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Abstract 
Cells rely on an array of cellular machineries in the protein quality control system (PQC) to 

maintain the health of the collective proteome. The HtrA family of serine proteases are found 

in all kingdoms of life and function in the PQC by degrading damaged and aggregated proteins 

as well as by acting as molecular chaperones. The human mitochondrial serine protease HtrA2 

functions as a pro-apoptotic agent in addition to its protease function in the mitochondrial PQC 

where it targets a diverse set of proteins including presenilins, a-synuclein and amyloid-b42. 

Dysfunction of HtrA2 is associated to multiple diseases including Parkinson’s disease, 

Alzheimer’s disease, ischemic cerebral small-vessel disease, and multiple types of cancer. As 

such, HtrA2 is an important target of study and the structural details of the HtrA2 functional 

cycle remain incomplete to date.  

In this thesis, I have focused on detailing the allosteric activation of HtrA2 as well as 

characterizing the interaction between HtrA2 and its natural substrates XIAP and a-synuclein 

by using solution nuclear magnetic resonance (NMR) spectroscopy as my main method of 

choice. I showed that HtrA2 protease activity can be modulated by divalent cations binding to 

the HtrA2-PDZ domain, providing novel insight into the link between how metal 

dyshomeostasis can influence the PQC and subsequently lead to disease. I further detailed the 

allosteric activation pathway of HtrA2 and show for the first time that also the amino-terminal 

helix of HtrA2, harboring a motif critical for interaction with inhibitor of apoptosis (IAP) 

proteins, is affected by allosteric activation. My characterization of the interaction between 

HtrA2 and XIAP shows previously unreported weak interactions between XIAP and the 

HtrA2-PDZ domain and reveals that while mutations in the IAP-binding motif of HtrA2 

drastically diminishes the interaction with XIAP, it does not alter the proteolytic efficiency of 

HtrA2 towards XIAP but hampers the ability to stimulate the HtrA2 proteolytic activity by use 

of divalent cations. Further, I show that HtrA2 can degrade monomeric a-synuclein and Tau 

isoforms Tau-39 and Tau-40. In conclusion, my results provide novel insights into the 

structural details of the HtrA2 functional cycle in atomical resolution and widens our 

understanding of the role of HtrA2 in apoptotic cell regulation and in the progression of 

neurological disease. 
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Sammanfattning på svenska 
Celler är beroende av cellulära maskiner i proteinkvalitetskontrollsystemet för att säkerställa 

ett funktionellt proteom. Serinproteasfamiljen HtrA finns representerade i alla biologiska riken 

och ingår i det cellulära proteinkvalitetssystemet där de bryter ned skadade och aggregerade 

proteiner, samt att i vissa fall även agera som molekylära chaperoner. Det mänskliga 

mitokondriella serinproteaset HtrA2 har proapoptotiska egenskaper samt proteasfunktion i det 

mitokondriella proteinkvalitetskontrollsystemet, där det bryter ned flertalet olika proteiner 

inklusive preseniliner, a-synuklein och amyloid-b42. Mutationer hos HtrA2 är associerade 

med sjukdomar såsom Parkinsons sjukdom, Alzheimers sjukdom, hjärnischemi samt flera 

cancertyper. Därmed är HtrA2 ett intressant protein för forskning och den strukturella 

förståelsen för HtrA2s funktionscykel är inkomplett. I denna avhandling har jag fokuserat på 

att detaljera allosterisk aktivering hos HtrA2 samt att karaktärisera interaktionen mellan HtrA2 

och dess naturliga substrat XIAP och a-synuklein med kärnmagnetisk resonansspektroskopi 

(NMR) som min huvudsakliga metod. Jag visade att proteasaktiviteten hos HtrA2 kan regleras 

med tvåvärda katjoner som binder till HtrA2-PDZ-domänen, vilket ger nya insikter kring hur 

störningar i den cellulära metallhomeostasen kan påverka proteinkvalitetskontrollsystemet och 

leda till sjukdom. Vidare visade jag att den allosteriska aktiveringen av HtrA2 sker i flera steg 

och visar för första gången att den aminoterminala alfahelixen av HtrA2 som innehåller ett 

interaktionsmotiv för apoptosinhiberande proteiner (IAPs) såsom XIAP också är involverad i 

den allosteriska aktiveringen. Min karaktärisering av interaktionen mellan HtrA2 och XIAP 

visar ej tidigare rapporterade svaga interaktioner mellan XIAP och HtrA2-PDZ-domänen. Den 

visar också att även om mutationer i interaktionsmotivet för IAPs visserligen starkt påverkar 

interaktionen mellan XIAP och HtrA2 så förhindras inte klyvning av XIAP. Dock påverkas 

möjligheten att stimulera den proteolytiska aktiviteten hos HtrA2 med tvåvärda katjoner av 

sådana mutationer. Vidare visar jag att HtrA2 även kan klyva monomeriskt a-synuklein samt 

Tau-isoformena Tau-39 och Tau-40. Sammanfattningsvis ger mina resultat nya insikter kring 

de strukturella detaljerna i den funktionella cykeln av HtrA2 på atomnivå och vidgar vår 

förståelse för rollen av HtrA2 i apoptos och neurodegenerativa sjukdomar. 
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Scope of this thesis 
This thesis focuses on the human mitochondrial serine protease HtrA2 and the use of high-

resolution NMR techniques to gain an improved understanding of the function of this important 

protease in the onset and progression of neurological degenerative disease.  

 

This thesis includes of the following chapters: 

Chapter I: Introduction of the HtrA serine protease family and a detailed summary of existing 

research performed on the HtrA2 serine protease and the involvement of HtrA2 in human 

disease. 

Chapter II: Introduction to the methods used in this thesis. 

Chapter III: Summary of the main findings of each paper in this thesis. 

Chapter IV: A discussion of future perspectives in HtrA2 research. 

 

This thesis includes the following papers: 

Paper I (under revision) on the dynamical properties of mature HtrA2 and its individual PDZ 

domain upon allosteric activation. Further it is shown how HtrA2 activity can be up- and 

downregulated by different divalent metal ions. 

 

Paper II (manuscript) focuses on HtrA2 interaction with its natural substrate, XIAP, giving 

insight into HtrA2s role in the apoptosis pathway. The activation of HtrA2 by XIAP is probed 

by mutation of its IAP-binding motif.  

 

Paper III (manuscript) explores the ability of HtrA2 to degrade a-synuclein, Tau-39 and Tau-

40. 

 

Paper IV (published) reveals a a-synuclein:chaperone interaction motif and shows how this 

interaction is important in maintaining monomeric a-synuclein and preventing toxic a-

synuclein aggregation associated with Parkinson’s disease. 

 

Paper V (published) is a review article focusing on the role of molecular chaperones and the 

mitochondrial quality control system in keeping a-synuclein from forming the pathogenic 

aggregates associated with Parkinson’s disease.  
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Chapter I: HtrA proteases in protein quality control 

1.1 Introduction 
   The human genome contains approximately 20,000 protein-coding genes whose products 

make up our proteome 1. Our proteins are responsible for countless biological functions which 

are essential for proper cellular function. Therefore, the maintenance of the proteome is critical. 

Proteins need to adopt the correct three-dimensional fold to be able to carry out their biological 

function correctly, which is a highly complex event that often requires the help of other 

proteins. It is also important that protein turnover and the degradation of damaged proteins is 

properly regulated and maintained 2,3. Common neurodegenerative diseases such as 

Alzheimer’s disease and Parkinson’s disease are associated with neurotoxic accumulations of 

aggregated proteins 4–6. The mechanisms behind the formation of these proteinous aggregates 

remain not fully understood, but mounting evidence indicates that dysregulation of the protein 
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Figure 1. Overview of the mitochondrial protein quality control system. Within the mitochondrial matrix, the 

Lon (LONP) and matrix AAA (mAAA) proteases together with the Clp protease complex (CLPXP) target 

aggregated or misfolded proteins as well as proteins damaged by reactive oxygen species (ROS). In the 

intermembrane space (IMS), the intermembrane AAA (iAAA), mitochondrial inner membrane protease ATP23 

(Atp23) and High temperature requirement A2 (HtrA2) protease carry out the same functions. Cleaved peptides 

are transported out from the mitochondrion via ATP-binding cassette (ABC) transporters or are further processed 

by the Presequence protease (PITRM1) into amino acids. Figure adapted and modified from Quirós et al7.  

1.3 The HtrA family of proteases 

   HtrA (High Temperature Requirement A) proteases are a class of serine proteases found in 

all kingdoms of life 19. The name originates from the identification of the first HtrA protein in 

a genetic screen of E. coli null mutants, which revealed that lacking HtrA resulted in sensitivity 

to high temperatures, as well as an inability to clear misfolded periplasmic proteins 20–22. HtrA 

proteins belong to the S1C subfamily of serine proteases and are characterized by an amino-

terminal regulatory domain, a protease domain of trypsin-like structure, followed by either one 

or two carboxy-terminal PDZ domains, which serve as substrate recognition domains 23. The 

HtrA proteases are homo-oligomeric, ranging from trimers to 24–mers and work in an ATP-

independent fashion. HtrA proteins have important functions in the protein quality control by 

degrading misfolded proteins, and some family members have the additional role of acting as 

chaperones 24. 
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   In E. coli, three HtrA proteins are expressed: DegP, DegS and DegQ, which reside in the 

periplasm where they carry out PQC functions. DegP has both protease and chaperone 

functions, a feature which is likely mirrored by its close homolog, DegQ, while DegS is solely 

a regulatory protease 25–29. In humans, four HtrA proteases (HtrA1-4) are expressed. 

Structurally, HtrA1, 3 and 4 all contain insulin growth factor-binding protein 7 (IGFBP7) and 

Kazal-like elements, whereas HtrA2 distinguishes itself from the other human HtrAs by a lack 

of these elements. Further, while HtrA2 localizes to the IMS of the mitochondrion, the other 

human HtrAs are predominantly secreted into the extracellular matrix, with a small fraction 

being cytosolic 24,30,31. HtrA1 is a tumor suppressor and cleaves a vast array of proteins secreted 

into the extracellular matrix 32. HtrA3 shares substrates in the extracellular matrix with HtrA1 

and appears to be of particular importance during pregnancy 31,33–35, while HtrA2 is involved 

in apoptotic signaling and PQC 7,36. Knowledge of HtrA4 function is mainly derived from 

sequence similarities with the other human HtrA proteins, but it appears to share some of the 

functions of HtrA2, albeit lacking parts of the regulatory mechanisms that distinguishes HtrA2 

from the other human HtrA members 37. Dysfunction of the mammalian HtrAs is directly linked 

to numerous diseases, among them Alzheimer’s disease, Parkinson’s disease, cancers, arthritis, 

age-related macular degeneration and familial ischemic cerebral small-vessel disease 32,36,38–40. 

This thesis will focus on the mitochondrial serine protease HtrA2 and its function in PQC, 

apoptosis, and involvement in neurodegenerative disease. 

1.4 The HtrA2 protease 

   HtrA2 was first characterized in 2000 as a 498 residue protein with a molecular weight of 

circa 50 kDa 41,42. Originally HtrA2 was thought to be localized to the endoplasmic reticulum 

(ER) and Golgi apparatus, but it was soon established that HtrA2 has an amino-terminal 

transmembrane domain that integrates the protein into the inner mitochondrial membrane, with 

the carboxy-terminal part of the protein facing towards the IMS of the mitochondrion. The 

mature form of HtrA2 is formed when residues 1–133 are cleaved off by the PARL protease in 

a reaction which also requires that HtrA2 interacts with Hax-1 43,44. In its mature and soluble 

form HtrA2 mainly resides in the IMS as well as the cytosol 45,46. In the mature form, HtrA2 

as a monomer is a 35 kDa protein forming a functional unit as a homotrimer (Figure 2). The 

first crystal structure of catalytically inactive HtrA2S306A showed that the trimerization 

primarily relies on amino acids in the amino-terminus of the mature HtrA2, and that removal 

or mutation of these residues resulted in an inactive, monomeric species of HtrA2, highlighting 

the importance of trimerization for protease function 47. Recently it has also been shown that 
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HtrA2 can form hexamers via the PDZ domains, which are proteolytically active, but less 

efficient compared to the trimeric form of HtrA2 48. In 2017, the crystal structure of wild-type 

HtrA2 was published and it was shown that in comparison to the catalytically inactive form of 

HtrA2, the catalytic serine is buried deeper within the protease domain due to conformational 

changes of the regulatory loops, in particular involving the LD loop 49.  

 

 
Figure 2. Structure of human HtrA2. a) Schematic figure of the mature human HtrA2 (residues 134–458). The 

domain structure is shown as blue for the protease domain and green for the PDZ domain. The catalytic residues 

H198, D228 and S306 are indicated, as well as the regulatory loops LA, LD, L3, L1 and L2. b) Trimeric assembly 

of HtrA2 (PDB ID:5M3N) with catalytic residues shown in gold and domains shown using the same colors as in 

panel a. c) Isolated monomer of HtrA2 (PDB ID:5M3N) with the regulatory loops and catalytic residues indicated, 

with domains shown using the same colors as in panel a.  

1.5 Substrates of HtrA2 

   The most well-characterized function of HtrA2 relates to its ability to bind and proteolyze 

inhibitor of apoptosis proteins (IAPs). IAPs (as suggested by the name) prevent apoptosis by 

direct or indirect inhibition of caspases and are characterized by possessing one, two or three 

Baculovirus IAP Repeat (BIR) domains that are critical for their apoptosis-inhibiting functions 
50. Residues 134–137 (AVPS) which is the most amino-terminal part of mature form of HtrA2, 

is the IAP-binding motif of HtrA2 which is only exposed in the mature form 46. This motif is 

responsible for the ability of HtrA2 to interact with and proteolyze IAPs 46,51–54. HtrA2 can thus 

serve as a pro-apoptotic agent by degrading IAPs and allowing apoptotic signaling to occur. 

HtrA2 can bind and cleave several IAPs (XIAP, cIAP1, cIAP2, Apollon and Livin), but the 
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most well-characterized of these IAPs is XIAP (X-linked inhibitor of apoptosis) 54,55. XIAP is 

a multifunctional protein, which apart from acting as an inhibitor of apoptosis by inhibition of 

caspase-3, caspase-7 and caspase-9, also acts as a ubiquitin ligase 56–58. HtrA2 interacts via its 

IAP-binding motif primarily with the BIR2 domain, and to some extent also the BIR3 domain 

of XIAP 46,47,59–61. Apart from the IAPs, HtrA2 cleaves a multitude of other proteins such as 

Hax1, presenilin-1, presenilin-2, vimentin, RIP1, and peroxiredoxin-1 as well as is supposed 

to have the ability to specifically degrade aggregated a-synuclein and amyloid-b42 43,62–71.  

1.6 Regulation of HtrA2 

   Multiple ways of regulation of HtrA2 have been reported in the literature. Firstly, its activity 

is likely to be regulated by whether it is attached to the inner mitochondrial membrane, or if it 

has been processed into its mature form. For instance, the IAP-binding motif is blocked while 

HtrA2 is membrane-bound and its interaction with IAPs is not possible while tethered to the 

mitochondrial membrane 46. Furthermore, some spatial regulation is likely to take place. The 

IAPs that have been shown to be substrates of HtrA2 are primarily localized to the cytosol, 

indicating that the pro-apoptotic function of HtrA2 relies on a mature form of the protease to 

be released from the mitochondrion for this function to occur. 

   In similarity with other members of the HtrA family, the oligomeric status of HtrA2 

influences its activity. As a monomer, HtrA2 has no protease activity, formation of a homo-

oligomeric trimer is necessary for protease function 47. As mentioned above, it was recently 

showed that HtrA2 can hexamerize via its PDZ domains using the same conserved residues 

involved in trimer-hexamer transition in the DegP protease 48,72. The hexamerization propensity 

of HtrA2 increases with elevated protease and salt concentrations and it is postulated that these 

conditions are possible to achieve within the IMS, and that the hexamerization of HtrA2 would 

lead to a decreased proteolytic activity due to a restricted access of substrates to its PDZ domain 
48.  

   The PDZ domain plays an essential part of regulating protease activity due to its ability to 

bind substrates of HtrA2. The interaction between the PDZ domain and substrates is mediated 

via the YIGV motif in the b14 strand, which stacks towards the protease domain in the closed 

conformation of HtrA2 47. Upon substrate binding to the PDZ domain, domain separation 

between the PDZ domain and the protease domain allows substrate access to the catalytic cleft 
48,73. Substrate binding to the PDZ domain is the starting point of multiple conformational 

changes that prime the protease activity 48,74. Dynamical changes in the PDZ domain appear to 

play a crucial role in HtrA2 activation, as HtrA2 mutants lacking the PDZ domain show 
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increased rigidity and reduced protease activity 75. This possibly relates to the increased activity 

seen in HtrA2 at elevated temperatures 76,77. The dynamical nature of the PDZ domain is also 

important in the interprotomer crosstalk shown to occur upon allosteric activation. Binding of 

ligand to one protomer enhances the ability of the other protomers to bind ligands, so-called 

positive cooperativity 74. As a consequence of the altered PDZ dynamics, a substantial 

rearrangement of the regulatory loops occurs upon substrate binding, which further optimizes 

the substrate access to the catalytic site 49,60,73. In addition to the allosteric activation via the 

PDZ domain, a second site of allosteric regulation is the IAP-binding motif. XIAP binding to 

HtrA2 via the IAP motif has been shown to enhance its proteolytic activity 46,51,54,60,78.  

   HtrA2 is also regulated by phosphorylation and has two known phosphorylation sites: Ser142 

in the a1 helix of the protease domain, as well as Ser400 in the PDZ domain, and 

phosphorylation of these sites could be shown to increase HtrA2 proteolytic activity 79,80. The 

kinases responsible for this appear to be p38g and Cdk5, of which the former primarily seems 

to phosphorylate Ser142 and the latter primarily Ser400.  

1.7 HtrA2 in human disease 

   Many mitochondrial proteases have important functions in PQC and mitochondrial 

dysfunction is heavily linked to neurodegenerative diseases 7,8,81. As discussed briefly in 

section 1.3, the HtrA proteins are associated with several diseases in humans. HtrA2 has been 

implicated in cancer, arthritis, ischemic cerebral small-vessel disease, age-related macular 

degeneration and most notably to severe neurodegenerative diseases including Parkinson’s 

disease and Alzheimer’s disease 7,24,36,40,82. HtrA2 is capable of degrading oligomerized a-

synuclein, amyloid-b42 and presenilins, all of them proteins linked to Parkinson’s disease and 

Alzheimer’s disease 67–69. Thus, it is not surprising that loss-of-function mutations of HtrA2 

have been found to cause mitochondrial degeneration, neurodegeneration and early death in 

mouse models alongside the observation of mutated HtrA2 in patients with Parkinson’s disease 
66,83. Some of the mutations found in patients with Parkinson’s disease are just adjacent to the 

phosphorylation sites of HtrA2 84,85. Further, the p38g-mediated phosphorylation of HtrA2 at 

Ser142 was also revealed to be dependent on PINK1, a kinase in which mutations are associated 

with Parkinson’s disease 80,86. Thus, it appears that dysregulation of HtrA2 phosphorylation 

could downregulate the protease activity of HtrA2 and consequently this could play an integral 

part in the development of neurodegenerative diseases.  
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Chapter II: Methodology 
In this section, I will briefly discuss the main methods that have been used in this thesis. Precise 

details of the methods used are included in the respective methods sections of each research 

article.  

2.1 Gene cloning 

   Although the full-length genes of the proteins studied in this thesis work were purchased 

from GenScript in an E. coli codon optimized manner, several changes to these original 

plasmids were subsequently introduced. These changes include mutation of single amino acid 

residues, removal of domains within a protein or insertion of tags. Cloning of these new 

plasmids were done employing a restriction-free cloning protocol 87. This method enables the 

removal or insertion of larger fragments of the plasmid without the need to use restriction 

enzymes, and subsequently also eliminating the need to ligate the newly synthesized plasmid. 

In this method, a “megaprimer” is synthesized via standard PCR, which spans the desired 

region of the template plasmid in which the implementation or removal of DNA is desired to 

occur. The megaprimer is then used as the primer pair in a standard PCR reaction, and the final 

product is treated with the restriction enzyme DpnI. DpnI cleaves methylated DNA and will 

thus digest the template plasmid used in the PCR reaction, but not the newly synthesized 

plasmid. This method was used to isolate the HtrA2-PDZ domain, the individual BIR2, BIR3 

and BIR2+3 domains of XIAP, as well as to introduce an amino-terminal 6xHis-SUMO-tags 

for increased protein solubility and stability in Papers I and II 88.  

2.2 Protein expression 

   Protein expression was done using the E. coli BL21(lDE3) strain. Using E.coli for the 

expression of recombinant protein is efficient and quick, since E.coli have a fast growth rate, 

are easily and cheaply cultivated as well as the existence of a diversity of protocols for 

production of isotopically labeled proteins 89,90. The BL21(lDE3) strain uses the T7 lac system, 

where the T7 RNA polymerase gene is controlled by the lacUV5 promoter 91. Thus, expression 

of the T7 RNA polymerase can be induced with the synthetic allolactose analogue isopropyl 

β-D-1-thiogalactopyranoside (IPTG). For protein expression purposes, we use IPTG since it 

does not get metabolized in the cell, i.e., the concentration of IPTG remains constant and we 

achieve a continuously high protein expression. While non-labeled proteins were expressed in 

lysogeny broth (LB) medium, M9 minimal medium was used in the cases where isotope labeled 
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proteins were expressed, either H2O or D2O based, depending on protein molecular weight 

and/or type of isotopic labeling.  

2.3 Isotope labeling of proteins for NMR spectroscopy 

   Not all isotopes are NMR active. The most common naturally occurring isotope of hydrogen, 
1H is NMR active, and so is 2H, deuterium. For the other two main components of amino acids, 

carbon and nitrogen, the most common isotopes in nature are not the NMR active forms. To be 

able to use the experiments outlined in section 2.8, we must enrich the proteins with NMR 

active isotopes and prevent the expressed protein from too high incorporation of NMR inactive 

isotopes. This is done by supplementing the growth medium with 15N-NH4Cl for 15N labeling, 

and with 13C-glucose for 13C labeling 92. In addition, the growth medium may be prepared with 

deuterium for incorporation of the 2H isotope instead of the 1H isotope in the protein. As protein 

molecular weight increases over ~25 kDa, slower overall tumbling will cause increased 

relaxation rates, resulting in poor signal-to-noise and a low-resolution NMR spectrum. By 

deuterating the protein, dipolar interactions between heteronuclei and attached protons as well 

as 1H–1H interactions can be suppressed, leading to decreased relaxation rates and consequently 

an improved spectral quality 93. More advanced labeling schemes can also be employed, where 

the methyl groups of the six methyl-containing amino acids methionine, alanine, leucine, 

valine, isoleucine, and threonine can be specifically labeled 94–97. This type of labeling is done 

by exploiting knowledge of the amino acid synthesis pathways in E. coli and supplementing 

the growth medium with isotopically labeled precursors of these amino acids 90. As such, it is 

possible to individually label each of the previously mentioned amino acids, and even to select 

which methyl group to label in those amino acids with more than one methyl group (leucine 

and valine), either the pro-R or the pro-S methyl group 98. Methyl group labeling has enabled 

NMR studies of very large proteins and protein complexes, in part due to the reduced spectral 

crowding, but also due to the exceptional spectral quality rendered by these methyl groups 
99,100.   

2.4 Protein purification 

   Proteins were purified using ÄKTA systems (Cytiva) for fast liquid chromatography. 

Proteins were purified in multiple steps, starting with an immobilized metal affinity 

chromatography (IMAC) approach, where HisTrap columns containing Ni2+ are used. Our 

recombinant proteins were designed to contain either amino-terminal or carboxy-terminal 6x-

His tags, which interact with the Ni2+ ions of the HisTrap columns via the histidine imidazole 
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ring 101. Thus, the HisTrap purification step will enable quick separation of the recombinant 

protein from other proteins in the cell lysate. Bound protein is eluted by ligand exchange using 

high concentrations of imidazole (0.5 – 1 M). After the initial IMAC purification step, SUMO 

tags (if present) were cleaved off overnight using human SENP1 protease, followed by a second 

IMAC purification step to separate cleaved tag from the protein 102. Size exclusion 

chromatography (SEC) was used as the last purification step. Here, proteins will elute based 

on their size. Smaller proteins will migrate slower through the column due to getting trapped 

in the pores of the column beads. Larger proteins will instead by-pass the pores and thus elute 

earlier 103. SEC is thus useful to improve final purity of the protein, remove aggregated species 

as well as a mild approach to perform a final buffer exchange, in the cases where the protein is 

not compatible with other methods of buffer exchange 104.  

2.5 SEC-MALS 

   The SEC-MALS (size exclusion chromatography multi-angle light scattering) system 

combines the size exclusion chromatography technique and the light scattering properties of a 

protein to yield information on its molar mass and shape. As such, this system can be used for 

instance to gain information on the oligomeric status of proteins and to capture protein 

interactions 105. First, the protein is run over a size exclusion column, which serves to separate 

proteins based on their hydrodynamic volume. After the column, three detectors are connected 

which measure the absorbance, the light scattering (MALS), and the differential refractive 

index (dRI). The combined analysis of protein size and shape using both the size exclusion 

column coupled with the detectors enables a precise analysis of the molar mass and shape of 

proteins and protein complexes. In this thesis, SEC-MALS was used to analyze the 

dimerization propensity of the HtrA2-PDZ domain in response to divalent cations.  

2.6 BLI 

   Bio-layer interferometry (BLI) is a method used to characterize interactions and determine 

binding kinetics between biomolecules. In this thesis, BLI has been used to characterize which 

regions of HtrA2 and XIAP that are essential to facilitate protein: protein interaction. BLI is an 

optical method where binding between molecules is characterized through the analysis of light 

wave interference patterns. Biosensor tips are used to bind and immobilize protein (termed 

ligand). As molecules bind to the sensor and form a layer, the thickness of the layer (reflecting 

the number of molecules that bind to the sensor) can be measured as an light interference 

pattern 106. Immobilization of ligand to the biosensor can be done in various ways, here this 
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was done by biotinylating the ligand and using streptavidin-coated biosensors. The binding 

between streptavidin and biotin is very strong under physiological conditions (KD ~10-14 M), 

which makes the binding between the biosensor and the ligand essentially irreversible 107,108. 

Once the ligand is bound to the biosensor, the biosensors can be dipped into solutions with a 

variable concentration range of the potential interaction partner of the ligand protein (termed 

analyte). As binding occurs between ligand and analyte, the layer of molecules on the biosensor 

tip is thickened even further, causing a wavelength shift which can be used to calculate binding 

kinetics between ligand and analyte.  

2.7 Basics of NMR spectroscopy 

   Nuclear magnetic resonance (NMR) spectroscopy relies on an inherent property of magnetic 

nuclei called nuclear spin, or angular momentum. Nuclides possess different spin quantum 

numbers, I, which is mainly determined by the number of unpaired electrons, but which can 

often accurately be predicted by the number of protons and neutrons. For example, the 12C 

isotope has even numbers of both protons and neutrons (I = 0) and has a spin angular 

momentum (I) of zero and is as such NMR inactive. The 13C isotope however has an odd 

number of neutrons and an even number of protons and has a spin quantum number I = 1/2 and 

as such has spin angular momentum and is NMR active 109. The magnetic moment (µ) of a 

nucleus is connected to the spin angular momentum as well as the individual gyromagnetic 

ratio of the nuclide: 

 

𝜇𝜇 = 	𝛾𝛾 ∙ 𝑰𝑰 

 

   The foundation of NMR spectroscopy relies on the ability of the nuclei to occupy different 

energy levels based on the orientation of the nuclear magnetic moment within a magnetic field, 

as well as our ability to detect the difference between these energy states, DE. The difference 

between the energy levels depends on the nuclear magnetic moment and magnetic field 

strength. Exposing the nuclei to the exact right frequency of electromagnetic radiation, the 

Lamor frequency, stimulates the nuclei to transition between the different energy levels, that 

is, the resonance conditions are met. This phenomenon was originally discovered by Isidor 

Isaac Rabi in the 1930s, for which he was awarded the Nobel Prize in Physics in 1944. While 

Rabi discovered the phenomenon, the development of NMR spectroscopy in the fashion we 

use it today is the combined work of the research groups of Felix Bloch and Edward Mills 

Purcell in the 1940’s and 1950’s for which they were awarded the Nobel Prize in Physics in 
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1952 110. In modern day spectrometers for liquid state NMR spectroscopy, typically a sample 

of a few hundred microliters is placed in a thin glass tube and the sample tube is inserted into 

the magnet. Here, the sample is subjected to a strong, homogenous magnetic field, necessary 

to achieve the energy level splitting. Since the energy level differences are very small, it is 

necessary that this magnetic field is very strong. In general, nowadays field strengths between 

2.35 and 28.2 T are used, which correlate to a 1H frequency of 100–1200 MHz 111. All nuclei 

with a magnetic moment (often referred to as the bulk magnetic moment) will align to this 

strong magnetic field, B0. During the experiment, the sample is subjected to radiofrequency 

pulses which will move the bulk magnetization perpendicular to the B0 field into the transverse 

plane. Here, the bulk magnetization will rotate around the B0 field, called Larmor precession. 

This precession will be slightly different for each nucleus, influenced by nuclei type and their 

chemical environment. As the bulk magnetic moment is flipped into the transverse plane, a 

current is produced – the free induction decay (FID), which is detected. This signal is composed 

of all FIDs generated by all observable nuclei within the sample. This signal is then 

mathematically processed by Fourier transformation, and finally gives rise to a spectrum where 

the various resonance signals originating from the nuclei are displayed 111,112. Resonances from 

the nuclei will appear in different positions in a spectrum depending on the type of nucleus and 

their chemical environment. In a spectrum, this is visualized as chemical shift, d, which is the 

resonance frequency n of a given nuclei in relation to a standard reference nucleus nref, in the 

units of parts per million (ppm): 

𝛿𝛿 = 	
𝜐𝜐 − 𝜐𝜐!"#
𝜐𝜐!"#

	 ∙ 	10$ 

The sensitivity of nuclei to their local environment is one of the principal strengths of NMR 

spectroscopy. Due to the great sensitivity of the method even to small changes in local structure 

and protein dynamics, NMR spectroscopy is one of the most powerful tools to study dynamical 

processes within proteins. 

2.8 NMR protein assignment strategies 

   Most chemical elements have at least one isotope that is NMR active, that is, which has a 

magnetic moment. Luckily this is true for hydrogen, carbon, and nitrogen, which are the main 

building blocks of amino acids and by extension proteins, enabling us to study proteins by 

NMR spectroscopy. By introducing NMR active isotopes into the protein of study, a large 

variety of experiments can be used to probe the nucleus type of choice. The initial task to enable 

NMR studies of proteins is to record the experiments necessary to assign the protein, e.g., to 
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deduce which resonance on the NMR spectrum belongs to which amino acid of the protein. 

While one-dimensional (1D) spectra of small molecules are possible to interpret and each 

signal can be assigned to a specific nucleus or functional group, proteins are much too large 

and severe signal overlap of the spectrum makes it difficult or rather impossible to use this 

approach. Instead, 2D and 3D experiments are typically used to assign proteins and these 

assignments can then be used as a basis for the interpretation of other experiments aimed at 

deducing for instance dynamical properties of the protein or to characterize protein-ligand 

interactions (see sections 2.9 and 2.11). The techniques of sequential protein assignment were 

originally developed in the lab of Kurt Wüthrich by using 2D 1H COSY and NOESY 

experiments 113–116. Work in the late 1980’s and early 1990’s led the way to the triple resonance 

methodology of protein assignment: developments in double labeling with 15N and 13C, 

deuteration as well as 3D 15N-edited methods and transverse relaxation optimized spectroscopy 

(TROSY) methods all led to improved strategies for protein assignment 117–121. As such, there 

are multiple strategies for protein assignment, and I will outline the methods I have used in this 

thesis in the following section. A 2D [1H, 15N] HSQC spectrum is used as a basis of our protein 

assignment, because every amino acid can render a peak in a [1H, 15N] HSQC spectrum except 

for proline, which lacks a backbone amide. Thus, the [1H, 15N] HSQC spectrum can be seen as 

a “fingerprint” spectrum, where nearly all the residues of a protein can be observed and usually 

serves as a good estimate of sample quality and by extension whether sequence specific 

resonance assignment will be feasible 122. Using the [1H, 15N] HSQC spectrum as our basis, 

various 3D experiments which make use of the 1J and 2J spin-spin couplings between 15N and 
13C nuclei to find neighboring residues can be recorded, where the resonances of the Ca, Cb 

and CO nuclei of each amino acid can be correlated to their respective resonance peak in the 

[1H, 15N] HSQC. There are multiple combinations of 3D experiments that can be used to assign 

a protein, and for our assignments we have used the HNCACB, CBCA(CO)NH, HNCA, 

HNCO, HN(CA)CO and HN(CO)CA experiments 123. The HNCACB experiment serves as a 

good example of the “amino acid walk” that enables us to piece together an assignment. The 

HNCACB shows the Ca and Cb resonances of an amino acid, i, as well as the Ca and Cb 

resonances of the preceding amino acid, i-1. As a result, one can “walk” backwards through 

the amino acid sequence by finding the spin system where the Ca-1 and Cb-1 resonances of one 

spin system i perfectly correlates with the Ca and Cb resonances of the spin system i-1 (Figure 

3). The assignment process is simplified using software such as CARA124 or SPARKY 125 in 

which the user first picks spin systems in the [1H, 15N] HSQC and then picks the Ca, Cb, Ca-1 
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and Cb-1 peaks in the HNCACB spectrum. The software can then present potential spin systems 

that fit either as a preceding residue or as a successor residue and link these spin systems 

together to build a fragment. These fragments can then be fitted against the given amino acid 

sequence of the protein that is being assigned, and the software can postulate which part of this 

sequence that the fragment is most likely to belong to. 

 

 
Figure 3. a) Example of the backbone assignment process using strips from the HNCACB experiment recorded 

for HtrA2-PDZ. The 13Ca-1 and 13Cb-1 resonances seen in the strip of residue i correspond to the 13Ca and 13Cb 

resonances in the strip of residue i – 1. b) Schematic figure of the magnetization transfers in the HNCACB 

experiment. Magnetization is transferred from 1Hb and 1Ha via 13Cb and 13Ca to 15NH and finally to 1HN where 

signal is detected. Since magnetization goes to 15N from both 13Ca and 13Ca-1, we obtain signal in each strip from 

four carbon atoms: 13Ca, 13Cb, 13Ca-1 and 13Cb-1. Figured adapted from www.protein-nmr.org.uk.  

 

   Many amino acids have similar Ca and Cb shifts, which can complicate the assignment by 

forming fragments with many possible fits to the protein sequence, particularly if only short 

fragments can be formed. Prolines will, as mentioned, break the chain since no corresponding 

peak will be produced in the [1H, 15N] HSQC, and ambiguity can also arise if the HNCACB 

spectrum does not show clear peaks for all four carbon atoms. In such cases, complementing 

experiments can be recorded to obtain the missing information. CBCACONH, HNCA, 

HNCACO, HNCOCA and HNCO experiments are commonly used to complement the 

HNCACB 123. In addition to giving information on the Ca-1, Cb-1 and Ca shifts, the HNCACO 

and HNCO experiments will show the carbonyl shifts, C’ and C’-1 for spin system i and i-1, 

respectively, which can also be used to verify the veracity of the assignment.  

   Based on the backbone assignment of a protein, the sidechains of the protein can be assigned. 

This can be done using 3D 13C TOCSY experiments such as the H(C)CH-TOCSY and 

(H)CCH-TOCSY using a 2D [1H, 13C]-HSQC as the basis 123.  Sequence specific resonance 

assignment of the sidechains can be used to support to the backbone assignment of the protein 
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since many amino acids have unique sidechain residue shifts, making it easy to verify that the 

residue is correctly assigned. Assignment of the sidechains of amino acids containing methyl 

groups (methionine, alanine, leucine, valine, isoleucine and threonine) also make it possible to 

employ methyl-based NMR techniques which enables studies of large proteins and protein 

complexes 126. This approach was used in Paper I, where the methyl groups of the HtrA2-PDZ 

domain was used to complete the assignment of the methyl labeled full-length HtrA2S306A. 

Nuclear Overhauser effect (NOE) experiments can further be used to aid the assignment 

strategy or to assign methyl groups where there is no available backbone assignment. Here, 

correlations between nuclei in close spatial vicinity of each other, rather than through-bond 

correlations, will give rise to cross-peaks. Thus, information on which residues that are closely 

positioned in the three-dimensional fold of a protein from an x-ray structure can be used to 

assign resonances 127,128. 

2.9 NMR relaxation for protein dynamics studies 

   In NMR spectroscopy, the return of the magnetization from the excited state to the basal state 

is termed relaxation. The relaxation processes are divided into two types: the longitudinal spin-

lattice relaxation, also called T1, which denotes the return of the longitudinal magnetization to 

equilibrium. The transverse spin-spin relaxation, T2, denotes the loss of phase coherence of the 

magnetization. A vital part of protein function is dynamical changes. These can be 

conformational changes induced by the binding of ligands or substrates or folding and 

unfolding events which can manifest themselves either by large structural rearrangements of 

protein domains or as subtle changes seen in sidechain methyl groups 112,129,130. Various NMR 

relaxation experiments can be used to probe dynamic processes on different timescales to gain 

insight on inherent protein dynamics and dynamical changes that occur in biological processes 

(Figure 4). The R1 and heteronuclear 15N{1H}-NOE experiments show dynamical changes in 

the pico- to nanosecond time range, and R2, R1r  and the Carr-Purcell-Meiboom-Gill (CPMG) 

relaxation dispersion experiments are used to probe the dynamical behavior in the micro- to 

millisecond timescale 131–133. Internal protein motions can also be described using the Lipari-

Szabo model-free approach 134,135. Using R1 and R2 rates together with heteronuclear NOE 

relaxation rates measured at multiple magnetic field strengths, a generalized order parameter 

S2 , an effective correlation time, tc and the chemical exchange rate, Rex, can be derived without 

any assumption regarding the motion of the molecule, i.e., a model-free approach 136.  
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15 
 

since many amino acids have unique sidechain residue shifts, making it easy to verify that the 

residue is correctly assigned. Assignment of the sidechains of amino acids containing methyl 

groups (methionine, alanine, leucine, valine, isoleucine and threonine) also make it possible to 

employ methyl-based NMR techniques which enables studies of large proteins and protein 

complexes 126. This approach was used in Paper I, where the methyl groups of the HtrA2-PDZ 

domain was used to complete the assignment of the methyl labeled full-length HtrA2S306A. 

Nuclear Overhauser effect (NOE) experiments can further be used to aid the assignment 

strategy or to assign methyl groups where there is no available backbone assignment. Here, 

correlations between nuclei in close spatial vicinity of each other, rather than through-bond 

correlations, will give rise to cross-peaks. Thus, information on which residues that are closely 

positioned in the three-dimensional fold of a protein from an x-ray structure can be used to 

assign resonances 127,128. 

2.9 NMR relaxation for protein dynamics studies 

   In NMR spectroscopy, the return of the magnetization from the excited state to the basal state 

is termed relaxation. The relaxation processes are divided into two types: the longitudinal spin-

lattice relaxation, also called T1, which denotes the return of the longitudinal magnetization to 

equilibrium. The transverse spin-spin relaxation, T2, denotes the loss of phase coherence of the 

magnetization. A vital part of protein function is dynamical changes. These can be 

conformational changes induced by the binding of ligands or substrates or folding and 

unfolding events which can manifest themselves either by large structural rearrangements of 

protein domains or as subtle changes seen in sidechain methyl groups 112,129,130. Various NMR 

relaxation experiments can be used to probe dynamic processes on different timescales to gain 

insight on inherent protein dynamics and dynamical changes that occur in biological processes 

(Figure 4). The R1 and heteronuclear 15N{1H}-NOE experiments show dynamical changes in 

the pico- to nanosecond time range, and R2, R1r  and the Carr-Purcell-Meiboom-Gill (CPMG) 

relaxation dispersion experiments are used to probe the dynamical behavior in the micro- to 

millisecond timescale 131–133. Internal protein motions can also be described using the Lipari-

Szabo model-free approach 134,135. Using R1 and R2 rates together with heteronuclear NOE 

relaxation rates measured at multiple magnetic field strengths, a generalized order parameter 

S2 , an effective correlation time, tc and the chemical exchange rate, Rex, can be derived without 

any assumption regarding the motion of the molecule, i.e., a model-free approach 136.  
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Figure 4. Schematic overview of the NMR timescale. The upper portion of the figure describes dynamical changes 

which occur in proteins and places them on the timescale (middle bar). The lower portion of the figure shows the 

various NMR experiments which can be used to probe the dynamical properties of proteins, and on which 

timescale these experiments capture protein dynamics. Image from Kawale and Burmann 137.  

2.10 Paramagnetic relaxation enhancement (PRE) 

   Paramagnetic relaxation enhancement (PRE) can be used for structure determination and to 

identify sparsely populated states 138,139. PRE is a manifestation of an enhanced nuclear 

relaxation rate because of magnetic dipolar interactions between the unpaired electrons of the 

paramagnetic nucleus and other nuclei. Due to the large magnetic moment of an unpaired 

electron, the PRE effect is evident at distances up to ~35 Å, compared to the ~6 Å distance 

between protons in NOE experiments 140. The PRE rate can be measured by recording spectra 

of both the paramagnetic sample and the diamagnetic sample as a control, either by directly 

measuring the R2 rate or via changes in peak intensities between paramagnetic and diamagnetic 

sample 2D spectra 139.  

2.11 Studying protein-ligand interactions with NMR 

   Interactions between a protein and a ligand can be observed via NMR. One approach to study 

protein-ligand interactions with NMR is to record a set of 2D experiments, such as a [1H, 15N] 

spectra, where the ligand is titrated towards the isotopically labeled protein. Depending on the 

exchange rate between the free protein state (P) or the ligand-bound protein state (PL), the 

interaction will show as two distinct peaks for P and PL (slow exchange), as one peak with an 

averaged chemical shift position as well as an averaged intensity and linewidth (fast exchange), 

or, in the intermediate exchange regime, as a single peak of intermediate chemical shift 
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position, but where the signal is broadened, sometimes beyond detection 112. As such, the 

binding between the protein and the ligand can be observed as chemical shift perturbations 

(CSPs) as the resonances shift within the spectrum and/or as line broadening of the resonances 

as a larger complex forms 141. With an existing protein assignment, it is possible to identify 

which residues are affected during the binding event, and a binding site can be identified. With 

CSPs, one might also be able to calculate the kinetics of the binding event, for instance using 

a line-shape analysis software such as TITAN 142.  

   In some cases where interactions between protein and metal ligands are weak or transient, 

the CSPs might be too small to distinctly observe a binding site. In such cases, the use of 

paramagnetic lanthanides as probes of the binding site can be useful 143. A paramagnetic 

lanthanide can be used to replace the diamagnetic metal ion (for instance Ca2+, Mg2+ and Zn2+) 

that is naturally bound to a protein to determine the site of metal ion binding144,145. The 

lanthanides have strong magnetic anisotropy which manifests as line broadening of residues 

surrounding the binding site at a long range (~40–50 Å) via mechanisms including direct 

contact as well as through PRE effects and pseudocontact shifts (PCS), which make lanthanides 

excellent probes 146. 
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Chapter III: Discussion of main findings 

3.1 Structural basis of substrate recognition and allosteric activation of the pro-

apoptotic mitochondrial HtrA2 protease (Paper I) 

   The proteolytic activity of HtrA2 is regulated via its PDZ domain, both through substrate 

binding to this domain, but also through the ability of HtrA2 to form a less proteolytically 

efficient hexameric structure via the PDZ domain 31,48,77. I initially used the isolated PDZ 

domain of HtrA2 and assigned the backbone and sidechain resonances of the PDZ domain in a 

sequence specific manner (Figure 5a, b). With these assignments, I recorded relaxation 

experiments reporting on both the pico- to nanosecond as well as the micro- to millisecond 

timescale and determined that the PDZ domain is dynamic on the micro- to millisecond 

timescale, mainly manifested at the a5 helix and the subsequent linker region preceding strand 

b15. By using amide and methyl NOE experiments, I could show that while the region forms 

a stable helix, this helix is very flexibly attached to the rest of the domain as visualised by its 

lack of stabilizing NOE contacts to other regions of the PDZ domain (Figure 5c).  

 
Figure 5 a) 2D [15N, 1H]-NMR spectrum of the [U-15N,13C]-HtrA2-PDZ domain. The sequence-specific 

resonance assignment based on triple resonance experiments is indicated. b) Schematic figure of mature HtrA2 

and the isolated PDZ domain. The proteolytic domain is shown in blue and the PDZ domain in green. The catalytic 

triad residues (H198, D228 and S306) are shown in gold. The regulatory loops LA, LD, L3, L1 and L2 are 

indicated. c) The HtrA2-PDZ (PDB-ID:1LCY) domain showing the detected methyl-methyl NOE connections. 

The extraction highlights the detected NOEs of the amide groups and the amino acid sidechains within the a5 

helix. These show that the a5 helix is stably formed, but the methyl NOEs show that the a5 helix does not stably 

stack towards other structural elements of the PDZ domain.  
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Further, I observed that the a5-b15 region as well as the loop region preceding a7 showed 

CSPs when divalent metal ions were titrated towards the PDZ domain (Figure 6a, b). While 

the effect was not clearly observable on the full-length HtrA2S306A, I was able to confirm the 

binding site also in the full-length protein using Gd3+ as a paramagnetic probe. I proceeded by 

assaying the proteolytic activity of HtrA2 towards b-casein in buffer supplemented with 

divalent cations. The activity of HtrA2 towards the substrate was enhanced when Mg2+ or Ca2+ 

was supplemented, while the activity was greatly diminished when Zn2+ or Cu2+ was 

supplemented (Figure 6c).  

 
Figure 6 a) 2D [15N,1H]-NMR spectrum of the 200 μM [U-15N]-HtrA2-PDZ domain (green) and after addition of 

25 mM CaCl2 (dark blue). The sequence-specific resonance assignment based on triple resonance experiments is 

indicated. b) CSPs of the amide moiety upon interaction with different divalent cations as indicated. c) Proteolytic 

assay using b-casein with supplementation of Zn2+ and Ca2+. d) Plot of the velocity (v) of the cleavage as a function 

of the used DD-PDZOpt concentration in the absence (green) or presence of CaCl2 (dark blue). Data points are 

average ± one S.D. of three repeat measurements. The experimental data was fit to a standard one-site binding 

model (broken lines).  

 

The ability of HtrA2 to bind divalent metal ions, in particular Ca2+ and Zn2+, is interesting since 

these metal ions are of known importance in apoptotic signalling, and aberrant levels of these 

metals are implicated in cancers and neurodegenerative diseases 147–152. I extended my analysis 
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of the proteolytic enhancement of metal ions by combining supplementation of metal ions with 

the addition of a customized peptide, DD-PDZOpt, designed to bind to the PDZ domain and 

activate HtrA2, and by using a substrate peptide with an optimally designed cleaving site for 

HtrA2 in a fluorescence assay 48,77. I observed the same effect on HtrA2 proteolytic activity 

when supplementing Ca2+ and Zn2+ in this fluorescence assay. A kinetic analysis showed that 

the vmax and kcat values were similar both in standard buffer and buffer supplemented with Ca2+. 

The Km value was however decreased by a factor of ~25 when Ca2+ was supplemented to the 

buffer, suggesting that the affinity of HtrA2 towards its substrate is enhanced in the presence 

of Ca2+(Figure 6d).  

   By analysing the spectra of DD-PDZOpt titrated towards both the isolated HtrA2-PDZ 

domain and the full-length HtrA2S306A I observed large CSPs and line-broadening of residues 

in the b11, b12, b14 and b15 strands, which correspond to the stacking interface between the 

protease and the PDZ domain and the peptide binding cleft of the PDZ domain. Combining the 

titration data with methyl-methyl NOE network data, I could delineate the activation steps of 

HtrA2: i) substrate recognition via the PDZ domain, ii) domain separation between the PDZ 

and protease domain iii) rearrangement of regulatory loops of the protease domain and iv) helix 

a1 rearrangement involving the b7/LD loop (Figure 7). The involvement of the a1 helix is 

previously not reported but is interesting since it is adjacent to the IAP interacting motif, and 

it has been suggested that IAP binding can stimulate HtrA2 activity 51,60,77. 

 
Figure 7. Allosteric modulation of the HtrA2 monomer upon DD-PDZOpt binding involving distinct regulatory 

steps, leading to the activation of the proteolytic function. 
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The a1 helix also contains a putative phosphorylation site, and mutations in this helix have 

been linked to Parkinson’s disease 79,80. Lastly, the amino-terminus is part of the inter-subunit 

contacts within the trimeric assembly, thus playing a role in the positive cooperativity of HtrA2 
47,74. The updated model suggests that Ca2+ and Zn2+ cellular signalling affects HtrA2 

proteolytic activity and thus modulates the apoptotic fate of cells.  
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3.2 Feedback regulation of the HtrA2 protease by its substrate XIAP drives the 

apoptotic cascade (Paper II) 

   The role of HtrA2 as a pro-apoptotic agent by its ability to bind and cleave IAPs is well-

established 47,52,153. It has also been shown that binding of XIAP promotes HtrA2 protease 

activity60,77, a mechanism which remains unclear since IAPs bind to the amino-terminal IAP 

binding motif of HtrA2 and other examples of increased proteolytic activity of HtrA2 upon 

substrate binding originate from the substrate binding to the PDZ domain 48,62,70,77. Interaction 

between HtrA2 and XIAP is supposedly mediated via both the BIR2 and BIR3 domains of 

XIAP, and I sought to first characterize this interaction 46,47,59,60.  

 
Figure 8. Kinetic analysis of the interaction between HtrA2S306A and XIAP constructs analyzed by BLI. a) Full-

length XIAP1–497 b) XIAP-BIR2+BIR3 (XIAP120–356) c) XIAP-BIR2 (XIAP120–240). d) Proteolytic cleavage assays 

using wild-type HtrA2 and different XIAP constructs. Upper panel shows assay with XIAP-BIR2 and XIAP-

BIR3. The lower panel shows assay with XIAP-BIR2+BIR3 as well as full-length XIAP.   
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I used biolayer interferometry (BLI) to probe the binding kinetics between HtrA2 and full-

length XIAP (XIAP1-497), XIAP-BIR2 (XIAP120-240), XIAP-BIR3 (XIAP239-356) or XIAP-

BIR2+BIR3 (XIAP120-356) and observed binding in the nanomolar range between HtrA2 and 

all XIAP constructs except the isolated XIAP-BIR3 (Figure 8a-c). Thus, the data suggests that 

it is the BIR2 domain of XIAP that is crucial for the interaction between HtrA2 and XIAP. I 

further probed this interaction by testing the proteolytic activity of HtrA2 towards the four 

different XIAP constructs. HtrA2 was able to cleave all XIAP constructs tested except for 

XIAP-BIR3, suggesting that HtrA2 has at least one cleaving site for XIAP within the BIR2 

domain of XIAP (Figure 8d).  

 
Figure 9. a) 2D [1H, 13C]-NMR spectra showing MALVITproS-labeled HtrA2S306A titrated with 2 molar equivalents 

of XIAP120-356. b) Signal attenuations of the methyl groups upon interaction with XIAP120-356. c) The signal 

attenuation ratio plotted on the structure of HtrA2 (PDB ID: 5M3N). d) 2D [1H, 15N]-NMR spectra showing [U-
2H, 15N]–XIAP120-356 (purple) titrated with 4 molar equivalents of HtrA2-PDZ (green). The sequence-specific 

resonance assignment based on triple resonance experiments is indicated. e) Signal attenuations of the amide 

moiety upon interaction with HtrA2-PDZ. f) The signal attenuation ratio plotted on the AlphaFold154,155 structure 

of full-length XIAP. g) Close-up on the BIR2 and BIR3 domains with the plotted signal attenuations as in panel 

f. 
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resonance assignment based on triple resonance experiments is indicated. e) Signal attenuations of the amide 

moiety upon interaction with HtrA2-PDZ. f) The signal attenuation ratio plotted on the AlphaFold154,155 structure 

of full-length XIAP. g) Close-up on the BIR2 and BIR3 domains with the plotted signal attenuations as in panel 

f. 



24 
 

  To be able to characterize the interaction between HtrA2 and XIAP by NMR, I assigned the 

XIAP-BIR2, XIAP-BIR3 and XIAP-BIR2+BIR3 constructs in solution and performed titration 

experiments. As expected, [1H, 15N]-HSQC spectra of titrations of XIAP-BIR2+BIR3 towards 

HtrA2S306A or vice versa caused extensive line broadening of resonances as a larger 

protein:protein complex forms. When using MALVIT proS labeled HtrA2S306A and titrating 

XIAP-BIR2 or XIAP-BIR2+BIR3 towards HtrA2, large signal attenuations was observed in 

the amino-terminus as expected due to the location of the IAP-binding motif (Fig 9a-c). 

Interestingly, I did not observe the characteristic CSPs of the I150, I393, I397, I164, I362 and 

I274 residues indicative of the open conformation of HtrA2 as seen in Paper I when an 

optimized PDZ-binding peptide was used. This could suggest that an additional activation step 

of HtrA2 is needed to process XIAP or that there is a separate allosteric pathway in response 

to XIAP binding.  

Figure 10. Proteolytic assays comparing wild-type and HtrA2A134M activity. a) Proteolytic assay comparing 

the activity of wild-type HtrA2 towards XIAP120-356 in the absence or presence of 2 mM CaCl2. Assays were done 

triplicates yielding similar results. b) Comparison of the proteolytic activity of wild-type HtrA2 in the absence 

(purple) or presence (magenta) of 2 mM CaCl2 based on the assay in panel a. Data points are average ± one S.D. 

of three repeat measurements. c) Proteolytic assay comparing the activity of wild-type HtrA2 and HtrA2A134M  

towards XIAP120-356 in the presence of 2 mM CaCl2. Assays were done triplicates yielding similar results. d) 

Comparison of the proteolytic activity of wild-type HtrA2 and HtrA2A134M in the presence of 2 mM CaCl2 based 

on the assay in panel c. Data points are average ± one S.D. of three repeat measurements. 

   

   Since it is known that the IAP-binding motif is not necessary for HtrA2 to exert its 

proapoptotic function nor its ability to cleave IAPs 46,78,156, I hypothesized that HtrA2 also 

weakly interacts with XIAP via its PDZ domain, and I performed [1H, 15N]-HSQC titration 
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experiments with PDZ and XIAP-BIR2+BIR3. Also here, I observed extensive line broadening 

of residues as evidence of an interaction, and an analysis of the affected regions of XIAP 

showed that it was mainly in the BIR2 region that signal attenuations were observed (Figure 

9d-g). To investigate the proteolytic activity of HtrA2 without its ability to bind IAPs, I created 

an HtrA2A134M mutant which according to the current model in the literature should be unable 

to bind IAPs via the IAP motif 78. When assaying this mutant’s ability to bind XIAPs with BLI 

I could not observe any significant interaction. I tested the ability of HtrA2A134M to cleave XIAP 

substrates compared to wild-type HtrA2 and saw no difference in proteolytic rate in standard 

cleaving buffer. However, if CaCl2 was supplemented to the buffer, the HtrA2A134M mutant 

shows  a reduced proteolytic activity compared to wild-type HtrA2 (Figure 10a-d). This 

suggests that the divalent cation activation that I characterized in Paper I might contribute to 

the mechanism behind the IAP-mediated activation of HtrA2.   
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3.3 The human pro-apoptotic HtrA2 exert a neuroprotective role by clearing 

neurodegenerative disease associated Tau and aa-synuclein (Paper III) 

Neurodegenerative diseases affect millions of people worldwide, with Parkinson’s disease and 

Alzheimer’s disease being  among the most common diseases 157,158. Parkinson’s disease is 

linked to the formation of Lewy bodies containing a-synuclein, while hallmarks of 

Alzheimer’s disease are extracellular b-amyloid (Ab) plaques and intracellular neurofibrillary 

tangles (NFTs) consisting of aggregates of hyperphosphorylated Tau 159–163. A mitochondrial 

involvement in the onset and progression of these diseases has been postulated, and particular 

interest has been aimed at the mitochondrial PQC proteases 7,40,164.  HtrA2 is of a particular 

interest in Parkinson’s and Alzheimer’s disease for multiple reasons: i) HtrA2 protease activity 

is enhanced by PINK1-mediated phosphorylation, and mutations in PINK1 are linked to 

Parkinson’s disease 80,86, ii) HtrA2 co-localizes with a-synuclein in Lewy bodies and has an 

ability to degrade oligomerized a-synuclein 66–68 and iii) HtrA2 has been found to be 

overexpressed in patients with Alzheimer’s disease 82. In this work, the capacity of HtrA2 to 

degrade monomeric a-synuclein and the two Alzheimer’s disease-associated Tau40 and Tau39 

isoforms was tested.  

 
Figure 11. Proteolytic assay monitoring the digestion of Tau40, Tau39 and a-synuclein by HtrA2 at 15°C and 

25°C. The red arrow points at the proteolytic product of Tau40 generated at 25°C. 
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The binding between HtrA2 and monomeric a-synuclein, Tau39 and Tau40 was monitored by 

NMR. Clear signal attenuations were observed upon addition of HtrA2 towards Tau39 and 

Tau40 (~15 % and ~35 %, respectively), but not upon addition of HtrA2 towards monomeric 

a-synuclein. The Tau residues affected most by the addition of HtrA2 were found to be 

localized to the mid-portion of Tau as well as a region in the carboxy-terminus, hinting at 

possible HtrA2 binding sites. The proteolytic assay showed that HtrA2 can cleave both Tau39 

and Tau40, as well as monomeric a-synuclein (Figure 11). These findings are interesting since 

Tau fragments are biomarkers of Alzheimer’s disease, but it is unknown which proteases are 

responsible. Here, it is shown that HtrA2 can cleave Tau and HtrA2 is thus a possible candidate 

for this processing in Alzheimer’s disease patients.  
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3.4 Regulation of aa-synuclein by chaperones in mammalian cells (Paper IV) 

   The formation of Lewy bodies containing aggregated a-synuclein is a hallmark of 

Parkinson’s disease159–161. The mechanisms behind a-synuclein aggregation still remain 

unclear, but the interaction between a-synuclein and molecular chaperones is one possible 

contributing factor 165,166. In this paper, the interaction between a-synuclein and six molecular 

chaperones (SecB, SurA, Skp, Trigger Factor, HSC70 and HSP90b) of diverse structures was 

characterized. The interaction between the molecular chaperones and a-synuclein was assessed 

by titration experiments using 2D [1H, 15N]-NMR spectroscopy to quantify residue signal 

attenuations and chemical shift perturbations as exemplified in Figure 12a. The titration 

experiments revealed a chaperone interaction motif localized to the amino-terminus of a-

synuclein and the residues around Tyr39 (Figure 12b). Thioflavin T assays showed that all six 

molecular chaperones had a preventive effect on a-synuclein aggregation (Figure 12c, d) and 

that this protection against aggregation could be abolished using the known chaperone 

inhibitors geldanamycin and radicicol, as demonstrated for the human chaperone HSP90b 

(Figure 12e).  

   Previously published data of a-synuclein NMR intensity profiles in living mammalian cells 

showed a remarkably similar intensity profile 167 as observed here for a-synuclein and 

chaperones, but was initially attributed to an interaction between a-synuclein and cellular 

membranes. Using cellular extracts lacking cellular membranes from both E.coli and 

mammalian cells, the intensity profile of a-synuclein was analyzed and also here, the canonical 

chaperone interaction pattern was observed. Titration of large unilamellar vesicles (LUV) 

towards a-synuclein yielded a decreased signal intensity in residues 1-90 of a-synuclein, while 

titration of SecB to the a-synuclein-LUV solution restored the chaperone: a-synuclein 

interaction profile. These results demonstrate that a-synuclein can be both membrane-bound 

and bound to chaperones, and that these two states are mutually exclusive. By inhibiting the 

interaction between chaperones HSC70 and a-synuclein, it could also be shown that this 

resulted in a re-localization of a-synuclein to the mitochondria where aggregates of a-

synuclein would form. Finally, the interaction between molecular chaperones and post-

translationally modified a-synuclein was characterized (Figure 12f). Amino-terminally 

acetylated a-synuclein, which is the predominant form found in mammalians showed no 

impaired interaction with chaperones, but the amino-terminally deleted form (DN-a-synuclein) 

had an impaired interaction with chaperones, as expected.  
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Figure 12. Molecular chaperones interact with the amino-terminus of aa-synuclein and protects against 

aggregation. a) Overlay of 2D [15N, 1H]-NMR spectra of [U-15N]-α-synuclein in the absence (grey) and presence 

(yellow) of 2 equivalents of SecB tetramer. The affected residues are indicated. b) Signal attenuations of the amide 

moiety of a-synuclein upon addition of 2 equivalents of SecB (yellow), Trigger Factor (orange), Skp (red) and 

SurA (dark red). Irel = I/I0. c) Thioflavin T emission curves of 100 µM a-synuclein in presence of c) 15 µM of 

chaperones, d) 30 µM of chaperones or e) in the presence of 5 µM HSP90b in the presence or absence of the 

chaperone inhibitors geldanamycin or radicicol. f) Signal attenuations of the amide moiety of modified a-

synuclein variants upon interaction with 2 equivalents of HSP90b, HSC70ADP, SecB and Skp. Increased DIrel (1-

I/I0) values indicate interaction.  

 

In addition, methionine-oxidized a-synuclein and phosphorylation patterns involving Tyr39 

also impaired the interaction between a-synuclein and the molecular chaperones. This is of 

essence since cellular oxidative stress resulting in oxidative modification of a-synuclein as 
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essence since cellular oxidative stress resulting in oxidative modification of a-synuclein as 
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well as Abelson kinase-mediated phosphorylation of Tyr39 are correlated with Parkinson’s 

disease 168,169. 

   Thus, a refined model where a-synuclein is regulated by transient interaction with molecular 

chaperones emerged, which protect cells from a-synuclein aggregation. This model also 

explains how post-translational modifications of a-synuclein can abrogate this a-synuclein: 

chaperone interaction, and how disruption of this homeostatic balance can cause or promote 

progression of Parkinson’s disease.  
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3.5 Keeping aa-synuclein at bay: A more active role of molecular chaperones in 

preventing mitochondrial interactions and transition to pathological states? (Paper V) 

   In this paper, the current knowledge on the role of molecular chaperones in the maintenance 

of a-synuclein and their role in the prevention of the formation of pathological a-synuclein 

states was reviewed. The link between Parkinson’s disease as well as other synucleinopathies 

and Lewy bodies containing aggregated a-synuclein in the substantia nigra is well established 
159. Multiple lines of evidence suggest that several factors contribute to the development of 

Parkinson’s disease such as duplications of or mutations in the SNCA gene encoding a-

synuclein, post-translational modifications and dysregulation of the PQC.  

   Molecular chaperones can dissolve a-synuclein fibrils and regulate a-synuclein by transient 

interaction, preventing a-synuclein from interacting with cellular membranes, re-localization 

to mitochondria, and subsequent aggregation (Figure 13) 13. a-synuclein is normally a 

cytosolic protein but can interact with mitochondria under conditions of cellular stress or where 

molecular chaperones are impaired.  

 
Figure 13. Molecular chaperone regulation of aa-synuclein. a-synuclein interacts with molecular chaperones 

in mammalian cells via its amino-terminal and a region surrounding Tyr39 (red). Chaperone sequestration 

prevents a-synuclein from transitioning to pathological states.  
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Because of the mitochondrial re-localization of a-synuclein, it is possible that mitochondrial 

proteins may interact with a-synuclein. Many mitochondrial proteases are linked to 

neurodegenerative disease, and we reviewed the current knowledge of their interaction with a-

synuclein. Intrinsic mitochondrial proteases HtrA2 and Lon have both been shown to reduce 

seeding and aggregation formation of a-synuclein, and HtrA2 can specifically cleave 

aggregated a-synuclein. The ClpP protease of the ClpXP complex has been found to co-

aggregate with a-synuclein, causing reduced protease activity. Some proteases translocate to 

the mitochondria in response to stress stimuli, such as DJ-1 and calpain. DJ-1 reduces a-

synuclein aggregation propensity while calpains possibly cleaves a-synuclein into truncated 

species which are more prone to aggregation. Conclusively, the a-synuclein: chaperone 

interaction prevents a-synuclein translocation to the mitochondria, and several post-

translational modifications of a-synuclein can disrupt this interaction as shown in Paper IV. 

Within the mitochondria, the mitochondrial PQC proteases play a crucial role in both the 

prevention of a-synuclein aggregation and the clearing of aggregated a-synuclein, explaining 

why mitochondrial dysfunction is strongly linked to neurodegenerative disease.  
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Chapter IV: Future perspectives on HtrA2 research 
   In the twenty years that have passed since the discovery of HtrA2 it has been established 

from multiple angles that HtrA2 plays an important role in cellular health through its roles in 

PQC and apoptosis. However, its exact role in human disease remains elusive and many 

questions remain to be answered.  

    As discussed in Chapter I,  HtrA2 cleaves several IAP substrates. While the interaction 

between HtrA2 and XIAP has been demonstrated multiple times, the exact nature of this 

interaction is not fully characterized and the previously reported activation of HtrA2 by XIAP 

discussed in section 1.6 is not understood. As we show in Paper II, interaction and degradation 

of IAPs by HtrA2 do not follow the same allosteric activation pathway as previously 

characterized for HtrA2 using non-IAP substrates and the IAP motif is seemingly not required 

for XIAP degradation 48,61,170. Characterization of HtrA2 together with other IAP substrates has 

received little attention, and it would be interesting to gain a deeper understanding of how 

HtrA2 processes other IAPs.  

   In Paper I we demonstrated that divalent metal ions can upregulate or downregulate HtrA2 

protease activity. It is well-known that dysregulation of the metal homeostasis is associated 

with neurodegenerative disease and cancers, but exactly how metal dyshomeostasis contributes 

to disease is unclear, and data is often contradictory with both low and high levels of metals 

being associated with the same disease147,151,152,171. Further exploration of the link between 

metal dyshomeostasis and HtrA2 would be of much interest, in particular in relation to the 

processing of a-synuclein and Tau as an extension to our results from Paper III.  

   Another interesting mechanism to characterize would be how HtrA2 is regulated by 

phosphorylation. HtrA2 is likely phosphorylated in at least two sites, but how this 

phosphorylation is facilitated and under what conditions phosphorylation occurs remains 

unclear 80. Further information on the trimer: hexamer equilibrium and its biological relevance, 

as well as how HtrA2 transport from the mitochondrion to the cytosol is regulated and 

mediated. Finally, the membrane-bound form of HtrA2 remains unstudied and processing of 

HtrA2 from its membrane-bound form to its mature form is poorly understood. Conclusively, 

it is clear that many aspects of the life cycle of this protease remain to be characterized in order 

to fully understand the role of the HtrA2 protease in human disease.  
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for XIAP degradation 48,61,170. Characterization of HtrA2 together with other IAP substrates has 

received little attention, and it would be interesting to gain a deeper understanding of how 

HtrA2 processes other IAPs.  

   In Paper I we demonstrated that divalent metal ions can upregulate or downregulate HtrA2 

protease activity. It is well-known that dysregulation of the metal homeostasis is associated 

with neurodegenerative disease and cancers, but exactly how metal dyshomeostasis contributes 

to disease is unclear, and data is often contradictory with both low and high levels of metals 

being associated with the same disease147,151,152,171. Further exploration of the link between 

metal dyshomeostasis and HtrA2 would be of much interest, in particular in relation to the 

processing of a-synuclein and Tau as an extension to our results from Paper III.  

   Another interesting mechanism to characterize would be how HtrA2 is regulated by 

phosphorylation. HtrA2 is likely phosphorylated in at least two sites, but how this 

phosphorylation is facilitated and under what conditions phosphorylation occurs remains 

unclear 80. Further information on the trimer: hexamer equilibrium and its biological relevance, 

as well as how HtrA2 transport from the mitochondrion to the cytosol is regulated and 

mediated. Finally, the membrane-bound form of HtrA2 remains unstudied and processing of 

HtrA2 from its membrane-bound form to its mature form is poorly understood. Conclusively, 

it is clear that many aspects of the life cycle of this protease remain to be characterized in order 

to fully understand the role of the HtrA2 protease in human disease.  
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