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“You have evolved from worm to man,  
but much within you is still worm.”  
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Summary (English version) 

Many age-related neurodegenerative diseases such as Alzheimer's, Parkinson's and 

polyglutamine (PolyQ) diseases, including Huntington's disease, are associated with the 

aberrant accumulation of specific protein aggregates in affected nerve cells. The 

accumulation of these protein aggregates, which reflects an age-related failure of the cell's 

protein quality control system, is causally linked to the pathogenesis of such protein 

conformational disorders, also called proteinopathies. To maintain protein homeostasis 

(proteostasis), cells invest in a large network of factors that counteract the misfolding and 

aggregation of proteins. At the top of this proteostasis network are molecular chaperones 

that specifically bind and protect unstructured polypeptides from aggregation. Some of 

these chaperone systems act directly at the ribosome tunnel exit and support the folding, 

maturation and transport of newly synthesized polypeptide chains in a co-translational 

manner. Although it is known that ribosome-associated chaperones have a crucial impact 

on the overall cellular proteostasis, their potential direct effect on disease-related protein 

aggregation has not yet been investigated. This dissertation focuses on the molecular 

chaperone function of one of these ribosome-associated factors, the eukaryotic nascent 

polypeptide-associated complex (NAC), and its role in preventing the accumulation of 

pathogenic protein aggregates. 

A. Investigation of the chaperone activity of NAC in vivo 

NAC is a highly conserved heterodimeric complex and the first factor that interacts with 

nascent chains. NAC has always been described as a molecular chaperone, although 

persuasive evidence for this function is still missing. Thus, the focus of this work was on 

elucidating this potential chaperone function of NAC in vivo by using different 

Caenorhabditis elegans (C. elegans) proteinopathy models in combination with in vitro 

studies. Thereby, it could be shown that NAC exerts a direct chaperone activity on 

structurally and physicochemically diverse pathogenic substrates, including PolyQ 

proteins, α-synuclein and Aβ40, as well as on the chaperone model substrate firefly 

luciferase. A particularly interesting finding was that the ribosome-binding domain in the 

N-terminus of the βNAC subunit (N-βNAC) represents an important chaperone domain 
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of NAC and that the high positive charge of this domain is critical to suppress PolyQ 

aggregation. Furthermore, this study revealed that NAC also exerts chaperone activity 

independent of ribosome-binding in a post-translational manner. Consistent with this, a 

significant proportion of NAC was found to be ribosome-unbound in higher eukaryotes. 

In summary, these findings show that NAC is a molecular chaperone with a broad 

substrate spectrum and a potent inhibitor of disease-associated protein aggregation. 
 

K. Gense, M. Gamerdinger (2020) BIOspektrum 
K. Shen, M. Gamerdinger, R. Chan, K. Gense et al. (2019) Mol. Cell  
E. M. Martin, M. P. Jackson, M. Gamerdinger, K. Gense et al. (2018) J. Biol. Chem. 
 

B. Establishing a conditional gene expression system in C. elegans 

The central aim of the second part of the work was to establish a conditional gene 

expression platform for C. elegans to generate novel in vivo proteinopathy models that 

allow to study specific chaperone activities. Since a robust inducible gene expression 

system was not available for C. elegans, gene expression systems employed in other species 

had to be implemented in worms. First, the Q repressible binary expression system 

(Q system) originating from Neurospora crassa was successfully adapted to C. elegans 

worms enabling the ubiquitous expression of transgenes on demand. However, the poor 

switching performance of this system made it unsuitable for generating proteinopathy 

models which require high expression levels of the substrates. In a second approach, a 

tetracycline-dependent ribozyme implemented in non-coding regions of mRNAs was 

tested in C. elegans to control gene expression. This system proved to be a simple and 

robust method to spatially and temporally control gene expression in worms in all 

developmental stages. The high efficiency of the ribozyme switch allowed to perform 

genetic rescue experiments, as well as to generate inducible PolyQ-huntingtin models 

exhibiting ligand-controlled PolyQ-huntingtin aggregation and toxicity. 
 

L.A. Wurmthaler, M. Sack, K. Gense et al. (2019) Nat. Commun. 
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Zusammenfassung (deutsche Version) 

Viele altersbedingte neurodegenerative Erkrankungen wie Alzheimer, Parkinson und 

Polyglutamin (PolyQ)-Krankheiten, wie z.B. Chorea Huntington, sind mit einer 

Ablagerung spezifischer Proteinaggregate in den betroffenen Nervenzellen verbunden. 

Die Anhäufung dieser Proteinaggregate, ausgelöst durch das altersbedingte Versagen der 

zellulären Protein-Qualitätskontrolle, steht in einem kausalen Zusammenhang mit der 

Pathogenese solcher Proteinfehlfaltungserkrankungen, auch Proteinopathien genannt. 

Um die Proteinhomöostase (Proteostase) aufrecht zu erhalten, investieren Zellen in ein 

großes Netzwerk von Faktoren, die der Fehlfaltung und Aggregation von Proteinen 

entgegenwirken. An der Spitze dieses Netzwerks stehen molekulare Chaperone, die 

unstrukturierte Polypeptide spezifisch binden und vor Aggregation schützen. Einige 

spezielle Chaperonsysteme binden direkt an den ribosomalen Tunnelausgang und 

unterstützen ko-translational die Faltung, Reifung und den Transport von neu 

synthetisierten Polypeptidketten. Ribosomen-assoziierte Chaperone tragen wesentlich 

zur Aufrechterhaltung der zellulären Proteostase bei und könnten daher auch einen 

direkten Einfluss auf die krankheitsbedingte Proteinaggregation ausüben. Diese 

Dissertation befasst sich mit der molekularen Chaperonfunktion einer dieser Ribosomen-

assoziierten Faktoren, dem eukaryotischen nascent polypeptide-associated complex (NAC), 

und seinem potenziellen Einfluss auf die Entstehung pathogener Proteinaggregate. 

A. Untersuchung der Chaperonaktivität von NAC in vivo 

NAC ist ein hochkonservierter heterodimerer Komplex und der erste Faktor, der mit neu 

synthetisierten Polypeptidketten am Ribosom interagiert. Seit jeher wurde NAC eine 

molekulare Chaperonfunktion zugeschrieben, obwohl eindeutige Beweise für diese 

Funktion noch nicht vorliegen. Daher lag der Schwerpunkt dieser Arbeit auf der 

Aufklärung dieser potenziellen Chaperonfunktion von NAC in vivo. Mit Hilfe 

verschiedener Caenorhabditis elegans (C. elegans) Proteinopathie-Modellen und in vitro-

Proteinaggregationsstudien konnte gezeigt werden, dass NAC eine direkte 

Chaperonaktivität auf strukturell und physikochemisch unterschiedliche pathogene 

Substrate ausübt, darunter PolyQ-Proteine, α-Synuclein und Aβ40, sowie auf das 
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Chaperon-Modellsubstrat Luziferase. Dabei konnte gezeigt werden, dass die 

Ribosomenbindedomäne im N-Terminus der βNAC-Untereinheit (N-βNAC) eine 

wichtige Chaperondomäne für PolyQ-Substrate darstellt, und dass ihre positive Ladung 

entscheidend für die Unterdrückung der PolyQ-Aggregation ist. Darüber hinaus konnte 

gezeigt werden, dass eine signifikante Menge an NAC in höheren Eukaryoten nicht an 

Ribosomen gebunden ist und dass NAC daher auch eine post-translationale 

Chaperonaktivität in der Zelle ausübt. Zusammenfassend zeigen diese Ergebnisse, dass 

NAC ein molekulares Chaperon mit einem breiten Substratspektrum und ein potenter 

Inhibitor der krankheitsassoziierten Proteinaggregation ist. 
 

K. Gense, M. Gamerdinger (2020) BIOspektrum 
K. Shen, M. Gamerdinger, R. Chan, K. Gense et al. (2019) Mol. Cell  
E. M. Martin, M. P. Jackson, M. Gamerdinger, K. Gense et al. (2018) J. Biol. Chem. 
 

B. Etablierung eines konditionalen Genexpressionssystems in C. elegans 

Das Ziel dieses Teils der Arbeit war es eine konditionale Genexpressionsplattform für 

C. elegans zu etablieren, um induzierbare in vivo Proteinopathie-Modelle zu generieren, 

die es ermöglichen, spezifische Chaperonaktivitäten zu untersuchen. Da ein induzierbares 

Genexpressionssystem für C. elegans nicht verfügbar war, mussten Genexpressions-

systeme anderer Spezies in C. elegans implementiert werden. Zunächst wurde das aus 

Neurospora crassa stammende Quininsäure unterdrückbare binäre Expressionssystem (Q-

System) erfolgreich an C. elegans Würmer angepasst, welches eine induzierbare ubiquitäre 

Expression von Transgenen ermöglichte. Die mit dem Genschalter erreichte maximale 

Expression war jedoch zu gering, um Proteinopathie-Modelle zu generieren, da diese sehr 

hohe Expressionslevel von Substraten erfordern. In einem zweiten Ansatz wurde ein 

Tetracyclin-abhängiger Ribozymschalter, der in nicht-kodierende Regionen einer mRNA 

eingefügt wurde, zur Kontrolle der Genexpression in C. elegans getestet. Dieses System 

erwies sich als einfache und robuste Methode zur Induktion der Genexpression in 

Würmern in allen Entwicklungsstadien. Die hohe Schalteffizienz des Ribozym-

Genschalters ermöglichte die Durchführung genetischer Komplementationsstudien sowie 

die Generierung induzierbarer PolyQ-Huntingtin-Modelle, die eine Liganden-abhängige 

PolyQ-Huntingtin-Aggregation und Toxizität aufweisen. 
 

L.A. Wurmthaler, M. Sack, K. Gense et al. (2019) Nat. Commun.
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1 Introduction  

1.1 Proteostasis network 

Proteins are functionally highly versatile and involved in literally every process of a cell. 

In order to fulfil its specific function, a protein must fold in its distinct three-dimensional 

structure. Though, protein folding is a very delicate and error-prone process as it takes 

place in a crowded cellular environment with around 10,000 different proteins being 

constantly expressed in a human cell (Ellis and Minton, 2006; Kulak et al., 2017). Thus, 

cells evolved a powerful network of numerous macromolecules that safeguards protein 

homeostasis (proteostasis) and adapts to changing environmental conditions, the 

proteostasis network (PN) (Fig. 1) (Balch et al., 2008).  

 

 

 

Figure 1: Pathways of the proteostasis network. Emerging from the ribosome, proteins are 

subsequently guided by a variety of factors working together to regulate protein folding and 

translocation (green), remodeling and disaggregation (blue) as well as degradation (grey), thereby 

minimizing off-pathway reactions such as aggregation and misfolding (red). Figure modified from 

(Hipp et al., 2019).  
 

In humans, around 2,000 components build up this network, which consists of the 

translation machinery, molecular chaperones, the ubiquitin-proteasome system (UPS) and 
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autophagy components. All these proteins work together to protect the cellular proteome 

by tightly regulating protein synthesis, folding and unfolding as well as translocation, 

disaggregation and degradation (Fig. 1) (Balch et al., 2008; Klaips et al., 2018; Sala et al., 

2017). While this protein network ensures a viable and healthy cell under basal conditions, 

it can be overwhelmed by protein conformational stress, leading to an accumulation of 

toxic protein aggregates (Balch et al., 2008). However, cells have the ability to respond 

rapidly to environmental changes by adapting the levels and activities of the PN (Klaips 

et al., 2018). This is mediated by the activation of stress signaling pathways such as the 

cytosolic heat shock response (HSR) (Westerheide and Morimoto, 2005) or the unfolded 

protein response (UPR) of the ER and mitochondria (Douglas and Dillin, 2010; Jovaisaite 

et al., 2014) leading to increased levels of key PN components. A defect of only one of the 

multiple PN components can disrupt the entire network causing an uncontrolled 

accumulation of toxic and disease-related protein aggregates (Douglas and Dillin, 2010). 

In addition, chronic expression of misfolding-prone proteins can also disrupt the PN and 

thus impair the ability to respond to protein conformational stress. Yet, the main risk for 

the occurrence of protein misfolding linked to diseases like Alzheimer’s or Parkinson’s 

disease, is the aging process itself as cell aging is accompanied with a decline of the PN 

capacity leading to a loss of proteostatic control (Hipp et al., 2014). 

 

The following chapters highlight the importance and complexity of protein folding in cells 

and deal with the consequences of protein misfolding and aggregation. The focus will lie 

on the role of ribosome-associated PN factors and in particular on the function of the 

eukaryotic nascent polypeptide-associated complex (NAC) during proteotoxic stress 

conditions.  

1.2 Protein folding and aggregation 

1.2.1 Protein folding  

Following synthesis on ribosomes, where the nucleotide sequence of a mRNA is translated 

into the encoded amino acid sequence of a polypeptide, most of the newly synthesized 

proteins must fold into their defined and unique three-dimensional structure in order to 
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become biologically active (Dobson et al., 1998). All the information needed for a protein 

to fold into its native conformation is contained within its primary amino acid sequence 

and is driven by intramolecular weak and non-covalent interactions. (Anfinsen, 1973; 

Dobson et al., 1998). Since this discovery 50 years ago, protein folding has been intensively 

studied to understand the underlying mechanisms (Dill & MacCallum, 2012). According 

to the current model, protein folding is described as a spontaneous and rapid process that 

takes place in micro- to milliseconds provoked by a driving force that collapses the protein 

chain into its lowest free energy, or native state (Fig. 2) (Dill and Chan, 1997). This is at 

least true for small proteins under favorable, experimental conditions (Jackson and Fersht, 

1991; Sosnick et al., 1994). However, the folding of more complex or multi-domain 

proteins with more than 100 residues involves the formation of multiple intermediate 

states until reaching the final native state, which can make the folding process inefficient 

and significantly slower (Fig. 2) (Dinner et al., 2000; Kim and Baldwin, 1990). Thus, there 

is a constant risk that such proteins are trapped in one of the kinetically stable intermediate 

conformations, making them susceptible to the formation of thermodynamically even 

more stable aggregate structures (Dinner et al., 2000; Hartl et al., 2011). This is due to the 

fact, that partially folded proteins expose hydrophobic amino acid residues to the solvent, 

which are normally hidden in the protein core, and tend to form non-native intermolecular 

interactions (Chiti and Dobson, 2006; Eichner and Radford, 2011). In addition, such non-

productive interactions are further promoted in the crowded environment of the cell, 

reaching a macromolecule concentration up to 400 mg/mL in the cytoplasm (Ellis, 2001; 

Zimmerman and Minton, 1993). Proteins are particularly challenged to find a compromise 

between native thermodynamic stability and conformational flexibility, what is required 

to perform their specific function and adopt to cellular needs (Hartl et al., 2011). This 

means that the native conformation of a protein is not constantly maintained and only 

moderately stable. Instead, proteins are in a constant equilibrium between a folded and 

unfolded state, which is enabled by relatively small energetic barriers (Dobson et al., 1998; 

Walters et al., 2009). Moreover, about 25% of all proteins in human cells exhibit 

intrinsically disordered domains, which are critical for their biological function (Dunker 

et al., 2008). Aberrant behavior of such intrinsically disordered proteins such as α-
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synuclein is causally linked to the pathogenesis of several neurodegenerative diseases 

(Uversky, 2003).  

 

 
 

Figure 2: Energy landscape of protein folding and misfolding. Before reaching their 

thermodynamically stable native state, proteins adopt different conformations through 

intramolecular contacts. Folding intermediates and misfolded proteins can accumulate as 

kinetically trapped species that have to overcome free energy barriers to reach their native form. 

Intermolecular contacts between partially folded proteins can result in different types of 

aggregates, including oligomers, amorphous aggregates and amyloid fibrils. Molecular chaperones 

guide proteins along their folding pathway and prevent intermolecular interactions, thus, off-

pathway reactions that lead to misfolded and aggregated species. Figure modified from (Hipp et 

al., 2019). 
 

All in all, this indicates that the folding state of multi-domain proteins require a high 

degree of safe guidance, what is accomplished in the cell in the form of the proteostasis 

network and specifically by molecular chaperones. Molecular chaperones assist correct 

protein folding in an appropriate time scale by preventing non-productive intermolecular 

interactions and lowering free-energy barriers, thus, preventing kinetical traps (outlined 

in chapter 1.3) (Chakraborty et al., 2010; Hartl et al., 2011).  

1.2.2 De novo protein folding  

During translation, a growing polypeptide chain migrates from the peptidyl transferase 

center (PTC) through a narrow tunnel of the large 60S ribosomal subunit until it reaches 



   Introduction 
 

5 

the cytoplasm with a length of about 35 amino acids (Hardesty and Kramer, 2000; Malkin 

and Rich, 1967). Proteins are synthesized vectorially from the N- to the C-terminus. Thus, 

the N-terminus of a protein is extruded first and folding can be initiated before the C-

terminus has completely emerged from the ribosome (Fedorov and Baldwin, 1997; 

Jaenicke, 1991). This complicates the protein folding course as the sequential exposure of 

the polypeptide chain results in an incomplete available sequence information, which is 

additionally continuously changing during elongation (Eichmann et al., 2010). 

Furthermore, the extremely crowded environment of the cytosol causes an excluded 

volume effect, which in turn favors intra- and intermolecular interactions of the partially 

folded and aggregation-sensitive new protein (Ellis and Minton, 2006). Finally, another 

major challenge is that a significant proportion of newly synthesized proteins need to 

remain unfolded until they are successfully translocated to their respective compartment 

(Deuerling and Bukau, 2004). This is just an overview of several challenges that can 

hamper de novo protein synthesis.  

Therefore, cells evolved efficient protein surveillance and processing systems that bind 

directly to the ribosome and work co-translationally. These systems involve targeting 

molecules, chaperones and folding catalysts that interact with nascent substrates as soon 

as they emerge from the ribosomal tunnel (Jha and Komar, 2011). Moreover, the ribosomal 

tunnel itself is not a neutral conduit, but actively participates in protein folding and 

translation control (Woolhead et al., 2004). With a length of about 100 Å and a width of 

10 Å at the constriction point and up to 20 Å in the widest region, the ribosomal tunnel 

provides an isolated space for initial protein folding (Fig. 3) (Kramer et al., 2009). In this 

compartment, nascent polypeptides already adopt α-helical structures which are even 

favored and entropically stabilized by the ribosomal tunnel interior (Jha and Komar, 2011; 

Woolhead et al., 2006). Even additional conformations such as small zinc-finger and β-

hairpin motifs can be formed beyond the constriction point by nascent chains with 

sequence-specific features (Kosolapov and Deutsch, 2009; Nilsson et al., 2015). After 

emerging from the ribosomal tunnel exit, the ribosome surface is likely the first interaction 

partner of nascent polypeptides and may exhibit an intrinsic ATP-independent holdase 

activity towards them (Kaiser et al., 2011). Moreover, the surface of the ribosome also 

serves as a hub for components of the protein quality control machinery enabling 
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interactions of the nascent chain with chaperones, targeting molecules and modifying 

enzymes directly at the tunnel exit (Fig. 3) (Kramer et al., 2009). Of particular interest for 

co-translational protein folding are molecular chaperones which are expressed in all 

domains of life to ensure efficient protein folding (Balchin et al., 2016). Functions and 

characteristics of the different chaperone classes will be addressed in more detail in the 

following chapters.  

 

 

 

Figure 3: The ribosome as platform for protein quality control. Upon synthesis in the peptidyl-

transferase center (PTC), a growing polypeptide (blue) migrates through the ribosomal tunnel with 

a length of about 100 Å and a width of about 10 Å at the narrowest part of the tunnel, the so-called 

constriction point. The tunnel dimensions generally restrict protein folding, but beyond the 

constriction point, at the mouth of the tunnel, secondary and tertiary structures such as α-helices, 

can form. Polypeptide chains exiting the tunnel are instantly processed by different factors such as 

modifying enzymes, targeting factors and chaperones, which use the ribosome as a binding 

platform. CP, constriction point. NC, nascent chain. Figure modified from (Gense and 

Gamerdinger, 2020) under a CC BY 4.0 license. 

1.2.3 Protein misfolding and aggregation  

Throughout their life, cells must maintain a fine balance between de novo protein 

biosynthesis and targeted degradation to ensure proteome integrity. Though, cellular 

proteostasis is challenged continuously by different kinds of protein misfolding stress, 

such as disease-related mutations of a gene, mutations of PN components, incorrect post-

translational modification or translocation as well as environmental stress and the 

consequences of aging (Hartl and Hayer-Hartl, 2009; Powers et al., 2009). A misbalance of 
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protein synthesis and recycling is associated with the onset of protein misfolding diseases, 

which can be caused by an overload of the PN or by a decline in PN capacity during aging 

(Hipp et al., 2014). In general, protein misfolding diseases can be divided into gain-of-

function and loss-of-function diseases. Loss-of-function diseases are characterized by 

mutation-induced protein dysfunction that leads to reduced protein stability and makes 

them prone for degradation, as is the case for example in cystic fibrosis, where mutations 

in the CFTR gene (most commonly ΔF508) result in a fully translated but misfolded 

protein that is subsequently degraded (Fraser-Pitt and O’Neil, 2015; Kerem et al., 1989). In 

contrast, gain-of-function diseases, including neurodegenerative diseases such as 

Alzheimer's or Parkinson's disease, are characterized by the misfolding of certain proteins 

resulting in an increased tendency of these aberrant proteins to aggregate and accumulate 

in the cell. (Fig. 4) (Carrell and Lomas, 1997; Kopito and Ron, 2000). 

 

 
 

Figure 4: Protein aggregation in neurodegenerative diseases. Examples of characteristic protein 

inclusions that accumulate in neurodegenerative diseases such as Aβ40 in Alzheimer's disease, α-

synuclein in Parkinson's disease and PolyQ-huntingtin in Huntington's disease are shown. Figure 

modified with permission from Springer Nature, from Soto (2003), © 2020, permission conveyed 

through Copyright Clearance Center, Inc.. 
 

As mentioned above, partially folded or misfolded proteins expose hydrophobic amino 

acid residues and regions of unstructured polypeptide backbone to the solvent. During 

folding, hydrophobic forces normally act intramolecularly to stabilize the core, whereas 

during aggregation they also act intermolecularly (Hartl, 2017). The majority of formed 

aggregates are amorphous and unstructured, while a subgroup of proteins can form 
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fibrillar aggregates called amyloids or amyloid-like proteins (Chiti and Dobson, 2006). 

Amyloids are a major hallmark of age-dependent neurodegenerative diseases such as 

Alzheimer’s disease. The distribution and composition of protein aggregates are specific 

for each neurodegenerative disease (Carrell and Lomas, 1997), but they all have a thread-

like, highly ordered, cross-β-structure in common, which gives them exceptional 

mechanical strength and resistance to detergents and proteases (Ecroyd et al., 2008). In 

addition, most of the polypeptides involved in amyloid formation are relatively small, 

with about 100 amino acids (Chiti and Dobson, 2017). Interestingly, despite these common 

features, no evident structural, functional or sequential similarities between the different 

proteins can be found. This implies that the ability to form amyloid structures results 

primarily from common and inherent properties of the polypeptide chains, such as the 

ability to form β-strands, hydrophobicity and total net charge, which is rather stabilized 

and favored by the amino acid sequence and not encoded. (Chiti and Dobson, 2006; 

Dobson, 1999).  

Protein aggregation starts with heterogeneous oligomeric structures that can be formed 

by rather nonspecific interactions (Cheon et al., 2007). These oligomeric species can act as 

seeds and transform into more ordered protofibrils, which in turn leads to rapid fibril 

growth and subsequently to the formation of amyloid fibrils (Dobson, 2003). Yet, the 

identity of the toxic aggregate species is a major controversy. It is often suggested that 

soluble oligomers with their highly hydrophobic surface are the main source of toxicity 

and that fibril formation is a rescue strategy (Bucciantini et al., 2002; Kim et al., 2016). 

Nevertheless, there is also evidence that both oligomers and fibrils have toxic effects that 

can vary depending on the disease protein and cell type. Basically, there are two main 

mechanisms how aggregates can cause cytotoxicity. In the first case, toxicity is caused by 

the disruption or destabilization of membrane structures through aberrant membrane 

interaction with oligomers or fibril ends (Lashuel et al., 2002; Milanesi et al., 2012). The 

second mode of toxicity is related to the ability of aggregates to sequester other proteins. 

Components of the PN such as chaperones, the proteasome and stress response factors 

normally interact reversibly with un- or misfolded proteins (Hosp et al., 2017; Olzscha et 

al., 2011). Therefore, PN components are particularly prone to be trapped in protein 

aggregates and lose their function. The consequence is a feedback loop of reduced PN 
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capacity and increased aggregation, which could lead to the collapse of the PN and the 

development of protein misfolding diseases (Hipp et al., 2014). 

1.3 Molecular chaperones  

As outlined in the previous chapters, molecular chaperones are crucial for the 

maintenance of cellular protein homeostasis. They are present in high concentrations in 

every cellular compartment of each individual cell and support a variety of folding 

processes, from de novo folding, remodeling of misfolded proteins, disaggregation to 

degradation (Hartl, 2002; Mogk et al., 2002). Molecular chaperones act by binding 

temporarily and spatially to hydrophobic sequences of non-native substrates, thereby 

supporting productive folding without being part of the final structure of the protein (Ellis 

and Hartl, 1999; Hartl, 1996).  

Since protein folding starts co-translationally and ends post-translationally, an 

evolutionary conserved cytosolic chaperone pathway has evolved, which ensures 

complete and correct structure formation during the entire folding process. First, 

ribosome-associated chaperones dynamically bind to the emerging polypeptide chain, 

followed by a second series of cytosolic chaperones acting co- and post-translationally on 

newly synthesized proteins (Albanèse et al., 2006; Kim et al., 2013). The collaboration of 

ribosome-associated and downstream acting cytosolic chaperones represents an 

important functional network for proteostasis maintenance, whose members will be 

described in more detail in the following chapters. 

1.3.1 Heat shock protein classes 

The vast majority of chaperones are significantly upregulated under cellular stress 

conditions such as heat and are therefore often referred to as heat shock proteins (HSPs) 

(Lindquist and Craig, 1988). The members of this particular group are subdivided into 

different classes of Hsp40s, Hsp60s (chaperonins), Hsp70s, Hsp90s, Hsp100s and small 

heat shock proteins (sHsps), according to the monomeric molecular weight (kDa) of the 

members (Wegrzyn and Deuerling, 2005). This group of chaperones are key players in 

counteracting the toxicity of proteotoxic stress by various strategies as outlined in the 
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following (Hipp, Kasturi and Hartl, 2019). Chaperones prevent the formation of protein 

aggregates by shielding folding intermediates or misfolded proteins and guiding them to 

folding or alternatively degradation pathways (Fig. 5). However, Hsp70 chaperones 

probably play by far the most central role in the network of cytosolic chaperones. 

 

 
 

Figure 5: Chaperone-mediated counteraction of toxic protein aggregation. Chaperones prevent 

the formation of toxic protein aggregates in the cell and disassemble pre-existing protein 

aggregates to facilitate the refolding of disaggregated proteins to their native state. Alternatively, 

chaperones also support the conversion of toxic aggregates into less toxic forms. Since 

disaggregation of complex aggregates like amyloid fibrils is associated with the formation of 

smaller, potentially more toxic oligomers, non-refoldable aberrant protein species have to be 

efficiently degraded. As an alternative, the interactive surface of aggregates can be reduced by 

concentrating them in inclusion bodies, by shielding the surface of the aggregate with chaperones, 

such as small heat shock proteins (sHSPs) or by sequestering aggregate-prone proteins in 

subcellular compartments like the nucleus to reduce the amount of toxic and reactive protein 

species in the cytosol. Figure modified from (Hipp et al., 2019). 
 

Hsp70s have diverse housekeeping and stress-related functions, such as co- and post-

translational protein folding, prevention of protein aggregation, refolding of misfolded 

proteins, disaggregation of pre-existing protein aggregates and support of protein 

degradation, to name only the most prominent ones (Fig. 5) (Hartl, 2002; Nillegoda et al., 

2015; Fernández-Fernández et al., 2017). Hsp70s are highly abundant and conserved in all 
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domains of life. In eukaryotes, multiple specialized Hsp70 homologs exist in the cytosol 

as well as in organelles like mitochondria and the ER (Craig and Marszalek, 2014; 

Rosenzweig et al., 2019). Furthermore, besides stress-inducible forms of Hsp70, also 

constitutively expressed Hsp70 homologs (Hsc70) exist performing proteostatic 

housekeeping functions in cells (Hartl, 1996). In order to fulfill their multiple functions, 

Hsp70s cooperate with an extensive network of co-regulators including Hsp40 co-

chaperones (DnaJ proteins or J proteins) and nucleotide exchange factors (NEF) 

(Kampinga and Craig, 2010; Bracher and Verghese, 2015). Hsp70 binds by hydrophobic 

sidechain interactions and hydrogen bonding to substrates that characteristically contain 

peptide stretches of 5 hydrophobic amino acids, flanked by positively charged regions. 

Normally, these sequences are buried in the hydrophobic core of native proteins, 

explaining why nascent polypeptides, folding intermediates or misfolded proteins are 

typical Hsp70 substrates (Rudiger, 1997). The Hsp70s engage substrates in an ATP-

dependent reaction cycle that regulates substrate binding and release. Hsp40 delivers 

substrates to Hsp70s that are in an open and ATP-bound state. Substrate transfer is 

induced by stimulating ATP hydrolysis in Hsp70 by interaction of the J-domain of Hsp40 

with the nucleotide-binding domain of Hsp70. ATP hydrolysis induces a Hsp70 

conformational change resulting in closing of the substrate binding domain, and thus high 

affinity substrate binding (Mayer, Rüdiger and Bukau, 2000; Hartl and Hayer-Hartl, 2009). 

NEFs thereafter induce the release of ADP, enabling subsequent rebinding of ATP, which 

converts Hsp70 back to the open conformation and low-affinity substrate binding state, 

consequently leading to substrate release (Fig. 6) (Mayer, 2010). Hsp70s can act both co- 

and post-translationally on newly synthesized proteins (Deuerling et al., 1999).  

To perform its multiple and various functions, Hsp70 members additionally cooperate 

with other cellular chaperone systems and transfer polypeptide chains to downstream 

acting chaperones, such as Hsp60s or Hsp90s. Hsp60s, also referred as chaperonins, are 

double-ring complexes, which act as ATP-dependent foldases by providing a protected 

central cavity for newly synthesized proteins to fold into their native conformations 

(Bukau and Horwich, 1998). Hsp90s buffer the conformational instability of denatured, 

mutated or intrinsically disordered clients and support their folding downstream of the 

Hsp70 system (Hoter, El-Sabban and Naim, 2018). 
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Figure 6: Hsp70 chaperone cycle. A J-domain protein (JDP), also referred to as Hsp40, mediates 

substrate binding of Hsp70 by stimulating ATP hydrolysis in Hsp70, which then adopts a high 

affinity substrate binding conformation by closing of the substrate binding domain. Substrate 

release is triggered by nucleotide exchange factors (NEFs), which mediate dissociation of ADP and 

rebinding of ATP, thereby returning Hsp70 to the open state with low substrate affinity. The 

released substrate either fold to its native state or reenters the Hsp70 cycle. Figure modified with 

permission from Springer Nature, from (Rosenzweig et al., 2019), © 2020, permission conveyed 

through Copyright Clearance Center, Inc.. 
 

The numerous Hsp90 substrates include signal-transduction molecules such as kinases 

and steroid receptors (Taipale, Jarosz and Lindquist, 2010). In addition, Hsp70 and Hsp60 

systems together with their co-chaperones also cooperate with small HSPs (sHSP) 

(Muchowski et al., 2000; Tam et al., 2006). sHSPs are the most ubiquitously expressed HSP 

family and are found in all domains of life. Characteristic for sHSPs is their low molecular 

mass ranging from 12 kDa to 43 kDa (Haslbeck and Vierling, 2015). They interact with 

misfolded proteins under stress conditions, thereby preventing irreversible aggregation 

of unfolded proteins and enabling their refolding by the Hsp70 or Hsp60 systems 

(Ehrnsperger, 1997; Mogk, Mayer and Deuerling, 2002). Furthermore, since chronic stress 

conditions can lead to reduced proteostatic capacity, smaller protein aggregates can be 

sequestered by sHSPs into larger, less reactive inclusions bodies in defined compartments 

of the cell as a second line of defense (Fig. 5) (Kaganovich, Kopito and Frydman, 2008). In 

yeast, for example, Hsp42 exhibits an “aggregase”-like function that leads to the formation 

of cytosolic aggregate foci (CytoQs) upon many stress conditions (Specht et al., 2011; 

Escusa-Toret, Vonk and Frydman, 2013). In general, sequestration of aggregated proteins 
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into inclusion bodies or in control compartments of the cell is a protective mechanism as 

it reduces the amount of cytosolic oligomers which were shown to be less toxic when 

captured in inclusion bodies (Kim et al., 2016; Sontag, Samant and Frydman, 2017). 

Additionally, preexisting protein aggregates can also be disaggregated in an ATP-

dependent manner by a specialized Hsp70 disaggregation machinery (Parsell et al., 1994). 

In most organisms such as bacteria, fungi or plants, this disaggregation machinery consists 

of ring-shaped, hexameric AAA+ ATPases of the Hsp100 family together with Hsp70 and 

its co-chaperone Hsp40 (Glover and Lindquist, 1998; Mogk, Kummer and Bukau, 2015). 

First, Hsp40s associate with the surface of protein aggregates and recruit Hsp70s, which 

interact with hydrophobic sequence elements of the misfolded proteins. Next, the Hsp100 

machinery is recruited, which translocates the misfolded protein through its central pore 

in an ATP-dependent, Hsp70-stimulated process. The unraveled protein is then again 

capable of folding into its native structure (Weibezahn et al., 2004; Lotz et al., 2010). 

Interestingly, metazoan cells lack Hsp100 family members and mediate disaggregation by 

the Hsp70/40 system in concert with the Hsp70 homolog nucleotide exchange factor 

family Hsp110. Here, different classes of Hsp40 proteins synergistically increase the 

recruitment of Hsp70 to the aggregate surface. Hsp70 itself is then suggested to apply 

pulling forces to disentangle misfolded proteins followed by the binding of Hsp110 to 

recycle Hsp70 (Nillegoda et al., 2015). However, the exact disaggregation mechanism is 

far from being fully understood and needs further investigation. It is important to note 

that the disaggregation of aggregated proteins must be directly coupled to refolding of the 

unfolded protein or subsequent degradation via the UPS or autophagy system in order to 

prevent the formation of toxic oligomers (Fernández-Fernández et al., 2017; Hipp, Kasturi 

and Hartl, 2019). 

1.3.2 Ribosome-associated chaperones  

In addition to the highly conserved cytosolic chaperones, diverse types of ribosome-

associated chaperones have evolved in cells of different kingdoms, which assist the critical 

de novo folding processes already during protein synthesis (Fig. 7) (Preissler and 

Deuerling, 2012). Bacteria possess one ATP-independent ribosome-associated chaperone 

system called Trigger Factor (TF). In eukaryotes, two different ribosome-associated 



Introduction 
 

14 

systems exist, the ATP-independent nascent polypeptide-associated complex (NAC) and 

the ATP-dependent Hsp70/40-based ribosome-associated complex (RAC). The structure 

and functions of these systems are outlined in the following chapters. 

 

 

 

Figure 7: Ribosome-associated chaperones in pro- and eukaryotes. Ribosome-associated 

chaperones bind to the ribosome (30S/40S ribosomal subunit in dark grey and 50S/60S subunit in 

medium and light grey) in a 1:1 stoichiometry directly at the ribosomal tunnel exit. In bacteria, only 

the chaperone Trigger Factor (red) interacts with nascent polypeptide chains (dark blue). In 

eukaryotes two different ribosome-associated systems exist, the heterodimeric nascent 

polypeptide-associated complex (NAC) (αNAC subunit dark blue, βNAC subunit light blue) and 

the ribosome-associated complex (RAC). In yeast, RAC consists of the Hsp70 homologue Ssz1 

(pink) and the Hsp40 co-chaperone Zuotin1 (Zuo1, purple), which recruits another ribosome-

binding Hsp70 Ssb (green) that acts on nascent chains. Mammalian RAC (mRAC) consists of 

Hsp70L1 (purple) and the Hsp40 MPP11 (pink), which recruits a cytosolic Hsp70 (green) to nascent 

polypeptides. Figure modified from (Deuerling et al., 2019). © Cold Spring Harbor Laboratory 

Press. 
 

Trigger Factor 

The non-essential but abundant Trigger Factor (TF) is found exclusively in bacteria and 

chloroplasts. In its monomeric state, TF binds transiently to ribosomes in a 1:1 

stoichiometry via its N-terminal domain interacting with the ribosomal protein L23 

(Guthrie and Wickner, 1990; Kramer et al., 2002). Ribosome-bound TF bends over the 

ribosomal tunnel exit and brings its central cavity with the two protruding arms into a 

perfect position for the interaction with emerging polypeptide chains (Ferbitz et al., 2004). 

The central cavity of TF provides a versatile interaction surface for diverse types of 
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unfolded, nascent polypeptide chains. It contains multiple hydrophobic patches and 

hydrophilic side chains that allow different types of substrate interactions such as 

hydrophobic and electrostatic bonds (Martinez-Hackert and Hendrickson, 2009). In 

addition, the crystal structure of TF revealed that this central cavity provides space for 

entire protein domains and even for small proteins with a size up to 130 amino acids. 

Moreover, it has been shown that one TF molecule can bind and shield up to 50 

hydrophobic amino acids of a protein substrate and thereby prevents premature protein 

misfolding during synthesis (Gamerdinger and Deuerling, 2014). In addition to this 

“holdase” function, TF can also promote remodeling of substrates through unfolding of 

misfolded polypeptide structures of low thermodynamic stability (Hoffmann et al., 2012).  

Ribosome-associated complex  

The ribosome-associated complex RAC consists of an Hsp70 homolog (Ssz1 in yeast, 

Hsp70L1 in humans) and an Hsp40 co-chaperone (Zuo1 in yeast, MPP11 in mammals), 

which form a stable heterodimeric complex in contrast to the transiently interacting 

cytosolic Hsp70/40 system (Gautschi et al., 2001; Otto et al., 2005). The binding of RAC to 

ribosomes is mediated via a positive charged surface of the Hsp40 RAC member, which 

stretches out over the 40S and 60S ribosome subunits and binds in a 1:1 stoichiometry 

(Peisker et al., 2008; Zhang et al., 2014). Interestingly, the Hsp70 member of the 

heterodimeric complex is ATPase-inactive due to three mutations of critical residues in 

the catalytic center of the ATPase domain (Leidig et al., 2013). Consequently, RAC per se 

lacks the protein folding and refolding capacity of conventional Hsp70/40 bi-chaperone 

systems, which dependents on an ATP-mediated substrate Hsp70/40 binding and release 

cycle. Moreover, Ssz-like proteins lack the C-terminal α-helical lid of the Hsp70 substrate-

binding domain, which further decreases its substrate binding ability. Ssz1 was described 

as Hsp70-atypical and considered to provide only structural properties that support Zuo1 

function (Conz et al., 2007; Huang et al., 2005). However, very recent crosslinking studies 

in yeast suggest that Ssz1 directly binds to emerging nascent chains implicating a 

functional role during co-translational protein folding (Zhang et al., 2020). Moreover, co-

translational folding by RAC is accomplished through cooperation with another canonical 

catalytically active Hsp70. In yeast, RAC works together with a specialized and ribosome-
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bound Hsp70 called Ssb, while mammalian RAC recruits another cytosolic Hsp70 to 

nascent polypeptides (Preissler and Deuerling, 2012; Zhang et al., 2017). Most of the 

knowledge about the functioning of RAC is obtained from analyses in the yeast 

Saccharomyces cerevisiae. Crosslinking experiments have shown that the co-translational 

binding of Ssb to a variety of nascent chains depends on a functional interaction with RAC 

(Gautschi et al., 2002; Hundley et al., 2002). In this process, RAC directs nascent 

polypeptide chains to Ssb and simultaneously acts as co-chaperone which stimulates Ssb’s 

ATPase. Depletion of RAC induces widespread protein folding stress and increased 

protein aggregation showing its important role in the proteostasis network (Jaiswal et al., 

2011; Willmund et al., 2013). Moreover, it could also be shown that RAC is involved in the 

maintenance of translation fidelity, since the depletion of RAC also leads to the 

aggregation of ribosomal proteins, resulting in a reduced number of ribosomal subunits 

and thus to a reduced translational activity (Gribling-Burrer et al., 2019; Koplin et al., 

2010). 

1.4 The nascent polypeptide-associated complex  

In addition to RAC, a second eukaryotic ribosome-associated system exists, the nascent 

polypeptide-associated complex (NAC) (Preissler and Deuerling, 2012). NAC is an 

evolutionary highly conserved heterodimeric complex and consists in most species of an 

α- and a β-subunit (Wiedmann et al., 1994). Both NAC subunits dimerize via their 

homologous NAC domains forming a six-stranded pseudo β-barrel-like structure with a 

hydrophobic core (Liu et al., 2010; Wang et al., 2010). In addition, the αNAC subunit 

contains a C-terminal ubiquitin-associated (UBA) domain that forms a characteristic 

compact three-helix bundle, whose function remains however enigmatic (Spreter et al., 

2005). Besides the NAC and UBA domains, no structural information is available for the 

rest of NAC including both N-terminal domains and the C-terminus of βNAC. Many 

regions are predicted to be intrinsically disordered, which would allow a high degree of 

structural flexibility (Fig. 8) (Pech et al., 2010). Interestingly, unlike other ribosome-

associated factors, NAC is highly abundant in the cell, found at least in equimolar 

concentrations relative to ribosomes. NAC binds transiently to ribosomes in a 1:1 

stoichiometry near the ribosomal tunnel exit (Preissler and Deuerling, 2012; Raue et al., 
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2007). Furthermore, the deletion of NAC leads to embryonic lethality in metazoans, such 

as nematodes, flies and mice demonstrating its essential role in the proteostasis network 

(Bloss et al., 2003; Deng and Behringer, 1995; Markesich et al., 2000).  

Crosslinking experiments indicated various binding sites for α- and βNAC on the 

ribosome, however, the exact positioning and mode of action of NAC at the ribosome exit 

site remained a mystery (Nyathi and Pool, 2015; Wiedmann et al., 1994). Until recently it 

was assumed that specifically the βNAC N-terminus with its conserved, positively 

charged RRKKK motif is essential for ribosome binding (Pech et al., 2010; Wegrzyn et al., 

2006). A very recent study however revealed that βNAC contacts the ribosomal surface 

on multiple binding sites, involving the ribosomal proteins eL22 and eL31, and that also 

the N-terminus of αNAC possesses a conserved, positively charged motif, KKAR, which 

is critical for ribosome binding near the ribosomal tunnel exit. In addition, the αNAC N-

terminus contains a negatively charged autoinhibitory ribosome binding element, which 

is indispensable for co-translational functionality. 

 

 

 

Figure 8: The eukaryotic nascent polypeptide-associated complex NAC. (A) Schematic 

representation of the domain organization of human NAC highlighting the homologous NAC 

dimerization domain of αNAC and the UBA domain (dark blue) and the NAC dimerization 

domain of βNAC (light blue). The conserved positively charged ribosome-binding motif (RRKKK) 

is marked within the N-terminal domain of βNAC. (B) Crystal structure of the human NAC 

dimerization domain, which forms a β-barrel-like structure (βNAC; light blue; αNAC, dark blue, 

PDB: 3MCB). The structure of the UBA domain (from archaeal NAC, PDB: 1TR8) consists of a 

compact three-helix bundle. Dashed lines indicate parts of NAC that are not structurally resolved 

yet. Figure modified from (Gense and Gamerdinger, 2020) under a CC BY 4.0 license. 
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This element interacts with the α-KKAR and β-RRKKK binding motifs, thereby decreasing 

ribosome binding, presumably in a nascent substrate specific manner. However, the most 

interesting new finding is that NAC can insert the flexible N-terminus of its β-subunit into 

the ribosomal tunnel up to the vicinity of the peptidyl-transferase center. Thus, NAC has 

a unique ability to interact with polypeptide chains during elongation already inside the 

ribosomal tunnel. After the βNAC N-terminus is pushed out from the ribosomal tunnel 

during elongation, NAC presumably adopts substrate-specific conformations on the 

surface of the ribosome to guide nascent chains into different biogenesis and transport 

pathways (Fig. 9) (Gamerdinger et al., 2019). The ability to recognize the nature of 

polypeptide chains at birth could be essential for NAC’s role in regulating ER protein 

transport specificity as it has been shown that NAC is a crucial negative regulator of the 

co-translational ER protein transport pathway (Gamerdinger et al., 2015). This transport 

is initiated by the signal recognition particle (SRP), which specifically binds to 

hydrophobic signal sequences and thus targets the ribosome to the Sec61 translocon of the 

ER membrane (Walter and Johnson, 1994). In the absence of NAC, however, translating 

ribosomes interact non-specifically with the Sec61 translocon, independently of the 

synthesized substrate, leading to mislocalization of nascent substrates to the ER causing 

ER protein folding stress (Borgese et al., 1974; Jungnickel and Rapoport, 1995). NAC likely 

inhibits the unspecific binding of ribosomes to the translocon by blocking an important, 

highly affine Sec61 binding site on the ribosome near the tunnel exit (Gamerdinger et al., 

2015). The importance of NAC’s tunnel-sensing ability for this regulatory function was 

demonstrated by a NAC mutant that could no longer insert the N-terminus in the tunnel 

and was no longer able to inhibit non-specific ribosome-Sec61 interactions (Gamerdinger 

et al., 2019).  

In addition to its function as a negative regulator of ER transport, NAC has also been 

ascribed a function as an ATP-independent molecular chaperone, assisting co-

translational protein folding. Crosslinking data showed that both subunits of NAC 

interact with nascent polypeptide chains, suggesting a multimodal substrate binding 

(Wiedmann et al., 1994). 
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Figure 9: Sensing and sorting mechanism of NAC during de novo protein synthesis. In an early 

translation phase, NAC introduces the flexible N-terminal domain of βNAC (Nβ) into the 

ribosomal tunnel, which can interact with short nascent chains already close to the peptidyl-

transferase center (PTC). In this sensing conformation, NAC inhibits unproductive and premature 

ribosome-binding of other biogenesis factors, such as SRP and Sec61. During further elongation, 

Nβ is pushed out of the tunnel by the growing polypeptide chain and binds to an alternative site 

on the ribosome surface near the tunnel exit. In this stage, NAC likely adopts substrate-specific 

conformations to coordinate the access of other protein biogenesis factors and thus to ensure correct 

protein folding in the cytosol and protein transport, for example to the ER. SS, ER signal sequence. 

Figure modified from (Gense and Gamerdinger, 2020) under a CC BY 4.0 license. 
 

The hypothesized chaperone function is further supported by studies showing that NAC 

stabilizes polypeptide chains at the ribosome and protects them from premature 

ubiquitination and degradation (Duttler et al., 2013; Wang et al., 2013). In summary, these 

findings may indicate a chaperone mechanism similar to that of Trigger Factor that 

maintains nascent substrates in a folding competent state (Deuerling et al., 2019). 

However, there is no conclusive evidence for such a chaperone function, making this 

assumption highly speculative. 

1.5 Caenorhabditis elegans as a disease model system 

Small model organisms are widely used to investigate fundamental biological processes 

in vivo. In 1963, Sydney Brenner introduced the roundworm Caenorhabditis elegans 

(C. elegans) as a model organism for developmental biology and neurobiology studies 

(Brenner, 1973). Since then, the small nematode has rapidly developed into one of the most 
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versatile and powerful model organisms to elucidate the principles of various biological 

processes such as aging and disease development.  

C. elegans is a free-living, non-parasitic roundworm with a short life cycle and rapid 

growth, which is highly dependent on the temperature (Hirsh et al., 1976). Under suitable 

conditions, the wildtype strain N2, isolated by Sydney Brenner, worms have an average 

lifespan of 18-20 days and reach the reproductive stage after 2.5 days at 20°C (Brenner, 

1973). The life cycle of C. elegans comprises 4 larval stages (L1-L4), with a molt after every 

larval stage until they reach adulthood (Hirsh et al., 1976). However, under unfavorable 

conditions such as crowding, heat or starvation, L1 larvae transform into developmentally 

arrested, stress-resistant, non-feeding dauer larvae that survive for several months in this 

stage. As soon as they encounter more favorable conditions, they resume development at 

the L4 stage (Fig. 10) (Cassada and Russell, 1975). C. elegans worms are small, at about 

1 mm in size, and feed on various bacteria, making them easy and inexpensive to cultivate 

in large numbers. 

 

 

 

Figure 10: C. elegans life cycle at 20°C. C. elegans passes through 4 larval stages (L1-L4), with a molt 

after every larval stage until development to reproductive adults after 2.5 days at 20°C. Under 

unfavorable conditions such as crowding, heat or starvation, L1 larvae transform into predauer 

L2d larvae and then to developmentally arrested dauer larvae that can survive for several months. 

Under suitable conditions, dauer larvae reenter the developmental process by molting into L4 

larvae. © http://www.wormatlas.org. 
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C. elegans exists in two sexes, the predominant and self-fertilizing hermaphrodite (XX) and 

males (XO) (Brenner, 1973; Nigon and Dougherty, 1949). Males occur only occasionally 

through non-disjunction of the X chromosome in the hermaphroditic germ line with a 

frequency of 0.1% (Hodgkin et al., 1979). One of the most important biological features of 

C. elegans is that it has a predetermined anatomy with a constant cell number. 

Hermaphrodites consists of exactly 959 post-mitotic somatic cells, of which 302 are 

neurons (Sulston et al., 1983; White et al., 1986). Furthermore, the transparency of 

C. elegans allows the investigation of various cellular processes in vivo and proteins 

fused to a fluorescent reporter protein can be visualized in the intact living organism 

(Chalfie et al., 1994). C. elegans has a relatively small and completely sequenced 

genome, which shares a high homology to the human genome (The C. elegans 

Sequencing Consortium, 1998). Therefore, the nematode is also a very suitable model 

for studying cellular and molecular aspects of human diseases. It has been predicted 

that 60-80% of all human genes, of which 42-50% are human disease-related genes, have 

homologues in the C. elegans genome (Culetto, 2000; Lai et al., 2000). In addition, viable 

mutant strains that over- or underexpress a gene of interest can be rapidly generated 

by DNA microinjection and RNA interference (RNAi), respectively (Fire et al., 1998; 

Mello et al., 1991). In this way, it is possible to quickly screen for loss-of-function and 

gain-of-toxic function mutations in vivo and to investigate their molecular pathogenic 

mechanisms.  

In this study C. elegans strains were used, which express human disease-related genes 

associated with neurogenerative disorders such as Alzheimer's disease (AD), 

Parkinson's disease (PD) and polyglutamine (PolyQ) diseases like Huntington's 

disease. All these diseases are associated with the formation of large protein aggregates 

in the human brain, suggesting a collapse of the cellular PN during pathogenesis (Hipp et 

al., 2014; Labbadia and Morimoto, 2015). AD is characterized by the formation of amyloid 

plaques, which are formed by the aggregation of the β-amyloid protein (Aβ), and on the 

other hand by filamentous inclusions, so-called neurofibrillary tangles, which consist 

mainly of hyperphosphorylated tau protein (Glenner and Wong, 1984; Kosik et al., 1986). 

The hallmark of PD is the formation of Lewy bodies consisting mainly of aggregated α-

synuclein caused by missense mutations in the SNCA gene (Polymeropoulos, 1997; 
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Spillantini et al., 1997). Characteristic for PolyQ disorders is the mutant expansion of a 

CAG triplet repeat that results in polyglutamine peptide stretches in proteins such as 

Huntingtin (HTT) and Ataxin, making them highly aggregation-prone and neurotoxic in 

humans (Gusella and MacDonald, 1995; Snell et al., 1993). Worms expressing PolyQ 

expanded proteins of varying lengths in their body wall muscle cells show a length-

dependent aggregation and toxicity phenotype, i.e. the longer the PolyQ stretch, the 

earlier the onset of aggregation and the more severe are the muscle defects (Morley et al., 

2002). All these disease models have in common that the expression of the toxic proteins 

causes phenotypes such as paralysis, locomotion defects and/or increased protein 

aggregation that exaggerate during aging, which parallels the human pathogenesis 

(Brandt et al., 2009; Link, 2006; van Ham et al., 2008). Thus, C. elegans is a suitable model 

to analyze the effects of PN components on disease-related, aggregation-prone proteins in 

the context of an aging organism. Therefore, these C. elegans proteinopathy models will 

be also used in this study to investigate the function and role of NAC under proteotoxic 

stress conditions (see chapter 3).
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2 Aims of the thesis 

The misfolding and aggregation of proteins represents a constant risk in the life of a cell 

and is associated with the development of several human neurodegenerative diseases 

such as Huntington's and Parkinson's disease. To ensure and maintain proteostasis, cells 

evolved a network of pathways that prevents the accumulation of misfolded protein 

species. Of pivotal importance in this proteostasis network are protein biogenesis factors 

that act directly at the ribosome and support protein folding, maturation and transport of 

newly synthesized polypeptide chains. This dissertation focuses on the function of one of 

these ribosome-associated factors, the eukaryotic nascent polypeptide-associated complex 

(NAC).  
 

A. Investigation of the chaperone activity of NAC in vivo 

Key players of the proteostasis network are molecular chaperones that specifically bind 

unstructured polypeptides and promote their folding by preventing unspecific 

interactions with other molecules. Some chaperone systems are specialized in de novo 

protein folding by acting co-translationally on nascent polypeptide substrates leaving the 

ribosomal tunnel. A similar function has long been assumed for NAC, a conserved and 

highly abundant heterodimeric complex that directly binds to ribosomes near the tunnel 

exit and which can be crosslinked to nascent chains. However, to date there is no direct 

evidence supporting a chaperone function of NAC. Thus, the central aim of this work was 

to address the hypothesis that NAC directly exerts a co- or post-translational chaperone 

function in vivo. Therefore, the effect of overexpression and depletion of NAC on protein 

aggregation should be analyzed using different Caenorhabditis elegans (C. elegans) protein 

misfolding reporter strains. By using strains expressing aggregation-prone proteins fused 

to a fluorescent protein such as YFP or GFP, potential protein aggregation modifying 

effects of NAC should be assessed directly in the living organism by fluorescence 

microscopy. In addition, biochemical methods should be established and applied to 

measure the extent of protein aggregation in C. elegans. In the next step, the in vivo findings 

should be combined with in vitro studies using purified components to exclude indirect 



Aim of the thesis 
 

24 

effects. Once evidence for a chaperone function of NAC has been established, the 

chaperone mechanism of NAC should be elucidated in detail by generating different 

substrate-binding and ribosome-binding mutants. Finally, it should be investigated 

whether the potential cellular NAC chaperone activity modifies age-dependent protein 

aggregation disease phenotypes in C. elegans models of human disorders. 
 

B. Establishing a system for conditional induction of gene expression in C. elegans 

The ability to temporally control gene expression in organisms by conditional inducible 

systems is a powerful tool for studying the cellular function of individual genes of interest. 

Although C. elegans is a widely used research model organism, suitable and applicable 

inducible gene expression systems are not available for this organism. Thus, the main 

objective of this part of the work was to establish a conditional gene expression platform 

for C. elegans by implementing systems from other species. Therefore, the Q system and 

the ribozyme-based system, which are established gene expression platforms for 

Drosophila melanogaster and human cells, respectively, should be adapted to C. elegans to 

obtain a robust inducible gene expression system for C. elegans that allows both tissue-

specific and ubiquitous expression of transgenes. The functionality of these systems in 

C. elegans should be investigated by generating transgenic fluorescence reporter strains 

expressing GFP or mCherry from integrated single-copy and extrachromosomal multi-

copy transgenes. Based on the established gene expression platform, novel C. elegans 

protein aggregation disease models should be generated, e.g. a mutant huntingtin model, 

which require conditional expression due to the high cellular toxicity of this substrate. 

Finally, using these inducible protein aggregation models, the influence of proteotoxic 

stress on the functionality of other proteins, such as NAC, should be examined. 
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3 Results – Part A 

3.1 Investigation of the chaperone activity of NAC in vivo 

The work of this dissertation is part of a larger international joint project, which was 

carried out together with research groups of the Universities of Stanford and Leeds. The 

main results represented in the following chapter were recently published (Martin et al., 

2018; Shen et al., 2019) (appendix II and III). Important key data from coworkers that are 

essential for the interpretation of the results are included in this thesis. Their work is listed 

below and marked accordingly in the figure legends.  

 

Coworkers and contributions: 

In vitro filter trap aggregation assay (Fig. 11C, 11D, 13C, 15B, 15C) 

Koning Shen, Department of Biology, Stanford University 

In vitro chaperone refolding assays and polysome profile analyses (Fig. 14, 18) 

Nadine Sachs, Department of Biology, University of Konstanz 

Aβ40 kinetic aggregation assays and negative stain TEM (Fig. 20A, 20B) 

Patrick D. Knight, Faculty of Biological Sciences, University of Leeds 

α-Synuclein kinetic aggregation assays and negative stain TEM (Fig. 21C, 21D) 

Esther M. Martin, Faculty of Biological Sciences, University of Leeds 

3.1.1 NAC suppresses aggregation of PolyQ proteins in vivo and in vitro 

NAC is the first factor that interacts with nascent chains as they exit the ribosomal tunnel. 

Beyond that, it was recently shown that NAC is able to contact and sense growing 

polypeptides already deep inside the ribosomal tunnel (Gamerdinger et al., 2019). Because 

of its broad association with translating ribosomes and high concentration in the cell, NAC 

has always been attributed a molecular chaperone function (Deuerling et al., 2019). This 

hypothesis is only supported by indirect evidence showing that NAC depletion leads to 

an increased aggregation of PolyQ proteins expressed in body wall muscle cells of 

C. elegans (Kirstein-Miles et al., 2013). Since NAC RNAi causes pleiotropic cellular defects 

in C. elegans including ER and mitochondrial protein transport defects (Gamerdinger et 
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al., 2015), it was questionable whether this finding indeed reflects a direct chaperone effect 

of NAC on PolyQ substrates. Therefore, if NAC should indeed exert a direct chaperone 

function on these proteins, then the overexpression of NAC would have to suppress the 

aggregation of PolyQ proteins. To investigate this, an overexpression study in a C. elegans 

PolyQ strain was performed, which expresses 35 consecutive glutamine residues fused to 

YFP (PolyQ35::YFP) in body wall muscle cells. The PolyQ35::YFP animals are a 

particularly suitable in vivo model to analyze modifiers of protein aggregation, as the 

stretch length is close to the aggregation threshold in C. elegans body wall muscle cells and 

shows a progressive age-dependent aggregation starting with day 3 of adulthood (Morley 

et al., 2002). In the background of this PolyQ35::YFP aggregation model, transgenic strains 

were generated overexpressing FLAG-tagged αNAC and βNAC under the control of the 

muscle-specific myo-3 promoter. PolyQ35::YFP aggregation in worms was assessed at day 

3 of adulthood by fluorescence microscopy and semi-denaturing detergent agarose gel 

electrophoresis (SDD-AGE). SDD-AGE is a well-established biochemical method for the 

detection of SDS-insoluble, high-molecular weight protein aggregate species in cell 

lysates, and was therefore used to quantify PolyQ35::YFP aggregation in worms 

(Halfmann and Lindquist, 2008). Importantly, overexpression of NAC neither changed the 

morphology of the PolyQ worms nor the overall expression level of PolyQ35::YFP 

(Fig. 11A, whole body, Fig 11B, YFP signal). However, compared to empty vector (ev) 

control animals, NAC overexpressing worms showed significantly less aggregate 

structures and instead a more evenly distributed PolyQ35::YFP signal (Fig 11A, head 

region). The SDD-AGE results were consistent with the fluorescence microscopy data, 

showing decreased levels of SDS-insoluble, high molecular weight aggregated species in 

NAC overexpressing worms (Fig. 11B). These in vivo findings indicate a potential direct 

effect of NAC on PolyQ35 proteins. To investigate this further, an in vitro filter trap 

aggregation assay was performed with purified human wildtype NAC and a substrate 

peptide composed of 51 consecutive glutamines with a solubilizing GST tag (GST-

PolyQ51). After TEV protease cleavage of the GST tag, the aggregate formation of PolyQ51 

is initiated and can be analyzed over time on a membrane filter by antibody staining 

(Muchowski et al., 2000). Consistent with the in vivo results, addition of purified human 

NAC strongly delayed the aggregate formation of PolyQ51 peptides in vitro in a 
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concentration-dependent manner. (Fig. 11C, 11D). Purified C. elegans NAC also showed 

strong aggregation suppression effects, but weaker than human NAC (appendix II, p. 124). 

 

 

Figure 11: NAC suppresses aggregation of PolyQ proteins. (A) Fluorescence microscopic images 

of PolyQ35::YFP C. elegans worms overexpressing NAC (FLAG-tagged αNAC and βNAC) in body 

wall muscle cells. Images were taken at day 3 of adulthood. Scalebar, 500 µm (whole body images), 

50 µm (head region images). PolyQ35::YFP aggregates are indicated by white and cell nuclei by 

blue arrowheads. ev, empty vector. (B) PolyQ35::YFP aggregation of animals as in (A) was assessed 

by semi-denaturing agarose gel electrophoresis (SDD-AGE) immunoblot analysis. Total levels of 

SDS-soluble PolyQ35::YFP and FLAG-tagged NAC subunits were assessed by denaturing SDS-

PAGE immunoblot analysis. Actin served as loading control. (C) Filter trap aggregation assay of 

GST-tagged PolyQ51 peptides incubated with human wildtype NAC in a 5x molar excess in vitro. 

SDS-insoluble PolyQ51 aggregates were detected with an S-tag antibody after TEV protease-

mediated cleavage of the GST tag. (D) Quantification of filter trap assays as shown in (C) (n = 3). 

Filter trap experiments and quantification by Koning Shen.  
 

Moreover, purified NAC did also suppress the aggregation of human disease-related 

pathogenic PolyQ substrates harboring different stretch lengths such as mutant 
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Huntingtin exon 1 (mHttQ51) and full-length ataxin-3 (AtxQ78) (appendix II, p. 105/107). 

Taken together, these results strongly suggest that NAC directly exerts chaperone activity 

on a variety of PolyQ substrates. 

3.1.2 Generation of NAC chaperone mutants in C. elegans 

Our in vitro data suggest that NAC suppresses the aggregation of PolyQ substrates by 

direct interaction with the aggregation-prone polyglutamine repeat sequence (Fig. 11C). 

Thus, in the next step, the interaction site(s) of NAC crucial to suppress PolyQ protein 

aggregation were investigated in detail. Previous studies showed by crosslinking 

approaches that both subunits of NAC interact with nascent chains (Wiedmann et al., 

1994). In addition, crosslinking and mass spectrometry experiments of NAC with AtxQ78 

as substrate showed a predominant interaction of NAC with AtxQ78 through the N-

terminal regions of α- and βNAC (appendix II, p. 107), pointing to a critical PolyQ 

substrate interaction site in these domains. However, apart from these crosslinking data, 

no further functional data on substrate interaction of NAC were available. 

To investigate potential substrate interaction sites of NAC in vivo, a mutational approach 

was used that focuses on the conserved regions of NAC. For this purpose, transgenic 

PolyQ35::YFP worms were generated that overexpress different 3xFLAG-tagged NAC 

mutants under the control of the muscle-specific myo-3 promoter. These mutants included 

two deletion mutants lacking either the C-terminal UBA domain of αNAC (ΔUBA-NAC) 

or the 40 amino acid long N-terminal domain of βNAC (ΔNβ-NAC), and a ribosome-

binding deficient mutant in which three conserved basic residues in the N-terminal region 

of βNAC were mutated to alanine residues (RRK/AAA-NAC; (Wegrzyn et al., 2006)) 

(Fig. 12A). The ribosome binding defect of the latter mutant was tested by 

ultracentrifugation of ribosomes though a sucrose cushion using the lysate of wildtype 

NAC (WT-NAC) and RRK/AAA-NAC overexpressing worms. The soluble fraction as well 

as the ribosomal pellet fraction were subsequently analyzed by immunoblotting. In 

contrast to WT-NAC, the RRK/AAA-NAC variant did not comigrate with ribosomes to 

the pellet fraction, demonstrating the ribosome binding deficiency of the NAC mutant 

(Fig. 12B). It is important to mention that the expression levels of the different NAC 

variants were comparable in all generated transgenic strains (Fig. 12C, FLAG blot).  
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Figure 12: Overview of NAC overexpression mutants. (A) Schematic representation showing the 

different generated heterodimeric NAC constructs (α and β subunit). The conserved domains are 

highlighted (NAC domains in light blue, UBA domain in gray, conserved ribosome-binding motif 

(RRKxxKK) in the β-subunit). (B) Sucrose cushion ultracentrifugation of ribosomes in 

PolyQ35::YFP C. elegans worms overexpressing either 3xFLAG-tagged WT- or RRK/AAA-NAC in 

body wall muscle cells on day 2 of adulthood. Levels of βNAC in the supernatant (Soluble) and 

ribosomal pellet (Pellet) fractions were analyzed by immunoblotting. uL24 served as ribosomal 

marker control. (C) Immunoblot analysis of generated PolyQ35::YFP worms overexpressing 

3xFLAG-tagged NAC variants shown in (A) in their body wall muscle cells. FLAG immunoblot 

shows only exogenously overexpressed NAC in muscle cells. Tubulin served as loading control. 

ev, empty vector. 
 

3.1.3 The N-terminus of βNAC exerts chaperone activity  

The effect of the different generated NAC mutants on PolyQ35::YFP aggregation was first 

assessed by fluorescence microscopy at day 3 of adulthood. Interestingly, similar to WT-

NAC, both the ΔUBA-NAC and the RRK/AAA-NAC strains showed a more diffuse 
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PolyQ35::YFP signal and less aggregated structures compared to the ev control strain, 

where the majority of PolyQ35::YFP was present in aggregated puncta (Fig. 13A). Hence, 

neither the UBA domain nor ribosome binding of NAC seem to be essential to suppress 

PolyQ35::YFP aggregation in vivo. Consistently, the result of the SDD-AGE analysis 

showed decreased levels of aggregated PolyQ35-YFP in WT-NAC, ΔUBA-NAC and 

RRK/AAA-NAC worms compared to ev control animals (Fig. 13B). Our data show that 

the mutation of the ribosome-binding motif in the βNAC N-terminal domain 

(29RRK/AAA31) has no effect on the aggregation suppression effect of NAC in vivo. 

However, we found that the deletion of the entire 40 amino acid long N-terminal domain 

of βNAC apparently abolishes the chaperone activity of NAC completely, as ΔNβ-NAC 

worms had similar PolyQ35::YFP aggregate levels as the ev control strain (Fig. 13A, 13B). 

These in vivo findings were consistent with in vitro filter trap aggregation data showing 

that the addition of purified ΔUBA- or RRK/AAA-NAC delayed mHttQ51 aggregation 

similar to WT-NAC, whereas ΔNβ-NAC showed no aggregation inhibitory effect 

(Fig. 13C). In sum, these findings indicate that the N-terminus of βNAC represents a major 

chaperone entity of NAC and that this region contains a crucial PolyQ substrate 

interaction site. However, ribosome binding, which is also mediated by this NAC domain, 

does not appear to be necessary for this chaperone activity. 
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Figure 13: The N-terminal domain of βNAC is crucial to suppress PolyQ aggregation. (A) 

Fluorescence microscopic images of PolyQ35::YFP C. elegans worms overexpressing the respective 

FLAG-tagged NAC variants in body wall muscle cells. Images were taken at day 3 of adulthood. 

Scalebar, 500 µm (whole body images), 50 µm (head region images). PolyQ35::YFP aggregates are 

indicated by white and cell nuclei by blue arrowheads. ev, empty vector. (B) PolyQ35::YFP 

aggregation of animals as in (A) was further analyzed by SDD-AGE analysis. Total levels of SDS-

soluble PolyQ35::YFP and FLAG-tagged NAC subunits were assessed by denaturing SDS-PAGE 

immunoblot analysis. Actin served as loading control. (C) Filter trap aggregation assay of GST-

tagged mHttQ51 peptides incubated with the respective purified human NAC proteins in 5x molar 

excess. SDS-insoluble PolyQ51 aggregates were detected with an S-tag antibody after TEV 

protease-mediated cleavage of the GST tag. Filter trap experiments were conducted by Koning 

Shen. 
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As shown above (Fig. 13) the mutation of the ribosome-binding motif of βNAC did not 

affect the chaperone activity of NAC on PolyQ proteins, suggesting that NAC exerts a 

post-translational chaperone function in addition to its co-translational function on 

ribosomes. This hypothesis is further supported by polysome profile analyses in C. elegans 

(Fig. 14) and human cells (appendix II, p. 126), which show that a large proportion of NAC 

is not bound to ribosomes but is found in the cytosolic fraction. Thus, given the high 

cellular concentration of NAC (Möller et al., 1998), it is possible that NAC also acts as a 

major post-translational chaperone in a ribosome-independent manner in the cytosol.  

 

 

Figure 14: Polysome profile analyses in C. elegans. For polysome profile analysis, a sucrose 

density gradient analysis was performed in wildtype N2 worms on day 2 of adulthood. Upper 

image shows polysome gradient profile (absorbance at 254 nm). Immunoblot images below show 

the distribution of the respective NAC subunits throughout the gradient. uL16 served as a 

ribosomal marker. Polysome gradient analysis was conducted by Nadine Sachs.  
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3.1.4 Functional characterization of the N-terminal domain of βNAC  

The previous data show that the N-terminal domain of βNAC is not only crucial for 

ribosome binding but also exerts chaperone activity. The main characteristic feature of this 

40 amino acid long domain is its high positive charge, which is conserved in all 

eukaryotes. The sequence of the βNAC N-terminal domain (N-βNAC) from human and 

C. elegans is shown in Fig. 15A. To gain more direct insights into the chaperone activity of 

this domain, the ability of synthetic peptides corresponding to N-βNAC from both human 

and C. elegans to suppress mHttQ51 was investigated in an in vitro filter trap aggregation 

assay. Interestingly, the human as well as the C. elegans N-βNAC peptides alone were 

sufficient to suppress aggregation of mHttQ51 (Fig. 15B). Similar results were obtained 

with the pure PolyQ substrate (Q51; appendix II, p. 128), indicating a direct interaction of 

the peptides with the aggregation-prone PolyQ stretch. Since the high positive charge is 

the most characteristic feature of the mostly unstructured N-terminal domain of βNAC 

and since electrostatic interactions mediated via highly charged regions are known to play 

an important role in chaperone substrate binding (Joachimiak et al., 2014), we investigated 

whether the positively charged residues of this domain are crucial to suppress PolyQ 

aggregation. In order to analyze this, the in vitro filter trap aggregation assay was again 

performed with N-βNAC peptides, this time neutralizing the positively charged lysine 

residues by acylation of the primary amines with sulfo-NHS-acetate. The labeling of the 

lysine residues and thus the shielding of the positive charge led to a significantly reduced 

ability of the peptides to suppress mHttQ51 aggregation (Fig. 15C). This finding indeed 

suggests that the positively charged residues in N-βNAC are critical for the chaperone 

activity of NAC.  

As shown above, overexpression of RRK/AAA-NAC, in which 3 out of 5 positively 

charged amino acids in the core ribosomal binding motif of βNAC are mutated, exerted 

strong PolyQ35::YFP aggregation suppression effects in vivo (Fig. 13A, 13B). Considering 

that the positively charged residues appear to be critical to suppress mHttQ51 aggregation 

in vitro (Fig. 15C), a reduced aggregation inhibitory activity would be expected for 

RRK/AAA-NAC in vivo. Thus, we analyzed the chaperone activity of WT-NAC and 

RRK/AAA-NAC on PolyQ35::YFP aggregation in aging worms over a longer period of 

time. We found that RRK/AAA-NAC in worms did not suppress PolyQ35::YFP 
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aggregation for as long as WT-NAC, showing that mutation of the positive charges indeed 

decreased chaperone activity of NAC also in vivo (Fig. 15D).  

 

 

Figure 15: The positive charge of the N-terminal domain of βNAC is crucial to suppress PolyQ 

aggregation. (A) The peptide sequences of the N-terminal domains of βNAC from (i) C. elegans and 

(ii) humans is shown with the positively charged residues highlighted in red. (B) In vitro filter trap 

aggregation assay of mHttQ51 incubated with 5x or 10x molar excess of βNAC peptides as shown 

in (A), full-length NAC protein or only buffer as negative control. (C) (i) Chemical reaction scheme 

showing the acylation of primary amines of lysine residues by sulfo-NHS acetate, which was used 

to neutralize the positive charge of βNAC peptides shown in (A). (ii) In vitro filter trap aggregation 

assay of mHttQ51 incubated with 5x molar excess of peptides as shown in (A) with and without 

sulfo-NHS acetate labeling. (D) Fluorescence microscopic images of PolyQ35::YFP C. elegans worms 

overexpressing the respective FLAG-tagged NAC variants in body wall muscle cells. Images were 

taken at day 3 and day 4 of adulthood. Scalebar, 50 µm. PolyQ35::YFP aggregates are indicated by 

white and cell nuclei by blue arrowheads. ev, empty vector. Filter trap experiments conducted by 

Koning Shen. 
 

In the next step, the question arises whether overexpression of N-βNAC alone is sufficient 

to suppress PolyQ35::YFP aggregation in vivo. Unfortunately, all attempts to overexpress 

the N-terminal peptide in body wall muscle cells of PolyQ35::YFP worms failed, 
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suggesting that the peptide alone was unstable in vivo. In order to stabilize the peptide, its 

size was increased using a tandem construct, however, this only resulted in very low 

expression levels in worms (Fig. 16). Furthermore, we tried to express N-βNAC fused to 

a stabilizing CFP tag. This construct was stably expressed but showed no chaperone 

activity. Thus, whether N-βNAC alone shows aggregation inhibitory activity in vivo could 

not be answered. 

 

 

Figure 16: Overexpression of the N-terminal peptide of βNAC. Upper image shows schematic 

representation of the 3xFLAG-tagged tandem construct of the N-terminal peptide of βNAC (2x N-

βNAC) with a GS linker. Lower image shows the immunoblot analysis of generated PolyQ35::YFP 

worms overexpressing 3xFLAG-tagged WT-NAC or the 3xFLAG-tagged tandem construct in their 

body wall muscle cells. FLAG immunoblot shows the exogenous overexpression of NAC variants 

in body wall muscle cells. Tubulin served as loading control. ev, empty vector. 
 

3.1.5 NAC overexpression suppresses toxicity of PolyQ35 proteins  

Protein aggregation is a hallmark of various neurodegenerative diseases and correlates 

strongly with cellular toxicity and age-related organismal degeneration (Sala et al., 2017). 

Previous studies showed that compared to animals expressing soluble PolyQ24 proteins 

in their body wall muscle cells, PolyQ35 protein expressing worms exhibited reduced 

motility from day 6 of adulthood on (Morley et al., 2002). Thus, we studied this muscle 

defect phenotype in PolyQ35::YFP NAC overexpressing worms, to address whether NAC 

reduces toxicity of PolyQ proteins in vivo. To do so, age-related paralysis was measured 

in PolyQ35::YFP worms overexpressing the different NAC variants starting with day 6 of 

adulthood (Fig. 17).  
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Figure 17: NAC suppresses toxicity of PolyQ proteins. The diagram shows the percentage of non-

paralyzed PolyQ35::YFP C. elegans worms overexpressing the respective NAC variant. The analysis 

was performed between day 6 and 10 of adulthood. Data are represented as mean ± SEM (n = 4). 

Statistical significance was calculated by Student’s t test. ∗∗/∗∗∗p < 0.01/0.001 versus WT-NAC. EV, 

empty vector. 
 

Remarkably, WT-NAC overexpressing worms showed a 30-40% increase in motility 

compared to the ev control animals (Fig. 17, dark gray bars vs. red bars). This indicates 

that overexpression of NAC alone can improve protein homeostasis and organismic 

health in PolyQ35::YFP expressing worms. Furthermore, the improved motility and thus 

muscle function was strongly dependent on the presence of the βNAC N-terminus as 

ΔNβ-NAC worms showed a strong paralysis phenotype similar to ev control animals 

(Fig. 17, light grey bars). These findings correlate well with the protein aggregation data 

(Fig. 13), showing that the N-terminal domain of βNAC is required to suppress both 

PolyQ35::YFP aggregation and toxicity. Importantly, the muscle protective activity of 

NAC appears to be largely independent of ribosome-binding, as RRK/AAA-NAC worms 

showed improved motility during aging compared to ev control animals. Nevertheless, 

the ribosome-binding deficient mutant was less protective than WT-NAC (Fig. 17, blue 

bars), which correlates well with the reduced protein aggregation inhibitory activity of 

this NAC variant due to the positive charge removal (Fig. 15D). Next, we were interested 

whether NAC is also able to detoxify PolyQ proteins in neurons, since many PolyQ 

diseases are neurodegenerative disorders (Lieberman et al., 2019).  
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For this purpose, NAC was depleted in striatal mouse neurons expressing either mutant 

huntingtin (HttQ7/111) or wildtype huntingtin (HttQ7/7). The experiments showed that 

neurons expressing mutant huntingtin were significantly more sensitive to NAC 

depletion compared to striatal mouse cells expressing wildtype huntingtin. In the absence 

of NAC, HttQ7/111 cells suffered increased protein aggregation and showed decreased 

viability, indicating a physiologically protective role of NAC in PolyQ expressing neurons 

(appendix II, p. 112). In sum, these data show the tight link between cellular and 

organismic proteostatic health and the chaperone role of NAC, mediated for PolyQ 

substrates largely through the N-terminus of the βNAC subunit. 

3.1.6 NAC exerts broad-spectrum chaperone activity 

The next step was to investigate whether the chaperone function of NAC is PolyQ-specific 

or also applies to other protein quality control substrates.  

Firefly luciferase as client model substrate for NAC 

A frequently used model substrate to measure chaperone activity is chemically denatured 

firefly luciferase, which is known to rely on molecular chaperones to refold (Schröder et 

al., 1993). To test whether NAC also exerts chaperone activity toward denatured 

luciferase, an in vitro chaperone refolding assay was performed. Guanidine-HCl (GdmCl)-

denatured luciferase was incubated with or without purified human NAC proteins and 

luciferase reactivation was measured by luminescence detection after addition of an ATP-

dependent Hsp70/Hsp40 folding chaperone system. Interestingly, NAC had neither an 

effect on luciferase refolding alone nor an enhancing effect when added together with the 

refolding system of the Hsp70/40 system (appendix II, p. 127). However, after pre-

incubation of denatured luciferase with NAC, the subsequent refolding was strongly 

enhanced by the Hsp70/Hsp40 system (Fig. 18, red versus grey curve). Importantly, this 

seemed to be a specific chaperone activity of NAC, since preincubation with GFP, a molar 

equivalent control protein of similar size, did not show a potentiating effect (appendix II, 

p. 127). These results suggest that NAC maintains the unfolded luciferase in a soluble, 

refolding-compatible state under Hsp70/40-limiting conditions and thus exerts a holdase-

like chaperone function (Suss and Reichmann, 2015). Remarkably, the luciferase holding 
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activity of purified human ΔNβ-NAC was significantly reduced compared to WT-NAC 

(Fig. 18, blue versus red curve). This suggests that in addition to PolyQ substrates, also 

luciferase is partially chaperoned by NAC through the βNAC N-terminal domain. 

Nevertheless, in contrast to PolyQ substrates, ΔNβ-NAC showed strong residual 

chaperone activity toward luciferase (Fig. 18, blue versus grey curve). Thus, although the 

same domain that is crucial for the prevention of PolyQ aggregation also appears to be 

necessary to maintain luciferase in a refolding-compatible state, the strong residual 

activity of ΔNβ-NAC toward luciferase strongly suggests that NAC possesses additional, 

yet unidentified substrate binding domains that are crucial for its chaperone function.  

 

 

Figure 18: NAC exerts chaperone activity towards luciferase in vitro. An in vitro chaperone 

refolding assay was performed using guanidine-HCl (GdmCl)-denatured luciferase as substrate. 

Luciferase (0.02 µM) was pre-incubated with indicated NAC variants in a 1:1 molar ratio for 15 min 

at room temperature (RT), and refolding was initiated by adding an Hsp70/Hsp40 chaperone 

system (3.2 µM/0.8 µM). Luciferase reactivation was analyzed by luminescence recording over 2 h 

at RT using luciferin as a substrate. Statistical significance was calculated by one-way ANOVA and 

Tukey post hoc test. a.u., arbitrary units. ∗p < 0.05 (n = 3). In vitro chaperone refolding assays were 

performed by Nadine Sachs. 
 

As the in vitro data indicate that NAC exerts a direct chaperone activity toward luciferase, 

the next step was to address this potential chaperone function in vivo in C. elegans. 

Therefore, a C. elegans strain was used that expresses a structurally destabilized version of 

luciferase fused to EGFP (FlucDM::EGFP) in body wall muscle cells. Due to two point 

mutations (R188Q and R261Q), this luciferase variant is only soluble at moderate 



    Results (A) 
 

39 

temperatures, but tends to aggregate drastically under heat stress. Previous studies 

showed that aggregation of FlucDM::EGFP occurs in C. elegans after a short heat shock at 

30-33°C. Such an heat-shock is sub-lethal for C. elegans worms and therefore allows to 

monitor luciferase refolding in vivo (Gupta et al., 2011). In the FlucDM::EGFP background, 

transgenic strains were generated that overexpress 3xFLAG-tagged WT-NAC or ΔNβ-

NAC in comparable amounts in body wall muscle cells (Fig. 19A, FLAG immunoblot).  

 

 

Figure 19: NAC exerts chaperone activity towards luciferase in vivo. (A) Immunoblot analysis of 

FlucDM::EGFP C. elegans worms expressing indicated NAC variants (FLAG-tagged α and βNAC) 

in body wall muscle cells. Tubulin served as loading control. (B) GFP fluorescence microscopic 

images of worms as in (A) expressing a destabilized variant of firefly luciferase fused to EGFP. 

Images were taken before heat shock (HS; 1 h at 33°C), directly after HS, and after 24 h recovery at 

20°C. Scale bar, 20 µm. ev, empty vector. 
 

Next, FlucDM::EGFP aggregation was investigated in age-synchronized animals after 

denaturation of the luciferase by heat shock (1 h, 33°C). The FlucDM::EGFP expression 

pattern was assessed during the experiment directly before heat shock in L3 larvae (48 h 

post egg-lay), immediately after heat shock and after 24 h of recovery. It should be noted 

that all strains showed no change in muscle structure and morphology (Fig. 19B, before 

HS). After the heat shock, FlucDM::EGFP formed punctate aggregates, which were still 

present in the ev control animals after 24 h of recovery at 20°C (Fig. 19B). Interestingly, 

worms that overexpress WT-NAC showed a diffuse FlucDM::EGFP signal after the 24 h 
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recovery period, suggesting that the aggregated luciferase was entirely re-solubilized. 

This is in accordance with the in vitro data and indicates that NAC promotes the refolding 

of luciferase also in vivo (Fig. 19B). Interestingly, animals that overexpress ΔNβ-NAC were 

not able to convert the heat-shock-induced FlucDM::EGFP aggregates back to the diffuse, 

soluble form after the 24 h recovery period (Fig. 19B).  

Thus, efficient refolding of luciferase depends on N-βNAC in vivo, showing that the N-

terminus of βNAC is a central chaperone domain of NAC for both luciferase and PolyQ 

substrates. 

Aβ40 as chaperone model substrate for NAC 

In the next step, it was investigated whether NAC also suppresses the aggregation of other 

pathogenic proteins, such as the Aβ40 peptide associated with Alzheimer's disease (Hardy 

and Higgins, 1992; Selkoe, 2001). This peptide differs from the PolyQ proteins by a higher 

sequence complexity which also includes hydrophobic regions (Soto et al., 2002). Potential 

effects of NAC on Aβ40 aggregation were first analyzed in vitro using thioflavin T (ThT) 

fluorescence as an indicator for the formation of amyloid fibrils as well as by transmission 

electron microscopy (TEM). Interestingly, the equimolar addition of purified human WT-

NAC completely suppressed Aβ40 aggregation and fibril formation (Fig. 20A, 20B). 

However, in contrast to PolyQ and luciferase, N-βNAC was not critical to suppress Aβ40 

aggregation (data not shown). Moreover, also a NAC mutant lacking the N-terminal 

domains of both NAC subunits (ΔNαβ-NAC), completely suppressed Aβ40 aggregation 

like WT-NAC (Fig. 20A, 20B). Thus, the N-βNAC was dispensable for preventing 

aggregation of the highly hydrophobic Aβ40 substrate, again stressing that NAC likely 

contains other important substrate interaction sites that may specifically bind 

hydrophobic segments in substrates such as Aβ40 and luciferase. 

To investigate the chaperone activity of NAC on Aβ40 in vivo, a C. elegans strain was 

generated that expresses Aβ40 N-terminally tagged with CFP (CFP::Aβ40) in body wall 

muscle cells. In the CFP::Aβ40 background, transgenic strains were generated 

overexpressing 3xFLAG-tagged WT-NAC or ΔNαβ-NAC under the control of the muscle-

specific myo-3 promoter. The aggregation of CFP::Aβ40 was assessed by fluorescence 

microscopy at day 2 of adulthood. Strikingly, the ev control worms displayed several 
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CFP::Aβ40 aggregate structures from small globular to large tubular foci (Fig. 20C). The 

shape of the aggregates was temperature-dependent, with tubular aggregates forming at 

room temperature, while globular aggregates formed when animals were kept at 20°C.  

 

 

Figure 20: NAC exerts chaperone activity towards Aβ40. (A) Kinetic aggregation assays of Aβ40 

(32 µM, grey) incubated with an equimolar concentration of WT-NAC (red) or ΔNαβ-NAC (blue) 

measured using ThioflavinT fluorescence. a.u., arbitrary units. (B) Negative stain transmission 

electron micrographs (TEM) of the reaction after 20 h of the samples shown in (A). Scale bar, 5 µm. 

(C) Fluorescence microscopic images of worms expressing CFP::Aβ40 in their body wall muscle 

cells. Images were taken at day 2 of adulthood. Scale bar, 20 µm. ev, empty vector. Kinetic 

aggregation assays and negative stain TEM performed by Patrick D. Knight. 
 

Initial analyses with these strains correlated well with the in vitro data showing that the 

overexpression of both WT-NAC and ΔNαβ-NAC suppressed CFP::Aβ40 aggregation 

(Fig. 20C). Furthermore, we also performed NAC RNAi experiments with CFP::Aβ40 

worms. Depletion of NAC in CFP::Aβ40 worms increased Aβ40 aggregation suggesting 

that NAC indeed modifies Aβ40 aggregation in vivo (appendix I, Fig. S1). Although the 
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first experiments looked promising, the CFP::Aβ40 aggregation model turned out to be 

rather unsuitable for further investigations, as the extent of aggregation under control 

conditions was as not as robust as in the FlucDM::EGFP and PolyQ35::YFP strains. In fact, 

the CFP::Aβ40 expression levels seemed to vary among the different strains and many ev 

control worms showed little or no CFP::Aβ40 aggregation, making it difficult to detect 

potential differences in the NAC overexpressing strains. 

α-Synuclein as chaperone model substrate for NAC 

So far, it has been shown that NAC interacts with and exerts a chaperone function on 

hydrophilic PolyQ substrates, hydrophobic Aβ40 peptides and more complex substrates 

such as luciferase. In the next step, we investigated whether NAC also exerts direct 

chaperone activity towards the intrinsically disordered protein, α-synuclein, which is 

highly aggregation-prone and related to several human diseases such as Parkinson’s 

disease (Polymeropoulos, 1997; Spillantini et al., 1997) . 

As an in vivo model a C. elegans strain expressing human α-synuclein fused to YFP (α-

synuclein::YFP) in body wall muscle cells was employed. These worms show an age-

dependent, progressive aggregation of α-synuclein::YFP, which starts in young adult 

worms (van Ham et al., 2008). To investigate a potential chaperone function of NAC on α-

synuclein, NAC was depleted by RNAi in age-synchronized animals from the first larval 

stage onwards and α-synuclein::YFP aggregation was assessed by fluorescence 

microscopy. The efficiency of the RNAi-mediated knockdown of αβNAC was monitored 

from day 1 to day 4 of adulthood by immunoblot analysis, which showed a significant 

reduction of NAC protein levels (Fig. 21A). Consistent with previous studies, fluorescence 

microscopy analysis showed that α-synuclein::YFP ev control animals (empty RNAi 

expression vector) already showed smaller α-synuclein::YFP puncta on day 1 of 

adulthood, which occurred in increased amounts during aging (Fig. 21A, ev). Strikingly, 

the simultaneous RNAi-mediated knockdown of αNAC and βNAC (αβNAC) caused a 

drastically increased formation of α-synuclein::YFP aggregates compared to the ev control 

worms, especially at the age of day 3 of adulthood (Fig. 21A, NAC).  

To investigate whether this is a direct effect of NAC on α-synuclein::YFP, an in vitro ThT 

fluorescence assay was again performed together with negative stain TEM to analyze the 
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direct interaction of purified proteins and the formation of amyloid fibrils. Therefore, the 

aggregation of α-synuclein (α-syn) proteins with or without an equimolar concentration 

of WT-NAC was detected over time (Fig. 21C). In accordance with the in vivo results, 

purified WT-NAC suppressed the aggregation of α-syn under aggregation-favorable 

conditions (125 µM protein, Dulbecco’s PBS, 600 rpm agitation) at least over a time scale 

of 70 h, suggesting that NAC directly exerts chaperone activity on the intrinsically 

disordered α-synuclein protein (Fig. 21D).  

 

 

Figure 21: NAC exerts chaperone activity towards α-synuclein. (A) Immunoblot analysis of 

C. elegans worms as shown in (B) demonstrating RNAi efficiency by NAC protein expression levels 

at indicated time points. Actin served as loading control. (B) Fluorescence microscopic images of 

transgenic worms (head regions) expressing α-synuclein::YFP in body wall muscle cells. For RNAi-

mediated NAC depletion, worms were grown on empty vector control (ev) or αβNAC RNAi, 

respectively. Images were taken at day 1 and 3 of adulthood. Scale bar, 50 µm. (C) Kinetic 

aggregation assays of α-synuclein (α-syn) (125 µM, black), a 1:1 molar ratio of α-syn with WT-NAC 

(purple), and WT-NAC alone (green) was measured using ThT fluorescence. (D) Negative stain 

transmission electron micrographs (TEM) for each sample after of the reaction end point (at 70 h). 

Scale bar, 500 nm. Kinetic aggregation assays and negative stain TEM performed by Esther M. 

Martin. Figure modified from (Martin et al., 2018) under a CC BY 4.0 license. 
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All these results together demonstrate the ability and physiological relevance of NAC to 

bind and chaperone a repertoire of substrates with unrelated sequences and different 

structurally and physicochemically properties, confirming a broad-band chaperone 

function of NAC. 
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4 Discussion and outlook – Part A 

Previous studies suggested that NAC is a key factor in proteostasis, since the deletion of 

NAC is lethal in higher eukaryotes (Bloss et al., 2003; Deng and Behringer, 1995) and the 

depletion leads to increased ER stress (Gamerdinger et al., 2015) as well as to an earlier 

onset of PolyQ protein aggregation in C. elegans Huntington's disease models (Kirstein-

Miles et al., 2013). Considering the localization directly at the exit of the ribosomal tunnel, 

the high concentration in the cell and the interaction with nascent chains (Gamerdinger et 

al., 2019; Preissler & Deuerling, 2012), a chaperone function of NAC was hypothesized, 

though direct evidence was lacking. Therefore, this part of the study focused on 

elucidating this function of NAC in the model organism C. elegans and, indeed, could 

demonstrate for the very first time a direct chaperone effect of NAC on structurally and 

physicochemically diverse model substrates in vivo. 

4.1 The chaperone function of NAC 

This study revealed that the highly positively charged N-terminus of βNAC has a dual 

function in mediating chaperone activity as well as ribosome binding of NAC (Fig. 13). 

Interestingly, the aggregation of PolyQ proteins in C. elegans was inhibited by 

overexpression of a ribosome-binding deficient mutant, suggesting that NAC acts as a 

chaperone post-translationally and independent of ribosome-binding (Fig. 13). This was 

further substantiated by the finding that a significant amount of NAC is not bound to 

ribosomes under steady state conditions (Fig. 14). Based on these results, the following 

model for the function of NAC can be postulated: on the one hand, NAC supports co-

translational folding and transport of polypeptides, on the other it interacts post-

translationally with misfolded proteins predominantly via N-βNAC to inhibits protein 

aggregation. The post-translational aggregation suppression function of NAC likely 

becomes more prominent under proteotoxic stress conditions like aging when global 

translation rates are repressed, and misfolded proteins accumulate in cells (Fig. 22). 

Related to this, previous studies indicated that NAC is released from ribosomes and 

sequestered in protein aggregates under high proteotoxic stress conditions, such as heat 
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or aging (Kirstein-Miles et al., 2013). However, whether under such conditions ribosome-

associated NAC actively detaches from the ribosome increasing the post-translational 

NAC chaperone pool, as previously proposed (Kirstein-Miles et al., 2013), is unknown. 

Given that NAC also associates with non-translating ribosomes with high affinity 

(Gamerdinger et al., 2019), it is difficult to imagine how the ribosome binding of NAC 

would be reduced under proteotoxic stress conditions. Therefore, the proposed 

mechanism remains puzzling and must be clarified in future studies.  

 

 

 

Figure 22: Proposed model for the dual function of NAC. Under steady-state conditions, NAC 

supports co-translational protein folding and targeting. However, during proteotoxic stress 

conditions, NAC exerts an off-ribosome chaperone activity to prevent the aggregation of misfolded 

proteins. Some substrates like PolyQ are chaperoned by NAC predominantly through the highly 

positively charged N-terminus of βNAC. 

 

4.1.1 NAC exerts ATP-independent chaperone activity toward diverse types 

of model substrates 

The results of this study demonstrated that NAC exerts ATP-independent chaperone 

activity, in vitro and in vivo, towards structurally and physicochemically distinct model 

substrates, including uncharged PolyQ, structurally more complex and hydrophobic 

firefly luciferase and Aβ40, as well as intrinsically disordered α-synuclein. The large 

substrate diversity is typical for ATP-independent chaperones, which interact with 

substrates differing in charge, hydrophobicity and conformation. (Fu et al., 2013a; Suss 



  Discussion and outlook (A) 
 

47 

and Reichmann, 2015). Recent crosslinking experiments have consistently demonstrated 

that NAC is able to sense different nascent chain substrates already within the ribosomal 

tunnel and suggested that depending on the nature of a substrate, NAC can adopt 

substrate-specific conformations on the ribosome (Gamerdinger et al., 2019). Thus, 

through its high flexibility and conformational diversity NAC may adapt rapidly to a 

variety of substrates. In general, ATP-independent chaperones are known as “holdases” 

or “holding” chaperones, which are particularly important under Hsp70/40-limiting stress 

conditions, preventing misfolded proteins from aggregation and keeping early aggregate 

species in a refolding-competent state for ATP-dependent chaperone systems (Bardwell 

and Jakob, 2012; Winter et al., 2008). The in vitro findings of this study support a "holding" 

chaperone function for NAC, since NAC suppresses PolyQ aggregation only in the early 

aggregation phases but is not able to disaggregate or resolubilize already aggregated 

species (appendix II, p. 124). Furthermore, it could be shown that the refolding of 

denatured luciferase under Hsp70/40-limiting conditions was significantly improved by 

pre-incubation with NAC, but that NAC on its own had no positive effect (Fig. 18; 

appendix II, p. 127). Nevertheless, the molecular mechanism by which NAC binds to and 

chaperones certain substrates is still unknown and remains to be elucidated.  

Since NAC showed a concentration-dependent suppression of PolyQ aggregation 

(Fig. 11C, 13C), it is conceivable that similar to other ATP-independent chaperones, NAC 

binds transiently and multivalently to substrates, thereby shielding the substrate surface 

to prevent intermolecular interactions (Fu et al., 2013b; Lindner et al., 2001). Such a mode 

of action would definitely be possible, since NAC is found in high concentration in vivo, 

at least equimolar to ribosomes, and could thus block aggregation by weak but 

multivalent binding to client substrates (Raue et al., 2007). This is further supported by 

results of a combination of crosslinking, mass spectrometry and NMR experiments in 

collaboration with this work, which revealed a weak interaction of NAC with α-synuclein 

which is still enough to retard protein aggregation (appendix III, p. 141).  

4.1.2 NAC effect on PolyQ protein aggregation 

Chaperones specifically bind hydrophobic regions exposed by unfolded proteins to 

protect them from aggregation (Ellis and Hartl, 1999; Perutz et al., 1994). However, the 
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PolyQ peptide itself is uncharged and highly polar, which makes the mechanism by which 

NAC inhibits the aggregation of PolyQ proteins still puzzling. This study demonstrated 

that the positively charged N-terminal domain of βNAC (N-βNAC) is sufficient to 

suppress PolyQ aggregation in vitro and is essential to delay age-related paralysis in vivo, 

which gives insight into the potential chaperone mechanism of NAC (Fig. 15B, 15C, 17). 

For example, the positively charged surface of N-βNAC could bind to the polar PolyQ 

stretch via weak electrostatic interactions. A similar mechanism has been described for the 

TRiC chaperonin that suppresses aggregation and toxicity of huntingtin mutants by a dual 

mode of hydrophilic and hydrophobic substrate recognition sites (Joachimiak et al., 2014). 

It has been shown that arginine and lysine residues, which are abundant in N-βNAC, 

interact also preferentially with polar and aromatic amino acid residues and that the 

addition of arginine suppresses protein aggregation (Arakawa et al., 2007; Ghosh et al., 

2009; Shah and Shaikh, 2016). Furthermore, it has been shown that arginine is capable of 

denaturing proteins, which can be explained by its structural similarity to guanidine or 

urea, and that substrates denatured by arginine could subsequently refold into their native 

structure (Xie et al., 2004). For these reasons, it has already been suggested that arginine 

could play an protein aggregating suppression role by shielding the reactive surface of 

misfolded proteins and by breaking false inter- or intramolecular hydrogen bonds thereby 

preventing non-productive protein-protein interactions and possibly also weakening 

hydrophobic interactions (Baynes et al., 2005; Ghosh et al., 2009; Shah and Shaikh, 2016; 

St. John et al., 2002). This would indicate a chaperone mechanism of NAC that is based 

rather on hydrophilic than on hydrophobic substrate interaction.  

4.1.3  NAC effect on non-PolyQ substrates  

Notably, for Aβ40 and α-synuclein it was found that equimolar concentrations of NAC 

were sufficient to suppress protein aggregation in vitro (Fig. 20A, 21C). In addition, N-

βNAC was not found to be critical for the inhibition of Aβ40 aggregation in vitro and 

in vivo (Fig. 20). Moreover, the mutant ∆N-βNAC still showed residual activity that kept 

luciferase in a refolding state, albeit not to the same extent as WT-NAC (Fig. 18). The 

impact of N-βNAC on α-synuclein is unknown. Together these results indicate the 

existence of at least one additional chaperone substrate interaction site in NAC, probably 
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for the interaction with more hydrophobic substrates. Preliminary crosslinking and 

molecular dynamics simulation approaches (data not shown) suggested that a conserved 

hydrophobic region in the NAC dimerization domain of αNAC could be involved in client 

binding and may specifically interact with hydrophobic segments of substrates like in 

Aβ40. Interestingly, this pocket is flanked by the flexible N-terminal domains of α- and 

βNAC (Fig. 23), which may coordinate substrate binding. Consistent with this, Aβ40 

strongly crosslinks to the N-terminal domains of NAC, although this interaction seems 

not to be important to suppress Aβ40 aggregation in vitro (appendix II, p. 127). 

 

 
 

Figure 23: Putative substrate interaction site of NAC. Crystal structure of human NAC 

dimerization domain (PDB ID 3MCB; αNAC = dark blue, βNAC = light blue). The amino acids 

forming a conserved hydrophobic surface pocket are highlighted in orange and the flexible N-

terminal domains of α- and βNAC in dark or light blue, respectively. Both oppositely charged N-

termini may directly bind to substrates by electrostatic interactions and coordinate substrate 

binding in the hydrophobic pocket. 
 

In this way, conformationally flexible NAC could interact with a variety of substrates 

through hydrophobic interactions of the hydrophobic pocket and electrostatic interactions 

of the oppositely charged flanking N-terminal domains, comparable to the substrate 

binding mechanism of the Trigger Factor, which binds nascent polypeptides in its central 

cavity via several hydrophobic patches and proximate hydrophilic side chains. (Deuerling 

et al., 2019; Martinez-Hackert and Hendrickson, 2009). A similar mechanism was found 

for the bacterial, dimeric and cradle-shaped chaperone Spy, which is massively 

upregulated under protein folding stress (Quan et al., 2011). Spy binds to folded and 

unfolded substrates mostly via the hydrophobic patches on the concave surface, but also 

via electrostatic interactions, thereby increasing the refolding yield of different proteins in 
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an ATP-independent manner (Quan et al., 2014, 2011). Thus, NAC could minimize the 

concentration of unfolded or partially folded proteins in the cytosol, shield their exposed 

hydrophobic regions in the central cavity and thus suppress their tendency to aggregate 

by a combination of hydrophobic and electrophilic substrate interactions.  

To further investigate this potential multimodal substrate interaction mechanism of NAC 

in vivo, C. elegans protein aggregation or protein folding models expressing 

physicochemically different substrates including Im7, luciferase, PolyQ and Aβ40, can be 

used. To examine the impact of electrostatic and hydrophobic substrate interactions on 

protein aggregation, NAC variants lacking the hydrophobic pocket could be tested both 

alone and in combination with charge and deletion mutants of the N-terminal domains of 

NAC. NAC mutants that exhibit decreased chaperone activity can further be analyzed in 

combination with ribosome-binding mutant variants to determine whether the chaperone 

activity is co- or post-translational. 

Finally, although the mechanism by which NAC recognizes different aggregation-prone 

substrates remains to be elucidated, the ability of the N-βNAC peptide to suppress PolyQ 

protein aggregation makes it an important sequence for potential therapeutic applications. 

Since strong, ubiquitous overexpression of full-length NAC has been shown to be lethal 

in C. elegans (Gamerdinger et al., 2015), a therapeutic strategy using increased NAC 

expression to combat PolyQ disease would not be applicable. Nevertheless, although the 

N-terminal peptide alone is sufficient to suppress PolyQ protein aggregation in vitro 

(Fig. 15), the overexpressed peptide was barely stable in vivo and stabilization by fusion 

to larger, globular proteins like CFP abolished the effect of the peptide. However, a 

stabilization-optimized peptide, e.g. by fusion to smaller tags, could be an alternative 

route making N-βNAC applicable as a therapeutic strategy. Additionally, the increase of 

the positive charge of the peptide could be tested to achieve an even stronger effect.  

In summary, this study provides for the first time a detailed understanding of the 

chaperone activity of NAC off the ribosome, which, with the positively charged N-

terminal domain of βNAC, provides a potential therapeutic approach in Huntington's 

disease and related PolyQ diseases. 
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5 Results – Part B 

5.1 Establishing an inducible system in C. elegans for conditional 

induction of gene expression 

NAC has been shown to act as a co-translational negative regulator that prevents aberrant 

transport of ribosome-nascent chain complexes (RNCs) to the ER (Gamerdinger et al., 

2015). Another study demonstrated that proteotoxic stress conditions such as aging and 

heat stress lead to sequestration of NAC into cytosolic aggregates (Kirstein-Miles et al., 

2013). Thus, it was hypothesized that protein aggregation stress, which occurs in many 

human pathological diseases, impairs the co-translational protein biogenesis function of 

NAC, as the complex is titrated off ribosomes and trapped in cytosolic aggregates. To 

investigate the trapping of NAC in protein aggregates and its impact on co-translational 

protein transport in vivo, a C. elegans model strain with pan-organismal expression of 

aggregation-prone proteins was required. Given the lethal and toxic nature of these 

proteins, an inducible gene expression system was mandatory. So far, only a few such 

approaches have been established for the use in C. elegans, none of which are suitable for 

the ubiquitous expression of proteins of interest. Most widely used in the C. elegans 

community are heat shock based systems that allow the inducible expression of genes 

under control of the heat shock factor 1 (HSF-1) promoter (Bacaj and Shaham, 2007; 

Stringham et al., 1992). As heat shock per se leads to proteotoxic stress and other 

physiologically unfavorable secondary effects such as global downregulation of protein 

synthesis, this HSF-1 dependent systems was not suitable for our application (Monsalve 

et al., 2019). Thus, a new method should be developed that allows a temporal and spatial 

control of gene expression in C. elegans without inducing severe artifacts as in heat shock-

based systems. 
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5.2 Establishing the Q system for ubiquitous transgene expression 

In a first attempt, the recently described inducible Q repressible binary expression system 

(Q system) originating from the fungus Neurospora crassa (N. crassa) (Potter et al., 2010) 

should be adapted for the ubiquitous expression of transgenes in C. elegans. This system 

has already been successfully used in C. elegans to control gene expression in neurons or 

body wall muscle cells (Wei et al., 2012). The Q system originates from the qa gene cluster 

of N. crassa and comprises the transcriptional activator QF that binds to a QUAS response 

element (Q upstream activating sequence) thereby driving the transcription of a 

downstream transgene, and the transcriptional repressor QS, which suppresses the 

constitutive expression of the transgene by binding QF. The suppression of QF activity by 

QS and thus transgene expression can be temporally regulated by the addition of the non-

toxic small molecule quinic acid (QA) which inactivates QS (Fig. 24).  

 

 

Figure 24: Schematic illustration of the Q system. The transcription factor QF activates the 

transcription of QUAS-regulated transgenes. The constitutive QF activity is suppressed by the 

repressor QS. Temporal control of transgene expression can be achieved by adding quinic acid 

(QA), which releases the inhibitory binding of QS to QF. P1 and P2 represent promoter sequences. 

Figure adapted from (Potter et al., 2010).  
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In order to establish the Q system for ubiquitous expression of transgenes, two transgenic 

C. elegans strains were generated expressing the transcription activator QF and the 

transcriptional suppressor QS, both under the control of the ubiquitous eft-3 promoter. 

However, the original QF (Wei et al., 2012) was found to be lethal for C. elegans worms 

when ubiquitously expressed (data not shown), which is consistent with similar 

observations in Drosophila melanogaster (D. melanogaster) (Potter et al., 2010). The 

D. melanogaster studies suggested that the middle domain (MD) of QF is the major cause 

of toxicity and generated MD deletion mutants of QF such as QF2W(eaker), which are non-

toxic while maintaining the transcriptional activator function (Riabinina et al., 2015). Thus, 

we generated a new transgenic strain that expresses the improved QF2W variant under the 

eft-3 promoter. Here, ubiquitous expression of QF2W in C. elegans worms was well 

tolerated and no evidence for toxicity was observed, which allowed the generation of a 

healthy and viable strain. 

The functionality of the QF2W strain was tested using a QUAS::GFP reporter gene, which 

contains 5 QF-binding-sites. Fluorescence microscopy of day 1 adult worms revealed a 

strong and ubiquitous expression of GFP indicating that QF2W is broadly active in all 

C. elegans tissues (Fig. 25, QF + QUAS::GFP). In the next step, the QF2W/QUAS strain was 

crossed with the QS strain to obtain a conditional gene expression system. GFP 

fluorescence was no longer detectable in the crossed strain, indicating a strong QS-

mediated suppression of QF2W activity (Fig. 25, -QA). The residual weak fluorescence 

signal in the intestine of worms likely represents autofluorescence emitted by the 

intestinal lysosome-related gut granules and is not an indication of a Q system leakage 

(Clokey and Jacobson, 1986). Additionally, the crossed strain was genotyped for the 

presence of both QF2W and QS alleles by single worm PCR (appendix I, Fig. S2). In sum, 

these data confirm that a ubiquitous Q system strain was generated that functionally 

expresses all three components of the Q system. This Q system worms were then treated 

with QA at the L1 or L4 larval stage to induce GFP expression. GFP fluorescence was 

already visible after 6 hours of incubation at RT (data not shown) and reached a plateau 

after 24 hours (Fig. 25, + QA). GFP expression was induced throughout the body of the 

worms. However, GFP fluorescence was significantly weaker in Q system worms 

compared to QF2W/QUAS worms. Nevertheless, the Q system was successfully 
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established for the controlled induction of GFP expression in the larval stages of C. elegans, 

although the efficiency of gene induction was rather low.  

 

 

Figure 25: The Q system allows ubiquitous induction of GFP expression in C. elegans. 

Microscopic images of worms expressing components of the Q system. QF2W + QUAS::GFP worms 

express the transcriptional activator QF2W under the eft-3 promoter as well as GFP under the QUAS 

regulatory element (left). Q system (QF2W + QUAS::GFP + QS) worms express in addition the 

transcriptional suppressor QS under the eft-3 promoter. Q system worms were treated with 40 mM 

QA beginning at L1/L2 or L4 larval stage at RT. GFP fluorescence was assessed at day 1 of 

adulthood. Red boxed sections in GFP images of worms are shown enlarged to illustrate GFP 

expression in more detail. Scalebar, 500 µm (whole body images), 200 µm (body close-up images). 

BF, bright-field.  
 

To improve the switching efficiency of the Q system and thus make it applicable for the 

generation of different proteinopathy models, the overexpression of the QUAS::GFP 

reporter was tested using an extrachromosomal DNA array containing a high copy 

number of the transgene (Fire and Waterston, 1989). Therefore, the transgenic DNA was 

injected into the germ line of a QF2W and QS expressing worm. Unfortunately, the 

induction of GFP in this strain was no longer possible at any stage of C. elegans (data not 

shown). 
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5.3 Establishing a tetracycline-dependent ribozyme switch for 

conditional induction of gene expression 

Experiments presented in the following chapter were performed in close collaboration 

with M. Gamerdinger, M. Sack/Finke and L. A. Wurmthaler and include important in vivo 

and biochemical analyses that contributed to the establishment of a novel inducible gene 

expression system in C. elegans. Results from this collaboration were recently published 

(appendix IV). 

 
Contributions: 

1. Generation of C. elegans unc strains 

2. Generation of catalytically inactive aptazyme C. elegans strain 

3. In vivo thrashing assay 

4. Confocal microscopy 

5. Data presentation 

5.3.1 A tetracycline-dependent ribozyme switch enables controlled gene 

expression  

Since the Q system was unfortunately not suitable for the generation of proteinopathy 

C. elegans models with a controlled ubiquitous induction of gene expression, a synthetic 

RNA switch based on a self-cleaving ribozyme was investigated as an alternative method. 

Ribozyme-based switches for conditional gene expression were previously described for 

model organisms such as Saccharomyces cerevisiae or human cells (Kennedy et al., 2014; 

Klauser et al., 2015). For post-transcriptional control of gene expression, ribozymes are 

inserted into non-coding regions of the mRNA of interest, which leads to a subsequent 

mRNA degradation as a result of ribozyme self-cleavage and thus to a significant 

downregulation of gene expression (Fig. 26) (Ellington and Szostak, 1990; Felletti and 

Hartig, 2017). To control gene expression temporally, an RNA aptamer sequence can 

additionally be added to the ribozyme to generate a so-called aptazyme. Aptamers bind a 

target molecule (ligand) which can either induce (expression OFF-switch) or inhibit 

(expression ON-switch) the cleavage activity of the ribozyme (Ausländer and 

Fussenegger, 2017; Tang and Breaker, 1997). In this study, a tetracycline-dependent 
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aptazyme was used where tetracycline binding is followed by a conformational change of 

the ribozyme leading to an inactivation of the ribozyme's self-cleavage activity and thus 

to the induction of gene expression (expression ON switch) (Fig. 26) (Wittmann and Suess, 

2011). Thus, gene expression can be controlled by the addition of a ligand, similar to the 

mechanism of the Q system. However, compared to the Q system, the ribozyme-based 

system has the advantage that it is not dependent on the coordinated expression of large 

trans-active proteins, such as QF, which may be toxic or on the use of non-authentic 

promoters to drive gene expression. In fact, ribozymes require comparatively little coding 

space and can therefore be easily inserted into untranslated regions of mRNAs, which also 

allows the use of natural promoters. 

 

 

Figure 26: Schematic mechanism of a tetracycline-induced ribozyme ON-switch. The self-

cleavage of the ribozyme (black) under untreated conditions leads to the degradation of the mRNA 

of interest. Gene expression is controlled by the insertion of a tetracycline-binding aptamer (red), 

which is connected to the ribozyme via a communication module (grey). The binding of tetracycline 

induces a conformational change of the ribozyme, which leads to an inactivation of the self-

cleavage activity and thus to mRNA stabilization and induced gene expression. Blue arrow 

indicates cleavage site. (A)N indicates a poly-A tail. goi, gene of interest. Adapted from L. A. 

Wurmthaler (Wurmthaler et al., 2019). 
 

In this study, a tetracycline-binding aptamer sequence was coupled via an RNA linker 

(communication module) to a type III hammerhead ribozyme (HHR) from 

Schistosoma mansoni (Beilstein et al., 2015; Ferbeyre et al., 1998). To test whether this system 

is adaptable for C. elegans, the aptazyme was inserted into the 3'-UTR of an ubiquitously 

expressed mCherry reporter (icd-1p::mCherry). The transgenic worms generated with this 

reporter construct were subsequently treated with tetracycline and mCherry expression 

induction was assessed by confocal microscopy on day 1 of adulthood (Fig. 27A). 
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Compared to untreated worms, the worms treated with tetracycline showed an increased 

mCherry fluorescence, which was consistent throughout the body except for the germ line. 

This can be explained by the previously reported general germline-specific chromatin 

silencing of transgenes (Kelly and Fire, 1998). Induction of mCherry expression was 

possible in all developmental stages of the worm (appendix IV, p. 164), which shows that 

the ribozyme-based switch is suitable for conditional transgene expression in C. elegans. 

To measure the efficiency of HHR self-cleavage, a control strain was generated that 

expresses a catalytically inactive reporter construct generated through an A-to-G point 

mutation in the catalytic core of the HHR (Yen et al., 2004). The worms carrying the 

catalytically inactive ribozyme were treated with and without tetracycline and mCherry 

expression was assessed by confocal microscopy at day 1 of adulthood (Fig. 27B). 

Tetracycline-treated and untreated worms both exhibited comparable ubiquitous and 

thus tetracycline-independent mCherry fluorescence, indicating that the activity of the 

system is based on the tetracycline-induced switch in the catalytic center of the ribozyme.  

 

 

Figure 27: A tetracycline-dependent ribozyme enable controllable gene expression in C. elegans. 

(A) Microscopic images of transgenic worms expressing an tetracycline-dependent and aptazyme-

regulated icd-1p::mCherry reporter. Worms were treated with or without 10 µM tetracycline from 

hatch until adulthood (3 days, 20°C). mCherry fluorescence was assessed at day 1 of adulthood. (B) 

Microscopic images of transgenic worms carrying the icd-1p::mCherry reporter with the 

catalytically inactive aptazyme in the 3’-UTR. Worms were treated with or without 10 µM 

tetracycline from hatch until adulthood (3 days, 20°C). mCherry fluorescence was assessed at day 

1 of adulthood. BF, bright-field. Scale bar, 300 µm. (C) Immunoblot analysis of mCherry protein 

levels in animals as shown in (B). Actin served as loading control. Tet, tetracycline. Rz, ribozyme. 

Experiments with the active aptazyme were performed by M. Finke and L. A. Wurmthaler. Figure 

modified from (Wurmthaler et al., 2019) under a CC BY 4.0 license. 
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Immunoblot analysis of these worms also confirmed that tetracycline treatment does not 

induce elevated mCherry protein levels (Fig. 27C). 

5.3.2 Generation of a tetracycline-inducible Huntington’s disease model 

Using the mCherry reporter it could be demonstrated that the ribozyme-based switch is a 

straightforward method to control the expression of genes of interest. Hence, the next step 

was to apply this ribozyme switch to generate a new C. elegans PolyQ Huntington’s 

disease aggregation model with a tetracycline-dependent and pan-organismal expression. 

For this purpose, the aptazyme was inserted in the 3’-UTR of a human PolyQ Huntingtin 

exon 1 (Htt-PolyQ) construct fused to mCherry. Two strains were generated, the control 

strain expressing the soluble Htt25Q-mCherry and the disease strain expressing the highly 

aggregation-prone and pathogenic Htt109Q-mCherry construct. Tetracycline treatment 

efficiently induced the expression of Htt109-mCherry in both strains, but only in the 

disease strain protein aggregates accumulated in diverse tissues. Furthermore, the 

induction of Htt109Q-mCherry was strong enough to induce a paralysis phenotype by 

ubiquitous expression and a defect in motor neurons by neuron-specific expression 

(appendix IV, p. 154). Therefore, the high efficiency of the ribozyme switch enables the 

generation of suitable inducible proteinopathy models with ligand-controlled protein 

expression, aggregation and toxicity. 

Since these proteinopathy models will be used to study the impact of protein aggregation 

on the co-translational ER protein transport function of NAC, an ER stress reporter strain 

(hsp4p::GFP) was generated that expresses the pathogenic and tetracycline-inducible 

Htt109Q-mCherry construct. An increased ER stress response in these animals would be 

reflected by an elevated GFP fluorescence. In fact, the tetracycline-mediated ubiquitous 

induction of Htt109Q-mCherry expression caused an increased ER stress response 

although the induction was only enough for a moderate Htt109Q-mCherry aggregation 

(Fig. 28). This finding is consistent with the above stated hypothesis that protein 

aggregation stress in the cytosol can interfere with the sorting of proteins to the ER by 

affecting the co-translational regulatory function of NAC. Thus, the newly generated 

inducible C. elegans protein aggregation model seems suitable for a future detailed in vivo 

analysis of the possible impact of protein aggregation on ER protein transport pathways. 
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Further, this genetic tetracycline switch can now be used to generate various inducible 

protein aggregation models, such as PolyQ proteins, α-synuclein, Aβ40, and misfolded 

luciferase, in order to study in vivo the substrate interaction with NAC already shown in 

vitro in the context of this work. 

 

 

Figure 28: Induction of ubiquitous Htt109Q-mCherry expression results in increased ER stress. 

Microscopic images of transgenic hsp4p::GFP ER stress reporter worms expressing the tetracycline-

dependent and aptazyme-regulated disease-construct icd1p::Htt109Q-mCherry. Worms were 

treated with or without 10 µM tetracycline from hatch until adulthood (3 days, 20°C). GFP and 

mCherry fluorescence was assessed at day 1 of adulthood. Red boxed sections in mCherry images 

of worms are shown enlarged to illustrate Htt109Q-mCherry expression in more detail. Scale bar, 

250 µm (mCherry images), 500 µm (GFP images). BF, bright-field. 

5.3.3 The aptazyme switch in a physiological context 

Finally, the functionality of the aptazyme system was also tested in a physiological context 

by performing a rescue experiments using the unc-119(ed3) mutant strain. This strain 

shows a short and curled morphology as well as a severely uncoordinated (unc) 

locomotion phenotype due to a developmental defect of the nervous system (Knobel et 

al., 2001; Maduro and Pilgrim, 1995). The mutant phenotype can be rescued in C. elegans 

by overexpressing the wildtype unc-119 ortholog from Caenorhabditis briggsae (Cbr-unc-

119) (Maduro and Pilgrim, 1996). Thus, to investigate whether the switching performance 

of the aptazyme system is sufficient to rescue the unc phenotype, transgenic unc-119(ed3) 
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animals were generated that express Cbr-unc-119 either constitutively (Cbr-unc-119 WT) 

or as an inducible construct by inserting the tetracycline-dependent aptazyme into unc-

119 3'-UTR (Cbr-unc-119 Rz) (Fig. 29A).  

 

 
 

Figure 29: The aptazyme system enables rescue control of mutant unc phenotype in C. elegans. 

(A) Schematic representation showing the two constructs injected into the parental unc-119(ed3) 

strain. (i) The Cbr-unc-119 WT rescue plasmid driving the constitutive expression of Cbr-unc-119 

(blue) under the control of the unc-119 promoter (Punc-119). (ii) The Cbr-unc-119 Rz rescue plasmid 

with the aptazyme inserted in the 3’-UTR (red) driving the tetracycline-inducible expression of Cbr-

unc-119 (blue) under the control of the unc-119 promoter. Rz, ribozyme. (B) The parental unc-

119(ed3) strain and the two transgenic strains carrying the constructs shown in (A) were treated 

with or without 10 µM tetracycline from hatch. The diagram shows the percentage of worms 

exhibiting a rescued locomotion (non-unc) phenotype assessed at day 1 of adulthood. 24 animals 

per group were used and thrashing assay experiments were carried out in biological triplicates. 

Error bars, s.d. ***p < 0.001 (two-tailed t-test); n = 3. Figure modified from (Wurmthaler et al., 2019) 

under a CC BY 4.0 license. 
  

The robustness of the aptazyme system was evaluated by a thrashing assay where the 

mobility of the animals in liquid medium was assessed on day 1 of adulthood. As 

expected, parental unc-119(ed3) animals showed a severe locomotion defect which was 

completely rescued by the constitutive expression of Cbr-unc-119 WT. Interestingly, the 

animals with the aptazyme-regulated Cbr-unc-119 Rz construct still showed a strong 

locomotion defect, which was significantly improved by the treatment with tetracycline 

(Fig. 29B). These data suggest that the aptazyme system is also useful for the analysis of 

gene function during development in C. elegans by inducing the gene of interest at 

different stages of development.  
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6 Discussion and outlook – Part B 

This part of the study focused on the establishment of an inducible system in C. elegans 

suitable for a controlled and ubiquitous expression of toxic aggregation-prone proteins 

associated with various age-related human diseases such as Huntington's and 

Alzheimer’s disease (Hipp et al., 2019). For this purpose, two different conditional gene 

expression systems were adapted for C. elegans, the Q repressible binary expression 

system (Q system) and a ribozyme-based system (Felletti and Hartig, 2017; Potter et al., 

2010).  

6.1 The Q system 

The Q system employs two transcription regulator genes (QF and QS) from the qa cluster 

of N. crassa to control gene expression (Potter et al., 2010), which were successfully 

integrated into the C. elegans genome as single gene copies under control of the 

endogenous eft-3 promoter driving ubiquitous expression of the transgenes. First 

promising results showed that the use of this system allows the controlled induction of 

GFP expression in the entire body of the worm and in all stages of larval development 

(Fig. 25). Unfortunately, worms expressing both the transcriptional activator QF2W and the 

suppressor QS showed considerably weaker GFP expression after QA induction than 

animals expressing only the activator (Fig. 25). Thus, the QA-induced de-repression of the 

QS silencer seems to be inefficient, suggesting that the transcription activator QF2W 

remains partially inhibited by QS despite QA treatment. This also could not be changed 

by increasing the ligand concentration. In addition, we observed that gene induction 

slightly decreased with the age of worms (Fig. 25). As the cuticle of the worm grows 

continuously, thus becoming thicker with age (Herndon et al., 2002), and QA uptake 

seemingly occurs both by oral uptake and cuticular penetration, a reduced overall uptake 

of QA is expected in aged worms, explaining the inefficient induction of gene expression. 

The poor switching efficiency could neither be improved by using mild detergents such 

as Triton-X100 to increase the permeability of the cuticle nor by increasing the solubility 

of QA by acetylation (Hao et al., 2019; Koley and Bard, 2010; Lee et al., 2019). Considering 
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the weak efficiency as well as the complexity of the Q system requiring the joint 

integration of two large and foreign transcription regulator genes together with the gene 

of interest, the system appears not to be very useful to control gene expression in 

C. elegans. However, there are efforts to further modify and improve the Q system, e.g. by 

directly controlling the transcription activator QF via a ligand-binding domain, thus 

neglecting the use of QS (Monsalve et al., 2019). Nevertheless, this study demonstrated for 

the first time that the ubiquitous gene expression of a transgene in C. elegans can be 

controlled using this system, which provides the basis for future improved Q systems. 

6.2 The tetracycline-dependent ribozyme switch  

Parallel to the Q system, a tetracycline-dependent ribozyme switch was tested for the first 

time in C. elegans to control gene expression. This system requires only the insertion of a 

relatively small ligand-dependent ribozyme sequence into the 3'-UTR of a gene of interest 

to convert it into an inducible gene. Another advantage is that this inducible system does 

not require non-authentic promoters, such as heat-shock promoters. Instead, endogenous 

promoters can be used, which allow a precise analysis of gene function under non-stress 

conditions and also preserve the tissue-selective expression pattern of genes in C. elegans. 

Another major advantage of the ribozyme-based system compared to others is its 

independence from transgenic, large regulatory factors that need to be integrated into the 

genome of C. elegans (Hubbard, 2014; Wang et al., 2017; Wei et al., 2012). With this simple 

and elegant system, it was possible to temporally and spatially control the expression of 

the model protein mCherry in all developmental stages of the worm (Fig. 27) and to 

generate an inducible Huntington's disease models (Wurmthaler et al., 2019). 

Nevertheless, although the switching capacity with a maximum range of 3.75-fold ± 0.85 

is comparable to tetracycline-dependent switches in human cells (Beilstein et al., 2015), it 

is still significantly weaker than the induction of transgenes under heat shock promoters 

(Carpenetti et al., 2012; Dreano et al., 1986; Vilaboa et al., 2005). Nevertheless, it depends 

on the analyzed biological question whether a higher switching efficiency is necessary or 

not. For instance, the switching efficiency of the ribozyme system was sufficient to rescue 

mutated phenotypes such as the unc locomotion phenotype (Fig. 29), which indicates a 
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physiologically relevant expression range obtained with the inducible system. On the 

other hand, the switching efficiency of Huntington's disease strains decreased 

considerably over time due to the leakage of the extrachromosomal array and the resulting 

selection pressure, leading to a decrease in the PolyQ protein expression level, which was 

then too low to trigger protein aggregation or significant ER stress (Fig. 28). 

Unfortunately, integration of this ribozyme also resulted in a dramatical reduction in the 

switching efficiency. Therefore, to study the effects of proteotoxic stress on PN 

components such as NAC, an integrated ribozyme system with a higher switching 

efficiency would be needed. To improve the switching performance of the ribozyme 

switch, other insertion positions could be tested as it has already been shown that gene 

expression can also be efficiently controlled by ribozymes inserted into the 5'-UTR or 

introns of the mRNA of interest (Felletti and Hartig, 2017). In addition, different aptamer-

ribozyme combinations were constructed for other model organisms, which can also be 

tested in C. elegans. For example, besides the hammerhead ribozyme (HHR), the hepatitis 

delta virus, hairpin or twister ribozymes are also commonly used (Buzayan et al., 1986; 

Felletti et al., 2016; Nomura et al., 2013). Moreover, several aptamers are available to 

control ribozyme cleavage depending on other ligands such as guanine, thiamin 

pyrophosphate (TPP) or theophylline instead of tetracycline, which might be suitable for 

C. elegans as well, enabling to control two or more genes simultaneously (Nomura et al., 

2013, 2012; Wieland et al., 2009; Wieland and Hartig, 2008).  

Finally, the establishment of an improved ribozyme switch for controlled gene expression 

in C. elegans will extend the genetic toolbox and allows to study the functions of proteins 

in a biological and organismic context, for which the fundamental basis was laid in 

cooperation with this study. 



 

64 

 



  Materials 
 

65 

7 Materials 

7.1 Chemicals 

All chemicals used in this study were purchased from Sigma-Aldrich, Merck, VWR or Carl 

Roth, unless indicated otherwise. Enzymes and corresponding buffers were purchased 

from New England Biolabs. Molecular weight standards for DNA and proteins were 

purchased from Thermo Fisher Scientific and ingredients for C. elegans growth media were 

purchased from BD.  

7.2 General buffer 

Buffer Composition 

DNA loading dye (6x) 30% (v/v) glycerol, 60 mM EDTA, 1.2 mg/mL xylene cyanol, 

1.2 mg/mL bromophenol blue 

Laemmli buffer (5x) (sample buffer)  250 mM Tris-HCl pH 6.8, 12.5 mM EDTA, 5% (v/v) SDS, 

5% (v/v) β-mercaptoethanol, 50% (v/v) glycerol,  

5 mg/mL bromophenol blue 

SDS stacking gel buffer (4x) 0.5 M Tris-HCl pH 6.8, 0.4% (v/v) SDS 

SDS separation gel buffer (4x) 1.5 M Tris-HCl pH 8.8, 0.4% (v/v) SDS 

SDS running buffer (10x) 25 mM Tris, 20 mM glycine, 1% (w/v) SDS 

BisTris gel buffer (3.5x) 1.25 M Bis-Tris HCl pH 6.5 

BisTris running buffer (5x) (MOPS) 250 mM MOPS, 250 mM Tris-Base, 5 mM EDTA, 0.5% (v/v) SDS 

Western blot transfer buffer (10x) 25 mM Tris, 192 mM glycine, 0.02% (w/v) SDS, 20% (v/v) 

methanol 

TBS (10x) 50 mM Tris-HCl pH 7.5, 150 mM NaCl 

TBS-T (10x) 75 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% (v/v) Tween-20 

ECL  (A) 0.1 M Tris-HCl pH 8.6, 0.25 mg/mL luminol  

(B) 1.1 mg/mL p-cumaric acid in DMSO  

(C) 30% (v/v) H2O2  

Working solution: A:B:C = 1000:100:1 

Phusion polymerase buffer 10 mM Tris-HCl pH 8.8, 50 mM KCl, 2 mM MgCl2, 0.1% (v/v) 

Triton X-100 
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Buffer Composition 

TAE buffer (50x) 2 M Tris base, 6% (v/v) acetic acid, 50 mM EDTA pH 8.0 

Coomassie blue staining solution 0.6% (w/v) Coomassie R250, 50% (v/v) ethanol, 10% (v/v) acetic 

acid 

Destaining solution 50% (v/v) ethanol, 10% (v/v) acetic acid 

S-Basal 100 mM NaCl, 5.7 mM K2HPO4, 44 mM KH2PO4, 13 µM 

cholesterol  

Trace metal solution 5 mM EDTA, 2 mM FeSO4, 1 mM MnCl2, 1 mM ZnSO4, 0.1 mM 

CuSO4 

SDS lysis buffer (2x) 125 mM Tris-HCl pH 6.8, 2 mM EGTA pH 8.0, 4% (v/v) SDS,  

20% (w/v) sucrose 

Add directly before use: 1x Tm complete 

SDD-AGE lysis buffer 100 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM β-

mercaptoethenol 

Add directly before use: 1x Tm complete 

SDD-AGE sample buffer (4x) 2x TAE, 20% glycerol, 8% SDS, 0.05% bromphenol blue 

M9 buffer 85.6 mM NaCl, 42 mM Na2HPO4 x 2H2O, 36.7 mM KH2PO4 

Add after autoclaving: 1 mM MgSO4 

20% alkaline hypochlorite solution 11.25 mL ddH2O, 0.75 mL 5 M NaOH, 3 mL sodium-

hypochlorite solution 

S-Buffer (cryostocks) 100 mM NaCl, 6.45 mM K2HPO4, 44 mM KH2PO4  

(+ 30% (v/v) glycerol) 

Polysome lysis buffer 30 mM HEPES pH 7.4, 50 mM KOAc, 5 mM MgCl2, 5% (w/v) 

mannitol 

Add directly before use: 100 µg/mL cycloheximide, 2 mM β-

mercaptoethenol, 1x Tm complete 

Worm lysis buffer 0.8 M sucrose, 1 mM EDTA, 10 mM Tris-HCl pH 7.4 

Add directly before use: 1x Tm complete 

7.3 Growth media 

Medium Composition 

Nematode Growth Medium  

(NGM) 

2% (w/v) BactoTM agar, 0.3% (w/v) NaCl 

Add after autoclaving: 1 mM CaCl2, 13 µM cholesterol, 25 mM 

KHPO4 pH 6.0, 1 mM MgSO4 
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Medium Composition 

High Growth Medium  

(HGM) 

2% (w/v) BactoTM agar, 0.3% (w/v) NaCl 

Add after autoclaving: 1 mM CaCl2, 52 µM cholesterol, 25 mM 

KHPO4 pH 6.0, 1 mM MgSO4 

Luria-Bertani-Broth  

(LB) medium  

1% (w/v) BactoTM tryptone, 0.5% (w/v) BactoTM yeast extract, 

0.5% (w/v) NaCl  

(1.5% (w/v) BactoTM agar) 

S-basal medium 100 mM NaCl, 5.7 mM K2HPO4, 44 mM KH2PO4, 13 µM 

cholesterol  

Add after autoclaving: 10 mM 1 M K-Citrate pH 6.0, 1% (v/v) trace 

metal solution, 3 mM CaCl2, 3 mM MgSO4 

RNAi medium 2% (w/v) BactoTM agar, 0.3% (w/v) NaCl 

Add after autoclaving: 1 mM CaCl2, 13 µM cholesterol, 25 mM 

KHPO4 pH 6.0, 1 mM MgSO4, 100 mg/ml ampicillin, 1 mM IPTG 

7.4 Antibiotics 

Antibiotics Working solution Source 

Ampicillin (Amp) 100 µg/mL (stock:100 mg/mL in ddH2O) AppliChem 

Kanamycin (Kan) 550 µg/mL (stock: 50 mg/mL in ddH2O) Carl Roth 

Chloramphenicol (Cm) 25 µg/mL (stock: 25 mg/mL in 70% ethanol) Serva 

Tetracyclin (Tet) 10 µM (stock: 10 mM in 100% ethanol) Sigma-Aldrich 

Streptomycin (Strep) 100 µg/mL (stock: 100 mg/mL in ddH2O) Serva 

Neomycin (G418) 62.5 µL/g plate (stock: 25 mg/mL in ddH2O) InvivoGen 

7.5 Antibodies 

Antibodies Dilution Source 

NAC (mouse)  1:5,000 Deuerling lab/ Kirstein-Miles et al. 2013 

FLAG (mouse) 1:3,000 Sigma 

DNJ11 (rabbit) 1:5,000 Deuerling lab 

GFP (mouse) 1:3,000 Convance 

Actin (mouse) 1:5,000 Santa Cruz Biotechnology, INC. 

Tubulin (hybridoma) 1:20 Screening Centre, University of 

Konstanz  

GAPDH (mouse) 1:10,000 Biomol 

uL24 (rabbit) 1:1,000 Deuerling lab 
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Antibodies Dilution Source 

Histone H3 (rabbit) 1:4,000 Novus Biologicals 

Sec61 (mouse) 1:100 Santa Cruz Biotechnology, INC. 

HSP60 (mouse) 1:2,000 DSHB 

Amyloid-beta (clone 6E10)  1:1,000 Biolegend 

HRP-anti-mouse IgG 1:10,000 Dianova GmbH  

HRP-anti-rabbit IgG 1:10,000 Dianova GmbH 

7.6 Primer  

Primer name Sequence (5’ to 3’) 

BglII-QF2-F gaatagatctgtatgtttcgaatgatactaacataacatagaacattttcagatgccacccaagcgcaaaac 

KpnI-QF2-R cttaggtacctcactgttcgtatgtattaatg 

KpnI-QF2W-R cttaggtacctcatttcttctttttgtatg 

3xFlag_QF2_F gatgacgacaaggattacaaggatgatgacgacaagccacccaagcgcaaaacg 

3xFlag_QF2_R atccttgtaatccttgtcgtcatcatccttgtaatccatctgaaaatgttctatgttatgttagtatc 

Seq_eft3_F tctctctaccgtccgcactc 

Seq1-QS-F  catttacgttctgcgcgatg  

 Seq2-QS-F  cagaca ttcggcagttccac  

Seq3-QS-F  aacccgaccatgatcgtttc  

miniMos_SL2_NeoR_F  actagtgggcagatcgcacctttggt cttttattg  

miniMos_SL2_NeoR_R  atgcattcgaagatctgagacttttt tcttggcgg  

Seq_QF2_R aaaaagtcataaaataataac 

Seq_QF2W_2 gcccccccccgaccgcctcc 

miniMos_QUAS_NeoR_F  aatacgactcactagtgggtaatcg cttatcctcg  

miniMos_QUAS_NeoR_R  cgatctgcccactagtaaacagttat gtttggtatattg  

InF_Pnac-QF2-F tctagtgggcagatcgtattgaaaagtaaaattggga 

InF_Pnac-QF2-R atgcattcgaagatctatttgtgcaacttttattgag 

QF2_SEC-F gactcactagtgggcgtattgaaaagtaaaattgggaact 

QF2_SEC-R gctatacgaagttattatttgtgcaacttttattgagt 

910-QS-Int-F  ccatgattacgccaagctac  

910-QS-Int-R  cgacggaggatgatatgtgcg 

QF_Int_F ggctaacgctcatgccgacg 

QF_Int_R ggaaccagattcgagtggtacg 

N-term-F taactacgaattcgagctccgc 

N-term-R ggcagcagcggtcttgtg 

Seq_myo3_F gtcaaccagcttcttcttcc 
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Primer name Sequence (5’ to 3’) 

NotI-syn-F atgataaaggcggcctcatggactccaaggccatcgc 

NotI-syn-R gctatccatgccagatccgcggccagcggcggcggtcttatgg 

XbaI-CFP-F gatctctagaatgagtaaaggagaagaac 

APP-CFP-R catgtcggaattctgcatctttttctaccgagcttccgccagatccgcctttgtatagttcatcc 

Link-APP-F ggcggaagctcggtagaaaaagatgcagaattccgacatg 

KpnI-APP-R cgggtaccctagacaacaccgcccaccatg 

Seq_unc54_R gggagaaagagcatgtaggg 

a_delN_F ggactcaagcaagtgactggtg 

a_delN_R catgcggccgcctttatcatc 

L71A-F caagctcggagccaagcaagtgactggtg 

L71A-R gagaagagcttgcgggcc 

I107A-F109A-F cgccggagaagccaagatcgag 

I107A-F109A-R atggcgtaggtgtcagatcctgg 

APP42-F atcgcatagggtaccatggtattgatatctg 

APP42-R  gacaacaccgcccaccat 

SpeI-QF2-F ccagactagtgtatgtttcgaatgatac 

StuI-QF2-R gatcaggccttcactgttcgtatgtattaatg 

Klon2-F atcgcatagggtaccatgg 

Klon2-R gacaacaccgcccaccat 

CFP-F-SEQ gaagcgttcaactagcagac 

RAB-F cagttccctctcgtttctc 

HTRA1-SEQ-F gtcatcggaatcaacaccctc 

SPEI-HTRA1-(--)-F ccggactagtatgggacaagaggacccaaa 

AGEI-HTRA1-R ccggaccggtttagaccttgtcgtcgtcgt 

UNC54-R gaggtgacttaaaagaagc 

HindIII-rab3-F ctatgaccatgattacgccaatcttcagatgggagcag 

rab3-HTRA1-R cttgtcccataaacttgtcatctgaaaatagg 

rab3-HTRA1-F tgacaagtttatgggacaagaggacccaaac 

HTRA1-EcoRI-R agcgaccggcgctcagttggttagaccttgtcgtcgtcg 

7.7 Plasmids 

All plasmids used in this study contain the ampicillin resistance gene if not indicated 

otherwise. RNAi vector plasmids contain in addition the tetracycline resistance gene. 
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Plasmid name Inserted gene Promoter Backbone Reference 

ev N/A T7 pL4440 Lab stock 

pL4440-βNAC icd-1 T7 pL4440 Lab stock 

pL4440-αβNAC icd-1 + icd-2 T7 pL4440 Lab stock 

pL4440-DNJ11 dnj-11 T7 pL4440 Lab stock 

pL4440-βNAC + 

DNJ11 

icd-1 + dnj-11 T7 pL4440 Lab stock 

eft-3-ev N/A eft-3 pL4440 Lab stock 

pAC-7m1 (QF2W) QF2W N/A pPAC5C-PL Addgene #46097 

pAC-7 (QF2) QF2 N/A pPAC5C-PL Addgene #46096 

eft-3-QF2W QF2W eft-3 pL4440 This study 

eft-3-QF2 QF2 eft-3 pL4440 This study 

eft-3-3xFLAG-QF2W 3xFLAG::QF2W eft-3 pL4440 This study 

pCFJ910-QUAS GFP QUAS pCFJ910 Lab collection 

pCFJ910-QUAS-QF2W GFP, 3xFLAG::QF2W eft-3, QUAS pCFJ910 This study 

pCFJ910-βNAC none βNAC pCFJ910 Lab collection 

pCFJ910-QF2 QF2 βNAC pCFJ910 This study 

pCFJ910-3xFLAG-QF2 3xFLAG::QF2 βNAC pCFJ910 This study 

QF2-QUAS 3xFLAG::QF2, GFP βNAC, QUAS pCFJ910 This study 

myo-3p-3xFLAG-

αNAC 

3xFLAG::icd-2 myo-3 pPD61_125 Lab collection 

myo-3p-3xFLAG-

βNAC 

3xFLAG::icd-1 myo-3 pPD61_125 Lab collection 

myo-3p-3xFLAG-

ΔUBA-αNAC 

3xFLAG:: ΔUBA -

icd-2 

myo-3 pPD61_125 Lab collection 

myo-3p-3xFLAG-

RRK/AAA-βNAC 

3xFLAG::RRK/AAA-

icd-1 

myo-3 pPD61_125 Lab collection 

myo-3p-3xFLAG-ΔN-

βNAC 

3xFLAG::ΔN-icd-1 myo-3 pPD61_125 This study 

pCFJ90  mCherry myo-2 N/A Addgene #19327 

CFP CFP myo-3 N/A N/A 

CFP-linker-Aβ40 CFP::GS::Aβ40 myo-3 pL4440 This study 

AL-09 VL AL-09 VL N/A pET12a Ehrmann lab 

AL-09 VL::CFP AL-09 VL::CFP myo-3 pL4440 This study 

unc-119p::Cbr-unc-

119::unc-119 3’-UTR 

Cbr::unc::119 unc-119 pUC57 Addgene #65632 

unc-119p::Cbr-unc-

119::unc-119 3’-UTR-

K4 HHR type 3a 

Cbr::unc::119::K4 unc-119 pUC57 This study 

pCFJ420 GFP::H2B eft-3 pDESTR4-R3 Addgene #34877 
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Plasmid name Inserted gene Promoter Backbone Reference 

pCFJ601 Mos1 transposase eft-3 pDESTR4-R3 Addgene #34874 

pGH8 mCherry rab-3 pDESTR4-R3 Addgene #19359 

pCFJ104 mCherry myo-3 pDESTR4-R3 Addgene #19328 

7.8 C. elegans strains 

Strain Genotype Reference 

N2 Wild isolate CGC 

AM140 rmIs132 [unc-54p::Q35::YFP] CGC 

FlucDM-EGFP marIs135 [unc-54p::FlucDM::EGFP] Gupta et al., 2011 

Q35 ev 

(DEU117) 

rmIs132 [unc-54p::Q35::YFP]; gamEx17 [myo-

3p::empty::unc-54 3’UTR, myo-2p::mCherry::unc-54 3’UTR] 

Deuerling lab 

Q35 NAC-WT 

(DEU118) 

rmIs132 [unc-54p::Q35::YFP]; gamEx18 [myo-

3p::3xFLAG::αNAC::unc-54 3’UTR, myo-

3p::3xFLAG::βNAC::unc-54 3’UTR, myo- 2p::mCherry::unc-

54 3’UTR] 

Deuerling lab 

Q35 NAC-∆UBA 

(DEU119) 

rmIs132 [unc-54p::Q35::YFP]; gamEx19 [myo-

3p::3xFLAG::∆UBA- αNAC::unc-54 3’UTR, myo-

3p::3xFLAG::βNAC::unc-54 3’UTR, myo-2p::mCherry::unc-

54 3’UTR] 

Deuerling lab 

Q35 NAC-RRK 

(DEU120) 

rmIs132 [unc-54p::Q35::YFP]; gamEx19 [myo-

3p::3xFLAG::∆UBA-αNAC::unc-54 3’UTR, myo-

3p::3xFLAG::RRK/AAA-βNAC::unc-54 3’UTR, myo-

2p::mCherry::unc-54 3’UTR] 

Deuerling lab 

Q35 NAC-∆Nβ 

(DEU121) 

rmIs132 [unc-54p::Q35::YFP]; gamEx19 [myo-

3p::3xFLAG::∆UBA-αNAC::unc-54 3’UTR, myo-

3p::3xFLAG::∆Nβ-NAC::unc-54 3’UTR, myo-

2p::mCherry::unc-54 3’UTR] 

This study 

FlucDM-EGFP ev 

(DEU122) 

marIs135 [unc-54p::FlucDM::EGFP]; gamEx22 [myo-

3p::empty::unc-54 3’UTR, myo-2p::mCherry::unc-54 3’-UTR] 

This study 

FlucDM-EGFP  

NAC-WT 

(DEU123) 

marIs135 [unc-54p::FlucDM::EGFP]; gamEx23 [myo-

3p::3xFLAG::αNAC::unc-43 3’UTR, myo-

3p::3xFLAG::βNAC::unc-54 3’UTR, myo-2p::mCherry::unc-

54 3’UTR] 

This study 

FlucDM-EGFP  

NAC-∆Nβ  

(DEU124) 

marIs135 [unc-54p::FlucDM::EGFP]; gamEx23 [myo- 

3p::3xFLAG::αNAC::unc-43 3’UTR, myo-3p::3xFLAG::∆Nβ- 

NAC::unc-54 3’UTR, myo-2p::mCherry::unc-54 3’UTR] 

This study 
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Strain Genotype Reference 

EG6701 unc-119(ed3)III CGC 

unc-119 WT 

(DEU115) 

unc-119(ed3)III; gamEx15 [unc-119p::Cbr-unc-119::unc-119  

3’-UTR, eft-3p::GFP::H2B] 

This study 

unc-119 Rz 

(DEU116) 

unc-119(ed3)III; gamEx16 [unc-119p::Cbr-unc-119::unc-119  

3’-UTR-K4 HHR type 3 active, eft-3p::GFP::H2B] 

This study 

QF/QUAS::GFP [eft-3p::3xFLAG::QF2W::tbb-2 3‘-UTR, 5xQUASp::GFP::unc-

54 3‘-UTR] 

This study 

QS [eft-3p:: 3xFLAG::QF::tbb-2 3‘-UTR] This study 

QF/QUAS::GFP/QS [eft-3p::3xFLAG::QF2W::tbb-2 3‘-UTR, 5xQUASp::GFP::unc-

54 3‘-UTR, eft-3p::3xFLAG::QF::tbb-2 3‘-UTR] 

This study 

CFP::Aβ40 [myo-3p::CFP::linker::Aβ40::unc-54 3’UTR, myo-

2p::mCherry::unc-54 3’UTR] 

This study 

AL-09 VL::CFP [myo-3p::AL-09 VL::linker::CFP::unc-54 3’UTR] This study 

7.9 E. coli strains 

Strain Genotype Reference 

DH5αZ1 F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, 

mk+) phoA supE44 λ- thi-1 gyrA96 relA1 

Invitrogen 

OP50  CGC 

HT115 (DE) F-, mcrA, mcrB, IN(rrnD-rrnE)1, rnc14::Tn10 

(DE3 lysogen: lavUV5 promoter -T7 polymerase) 

Open 

Biosystems 

HB101 supE44 hsdS20(rB-mB-) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-

5 mtl-1 

CGC 
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8 Methods 

8.1 C. elegans methods 

8.1.1 C. elegans maintenance 

C. elegans worms were cultured according to standard techniques on NGM plates spotted 

with 100 µL E. coli OP50 as food source (Brenner, 1973). Neomycin-resistant worms were 

cultured on NGM plates spotted with 100 µL E. coli HB101 as food source. For 

maintenance worms were incubated at 15°C and transferred to new NGM plates after 7-

14 days.  

8.1.2 Cryopreservation of C. elegans  

For cryopreservation of C. elegans, 1-2 NGM plates of a freshly starved culture containing 

a high number of L1 larvae were washed off with 1.8 mL S-Buffer and transferred into a 

15 mL falcon tube. The same amount of S-Buffer supplemented with 30% (v/v) glycerol 

was added and the solution was split into 2-3 cryovials and gently frozen at -80°C.  

8.1.3  Generation of male stocks  

Male C. elegans worms were generated by transferring 5-10 L4 larvae each to 3 plates and 

exposing them to heat shock at 30°C for 6 h. Worms were incubated at 20°C for recovery. 

For maintenance, 9 males were transferred to a new NGM plate together with 3 L4 larval 

hermaphrodites, resulting in a crossbreeding with about 50% males.  

8.1.4 Mating of strains 

Crossing of 2 strains was performed by mating L4 hermaphrodites with males in a 1:3 

ratio on NGM plates with a small E. coli OP50 spot to increase the chance of successful 

mating. Cross-progeny was identified by fluorescent marker and about 10 crossed worms 

were individualized. The F1 generation was screened under the fluorescence microscope 

for homozygous nematodes and individualized.  
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8.1.5 Generation of transgenic C. elegans strains 

Transgenic strains were generated according to standard microinjection protocols (Mello 

and Fire, 1995).  

CFP::Aβ40 Alzheimer’s disease model 

To establish an CFP::Aβ40 Alzheimer’s Disease model, the sequence encoding for the first 

40 amino acids of APP (Amyloid Precursor Protein) was N-terminally fused to CFP by 

Fusion PCR and cloned into pPD61_125 vector containing myo-3 promoter and the unc-54 

3’ untranslated region (UTR). N2 worms were injected with 25 ng/µL of CFP::Aβ40 

construct together with pCFJ90 myo-2p::mCherry (2.5 ng/µL) and 100 ng/µL DNA ladder 

(GeneRuler 1 kb, Thermo Scientific). The transgenic line with the strongest expression of 

CFP::Aβ40 was used for integration of the extrachromosomal array by gamma irradiation. 

For irradiation, 10-20 L4 larvae were transferred onto each of three empty NGM plates 

(35x10 mm) and irradiated with 4000rads of gamma rays. Worms were transferred to a 

new NGM plate containing E. coli OP50 and incubated at 20°C. For identification of 100% 

transgenic lines, 25 worms per plate were individualized and screened each day.  

NAC overexpressing strains 

For strains overexpressing of NAC in body wall muscle cells, constructs were generated 

by cloning the coding sequences of icd-1 (βNAC) and icd-2 (αNAC) into pPD61_125 vector 

containing the myo-3 promoter and the unc-54 3’ UTR. The transgenic NAC genes were N-

terminally tagged with a 3xFLAG using a Q5® Site-Directed Mutagenesis Kit (New 

England Biolabs Inc.). Deletion mutants were also generated by site-directed mutagenesis. 

AM140 (rmIs132 [unc-54p::Q35::YFP]), FlucDM-EGFP (marIs135 [unc-54p::FlucDM::EGFP]) 

and CFP::Aβ40 [myo-3p::CFP::Aβ40::linker::YFP] worms were injected with 25 ng/µL of 

each NAC plasmid together with 2.5 ng/µL pCFJ90 myo-2p::mCherry and 100 ng/µL DNA 

ladder. For control, strains were injected with 50 ng/µL empty vector, 2.5 ng/µL pCFJ90 

myo-2p::mCherry and 100 ng/µL DNA ladder.  
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Unc-119 rescue strains 

Unc-119 rescue strains were generated by injecting either 10 ng/µL of unc-119p::Cbr-unc-

119::unc-119 3’-UTR or unc-119p::Cbr-unc-119::unc-119 3’-UTR-K4 HHR type 3 active 

together with 10 ng/µL eft-3p::GFP::H2B co-injection marker and 90 ng/µL DNA ladder in 

the unc-119(ed3) mutant strain.  

Q system  

MiniMos-mediated integrated strains ubiquitously expressing the components of the Q-

system, were generated by using the standard miniMos protocol (Frøkjær-Jensen et al., 

2014). In short, a first construct was generated by cloning the coding sequence of the QF2 

activator into the pCFJ910 backbone containing the eft-3 promoter and the tbb2 3’-UTR. 

Afterwards, the eft-3p::QF2::tbb-2 3’UTR construct was cloned into a pCFJ910 plasmid 

containing GFP under the 4X repeat of the QUAS response element. N2 worms were 

injected with 10 ng/µL of the pCF910 plasmid and as co-injection marker 50 ng/µL 

pCFJ601, 10 ng/µL pGH8, 2.5 ng/µL pCFJ90, 5 ng/µL pCFJ104 and 100 ng/µL DNA ladder. 

For the QS suppressor strain, a second construct was generated by cloning the coding 

sequence for the QS repressor into the pCFJ910 backbone containing the eft-3 promoter 

and the tbb2 3’-UTR and injecting the plasmid with the same injection mix into N2 worms. 

Integrated strains were screened via loss of co-injection marker and G418 selection by 

adding 500 µL of the G418 solution (25 mg/mL) per 10 g plate. Successful mating of the 

QF/QUAS::GFP strains and the QS strain was observable by the loss of GFP fluorescence 

and confirmed by single worm PCR. In order to check the functionality of the Q system, 

the crossed strain was treated with a final concentration of 7.5 mg/mL quinic acid (QA) 

(300 mg/mL stock solution in ddH2O, pH 6-7) and incubated 24 h at 20°C. 

8.1.6 Synchronization of C. elegans 

Synchronization via egg lay 

Synchronization via egg lay was performed to generate a small semi-synchronized culture 

used for microscopic experiments or determination of protein level. For 4-5 h, 20 adult 
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worms were placed on an NGM plate, allowed to lay eggs at room temperature and 

removed afterwards. Cultures were incubated at 20°C.  

Synchronization via bleaching 

For large-scale biochemical experiments or liquid culture, starved cultures with a high 

number of L1 larvae were chunked on a HGM plate and incubated for 72 h at 20°C. Worms 

and embryos were rinsed off with 5 mL M9 buffer, collected in 15 mL falcons and 

centrifuged for 1 min at 1,800 g. Embryos were collected using a 20% alkaline hypochlorite 

solution for 4-5 min until a decreased number of intact adult worms is visible. Worms 

were centrifuged for 1 min at 3,000 g and immediately washed with 10 mL sterile M9 

buffer for 1 min at 3,000 g. The washing step was repeated 4 times. If necessary, embryos 

were separated from worm debris by adding 5 mL of sterile ddH2O and 5 mL of sterile 

60% (v/v) sucrose solution. Worms were centrifuges for 5 min at 500 g in a swing-out rotor. 

Embryos floating on the top were transferred to a new 15 mL falcon and washed with M9 

buffer for 3 min at 3,000 g. The obtained embryos were incubated at 20°C and 70 rpm 

overnight resulting in arrested L1 larvae. C. elegans L1 larvae with extrachromosomal 

arrays had to be sorted according to their myo2p::mCherry marker using a COPAS 

FlowPilot system (Union Biometrica) to separate transgenic from non-transgenic animals. 

Transgenic worms were afterwards transferred to HGM plates containing 1 mL E. coli 

OP50 and incubated at 20°C.  

8.1.7 C. elegans liquid culture 

For large-scale experiments, synchronized C. elegans worms were grown in baffled flasks 

in S-basal medium at 20°C under constant agitation and fed either with E. coli OP50 or 

E. coli HT115(DE3) for RNAi treatment, respectively. To maintain a synchronous 

population, L4 larvae were treated with 150 µM 5’-fluorodeoxyuridine (LKT laboratories, 

Inc.) to prevent the culture from reproducing if necessary (Mitchell et al., 1979). Worms 

were harvested at the indicated time points by letting them settle on ice in a 45° angle. The 

medium was aspirated off and worms were transferred to a 50 mL falcon tube and 

adjusted to 50 mL with ice cold 0.1 M NaCl. Worms were allowed to settle on ice and the 

supernatant was aspirated off. The washing step was repeated 3 times until the 
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supernatant was clear. Worm pellets were snap frozen, in approx. 5 mL aliquots, in liquid 

N2 and stored at -80°C. 

8.1.8 Worm lysate preparation for immunoblot analysis 

For immunoblot analysis, 15-20 semi-synchronized adult worms were transferred to 25 µL 

1x SDS lysis buffer, containing 1x Protease Inhibitor Cocktail Mix, in the lid of a 1.5 mL 

Eppendorf tube. Samples were centrifuged for 1 min at 13,000 rpm and lysed via 

sonication (10 pulses; duty cycle = constant; output control = 2) and incubated at 99°C for 

5 min. To get rid of cell debris, samples were centrifuged at 13,000 rpm for 2 min. The 

supernatant was transferred into a new 1.5 mL Eppendorf tube, 5x SDS sample buffer was 

added and the sample was heated at 95°C for 10 min. After centrifugation at 13,000 rpm 

for 1 min, samples could be directly used for Western blot analysis or stored at -20°C.  

8.1.9 Worm lysate preparation for SDD-AGE analysis 

For sample preparation, animals were lysed in 30-40 µL in 4x SDD-AGE lysis buffer by 

sonication (4 times, 10 pulses, duty cycle = 40, output control = 2). Lysed worms were 

centrifuged for 1 minute at 500 g to remove debris and the supernatant was transferred 

into a new tube. 4x SDD-AGE sample buffer was added to the lysates, incubated for 10 min 

at RT and subsequently used for SDD-AGE analysis.  

8.1.10 Single worm PCR 

Single worm PCR was used in order to verify the generation of knock-in strains for non-

tagged proteins. For each reaction, 6 worms were transferred into the lid of a 200 µL PCR 

tube containing 20 µL Proteinase K solution (stock: 0.5 mg/mL in 1x ThermoPol buffer). 

The PCR tube was centrifuged for 15 s at 6,000 rpm, subsequently frozen in liquid nitrogen 

for 1 h, incubated at 65°C for 90 min and Proteinase K was heat inactivated at 95°C for 

15 min. For the PCR reaction, 5 µL of the obtained genomic DNA was used as template 

DNA together with 1x ThermoPol Buffer, 0.2 mM dNTPs, 2 µM of each primer (100 µM 

stock) and 1 µL Taq Polymerase. The reaction was adjusted to a final volume of 50 µL with 

ddH2O. Amplification was performed in the thermal cycler Biometra TRIO (Analytik Jena) 
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using the program shown in Table 2.1. 6x DNA loading dye was added to 15 µL of the 

PCR product and loaded onto a 1% agarose gel. 

Table 1: Thermocycling conditions for single worm PCR  

8.1.11 RNA interference  

For RNA interference (RNAi)-mediated gene knockdown, E. coli HT115 strains harboring 

the plasmid L4440 coding for the respective dsRNA gene of interest under the T7 

promotor were used as food source. For the induction of the T7 promotor, 100 µL 0.5 M 

IPTG were added to 50 mL of the culture with an OD600 of 0.8 and the culture was 

cultivated for 2 h at 30°C and 130 rpm. Onto RNAi medium plates, 100 µL of bacteria 

suspension was spotted and incubated overnight at room temperature. Plates were always 

prepared shortly before use. RNAi treatments were started in the L1 stage by performing 

an egg lay directly on the respective RNAi medium plates or adding E. coli HT115 strains 

expressing the dsRNA to arrested L1 larvae in liquid culture.  

8.1.12 Paralysis assay  

To analyze the percentage of paralyzed worms, 80-100 semi-synchronized L4 worms per 

plate and strain were placed on an NGM plate containing 150 µM 5-fluorodeoxyuridine 

(LKT laboratories, Inc.). Screening of paralyzed worms was started at day 6 of adulthood 

by prodding not moving worms with a platinum wire worm picker. Worms were scored 

as paralyzed when they only moved their heads but could not undergo full body wave 

propagation upon prodding.  

Amplification step Temperature Time Cycle 

Initial denaturation 95°C 2 min 1x 

Denaturation 

Annealing 

Elongation 

95°C 

55°C 

72°C 

30 s 

20 s 

1 kb / 30 s 

 

32-35x 

Final elongation 72°C 10 min 1x 

Hold 8°C ∞  
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8.1.13 Luciferase aggregation analysis in vivo 

Nematodes expressing a thermosensitive double mutant of luciferase fused to EGFP 

(FlucDM-EGFP) in muscle cells were subjected to heat shock 72 h post-egg lay for 1 h at 

33°C in a water bath and shifted immediately to 20°C for recovery. Luciferase aggregation 

propensity was analyzed via fluorescence microscopy before and after heat shock as well 

at indicated recovery time points.  

8.1.14 Thrashing assay 

The trashing assay was performed to analyze the functionality of the body wall muscle 

cells of AL-09 VL::CFP worms. Semi-synchronized worms in L4 stage were transferred 

individually to a 96 well round bottom plate containing 10 µL M9 buffer and immediately 

recorded for 20 s using a MZ10F microscope (Leica) equipped with a DFC 3000 G camera 

(Leica). Quantification of body bends was performed with Fiji (ImageJ) using the wrMTrck 

plugin. The experiment was performed in biological triplicates with 12 animals per group.  

8.1.15 Fluorescence microscopy 

For fluorescence microscopy of C. elegans worms in vivo, worms at indicated 

developmental stages were immobilized on a 3% agarose pad and anesthetized with 

25 mM levamisole (LKT laboratories, Inc.). Fluorescence was assessed with a confocal 

laser-scanning microscope TCS SP8 (Leica) and images were taken using a HC PL APO 

63/1.40 Oil/Water CS2 objective (Leica) or an HCX PL Fluotar 5x/0.15 objective (Leica), 

respectively. Images were adjusted in Fiji (ImageJ). 

8.1.16 Tetracycline treatment  

Tetracycline was dissolved in 100% ethanol (40 mM stock solution) and added to NG 

medium in a final concentration of 10 µM before pouring plates (50-55°C). Egg lays were 

performed on plates with or without tetracycline and semi-synchronized cultures were 

incubated at 20°C until monitoring mCherry expression at day 1 of adulthood using 

fluorescence microscopy and immunoblotting.  
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8.1.17 Unc-119 rescue experiment  

To analyze the efficiency of the aptazyme system, it was tested if the tetracycline-mediated 

on-switch can rescue the unc phenotype. An egg lay of transgenic worms in the unc-

119(ed3) background was performed on plates with or without 10 µM tetracycline and 

incubated at 20°C. The trashing assay was performed at day 1 of adulthood to examine 

the rescue effect. If worms were not able to bend more than 10 time they were considered 

as unc phenotype and not rescued. The experiment was performed in biological triplicates 

with 24 animals per group.  

8.2 Molecular cloning 

Plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen) according to 

manufacturer’s protocol. Primers for molecular cloning and sequencing were purchased 

from Biomers and resulting DNA constructs were sequenced by Eurofins Genomics 

(former GATC Biotech AG).  

8.2.1 Polymerase chain reaction (PCR) 

PCR was used to amplify specific DNA fragments from a template plasmid. For each PCR 

reaction 200-600 ng template DNA was mixed with 1x Phusion reaction buffer, 0.2 mM 

dNTP mix (stock: 10 mM), 2 µM of each primer (stock: 100 µM) and 1 µL Phusion 

polymerase and adjusted to 50 µL with ddH2O. Amplification was performed in the 

thermal cycler Biometra TRIO (Analytik Jena) using the program shown in Table 2.2. 6x 

DNA loading dye was added to the samples and loaded completely onto a preparative 

1% agarose gel.  

Table 2: Thermocycling conditions for Phusion PCR  

Amplification step Temperature Time Cycle 

Initial denaturation 98°C 2 min 1x 

Denaturation 

Annealing 

Elongation 

98°C 

55-60°C 

72°C 

30 s 

30 s 

1 kb / 30 s 

 

32x 

Final elongation 72°C 10 min 1x 

Hold 8°C ∞  
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8.2.2 Site-directed mutagenesis 

Site-directed mutagenesis was performed with the Q5® Site-Directed Mutagenesis Kit 

(New England Biolabs.) according to manufacturer’s protocol. In short, a reaction mix was 

prepared containing 6.25 µL Q5 Hot Start High-Fidelity 2x Master Mix, 0.5 µM of each 

primer (stock: 10 µM), 1-25 ng template DNA which was adjusted to 12.5 µL with 

nuclease-free ddH2O. Amplification was performed in the thermal cycler Biometra TRIO 

(Analytik Jena) using the program shown in Table 2.3. 

Table 3: Thermocycling conditions for site-directed mutagenesis 

 

To digest methylated parental DNA, 0.5 µL of the PCR product was mixed with 2.5 µL 2x 

KLD (Kinase, Ligase & DpnI) reaction buffer, 0.5 µL 10x KLD enzyme mix and 1.5 µL 

nuclease-free ddH2O and incubated for 15 min at RT.  

8.2.3 Fusion PCR 

Fusion PCR was used for fluorescent tag attachment using overlapping primers with or 

without additional linker sequences. DNA fragments with an overlap of 15-20 nucleotides 

were separately generated via standard Phusion PCR (Table 2). Subsequently, 1 µL of each 

pre-PCR was used in the Fusion PCR as DNA template together with flanking primers 

(Table 2). 

8.2.4 Agarose gel electrophoresis 

DNA fragments or PCR products were purified or analyzed by agarose gel electrophoresis 

using 1% (w/v) agarose gels in 1x TAE buffer supplemented with 4 µL Midori Green 

(NIPPON Genetics) per 50 mL solution. DNA sample and 6 µL of 1 kb or 100 bp Gene 

Ruler Marker® were loaded on the gel and separation took place at a constant current of 

Amplification step Temperature Time Cycle 

Initial denaturation 98°C 30 s 1x 

Denaturation 

Annealing 

Elongation 

98°C 

55-70°C 

72°C 

10 s 

30 s 

15 min 

 

25x 

Final elongation 72°C 2 min 1x 

Hold 8°C ∞  



Methods 
 

82 

125 V. Fragments were visualized by UV illumination for evaluation and extracted by 

using the QIAquick Gel Extraction Kit (Qiagen).  

8.2.5 DNA digestion, dephosphorylation and ligation 

A restriction digest was performed for PCR products and vector DNA according to 

manufacturer’s recommendation before ligation. For standard digestion, 3 µg of DNA 

were cut in the suitable reaction buffer in a final reaction volume of 20 µL and incubated 

overnight at 37°C. The resulting DNA fragments were purified by preparative agarose gel 

electrophoresis and/or using the MEGAquick Kit (Intron). To prevent re-ligation of 

linearized vector DNA, 40 µL of the extracted fragment were incubated with 5 µl of Fast 

Antarctic Phosphatase (FastAP) and 5 µl of 10x AP buffer for 30 min at 37°C, followed by 

heat inactivation of the enzyme for 5 min at 75°C.  

For ligation, 50 ng linearized vector was mixed with the insert in a molar ratio of 1:3 

together with 1 µL T4 DNA ligase and 2 µL 10x T4 ligase buffer in a final volume of 20 µL 

adjusted with ddH2O. Samples were incubated at 16°C for at least 2 h or overnight. The 

ligase was heat-inactivated for 10 min at 65°C. 

8.2.6 Heat shock transformation in chemically competent E. coli cells 

Competent E. coli DH5α-Z1 cells were used for heat shock transformation of ligation 

products. 50 µL of competent cells were thawed on ice, mixed gently and 5 µL of the 

ligation mix was added to the cells. Cells were incubated for 30 min on ice and heat 

shocked subsequently for 90 s at 42°C. For phenotypic expression, 950 µL LB medium was 

added to the samples and incubated at 37°C for 1 h with constant agitation. The 

transformation mix was centrifuged for 1 min at full speed (table top centrifuge) and the 

pelleted cells were plated on selective media. 
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8.3 Biochemical methods 

8.3.1 Bradford assay  

In the Bradford assay, protein concentration is measured via specific binding of 

Coomassie brilliant blue G-250 to proteins. Upon protein binding, the color of Coomassie 

G-250 changes from red to blue upon which can be measured spectroscopically (Bradford, 

1976). The absorbance of 1 µL of protein solution to 1 mL 1x Bradford solution was 

measured in triplicates at 595 nm after incubation for 10 min at RT.  

8.3.1  SDS/Bis-Tris polyacrylamide gel electrophoresis (PAGE) 

Gel electrophoresis was performed in order to separate proteins according to their 

molecular weight. Protein samples supplemented with 6x sample buffer were incubated 

at 95°C for 10 min and loaded onto a 10% SDS or 10% BisTris gel together with a molecular 

weight standard. SDS-PAGE was used for subsequent Coomassie staining, whereas 

BisTris-PAGE was used for following Western blot analysis. Gels were run either in 1x 

SDS running buffer or 1x MOPS running buffer, respectively, at 150 V.   

8.3.2 SDD-AGE 

For biochemical analysis of protein aggregation, SDD-AGE was carried out as previously 

described (Halfmann and Lindquist, 2008). Samples were loaded onto a 1.2% agarose gel 

in 1x TAE buffer containing 0.1% SDS. Separation took place at 30 V for 4 h at room 

temperature. Separated proteins were blotted onto nitrocellulose membranes by capillary 

transfer in 1x TBS overnight at RT. Membranes were analyzed by Western blot.  

8.3.3 Coomassie staining  

To visualize protein bands, SDS gels were stained for 20 min in Coomassie blue staining 

solution and subsequently incubated in Coomassie destaining solution until the 

background was clear.  
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8.3.4 Western blot analysis 

Proteins separated by bis-tris-PAGE were electroblotted onto nitrocellulose membrane 

(GE Healthcare) according to standard protocols in 1x Western blot transfer buffer at 100 V 

for 35 min. For immunostaining, membranes were blocked for minimum 1 h with 5% 

(w/v) milk in TBS-T. Membranes were washed three times with TBS-T for 10 min and 

incubated with primary antibody overnight at 4°C. Membranes were washed three times 

for 10 min with TBS-T and incubated with HRP-coupled secondary antibody for 2 h at RT. 

Chemiluminescence was detected using the Fusion SL (Peqlab) imaging system and 

freshly prepared ECL solution.  

8.3.5 Ribosome sedimentation assay 

Soluble and 80S fractions were pooled and adjusted to 4.5 A260 units in 600 µL polysome 

lysis buffer containing different KOAc concentrations. For ribosome sedimentation 200 µL 

lysate were loaded onto a 600 µL sucrose cushion (25% (w/v) sucrose in polysome lysis 

buffer) and centrifuged for 90 min at 200,000 g and 4°C in a S140-rotor (Sorvall). The 

supernatant was immediately transferred to a new tube and the ribosomal pellet was 

resuspended in 25 µL polysome lysis buffer with the appropriate salt concentration at 8°C 

(Thermocycler). 80 µL of the supernatant were supplemented with 20 µL 5x sample buffer 

and 25 µL 2x sample buffer were added to the pellet fraction. Supernatant (25 µL) and 

pellet (5 µL) fractions were analyzed via Western blot.  
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9 Abbreviation 

 

Å  Angstrom 

α-syn α-synuclein 

β-ME β-mercaptoethanol 

µ  micro (10-6) 

°C  degree Celsius 

A260  absorbance at 260 nm 

Aβ amyloid-β 

A  alanine 

AAA ATPase associated activity 

AD Alzheimer’s disease 

ADP  adenosine diphosphate 

Amp ampicillin 

Ataxin Atx 

ATP  adenosine triphosphate 

ATPase adenosine triphoshatase 

a.u. arbitrary units 

BF bright-field 

bisTris bis-(2-hydroxy-ethyl)-amino-
Tris(hydroxymethyl)-methane 

bp base pair  

BSA bovine serum albumin 

C. elegans Caenorhabditis elegans 

CFP cyan fluorescent protein 

CytoQ cytosolic quality control 
compartment 

ddH2O double deionized water 

DNA desoxyribonucleic acid 

dNTP desoxyribonucleosid 
triphosphate 

D. melanoga

ster 

Drosophila melanogaster 

E. coli Escherichia coli 

ECL enhanced chemiluminescence 

EDTA ethylenediamine tetraacetic 
acid 

e.g for example 

EGFP  enhanced GFP 

EGTA ethyleneglycol tetraacetic acid 

ER endoplasmic reticulum 

 

 

 

 

 

et al. lat. et alii (and others) 

ev empty vector 

Fig figure 

FlucDM firefly luciferase double mutant 

g gram 

g gravity 

GdmCl guanidinium chloride 

GFP green fluorescent protein 

GST glutathion-S-transferase 

h hour 

HEPES 4-(2-hydroxyethyl)-piperazine-
1-ethanesulfonic acid 

HGM high growth medium 

HRP horseradish peroxidase 

HRR hammerhead ribozyme 

HS heat shock 

Hsc heat shock cognate 

HSF heat shock factor 1 

Hsp  heat shock protein 

HSR  heat shock response 

HTT Huntingtin 

IPTG isopropyl β-D-1-
thiogalactopyranoside 

JDP J-domain protein 

K lysine 

KAc potassium acetate 

Kan kanamycine 

kb  kilo base 

KARR  lysine, alanine, arginine, arginine 

kDa kilo Dalton 

L liter 

LB Luria Bertani 

m  milli (10-3) 

M molar 

MAP methionine amino-peptidase 

MD middle domain 

min  minute 

mHtt mutant Huntingtin exon 1  
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MOPS 3-morpholinopropane-1-
sulfonic acid 

mRAC  mammalian RAC 

mRNA  messenger ribonucleic acid 

N2 nitrogen 

N-βNAC N-terminal domain of βNAC 

NAC nascent polypeptide-
associated complex 

NAT N-actely transferase 

NEF nucleotide exchange factor 

N. crassa Neurospora crassa 

NGM normal growth medium 

NHS N-hydroxysulfosuccinimide 

nm nano (10-9) meter 

nt nucleotide 

OD600  optic density at 600 nm 

PBS phosphate buffered saline 

PCR polymerase Chain reaction 

PD Parkinson’s disease 

pH pondus Hydrogenii 

PN proteostasis network 

PolyQ  poly glutamine (Q) 

PTC peptidyltransferase center 

Q glutamine 

QA quinic acid 

Q system Q repressible binary 
expression system 

QUAS Q upstream activating 

aequence 

R arginine 

RAC ribosome-associated complex 

RNA  ribonucleic acid 

RNAi  RNA interference 

RNC ribosome nascent chain 
complex 

rpm rounds per minute 

RRKKK Arginine, arginine, lysine 
lysine, lysine 

RRK/AAA  arginine, arginine, lysine/ 
alanine, alanine, alanine 

RT room temperature 

s  second 

SDD-AGE semi-denaturing detergent 
agarose gel electrophoresis 

SDS  sodium dodecyl sulfate 

SDS-PAGE  SDS-polyacrylamid gel 
electrophoresis 

SEM standard error of the mean 

sHsp  small heat shock protein 

SR SRP receptor 

SRP signal recognition particle 

SS signal sequence 

Ssb  stress seventy family B 

Ssz stress seventy family Z 

TAE Tris acetate with EDTA 

TBS  Tris buffered saline 

TBS-T  TBS with Tween-20 

TEM transmission electron 
microscopy 

TEMED tetramethylethylenediamine 

TEV tobacco etch virus 

TF Trigger Factor 

ThT thioflavin T 

TRiC TCP-1 ring complex 

TPP thiamin pyrophosphate 

UBA ubiquitin-associated (domain) 

unc uncoordinated  

UPR unfolded protein response 

UPS ubiquitin-proteasome system 

UTR untranslated region 

V volt 

v/v  volume per volume 

w/o  without 

w/v  weight per volume 

WT wildtype 

YFP yellow fluorescent protein 

Zuo  Zuotin 
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13 Appendix 

I – Supplementary figures 

Supplementary Figure 1. RNAi-mediated NAC depletion in CFP::Aβ40 worms 

 

 

(A) Fluorescence microscopic images of transgenic worms (head region) expressing CFP::Aβ40 in 

body wall muscle cells. For RNAi-mediated NAC depletion, worms were grown on empty vector 

control (ev) or αβNAC RNAi, respectively. Images were taken at L4 larval stage. Red boxed 

sections in head region images of worms are shown enlarged to illustrate CFP::Aβ40 expression in 

more detail. Scale bar, 50 µm. (B) Immunoblot analysis of C. elegans worms as shown in (A) 

demonstrating RNAi efficiency by NAC protein expression levels. GAPDH served as loading 

control. 
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Supplementary Figure 2. Single worm PCR verified QS and QF integration 

 

 

 

(A) The genotype of the QF2W/QUAS strain was determined using single worm PCR. The strain 

was identified as homozygous if each of the 9 tested worms (1-9) of this strain produced an 

amplicon of ~750 bp. (B) The worm strain shown in (A) was also identified as homozygous for QS, 

as all tested animals amplified an amplicon of ~820 bp. M, marker (1 kb DNA ladder).  
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