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Abstract 

I 

Abstract 

The heat shock response plays an essential role in mediating a cellular response to a 

multitude of stress conditions. Molecular chaperones were found to be key figures in this 

response, pivotal for dealing with all kinds of physiological stress and to sustain various 

intracellular processes. For this reason, elements of the heat-shock response are found 

across all organisms, from simple organisms like bacteria, through to model organisms 

like nematodes and up to complex vertebrates such as humans. 

The regulation of the heat shock response is a complex task governed by transcriptional 

activators, called heat shock factors. These activators bind to heat shock elements 

localized throughout the genome, inducing the expression of heat shock genes. HSF-1 is 

the most prominent of these transcriptional factors, responsible for the expression of most 

related genes. In the present work, a small cluster of upregulated heat shock genes was 

determined during heat shock conditions and the interaction between their respective heat 

shock elements and the DNA-binding domain of HSF-1 was characterized to be a guided 

cooperative interaction. Tetrameric and pentameric heat shock elements were discovered, 

complementing the already suggested trimeric heat shock elements. The approach 

employed in this work may open up new possibilities to investigate complex multi-step 

binding reactions. 

Even though the heat shock response is mostly well-studied, still parts of it, especially in 

the model nematode Caenorhabditis elegans, remain to be unknown. Here, the 

underlying mechanism behind the suppression of a locomotion defect in C. elegans, 

called the head-bent phenotype, is investigated. In order to do so, the four known 

suppressor variants, D233N, S321F, A379V, and D384N of the molecular chaperone 

HSC-70 were studied with regard to their interaction with the HSP-40 like co-chaperones 

DNJ-12 and DNJ-13 as well as the nucleotide exchange factors BAG-1 and UNC-23. 

While nucleotide exchange factor binding has almost no impact on the chaperone activity 

of most mutants, D233N and A379V showed a significantly reduced interaction in 

combination with the HSP-40 like co-chaperones. Here, this reduced interaction with 

DNJ-13 in vivo leads to the suppression of the severe head-bent phenotype. 

Of all the various heat shock proteins, HSP-90/DAF-21 is certainly the most extensively 

studied. Together with one of its kinase-specific cofactors CDC-37, it ensures the stable 

folding of many client kinases as well as their activation during maturation. HSC-70 
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represents another important molecular chaperone, which is also involved in protein 

folding and degradation, where it associates with one of its cofactors, HSP-40. Both 

chaperone systems, HSP-90 and HSC-70, are crucial for the correct function of proteins 

and therefore the survival of the cell itself. Thus, the question arises whether their 

individual cofactors may interact among each other within these complex protein 

networks. To answer this most fascinating question, a vast array of methods was 

employed, eventually yielding a specific interaction between the HSP-90 cofactor CDC-

37 and DNJ-13, a HSC-70 cofactor of the HSP-40 family. Dimeric DNJ-13 binds to a 

CDC-37 monomer and its presence is capable of promoting the complex formation of 

HSP-90 and CDC-37 and modulating the nucleotide-dependent effects. Hence the 

interaction between HSP-90 cofactors and HSP-40 proteins provides evidence for a more 

intricated interaction between the HSP-90 and HSC-70 chaperone systems during client 

processing 

Interestingly, the complete absence of HSP-90 leads to an arrest of development in certain 

larval stages of nematodes, once more showing the importance of chaperones for various 

kinds of biological processes, even on phenotypic level. The inhibition of UNC-45, 

another chaperone and cofactor of HSP-90, was found to similarly stall nematode growth 

during the development of muscle-specific functions. 

Nevertheless, nematode development is an enormously complex process and it is 

therefore a highly complicated task to define the cause of this arrest. RNAi treatments 

against hsp-90/daf-21 and unc-45, together with subsequent in-depth transcriptional 

analyses, were performed and mapped to the developmental state from embryo to adult 

nematode. This revealed an arrest of development close to the L4 larval stage for hsp-90 

RNAi, whereas unc-45 RNAi led to an arrest at a young adult stage. Developmental 

processes are found to be misregulated upon depletion of the respective chaperone and 

the generated “clique map”, together with its clique-specific assignments, might be a 

valuable tool for further genome-wide research in Caenorhabditis elegans. 

This thesis focuses thereby on providing a more comprehensive view of Caenorhabditis 

elegans heat shock machinery by elaborating the role of various chaperones and their 

cofactors. 
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Zusammenfassung 

Die Hitzeschock-Antwort spielt eine essenzielle Rolle in zellulären Reaktionen und ihrem 

Umgang mit einer Vielzahl von Stresskonditionen. Molekulare Chaperone stellen hierbei 

die Schlüsselelemente im Umgang mit physischem Stress dar und erhalten somit eine 

Vielzahl an intrazellulären Prozessen aufrecht. Aus diesem Grund finden sich Elemente 

der Hitzeschock-Antwort in allen Organismen, von den kleinsten Bakterien, über 

Nematoden bis hin zu Menschen. 

Die Regulierung der Hitzeschockreaktion gestaltet sich als sehr komplex und wird von 

transkriptionellen Aktivatoren, sogenannten Hitzeschock Faktoren, ausgeführt. Diese 

binden an sich über das Genom erstreckende Hitzeschock-Elemente und induzieren dabei 

die Expression von Hitzeschock-Genen. HSF-1 ist der bekannteste unter diesen 

transkriptionellen Faktoren und für die Expression der meisten dieser Gene 

verantwortlich. Diese Arbeit befasst sich unter Anderem, mit einer kleinen Gruppe an 

verstärkt regulierten Hitzeschock-Genen, welche auf ihre Interaktion mit der DNA-

bindenden Domäne von HSF-1 hin untersucht wurde. Hierbei wurde eine kooperative 

Interaktion zu den hier entdeckten tetra- und pentameren Hitzeschock Elemente 

gefunden. Es ist weiterhin denkbar, dass der hierzu verwendete Ansatz neue 

Möglichkeiten bieten könnte, um komplexe mehrschrittige makromolekulare Inter-

aktionen zu untersuchen. 

Obwohl die Hitzeschock-Antwort weitestgehend erforscht ist, sind Teile davon, vor allem 

in Hinsicht auf den das Modelsystem Caenorhabditis elegans, noch immer unbekannt. 

Im Rahmen dieser Arbeit wurde daher der Unterdrückungsmechanismus eines 

Bewegungsdefekts untersucht. Vier bekannte HSC-70 Varianten, welche in der Lage sind 

die Ausprägung dieses defizitären Phänotyps erfolgreich zu verhindern, wurden 

zusammen mit den HSP-40 ähnlichen Co-Chaperonen DNJ-12 und DNJ-13, sowie den 

Nukleotid-Austauschfaktoren BAG-1 und UNC-23 hinsichtlich ihrer Interaktion 

charakterisiert. Während die Nukleotid-Austauschfaktoren vernachlässigbare Aus-

wirkung auf die Chaperon-Aktivität der meisten Varianten hatten, wiesen sowohl D233N 

als auch A379V eine stark reduzierte Interaktion mit beiden HSP-40 ähnlichen Co-

Chaperonen auf. Darüber hinaus führt diese verminderte Interaktion mit DNJ-13 zu einer 

erfolgreichen Unterdrückung des Bewegungsdefekts in vivo. 

HSP-90/DAF-21 ist das bei Weitem am gründlichsten erforschte Hitzeschock-Protein 

und in Zusammenspiel mit einem seiner Kinase-spezifischen Cofaktoren CDC-37, ist es 
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sowohl für die stabilen Faltung vieler Substratkinasen verantwortlich als auch an ihrer 

Aktivierung beteiligt. HSC-70 ist ein weiteres wichtiges molekulares Chaperon, welches 

sowohl während der Proteinfaltung involviert als auch im Zusammenspiel mit Co-

Chaperonen wie beispielsweise HSP-40, beim Abbau von Proteinen beteiligt ist. Die 

beiden Chaperon-Systeme HSP-90 und HSC-70 sind essenziell für die korrekte Funktion 

von Proteinen und daher für das Überleben der Zelle unerlässlich. Es stellt sich allerdings 

die Frage, ob die Cofaktoren beider Systeme innerhalb dieser großen Proteinstrukturen 

miteinander interagieren können. Im Zuge dieser Arbeit konnte eine spezifische 

Interaktion zwischen dem HSP-90 Cofaktor CDC-37 und DNJ-13, einem HSC-70 

Cofaktor der HSP-40 Familie, nachweisen werden. Hierbei konnte gezeigt werden, dass 

ein DNJ-13 Dimer an einen CDC-37 Monomer bindet und darüber hinaus die Formation 

eines HSP•90•CDC-37 Komplexes begünstigt, indem es Nukleotid-abhängige Effekte 

moduliert. Diese Interaktion, lässt eine komplexere Wechselwirkung zwischen dem HSP-

90 und HSC-70 Chaperon-System während der Prozession ihrer Substrate vermuten als 

bisher angenommen. 

Interessanterweise führt die Abwesenheit von HSP-90 zu einem Stopp in der Entwicklung 

bestimmter Larvenstadien in Nematoden und unterstreicht damit die Relevanz von 

Chaperonen. Die Inhibierung von UNC-45, einem weiteren Chaperon und Cofaktor von 

HSP-90, führt zu einem vergleichbaren Wachstumsstopp, während eines für die 

Entwicklung von muskelspezifischen Funktionen wichtigen Zeitpunkt. Um 

herauszufinden, wodurch diese ausgelöst werden, wurden sowohl RNAi Experimente 

gegen hsp-90/daf-21 und unc-45, als auch eine ausführliche Analyse des Transkriptoms 

durchgeführt. Hierbei konnten sowohl hsp-90 RNAi als auch unc-45 RNAi eine Vielzahl 

an Genegruppen induzieren respektive inhibieren. Ein Abgleich mit den Entwicklungs-

stadien von C. elegans zeigte einen Abbruch nahe des L4 Larvenstadiums für hsp-90 

RNAi und einen Stopp in einem frühen Erwachsenenstadiums für unc-45 RNAi. 

Entwicklungsprozesse zeigten sich folglich fehlreguliert und die durch das Auswerte-

verfahren generierte „Clique Map“ kann zusammen mit den gruppenspezifischen 

Zuordnungen ein leistungsfähiges Werkzeug für die genomweite Forschung in C. elegans 

darstellen. 

 

Zusammenfassend beschäftigt sich diese Arbeit damit, einen detaillierten Einblick in den 

Hitzeschock-Mechanismus von Caenorhabditis elegans zu geben, indem sie die Rolle 

verschiedener Chaperone und ihrer Cofaktoren untersucht. 
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1. Introduction 

1.1. Proteostasis 

Cellular homeostasis describes an equilibrium of chemical and physical conditions, which 

is internally maintained by a self-regulated system. This process is essential for all kinds 

of organisms, and even minor imbalances potentially decide over life and death 1,2. It is 

therefore crucial that, even under constantly changing environmental conditions, cellular 

homeostasis is maintained. 

 

Most biological functions in the cell depend on the coordinated interaction of its proteins, 

the proteasome 2. Protein homeostasis, or proteostasis, plays a major and crucial role in 

the overall equilibrium of the cell, and the maintenance of the proteome must be 

guaranteed by a network of cellular components 3. This proteostasis network (Figure 1) 

responds to various stress conditions and includes pathways like the heat shock response 

(HSR) 4 and the unfolded protein response (UPR) 5,6. 

 

Figure 1: Proteostasis network, adapted from 2. Protein synthesis and folding (green), general 

conformational maintenance (purple) and degradation (blue) counteract the harmful generation of 

unfolded proteins or aggregates (orange), therefore guaranteeing cellular homeostasis. 



Introduction 

 

 

2 

 

 

Exceeding the proteostasis capacity leads to the cytosolic accumulation of misfolded 

proteins and the formation of protein aggregates 7. Although not being necessarily 

harmful to the cell 8, aggregates often interfere with key cellular pathways 9, eventually 

resulting in proteotoxicity and even diseases like Alzheimer or Parkinson 10-12. In order 

to counteract this kind of proteotoxicity, the proteostasis network needs to prevent 

aggregate formation, execute disaggregation or at least sequestrate these aggregates, if 

the proteostasis capacity is limited 2,13,14. 

 

These processes are mostly mediated by molecular chaperones, which function as key 

players of the proteostasis network, thereby contributing a significant proportion to the 

proteostasis capacity of the cell 15. They not only provide protection for affected proteins 

during stress conditions, but also aid in general protein folding, degradation, and the 

maintenance of conformational stability during normal conditions 16-18. 

 

In sum, the proteostasis network is essential for all aspects of protein synthesis, 

functionality of both proteins and cell, thereby resulting in a direct impact on the lifespan 

and stress resilience of an organism 19. 

 

 

 

1.2. Protein synthesis and folding 

Protein synthesis plays a central role in the maintenance and fidelity of the proteome and 

the cell itself 20. Based on a mRNA transcript, linear amino acid (AA) polymers are 

synthesized by ribosomes 21. In order to obtain their functionality, these primary 

structures need to fold into their native three-dimensional structure 22. ANFINSEN’s 

dogma, a thermodynamic hypothesis of protein folding, postulates that the native form of 

a protein, simultaneously is also its energetically best conformity 23. Therefore, a local 

minimum of free energy ensures the attainment of the native form, compared to other 

folding possibilities (Figure 2) 3.  
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Figure 2: Schematic illustration of a protein folding funnel. Unfolded polypeptides can take various 

routes towards their native state, which is characterized by low free energy (ΔG) resulting in low 

entropy. Chaperones inhibit aggregate formation (red inverse T) and help partially folded proteins 

and folding intermediates, which are kinetically trapped, to reach their final and correct structure 

(green arrows). Adapted from 3. 

 

While this is true for many freshly synthesized proteins, large proteins with complex 

structures still remain at a high risk of misfolding and aggregation 7,22, therefore relying 

on molecular chaperones in order to efficiently fold in a biologically relevant timescale, 

or even to fold at all 24. In the process of maintenance, these chaperones participate during 

and after the translation of the de novo synthesized proteins, which prevents misfolding 

and therefore aggregation. Furthermore, they also prevent the premature folding of the 

newly synthesized proteins, if they are destined for the incorporation into organelles, like 

the endoplasmic reticulum or cellular membranes 15,25. 
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1.3. Molecular chaperones 

Molecular chaperones are often defined as proteins, which interact and thereby aid their 

clients to obtain a functionally active form, as well as protecting them from the impact of 

environmental stress 15,24. 

 

Heat shock proteins (Hsps) are the most prominent group of molecular chaperones and 

despite their name, their expression and function are not only limited to heat, but to all 

sorts of stress like ultraviolet radiation or toxins, and help to keep the cell and its functions 

alive 26,27. They recognize unfolded, unstable, or aggregated polypeptides and assist them 

during de novo folding, mediate re-folding, and prevent aggregation 28-30. Hsps are highly 

conserved molecular chaperones and are named after their respective molecular weight. 

The various families of heat shock proteins are genetically not related and their interaction 

with clients and co-chaperons varies widely 26,27. Still, the five major families consist of 

Hsp100, Hsp90, Hsp70, Hsp60 and the small heat shock proteins. Altogether they protect 

and maintain protein homeostasis 31. Therefore, Hsps not only serve important roles 

during stress conditions, but are also necessary under normal conditions. In contrast to 

most other enzymes, these chaperones need to work at specific stoichiometric ratios to 

successfully decrease the concentration of non-native client proteins 32. Even though there 

is a broad range of highly different substrates, they all share a common feature: Non-

native, misfolded proteins exhibit an increased exposure of hydrophobic residues, which 

are recognized by molecular chaperones 33,34. Most chaperones depend on adenosine 

triphosphate (ATP) to function, and both their affinity to clients as well as their own 

structure is controlled by the binding and hydrolysis state of ATP 24,26,27. Small heat shock 

proteins in contrast do not have an ATPase activity and are also called holdases 31. 

Together with a multitude of co-chaperones and other cofactors, these chaperone 

complexes ensure the degradation of unfolded or aggregated polypeptides 31. 

 

Altogether, molecular chaperones fulfill many essential tasks within the proteostasis 

network, making them an invaluable asset for the proteostasis capacity of the cell. 
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1.4. Heat shock factor 1 

The induction and expression of molecular chaperons, in particular the heat shock 

proteins, is coordinated by the highly conserved heat shock factor 1 (HSF-1) on 

transcriptional level 35,36. Together with the heat shock proteins Hsp40, Hsp70 and Hsp90, 

it forms a densely linked interaction network upon heat shock 37. This ubiquitous 

transcription factor binds to heat shock elements (HSEs) throughout the genome, which, 

apart from molecular chaperones, also include components of the ubiquitin proteasome. 

Therefore, HSF-1 is not only responsible for the maintenance of proper protein structure 

but also for the degradation of damaged proteins and the recycling of amino acids 1,35,38. 

Furthermore, HSF-1 is also involved in processes not related to the HSR, like cellular 

proliferation 39,40, female meiotic division 41, transcription in general 42, placenta 

development 43, and the regulation of multicellular organism growth 13,44. 

 

Even though the entire structure of HSF-1 could not be resolved yet, hence complicating 

the association of structure and biological function, the mechanism of interaction between 

the DNA-binding domain (DBD) of HSF-1 and HSEs is studied to a certain degree 45,46. 

Structurally, HSF-1 (Figure 3) consists of a DBD, leucine zipper domains flanking a 

central regulatory domain (RD) and two C-terminal transactivation domains (TADs). 

Monomeric HSF-1 can form complexes with Hsp90 47 and Hsc70 48, preventing the 

trimerization and activation of HSF-1 49. Under stress conditions, these monomers are 

released from the protecting chaperone complexes and start to form HSF-1 trimers, which 

is mediated by leucine zipper domains, flanking the central RD. Subsequent 

phosphorylation triggers the translocation into the nucleus 50. This allows the highly 

conserved N-terminal DBD of each HSF-1 monomer to be orientated next to each other, 

which recognize and bind to repeated sequences of the 5’-nGAAn-3’ pentameric 

sequence motive close to the transcription start site of target genes 51, eventually leading 

to the transcription of the respective gene 52. Even though the exact mechanism of 

regulation through HSF-1 is not clear yet, the RD has been shown to be capable of sensing 

heat 53 and transcriptional activation is not only mediated by the two C-terminal TADs 54, 

but also by extensive post translational modifications (PTMs) 55, like phosphorylation 56 

or deacetylation 57. Figure 3 represents a comprehensive summary of both structure and 

role of HSF-1 in the heat shock response 58.  
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Figure 3: The structure and role of HSF-1 in the heat shock response. The structure of monomeric 

HSF-1 is schematically shown in the lower left part. It consists of the C-terminal transactivation 

domain (TAD), a central regulatory domain (RD), which is flanked on both sides by leucine zipper 

domains, and lastly the N-terminal DNA binding domain (DBD). A) The Hsp90 multi-chaperone 

complex both inhibits and inactivates free HSF-1 monomers. B) Release and thereby activation of 

HSF-1 is mediated upon stress conditions, posttranslational modification, or other chemical 

activators. C) Active HSF-1 monomers translocate into the nucleus of the cell, D) where they are 

able to trimerize. E) These trimers then bind to target HSEs, thereby inducting the expression of the 

respective genes. F) Hsp70 inhibits the function of HSF-1 in the attenuation phase, while it 

transports HSF-1 into the cytoplasm where it once again A) is bound by the Hsp90 multi-chaperone 

complex. Adapted from 58. 

 

In contrast to more than five different HSF proteins in mammals 59, there is only a single 

copy gene of HSF-1 found in the nematode Caenorhabditis elegans (C. elegans) 60. This 

circumstance simplifies this highly complex regulatory system and therefore enables a 

more isolated study of HSF-1 61 and its role in in the context of the HSR, which is still 

not entirely understood. Nevertheless, it appears clear that HSF-1 plays a crucial role in 

this early, rapid, and essential defense mechanism of the cell, against different kinds of 

environmental stress conditions. 
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1.5. Heat shock protein 90 

One of the most extensively studied heat shock proteins is Hsp90. It is ubiquitous under 

normal cellular conditions and gets overexpressed under stress 27. Overall, it accounts for 

1% of all cellular proteins, which makes it the most abundant soluble cytosolic protein 

and eventually affecting approximately 10-20% of the proteome 62,63. By affecting the 

HSR and assisting with protein folding and maturation of important regulators like steroid 

hormone receptors, transcription factors and kinases, it plays a crucial role in a multitude 

of organisms 4,26,27. 

 

Hsp90 forms a homodimer (Figure 4), that interacts at the C-terminal domain (CTD) 26. 

Besides the CTD, a Hsp90 monomer consists of two more domains, namely the N-

terminal domain (NTD), which mediates the binding of ATP, and the middle domain 

(MD), responsible for ATP hydrolysis and the binding of its clients 64. A C-terminal Met-

Glu-Glu-Val-Asp (MEEVD) motif is responsible for the interaction with tetratricopeptide 

repeat (TPR) domain containing co-chaperones  65. Dimerization at the C-terminus plays 

an important role in the function of Hsp90 26. While the binding of ATP to the N-terminal 

domain leads to a conformational change of the dimer to a catalytic competent state 31,64, 

the hydrolysis of ATP leads to a release of ADP and phosphate as well as another change 

back into its open conformation. This mechanism is called molecular clamp 26,27,31. 

 

Hsp90 relies heavily on the interaction with a cohort of co-chaperones, like Cdc37 or 

Fkbp51/Fkbp52, to ensure proper client processing 66,67. Cdc37 alone plays a crucial role 

in kinase maturation (Figure 4) and Hsp90•Cdc37 complexes perform a wide range of 

functions. For instance, maintaining the kinase Cdk4 in a folded confirmation, and 

thereby preventing its aggregation, until its activation is required 68. Despite the crystal 

structure of a Hsp90•Cdc37•Cdk4 complex being resolved 69, together with a vast number 

of biochemical studies, the detailed mechanism of kinase association to the Hsp90•Cdc37 

complex remains unknown. 

In contrast to Cdc37, the TPR domain containing large prolyl isomerases Fkbp51 and 

Fkbp52, are not only involved in steroid receptor processing, but also help to stabilize the 

large Hsp90•Cdc37•kinase complexes 70. 
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Figure 4: Schematic representation of Hsp90-mediated kinase maturation and its structure. The 

schematical structure of a Hsp90 homodimer is shown in the green box on the right. A Hsp90 

homodimer is made up of two Hsp90 monomers, each consisting of a N-terminal domain (NTD), a 

middle domain (MD) and a C-terminal domain (CTD), where both monomers are also able to 

dimerize. A) Hsp90 B) Cdc37 presents client kinases to Hsp90 C) FKB-6 then binds to 

Hsp90•Cdc37•kinase complex, D) thereby preventing the dissociation of this closed multi-

chaperone complex upon binding ATP. D) & E) Eventually ATP hydrolysis leads to the complete 

dissociation of the complex. Adapted from 70. 

 

A central role of Hsp90 in the regulation of the HSR itself, is expressed by the binding of 

HSF-1 and thereby causing the inactivation of the latter 49,71,72. Upon the detection of 

misfolded proteins or in general, when chaperone function is needed, HSF-1 is released 

and the transcription of HSPs is thereby induced 27,73. 

 

There are differences between heat shock proteins of a protein family in between species 

and therefore it is not given, that all of them are equal in their development and biological 

function. Still, they share large homology, and it is possible to compare systems. In 

C. elegans Hsp90 is known as DAF-21 (HSP-90) and shares 85% homology with its 

human counterpart 74, where it ensures the longevity of C. elegans, whilst being essential 

for the development of gonads, vulva and oocyte maturation 75-77. Therefore, mutations 

or the inhibition of this highly crucial chaperone interfere with several pathways and even 

induce embryonic and early larval lethality 78. RNA interference (RNAi) experiments 
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against hsp-90/daf-21 reduce not only the motility and arrest the development of 

nematodes 79,80, but also induce the HSR thus clearly demonstrating the significance of 

HSP-90 regarding the innate immune response 21,76,81. This is due to the fact, that the 

innate immune response in nematodes is directly coupled to the HSR, which on the other 

hand is known to be suppressed by HSP-90 82,83. 

 

Since the molecular chaperone Hsp90 interacts with a vast array of proteins, it is therefore 

also of interest in medical research. There is a large potential in cancer therapy, since 

many of Hsp90s clients are important pieces of oncogenic signaling and 

neurodegenerative diseases like Alzheimer’s disease and Parkinson’s disease 84-87, 

therefore making it an interesting potential therapeutic target.  

 

 

 

1.6. Heat shock cognate 70 

Heat shock protein 70 (Hsp70) are ubiquitous classes of chaperones and, like Hsp90, they 

depend on ATP to fulfill their function 88. In mammalian cells, there are two classes of 

Hsp70 chaperones, the heat shock cognate 70 (Hsc70) and Hsp70 itself 89. Despite Hsc70 

being expressed constitutively, Hsp70 is only induced upon either the depletion of Hsc70 

or during various kinds of stress 89, while both share an identity of 85% 89. Together with 

their co-chaperones, including the heat shock protein 40 (Hsp40) family, they contribute 

to the folding of polypeptides, protect proteins against aggregation, and even promote 

degradation of misfolded proteins and aggregates through autophagy or via the 

proteasome 90-92. Clients are presented to Hsc70/Hsp70 by the co-chaperone Hsp40, 

which then interacts with the ATP bound Hsc70/Hsp70 conformation and thereby also 

improves the ATP turnover of those chaperones 93. Nucleotide exchange factors (NEFs) 

on the other hand compete with Hsp40 for the accessibility of Hsp70, resulting in the 

release of the client and bound nucleotides 94. Unfortunately, only few details of the 

Hsp40 mechanism are known yet. In any case the interaction with both Hsp40 and NEFs 

increases the ATP turnover of Hsc70, thus simultaneously improving the folding of its 

clients (Figure 5) 95-98.  



Introduction 

 

 

10 

 

 

Both Hsc70 and Hsp70 consist of three domains (Figure 5), the N-terminal binding 

domain (NBD), the substrate binding domain (SBD), and the C-terminal domain. 

Interestingly, the helical domain of the C-terminus functions as a lid, covering the 

substrate binding groove of the SBD 97,99-103. While this part of the structure varies widely 

between organisms, both the NBD and SBD are highly conserved. Interaction with Hsp40 

and TPR domains of NEFs is mediated by an Glu-Glu-Val-Asp (EEVD) motif at the C-

terminus of the chaperone 104,105.  

 

 

 

Figure 5: Schematic representation of the Hsp70 cycle and its structure. The structure of Hsp70 is 

schematically shown in the orange box at the bottom. It consists of a N-terminal binding domain 

(NBD), a substrate binding domain (SBD), which when in its closed state (as depicted), is covered 

by its C-terminal lid domain. A) In the open state of Hsp70, ATP is bound, and the substrate binding 

groove is accessible to unfolded polypeptides with a high exchange rate of low affinity. B) 

Alternatively, unfolded polypeptides also get bound by Hsp40, which are then presented to Hsp70. 

Hsp40 then facilitates the hydrolysis of ATP, thereby inducing the conformational change of Hsp70 

into its closed state. C) In this, now ADP-bound state, Hsp70 exhibits a slow exchange rate with 

high affinity for its substrate. D) Hsp40 then leaves the chaperone complex and the coupling to other 

chaperones like Hsp90 is mediated by Hop, leading to a transfer of the clients to the Hsp90 system. 

E) Finally, Nucleotide exchange factors, like Bag-1, mediate the release of ADP and Hip, while 

Hsp70 again changes its conformation into the open state, thereby releasing the substrate if it was 

not transferred to the Hsp90 system. F) Eventually, if this substrate is not properly folded after 

release, it is either rebound by Hs70, or alternatively Hsp40. Adapted from 106. 
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Heat shock protein 1 (HSP-1 or HSC-70), is the only Hsc70 orthologue in the nematode 

C. elegans, alongside the three Hsp70-like proteins (HSP-70, F44E5.4 and F44E5.5) 107-

109. Here, the Hsp40-like J-domain containing cofactors DNJ-12 and DNJ-13 together 

with the NEFs BAG-1 and UNC-23 directly influence the ATP turnover of Hsc70 

97,110,111. However, when compared to other organisms, like E. coli or mammals, the 

Hsp70/Hsp40 system of C. elegans is only little investigated. Overexpression of Hsc70 

results in a locomotion defect, titled the head-bent phenotype 111, which resembles 

conditions of muscular dystrophy through the disruption of muscle attachment 112,113, and 

is phenocopied by mutations of unc-23, a co-chaperone of Hsc70 112,114. Interestingly, 

four suppressor variants of Hsc70, namely D233N, S321F, A379V and D384N, were 

found to confer resistance to these mutations within unc-23 112,115, and up until now, the 

mechanism behind this rescue was not fully understood. Since HSC-70 is the only protein 

of its class in nematodes, a RNAi mediated knockdown results in increased protein 

aggregation 116 and arrests nematode development at an early larval stage 117. Altogether, 

these drastic findings demonstrate the importance of HSC-70 and show it performing 

essential and non-redundant functions in vivo. 

 

 

 

1.7. Cell division cycle 37 

In sharp contrast to its name, cell division cycle 37 (Cdc37), does not perform any cell 

cycle checkpoint role 118. Instead, it functions as a specific co-chaperone of Hsp90 and its 

role as signal transduction molecule is required for the stable folding of a wide range of 

kinase clients during their maturation 68,119-123. The interaction between Cdc37 and Hsp90 

inhibits the ATP hydrolysis of the latter, denying the release of bound folded proteins and 

therefore extending the interaction between both chaperone and client 67. 

 

The ubiquitous Cdc37 consists of three structural domains (Figure 6), namely the N-

terminal (NTD), central and C-terminal domain (CTD) 124. Binding to kinase clients is 

initiated by NTD residues 69,123. Then, the central domain of Cdc37 interacts with the N-

terminus of Hsp90, inhibiting the ATPase-activity of Hsp90, and by transitioning into the 
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middle domain of Hsp90, also blocking the N-terminal ATP binding site of Hsp90 69,125-

128. Thus, Hsp90 is held in an open conformation for the loading of kinase clients onto it, 

assisted by Cdc37 125,126. The binding of Aha1, resembling another co-chaperone of 

Hsp90, results in the dissociation of Cdc37 from the chaperone complex, changing Hsp90 

into its closed ATPase active conformation once more 66,67,122. Eventually, this process 

leads to a fully maturated kinase. If Cdc37 is depleted, kinases can, instead of forming a 

stable ternary complex with Hsp90 and Cdc37, also associate with the Hsp40/Hsc70 

system, leading to degradation by the proteasome 129. Posttranslational modifications, like 

the dephosphorylation of Cdc37, by the serine/threonine protein phosphatase 5 (PP5), has 

been shown to impact and regulate the activity of Cdc37, thereby affecting interaction 

with Hsp90 130,131. Even though nematode Cdc37 (CDC-37) shares a significant 

homology with its human homolog, both utilize a different interaction site on Hsp90 

(Figure 6). 

 

Figure 6: Schematic representation of Hsp90 kinase loading mediated by its nematode co-chaperone 

CDC-37. The structure of CDC-37 is schematically show in the gray box on the left and consists of 

a N-terminal (NTD / N), central (CD) and C-terminal domain (CTD / C). A) Kinase binding is 

mediated by the C-terminal domain of CDC-37, while the N-terminal domain can interfere with the 

nucleotide binding pocket of the kinase. B) Hsp90 is bound by the N-terminal domain of CDC-37, 

simultaneously inhibiting the ATPase activity of Hsp90 by blocking the N-terminal ATP binding 

site. This holds the chaperone in an open conformation, allowing the kinase substrate to be loaded 

onto Hsp90. Adapted from 125. 
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Whereas Cdc37 binds to the N-terminal domain of Hsp90 via its N-terminal domain, 

CDC-37 on the other hand binds to the middle domain 125,128,132. Additionally, 

phosphorylation of the C-terminal domain of CDC-37 seems to play an important role in 

the binding of kinases, while no function is known for human Cdc37 125. 

 

Due to the therapeutic potential of Hsp90 84-86 and the close relationship to Cdc37, Cdc37 

itself might also be an important target in combating cancer or neurological diseases, like 

Alzheimer’s disease and Parkinson’s disease 87. 

 

 

 

1.8. Heat shock protein 40 

Hsp40, also called J-proteins, are co-chaperones of Hsp70 and play a crucial role for its 

function and the diversity of its clients 17,24. The members of this family are historically 

divided based on their structure into three subclasses, which can all interact with Hsp70, 

but do not relate to their biochemical function (Figure 7) 133. They are defined by the J-

domain, an approximately 70 amino acid long domain, sharing a high similarity with 

E. coli DnaJ 134. Apart from this domain they show a strong divergence in both sequence 

and resulting structure, leading to versatile and comprehensive functions in combination 

with Hsp70, for example the promotion of folding, assembly translocation and 

degradation of numerous substrate proteins 135. 

 

Class I members, like nematode DNJ-12, share full domain conservation with DnaJ, 

including the N-terminal J-domain, a Glycine/Phenylalanine (Gly/Phe)-rich domain, a 

Cys-rich zinc finger motif, as well as the C-terminal extension 136. They are also able to 

act independently from Hsp70, functioning as chaperones and suppressing the 

aggregation of clients 137-139. Class II members, like nematode DNJ-13 in contrast, share 

only their N-terminal J-domain and the Gly/Phe-rich domain with DnaK, resulting in a 

strong dependence on the interaction with Hsp70, in order to function properly 140. Lastly, 

class III consists of any J-protein which does not relate to the other two classes. 



Introduction 

 

 

14 

 

 

 

Figure 7: Structure of DNJ-13 and classification of J-domain containing proteins. The homology 

model of a DNJ-13 dimer, which is modeled after the amino acid sequence of C. elegans DNJ-13 

and based upon the crystal structure of DnaJ from Thermus thermophilus (PDB 4J80) 141, is shown 

in the yellow box on the left. The schematic classification of J-domain containing proteins is adapted 

from 137 and differentiates the three distinct classes based upon their structural similarities to 

bacterial DnaJ. While all classes consist of the J-domain, only class I shares full domain 

conservation with DnaJ, including the J-domain, a Gly/Phe (G/F) domain and a zinc finger motif 

(ZnF). Despite both, class I and class II sharing their C-terminal domain (CTD), class II is lacking 

the ZnF and shares its J-domain and Gly/Phe (G/F) with DnaK, while class III consists of any J-

protein which neither relates to class A or B. 

 

In C. elegans exist three cytosolic and two Hsp40-like J-domain in mitochondria and 

endoplasmic reticulum. One of these cytosolic co-chaperones of HSC-70 is DNJ-13 

(Figure 7) and like all class II J-proteins members, it shares its N-terminal J-domain with 

DnaK and, is known to form dimers, like all other J-proteins 135,142. Its Gly/Phe-rich 

domain is involvement in the ATP-dependent substrate binding of HSP-70 143,144 and the 

identical domain of DnaJ plays a crucial role in the conformational recognition of 

substrate proteins, as well as in the ability to interact with folded substrates 145. Here the 

Cys-rich domain, which is replaced by a Met/Gly-rich domain in DNJ-13, both bind 

denatured substrates and improves the stability of the DnaK-substrate complex 139,146,147. 

The Cys-rich domain most likely also supports further chaperone functions by controlling 

the J-protein interaction with other proteins 138,140,148. Lastly, the C-terminus of DNJ-13 

consists of two β-barrel-topology C-terminal domains CTDI and CTDII, and the affinity 

for client proteins is influenced by a separate C-terminal dimerization-domain 149,150. 

Especially CTDI is thought to play an important role in client binding, due to the 

outbound Gly/Met-rich domain 139,146,147 and a hydrophobic pocket 140,151. The deletion of 

the C-terminus of DnaJ-like proteins leads to non-viable mutants 152, thereby 

demonstrating the importance of client binding in vivo. However, no function is known 

for the CTDII of J-proteins yet, which precedes the C-terminal dimerization domain. 
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1.9. Uncoordinated mutant number cofactors 

1.9.1. Uncoordinated mutant number 23 

In C. elegans the gene for uncoordinated mutant number 23 (UNC-23) encodes a BAG 

domain-containing protein and represents an ortholog to the human Bag2 112. These BAG 

containing proteins share a conserved 45 amino acid long BAG domain near their C-

terminus and are able to modulate the activity of the ATPase domain of Hsc70 post 

binding 111. 

Interestingly mutations in the unc-23 gene result in motility defects 113, due to the 

detachment of muscle cells from the hypodermis, thereby inducing a severe head-bent 

phenotype 112-114,153. Despite its low affinity for Hsc70, the nucleotide exchange factor 

UNC-23 is thought to function together with Hsc70 and DNJ-13 in order to either 

maintain the stability of muscle cells or ultrastructure of myofilaments (Figure 8) 111. Due 

to the similarity of UNC-23 and Bag2, respectively resembling the nematode and human 

system, a more solid understanding of this nucleotide exchange factor might help in 

mitigating or, at least, understanding hereditary forms of muscular dystrophy in humans. 

 

 

Figure 8: Structure and schematic role of UNC-23 during muscle maintenance. UNC-23 consists of a 

conserved C-terminal BAG domain which it shares with all BAG containing proteins and is 

schematically depicted in the grey box on the bottom left. A) Under physiological conditions UNC-

23 binds to HSC-70 and promotes functional muscle attachment by antagonizing DNJ-13. B) Muscle 

attachment fails if UNC-23 is not present. C) However, muscle attachment is restored if both HSC-

70 cofactors are missing. Adapted from 111. 
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1.9.2. Uncoordinated mutant number 45 

The myosin chaperone uncoordinated mutant number 45 (UNC-45) on the other hand, is 

a cofactor of Hsp70 and Hsp90 154, where it participates in the muscle-specific functions 

of the latter 155. As actin filament-based cytoskeletal motors, myosins participate in a 

variety of cellular functions, including intracellular transport, signal transduction and cell 

migration 156. During stress conditions HSP-90 and UNC-45 maintain the function of 

myosin filaments, mediated by folding of the myosin motor domain 157. UNC-45 consists 

of three domains, the N-terminal tetratricopeptide (TPR), a middle domain, and an UNC-

45/Cro1/She4p domain at the C-terminus. Interaction with Hsc70/Hsp90 is mediated by 

the N-terminal domain, whereas the C-terminus functions as a myosin-binding site 154,158. 

Both domains are aligned by the middle domain, enabling the chaperone to form linear 

protein chains, thereby offering Hsp70/Hsp90 and its clients multiple binding sites 158. 

Nematode UNC-45 is expressed from a single unc-45 gene in muscle cells and in non-

muscle tissues of early embryos 154,159. 

Depletion of UNC-45 leads to rather specific and dramatic morphological changes, like 

paralysis due to muscle cell defects and sterility in C. elegans, demonstrating the essential 

role of UNC-45 in vivo 79. 

 

 

 

1.10. Caenorhabditis elegans 

Nematodes are among the most abundant and ubiquitous animals in existence. Of the 

many species belonging to the phylum of nematodes, Caenorhabditis elegans 

(C. elegans) is certainly the most intensively studied 160. These roundworms are on 

average 1 mm long and consist mainly of hermaphrodites 161. The life cycle of C. elegans 

divides into four larval stages (L1-L4), and the adult form, together covering a life span 

of 2-3 weeks (Figure 9). L2 larvae can form dauer-forms under nutrient restriction, 

enabling ten times longer survival under these conditions 162,163. 
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Figure 9: Schematic life cycle of C. elegans. Embryogenesis occurs after fertilization and eggs are laid by 

adult animals. Newly hatched larvae are called L1 and proceed to a further developed L2 stage under 

normal conditions. L2 larvae are then able to develop into the L4 stage and eventually reach the 

adult form, completing the life cycle. If food supply is limited (dashed lines) hatched L1 larvae can 

also enter a L2d stage, further developing into a stable dauer larvae form to increase their 

survivability. Under normal conditions, when the food supply is restored, dauer larvae can enter the 

L4 stage, enabling them to further mature into an adult. Figure adapted from 164. 

 

During development the number of cells rises from 558 cells in L1 larvae to 959 somatic 

cells in hermaphrodites up to 1,031 in adult males with a largely invariant lineage of 

somatic cells 165,166. The basic anatomy of C. elegans includes its skin, striated and 

nonstriated muscles, a nervous system dived into a pharynx and a central nervous system, 

a kidney, a digestive tract as well as gonads 160. The genome of C. elegans contains 

approximately 20,100 encoding genes, with a total length of 100 million base pairs 167. 

C. elegans strain Bristol N2 remains the standard laboratory strain by providing an 

inexpensive and simple tool of research 168. Animals are either grown in liquid media or 

in petri dishes on agar, seeded with a lawn of E. coli as food source 169. 

Despite the nematodes small genome and cell number, and the simplicity of its organs, 

there are many homologs to mammalian proteins sharing a multitude of functions 170-172. 

This, together with its superior type of cultivation provides a more comprehensible and 

transferable experimental system, when compared to more complex eukaryotes like 

mammals. 



Introduction 

 

 

18 

 

 

1.11. Aims and scope of this PhD thesis 

This thesis focuses on providing a more comprehensive view of Caenorhabditis elegans 

heat shock machinery by elaborating the role of both the HSC-70 and HSP-90 chaperone 

systems. 

 

First, HSC-70 should be examined in greater detail. Thus, suppressor variants against the 

described severe heat-bent phenotype, induced by mutations in the nucleotide exchange 

factor UNC-23, should be investigated. To this effect, these four variants of HSC-70 

should be purified together with some of its Hsp40 co-chaperones and nucleotide 

exchange factors. Next, these suppressor variants should then be characterized regarding 

their stability, interaction with these cofactors and overall function. Therefore, thermal 

shift assays should be performed to determine stability and binding to cofactors should 

be investigated with sedimentation velocity experiments. Then, NADH coupled 

regenerative assays together with luciferase refolding assays should be employed in order 

to determine the ATPase activity and refolding capacity respectively. Lastly, these 

combined findings could at one point yield resistant nematode strains against the head-

bent phenotype, which might help in mitigating or, at least, understanding hereditary 

forms of muscular dystrophy in humans, due to the similarity of nematode and human 

system.  

 

Next, the role of CDC-37, an important co-chaperone of HSP-90, should be examined 

regarding a potential cross-interaction between the HSP-90 and HSC-70 chaperone 

system. Since both systems are heavily involved in the specific folding of client proteins, 

as well as proteostasis control, their co-chaperones may even frequently interact with each 

other. While the co-chaperone Hop is already known to interact between both systems, 

no such interaction is known for CDC-37, a major co-chaperone of HSP-90. 

To this end, screening of CDC-37 together with prominent co-chaperones of HSC-70 

should be performed and followed by the investigation of the potential interaction 

partners. For this, the respecting proteins should be purified, and the potential interaction 

partners should be thoroughly analyzed by a range of methods, to determine the 

stoichiometry, affinity, and interaction sites. This includes crosslinking, sedimentation 

velocity experiments as well as mass spectrometry of crosslinked species. The obtained 
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data should then be analyzed in order to generate a comprehensive model of the 

interaction partners. Lastly, the question remains if both potential interaction partners are 

still able to bind to HSP-90. To find an answer, the formation of a stable ternary complex 

should then be observed and ideally, both the HSP-90 and HSC-70 chaperone system can 

be linked by the found interaction. Eventually, these findings should contribute to the 

general understanding of both systems, which could even be of particular importance due 

to the interest in Hsp90 as a therapeutic target. 

 

Additionally, the impact of the already mentioned HSP-90 on developmental processes 

in C. elegans should be investigated by a novel coexpression analysis, called clusterEX, 

initially developed for the simplified model system Saccharomyces cerevisiae. To this 

end, this analysis should be adapted for the GPL200 microarray platform in order to track 

gene expression changes, and later be validated against a state-of-the-art method for the 

analysis of microarray data. Based upon novel data, generated by using RNA interference 

against the chaperones HSP-90 and UNC-45, a clique map visualizing the co-regulation 

response, should be created with the C. elegans adapted clusterEX. In order to map these 

changes in the transcriptome on a developmental timeline, microarray datasets 

representing a time course ranging from early development up until adulthood should be 

obtained from the GEO repository, and likewise be analyzed. The clique maps of HSP-

90 and UNC-45 depleted nematodes should then be compared to these generated 

developmental clique maps, each representing the different stages of nematode 

development. This should provide a transcriptional context to the observed phenotypes 

upon depletion of HSP-90 or UNC-45, while at the same time offer valuable insights into 

the role of both chaperones during the development of C. elegans. Furthermore, the 

adapted clusterEX could serve as a powerful tool for the scientific community for the 

analysis of microarray data. 

 

Finally, structural and cellular mechanisms of the upstream regulation factor of HSP-90 

and most prominent transcription factor of the heat-shock response, HSF-1, should be 

investigated. To this end, the adapted coexpression analysis clusterEX should be used to 

uncover induced clusters upon heat-shock. Next, heat-shock elements should be detected 

in the promoter regions of these highly induced genes and DNA probes representing the 

found sequences should be created. The stability of the DNA binding domain of HSF-1 
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should then be analyzed by both circular dichroism spectroscopy and thermal shift assays, 

prior to further analysis. Electrophoretic-mobility shift assays and sedimentation velocity 

experiments should be employed to investigate the interaction between the DBD of HSF-

1 and the created DNA probes, representing the induced heat-shock elements and a global 

fit of the derived data should be analyzed in order to quantify the binding event. This 

approach might magnify the field of application of the adapted clusterEX, since the 

generated coexpression cliques provide a reference for the prediction of transcription 

factor binding sites, which could assist in gaining further insight into complex multi-step 

binding reactions in general. 

 

In toto, these goals should provide novel findings regarding the heat shock response in 

C. elegans and therefore help with a better understanding of this model system, and 

eventually might be even transferable to the human system. 

 

 

 

1.12. Overview of Methods 

Cloning, protein expression and purification. cDNAs were cloned into bacterial 

expression vectors after a N-terminal His6 tag. Site-directed mutagenesis was employed 

to generate mutants. Sequencing was used as method for verification. 

These constructs were then transformed into Escherichia coli and expression of the 

respective proteins was induced. Cells were harvested and proteins were purified using 

affinity, ion exchange and size exclusion chromatography. Protein quality and quantity 

was determined by SDS-PAGE and UV/Vis spectroscopy, and the identity of the proteins 

was confirmed with mass spectrometry. 

 

Structure and stability experiments. Circular dichroism spectroscopy was used to 

obtain information about both structure and stability of the proteins, while thermal shift 

assays were performed to analyze the stability of the folded structure. 
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Determination of chaperone activity. NADH coupled regenerative assays and 

luciferase refolding assays were performed, in order to respectively determine the ATPase 

activity as well as the refolding capacity. 

 

Fluorescence labeling. To increase specificity, proteins were labeled with fluorescence 

dyes. The respective degree of labeling was determined with UV/Vis spectroscopy. 

 

Analytical ultracentrifugation. Sedimentation velocity experiments were performed to 

derive molecular weights, sedimentation coefficients and diffusion coefficients, to get 

information on the heterogeneity of the sample, as well as to analyze possible binding 

between interaction partners. 

 

Protein-protein crosslinking. Crosslinking of proteins was done to both analyze the 

interaction between binding partners and to generate samples for mass spectrometry 

experiments, conducted at the Ruhr-Universität Bochum. 

 

Molecular modeling and docking. Homology modeling was performed when no protein 

structure was available. Possible protein interaction interfaces were identified based on 

the mass spectrometry experiments. This information was then used for molecular 

docking calculations. 

 

Handling maintenance of C. elegans N2. Nematodes were grown on NGM plates 

seeded with E. coli OP50 bacteria at 20 °C. In order to maintain the culture, worms were 

also periodically picked and transferred to fresh NGM plates. 

 

RNAi knock-down experiments. To induce gene-expression changes in, RNAi was used 

to deplete the respective mRNAs of C. elegans. Treated nematodes were washed off, 

shock frozen and used for microarray experiments, performed at the Zentrum für 

Fluoreszente Proteinanalytik in Regensburg. 

 

Analysis of microarray data. Microarray data was analyzed both a commercial software 

as well as the in-house software clusterEX. Clique maps were generated, and GO-term, 
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phenotype and tissue enrichment were performed to obtain a genome-wide nematode 

gene network and to visualize gene-expression changes. 

 

Quantification and statistics. Experiments were repeated, quantified, and statistically 

analyzed, as indicated. 

 

The Materials and Method section of the included papers provides more information of 

the employed methods. 
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2. Results 

2.1. head-bent resistant Hsc70 variants show reduced Hsp40 affinity 

and altered protein folding activity 

Published in Scientific Reports, 2019 Aug 16; 9: 11955. doi: 10.1038/s41598-019-

48109-0 

Published by Katharina Papsdorf1, Siyuan Sima1, Lukas Schmauder1, Sebastian 

Peter, Lisa Renner, Patricia Hoffelner and Klaus Richter2 

 

PhD candidate 

1 these authors contributed equally 

2 corresponding author 

 

2.1.1. Summary 

The molecular chaperone Hsc70 plays an essential role in proteostasis and is driven by 

both the hydrolysis of ATP and the association with various cofactors. A mutation in the 

nematode nucleotide exchange factor UNC-23, resembling one of these cofactors, 

disrupts the muscle attachment of muscle cells, thereby inducing a severe head-bent 

phenotype in C. elegans. Four suppressor variants of HSC-70, D233N, S321F, A379V 

and D384N were found to suppress this phenotype. 

In order to unravel the underlying molecular mechanism behind this suppression, these 

suppressor variants, together with the nucleotide exchange factors UNC-23 and BAG-1, 

as well as the Hsp40-like J-domain containing proteins DNJ-12 and DNJ-13 were purified 

and their interaction was characterized. 

 

First, the stability of the HSC-70 variants was investigated by thermal shift assays, 

sedimentation velocity analysis and size-exclusion HPLC and the impact of nucleotide 

presence was determined. While most variants performed similar in terms of thermal 

stability and quaternary structure, S321F on the other hand showed both a reduced 

nucleotide response and an increase in oligomerization. 
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Next, the interaction of cofactors was investigated in terms of ATPase activity, luciferase 

refolding ability and their impact of binding on sedimentation velocity. Here the 

interactions between D233N and A379V showed a strong reduction with the two Hsp40-

like cofactors, while the binding of nucleotide exchange factors was barely influence in 

both variants, together with D384N. 

 

While molecular dynamics simulations suggest that D233N disrupts a salt bridge, which 

is important for the nucleotide-induced conformational changes of HSC-70, both changes 

of S321F and A379V, from wildtype HSC-70, lead to steric clashes near the mutation 

site. 

 

Since reduced DNJ-13 binding was observed for most of the HSC-70 variants, it was 

interesting to see, whether interference with DNJ-13 could potentially rescue the head-

bent phenotype in vivo. For this, DNJ-13 was depleted by using RNA interference in 

nematodes carrying the respective unc-23 mutation, significantly improving the 

locomotion, while RNAi against other Hsp40-like proteins did not result in any effect. 

This potentially explains why HSC-70 variants with diminished DNJ-13 binding are able 

to suppress this phenotype after all. 

 

2.1.2. Contribution of the PhD candidate 

Katharina Papsdorf1, Siyuan Sima1 and Klaus Richter designed the experiments. Lukas 

Schmauder1, Katharina Papsdorf1, Sebastian Peter, Lisa Renner and Patricia Hoffelner 

performed the experiments. Siyuan Sima1 and Klaus Richter performed the simulations. 

Lukas Schmauder1, Katharina Papsdorf1, Siyuan Sima1 and Klaus Richter analyzed the 

data and wrote the manuscript. 
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2.2. Nematode CDC-37 and DNJ-13 form complexes and can interact 

with HSP-90  

Accepted manuscript, in press at Scientific Reports, 2021 Oct 18; doi: 

10.1038/s41598-021-00885-4 

Published by Lukas Schmauder, Eva Absmeier, Katalin Barkovits, Katrin Marcus 

and Klaus Richter2 

 

PhD candidate 

2 corresponding author 

 

2.2.1. Summary 

Hsc70 and Hsp90 are important molecular chaperones, and both are required for 

proteostasis control and the specific folding of client proteins in eukaryotic and 

prokaryotic organisms. These two proteins interact with a large cohort of co-chaperones 

in order to specify their client spectrum and to coordinate the ATPase cycles and their co-

chaperones may even frequently interact with each other. 

 

Here CDC-37, an important co-chaperone of HSP-90, was examined regarding a potential 

cross-interaction between the HSP-90 and HSC-70 chaperone system. The Hsp40 like J-

domain containing protein DNJ-13 was found to interact with CDC-37 in a crosslink 

screening, which was performed with prominent co-chaperones of HSC-70. This initial 

finding was then validated by sedimentation velocity analysis, where the addition of DNJ-

13 to CDC-37 leads to strong shift in the sedimentation coefficient from 2.8 S to 5.3 S. 

 

Next both the stoichiometry and affinity of the DNJ-13•CDC-37 complex was determined 

by sedimentation velocity analysis for fixed concentrations of CDC-37 and different 

concentrations of DNJ-13. Analysis of the data hinted at a complex consisting of one 

molecule CDC-37 and two molecules DNJ-13, resembled in a dimeric conformation, 

while an approximate KD of 3 µM, indicating an intermediate affinity between the two 

proteins, could be determined. 
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Binding sites were then identified by analytical ultracentrifugation and crosslinking, 

using CDC-37 ΔN and ΔC fragments, together with full-length DNJ-13. Mass 

spectrometry of the crosslinked CDC-37monomer•DNJ-13dimer complex, concluded these 

experiments and a homology model was generated, showing the interaction between both 

N-termini as well as some interaction between the N-terminus of CDC-37 and the C-

terminus of DNJ-13. 

 

Lastly, sedimentation velocity analysis was once more employed to test if the complex is 

still able to interact with HSP-90, which indeed was the case. Furthermore, the presence 

of DNJ-13 even strengthens the complex formation between HSP-90 and CDC-37 and 

simultaneously modulates nucleotide-dependent effects. 

 

Overall, these findings provide evidence for a more intricate interaction during client 

processing, between the HSP-90 and HSC-70 chaperone system, or at least their HSP-40 

co-chaperones. 

 

2.2.2. Contribution of the PhD candidate 

Lukas Schmauder and Klaus Richter designed the experiments. Lukas Schmauder, Eva 

Absmeier, Katalin Barkovits and Katrin Marcus performed the experiments. Lukas 

Schmauder, Eva Absmeier analyzed the data. Lukas Schmauder and Klaus Richter wrote 

the manuscript. 
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2.3. hsp-90 and unc-45 depletion induce characteristic transcriptional 

signatures in coexpression cliques of C. elegans 

Published in Scientific Reports, 2021 Jun 18; 11: 12852. doi: 10.1038/s41598-021-

91690-6 

Published by Lukas Schmauder and Klaus Richter2 

 

PhD candidate 

2 corresponding author 

 

2.3.1. Summary 

During their development, nematodes progress through several larval stages, which can 

be arrested at certain steps through specific interference with the transcriptome. HSP-90 

performs vital roles in a vast majority of proteostatic processes in C. elegans, while its 

co-chaperone UNC-45 participates in the muscle-specific functions. The depletion of 

both proteins leads to severe phenotypes, like sterility and paralysis, and it is possible, 

that both influence common pathways. 

 

To see, whether this is case or not, a genome-wide coexpression clique map for the 

nematode C. elegans was created. Each of the 22,620 genes was assigned to exactly one 

clique and every gene was grouped into a coexpression clique. This resulted in a total of 

307 coexpression cliques, which were visualized to represent the entire coexpression 

clique map for C. elegans. GO-term, phenotype and tissue enrichment analysis were 

employed to test whether the cliques resemble gene groups sharing a high level of 

functional similarity. 

To see whether HSP-90 and UNC-45 influence common pathways in C. elegans, 

nematodes were treated with RNAi against hsp-90 or unc-45 respectively, and the 

depletion of both proteins was analyzed by the here described microarray analysis. 

Overall, this allowed for the visualization and analysis of functional gene groups. 

Upregulated cliques contained “structural constituent of cuticle”, “response to unfolded 

protein”, “immune system response” and “cuticle development”. Downregulated cliques, 
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on the other hand, represent “embryo development”, “reproduction” and other many 

cliques implying stalled gonad development. 

Next the transcriptional response in unc-45 RNAi-treated nematodes was investigated 

with the same approach. The genome-wide coexpression clique approach yielded specific 

and significantly altered coexpression cliques. Upregulated cliques contained “produce 

cuticle collagens”, “linker cell movement” and “induction of heat response”, which is 

also reinforced by induction of heat-shock proteins, including hsp-16.2 and F44E5.4. 

Interestingly, the depletion of HSP-90 also leads to a higher expression of daf-16 target 

genes. In contrast, downregulated cliques contained “embryo development”, “cell 

membrane biogenesis”, “L1 larval development”, “linker-cell migration variant” and 

“spermatogenesis variant”, resulting in a stalled development of embryos, sperm, and 

vulva. 

To understand, if these observed expression changes of hsp-90 and unc-45 RNAi are 

specific for one developmental transition at the time of arrest, a timeline representing the 

development of C. elegans, ranging from embryo to late adult and based on experimental 

microarray datasets retrieved from the GEO repository, was generated, and compared to 

the coexpression clique maps in HSP-90 and UNC-45 depleted nematodes. Here hsp-90 

RNAi arrested nematodes compared to the L4 state (both L4 and L4-letharghus), therefore 

implying that the chronological timing of events during development is misaligned when 

HSP-90 is depleted. For UNC-45 depleted animals on the other hand, a drop in the 

expression of normally upregulated genes between L4 and young adults was observed, 

thereby implying that a developmental delay occurs at a young adult stage. 

 

These findings demonstrate the potential of the here developed coexpression analysis and 

could therefore provide a valuable tool in understanding concerted responses genome-

wide level in C. elegans. 

 

2.3.2. Contribution of the PhD candidate 

Lukas Schmauder and Klaus Richter designed the experiments. Lukas Schmauder 

performed the experiments. Lukas Schmauder and Klaus Richter analyzed the data and 

wrote the manuscript. 



Results 

 

 

69 

 

 

2.3.3. Manuscript 

 

 

 

 



Results 

 

 

70 

 

 

 

 

 

 



Results 

 

 

71 

 

 

 

 

 

 



Results 

 

 

72 

 

 

 

 

 

 



Results 

 

 

73 

 

 

 

 

 

 



Results 

 

 

74 

 

 

 

 

 

 



Results 

 

 

75 

 

 

 

 

 

 



Results 

 

 

76 

 

 

 

 

 

 



Results 

 

 

77 

 

 

 

 

 

 



Results 

 

 

78 

 

 

 

 

 

 



Results 

 

 

79 

 

 

 

 

 

 



Results 

 

 

80 

 

 

 

 

 

 



Results 

 

 

81 

 

 

 

 

 

 



Results 

 

 

82 

 

 

 

 

 

 



Results 

 

 

83 

 

 

 

 

 

 



Results 

 

 

84 

 

 

 

 

 

 



Results 

 

 

85 

 

 

 

 

 

 



Results 

 

 

86 

 

 

 

 

 

 



Results 

 

 

87 

 

 

 

 

 

 



Results 

 

 

88 

 

 

 

 

 

 



Results 

 

 

89 

 

 

 

 



Results 

 

 

90 

 

 

2.3.4. Permission to reprint the manuscript 

 

 



Results 

 

 

91 

 

 

2.4. Binding of the HSF-1 DNA-binding domain to multimeric 

C. elegans consensus HSEs is guided by cooperative interactions. 

Submitted manuscript currently in revision at Scientific Reports, 2021 Oct 20 

Submitted by Lukas Schmauder1, Siyuan Sima1, Amira Ben Hadj, Ricardo Cesar 

and Klaus Richter2. 

 

PhD candidate 

1 these authors contributed equally 

2 corresponding author 

 

2.4.1. Summary 

The highly conserved HSF-1 coordinates the induction and expression of molecular 

chaperons, by binding to HSEs throughout the genome. Together with heat shock proteins 

it forms a densely linked interaction network upon heat-shock. In C. elegans, there are 

more than 4000 HSEs in the promoter regions of genes, containing a HSF-1 binding 

consensus region. It is therefore interesting to see how HSF-1 exactly interacts with this 

huge amount of target genes. 

 

Therefore, a genome-wide coexpression analysis was employed to define upregulated 

genes during heat-shock conditions. This was achieved by harnessing the previously 

developed microarray analysis tool clusterEX, astonishingly revealing that most of the 

4000 HSE-containing genes are unaffected during these conditions. Instead, only few of 

these genes are specifically upregulated, some of which, like F44E5.4, HSP-16.2, HSP-

1, HSP-70, DNJ-12 and DNJ-13 are related to the HSP chaperone system. 

 

Based on this finding, dsDNA probes resembling the promoter region and thereby 

containing the HSEs of the so found genes were created. In order to investigate if HSF-1 

binding to these probes is possible in vitro, the DBD of HSF-1 was expressed and its 

stability was analyzed by both circular dichroism spectroscopy and thermal shift assays. 
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Next, electrophoretic-mobility shift assays and sedimentation velocity experiments were 

performed to determine the binding, affinity, and stoichiometry between both HSF-1 

DBD and dsDNA probes representing the HSEs. Here, HSF-1 interacts with most of these 

probes, albeit with apparently different characteristics. A global fit of the derived data 

revealed, that despite the proposed trimeric binding mode for HSEs, also tetra- and 

pentameric HSEs exist, which were found to lead to additional cooperativity, while 

cooperativity is less pronounced for the common trimeric HSEs. 

 

Here, the generated coexpression cliques were able to provide a tool for prediction of 

HSF-1 biding sites, which was then validated in vitro. This approach could therefore be 

of valuable assistance in the investigation of complex multi-step binding reactions.  

 

2.4.2. Contribution of the PhD candidate 

Siyuan Sima1 and Klaus Richter designed the experiments. Lukas Schmauder1, Siyuan 

Sima1, Amira Ben Hadj and Ricardo Cesar performed the experiments. Lukas 

Schmauder1, Siyuan Sima1 and Klaus Richter analyzed the data and wrote the manuscript. 
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3. Summary and outlook 

This thesis provides a more comprehensive view of the heat-shock machinery of the 

model nematode Caenorhabditis elegans. 

 

First, the biochemical properties of four variants of HSC-70, which were found to 

suppress a severe head-bent phenotype of C. elegans 112,115, were investigated. These four 

variants, D233N, S321F, A379V and D384N were purified and characterized regarding 

their stability, activity and specific binding to co-chaperones and nucleotide exchange 

factors. 

Compared to wildtype HSC-70, most variants showed similar stability and quaternary 

structure. However, variant S321F deviated in terms of a reduced nucleotide response and 

increased oligomerization, compared to the wildtype. Although the interaction with the 

nucleotide exchange factors BAG-1 and UNC-23 had almost no influence on the activity 

of most HSC-70 variants, D233N and A379V showed a strong reduction when paired 

with DNJ-12 and DNJ-13. Here, the structural deviation from wildtype HSC-70 induces 

energetic penalties, caused by steric clashes in both S321F and A379V, and a disrupted 

salt bridge in variant D233N. 

Interestingly, HSC-70 variant D384N showed an increase in ATPase activity, which, on 

the other hand, did not correlate with its refolding activity. This leads to the assumption, 

that due to a significantly increased ATPase activity, this mutant becomes inactive, and 

thereby rescues the head-bent phenotype. Nematode J-proteins are known to both enforce 

refolding in vitro, while they circumvent aggregation in vivo. Altogether, this leads to the 

assumption, that the interaction of these co-chaperones with the suppressor variants of 

HSC-70, is altered in comparison to wildtype HSC-70. 

Further, a reduced DNJ-13 interaction was observed for most of the HSC-70 variants. 

Therefore, it was interesting to see, whether interference with DNJ-13, could potentially 

rescue the head-bent phenotype in vivo. DNJ-13 was depleted as a result of specific RNAi 

in nematodes carrying the respective unc-23 mutation. This depletion proofed to be 

sufficient to significantly improve the locomotion. Interestingly RNAi against dnj-12 did 

not result in any effect. In contrast to DNJ-12, DNJ-13 might bind to client proteins in 

vivo, and thereby diverting HSC-70 from muscular attachment sites. This could also 
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potentially explain why HSC-70 variants with diminished DNJ-13 binding are able to 

suppress this phenotype after all. 

Nevertheless, by investigating the four HSC-70 suppressor variants of C. elegans head-

bent phenotype, a connection to DNJ-13 was proposed which, could yield a resistant 

nematode strain against this severe head-bent phenotype. Due to the relevance of Hsp40 

co-chaperones, like DnaJB6, and nucleotide exchange factors, such as Bag3, in both 

systems 173-177, this might be of help in mitigating, or at least aid in understanding 

hereditary forms of muscular dystrophy in humans.  

 

HSC-70 and HSP-90 are both heavily involved in the specific folding of client proteins, 

as well as proteostasis control 99,111,120,178. Therefore, their co-chaperones may even 

frequently interact with each other. While the co-chaperone Hop is already known to 

interact between both systems 179,180, no such interaction was known for CDC-37, a major 

co-chaperone of HSP-90. To this end, the role of CDC-37 was examined, regarding a 

potential cross-interaction between the HSP-90 and HSC-70 chaperone system. 

Therefore, a crosslink screening was performed and an interaction between DNJ-13 and 

CDC-37 was unraveled. Further, the protein complex showed a stoichiometry of one 

CDC-37 monomer interacting with either a DNJ-13 monomer or dimer, as a result of an 

intermediate affinity with a KD of approximately 3.4 µM between the two proteins. This 

is in agreement with previous findings, showing CDC-37 to interact as a monomer in a 

HSP-90•CDC-37•kinase complex 142, while J-proteins like DNJ-13 are known to form 

dimers 97. 

In order to define the binding interface between both proteins, sedimentation velocity 

analysis as well as mass spectrometry analysis were employed. Even though both 

methods yielded different binding sites, it is not entirely contradicting and indicates that 

an interaction might occur on several sites throughout both proteins. Overall, the N-

terminus of CDC-37 was found to bind predominantly to the N-terminal J-domain of 

DNJ-13, while one particular interesting crosslink connected the N-terminus of CDC-37 

to the C-terminal domain II of DNJ-13, for which no function is yet known. This finding 

implies an additional binding mode for the N-terminus of CDC-37, which is hitherto 

known as kinase binding site 124, and might be comparable to the interaction with both 

kinases and HSP-90. 
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Strikingly, CDC-37•DNJ-13 is still able to interact preferentially with the open state of 

HSP-90. This interaction could be further modulated by the presence of client kinases, 

however, it connects the HSP-90•CDC-37•kinase system to the HSC-70•DNJ-13 system. 

This might come into play for the coordinated transfer of kinases between both systems, 

that has already been established for the co-chaperone Hop and some steroid binding 

receptors, like GR 179-181. In contrast, this transfer could also be of importance in the 

degradation of kinases, in which the HSC-70 system then participates 182. Nevertheless, 

a similar interaction between Hop and DnaJB5, a human orthologue of DNJ-13 was found 

before 179, while Hsc70 was observed to also play a role in kinase maturation 183. 

In any case, these findings should contribute to a general understanding of both systems, 

which could be of particular importance due to the interest in Hsp90 as a therapeutic target 

in humans. 

 

Next, the impact of the molecular chaperone HSP-90 and its cofactor UNC-45, which 

participates in the muscle-related folding of HSP-90, was investigated by a novel 

genome-wide coexpression analysis. To this end, a preceding microarray analysis script, 

initially developed for coexpression analysis in the simplified model system 

Saccharomyces cerevisiae 184, was adapted to fit the far more complex nematode 

C. elegans. Based on more than 2243 individual microarray experiments, a universal 

clique map containing 307 distinct co-regulated cliques was generated, representing the 

entirety of C. elegans genes. Further, a timeline was created, ranging from embryo to late 

adult, and thereby enabling the comparison of transcriptional changes during 

development. This greatly supports the ability to discriminate if these changes in 

expression are specific to one developmental stage.  

Using RNAi against unc-45, changes in the transcriptome of C. elegans were induced and 

the respective microarray data was analyzed and mapped to the generated timeline. Here, 

the depletion of UNC-45 leads to a delay in the completion of sperm and the development 

of the vulva, while the transcriptome relates strongly to the young adult stage. Usually, 

during the development of the vulva, a critical step occurs where LIN-39 together with 

its cofactors UNC-62 and CEH-20 induces the expression of ref-2 185-187. Here, ref-2 is 

not upregulated, which should then, in turn, inhibit the fusogen EFF-1 as an expected 

factor for vulva development 186. These findings, together with the downregulation of 

additional genes involved in the vulva development, imply that the induction of vulva 
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development is impeded in UNC-45 depleted nematodes. Further, a combination of 

upregulated nspd- and msp-proteins 188,189, together with the downregulation of asb-2 190, 

leads to a halt in sperm development prior to completion 191,192. 

hsp-90 RNAi on the other hand was found to have a more diverse effect on the 

transcriptome. Nematodes arrest in their development close to the L4 larval stage and 

genes of the immune response, unfolded protein response, and cuticle development were 

strongly upregulated, while genes for embryo development and reproduction were 

downregulated. This is in agreement with the observed phenotype after the depletion of 

HSP-90, and since the innate immune response in nematodes is coupled to the heat-shock 

response 83,193, an upregulation of both was already expected. Interestingly daf-16 

regulated genes were found to be significantly misregulated with respect to their original 

developmental program 76,194,195. These genes were clustered into up- and downregulated 

genes, which revealed a simultaneous modification to the dauer-program upon hsp-90 

RNAi. Still, it remains unclear if this misregulation might be connected to the depletion 

of HSP-90 via secondary effects. 

 

Offering a powerful tool for the genome-wide coexpression analysis in C. elegans, this 

approach was then employed for the detection of HSF-1 regulated genes in heat stressed 

nematodes, thereby demonstrating its methodical power again. Here, the nematode 

genome which harbors over 4120 HSEs containing HSF-1 binding consensus regions, 

was narrowed down to a surprisingly small clique of 8 genes. Therefore, HSF-1 seems to 

control a vast majority of these genes during non-stressed conditions, while only a few 

are explicitly upregulated during heat-shock.  

To validate these 8 found genes, dsDNA probes were created, resembling their promoter 

regions including the HSEs, and the DNA binding domain of HSF-1 was expressed, in 

order investigate the interaction of both, HSF-1 and dsDNA probes. Additionally, a 

custom grid sedimentation velocity analysis was employed to quantify the binding event, 

thus providing an opportunity to study multiple interactions between transcription factors 

and dsDNA binding sites. Here, the DBD of HSF-1 was able to bind to the HSE-regions 

of the probes with a certain selectivity based on its affinity. Further, tetrameric and 

pentameric HSEs were discovered in addition to the trimeric binding mode, 

simultaneously increasing the cooperativity. Here, F44E5.4 featured the only promoter 
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with a pentameric consensus score site, while both hsp-16.2p and dnj-13p contained a 

tetrameric site. 

Despite this HSE being not inducible by HSF-1 in vivo, the dsDNA probe of dnj-12 was 

efficiently bound by the HSF-1 DBD. This leads to the assumption that this binding event, 

instead of being exclusive to heat-shock, might be constitutive, which is also supported 

by the ubiquitous expression of DNJ-12, and might apply to many of the found HSEs in 

C. elegans. Nevertheless, further research is needed, since only the DBD of HSF-1 was 

utilized and posttranslational modifications of full-length HSF-1, like phosphorylation 

56,196 or deacetylation 57,197, are known to contribute to the binding of HSEs by HSF-1. 

Nevertheless, this approach as a whole provides a reference for the prediction of 

transcription factor binding sites, which can assist in gaining further insight into complex 

multi-step binding reactions in general. 

 

In any case, these findings demonstrate both, the functionality of this genome-wide co-

expression analysis functionality, as well as a superior form of visualization of large data 

when compared to an already existing state-of-the-art analysis program. Interestingly, a 

different approach utilizing transcriptional genome-wide modules, was recently reported, 

enabling individual genes to be assigned into multiple cliques. While this expands the 

possibilities to detect genes, which are connected to more than one functional clique, it 

also complicates the generation of a static clique map. However, both approaches provide 

a potent tool for the genome-wide analysis of coexpressed genes in C. elegans and are 

thereby of significant scientific value. 

 

In toto, this thesis provides novel findings regarding the heat-shock response in 

C. elegans, therefore assisting in a better understanding of this model system and might 

even be partly transferable to the human system. 
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5. Appendix 

5.1. Supplemental information for “Nematode CDC-37 and DNJ-13 

form complexes and can interact with HSP-90” 
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5.2. Supplemental information for “hsp-90 and unc-45 depletion 

induce characteristic transcriptional signatures in coexpression 

cliques of C. elegans” 

 

The online version contains further supplementary material in the form of five 

supplementary figures and three supplementary tables, which due to their resolution and 

size could not be implemented into this thesis. 

 

This supplementary material is made fully available at 10.1038/s41598-021-91690-6. 
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5.3. Supplemental information for “Binding of the HSF-1 DNA-

binding domain to multimeric C. elegans consensus HSEs is guided 

by cooperative interactions”  
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Abbreviations 

 

Abbreviation Description 

% Percent 

°C Degree Celsius  

µM Micromole [10-6 M] 

ΔC Truncated C-terminus 

ΔG Gibbs free energy [kg m² s-2] 

ΔN Truncated N-terminus 

AA Amino acids 

ADP Adenosine diphosphate 

ATP Adenosine triphosphate 

Bag/BAG Bcl-2-associated athanogene 

C Carboxyl 

C. elegans Caenorhabditis elegans 

Cdc Mammalian cell division cycle protein 

CDC Nematode cell division cycle protein 

cDNA complementary DNA 

Cdk4 Cyclin-dependent kinase 4 

CTD C-terminal domain 

DAF-16 Nematode FOXO 

DAF-21 Nematode Hsp90 

DBD DNA-binding domain 

DD Dimerization domain 

DNA Deoxyribonucleic acid 

DnaK Bacterial Hsp70 

DNJ DnaJ domain containing protein 

dsDNA Double strand DNA 

E. coli Escherichia coli 

Fkbp51/52 FK506-binding protein 
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FOXO Forkhead box protein O 

GEO Gene expression omnibus 

GO Gene ontology 

GR Glucocorticoid receptor 

His6 Hexa histidine-tag 

Hop Hsp70-Hsp90 organizing protein 

HPLC High performance liquid chromatography 

Hsc Mammalian heat shock cognate 

HSC Nematode heat shock cognate 

HSE Heat shock element 

HSF-1 Heat shock factor 1 

Hsp Mammalian heat shock protein 

HSP Nematode heat shock protein 

HSR Heat shock response 

KD Dissociation equilibrium constant 

M Mole 

MD Middle domain 

mRNA Messenger RNA 

N Amine 

NADH Nicotinamide adenine dinucleotide 

NBD Nucleotide binding domain 

NEF Nucleotide exchange factor 

NGM Nematode growth media 

NTD N-terminal domain 

PDB Protein data bank 

PEA Phenotype enrichment analysis 

PTM Posttranslational modification 

RD Regulatory domain 

RNA Ribonucleic acid 

RNAi RNA interference 
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S Sedimentation coefficient, Svedberg [10-13 s] 

SBD Substrate binding domain 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Sti1 Stress-inducible protein 1 

TAC Transcriptome analysis console 

TAD Transactivation domain 

TEA Tissue enrichment analysis 

TPR Tetratricopeptide repeat 

Unc Mammalian uncoordinated mutant number 

UNC Nematode uncoordinated mutant number 

UPR Unfolded protein response 

UV/Vis Ultraviolet-visible spectroscopy 
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