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2. List of Abbreviations 
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3. Abstract 
 

Neurodegenerative diseases (NDs) are set to become a major burden to society. 

Understanding the mechanism behind their aetiology is paramount to find strategies for 

prevention and cure of these progressively debilitating disorders. A common feature of 

many NDs is the presence of aggregated proteinaceous material in the neurons. These 

aggregates, also known as amyloids, play a central role in neuronal degeneration.  

Intermediate structures, oligomers and protofibrils, that precede the formation of amyloids 

exhibit even greater cytotoxicity. Amyloid, protofibrils and oligomers are the downstream 

product of misfolded proteins. Proteins containing genetic mutations, such as those 

involved in ND pathology, or subject to stress, are prone to misfolding. To prevent 

misfolding and off-pathway formation of toxic species and maintain a general cellular 

homeostasis, the cell has evolved a set of systems collectively known as the proteostasis 

network (PN). The PN is responsible for the lifecycle of a protein: from ribosomal 

synthesis, to chaperone-assisted folding, to timely clearance and degradation. 

Impairment of any of these processes leads to imbalances of proteostasis and onset or 

exacerbation of disease. The aim of this dissertation is to present novel strategies 

designed to investigate aggregation-prone proteins involved in NDs and their relationship 

with the PN. First, we employ light microscopy and the model organism C. elegans to 

track the rate of degradation of the disease-causing protein huntingtin (HTT). By 

expressing HTT, fused with a fluorescent protein, in the neurons of the nematode, it is 

possible to monitor the location, synthesis, and clearance of HTT, in vivo and non-

invasively, and gather information on the fate of both mutant or physiological HTT. Again 

leveraging the advantages of the nematode and employing fluorescent lifetime imaging 

(FLIM), we then characterise the presence of soluble, oligomeric and aggregated protein 

species in C. elegans models of NDs upon aging or stress. FLIM measures the lifetime 

of a fluorescently tagged aggregation-prone proteins and allows to distinguish, live and 

non-destructively, their conformational states and structural transitions. Lastly, employing 

a novel in vitro aggregation assay based on Förster resonance energy transfer (FRET), 

we uncovered a trimeric chaperone complex capable of both suppressing the innate 

aggregation of HTT, and actively driving disaggregation of preformed fibrils. Together 

these methodologies have a powerful transitional potential: to screen and identify 

biological factors or chemical compounds that can beneficially interfere with either the 

aggregation propensities of disease-causing proteins, or the PN components responsible 
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for their balance, ultimately establishing successful strategies for treatment or prevention 

of NDs. 
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4. Zusammenfassung 
 

Neurodegenerative Erkrankungen (NE) werden zu einer großen Belastung für die 

Gesellschaft führen. Ein Verständnis der Mechanismen hinter ihrer Ätiologie ist von 

entscheidender Bedeutung, um Strategien zur Prävention und Therapie dieser 

Erkrankungen zu finden. Ein gemeinsames Merkmal vieler NE ist die Akkumulation von 

Proteinaggregaten in Neuronen. Diese Aggregate, die auch als Amyloide bezeichnet 

werden, spielen eine zentrale Rolle bei der neuronalen Degeneration.  Intermediäre 

Strukturen wie Oligomere und Protofibrillen, die der Bildung von Amyloiden vorausgehen, 

weisen eine noch größere Zytotoxizität auf. Amyloide, Protofibrillen und Oligomere 

können aus fehlgefalteten Proteinen hervorgehen, die auf Mutationen beruhen können. 

Um eine Fehlfaltung und Bildung von toxischen Spezies zu verhindern und eine 

funktionale zelluläre Physiologie aufrechtzuerhalten, nutzt die Zelle das Proteostase-

Netzwerk (PN). Das PN ist für den Lebenszyklus eines Proteins verantwortlich: von der 

ribosomalen Synthese über die Chaperon-unterstützte korrekte Faltung bis hin zum 

kontrollierten Abbau. Eine Beeinträchtigung eines dieser Prozesse kann zu einem 

Ungleichgewicht der Proteostase und dem Auftreten oder gar Verstärkung von 

Pathologien führen. Das Ziel dieser Dissertation ist es neue Strategien vorzustellen, um 

aggregationsanfällige Proteine, die an NE beteiligt sind und ihre Beziehung zum PN zu 

untersuchen. Mittels Lichtmikroskopie wurde im Modellorganismus C. elegans die 

Stabilität des krankheitsverursachenden Proteins Huntingtin (HTT) analysiert. Wildtyp 

und mutiertes HTT wurden hierfür mit einem Fluoreszenzprotein fusioniert und gezielt in 

Neuronen exprimiert, um Synthese und Abbau im lebenden Fadenwurm zu untersuchen. 

Die Fluorescence lifetime imaging (FLIM) Methode erlaubte eine Charakterisierung und 

Quantifizierung der löslichen, oligomeren und aggregierten HTT Proteinspezies in C. 

elegans. Mit FLIM konnte auch der Einfluss des Alterns und Stress auf das 

Aggregationsverhalten von HTT untersucht werden. FLIM misst die Lebensdauer von 

Fluoreszenzproteinen, die mit aggregationsanfälligen Proteinen wie HTT fusioniert sind. 

So wurde es möglich, Konformationszustände und -übergänge im lebenden Tier zu 

unterscheiden. Schließlich haben wir mit einem neuartigen in vitro Aggregationsassay 

auf der Basis von Förster-Resonanz-Energie-Transfer (FRET) einen trimeren 

Chaperonkomplex identifiziert, der sowohl die Aggregation von HTT unterdrücken als 

auch die Bildung von Fibrillen revertieren kann. Zusammen haben diese Methoden ein 

hohes Potential, biologische Faktoren oder chemische Verbindungen zu identifizieren, 
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die entweder die Aggregationsneigung von krankheitsverursachenden Proteinen oder die 

PN-Komponenten, die für deren Gleichgewicht verantwortlich sind, beeinflussen können, 

um letztendlich erfolgreiche Strategien zur Behandlung oder Prävention von NE zu 

etablieren. 
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5. Synopsis 
 
Complementary methodologies and diverse model systems provide translational 

insight into the aggregation properties of neurodegenerative diseases 
 

I. Introduction 
 
 Neurodegenerative disorders (NDs) are set to become a critical and major 

socioeconomic burden to society. In high income countries, NDs are a leading cause of 

disability and death and the number of its fatalities will inevitably increase in the next 

decades [1]. The progressive and chronic nature of NDs and their selective and 

irreversible loss of neurons in specific brain areas are common and defining features of 

these debilitating illnesses. Aging is another common denominator underlining these 

diseases. Indeed, NDs mostly appear in later stages of life as the organism is already 

undergoing a slow decay [2]. Several lines of evidence have recently revealed that their 

aetiology may lie in complex interactions within the body. Loss of cardiovascular function, 

imbalances in trophic factors, dysregulation of the gut-brain axis and the microbiome, and 

the presence of senescent cells, are all processes that affect the stability and function of 

the nervous system, possibly endangering it years before the onset of specific ND 

pathologies [3]. The impact of a maladaptive immune system plagued by chronic 

inflammation is also emerging as a pathogenic driver, rather than a consequence, of 

degeneration [4]. Overall, the nervous system is undoubtedly the final site of progressive 

cellular and functional loss (Fig. 1A). As neurons are post-mitotic cells, they are born 

during embryonic development and, with some exceptions of neurogenesis and 

regeneration, retain their position and function until death. Their continuous high energy 

demand, rapid cell-to-cell molecular exchange and extensive transport of organelles over 

large distances, make them extremely fragile to external stressors and susceptible to 

even minor internal imbalances [5]. Neurons are particularly vulnerable to the presence 

of mutant disease-specific proteins, which have the ability to misfold and accumulate into 

large insoluble aggregated structures, known as amyloids - a hallmark of NDs [6]. Mutant 

misfolded proteins, their intermediate structures, their end-state accumulation into 

amyloid, and their ability to spread throughout the nervous system, are believed to be the 

underlying trigger of neurodegeneration (Fig. 1B) [7].  
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Figure 1. Characteristics of neurodegenerative pathology  
A. Brain outline with highlighted basal ganglia region. The basal ganglia is the primary site of pathology for 
HD. Text in red describes the processes that contribute to degeneration of the central nervous system in 
HD and NDs in general. B. Schematic of the many cellular mechanism that are disrupted in HD: 
transcription and translation, mitochondria homeostasis, transport, trafficking, synaptic signalling, and 
proteostasis; and of the processes that characterize NDs: presence of amyloids, amorphous aggregates 
and their intermediates, and their ability to spread and propagate the disease.  

 

 

The most common NDs include Alzheimer´s disease (AD), Parkinson´s disease 

(PD), frontotemporal dementias (FTDs), amyotrophic lateral sclerosis (ALS) and 

polyglutamine expansion disorders, including spinocerebellar ataxias (SCAs) and 

Huntington’s disease (HD). These diseases present with distinct clinical manifestation, a 

wide range of symptoms, and affect different regions of the central and peripheral nervous 

system. Many of these are caused by well-established genetic mutations in precise 

genes, but most arise due to still unknown causes [8]. Yet, the mutant proteins, or 

combination thereof, responsible for these NDs are largely known: for example, the 

amyloid-b protein, in conjunction with the microtubule associated protein tau, are partially 

responsible for AD; PD is characterised by proteinaceous depositions, Lewy bodies, 

composed of the protein a-synuclein; fused in sarcoma and superoxide dismutase 1 are 

involved in ALS; and mutant huntingtin is the root cause of HD [8]. These individual 

proteins present no functional correlation, possess different amino acid composition and 

native folds but share a tendency to contain partially unfolded or intrinsically disordered 

regions [9]. Influenced by these sequences, disease-associated proteins can undergo 
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drastic structural transitions, largely driven by hydrophobic forces, towards lower energy 

states into amorphous aggregate and/or amyloids. Amyloids are postulated to be the 

absolute thermodynamically stable structure: an irreversible conformation that can be 

technically adopted by any protein, given the right conditions [10, 11]. Amyloids are 

threadlike fibrils of nanometres in diameter and microns in length: they possess distinctive 

tinctorial properties, are insoluble to detergents and were characterised via X-ray 

crystallography as possessing a very characteristic cross-b motif [12]. At an atomic level, 

the cross-b amyloid architecture is achieved by the repetitive alignment of b-strands 

perpendicularly to the fibril´s axis, with inter-strand networks stabilised by hydrogen 

bonding and adjacent b-sheets laterally held together by the tight interdigitation of their 

sidechains, in a structure known as a dry steric zipper [13] (Fig. 2A). Amyloid formation 

usually follows a nucleation-dependent mechanism [14]. First, in its nucleation stage, 

monomers slowly assemble into transient nuclei of intermediate oligomeric b-rich 

structures. As the rate of addition and dissociation of monomers into this critical unit is 

initially similar, the process is lengthy and very dependent on concentration, making it the 

rate limiting step of the cascade. Supplying preformed aggregates, or seeds, substantially 

shortens the elongation phase, creating a template structure onto which monomers can 

easily dock. Once sufficient nuclei have been formed during this initial lag phase, a rapid 

elongation phase begins: nuclei, or seeds, oligomers and monomers all interact to 

promote a cooperative transition into larger and more stable protofibrils. In this self-

serving thermodynamically favourable phase, new intermediates facilitate and accelerate 

the growth and formation of further oligomers/protofibrils. Finally, in its saturation or 

stationary phase, a mature amyloid fold is achieved, and an equilibrium is reached where 

only few monomers or intermediates are available for further binding (Fig. 2B) [15].  

 

Due to the intracellular or extracellular presence and accumulation of amyloids in 

most NDs, they were quickly deemed as the potential causative agents of neuronal death 

and general cytotoxicity, leading to the establishment of the ‘amyloid hypothesis’ of 

neurodegeneration [16]. However, research in post-mortem brains highlighted the 

presence of amyloids in patients without any ND symptoms or otherwise pathology. The 

absence of protein-specific aggregates in their disease-corresponding brain regions, or 

lack of correlation between amyloid load and severity of symptoms raised ulterior doubts 

on their pathogenicity. Furthermore, studies in animal models quickly revealed the inertia 
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and lack of toxicity of these amyloid deposits, compared to intermediate species [10]; 

finally, the emergence of b-motifs as biologically functional units further discredited the 

amyloid hypothesis [17]. Instead, an alternative ´oligomer hypothesis` was embraced, 

postulating that oligomeric species were the cause of toxicity and disease. Oligomers are 

necessary intermediates on-pathway of amyloid formation. They are by definition 

transient in nature, highly heterogenic in form and possess the propensity to interconvert 

rapidly to higher order structure (Fig. 2A) [18]. 

 

 

 
 
Figure 2. Amyloid formation and the nucleation polymerization pathway 
A. Schematic illustrating the stages of protein folding/misfolding. A given protein folds into its native 
structure according to its unique amino acid conformation. In the presence of mutations or stress, a protein 
may fold into intermediates which progressively acquire higher order structures towards amyloid formation. 
B. Schematic representing the nucleation polymerization pathway of amyloid formation. Unfolded 
intermediates undergo a slow initial nucleation phase to form small oligomeric structures. These structures 
further polymerize into larger protofibrils in a fast elongation phase that creates more templates onto which 
monomers can attach, thus exponentially increasing the number of available protofibril/templates. Finally, 
a stationary phase is reached where large amyloids are present. In a parallel phase of secondary 
nucleation, amyloids can fragment to create new templates or act as a surface onto which monomers can 
branch. 
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Oligomer toxicity is principally determined by their surface exposure of hydrophobic 

patches, which allows for aberrant interactions. Their small size is a second driving factor 

of toxicity as high diffusion coefficients allow oligomers to freely and easily spread. From 

a structural perspective, their unstable and dynamic nature has made the oligomer shape 

hard to investigate and no unique oligomeric species has been found to be exclusively 

toxic in a disease specific manner [19, 20]. Instead, a wide variety of oligomer species 

have been reported to promote physiological, cytological and biochemical perturbations 

in neuronal and non-neuronal cells, via a multitude of deleterious interactions with lipid 

bilayers, receptors, metabolites, RNAs and other soluble proteins [10, 21]. As the 

‘oligomer hypothesis’ gained traction, it resurfaced that amyloids themselves are far from 

innocuous and still play a significant role, albeit only as secondary contributors, in cellular 

pathology. Fibrils were found to interfere and disrupt the integrity of cellular membranes, 

disorganising the cellular environment, and moreover large fibrillar structures acted as a 

black hole for many molecules, actively depriving the cellular environment of necessary 

functional units [22]. Fibrils have also been shown to promote prion-like intercellular 

spreading, contributing to the advancement of pathology. Importantly, fibril fragmentation 

assists in secondary nucleation events by both generating toxic oligomers and increasing 

the number of templating fibres available (Fig. 2B), thus exacerbating cytotoxicity [23]. 

Finally, recent advances in cryo-electron microscopy techniques have allowed to 

visualise the ultrastructure of fibrillar deposits of tau and a-synuclein purified from multiple 

AD and PD stricken brains [24, 25]. These studies revealed that fibrils composed of 

seemingly the same protein generated structures of very heterotypic intramolecular 

interactions, which conferred variating degrees of toxicity. The identification of amyloid 

polymorphism raises new questions on the relation between amyloid, their precursor 

oligomeric species, the nature of their toxicity, and their correlation with the heterogenous 

manifestation of NDs [26]; ultimately, in the search for the toxic culprit, both the amyloid 

and oligomer hypothesis may prove partially true.  

 

 Proteins are the building blocks of life: responsible for most cellular physiological 

functions but also guilty of many dysfunctions, as exemplified above. For proper biological 

functionality, proteins must reach a unique and thermodynamically stable three-

dimensional structure, which is mostly dictated by its amino acid sequence [27]. However, 

on path to their native fold, most proteins populate transitional states of partially folded 

intermediates. In these intermediate states, proteins often expose hydrophobic patches 
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which increase their risk of misfolding and consequent aggregation, especially in the 

overcrowded cellular environment. Moreover, to fulfil their function, proteins often require 

large conformational flexibility or stabilizing binding partner interactions. This results in 

folded states that are only marginally stable or metastable, thus also heightening danger 

of misfolding [28]. It is therefore of critical importance for a cell to tightly regulate the 

processes that ensure correct folding, assembly, localisation and abundance of its 

proteins [29]. To guarantee the homeostasis and balance of the proteome, referred to as 

proteostasis, cells have evolved a complex and interconnected system known as the 

proteostasis network (PN) [30]. Simply described, the PN oversees three major steps of 

proteostasis: (i) accurate protein synthesis, coordinated by ribosomes and their 

associated factors; (ii) correct protein folding and maintenance of their conformational 

stability, sustained by molecular chaperones and their co-chaperones; and (iii) timely 

protein removal and degradation by either the ubiquitin-proteasome degradation or the 

autophagy-lysosomal pathways (Fig. 3A) [31]. Although these processes must be closely 

inter- and intra- regulated and controlled to guarantee cellular physiology, many are 

intrinsically error-prone and the integrity of the PN is constantly challenged by external 

environmental stressors or deleterious internal genetic variations. Importantly, the 

capacity of the PN decreases with the progression of aging, a decline that constitutes a 

critical factor in the emergence and exacerbation of NDs, which characteristically 

manifest in old age [32]. The capacity of the PN is also highly heterogenous according to 

cell type, partially underlining the vulnerability of neurons and their heightened sensitivity 

to proteotoxic stress, such as the presence of misfolded proteins [33].  

 

 To aid the proper folding and assembly, and prevent or reverse harmful misfolding, 

cells are equipped with a comprehensive network of molecular chaperones [34]. 

Historically, chaperones were classified as heat shock proteins (Hsps) - after the stress 

signal that was first described to induces them - and are subdivided into groups according 

to their molecular weight: a main class of ATP-dependent chaperones, including, Hsp70s, 

Hsp90 and Hsp110s, the chaperonins Hsp60s class, and a non-ATP dependent class of 

small Hsps; and a group of Hsp40s which act as collaborative co-chaperones to other 

Hsps and promotes selectivity and specificity in substrate recognition and targeting [35]. 

In a stereotypical folding process, chaperons act on the nascent polypeptide chain of a 

newly synthetized protein emerging from a ribosome. A complex of chaperones and 

cochaperones hold onto this substrate and, with subsequent ATP-dependent cycles of 
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binding and releasing, helps in shaping their client into its final functional structure (Fig. 

3B) [36]. Chaperones can also target ‘old’ misfolded proteins and promote their refolding, 

thus actively intervening and suppressing off-pathway folding and preventing the  

 

 

 
 
Figure 3. Overview of the proteostasis network and protein folding pathways 
A. Schematic overview of the proteostasis network. Proteins are synthetized by the ribosome and 
immediately undergo an on-pathway folding process assisted by chaperones. When misfolded, proteins 
are reshaped into a native fold by the chaperones, targeted for degradation or initiate off-pathway events 
leading to aggregation. The PN consists of two main proteolytic systems: the ubiquitin proteasome system, 
which targets native, unfolded or misfolded proteins; and the autophagy lysozome system, which degrades 
almost any substrate, including amorphous and amyloid aggregates. B. Schematics of the HSP70 
chaperone pathway. 1) A polypeptide chain is first recruited by a client-specific J-domain protein. 2) The J-
domain protein stimulates the ATPase activity of HSP70, targets the substrate to the HSP70 and finally 
disengages from the complex. 3) HSP70 initiates an ATP dependent cascade to hold and fold the substrate. 
4) A nucleotide exchange factor binds to the HSP70/substrate complex and 5) recharges HSP70 with a 
new ATP molecule. This cycle (3,4,5) is repeated until the substrate is fully folded. 6) once the substrate 
has reached its native state, both the NEF and HSP70 disjoin and are re-primed for folding a new substrate.  
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formation and toxicity of oligomeric species [37]. Importantly, they also target amyloid 

structures: they delay their formation, remodel their shape or even facilitate their 

disaggregation [38, 39]. However, within the cellular setting of aging or disease, and in 

the presence of large aggregates, many chaperome components and degradation 

machineries are sequestered within these inclusions. Sequestration completely abolishes 

their ability to neutralise toxic species and diminishes their capacity to deal with additional 

insults, contributing to the overload and collapse of the PN, and consequent cellular death 

[40]. The incredible versatility and ability of the chaperome to mediate and modulate many 

protein folding processes thus make it a very attractive target for therapeutic interventions 

in NDs [41]. 

 

 Huntington´s disease (HD) is the main focus of this doctoral research work. HD is 

part of a class of NDs known as polyglutamine (polyQ) diseases. PolyQ diseases are 

triplet repeat disorders in which a stretch of CAG nucleotides, encoding for the amino acid 

glutamine (Gln, Q), is repeated over a defined physiological range. So far, nine polyQ 

diseases have been discovered. Except for their genetic aetiology, and the presence of 

an expanded CAG repeat, there is little similarity in their clinical manifestation and no 

further relationship between the function or amino acid sequence of the proteins 

responsible for each disorder [42]. The CAG expansion exhibits an inverse correlation 

with age of onset and symptom severity, with larger expansions typically leading to earlier 

onset and worse symptoms. HD was first described by George Huntington in a seminal 

paper in 1872 [43], but the locus harbouring the mutation was mapped to the small arm 

of chromosome 4 only a century later [44], and after another decade the disease cause 

was finally discovered. HD is a monogenic dominantly inherited ND caused by the 

expansion of the unstable polyQ stretch in the huntingtin (HTT) gene, which encodes for 

the eponymous protein huntingtin (HTT) [45]. Wild-type, physiological alleles encode 

between 11-35Qs, while alleles containing Q stretches over the threshold of 40Qs 

produce a fully penetrant disease. Intermediate allele of 36-39Qs might result 

asymptomatic or might give rise to disease later in life, and allele encoding between 25-

36 repeats are at risk of expansion during meiotic replication. The average onset of 

disease is 45-50 years of age and progresses with a median span of 15-20 years till death 

[46]. However, the CAG length alone does not fully explain disease onset or penetrance 

and many genome-wide-associated studies in HD cohorts have identified genetic 

modifiers of pathogenesis. Among these, a prevalence of dysregulated DNA mismatch 
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and repair proteins emerged, which influence somatic instability, with obvious 

consequence on vulnerability and degeneration [47]. HD is relentless and unforgiving: it 

has a defined predictable pathogenic course, becomes fully debilitating and is, to this day, 

incurable. The beginning of HD passes usually undetected, with psychiatric changes 

starting to emerge first, followed by widespread depression and suicidal tendencies. The 

onset of movement deficiencies, and loss of independence, follows: the ability to control 

voluntary movements is lost and involuntary irregular and uncoordinated muscle 

contractions overtake the whole body. Finally, the linguistic and mental capacities and 

the sense of self start wavering: the onset of dementia signals the beginning of the end 

[48].  

 

 The molecular and cellular processes that bring about these changes in behaviour 

and physical impairments of HD are poorly understood. HTT is a very large protein 

expressed ubiquitously in all tissues, but with highest translational rates in the brain. The 

striatal medium spiny neurons of the caudate nucleus are the most vulnerable to the 

presence of mutant HTT, and their premature loss results in severe atrophy of the basal 

ganglia [49]. HTT´s native physiological function is still vastly uncharacterised but 

includes several basal cellular functions and its ability to interact with hundreds of other 

proteins implicates HTT in the modulation of many more [50]. HTT is necessary for 

embryogenesis and development, especially in relation to bone derived neurotrophic 

factor signalling [51, 52]. Throughout life, HTT is involved in transcriptional regulation, 

cytoskeletal signalling, ciliogenesis, endocytosis, mitochondria transport and biogenesis. 

It has important synaptic functions as a regulator of vesicular transport, endosomal 

trafficking, and glutamatergic signalling (Fig. 1B) [53]. HTT is also subject to several 

proteolytic cleavages and posttranslational modifications which can further modify its 

functionality, stability, binding partners, localisation and removal [54]. Impairment of these 

basal functions underscoring pathology, is likely promoted by the gain of toxic function 

perpetrated by the mutant form of HTT combined with the loss of physiological function 

provided by normal HTT, which is titrated away. In parallel with the decline caused by 

aging, the increasing lethal effects of mutant HTT overcome the wavering pro-survival 

ability of normal HTT, resulting in cytotoxicity and death [55]. 

 

 Among many complex pathologic features, a key characteristic of the mutant form 

of HTT is its ability to misfold, prompted by the presence of the unstable polyQ stretch in 
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its first exon (HTTex1). Mutant HTTex1 is found freely and abundantly in the cell as the 

result of both sequential proteolytic cleavage of full-length HTT, and alternative RNA 

splicing [56]. Mutant HTT unfolding and misfolding prompts formation of fibrils following 

the typical nucleation mechanism. Fibrils adopt the characteristic 𝛃-structure architecture 

organised by glutamine side chains that twist into a polar zipper of greater compactness 

and stability as expansions increase [57]. Large inclusion bodies are found mainly 

cytosolically with some occurrence in the nucleus [58]; importantly they are mostly 

composed exon 1 fragments. As with other NDs described above, the role of inclusion 

bodies in toxicity and HD pathology is debated and incompletely characterised [58, 59]. 

HTT fibrils were visualised breaking through the membrane of the endoplasmic reticulum 

in mammalian cells and physically disrupting nuclear envelope pores, causing a loss of 

integrity [60]. Inclusion bodies were also found to sequester key components of the PN, 

such as Hsp40 and Hsp70 chaperones and members of the ribosomal quality control 

machinery. However, a large body of evidence also suggested that inclusion bodies may 

be protective and are a coping mechanism of a stressed cell, and act by sequestering 

mutant HTT forms, thus actively removing the toxic species from the cellular environment 

[61]. Mechanistically in fact, mutant HTT fails to perform or mimic the physiological 

functions of wild-type HTT. Soluble mutant HTT was recorded to gravely interfere with 

proteasomal activity, autophagy dynamics, and mitochondria homeostasis; in parallel, 

oligomeric species were found to target and interact with other low-complexity proteins, 

mainly involved in RNA binding, transcription, translation and transport. In this complex 

interplay between soluble and insoluble HTT forms, the PN strives to prevent the toxic 

capabilities of both [62]. Hsp40s, Hsp70s, the chaperonins and other PN machineries 

have all been demonstrated to interfere with fibril formation and toxicity with beneficial 

effects [63–65]. However, a PN which is critically dysregulated in HD, and further 

struggles with a functional decline during aging, ultimately fails in saving the cell. 

Additional mechanisms of toxicity are still being uncovered, including the contribution 

from RNA, other proteins, such as those generated from non-AUG translation, the cellular 

environment and genetic or epigenetic modifiers. A better understanding of the genome-

wide imbalances in HD, alongside knowledge of structure and function of pathogenic 

HTT, and how it selectively targets and kills neurons, will uncover pathways and 

strategies that can prevent, delay or reverse the progressive nature of HD degeneration 

[66].  
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 In this synopsis I summarise the research of three publication and the 

methodologies within that were partially established and developed in the Kirstein 

laboratory. The three publications are connected and support each other in their aim to 

investigate the properties of NDs and their relationship with the PN. Two papers outline, 

in a step-by-step protocol, the methodologies to 1) track simply and efficiently the 

degradation of disease-causing proteins in vivo [67], and 2) monitor and characterise the 

oligomeric and aggregates species formed by disease-causing proteins [68]. The goal of 

my first research project was to understand if and how the presence of a disease-causing 

protein impacted its rate of degradations, and what factors contribute to this, for example 

whether there are any differences between cell types or throughout organismal aging. 

Our second research goal was to establish if it was possible to distinguish the 

conformational protein species created in vivo by an aggregation-prone protein, and if 

these change overtime or during stress. Finally, in the publication described here last [69], 

we wondered which components of the PN where implicated in directly suppressing the 

aggregation propensities of the disease-causing protein huntingtin: what is their nature, 

by what mechanism do they achieve this, and could these components prove even more 

powerful by removing aggregates directly. To achieve these goals and answer these 

questions we employed a wide range of systems: from in vitro based approaches, to the 

use of ex vivo HD patient-derived reprogrammed induced pluripotent cells, to the 

extensive adoption of the Caenorhabditis elegans (C. elegans) model system. We 

subjected these models to a wide battery of biochemical assays, but our greatest 

innovation was the adoption of light microscopy to visualise the impact of aggregation-

prone proteins in vivo during aging and disease progression. 
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II.  Methodology and Results 
 
 Much research into the mechanism and effects of aggregation is performed in vitro 

and in cell models. However, the behaviour of aggregation-causing proteins is likely 

affected and influenced by a multitude of factors at a system and organismal level and is 

significantly less understood. C. elegans has emerged as a very powerful model organism 

to study NDs, as it can faithfully recapitulate many of its characteristics and processes 

[70]. The nematode is extremely well characterised: its whole genome has been 

sequenced, with a reported 30% orthology to the human genome; its entire neuronal 

connectome, inclusive of neurotransmitter maps, has been carefully outlined, and most 

of its cellular lineages have been characterised [71]. This simple animal has all the 

properties of a complex organism, with the advantages that it is highly genetically 

malleable, easily tractable and economically scalable to obtain high n numbers. It also 

has a short lifespan of roughly 30 days, making it an extremely attractive model for 

studying aging and age-related decline and pathologies, such as NDs [72]. Furthermore, 

it has been comprehensively established that the PN of the C. elegans collapses during 

aging, and its capacity to maintain protein homeostasis is severely impaired before the 

end of reproductive capabilities, and further gradually drops over time [73]. Modifying the 

gene expression/translation to study downstream and phenotypic nematode behaviour is 

also relatively easy and failproof. RNA interference (RNAi) techniques were developed to 

knock down expression of selected genes by introducing the small interfering RNA 

(siRNA) construct in bacterial strains directly fed to the nematode [74]. Another 

distinguishing feature of the nematode is its optical transparency: its see-though cuticle 

allows for non-invasive and non-destructive visualisation of any protein of interest (POI) 

tagged with a fluorescent probe. The fate and localisation of any POI, from its biogenesis 

to its degradation, through all its transitional states, thus become available to be 

investigated via light microscopy techniques [75]. Light microscopy methodologies were 

also used here in vivo and ex vivo to monitor conformational transition from monomer to 

oligomer, aggregation kinetics and the impact of molecular chaperone overexpression 

and knockdown in mammalian cell cultures. Finally, the advantages of fluorescently 

labelled proteins are also exploited in the in vitro assays utilised in these works, which 

permit to follow aggregation, investigate its kinetics and reveal the impact of chaperone 

complexes on amyloid formation. 
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 In the paper “In vivo quantification of protein turnover in aging C. elegans 
using photoconvertible Dendra2” by Pigazzini and Kirstein, we describe a microscopy-

based technique to quantify the stability and turnover of the HTT protein in the nematode 

[67]. As mentioned above, the cell has evolved many systems to ensure its wellbeing. 

Proteins are constantly being synthetized, transported, and degraded to meet the 

physiological demands of the cell and its surroundings. Investigating these turnover 

processes has become simple and accurate thanks to the introduction of genetically 

encoded fluorescent proteins (FP). The advent of FPs in the early 1990s revolutionized 

many biological fields allowing for the non-invasive, non-destructive following of any POI 

[76]. The fate of a protein, its trafficking, location, compartmentalisation, along with many 

other protein-specific properties, or its interaction partners, can all be studied. FPs can 

be fused to a desired POI and autocatalytically fold without the need of any co-factor 

except oxygen [77]. Employed in this study is a new class of FP, known as 

photoconvertible, photo-switchable or photoactivatable FPs (FAFPs). Upon irradiation, 

FAFPs undergo a structural rearrangement reversibly or irreversibly changing their 

emission/excitation spectra [78]. Dendra2 is a second-generation FAFP which has been 

engineered to irreversible switch its spectrum, upon exposure of violet or blue light, from 

a green emitting protein to a red emitting one, with a 4000-fold increase in intensity. 

Importantly, because of the permanent nature of the conversion, it becomes possible to 

track the red moiety, over time but non-continuously, without collecting interfering signal 

from any newly synthetized green moiety [79, 80]. Dendra2 is a very stable monomeric 

and long-lived protein that matures quickly at physiological temperatures and pH, 

characteristics that make it a very desirable partner for in cell experiments and tagging of 

biologically relevant substrates. Dendra2 can be expressed in any model system attached 

to any desired POI [81]. Within the C. elegans system, conversion occurs by shining a 

laser light through the translucent body of the nematode. The photon beam of a laser 

scanning confocal microscope allows for the precise conversion of a clearly defined 

region of interest: it becomes therefore possible to convert and track the Dendra2 

changes within a single neuron. The quantity of degraded POI tagged to Dendra2, or how 

much of it has been newly synthetized, within a defined time frame, can be calculated by 

comparing the difference between the emitted red, or green, signal intensities before and 

after its conversion [82]. The rate of degradation of a specific POI can thus uncover cell 

type differences, inform the inability to remove certain protein conformations, even over 
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prolonged time, or highlight the impact of aging or disease in clearance mechanisms, and 

generally confirm the gradual collapse of the PN [83]. 

 

 In the research by Pigazzini and Kirstein, we investigated the rate of degradation 

of the HTT protein and the differences that arise in the presence of a pathological version 

of HTT compared to wild type [67]. We generated nematodes that overexpressed HTT 

under the control of a pan-neuronal promoter, from early development throughout life 

(Fig. 4A). The exon 1 of the HTT protein was fused to the Dendra2 FAFP and either 

contained a physiological stretch of 25Qs (hereafter HTTQ25-D2), or an expanded and 

pathological stretch of 97Qs (hereafter HTTQ97-D2) (Fig. 4B). Single neuron conversion 

occurred as expected in both nematode strains (Fig. 4A) and allowed us to obtain results 

relevant to the impact of the pathological HTT. First, we discovered that the neurons of 

the tail region of the nematode were more active in degrading HTTQ25-D2 over a two-

hour timeframe, compared to those of the head. This cell-specific difference was lost in 

the presence of HTTQ97-D2, and head neurons were equally impaired in clearing 

HTTQ97-D2, which was also overall less degraded compared to HTTQ25-D2 (Fig. 4C). 

We then expanded the timeframe of degradation analysis to 24 hours and noticed that 

HTTQ25-D2 was extensively cleared both from the head and the tail regions of the 

nematode. However, tail neurons were again able to remove larger quantities of HTT from 

their cellular milieu compared to head neurons. Differences in the intrinsic 

epigenetic/proteomic make-up of the tail neuron compared to the head neurons may 

explain the different degradation rates. For HTTQ97-D2 however, no significant 

degradation occurred over prolonged time, and all neurons of the nematode were similarly 

unable to clear pathologic HTT (Fig. 4D). This result clearly indicated that pathological 

HTTQ97-D2 cannot be removed by any of the PN machineries in the nematode´s 

neurons. Importantly HTTQ97-D2 presents with foci or puncta that are recapitulations of 

the aggregation abilities of HTT, confirming that characteristics intrinsic to this protein, 

such as its amyloid forming ability and toxicity, are maintained in diverse organisms. 

Finally, we tested the effects of aging on the clearance of HTT. We compared the 

degradation rates in young versus old nematodes at day 4 and 10 of life. HTTQ25-D2 

was removed almost equally during the nematode´s lifetime. As expected, HTTQ97-D2 

was degraded less efficiently compared to wild type. To further highlight the deficiencies 

of neurons in aging, HTTQ97-D2 was even less cleared from the tail cells in old 

nematodes, pointing to the almost complete inability of a collapsing PN to deal with toxic 
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proteins (Fig. 4E). At this point, toxicity might be exacerbated as the lingering pathologic 

proteins inflict more and more damage to defenceless cells.  

 

 

 
 
Figure 4. Tracking degradation of huntingtin-Dendra2 in C. elegans  
A. Schematic representation of the expression of HTT-D2 in C. elegans and illustration of the conversion 
mechanism. A single neuron is irradiated (conversion) and changes its emission spectra from green to red 
(T0). After a certain amount of time, the red signal is decreased as the protein is cleared (T120). B. Confocal 
imaging of the HTT-D2 strain. Large image represents a HTTQ25-D2 young nematode with green D2 
expressed in the whole nervous system. Smaller images represent a magnification of the head region of 
both HTTQ25-D2 (top) and HTTQ97-D2 (bottom). Arrows point to foci/puncta of aggregated HTT in the 
head of the HTTQ97-D2 strain only. C. Bar graphs showing the quantification of HTT-D2 degradation in the 
head and tail region for both strains. HTTQ25-D2 nematodes only exhibited a significant decrease in 
degradation in the tail neurons compared to the head neurons after two hours. D. Bar graphs showing the 
quantification of the degradation rates between head and tail neurons, of both strains, after 24 hours. Even 
after this prolonged period of time, the pathological HTTQ97-D2 is not cleared from the neurons. 
Conversely, the soluble HTTQ25-D2 is removed already at 2 hours, and significantly more after 24 hours. 
E. Bar graph showing the quantification of HTT-D2 degradation in young vs old nematodes of both strains, 
for both head and tail neurons. Significantly less of the expanded HTT of HTTQ97-D2 is removed from the 
neurons, compared to the physiological HTTQ25 in old nematodes. Figures B, C, D and E have been 
adapted from the publication by Pigazzini and Kirstein [67].  
 

 

 Overall, with this methodology it was possible to establish the differences between 

the degradation rates of pathological versus wild-type HTT at an organismal level and 

over time during aging. This method can be the first step to unravel many more questions 
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on proteostasis, neurodegeneration and any of their modulators [84]. Importantly, it can 

be adapted to any biological system, from mammalian cell cultures to zebrafish. Any 

disease-causing protein can be investigated, as an overexpression or at an endogenous 

level, and almost all aspects of its life and fate can be investigated [85, 86]. The technique 

is not without limitations. PAFP constructs are of a chimeric nature and the added 

fluorescent protein potentially distorts the native fold or biochemical and physiological 

function of its conjugated POI. As with most microscopy methodology, in vivo biological 

samples are at risk of suffering phototoxicity [87]. Generally, however, the ease of the 

nematode system in combination with the spatiotemporal definition granted by PAFPs 

has made for an extremely powerful and incredibly versatile technique to investigate the 

life of any POI.  

 

 

 In the second work by Pigazzini et al., titled “Characterization of amyloid 
structures in aging C. elegans using fluorescence lifetime imaging”, we describe a 

technique that allows to differentiate between aggregated versus soluble protein species 

in living and aging nematodes [68]. We took advantage of another powerful imaging tool: 

fluorescence lifetime imaging (FLIM). FLIM exploits the lifetime property of fluorescence, 

which are intrinsic to each fluorescent probe or protein [88]. When a fluorescent molecule 

is excited by a light source and absorbs its energy, its electrons jump from a ground state 

to a higher energy level; with certain probability these electrons will then return to the 

ground state via radiative or nonradiative energy loss. The lifetime of a fluorophore (tau, 

t) is thus defined as the average time (in ns) in which a fluorophore stays in its excited 

state or, equally, the average time it takes for a photon to decay back to its ground state 

(Fig. 5A) [89]. FLIM lifetime measurements are recorded in their time-domain with a 

method called time-correlated single photon counting FLIM (TCSPC-FLIM). A fluorophore 

is excited by short high-frequency pulses of light and its single exponential decay, or the 

time required for the photon to arrive at a detector, is recorded using fast electronics. In 

a stopwatch-like manner, TCSPC measures the time between the excitation and emission 

of the photon. The excitation pulses are repeated thousands of times over to promote 

detection of larger photon counts and improve accuracy of the measurement (Fig. 5B). 

Photons are distributed according to their time-of-arrival and fitted to a decay curve that 

ultimately unveils the lifetime of the excited sample (Fig. 5C) [90]. The lifetime of a 

selected fluorophore is uniquely defined by its precise physico-chemical properties.  
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Figure 5. A visual introduction to FLIM and its application in protein aggregation 
A. Jablonski diagram illustrating the electronic states of a molecule and its transitions through them. When 
a molecule absorbs a photon, it jumps to a higher energy level. As the photon is emitted and returns to its 
ground state, it releases energy in the form of fluorescence. A molecule´s lifetime is defined as the time it 
takes for a photon to return to its ground state after being excited. B. Schematic representation of the time 
domain technique TCSPC-FLIM. A pulsed light laser repeatedly excites a substrate and a single 
exponential decay curve is recorded over time.  C. When scanning a sample, the distribution of the lifetimes 
of photons is collected with spatiotemporal coordinates. A map of lifetimes if generated from which it is 
possible to determine an average lifetime D. Lifetimes depend on the physico-chemical properties of the 
molecule, depicted here is a fluorescent protein. When then fluorophore is bound to a POI, its lifetime 
diminishes. Its lifetime further diminishes when the fluorophore is found in the constricted environment of a 
fibril, due to molecular quenching. Average lifetimes of a sample can inform on the conformational state of 
a protein: high lifetimes represent soluble moieties and low lifetimes represent aggregated species. 
 

 

Changes in either the structural conformation of the fluorophore, its surrounding, its 

binding and interaction networks, result in changes in its lifetime. It therefore becomes 

possible to study the functional behaviour of a fluorescently tagged protein in its native 

biological environment, and any perturbations it suffers, by correlating these transitions 

to variations in its lifetime measurements [91]. Tagging a POI with a fluorescent protein 

will already provoke decreases in the absolute lifetime of the fluorophore, and further 

changes in the conformational states of the selected protein can be monitored by 

differences in its lifetime [92]. In a setting of misfolded and aggregation-prone proteins, 

soluble proteins retain a high/long lifetime, close to that of their conjugated fluorophore. 

However, when a POI is found in the constrained conformational fold of an amyloid 

structure, its lifetime decreases significantly. Trapped in the highly ordered b-sheet fold 

of a fibril, a photon is subject to a loss of energy via a non-radiative process known as 

molecular quenching, and quickly returns to its ground state, resulting in a decrease in 
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recorded lifetime. The photon decay of an excited fluorescent POI encapsulated within 

an aggregate is faster and translates into a shorter lifetime value [93]. Lifetime 

measurements provide information on the conformational species of any POI with 

high/long lifetime values representing soluble proteins, and lower/shorter lifetimes 

corresponding to aggregated populations (Fig. 5D) [94]. Importantly, intermediate lifetime 

values can also inform the presence of intermediate species of oligomers, thus 

illuminating a whole spectrum of folded and unfolded conformation and their transitional 

states, over time, within a biological sample.  

 

 In this work, we again leveraged the formidable and malleable genetics and optical 

advantages of C. elegans. To mimic and study NDs, several nematode strains have been 

created that harbour human disease-prone proteins. These strains authentically emulate 

the hallmark of their aggregation-prone protein behaviour: the formation of large 

inclusions, also termed foci or puncta [95]. We here employed three different nematode 

strains expressing homo-polyQ constructs of pathological lengths fused to different 

fluorophores. The polyQ constructs are expressed in three tissues of the nematode under 

the control of specific promoters: Q40 fused to cyan fluorescent protein (CFP) is 

expressed in the nervous system (hereafter nQ40-CFP); Q40 fused to red fluorescent 

protein (RFP) is expressed in the body wall muscles (hereafter mQ40-RFP); and either 

Q44 or Q85 are expressed in the intestine, fused to a yellow fluorescent protein (hereafter 

iQ44-YFP or iQ85-YFP) (Fig. 6A) [96]. In all tissues and regardless of their conjugated 

fluorophore, the polyQ proteins misfold and aggregate into insoluble inclusions in an age 

dependent manner [97]. By measuring the shifts in lifetimes of these polyQ proteins within 

their cellular environment, it becomes possible to distinguish the species of protein 

present and changing over time: from a soluble population into an aggregated form, and 

any intermediate oligomeric state [94]. In this study, the ability of FLIM to discriminate 

spectrally overlapping fluorophores is key to resolve the protein-specific and 

environment-specific characteristics of proteins tagged with the same fluorophore. Via 

lifetime measurements, we investigated the aggregation landscapes of aging on the 

polyQ tagged proteins in young and old nematodes at day 4 and 8. Furthermore, to 

investigate the involvement of the PN network on aggregation during stress, and 

especially the contribution of molecular chaperones, we observed the shift in aggregation 

patterns after partially depleting via RNAi the constitutively expressed heat shock protein 

1 (hsp-1) (Fig. 6A). In our results, a shift in lifetimes, from higher to lower  
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Figure 6. FLIM characterizes soluble vs aggregated species in C. elegans models 
of NDs, during aging or stress 
A. Schematic representing the nematode stains utilized in this publication. Three different fluorophores are 
expressed fused to polyglutamine proteins in various tissues of C. elegans. At day 4 the polyQ constructs 
are still soluble but these present with large foci in old nematodesn at day 8. Similarly, large inclusions 
appear when animals are depleted of the chaperone hsp-1, via treatment with RNAi over two generations. 
B. Pixel-based pseudo colour maps of the lifetime of the polyQ constructs, for all strain examined. High 
lifetimes tend to the red colour and low lifetimes to the blue. C. Bar graph show the quantification of the 
average lifetime for each polyQ strain. Lifetime show a significant decrease in value from day 4 to day 8 of 
life, for mQ40-RFP and iQ44/iQ85-YFP but not nQ40-CFP. Similarly, subjecting the nematode to the stress 
of chaperone depletion resulted in a decrease in average lifetime of the treated vs untreated mQ40-RFP 
stains at day 8. Figures B and C have been adapted from the publication by Pigazzini et al. [68]. 
 

 

values, corresponding to a reduction in soluble fraction and an increase in aggregated 

population, was recorded in most samples, either due to aging, an excessive glutamine 

load, or stress. polyQ expressed in muscle and intestine cells registered a significant 

decrease in their lifetimes from day 4 to day 8, corresponding to the accumulation of 
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aggregated species, as clearly visible by the apparition of large foci in the affected tissues 

(Fig. 6B; example day 8 iQ44-YFP and day 4 iQ85-YFP). Importantly, the lifetime values 

of iQ85-YFP were significantly lower already at day 4 (Fig. 6C). This low lifetime in young 

nematodes is explained by the very extensive polyQ stretch, which is highly aggregation-

prone due to its expansive hydrophobic misfolded stretch. A yet lower lifetime for iQ85-

YFP was further recorded at day 8, highlighting the even more pronounced speed and 

condensed nature of aggregation of this specific protein structure. For polyQ constructs 

in the neurons, the lifetime did not significantly decrease possibly due to the PN´s capacity 

intrinsic to neuronal cells (Fig. 6C). However, during stress conditions upon knockdown 

of hsp-1 in neurons and muscles, the PN, already coping with toxic polyQs, becomes 

further challenged and impaired. Even in young nematodes, the depletion of a key 

chaperone significantly pushed the misfolded protein towards aggregation, as illustrated 

by the appearance of abundant small foci (Fig. 6C). In lifetime measurements, a broader 

set of values was recorded, signifying the presence of a more heterogenic population of 

protein species in between soluble and oligomeric conformation, and potentially in 

transition towards aggregation. FLIM can in fact assess the degree of aggregation, with 

a widespread distribution of lifetimes within a sample pointing to a complex composition 

of protein structures from monomeric to multimeric and all its intermediates. Importantly, 

because FLIM is not dependent on intensity values, it correctly identifies the aggregated 

nature of a protein based on the change of its conformational structure/surrounding when 

bound to other moieties into an amyloid structure [90]. It can therefore distinguish actual 

aggregates from material formed by high spatiotemporal protein concentration, which 

might appear as foci/puncta in intensity images.  

 
 Overall our results exemplify the versatility and strength of FLIM, which is largely 

independent of fluorophore choice, tissue expression patterns and especially protein 

translational levels. FLIM thus possess many advantages over steady-state intensity-

based microscopy, which is utilised in most microscopy methodologies, as in the other 

works described here. Primarily, FLIM is independent of fluorophore concentrations, 

absolute detected intensity and variations in acquisition devices. As lifetimes are absolute 

self-referenced measurement, they are reproducible, comparable between instruments 

configurations and not subject to illumination discrepancies, producing little artefacts, and 

resulting in robust repeatable results [98]. However, this technique, although extremely 

powerful, also suffers from limitations. The physical and technical set up is financially 
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costly to obtain and maintain. From a sample perspective, because of the sensitivity of 

FLIM, changes in the general environment or in temperature, pH, ion concentrations, and 

oxygen saturation levels, as well as the presence of multiexponential lifetimes, can 

complicate interpretation of data [99]. Furthermore, TCSPC measurements require long 

acquisition times, which might prevent the visualisation of fast processes. Better 

acquisition hardware and promising new techniques are however pushing towards 

imaging of fast dynamic events, which will aid in better characterising protein 

conformational transition [100]. 

 

 

 Finally, in the work of Scior et al., “Complete suppression of HTT fibrilization 
and disaggregation of HTT fibrils by a trimeric chaperone complex” we 

demonstrated the ability of a specific trimeric chaperone complex to maintain HTTex1 in 

a soluble form, by suppressing its aggregation potential and even reversing its amyloid 

state, alleviating the cell of a potentially toxic burden [69]. To obtain mechanistic insight 

on the kinetics of self-assembly of HTT and discover the key chaperone complex that 

inhibits this process, an assay based on Förster resonance energy transfer (FRET) was 

established. FRET occurs between two light sensitive molecules: the first molecule, 

termed the donor, is exited at its defined wavelength and will transfer its energy to a 

second molecule, the acceptor, only when the couple are found sufficiently close in space; 

the now-excited acceptor will then emit light of its own wavelength. Here, HTTex1, 

containing a pathological stretch of 48Qs, was tagged with a donor cyan fluorescent 

protein CyPet and an acceptor yellow fluorescent protein YPet, together constituting a 

FRET pair [101]. As molecules of HTTEx1-CyPet come in very close proximity and merge 

into the tightly packed amyloid structure with the molecules of HTTEx1-Ypet, a transfer 

of energy from the CyPet-donor to the YPet-acceptor occurs and a FRET signal is 

recorded. The FRET efficiency thus acts as a readout for HTT aggregation. An absent 

FRET signal represents monomeric and soluble HTT moieties kept at great distance. 

Over time, as monomers of mutant HTT encounter each other and nucleation begins, 

HTT´s polymeric seeds incorporate further monomers and an increase in the FRET signal 

is recorded. In the subsequent elongation phase, oligomers, protofibrils and longer fibrillar 

structures are formed, exponentially increasing the FRET efficiency and signal. Once the 

FRET signal reaches a plateau, the amyloid is fully formed, and most monomers are now 

incorporated into large structures. To gain control over the precise starting point of  
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Figure 7. A trimeric chaperone complex is able to suppress aggregation and 
promote disaggregation in vitro 
A. Schematic representation of the FRET aggregation assay. Mutant HTTex1 is purified fused C-terminally 
to a fluorophore (CyPet or Ypet) and N-terminally to a GST-tag. Once the PreScission protease is added 
to the reaction, HTT starts its fibrilization, bringing the fluorophores together and producing a FRET signal. 
B. TEM images and accompanying schematics of the fibril formed by HTT, and the absence of these in the 
presence of chaperones after 24 hours. C. FRET analysis of HTT fibrillization: flat line represents 
suppression, sigmoidal curve represents full fibrilization, and curves in between point to partial suppression 
of aggregation. i) the DNAJB1/HSP70/APG2 trimeric complex exclusively suppresses fully HTT fibrilization; 
ii) nematode orthologs of the human trimeric complex also fully suppress HTT fibrilization; iii) a precise 
concentration of the co-chaperone DNAJB1 is necessary to achieve full suppression. D. TEM images and 
experimental schematic of the disaggregation process: after 20 hours, chaperones re-solubilize fully formed 
HTT fibrils. E. Filter retardation assay analysing the effective disaggregation activity of the chaperones over 
time, and correspondent quantification. Figures have been adapted from the publication by Scior et al. [69].  
 

 

aggregation, HTTEx1-CyPet/YPet moieties were recombinantly purified attached to a 

GST-tag (Fig. 7A). The GST-tag aids in purification, maintains the HTT soluble and thus 

inhibits its spontaneous aggregation: initiation of fibril formation only occurs when the 

GST is cleaved by addition of a site-specific protease. This FRET assay thus allows high 
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temporal control and straightforward and robust interpretation of aggregation and 

becomes especially apt to study the impact of chaperones on amyloid formation (Fig. 7B). 

A complex of human chaperones comprising the chaperones Hsc70, the co-chaperone 

DNAJB1 and the nucleotide exchange factor APG2 (NEF), which was previously 

identified as disaggregating α-synuclein in vitro [102], was tested first in the FRET based 

HTT aggregation assay. In the presence of individual members of the trimeric complex, 

regardless of their concentration, HTT fibrillization occurred ‘normally’, as if no other factor 

was present in the reaction (Fig. 7C-i). Similarly, the presence of Hsc70 and DNAJB1 

only resulted in partial suppression and a delay in aggregation. Finally, inclusion of Hsc70, 

DNAJB1 and APG2 resulted in the complete suppression of HTT fibrillization for a 

prolonged period of time. Importantly, the trimeric complex was always in excess of HTT 

and found to be optimally functional at a precise stoichiometry (Fig. 7C-i). To investigate 

if the ability of this complex was conserved throughout metazoans, the C. elegans 

orthologs of the human trimeric complex members were also tested in their ability to 

suppress HTT fibrillization [103]. Complete suppression was also observed in the 

presence of the complex composed of HSP-1, DNJ13 and HSP-110, albeit with slightly 

diverse chaperones to HTT concentrations (Fig. 7C-ii). Regardless of the origin of the 

chaperone protein, it emerged that the suppression process was absolutely dependent 

on the presence ATP, and the ATPase activity of HSP-70/HSP-1, and only optimally 

functional when inclusive of the bulky nucleotide exchange factor APG2/HSP-110 (Fig. 

7C-ii). Moreover, many combinations of chaperones and co-chaperones were tested to 

establish the most potent suppressors. While several compositions of trimeric complex 

were less effective to various degrees, it became evident that the concentration and 

identity of the Hsp40 cochaperone is the limiting factor for fibril suppression, possibly due 

to its client selection and binding capacity (Fig. 7C-iii). Remarkably, and here described 

for the first time, the same chaperone members were found to be responsible for active 

re-solubilisation, or disaggregation, of preformed HTT fibrils (Fig. 7D). The combined 

presence of Hsc70/HSP-1, DNAJB1/DNJ13 and APG2/HSP-110 was able, via the 

conjunct ATP-dependent action of both HSC70/HSP-1 and APG2/HSP-110, to 

substantially remodel and take apart HTT moieties (Fig. 7E). 

 

To validate the power of the trimeric complex, the in vitro results of HTT fibril 

suppression/disaggregation needed to be confirmed in vivo and ex vivo. Once again, the 

C. elegans model system, in combination with light microscopy and RNAi techniques, 
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was employed to study the effects of the trimeric complex chaperones of aggregation in 

vivo. siRNA-mediated knockdown of the chaperons was performed in nematode strains 

containing YFP-tagged fusion constructs of either HTT or ataxin (ATX) [104]. HTT and 

ATX are respectively responsible for HD and spinocerebellar ataxia and, when 

overexpressed in the nematode, mimic their aggregation patterns during aging. Upon 

individual knockdown of the nematode specific chaperones, HSP-1, DNJ-13 or HSP-110, 

the formation of large polyQ aggregates was increased compared to control, suggesting 

the involvement of these chaperones in maintaining solubility of HTT or ATX in vivo (Fig. 

8A). To further substantiate these results in a clinically relevant model, the effects of the 

human trimeric complex were tested in neuronal progenitor cells (NPC) reprogrammed 

from HD patient [105]. siRNA induced knockdown in NPCs of DNAJB1 and, separately, 

APG2, resulted in a pronounced increase in HTT aggregation load (Fig. 8B).  

 

 

 
 
Figure 8. In vivo validation of the impact of the chaperone on aggregation 
A. Schematic and confocal images of C. elegans strains subjected to depletion of chaperones via RNAi 
knockdown. Strains investigated include two ND models and a control. All stains showed significant 
increase in foci formation upon knockdown of the trimeric chaperone complex components. B. 
Characterization of neuronal progenitor cell derived from reprogrammed pluripotent stem cells from HD 
patients. NPC express the specific markers for their lineage. Filter retardation analysis of the effect of 
siRNA-mediated knockdown of the trimeric complex in NPCs shows that aggregation of endogenous HTT 
is exacerbated upon depletion of the DNAJB1. C. Western blot and filter trap analysis of the aggregation 
propensity upon upregulation of DNAJB1 in an overexpression cell model of HTTQ97-GFP. Upon 
overexpression of the co-chaperone DNAJB1 the aggregated fraction of HTT is significantly reduced. 
Quantification of these experiments is shown in the bar graphs on the right. All figures have been adapted 
from the publication by Scior et al.[69].   
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Conversely, overexpression of DNAJB1 alone in mammalian cultures overexpressing 

toxic variants of HTT exhibited a rescue effect, and by interacting with HTT, reduced it 

aggregation propensity. In agreement with its role played in vitro, DNAJB1 thus confirms 

itself as a key chaperone capable, in cooperation with Hsp70 and APG2, of preventing 

HTT aggregation, promoting suppression and possibly ameliorating aggregation-induced 

cytotoxicity (Fig. 8C). Suppression and disaggregation were also confirmed in vitro by 

complementary biochemical assays such as the filter retardation assay or sedimentation 

analysis, and by visualisation of both fibrils and monomers/oligomers via transmission 

electron microscopy (TEM), and immunogold labelling followed by TEM for colocalization 

of chaperones with HTT fibrils. For in vivo assays extensive immunohistochemistry 

coupled with light microscopy was performed. Although the trimeric complex function has 

been comprehensively characterised, its relevance at an organismal level, and its specific 

involvement in neurons is still missing. Nevertheless, the combination of all reported 

assays, from in vitro, to ex vivo, and in vivo, conclusively establishes the trimeric complex 

as a powerful player of the PN, capable of maintaining HTT solubility and functionality, 

and preventing it from forming off-pathway intermediates and harmful aggregates [106]. 

Information on the exact binding sites between chaperones and their 

oligomeric/protofibrillar structures, or with the monomers, if different, is however still 

unknown. Unmasking these domains would yield important information on which domain 

to target to boost the PN. The PN´s singular capability to disaggregate and reshape the 

aggregation landscape further make the trimeric complex a desirable target of therapeutic 

potential. 
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III. Clinical applications and future questions 
 
 The strength of all techniques here described lays in their translational potential. 

To this date there is still no cure for any ND. Although NDs are heavily studied 

interdisciplinary, the lack of a full understanding of their mechanistic aetiology has 

restricted therapeutic intervention [10]. Highlighting the complexities of these disorders, 

is the failure of strategies that show great potential in animal models, only to be terminated 

as ineffective, or even counterproductive, in clinical trials. Many drugs have been 

developed, based on either biological agents (i.e. monoclonal antibodies) or chemical 

compounds, to stop the production of disease-relevant protein [107]. Recently a new 

class of drugs based on RNA interference has reported success for both HD and ALS. 

This approach utilises antisense oligonucleotides (ASOs) which bind and degrade 

messenger RNA resulting in dose-dependent reduction in protein levels. Great promise 

also lies in the application of genome-editing CRISPR-Cas9 technology, especially for 

monogenic disorders such as HD, where cutting out glutamines from the expanded allele 

would effectively abolish the disorder [108]. Finally, modulation of the PN to enhance its 

cellular quality control to maintain protein homeostasis is a fundamental therapeutic 

strategy. To reinforce the natural cellular defences, activators, enhancers, inhibitors and 

repressors of various components of the PN are all being continuously developed [109].  

 

In this scenario, the methodologies and results described in this research summary 

may prove useful (Fig. 9). The in vitro FRET assays can be employed in large-scale small-

molecule screens to identify novel synthetic or biological compounds that prevent or 

promote aggregation both in the presence or absence of the powerful trimeric chaperone 

complex. The mechanism of any ‘hit’ can then be assessed biochemically or via cellular 

models to establish whether they function, for example, by direct fibril binding or by 

boosting the singular or synergistic activity of chaperones. For further testing at an 

organismal level, or indeed rescan the libraries of available compounds, the C. elegans 

model can be once again utilised. Several strains of nematodes expressing disease-

relevant proteins are already available that reproduce characteristic NDs features, as for 

example the newly generated HTT-expressing strains described here, which exhibit large 

aggregate formation alongside reduced proteostasis activity [110]. With the use of FLIM, 

and its ability to visualise the presence of soluble, oligomeric and insoluble material live 

and over time, the impact of any pharmacological intervention can be monitored live to 
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distinguish between aggregation-enhancing and aggregation-reducing tactics. Similarly, 

useful, is the employment of photo conversion to trace the turnover of any disease-

relevant protein. Testing in vivo the power of selected compounds in enhancing or slowing 

clearance of toxic proteins becomes easily quantifiable and can be a guideline on which 

substances show most promising future results. Furthermore, C. elegans phenotypic 

readouts can provide information on the efficacy of combinatorial drug-treatments that 

together improve energy metabolism, immune response, and diminish aggregate load 

[111].  

 

 

 
 
Figure 9. Complementary methodology and model systems allow for screening of 
future effective treatments for neurodegenerative disorders.  
Illustration represents the potential therapeutic applications of the methodologies described in this synopsis. 
Novel light microscopy techniques alongside biochemical assays are combined with various in vitro, cellular 
and organismal models to screen compounds for their effectiveness. Promising targets can then be 
validated in higher mammals before being tested in clinical trials. Ultimately, all strategies are aimed at 
discovering a treatment for neurogenerative disorders. 
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 The field of protein aggregation has developed greatly in the past 20 years and 

technical advancements have recently brought breakthrough in the structural 

characterisation of amyloid fibrils and their building block. Notwithstanding, the 

relationship between structure-function-pathogenesis is still poorly understood and the 

discovery of fibril polymorphism and related toxic species has added a layer of complexity 

to current understanding. Exactly how much pathology is caused by monomer, oligomers 

or amyloids and what is the contribution of the vasculature, microbiome or immune 

response is still unknown or underappreciated. Finally, just how these toxic structures 

interplay with and impede the proteostasis network, and how can they impact neurons 

selectively, in the context of an aging organism, is still unclear. All are fundamental, yet 

unanswered, questions towards understanding and solving the riddle of 

neurodegeneration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Synopsis 

 39 

IV. Personal Contribution 
 

 The work described herein was performed throughout my years as a doctoral 

student in the laboratory of Prof. Dr. Janine Kirstein, under the joint supervision of Prof. 

Dr. Ralf Schülein at the Leibniz-Forschungsinstitut für Molekulare Pharmakologie im 

Forschungsverbund Berlin e.V. (FMP). The experimental work of the first publication ´In 

vivo quantification of protein turnover in aging C. elegans using photoconvertible 

Dendra2` was entirely performed by myself, and the conception and writing of the 

manuscript was performed in collaboration with Janine Kirstein. The work included the 

creation of novel C. elegans lines and extensive testing and optimisation of the imaging 

technique. The idea behind the second publication ´Characterisation of amyloid 

structures in aging C. elegans using fluorescence lifetime imaging’ was conceived by 

Christian Gallrein, Janine Kirstein and myself; experiments and analysis were performed 

by the first co-authors, while the manuscript was written by me, with oversight from Janine 

Kirstein. The C. elegans FLIM technique was newly introduced and set-up at our institute 

after I learned it during a short fellowship at Cambridge University. Importantly, both 

articles are accompanied by online visual guides in the form of a video, which were 

scripted by me, and acted by all co-authors. Finally, the publication ´Complete 

suppression of HTT fibrilization and disaggregation of HTT fibrils by a trimeric chaperone 

complex´ was the result of an extensive inter and intra-laboratory collaboration and my 

contribution was mainly related to obtaining and analysing empirical data. Several 

questions related to this publication subsequently became part of my own doctoral 

investigation. 
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Article

Complete suppression of Htt fibrilization and
disaggregation of Htt fibrils by a trimeric
chaperone complex
Annika Scior1, Alexander Buntru2, Kristin Arnsburg1, Anne Ast2, Manuel Iburg1, Katrin Juenemann1,

Maria Lucia Pigazzini1,3, Barbara Mlody2, Dmytro Puchkov1, Josef Priller4, Erich E Wanker2,*,

Alessandro Prigione2 & Janine Kirstein1,**

Abstract

Huntington’s disease (HD) is a neurodegenerative disorder caused
by an expanded CAG trinucleotide repeat in the huntingtin gene
(HTT). Molecular chaperones have been implicated in suppressing or
delaying the aggregation of mutant Htt. Using in vitro and in vivo
assays, we have identified a trimeric chaperone complex (Hsc70,
Hsp110, and J-protein) that completely suppresses fibrilization of
HttExon1Q48. The composition of this chaperone complex is variable
as recruitment of different chaperone family members forms
distinct functional complexes. The trimeric chaperone complex is
also able to resolubilize Htt fibrils. We confirmed the biological
significance of these findings in HD patient-derived neural cells and
on an organismal level in Caenorhabditis elegans. Among the
proteins in this chaperone complex, the J-protein is the concentra-
tion-limiting factor. The single overexpression of DNAJB1 in HEK293T
cells is sufficient to profoundly reduce HttExon1Q97 aggregation
and represents a target of future therapeutic avenues for HD.
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Introduction

Huntington’s disease (HD) is caused by a CAG trinucleotide repeat

expansion in the first exon of the Huntingtin gene (HTT), which

renders N-terminal fragments of the protein (HttQn) aggregation-

prone and ultimately results in b-sheet formation and amyloid

fibrilization. The pathogenic threshold of the polyQ expansion in

HTT is 35, and the aggregation propensity correlates with the

number of glutamine residues (Scherzinger et al, 1999; Gusella &

MacDonald, 2000). The aggregation of HttQn is proteotoxic and is

associated with cellular dysfunction and neuronal degeneration

(Hoffner et al, 2007). Consequently, the search for factors that inter-

fere with the amyloid formation in particular by suppressing the

formation of toxic oligomeric and high molecular weight aggregates

such as amyloid fibrils represents an attractive therapeutic strategy.

Commonly, in response to protein misfolding and aggregation the

cell induces the expression of the proteostasis network (PN) that is

composed of proteases, molecular chaperones, and many other

proteins (Balch et al, 2008). However, the expression of polyQ

proteins fails to induce this network (Bersuker et al, 2013). The

expression of HttQn triggers a protein aggregation cascade. Oligo-

mers and protofibrils can act as nuclei (seeds) that induce a confor-

mational switch in soluble monomeric HttQn molecules by primary

and secondary nucleation events (Scherzinger et al, 1999; Wetzel,

2012; Kakkar et al, 2016). Moreover, HttQn fibrils sequester aggre-

gation-prone endogenous proteins and molecular chaperones and

also inhibit the ubiquitin proteasome system (Olzscha et al, 2011;

Hipp et al, 2012; Kirstein-Miles et al, 2013; Kim et al, 2016). Such

an impairment of the PN leads to further accumulation of misfolded

and aggregated proteins that ultimately results in degeneration of

the affected neuronal cells (Cicchetti et al, 2011).

Molecular chaperones represent an attractive target to prevent

the accumulation of proteotoxic amyloid proteins such as HttQn as

demonstrated by recent findings. The first observations that chaper-

ones can to a certain extent decrease the aggregation propensity of

HttQn in in vitro assays were obtained using bacterial or yeast

Hsp70 and Hsp40 (J-protein) chaperones, respectively (Muchowski

et al, 2000). In vivo, overexpression of Hsp70, J-protein, Hsp110, or

TRiC reduces the aggregation toxicity of Htt in cultured cells, flies,

and HD mouse models (Chan et al, 2000; Tam et al, 2006; Kuo et al,
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2013; Monsellier et al, 2015; Kakkar et al, 2016). It was also

observed that expression of two chaperones (Hsp70/J-protein or

Hsp110/J-protein) synergistically suppressed Htt aggregation (Kuo

et al, 2013). These findings are in agreement with previous reports

indicating that these chaperones form functional complexes

(Rampelt et al, 2012; Nillegoda et al, 2015) and suggest that they

cooperate in vivo to prevent or reverse polyQ aggregation (Chan

et al, 2000; Kuo et al, 2013). Despite these efforts, many open ques-

tions remain. Are there specific chaperones or chaperone complexes

that recognize distinct moieties of misfolded and aggregated Htt?

The diversity within the chaperone families increased in the course

of evolution (Brehme et al, 2014). A pronounced expansion in

the number of distinct chaperones occurred, for example, within the

J-protein family, suggesting an increased functional specialization of

chaperones. Do chaperones interfere with the nucleation events of

beta-sheet formation or influence seeding activities? Can chaperones

resolubilize Htt once it is assembled into amyloid fibrils?

To address these questions, we set out to gain mechanistic

insights into how chaperones maintain and restore the solubility of

HttQn in vitro and in vivo. In this study, we demonstrate that a

trimeric chaperone complex composed of a member each of the

Hsp70, Hsp110, and type B J-protein family can completely suppress

the amyloid fibril formation of HttExon1Q48 and almost completely

the fibrilization of HttExon1Q75. We also demonstrate for the first

time the disaggregation of HttExon1Q48 fibrils by this trimeric chap-

erone complex. The composition of the chaperone complex is vari-

able. The combination of different Hsp70 and J-protein chaperones

together with Hsp110 leads to distinct chaperone complexes that

exhibit different suppression and disaggregation activities. Depletion

of these chaperones in HD patient-derived neural progenitor cells

(NPCs) leads to a pronounced increase in Htt protein aggregates

(Q44). We could confirm the importance of Hsc70, HSP-110, and the

J-protein to maintain the solubility of HttQn and related polyQ

proteins on an organismal level in Caenorhabditis elegans. We can

show that the J-protein is the chaperone component whose concen-

tration is most critical in the in vitro assays and exhibited the stron-

gest effect on HttQ44 upon knockdown in the NPCs. Accordingly,

overexpression of a specific J-protein (DNAJB1) can ameliorate the

aggregation of HttExon1Q97 in human cell culture.

Results

FRET-based assay to monitor the fibrilization of HttExon1Q48

To gain mechanistic insight into how molecular chaperones maintain

Htt protein species in a soluble state and prevent their self-assembly

into amyloid fibrils, we employed a FRET-based HttExon1 aggrega-

tion assay. The assay is based on GST-HttExon1Q48 that is fused at

the C-terminus to either CyPet or YPet (Nguyen & Daugherty, 2005).

These fluorescent proteins represent a potential FRET pair with

CyPet being the donor and YPet the acceptor molecule. The globular

GST tag fused to the N-terminus inhibits the fibril formation of the

pathogenic polyQ stretch in the HttExon1 fragment. The cleavage of

this tag with the PreScission protease (PreSP) liberates the

HttExon1Q48-CyPet/YPet (from now on referred to as HttExon1Q48)

protein and initiates its self-assembly into fibrils (Fig 1A). In this fib-

rilized form, the fluorescent fusion proteins come into close proxim-

ity that enables the energy transfer from CyPet to YPet. Thus, the

FRET efficiency between CyPet and YPet reports on the aggregation

status of HttExon1Q48 (Fig 1A).

We additionally used transmission electron microscopy (TEM)

analysis to monitor the aggregation of the HttExon1Q48 proteins

in vitro. Images taken 24 h post-PreSP treatment of tagged and

untagged HttExon1Q48 proteins show fibrilization of the Htt proteins

and validate amyloid formation. Furthermore, they demonstrate that

the fluorescent tags do not interfere with amyloid formation (Figs 1B

and EV1A). Using the FRET-based Htt fibrilization assay, we

▸Figure 1. Trimeric human chaperone complex can suppress the fibrilization of HttExon1Q48 and resolubilize HttExon1Q48 fibrils.

A Scheme of experimental FRET-based assay for the analysis of fibrilization of HttExon1Q48. In all FRET assays, we use the fluorescently tagged HttExon1Q48-YPet/CyPet
proteins yet refer to them as HttExon1Q48 for clarity.

B TEM images of HttExon1Q48 fibrils at time points 0 and 24 h after addition of PreSP. Analysis of the sedimentation by ultracentrifugation of HttExon1Q48 24 h post-
PreSP treatment is depicted below. The supernatant represents the soluble species and the pellet the insoluble HttExon1Q48 protein. The total depicts a sample
before the centrifugation step. Scale bars: 200 nm.

C FRET analysis of HttExon1Q48 fibrilization. The black curve represents the HttExon1Q48-YPet/CyPet mixtures alone (no chaperone control) in all figures. The relative
concentrations of HttExon1Q48 and the chaperones are indicated as ratios in brackets. The first number always refers to HttExon1Q48. The chaperones were added at
time point 0 together with HttExon1Q48 and PreSP. The addition of Hsc70, Apg2, and DNAJB1 completely suppresses the fibrilization of HttExon1Q48 (bright red
curve). The effect of individual chaperones and chaperone mixtures on the HttExon1Q48 fibrilization is indicated in the figure. The non-pathogenic HttExon1Q23-YPet/
CyPet mixtures display no FRET post-PreSP treatment even upon doubling their concentration (dark blue and turquoise curves).

D TEM analysis of the suppression of HttExon1Q48 fibrilization by Hsc70, Apg2, and DNAJB1. A scheme of the experimental outline is depicted on the right. The red
arrow refers to the time point of sample analysis. Scale bar: 100 nm.

E Suppression of HttExon1Q48 fibrilization by sedimentation analysis in the absence or presence of Hsc70, Apg2, DNAJB1, and ATP. The values refer to the ratio between
the fluorescent signal of HttExon1Q48-CyPet in the supernatant (soluble) and pellet (aggregated moiety) fraction. Depicted is the average of three independent
experiments with error bars representing the standard deviation.

F Sedimentation analysis of the disaggregation of HttExon1Q48 by Hsc70, Apg2, and DNAJB1 in the presence or absence of ATP. Depicted are the ratios of supernatant
(soluble) to pellet (aggregated HttExon1Q48). Depicted is the average of three independent experiments with error bars representing the standard deviation.

G TEM analysis of disaggregation of HttExon1Q48 fibrils by Hsc70, Apg2, and DNAJB1. The top left image depicts fibrils after 24 h post-PreSP treatment and the top
right after an additional 20 h without addition of chaperones. The bottom row depicts images of HttExon1Q48 fibrils 24 h post-PreSP + 1 h (left), 4 h (middle), and
20 h (right) in the presence of Hsc70, Apg2, DNAJB1, and ATP. A scheme of the experimental outline is depicted on the right. The red arrow refers to the time point of
sample analysis. Scale bar: 100 nm.

H Filter retardation analysis of HttExon1Q97-HA aggregates. Lysates of HEK293T cells expressing HttExon1Q97-HA were probed on the filter membrane with antibodies
against HA (HttExon1Q97), DNAJB1, Apg2 (Hsp110), and Hsc70 to detect their association with the respective chaperones (second to fourth membranes) and to
confirm the presence of the HttExon1Q97 aggregates (first membrane). Lysates were spotted on the filter in duplicates, and the bottom row depicts the control (cells
that do not express HttExon1Q97-HA).
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observed an initial decrease in FRET efficiency that accounts for the

monomerization of the GST-tagged Htt proteins. After a lag phase of

about 3 h, the FRET efficiency sharply increases, reflecting the fibril-

ization process (elongation phase). The FRET signal reaches a

plateau within the next 2 h and remains there for the entire duration

of the experiment (Fig 1C; black curve). TEM analysis of samples of

the plateau phase shows only fibrilized Htt that can be sedimented

with ultracentrifugation (Fig 1B), indicating that HttExon1Q48 is

converted into amyloid fibrils. We used a sedimentation approach to

further validate the time course of fibrilization. For that, we used the

CFP fluorescence of HttExon1Q48-CyPet as readout for the abun-

dance of the protein in the soluble and insoluble fractions and

could confirm the aggregation of HttExon1Q48 at the respective

time points post-PreSP treatment (Fig EV1B), mirroring the FRET fib-

rilization curve (Fig 1C; black curve). As a control, we employed

HttExon1Q23-CyPet/YPet constructs whose polyQ length is below the

pathogenic threshold of 35Q residues required to form Htt fibrils. As

expected, the HttExon1Q23-CyPet/YPet proteins do not exhibit any

FRET upon PreSP treatment even when we doubled the HttExon1Q23

concentration (Fig 1C; dark blue and turquoise curves). Taken

together, we conclude that the FRET assay provides a quantitative

and reliable method to monitor the fibrilization of HttExon1Q48.

A distinct trimeric chaperone complex completely suppresses
and reverses HttExon1Q48 fibril formation

Recently, a metazoan disaggregation complex was identified that

has the capacity to disaggregate amorphous aggregates as well as a-
synuclein fibrils in vitro (Rampelt et al, 2012; Gao et al, 2015; Nille-

goda et al, 2015). Disaggregation in higher eukaryotes requires a

member of the Hsp70 chaperone family, a corresponding J-protein

and a member of the Hsp110 protein family (Rampelt et al, 2012).

Complete suppression of amyloid fibril formation has not been

demonstrated yet. Therefore, we set out to first test the ability of

human chaperones to suppress the formation of HttExon1Q48

amyloid fibrils by using the aforementioned FRET-based aggregation

assay. First, we analyzed human chaperones that exhibited in vitro

disaggregation activity for a!synuclein fibrils (Gao et al, 2015).

This included the constitutive Hsc70 protein, the Hsp110 protein

Apg2, and the class B J-protein DNAJB1. All chaperones were puri-

fied without additional tags. The purities of all chaperones and

HttExon1Qn variants used in this study were assessed by SDS–PAGE
and Coomassie staining (Fig EV1D). We then mixed HttExon1Q48

with the respective chaperones just prior to PreSP treatment. The

addition of individual chaperones did not affect the fibrilization

kinetics of HttExon1Q48 (Fig 1C). The proteins Hsc70 and DNAJB1

together, however, suppressed the aggregation of HttExon1Q48 for

about 15 h. The additional presence of Apg2 (Hsp110) led to a

complete suppression of HttExon1Q48 fibrilization for the entire

duration of the experiment (20 h; red curve). We refer from now on

only to a complete suppression if the chaperones fully inhibit any

FRET signal of the HttExon1Q48-CyPet/YPet pair over the complete

time period of the experiment that lasts usually between 20 and

30 h. The three chaperones functionally cooperate to suppress the

HttExon1Q48 fibrilization and are from now on referred to as chaper-

one complex. The full suppression of aggregation required ATP and

a sevenfold excess of Hsc70 over HttExon1Q48 protein. The ideal

ratio between the chaperones Hsc70:DNAJB1:Apg2 for this activity

is 2:1:1 (Fig 1C and data not shown). We confirmed the suppression

of fibrilization by TEM and sedimentation analyses (Fig 1D and E).

We analyzed the GST-cleavage reaction in a time course reaction in

the presence and absence of the chaperones to exclude the possibil-

ity that the addition of the chaperones might inhibit or delay the

PreSP cleavage reaction that liberates the HttExon1Q48 from the GST

tag. Importantly, we did not observe an adverse effect of the chaper-

ones on the GST-cleavage reaction (Fig EV1C). Next, we asked if

the same chaperone complex could also disaggregate preformed

HttExon1Q48 fibrils. We incubated Hsc70, Apg2, and DNAJB1 and

ATP with HttExon1Q48 fibrils and analyzed samples after 1, 4, and

20 h by TEM. As can be seen in Fig 1G, the addition of the chaper-

ones results in a decrease in fibrils over time. No fibrillar structures

were visible at the 20-h time point. We confirmed the TEM data of

the disaggregation using first a sedimentation analysis of

HttExon1Q48 in the presence or absence of chaperones and ATP

(Fig 1F) and second by using a filter retardation analysis that allows

the detection of SDS-resistant amyloid proteins (Fig 4E). Taken

together, these studies show that the chaperone complex Hsc70,

Apg2, and DNAJB1 can suppress and reverse the aggregation of

HttExon1Q48 in vitro. To demonstrate a physical interaction of all

three chaperones with the aggregated Htt moiety, HttExon1Q97-HA

aggregates from HEK293T cells were isolated via a filter retardation

assay and probed with antibodies against Hsc70 (HSPA8), DNAJB1

and Apg2 (HSPA4). All three chaperones were found to be associ-

ated with the aggregated HttExon1Q97-HA moiety isolated from

HEK293T cells (Fig 1H).

Suppression of HttExon1Q48 fibrilization is conserved
in metazoan

For the subsequent studies, we employed the C. elegans orthologs

of the three human chaperones HSP-1 (Hsc70), HSP-110 (Apg2),

and DNJ-13 (DNAJB1) as these proteins allow us to complement the

in vitro data with in vivo analyses of suppression and disaggregation

of HttQn in a living animal. This is of particular importance as Hunt-

ington’s disease is a late onset neurodegenerative disease and the

chaperone capacity to maintain Htt proteins soluble can be studied

in an aging animal model such as C. elegans (Morley et al, 2002;

Kirstein et al, 2015). The chaperome of C. elegans is of similar

complexity as the human chaperone, yet has the advantage of

encoding only one cytosolic HSP-110 protein that allows depletion

of disaggregase activity by RNAi-mediated knockdown of a single

gene (Table EV1; Nikolaidis & Nei, 2004; Rampelt et al, 2012;

Brehme et al, 2014).

As observed for the human chaperones (Fig 1C), incubation of

HttExon1Q48 with the individual nematode orthologous chaperones,

HSP-1 (Hsc70), HSP-110 (Apg2), and DNJ-13 (DNAJB1) alone, did

not affect the aggregation kinetics (Fig 2A). However, when HSP-1

and DNJ-13 were added together to HttExon1Q48 monomers, we

detected a strong delay and overall decrease in fibrilization. The

additional presence of HSP-110 led to a complete suppression of

HttExon1Q48 fibrilization (Fig 2A) similar to the human proteins

(Fig 1C). The suppression requires an excess of chaperones over

HttExon1Q48 proteins and complete suppression could be observed

at a HSP-1:HttExon1Q48 (monomer) 3.5:1 ratio or higher and is thus

more efficient compared to the human chaperones that require an

excess of Hsc70:HttExon1Q48 of 7:1 (Figs 1C, and 2A and B). The
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optimal ratio between the chaperones HSP-1:DNJ-13:HSP-110 is

2:1:1 (Fig 2B). Interestingly, sub-stoichiometric chaperone concen-

trations of HSP-1 and HSP-110 can be tolerated if DNJ-13 is present

in excess (Fig 2B; compare orange with pink curve). TEM analysis

revealed that in the presence of HSP-1, HSP-110, DNJ-13, and ATP,

no fibrils or any other larger assemblies can be detected, which con-

firms the data obtained with the FRET assay (Fig 2A and C). Next,

we wanted to test if the three chaperones could also suppress the

aggregation of HttExon1 harboring a longer polyQ stretch. For that,

we analyzed the aggregation of HttExon1Q75 in the presence and
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absence of the three chaperones over a time course of 0, 5, and 24 h

using a filter retardation assay as readout. Indeed, HSP-1, DNJ-13,

and HSP-110 could in addition to HttExon1Q48 also almost comple-

tely suppress the aggregation of HttExon1Q75 (Fig 2D).

Suppression of HttExon1Q48 requires ATP hydrolysis by HSP-1
and the NEF activity of HSP-110

The observation that HSP-110 is required for a complete suppression

argues for an ATPase cycle-dependent chaperone activity to

suppress the fibril formation of HttExon1Q48. Thus, we analyzed the

suppression of HttExon1Q48 in the presence of either ATP or the

non-hydrolyzable ATP analog AMP-PNP. AMP-PNP binding locks

Hsp70 in an open conformation with a high on and off rate for

substrate binding yet prevents ATP-hydrolysis reactions (Gao et al,

1994). Notably, AMP-PNP did not support the suppression arguing

for an ATP-hydrolysis-dependent mechanism (Fig 2E; light blue

curve).

Next, we titrated the amount of ATP and used either 2 or 5 mM

with an ATP regeneration system (PK and PEP) to replenish

converted ATP (to ADP) back to ATP. The presence of 2 mM ATP

supported the HSP-1/HSP-110/DNJ-13-mediated suppression of

HttExon1Q48 for 11 h, and the addition of 5 mM for 24 h and the

additional presence of the regeneration system extended the

suppression period to 30 h (Fig 2E; compare green, purple and red

curves). These findings indicate that chaperone-mediated suppres-

sion of polyQ-mediated Htt fibril formation requires the consump-

tion of ATP.

We then analyzed the suppression activity in the presence of

apyrase that hydrolyzes ATP to AMP and inorganic phosphate and

thereby immediately depletes the ATP pool. Addition of apyrase

before initiating the Htt fibrilization by adding PreSP immediately

before adding the chaperones completely prevents any suppression

activity (Fig 2F; light blue). Addition of apyrase 3 h after the treat-

ment with PreSP almost completely abolished the suppression activ-

ity of the chaperones (Fig 2F; dark blue). This is the critical time

point of the transition between the lag and the log phase of the

fibrilization kinetics (Fig 2A). The addition of apyrase at a later time

point (5 h), when the chaperones are probably completely bound to

the HttExon1Q48 moiety and suppressed the fibrilization, however

only delayed a regain of FRET efficiency and kept it at low levels

(0.2 relative EApp; purple curve in Fig 2F). The availability of ATP is

thus a time-critical variable in the chaperone-mediated suppression

of Htt amyloid formation. To further analyze the ATP requirements,

we created point mutations in HSP-1 and HSP-110 that abrogate or

reduce ATP-hydrolysis rates in the respective chaperone (Wilbanks

et al, 1994; O’Brien et al, 1996). We confirmed the diminished

ATPase activity in ATPase assays (Fig EV1G) and demonstrate that

the point mutations do not affect the fold/secondary structure of the

proteins as assessed by circular dichroism (CD) analysis (Fig EV1E

and F). Interestingly, both point mutations of HSP-1 (D10S and

K71E) were severely impaired in the suppression of HttExon1Q48

fibril formation, whereas the ATPase mutant D7S of HSP-110 did

not affect the suppression of HttExon1Q48 amyloid formation

(Fig 2G). Thus, we conclude that the ATP consumption is due to the

ATPase activity of HSP-1 and that the ATPase activity of HSP-110

(Fig EV1G) does not contribute to the chaperone activity of the

HSP-1/HSP-110/DNJ-13 protein complex in suppressing Htt fibril

formation. Mutating the nucleotide exchange factor (NEF) function

of HSP-110 (HSP-110_N578Y/E581A) leads to an incomplete

suppression that resembles the suppression of Htt fibrilization by

HSP-1 and DNJ-13 alone (Fig 2A, light red and G, blue). Thus, the

NEF activity of HSP-110 is essential for the suppression of Htt fibril-

ization together with HSP-1 and DNJ-13.

Competition with other chaperone substrates reduces
suppression efficiency

Our findings of the concentration-dependent suppression of

HttExon1Q48 fibril formation (Fig 2B) suggest that available cellular

chaperone concentrations are critical and might become limiting

under conditions that cause endogenous proteins to unfold or

misfold such as aging or proteotoxic stress. To test chaperone

competition in the in vitro FRET assay, we used aggregated citrate

synthase (CS) as model chaperone substrate as the aggregates are of

amorphous nature and therefore resemble protein aggregates

formed in response to stress (Buchner et al, 1998). First, we estab-

lished that the presence of CS aggregates does not interfere with the

fibrilization of HttExon1Q48 (Fig 2H; green vs. black curve). Yet, the

additional presence of CS aggregates in the sample containing the

◀ Figure 2. Mechanistic insights into the chaperone-mediated suppression of HttExon1Q48 fibrilization by nematode chaperones.

A FRET analysis of the suppression activity of individual nematode chaperones and chaperone complexes of the fibrilization of HttExon1Q48. HSP-1, HSP-110, and
DNJ-13 completely suppress the fibrilization analogous to the human orthologs (bright red curve; compare with Fig 1C).

B Analysis of various chaperone:HttExon1Q48 ratios and effect on suppression efficiency.
C TEM analysis of suppression of HttExon1Q48 fibrilization by HSP-1, HSP-110, and DNJ-13 taken 24 h post-PreSP treatment (right image; same as image depicted in

Fig 1D). The control in the absence of chaperones is shown on the left. A scheme of the experimental outline is depicted above, and the red arrow refers to the time
point of sample analysis. Scale bars: 100 nm.

D Analysis of chaperone-mediated suppression of HttExon1Q48 (left) and HttExon1Q75 (right) by a filter retardation analysis using an Htt antibody. Time points of
analysis are indicated on the left and the absence or presence of chaperones on top of the filters.

E Analysis of the effect of varying concentrations of ATP and the non-hydrolyzable analog, AMP-PNP on the chaperone-mediated suppression of the fibril formation of
HttExon1Q48.

F Addition of apyrase inhibits the suppression activity of the chaperones in a time-dependent manner. Addition of apyrase before PreSP treatment (light blue), 3 h (dark
blue), or 5.5 h (purple) after PreSP treatment affects the chaperone-mediated suppression to a different extent.

G Single point mutations in HSP-1 that diminish the ATPase activity, D10S (green curve), and K71E (purple), yet not in HSP-110_D7S (light blue) negatively affect the
suppression activity. The NEF mutant: HSP-110_N578/E581A (turquoise) negatively affects the suppression activity of the chaperones.

H Analysis of chaperone-mediated suppression of HttExon1Q48 fibrilization in the presence of citrate synthase (CS) aggregates. The addition of CS aggregates to the
HttExon1Q48 proteins alone depicted in green does not affect the fibrilization kinetics of HttExon1Q48. Yet, the addition of CS to a sample containing HttExon1Q48

and HSP-1, HSP-110+ DNJ-13 diminishes the suppression activity of the chaperones (purple curve). The sample containing the chaperone mixture with HttExon1Q48

is depicted in red.
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chaperone mixture showed that the chaperones were severely

affected in the suppression of HttExon1Q48 fibrilization (Fig 2H;

purple vs. red curve). These data suggest that indeed the chaperones

are titrated away by the CS aggregates and become limiting to attend

to the aggregation-prone HttExon1Q48 protein moiety.

Hsc70 chaperone complexes are more potent in the suppression
of HttExon1Q48 fibrilization than HSP-70 chaperone complexes

The genome of C. elegans harbors genes encoding for four HSP-70,

one HSP-110, but 25 J-proteins for expression in the cytosol alone

(Table EV1). The high abundance of HSP-70 proteins and in particu-

lar of J-proteins poses the question as to which chaperones cooper-

ate to support the suppression of HttExon1Q48 fibril formation. We

first set out to test all three stress-inducible HSP-70 proteins in

combination with HSP-110 and DNJ-13 in comparison with the

constitutive Hsc70 (HSP-1) protein. Surprisingly, we did not observe

suppression activity of the stress-inducible HSP-70s that even remo-

tely resemble the activity by the constitutive Hsc70 (HSP-1; Fig 3A).

We, however, detected a slight shift to the right for F44E5.4 (blue),

suggesting a delay of fibril formation and wondered if higher chap-

erone concentrations could further delay or even suppress the
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Figure 3. Constitutive Hsc70 is more potent than the inducible Hsp70s in the suppression of HttExon1Q48 fibrilization.

A FRET assay of varying HSP-70 combinations. HSP-110 and DNJ-13 are kept constant in all samples and the addition of HSP-1 (red) shows complete suppression,
whereas in combination with C12C8.1 (green) or F11F1.1 (purple) no suppression occurs and only a slight delay of fibril formation in combination with F44E5.4 (blue).

B FRET assay using two different ratios between HttExon1Q48 and the chaperones. Chaperones were either used in the ratios as in Figs 1C and 2A (HttExon1Q48:HSP-
1/HSP-70s:DNJ-13:HSP-110 = 1:3.5:1.7:1.7) and represented in light colors or used in double concentrations (1:7:3:3) represented in dark colors. HSP-110 and DNJ-13
in combination with HSP-1 (red) with F44E5.4 (blue), C12C8.1 (green), and F11F1.1 (purple).

C–F FRET analysis of HttExon1Q48 fibrilization with varying J-protein combinations of HSP-1 (C), C12C8.1 (D), F44E5.4 (E), and F11F1.1 (F) with HSP-110. Additions of J-
proteins are depicted in all graphs as follows: DNJ-13 (red), DNJ-24 (light blue), DNJ-19 (purple), and DNJ-12 (green).
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HttExon1Q48 fibril formation. Upon doubling the chaperone concen-

trations (for all three chaperones) to achieve a ratio of HttExon1Q48:

HSP-70:DNJ-13:HSP-110 = 1:7:3:3, we could indeed observe a

complete suppression of HttExon1Q48 fibril formation for the indu-

cible HSP-70 protein F44E5.4 together with HSP-110 and DNJ-13

(Fig 3B; compare light with dark blue curve). For the other two

inducible HSP-70s, C12C8.1 and F11F1.1, we could observe a

pronounced shift of the FRET curves to the right, demonstrating a

delay in the fibril formation with the higher chaperone concentra-

tion (Fig 3B; compare light with corresponding dark colored

curves). Thus, the inducible HSP-70s can promote the suppression

of Htt fibrilization if they are provided in excess.

Preference for a specific J-protein partner by HSP-70s

As demonstrated in Fig 2B, the J-protein is the limiting chaperone in

the suppression of HttExon1Q48 fibrilization. We thus wondered

which J-protein is the preferred cochaperone for each of the HSP-

70s in supporting the suppression of HttExon1Q48 fibrilization. To

address this question, we systematically analyzed combinations of

the HSP-70 proteins HSP-1, F44E5.4, C12C8.1, and F11F1.1 with

members of the class A (DNJ-12 and DNJ-19 that represent all

cytosolic class A J-proteins) and two class B (DNJ-13 and DNJ-24)

J-proteins. C. elegans encodes for only one HSP-110 protein in the

cytosol, which was thus kept constant in all experiments. Interest-

ingly, each HSP-70 protein displays a preference for its cooperation

with a J-protein in the suppression assay (Fig 3C–F). The proteins

HSP-1 and HSP-110 together with DNJ-13 completely suppressed

HttExon1Q48 fibril formation. However, HSP-1 and HSP-110 together

with DNJ-24, DNJ-19, or DNJ-12 could only delay fibril formation

(Fig 3C). The stress-inducible F44E5.4 protein is the only other HSP-

70 that, together with DNJ-13 and HSP-110, can fully suppress

HttExon1Q48 fibril formation (Fig 3E). Interestingly, the preference

of the HSP-70s for a partner J-protein in the suppression of Htt

amyloid formation differs among the HSP-70s. For instance,

whereas DNJ-13 is the preferred J-protein for HSP-1, F44E5.4, and

C12C8.1, it does not seem to support F11F1.1 in its chaperone activ-

ity to affect HttExon1Q48 fibrilization (Fig 3C–F). We wondered if

the basis for the preferred J-protein partner for each of the HSP-70s

is attributed to the induction of the ATPase activity by the different

J-proteins. The ATPase activity of all HSP-70s is induced by any of

the tested J-proteins in vitro (Fig EV1H). We analyzed various

combinations and observed no major differences of the stimulation

of the ATP-hydrolysis rate of the HSP-70s by the J-proteins DNJ-12,

DNJ-13, DNJ-19, or DNJ-24 (Fig EV1H). The ATPase activity is

further stimulated by the presence of HSP-110. To exclude that the

ATPase activity of HSP-110 itself accounts for the increase in ATP

hydrolysis, we analyzed the basal ATPase activity of HSP-110 and

upon addition of the J-proteins. However, we observed only a slight

induction of the very low basal ATPase activity of HSP-110

(Fig EV1G and data not shown). Notably, we did not observe a

stimulation of the HSP-70 ATP-hydrolysis rate in the presence of the

Htt fibrils (data not shown). Importantly, although all tested J-

proteins can stimulate the ATPase activity of all HSP-70s, the rates

differ substantially. The steady state ATP-hydrolysis rate of HSP-1,

HSP-110, and any J-protein is with 200 pmol ATP/lM HSP-1/min

on average twice as high as those of the stress-inducible HSP-70s in

combination with a J-protein and HSP-110. (Fig EV1H). This dif-

ference in ATP hydrolysis might account for the observed variations

in the HttExon1Q48 suppression efficiencies (Fig 3A and B). Taken

together, the composition of chaperone complexes that can suppress

Htt amyloid formation is very variable and also stress-inducible

HSP-70s can, if provided in excess and with a specific J-protein part-

ner, suppress the fibrilization of Htt.

Suppression of HttExon1Q48 fibrilization in the presence of seeds

Previously, it was shown that fragments of Htt fibrils can act as

seeds and nucleate the fibrilization of still monomeric Htt proteins

and thereby accelerate their aggregation (Scherzinger et al, 1999;

Bhattacharyya et al, 2005). We also observed this phenomenon by

spiking the FRET assay at time point zero with a small volume

(10% v/v) of a 24 h fibril sample that was sonicated beforehand in

order to break the fibrils and to create seeding-competent Htt

moieties. The addition of the seeds accelerated the fibrilization to

the point that the lag phase was almost non-existent (Fig 4A;

compare blue with black curve). Next, we tested whether the chap-

erone mixtures could still suppress the Htt fibril formation in the

▸Figure 4. Colocalization of chaperones with HttExon1Q48 aggregates in vitro and in vivo.

A A scheme of the experimental outline is depicted on the left. On the right, FRET assay of Htt fibrilization in the presence of Htt seeds (blue), in the presence of Htt
seeds + HSP-1, HSP-110, and DNJ-13 (red) and the control (black).

B TEM analysis of (A). Scale bars: 100 nm.
C A scheme of the experimental outline is depicted on the left. On the right, FRET assay of suppression of fibrilization in the presence of seeds (blue) and seeds that

were incubated with the chaperones for 5 h prior to initiation of FRET assay (red). The control is depicted in black.
D TEM analysis of disaggregation of HttEx1Q48 fibrils. On the left: HttExon1Q48 fibrils 24 h post-PreSP treatment (t = 0 h; same image as depicted in Figs 1D and G,

and 2C); middle: HttExon1Q48 fibrils at t = 20 h; right: disaggregation of HttExon1Q48 fibrils by nematode chaperones (HSP-1, HSP-110, DNJ-13, ATP) t = 20 h. A
scheme of the experimental outline is depicted below. Scale bars: 100 nm.

E Filter retardation analysis of the disaggregation of HttExon1Q48 fibrils by human (Hsc70, DNAJB1, Apg2; middle row) and nematode chaperones (HSP-1, DNJ-13, HSP-
110; right row). The control (absence of chaperones) is depicted on the left. The time points of analysis are indicated on the left side. A quantification of the
disaggregation reaction is depicted in the graph on the right (N = 3). All signals were normalized to the control. Error bars represent the standard deviation.

F Disaggregation analysis of HttExon1Q48 fibrils by a sedimentation analysis using the CyPet signal as readout for the moieties of the supernatant and pellet fraction.
All data were normalized to the control (absence of chaperones). The chaperone mixtures that were analyzed are indicated on the x-axis (N = 5). Error bars represent
the standard deviation.

G TEM analysis of the interaction of individual chaperones with HttExon1Q48 fibrils by immunostaining. HttExon1Q48 fibrils were incubated for 1 h with the individual
chaperones, and the interaction of the chaperones was analyzed by immunostaining using the respective antibodies; left: DNJ-13, middle: HSP-1, and right: HSP-110.
Scale bars: 50 nm. The red arrows mark the positive immunogold labeling.

H In vivo colocalization of DNJ-13, HSP-1, and HSP-110 with Htt513Q128-YFP. Htt513Q128-YFP-expressing nematodes were immunostained with the antibodies against
DNJ-13 (top row), HSP-1 (middle row), and HSP-110 (bottom row). Depicted are head regions of the nematode. Scale bars: 20 lm.
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presence of seeds. Indeed, the chaperones could still potently

suppress the fibrilization for about 20 h followed by only a slight

increase in FRET over a time course of 32 h (EDApp increase of

< 0.1; Fig 4A). TEM analysis confirms this observation. In the pres-

ence of seeds, but absence of chaperones, we can detect

HttExon1Q48 fibrils whose morphology differs from the fibrils gener-

ated without seeds (compare Figs 4A and 1D). In the presence of

the chaperone mixture, no fibrils could be detected after 24 h. Some

smaller structures were visible, which might account for the weak

FRET signal. Taken together, the chaperones can successfully

suppress the activity of seeds in promoting HttExon1Q48 fibrilization

(Fig 4A and B).

A distinct chaperone complex disaggregates HttExon1Q48 fibrils

We employed the seeding assay to test whether chaperone-treated

samples could still seed the fibrilization of HttExon1Q48 proteins.

Incubation of HttExon1Q48 seeds with HSP-1, HSP-110, and DNJ-13

for 5 h abrogated their seeding capacity (Fig 4C). One explanation

for this observation is a disaggregation of the Htt seeds by the chap-

erone mixture that consequently diminishes the seeding compe-

tence. Analogous to the data obtained with the human chaperones,

we could also observe disaggregation of HttExon1Q48 fibrils by the

nematode chaperones: HSP-1, DNJ-13, and HSP-110. TEM analysis

showed that an incubation of the chaperone mixture and ATP with

the fibrils resulted in resolubilization of the HttExon1Q48 aggregates

(Fig 4D). We then confirmed the TEM data by filter retardation anal-

ysis for the human and nematode chaperone mixtures (Fig 4E) and

sedimentation analysis analogous to the assay with the human

chaperones depicted in Fig 1F. We normalized the disaggregation

activities (supernatant to pellet ratios) to the control sample that did

not contain chaperones. The ratios of supernatant to pellet signifi-

cantly increased for the chaperone complex HSP-1, HSP-110, and

DNJ-13 in the presence of ATP (Fig EV1I). We then compared the

disaggregation activities of various chaperone mixtures to HSP-1,

HSP-110, and DNJ-13. As depicted in Fig 4F, the inducible HSP-70s,

C12C8.1, F44E5.4, and F11F1.1, together with HSP-110 and DNJ-13,

exhibited weaker disaggregation activities. Notably, both type A

J-proteins (DNJ-12 and DNJ-19) were less active than DNJ-13 in the

Htt disaggregation with HSP-1 and HSP-110 (Fig 4F). We then tested

the contribution of the ATPase activity of HSP-1 and HSP-110 by

employing the point mutations that abrogate or reduce their ATPase

activity (Fig EV1G). Both HSP-1 ATPase mutants displayed a

reduced disaggregation activity. Notably, the disaggregation activity

of the HSP-110 ATPase mutant HSP-110_D7S is reduced to a similar

extend as the ATPase mutants of HSP-1, suggesting that the ATPase

activity of HSP-110 is also required for efficient disaggregation.

Mutation of the NEF activity of HSP-110 reduces the disaggregation

activity even further (Fig 4F), which is in agreement with previous

data on the role of HSP-110 in the disaggregation of amorphous luci-

ferase aggregates (Rampelt et al, 2012). We then analyzed whether

the chaperones could also disaggregate HttExon1Q75 fibrils. As

depicted in Fig EV2E, no disaggregation could be observed within a

time frame of 12 h indicating that the fibrils formed by the longer

polyQ stretch are more inert for a chaperone-mediated remodeling.

Taken together, the constitutive Hsc70 (HSP-1) protein together

with HSP-110 and the type B J-protein DNJ-13 constitutes the most

active disaggregase for the resolubilization of Htt fibrils.

Disaggregation of Htt fibrils requires ATPase activity of Hsc70 (HSP-

1) and HSP-110 as well as the NEF activity of HSP-110.

J-proteins and HSP-70s both bind to Htt fibrils

We then wondered which chaperone might interact directly with the

Htt fibrils and which requires recruitment by another chaperone for

the disaggregation reaction. To address this question, we generated

HttExon1Q48 fibrils and incubated them with the individual chaper-

ones for 1 h and then performed immunogold labeling using anti-

bodies against DNJ-13, HSP-1, or HSP-110 that were generated in

this study. In the samples containing Htt fibrils and chaperones,

immunogold staining was only detected in the presence of both,

primary and secondary, antibodies (Figs 4G and EV2A). Interest-

ingly, DNJ-13 was only detected on the fibrils. HSP-1 was mainly

detected on the fibrils, but a few gold particles were also detected

outside of the fibrils. Notably, HSP-110 did not at all bind to the

fibrils (Fig 4G). From these results, we conclude that DNJ-13 and to

a lesser extent also HSP-1 can bind to Htt fibrils and are probably

also recruiting HSP-110 to these structures. These observations are

in agreement with previous data on the interaction of chaperones

with a-synuclein fibrils (Gao et al, 2015).

Next, we wanted to analyze the association of the chaperones

that constitute the active chaperone complex with the Htt aggregates

in vivo by immunostaining of nematodes expressing aggregation-

prone HttpolyQ proteins. For that, we used a nematode model that

expresses Htt513Q128-YFP in muscle cells that shows a very robust

aggregation phenotype (Fig EV2C). Immunostaining, using the

respective antibodies against DNJ-13, HSP-1, and HSP-110, showed

clear colocalization for all chaperones with the HttpolyQ aggregates

(Fig 4H). These data demonstrate that all three chaperones interact

in vivo with Htt aggregates and confirm our previous observation of

the association of the human orthologous chaperones with

HttExon1Q97 aggregates (Fig 1H).

Interestingly, although only the chaperone complex HSP-1,

HSP-110, and DNJ-13 can disaggregate HttExon1Q48 fibrils, all

studied J-proteins and HSP-70s can bind in vitro to the HttExon1Q48

fibrils (Fig EV2B). Thus, the ability to recognize amyloid proteins is

not sufficient to resolubilize preformed fibrils.

Knockdown of hsp-1, hsp-110, and dnj-13 results in enhanced
polyQ aggregation in multiple C. elegans models

Next, we set out to analyze the contribution of the chaperones in

maintaining the solubility of polyQ proteins in vivo. For that, we

employed four different C. elegans polyQ models that differ in the

protein context (flanking regions) of the polyQ stretch and the

length of the polyQ stretch (Morley et al, 2002; Christie et al, 2014).

We tested the effects of the RNAi-mediated knockdown of the chap-

erones that showed the strongest effect in suppression and disaggre-

gation activities in vitro: hsp-1, hsp-110, and dnj-13 in C. elegans

lines that express Q35-YFP, Htt513Q15-YFP, or the disease-relevant

C-terminal domain of ataxin-3 with either 45 or 63 glutamine resi-

dues (AT3CTQ45-YFP and AT3CTQ63-YFP) in the body wall muscle.

Importantly, depletion of these chaperones results in all models in

an increase in aggregation (Fig 5A). Notably, the Htt513Q15-YFP

model does not show any aggregation under the control conditions

as the polyQ length is below the aggregation and pathogenic
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threshold especially given the rather long flanking region (Havel

et al, 2009). However, depletion of hsp-1, hsp-110, and dnj-13 leads

to formation of protein aggregates in this model. These findings

suggest that the chaperones are actively involved in maintaining the

solubility of the Htt513Q15-YFP proteins. From this in vivo analysis,

we conclude that hsp-1, dnj-13, and hsp-110 are crucial chaperones

A

B C

Figure 5. Depletion of chaperones leads to enhanced aggregation of Qn, HttQn and ATC3Qn in vivo.

A RNAi-mediated knockdown of hsp-1, dnj-13, hsp-110, and control (empty RNAi vector L4440) in Caenorhabditis elegans polyQ models. first row: Q35-YFP, second row:
Htt513Q15-YFP, third row: ATC3Q45-YFP, and fourth row: ATC3Q63-YFP. Twenty animals per condition were analyzed. Representative images of the head regions are
shown for each knockdown. Scale bars: 50 lm.

B Analysis of protein levels of HSP-70s (HSP-1, C12C8.1, and F44E5.4), HSP-110 and J-Proteins (DNJ-12, DNJ-13, and DNJ-19) in 4-day-old animals expressing Htt513Q15-
YFP (black) or Htt513Q128-YFP (red). Depicted is the average of three independent analyses. Error bars represent the standard deviation.

C Analysis of protein levels of DNJ-12, DNJ-19, DNJ-13, HSP-1, C12C8.1, and HSP-110 in young adults (4-day-old nematodes, black) and old (10-day-old, red) nematodes.
We do not have an explanation for the higher HSP-1 protein levels in the wild-type N2 animals compared to the Htt513Q15/128-expressing animals (Fig 5B). Depicted
is the average of three independent analyses with error bars representing the standard deviation.
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to cope with the aggregation propensity of polyQ proteins in

nematodes.

HttpolyQ aggregation does not lead to an induction of
chaperone levels

The knockdown data suggest a vital role of the specific chaperones

HSP-1, HSP-110, and DNJ-13 in the maintenance of the solubility of

all polyQ proteins. Although it has been shown that the expression

of HSF-1, the master regulator of the heat-shock response, is not acti-

vated in HttQ91-expressing mammalian cells (Bersuker et al, 2013),

we wondered whether specific chaperones are induced in response

to polyQ expression in the nematode. For such an analysis, we

quantified the protein levels of a selected set of chaperones: three

cytosolic HSP-70s (HSP-1, F44E5.4, and C12C8.1), HSP-110, and the

J-proteins DNJ-12, DNJ-13, and DNJ-19 in young adult (4-day-old)

animals expressing soluble Htt513Q15 and highly aggregation-prone

Htt513Q128 proteins. Importantly, we observed no significant induc-

tion for either of the investigated chaperones (Figs 5B and EV2D).

Chaperone levels do not change with age

Huntington’s disease is a late age of onset disease (Lipe & Bird,

2009). Thus, we wondered how much the chaperone levels change

with the progression of aging. We quantified the same selected set

of chaperones as before in young (4-day-old) and old wild-type

animals (10-day-old). Notably, the protein levels of the J-proteins,

DNJ-12, DNJ-13, and DNJ-19, as well as of the HSP-70s, HSP-1, and

C12C8.1, and of HSP-110 do not significantly change with aging

(Figs 5C and EV2D).

Knockdown of DNAJB1 and Apg2 leads to Htt aggregation in
neural progenitor cells (NPCs) derived from a HD patient

To validate our observations in a clinically relevant model, we

employed neural progenitor cells (NPCs) derived from induced

pluripotent stem cells (iPSCs) that were generated from a HD patient

carrying a polyQ stretch of 44 residues within the huntingtin protein

(HttQ44; patient CH4). The derived NPC line, defined as NICH4,

showed the expression of the correct NPC-specific markers at the

protein and mRNA levels (Fig 6A and B). The neural induction was

slightly less efficient in HD NPCs compared to control NPCs

(Fig 6B), which is in agreement with recent findings (Kirstein et al,

2017). NICH4 cells were then transfected with siRNAs directed

against transcripts encoding the human chaperones Hsc70, DNAJB1

(J-protein), and Apg2 (Hsp110).

We used a filter retardation assay to monitor the aggregation

propensity of endogenous Htt. Under control conditions, we could

only detect a weak signal for Htt on filter membranes (Fig 6C), indi-

cating that the protein is not aggregated. Accordingly, although

NPCs derived from HD patients have been found to exhibit bioener-

getic abnormalities, Htt aggregation phenotypes have yet to be

reported (Consortium, 2012; Kirstein et al, 2017). Importantly,

however, upon siRNA-mediated knockdown of DNAJB1 and Apg2,

we could detect pronounced aggregation of Htt (Fig 6C). This is the

first demonstration of aggregation of the endogenous Htt protein

with an expanded polyQ stretch in HD patient-derived neural cells.

This observation confirms the in vitro data of the suppression of

aggregation and disaggregation of Htt protein by these chaperones.

Surprisingly, depletion of Hsc70 did not result in an increased aggre-

gation of Htt (Fig 6C). The remaining protein levels of the chaper-

ones upon knockdown were still between 54 and 75% of the control

with Hsc70 displaying the highest remaining level (Fig 6D). More-

over, other members of the Hsp70 family could also substitute the

constitutive Hsc70, as observed in vitro (Fig 3B). Nevertheless, a

reduction in protein levels of DNAJB1 and Apg2 clearly affects the

aggregation propensity of endogenous HttQ44. These findings are in

complete agreement with the RNAi-mediated chaperone knockdown

experiments in nematode polyQ models (Fig 5). To rule out that

RNAi-mediated knockdown of chaperones could simply result in an

increase in the overall levels of Htt by, for example, inhibiting

targeting to the proteasome and thereby enhancing their aggregation

propensity, we analyzed the HttExon1Q97 levels in HEK293T

cells upon siRNA treatment (Fig EV2E). We observed a shift of

HttExon1Q97 from the soluble to the insoluble fraction in particular

upon depletion of DNAJB1 as expected from our previous observa-

tions (Figs EV2F, 5A and 6C). Importantly, however, we did not

detect changes in the overall levels of HttExon1Q97 upon knock-

down of the chaperones (Fig EV2F and G).

Overexpression of DNAJB1 in mammalian cell culture reduces
HttExon1Q97 aggregation

Finally, we wanted to test if we could rescue the aggregation of Htt

by overexpression of chaperones. For that, we chose to analyze

HEK293T cells expressing HttExon1Q97-GFP, which show robust

aggregation under control conditions and enable us to analyze a

potential rescue effect upon overexpression of a chaperone. We

chose to test the effect of overexpression of DNAJB1 based on our

previous findings: (i) siRNA-mediated depletion of DNAJB1 showed

the strongest effect on the aggregation propensity of endogenous

HttQ44 of the patient-derived NPCs (Fig 6C), (ii) the J-protein

directly interacts with HttExon1Q48 fibrils (Fig 4G), and (iii) the J-

protein is the chaperone whose concentration is most critical for the

suppression of Htt fibril formation (Fig 2B). Overexpression of

DNAJB1 in the HttExon1Q97-GFP-expressing HEK 293T cells did

indeed reduce the aggregation of Htt by ~50% as judged by a filter

retardation assay. This finding demonstrates that the overexpression

of a single and in vivo probably limiting chaperone can ameliorate

Htt protein aggregation (Fig 6E–G).

Discussion

In this study, we demonstrate for the first time a complete suppres-

sion of amyloid formation of HttExon1Q48, a near complete suppres-

sion of HttExon1Q75 aggregation and disaggregation of preformed

amyloid HttExon1Q48 fibrils. The suppression and disaggregation

activities are mediated by distinct chaperone complexes, which are

composed of members of the Hsp70, Hsp110, and J-protein families.

We could demonstrate the suppression of HttExon1Qn fibrilization

in vitro by employing a novel FRET fibrillization assay and comple-

mentary TEM and filter retardation analyses using purified human

and C. elegans chaperones. Analysis of the kinetics of the FRET

curves suggests that the chaperones suppress the fibrilization of

HttExon1Q48 by primary and secondary nucleation events as well as
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by inhibiting the elongation process (Arosio et al, 2014). We could

further establish that the same chaperone composition can resolubi-

lize preformed HttExon1Q48 fibrils. Both chaperone activities are

ATP dependent. We could demonstrate that the suppression of

HttExon1Q48 fibrilization requires the ATPase activity of HSP-1

(Hsc70), but not of HSP-110. Yet the NEF activity of HSP-110 was

essential to suppress amyloid formation. The suppression of

fibrilization is therefore not mediated by a single ATPase cycle to,

for example, initiate substrate engagement by the chaperones, but

requires constant ATPase cycles and suggests a binding-release

model of action. Notably, disaggregation requires the ATPase activi-

ties of both, HSP-1 (Hsc70) and HSP-110, as well as the NEF activity

of HSP-110. Thus, the mechanism differs substantially from the

suppression of fibrilization activity.

VIM SOX2 VIM / SOX2/ Hoechst

VIMENTIN SOX2 Overlay

Ki67 HES5 Overlay

Ki67 HES5 Ki67/HES5/ Hoechst

NESTIN PAX6 NESTIN/PAX6/Hoechst

NESTIN PAX6 Overlay

DNAJB1 siRNA

control siRNA

Apg2 siRNA

Hsc70 siRNA

DNAJB1 

-actin 

co
ntr

ol 
siR

NA

40 - 

Hsc70

Hsp110110 - 

70 - 

DNAJB
1 s

iR
NA

Apg
2 siR

NA
Hsc

70
siR

NA

40 - 0 

20 

40 

60 

80 

100 

120 

Empty
 ve

cto
r 

DNAJB
1 

%
 H

tt 
ag

gr
eg

at
es

 

A B C

D E

0 

1 

2 

3 

4 

5 

6 

OCT4 VIM BRN2 
R

el
at

iv
e 

m
R

N
A 

ex
pr

es
si

on

NICH4 
hNP

DNAJB1 

GFP

GFP

moc
k 

HttE
xo

n1
Q97

-G
FP

     -            +            +       pcDNA3.1 
     -            -             +       DNAJB1 

HttE
xo

n1
Q97

-G
FP

β-actin 

0 

1 

2 

3 

4 

5 

Empty
 ve

cto
r 

Fo
ld

 C
ha

ng
e 

D
N

AJ
B1

 E
xp

re
ss

io
n 

(D
N

AJ
B1

/A
ct

in
) 

DNAJB
1

F G

54% 72% 75% remaining protein level

Figure 6. Depletion of chaperones leads to an increase in Htt aggregation in NPCs and overexpression of DNAJB1 ameliorates HttExon1Q97 aggregation in HEK
293T cells.

A Characterization of NICH4. The neural progenitor cell (NPC) line NICH4 was differentiated from HD patient-derived iPSCs. NICH4 exhibit typical NPC morphology and
grew as cellular monolayer on Matrigel-coated dishes. NICH4 expressed the NPC-specific protein markers VIMENTIN (VIM), SOX2, HES5, NESTIN, and PAX6, and the
proliferation marker Ki67. Scale bars: 100 lm.

B Quantitative real-time PCR (qPCR) confirmed the transcriptional down-regulation of the pluripotency marker OCT4 and the up-regulation of NPC-specific markers
VIMENTIN (VIM) and BRN2 in NICH4 HD NPCs compared to undifferentiated H9 hESCs, in a similar fashion as the control line hNP1 (purchased from Aruna
Biomedicals). Control NPCs showed increased BRN2 expression indicative of a slightly more efficient neural induction compared to HD NPCs. Error bars represent the
standard deviation (N = 3).

C Filter retardation assay for the analysis of the aggregation propensity of endogenous Htt in NPCs (NICH4) upon siRNA-mediated knockdown of DNAJB1, Apg2
(Hsp110), Hsc70, and the control (non-targeting siRNA). The filter trap shows duplet spots for each condition.

D Western blot depicts the knockdown efficiency of the siRNA-mediated knockdown of the chaperones in the NICH4 cells. The protein levels of the chaperones
normalized to the control and b-actin levels are depicted below the blot.

E Western blot and filter retardation analysis of the aggregation propensity of HttExon1Q97 upon overexpression of DNAJB1. The protein levels of DNAJB1 are depicted
in the top blot, and overexpression of DNAJB1 (right column) does not affect the HttExon1Q97 levels (GFP signal of middle blot). The filter trap assay (bottom blot)
depicts the aggregation propensity of HttExon1Q97 upon overexpression of DNAJB1 and is analyzed in duplets.

F Quantification of the overexpression of DNAJB1 of the Western blot shown in (E). Error bars represent the standard deviation (N = 3).
G Quantification of the aggregation propensity of HttExon1Q97 upon overexpression of DNAJB1 of the filter retardation analysis depicted in (E). Error bars represent the

standard deviation (N = 3).
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Interestingly, the constitutive Hsc70 (HSP-1), HSP-110, and the

type B J-protein DNJ-13 showed the strongest suppression of Htt

fibrilization. However, the stress-inducible HSP-70s could substitute

for Hsc70, yet require higher chaperone:Htt ratios. Notably, all HSP-

70s exhibit varying efficiencies in the suppression of Htt fibrilization

depending on the partner J-protein.

The basal ATPase rates of the inducible Hsp70s are with the

exception of F11F1.1 similar to the rate of the constitutive HSP-1

(30 pmol ATP/lM/min). Although each of the Hsp70s is induced by

any analyzed J-protein in vitro, the final ATP-hydrolysis rates are

about 50% of the one of the activated constitutive HSP-1 (up to

200 pmol ATP/lM/min) that can rely on the energy of twice as

much ATP for its remodeling activities to suppress Htt fibrilization.

This is in agreement with our observation that doubling the amount

of the chaperone complexes harboring the inducible Hsp70s can

boost their activities in the suppression of Htt fibrilization activities

and matches those of HSP-1 (Fig 3B).

Disaggregation of Htt fibrils is mediated by Hsc70/HSP-1, Apg2/

HSP-110, and DNAJB1/DNJ-13—the very same chaperone complex

that exhibits the highest efficiency for the suppression of Htt fibrili-

zation. We observed a decreased disaggregation by a type A J-

protein (e.g., DNJ-12) together with HSP-1 and HSP-110, which is in

agreement with the observations made for the depolymerization of

a-synuclein fibrils (Gao et al, 2015). Notably, we did also not detect

a synergistic activity when mixed-class J-proteins were provided for

either suppression or disaggregation of Htt fibrils, which was also

not observed for the disaggregation of a-synuclein fibrils (Gao et al,

2015). The resolubilization of amyloid fibrils thus only requires the

action of a single type B J-protein as opposed to amorphous aggre-

gates such as luciferase or MDH (Nillegoda et al, 2015; Kirstein

et al, 2017). Perhaps the association and required remodeling activi-

ties differ substantially between structured amyloid fibrils and amor-

phous aggregates (Scior et al, 2016). Interestingly, the preference

for a type B J-protein is not based on the substrate recognition as we

could detect binding of the HttExon1Q48 fibrils for DNJ-13 (type B)

as well as for both type A J-proteins DNJ-12 and DNJ-19. The disag-

gregation activities of the inducible HSP-70s are reduced compared

to the constitutive HSP-1 despite their ability to bind to HttExon1Q48

fibrils.

We could confirm our in vitro data on the chaperone-mediated

suppression and disaggregation of Htt fibrils by employing in vivo

nematode models that express polyQ (Qn) proteins with different

flanking regions and a varying degree of polyQ expansion (Fig 5A

and B). Moreover, using patient-derived neural progenitor cells, we

could demonstrate a sharp increase in the aggregation of the

endogenous Htt protein (Q44) upon knockdown of DNAJB1 (DNJ-

13 ortholog) and Apg2 (HSP-110; Fig 6C and D). Consequently,

overexpression of DNAJB1 in HEK 293T cells expressing the highly

aggregation-prone HttExon1Q97 significantly reduced the aggrega-

tion (Fig 6E–G). Thus, the induction of a single chaperone can

combat the aggregation propensity of Htt. Our observations that the

concentration of the J-protein appears to be the most critical of all

three chaperones in the in vitro suppression assay, its strong interac-

tion with the Htt fibrils together with the in vivo data where a deple-

tion of the J-protein provoked the strongest aggregation effect in

C. elegans Qn models and patient-derived NPCs as well as the rescue

properties upon overexpression, suggest that the J-protein is a very

attractive therapeutic target to suppress and resolubilize Htt fibrils.

We could demonstrate that an excess of chaperones is required

to fully suppress the formation of amyloid fibrils. This poses the

question of the in vivo chaperone concentration and their capacity

in particular with the progression of aging as HD is a late age of

onset disease (Lipe & Bird, 2009). Surprisingly, we observed that the

protein levels of a subset of chaperones we analyzed in vitro and

in vivo do not significantly change with aging or upon expression of

polyQ proteins (Fig 5B and C). This observation is in agreement

with a previously published proteome study of young adults and

aged nematodes (Liang et al, 2014). Yet, it is well established that

misfolded and aggregated proteins accumulate with the progression

of aging (David, 2012). In addition, the suppression and disaggrega-

tion reactions consume substantial amounts of ATP. ATP levels

decline with aging and might become a limiting factor for the activ-

ity of the chaperones and in turn lead to more aggregation (Navarro

et al, 2002; Miyoshi et al, 2006; Simsek-Duran et al, 2013). More-

over, molecular chaperones are involved in numerous cellular

processes and might simply be overwhelmed with the increasing

load of misfolded proteins in aged animals (Balchin et al, 2016;

Scior et al, 2016). We could mimic such a scenario by adding aggre-

gated citrate synthase to the in vitro HttExon1Q48 suppression assay

and could indeed show that the efficiency of the chaperones to

suppress fibril formation of Htt is impaired in the presence of addi-

tional chaperone substrates. In line with that, protein aggregates,

which accumulate in response to proteotoxic conditions or with

aging, sequester chaperones that are consequently depleted from

the soluble proteome and thus the available chaperone pool

(Kirstein-Miles et al, 2013).

Htt protein levels have been measured in various cell types and

tissues, and the concentration of Htt was on average 171 nmol/g

total protein in postmortem cortex homogenates of HD patients

(Macdonald et al, 2014). We quantified the protein levels of a

selected set of chaperones in this study. The concentration of HSP-1

(Hsc70) in C. elegans is about 250 nmol/g total protein in nema-

todes expressing Htt513Q128. Although the quantifications were

obtained from two very different biological samples, it nevertheless

might provide a rough estimate that Hsc70 is only present in a ~1.5-
fold excess over Htt in the brain homogenate. Given that Hsc70 has

numerous roles in the maintenance of cellular proteostasis, the effec-

tive chaperone concentration that could suppress Htt fibrilization is

probably limiting, especially given that a minimum of 3.5-fold excess

of Hsc70 is required for a complete suppression. Although we cannot

exclude that other J-proteins apart from DNJ-13 (DNAJB1) contri-

bute to the suppression and disaggregation of Htt fibrils, the concen-

tration of the J-protein DNJ-13 is sub-stoichiometric compared to the

Htt moiety. In fact, all three analyzed J-proteins are present in simi-

lar and thus sub-stoichiometric amounts in comparison with Htt.

J-proteins can act also independently of Hsc70 as has been demon-

strated for DNAJB6. DNAJB6 can suppress the fibrillization of Htt

via a S/T-rich region within the chaperone (Kakkar et al, 2016).

Disaggregation of Htt fibrils, however, requires a chaperone complex

composed of Hsc70, Hsp110, and a J-protein. Transient interaction

of soluble oligomeric HttpolyQ species was recently reported for the

J-proteins: DNAJA1, DNAJA2, DNAJB6, and DNAJB12 (Kim et al,

2016). Whether these J-proteins directly interact with HttpolyQ or

are a part of a protein complex is not known yet, but suggests the

formation of very dynamic chaperone complexes that attend to

HttpolyQ proteins to maintain their solubility.

ª 2017 The Authors The EMBO Journal Vol 37 | No 2 | 2018

Annika Scior et al Suppression and disaggregation of Htt fibrils The EMBO Journal

295



Publications 

 102 

 
 

 
 
 

Further studies are required to gain more mechanistic insight

into the mode of action of the chaperone-mediated suppression of

Htt fibrilization and disaggregation of these amyloid fibrils. Do

Hsp70, Hsp110, and the J-protein form a physical complex at any

time of their course of action or do they bind and act sequentially?

Our data suggest that the J-protein probably initiates the binding to

the substrate and recruits Hsp70. It is not known yet whether the

J-protein dissociates upon activation of the ATPase activity of

Hsp70. Hsp110 could interact with Hsp70 in its ADP-bound form in

its role as NEF to complete the ATPase cycle. We could not detect

an interaction of HSP-110 alone with the HttExon1Q48 fibrils, yet we

could demonstrate an interaction of HSP-110 with Htt513Q128 aggre-

gates in vivo. We thus hypothesize that HSP-110 is recruited to the

Htt aggregates by Hsc70 or the J-protein. An interaction between the

J-protein and HSP-110 is possible as we also observed a slight induc-

tion of the ATPase activity of HSP-110 by a J-protein. A clamping-

and-walking model of disaggregation by Hsp70-Hsp110 was recently

proposed and the role of the J-proteins is here limited to initial

substrate recognition and stimulation of the ATPase of Hsp70 and

Hsp110 (Mattoo et al, 2013). Our observation that the ATPase activ-

ity of HSP-110 was required for sufficient disaggregation and the

high abundance of HSP-110, whose protein levels exceed those of

Hsc70 in vivo argues for a more central role of HSP-110 in chaper-

one activities besides its described role as NEF.

Materials and Methods

Plasmid cloning and protein purification

Please see Appendix.

CD spectra of HSP-1 and HSP-110 variants

The mutagenized proteins were prepared as described, concentrated

in centrifugal filters [Amicon Ultra-0.5 Centrifugal Filter Devices,

10 kDa MWCO (Merck Millipore, Germany)] to a volume of no

more than 100 ll and diluted with CD buffer (10 mM sodium phos-

phate, 100 mM NaF, pH 7.4) to a volume of 500 ll. This process

was repeated eight times to ensure the buffer was exchanged, after

which samples were centrifuged at 100,000 g for 1 h. CD spectra

were obtained in a Jasco J-720 spectropolarimeter (Jasco, Gross-

Umstadt, Germany) with 10 accumulations. HSP-1 samples were

diluted to 1 mg/ml and HSP-110 samples to 0.2 mg/ml (as deter-

mined by Bradford assay) to be analyzed at a path length of 1 mm

(volume: 200 ll). Cuvettes [Quartz Suprasil cuvettes (Hellma

Analytics, Germany)] were kept at 20°C under a stream of N2 during

measurements. The scanning speed was set to 100 nm/min with a

response time of 1 s and a bandwidth of 1 nm. Photomultiplier volt-

age was monitored during measurements, which were constricted to

wavelengths where 800 V were not surpassed.

Nematode antibodies

Polyclonal antibodies against HSP-1, C12C8.1, DNJ-12, DNJ-13,

DNJ-19, and HSP-110 were raised in rabbits by immunization with

the full-length protein (HSP-1, C12C8.1, DNJ-12, DNJ-13, DNJ-19)

or a C-terminal fragment for HSP-110 (beginning at amino acid

687), respectively (Charles River, France; and Pineda, Germany).

The polyclonal antibody against F44E5.4 was raised in a guinea pig

by immunization with the full-length F44E5.4 protein (Pineda,

Germany).

ATPase assay

The ATPase rate of Hsp70 chaperones was determined by the mala-

chite green assay according to Rauch and Gestwicki (2014) using

0.5 lM of Hsp70s, 0.25 lM J-proteins, and 0.25 lM HSP-110 as well

as for the human orthologs (Hsc70, DNAJB1 and Apg2). The reac-

tions were performed in low salt buffer (30 mM Tris–HCl, pH 7.4,

100 mM K-acetate, 5 mM MgCl2, 1 mM b-mercaptoethanol, 10%

glycerol) for 2.5 h at 20°C for C. elegans chaperones and at 30°C for

human chaperones.

FRET assay

Purified GST-HttExon1Q48/23-CyPet and GST-HttExon1Q48/23-YPet

were diluted in aggregation buffer (30 mM HEPES-KOH pH 7.4,

150 mM KCl, 5 mM MgCl2, 1 mM DTT) at an equimolar ratio to

yield a final concentration of 1.5 lM (0.75 lM each). If not stated

otherwise, 5 mM ATP and an ATP regeneration system composed of

3 mM phosphoenolpyruvate (PEP) and pyruvate kinase (Sigma)

were added to the reaction. The aggregation was initiated with 14 U

PreSP (Roche) per nmol Htt. To monitor prevention of aggregation,

the chaperones were added prior to addition of PreSP. The reactions

were transferred to a black 384-well plate. For each experiment,

triplicates were measured and mean value is shown. Fluorescence

signals were measured every 20 min with a Tecan F200 fluores-

cence plate reader at 20°C for up to 48 h. CyPet donor fluorescence

was measured at excitation (Ex): 430 nm/emission (Em): 485 nm;

YPet acceptor fluorescence at Ex: 485 nm/Em: 530 nm; the FRET

channel (DA) was recorded at Ex: 430 nm/Em: 530 nm. Raw signals

were processed by subtracting the fluorescence intensities of unla-

beled HttExon1Q48/23 in all channels. Signals in the FRET channel

were corrected for donor bleed-through (cD) and acceptor cross

excitation (cA) using donor and acceptor only samples to obtain the

sensitized emission. Finally, sensitized emission was normalized to

the acceptor signals (Jiang & Sorkin, 2002). In brief, the FRET effi-

ciency EApp was calculated as follows: E = (DA-cDxDD-cAxAA)/

AA with DD = donor channel signal and AA = acceptor channel

signal.

Citrate synthase (CS) aggregates were prepared by diluting CS to

10 lM in aggregation buffer (30 mM HEPES pH 7.4, 150 mM KCl,

5 mM MgCl2, 1 mM DTT) and subsequent heating at 50°C for

10 min. Final concentration of aggregates in the FRET assay was

0.15 lM.

EM sample preparation

Details for EM sample preparation are provided in the Appendix. At

the indicated time points, samples were flash-frozen in liquid nitro-

gen and then deposited on a carbon-coated formvar copper grid.

After 45 s, the sample droplet was blotted with filter paper and

negatively stained with 2% uranyl acetate in water. Samples were

imaged using a Tecnai F20 (200 keV) transmission electron micro-

scope. For immunogold labeling, fibrils were first formed for 24 h
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and subsequently incubated with the respective chaperone for

30 min at 20°C and then flash-frozen in liquid nitrogen. The grids

were incubated with the samples on drops of washing buffer,

primary and secondary antibodies prior to negative staining.

Suppression of fibrilization and disaggregation by filter
retardation analysis

Please see Appendix.

Disaggregation via sedimentation analysis

GST-HttExon1Q48-CyPet protein was incubated with 14 U PreSP

(Roche) per nmol Htt for 24 h at 20°C to allow cleavage of GST

domain and subsequent fibril formation. Afterward, the fibrils were

collected by centrifugation at 50,000 g for 40 min and resuspended

by sonication (2 s 50% duty power level 4) in aggregation buffer

(30 mM HEPES-KOH pH 7.4, 150 mM KCl, 5 mM MgCl2, 1 mM

DTT) to result in a final concentration of 1.5 lM fibrils. The chaper-

ones were added in the following concentrations: 20 lM HSP-1,

10 lM DNJ-13, and 10 lM HSP-110. For the human chaperones, we

used: 30 lM Hsc70, 15 lM DNAJB1, 15 lM Apg2. Disaggregation

reaction was initiated by addition of 5 mM ATP as well as a regener-

ative system (3 mM PEP + pyruvate kinase) and performed at 20°C
for nematode and 30°C for human chaperones, respectively.

Samples were harvested at the indicated time points and directly

centrifuged at 20,000 g for 30 min at 4°C. To determine the amount

of soluble protein, the fluorescence of the supernatant as well as of

the pellet was measured in the Tecan F200 plate reader (excitation:

430 nm; emission 485 nm) in triplicates.

Quantification of in vivo chaperone concentration by
Western blotting

Please see Appendix.

Nematode strains, maintenance, and RNAi

Please see Appendix.

Fluorescence microscopy

The aggregation propensities of Q35-YFP, AT3CQ45, AT3CQ63, and

Htt513Q15 were analyzed on day 5 of life. Animals were subjected

to RNAi treatment from the first larval stage on and maintained on

RNAi plates throughout the experiment. For imaging, nematodes

were mounted onto 2% agarose (Sigma) pads on glass slides and

immobilized with 2 mM Levamisole (Sigma). Images were taken on

a LSM780 confocal microscope at 20× and 63× magnification. The

Q35-YFP-expressing nematodes were analyzed as whole nematode

for quantification of the aggregates, and an image was taken of the

head region of the animal; 20 animals were analyzed for each condi-

tion. Immunostaining of nematodes was performed as described

before (Kirstein-Miles et al, 2013).

Cell culture and transfection

Please see Appendix.

iPSC and NPC generation and validation

CH4 fibroblasts were obtained from the skin biopsy of a HD patient

(male, age 25–38, Q length 44Q). CH4 fibroblasts were transfected

with episomal plasmids containing seven transcription factors

(OCT4, SOX2, KLF4, c-MYC, NANOG, LIN28, and SVLT) using

Amaxa Cell Line Nucleofector Kit R (Lonza) to generate induced

pluripotent stem cells (iPSCs), as previously described (Lorenz et al,

2017). Full characterization of the derived iPSC line demonstrated

the successful achievement of pluripotency (Mlody, Bukowiecki,

et al, in preparation). Human embryonic stem cell (hESC) line H9

(WA09) was purchased from WiCell and employed according to the

German law (license to Dr. Prigione). Control NPCs, differentiated

from the hESC line H9 using a traditional rosette-based approach,

were purchased from Aruna (hNP1, Aruna Biomedicals, Georgia,

USA). Neural induction (NI) NPCs were derived from iPSCs follow-

ing a small molecule-mediated protocol (Lorenz et al, 2017). Briefly,

iPSCs were split and plated onto feeder-free Matrigel-coated plates

in DMEM/F12 medium. The next day, the cells were cultured in NI

medium [Neurobasal:DMEM/F12 (1:1), N2 (1×), B27 (1×), hLIF

(10 ng/ml), CHIR99021 (4 lM, Cayman Chemical), SB431542

(3 lM, SelleckChem), BSA (0.05%), pen/strep, MycoZap, and

L-glutamine]. Compound E (0.1 lM Calbiochem) was added to the

NI medium for the first week. Afterward, only NI medium was

employed. The obtained line, named as NICH4, was maintained on

Matrigel-coated plates and split by scraping with a cell spatula at

80–100% confluence at ratios of 1:2 to 1:5. All cultures were

normally kept in a humidified atmosphere of 5% CO2 at 37°C under

atmospheric oxygen condition and were regularly monitored against

mycoplasma contamination.

Immunostaining of NPCs

Cells were fixed with 4% paraformaldehyde (Science Services) for

20 min at RT, washed two times with PBS, and permeabilized using

a blocking solution containing 10% FBS and 1% Triton X-100 in

PBS and 1% Tween 20 (all Sigma-Aldrich) for 1 h at RT. Primary

antibodies were incubated for at least 1 h at RT in the blocking solu-

tion and included VIMENTIN (1:300; V6630, Sigma), SOX2 (1:100,

sc-17320, Santa Cruz Biotechnology), Ki67 (1:50, DakoCytomation),

HES5 (1:50, sc-25395, Santa Cruz Biotechnology), NESTIN (1:200,

MAB5326, Millipore), and PAX6 (1:200, 901301, BioLegend). Follow-

ing washing, the corresponding secondary antibodies were applied

(Alexa Fluor, 1:300, Invitrogen, Life Technologies). Counterstaining of

cell nuclei was achieved by incubation with 2 lg/ml Hoechst 33342

(Thermofisher, MA, USA) in PBS for 10 min at RT. All images were

acquired using the Olympus IX70 microscope (Olympus, Hamburg,

Germany) and further processed with Adobe Photoshop CS 6 (Adobe,

Munich, Germany).

Quantitative real-time PCR of NPCs

Gene expression analysis was performed by quantitative real-time

PCR (qPCR) using SYBR Green PCR Master Mix and the ViiATM 7

Real-Time PCR System (Applied Biosystems). For each target gene,

cDNA samples and negative controls were run as technical tripli-

cates using the 384-Well Optical Reaction Plates (Applied Biosys-

tems). Relative transcript level of each gene was calculated
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according to the DDCT method (Livak & Schmittgen, 2001). The

data, normalized to the housekeeping gene ACTB and referred to

the undifferentiated H9 hESC line, are presented in the figure as

!DDCT values. The sequences of the oligonucleotides can be found

in the Appendix.

Western blot analysis and filter trap assay of cell culture samples

Please see Appendix.

Expanded View for this article is available online.
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Expanded View Figures

▸Figure EV1. Controls for Htt fibrilization and the kinetics, point mutations in HSP-1 and HSP-110, and analysis of ATPase rates of HSP-70s and HSP-110.

A TEM image of untagged HttExon1Q48 24 h post-PreSP treatment. Scale bar: 200 nm.
B Sedimentation analysis of the kinetics of HttExon1Q48-CyPet fibrilization. Depicted are the ratios of the supernatant (soluble HttExon1Q48-CyPet) and the pellet

(insoluble, aggregated HttExon1Q48-CyPet) at the indicated time points. The graph shows the average of two independent analyses.
C Analysis of the GST-cleavage reaction of GST-HttExon1Q48 via SDS–PAGE in the presence (bottom) and absence (top) of HSP-1, DNJ-13, and HSP-110. The time points

are indicated on top, and the migration of the full-length and cleaved GST-HttExon1Q48 protein is indicated on the right.
D SDS–PAGE and Coomassie staining of all purified proteins used in this study.
E CD analysis of HSP-1 (red) and the point mutants HSP-1_D10S (blue) and HSP-1_K71E (green) and the blank control (black).
F CD analysis of HSP-110 (red) and the point mutants HSP-110_D7S (blue) and HSP-110_N578Y/E581A (green) and the blank control (black).
G Basal ATPase rates of HSP-1 and HSP-110 and its point mutants. The ATPase rate is indicated on the y-axis in pmol ATP/lM Hsp/min (N = 2).
H ATPase rates of the Hsp70s: HSP-1 (white), F44E5.4 (light gray), C12C8.1 (dark gray), and F11F1.1 (black) alone and in the presence of the DNJ proteins, DNJ-12, DNJ-

13, DNJ-19, and DNJ-24 (N = 2).
I Sedimentation analysis of disaggregation of HttExon1Q48 fibrils by HSP-1, HSP-110, and DNJ-13 in the presence or absence of ATP after 12 h. Depicted are the ratios

of the supernatant (soluble HttExon1Q48) and the pellet (insoluble, aggregated HttExon1Q48). The error bars represent the standard deviation of three independent
experiments (N = 3).
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Figure EV2. Controls for in vitro and in vivo immunostaining Caenorhabditis elegans models of Htt513Q15/Q128-YFP and quantification of chaperones.

A On the left: TEM analysis of a control of HttExon1Q48 fibrils incubated with HSP-1 and only the primary antibody against HSP-1. On the right: TEM analysis of only
the chaperones HSP-1, DNJ-13, and HSP-110. Scale bars: 200 nm.

B Immunostaining of chaperones with HttExon1Q48 fibrils for DNJ-12, DNJ-19, DNJ-24, C12C8.1, F44E5.4, and F11F1.1. Scale bars: 50 nm. The red arrows mark the
positive immunogold labeling.

C Fluorescence images of nematode lines that were used in this study for the analysis of chaperone expression (Fig 5B and C): Htt513Q15-YFP (HttQ15) and Htt513Q128-
YFP (HttQ128). Scale bars: 200 lm.

D Tables depict the quantification of the chaperone concentrations in Htt513Q15-YFP vs. Htt513Q128-YFP (top) and wild-type nematodes of 4-day-old (young adults) vs.
10-day-old animals (bottom). Protein levels are depicted as nmol/g total protein. Data show an average of three independent analyses. Error ranges represent the
standard deviation.

E Filter retardation analysis of the disaggregation analysis of HttExon1Q75 aggregates by HSP-1, DNJ-13, and HSP-110 using an Htt antibody. The time course of the
experiment is depicted on the left. No difference in the aggregated state of HttExon1Q75 can be observed in the chaperone-containing sample (right lane vs. left lane).

F Western blot analysis of the soluble and insoluble moiety of HttExon1Q97 of HEK293T cells upon siRNA-mediated depletion of DNAJB1, Apg2, and Hsc70. The
migration of the insoluble and soluble HttExon1Q97 protein is indicated on the right. An asterisk indicates a non-specific signal that also appears in the non-
transfected HEK393T cells (left lane).

G Quantification of the overall HttExon1Q97 levels (soluble + insoluble) of (F). The intensities were normalized to tubulin and represent an average of 3 independent
experiments. Error bars represent the standard deviation.
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