UV range, is directed at the sample,
causing the matrix to absorb the laser energy. This absorption leads to the rapid vaporization
and ionization of both the matrix and the analyte. The matrix aids in the desorption process
by absorbing the energy and transferring it to the analyte, resulting in the formation of analyte
ions.

• Ion Acceleration: The generated ions are accelerated by an electric field towards a time-of-
flight (TOF) analyzer. The ions are accelerated to the same kinetic energy, allowing their ve-
locities to be dependent on their mass-to-charge ratio (m/z).

• Time-of-Flight Analysis: The ions travel through a flight tube and their time of flight is mea-
sured. Lighter ions travel faster and reach the detector sooner than heavier ions. The time taken
for each ion to reach the detector is proportional to the square root of its m/z ratio.

• Detection and Analysis: The detector records the arrival time of the ions, generating a mass
spectrum. The spectrum displays the m/z ratio of the ions, allowing for the identification and
characterization of the analyte based on its mass and charge.

For peptides and proteins, the MALDI-ToF technique (Axima Assurance, Shimadzu) is used in linear
and positive ion mode. MALDI is a soft ionization process that does not cause fragmentation of
large molecules and produces few multiply charged ions, facilitating spectrum interpretation. This
technique allows us to analyze the various chromatogram peak fractions to verify if the mass obtained
by MS matches the expected mass, which is the mass of our protein (or protein fragment). This
technique is also used as a control technique to verify the realization of various post-translational
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modifications of proteins (phosphorylation and O-GlcNAcylation) by an increase in mass of 80 Da
(for phosphorylations) and 203 Da (for O-GlcNAcylations).
In MALDI-ToF mass spectrometry (MALDI-ToF MS), the choice of matrix is crucial for obtaining
good spectra. The matrix assists in the ionization of the analyte and affects the quality and accuracy
of the mass spectra obtained. Two commonly used matrices for different applications are α-Cyano-
4-hydroxycinnamic acid (CHCA) and sinapinic acid (SA). Heres a comparison between the two:

Aspect α-Cyano-4-
hydroxycinnamic Acid
(CHCA)

Sinapinic Acid (SA)

Application Ideal for peptides and small
proteins (up to 10 kDa)

Ideal for larger proteins and
high-molecular-weight
biomolecules

Ionization Efficiency Produces predominantly
singly charged ions

Produces both singly and
multiply charged ions

Peak Characteristics Sharp, high-intensity peaks Broader peaks
Usage Commonly used for peptide

mass fingerprinting
Often used for intact protein
analysis

Absorption Strong UV absorption at 337
nm

Strong UV absorption at 337
nm

Table 13.2: Comparison between α-Cyano-4-hydroxycinnamic Acid (CHCA) and Sinapinic Acid (SA) for
MALDI-TOF MS

Application on Tau proteins

Reactions were desalted before analysis by MALDI-TOF mass spectrometry (using ZipTip®µC18
for peptides and µC4 for proteins) after co-crystallization with α-cyano-4-hydroxycinnamic acid
(HCCA) for peptides and sinapinic acid for proteins, to detect the presence of O-GlcNAcylated and
phosphorylated species. This step is not necessary after performing HPLC.

LC-MS/MS

LC-MS/MS (Liquid Chromatography-Tandem Mass Spectrometry) is an analytical technique that
combines liquid chromatography separation with mass spectrometry detection and fragmentation. In
LC-MS/MS, liquid chromatography separates compounds in a mixture based on their chemical prop-
erties before they enter the mass spectrometer. The compounds eluting from the LC column are
ionized, typically using electrospray ionization (ESI), which produces charged molecules with mini-
mal fragmentation, allowing determination of molecular weight. The ionized molecules are analyzed
in the first stage of the mass spectrometer to determine their mass-to-charge (m/z) ratios. Selected
ions (precursor ions) are then fragmented using various dissociation techniques. The most common
fragmentation methods are: Collision-Induced Dissociation (CID), where ions collide with neutral
gas molecules causing fragmentation; Higher-energy Collisional Dissociation (HCD), a type of CID
used in Orbitrap instruments that allows detection of low m/z fragment ions (Baars and Perlman
2016); and Electron Transfer Dissociation (ETD) , where electrons are transferred to multiply charged
cations, inducing fragmentation. ETD is particularly useful for analyzing peptides and proteins, es-
pecially those with post-translational modifications ((15) Understanding Mass Spec Fragmentation
Techniques | LinkedIn 2024).
The resulting fragment ions are analyzed in the second stage of the mass spectrometer, providing
structural information about the precursor ions.
The fragmentation patterns are used to identify and characterize compounds, often with the help of
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(A) The principle of MALDI-ToF, the analyte is embedded in a very large excess of a matrix compound de-
posited on a solid surface called a target, usually made of a conducting metal and having spots for several
different samples to be applied. After a very brief laser pulse, the irradiated spot is rapidly heated and becomes
vibrationally excited. The matrix molecules energetically ablated from the surface of the sample, absorb the
laser energy and carry the analyte molecules into the gas phase as well. During the ablation process, the analyte
molecules are usually ionized by being protonated or deprotonated with the nearby matrix molecules. The most
common MALDI ionization format is for analyte molecules to carry a single positive charge (B) The process
of MALDI-TOF mass spectrometry

Figure 13.1: Principle and process of MALDI-ToF MS

Thesis of Lea El Hajjar 183



Chapter 13. Post-traductional modifications

spectral libraries or database searches. LC-MS/MS offers several advantages, including high sensitiv-
ity and selectivity for compound identification and quantification, the ability to analyze complex mix-
tures, structural elucidation capabilities, and quantification of trace-level compounds. However, there
are some limitations, such as the requirement for compounds to be soluble in common LC solvents
and ionizable, matrix effects that can influence ionization efficiency, and potentially lower repro-
ducibility compared to UV detection for some analytes. LC-MS/MS is widely used in various fields,
including metabolomics, proteomics, pharmaceutical analysis, and environmental testing. The choice
of fragmentation technique often depends on the specific application and the type of compounds be-
ing analyzed (Baars and Perlman 2016). In this work, LC-MS/MS was used for the identification of
O-GlcNACylation of GSK3β, using ETD and HCD fragmentation techniques and the experiments
were be done by Collaboration with Adeline PAGE (Protein Science Facility, SFR Biosciences Univ
Lyon, ENS de Lyon, CNRS UAR3444, Inserm US8, Université Claude Bernard Lyon 1, 50 Avenue
Tony Garnier, Lyon F-69007, France).

ETD-MS fragmentation

ETD is a fragmentation technique used in LC-MS/MS for peptide and protein analysis. ETD induces
fragmentation by transferring electrons from singly charged anions to higher charge state cationic
molecules like peptides and proteins. This causes fragmentation of the amide bonds along the pep-
tide/protein backbone, generating complementary c- and z-type fragment ions. ETD is particularly
useful for analyzing and preserving labile post-translational modifications (PTMs) on peptides and
proteins. It is often employed in metabolomics and biopharmaceutical applications (Dissociation
Technique Technology Overview | Thermo Fisher Scientific - FR 2023).

HCD-Fragmentation

HCD (Higher-energy Collisional Dissociation) is a collision-induced dissociation (CID) technique
associated with Orbitrap instruments. It uses voltage offsets to increase the kinetic energy of precursor
ions, which then collide with nitrogen molecules in the ion routing multipole cell. HCD can generate
and trap fragment ions with low m/z values, making it useful for detecting protein modifications
like phosphotyrosine and for tandem mass tag (TMT) experiments. It typically provides a more
even distribution of fragment intensities compared to ion trap CID, often resulting in better peptide
sequence coverage (Dissociation Technique Technology Overview | Thermo Fisher Scientific - FR
2023; (15) Understanding Mass Spec Fragmentation Techniques | LinkedIn 2024).
ETD and HCD produce different types of fragment ions (c/z vs b/y), providing complementary se-
quence information. HCD often provides more consecutive sequence residues (≥7 amino acids) than
ETD in de novo sequencing approaches. The m/z ranges where ETD and HCD contribute the most
peptide identifications substantially overlap (Shen et al. 2011; Dissociation Technique Technology
Overview | Thermo Fisher Scientific - FR 2023).

3.3. Nuclear Magnetic Resonance (NMR)

Principle of NMR

NMR allows the study of the folding of the polypeptide chain in space (three-dimensional structure),
characterization of protein interactions with their different partners (determination of the dissociation
constant of complexes and interaction mapping), characterization of PTMs (site, relative level of mod-
ification, crosstalk between PTMs close in sequence, effect on conformation, effect on interactions
with partners), and screening of bioactive small molecules, among the main applications.
NMR is based on the phenomenon of resonance that occurs when certain nuclei absorb a specific
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amount of energy when placed in a magnetic field and subjected to a radiofrequency. This energy
absorption is characteristic of each type of nucleus.

Application on Tau protein

Samples perpataion:
For NMR experiments, we work at concentrations of Tau and its isoforms equal to or greater than 200
µM. 2 mg of lyophilized protein is solubilized in 200 µL of NMR buffer (50 mM phosphate buffer
pH 6.6, 50 mM NaCl, 2.5 mM EDTA, 1 mM DTT, 1/10 v/v D2O, 1/200 v/v TMSP).
To detect the resonances of phosphorylated S and T residues, a 2D 15N HSQC spectrum at 293K on
a Bruker 900 MHz Avance NEO NMR spectrometer equipped with a triple resonance cryoprobe is
recorded.
Nuclear Magnetic Resonance (NMR) of proteins allows the study of the folding of the polypep-
tide chain in space (three-dimensional structure), characterization of protein interactions with their
various partners (determination of the dissociation constant of complexes and interaction mapping),
characterization of PTMs (site, relative level of modification, crosstalk between PTMs close in se-
quence, effect on conformation, effect on interactions with partners), and screening of bioactive small
molecules, among the main applications.
For NMR experiments, we work at concentrations of Tau and its isoforms equal to or greater than 200
µM. 2 mg of lyophilized protein is solubilized in 200 ţL of NMR buffer (50 mM phosphate buffer pH
6.6, 50 mM NaCl, 2.5 mM EDTA, 1 mM DTT, 1/10 v/v D2O, 1/200 v/v TMSP).
To detect the resonances of phosphorylated S and T residues, a 2D 15N HSQC spectrum at 293K on
a Bruker 900 MHz Avance NEO NMR spectrometer equipped with a triple resonance cryoprobe is
recorded.

3.4. Detection and analysis of O-GlcNACylated proteins

Click Chemistry Reaction

The Click-iTTM O-GlcNAc Enzymatic Labeling System provides a highly sensitive and efficient
method for the in vitro modification of O-GlcNAc modified proteins. Proteins are enzymatically la-
beled using a permissive mutant β-1,4-galactosyltransferase (Gal-T1 (Y289L)) (Figure 13.2), which
transfers azido-modified galactose (GalNAz) from UDP-GalNAz to O-GlcNAc residues on the target
proteins. As a second step, target proteins can then be detected using one of the Click-iTTM Pro-

Figure 13.2: Transfer of azido-modified galactose GALNAz from UDP-GalNAz to O-GlcNAc residues

tein Analysis Detection methods (PEG or TAMRA labeling, figure 13.2), which are compatible with
downstream mass spectrometry (MS) analyses including LC-MS/MS and MALDI MS, and Invitro-
gens Multiplexed Proteomicső technologies. Labeling and detection can be completed in less than 24
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hours, with high sensitivity, detecting as little as 1 picomole of α-crystallin, a protein which is only
210% O-GlcNAc modified.

(A) TAMRA and (B) PEG labeling of O-GlcNAc modified protein

Figure 13.3: Click chemistry reaction products

Labeling protocol: This step is similar between the TAMRA and the PEG labeling. The potential
O-GlcNAcylated Tau fragments and GSK3β constructs are precipitated using chloroform/ methanol.
Two centrifugation steps are performed in the presence of chloroform/ methanol/ water. The upper
aqueous phase is removed, while the lower phase and the protein layer are mixed with methanol for a
second centrifugation step. The protein pellet is dried and resuspended in a buffer at pH 7.9 contain-
ing 20 mM HEPES and 1% SDS, then heated at 80řC for 5 to 10 minutes to resolubilize the proteins.
The first step of labeling involves adding GalNAz to the GlcNAc residues using the enzyme Gal-T1,
utilizing the Click-iT O-GlcNAc Enzymatic Labeling System (Invitrogen). The sample is incubated
with the labeling buffer, 100 mM MnCl2, UDP-GalNAz, and Gal-T1 overnight at 4řC. A negative
control is prepared similarly without the enzyme.
Detection protocol: The second labeling step, which allows the click-chemistry reaction, uses the
Click-iT TAMRA Protein Analysis Detection Kit (Invitrogenő). For this labeling, the fluorescent
TAMRA reagent can be replaced with PEG-alkyne. After a 20-minute incubation with TAMRA or
PEG and two additives from the kit, the proteins are precipitated again using chloroform/methanol,
and the residual pellet is resuspended in Laemmli buffer and heated at 95řC for 10 minutes. The
sample, along with the negative control, is analyzed by SDS-PAGE. Optionally, a Western blot can
be performed for increased sensitivity. The click chemistry reactions described are resumed in figure
13.4
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Figure 13.4: General scheme of the protein O-GlcNAcylation reaction using recombinant OGT and the the
chemoenzymatic labeling
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1. Reagents and Recipes

The compositions of the buffers and media used in the following sections are detailed below. LB
media, SDS-PAGE gels, and running buffer were prepared using distilled water, while M9 media and
all buffer solutions were prepared using MilliQ grade deionized water.

Bacterial Growth Media

Media Components

LB Agar

10 g/L peptone
5 g/L yeast extract
10 g/L NaCl
15 g/L agar
pH adjusted to 7.5 before sterilization using an autoclave

LB Media

10 g/L peptone
5 g/L yeast extract
10 g/L NaCl
pH adjusted to 7.5 before sterilization using an autoclave

M9 Minimal Media

6 g/L Na2HPO4

3 g/L KH2PO4

0.5 g/L NaCl
0.1 mM CaCl2
1 mM MgSO4

100 ţg/mL antibiotics
10 ţg/mL thiamine
1.7 g/L yeast nitrogen base
All components pre-sterilized using an autoclave or 0.2 ţm filter,
prepared in a laminar flow clean bench

Table 14.1: Bacterial Growth Media and Their Components

2. Buffers and Solutions

Tau purification buffers

GSK3β purification buffer

CDK2/Cycline A purifiation buffer
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Buffer Binding Buffer Elution Buffer / Buffer Components

CEX Buffer

50 mM phosphate buffer
20 mM NaCl
1 mM EDTA
pH adjusted to 6.5,
filter-sterilized

50 mM phosphate buffer
1 M NaCl
1 mM EDTA
pH adjusted to 6.5,
filter-sterilized

HPLC Buffer 5% ACN
0.1% TFA

80% ACN
0.1% TFA

Desalting Buffer 50 mM ammonium bicarbonate

NMR Buffer

50 mM phosphate buffer
25 mM NaCl
2.5 mM EDTA
pH adjusted to 6.6,
filter-sterilized

Table 14.2: Tau Buffers and Their Components

Buffer Components

Wash Buffer

50 mM sodium phosphate buffer, pH 7.8
300 mM NaCl
10 mM Imidazole
Autoclave

Elution Buffer
50 mM sodium phosphate buffer, pH 7.8
300 mM NaCl
250 mM Imidazole

1 M DTT Stock Solution 1 M DTT

HMED 5X Phosphorylation Buffer

250 mM Hepes-KOH, pH 7.8
250 mM NaCl
62.5 mM MgCl2
5 mM EDTA

Table 14.3: GSK3β Buffers and Their Components
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Buffer Components

Wash Buffer

50 mM Tris-HCl pH 7.0
150 mM NaCl
1 mM EDTA
Autoclave

Extraction Buffer

50 mM Tris-HCl pH 7.0
150 mM NaCl
1 mM EDTA
1 mM DTT
0.1 % NP40
Protease inhibitor 1X

Elution Buffer

50 mM Tris-HCl pH 7.0
150 mM NaCl
1 mM EDTA
1 mM DTT
0.1 mg/mL GST-tagged PreScis-sion Protease

HMED 5X Phosphorylation Buffer

250 mM Hepes-KOH, pH 7.8
250 mM NaCl
62.5 mM MgCl2
5 mM EDTA

Table 14.4: CDK2/CyclineA Buffers and Their Components
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Alzheimers disease and other tauopathies are neurodegenerative disorders characterized by the ab-
normal accumulation of Tau protein aggregates in the brain (Goedert et al. 1996b). They can be clas-
sified based on Tau isoforms, clinical symptoms, and the structural characteristics of Tau aggregates.
These conditions include among others Alzheimers disease (AD), fronto-temporal dementia (FTD),
Primary agerelated tauopathy (PART), Picks Disease (PiD), progressive supranuclear palsy (PSP),
chronic traumatic encephalopathy (CTE), argyrophilic grain disease (AGD) and corticobasal degen-
eration (CBD), each pre- senting with a variety of clinical manifestations such as cognitive decline,
movement disorders, and neuropsychiatric symptoms. The overlap of these features complicates di-
agnosis and underscores the necessity for a deeper understanding of Taus role in these diseases (Riley,
Graner, and Veronesi 2022).

Clinically, tauopathies can be divided into cognitive and behavioral disorders, as seen in Alzheimers
and Picks disease, and movement disorders, which are more prominent in PSP and CBD. Structurally,
classification based on cryo-electron microscopy reveals filamentous structures of Tau aggregates, dis-
tinguishing between left-handed structures typically associated with AD and CTE, and right-handed
structures linked to CBD and AGD. This structural classification reflects the cellular localization of
Tau lesions and provides insights into the pathogenesis and progression of tauopathies (Shi et al.
2021b).

The balance of 3R to 4R Tau isoforms is crucial for normal Tau function, as imbalance in this ra-
tio are associated with various tauopathies. Classification by Tau isoforms distinguishes between
three-repeat (3R) tauopathies, such as PiD, which predominantly feature 3-repeat Tau isoforms, and
four-repeat (4R) tauopathies, including PSP, CBD and AGD, characterized by 4-repeat tau isoforms.
Addition- ally, mixed 3R and 4R tauopathies, such as AD, PART and CTE, exhibit an approximately
equal ratio of both isoforms (Shi et al. 2021b; Chen et al. 2010).

Tau, a crucial microtubule-associated protein, stabilizes microtubules in neurons, which is essential
for maintaining cellular structure and function. The microtubule-binding domain facilitates Taus in-
teraction with microtubules and plays a significant role in Tau aggregation into filaments and NFTs,
observed in tauopathies (Hu et al. 2023). Within this context, the R2 repeat, only present in 4R iso-
forms, and R3 repeat, present in 3R and 4R isoforms, each contain a hexapeptide sequencePHF6*
(275-VQIINK-280) and PHF6 (306-VQIVYK-311), respectivelythat are critical for fibril formation.
Additionally, cysteine residues C291 in R2 and C322 in R3 have been found to accelerate the nucle-
ation phase of the fibrillization process (Savastano et al. 2020; Saito et al. 2021).

Alzheimers disease, as a secondary tauopathy, is notably characterized by the presence of both in-
traneuronal NFTs and extracellular amyloid plaques in the brain. The extent of NFTs and amyloid
plaques correlates with disease severity. It was suggested that amyloid-β, according to the amyloid
cascade hypothesis, is the trigger of a cascade of changes, leading to Tau hyperphosphorylation and
impairment. From this perspective, Tau is presented as an effector in neurodegeneration, as evidenced
by the fact that neuronal loss and cognitive decline better correlates with the progression of Tau in-
clusions than accumulation of amyloid plaques.

Our study provides significant insights into the complex regulation of Glycogen Synthase Kinase
3β (GSK3β) activity and its implications for Tau pathology. GSK3β, a serine/threonine proline-
dependent kinase, is a key player in various cellular processes due to its ability to phosphorylate a
broad range of substrates, including transcription factors, microtubule-associated proteins, and com-
ponents of signaling pathways such as Wnt/β-catenin and PI3K/Akt (Beurel, Grieco, and Jope 2015;
Cole and Sutherland 2008; Sutherland 2011). Its activity is modulated by various post-translational
modi- fications, particularly phosphorylation. Constitutively active, GSK3β was shown to be inhib-
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Figure 14.1: Molecular pathological classification of tauopathies (Höglinger, Respondek, and Kovacs 2018)

ited by phosphorylation. Additionally, the O-β-linked N-acetylglucosaminylation, as a dynamic and
reversible modification of serine or thre- onine residues, is another PTM of GSK-3β which could
play a role in regulating GSK-3β activity, but poorly defined so far. Increased O-GlcNAcylation can
stabilize GSK-3β and enhance its activity in certain contexts, such as in cardiac cells under pres-
sure overload conditions, leading to detrimental effects like impaired cardiac hypertrophy and heart
failure by inhibiting compensatory signaling pathways such as NFAT (Nuclear Factor of Activated
T-cells) (Matsuno et al. 2023). The O-GlcNAcylation of GSK-3β modulates its activity in a cell type-
and stimulus-specific manner; for example, in kidney HEK-293FT cells, O-GlcNAcylation positively
regulates GSK-3β phosphorylation at Ser9, suggesting a complex interplay that influences insulin sig-
naling and resistance (Shi et al. 2012). Phosphorylation at Ser9 is another key regulatory mechanism
for GSK-3β, known to inhibit its kinase activity and thereby promote processes like glycogen syn-
thesis and various signal- ing pathways, often mediated by upstream kinases such as AKT, which is
activated in response to insulin signaling (Shi et al. 2012). The relationship between O-GlcNAcylation
and phosphorylation is intricate; while O-GlcNAcylation can promote GSK-3β activity, it may also
interfere with phosphorylation by reducing AKT activation, creating a feedback loop that affects cel-
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lular responses to insulin and other signals (Matsuno et al. 2023; Shi et al. 2012). In addition, a
prephosphorylation of substrates (priming) by another kinase is involved in the regulation of GSK3β
kinase activity, since it is required for GSK3β activity on most of its substrates. The primed substrate
occupies a phosphate-binding pocket close to the active site. Therefore, GSK3β preferred substrates
contain the S/T-x-x-x-pS/pT(P) motif (where x is any amino acid) in which pS/pT is the priming site,
and GSK3β, eventually sequentially, phosphorylates S/T four residues upstream of the priming site.

GSK3β, the most abundant isoform in the central nervous system, is particularly relevant in neuron
physiology, influencing processes such as neuronal morphogenesis, synaptic plasticity, and memory.
Notably, GSK3β activity increases with age and is implicated in Alzheimer’s disease through its
effects on amyloid-beta (Aβ) peptide accumulation and Tau hyperphosphorylation, contributing to
neurofibrillary tangle formation and associated neurodegeneration.

Our research shows that active (phosphorylated) Akt inhibits GSK3β in a phosphorylation-independent
manner and Akt-mediated phosphorylation on Ser9 selectively restores GSK3β kinase activity on a
primed Tau substrate such as Tau PHF-1 epitope (pS396/pS400/pS404). We have previously found
that PHF-1 phosphorylation mediated by GSK3 is not dependent on priming, but priming at S404 (e.g.
by CDK2/cyclinA) contributes to an increase of PHF-1 phosphorylation level in its triple phosphory-
lated form. Our results underscore a differential role of GSK3β Ser9 phosphorylation on primed and
unprimed PHF-1. GSK3β phosphorylation thus competes with Akt binding on one hand to alleviate
its inhibitory effect only on the primed substrate, and on the other, prevent binding of the unprimed
substrate. Our findings suggested that Ser9 phosphorylation dynamically regulates interactions of the
phosphate-binding pocket towards the N-terminus of GSK3 itself, the primed substrates and Akt. A
competition between phosphorylated Akt and GSK3β pSer9 for the phosphate-binding pocket might
explain the recovery of kinase activity in which a dynamic conformational exchange between a closed,
inactive and an open, active form of pSer9-GSK3β is likely to occur. Such equilibrium could be dis-
placed only by a primed substrate that would compete with GSK3β pSer9 for the phosphate-binding
pocket in contrast to an unprimed substrate.

In addition, we have extensively described the O-GlcNAc modification of GSK3β in a site-specific
manner highlighting multiple O-GlcNAc occupations in the disordered N- and C-terminal domains,
including Ser9 and surrounding Thr7, Thr8 and Ser13 residues, as well as in the kinase domain
opposite to the active and phosphate-binding sites. O-GlcNAcylation does not have any effect on
GSK3β kinase activity nor on inhibitory Akt binding. Our findings reveal that O-GlcNAcylation may
contribute to GSK3β inhibition through Akt binding while Akt-mediated phosphorylation in the ab-
sence of O-GlcNAcylation promotes GSK3β activation and subsequent PHF-1 hyperphosphorylation.
Therefore, O-GlcNAcylation may counteract Akt hyperactivation, e.g. as seen in various cancers, by
stabilizing inhibitory Akt binding to GSK3β and preventing its reactivation mediated by Ser9 phos-
phorylation with respect to primed substrates. Elevated O-GlcNAc levels, such as those achieved
through Thiamet-G treatment, could thus influence Tau hyperphosphorylation by modulating GSK3β
activity via the PI3K/Akt pathway, potentially mitigating Tau aggre- gation and seeding behavior
(Figure 14.2). This complex interplay between phosphorylation and O-GlcNAcylation underscores
the in- tricate regulation of GSK3β and its critical role in Tau pathology, highlighting potential ther-
apeutic targets for tauopathies and other neurodegenerative conditions. By differentially targeting
GSK3s regulatory mechanisms, it may be possible to finetune its activity toward specific substrates,
providing a strategic approach to modulate the effects of dysregulated GSK3β in neurodegenerative
diseases, including Alzheimers, Parkinsons, and Huntingtons diseases, as well as CNS-related disor-
ders like autism and cognitive disabilities.
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Figure 14.2: Model of GSK3β kinase activity regulation on primed and unprimed Tau substrates by binding to
active, phosphorylated Akt and Ser9 phosphorylation (orange) and by OGT-mediated O-GlcNAc glycosylation
(blue).

Our study further explores the impact of GSK3β kinase activity on Tau aggregation mechanisms,
particularly the phosphorylation-dependent changes in microtubule polymerization and seeding prop-
erties of Tau fragments. Our research focuses on Tau aggregation mechanisms, focusing on the effects
of GSK3β phosphorylation on Taus aggregation and seeding behavior. We observed that Tau frag-
ments, particularly those from the R2Ct and R3Ct regions, spanning the entire C-terminal domain
starting from either the R2 or R3 repeats, exhibit altered microtubule polymerization and seeding ac-
tivity depending on their phos- phorylation state. We have shown that R3Ct seeds can stimulate the
aggregation of both R2Ct and R3Ct fragments while R2Ct preferentially promote its self-assembly
indicating that the presence of the R2 repeat induces a cross-seeding barrier. We have proposed that
R2 and R3 repeats could be the respective catalytic center for conformational selection of R2Ct and
R3Ct during fibril assembly. Furthermore, PHF-1 hyperphosphorylation of both fragments provided
by GSK3β, prevents tubulin polymerization and promotes a local conformational change. The latter
results in an additional propensity to fold into an extended β-sheet conformation that extends over a
sequence encompassing part of the PHF-1 motif (residues 392-402) in both fragments.

With regard to the aggregation of the full-length Tau 2N4R isoform, R2Ct and R3Ct seeds exhibit
distinct behavior depending on their phosphorylation state or the presence of an aggregation-prone
mutation (P301L) or not. R3Ct seeds are more efficient than R2Ct to seed Tau aggregation, and their
seeding activity is independent of their phosphorylation state. In contrast, seeding of Tau-P301L ag-
gregation is comparable with R2Ct and R3Ct seeds but is dependent on the PHF-1 phosphorylation
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state with phosphorylated seeds exhibiting a stronger seeding activity over non-phosphorylated seeds.
Although the R2Ct fragment contains a greater proportion of 2N4R Tau isoform than R3Ct (and both
encompass the P301 site), the seeding barrier for R3Ct seeds to promote Tau aggregation appears
to be lower than for R2Ct seeds, supporting the previous observation that R2 undergoes conforma-
tional dynamics into fibrils that has been shown to regulate fibrillar assembly. Moreover, phospho-
rylated seeds decrease the cross-seeding barrier to promote aggregation of the non-phosphorylated
tau-P301L monomer. Overall, our study highlights that GSK3β phosphorylation of Tau fragments is
able to decrease the seeding/cross-seeding barrier and/or change the conformational selection to re-
cruit monomers into seeds. Moreover, it is likely that the seeding efficiency is an intricate cooperative
mechanism that involved a complex interplay between the capacity of seeds to template conforma-
tional changes and the aggregation propensity of the monomers.

This study also underscores the challenges of studying the relationship between Tau phosphorylation
and aggregation due to the limitations of specific tools for accurate analysis. We propose that semi-
synthetic approaches, like those successfully used to address the role of PTMs in the aggregation
process of α-synuclein, could enhance site-specific analysis of Tau PHF-1 phosphorylation (PHF1-
2P or pS396/pS404, PHF1-3P or pS396/pS400/pS404) and tackle the phosphorylation/(dys)function
relationships. We have explored the effect of different PHF-1 phosphorylation states on the (dys)func-
tions of full-length Tau 2N4R taking advantage of the expressed protein ligation (EPL) approach to
provide site-specific, homogenous phosphorylation in a collaboration with Prof. Christian P. Hack-
enberger (FMP, Humboldt-Universität zu Berlin). In this study, our group was involved in the func-
tional characterization of the semi-synthetic Tau proteins. We have shown that increasing the number
of phosphorylation sites within the PHF-1 epitope leads to a gradual loss on the activity of Tau in
tubulin assembly. In an aggregation assay induced by heparin, a classical external inducer of Tau
aggregation, phosphorylation reduces the formation of fibrils. However, this setup does not allow
discriminating the intrisinc effect of phosphorylation on the aggregation capacity from the loss of
heparin binding due to charge repulsion. Therefore, based on our previous study that has highlighted
the seeding ability of the R3Ct fragment, we have further explored the effect of R3Ct seeds with dif-
ferent phosphorylation patterns on the aggregation of full-length Tau 2N4R in diverse combination of
phosphorylation of PHF-1 taking advantage of the EPL approach. Interestingly, we demonstrated that
GSK3β phosphorylation of R3Ct enables the aggregation of the semisynthetic Tau PHF1-3P more
efficiently than non-phosphorylated seeds or those of non-phosphorylated Tau.

The marked differences we observed in the Tau cross-seeding aggregation assay, although contrasting
with heparin-induced Tau aggregation, may prompt a re-evaluation of the use of heparin to study in
vitro aggregation of phosphorylated Tau, as already suggested for acetylated Tau where lysine acety-
lation neutralizes the positive charges in the MTBD involved in heparin binding. Methods without the
addition of aggregation initiators may be helpful for studying the effect of PTMs in the aggregation
process to avoid interference with the inducer effect. However, aggregation of full-length Tau without
external inducers proved to be hardly achieved and reproducible. Furthermore, the neuron-to-neuron
prion-like propagation of Tau pathology has been described as an important mechanism involved in
the progression of neurodegenerative diseases. The propagation, or spreading, is described as a pro-
cess in which pathological Tau seeds from diseased neurons act as templates to promote misfolding of
monomeric Tau proteins in healthy connected neurons, leading to their aggregation into fibrils. Thus,
based on the rationale to study the molecular mechanisms at play in the seeding of Tau aggregation,
we found here for the PHF-1 epitope that seeds of the R3Ct fragment, depending on their phospho-
rylation status, differentially seed the fibrillar aggregation of full-length Tau in a manner dependent
on their phosphorylation, with phosphorylated seeds being more selective towards phosphorylated
Tau. Together our results suggest that phosphorylation may provide a cross-seeding barrier, possibly
through distinct strain conformation between phosphorylated and non-phosphorylated seeds. Phos-
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phorylated seeds could preferentially recruit the corresponding phosphorylated protein, as exempli-
fied by the preference in isoform recruitment between distinct tauopathy strains that are characterized
by different proportions of 4R and 3R isoforms incorporated into fibrils. Such advancements would
provide deeper insights into the role of Tau seeds in the propagation of tau pathology associated to
neurodegenerative diseases and poten- tially uncover new therapeutic targets.
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Appendix B: Workshops, Conferences and other
activities

Workshops and Conferences

Enrolled in the Graduate School for the Precision Health Master’s Program in Lille for the
entire duration of the PhD, with participation in 7 out of 10 seminars:

• Current Concepts in Precision Health - Pathophysiology and Molecular Basis of Diseases and
Treatments Applied to Precision Health

• Current Concepts in Precision Health - From OMICS to Systems Biology

• Current Concepts in Precision Health - Ethics, Health, and Society

• Current Concepts in Precision Health - Public Policy and Health Economics

• Current Concepts in Precision Health - From Cohorts to Cutting-Edge Researches

• Current Concepts in Precision Health - Medical Devices and Precision Health

• Current Concepts in Precision Health - AI and Precision Health

Conferences and Training:

• International EuroTau Conference: Lille, October 25-26, 2021

• Groupe Français des Peptides et Protéines (GFPP-22): Port Leucat, May 29 - June 3, 2022

• Practical Training on Liquid and Solid NMR: NMR Platform, Lille, June 13-17, 2022

• National Infranalytics Day (INFRANALYTICS: Support for Industry and Innovation):
Member of the organizing team responsible for badge printing, guest reception, and audio-
visual management. Lille, June 23, 2022

• Regional NMR-EPR Conference: Lille, June 28, 2022

• International AILM22 Conference (Advanced Isotopic Labelling Methods for Integrated
Structural Biology): Grenoble, September 13-16, 2022

• Instruct Practical School AILM22: Grenoble, September 16-23, 2022

• Training on Effective Thesis Writing (and other documents) with LaTeX, Level Absolute
Beginner

• Summer School of the Graduate Program in Precision Health: July 3, 2023

• International EuroTau Conference: Lille, April 27-28, 2023

205



Chapter B. Workshops, Conferences and other activities

Supervision of Interns

During my PhD, I had the opportunity to supervise and mentor two interns, contributing to their
academic training and research experience.

Observation Intern
I supervised a third-year observation intern for one week. This short-term internship provided the
student with an introductory experience in a research environment.

Master 1 Intern
I supervised a Master 1 intern for a period of two months. During this time, the intern worked on a
project related to post-translational modifications in the context of Alzheimer’s disease.

Master 1 Intern
I supervised a Master 1 intern for a period of one and a half months. During this time, the intern
worked on a project related to post-translational modifications and the seeding effect of fragments in
the context of Alzheimer’s disease.

Master 2 Intern
I also had the opportunity to supervise a Master 2 intern for six months. This intern worked on
the study of post-translational modifications and the seeding effect of fragments in the context of
Alzheimer’s disease.

These supervision experiences were personally and professionally rewarding, allowing me to
share my knowledge and expertise with future scientists and researchers.

Teaching

Second Year of PhD
During my second year of PhD, I participated in teaching activities as follows:

• Experimental Biochemistry Fundamentals: 28 hours of practical sessions (7 sessions of 4 hours
each) and 6 hours of tutorials (4 sessions of 1 hour 30 minutes each), totaling 34 hours.

• Biochemistry: 20 hours of practical sessions (5 sessions of 4 hours each) and 6 hours of tutorials
(4 sessions of 1 hour 30 minutes each), totaling 26 hours.

Third Year of PhD
In my third year of PhD, I will also participate in teaching activities as follows:

• Experimental Biochemistry Fundamentals: 16 hours of practical sessions (4 sessions of 4 hours
each).

• Biochemistry: 16 hours of practical sessions (4 sessions of 4 hours each) and 6 hours of tutorials
(4 sessions of 1 hour 30 minutes each), totaling 22 hours.
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