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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, 

I 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, 

I 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-β 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 übernehmen eine zentrale Rolle in nahezu allen biologischen Prozessen 

und zellulären Funktionen. Daher haben die Funktionsfähigkeit sowie die richtige 

Konzentration und Lokalisation von Proteinen eine fundamentale Bedeutung für die 

Lebensfähigkeit der Zelle. Die Aggregation von Proteinen zu amyloiden Fibrillen 

geht mit einem Funktionsverlust sowie der Entstehung von Toxizität einher und hat 

daher schwerwiegende Auswirkungen auf die Zellintegrität. 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 ausgelöste zellu-

läre Reaktionen noch nicht ausreichend verstanden. Kürzlich 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, Unabhängigkeit von ATP und die reversible Aktivierung machen HTRA1 

zu einem bemerkenswerten Teil der zellulären Proteinqualitätskontrolle. 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. 

Zunächst wurde hyperphosphoryliertes und fibrilläres 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 konformationsabhängig 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-

küle stattfindet. Weitere Details des Abbaumechanismus wurden mittels zeitaufge-

löster und cross-linking Massenspektrometrie untersucht. Dabei wurden initiale In-

teraktionen zwischen dem Loop L3 der HTRA1 Proteasedomäne und der C-termi-

nalen Tau Region identifiziert. Im Anschluss an die initiale Bindung wird der dicht 

gepackte Fibrillenkern innerhalb weniger Minuten vollständig in kleine Peptide ge-

spalten. Eine erneute Aggregation der Proteolyseprodukte scheint auf Grund der 

geringen Größe der Peptide eher unwahrscheinlich. Vorläufige Experimente mit 
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Fibrillen des Amyloid-β Peptids weisen ebenfalls auf einen Abbau durch HTRA1 hin 

und legen daher eine generelle Funktion von HTRA1 bei der Bekämpfung von Amy-

loid-assoziierten Pathologien nahe. Insgesamt liefert diese Studie neue Erkennt-

nisse darüber wie Fibrillen abgebaut werden und trägt so zu einem tieferen Ver-

ständnis der zellulären Mechanismen bei, die der Proteinaggregation entgegenwir-

ken. 
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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).  

 

 

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. It is 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 

β-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.  

 

 

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 σE 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, HTRA3, 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 

HTRA3, 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, 

HTRA3 is involved in the inhibition of transforming growth factor-β (TGF-β) 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 HTRA2 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 (KI) (Clausen et al., 2002). The protease domain adopts 

a chymotrypsin fold consisting of two six-stranded β-barrels with additional α-helices 

attached and several loops (LA, LB, LC, L1, L2, L3, and LD), which connect the 

β-strands (β1−12) (Figure 3B and C). The active site cleft is located at the interface 

of the two β-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 β-strands (β1−5) and two α-helices (α2 and α3), as well as two addi-

tional β-strands at the N- and C-termini (βN and βC) and an α-helix (α1) within the 

loop between stands β1 and β2 (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*, L1*, 

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 HTRA1 gene located at region 

10q25.3−q26.2 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 KI (amino acids 98−157) domain, also referred to as Mac25 

domain. Besides HTRA1, 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 KI 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 

A 

B 

C 
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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 HtrAs 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 



Introduction 

15 
 

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-β (TGF-β) (Launay et al., 2008), insulin-like growth factor binding pro-

tein (IGFBP) 5 (Hou et al., 2005) and several TGF-β family proteins (Oka et al., 

2004). Through proteolysis of the latter, HTRA1 is involved in the regulation of the 

TGF-β signaling pathway. Dysregulation of TGF-β 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).  

HTRA1 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 β peptide (Aβ). While aggregated 

and fibrillar Tau forms intracellular deposits known as neurofibrillary tangles (NFTs), 

Aβ accumulates extracellularly as amyloid plaques. HTRA1 was found to be among 

the most enriched proteins in Aβ 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 Aβ and that HTRA1 inhibition results in ac-

cumulation of Aβ in cell culture supernatants of astrocytes (Grau et al., 2005). In 

addition to Aβ, 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 Aβ 

plaques 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 17q21. 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 0N3R 

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 
mature neurons, Tau is characteristically found in the axonal compartment, where it binds and stabilizes MTs. 
(B) Under pathological conditions, Tau can be hyperhosphorylated. This hyperphosphorylation is associated 
with impaired binding of Tau to MTs and with conformational changes that promote Tau assembly into oligo-
mers. Further assembly results in the formation of Tau fibrils that can aggregate into neurofibrillary tangles. 
Neurofibrillary tangles are linked to impaired neurological functions and are a hallmark of tauopathies.  

 

Recently, advances in cryo-electron microscopy (cryo-EM) have made it possible to 

determine structures of Tau fibrils at the atomic level (Figure 6) (Fitzpatrick et al., 

2017). Since this breakthrough, multiple structures of Tau fibrils isolated from patient 

samples with different tauopathies have been reported. Comparison of these struc-

tures showed that each disease is defined by a specific Tau filament fold (Figure 

6B) (Fitzpatrick et al., 2017; Falcon et al., 2018; Scheres et al., 2020). Several dif-

ferent fibril types have also been reported for in vitro formed fibrils of recombinant 

human Tau, with the structure depending on assembly conditions (Zhang et al., 

2019; Lövestam et al., 2022). The basic structure of all Tau fibrils consists of an 

ordered, β-sheet rich core characteristic of amyloids. Stacking of the core regions 

A 

B 
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from multiple monomers creates long symmetrical filaments. Flanking N- and C-ter-

minal regions are disordered and project away from the core, forming the so-called 

fuzzy coat. The ordered core is primarily built by the MTBD and a short part of the 

C-terminal domain. However, the exact amino acid region varies between the differ-

ent filament folds. Depending on whether R1 and R2 are part of the core, there is a 

different isoform composition of the fibrils from the individual tauopathies. While AD 

and CTE fibrils consist of all six Tau isoforms, the core of CBD contains the se-

quence of R2, and therefore, CBD fibrils consist exclusively of 4R Tau isoforms 

(Scheres et al., 2020; Scheres et al., 2023). Although individual tauopathies share 

a specific Tau filament fold, there can be different types of fibrils in one disease 

(Figure 6A). In AD, for example, paired helical filaments (PHFs) and straight fila-

ments (SFs) can be distinguished. Both filaments are formed by two identical proto-

filaments that show the same AD fold. The polymorphisms of the two filament types 

result solely from a different arrangement of the two protofilaments (Fitzpatrick et 

al., 2017).  
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Figure 6: Structures of Tau fibrils 
Tau fibrils consist of multiple Tau monomers that are stacked into long, symmetrical filaments. (A) (Fitzpatrick 
et al., 2017) Cryo-EM structures of the two fibril types, paired helical filament (PHF) (blue) and straight filament 
(SF) (green), found in AD. Shown are helical reconstructions of the fibrils (left) and cross-sectional Cryo-EM 
densities and atomic models (right). High-resolution densities of the fibril core are represented in blue and green, 
respectively, while low-resolution densities are depicted in grey and orange. Red arrows highlight extra densities 
that do not belong to the Tau molecules. (B) Cryo-EM structures of different Tau filament folds that are specific 
for different diseases. Different regions in the fibril structures are color-coded according to the schematic repre-
sentation of the Tau molecule shown above the structures. (PDB IDs: 6HRE (AD fold), 8Q9M (CTE fold), 6TJO 
(CBD fold), 6GX5 (PiD fold), 6QJH (in vitro)) 

 

Tau fibrils and associated tauopathies have been the subject of extensive research 

for many years. Although considerable progress has been made, our understanding 

of pathogenic mechanisms is still insufficient, and effective therapeutic strategies 

are not yet available (Wang and Mandelkow, 2016; Cummings et al., 2023). One 

aspect that is still under investigation is how the cell deals with insoluble, highly 

stable fibrillar aggregates. Different strategies for removal of Tau fibrils have been 

described in literature, involving both UPS, ALP, and also individual proteases 

A 
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(Tennstaedt et al., 2012; Cliffe et al., 2019; Jiang and Bhaskar, 2020). However, the 

degradation mechanisms and the contribution of the different types of degradation 

machinery are not fully understood. Recently, it was demonstrated that fragmenta-

tion of Tau fibrils by the proteasome generates a smaller species that has even 

stronger cytotoxic effects than the fibrils (Cliffe et al., 2019). These and other find-

ings raise the question of whether hyperphosphorylated monomers, oligomers, or 

large filamentous aggregates represent the toxic Tau species responsible for neu-

rodegeneration. Answering such fundamental questions would lead to a more de-

tailed understanding of the molecular mechanism underlying Tau-mediated neuro-

degeneration and could provide guidance for new therapeutic approaches.  

 

 

1.5 Objectives 

Human Tau is an intrinsically unstructured protein that binds and stabilizes microtu-

bules (MTs). Pathological hyperphosphorylation of Tau is associated with impaired 

MT-binding and conformational changes triggering ordered aggregation into amy-

loid fibrils. Such fibrils are a serious hazard to cells and a hallmark of several neu-

rodegenerative diseases in humans. Previous studies have identified both soluble 

and fibrillar Tau as substrates of HTRA1 (Tennstaedt et al., 2012). As protease of 

the PQC system, HTRA1 is known to degrade misfolded and mislocalized proteins, 

thus maintaining proteostasis (Clausen et al., 2011). In the study presented herein, 

therefore, I want to investigate whether HTRA1 distinguishes between native Tau 

and pathological Tau species. Moreover, I want to gain detailed mechanistic insights 

into the process of Tau fibril degradation by HTRA1 since fibrils are considered to 

be rather protease-resistant.  

First, I will generate recombinant Tau, which will then be phosphorylated or aggre-

gated into fibrils. The resulting native, hyperphosphorylated, and fibrillar Tau will be 

used in a proteolysis assay to analyze and compare the degradation of different Tau 

species by HTRA1. Since HTRA1 can be activated by its substrates (Truebestein et 

al., 2011), I will also address different activating effects of these Tau species on 

HTRA1. In the next step, I will combine time-resolved and cross-linking mass 
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spectrometry (MS) to precisely detect interactions of HTRA1 and Tau fibrils and 

describe the degradation process at temporal and spatial resolution. Last, I want to 

extend my investigations to the interactions of HTRA1 and Aβ plaques using cere-

bral organoids as cellular models. Since Tau fibrils and Aβ plaques are the hallmarks 

of AD, a potential disease-modifying role of HTRA1 could be discussed.  
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2. Materials 

2.1 Devices 

Table 1: List of devices 

Type  Designation  Manufacturer 

Centrifuges and  
rotors 

 Avanti J-E   Beckmann Coulter 

 Centrifuge 5424R  Eppendorf 

 Centrifuge 5810R  Eppendorf 

 Concentrator 5301  Eppendorf 

 JA-25.50  Beckmann Coulter 

 JLA-9.1000  Beckmann Coulter 

 Optima MAX-XP  Beckmann Coulter 

 TLA-100  Beckmann Coulter 

Electrophoresis 
systems 

 Mini-PROTEAN® Tetra Cell  Bio-Rad 

 Power Supply EV3020  Consort 

 Sub-Cell GT  Bio-Rad 

 XCell4 SureLock Midi-Cell  Thermo Fisher 

French pressure 
cell 

 SLM Aminco  SLM Instruments  

Imager and  
scanner 

 CanoScan LiDE 210  Canon 

 Typhoon FLA 9500  GE Healthcare 

Incubators  Multitron standard  Infors HT 
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Mass spectrometry 
instruments 

 Evosep One  Evosep Biosys-
tems 

 Orbitrap Elite  Thermo Fisher 

 Orbitrap Fusion Lumos  Thermo Fisher 

Microscopes  MultiMode 8  Bruker 

PCR-Thermocycler  peqSTAR 96X  VWR 

pH Meter  SevenCompact  Mettler-Toledo 

Protein purification 
systems and  
columns 

 Äkta pure  GE Healthcare 

 HiLoad 26/600 Superdex 200  Cytiva 

Sonifier  SONOPULS mini20  Bandelin 

Spectrophotometer  DS-11+  DeNovix 

 SpectraMax M5  Molecular Devices 

 

2.2 Consumables 

Table 2: List of consumables 

Designation  Manufacturer 

Bio-Gel HT Hydroxyapatite  Bio-Rad 

DyLight 633 NHS Ester  Thermo Fisher 

HDGreen Plus DNA stain  Intas 

Low Volume 384-well Black Flat Bottom Polysty-
rene NBS Microplate 

 Corning 

Microplate, 96 well, PS, F-bottom, µClear, black, 
non-binding 

 Greiner 
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NEBuilder HiFi DNA Assembly Cloning Kit  New England Biolabs 

NuPAGE 10%, Bis-Tris, Midi Protein Gels  Invitrogen 

PhoX Crosslinker  Thermo Fisher 

Protein LoBind Tubes  Eppendorf 

POROS 50 HS Strong Cation Exchange Resin  Thermo Fisher 

Slide-A-Lyzer MINI Dialysis Devices, 20K MWCO  Thermo Fisher 

QIAprep Spin Miniprep Kit  Qiagen 

QIAquick PCR Purification Kit  Qiagen 

Strep-Tactin Superflow resin  IBA Lifesciences 

 

2.3 Chemicals and substances 

The chemicals used were purchased from the companies Sigma-Aldrich, Carl Roth, 

Thermo Fisher Scientific, Merck, Serva Electrophoresis GmbH, and Applichem, un-

less indicated otherwise. All water used was ultrapure quality (PURELAB flex water 

purification system, ELGA LabWater) and is hereinafter referred to as H2O. 

 

2.4 Buffers and Media 

Table 3: List of buffers and media 

Designation Composition 

Activating buffer 150 mM NaPi 

380 mM NaCl 

pH 8.0 at 37 °C 
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Coomassie staining solution 25% Isopropanol 

10% Acetic acid 

0.05% Coomassie Blue R-250 

Cross-linking buffer 100 mM HEPES 

100 mM NaCl 

pH 7.5 at 37 °C 

DNA loading dye (6x) 30% Glycerol 

150 mM EDTA (pH 8.0) 

30% Bromphenol blue 

HAP loading buffer (HTRA1) 50 mM HEPES  

10 mM K3PO4 

pH 7.8 at 4 °C 

HAP loading buffer (2N4R Tau) 100 mM HEPES  

10 mM K3PO4 

2 mM DTT 

pH 7.8 at 4 °C 

HAP elution buffer (HTRA1) 50 mM HEPES  

500 mM K3PO4 

pH 7.8 at 4 °C 

MOPS SDS running buffer 50 mM MOPS 

50 mM Tris base 

0.1% SDS 

1 mM EDTA 

pH 7.7 

PBS 137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 

1.8 mM KH2PO4 
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PEM buffer 80 mM PIPES-KOH (pH 6.8) 

1 mM EGTA 

1 mM MgCl2 

Phosphorylation buffer 25 mM Tris-HCl (pH 7.4) 

0.1 mM EGTA 

10 mM magnesium acetate 

POROS loading buffer (2N4R Tau) 50 mM HEPES 

100 mM NaCl 

2 mM DTT 

pH 7.5 at 4 °C 

Proteolysis buffer 100 mM HEPES 

100 mM NaCl 

pH 7.5 at 37 °C 

SDS-PAGE loading buffer 2x 4% SDS 

16% Glycerol 

0.16% Bromophenol blue 

120 mM Tris-HCL (pH 6.8) 

200 mM DTT 

SDS-PAGE running buffer 33 mM Tris-HCl  

0.1 % SDS 

192 mM Glycine 

SDS-PAGE separation gel buffer 1.5 M Tris-HCl (pH 8.8) 

0.4% SDS 

SDS-PAGE stacking gel buffer 0.5 M Tris-HCl (pH 6.8) 

 0.4% SDS 

SEC buffer (HTRA1) 10 mM HEPES  

150 mM NaCl 

pH 7.5 
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SEC buffer (2N4R Tau) 10 mM HEPES  

50 mM (NH4)SO4 

2 mM TCEP 

pH 7.5 

SOB medium 5 g/l Yeast extract 

20 g/l Tryptone 

0.5 g/l NaCl 

2.4 g/l MgSO4 

186 mg/l KCl 

pH 7.0 with NaOH 

Strep loading buffer (HTRA1) 50 mM Tris-HCl 

300 mM NaCl 

pH 7.5 at 4 °C 

Strep washing buffer (HTRA1) 50 mM Tris-HCl 

1 M NaCl 

pH 7.5 at 4 °C 

TAE buffer 40 mM Tris 

20 mM Acetic acid 

1 mM EDTA (pH 8) 

 

2.5 Antibiotics 

Table 4: List of antibiotics 

Substance Concentration Source 

Ampicillin 200 μg/ml Carl Roth 

Chloramphenicol 30 µg/ml Sigma-Aldrich 

 



Materials 

31 
 

2.6 Escherichia coli strains 

Table 5: List of Escherichia coli strains 

Designation Genotype Source 

BL21(DE3) F� ompT hsdSB (rB
� mB

�) gal dcm (DE3) Merck 

NEB 5-alpha fhuA2Δ(argF-lacZ)U169 phoA glnV44 

Φ80Δ(lacZ)M15 gyrA96 recA1 relA1 

endA1 thi-1 hsdR17 

New England 

Biol 

 

2.7 Plasmids 

Table 6: List of plasmids 

Designation Description Source 

pET3d_2N4R_Tau 2N4R Tau Poepsel et al., 

2015 

pET3d_2N4R_TauCN 2N4R Tau (aa 1−40, 390−441, 

99−389, 41−98) 

this study 

pET3d_2N4R_TauCNC 2N4R Tau (aa 1−40, 390−441, 

99−389, 41−98, 418−441) 

this study 

pN-StrepII_HTRA1 HTRA1 (aa 158−480) with N-term. 

StrepII tag 

Laboratory 

collection 

pN-StrepII_HTRA1S328A HTRA1 (S328A) (aa 158−480) 

with N-term. StrepII tag 

Laboratory 

collection 
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2.8 Primers 

Table 7: List of primers 

Designation Sequence (5� 3�) 

pET3d_Tau1-40_fwd gtccgtgtcaccctcttggtcttgg 

pET3d_Tau1-40_rev tgaggatccggctgctaacaaagcc 

pET3d_Tau1-40+418_fwd gtccgtgtcaccctcttggtcttgg 

pET3d_Tau1-40+418_rev gacatggtagactcgccccagctcg 

Tau41-98_CN_fwd ggctttgttagcagccggatcctcatgggatctccgtgtgggg 

Tau41-98_CNC_fwd cgagctggggcgagtctaccatgtctgggatctccgtgtgggg 

Tau41-98_CN_rev gacagaccacggggctggcctgaaagaatctcc 

Tau99-389_fwd tttcaggccagccccgtggtctgtcttggc 

Tau99-389_rev aagcagggtttggaaggaaccacagctgaagaag 

Tau390-440_fwd ctgtggttccttccaaaccctgcttggccag 

Tau390-440_rev ccaagaccaagagggtgacacggacgcggagatcgtgtacaag 

 

2.9   Proteins 

Table 8: List of proteins 

Protein Description  MW  

HTRA1 HTRA1 (aa 158−480) 36.67 kDa 

HTRA1S328A proteolytically inactive HTRA1 (aa 158−480) 

with the active site serine mutated to alanine 

36.67 kDa 

Tau Microtubule-associated protein tau, isoform 

2N4R 

45.85 kDa 
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TauCN Microtubule-associated protein tau, isoform 

2N4R, with interchanged protein regions, pro-

tein sequence see Appendix C 

45.85 kDa 

TauCNC Microtubule-associated protein tau, isoform 

2N4R, with interchanged protein regions, pro-

tein sequence see Appendix C 

48.29 kDa 

Tubulin Obtained from Cytoskeleton Inc, purified from 

porcine brain 

Approx. 

55 kDa 

 

2.10   Enzymes 

Table 9: List of enzymes  

Designation Source 

cAMP-dependent Protein Kinase A (PKA) New England Biolabs 

DpnI New England Biolabs 

GSK3β, active, His tagged, human Sigma 

Q5 High-Fidelity DNA Polymerase New England Biolabs 

SAPK4, active Merck 

 

2.11   DNA and protein standards  

Table 10: List of DNA and protein standards 

Designation Source 

1 kb Plus DNA Ladder New England Biolabs 

Precision Plus Protein Unstained Protein Standard Bio-Rad 

Precision Plus Protein All Blue Prestained Protein 

Standard 

Bio-Rad 
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2.12   Software 

Table 11: List of software  

Designation Source 

BioRender BioRender.com 

CellProfiler (Versions 4.2.5) Open source (Carpenter et al., 2006) 

Fiji (Version 2.3.0) Open source (Schindelin et al., 2012) 

GraphPad Prism (Version 10.1.0) GraphPad Software 

MaxQuant (Version 2.0.2.0) Open Source 

NanoScope (Version 1.5) Bruker 

Phoretix 1D (Version 628) TotalLab 

Proteome Discoverer (Version 
2.5.0.400) 

Thermo Fisher 

PyMOL (Version 2.4.0) Schrödinger 

SnapGene (Version 7.2) SnapGene 

UMSAP (Version 2.1.1 (beta)) Open source (Bravo-Rodriguez et al., 
2018) 

xiSearch (Version 1.7.6.7) Open source (Mendes et al., 2019) 

 

Figures were created with BioRender.com.  
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3. Methods 

3.1 Molecular biology methods 

3.1.1 Polymerase chain reaction 

Polymerase chain reactions (PCRs) were performed to amplify DNA fragments us-

ing the Q5 High-Fidelity 2x Master Mix (New England Biolabs). All reaction compo-

nents were assembled on ice (Table 12), and the cycling parameters were selected 

according to the manufacturer�s instructions, taking into consideration the melting 

temperature of the primers and the length of the PCR products (Table 13).  

 

Table 12: PCR Reaction Setup 

Component Volume 

Q5 High-Fidelity 2x Master Mix 25 µl 

Forward Primer (10 µM) 2.5 µl 

Reverse Primer (10 µM) 2.5 µl 

Template DNA 0.3 µl 

H2O 19.7 µl 

 

Table 13: PCR Cycling Parameters 

Step Temperature Time  

Initial Denaturation 98 °C 30 sec  

Denaturation 98 °C 10 sec 

30 cycles Annealing 72 °C 20 sec 

Extension 72 °C 3 min 

Final Extension 72 °C 2 min  
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Subsequently, DpnI (New England Biolabs) was added to digest the DNA templates 

as recommended by the manufacturer. Agarose gel electrophoresis (3.1.3) was 

used to verify the amplified DNA fragments. The resulting PCR products were puri-

fied using the QIAquick PCR Purification Kit (Qiagen). 

 

3.1.2 DNA assembly 

The assembly of DNA fragments generated by PCR into a linearized cloning vector 

was performed using the NEBuilder HiFi DNA Assembly Cloning Kit (New England 

Biolabs) according to the manufacturer�s protocol. Reactions were set up as shown 

in Table 14 and incubated in a thermocycler at 50 °C for 60 min. The assembly 

products were stored at −20 °C for subsequent transformation (3.2.2). 

 

Table 14: Assembly Reaction Setup 

Component Volume 

HiFi DNA Assembly Master Mix 10 µl 

Fragments / linearized Vector (0.2−0.5 pmol) X µl 

H2O 10−X µl 

 

3.1.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for the analytical separation of DNA mole-

cules. Therefore, all DNA samples were mixed with the appropriate volume of 6x 

DNA loading dye and loaded into the wells of an agarose gel. The gels contained 

1% (w/v) agarose in Tris-acetate-EDTA (TAE) buffer and 2 µl of HDGreen Plus DNA 

stain (Intas). The electrophoretic separation was performed in TAE buffer at a con-

stant voltage of 140 V. UV light was used to visualize the DNA. The DNA bands 

were compared to those of a DNA standard ladder (1 kb Plus DNA ladder, New 

England Biolabs) for analysis.  
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3.2 Microbiology methods 

3.2.1 Determination of bacterial cell density in suspension 

The cell density in bacterial liquid cultures was determined by measuring the optical 

density with a photometer at a wavelength of 600 nm (OD600). An OD600 of 1 corre-

sponds to an approximate cell density of 5×108 cells per ml. 

 

3.2.2 Transformation 

Chemically competent Escherichia coli (E. coli) cells of strain BL21(DE3) or strain 

NEB 5-alpha were transformed with plasmid DNA. Therefore, 50 µl of the cells were 

mixed with 1 µl of plasmid DNA and incubated on ice for 30 min, followed by a 1 min 

heat shock at 42 °C. After cooling down on ice for 30 sec, Super Optimal Broth 

(SOB) medium (950 µl) was added. Phenotypic expression was carried out for 1 h 

at 37 °C and 900 rpm. Then, 50 µl of the cell suspension was spread on an SOB 

selection plate containing ampicillin according to the resistance gene in the plas-

mids. Plates were incubated overnight at 37 °C.  

 

3.2.3 Isolation of plasmid DNA 

Plasmid DNA was isolated from bacterial cells using the QIAprep Spin Miniprep Kit 

(Qiagen) according to the instructions of the manufacturer. For this purpose, a liquid 

overnight culture (5 ml) of transformed bacterial cells was pelleted by centrifugation 

(3 min at 10,000 rpm). The nucleotide sequence of the purified plasmids was con-

firmed by DNA sequencing conducted by Microsynth Seqlab GmbH. 

 

3.2.4 Protein expression 

Recombinant 2N4R Tau variants and HTRA1 variants were expressed in cells of 

the E. coli strain BL21(DE3). First, 30 ml SOB medium was inoculated with a colony 

of transformed bacteria cells. After overnight incubation (37 °C, 110 rpm), the 

preculture was used to inoculate 1 l SOB medium to an OD600 of 0.07. All media 
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were supplemented with 200 µg/ml Ampicillin. The expression culture was incu-

bated at 37 °C and 90 rpm. For the expression of the HTRA1 variants, the cultivation 

temperature was decreased to 28 °C after 2 h of incubation. Overexpression of re-

combinant proteins was induced when the culture reached an OD600 of approxi-

mately 0.6 by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a con-

centration of 0.2 mM and incubation was continued overnight. Cells were harvested 

by centrifugation for 20 min at 4,500 rpm and pellets were washed in PBS once. Dry 

cell pellets were stored at −20 °C.  

 

 

3.3 Biochemical methods 

3.3.1 Protein purification of recombinant Tau variants 

All purification steps were carried out either on ice or at 4 °C. First, bacterial cell 

pellets containing overexpressed proteins were thawed in a water bath and resus-

pended in 10 ml lysis buffer. Cells were lysed using a French Press and the lysate 

was cleared by centrifugation for 45 min at 21,000 rpm. The obtained supernatant 

was boiled in a water bath for 15 min, followed by centrifugation (30 min, 

15,000 rpm) to separate the heat-stable Tau variants from bacterial proteins. Fur-

ther purification of the recombinant protein within was performed using the Äkta pure 

chromatography system. The cleared supernatant was applied to a POROS HS50 

cation exchange column equilibrated in lysis buffer. The protein was eluted with a 

linear sodium chloride gradient from 100 to 1,000 mM. Fractions containing the tar-

get protein were pooled, diluted with 2 volumes of HAP loading buffer and applied 

to a hydroxyapatite (HAP) column. Elution was performed with a linear sodium chlo-

ride gradient (0 to 1,000 mM) and protein fractions were pooled and concentrated. 

The concentrated protein was further purified by size exclusion chromatography 

(SEC) using a HiLoad 26/600 Superdex 200 column at a constant flow rate of 

1 ml/min. Fractions containing the Tau protein with high purity were pooled and con-

centrated, flash-frozen in liquid nitrogen and stored at −80 °C. All purification steps 

were analyzed by SDS-PAGE (3.3.3). 
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3.3.2 Protein purification of recombinant HTRA1 variants 

All purification steps were carried out either on ice or at 4 °C. First, cell pellets were 

resuspended in lysis buffer, lysed using a French Press, and the lysate was cleared 

by centrifugation (45 min, 21,000 rpm). The obtained supernatant was applied to a 

Strep-Tactin column equilibrated in lysis buffer. Unspecifically bound proteins were 

removed from the column in three successive washing steps (5 column volumes 

(CV) lysis buffer, 5 CV washing buffer, and 2 CV lysis buffer). HTRA1 variants were 

eluted in lysis buffer supplemented with 2.5 mM desthiobiotin. Fractions containing 

the target protein were pooled, diluted with 2 volumes of HAP loading buffer, and 

applied to a hydroxyapatite (HAP) column. The column was washed in three suc-

cessive washing steps with buffer containing 10, 15, and 17% HAP elution buffer. 

Elution was performed with a linear gradient of 17-50% HAP elution buffer and frac-

tions containing the target protein were pooled and concentrated. Subsequently, the 

concentrated protein was applied to a pre-equilibrated HiLoad 26/600 Superdex 200 

column and SEC was performed at a constant flow rate of 1 ml/min. Fractions con-

taining the HTRA1 variant were pooled and concentrated, flash-frozen in liquid ni-

trogen and stored at −80 °C. All purification steps were analyzed by SDS-PAGE 

(3.3.3). 

 

3.3.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

Protein samples were analyzed by sodium dodecyl sulfate (SDS) polyacrylamide 

gel electrophoresis (PAGE), an analytical method to separate proteins according to 

their molecular weight in an electrical field. Samples were mixed with 2x SDS-PAGE 

loading buffer, heated (5 min, 95 °C), and applied onto gels containing 10, 12, or 

15% polyacrylamide. Electrophoresis was conducted constantly at 200 V for 50 min 

in SDS-PAGE running buffers. The gels were stained in Coomassie staining solu-

tion. A protein standard (Precision Plus Protein Standard, Bio-Rad) was used for 

evaluation of the protein size. 

For certain experiments, NuPAGE 10%, Bis-Tris, Midi Protein Gels (Thermo Fisher) 

were used. In this case, electrophoresis was conducted at 150 V for 1.5 h in MOPS 

buffer. 
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3.3.4 In vitro phosphorylation of recombinant Tau 

Recombinant Tau was phosphorylated in two successive steps with different ki-

nases as described by Meng et al. (2022) with minor modifications. All phosphory-

lation reactions contained 200 µM Tau in 400 µl of phosphorylation buffer supple-

mented with 2 mM ATP. First, Tau was phosphorylated with the cAMP-dependent 

Protein Kinase A (PKA) (New England Biolabs). Therefore, 7.2 U of PKA was added 

and the reaction was incubated at 30 °C for 24 h. In a second phosphorylation step, 

1.44 U either of GSK3β (Sigma) or SAPK4 (Merck) was added and incubation was 

continued for 24 h. Following phosphorylation, kinases were inactivated by incuba-

tion at 65 °C for 20 min and the phosphorylated Tau was flash-frozen in liquid nitro-

gen and stored at −80 °C. Phosphorylation was confirmed by SDS-PAGE (3.3.3) 

and detailed mapping of phosphorylation sites was obtained by liquid chromatog-

raphy tandem-mass spectrometry (LC-MS/MS) analysis conducted by the Analytics 

Core Facility Essen of the University Duisburg-Essen. 

 

3.3.5 Formation of Tau fibrils 

The in vitro assembly of Tau into fibrils was induced using polyanionic heparin, as 

described by (Goedert et al., 1996), with modifications. Briefly, 60 µM Tau was in-

cubated with 0.4 mg/ml heparin in 30 mM MOPS buffer (pH 7.2) at 37 °C and 

300 rpm for up to 5 days. After incubation, the fibrils were sedimented by centrifu-

gation (21,130 rpm, 1 h) and resuspended in 30 mM MOPS buffer (pH 7.2) to re-

move soluble Tau and heparin. The formation and stability of the fibrils were con-

firmed by atomic force microscopy (3.3.9), fibril sedimentation assay (3.3.7), and 

measurement of Thioflavin T fluorescence (3.3.8). For a faster formation of fibrils, 

3 µM fibril seeds (3.3.6) were added to the reaction and the incubation time was 

reduced to 24�48 h. 

 

3.3.6 Generation of Tau fibril seeds 

For the generation of Tau fibril seeds, 50�200 µl of Tau fibrils were sonicated 3x for 

20 s at 90% intensity with an Ultrasonic homogenizer. Between all sonication steps, 
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the fibrils were cooled down on ice. Fibril seeds were flash-frozen in liquid nitrogen 

and stored at �80 °C. 

 

3.3.7 Fibril sedimentation assay 

Tau fibril sedimentation assays were performed to analyze the formation and stabil-

ity of the fibrils. In particular, Tau fibrils were centrifuged for 1 h at 21,1130 rpm and 

samples of the total, supernatant, and pellet fractions were analyzed by SDS-PAGE 

(3.3.3). 

 

3.3.8 Thioflavin T fluorescence 

Thioflavin T (ThT), an amyloid-specific fluorescence dye, was used to detect the 

formation of Tau fibrils. For the measurement, 30 µl samples of the fibril formation 

reactions (3.3.5) were transferred to black, low-volume 384-well microplates (Corn-

ing). All samples were supplemented with 20 µM ThT (solved in 50 mM glycine, 

pH 8.5) and mixed for 1 min at 700 rpm and 37 °C. Fluorescence intensities were 

measured at excitation and emission wavelength of 440 and 480 nm with the cut-off 

filter set to 455 nm. Between the single measurements, microplates were incubated 

at 37 °C and 350 rpm.  

 

3.3.9 Atomic force microscopy imaging 

Atomic force microscopy (AFM) was used to visualize Tau fibrils. Samples (10 µl) 

were supplemented with 5 mM magnesium chloride and deposited on freshly 

cleaved mica surfaces (Plano GmbH). After absorption for 3 min at room tempera-

ture (RT), samples were washed with water and dried under air flow. Using a Multi-

Mode 8 microscope (Bruker) equipped with a Nanoscope V controller, samples were 

scanned in ScanAsyst mode with cantilevers (0.4 N/m force constant) with 

ScanAsyst-Air probes (Bruker). For image analysis, the NanoScope Analysis soft-

ware (Bruker) and the Ridge Detection tool in Fiji (Steger, 1998) were used.  
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3.3.10 Microtubule co-sedimentation assay 

Microtubule co-sedimentation assays were used to study the interactions of HTRA1 

and different Tau species with microtubules. Therefore, microtubules were polymer-

ized from tubulin (Cytoskeleton, Inc.) according to the instructions of the manufac-

turer by Jonas Neblik (University Duisburg-Essen). The microtubules were mixed 

with the proteins of interest at 10 µM each in 40 µl PEM buffer. All reactions were 

set up in TLA-100 tubes (Beckman Coulter) and incubated at RT for 15 min. Micro-

tubules and bound proteins were pelleted for 20 min at 60,000 rpm and 25 °C. Su-

pernatant and pellet fractions were analyzed by SDS-PAGE (3.3.3).  

 

3.3.11 In vitro proteolysis assays 

In vitro proteolysis assays were performed to investigate the degradation of different 

Tau species by HTRA1. Unless indicated otherwise, 1 µM HTRA1 was mixed with 

2.5 µM of the potential substrate in proteolysis buffer and incubated at 37 ° and 

350 rpm. Samples were collected at the indicated time points, and the reactions 

were stopped by the addition of 2x SDS-PAGE loading buffer. Analysis was carried 

out using SDS-PAGE (3.3.3). Subsequently, SDS-PAGE gels were scanned, and 

the reduction of the full-length substrate bands was quantified with Phoretix 1D soft-

ware (TotalLab) using unmodified gel images.  

 

3.3.12 Time-resolved proteolysis and analysis by mass spectrometry  

Mass spectrometry (MS) experiments were performed for a temporal and spatial 

resolution of the degradation of different Tau species by HTRA1. For proteolysis, 

10 µM of the Tau variant was mixed with 2 µM of HTRA1 in proteolysis buffer and 

incubated at 37 °C and 350 rpm, unless indicated otherwise. Samples (20 µl) were 

collected at the indicated time points and directly added to 120 µl ice-cold acetone 

for overnight precipitation at �80 °C. Precipitated proteins were removed by centrif-

ugation (15,000 rpm, 1 h, 4 °C) and peptides within the supernatant were dried in a 

SpeedVac concentrator at 30 °C for approximately 3 h. Dried samples were stored 

at �80 °C. Immediately before LC-MS/MS, peptides were resuspended in 0.1% 
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formic acid and loaded onto Evotips (Evosep Biosystems) according to the protocol 

of the manufacturer. All experiments were done in quadruplicates.  

Analysis of the samples was performed by LC-MS/MS conducted by the Analytics 

Core Facility Essen under the direction of Dr. Farnusch Kaschani. Measurements 

were carried out using an Orbitrap Elite (Thermo Fisher) or an Orbitrap Fusion Lu-

mos (Thermo Fisher) mass spectrometer coupled to an Evosep One liquid chroma-

tography (LC) system (Evosep Biosystems). Peptides and proteins were identified 

using the MaxQuant software. Further analysis and evaluation of the data were done 

using the Targeted Proteolysis module of UMSAP (Bravo-Rodriguez et al., 2018). 

The significance level was set to 0.05 and the minimum score value to 50. A log2 

transformation was applied to the data prior to the analysis.  

 

3.3.13 Cross-linking assay 

Cross-linking experiments were performed by Michal Strzala at the Research Insti-

tute of Molecular Pathology in Vienna. HTRA1S328A and Tau fibril seeds were each 

diluted to 5 µM in 33 µl of cross-linking buffer and incubated for 15 min at 37 °C to 

allow binding. The cross-linking reaction was started by adding the chemical 

cross-linker PhoX (Thermo Fisher) and continued for 15 min at 37 °C until it was 

stopped by the addition of 100 mM Tris HCl (pH 7.5). The cross-linked samples were 

prepared for mass spectroscopic analysis by tryptic digestion of proteins and purifi-

cation of the obtained peptides. The resulting peptides were analyzed by 

LC-MS/MS. Data analysis and processing were performed by the Proteomics Facil-

ity at IMP/IMBA/GMI using the VBCF instrument pool and the software Proteome 

Discoverer and xiSearch. 

 

3.3.14 HTRA1 activity assay 

For the determination of the proteolytic activity of recombinant HTRA1 in the pres-

ence of different Tau species, a synthetic HTRA1 substrate consisting of para-ni-

troaniline (pNA) coupled to the C-terminus of the peptide VFNTLPMMGKASPV was 

used. HTRA1 (1 µM) was mixed with different concentrations of the target Tau 



Methods 

44 
 

species to a final volume of 100 µl in proteolysis buffer. After incubation for 1 min at 

37 °C and 700 rpm, 500 µM of the pNA substrate was added. Cleavage of the sub-

strate was continuously monitored, measuring the absorption at a wavelength of 

405 nm every 2 min for a period of 2 h. The specific enzyme activities of HTRA1 

were derived from at least three independent measurements and calculated with the 

following formula: 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ൌ  
∆𝐴ସ଴ହ ൈ 𝑉𝑚 ൈ 𝜖 ൈ 𝑡  

ΔA405: change of absorption at λ = 405 nm 

V: reaction volume (ml) 

m: amount of protease (mg) 

ε: molar extinction coefficient of pNA (M-1 x cm-1) 

t: time (min) 

 

3.3.15 Fluorescence-labeling of HTRA1 

Recombinant HTRA1 and HTRA1S328A were labeled with DyLight 633 NHS Ester 

(Thermo Fisher) according to the manufacturer�s instructions. Briefly, 500 µl of 

5 mg/ml HTRA1 in DPBS (Thermo Fisher) were mixed with 50 µg of the dye and 

incubated for 1 h at 350 rpm and 20 °C. Excess dye reagent was removed by dial-

ysis using Slide-A-Lyzer MINI Dialysis Devices (Thermo Fisher). The labeled protein 

was flash-frozen in liquid nitrogen and stored at �80 °C in single-use aliquots.  
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4. Results 

4.1 Formation of pathological Tau species 

In order to gain mechanistic insights into the interactions of HTRA1 with different 

pathological Tau species, recombinant Tau was purified and afterwards phosphor-

ylated or aggregated into fibrils. First, I expressed untagged human Tau of isoform 

2N4R, subsequently referred to as Tau, in E. coli (3.2.4). For purification, I adopted 

an established four-step protocol from our laboratory (3.3.1) (Tennstaedt et al., 

2012). Since Tau is a heat-stable, intrinsically unstructured protein, I could isolate it 

from the cleared bacterial extract by boiling. Tau was further purified using cation 

exchange chromatography and hydroxyapatite chromatography, followed by SEC. 

The obtained recombinant Tau was either phosphorylated with different kinases or 

aggregated into amyloid fibrils.  

 

4.1.1 Hyperphosphorylation of recombinant Tau 

Hyperphosphorylation of Tau is associated with pathological processes in Tauopa-

thies. Following published protocols, recombinant Tau was sequentially phosphory-

lated by cAMP-dependent protein kinase A (PKA) and subsequently by either gly-

cogen synthase kinase 3β (GSK3β) or stress-activated protein kinase 4 (SAPK4) 

(3.3.4) (Figure 7A) (Yoshida and Goedert, 2006; Meng et al., 2022). All three ki-

nases have previously been linked to phosphorylation observed in Tau pathologies 

(Yoshida and Goedert, 2006). I confirmed successful hyperphosphorylation using 

SDS-PAGE analysis (Figure 7C). The band of Tau phosphorylated by PKA (Tau-p) 

shows the characteristic upward shift compared to the native Tau band with an ap-

parent molecular weight (MW) of approximately 52 kDa. An even greater upward 

shift was observed for the bands of Tau phosphorylated with PKA and GSK3β 

(Tau-pg) as well as Tau phosphorylated with PKA and SAPK4 (Tau-ps). I further 

analyzed all three phosphorylated Tau species by LC-MS/MS for a detailed mapping 

of the individual phosphorylation sites. While a total of 20 different phosphorylation 

sites are found in Tau-p, around twice as many amino acid residues are phosphor-

ylated in Tau-pg and Tau-ps (Figure 7D). However, my data neither provide 
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information about the extent of phosphorylation per Tau molecule nor the distribution 

of the phosphorylation degree within the population. Relatively sharp protein bands 

in the SDS-PAGE analysis suggest rather similar phosphorylation degrees within 

the respective Tau species.  

 

 

Figure 7: Sequential hyperphosphorylation of Tau generates AD-specific epitopes 
Recombinant Tau was phosphorylated by PKA and subsequently either by GSK3β or SAPK4. (A) Schematic 
overview of the phosphorylation process resulting in three differentially phosphorylated Tau species: Tau phos-
phorylated by PKA (Tau-p), Tau phosphorylated by PKA and GSK3β (Tau-pg), and Tau phosphorylated by PKA 
and SAPK4 (Tau-ps). (B) All phosphorylation sites (red lines) detected by LC-MS/MS mapped to the Tau mole-
cule. Both Tau-pg and Tau-ps, show phosphorylation at sites (amino acids highlighted in red) recognized by 
antibodies that detect AD-specific Tau species, such as AT8, AT100, and PHF-1. Tau-p, however, is not phos-
phorylated at any of these phosphorylation sites. (C) Successful phosphorylation was confirmed by SDS-PAGE 
analysis. Bands of phosphorylated Tau species show an upward shift compared to wild-type Tau. (D) Tau-p 
shows a total of 20 different phosphorylation sites, while Tau-pg and Tau-ps each have approximately twice as 
many individual phosphorylation sites. 

 

C 

A 

B 
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In total, 49 individual serine and threonine residues were found to be phosphorylated 

(Figure 7B). Most of the phosphorylation sites are located in the proline-rich region 

and the C-terminal region, flanking the MTBD. Furthermore, sequential phosphory-

lation by both combinations of kinases resulted in the generation of epitopes recog-

nized by different phosphorylation-dependent antibodies, such as AT8, AT100, and 

PHF-1. These antibodies are frequently used to detect Tau pathology in the human 

brain, for example, in AD. Thus, the hyperphosphorylated Tau generated in this work 

shows characteristics similar to disease-relevant Tau species. A complete list of all 

detected phosphorylation sites is shown in Appendix A (Table 15).  

 

4.1.2 Formation of Tau fibrils 

Aggregation of Tau into amyloid fibrils is the main characteristic of neurodegenera-

tive Tauopathies. Several methods have already been published to reconstitute the 

process of Tau fibrilization in vitro (Goedert et al., 1996; Kampers et al., 1996). The 

majority of the described protocols employ the addition of polyanionic cofactors to 

the positively charged Tau to promote fibril formation. In this work, formation of Tau 

fibrils was facilitated by the addition of heparin (3.3.5). I also added Tau fibril seeds 

to accelerate the fibrilization process. Seeds were generated by fragmenting fibrils 

via sonication. They serve as nucleation cores and recruit soluble Tau into growing 

fibrillar assemblies. I followed the fibrillization process by measuring ThT fluores-

cence and confirmed the successful formation of fibrils by a sedimentation assay 

and atomic force microscopy (AFM) (Figure 8). ThT is an amyloid-specific fluores-

cence dye that gives a strong signal at approximately 480 nm upon binding to Tau 

fibrils. Measurements show a strong increase in fluorescence in the samples con-

taining recombinant Tau, heparin, and seeds but not in the controls (Figure 8A). In 

accordance with this, the sedimentation assay shows that Tau shifts from the su-

pernatant to the pellet fraction after 24 h under fibrillization conditions (Figure 8B). 

Whereas native Tau is a highly soluble protein, Tau fibrils sediment upon centrifu-

gation. A very thin band in the supernatant fraction indicates that the majority of the 

protein is present as insoluble aggregate after 24 h of fibrilization. Using AFM, I 

confirmed that the insoluble Tau fraction shows the typical morphology of long Tau 

fibrils (Figure 8C).  
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Figure 8: In vitro formation of Tau fibrils 
Tau fibrils were generated from recombinant Tau (60 µM) by addition of polyanionic heparin (0.4 mg/ml) and 
Tau fibril seeds (3 µM). (A) ThT fluorescence measurement at 480 nm over a 24 h time period. A strong increase 
in the relative fluorescence units (RFU) can be detected in samples containing recombinant Tau with heparin 
and seeds but not in the control samples, indicating the generation of amyloid fibrils. Measurements were per-
formed in triplicates. (B) In a sedimentation assay, samples before (0 h) and after 24 h of fibrillization were 
centrifuged to distinguish soluble wild-type Tau and insoluble aggregated Tau. After centrifugation, samples of 
total (T), supernatant (S), and pellet (P) fractions were analyzed by SDS-PAGE. A band shift from the S to the 
P fraction suggests Tau fibril formation. (C) Representative image of generated Tau fibrils acquired by AFM.  

 

 

4.2 Interactions of HTRA1 and Tau with microtubules 

Similar to the microtubule-associated protein Tau, a localization of HTRA1 to micro-

tubules (MTs) is also reported (Chien et al., 2009b). I established a co-sedimenta-

tion assay to investigate the binding of HTRA1 and different Tau species to MTs. 

Recombinant human HTRA1 was expressed and purified from E. coli (3.2.4 and 

3.3.2). Previous studies reported an intracellular variant of HTRA1 where the N-ter-

minal domain is deleted. Furthermore, the N-terminal domain was shown to be dis-

pensable for HTRA1 activity (Clawson et al., 2008; Eigenbrot et al., 2012). 

A 
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Therefore, in this work, I employed a variant of HTRA1 containing only protease and 

PDZ domain (amino acids 158�480). Like intracellular HTRA1, the purified recom-

binant HTRA1 has a molecular weight of approximately 36 kDa and in the following 

is referred to as HTRA1. Moreover, in the co-sedimentation assays, I used a prote-

olytically inactive variant of HTRA1, referred to as HTRA1S328A, where the active site 

serine is replaced by alanine to prevent degradation. MTs were assembled from 

tubulin and incubated with the different target proteins. After centrifugation, I ana-

lyzed supernatant and pellet fractions by SDS-PAGE to identify proteins that co-sed-

iment with the MTs.  

 

4.2.1 HTRA1 and Tau bind to microtubules simultaneously 

I performed MT co-sedimentation assays (3.3.10) to investigate the binding behav-

ior of Tau and HTRA1 to MTs, both separately and in combination. Analysis of the 

supernatant and pellet fractions shows that Tau co-sediments with MTs (Figure 9). 

Moreover, a substantial increase in the amount of tubulin in the pellet fraction com-

pared to the MT control indicates that Tau, according to its endogenous function, 

promotes MT assembly. A minor fraction of Tau is still present in the supernatant 

fraction, either unbound or binding to the soluble tubulin. In samples of MTs incu-

bated with HTRA1S328A, the HTRA1 S328A band shifts completely from the superna-

tant to the pellet fraction. As in the MTs-Tau samples, an increase in the amount of 

tubulin in the pellet fraction can be observed, albeit to a lower extent. Consistent 

with previously published data, the recombinant HTRA1S328A binds MTs and pro-

motes their assembly (Chien et al., 2009b).  
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Figure 9: Tau and HTRA1 co-sediment with microtubules  
The binding of Tau (10 µM) and HTRA1S328A (10 µM) to MTs (10 µM) was analyzed in co-sedimentation assays. 
Both proteins were separately or in combination incubated with MTs for 15 min. Subsequently, samples were 
centrifuged, and supernatant and pellet fractions were analyzed by SDS-PAGE. In all experiments, Tau and 
HTRA1S328A co-sediment with the MTs. Therefore, both proteins bind to the MTs individually as well as simulta-
neously. Compared to the tubulin control, an MT-stabilizing effect of Tau and HTRA1S328A can be observed. All 
experiments were performed in duplicate.  

 

When a combination of Tau and HTRA1S328A was tested, both proteins co-sediment 

with the MTs. Again, HTRA1S328A shifts completely from the supernatant to the pellet 

fraction, while some of the Tau stays in the supernatant. It is striking that tubulin can 

also be detected almost exclusively in the pellet fraction. HTRA1 and Tau thus ap-

pear to bind to MTs simultaneously. Moreover, they seem to have additive effects 

in promoting MT assembly. In absence of MTs, Tau and HTRA1S328A are only de-

tected in the supernatant. Thus, they are soluble under the selected assay condi-

tions. 

 

4.2.2 Hyperphosphorylated Tau loses ability to bind to microtubules 

Tau hyperphosphorylation is associated with impaired MT binding. Therefore, I an-

alyzed binding of the hyperphosphorylated Tau species to MTs in co-sedimentation 

assays (3.3.10). Tau-p still co-sediments with the MTs (Figure 10). However, com-

pared to wild-type Tau more Tau-p remains in the supernatant fraction. Furthermore, 

the MT stabilizing effect is less pronounced since the amount of tubulin shifted from 

the supernatant to the pellet fraction is lower. Phosphorylation of Tau by PKA seems 

to be sufficient to negatively impact MT-Tau binding interactions.  
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Figure 10: Hyperphosphorylated Tau-ps and Tau-pg do not bind and stabilize microtubules 
Various phosphorylated Tau species were tested for their ability to bind MTs in a co-sedimentation assay. After 
incubation of the differently phosphorylated Tau species (10 µM) with MTs (10 µM), samples were centrifuged, 
and supernatant (S) and pellet (P) fractions were analyzed by SDS-PAGE. Unphosphorylated Tau co-sediments 
with MTs, thus indicating Tau-MT binding. In contrast, binding of Tau-p to MTs is impaired, and binding of Tau-ps 
and Tau-pg is completely abolished. All experiments were performed in duplicate. 

 

When Tau is sequentially phosphorylated by PKA and either SAPK4 or GSK3β, no 

co-sedimentation with MTs can be detected. In the SDS-PAGE analysis, bands of 

Tau-ps and Tau-pg are only visible in the supernatant fraction. Furthermore, the 

ratio of tubulin in the supernatant and pellet fraction is similar to the ratio in the 

tubulin control. While phosphorylation of Tau by PKA only impairs MT-binding to a 

certain extent, the additional phosphorylation by SAPK4 or GSK3β completely pre-

vents binding. Accordingly, neither Tau-ps nor Tau-pg show MT-stabilizing effects.  

 

4.3 Differences in the degradation of native, hyperphosphory-

lated, and fibrillar Tau by HTRA1 

Previous studies have identified soluble Tau and Tau fibrils as potential substrates 

of HTRA1 (Tennstaedt et al., 2012; Poepsel et al., 2015). As proteases of the PQC 

system, HtrAs can recognize and specifically degrade misfolded proteins (Clausen 

et al., 2011). I hypothesized that HTRA1 may distinguish between native and patho-

logical Tau species. Thus, I established a proteolysis assay to test whether there 

are differences in the degradation of native, hyperphosphorylated, and fibrillar Tau 

species by HTRA1. I used the recombinantly expressed and purified Tau as native 

Tau species. As pathological Tau species, I tested the two hyperphosphorylated 

Tau variants, Tau-ps and Tau-pg (4.1.1), and the in vitro formed Tau fibrils (4.1.2). 
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Each Tau species (2.5 µM) was incubated with HTRA1 (1 µM). Samples were col-

lected at various time points during degradation and analyzed by SDS-PAGE and 

LC-MS/MS.  

 

 

Figure 11: Degradation of native, hyperphosphorylated, and fibrillar Tau by HTRA1 
A proteolysis assay was used to investigate the degradation of different Tau species by HTRA1. (A) HTRA1 
(1 µM) was mixed with Tau, Tau-ps, Tau-pg, or Tau fibrils (2.5 µM) at a molar protease:substrate ratio of 1:2.5. 
Samples of the degradation process were collected at the indicated time points and analyzed by SDS-PAGE. 
All tested Tau species are substrates of HTRA1 but are degraded at varying rates. (B). The relative signal 
intensities of the full-length substrate bands were quantified using Phoretix 1D and are plotted against time  
(oN = overnight). Experiments were at least performed in duplicate. 
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To acquire and compare the degradation efficiencies of HTRA1 for the different Tau 

species, I followed the time-dependent digestion by SDS-PAGE (3.3.11) (Figure 

11A). Protease and substrate were mixed at a molar ratio of 1:2.5. All experiments 

were performed at least in duplicate, and the relative signal intensities of the 

full-length substrate bands were quantified using Phoretix 1D (Figure 11B). In ac-

cordance with published data, I observed that all tested Tau species are substrates 

of HTRA1. Over time, a reduction of the full-length Tau is visible in all samples. 

Moreover, the appearance of additional bands with lower MW, which probably rep-

resent degradation products, is observed. However, under the tested conditions, 

native Tau, as well as hyperphosphorylated Tau, are not completely degraded by 

HTRA1. Full-length protein can still be detected for these Tau variants after over-

night incubation. In contrast, Tau fibrils are digested by HTRA1 under the same 

conditions within 30 to 60 min. The resulting degradation products of the fibrils seem 

to be further degraded until they can no longer be detected after 180 min. In the 

control samples, no reduction in the amount of protein was detected. Thus, all pro-

teins are stable under the assay conditions.  

Additionally, I employed LC-MS/MS to analyze and compare the degradation of the 

different Tau species in more detail (3.3.12). HTRA1 (2 µM) and the Tau substrates 

(10 µM) were incubated at a molar ratio of 1:5. The resulting proteolytic products 

were identified by LC-MS/MS and further analyzed using the software UMSAP. For 

all Tau variants, increasing numbers of individual cleavage sites were detected over 

time (Figure 12A). Under conditions used in the assays, Tau fibrils show the highest 

number of individual HTRA1 cleavage sites. After an incubation time of 120 min, a 

total of 117 sites were detected within the 441 amino acids of the Tau sequence. At 

the beginning of the degradation process, the number of individual cleavage sites 

rapidly increases until it reaches a plateau at about 10 min. Between 10 and 

120 min, only a negligible increase from 115 to 117 sites can be observed. In com-

parison, the number of HTRA1 cleavage sites increases at a slower rate for the 

other Tau species. Moreover, a plateau is not reached after 120 min. This suggests 

that not all possible cleavage sites of these Tau species were already detected after 

120 min. A total of 35, 45, and 76 individual sites were detected for Tau, Tau-ps, 

and Tau-pg, respectively.  
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Figure 12: Number of HTRA1 cleavage sites in native, hyperphosphorylated, and fibrillar Tau  
To compare the numbers of HTRA1 cleavage sites in different Tau species, HTRA1 (2 µM) was incubated with 
Tau (red), Tau-ps (green), Tau-pg (purple), or Tau fibrils (blue) (10 µM) at a molar ratio of 1:5. The resulting 
proteolytic products were identified by LC-MS/MS and further analyzed using the software UMSAP. (A) The 
numbers of individual HTRA1 cleavage sites, identified for the different Tau species, were plotted against the 
time of the degradation process. (B) For the last time point analyzed (120 min), the absolute numbers of identi-
fied cleavages were plotted against the amino acid residues of the Tau sequence.  

 

In addition to the number of individual cleavage sites, I compared the absolute num-

ber of cleavages for each amino acid residue detected after 120 min of degradation 

(Figure 12B). Again, the highest values can be observed for the Tau fibrils, followed 

by Tau-pg and Tau-ps, and native Tau with the lowest values. Despite the differ-

ences in the absolute numbers, all Tau variants show a similar distribution of the 

cleavages within the amino acid sequence. The vast majority of cuts are found al-

most exclusively in the C-terminal half of the sequence. However, the two hyper-

phosphorylated Tau species show slight variations in the cleavage patterns.  
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Overall, HTRA1 seems to degrade Tau fibrils much more efficiently under the used 

conditions than the other Tau species. While a comparable degradation efficiency 

can be observed for native and hyperphosphorylated Tau in the SDS-PAGE analy-

sis, MS data reveal some differences. Both hyperphosphorylated variants show a 

higher number of individual cleavage sites as well as higher absolute cleavage num-

bers compared to native Tau. Moreover, differences between Tau-ps and Tau-pg 

were observed, with more individual cleavage sites detected for Tau-pg. Thus, the 

conformation as well as the phosphorylation state of Tau has an impact on the pro-

teolysis by HTRA1.  

 

 

4.4 HTRA1 efficiently degrades Tau fibrils  

The results of the proteolysis assay revealed that HTRA1 can efficiently degrade 

Tau fibrils (4.3). Since amyloid fibrils are postulated to be rather protease-resistant, 

I wanted to gain a deeper mechanistic understanding of how HTRA1 can degrade 

fibrils. Therefore, I combined AFM with time-resolved or cross-linking MS to visual-

ize the degradation process and to uncover details of the interactions and sequential 

degradation of Tau fibrils by HTRA1.  

 

4.4.1 Visualization of the Tau fibril degradation process 

First, I wanted to visualize the degradation of Tau fibrils by HTRA to gain an initial 

understanding of the process. Therefore, I incubated Tau fibrils (2.5 µM) with 

HTRA1 (1 µM) under the conditions established for the proteolysis assay (4.3). At 

various time points, I removed aliquots from the proteolysis reaction and analyzed 

them by AFM. In parallel, samples of the same reaction were analyzed by 

SDS-PAGE to compare the morphology of the fibrils to the degradation state of the 

Tau molecules. In this way, I aimed to address the question of whether the degra-

dation starts successively from one end of the fibril or occurs simultaneously along 

the entire fibril length. The experiment was performed in quadruplicate and the num-

ber of Tau fibrils in the individual samples was calculated using the ridge detection 

tool of Fiji.  
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Figure 13: Visualization of the Tau fibril degradation by HTRA1 
Tau fibril morphology and degradation state of the Tau molecules during the degradation process by HTRA1. 
(A) Samples collected at indicated time points of the proteolysis were visualized using AFM. (B) The average 
number of fibrils, quantified using the ridge detection tool of Fiji, plotted against time (n=4). A decreasing number 
of fibrils can be observed over time until no more fibrils are visible after overnight (oN) incubation. (C) Samples 
of the identical degradation reaction analyzed by SDS-PAGE. (D) SDS-PAGE samples of HTRA1 incubated 
overnight in buffer containing 150 mM NaPi (pH 8.0) and 380 mM NaCl show the characteristic bands resulting 
from HTRA1 autoproteolysis (*).  

 

When Tau fibrils are incubated with HTRA1, the number of fibrils continuously de-

creases over time (Figure 13A and B). After incubation overnight, no more fibrils or 

remnants of fibrils are visible. Thus, HTRA1 seems to degrade Tau fibrils 
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completely, and the resulting proteolytic products are below the resolution limit 

(2 nm lateral and 0.1 nm vertical) of AFM. Accordingly, in the SDS-PAGE analysis, 

the protein band of the full-length Tau molecules, as well as bands of the resulting 

cleavage products are not detectable after overnight incubation (Figure 13C). The 

two bands with MWs of approximately 25 and 15 kDa visible after overnight incuba-

tion are likely fragments resulting from HTRA1 autoproteolysis since similar bands 

can be observed in HTRA1 control samples (Figure 13D). I suggest that HTRA1 

undergoes autoproteolysis when it is highly active and no or only low amounts of 

substrate are present. This is supported by the fact that the bands start appearing 

only after the full-length Tau band becomes undetectable.  

While the number of fibrils decreases over time, a significant reduction of the indi-

vidual fibril length was not observed (Figure 13A). A comparison of the AFM image 

and SDS-PAGE analysis of the 10 min time point shows many intact fibrils still pre-

sent in AFM scans, whereas almost no full-length Tau molecules can be detected 

by SDS-PAGE. These results suggest a simultaneous degradation of several Tau 

molecules by HTRA1 along the whole fibril. In a model where HTRA1 initially digests 

the fuzzy coat outside the fibril core, the fibrils visible in AFM scans would retain 

their full length, while in the SDS-PAGE analysis a degradation of Tau would be 

observed. Subsequent proteolytic events within the core region would destabilize 

the intermolecular Tau interactions and should result in dissociation of the fibril. A 

successive degradation starting from one end of the fibrils can very likely be ex-

cluded. Otherwise, a significant reduction of the average fibril length should be vis-

ible, and full-length Tau should be detectable as long as fibrils are visible.  

 

4.4.2 Spatial and temporal resolution of the degradation of Tau fibrils by 

HTRA1 

AFM analysis indicates that HTRA1 dissolves fibrils by simultaneously cleaving mul-

tiple Tau molecules within the filament. However, fibrils are characterized by strong 

intra- and intermolecular interactions, and it remains elusive how HTRA1 is able to 

degrade them. To gain molecular insights into the degradation mechanism, I com-

bined the proteolysis assay with time-resolved MS (3.3.12). I incubated HTRA1 

(2 µM) with Tau fibrils (10 µM) at a molar ratio of 1:5 and took samples at multiple 
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time points. Proteolytic products within the samples were isolated by acetone pre-

cipitation and subsequently analyzed by LC-MS/MS. The cleavage sites identified 

for the different time points were mapped to the Tau sequence to describe the deg-

radation process at high temporal and spatial resolution.  

 

 

Figure 14: Temporal and spatial resolution of HTRA1 cleavage sites within the sequence of fibrillar Tau 
Degradation of Tau fibrils by HTRA1 was analyzed using time-resolved MS to gain mechanistic insights into the 
proteolytic process. HTRA1 (2 µM) was incubated with Tau fibrils (10 µM) at a molar ratio of 1:5. Samples of the 
reaction were taken at indicated time points, and proteolytic products were identified and analyzed using 
LC-MS/MS and UMSAP software. The experiment was performed in quadruplicate. Detected HTRA1 cleavage 
sites (black lines) were mapped to the Tau sequence for the respective time points. Within the Tau sequence, 
the two N-terminal inserts (N) and four repeats (R) that form the MTBD are highlighted in different colors.  

 

Already, after a very brief incubation of the fibrils with HTRA1 for 15 s, 31 individual 

cleavage sites were detected within the Tau sequence (Figure 14). Six of these 

cleavages were within the MTBD. However, the majority of the cuts are located in 

the C-terminal region, indicating that HTRA1 preferentially binds and cleaves this 

part of the protein. The C-terminal Tau region also shows the highest density of 

cleavages at later time points. In contrast, no cleavage sites can be detected within 

the N-terminal half before the 5 min time point. After 5 min, only four individual cuts 

within this region were detected. Furthermore, the number of cuts did not signifi-

cantly increase during the 120-min-long proteolysis experiment, indicating that the 

N-terminal region of Tau molecules within the fibrils is mostly resistant to HTRA1 

degradation. The HTRA1 cleavage pattern looks similar at all analyzed time points 

but with an increasing density of the cuts. However, between the 5 min and 120 min 

time points, the number of cuts only slightly increases from 107 to 117. This 
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indicates efficient degradation of the Tau fibrils by HTRA1, with almost all individual 

cuts detectable within a few minutes.  

 

 

Figure 15: Evolution of HTRA1 cleavage sites within the core region of Tau fibrils 
Tau fibrils (10 µM) were degraded by HTRA1 (2 µM), and the evolution of the proteolytic events within the fibril 
core was analyzed using LC-MS/MS and the software UMSAP. Shown is the amino acid sequence of the mi-
crotubule-binding repeats (R1 in yellow, R2 in orange, R3 in red, R4 in purple) and a part of the flanking C-ter-
minal region (blue). Above the primary sequence, the β-sheet and loop regions of cryo-EM structures from AD 
Tau fibrils (PDB ID: 6HRE), or three different types of in vitro formed fibrils (PDB IDs: 6QJH (4R-s), 6QJM (4R-t), 
6QJP (4R-j)) are depicted. Numbers below the individual amino acids indicate the relative frequency of cuts 
(RFCs) at each time point. The increasing numbers of the RFCs are highlighted gradually from light to dark 
grey. No number indicates that no cleavage was detected. The experiment was performed in quadruplicates. 
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Tau fibrils consist of a highly ordered, β-sheet rich core and a disordered fuzzy coat 

(Figure 6). The fibril core is formed only by a small region of the Tau molecules. This 

region mainly comprises the MTBD and varies between the different filament folds. 

Flanking N- and C-terminal regions project away from the core and build the fuzzy 

coat. Since the core is responsible for the assembly and stability of the fibril, I inves-

tigated the evolution of the proteolytic events in this region using the software 

UMSAP. The obtained data yield quantitative information on the preferred cleavage 

sites of HTRA1 within the Tau amino acid sequence, as well as on the spatial pro-

gression of the proteolysis over time (Figure 15). Cleavage sites detected in the first 

three time points were mapped to an exemplary structure of in vitro formed fibrils for 

better spatial understanding (Figure 16). 

After 15 s of incubation, four HTRA1 cleavage sites (I308, V318, I360, and L376) 

can be detected, which originate from the degradation of the fibril core region into 

five peptides. Of these four cleavages, I308 and V318 are located within the part 

that is reported to form β-sheets within in vitro formed fibrils. At the following time 

point of 1 min, the number of different cleavages increases to 21. As a result, the 

entire core region is processed into 23 peptides consisting of 7 to 26 amino acid 

residues. The last measured time point of 120 min shows an even higher number of 

45 cleavages, generating 63 peptides. Comparing the relative frequency of the cuts 

within the core of in vitro formed fibrils, I308, I278, V287, and I277 show the highest 

relative frequencies, reaching 17, 11, 9, and 7 cuts, respectively, after 120 min. Of 

these cleavage sites, only I308, which shows the highest frequency of cuts, can be 

detected at the first measured time point. Therefore, the proteolysis of the fibril core 

likely starts at I308, followed by cuts at I278, V287, and I277. Subsequently, HTRA1 

presumably cleaves at less affine sites such as V318, C322, I297, C291, V309, 

K317, and T319, and thus efficiently degrade the fibril core.  
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Figure 16: HTRA1 cleavage sites mapped to a structure of in vitro formed Tau fibrils 
Degradation of Tau fibrils by HTRA1 was analyzed using LC-MS/MS and UMSAP software. HTRA1 cleavage 
sites identified after 15 s, 1 min, or 2 min of proteolysis were mapped to an exemplary structure of in vitro formed 
Tau fibrils (PDB ID: 6QJH). Different regions in the fibril structures are color-coded: repeat 1 in yellow, repeat 2 
in orange, and repeat 3 in red. The experiment was performed in quadruplicates.  

 

Taken together, all these data suggest that HTRA1 initiates the degradation of the 

fibrils at the C-termini of individual Tau molecules. The N-terminal half of Tau is 

mostly resistant to HTRA1, while the C-terminal half, including the fibril core, is 

cleaved with high efficiency. Under the conditions I tested, the fibril core is pro-

cessed into 23 individual peptides within 1 min, probably starting with cleavage at 

residue I308 followed by I278, V287, and I277. 

 

4.4.3 Initial interaction sites of HTRA1 and Tau fibrils 

In the next step, I used chemical cross-linking mass spectrometry (XL-MS) to iden-

tify and map potential interaction sites of HTRA1 and Tau fibrils. The experiments 

were performed in collaboration with Michal Strzala at the Research Institute of Mo-

lecular Pathology in Vienna. In order to prevent cleavage and subsequent dissolu-

tion of fibrils during the course of the cross-linking experiment, HTRA1S328A was 

used. This allows the identification of initial interactions between HTRA1 and Tau 

fibrils that take place just before the first cleavage occurs. For this purpose, 

HTRA1S328A (5 µM) and Tau fibril seeds (5 µM) were incubated for 15 min at 37 °C 

to allow binding. The cross-linking reaction was started by addition of the crosslinker 

PhoX and continued for 15 min at 37 °C until it was stopped by quenching with 

Tris-HCl. PhoX contains an N-hydroxysuccinimide (NHS) ester at each end of a 

4.3 Å spacer arm that rapidly and irreversibly reacts with primary amino groups, thus 

forming stable bonds between lysine residues in proteins. The cross-linked samples 

were prepared for mass spectroscopic analysis by performing a tryptic digestion of 
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proteins and purification of the obtained peptides. The resulting peptides were ana-

lyzed by LC-MS/MS, and data were processed using Proteome Discoverer and 

xiSearch. Data collection and analysis were performed by the Proteomics Facility at 

IMP/IMBA/GMI using the VBCF instrument pool. The identified intermolecular 

cross-links with high probability scores (>15) are schematically represented in a net-

work map (Figure 17A). Additionally, I visualized the position of the cross-linked 

lysine residues within a model of HTRA1 using PyMOL (Figure 17B). The model 

was created using a crystal structure of the HTRA1 protease domains (PDB ID: 

3NUM) and an NMR structure of the PDZ domain (PDB ID: 2JOA).  

In total, I observed two cross-linked lysine residues in HTRA1 (LHTRA1) and four 

cross-linked lysine residues in Tau (LTau) with probability scores >15 (Figure 17A). 

Within HTRA1, cross-links for L261HTRA1 and L305HTRA1 were identified (Figure 17B). 

L261HTRA1 is located in a loop of the protease domain that points in the opposite 

direction of the active site. So far, this region of HTRA1 has not been reported to 

interact with substrates. Since L261HTRA1 is highly surface-exposed, it is very likely 

that it forms non-specific contact with the fibrils due to its easy accessibility (Figure 

17B). This is supported by the fact that L261HTRA1 cross-links to L163Tau within the 

N-terminal half of Tau. The N-terminal half of Tau shows almost no HTRA1 cleavage 

sites in the proteolysis experiments (Figure 14B). Therefore, specific interactions of 

L261HTRA1 with the fibrils are rather unlikely.  
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Figure 17: Interactions of HTRA1 and Tau fibrils 
Cross-linking mass spectrometry identified potential interaction sites of HTRA1 and Tau fibrils. HTRA1 (5 µM) 
and Tau fibril seeds (5 µM) were cross-linked by the chemical cross-linker PhoX. Samples were analyzed by 
LC-MS/MS, and data were processed using Proteome Discoverer and xiSearch. (A) Identified intermolecular 
cross-links with high probability scores (>15) are schematically represented in a network map. Cross-linking 
sites (green) are labeled with the number of the amino acid residues. Active site (orange), loop L3 (red), and 
loop LD (magenta) of HTRA1 are color-coded. HTRA1 protease and PDZ domain are highlighted in light and 
dark blue, respectively. Tau is represented as described in Figure 14. (B) Visualization of cross-linking sites 
within an HTRA1 model containing protease domain (PDB ID: 3NUM) and PDZ domain (PDB ID: 2JOA). The 
model was generated using PyMOL. HTRA1 is shown in the surface representation from three different views. 
Colors correspond to the schematic representation in the network map.  

 

L305HTRA1 is located within loop L3 of the activation domain of HTRA1. Loop L3 has 

been reported to directly interact with substrates bound to the protease domain. 

Upon binding of a substrate, loop L3 interacts with loop LD of a neighboring 
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protomer, resulting in the stabilization of the active state of the protease (True-

bestein et al., 2011). My data shows cross-linking of L305HTRA1 to three different Tau 

lysine residues, one within repeat 4 (L353Tau) and two within the C-terminal region 

(L385Tau and L395Tau). Using PyMOL, I calculated a distance of 21�26 Å between 

L305HTRA1 and the active site of HTRA1, corresponding to the length of approxi-

mately 6 to 8 amino acid residues. Amino acids located 6 to 8 residues C-terminal 

from the cross-linked Tau lysines (amino acid 359�361, 391�393, and 401�403) 

should be in spatial proximity to the HTRA1 active site. Indeed, analysis of the pro-

teolysis experiments shows cleavage sites at I360, I392, and D402 with high relative 

frequencies of cuts of 14, 49, and 3, respectively, supporting this hypothesis (Figure 

15). These data suggest that loop L3 of HTRA1 interacts with Tau fibrils, probably 

leading to activation of the protease by completing the activation domain. Further-

more, HTRA1 seems to initially interact with the C-terminal region of Tau.  

 

 

4.5 N-terminal region of Tau is resistant to HTRA1 cleavage 

Proteolysis experiments with HTRA1 and Tau fibrils reveal efficient degradation of 

the C-terminal half of Tau, with only very few cleavages detected in the N-terminal 

half (Figure 14). Recently published cryo-EM structures of Tau fibrils show that the 

N-terminal half of the Tau molecules is not part of the tightly packed fibril core but 

of the disordered fuzzy coat, which is postulated to be accessible for proteolysis 

(Scheres et al., 2020; Scheres et al., 2023). Resistance of the N-terminal Tau region 

to HTRA1 cleavage could be caused by inaccessibility or a non-cleavable primary 

sequence. To address these possibilities, I generated two different Tau constructs 

(Figure 18A). In the construct referred to as TauCN, I exchanged the N-terminal Tau 

fragment consisting of residue 41�98 (N41�98) and the C-terminal fragment consist-

ing of residue 390�441 (C390�441). The selection of fragments was based on the 

identified HTRA1 cleavage sites within the wild-type Tau sequence (Figure 19C). In 

the N41�98 fragment, no cleavages were detected, while the C390�441 fragment 

showed the highest density of cleavages. Both fragments are located outside the 

protein region that forms the fibril core. The exchange should, therefore, not affect 
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fibrilization. In the TauCNC construct, fragments N41�98 and C390�441 were also ex-

changed. Additionally, residues 418�441 of the original Tau sequence were added 

to the C-terminus. Both Tau constructs were expressed in E. coli and subsequently 

purified following the same protocol as for wild-type Tau (4.1). Recombinant TauCN 

and TauCNC were assembled into fibrils and compared to wild-type Tau fibrils using 

AFM (3.3.5 and 3.3.9). All fibrils show the same characteristic morphology (Figure 

18B).  

 

 

Figure 18: Tau constructs with exchanged N- and C-terminal region 
Two Tau constructs with exchanged N- and C-terminal fragments were generated to address the resistance of 
the Tau N-terminal region to HTRA1 cleavage. (A) In the TauCN construct, the N-terminal Tau fragment consist-
ing of residue 41�98 (green) is exchanged with the C-terminal fragment consisting of residue 390�441 (blue). 
In the TauCNC construct, the same N- and C-terminal fragments are exchanged. Additionally, residues 418�441 
(blue with dashed lines) of the original Tau C-terminal region are added to the C terminus. The four repeats (R) 
that form the MTBD are highlighted in different colors. (B) AFM images of fibrils formed of Tau, TauCN, or TauCNC.  

 

I used the established proteolysis assay to test whether there are differences in the 

degradation of Tau, TauCN, and TauCNC fibrils by HTRA1 (3.3.11). Fibrils (2.5 µM) 

and HTRA1 (1 µM) were incubated at a molar ratio of 1:2.5. Samples were collected 
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at different time points and analyzed by SDS-PAGE to follow the time-dependent 

digestion (Figure 19A). All experiments were performed at least in duplicate, and 

the relative signal intensities of the full-length substrate bands were quantified using 

Phoretix 1D (Figure 19B). The results of the experiment show that HTRA1 can de-

grade fibrils consisting of TauCN and TauCNC. However, in both cases proteolysis is 

significantly slower than with wild-type Tau fibrils. While the full-length band of 

wild-type Tau completely disappeared after 60 min, bands of the mutated constructs 

are still visible after overnight incubation. In comparison with each other, there is no 

significant difference in the degradation of TauCN and TauCNC fibrils. Both fibril types 

show similar degradation processes, and approximately 7% of the full-length bands 

are still detectable at the end of the proteolysis assay. These results indicate that 

the exchange of the N- and C-terminal fragments within the Tau sequence impairs 

the degradation by HTRA1. The addition of the original C-terminal region seems to 

have neither positive nor negative effects on the degradation efficiency.  

Next, I wanted to address the question of whether the resistance of the N41�98 frag-

ment to HTRA1 cleavage is due to a low affinity to the primary amino acid sequence 

or to spatial inaccessibility. In the first case, fragments N41�98 and C390�441 should 

show the same degradation patterns in the constructs as in wild-type Tau. There 

should be no cleavages in fragment N41�98 and extremely dense cleavages in frag-

ment C390�441. In the second case, fragment N41�98 should show HTRA1 cleavage 

sites since the new position within the constructs should make it accessible for 

HTRA1. Fragment C390�441, which is located within the N-terminal half of the con-

structs, on the other hand, should no longer show cleavages.  
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Figure 19: Degradation of Tau, TauCN, and TauCNC fibrils by HTRA1 
The degradation of Tau, TauCN, or TauCNC fibrils by HTRA1 was investigated using a proteolysis assay. (A) 
HTRA1 (1 µM) was mixed with fibrils (2.5 µM) at a molar protease:substrate ratio of 1:2.5. Samples were taken 
at the indicated time points and analyzed by SDS PAGE. Fibrils of the two Tau constructs are degraded less 
efficiently by HTRA1. (B) Experiments were at least performed in duplicate. The relative signal intensities of the 
full-length substrate bands were quantified using Phoretix 1D and are plotted against time (oN = overnight). (C) 
HTRA1 cleavage sites (black lines) detected by LC-MS/MS after 120 min of proteolysis were mapped to the 
sequences of Tau, TauCN, and TauCNC, respectively. The four repeats (R) and the two fragments N41�98 and 
C390�441 are highlighted in different colors. 

 

Since SDS-PAGE analysis does not provide information about cleavage sites, I an-

alyzed the proteolysis products of TauCN and TauCNC fibrils by LC-MS/MS (Figure 

19C). The analysis shows that HTRA1 efficiently cleaves fragment C390�441 in both 

constructs. Apart from this fragment, the N-terminal half shows almost no cuts, sim-

ilar to wild-type Tau fibrils. This result demonstrates that the N-terminal Tau region 

is generally spatially accessible for HTRA1 cleavage. Moreover, a degradation 

mechanism where the Tau molecules are continuously degraded starting from the 
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C-terminus can be excluded. Analysis of the cleavage pattern within fragment  

N41�98 supports these assumptions. Within both TauCN and TauCNC, this fragment is 

not efficiently degraded by HTRA1 despite its C-terminal localization. Cleavage of 

the MTBD, which forms the fibril core, is not affected by the exchange of the frag-

ments. Both Tau constructs show similar cleavage patterns to wild-type Tau in this 

protein region. Overall, the resistance of the N-terminal Tau region to HTRA1 cleav-

age seems not to be mediated by the localization within the molecule but rather by 

low affinity of HTRA1 to the amino acid sequence. However, it has to be mentioned 

that the cleavage patterns in the two fragments are not completely unaffected by the 

exchanged localizations. Compared to wild-type Tau, the C-terminal fragment 

shows a lower density of cuts. In the N-terminal fragment, which is not cleaved in 

the wild-type, a few cleavage sites can be detected within the constructs.  

 

 

4.6 Activation of HTRA1 by pathological Tau species 

XL-MS studies indicate that HTRA1 interacts with Tau fibrils via loop L3 of the pro-

tease domain (Figure 17). Previous studies have demonstrated that the binding of 

substrates to loop L3 induces conformational changes in the activation domain that 

result in the activation of HTRA1 (Truebestein et al., 2011). Therefore, I wanted to 

address the question of whether the presence of Tau fibrils leads to increased en-

zymatic activity of HTRA1. Next to the Tau fibrils, I also tested the effect of native 

and hyperphosphorylated Tau on HTRA1 activity since proteolysis assays showed 

differences in the degradation of the Tau species (4.3).  

For the quantification of the proteolytic activity of HTRA1, I used a synthetic HTRA1 

substrate consisting of para-nitroaniline (pNA) coupled to the C-terminus of the pep-

tide VFNTLPMMGKASPV. This pNA-coupled peptide is a low-affinity HTRA1 sub-

strate that shows no activating effect on HTRA1 in controls. HTRA1 activity is basal 

in the presence of pNA-VFNTLPMMGKASPV, thus activating effects of other lig-

ands, such as the different Tau species, can be observed. The cleavage of the pNA 

substrate by HTRA1 in the presence of the different Tau species was continuously 

monitored measuring the absorption at 405 nm for 2 h. Specific enzymatic activities 
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of HTRA1 in the absence or presence of the different Tau species were calculated 

from at least three independent measurements. The addition of Tau fibrils causes 

an up to 3-fold activation of HTRA1 (Figure 20). In contrast, no significant activating 

effect on HTRA1 can be observed for the native Tau under the tested conditions. In 

the presence of the two hyperphosphorylated Tau variants, Tau-ps and Tau-pg, only 

a slight HTRA1 activation can be detected. The activating effects of the different Tau 

species thus correspond to the tendencies observed in the proteolysis assays. In 

these assays, the highest degradation efficiency was recorded for Tau fibrils. Hy-

perphosphorylated and native Tau showed only minor differences, with the degra-

dation efficiency for hyperphosphorylated Tau being slightly higher (Figure 11 and 

Figure 12).  

 

 

Figure 20: Activation of HTRA1 by Tau fibrils 
The specific activity of HTRA1 in the presence of native (red), hyperphosphorylated (Tau-ps in green, Tau-pg 
in purple), and fibrillar (blue) Tau was determined using a synthetic substrate consisting of pNA coupled to the 
peptide VFNTLPMMGKASPV. HTRA1 (1 µM) was mixed with the pNA substrate (500 µM) and with different 
concentrations of the Tau species, respectively. Degradation of the pNA substrate was continuously monitored, 
measuring the absorption at 405 nm for 2 h and used to calculate the specific enzyme activity. The experiments 
were performed in triplicates.  

 

I hypothesize that differences in degradation might be related to the activating ef-

fects of the Tau species on HTRA1. Accordingly, Tau fibrils show the strongest ac-

tivating effect of the different Tau species on HTRA1 and are thus degraded with 

the highest efficiency. If different activating effects of the Tau species would be neg-

ligible because HTRA1 is already highly active, similar degradation efficiencies 

should be observed for all Tau species. To address this hypothesis, I analyzed and 
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compared the degradation of native and fibrillar Tau by activated HTRA1. For 

HTRA1 activation, I used a buffer containing high phosphate (150 mM NaPi) and 

high salt (380 mM NaCl) concentrations instead of the standard proteolysis buffer 

containing HEPES (100 mM) and a lower salt concentration (100 mM). An indicator 

of increased HTRA1 activity in the activating buffer is the degree of HTRA1 auto-

proteolysis in the control samples. While HTRA1 is stable in standard proteolysis 

buffer overnight, it is almost completely degraded in activating buffer (Figure 21A).  

 

 

Figure 21: Degradation of native and fibrillar Tau by HTRA1 under activating conditions  
A proteolysis assay was used to investigate the degradation of native and fibrillar Tau by HTRA1 under activat-
ing conditions. (A) HTRA1 (1 µM) was incubated with native or fibrillar Tau (2.5 µM) at a molar ratio of 1:2.5 in 
standard buffer (100 mM HEPES, 100 mM NaCl, pH 7.5 at 37 °C) or activating buffer (150 mM NaPi, 380 mM 
NaCl, pH 8.0 at 37 °C). Samples of the degradation process were taken at the indicated time points and ana-
lyzed by SDS-PAGE. Activated HTRA1 degrades both Tau species with the same efficiency. (B) Experiments 
were at least performed in duplicate. The relative signal intensities of the full-length substrate bands were quan-
tified using Phoretix 1D and are plotted against time (oN = overnight).  
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The proteolysis assay was performed by incubating HTRA1 (1 µM) with native or 

fibrillar Tau (2.5 µM) at a molar ratio of 1:2.5. Comparing the degradation of the Tau 

species by HTRA1 in the activating buffer, no significant differences are visible an-

ymore (Figure 21). Furthermore, both native and fibrillar Tau are degraded with sim-

ilar efficiencies under activating conditions as the fibrillar Tau in standard buffer. 

These results indicate that the degradation of different Tau species depends on the 

activation state of HTRA1. In the presence of the fibrils, HTRA1 already shows high 

activity, so usage of an activating buffer has no additional effect.  

 

 

4.7 HTRA1 reduces amyloid-β plaque load in cerebral organoids 

Assembly and deposition of Tau fibrils are hallmarks of several neurodegenerative 

diseases collectively referred to as tauopathies. The most prominent tauopathy is 

Alzheimer�s disease (AD). In addition to Tau fibrils, AD is associated with abnormal 

aggregation and accumulation of the amyloid-β peptide (Aβ) in plaques. HTRA1 was 

found to be among the most enriched proteins in Aβ plaques, where it is suggested 

to reduce the deposition (Drummond et al., 2022). In collaboration with the depart-

ment Biochemistry II � Molecular Biochemistry from the Ruhr-Universität Bochum, 

we addressed the question of whether HTRA1 can degrade aggregated Aβ that is 

deposited in plaques. We used cerebral organoids containing deposited Aβ remi-

niscent of Aβ plaques as a state-of-the-art model for neurodegenerative diseases. 

Cerebral organoids are three-dimensional tissue cultures derived from human in-

duced pluripotent stem cells (hiPSCs) that resemble the human brain. The organ-

oids containing Aβ deposits were treated with HTRA1 labeled with DyLight 633 for 

1 or 6 days. Since different studies demonstrate the spontaneous uptake of HTRA1 

in cells (Muratoglu et al., 2013; Poepsel et al., 2015), HTRA1 was added to the 

organoid medium. After the treatment, organoids were fixed and processed for flu-

orescence-based imaging. All experiments were performed by Lucia Gallego Vil-

larejo at the Ruhr-Universität Bochum. Data were obtained from five biological rep-

licates for each condition. The quantification of the Aβ plaque load was performed 

by Dr. Nina Schulze at the Imaging Center Campus Essen using the software Cell-

Profiler.  
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Figure 22: HTRA1 reduces Aβ deposits in cerebral organoids 
Cerebral organoids containing Aβ deposits were treated with HTRA1. (A) HTRA1 labeled with DyLight 633 was 
added to the medium 1 or 6 days before the organoids were fixed, processed, and analyzed by fluores-
cence-based imaging. Data were obtained from five biological replicates. The percentage of the organoid cov-
ered with Aβ was quantified using CellProfiler and compared between untreated (grey) and HTRA1-treated 
organoids (red). (B) Representative images of the cerebral organoids untreated or treated with HTRA1. The 
images were processed with Fiji and show the fluorescence of HTRA1 labeled with DyLIght 633 (red) and Aβ 
labeled with immunostaining (green). The DNA was stained with DAPI and the scale bar represents 200 µM.  

 

In the control samples not treated with HTRA1, the green-labeled Aβ depositions 

within the organoids are clearly visible (Figure 22B). Images of the organoids treated 

for 1 or 6 days with HTRA1 show fewer of these deposits at first glance. The red 

signal of the labeled HTRA1 is clearly visible and covers the entire area of the or-

ganoid. These results demonstrate that HTRA1 was spontaneously taken up by the 

cells, already after 1 day. Since cells located inside the organoids also show the red 

HTRA1 signal, it seems that HTRA1 can penetrate the tissue. Statistical analysis of 

the different organoid samples confirms that the HTRA1 treatment reduced the Aβ 

plaque load (Figure 22A). After 1-day of treatment, depositions are reduced by more 

than half. Comparison between 1-day and 6-day treatment shows no significant 
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differences. Possible reasons are the loss of HTRA1 activity over time or the re-

sistance of remaining Aβ deposits to HTRA1 degradation. 



Discussion 

74 
 

5. Discussion 

HTRA1 is a highly conserved serine protease involved in PQC that is ubiquitously 

expressed in the human body. Its function is ATP-independent, and due to its char-

acteristic homotrimeric structure containing protease and PDZ domains, it can com-

bine antagonistic protease and chaperone functions. The proteolytic activity can be 

reversibly switched on and off, allowing HTRA1 to respond to protein folding stress 

in a rapid and finely tuned manner (Clausen et al., 2011; Truebestein et al., 2011; 

Poepsel et al., 2015). All these features make HTRA1 a remarkable factor in the 

PQC system. Previous studies have identified both native Tau and Tau fibrils, which 

are a hallmark of several neurodegenerative diseases, as HTRA1 substrates 

(Tennstaedt et al., 2012). In the experimental work presented herein, I demonstrate 

that HTRA1 as PQC protease distinguishes between native and pathological Tau 

species and specifically targets and degrades fibrillar Tau. Moreover, I revealed de-

tailed mechanistic insights into the mechanism HTRA1 utilizes to degrade fibrils. 

 

 

5.1 HTRA1 distinguishes between different Tau species 

HTRA1 is one of the few identified proteases capable of degrading tightly packed 

amyloid fibrils. Several studies demonstrate that Tau fibrils are an HTRA1 substrate. 

In addition, it has also been shown that HTRA1 degrades native Tau (Tennstaedt et 

al., 2012; Poepsel et al., 2015). As protease of the PQC system, HTRA1 is known 

to degrade un- or misfolded proteins (Clausen et al., 2011). Natively folded proteins 

should not be degraded as long as they are required for cellular function since this 

would compromise proteostasis and, thus, cell viability. Therefore, I wanted to ad-

dress the question of whether HTRA1 distinguishes between native and pathologi-

cal Tau species. This question is of particular relevance given the shared cellular 

localization of HTRA1 and Tau to microtubules (Tennstaedt et al., 2012).  
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For this purpose, I isolated and purified recombinant Tau in sufficient quantity and 

purity to serve as native Tau species in the experiments. MT co-sedimentation as-

says verified that the recombinant protein expressed in E. coli exhibits the physio-

logical properties of Tau. It binds and stabilizes MTs in the assay (4.2.1). Like Tau, 

HTRA1 is also reported to associate with MTs and to promote their assembly (Chien 

et al., 2009b). Moreover, Tennstaedt et al. (2012) showed a cellular co-localization 

of Tau, HTRA1, and MTs in fluorescence-based microscopy experiments. Testing 

all three proteins in the co-sedimentation assays, I confirmed that HTRA1 binds to 

MTs individually and simultaneously with Tau. Furthermore, I demonstrated that 

HTRA1 binding has neither positive nor negative effects on the binding of Tau to 

MTs and vice versa. Thus, HTRA1 and Tau do not compete for binding sites on 

MTs. The postulated stabilizing effect of HTRA1 on MTs was also verified since 

HTRA1 binding increases the MT-to-tubulin ratio. Surprisingly, combining Tau and 

HTRA1 resulted in an almost complete assembly of the tubulin into MTs (4.2.1). 

Extending previous studies, I report that Tau and HTRA1 show additive effects in 

promoting MT assembly.  

Under pathological conditions, native Tau can be hyperphosphorylated, followed by 

its assembly into amyloid fibrils (Jeganathan et al., 2008). Therefore, I generated 

hyperphosphorylated and fibrillar Tau to serve as pathological Tau species in the 

experiments (4.1). The in vitro formed fibrils show the characteristic morphology of 

amyloids in AFM scans (4.1.2). Tau sequentially phosphorylated by PKA and 

GSK3β (Tau-pg) or by PKA and SAPK4 (Tau-ps) contains approximately 40 individ-

ual phosphorylation sites each. This corresponds to the degree of phosphorylation 

observed in pathological Tau species of AD brains with approximately 45 different 

phosphorylation sites (Noble et al., 2013). Both Tau-pg and Tau-ps also show phos-

phorylation at sites recognized by phosphorylation-dependent antibodies that detect 

AD-specific Tau species, such as AT8, AT100, and PHF1 (4.1.1). In line with previ-

ous reports (Biernat et al., 1993), hyperphosphorylation resulted in the loss of Tau 

function. Neither Tau-pg nor Tau-ps binds and stabilizes MTs (4.2.2). Thus, in vitro 

generated hyperphosphorylated and fibrillar Tau show characteristics similar to dis-

ease-relevant Tau species.  

Recombinant native, hyperphosphorylated, and fibrillar Tau were then analyzed in 

proteolysis and activation assays to determine whether HTRA1 distinguishes 
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between physiological and pathological Tau species. To ensure comparable results, 

a buffer solution containing 100 mM HEPES and 100 mM NaCl was used in all as-

says. In this buffer, HTRA1 shows only basal activity and thus activating effects of 

the substrates can be observed. Indeed, I could detect significant differences in the 

degradation efficiencies and the activating effects of the different Tau species. Tau 

fibrils, which are the defining feature of tauopathies, are degraded more than 20-fold 

faster by HTRA1 than the other Tau species (4.3). Tau fibrils are completely de-

graded after overnight incubation, with neither full-length protein nor proteolysis 

products detectable in SDS-PAGE analysis. In contrast, native and hyperphosphor-

ylated Tau show similar, incomplete digestion by HTRA1 under the same conditions. 

Interestingly, results of the activation assays show the same tendency. In the acti-

vation assays, the degradation of a low-affinity substrate that shows no activating 

effects on HTRA1 was continuously measured. Since HTRA1 activity is basal in the 

presence of this substrate, activating effects of the different Tau species could be 

detected. The stronger the activating effect, the faster the low-affinity synthetic sub-

strate is degraded by HTRA1. In the absence of various Tau species, the specific 

activity of HTRA1 for the synthetic substrate is 3.5 nmol/(mg x min) (4.6). Tau fibrils 

cause significant activation of HTRA1 (10 nmol/(min x mg)), while only minor acti-

vating effects (4�6 nmol/(min x mg)) are detected for the other Tau species. These 

results indicate that the differences in degradation of native and fibrillar Tau are 

caused by the activation state of HTRA1, which in turn correlates with the binding 

affinity of the respective substrate. Additional proteolysis assays where activated 

HTRA1 was used to degrade native and fibrillar Tau confirm this hypothesis. When 

HTRA1 is activated, both Tau species are degraded with comparable efficiencies 

(4.6). The fact that HTRA1 is activated by fibrillar but not native Tau points to con-

formation-specific recognition of substrates by HTRA1. It is already established that 

HTRA1 is activated by substrates and that both the active site and PDZ domain 

interact with substrates via the mechanism of β-augmentation (Figure 23A) (True-

bestein et al., 2011; Krojer et al., 2008a). The mechanism of β-augmentation in-

volves the addition of an antiparallel β-strand of the substrate to a β-sheet or 

β-strand of the binding site of the enzyme (Remaut and Waksman, 2006). This indi-

cates that the protease domain, as well as PDZ domain, serve as suitable docking 

sites that bind the β-sheet-rich Tau fibrils with high affinity. Consistent with my data 

and the model of activation by induced-fit substrate binding (Truebestein et al., 
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2011), binding of fibrils leads to activation of HTRA1, which in turn results in efficient 

degradation of fibrils. This effect is probably further enhanced by the resulting pro-

teolysis products that can serve as allosteric activators of HTRA1. Native Tau, on 

the other hand, is a hydrophilic, intrinsically unstructured protein with no β-sheets 

and thus low binding affinity for HTRA1, which prevents efficient degradation. This 

is further supported by a recent study demonstrating that, in the case of α-synuclein, 

HTRA1 also shows higher binding affinity to fibrils than to the monomeric protein 

(Chen et al., 2024). Interestingly, once HTRA1 is active, it degrades native Tau as 

efficiently as Tau fibrils (4.6). Analysis of the degradation processes shows no sig-

nificant differences in the number of cleavages and cleavage patterns of the two 

Tau species (4.3). Apparently, differences in the degradation efficiency of native and 

fibrillar Tau can be overcome by HTRA1 activation. 

Detailed comparison of the degradation of native and hyperphosphorylated Tau by 

HTRA1 reveals some differences, although these are not as significant as for Tau 

fibrils. Compared to native Tau, hyperphosphorylated Tau variants show slightly 

higher numbers of HTRA1 cleavages (4.3). Moreover, in their presence, a slight 

activation of HTRA1 is observed (4.6). Overall, phosphorylation of Tau affects the 

degradation efficiency by HTRA1 and also the binding affinity, and thus the activat-

ing effect on HTRA1 to a certain extent. A possible explanation could be conforma-

tional changes associated with hyperphosphorylation (Jeganathan et al., 2008). In-

terestingly, despite the different conformations, cleavage patterns generated by 

HTRA1 are similar for native and fibrillar Tau, whereas both hyperphosphorylated 

Tau variants show slightly different cleavage patterns. Thus, it seems that phos-

phorylation affects not only the degradation efficiency but also the specificity for dis-

tinct cleavage sites at the level of the primary sequence. Further studies are required 

to understand how phosphorylation affects Tau degradation by HTRA1.  

In addition to the studies of different activating effects of the Tau species, experi-

ments showed that different buffers also affect HTRA1 activity (4.6). While HTRA1 

shows only basal activity in buffer solution containing 100 mM HEPES (pH 7.5) and 

100 mM NaCl, it is highly active in buffer solution containing 150 NaPi (pH 8.0) and 

380 mM NaCl. Buffer conditions obviously can have a strong impact on HTRA1 ac-

tivity and, thus, on proteolysis. This likely reflects the impact of different cellular con-

ditions in vivo on HTRA1 activity. Under proteotoxic stress conditions, when HTRA1 
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as PQC protease is highly activated, low-affinity substrates are probably also tar-

geted. Thus, hazardous accumulation of proteins is prevented when, for example, 

chaperones that assist protein folding are overwhelmed.  

 

 

5.2 Mechanistic insights into the process of Tau fibril degradation 

by HTRA1 

The performed proteolysis experiments demonstrated that HTRA1 efficiently de-

grades Tau fibrils. A previous study reported that the proteolysis mechanism of 

HTRA1 for fibrils comprises not only hydrolysis of peptide bonds but also a disaggre-

gation function. This disaggregation function is supposed to destabilize the tight in-

teractions within the fibril to make individual molecules accessible for cleavage 

(Poepsel et al., 2015). Recently, a similar disaggregase activity of HTRA1 was also 

described for α-synuclein fibrils (Chen et al., 2024). However, the exact proteolytic 

mechanism by which HTRA1 can degrade amyloid fibrils generally characterized as 

protease-resistant remained elusive. Therefore, I aimed to gain new insights into 

this complex mechanism.  

Using cross-linking MS, I identified interactions of HTRA1 loop L3 with the MT-bind-

ing repeat 4 and the C-terminal region of Tau (4.4.3). The experiments were per-

formed with the catalytically inactive variant of HTRA1. Therefore, the observed in-

teractions should represent the initial interactions between Tau and HTRA1, which 

occur just before the first cleavage. Although the PDZ domain of HtrA proteases is 

known to mediate protein-protein interaction, in the cross-linking experiments, no 

contacts between Tau and HTRA1 PDZ domain were detected. However, this is not 

surprising, given that other studies report that the PDZ domain is dispensable for 

disaggregation of fibrils (Poepsel et al., 2015; Chen et al., 2024). The only identified 

interaction site within HTRA1 is loop L3 of the protease domain. Based on a crystal 

structure of HTRA1 bound to a peptide that acts as substrate analog, Truebestein 

et al. (2011) proposed that sensor loop L3 is rearranged upon direct interactions 

with substrates (Figure 23A). This rearrangement ultimately results in a disor-

der-to-order transition of the active site loops, bringing HTRA1 into the active 
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conformation. According to this model of induced-fit substrate binding, the identified 

contact site explains how the interaction with fibrils leads to HTRA1 activation. The 

fibril bound to the active site via β-augmentation directly interacts with loop L3 of the 

HTRA1 activation domain and thus stabilizes the active conformation of the prote-

ase.  

 

 

Figure 23: Interaction of substrates with HTRA1 loop L3 and active site 
HTRA1 is activated via substrate-induced remodeling. (A) Crystal structure of HTRA1 (PDB ID: 3NZI) (light blue) 
in complex with a peptide (dark blue) covalently bound to the active site serine (S328, red). The peptide acting 
as a substrate analog interacts with loop L3 (green), thus stabilizing the active conformation of HTRA1. Binding 
of the peptide to the active site is mediated via β-augmentation. (B) Excerpts of the Tau sequence showing the 
HTRA1 loop L3 interaction sites (green) identified by XL-MS and HTRA1 cleavage sites (red) detected in prote-
olysis experiments.  

 

The calculated distance between HTRA1 loop L3 and the active site corresponds to 

the length of a peptide comprising 6 to 8 amino acids. If a Tau molecule interacts 

simultaneously with loop L3 and the active site, it should be cleaved at a distance 

of 6 to 8 residues from the loop L3 interaction site. Indeed, HTRA1 cleavage sites 

detected in proteolysis experiments are located 7 amino acids C-terminal from loop 

L3-Tau interaction sites that were identified in XL-MS experiments (4.4.2 and 4.4.3) 

(Figure 23B). These findings further support the reliability of the identified interac-

tions. All Tau interaction sites are in close proximity to each other and are located 

within repeat 4 and the flanking C-terminal region, the same area that shows a high 

density of HTRA1 cleavages in early time points of the proteolytic process. There-

fore, it is very likely that HTRA1 degradation of the fibrils starts in this region of the 

A B 
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Tau molecules. AFM experiments strongly suggest a simultaneous degradation of 

several Tau molecules by HTRA1 along the whole fibril (4.4.1). This mechanism is 

further supported by negative-stain electron micrographs published by Poepsel et 

al. (2015) that show HTRA1 accumulation along a Tau fibril.  

Initially, the fibril core was defined as the protease-resistant part of the fibril (Wischik 

et al., 1988; Novak et al., 1993; von Bergen et al., 2006). The core region is respon-

sible for fibril assembly and is characterized by strong inter- and intramolecular in-

teractions (Scheres et al., 2020). Temporal and spatial analysis of proteolysis of the 

fibril core by HTRA1 revealed complete degradation into small peptides within a 

minute (4.4.2). Within the first minute of the proteolytic process, 21 HTRA1 cleavage 

sites can be detected that degrade the 106 amino acids large core region into 23 

peptides containing 7 to 26 residues. Comparing the relative frequency of the cuts 

within the core region of in vitro formed fibrils (PDB IDs: 6QJH, 6QJM, and 6QJP), 

I308, I278, V287, and I277 were identified as the cleavage sites with the highest 

affinity. All of these cleavage sites are located in regions that form β-sheets, sup-

porting the preferential binding of HTRA1 to β-sheets by the mechanism of β-aug-

mentation discussed in section 5.1. 

In contrast to the fibril core region, the N-terminal half of Tau molecules that are part 

of the flexible, unstructured fuzzy coat is mainly resistant to HTRA1 cleavage (4.4.2). 

Analysis of the degradation of Tau constructs with exchanged N- and C-terminal 

regions (TauCN and TauCNC) indicates that the resistance is mediated by a low affinity 

of HTRA1 to the N-terminal amino acid sequence (4.5). Next to the discussed con-

formation-specificity of HTRA1 (5.1), these results indicate that further specificity 

exists at the level of the primary sequence. Analysis of the MS data of the fibril 

digestion by HTRA1 shows a preference for the hydrophobic residues leucine, va-

line, and isoleucine at the P1 position (Appendix B, Figure 25), consistent with pre-

vious reports (Truebestein et al., 2011; Chen et al., 2018). However, the primary 

sequence of the N-terminal region also contains several leucine, valine, and isoleu-

cine residues. Thus, it is likely that another mechanism mediates the low affinity of 

HTRA1 to the N-terminal Tau region, which still needs to be investigated in more 

detail.  
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Taken together, I suggest that the proteolytic process is initiated by simultaneous 

binding of multiple HTRA1 molecules to the C-terminal regions of Tau molecules 

along the entire length of the fibril. Initial binding interactions mediated by the mech-

anism of β-sheet augmentation result in activation of HTRA1. After degradation of 

the fuzzy coat, binding interactions of the HTRA1 protease domain within the fibril 

core result in disintegration of the tightly packed region, making it accessible to pro-

teolysis. Subsequently, HTRA1 efficiently degrades the Tau fibril core into multiple 

peptides of approximately 7 to 26 amino acid residues. Next to HTRA1, other cellular 

machinery consisting of proteases and chaperones have also been reported to tar-

get large Tau fibrils. Recent studies associate the resulting products or byproducts 

with enhanced aggregate seeding or cytotoxic effects. For example, it has been 

shown that the 26S proteasome holoenzyme fragments Tau fibrils into small aggre-

gates that are more toxic to cells than the original fibrils (Cliffe et al., 2019). Further-

more, disaggregation of Tau fibrils by the heat shock 70 kDa protein (Hsp70) ma-

chinery or the hexameric ATPase valosin-containing protein (VCP) was demon-

strated to produce seeding-competent Tau species that accelerate Tau aggregation 

(Nachman et al., 2020; Saha et al., 2023). So far, it cannot be excluded that the 

proteolytic products of Tau fibril degradation by HTRA1 are seeding-competent or 

possess cytotoxic effects. Considering that HTRA1 combines disaggregation of the 

fibril core and its proteolysis into small peptides, eliminating the need to release the 

substrate between these two steps, this possibility seems rather unlikely. Neverthe-

less, the effects of the proteolytic products on cell viability and Tau aggregation 

should be investigated in detail.  

 

 

5.3 Model of HTRA1-Tau interactions under physiological and 

pathological conditions 

A major challenge in PQC is the rapid and efficient removal of misfolded and dam-

aged proteins before they accumulate and impair cellular functions. At the same 

time, uncontrolled degradation must be prevented, as maintaining a functional set 

of proteins is also crucial for cell viability. Based on the biochemical data discussed 
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in sections 5.1 and 5.2, I propose a model of HTRA1-Tau interactions to illustrate 

the implications of HTRA1 on the different life stages of Tau under physiological and 

pathological conditions (Figure 24). It should be noted that the interactions in this 

preliminary model are simplified, and further investigation is required for a compre-

hensive understanding.  

 

 

Figure 24: Model of HTRA1 implications in Tau pathology 
Based on experimental data, a model of HTRA1-Tau interaction under physiological and pathological conditions 
is proposed. (A) Under physiological conditions, Tau and HTRA1 co-localize to MTs and native Tau is not de-
graded by HTRA1. (B) Pathological conditions can result in hyperphosphorylation of Tau, which is associated 
with impaired MT binding and subsequent aggregation into fibrils. HTRA1 recognizes and binds Tau fibrils and 
is thereby activated. Activated HTRA1 efficiently degrades fibrils as well as hyperphosphorylated Tau species. 
Thus, HTRA1 prevents further Tau aggregation and counteracts the accumulation of Tau fibrils.  

 

Under physiological conditions, Tau and HTRA1 co-localize to MTs (Figure 24A). 

Despite their spatial proximity, HTRA1 does not degrade the MT-bound Tau. The 

A 

B 
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MTBD of Tau binds along the MT filament and is thus protected from proteolysis, 

while the N-terminal projection domain that protrudes from the filament surface is 

resistant to HTRA1 cleavage. The resistance is probably mediated by a low affinity 

of HTRA1 to the amino acid sequence of the N-terminal Tau region. Soluble Tau, 

not bound to MTs, is a low-affinity substrate of HTRA1. Although natively unfolded, 

soluble Tau is not degraded as long as HTRA1 is in an inactive state or is engaged 

by other substrates with higher affinities. Tau levels and functions are thus main-

tained under physiological conditions. 

Pathological conditions can result in increased phosphorylation of Tau (Figure 24B). 

This hyperphosphorylation is associated with impaired MT-binding and conforma-

tional changes that promote Tau assembly. Consequently, hyperphosphorylated 

Tau accumulates in the cytosol and aggregates into oligomers and, finally, amyloid 

fibrils. Through the mechanism of conformation-specific recognition, HTRA1 senses 

and binds the β-sheet-rich Tau fibrils. This interaction results in activation of HTRA1. 

Multiple activated HTRA1 molecules are recruited and bind simultaneously along 

the entire fibril. By combining disaggregation and proteolysis, HTRA1 efficiently de-

grades fibrils into small peptides. These proteolytic products could in turn further 

activate HTRA1 molecules in an allosteric manner via the PDZ domain. Activated 

HTRA1 now also degrades hyperphosphorylated and native Tau molecules not 

bound to MTs. This way, further aggregation and accumulation of Tau fibrils is pre-

vented. Tau bound to MTs should not be degraded as HTRA1 binding sites are 

probably covered by the interactions with the MTs. Taken together, this model illus-

trates how HTRA1, as a factor of the PQC system, distinguishes native and patho-

logical Tau species and counteracts Tau fibril formation and accumulation. Moreo-

ver, it shows that the formation and deposition of amyloid fibrils are not irreversible 

processes and that cells have evolved efficient strategies for fibril processing and 

clearance.  
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5.4 Outlook 

The results presented in this study demonstrate that the PQC protease HTRA1 has 

evolved a mechanism to distinguish native and pathological Tau species and spe-

cifically targets and degrades fibrillar species, which are considered the final stage 

of pathological Tau assembly. Moreover, the temporal and spatial resolution of the 

degradation process by LC-MS/MS provides insights into the mechanism utilized by 

HTRA1 to proteolyze Tau fibrils, which are characterized by strong inter- and intra-

molecular interactions. Therefore, this study contributes to a deeper understanding 

of how HTRA1 counteracts Tau pathology and raises the question of whether 

HTRA1 also targets fibrils formed by other proteins.  

Preliminary results of this study show that HTRA1 can dissolve Aβ aggregates de-

posited in plaques (4.7). Together with previous studies on disaggregation or deg-

radation of Aβ and α-synuclein fibrils by HTRA1, these results indicate a general 

role of HTRA1 in counteracting amyloid-associated pathologies (Grau et al., 2005; 

Chen et al., 2024). However, further studies are needed to corroborate this assump-

tion and provide more details. As a first step, the established protocol for time-re-

solved MS could be used to address the degradation of Aβ and α-synuclein fibrils 

by HTRA1 at temporal and spatial resolution. Analysis and comparison of the deg-

radation of different fibril types could reveal further details of the proteolysis process 

and may lead to the identification of a general mechanism utilized by HTRA1.  

Furthermore, it was demonstrated that cerebral organoids are a suitable 

state-of-the-art model to study HTRA1 functions in the context of neuronal tissue 

(4.7). Organoids derived from hiPSCs of patients with, e.g., familial AD have been 

shown to develop Tau pathology spontaneously (Eichmüller and Knoblich, 2022). 

Such organoids offer cell-based platforms to investigate the interactions of HTRA1 

with pathological Tau species without limitations due to in vitro fibril formation or 

protein overexpression. Moreover, function and significance of HTRA1 for the cellu-

lar response to proteotoxic stress caused by accumulation of amyloids could be 

investigated. Relevant aspects that could be addressed include alteration of HTRA1 

levels in response to Tau pathology, effects of HTRA1 deletion or overexpression 

on disease pathogenesis and progression, and seeding competence or cytotoxic 

effects of proteolytic products from fibril degradation by HTRA1. Preliminary 
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experiments with cerebral organoids presented herein also demonstrated that 

HTRA1 was not only taken up by individual cells but also penetrated the neuronal 

tissue. Thus, cerebral organoids could be used to address the question of whether 

HTRA1 limits or even prevents the spreading of Tau pathology along neuronal net-

works. Overall, future studies on HTRA1 could contribute to a deeper understanding 

of the mechanisms cells have evolved to counteract protein aggregation and result-

ing diseases.  
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Appendix A:  

 

Table 15: Phosphorylation sites of Tau detected by LC-MS/MS 
Recombinant Tau (Tau) was phosphorylated by PKA (Tau-p) and subsequently by GSK3β (Tau-pg) or SAPK4 
(Tau-ps). Phosphorylation sites were identified by LC-MS-MS analysis.  

Amino Acid Site Tau Tau-p Tau-pg Tau-ps 

T 17   X X 
T 30  X X X 
S 46   X X 
T 50   X X 
T 69   X  
T 111    X 
S 113  X X  
T 153    X 
T 175   X X 
T 181   X X 
S 184    X 
S 191   X X 
S 195 X  X  
S 198   X  
S 199    X 
S 202   X X 
T 205   X X 
S 208  X X X 
S 210  X X  
T 212   X X 
S 214  X X X 
T 217   X X 
T 220    X 
T 231   X X 
S 235    X 
S 238    X 
S 241   X  
T 245  X X X 
S 258   X  
S 262  X X X 
S 285   X  
S 289  X X X 
S 305 X X X X 
S 316   X X 
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T 319  X X X 
S 324  X X X 
S 352  X X X 
S 356 X X X X 
T 361    X 
T 377  X X X 
T 386  X X X 
S 396 X X X X 
S 400  X X X 
T 403    X 
S 404   X X 
S 409  X X X 
S 412  X X  
S 413    X 
S 416  X   
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Appendix B:  

 

 

Figure 25: Relative amino acid distribution around HTRA1 cleavage sites within the Tau sequence 
Relative amino acid distribution at positions P1�5 and P1��5� within the Tau sequence detected after cleavage 
by HTRA1 for 120 min. Amino acids are color-coded according to their properties (positively charged (blue), 
negatively charged (red), polar (green), non-polar (grey), aromatic (magenta), and G and P in yellow). Amino 
acids that make up more than 10% within a certain position are labeled with the one-letter code for the amino 
acid and the respective percentage value.  
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Appendix C: Protein sequences 

 

TauCN 

  1 MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD AEIVYKSPVV  

 51 SGDTSPRHLS NVSSTGSIDM VDSPQLATLA DEVSASLAKQ GLEGTTAEEA 

101 GIGDTPSLED EAAGHVTQAR MVSKSKDGTG SDDKKAKGAD GKTKIATPRG 

151 AAPPGQKGQA NATRIPAKTP PAPKTPPSSG EPPKSGDRSG YSSPGSPGTP 

201 GSRSRTPSLP TPPTREPKKV AVVRTPPKSP SSAKSRLQTA PVPMPDLKNV 

251 KSKIGSTENL KHQPGGGKVQ IINKKLDLSN VQSKCGSKDN IKHVPGGGSV 

301 QIVYKPVDLS KVTSKCGSLG NIHHKPGGGQ VEVKSEKLDF KDRVQSKIGS 

351 LDNITHVPGG GNKKIETHKL TFRENAKAKT DHGAGLKESP LQTPTEDGSE 

401 EPGSETSDAK STPTAEDVTA PLVDEGAPGK QAAAQPHTEI P* 

 

TauCNC 

  1 MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD AEIVYKSPVV 

 51 SGDTSPRHLS NVSSTGSIDM VDSPQLATLA DEVSASLAKQ GLEGTTAEEA 

101 GIGDTPSLED EAAGHVTQAR MVSKSKDGTG SDDKKAKGAD GKTKIATPRG 

151 AAPPGQKGQA NATRIPAKTP PAPKTPPSSG EPPKSGDRSG YSSPGSPGTP 

201 GSRSRTPSLP TPPTREPKKV AVVRTPPKSP SSAKSRLQTA PVPMPDLKNV 

251 KSKIGSTENL KHQPGGGKVQ IINKKLDLSN VQSKCGSKDN IKHVPGGGSV 

301 QIVYKPVDLS KVTSKCGSLG NIHHKPGGGQ VEVKSEKLDF KDRVQSKIGS 

351 LDNITHVPGG GNKKIETHKL TFRENAKAKT DHGAGLKESP LQTPTEDGSE 

401 EPGSETSDAK STPTAEDVTA PLVDEGAPGK QAAAQPHTEI PDMVDSPQLA 

451 TLADEVSASL AKQGL* 
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