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Abstract

Abstract

A balanced and functional set of proteins is crucial for cell viability, as proteins are
the key players in biological processes that direct almost all cellular functions. Ag-
gregation of proteins into highly ordered amyloid fibrils is associated with loss of
protein function as well as gain of toxic function and is, therefore, considered a se-
rious hazard for cells. Fibrils of the human protein Tau are a hallmark of several
neurodegenerative diseases termed Tauopathies, including Alzheimer’s disease as
a prominent example. Despite intensive research, the underlying molecular mecha-
nisms and cellular strategies for preventing Tauopathies are still not well under-
stood. Recently, Tau as well as Tau fibrils were identified as substrates of the human
serine protease HTRA1. Defining features such as combination of protease and
chaperone function, ATP independence, and tightly regulated reversible activation
make HTRA1 a remarkable factor of the protein quality control system. In this study,
| investigated the interactions of HTRA1 with pathological Tau species and thus

gained detailed mechanistic insights into the process of fibril degradation.

Hyperphosphorylated and fibrillar Tau were generated as disease-relevant Tau spe-
cies, and their interactions with HTRA1 were analyzed using different biochemical
assays. Comparison with native Tau revealed that HTRA1 distinguishes native and
pathological Tau species, and specifically targets fibrils by conformation-specific
recognition. Interactions between HTRA1 and Tau fibrils result in activation of
HTRA1 and, subsequently, efficient degradation of the fibrils. Visualization of the
degradation process by atomic force microscopy revealed a mechanism with simul-
taneous degradation of Tau molecules along the entire length of a fibril by multiple
HTRA1 molecules. Combining time-resolved and cross-linking mass spectrometry,
| identified initial interactions between loop L3 of the HTRA1 protease domain and
the C-terminal region of the Tau molecules within the fibril. Subsequently, the tightly
packed fibril core is completely degraded into small peptides within minutes, making
reassembly seem unfeasible. Preliminary experiments indicate similar degradation
of fibrils formed by amyloid-$ peptide, suggesting a general role of HTRA1 in coun-
teracting amyloid-associated pathologies. Overall, this study provides new insights

into how fibrils, characterized by strong inter- and intramolecular interactions, are
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degraded and contributes to a deeper understanding of the mechanisms cells have

evolved to counteract protein aggregation.
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Zusammenfassung

Proteine Ubernehmen eine zentrale Rolle in nahezu allen biologischen Prozessen
und zellularen Funktionen. Daher haben die Funktionsfahigkeit sowie die richtige
Konzentration und Lokalisation von Proteinen eine fundamentale Bedeutung flr die
Lebensfahigkeit der Zelle. Die Aggregation von Proteinen zu amyloiden Fibrillen
geht mit einem Funktionsverlust sowie der Entstehung von Toxizitat einher und hat
daher schwerwiegende Auswirkungen auf die Zellintegritat. Fibrillen des human
Proteins Tau sind das charakteristische Merkmal einer Reihe von neurodegenerati-
ven Erkrankungen, die als Tauopathien bezeichnet werden. Dabei ist die Alzhei-
mersche Krankheit wohl das bekannteste Beispiel. Trotz intensiver Forschung sind
die zugrunde liegenden Prozesse von Tauopathien und dadurch ausgeldste zellu-
lare Reaktionen noch nicht ausreichend verstanden. Kurzlich wurden sowohl Tau
als auch Tau-Fibrillen als Substrate der humanen Serinprotease HTRA1 identifi-
ziert. Besondere Eigenschaften wie die Kombination von Protease- und Chaperon-
funktion, Unabhangigkeit von ATP und die reversible Aktivierung machen HTRA1
zu einem bemerkenswerten Teil der zellularen Proteinqualitatskontrolle. Im Rahmen
dieser Arbeit habe ich daher die Interaktionen von HTRA1 mit pathologischen For-
men von Tau untersucht und so detaillierte mechanistische Einblicke in den Prozess

des Fibrillenabbaus erhalten.

Zunachst wurde hyperphosphoryliertes und fibrillares Tau generiert und die Interak-
tionen von HTRA1 mit den beiden pathologischen Tau-Formen wurde in unter-
schiedlichen biochemischen Verfahren analysiert. Der Vergleich mit nativem Tau
ergab, dass HTRA1 zwischen nativen und pathologischen Formen von Tau unter-
scheidet konformationsabhangig gezielt Fibrillen erkennt und diese effizient abbaut.
Die Visualisierung des Abbauprozesses mittels Rasterkraftmikroskopie zeigte, dass
der Abbau entlang der gesamten Fibrille gleichzeitig durch mehrere HTRA1 Mole-
kiule stattfindet. Weitere Details des Abbaumechanismus wurden mittels zeitaufge-
|6ster und cross-linking Massenspektrometrie untersucht. Dabei wurden initiale In-
teraktionen zwischen dem Loop L3 der HTRA1 Proteasedomane und der C-termi-
nalen Tau Region identifiziert. Im Anschluss an die initiale Bindung wird der dicht
gepackte Fibrillenkern innerhalb weniger Minuten vollstandig in kleine Peptide ge-
spalten. Eine erneute Aggregation der Proteolyseprodukte scheint auf Grund der

geringen Grole der Peptide eher unwahrscheinlich. Vorlaufige Experimente mit

3
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Fibrillen des Amyloid-B Peptids weisen ebenfalls auf einen Abbau durch HTRA1 hin
und legen daher eine generelle Funktion von HTRA1 bei der Bekampfung von Amy-
loid-assoziierten Pathologien nahe. Insgesamt liefert diese Studie neue Erkennt-
nisse daruber wie Fibrillen abgebaut werden und tragt so zu einem tieferen Ver-
standnis der zellularen Mechanismen bei, die der Proteinaggregation entgegenwir-

ken.



Introduction

1. Introduction

1.1 Proteostasis and protein quality control

Proteins are the key players in biological processes that direct almost all functions
of the cell. Therefore, cell viability is dependent on a balanced and functional set of
proteins. To be functional, proteins must fold into a three-dimensional structure
known as the native state. Some proteins also need to assemble correctly into di-
mers and multimers. Moreover, proteins need to be at the right localization at ap-
propriate abundance within the cell. The regulatory process that maintains all these
aspects and adapts them to constantly changing requirements and tasks of the cell
is known as protein homeostasis or proteostasis (Hartl et al., 2011; Jayaraj et al.,
2020).

Proteostasis is conducted by an integrated network of protein quality control (PQC)
factors that work in each life stage of a protein, starting with protein synthesis and
folding (Figure 1). Only a minor part of proteins can self-fold during synthesis. Most
proteins have complex structures and frequently show intermediate states during
folding into their native state. Intermediate folding states are often unstable and ex-
pose hydrophobic amino acid residues that are typically buried in the native state.
In the densely crowded environment of the cell, these proteins have a high risk of
misfolding or aggregation (Ellis and Minton, 2006; Bartlett and Radford, 2009).
Therefore, folding of these proteins is assisted by molecular chaperones and their
regulatory cochaperones. Chaperones can assist protein folding already during syn-
thesis or after release of the polypeptide from the ribosome. Typically, they bind to
hydrophobic areas of the unfolded protein, keeping it in a folding-competent state.
Then, folding is induced by an ATP-dependent cycle of binding and release (Hartl
et al., 2011; Jayaraj et al., 2020).

Next to de novo folding, chaperones also act in conformational maintenance. They
refold proteins that are misfolded or stress-denatured, prevent protein aggregation,
and even dissolve protein aggregates. These chaperones, typically known as
heat-shock proteins (HSPs), are induced under stress conditions when amounts of

aberrant proteins are elevated (Jayaraj et al., 2020). Maintenance of conformational
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integrity is of particular relevance, as the native structure of many proteins is highly
flexible to allow conformational changes that are required for function. Moreover, a
considerable part of proteins contain non-folding regions or are inherently disor-

dered, making them prone to aggregation (Dunker et al., 2008).

Unfolded polypeptide Folding intermediate Native protein

\\/ Chaperones \§. Chaperones (\§.

H

Ribosome —

Chaperones | | Stress / Mutations

[IKC

Chaperones e Chaperones ,‘ . Chaperones
' p i Vr” — oSl

s
R L)
[ S 2
Amyloid fibril Prefibrillar aggregate Misfolded protein Amorphous aggregate
Chaperones : l i
v
Degradation
ALP % UPS

Proteasome
Lysosome —

Figure 1: Overview of proteostasis

During or after synthesis, proteins must fold into their native three-dimensional structure to be functional. The
folding process of the majority of proteins is highly complex and, therefore, often shows intermediate folding
states. Under stress conditions or due to mutation, unfolding or misfolding of proteins can occur, which may
aggregate into amorphous aggregates or also into amyloid fibrils. Cells have evolved a complex system of
protein quality control factors that include a multitude of chaperones and proteases to maintain proteostasis.
While chaperones assist in folding and conformational maintenance, proteases degrade misfolded and aggre-
gated proteins. In eukaryotic cells, the ubiquitin-proteasome system (UPS) and the autophagy lysosomal path-
way (ALP) represent the two main degradation pathways. Arrows indicate processes that may involve multiple
steps and arrows with dashed lines represent processes of minor relevance. (Figure adapted from Tyedmers et
al., 2010)

After synthesis and folding, controlled degradation is the last step in the life cycle of
proteins. Degradation occurs as part of the natural turnover to keep balanced protein
levels. Itis also a mechanism of cell regulation. Degradation of regulatory molecules

allows quick responses to external or internal stimuli. Furthermore, it is used to
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eliminate damaged and misfolded proteins when (re)folding has failed. In eukaryotic
cells, protein degradation is mainly achieved by two pathways, the ubiquitin-pro-
teasome system (UPS) and the autophagy-lysosomal pathway (ALP). The UPS is
based on ubiquitination of target proteins, which leads to their recognition and deg-
radation by the proteasome. Ubiquitination is a strictly regulated multistep process
that is performed by a cascade of enzymes, consisting of ubiquitin-activating en-
zyme (E1), ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3). A multitude
of E3 enzymes is what makes the UPS both versatile and selective. Target proteins
are then transported to the proteasome, a large protein complex, where they are
unfolded, translocated, deubiquitinated, and degraded. Compared to the UPS, the
ALP is less selective. In a process known as autophagy, cytoplasmic proteins or
whole organelles are enwrapped by an autophagic vesicle. The formed autophago-
some then fuses with lysosomes that contain numerous hydrolases. These hydro-
lases are of low specificity and can efficiently degrade the enclosed proteins (Finley,
2009; Xie and Klionsky, 2007)

Various conditions can compromise proteostasis and lead to proteotoxic stress.
These include environmental stress conditions such as heat and oxidative stress or
mutations. Mutations can prevent the correct folding of proteins, increase the ten-
dency of proteins to aggregate, or impair factors of the PQC system. Moreover, it is
known that aging can cause progressive exhaustion of the PQC system. If proteo-
toxic stress is persistent, it can overwhelm the PQC system, and misfolded proteins
and protein aggregates can accumulate. Aggregated proteins are commonly rich in
B-sheets. They can have varying degrees of structure, ranging from unstructured
amorphous aggregates to prefibrillar species and highly ordered amyloid fibrils
(Tyedmers et al., 2010). Consequences of misfolding and aggregation are the loss
of physiological protein function and, moreover, the gain of toxic function. Large
deposits can result in cellular dysfunction or even cell death. Therefore, protein ag-
gregates and fibrils are implicated in many pathologies. Prominent examples are
neurodegenerative disorders, such as Alzheimer’'s disease, Parkinson’s disease,
and frontotemporal dementia, or if other tissues are affected, amyloidosis and type
2 diabetes (Louros et al., 2023; Winklhofer et al., 2008).
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1.2 High temperature requirement A proteases

High temperature requirement A (HtrA) proteases are a family of evolutionarily con-
served serine proteases, involved in central functions of the PQC. They are charac-
terized by a homo-oligomeric structure and a shared domain architecture, com-
posed of protease domain and at least one PDZ (postsynaptic density of 95 kDa,
Discs large and zonula occludens1) domain (Figure 2) (Pallen and Wren, 1997,
Clausen et al., 2002). HtrAs function in an ATP-independent manner and can com-
bine the antagonistic activities of proteases and chaperones. Therefore, they act in
two key aspects of PQC, protein folding and protein degradation (Spiess et al.,
1999). The activity of HtrAs is regulated by several mechanisms and can be revers-
ibly switched on and off. This allows a rapid and finely tuned response to protein

folding stress, making HtrA proteases remarkable factors of the PQC system.

Species Protein  Size (aa) SS TM IGFBP Kl Protease domain PDZ

H.sapiens HTRA1 458  NH, .—(:]-D-D— COOH
H. sapiens HTRA2 458 NH, -.—-C>— COOH
H.sapiens HTRA3 436  NH, .—C]-{:}--D— COOH
H.sapiens HTRA4 445  NH, .—:}-D-D— COOH

E. coli DegP 448  NH, .—-DD— COOH

E. coli DegQ 428 NH, .—-DD— COOH

E. coli DegS 355  NH, -.—-D— COOH
A.thaliana DegP1 437  NH, .—_-D— COOH

Figure 2: Domain structure of different HtrA proteases

Different HtrA proteases from various species show a conserved domain organization consisting of a protease
domain and at least one C-terminal PDZ domain. The N-terminal region differs between the individual proteases
and can include signal sequence (SS), transmembrane domain (TM), insulin growth factor binding domain
(IGFBP) and Kazal protease inhibitor domain (KI). The size of the proteins is given in amino acids (aa). (Figure
adapted from Clausen et al., 2002)

A multitude of different HtrA proteases are found in various organisms ranging from
bacteria, yeast, and plants to animals. In most of these organisms, more than one
homolog is expressed, e.g., three HtrAs in Escherichia coli (E. coli), 16 HtrAs in

Arabidopsis thaliana, and four HtrAs in humans (Clausen et al., 2011). These
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homologs can be found in diverse subcellular and extracellular locations, performing
diverse cellular functions. For example, in E. coli the periplasmic DegP prevents
protein-folding stress by recognizing and degrading misfolded and mislocalized pro-
teins. Furthermore, DegP promotes folding and refolding of various substrates, pro-
tects membrane proteins from degradation during their transport through the
periplasm, and contributes to the activation of a protein-folding stress pathway
(Spiess et al., 1999; Isaac et al., 2005; Krojer et al., 2008b). In contrast to DegP, the
membrane-bound E. coli protease DegS is highly specific. It initiates the o unfolded
protein response pathway by degrading the negative regulator RseA upon binding
to the C-termini of mislocalized outer membrane proteins (Walsh et al., 2003). In
addition to PQC, bacterial HtrAs are involved in virulence. The secreted Helicobac-
ter pylori HtrA, for example, disrupts epithelial barriers by degrading the adhesion
protein E-cadherin, allowing the bacteria to invade the host cells (Hoy et al., 2010).
In plants, some of the HtrAs, such as Deg1, are located in chloroplasts, where they
maintain proteostasis of the photosynthetic machinery (Kapri-Pardes et al., 2007).
For the four human HtrAs (HTRA1, HTRA2, HTRAS, and HTRA4) a variety of func-
tions have been postulated, many beyond PQC. So far, little information is available
for HTRA4. Abundant expression levels of HTRA4 could only be detected in the
human placenta, where it probably promotes trophoblast invasion by cleaving pro-
teins of the extracellular matrix (ECM) such as fibronectin (Wang et al., 2012). For
HTRAS3, studies have also shown an involvement in placenta development. How-
ever, HTRA3 negatively regulates trophoblast invasion and, therefore, acts antago-
nistically to HTRA4 (Singh et al., 2011; Chen et al., 2014). Next to placentation,
HTRAS is involved in the inhibition of transforming growth factor-g (TGF-B) signal-
ing, in the degradation of ECM proteins, in oncogenesis, and in the promotion of
apoptosis (Tocharus et al., 2004; Beleford et al., 2010; Wenta et al., 2019). Further-
more, HTRA3 interacts with cytoskeleton proteins, acting either as protease or as
chaperone, and promotes tubulin polymerization (Wenta et al., 2018). Unlike the
other human HtrAs, which are all secreted proteins, HTRA2 is a membrane-bound
protein localized in the intermembrane space of mitochondria. It acts as a PQC fac-
tor that maintains mitochondrial proteostasis (Vande Walle et al., 2008; Moisoi et
al., 2009). Under stress conditions, expression of HTRAZ2 is upregulated and the
N-terminal region of the protease is processed, resulting in its release into the cyto-

sol. Subsequently, HTRA2 promotes apoptosis by binding and degrading the
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inhibitor of apoptosis proteins (IAPs) or by degrading antiapoptotic proteins, such as
HS1-associated protein X-1 (HAX-1) or Wilms tumor protein (WT1) (Gray et al.,
2000; Verhagen et al., 2002; Chien, 2010). HTRA1 is the best characterized of the
human HtrAs. It is broadly expressed in the human body, and numerous physiolog-
ical substrates have been identified. HTRA1 is associated with a wide range of func-
tions but also with various human diseases, which are described in detail in section
1.3 (Wang and Nie, 2021).

Despite their different functions, HtrA proteases share common structural features.
The domain organization comprises a variable N-terminal region, a structurally
well-conserved protease domain, and at least one PDZ domain (Figure 2). Depend-
ing on the respective localization and function of the HtrA protease, the N-terminal
region can contain signal sequence (SS), transmembrane domain (TM), and addi-
tional domains such as insulin growth factor binding domain (IGFBP), and Kazal
protease inhibitor domain (Kl) (Clausen et al., 2002). The protease domain adopts
a chymotrypsin fold consisting of two six-stranded B-barrels with additional a-helices
attached and several loops (LA, LB, LC, L1, L2, L3, and LD), which connect the
B-strands (B1-12) (Figure 3B and C). The active site cleft is located at the interface
of the two B-barrels and consists of the amino acids of the catalytic triad (histidine,
aspartate, and serine). C-terminally connected to the protease domain by a flexible
linker are the PDZ domains. PDZ domains of HtrAs are small, globular modules that
comprise five B-strands (31-5) and two a-helices (a2 and a3), as well as two addi-
tional B-strands at the N- and C-termini (BN and BC) and an a-helix (a1) within the
loop between stands 31 and 32 (Clausen et al., 2011; Zurawa-Janicka et al., 2017).
Characterized as protein-protein interaction domains, PDZs preferentially bind to
three or four C-terminal amino acid residues of target proteins or peptides. However,
recognition and binding to internal sequences have also been reported. Next to sub-
strate binding, PDZ domains are also involved in oligomer assembly, localization,
and activation of HtrAs (Sheng and Sala, 2001; Runyon et al., 2007).

HtrA monomers form homotrimers as basic functional units. The homotrimers are
funnel-shaped with the central core formed by three protease domains while the
flexible PDZ domains protrude outwards. The oligomeric mode and the PDZ do-
mains allow a tightly controlled and reversible activation of HtrA proteases. This is

a special feature compared to classical serine proteases, which are constitutively
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active after cleavage of a propeptide. In HtrAs, the activation process is mediated
by loops L1, L2, L3, and LD, which form the activation domain. Upon sensing an
activation signal, loop L3 rearranges to form a direct interaction with loop LD* of a
neighboring protomer (* designates structures of the neighboring protomer). This
interaction initiates a disorder-to-order transition of the active site loops LD*, L17%,
and L2*, resulting in an active conformation of the protease domain (Clausen et al.,
2011; Zurawa-Janicka et al., 2017). Although this activation process of HtrAs is con-
served, the mechanism by which loop L3 senses and transmits activation signals
differs. One known mechanism is allosteric activation where a regulatory ligand
binds to the PDZ domain, leading to reorientation of loop L3 and thus to protease
activation (Wilken et al., 2004; Regt et al., 2015). Another mechanism, which is
known for DegP and DegQ, is accompanied by the formation of higher-order oligo-
mers. Upon binding of a substrate, the protease further assembles into 12- or
24-mers. This conversion results in the immobilization of the otherwise flexible first
PDZ domain, which allows the interaction with loop L3 and induction of the active
protease conformation (Krojer et al., 2010; Merdanovic et al., 2010; Sawa et al.,
2011). Furthermore, activation mechanisms that are independent of PDZ domains
have been proposed for HTRA1 (Truebestein et al., 2011; Eigenbrot et al., 2012).

These are described in detail in the following section (1.3).

1.3 HTRA1

The human HTRA1 consists of polypeptide of 480 amino acids with a molecular
weight of 51 kDa, which is encoded by the HTRA71 gene located at region
10925.3-926.2 on chromosome 10 (Zumbrunn and Trueb, 1997). Typically for HtrA
proteases, it contains a chymotrypsin-like serine protease domain (amino acids
204-364) and a C-terminal PDZ domain (amino acids 365-467). The N-terminal
region comprises the SS (amino acids 1-22), a tandem module of IGFBP (amino
acids 33-100), and a Kl (amino acids 98-157) domain, also referred to as Mac25
domain. Besides HTRAA1, this rare IGFBP-KI tandem module is only found in HTRA3
and 4 as well as in the other three human proteins. However, since the IGFBP
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domain is incapable of binding to insulin-like growth factors (IGFs) and the Kl do-
main has no effect on protease activity, neither of these two modules seems to per-
form its prototypic functions in HTRA1. The physiological functions of these do-
mains, therefore, still remain to be elucidated (Eigenbrot et al., 2012). So far, no
structure of the full-length HTRA1 is available. However, crystal structures of HTRA1
lacking the N-terminal region show that the protease forms the characteristic fun-
nel-shaped homotrimer (Figure 3). Trimerization is mediated by interactions be-
tween the protease domains which form the central core. Depending on the activa-
tion state, the protease domain adopts different conformations. In the inactive state,
loops L1, L2, L3 and LD of the activation domain are disordered (Figure 3C). Upon
activation, a rearrangement of the loops results in an optimal conformation of the
catalytic triad, consisting of H220, D250, and S328 (Truebestein et al., 2011;
Eigenbrot et al., 2012). PDZ domains are not visible in the crystal structures, prob-
ably due to high flexibility. However, a model of the full-length HTRA1 that is based
on small-angle-X-ray scattering (SAXS) data suggests that the PDZ domains project
outward from the central core of the protease domains (Figure 3A). In this model,
the N-terminal domains lie flat on the central core, pointing in the opposite direction

of the active site (Eigenbrot et al., 2012).
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Figure 3: Structure of HTRA1

HTRA1 displays the funnel-shaped homotrimeric structure characteristic of HtrA proteases. In the figure, indi-
vidual HTRA1 monomers are depicted in separate colours (red, blue, or green). (A) Simplified graphic repre-
sentation of the HTRA1 architecture based on SAXS data (Eigenbrot et al., 2012). The top and side views of
the trimer are shown. In the model, PDZ domains point radially outward from the central core that is formed by
the three protease domains. The N-terminal regions lie flat against the top side of the core. (B) Crystal structure
of the homotrimeric central core of HTRA1 formed by the protease domains. The top and side views of the
structure are shown. (PDB ID: 3NZI) (C) Active and inactive conformation of the HTRA1 protease domain. Upon
activation, loops L1 (green), L2 (orange), L3 (red), and LD (magenta) of the activation domain undergo a disor-
der-to-order transition that results in an optimal conformation of the catalytic triad, consisting of H220, D250 and
S328. In the protease domain in the inactive conformation, the serine at position 328 is replaced by alanine.
(PDB IDs: 3NZI (active), 3NUM (inactive)) (Figure adapted from Zurawa-Janicka et al., 2017)

The postulated activation mechanism of HTRA1 differs from the regulation scheme

established for HtrA proteases (1.2). Remarkably, the PDZ domain is not required
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for proteolytic activity of HTRA1. Structural and biochemical data of wild-type
HTRA1 and HTRA1 lacking the PDZ domain indicate that substrates bound to the
protease domain directly interact with loop L3, thus completing the activation domain
and stabilizing the active state of the protease (Truebestein et al., 2011). However,
this model of activation by induced-fit substrate binding is challenged by crystal
structures of HTRA1, showing that the active site can adopt both conformations, the
inactive and the active one, also in the absence of a substrate. Based on this, a
conformational selection model for activation was proposed. Accordingly, inactive
and active HTRA1 exist in equilibrium and substrates shift the equilibrium towards
the active conformer (Eigenbrot et al., 2012). Furthermore, a substrate-induced as-
sembly of HTRA1 into higher-order oligomers was observed, which is associated
with increased activity. In contrast to the procaryotic HirAs DegP and DegQ, this
oligomerization is independent of the PDZ domain (Truebestein et al., 2011). In ad-
dition to these mechanisms of PDZ-independent activation, recent studies have
demonstrated an allosteric regulation of HTRA1 via the PDZ domain. Binding of
ligands to the PDZ domain, such as calpain 2, complement factor D, and cyclin H,
can directly interact with loop L3 and thus fine-tune the proteolytic activity (Rey et
al., 2022). Given these partially contradictory findings, the current understanding of
HTRA1 regulation is still insufficient and requires further research for comprehen-

sive understanding.

HTRA1 is ubiquitously expressed in the human body but with tissue-specific expres-
sion levels that can change during development and also under pathological condi-
tions (Hu et al., 1998; De Luca et al., 2003; De Luca et al., 2004). The major fraction
of the expressed HTRA1 is located in the extracellular space since it is a secreted
protein. However, a fraction of approximately 20% can be detected within the cell
nucleus or in the cytoplasm, where it is predominantly attached to microtubules or
the plasma membrane (Clausen et al., 2011). Whether the intracellular HTRA1 is
generated by re-internalization or by non-secretion remains to be elucidated. The
spontaneous uptake of HTRA1, which has been observed for various cell lines in
cell culture, supports the model of re-internalization (Muratoglu et al., 2013; Poepsel
et al., 2015).

Secreted HTRA1 is involved in the maintenance of the ECM integrity and proteosta-

sis by degrading and processing various ECM components. Among the known
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substrates that have been identified are fibronectin (Grau et al., 2006), decorin (Had-
field et al., 2008), and aggrecan (Chamberland et al., 2009). Elevated HTRA1 levels
are associated with the destruction of the ECM. This makes HTRA1 a contributory
factor in the pathogenesis of several musculoskeletal diseases, such as osteoarthri-
tis or rheumatoid arthritis (Grau et al., 2006; Tiaden and Richards, 2013). Further-
more, HTRA1 overexpression is linked to age-related macular degeneration (AMD),
one of the main causes of blindness in the elderly population. Studies have identified
different AMD-associated ECM proteins as targets of HTRA1 and show that their
increased degradation results in an impaired elastic layer of Bruch’'s membrane
(Vierkotten et al., 2011; Lin et al., 2018). Besides remodeling of the ECM, secreted
HTRA1 sequesters or degrades various signaling molecules and thus participates
in the regulation of cell proliferation. Among the target molecules are transforming
growth factor-g (TGF-B) (Launay et al., 2008), insulin-like growth factor binding pro-
tein (IGFBP) 5 (Hou et al., 2005) and several TGF- family proteins (Oka et al.,
2004). Through proteolysis of the latter, HTRA1 is involved in the regulation of the
TGF-f signaling pathway. Dysregulation of TGF-f3 signaling due to loss-of-function
mutations in HTRA1 are known to cause cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CARASIL), a fatal degenerative
disease of the brain vasculature. So far, CARASIL is the only described monogenic
disease caused by mutation of the HTRA1 gene (Hara et al., 2009; Beaufort et al.,
2014).

Within the cell, HTRA1 was shown to be localized to microtubules in a PDZ-depend-
ent manner. It can bind to tubulins as well as microtubules and promotes microtu-
bule assembly and stability. Downregulation of HTRA1 is associated with enhanced
cell motility and thus also with increased cell migration (Chien et al., 2009a; Chien
et al., 2009b). Next to cell motility, intracellular HTRA1 was shown to be involved in
the regulation of cell death. The X-linked inhibitor of apoptosis protein (XIAP), an
important inhibitor of apoptosis, was identified as HTRA1 substrate. By degrading
XIAP, HTRA1 mediates the induction of programmed cell death (He et al., 2012).
Furthermore, it was shown that HTRA1 also promotes cell death via activation of
anoikis. Although the mechanism is not fully understood, it is suggested that HTRA1
induces anoikis by attenuating the activation of the epidermal growth factor receptor
(EGFR)/Akt signaling pathway (He et al., 2010). The involvement of HTRA1 in cell
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migration, cell death, and cell proliferation are reasons why HTRA1 is associated
with oncogenesis. So far, several studies have reported downregulation of HTRA1
expression in different cancer types, such as ovarian cancer (Chien et al., 2004),
metastatic melanoma (Baldi et al., 2002), lung cancer (Esposito et al., 2006), or
endometrial cancer (Mullany et al., 2011). Generally, reduced expression or even
loss of HTRA1 expression has been correlated with poor clinical prognosis, chemo-
therapy resistance and metastasis. Consistent with this, it has been reported that
HTRA1 overexpression inhibits tumor outgrowth and promotes cell death, suggest-
ing a role of HTRA1 as tumor suppressor (Baldi et al., 2002; Chien et al., 2004; He
et al.,, 2012).

HTRAA1 is also highly expressed in brain tissue, and several studies have linked the
protease to Alzheimer’s disease (AD) (Nie et al., 2003). AD is a neurodegenerative
disease associated with aggregation and abnormal deposition of the microtu-
bule-associated protein Tau (Tau) and amyloid B peptide (AB). While aggregated
and fibrillar Tau forms intracellular deposits known as neurofibrillary tangles (NFTs),
AB accumulates extracellularly as amyloid plaques. HTRA1 was found to be among
the most enriched proteins in AB plaques of AD patients, where it is suggested to
reduce the deposition (Drummond et al., 2022). This assumption is supported by
data showing that HTRA1 can degrade AB and that HTRA1 inhibition results in ac-
cumulation of AB in cell culture supernatants of astrocytes (Grau et al., 2005). In
addition to AB, Tau was also identified as an HTRA1 substrate. It was demonstrated
that HTRA1 not only degrades soluble Tau but also aggregated and fibrillar Tau
species. With its combined chaperone and protease activity, HTRA1 is able to dis-
integrate tightly packed fibrils and subsequently to proteolyze them (Tennstaedt et
al., 2012; Poepsel et al., 2015). Moreover, cell culture experiments have shown that
overexpression of HTRA1 results in decreased Tau levels, while overexpression of
Tau triggers an increased production of HTRA1. Consistent with this, an inverse
correlation of HTRA1 and Tau levels has been demonstrated for brain samples of
AD patients (Tennstaedt et al., 2012). All these data suggest a function of HTRA1
as PQC protease that protects the brain against amyloid deposition. Since AR
plagues and NFTs are hallmarks of AD, a disease-modifying role of HTRA1 should

be considered.
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1.4 Microtubule-associated protein Tau

Tau is a microtubule-associated protein (MAP) that, together with other MAPs, reg-
ulates microtubule (MT) dynamics (Weingarten et al., 1975). It is mainly expressed
in neuronal cells of the central nervous system (CNS). During development, the ex-
pression and localization of Tau are differentially regulated. In mature neurons, Tau
is characteristically found in the axonal compartment, where it localizes to MTs (Fig-
ure 5A) (Barbier et al., 2019). However, localization at the cell membrane and in the
nucleus was also reported (Brandt et al., 1995; Brady et al., 1995). As one of the
stabilizing MAPs, the main function of Tau is to promote MT assembly and protect
them against depolymerization. Moreover, it was demonstrated that Tau nucleates
MTs and regulates their spatial organization by inducing MT bundle formation
(Weingarten et al., 1975; Chen et al., 1992; Trinczek et al., 1995; Devred et al.,
2004). Thus, Tau is of critical importance for neuronal processes that rely on MT

stability, such as axonal transport.

Human Tau is encoded by the gene MAPT located on chromosome 17g21. In total,
there are six different Tau isoforms in the adult human CNS, which result from al-
ternative splicing (Figure 4) (Neve et al., 1986; Goedert et al., 1989). The longest
isoform can be divided in an N-terminal projection domain, a proline-rich region and
a C-terminal microtubule-binding domain (MTBD), consisting of four similar but not
identical repeats (R1-4). Other isoforms differ by the presence or absence of two
N-terminal inserts (N1-2) and the inclusion of R2. Accordingly, the isoforms ranging
from amino acids 352 to 441 are designated as 2N4R Tau for the longest and ON3R
Tau for the shortest form (Himmler et al., 1989; Barbier et al., 2019). So far little is
known about the specific functions of individual Tau isoforms in the cellular context.
However, it has been shown that they differ in their subcellular localization and in
their microtubule-binding affinity. While the N-terminal inserts are suggested to af-
fect the protein localization, the inclusion of R2 results in a higher MT binding affinity
and faster MT assembly (Goedert and Jakes, 1990; Bachmann et al., 2021). More-
over, the isoforms are differentially expressed during development, with the adult

CNS expressing all six isoforms (Goedert et al., 1989).
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Figure 4: The six different Tau isoforms of the human adult CNS

Six different Tau isoforms are expressed in the adult human CNS. The isoforms differ by the presence or ab-
sence of two N-terminal inserts (N1-2) and by the inclusion of the second of four repeats (R) that together form
the microtubule-binding domain (MTBD). Designation of the isoforms, ranging from 441 to 352 amino acids (aa),
corresponds to the number of N-terminal inserts and repeats. (Figure adapted from Johnson and Stoothoff,
2004)

Tau is classified as natively unfolded or intrinsically unstructured protein. Typically
for this type of protein, it is highly hydrophilic, has a low content of secondary struc-
tures, and lacks complex three-dimensional folding. These properties make Tau a
highly soluble and flexible protein with variable conformations. In solution, Tau is
supposed to possess a global “paperclip” fold, with contact between the N- and the
C-terminus and the C-terminus folding back and interacting with the MTBD. Despite
the intramolecular contacts, the mobility of the peptide chain remains (Jeganathan
et al., 2006; Mukrasch et al., 2009). Upon binding to MTs, Tau adopts an extended
structure in which the MTBD binds along the MT filament, linking tubulin monomers,
while the N-terminal projection domain protrudes from the filament surface (Kellogg
et al., 2018). Furthermore, Tau conformation is also dependent on the phosphory-
lation state (Jeganathan et al., 2008). Tau is defined as a phosphoprotein containing
85 potential serine, threonine, and tyrosine phosphorylation sites. Post-translational
phosphorylation affects not only the structure of Tau but also its localization and is
considered the predominant regulator of Tau function (Noble et al., 2013). The bind-
ing affinity of Tau to MTs was demonstrated to be reduced by phosphorylation, with
different localisations and numbers of phosphorylation sites enabling finely tuned
MT dynamics (Lindwall and Cole, 1984; Biernat et al., 1993; Mandelkow et al.,
1995). Today, a large number of kinases and phosphatases are known that regulate

Tau modification, including glycogen synthase kinase 3 (GSK3), p38 mitogen-
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activated protein kinases (p38 MAPK), and protein phosphatase 2A (PP2A). Imbal-
ances in this system can result in pathological increased phosphorylation of Tau.
While approximately ten amino acid residues are phosphorylated under physiologi-
cal conditions, two to four-fold higher phosphorylation levels were observed for
pathological Tau species (Noble et al., 2013). This hyperphosphorylation is associ-
ated with impaired binding to MTs and with conformational changes promoting ag-
gregation of Tau into fibrils (Figure 5B) (Biernat et al., 1993; Jeganathan et al.,
2008). The loss of Tau function results in destabilization of MTs, disruption of axonal
transport, and accumulation of hyperphosphorylated Tau in the cytosol. Conse-
quently, Tau polymerization is favored, and fibrils are formed, which in turn can ag-
gregate into larger structures known as NFTs. Toxic gain of function results in im-
pairment of neurological functions and even in loss of neuronal cells. Thus, abnor-
mal aggregation and deposition of Tau is a hallmark of several neurodegenerative
diseases collectively referred to as tauopathies. These include Alzheimer’s disease
(AD), Pick’s disease (PiD), chronic traumatic encephalopathy (CTE), Huntington’s
disease (HD), corticobasal degeneration (CBD), and progressive supranuclear
palsy (PSP). It has to be mentioned that the mechanisms underlying Tau-induced
neurodegeneration are still under debate and that it is not yet fully clarified how and

which pathological Tau species exerts neurotoxicity (Wang and Mandelkow, 2016).
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Figure 5: Tau in physiology and pathology

The MT associated protein Tau is mainly expressed in neuronal cells of the central nervous system. (A) In
m