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Σα βγεις στον πηγαιμό για την Ιθάκη, 
να εύχεσαι νάναι μακρύς ο δρόμος, 

γεμάτος περιπέτειες, γεμάτος γνώσεις. 
Τους Λαιστρυγόνας και τους Κύκλωπας, 
τον θυμωμένο Ποσειδώνα μη φοβάσαι, 

τέτοια στον δρόμο σου ποτέ σου δεν θα βρεις, 
αν μέν’ η σκέψις σου υψηλή, αν εκλεκτή 

συγκίνησις το πνεύμα και το σώμα σου αγγίζει. 
Τους Λαιστρυγόνας και τους Κύκλωπας, 

τον άγριο Ποσειδώνα δεν θα συναντήσεις, 
αν δεν τους κουβανείς μες στην ψυχή σου, 

αν η ψυχή σου δεν τους στήνει εμπρός σου.

Να εύχεσαι νάναι μακρύς ο δρόμος. 
Πολλά τα καλοκαιρινά πρωιά να είναι 

που με τι ευχαρίστησι, με τι χαρά 
θα μπαίνεις σε λιμένας πρωτοειδωμένους· 

να σταματήσεις σ’ εμπορεία Φοινικικά, 
και τες καλές πραγμάτειες ν’ αποκτήσεις, 

σεντέφια και κοράλλια, κεχριμπάρια κ’ έβενους, 
και ηδονικά μυρωδικά κάθε λογής, 

όσο μπορείς πιο άφθονα ηδονικά μυρωδικά· 
σε πόλεις Aιγυπτιακές πολλές να πας, 

να μάθεις και να μάθεις απ’ τους σπουδασμένους.

Πάντα στον νου σου νάχεις την Ιθάκη. 
Το φθάσιμον εκεί είν’ ο προορισμός σου. 

Aλλά μη βιάζεις το ταξείδι διόλου. 
Καλλίτερα χρόνια πολλά να διαρκέσει· 

και γέρος πια ν’ αράξεις στο νησί, 
πλούσιος με όσα κέρδισες στον δρόμο, 

μη προσδοκώντας πλούτη να σε δώσει η Ιθάκη.

Η Ιθάκη σ’ έδωσε τ’ ωραίο ταξείδι. 
Χωρίς αυτήν δεν θάβγαινες στον δρόμο. 

Άλλα δεν έχει να σε δώσει πια.

Κι αν πτωχική την βρεις, η Ιθάκη δεν σε γέλασε. 
Έτσι σοφός που έγινες, με τόση πείρα, 

ήδη θα το κατάλαβες η Ιθάκες τι σημαίνουν.

Κ.Π. Καβάφης, Ποιήματα (1896-1933)



As you set out for Ithaka 
hope the voyage is a long one, 
full of adventure, full of discovery. 
Laistrygonians and Cyclops, 
angry Poseidon—don’t be afraid of them: 
you’ll never find things like that on your way 
as long as you keep your thoughts raised high, 
as long as a rare excitement 
stirs your spirit and your body. 
Laistrygonians and Cyclops, 
wild Poseidon—you won’t encounter them 
unless you bring them along inside your soul, 
unless your soul sets them up in front of you. 
 
Hope the voyage is a long one. 
May there be many a summer morning when, 
with what pleasure, what joy, 
you come into harbors seen for the first time; 
may you stop at Phoenician trading stations 
to buy fine things, 
mother of pearl and coral, amber and ebony, 
sensual perfume of every kind— 
as many sensual perfumes as you can; 
and may you visit many Egyptian cities 
to gather stores of knowledge from their scholars. 
 
Keep Ithaka always in your mind. 
Arriving there is what you are destined for. 
But do not hurry the journey at all. 
Better if it lasts for years, 
so you are old by the time you reach the island, 
wealthy with all you have gained on the way, 
not expecting Ithaka to make you rich. 
 
Ithaka gave you the marvelous journey. 
Without her you would not have set out. 
She has nothing left to give you now. 

And if you find her poor, Ithaka won’t have fooled you. 
Wise as you will have become, so full of experience, 
you will have understood by then what these Ithakas mean.

C.P. CAVAFY: Poems (1896-1933)

Translated by Edmund Keeley and Philip Sherrard, edited by George Savidis, 1992, 
Princeton University Press.
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Chapter 1

Introduction and aim of the thesis
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University Medical Center Groningen, 
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1.1 Protein homeostasis & protein quality control

After their production at the ribosomes as amino acid chains, proteins have to fold and 

acquire their functional “native” three-dimensional state. For most proteins, this is a very 

complex process and misfolding can increase the risk of exposing interactive surfaces, 

like hydrophobic regions, which normally would be buried in the native state (Dyson et 

al., 2006). These surfaces can engage into non-functional interactions with other proteins, 

leading to protein aggregation. This is a constant challenge for the cells since not only 

normal newly synthesized proteins are facing the risk of aggregation. For instance, there 

are proteins or protein regions that remain unstructured (intrinsically disordered) at their 

functional state and that are thus constantly susceptible to aggregation. Moreover, native 

proteins under denaturing stress conditions can become (partially) unfolded. Finally, 

genetic mutations can result in production of abnormal proteins that either cannot acquire 

a normal native state and remain misfolded or contain excessive regions with increased 

aggregation potential, both of which scenarios can generate aggregating protein species. 

Protein aggregation can have various negative consequences in a cell; for example, it can 

induce co-aggregation of other metastable/ aggregation-prone proteins (Olzscha et al., 

2011), disrupt organelles (Hashimoto et al., 2003; Lin and Beal, 2006; Xie et al., 2010) and 

membranes (Bäuerlein et al., 2017; Lashuel and Lansbury, 2006; Liu et al., 2015), interfere 

with protein transport (Woerner et al., 2016; Dormann et al., 2010; Chou et al., 2018) or 

degradation (Bence et al., 2001; Bennett et al., 2005; Duennwald and Lindquist, 2008) and 

many more. Therefore, the cells have developed several protein quality control (PQC) 

mechanisms to minimize the risk of aggregation and ensure a functional proteome by 

maintaining protein homeostasis in the cell.

Protein homeostasis, often referred to as proteostasis, describes the regulation of protein 

production, folding, remodelling, transport and degradation in order for them to retain 

a functional conformation, concentration and localization according to the needs of 

the cell (Balch et al., 2008). Despite the “-stasis” suffix in the term proteostasis, protein 

homeostasis is not a static condition but rather a very dynamic one as the requirements 

of the protein content are changing constantly and depend on the cell type, age, status 

etc. That is why the PQC machineries, by refolding, unfolding, disaggregating, degrading 

or disposing proteins, play a major role in managing the constantly and dynamically 

changing requirements of protein production and remodelling. PQC primarily relies on 

a network of molecular chaperones that are involved in almost every aspect of protein 

maintenance; they assist folding of nascent proteins, they prevent aggregation by holding 

aggregation-prone proteins, they aid protein trafficking towards their final destination, they 
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guide damaged/ misfolded/ aggregating proteins towards disposal by the degradation 

machineries via the ubiquitin-proteasome system (UPS) or autophagy, they disentangle 

already formed aggregates (disaggregation) or they accompany aggregates into specific 

“deposit” cellular compartments (Hartl et al., 2011; Bukau et al., 2006; Chen et al., 2011). 

1.2 Protein homeostasis disruption and neurodegeneration

Protein aggregation is a common hallmark of many, otherwise non-related, 

neurodegenerative diseases, like Huntington’s disease (HD), different types of 

spinocerebellar ataxias (SCAs), Parkinson’s disease (PD), Alzheimer’s disease (AD), 

amyotrophic lateral sclerosis (ALS) (Soto, 2003). Some types of these diseases are 

inheritable and a result of genetic mutations that lead to abnormal, aggregation-prone, 

protein production. However, most cases, especially of AD, ALS and PD, are sporadic, 

although some of them have been linked with genetic mutations (de novo or previously 

undetected hereditary mutations) (Soto, 2003; Ajroud-Driss and Siddique, 2015). There are 

also many cases of unidentified causes, although some of these could also be the result 

of so far undetected genetic mutations (Mitsui and Tsuji, 2014). Different proteins are found 

in aggregates in the brains and/or other parts of the central nervous system of the patients 

for each disease for example polyglutamine huntingtin (polyQ-Htt) in HD, polyglutamine 

ataxins (polyQ-ATX) in spinocerebellar ataxias (SCAs) (Shao and Diamond, 2007). For some 

of these diseases, there is also variability in the proteins involved within the disease; in ALS, 

for instance, different protein aggregates like SOD1, FUS, TDP43, C9orf72 and more, have 

been implicated in the pathology of the disease (Blokhuis et al., 2013).

Whether hereditary or sporadic, all these diseases, show an age-related onset of the 

disease, implying that ageing is a contributing factor to the development of the disease 

and that the underlying defect can be tolerated from several years to even several 

decades of a person’s life. This has led to the protein homeostasis collapse model as a 

possible aetiology of neurodegenerative diseases (Balch et al., 2008; Douglas and Dillin, 

2010; Hipp et al., 2014; Kakkar et al., 2012; Kampinga and Bergink, 2016). According to this 

hypothetical model, during aging, there is increasing imbalance in the protein homeostasis 

within the organism due to at least two parallel processes. Firstly, several lines of evidence 

show an age-related decrease in the capacity of the PQC system, like the heat shock 

response, the degradation machineries (ubiquitin-proteasome and autophagy systems) 

or the chaperone capacity (Koga et al., 2011; Saez and Vilchez, 2014; Yang et al., 2014a; 

Hamatani et al., 2004; Ben-Zvi et al., 2009). Secondly, aging is more and more associated 

with an increase in production of aggregation-prone proteins (David et al., 2010; Walther 
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et al., 2015; David, 2012), likely as a result of accumulated somatic mutations, increased 

molecular mis-readings (transcriptional or translational errors) or accumulated damage 

due to exposure to various cellular stresses (e.g. heat stress, oxidative stress, infections) 

(Fig 1). As a consequence, the (increased) amount of ‘clients’ overwhelm the capacity of the 

(declining) PQC machineries of the cell leading to a collapse of the system and initiation 

of the disease. In the cases of hereditary genetic mutations, the protein homeostasis 

model further predicts that the burden is already increased since birth and it is initially 

manageable but the collapse of the system appears at an earlier age, which is consistent 

with the earlier age of onset of the hereditary forms of neurodegenerative diseases.

These two parallel pathways may furthermore be intertwined and self-perpetuating as 

entrapment of crucial PQC components by the misfolded or aggregated proteins can lead 

to a further shortage of the available pool of PQC components and a progressive decline 

in the total capacity of the system. Indeed, many PQC components like chaperones and 

proteasomal components have been found associated with aggregates (Wang et al., 

2009; Wigley et al., 1999; Kim et al., 2016; Suhr et al., 2001; Wang et al., 2007; Olzscha et al., 

Figure 1. Proposed protein homeostasis model. During aging, metastable protein levels increase due to 

accumulated mutations and proteotoxic stress (black line). On parallel, the protein quality control capacity of the cell 

declines with aging (red line), eventually leading to a collapse of the system and onset of sporadic neurodegenerative 

diseases (meeting point of the red and black line). In the case of genetic mutations affecting disease-associated 

proteins, there is an increased burden of metastable protein production already since birth (blue line), which leads 

to an earlier collapse of the system (meeting point of blue and red line) and heritable disease onset. Interindividual 

differences in any of these factors may further contribute to the variability of the disease onset (dotted lines). Figure 

adapted from Kakkar et al., 2012.
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2011). This sequestering of chaperones was also demonstrated to directly interfere with 

chaperone-related functions like protein folding, degradation or complex disassembly 

(Hinault et al., 2010; Park et al., 2013; Yu et al., 2014). Another forward feedback loop 

contributing to the proteostasis imbalance is the induction of aggregation of other 

aggregation-prone proteins due to co-aggregation, as it has been shown that amyloid 

aggregates can sequester various metastable proteins with essential functions (Olzscha 

et al., 2011). 

The protein homeostasis model was firstly supported by experiments in C. elegans 

which showed that polyQ and temperature-sensitive mutants can increase each other’s 

aggregation (Gidalevitz et al., 2006). Following that, temperature sensitive mutants have 

been shown to increase mutant SOD1 aggregation in C. elegans (Gidalevitz et al., 2009) and 

polyQ can lead to aggregation of thermosensitive luciferase mutants (Gupta et al., 2011). 

These findings with thermosensitive mutant proteins do point towards defects in protein 

homeostasis induced by aggregation, but the use of an increase in temperature in order 

to activate misfolding and aggregation of the mutant proteins does entail some potential 

confounders as the temperature shift for the lines adapted to grow at the permissive 

temperature is a heat stress and can elicit more global changes in protein homeostasis 

as well as activate the heat shock response. Moreover, a common general collapse of the 

system cannot explain why the disease manifestation is so different, depending on the 

aggregating protein present. It is known that PQC needs are likely different for each protein 

as, for example, different chaperones are involved in processing different aggregating 

proteins (Kakkar et al., 2014). Therefore, it can be hypothesized that the impact of each 

aggregating protein on the protein homeostasis can vary significantly. For example, trapping 

specific chaperones or other PQC components initially involved in the aggregating protein’s 

processing and inducing shortage of these certain components. An alternative would be 

that each aggregating protein can interact, sequester and ultimately induce aggregation of 

only certain proteins, leading to a shortage of these specific factors. In any of these cases, 

aggregation subsequently leads to specific cellular defects eventually causing a disease. 

Moreover, each disease-related protein may be differently expressed and differently 

modified or regulated in different brain areas, changing its aggregation-propensity. Indeed, 

it has been shown that e.g. post-translational modifications and proteolytic processing are 

important factors for the aggregation process of disease-related proteins (Park et al., 2018; 

Kuiper et al., 2017; Rhoads et al., 2018; Greenberg et al., 1990; Zhang et al., 2009; Sambataro 

and Pennuto, 2017). In Chapter 3, we further dissect the differences between the different 

impact of aggregating proteins on protein homeostasis using polyQ and mutant SOD1 as 

model aggregating proteins.
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Finally, hereditary genetic mutations in chaperones or other PQC components also cause 

age-related aggregation diseases (Macario and De Macario, 2007), again suggesting 

that in these cases PQC is already impaired at birth and collapses at an early age (Fig 1). 

Taken together, all these results point towards protein homeostasis collapse as being the 

common underlying cause of a general cellular dysfunction that subsequently leads to 

many different degenerative diseases in neurons, but also skeletal and cardiac muscles. 

1.3 Molecular chaperones & the Hsp70 system

Molecular chaperones play a central role in many PQC-related processes like protein folding, 

aggregation prevention, disaggregation, degradation, transport, complex assembly/ 

disassembly and more (Hartl et al., 2011; Bukau et al., 2006). The largest and most generic 

class of molecular chaperones are the families of heat shock proteins (HSP). Heat shock 

proteins received their name from their discovery as proteins up-regulated by heat shock 

(Ritossa, 1962, 1963, 1996; Tissiéres et al., 1974), referred to as the heat-shock response 

(HSR), which is transcriptionally activated by the heat shock factor-1 (HSF-1) (Richter et al., 

2010). In eukaryotes, there are several different families of chaperones, each comprising 

of multiple members, which are organised in different systems: the Hsp70 system, the 

Hsp90 system, Hsp60 system, 

CCT/TRiC and the small HSPs 

(Saibil, 2013; Garrido et al., 

2012) (Fig 2). Interplay between 

these different systems that 

form an extended network of 

chaperones ensures proper 

substrate processing to avoid 

aberrant protein production. 

Except small HSPs that act in 

an ATP-independent manner, 

each of these systems, or 

molecular machineries, 

process a variety of substrates 

in an ATP-dependent binding 

and release cycle. While each 

of these families contains 

members that are regulated 

by the classical HSR, which 

Figure 2. Chaperone networks. At the various stages of protein 

handling (thin black arrows), different chaperone machineries are 

involved. In humans, they are comprised of the Hsp70 system, the 

Hsp90 system, the Hsp60 system, CCT/TRiC and the small HSPs. 

Some of these chaperone systems can communicate with each other 

(thick green/red arrows) in the different processes. 

Hsp70 Hsp90

Small
HSPs

CCT /
TriC

Hsp60

unfolded/
misfolded

aggregation degradation

native

compartmentalization
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can be activated by many more proteotoxic stresses than heat shock (Morimoto, 1998), 

many HSP family members are either not at all HSR-regulated, or (also) constitutively 

synthesized, or regulated by other stress pathways like the unfolded protein responses in 

the ER or mitochondria (Hageman et al., 2011; Harding et al., 2002; Patil and Walter, 2001; 

Pellegrino et al., 2013).

A central system involved in almost all PQC-related processes is the Hsp70 machinery 

(Fig 3). The minimal requirements for the system are one Hsp70 (HSPA) family protein, one 

DNAJ (Hsp40) family protein and one nucleotide exchange factor (NEF). The Hsp70 protein 

confers an ATPase activity which powers a binding and release cycling of the substrates, 

causing HSP70 to alternate between a high-affinity ADP-bound state and low-affinity 

ADP-bound state. This cycle is aided by the co-chaperones DNAJs for stimulating ATP 

hydrolysis (usually together with the substrate) and NEFs for the ADP/ATP exchange (Mayer 

and Bukau, 2005). Hsp70, DNAJ and NEF families of the human Hsp70 system consist of 

several members each (Table 1), hereby increasing the flexibility of the system to serve 

multiple clients and to connect 

to multiple other PQC 

components and hence 

serve in many cell biological 

processes.

DNAJs are divided into three 

subfamilies: DNAJAs, DNAJBs 

and DNAJCs (Kampinga 

and Craig, 2010). DNAJAs 

and DNAJBs apart from the 

J-domain also contain a Gly/

Phe-rich region of unknown 

function and a variable 

C-terminus that contains a 

substrate binding region. 

DNAJAs additionally contain 

a zinc finger-like region, thus 

deviating from DNAJBs. All 

other proteins with a J-domain 

that do not fall under these two 

categories, are classified as 

DNAJCs. DNAJAs and DNAJBs 

Figure 3. The Hsp70 cycle. DNAJ proteins recruit non-native substrates 

through their variable substrate-binding domain (1) and interact 

with ATP-bound Hsp70s through their conserved J-domain (2). The 

substrate together with the DNAJ stimulate ATP hydrolysis that leads to 

a conformational change of the Hsp70 and the subsequent “locking” of 

the substrate (which has increased affinity for ADP-Hsp70) and release 

of the DNAJ (3). Following that, a nucleotide exchange factor (NEF) 

binds to ADP-Hsp70 (4) to aid ADP dissociation (5) and ATP binding (6). 

Since ATP-Hsp70 has low affinity for both the substrate and the NEF, 

they are both released from the Hsp70 (7). If the substrate is in a non-

native state after being released by the Hsp70, it can re-enter the cycle. 

Figure adapted from Kampinga and Craig, 2010.
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Table 1. Chaperones of the human Hsp70 machinery and their subcellular localization

Hsp70

Gene name Localization

Hsp70/HspA

HSPA1A Cyto/Nuc

HSPA1B Cyto/Nuc

HSPA1L Cyto/Nuc

HSPA2 Cyto/Nuc

HSPA5 ER

HSPA6 Cyto/Nuc

HSPA7 Cyto/Nuc

HSPA8 Cyto/Nuc

HSPA9 Mito

HSPA12A Cyto/Nuc

HSPA12B Cyto/Nuc

HSPA13 Cyto/Nuc

HSPA14 Cyto/Nuc

NEF

Gene name Localization

Hsp110/HSPH

HSPH1 Cyto/Nuc

HSPH2 Cyto/Nuc

HSPH3 Cyto/Nuc

BAG

BAG1 Cyto/Nuc

BAG2 Cyto/Nuc

BAG3 Cyto/Nuc

BAG4 Cyto/Nuc

BAG5 Cyto/Nuc

BAG6 Cyto/Nuc

HYOU1 ER

HSPBP1 Cyto/Nuc

SIL1 ER

GRPEL1 Mito

DNAJ

Gene name Localization

DNAJA

DNAJA1 Cyto/Nuc

DNAJA2 Cyto/Nuc

DNAJA3 Mito

DNAJA4 Cyto/Nuc

DNAJ

Gene name Localization

DNAJB

DNAJB1 Cyto/Nuc

DNAJB2a Cyto/Nuc

DNAJB2b ER

DNAJB3 Cyto/Nuc

DNAJB4 Cyto/Nuc

DNAJB5 Cyto/Nuc

DNAJB6a Nuc

DNAJB6b Cyto/Nuc

DNAJB7 Cyto/Nuc

DNAJB8 Cyto/Nuc

DNAJB9 ER

DNAJB11 ER

DNAJB12 ER

DNAJB13 Cyto/Nuc

DNAJB14 Cyto/Nuc

DNAJC

DNAJC1 ER

DNAJC2 Cyto/Nuc

DNAJC3 ER

DNAJC4 -DNAJC9 Cyto/Nuc

DNAJC10 ER

DNAJC11 Mito

DNAJC12 Cyto/Nuc

DNAJC13 Cyto/Nuc

DNAJC14 ER

DNAJC15 Golgi

DNAJC16 Cyto/Nuc

DNAJC17 Cyto/Nuc

DNAJC18 Cyto/Nuc

DNAJC19 Mito

DNAJC20 Mito

DNAJC21 Cyto/Nuc

DNAJC22 Cyto/Nuc

DNAJC23 ER

DNAJC24 -DNAJC30 Cyto/Nuc
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are considered as rather “promiscuous”, i.e. interacting with a wide range of substrates, 

while several DNAJCs are considered as chaperones for specific proteins, whilst others 

have yet unknown substrate binding capacity or no such capacity at all but may only 

serve to tether Hsp70 (Kampinga and Craig, 2010). Whereas the interaction of DNAJs with 

Hsp70s is thought to be mediated by the J-domain, which is common in DNAJ family 

members, the role of the different DNAJs in regulating the function of Hsp70s is something 

that still remains unclear. In yeast, different DNAJs have been shown to form preferred 

combinations for certain activities (Lu and Cyr, 1998). In humans, there are 13 Hsp70s and 

around 50 DNAJ proteins (Table 1). Therefore, a preference in the combinations of DNAJ 

and Hsp70 couples that can be formed, in general or under certain conditions, is very likely 

to exist.

The Hsp70 family is among the most conserved families of proteins through evolution, 

from bacteria to humans (Hunt and Morimoto, 1985; Gupta and Golding, 1993). In humans, 

13 Hsp70 proteins have been identified with the different family members exhibiting high 

sequence homology (Radons, 2016). Hsp70 proteins contain three distinct structural 

domains: an ATPase or nucleotide binding domain (NBD), a substrate binding domain 

(SBD) and a C-terminal domain (CTD) forming a lid that stabilizes the substrates upon 

binding (Mayer and Bukau, 2005). They interact with substrates via their SBD and have a 

generic recognition motif that consists of hydrophobic-rich stretches flanked by positively 

charged amino acids (Rüdiger et al., 1997). Such stretches can be found in virtually all 

proteins but are usually buried within the core of proteins and only become exposed when 

they are unfolded or misfolded. Substrate interaction can allosterically stimulate hydrolysis 

of ATP, which is bound to their NBD (McCarty et al., 1995; Flynn et al., 1991). Hsp70 NBD is 

divided into 4 subdomains (lobe IA, IB, IIA and IIB) forming a V-shaped structure (Fig 4). The 

Figure 4. Hsp70 nucleotide binding domain (NBD). 

Hsp70 NBD forms a V-shaped structure and consists 

of two lobes that are divided into two subdomains 

each: IA (purple), IB (yellow), IIA (green) and IIB (red). 

Between the two lobes is the nucleotide (here ADP, 

orange) binding site. Figure generated with Pymol using 

HSPA1A-NBD structural data from Wisniewska et al., 

2010 (PDB ID: 3JXU).

Lobe I
Lobe II

IB
IIB

IA

IIA

ADP

Hsp70 NBD
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cleft between the four domains serves as the binding domain for the nucleotides (ATP/

ADP). Upon ATP hydrolysis, there is a conformational change that leads to an increase 

in substrate affinity, thus trapping the substrate in the ADP-bound Hsp70; therefore, a 

subsequent ADP/ATP exchange is required for substrates to be released (Mayer, 2013). 

However, the Hsp70 alone has a low-efficiency ATPase that requires assistance by co-

chaperones for its efficient cycling; a DNAJ family member binds to Hsp70, stimulates 

ATP hydrolysis and promotes substrate binding while a nucleotide exchange factor (NEF) 

catalyses ADP/ATP exchange thereby promoting substrate release (Mayer, 2013). This is 

achieved through the interaction of the co-factors DNAJs and NEFs with the NBD of the 

Hsp70s. 

DNAJ proteins, besides stimulating Hsp70 ATPase activity, are thought to be the recruiters 

of the substrates that are entering the Hsp70 cycle. They are a large family of proteins 

(more than 50 members in humans) with great variability among the different members 

(Kampinga and Craig, 2010). The family is characterized by a conserved J-domain, that 

serves as the interacting region with the NBD and (a part of) the SBD of the Hsp70s (Kityk 

et al., 2018) (Fig 5) and is required for Hsp70 ATPase activity stimulation (Wall et al., 1994; 

Karzai and McMacken, 1996). Upon J domain interaction, substrate-mediated ATPase 

activity is highly increased and after a conformational change of the Hsp70 domains, the 

substrate is efficiently trapped by Hsp70.

Figure 5. Hsp70-DNAJ interaction. DNAJs interact with the NBD and the SBD of Hsp70s through a conserved HPD 

motif on their J-domain. Shown above are: Hsp70-NBD lobe I (dark teal) and lobe II (cyan), Hsp70-linker (yellow), 

Hsp70-SBD (dark red and orange), DNAJ-J-domain (purple) and DNAJ-HPD motif (green spheres). Figure depicting 

bacterial Hsp70 (DnaK) in complex with the J-domain of bacterial DnaJ, adapted from Kityk et al., 2018.
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While DNAJ proteins act at the entry of the substrates into the Hsp70 cycle, NEFs act at their 

exit point and aid substrate release. There are four structurally different families of proteins 

that can act as NEFs for human Hsp70s: the BAG family with 5 members, the Hsp110/

Grp170 (HSPH) family with 4 members, the HspBP1/Sil1 family with just 2 members and the 

GrpE family with 2 members (Bracher and Verghese, 2015). These different types of NEFs 

have completely different structures and they use different mechanisms to catalyse ADP/

ATP exchange by interacting with the NBD of the Hsp70s at different, partially overlapping 

sites (Polier et al., 2008; Schuermann et al., 2008; Sondermann et al., 2001; Arakawa et 

al., 2010; Xu et al., 2008; Shomura et al., 2005). GrpE type, which originated from bacterial 

NEFs, are only present in mitochondria and act as NEFs for the mitochondrial Hsp70 

(HSPA9). Hsp110s and Grp170 (ER-specific NEF for HSPA5, the ER Hsp70) are structurally 

similar to the Hsp70s, with an N-terminal NBD followed by an SBD. Although they have 

ATPase activity, they do not possess the same mechanism as Hsp70s with a substrate 

binding and release cycle and primarily act as NEFs for Hsp70s (Dragovic et al., 2006; 

Raviol et al., 2006; Shaner et al., 2004). The HspBP1/Sil1 type of NEFs are characterized 

by an Armadillo-repeat domain, which is also the interacting region with the Hsp70-NBD 

(Shomura et al., 2005). Finally, the BAG family is the largest family of NEFs, with a common 

conserved BAG domain that contains the Hsp70-interaction site (Sondermann et al., 2001; 

Arakawa et al., 2010; Xu et al., 2008). While NEF activity is important for efficient cycling of 

Hsp70, they are only needed in substoichiometric ratios to Hsp70s and excessive numbers 

speed up ADP dissociation and negatively affect the cycle efficiency (Rauch and Gestwicki, 

2014; Nollen et al., 2000; Dragovic et al., 2006; Tzankov et al., 2008; Yamagishi et al., 2000).

In addition to DNAJs and NEFs, an Hsc70-interacting protein (Hip) has been identified as 

an indirect regulator of the Hsp70 cycle by antagonizing NEF binding and thus attenuating 

ADP dissociation and delaying substrate release by the Hsp70s (Kanelakis et al., 2000; Li et 

al., 2013; Höfeld et al., 1995). Under certain conditions, this may increase the dwelling time 

of substrate on Hsp70 enhancing their likelihood of folding (Nollen et al., 2001). Finally, a 

series of tetratricopeptide repeat (TPR) domain-containing cochaperones of Hsp70 exists, 

like Hop and CHIP, that regulate interactions of the Hsp70 machinery with other main 

chaperone systems like the Hsp90 (Hop) (Johnson et al., 1998; Alvira et al., 2014) or that 

connect the Hsp70 machine with the UPS degradation machinery (CHIP) (Mcdonough and 

Patterson, 2003; Zhang et al., 2015).

As evident from the above, Hsp70 machines may exist in many different assemblies 

consisting not only of different Hsp70 members, but each recombining with different 

DNAJs and NEF couples together with other co-factors. It is far from clear yet whether 

and how such specific combinations are favoured under certain conditions and whether 
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any preferred assemblies are made between different core Hsp70 members. Competition 

between BAG and Hsp110 members for NEF activity for Hsp70s has been previously 

reported (Rauch and Gestwicki, 2014) and different assemblies may be driven by differential 

specific affinities and post-translational effects (Assimon et al., 2015; Rauch and Gestwicki, 

2014).  Moreover, combinations of gene expression regulatory pathways controlling 

total and local (intra)cellular concentration depending on the client or cellular condition 

may affect chaperone complex formation as well. A clear example of such regulation 

is the specific induction of BAG3 under conditions of stress that impair or overload the 

proteasomal capacity (Rapino et al., 2014; Du et al., 2009). BAG3 then outcompetes BAG1, 

which links Hsp70 to UPS (Lüders et al., 2000), in binding Hsp70 loaded with ubiquitylated 

proteins which enables the cells to switch from UPS to autophagy for degradation of the 

HSP70-bound client (Minoia et al., 2014). 

1.4 Chaperone specificity

Chaperones of the Hsp70 system are involved in almost all different processes of the 

protein quality control including protein folding, aggregation prevention, disaggregation 

and degradation by the ubiquitin-proteasome or autophagy systems (Hartl et al., 2011; 

Bukau et al., 2006). In human, the Hsp70 system comprises many members for each of 

the different families (Table 1). The existence of multiple Hsp70, DNAJ and NEFs points 

towards specialization in the necessary chaperones needed for different activities or for 

different substrates. In vitro, certain Hsp70-DNAJ-NEF combinations have been found to be 

more efficient for certain activities (e.g. folding) and even ratios between the components 

are influencing the system efficiency (Tzankov et al., 2008; Rauch and Gestwicki, 2014). 

However, it is still unclear if and how those combinations are formed in living cells and if 

and how different combinations are required for different activities.

1.4.1 Spatial diversity of chaperones: same function in different compartments
Despite the existence of multiple members for each chaperone family, not all of these 

members are expressed at the same time or in the same compartment in each cell 

(Hageman and Kampinga, 2009; Hageman et al., 2011; Kampinga and Craig, 2010; Kampinga 

and Bergink, 2016), which limits the chaperone combinations as well as the substrates 

involved in the different cellular compartments. Moreover, there is enormous variability 

in chaperone expression at different tissues or cell types (Hageman and Kampinga, 2009; 

Hageman et al., 2011), which suggests that the needs of each chaperone differ per cell. 

Although increasing the system complexity, such spatiotemporal limitations in chaperone 

availability might reflect the presence of specific type of substrates under different cellular 
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conditions and increase efficiency in substrate processing.

1.4.2 Functional diversity of chaperones
As stated above, Hsp70s are highly homologues and their substrate recognition has been 

suggested to be quite general (Rüdiger et al., 1997) and most of them perform functions 

like folding or aggregation suppression efficiently in vitro (Freeman and Morimoto, 

1996; Gassler et al., 2001; Hendershot et al., 1996; Fink, 1999). These observations led 

to a popular belief that Hsp70s just provide a generic ATPase activity and are therefore 

largely interchangeable (Warrick et al., 1999; Fernandez-Funez et al., 2016; Shukla et al., 

2014; Auluck et al., 2002, 2005; Chan et al., 2000; Wong et al., 2008; McLear et al., 2008). 

However, especially in cells and/or animal models, not all Hsp70s behave in the same 

way (Kampinga and Craig, 2010; Kakkar et al., 2014; Kampinga and Bergink, 2016; Clerico 

et al., 2015). For example, yeast Hsp70s have been found to be differentially capable 

to perform certain functions (James et al., 1997; Sharma and Masison, 2011). Moreover, 

different human Hsp70s have been found to have different efficiency in in vitro lysosomal 

proteolysis (Terlecky et al., 1992) and show differences in the ability to support the cellular 

capacity to reactivate heat-denatured luciferase (Hageman et al., 2011) or to suppress 

the aggregation of mutant polyQ (Hageman et al., 2011, 2010) or mutant parkin (Kakkar et 

al., 2016a) in cells. Despite the accumulating evidence for such a diversity between the 

different Hsp70s, the reason behind it remains unknown. 

Since the recognition of substrates by Hsp70 is quite generic and since there is a lot more 

variability in co-chaperones, especially DNAJs, the latter have been suggested as the 

ones that confer specificity to the Hsp70 system (Kampinga and Craig, 2010; Vembar et 

al., 2010) in terms of recruiting it to specific substrates. But whether different Hsp70s have 

preferences for certain DNAJ proteins has remained elusive so far. On the other hand, the 

multiple NEF families and family members points toward them as potential regulators for 

the output of the Hsp70 cycle. For example, Hsp110 NEFs have been specifically identified 

as crucial members of a human disaggregation machine, together with Hsp70s and DNAJs, 

while BAG type of NEFs could not support such function (Rampelt et al., 2012; Shorter, 

2011; Mattoo et al., 2013; Nillegoda et al., 2015; Nillegoda and Bukau, 2015). Furthermore, 

whereas Hsp110 proteins have been implicated in both refolding and degradation of 

proteins, BAG proteins are mostly associated with degradation (Bracher and Verghese, 

2015; Kandasamy and Andréasson, 2018b; Mattoo et al., 2013; Kriegenburg et al., 2012; Carra 

et al., 2009; Lüders et al., 2000; Gamerdinger et al., 2009). And as stated above, different 

ratios of BAG proteins have been shown to switch between different types of degradation, 

proteasomal degradation and autophagy (Minoia et al., 2014). But as mentioned for DNAJs, 

it is yet unclear whether different Hsp70s have preferences for certain NEFs or not. 
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The specificity of (co)chaperones or chaperone combinations in the context of Hsp70 

machines has also been particularly addressed in their ability to suppress protein 

aggregation of disease-causing mutant proteins. Members of the Hsp70 system were found 

to be potent suppressors of aggregation of proteins associated with neurodegenerative 

diseases but, interestingly, different (co)chaperones seem to be needed for aggregation 

suppression of different disease-associated proteins (Kakkar et al., 2014; Kampinga and 

Bergink, 2016). For example, overexpression screens in HEK293 cells of individual Hsp70 

machinery members revealed that polyglutamine (polyQ), heat denatured luciferase 

or mutant parkin (parkinC289G) aggregates require different chaperones for aggregation 

suppression (Hageman et al., 2010; Kakkar et al., 2016a; Hageman et al., 2011). This is 

connected with the fact that aggregates of different proteins are not the same and 

therefore probably require different processing by chaperones. Structurally, some proteins 

like polyglutamine expansion-proteins form beta-sheet structured amyloid fibrils while 

others like mutant SOD1 or TDP43 form unstructured, amorphous aggregates (Johnson 

et al., 2009; Capitini et al., 2014; Matsumoto et al., 2006). Besides structure, also cellular 

localization of aggregates can vary as different aggregates can be sequestered into 

different compartments in the cell (Kaganovich et al., 2008; Miller et al., 2015a; Weisberg et 

al., 2012; Kamhi-Nesher et al., 2001; Roy et al., 2015; Escusa-Toret et al., 2013), which might 

also influence the chaperone availability for each of these aggregates.

All the above-mentioned studies suggest that co-chaperones DNAJs and NEFs are key 

to regulating the specificity and functionality of Hsp70 cycle. By regulating different 

expression levels of the (co)chaperones in the different cell types or via PTMS, specific 

combinations of Hsp70 machine may direct the handling of specific clients. In Chapter 2, 

we experimentally address the specificity of the different Hsp70 chaperones focussing on 

two closely related Hsp70 family members (HSPA1A and HSPA1L).

1.5 Chaperonopathies

Mutations in several chaperone genes have been identified as causal to a number of 

diseases, together often referred to as chaperonopathies. Interestingly most of them affect 

tissues that (in adulthood) are mostly post-mitotic, causing either neuropathies, (cardio) 

myopathies or cataract (Behl, 2016; Kakkar et al., 2014; Macario and de Macario, 2005; 

Macario and De Macario, 2007; Macario and Conway de Macario, 2007; Kakkar et al., 2012). 

Mutations in the different chaperones generally lead to diseases affecting different tissues 

or same tissue but with different phenotypes, further accentuating that each chaperone 

is involved in different PQC processes and/or processing different types of substrates. 
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However, irrespective of the type of tissue that is affected the pathology, many of them 

are hallmarked by the presence of protein aggregates in the affected tissues, for example 

mutations in DNAJs (Harms et al., 2012; Nosková et al., 2011; Sanchez et al., 2016), HSPBs 

(Ackerley et al., 2006; Andley et al., 2002, 2008; Mackay et al., 2003; Bova et al., 1999; Hayes 

et al., 2008; Perng et al., 2004; Vicart et al., 1998; Ghaoui et al., 2016) or BAGs (Fang et al., 

2017; Selcen et al., 2009) (Fig 6). 

The chaperone mutations identified so far that can cause a pathological condition are 

DNAJs, BAGs, small HSPs (HSPBs), Hsp60 (HSPDs) and CCT/TRiC (Fig 6). Strikingly, there 

are no disease-associated mutations in members of the Hsp70, Hsp110 or Hsp90 genes, 

which suggests that either all these chaperone functions are essential for life or that there 

are overlapping functions between the members of each of these families.

Figure 6. Chaperonopathies with aggregation pathologies. Many mutations in chaperone genes lead to different 

types of diseases (chaperonopathies) which are hallmarked by protein aggregation pathologies. Genes associated 

with dominantly inherited diseases are in bold letters.
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Some of these chaperonopathies are dominantly inherited while some others are 

recessive (Kakkar et al., 2014; Macario and Conway de Macario, 2007) (Fig 6). For the 

dominantly inherited, the underlying cause of the disease could be a toxic gain of function, 

a (partial) loss of function via haploinsufficiency or a dominant negative effect of the 

mutant. Haploinsufficiency has been proposed to be the causative factor for mutations 

in mtHsp60 (Hansen et al., 2002; Bross et al., 2008), DNAJC5 (Nosková et al., 2011), HSPB1 

(Lewis et al., 1999; Boncoraglio et al., 2012). On the other hand, most mutations in small 

HSPs have been associated with the presence of protein aggregates (Ackerley et al., 2006; 

Andley et al., 2002, 2008; Mackay et al., 2003; Bova et al., 1999; Hayes et al., 2008; Perng 

et al., 2004; Vicart et al., 1998; Ghaoui et al., 2016), suggesting that they either directly 

aggregate themselves (toxic gain of function) or they indirectly cause aggregation of their 

substrates by loss of function. BAG3 mutations are also of particular interest as they cause 

a very severe and early onset muscle disease and it has been recently suggested that a 

combined loss of function and dominant negative effect on the Hsp70 machinery is the 

underlying mechanism of the disease (Meister-Broekema et al., 2018). Of particular interest 

are also several DNAJB6 mutations that cause limb-girdle muscular dystrophy type 1D 

(LGMD1D). Although the exact mechanism that leads to the disease is not yet understood, 

it has been suggested that the mutants may display reduced chaperone function (Palmio 

et al., 2015; Sarparanta et al., 2012; Stein et al., 2014; Tsai et al., 2017), which would imply that 

the full activity of this chaperone in critical to muscle tissue with a minor loss of function 

being sufficient to cause disease. However, the disease-associated mutants are located 

in a region that was initially thought to be less critical for DNAJB6 function (Hageman et 

al., 2010), creating a controversy in the field. For that reason, in Chapter 4, we study those 

mutants of DNAJB6 and their effect on chaperone activity.
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Aim and outline of the thesis

As explained above, protein homeostasis imbalances could lead to protein aggregation, 

which has been associated with a variety of diseases. Therefore, understanding how the 

protein quality control mechanisms of the cell work is of great importance as it could be 

the key to prevent some of these diseases. Here, we aim to understand the mechanism by 

which protein aggregation can lead to a protein homeostasis imbalance, unravel the role 

of chaperones of the Hsp70 machinery in handling protein aggregation and shed some 

light into their mechanism of action. 

In Chapter 2, we study how different members of the Hsp70 machinery can modulate 

ALS-associated mutant SOD1 aggregation, with particular focus on Hsp70 family 

members. Using cellular models of mutant SOD1 aggregation, we screened for positive 

or negative modulators and discovered substantial differences between different Hsp70 

family members. This was quite surprising as all Hsp70s had been suggested to have 

very comparable substrate binding characteristics. To identify the reason behind these 

differences, we compared in more detail two highly conserved Hsp70 family members, 

HSPA1A and HSPA1L, that were found to have opposing effects on SOD1 aggregation. We 

discovered that these differences are not associated with their substrate binding capacity, 

but are attributed to minor amino acid changes in their NBD that alters their interaction 

pattern with NEFs. This chapter highlights the delicate interplay between Hsp70 machinery 

members and their regulators to ensure proper substrate handling.

We mentioned earlier that protein aggregation can impair protein homeostasis but it is not 

clear how different aggregating proteins affect protein homeostasis. Therefore, in Chapter 

3 we examine if different disease-associated aggregating proteins, like polyglutamine 

proteins (polyQ) and mutant SOD1, can indirectly influence each other’s aggregation. 

These two proteins can aggregate independently in the cells and they rely on a different 

set of chaperones for their aggregation suppression, making them ideal to study indirect 

effects of protein aggregation on protein quality control mechanisms. We show that polyQ 

aggregation enhances mutant SOD1 aggregation but not vice versa, suggesting that each 

aggregating protein generates a specific defect on protein homeostasis and not a generic 

system collapse.

Another way to understand the importance of chaperones in suppressing protein 

aggregation is by looking at mutations that lead to diseases and the underlying cause. 

In Chapter 4, we study DNAJB6, a co-chaperone of the HSP70 system that can suppress 

Chapter 1
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aggregation of various aggregation prone proteins, like polyQ, alpha-synuclein, amyloid 

beta, prions and mutant parkin. Several mutations in a conserved G/F-rich region of DNAJB6 

gene have been associated with limb-girdle muscular dystrophy type 1D (LGMD1D), an 

autosomal dominant myopathy. Previous studies reported conflicting results regarding 

the functionality of this region and thus the impact that these mutations may have on 

the function of DNAJB6. Here, we found mutants of DNAJB6b, the cytoplasmic/nuclear 

isoform, show only minor loss of activity against polyQ or mutant parkin aggregation. 

However, we found that a LGMD1D-associated mutant of DNAJB6a, the exclusively nuclear 

DNAJB6 isoform, exhibited better aggregation suppressing activity in the cytoplasm than 

the wild type DNAJB6a, possibly suggesting a different function for the affected region 

between the different isoforms.

In Chapter 5, we summarize the results presented here and we discuss the implications 

for the chaperone roles in protein aggregation and the future perspectives.
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Abstract

Hsp70 chaperones play a central role in maintaining protein homeostasis by actively 

participating in a wide variety of processes including folding, anti- and dis-aggregation 

and degradation. Human Hsp70s comprise a family of thirteen members and act with 

the aid of even larger families of co-chaperones. A delicate interplay between Hsp70s 

and co-chaperone recruitment is thought to determine substrate fate. Yet, it has been 

generally assumed that all paralogs of Hsp70 have similar activity and are largely 

functionally interchangeable. However, we found that when expressed in cells, two highly 

homologous Hsp70s, HSPA1A and HSPA1L, are not functionally similar and can even have 

opposing effects on cellular handling of various substrates. Intriguingly, neither variations 

in substrate binding nor in substrate delivery by DNAJ co-chaperones play a role in this 

remarkable difference between these Hsp70s. Instead, the different functionality and 

hence substrate fate is determined by the preferential interaction of HSPA1A (and not 

HSPA1L), via its nucleotide binding domain, with HSPH2, an Hsp110 Nucleotide Exchange 

Factor, that regulates ADP/ATP exchange of Hsp70 and substrate release. 
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Introduction

The Hsp70 machinery is a central system of the protein quality control and it is involved in 

many different processes including protein folding, degradation, aggregation prevention 

and disaggregation (Mayer and Bukau, 2005; Kim et al., 2013; Mogk et al., 2018). This system 

consists of at least one member of each of three different families of chaperones: the Hsp70 

(HSPA) family with ATPase activity and their co-chaperone families of DNAJs (Hsp40s) 

and Nucleotide Exchange Factors (NEFs) (Kampinga and Craig, 2010). Hsp70 chaperones, 

which are amongst the most highly conserved proteins in evolution, in humans comprise a 

family of 13 members (Radons, 2016). They are involved in a variety of molecular functions 

(Clerico et al., 2015; Mayer and Bukau, 2005) and have been reported to interact with a 

wide range of substrates, from non-native to native substrates, by recognizing exposed 

hydrophobic motifs found in most proteins (Rüdiger et al., 1997).

Hsp70 proteins consist of an N-terminal nucleotide binding domain (NBD) and a substrate 

interacting region, which includes a substrate binding domain (SBD) and a C-terminal 

domain (CTD) forming a lid that stabilizes bound substrates (Mayer and Bukau, 2005). The 

Hsp70 activity is based on an ATP-dependent cycle, alternating between the low-substrate-

affinity ATP-bound state and the high-substrate-affinity ADP-bound state. However, intrinsic 

ATPase activity of Hsp70 proteins is too low for them to function independently; that is 

why the cycle turnover is aided by the co-chaperones DNAJs and NEFs, which stimulate 

ATP hydrolysis and catalyse ADP/ATP exchange respectively (Mayer, 2013). In addition, the 

DNAJ co-chaperones (53 members in humans) are thought to act as recruiters of substrates 

via interaction with their versatile substrate binding domains (Kampinga and Craig, 2010). 

Upon interaction with the Hsp70s, via their conserved J-domain, DNAJs together with 

the substrates stimulate Hsp70-ATPase activity and substrates are transferred to Hsp70s 

(Kityk et al., 2018). To promote substrate release, four different types of co-chaperones 

can stimulate nucleotide exchange in human Hsp70s: BAG (6 members), Hsp110/Grp170 

(HSPH - 4 members), HspBP1/Sil1 (2 members) and GrpE (2 members) (Bracher and 

Verghese, 2015). Despite being structurally different and using different mechanisms, all 

four types of NEFs interact with the Hsp70-NBD, at different but partially overlapping sites, 

and stimulate nucleotide exchange of the Hsp70 ATPase.

Due to their high conservation both in evolution and within the Hsp70 family, (human) 

Hsp70 proteins have been used in literature as interchangeable (Warrick et al., 1999; 

Fernandez-Funez et al., 2016; Shukla et al., 2014; Auluck et al., 2002, 2005; Chan et al., 2000; 

Wong et al., 2008; McLear et al., 2008). However, specificity between Hsp70-machines 
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does exist and different effects of the various Hsp70s have been reported (Clerico et al., 

2015; Kampinga and Craig, 2010; Kakkar et al., 2014; Kampinga and Bergink, 2016). Since the 

recognition of substrates by Hsp70 is quite generic and since there is a lot more variability 

in DNAJs and NEFs, the last two families have been suggested as the ones that confer 

specificity to the Hsp70 system (Kampinga and Craig, 2010). However, it has not been 

experimentally explored to what extent (human) Hsp70 are interchangeable. Moreover, it 

is unclear whether different Hsp70s interact with specific co-chaperone partners, and, if 

so, what determines the functional outcome of these different Hsp70 complexes. 

Various members of the Hsp70 machinery have been identified as suppressors of protein 

aggregation (Kampinga and Bergink, 2016; Kakkar et al., 2014). From the Hsp70 family, 

only few members (mainly HSPA1A and HSPA8) have been tested but mostly not in a 

comparative way. In particular, HSPA1A upregulation has been reported as highly effective 

in withstanding global protein aggregation induced by unfolding events such as heat 

shock (Stege et al., 1994) or aggregation of specific thermosensitive proteins such as 

luciferase (Nollen et al., 1999). However, neither HSPA1A nor HSPA8 is very effective in 

preventing aggregation of disease-associated amyloidogenic proteins, although results 

may vary depending on the system or the type of the substrate (Kampinga and Bergink, 

2016; Kakkar et al., 2014). At least one exception to this is the aggregation of superoxide 

dismutase 1 (SOD1) mutants that cause amyotrophic lateral sclerosis (ALS) (Chattopadhyay 

and Valentine, 2009; Prudencio et al., 2009; Ray et al., 2004). Elevated expression of Hsp70s 

(HSPA1A) has been shown to suppress mutant SOD1 aggregation and even alleviated 

disease in murine models (Bruening et al., 1999; Koyama et al., 2006; Takeuchi et al., 2002).

Previously, we noticed that different human Hsp70 family members can have variable ef-

fects on protein aggregation of various substrates, including heat-denatured luciferase, 

polyglutamine proteins and mutant Parkin (Hageman et al., 2011; Kakkar et al., 2016a; 

Hageman et al., 2010; Rujano et al., 2007). Here, using two reported Hsp70 clients, mu-

tant SOD1 and heat -denatured luciferase, we dissect these different effects of Hsp70s on 

protein aggregation. We found that two highly homologous Hsp70s, HSPA1A and HSPA1L, 

have opposing effects on mutant SOD1 aggregation. Strikingly, this differential activity is 

explicitly attributed to differences in the NBDs of the two Hsp70s, which subsequently af-

fect their ability to functionally interact with HSPH2, an Hsp110 type of NEF, and determine 

substrate fate. These data suggest another layer of functional diversification within the 

Hsp70 machines in human cells, which is directed by Hsp70-NEF interactions. Thus, we 

clearly demonstrate that Hsp70s are not interchangeable but show specificity, which is not 

related to the substrate interaction but to their functional ATPase cycle–related complex 

formation with different co-chaperones.
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Results and Discussion

Diverse effects of various Hsp70s on mutant SOD1 aggregation

The different cytosolic/nuclear Hsp70 members HSPA1A, HSPA1L, HSPA2, HSPA6 and 

HSPA8 show high sequence conservation (Fig S1) and bind similar peptide motifs (Rüdiger 

et al., 1997; Fourie et al., 1994; Clerico et al., 2015) and hence have often been considered 

as functionally interchangeable. However, despite the relatively small effects of elevated 

cellular Hsp70 levels on various aggregation-prone substrates (Kampinga and Bergink, 

2016; Kakkar et al., 2014), we noticed that  the outcome in terms of client handling could 

differ significantly (Hageman et al., 2011; Kakkar et al., 2016a; Hageman et al., 2010; Rujano 

et al., 2007). To study these differences in more detail, we used mutant SOD1, a reported 

Hsp70 client (Bruening et al., 1999; Koyama et al., 2006; Takeuchi et al., 2002) as a model 

substrate. First, we developed a quantifiable fractionation method (Fig 1A) to monitor 

aggregation of a mCherry-tagged mutant SOD1. We used a well-known ALS-associated, 

aggregating mutant with the A to V substitution at position 4 (hereafter referred as SOD1A4V) 

(Chattopadhyay and Valentine, 2009; Prudencio et al., 2009; Ray et al., 2004). mCherry-

SOD1A4V formed visible inclusions in cells and was partially detergent insoluble after 

fractionation in contrast to mCherry-SOD1WT that showed diffuse expression and remained 

in the soluble fraction (Fig 1B and C). Interestingly, expression of most Hsp70s in HEK293 

cells enhanced rather than reduced SOD1A4V aggregation and only HSPA1A, showed a 

significant aggregation suppressing effect (Fig 1D). Largely similar results were obtained 

in U2OS cells, with most Hsp70 members having either no effect or enhancing SOD1A4V 

aggregation and only HSPA1A leading to a significant reduction in SOD1A4V aggregation 

(Fig 1E). 

Differential effect on aggregation is associated with the nucleotide binding 
domain of Hsp70

The most striking observation was the consistent opposing effects of two of the closest 

paralogs HSPA1A and HSPA1L, with the former significantly reducing and the latter 

greatly enhancing SOD1A4V aggregation in both HEK293 and U2OS cells (Fig 1D and E). 

This differential behaviour is not limited to SOD1A4V aggregation as we previously reported 

that HSPA1L enhanced the aggregation of ParkinC289G (substitution of C289 to G, a mutant 

associated with familial Parkinson’s disease) while HSPA1A had little effect on it (Kakkar 

et al., 2016a). Moreover, elevated expression of HSPA1A greatly suppressed aggregation 

and stimulated the refolding of heat-denatured luciferase while HSPA1L was much less 

efficient (Hageman et al., 2011). 

HSPA1L and HSPA1A are 89% identical in their amino acid sequence and most differences 
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lie in the substrate-locking C-terminal lid domain (Fig S1). Although HSPA1A is one of the 

most studied human Hsp70s, not much is known about HSPA1L and its cellular functions 

(Radons, 2016; Daugaard et al., 2007). In contrast to HSPA1A, HSPA1L is not stress induci-

ble, as it lacks a heat shock element in its promoter (Milner and Duncan Campbell, 1990), 

with very low expression in most tissues (Hageman and Kampinga, 2009; Daugaard et al., 

2007). To further investigate why two very similar Hsp70s show such an opposing effect on 

SOD1A4V aggregation, we first generated chimeras to identify which part of the protein was 

responsible for this difference. Both HSPA1A and HSPA1L have three structurally distinct 

domains (Figs 2A and S1): the NBD (or N), the SBD (or S) and the CTD (or C) (Mayer and 

Bukau, 2005; Daugaard et al., 2007). Exchanging the NBD of HSPA1A with that of HSPA1L 

(NLSACA) generated a protein with HSPA1L-like activity that enhanced SOD1A4V aggregation 

(Fig 2B). Inversely, the chimera with the NBD of HSPA1A and the SBD and CTD of HSPA1L 

(NASLCL) gained an HSPA1A-like activity in suppressing SOD1A4V aggregation (Fig 2B). This 

pointed towards the NBD as being responsible for the opposing effect of HSPA1A and 

HSPA1L on SOD1A4V aggregation. Exchanging the individual SBDs or CTDs generated chi-

meric proteins whose activity fully depended on their NBDs further confirmed this (Fig 

S2A). To test if this behaviour extended to other substrates as well, we tested the chime-

ras in their capacity to reactivate denatured luciferase after heat shock. Similar to their 

behaviour against SOD1A4V, the reactivation activity segregated with the two NBDs (Fig 

S2B). Together these results indicate that neither the SBD nor the CTD play a role in the 

differential effect of these two Hsp70s on protein aggregation. Interestingly, the SBD and 

especially the CTD, are the most disparate domains based on the amino acid sequence 

(Fig S1). Since the SBD confers substrate binding, this suggests that the difference in sub-

strate fate cannot be attributed to differential SOD1A4V binding. Consistently, both HSPA1A 

and HSPA1L co-immunoprecipitated efficiently with mCherry-SOD1A4V (Fig 2C).

Figure 1. Hsp70 family members show variable effects on SOD1A4V aggregation. (A) Scheme of NP40 fractionation 

protocol for measuring mutant SOD1 aggregation. Total cell lysates in 1% NP40-containing buffer (T) are centrifuged 

at 20.000 g and separated into a soluble supernatant (S) and an insoluble pellet (P) fraction. (B) NP40 fractionation 

of HEK293 cells expressing mCherry-SOD1WT or mCherry-SOD1A4V. Western blots of the P, S and T fractions us-

ing the indicated antibodies are shown. The upper band detected with SOD1 antibody corresponds to full length 

mCherry-SOD1 (around 45 kD) and the lower band indicated with an asterisk (around 38kD) is a cleavage product 

of mCherry-SOD1, which is produced after mCherry cleavage under denaturing conditions as described previously 

(Gross et al., 2000; Campbell et al., 2002). (C) mCherry-SOD1A4V forms aggregates after transient expression in U2OS 

cells. Fluorescence microscopy images of mCherry-SOD1WT and mCherry-SOD1A4V are shown. SOD1A4V aggregates 

can be seen as bright spots next to the nuclear staining (Hoechst 33342). (D-E) Screen of Hsp70 family members 

for suppressors of SOD1A4V aggregation in (D) HEK293 and (E) U2OS cells. Western blots of NP40 fractionation of 

cells co-expressing mCherry-SOD1A4V and V5-Hsp70s. Quantification graph represents total (T) or NP40-insoluble 

(P) fraction western blot intensities normalized to α-tubulin and relative to mRFP control (n=3-17 for HEK293, n=3-5 for 

U2OS except HSPA5 and HSPA9 in U2OS where n=1). Error bars with s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** p<0.001.
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In agreement with our findings, the importance of the nucleotide binding domain as a 

driver for functional specificity between Hsp70s has been previously noted for yeast 

(James et al., 1997; Sharma and Masison, 2011) and human Hsp70s (Hageman et al., 2011). 

However, the reason for this importance of the NBD is unclear. The NBDs of HSPA1A and 

HSPA1L share 91% sequence identity (Fig S1). Structural alignment utilizing previously 

published data (Wisniewska et al., 2010) revealed that the NBDs of HSPA1A and HSPA1L 

are almost identical (Fig 2D), making such a different impact on a chaperone function 

really remarkable. Mapping the non-conserved residues between HSPA1A and HSPA1L 

on HSPA1A-NBD, shows that they are spread over the entire NBD structure (Fig S3A). The 

ATP/ADP binding pocket, which resides in the middle of the NBD cleft, is fully conserved 

between the two Hsp70s (Fig S3A). Highlighting these non-conserved amino acids on the 

surface of each NBD allowed us to assess the differences in a potential interaction surface 

(Fig S3B). We focused on their hydrophobicity and charge as most protein interactions 

are mediated by hydrophobic or electrostatic interactions. We noticed that the accessible 

surface between the HSPA1A-NBD and HSPA1L-NBD was only slightly different (Fig S3B); 

however, there were some subtle differences that could possibly affect the interaction 

interface with co-chaperones without significantly altering the core structure. Exchanging 

two sub-regions, aa1-111 (N1) or aa112-389 (N2), of HSPA1A with the homologous regions 

of HSPA1L (aa1-113 and aa114-391 for N1 and N2 respectively) and vice versa, revealed that 

SOD1A4V aggregation suppressing or enhancing effects for HSPA1A or HSPA1L respectively, 

were mainly coupled to the N2 region of the NBD, while the N1 region was less crucial (Fig 

Figure 2. Nucleotide binding domains of HSPA1A and HSPA1L are responsible for their opposing activities on 

mutant SOD1A4V aggregation. (A) Schematic representation of Hsp70 functional domains. HSPA1A is shown in yel-

low-green and HSPA1L in blue. Arrows indicate amino acid positions of sub-NBD swaps shown in (E). (B) Effect of 

NBD chimeras of HSPA1A and HSPA1L on SOD1A4V aggregation. NP40 fractionation of HEK293 cells co-express-

ing mCherry-SOD1A4V and V5-tagged chimeric proteins with swapped NBDs between HSPA1A (yellow-green) and 

HSPA1L (blue). Western blots using the indicated antibodies are shown. Quantification graph represents total (T) or 

NP40-insoluble (P) fraction western blot intensities normalized to α-tubulin and relative to mRFP control (n=8-17). (C) 

Interaction of SOD1A4V with HSPA1A or HSPA1L. Native immunoprecipitation of mCherry-SOD1A4V when co-expressed 

with V5-HSPA1A or V5-HSPA1L. SOD1 antibody was used for IP and V5 for detection of the Hsp70s. (D) Structural 

alignment between the NBDs of HSPA1A and HSPA1L. Structural superposition of the ribbon models after sequence 

alignment of HSPA1A-NBD (PDB ID: 3JXU, (Wisniewska et al., 2010); yellow-green) and HSPA1L-NBD (PDB ID: 3GDQ, 

(Wisniewska et al., 2010); blue) with root mean square deviation (RMSD) = 0.438 Å. Subdomains IA/B and IIA/B 

are marked for orientation. (E) Effect of N1 (aa1-111) and N2 (aa112-389) regions of HSPA1A or N1 (aa1-113) and N2 

(aa114-391) HSPA1L NBD on SOD1A4V aggregation. Western blots of NP40 fractions from HEK293 cells co-express-

ing mCherry-SOD1A4V and V5-tagged chimeric proteins with combinations of N1 and N2 regions of NBDs between 

HSPA1A (yellow-green) and HSPA1L (blue). Quantification graph represents total (T) or NP40-insoluble (P) fraction 

western blot intensities normalized to α-tubulin and relative to mRFP control (n=2-17). In (B) & (E), error bars with s.e.m., 

* p=0.01-0.05, ** p=0.001-0.01, *** p<0.001.
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2E). Since the N2 region contains the interaction sites of DNAJs and most interaction sites 

for NEFs (Fig S1), we next aimed to test whether DNAJ or NEF interactions were involved in 

these differential activities of HSPA1A and HSPA1L.

DNAJs deliver mutant SOD1 to both HSPA1A and HSPA1L

DNAJ proteins, interact with Hsp70s through their conserved J-domain and stimulate 

Hsp70 ATPase activity, a step crucial for substrate transfer to the Hsp70s (Kampinga and 

Craig, 2010). The J-domain interacts mainly with the NBD of the Hsp70s, along with a part of 

the SBD and the flexible linker between the two domains (Kityk et al., 2018). The predicted 

contact sites on the NBD are conserved between HSPA1A and HSPA1L (Fig S1). According 

to the HSPA1A/HSPA1L nucleotide binding domain structure, there are a few residues in 

the vicinity of the J-domain contact region that are not conserved between HSPA1A and 

HSPA1L and that could possibly affect the Hsp70-DNAJ interaction. Substitution of various 

combinations of these residues of HSPA1A with the HSPA1L equivalent (mutants N3-6), 

led to a slight decrease in HSPA1A anti-aggregation activity, albeit not significant (Fig S3C). 

Those data suggested that there is probably no interference in HSPA1L-DNAJ interaction, at 

least for those DNAJs that are involved in SOD1A4V handling. To fully exclude this possibility, 

we wanted to examine directly whether interaction of DNAJs was perturbed in the case 

of HSPA1L. We first sought to identify which DNAJs were involved in SOD1A4V recruitment 

to the Hsp70s and would therefore be relevant to this activity. Overexpression in HEK293 

cells of DNAJA (Fig 3A) or DNAJB (Fig 3B) subfamily members, which are promiscuous 

DNAJs for a variety of clients (Kampinga and Craig, 2010), had variable effects on SOD1A4V 

aggregation and revealed DNAJB1, DNAJB2b and DNAJB7 as the strongest suppressors. 

Amongst the DNAJs that exhibited a suppressive effect on SOD1A4V, DNAJB1 is one of the 

best-characterized members for substrate delivery to the Hsp70s and stimulation of their 

ATPase activity (Kityk et al., 2018; Minami et al., 1996). Therefore, we focused on DNAJB1 

for the subsequent studies.

To first confirm whether DNAJB1 suppresses SOD1A4V aggregation via interaction with 

Hsp70s, we introduced a mutation in the HPD-motif of its J-domain (DNAJB1H32Q), which 

is known to eliminate Hsp70 interaction and hence substrate delivery (Tsai and Douglas, 

1996; Michels et al., 1999). Expressing DNAJB1H32Q together with SOD1A4V led to a massive 

increase in SOD1A4V aggregation (Fig 3C), confirming that DNAJB1 requires Hsp70 

interaction for this function.

To next examine whether inadequate delivery could play a role in the failure of HSPA1L in 

processing SOD1A4V, we immunoprecipitated GFP-HSPA1A or GFP-HSPA1L (which behave 

similar as their V5-tagged versions (Fig S3D)) and examined their co-precipitation with V5-
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DNAJB1. Both Hsp70s showed a similar ability to interact with DNAJB1 in the presence 

of SOD1A4V (Fig 3D), arguing against the possibility that aggregation-enhancing effects of 

HSPA1L are a result of inefficient DNAJ interaction. The equal ability of HSPA1A and HSPA1L 

to interact with SOD1A4V (Fig 2C) is in line with the similar affinity of these Hsp70s for DNAJs 

(Fig 3D). Together, these results point to a step downstream of substrate delivery being 

fate-determining for SOD1A4V processing by either HSPA1A or HSPA1L.

Differential binding of HSPA1A and HSPA1L to Nucleotide Exchange Factors

Pulling-down HSPA1L, in the context of DNAJB1 over-expression, resulted in increased 

levels of bound SOD1A4V compared to HSPA1A (Fig 3D). These data hinted towards a 

reduced substrate dissociation in the case of HSPA1L. This could be either due to an 

intrinsic defect in ADP dissociation in the case of HSPA1L or due to the activity of NEFs. 

Since the nucleotide binding sites are fully conserved between HSPA1A and HSPA1L 

(Fig S1), a very different intrinsic ATP/ADP binding that can affect the activity seemed 

quite unlikely. However, we could not exclude that amino acid changes in distal sites 

may impede the ATPase activity in an allosteric manner. To investigate the possibility of 

an intrinsically defective ATPase, we generated E to Q mutations in the conserved ATP 

interaction sites E175 and E177 for HSPA1A and HSPA1L respectively. This Hsp70 mutation 

has been shown to lead to loss of ATPase activity by keeping the Hsp70 in a high substrate-

affinity state, imitating a substrate-release defect (Buchberger et al., 1994; Fontaine et al., 

2015; Wilbanks et al., 1994). As expected, the HSPA1AE175Q mutant dramatically increased 

SOD1A4V aggregation (Fig S3E), confirming that a functional HSPA1A ATPase cycle is crucial 

for SOD1A4V processing. HSPA1LE177Q also enhanced SOD1A4V aggregation compared to 

HSPA1L (Fig S3E), showing that SOD1A4V has to and can pass through HSPA1L’s ATPase 

cycle. Moreover, the functionality of the ATPase activity of HSPA1L has been reported 

before (Hageman et al., 2011; Takahashi et al., 2017). In fact, HSPA1L’s ATPase activity is 

required for translocation of Parkin to damaged mitochondria during mitophagy (Hasson 

et al., 2013). Interestingly, HSPA1LE177Q increased aggregation even more than HSPA1AE175Q 

(Fig S3E), suggesting that the different effects of HSPA1A and HSPA1L are likely not the 

result of an intrinsic ATPase activity difference.

NEFs play a crucial role in dictating the efficiency of the ATPase cycle of the Hsp70s 

and the subsequent substrate release (Bracher and Verghese, 2015). Therefore, we next 

questioned whether HSPA1L shows any distinct interaction pattern with NEFs compared to 

HSPA1A. Out of the various human NEFs for Hsp70s, those that are expressed in the same 

cellular compartment as HSPA1A and HSPA1L (cytosol/nucleus) and could therefore be 

interaction partners are the members of the BAG family, the three Hsp110 family members 

(HSPH1-3), and HSPBP1 (Vos et al., 2008; Kampinga and Bergink, 2016). To identify potential 
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NEFs relevant to mutant SOD1 processing, we first tested BAG1, BAG3 and BAG4 of the 

BAG family, and HSPH1 (Hsp105), HSPH2 (Apg-2/HSPA4) and HSPH3 (Apg-1/HSPA4L) 

of the Hsp110 family for their potential against SOD1A4V aggregation. However, upon their 

sole overexpression, none of the NEFs that we tested inhibited SOD1A4V aggregation; 

quite to the contrary, they all increased SOD1A4V aggregation in either HEK293 or U2OS 

cells (Fig S4A and B). These results are consistent with earlier findings showing that high 

stoichiometric NEF to Hsp70 ratios have inhibitory effects on Hsp70 cycling and activity 

(Rauch and Gestwicki, 2014; Nollen et al., 2000; Dragovic et al., 2006; Tzankov et al., 2008; 

Yamagishi et al., 2000).

Different NEF types have been found to interact with different sites in the NBD of Hsp70s 

(Polier et al., 2008; Schuermann et al., 2008; Sondermann et al., 2001; Arakawa et al., 

2010; Xu et al., 2008; Shomura et al., 2005), (Fig S1). All NEFs have several contact sites 

in the region aa112-389 or aa114-391 of HSPA1A or HSPA1L respectively (Fig S1), which 

we found to be crucial for their differential activity (Fig 2E). Combinations of amino acid 

substitutions that in total included every one of the non-conserved residues between 

HSPA1A and HSPA1L (mutants N3-10) were unable to indicate a certain group of amino 

acids as being responsible for the differential activity of HSPA1A and HSPA1L (Fig S3C). 

However, since the interaction surface with the various NEFs is quite broad, functional 

differences between the two Hsp70s could be the result of more global changes in the 

NBD, affecting interactions at multiple sites. For this reason, we examined the ability of the 

different NEFs to interact with HSPA1A or HSPA1L in the presence of SOD1A4V using co-

immunoprecipitation. BAG1 and BAG3, used as two representatives of the BAG family, were 

efficiently co-immunoprecipitated with HSPA1A and HSPA1L (Fig 4A). Similarly, HSPBP1 

exhibited comparable binding to both HSP70s (Fig 4B). In sharp contrast, however, all 

three members of the Hsp110 family of NEFs (HSPH1, HSPH2 and HSPH3) showed a strong 

Figure 3. DNAJB1 acts together with Hsp70s against SOD1A4V aggregation and shows no preference for either 

HSPA1A or HSPA1L. (A-B) Screen of DNAJA (A) or DNAJB (B) family members for suppressors of SOD1A4V aggrega-

tion. NP40 fractionation of HEK293 cells co-expressing mCherry-SOD1A4V and V5-DNAJs. Western blots using the 

indicated antibodies are shown and quantification graph represents total (T) or NP40-insoluble (P) fraction western 

blot intensities normalized to α-tubulin and relative to mRFP control (n=2-3). (C) Effect of the Hsp70 interaction motif 

(HPD) mutant of DNAJB1 on SOD1A4V aggregation. NP40 fractionation of HEK293 cells co-expressing mCherry-SO-

D1A4V and V5-tagged DNAJB1 or DNAJB1H32Q. Western blots using the indicated antibodies are shown and quantifi-

cation graph represents total (T) or NP40-insoluble (P) fraction western blot intensities normalized to α-tubulin and 

relative to mRFP control (n=4-6). (D) Interaction of DNAJB1 with HSPA1A or HSPA1L in the presence of SOD1A4V. Tran-

sient expression of GFP-HSPA1A or GFP-HSPA1L together with V5-DNAJB1 and mCherry-SOD1A4V in HEK293 cells 

followed by native immunoprecipitation of Hsp70s using GFP nanotrap and western blot detection. Quantification 

graph of binding represents V5/GFP signal ratio of IP relative to HSPA1A measurement (n=3).  In (A-D), error bars with 

s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** p<0.001.
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Figure 4. Hsp110 NEFs show increased interaction with HSPA1A. (A-C) Interaction of HSPA1A or HSPA1L with NEFs 

of the (A) BAG, (B) HSPBP1 or (C) Hsp110 families, in the presence of SOD1A4V. GFP-HSPA1A or GFP-HSPA1L were 

transiently expressed in HEK293 cells with either (A) HA-BAG1 or FLAG-BAG3, (B) untagged-HSPBP1, (C) V5-tagged 

HSPH1, HSPH2 or HSPH3. GFP nanotrap was used for native immunoprecipitation of the Hsp70s. Western blots using 

the indicated antibodies are shown. Quantification graph of binding represents ratios of IP intensities of (A) HA/GFP 

for BAG1 (n=3) and FLAG/GFP for BAG3 (n=2), (B) HSPBP1/GFP for HSPBP1 (n=1) and (C) V5/GFP for HSPH1-3 (n=3 

for each), all relative to HSPA1A measurements. In all graphs, error bars with s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** 

p<0.001.
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binding preference to HSPA1A over HSPA1L (Fig 4C). Co-immunoprecipitation of HSPH2 

with the HSPA1A/HSPA1L NBD chimeras confirmed that this differential binding is coupled 

to the NBDs of the two Hsp70s (Fig S4C). 

Human Hsp110s have around 60% identity between them and Hsp110 contact sites are 

very broad on Hsp70-NBD interaction surface possibly explaining why our NBD mutations 

could not point us to a certain location on the NBD (Fig S3C). The differential binding of 

the two Hsp70s to Hsp110 NEFs raised the possibility that functionally different Hsp110-

Hsp70 interactions might play a role in the differential ability of HSPA1A and HSPA1L 

to suppress mutant SOD1 aggregation. In fact, mass spectrometry analysis of soluble 

immunoprecipitated mCherry-SOD1A4V revealed endogenous HSPH2 among SOD1A4V 

interactors (Fig S4D and Table S1). Notably, HSPA1A co-expression led to association of 

all Hsp110 family members with SOD1A4V, something that did not happen upon HSPA1L 

co-expression, suggesting that HSPA1A attracts all Hsp110 chaperones towards SOD1A4V 

and this might be crucial for its aggregation suppressing activity. HSPH1 and HSPH2 are 

abundant while HSPH3 is expressed in low quantities in most tissues (Hageman and 

Kampinga, 2009). Since they all interact with HSPA1A, they might compete for HSPA1A 

binding. Mutant SOD1 has been found to interact with Hsp110 chaperones in an ALS mouse 

model (Wang et al., 2009), something we also observed and which seemed to be enhanced 

by HSPA1A co-expression (Fig S4D). Moreover, Hsp110s has been reported to extend 

survival in mutant SOD1 ALS mouse model (Nagy et al., 2016) and rescue transport defects 

in mutant SOD1-containing squid axoplasm (Song et al., 2013). Importantly, this preference 

of Hsp110s over HSPA1A did not seem to be specific for mutant SOD1 as a substrate. Similar 

results were obtained when we co-immunoprecipitated HSPH2 with HSPA1A or HSPA1L 

without SOD1A4V co-expression (Fig S4E), suggesting that this partnership is not limited to 

SOD1A4V and might be involved in handling other substrates too. 

HSPH2 is necessary for HSPA1A-mediated reduction of mutant SOD1 aggre-
gation

Next, we assessed whether any of the Hsp110s is required for the activity of HSPA1A towards 

mutant SOD1 aggregation. Surprisingly, only depletion of HSPH2 in HSPA1A-overexpressing 

cells strongly diminished the aggregation-suppressing effect of HSPA1A, showing that 

HSPH2 plays an important role in HSPA1A activity against SOD1A4V aggregation (Fig 5). Loss 

of HSPH1 or HSPH3 resulted in a drop in SOD1A4V aggregation irrespective of which of the 

two Hsp70s was co-expressed, suggesting that these two Hsp110s might compete with 

HSPH2 for Hsp70 interaction and either are less efficient or lead to a different processing 

pathway. Importantly, loss of HSPH2 together with HSPA1L overexpression did not result in 

further increase in SOD1A4V aggregation, suggesting that upon HSPA1L interaction SOD1A4V 
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follows a pathway independent of HSPH2 

(Fig 5). Together, these data suggest 

that a crucial reason for the functional 

difference between HSPA1A and HSPA1L 

in suppressing SOD1A4V aggregation is their 

different functional interaction with HSPH2.

The drop in SOD1A4V aggregation upon 

increased expression of HSPA1A and the 

importance of HSPH2 can be attributed 

to several activities. For example, Hsp110s 

together with HSPA1A have been found to 

be crucial components of a disaggregation 

machine (Rampelt et al., 2012; Mattoo et al., 

2013; Gao et al., 2015; Nillegoda et al., 2015; 

Shorter, 2011). Moreover, we noticed that 

increasing HSPA1A levels led to a decrease 

of both insoluble and total levels of SOD1A4V 

(Fig 1D and E), which is pointing towards a 

degradation pathway for ultimate substrate 

clearance. HSPA1A has been previously 

reported to suppress aggregation by 

promoting degradation of aggregating 

proteins like other SOD1 mutants (Urushitani 

et al., 2004), mutant Parkin (Kakkar et al., 

2016a), or polyglutamine proteins (Wang 

et al., 2013; Bailey et al., 2002). Interestingly, 

a very recent study in yeast also showed 

that Hsp110s target Hsp70 substrates for 

degradation (Kandasamy and Andréasson, 

2018a), further supporting efficient 

substrate disposal upon HSPA1A-Hsp110 

interaction. 

Overall, our data show that Hsp70 paralogs, 

despite being highly conserved, can have 

different functionalities depending on the 

co-chaperone context and that specifically 

Figure 5. HSPA1A activity on SOD1A4V aggregation 

depends on HSPH2 nucleotide exchange factor. Ef-

fect of Hsp110 knock-down on SOD1A4V together with 

overexpressing HSPA1A or HSPA1L. NP40 fractionation 

of HEK293 cells co-transfected with mCherry-SOD1A4V, 

V5-HSPA1A or V5-HSPA1L and siRNA for HSPH1-3 or 

mock. Western blots using the indicated antibodies 

are shown. Quantification graph represents total (T) or 

NP40-insoluble (P) fraction western blot intensities rel-

ative to siMock control for each group (n=6-8). Error bars 

with s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** p<0.001.
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the type of NEF plays a crucial role in regulating the fate of a substrate in the Hsp70-cycle. 

Importantly, our data reveal that different Hsp70s act with preferred NEFs. This implies 

that Hsp70s themselves co-determine substrate fate through a pre-set selection of co-

chaperones and that, at least for certain substrates, binding or delivery to Hsp70 plays 

a less determining role. This pre-set coupling of Hsp70s with co-chaperones suggests 

limitations in flexibility in order to maximize efficient substrate handling. This enables an 

optimized system to maintain protein homeostasis. However, between different cell types 

or under different conditions (e.g. heat- or oxidative- stress), the types of substrates or 

the fates of the substrates can vary and this might require differently optimized Hsp70-

NEF couples. This can be accomplished by changing the relative expression patterns 

of Hsp70s and NEFs, that likely influences co-chaperone context and thus the fate of 

substrates. There are examples of such a switch. For example, upon various types of 

stress, the ratio between the NEFs BAG1 and BAG3 is flipped, changing substrate fate 

from proteasome- to autophagosome-mediated degradation (Minoia et al., 2014). It is 

well known that expression of chaperones is mendable, thereby changing the capacity of 

the system. However, our data explain that relative changes in expression of fixed Hsp70 

and NEF pairs not only change the machinery capacity but also change substrate fate. 

In addition, our data urge for clear specification of Hsp70 member identification in future 

chaperone studies and careful re-evaluation of possible conflicting existing literature data 

on Hsp70 functions, especially in cellular or in vivo systems.

Materials and Methods

Gene cloning, plasmids, and siRNAs

GFP- or V5-HSP70s (HSPAs), V5-DNAJs, V5-HSP110 (HSPHs) and HSPBP1 cloned into 

pcDNA5/FRT/TO (Invitrogen) vector plasmid were previously described (Hageman et 

al., 2010, 2011). HA-BAG1 and FLAG-BAG3 encoding plasmids were previously described 

(Minoia et al., 2014). Luciferase construct (Cyt/Nuc-superluc-eGFP) was previously 

described (Hageman et al., 2007). pcDNA5-FRT/TO-mCherry-SOD1WT was generated by 

combining mCherry from a pcDNA3.1(+)-mCherry vector (kind gift from Dr. B. Giepmans, 

University Medical Center Groningen, NL) and SOD1WT amplified from pEBB-FLAG-SOD1WT 

(kind gift from Dr. B. van de Sluis, University Medical Center Groningen, NL) previously 

described (Vonk et al., 2010), into a pcDNA5-FRT/TO backbone plasmid. pcDNA5-FRT/

TO-mCherry-SOD1A4V as well as FRT/TO-V5-HSPA1A mutants (Figure S3C) constructs 

were generated using QuikChange XL Site-Directed Mutagenesis Kit (Agilent), according 

to manufacturer’s instructions. Domain and sub-domain swaps between HSPA1A and 

HSPA1L were constructed by PCR amplification of the domain of interest with flanking 
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restriction sites and re-insertion of the replacing fragment by ligation. All primers used 

for cloning are listed in Table S2. All generated constructs were verified by sequencing. 

For gene knockdown, 50 nM of the following siRNAs were used: siGENOME SMARTpool 

siRNAs (Dharmacon) for HSPH1 (M-004972-00), HSPH2/HSPA4 (M-012636-02), HSPH3/

HSPA4L (M-012636-02) and siGenome Non-Targeting siRNA (Pool #1, D-001206-13, 

Dharmacon) was used as mock siRNA negative control.

Cell cultures and transfections

HEK293 cells (human embryonic kidney) stably expressing the tetracycline repressor (Flp-

In T-REx HEK293, Invitrogen) and U2OS cells (human osteosarcoma - a kind gift from Dr. 

C. Dinant) were cultured in DMEM medium (Gibco) supplemented with 10% fetal bovine 

serum (Greiner Bio-One) and penicillin/ streptomycin (Gibco). Cells were transiently 

transfected with Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. 

Expression in Flp-In T-REx HEK293 was induced by 1 ug/ml tetracycline. All cell lines are 

frequently checked for mycoplasma contamination.

NP40 fractionation 

48 or 72 hours after transfection, cells were washed with PBS and harvested in lysis buffer 

containing 50 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM EDTA, 1% NP40 (Igepal-CA 630, 

Sigma) and complete protease inhibitor cocktail (Roche). Cell lysates were sonicated at 

50% input for 5 sec, protein concentrations were measured with DC protein assay (Bio-Rad), 

equalized and a part of each sample was kept as the total (T) fraction representation. The 

remaining part of the sample was centrifuged at 20000 g for 30 min at 4oC and supernatant 

was kept separately as the (S) fraction. The pellet was washed once with lysis buffer and 

after another centrifugation at 20000 g for 30 min, supernatant was discarded and the 

pellet was resuspended in 1/3 of initial volume lysis buffer with sonication, representing 

the (P) fraction. In all three fractions, 4x Laemmli sample buffer (8% SDS, 40% glycerol, 20% 

2-mercaptoethanol, 0.001% bromophenol blue) was added and samples were boiled for 5 

min and kept at -20oC until use. 

Immunoprecipitations 

For GFP-Trap immunoprecipitation with crosslinking, cells were harvested in cold PBS, 

pelleted at 3800 g for 3 min and incubated with 1 mM DTSP (3,3α-Dithiodipropionic acid 

di(N-hydroxysuccinimide ester)) cross-linking reagent (Sigma) in PBS for 30 min on 

ice. To quench cross-linking, 2 mM glycine was added and incubated for 15 min. After 

centrifugation for 5 min, 3800 g at 4oC, the cells were washed once with PBS, pelleted again 

and snap-frozen in liquid nitrogen. Pellets were resuspended in lysis buffer containing 50 

mM Tris-HCl pH 8, 150 mM NaCl, 1,5 mM MgCl2, 0,5% NP40 (Igepal-CA 630, Sigma), 3% 
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glycerol, 0,9 mM DTT (Dithiothreitol, Sigma) and complete EDTA-free protease inhibitor 

cocktail (Roche) and lysates were homogenized by passing through a 26G needle or by 

sonication (50% input, 5 sec). After spinning twice at 20000 g for 10 min at 4oC to clear 

lysates from cell debris, a portion of the supernatant was collected for input measurement 

before adding GFP-Trap® magnetic agarose beads (gtma, Chromotek) to it. Extracts were 

incubated with beads at 4oC for 2 hours under gentle agitation, followed by one wash with 

lysis buffer without DTT, 3 washes with lysis buffer and one wash with lysis buffer containing 

300 mM NaCl. Laemmli sample buffer was added to the beads and input samples, which 

were boiled for 5 min and kept at -20oC until use.

For SOD1 antibody immunoprecipitation, cells were washed once with PBS, pelleted at 

3800 g for 3 min and snap-frozen in liquid nitrogen. Pellets were resuspended in lysis 

buffer containing 50 mM HEPES pH 7.5, 80 mM KCl, 0,4% NP40 (Igepal-CA 630, Sigma), 0,5 

mM DTT, 10% glycerol, complete EDTA-free protease inhibitor cocktail (Roche) and lysates 

were homogenized by passing through a 26G needle. After spinning twice at 20000 g for 

10 min at 4oC to clear lysates from cell debris, a portion of the supernatant was collected for 

input measurement and the rest was separated in two parts, the IP sample and the control 

sample and SOD1 antibody ([FL-154], sc-11407, Santa Cruz) was added to the IP sample. 

Both IP and control samples were incubated at 4oC for 2 hours under gentle agitation 

followed by incubation with protein A/G-PLUS agarose beads (sc-2003, Santa Cruz) for 

1 hour at 4oC under gentle agitation. Beads were washed four times with lysis buffer and 

Laemmli sample buffer was added to the beads (IP and control) and input samples, which 

were boiled for 5 min and kept at -20oC until use. 

Western blot and antibodies

Equal amounts of proteins were loaded into 10-12% SDS-PAGE gels. Proteins were 

transferred onto PVDF membranes and blotted with the primary antibodies: GFP Living 

colors mouse monoclonal ([JL-8], 632381, Clontech); V5 tag mouse monoclonal (46-0705, 

Invitrogen); SOD1 rabbit polyclonal ([FL-154], sc-11407, Santa Cruz), FLAG mouse monoclonal 

([M2], 035K6196, Sigma), HSPH1/HSP105 rabbit monoclonal ([EPR4576], ab109624, 

Abcam), HSPH2/HSPA4 rabbit monoclonal ([EPR14166], ab185962, Abcam), HSPH3/

HSPA4L rabbit polyclonal (ab87241, Abcam), alpha-tubulin mouse monoclonal ([B-5-1-2], 

T5168, SIgma), beta-actin mouse monoclonal (8H10D10, Cell Signaling), HSPBP1 mouse 

monoclonal ([1D5], NBP2-01168, Novus Biologicals) and rat monoclonal HA-Peroxidase 

(12013819001, Roche). After incubation with the appropriate HRP-conjugated secondary 

antibody (Amersham), visualization was performed with enhanced chemiluminescence 

(ECL) and Hyperfilm (Amersham) or ChemiDoc Imaging System (Bio-Rad). Quantification 

of western blots was performed with either ImageJ (https://imagej.nih.gov/ij/) or Image 
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Lab (Bio-Rad) software. In all quantifications, each band’s intensity was normalized by 

dividing to the appropriate loading control. For each experiment, each sample value was 

normalized to a control sample and ratios were plotted on graphs. For statistical analysis, 

one sample t-test was performed between the control and each sample for most graphs, 

except graphs on figures 2B, 2E and 3C where one-way ANOVA together with Dunnett’s 

multiple comparison test were used to determine differences between the designated 

samples. Statistical analysis and graphs were done with GraphPad Prism 5.0 (GraphPad 

Software). 

Luciferase reactivation assay

Cells were transfected with luciferase reporter (Cyt/Nuc-superluc-eGFP) and control or 

chaperone constructs in 1:9 luciferase to chaperone ratio. 24 hours after transfection, cells 

from each sample were trypsinized and divided into six coated tubes, three to be used 

as control samples and three as heat-shock (HS) samples, and kept at 37oC in complete 

medium. 48 hours after transfection, equal volume of complete medium supplemented 

with 40ug/ml cycloheximide and 40mM MOPS (3-(N-Morpholino)propanesulfonic acid) 

was added to the cells and incubated for 30 min at 37oC. Thereafter, HS samples were 

transferred into a water bath at 45oC, incubated for 30 min and then returned at 37oC and 

left to recover for 2 hours. After 2 hours, all samples (control and HS), were transferred on 

ice and lysed with equal volume of BLUC lysis buffer (25 mM Tris/H3PO4 pH 7.8, 10 mM 

MgCl2, 1% (v/v) Triton X-100, 15% glycerol, and 1 mM EDTA). Samples were then transferred 

to -80oC for at least 30 min to complete lysis by freezing and then thawed and kept on ice 

until measurement. Luciferase activity was measured for 10 sec by injecting the substrate 

(BLUC, 1,25 mM ATP, and 0,087 mg/ml D-luciferin) using a Sirius Luminometer (Berthold 

Detection Systems). Three measurements from three tubes (technical replicates) were 

done per condition per sample and the average was taken as final measurement. For 

statistical analysis, one-way ANOVA together with Dunnett’s multiple comparison test 

were used to determine differences between the designated samples. Statistical analysis 

and graphs were done with GraphPad Prism 5.0 (GraphPad Software).

Molecular structure modelling

Molecular structure figures were prepared with PyMOL (The PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC, https://pymol.org) and structural alignment 

between HSPA1A and HSPA1L NBDs were performed using align command in PyMOL. 

Fluorescent microscopy 

48 hours after transfection, cells grown on coverslips expressing mCherry-SOD1 proteins 

were fixed with 2% paraformaldehyde in PBS for 15 min, incubated with Hoechst 33342 
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(Invitrogen) for 5 min to stain nuclei and mounted on microscopy slides. Microscopy was 

performed with a TissueFAXS (TissueGnostics) Zeiss AxioObserver Z1-based fluorescence 

microscope using a Zeiss Plan-Apochromat 63x/1,40 Oil, DIC objective and image 

acquisition was performed with a CMOS-color PL-B623 Pixelink 3.1 Megapixels camera. 

Brightness/contrast corrections were done with ImageJ (NIH, https://imagej.nih.gov/ij/).

Mass spectrometry

Cells were washed once with PBS, pelleted at 6000 rpm for 3 min and snap-frozen in 

liquid nitrogen. Pellets were resuspended in lysis buffer (50 mM HEPES pH 7,5, 80 mM 

KCl, 0,4% NP40 (Igepal-CA 630, Sigma), 0,5 mM DTT, 10% glycerol, complete EDTA-free 

protease inhibitor cocktail (Roche)) and lysates were homogenized by passing through 

a 26G needle. After spinning twice at 20.000 g for 10 min at 4oC to clear lysates from cell 

debris, they were incubated with RFP-Trap® magnetic agarose beads (Chromotek) at 4oC 

for 2 hours under gentle agitation. Beads were washed four times with lysis buffer before 

Laemmli sample buffer was added. Samples were boiled for 5 min and were sent to mass 

spectrometry facility for analysis. Mass spectrometry data were analysed using PEAKS 

Studio 8.5 (Bioinformatics Solutions Inc.). 
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SSA1 (S.c)       ----MSKAVGIDLGTTYSCVAHFANDRVDIIANDQGNRTTPSFVAFT-DTERLIGDAAKN 55 
HSPA1A (H.s) 

    

--MAKAAAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFT-DTERLIGDAAKN 57 
HSPA1L (H.s)     MATAKGIAIGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFT-DTERLIGDAAKN 59 
HSPA2 (H.s)      -MSARGPAIGIDLGPTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFT-DTERLIGDAAKN 58 
HSPA6 (H.s)      MQAPRELAVGIDLGTTYSCVGVFQQGRVEILANDQGNRTTPSYVAFT-DTERLVGDAAKS 59 
HSPA8 (H.s)      --MSKGPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFT-DTERLIGDAAKN 57 
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SSA1 (S.c)       QISSMVLGKMKETAESYLGAKVNDAVVTVPAYFNDSQRQATKDAGTIAGLNVLRIINEPT 175 
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HSPA6 (H.s)      --GVDFYTSITRARFEELCSDLFRSTLEPVEKALRDAKLDKAQIHDVVLVGGSTRIPKVQ 349 
HSPA8 (H.s)      --GIDFYTSITRARFEELNADLFRGTLDPVEKALRDAKLDKSQIHDIVLVGGSTRIPKIQ 347 
 
 
DnaK (E.c)       KKVAEFF-GKEPRKDVNPDEAVAIGAAVQGGVLTGD----VKDVLLLDVTPLSLGIETMG 405 
SSA1 (S.c)       KLVTDYFNGKEPNRSINPDEAVAYGAAVQAAILTGDESSKTQDLLLLDVAPLSLGIETAG 404 
HSPA1A (H.s)     KLLQDFFNGRDLNKSINPDEAVAYGAAVQAAILMGDKSENVQDLLLLDVAPLSLGLETAG 407 
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HSPA2 (H.s)      KLLQDFFNGKELNKSINPDEAVAYGAAVQAAILIGDKSENVQDLLLLDVTPLSLGIETAG 410 
HSPA6 (H.s)      KLLQDFFNGKELNKSINPDEAVAYGAAVQAAVLMGDKCEKVQDLLLLDVAPLSLGLETAG 409 
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Figure S1. Hsp70 sequence alignment. Clustal omega sequence alignment of the main cytosolic/nuclear Hsp70s 

of E.coli (DnaK), S. cerevisiae (Ssa1) and H. sapiens (HSPA1A, HSPA1L, HSPA2, HSPA6, HSPA8). Identical residues 

between HSPA1A and HSPA1L are shown in grey. Symbols indicate the predicted interaction sites with ATP/ADP and 

co-chaperones, based on previously published data from various Hsp70 and co-chaperone homologues: (Δ) ATP/

ADP (Kityk et al., 2012; Flaherty et al., 1990, 1994; Wisniewska et al., 2010; Sriram et al., 1997; Arakawa et al., 2011; Qi et 

al., 2013), (#) DNAJ (Kityk et al., 2018), (♦ α) Hsp110 (Polier et al., 2008; Schuermann et al., 2008), (α●) BAG (Sondermann 

et al., 2001; Arakawa et al., 2010; Xu et al., 2008) and (■ α) HSPBP1 (Shomura et al., 2005).

Fig.EV1 continued
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DnaK (E.c)       GVMTTLIAKNTTIPTKHSQVFSTAEDNQSAVTIHVLQGERKRAADNKSLGQFNLDGINPA 465 
SSA1 (S.c)       GVMTKLIPRNSTIPTKKSEIFSTYADNQPGVLIQVFEGERAKTKDNNLLGKFELSGIPPA 464 
HSPA1A (H.s)     GVMTALIKRNSTIPTKQTQIFTTYSDNQPGVLIQVYEGERAMTKDNNLLGRFELSGIPPA 467 
HSPA1L (H.s)     GVMTALIKRNSTIPTKQTQIFTTYSDNQPGVLIQVYEGERAMTKDNNLLGRFDLTGIPPA 469 
HSPA2 (H.s)      GVMTPLIKRNTTIPTKQTQTFTTYSDNQSSVLVQVYEGERAMTKDNNLLGKFDLTGIPPA 470 
HSPA6 (H.s)      GVMTTLIQRNATIPTKQTQTFTTYSDNQPGVFIQVYEGERAMTKDNNLLGRFELSGIPPA 469 
HSPA8 (H.s)      GVMTVLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVYEGERAMTKDNNLLGKFELTGIPPA 467 
 
 
DnaK (E.c)       PRGMPQIEVTFDIDADGILHVSAKDKNSGKEQKITIKASSG-LNEDEIQKMVRDAEANAE 524 
SSA1 (S.c)       PRGVPQIEVTFDVDSNGILNVSAVEKGTGKSNKITITNDKGRLSKEDIEKMVAEAEKFKE 524 
HSPA1A (H.s)     PRGVPQIEVTFDIDANGILNVTATDKSTGKANKITITNDKGRLSKEEIERMVQEAEKYKA 527 
HSPA1L (H.s)     PRGVPQIEVTFDIDANGILNVTATDKSTGKVNKITITNDKGRLSKEEIERMVLDAEKYKA 529 
HSPA2 (H.s)      PRGVPQIEVTFDIDANGILNVTAADKSTGKENKITITNDKGRLSKDDIDRMVQEAERYKS 530 
HSPA6 (H.s)      PRGVPQIEVTFDIDANGILSVTATDRSTGKANKITITNDKGRLSKEEVERMVHEAEQYKA 529 
HSPA8 (H.s)      PRGVPQIEVTFDIDANGILNVSAVDKSTGKENKITITNDKGRLSKEDIERMVQEAEKYKA 527 
 
 
DnaK (E.c)       ADRKFEELVQTRNQGDHLLHSTRKQVEEAG--DKLPADDKTAIESALTALETALK---GE 579 
SSA1 (S.c)       EDEKESQRIASKNQLESIAYSLKNTISEAG--DKLEQADKDTVTKKAEETISWLDSNTTA 582 
HSPA1A (H.s)     EDEVQRERVSAKNALESYAFNMKSAVEDEGLKGKISEADKKKVLDKCQEVISWLDANTLA 587 
HSPA1L (H.s)     EDEVQREKIAAKNALESYAFNMKSVVSDEGLKGKISESDKNKILDKCNELLSWLEVNQLA 589 
HSPA2 (H.s)      EDEANRDRVAAKNALESYTYNIKQTVEDEKLRGKISEQDKNKILDKCQEVINWLDRNQMA 590 
HSPA6 (H.s)      EDEAQRDRVAAKNSLEAHVFHVKGSLQEESLRDKIPEEDRRKMQDKCREVLAWLEHNQLA 589 
HSPA8 (H.s)      EDEKQRDKVSSKNSLESYAFNMKATVEDEKLQGKINDEDKQKILDKCNEIINWLDKNQTA 587 
 
 
DnaK (E.c)       DKAAIEAKMQELAQVSQKLMEIAQQQHAQQQT------AGADASANNAKDDDVVDAEFEE 633 
SSA1 (S.c)       SKEEFDDKLKELQDIANPIMSKLYQAGGAPGGAAGGAPGGFPGGA--PPAPEAEGPTVEE 640 
HSPA1A (H.s)     EKDEFEHKRKELEQVCNPIISGLYQGAGGP---GP---GGFGAQ--GPKGGSGSGPTIEE 639 
HSPA1L (H.s)     EKDEFDHKRKELEQMCNPIITKLYQGGCTG---PA---CG--TG--YVPGRPATGPTIEE 639 
HSPA2 (H.s)      EKDEYEHKQKELERVCNPIISKLYQGGPG----------GGSGGG---GSGASGGPTIEE 637 
HSPA6 (H.s)      EKEEYEHQKRELEQICRPIFSRLYGGP--------GVPGGSSCGTQARQGDPSTGPIIEE 641 
HSPA8 (H.s)      EKEEFEHQQKELEKVCNPIITKLYQSAGGM---PGGMPGGFPGGGAPPSGGASSGPTIEE 644 
 
 
DnaK (E.c)       VKDKK 638 
SSA1 (S.c)       VD--- 642 
HSPA1A (H.s)     VD--- 641 
HSPA1L (H.s)     VD--- 641 
HSPA2 (H.s)      VD--- 639 
HSPA6 (H.s)      VD--- 643 
HSPA8 (H.s)      VD--- 646 
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Figure S2. Hsp70 domain and subdomain differences affecting the functionality of HSPA1A or HSPA1L. (A) Effect 

of SBD or CTD swapped chimeras between HSPA1A and HSPA1L on SOD1A4V aggregation. Western blot of NP40 

fractionation of HEK293 cells co-expressing mCherry-SOD1A4V and V5-tagged chimeric proteins with swapped SBDs 

or CTDs between HSPA1A (yellow-green) and HSPA1L (blue). (B) Effect of NBD chimeras on heat-denatured lucif-

erase reactivation. HEK293 cells were transfected with luciferase reporter and mRFP (control) or V5-tagged HSPA1A, 

HSPA1L and their NBD-swap chimeras. Cells were heat-shocked for 30 mins at 45oC and luciferase activity was 

measured after heat shock and compared to non-heat shocked control. The ratio of HS to non-HS luciferase activity 

is plotted (n=2). Error bars with s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** p<0.001. 

Fig.EV2
A

P

S

T

T

S

P

V5

α tubulin

T

mCherry-SOD1A4V

SOD1

V5
-N

A
N

A
S L

C
L

V5
-

N
A

S A
C

A

V5
-

N
L

S L
C

L

V5
-

N
L

S A
C

A

V5
-N

A
N

L
S A

C
L

V5
-

N
L

S L
C

A

V5
-

N
A

S L
C

A

m
R

FP

0
1
2
3
4
5

ra
tio

 re
la

tiv
e 

to
 n

o 
ch

ap
er

on
e

co
nt

ro
l (

m
RF

P)

V5
-N

A
N

A
S L

C
L

V5
-

N
A

S A
C

A

V5
-

N
L

S L
C

L

V5
-

N
L

S A
C

A

***

B
Luciferase activity
recovery after HS



69

Functional diversity between Hsp70 paralogs 

2

Figure S3. Hsp70 domain and subdomain differences affecting the functionality of HSPA1A or HSPA1L. (A) Posi-

tions of the non-conserved residues between HSPA1A and HSPA1L NBDs. Ribbon model of HSPA1A-NBD (PDB ID: 

3JXU, (Wisniewska et al., 2010); yellow-green) and the positions of the residues that are not conserved in HSPA1L 

(red spheres). Subdomains IA/B and IIA/B are noted for orientation. Nucleotide (ADP) is colored in light blue. (B) In-

teraction surface of HSPA1A or HSPA1L NBDs. Surface representations of HSPA1A-NBD (PDB ID: 3JXU, (Wisniewska 

et al., 2010); yellow-green) and HSPA1L-NBD (PDB ID: 3GDQ, (Wisniewska et al., 2010); blue). 

(legend continued on next page)
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(Figure S3 legend continued) For the non-conserved residues, hydrophobic surfaces are colored in yellow, nega-

tively charged in red, positively charged in light blue and the remaining in white (PyMOL script YRB, (Hagemans 

et al., 2015)). Subdomains IA/B and IIA/B are marked for orientation. (C) Effect on SOD1A4V aggregation of substitu-

tions of HSPA1A-NBD residues with the HSPA1L equivalent in the vicinity of DNAJ (N3-6) or NEF (N7-10) interacting 

sites. Western blots of NP40 fractionation of HEK293 cells co-expressing mCherry-SOD1A4V and V5-tagged HSPA1A 

mutants. Quantification graph represents total (T) or NP40-insoluble (P) fraction western blot intensities relative 

to mRFP control (n=1-14). Error bars with s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** p<0.001. (D) Effect of V5-versus 

GFP-tagged Hsp70s. Western blot of NP40 fractionation of HEK293 cells co-expressing mCherry-SOD1A4V and 

V5- or GFP-tagged HSPA1A and HSPA1L. Endogenous SOD1 is used as a loading control. (E) HSPA1A or HSPA1L AT-

Pase-deficient mutants on SODA4V aggregation. Western blots of NP40 fractionation of HEK293 cells co-expressing 

mCherry-SOD1A4V and V5-tagged HSPA1A (yellow-green) or HSPA1L (blue), their NBD swaps or their ATPase-defi-

cient mutants, HSPA1AE175Q and HSPA1LE177Q respectively.
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Figure S4. NEF effect on SOD1A4V aggregation and binding to Hsp70s. (A) Screen of Hsp110 family members for 

suppressors of SOD1A4V aggregation. NP40 fractionation of HEK293 (representative western blot and graph) or U2OS 

(graph only) cells co-expressing mCherry-SOD1A4V and V5-HSPH1-3. Quantification graphs represent total (T) or 

NP40-insoluble (P) fraction western blot intensities relative to mRFP control (n=5 for U2OS and n=3-6 for HEK293). (B) 

Screen of BAG family members for suppressors of SOD1A4V aggregation. NP40 fractionation of HEK293 (representa-

tive western blot and graph) or U2OS (graph only) cells co-expressing mCherry-SOD1A4V and HA-BAG1, FLAG-BAG3

(legend continued on next page)
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(Figure S4 legend continued) or V5-BAG4. Quantification graphs represent total (T) or NP40-insoluble (P) fraction 

western blot intensities relative to mRFP control (n=2 for U2OS and n=2 HEK293). (C) Interaction of HSPH2 with 

HSPA1A/HSPA1L-NBD swaps in the presence of SOD1A4V. Co-expression of GFP-tagged NBD swapped chimeras 

with V5-HSPH2 and mCherry-SOD1A4V followed by native immunoprecipitation of Hsp70s with GFP nanotrap and 

western blots using the indicated antibodies. (D) List of Hsp110 interactors of SOD1A4V by mass spectrometry. mCher-

ry-SOD1A4V was co-expressed with either empty vector, V5-HSPA1A or V5-HSPA1L and soluble mCherry-SOD1A4V was 

precipitated using RFP nanotrap. Samples were subjected to mass spectrometry analysis and Hsp110 interactors 

were identified for each sample. Number of spectral counts and unique peptides are noted for each protein. (E) 

Interaction of HSPH2 with HSPA1A or HSPA1L without the presence of SOD1A4V. Co-expression of GFP-HSPA1A or 

GFP-HSPA1L with V5-HSPH2 followed by native immunoprecipitation of Hsp70s with GFP nanotrap and western 

blots using the indicated antibodies. In (A&B), error bars with s.e.m., * p=0.01-0.05, ** p=0.001-0.01, *** p<0.001.
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Table S1. List of Hsp110 interactors of mCherry-SOD1A4V after immunoprecipitation with RFP-trap and mass 

spectroscopy analysis.
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Table S2. Primers used in this study.

Primer name Sequence 5’ to 3’ Fwd/Rev Used for

ecoRV xhoI SOD for
CAGTTCGATATCGCTCGAGCTGCGACGAAGGCCG-
TGTGCGTGCTG

for mCherry-SOD1-cloning

SOD bamHI notI rev
CGGACGCGGCCGCGGATCCTTATTGGGCGATCC-
CAATTACACC

rev mCherry-SOD1-cloning

for hind-cherry CGTCCAAGCTTATGGTGAGCAAGGGCGAGGAG for mCherry-SOD1-cloning

rev cherry-ecoRV GCACTGATATCCTTGTACAGCTCGTCCATGC rev mCherry-SOD1-cloning

for mut sod a4v GCGACGAAGGTCGTGTGCGTGCTGAAG for SOD1-A4V mutagenesis

rev mut sod a4v CTTCAGCACGCACACGACCTTCGTCGC rev SOD1-A4V mutagenesis

HSPA1A/L destroy sapI (5126 
A1A and 5159 A1L) for

GTATTGGGCGCACTTCCGCTTC for HSPA1A-A1L NBD swaps

HSPA1A/L destroy sapI (5126 
A1A and 5159 A1L) rev

GAAGCGGAAGTGCGCCCAATAC rev HSPA1A-A1L NBD swaps

HSPA1A destroy xmaI (2895) for GTGCCGGTGGTCCCGGCCCTGG for HSPA1A-A1L NBD swaps

HSPA1A destroy xmaI (2895) rev CCAGGGCCGGGACCACCGGCAC rev HSPA1A-A1L NBD swaps

HSPA1A destroy xmaI (2354) for GACAACCAACCCGGCGTGCTGATC for HSPA1A-A1L NBD swaps

HSPA1A destroy xmaI (2354) rev GATCAGCACGCCGGGTTGGTTGTC rev HSPA1A-A1L NBD swaps

HSPA1L create sapI (2732) for CATGAAGAGCGTTGTGAGTG for HSPA1A-A1L NBD swaps

HSPA1L create sapI (2732) rev CACTCACAACGCTCTTCATG rev HSPA1A-A1L NBD swaps

HSPA1L create xmaI (2931) for GAGGATGCCCCGGGCCTGCCTGCGGAAC for HSPA1A-A1L NBD swaps

HSPA1L create xmaI (2931) rev GTTCCGCAGGCAGGCCCGGGGCATCCTC rev HSPA1A-A1L NBD swaps

HSPA1L destrroy xmaI (2393) for CTGACAACCAACCCGGCGTGCTGATC for HSPA1A-A1L NBD swaps

HSPA1L destrroy xmaI (2393) rev GATCAGCACGCCGGGTTGGTTGTCAG rev HSPA1A-A1L NBD swaps

sapI destroy hspa1a/l for GTATTGGGCGCACTTCCGCTTC for HSPA1A-A1L CTD swaps 

sapI destroy hspa1a/l rev GAAGCGGAAGTGCGCCCAATAC rev HSPA1A-A1L CTD swaps 

sapI create HSPA1L for CATGAAGAGCGTTGTGAGTG for HSPA1A-A1L CTD swaps 

sapI create HSPA1L rev CACTCACAACGCTCTTCATG rev HSPA1A-A1L CTD swaps 

HSPA1A-D99G MUT REV CTGCACCTTGGGCTTGCCTCCGTCGTTGATCAC rev HspA1A ATPase mutants

HSPA1A-G79N MUT FOR TCGGCCGCAAGTTCAATGACCCGGTGGTGCAG for HspA1A ATPase mutants

HSPA1A 127-137L (aa only) for
GACCAAGTTGAAGGAGACTGCCGAGGCGTTTCTG-
GGCCACCCGG

for HspA1A ATPase mutants

HSPA1A 127-137L (aa only) rev
CCGGGTGGCCCAGAAACGCCTCGGCAGTCTCCT-
TCAACTTGGTC

rev HspA1A ATPase mutants



75

Functional diversity between Hsp70 paralogs 

2

HSPA1A 187-190L for
ATCGCCTACGGCCTGGACAAAGGAGGTCAAGGGG-
AGCGCAACGTG

for HspA1A ATPase mutants

HSPA1A 187-190L rev
CACGTTGCGCTCCCCTTGACCTCCTTTGTCCAG-
GCCGTAG

rev HspA1A ATPase mutants

HSPA1A-H89L MUT REV
CGTTGATCACCTGGAAAGGCCAAAGCTTCATGTC-
CGACTGCACC

rev HspA1A ATPase mutants

HSPA1A-H89L MUT FOR
GGTGCAGTCGGACATGAAGCTTTGGCCTTTCCAG-
GTGATCAACG

for HspA1A ATPase mutants

HSPA1A-S85A+H89L MUT FOR
GGTGGTGCAGGCAGACATGAAGCTTTGGCCTTTC-
CAGGTGATC

for HspA1A ATPase mutants

HSPA1A-S85A+H89L MUT REV
GATCACCTGGAAAGGCCAAAGCTTCATGTCTGCC-
TGCACCACC

rev HspA1A ATPase mutants

HSPA1A-E175Q MUT REV
GATGGCGGCGGCCGTGGGCTGGTTGATGATCC-
GCAG

rev HspA1A ATPase mutants

HSPA1A-E175Q MUT FOR
CTGCGGATCATCAACCAGCCCACGGCCGCCGC-
CATC

for HspA1A ATPase mutants

HSPA1A-N194H FOR GGGGAGCGCCACGTGCTCATCTTTGACCTGGG for HspA1A ATPase mutants

HSPA1A-326-334L REV
CGACCAGGACAATGTCGTGAATCTTGGCCTTG-
TCCATCTTGGCG

rev HspA1A ATPase mutants

HSPA1A-S281N FOR GTCGTCCAGCACCCAGGCCAACCTGGAGATCG for HspA1A ATPase mutants

HSPA1A-F288Y REV
CCTGGTGATGGACGTGTAGAAGTCGATGCCCTC-
ATACAGGGAG

rev HspA1A ATPase mutants

HSPA1A+HindIII FOR
CAAGGGGGAGACCAAAGCTTTCTACCCCGAGGA-
GATCTCG

for HspA1A 1-111L swaps

HSPA1A+HindIII REV
CGAGATCTCCTCGGGGTAGAAAGCTTTGGTCTC-
CCCCTTG

rev HspA1A 1-111L swaps

HspA1L-E177Q For
GCTAAGAATCATCAATCAGCCCACGGCTGCTGC-
CATTGCC

for HspA1A ATPase mutants

HspA1L-E177Q Rev
GGCAATGGCAGCAGCCGTGGGCTGATTGATGAT-
TCTTAGC

rev HspA1A ATPase mutants

HSPA1A-N194H rev CCCAGGTCAAAGATGAGCACGTGGCGCTCCCC rev HspA1A ATPase mutants

HSPA1A-F288Y for
CTCCCTGTATGAGGGCATCGACTTCTACACGTCC-
ATCACCAGG

for HspA1A ATPase mutants

HSPA1A-S307A+S312G MUT 
FOR

GGAGCTGTGCGCCGACCTGTTCCGAGGCACCC-
TGGAG

for HspA1A ATPase mutants

HSPA1A-K348R+F353Y MUT 
REV 

GCGCCCGTTGAAGTAGTCCTGCAGCAGCCTCTG-
CACCTTG

rev HspA1A ATPase mutants

HSPA1A-N239S MUT FOR 
CTTTGACAACAGGCTGGTGAGCCACTTCGTGG-
AGGAGTTC

for HspA1A ATPase mutants

HSPA1A-N387K MUT rev
GCAGCAGGTCCTGCACCTTCTCGGACTTGTCCC-
CCATC

rev HspA1A ATPase mutants

HSPA1A-S307A+S312G MUT 
REV

CTCCAGGGTGCCTCGGAACAGGTCGGCGCACA-
GCTCC

rev HspA1A ATPase mutants

HSPA1A-K348R+F353Y MUT 
FOR 

CAAGGTGCAGAGGCTGCTGCAGGACTACTTCAA-
CGGGCGC

for HspA1A ATPase mutants

A1A-L61 mut for
GCCAAGAACCAGGTGGCGATGAACCCGCAGAA-
CACCG

for HspA1A ATPase mutants

A1A-L61 mut rev CGGTGTTCTGCGGGTTCATCGCCACCTGGTTC rev HspA1A ATPase mutants
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Abstract

The protein quality control (PQC) network consists of a set of interconnected processes that 

ensure proper protein handling in order to maintain protein homeostasis in the cells. One 

of the purposes of a functional PQC network is the prevention of protein aggregation and 

its detrimental consequences, one of which is further protein homeostasis disruption. One 

of the possible hypotheses on how protein aggregation can impair protein homeostasis is 

the depletion or entrapment of crucial protein quality control components, like molecular 

chaperones. However, it is not clear in which way each aggregating protein affects protein 

homeostasis and if it influences the whole aggregation-prone proteome or only a subset 

of it. Therefore, we examined if different, non-interacting, disease-associated aggregating 

proteins, like polyglutamine proteins (polyQ) and mutant SOD1, can influence each other’s 

aggregation. We show that polyQ aggregation enhanced mutant SOD1 aggregation but 

not vice versa, as polyQ aggregation remained unaltered despite the presence of mutant 

SOD1 aggregates. These data suggest that each aggregating protein generates a specific 

defect on protein homeostasis and not a generic system collapse.

Chapter 3
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Introduction

Protein homeostasis is portrayed as a balance between the efficiency of the protein quality 

control (PQC) components of a cell and the rate and quality of production, transport 

and remodelling of proteins (Balch et al., 2008). Proteotoxic stress conditions and/or 

genetic mutations increase metastable protein production thereby challenging protein 

homeostasis; if the PQC networks does not concomitantly adapt or if its total capacity 

declines, for example during aging, a collapse in protein homeostasis is imminent 

(Douglas and Dillin, 2010; Hipp et al., 2014; Kakkar et al., 2012; Kampinga and Bergink, 

2016). Ineffective handling of metastable proteins typically leads to protein aggregation, 

a hallmark of many age-related neurodegenerative disorders including Alzheimer’s, 

Parkinson’s, amyotrophic lateral sclerosis (ALS) and polyglutamine (polyQ) diseases like 

Huntington’s or spinocerebellar ataxias, with each disease involving different aggregation 

prone proteins (Ross and Poirier, 2004; Soto, 2003). 

Aggregates can be toxic to the cells in many ways, likely depending on their structure and 

localization, for instance by interfering with the functions of essential cell components, like 

membranes (Lashuel and Lansbury, 2006; Bäuerlein et al., 2017), mitochondria (Lin and 

Beal, 2006; Hashimoto et al., 2003; Xie et al., 2010), nuclei (Woerner et al., 2016; Liu et al., 

2015; Chou et al., 2018) or proteasomes (Bence et al., 2001; Bennett et al., 2005; Duennwald 

and Lindquist, 2008). In addition to that, sequestration of other metastable proteins within 

these aggregates can deprive the cell from proteins with essential functions (Olzscha et 

al., 2011). That is why cells have developed an elaborate PQC network of several systems 

to manage protein misfolding and prevent detrimental effects of protein aggregation 

(Chen et al., 2011; Tyedmers et al., 2010). 

Molecular chaperones, and especially the HSP70 system, play a central role in all these 

different processes of the cellular PQC system (Bukau et al., 2006; Kim et al., 2013). With 

this in mind, it has been proposed that aggregates can trap and deactivate crucial PQC 

elements like chaperones, which are actually required to oppose such aggregate formation. 

This would initiate a progressive, self-perpetuating, decline in protein homeostasis, 

eventually even accelerating or inducing aggregation of aggregation prone proteins. The 

most compelling evidence for such a negative cascade was first provided by the lab of 

Morimoto, which showed that polyQ proteins in C. elegans disrupt protein folding and lead 

to aggregation of otherwise soluble structurally destabilized mutant proteins (Gidalevitz et 

al., 2006). Thereafter, more studies supported this using cellular models (Gupta et al., 2011) 

or different aggregation prone proteins like SOD1 (Gidalevitz et al., 2009). 
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Although components of the Hsp70 machinery, like HSP70s and HSP110s, have been 

found to be associated with aggregates of various proteins like mutant SOD1 (Wang et 

al., 2009), CFTR (Wigley et al., 1999), polyQ (Suhr et al., 2001; Kim et al., 2016; Wang et al., 

2007) or artificial amyloid-like aggregates (Olzscha et al., 2011), there was no evidence in 

these studies that this chaperone recruitment by aggregates directly results in protein 

homeostasis defects. However, it has been shown that a-synuclein aggregates can 

interact with DNAJ co-chaperones and inhibit Hsp70 machinery function in vitro (Hinault 

et al., 2010). Moreover, by cellular experiments, it was demonstrated that polyQ protein 

aggregates can impede protein degradation by sequestering the HSP70 co-chaperone 

Sis1p/DNAJB1 (Park et al., 2013) and both polyQ and mutant SOD1 aggregates were found 

to inhibit HSP70-dependent clathrin-mediated endocytosis by recruiting and depleting 

HSPA8 (Yu et al., 2014). 

However, are all types of aggregates equally disturbing in terms of their impact on PQC? 

And are all these aggregation-prone proteins equally potentiated by a depletion of PQC 

components caused by other aggregates? In fact, members of the Hsp70 system were 

found to be differently capable of processing various disease-associated aggregating 

proteins (Kakkar et al., 2014), suggesting a specificity in the chaperones needed for each 

aggregation-prone protein. We therefore hypothesized that entrapment and depletion of 

chaperones is a process that may differ per aggregating protein; thus, chaperone trapping 

by an aggregate may have a different impact on the aggregation propensity of other 

metastable proteins, depending on whether they are processed by the same chaperones 

or other PQC components or not. To test this hypothesis, we examined if independently 

aggregating proteins, like polyQ and ALS-causing mutant SOD1 (Matsumoto et al., 2006; 

Polling et al., 2014; Weisberg et al., 2012), that do not rely on the same set of chaperones for 

prevention of aggregation (Table S1), can influence each other’s aggregation. Consistently 

with the proposed protein homeostasis models, we found that polyQ aggregation 

substantially enhanced mutant SOD1 aggregation but, on the contrary, aggregation of 

mutant SOD1 had no influence on the extent of polyQ aggregation.

Results

PolyQ and mutant SOD1 form different types of aggregates

In order to examine the impact of protein aggregation on cellular protein homeostasis, 

we aimed to test the effect of aggregation of one protein on the aggregation of a second 

protein and vice versa, with the prerequisite that these different aggregation prone proteins 

would not directly interact and co-aggregate with each other. Hereto we chose polyQ and 
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mutant SOD1 as our model proteins, since it has been shown that they form different types 

of aggregates with distinct molecular properties (Matsumoto et al., 2006) and at different 

positions in the same cell (Weisberg et al., 2012; Polling et al., 2014), suggesting they do 

not physically interact. 

We used SOD1A4V, a well-known mutant associated to familial ALS that causes aggregation 

of the protein (Prudencio et al., 2009; Ray et al., 2004; Chattopadhyay and Valentine, 2009), 

Figure 1. SOD1A4V and polyQ form independent and biochemically different aggregates in the same cell. (A) 

U2OS cells co-expressing GFP-tagged Q74 (green) with FLAG-SOD1A4V (red) for 48 hours detected by fluorescence 

confocal microscopy. FLAG-SOD1A4V is stained anti-FLAG and Alexa 633 secondary antibody. Hoechst 33342 (blue) is 

used to stain nuclei. Maximum intensity projection of individual z-stacks is shown. (B) Scheme of NP40 fractionation 

protocol described in Materials and Methods. (C-D) NP40 fractionation of cells expressing (C) FLAG-tagged SOD1WT, 

SOD1A4V or empty FLAG vector or (D) GFP, GFP-Q23 or GFP-Q74, both for 48 hours. Western blots with (C) SOD1 or (D) 

GFP antibodies of total cell lysates (T), NP40-soluble (S) or NP40-insoluble (P) fractions are shown. Stacking gel of (P) 

fraction is blotted for SDS-insoluble proteins.
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and a Huntingtin exon 1 fragment with an expanded stretch of 74 glutamines (Q74) that is 

known to form amyloid aggregates (Bates, 2003; Wyttenbach et al., 2000; Rujano et al., 

2007; Michalik and Van Broeckhoven, 2003). Immunofluorescence experiments confirmed 

that GFP-tagged Q74 and FLAG-tagged SOD1A4V can aggregate independently at different 

positions within the same cell (Fig 1A). While GFP-Q74 usually formed one or more compact 

aggregates of high intensity, either nuclear or cytoplasmic or both, FLAG-SOD1A4V mostly 

formed one large diffuse aggregate next to the nuclear staining and there was little or 

no overlap between Q74 and SOD1A4V aggregates (Fig 1A), confirming previous studies 

(Matsumoto et al., 2006; Weisberg et al., 2012; Polling et al., 2014). Importantly, also the 

biochemical properties of Q74 aggregation were found to be distinct from that of SOD1A4V; 

using the same NP40 detergent fractionation (Fig 1B) of cells expressing either of the two 

proteins for 48 hours, we noticed that Q74 formed 2% SDS-insoluble high molecular weight 

aggregates that were retained in the stacking gel during SDS-PAGE of the NP40-insoluble 

(P) fraction (Fig 1C) whilst SOD1A4V aggregates were SDS-soluble but could be detected 

as NP40-insoluble material (Fig 1D). At the same time, wild type SOD1 was only detected 

in the soluble (S) fraction (Fig 1C) together with the endogenous SOD1, confirming that 

the NP40-insoluble fraction represents aggregating mutant SOD1 species. Normal, 

non-aggregating polyQ with 23 glutamines (Q23), like GFP control, did not form any SDS-

insoluble aggregates and was mostly found in the NP40-soluble fraction but, possibly due 

to high expression levels, both Q23 and GFP were also sometimes detected in the NP40-

insoluble fraction, although to a much lesser extend compared with Q74 (Fig 1D).

Q74 aggregation can enhance SOD1A4V aggregation but Q74 aggregation 
remains unaffected by SOD1A4V

In order to analyse the effect of polyQ on mutant SOD1 aggregation, we co-expressed 

either GFP control, non-aggregating GFP-Q23 or aggregating GFP-Q74 together with either 

non-aggregating FLAG-SOD1WT or aggregating FLAG-SOD1A4V. Whereas co-expression 

of Q23 with SOD1A4V had no significant effect on the extent of SOD1 A4V aggregation, co-

expression of Q74 significantly enhanced it (Fig 2A). Inversely, however, there was no effect 

of SOD1A4V on Q74 aggregation compared to SOD1WT as detected by the high molecular 

weight bands of GFP-Q74 (Fig 2A). 

To confirm that the stacking gel retained material corresponded to SDS-insoluble 

aggregates, we used a filter trap assay to detect polyQ aggregates of GFP-Q23 or GFP-Q74 

when co-expressed with either FLAG-tagged SOD1WT or SOD1A4V. Similar to what we 

observed in the NP40 fractionation experiments (Fig 2A), there was no difference in Q74 

aggregation detected by filter trap with either SOD1WT of SOD1A4V co-expression (Fig S1A). 

However, we did notice a small enhancement of Q74 aggregation when either SOD1WT or 
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SOD1A4V were expressed compared to our control (Fig S1); since we used a FLAG-empty 

vector, which does not express any protein, as a control for the FLAG-tagged SOD1 

proteins, this increase could correspond to the increased general protein levels compared 

to the control situation.

Figure 2. Q74 expression can enhance SOD1A4V aggregation 

but not vice versa. (A) Western blot analysis of cell lysates after 

NP40 fractionation of cells co-expressing FLAG- empty vector, 

FLAG-tagged SOD1WT or SOD1A4V and either GFP control, GFP-Q23 

or GFP-Q74 for 48 hours. NP40-insoluble (P) and NP40-soluble (S) 

and total cell lysate (T) fractions are blotted with GFP for polyQ, 

SOD1 and α tubulin as loading control. Stacking gel of (P) fraction 

is blotted for SDS insoluble fraction. (B) Scheme of NP40 and 

SDS fractionation protocol described in Materials and Methods. 

(C) NP40 fractionation of cells expressing mCherry, mCher-

ry-SOD1WT or mCherry-SOD1A4V together with either GFP control, 

GFP-Q23 or GFP-Q74 for 48 hours. GFP, SOD1 and α tubulin –stained 

blots of total cell lysates (T), NP40-soluble (S), NP40-insoluble 

(P1) or SDS-insoluble (P2) fractions are presented.
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To examine whether the lack of an effect of SOD1A4V on polyQ aggregation was due to 

relatively low expression levels of FLAG-SOD1, we used mCherry-tagged SOD1 constructs 

that can be expressed at higher levels than the FLAG-tagged constructs (compare 

Fig 2A & 2C: FLAG- and mCherry-tagged versions to endogenous SOD1 levels (16 

kD band)). mCherry-SOD1 is detected as two bands on the western blot: a 45 kD band 

that corresponds to the full length fusion protein and a 38 kD band that correspond to 

a product of N-terminal cleavage of mCherry (Campbell et al., 2002; Gross et al., 2000) 

while still attached to SOD1 (Fig 2C). We then expressed mCherry control, mCherry-

SOD1WT or mCherrySOD1A4V together with either GFP control, GFP-Q23 or GFP-Q74. After 

48 hours of expression, the cells were fractionated using the same NP40 fractionation as 

before; in addition, we included an extra 2%-SDS fractionation step after which, the pellet 

was solubilized with formic acid (Hazeki et al., 2000) yielding a separate SDS-insoluble 

fraction (P2) next to an NP40-insoluble, but SDS soluble, fraction (P1) from the supernatant 

(Fig 2B). We again observed no alteration in the Q74 SDS-insoluble (P2) fraction between 

co-expression with either mCherry-only, mCherry-SOD1WT or mCherry-SOD1A4V (Fig 2C). 

However, we did notice a minor increase in the NP40-insoluble (P1) fraction of GFP, Q23 and 

Q74 when co-expressed with SOD1A4V (Fig 2C), suggesting that SOD1A4V might induce some 

kind of oligomerization of these proteins without affecting the formation of SDS-insoluble 

aggregates. Overall, our data shown so far suggest that polyQ disturbs PQC components 

needed for SOD1A4V aggregation handling but not the other way around. 

As seen before for FLAG-tagged SOD1A4V, GFP-Q74 co-expression enhanced mCherry-

SOD1A4V aggregation (Fig 1C); GFP-Q74 expression even shifted part of SOD1WT into the 

NP40-insoluble (P1) fraction (Fig 1C), which was previously undetected probably due to low 

expression of FLAG-SOD1WT. This effect seemed to be Q length-dependent, as a longer 

polyQ of 119 glutamines (Q119-YFP), with increased aggregation propensity (Rujano et al., 

2007), induced a more prominent effect on SOD1A4V aggregation compared to Q74 (Fig S1B). 

SOD1A4V expression does not even affect slowly aggregating Q43

Since we observed no effect of SOD1A4V co-expression on polyQ74 aggregation, we 

hypothesized that the rate of Q74 aggregation might be faster than that of mutant SOD1, 

leaving no time for SOD1A4V to occupy or trap components important for polyQ aggregation. 

To test this hypothesis, we used a polyQ construct with 43 glutamines (Q43) that aggregates 

slower than Q74 (Rujano et al., 2007). We co-expressed either GFP control, non-aggregating 

GFP-Q23 or slowly aggregating GFP-Q43 together with either non-aggregating mCherry-

SOD1WT or aggregating mCherry-SOD1A4V for 48 hours. In such a scenario, Q43 did not 

enhance SOD1A4V aggregation levels (Fig 3), suggesting that polyQ aggregates only affect 

the rate of SOD1A4V aggregation if their formation preceded SOD1A4V aggregation, consistent 
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with the idea that trapping is a late event 

during polyQ aggregate formation. That 

was confirmed by using an inducible 

HEK293 cell line, where we could co-

transfect polyQ and SOD1 constructs and 

delay induction of SOD1 expression for 24 

hours after transfection. In this way polyQ 

was expressed for 72 hours and SOD1 for 

48 hours before NP40/SDS fractionation; 

in this case, we did observe an increase 

of SOD1A4V aggregation when Q43 was co-

expressed (Fig S2).

Similar to our observations for Q74, 

however, Q43 SDS-insoluble aggregates 

were unaffected by SOD1A4V expression 

(Fig 3), rejecting the hypothesis that the 

absence of an effect of SOD1A4V on polyQ 

aggregation is caused by a slower speed 

of SOD1A4V aggregation, but supporting 

the idea instead that SOD1A4V does not 

trap PQC components crucial for dealing 

with polyQ aggregation. We again found 

an increase of the (P) fraction of all GFP 

constructs for not only Q43 and Q23 but also 

free GFP, when co-expressed with SOD1A4V 

(Fig 3), suggesting that SOD1A4V might 

occupy some PQC elements important for 

dissociation of larger, non-aggregating, 

oligomeric protein species that do not 

seem to be related to aggregate formation.

Discussion

Our data demonstrate that different aggregates do not have the same impact on protein 

homeostasis and sometimes but not always alter the subsequent aggregation propensity 

of other aggregation-prone proteins. PolyQ and mutant SOD1 have been manifested 
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to form structurally different types of aggregates. PolyQ proteins form dense amyloid 

aggregates, and other proteins and chaperones are mostly recruited around them (Kim et 

al., 2016; Matsumoto et al., 2006; Gillis et al., 2013). On the other hand, mutant SOD1 forms 

diffuse porous aggregates where other proteins and chaperones can move through and 

may not be irreversibly trapped (Matsumoto et al., 2006, 2005). The differences in aggregate 

structure are reflected as a different sensitivity to biochemical solubilization: polyQ fibrillar 

aggregates are resistant to strong ionic detergents like SDS (Fig 1D & (Hazeki et al., 2000)) 

whereas SOD1A4V are SDS-soluble and only resistant to mild, non-ionic, detergents like 

NP40 (Fig 1C & (Prudencio et al., 2009; Qualls et al., 2013)). Moreover, mutant SOD1 and 

polyQ mostly form aggregates at distinct positions in the cell; while polyQ forms either 

cytoplasmic aggregates of IPOD-like structures away from the nucleus or intranuclear 

aggregates, mutant SOD1 forms JUNQ/INQ/aggresome-like structures in the vicinity 

of the nucleus and the microtubule organizing center (Fig 1A) (Weisberg et al., 2012; 

Tyedmers et al., 2010; Bagola and Sommer, 2008; Miller et al., 2015a). All these converge 

to the conclusion that polyQ and mutant SOD1 aggregate independently in the cell and 

there is no direct interaction between these proteins. Therefore, these two proteins are 

most likely not “seeding” each other’s aggregation directly. This is also supported by the 

fact that we only observe a one-sided effect - polyQ influencing mutant SOD1 aggregation 

- but not the other way around; on the contrary, in a cross-seeding situation, aggregation 

of both proteins should have increased. 

Although SOD1A4V and polyQ aggregates are mostly aggregating independently, we 

observed that at very late stages of polyQ (Q74) aggregation, when big aggregates with 

high intensity are formed, SOD1A4V is sometimes recruited around them forming a ring-like 

structure (Fig S3), like previously observed for chaperones and other proteins (Kim et al., 

2016; Matsumoto et al., 2006; Gillis et al., 2013). Although we cannot rule out that SOD1A4V is 

actually co-aggregating at the surface of polyQ inclusions, hereby leading to the increase 

in SOD1A4V aggregation by the polyQ co-expression (Fig 2, S1), we rather interpret these 

(rare) features as a co-migration of (independently formed) polyQ aggregates at IPOD-like 

structures and SOD1A4V aggregates at the aggresome/JUNQ/INQ structures (Weisberg et 

al., 2012; Polling et al., 2014). Alternatively, the merging of these two different aggregates may 

have been mediated via interaction with other proteins or PQC components, for example 

chaperones or proteasomal degradation components which are known to be attracted 

by polyQ aggregates (Kim et al., 2016; Gillis et al., 2013), and SOD1A4V may be co-recruited 

there while still in interaction with these components. However, further investigation is 

needed in order to confirm that this ring-like structure around polyQ aggregates is indeed 

formed by aggregating species of SOD1A4V. 
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So, why do polyQ aggregates enhance aggregation of SOD1A4V and why is the reverse 

effect not observed (Fig 2, 3 & S1)? We would like to speculate that polyQ aggregates are 

depleting some PQC components that are needed for handling mutant SOD1. Interestingly, 

co-expression of Q74 or Q119 not only increase aggregation but also expression levels of 

SOD1A4V and sometimes SOD1WT (Fig 2, S1, S2) and, at high SOD1WT expression levels, even 

shifted part of SOD1WT into the NP40-insoluble fraction (Fig 2B). This suggests that polyQ 

aggregates may impair PQC components that can normally assist in SOD1 proteasomal 

degradation; indeed, e.g. HSP70 (HSPA1A) or DNAJB1 are often found trapped in polyQ 

aggregates (Kim et al., 2016; Park et al., 2013) and they have been found to prevent 

aggregation of mutant SOD1 in a manner that is associated with reduced SOD1 expression 

levels (Chapter 2 & (Koyama et al., 2006; Takeuchi et al., 2002)). Interestingly, a recent 

study showed that misfolded SOD1A4V is recruited and aggregates into compartments 

like stress granules, which contain many RNA-binding, aggregation-prone, proteins, and 

without direct interaction alters their dynamics (Mateju et al., 2017). This process seemed 

to be related to Hsp70 availability, which was also recruited there, suggesting that the 

stress granule formation, that require Hsp70 for their disassembly, may generate an Hsp70 

shortage that increases SOD1 aggregation.

PolyQ aggregation, on the other hand, seemed to be largely unaffected by the presence 

of SOD1A4V aggregates (Fig 2 & 3), implying that mutant SOD1 aggregates either trap PQC 

components that are not in limited quantities in the cell or that they do not trap PQC 

components that are crucial for cellular handling of polyQ proteins, e.g. DNAJB6 (Hageman 

et al., 2010; Kakkar et al., 2016b), or do not trap chaperones/PQC components at all. The 

latter would be supported by the fact that SOD1 aggregates have a porous structure that 

is permissive for dynamic exchange of proteins within these aggregates (Matsumoto et al., 

2006, 2005). 

To conclude, aggregation of a protein not only influences the protein itself but can 

indirectly increase the possibility of aggregation of other aggregation-prone proteins 

that depend on the same PQC components. However, our data support the notion that 

protein aggregation does not cause a generic collapse in the protein homeostasis network 

of the cell but rather a specific breakdown that could potentially be restored if the PQC 

components involved would be replenished.
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Materials and Methods

Cell culture, transfection and plasmids

Human osteosarcoma (U2OS) and human embryonic kidney (HEK293) stably expressing 

the tetracycline repressor (Flp-In-T-Rex HEK293, Invitrogen) cells were cultured using 

standard protocols in DMEM (Gibco) supplemented with 10% fetal bovine serum (Greiner 

Bio-One) and penicillin/streptomycin (Gibco). Cells were transiently transfected with 

Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions. Expression 

in HEK293 cells was induced by 1ug/ml tetracycline. pEBB-FLAG-SOD1WT and SOD1A4V 

plasmids were a kind gift from Dr. B. van der Sluis (University Medical Center Groningen, 

NL) and described previously (Vonk et al., 2014). removing GFP from pcDNA5- FRT/TO-

GFP-SOD1WT (described below) with HindIII/EcoRV digestion and substituting it with 

mCherry that was amplified from pcDNA3.1(+)-mCherry-alpha-tubulin (kind gift from Dr. 

B. Giepmans, University Medical Center Groningen, NL), using the primers described 

in Table S2, creating HindIII-mCherry-EcoRV and digested with HindIII/EcoRV as well. 

pcDNA5-FRT/TO- GFP-SOD1WT was generated by amplifying SOD1WT from the pEBB-

FLAG-SOD1WT plasmid by using the primers described in Table S2 to generate EcoRV-

XhoI-SOD1-BamHI-NotI and insert it after digestion with EcoRV/NotI into a pcDNA5-FRT/

TO-GFP-no-stop plasmid (Hageman et al., 2010). pcDNA5-FRT/TO-mCherry-SOD1A4V 

construct was generated by QuikChange XL Site-Directed Mutagenesis Kit (Agilent) from 

pcDNA5-FRT/TO-mCherry-SOD1WT using the primers described in Table S2. pcDNA5-

FRT/TO-GFP-stop, pEGFP-Q23 and -Q74, p-Q119-EYFP were described previously (Hageman 

et al., 2010). pcDNA3-FLAG-C1 (Addgene) was used as control.

NP40 and SDS fractionation

48 hours (or 72 hours when mentioned for Q43 experiments) after transfection, cells were 

washed with PBS and harvested in NP40 lysis buffer containing 50 mM Tris-HCl pH 8, 

150 mM NaCl, 1 mM EDTA, 1% NP40 (Igepal-CA 630, Sigma) and complete protease 

inhibitor cocktail (Roche). Cell lysates were sonicated (50% input for 5 seconds), protein 

concentrations were measured with DC protein assay (Bio-Rad), equalized and a part was 

kept as the total (T) fraction representation. The remaining samples were centrifuged at 

20000 g for 30 minutes at 4oC and NP40-soluble supernatant was kept separately as the 

(S) fraction. The pellet was washed once with lysis buffer and after another centrifugation 

at 20000 g for 30 minutes, supernatant was discarded and the pellet was resuspended in 

1/3 of initial volume lysis buffer with sonication (50% input for 5 seconds), representing the 

NP40-insoluble (P) fraction. In all three fractions (T, S, P), 4x Laemmli buffer (8% SDS, 40% 

glycerol, 20% 2-mercaptoethanol, 0.001% bromophenol blue) was added and samples were 
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boiled for 5 minutes and kept at -20oC until use. When SDS fractionation was subsequently 

performed after NP40 fractionation, the (P) fraction was instead resuspended in 60 ul 

SDS buffer containing 50 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM EDTA, 1% NP40 (Igepal-

CA 630, Sigma), 2% SDS and 5% 2-mercaptoethanol. Samples were boiled for 10 mins, 

then centrifuged at 20000 g for 30 minutes at room temperature and supernatant was 

transferred in a new tube representing the NP40-insoluble fraction (P1). Pellet was washed 

once with SDS buffer and centrifuged again at 20000 for 30 minutes. The second pellet 

was resuspended in 20ul formic acid and, after a 30-minute incubation at 37oC, formic acid 

was removed by using vacuum concentrator at room temperature overnight. Dry pellet 

was resuspended in 1x Laemmli buffer, representing SDS-insoluble fraction (P2). In both 

P1 and P2 fractions, 0.001% bromophenol blue was added and samples were kept at -20oC 

until use.

Filter trap assay (FTA)

48 hours after transfection, cells were recovered by washed and recovered by either 

trypsinization or scraping in cold PBS, centrifuged at 3800 g for 3 minutes. Cell pellets 

were lysed in RIPA buffer [25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP40 (Igepal CA-630, 

Sigma), 1% sodium deoxycholate, 2% SDS, complete protease inhibitors cocktail (Roche)] 

and sonicated (50% input for 5 seconds). Protein concentrations were determined using 

DC protein assay (Bio-Rad). Concentrations were equalized and a part of each sample was 

kept separately, diluted 1:1 with 2x Laemmli buffer (125mM Tris-HCl pH 6.8, 4% SDS, 20% 

glycerol, 20% 2-mercaptoethanol, 0.001% bromophenol blue) and boiled for 5 minutes for 

western blot. The remaining part was diluted in FTA buffer (10 mM Tris-HCl pH 8.0, 150 mM 

NaCl and 50 mM dithiothreitol, 2% SDS), boiled for 5 minutes and prepared in three 5-fold 

serial dilutions into a final of 1x, 5x and 25x diluted samples for filter trap assay (FTA). FTA 

samples were loaded onto a 0.2 µm pore size cellulose acetate membrane prewashed 

with 0.1% SDS-containing FTA buffer. Membranes were washed three times with 0.1% SDS-

containing FTA buffer, blocked with 10% non-fat milk and blotted with anti-GFP/YFP (JL-8, 

Clontech). After HRP-conjugated secondary antibody (Amersham) incubation, visualization 

was performed using enhanced chemiluminescence and Hyperfilm (ECL, Amersham).

Western blot and antibodies

Equal amounts of proteins were loaded into 12% SDS-PAGE gels. Proteins were transferred 

onto nitrocellulose membranes and blotted with the primary antibodies: GFP/YFP (JL-8, 

Clontech); FLAG (M2, Sigma); GAPDH (10R-G109A, Fitzgerald); SOD1 (FL-154, Santa Cruz); 

alpha-tubulin (T5168, Sigma); beta-actin (8H10D10, Cell Signaling). After incubation with 

the appropriate HRP-conjugated secondary antibody (Amersham), visualization was 

performed with enhanced chemiluminescence and Hyperfilm (ECL, Amersham).
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Immunofluorescence and microscopy 

48 hours after transfection, cells grown on coverslips were fixed using 3.7% formaldehyde 

in PBS for 15 minutes, washed three times with PBS, permeabilized with 0.2% Triton X-100 

in PBS, incubated with 10mM glycine in PBS for 10 minutes and blocked with 3% BSA in 

PBS for 30 minutes. Coverslips were incubated with anti-FLAG (Sigma) primary antibody 

at 4oC overnight, washed again three times with PBS and incubated with Alexa Fluor 633 

(Invitrogen) secondary antibody for 1-2 hours. Nuclei were stained with 0.2 µg/ml DAPI in 

PBS for 10 minutes. Microscopy was performed with a Leica TCS SP2 confocal microscope 

and image processing was done with ImageJ (NIH, https://imagej.nih.gov/ij/).
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Figure S1. SOD1A4V does not have an effect on Q74 aggregation but Q74 and Q119 increase SOD1A4V aggregation. 

(A) Western blots of filter trap assay (FTA) and total cell lysates of cells co-expressing either GFP-Q23 or -Q74 with 

FLAG-control, FLAG-SOD1WT or FLAG-SOD1A4V for 48 hours. SDS insoluble fractions of polyQ are shown in both FTA, 

with increasing 5-fold dilutions from bottom to top, and stacking gel blots with GFP antibody. GFP, SOD1 and GAPDH 

(loading control) were used for the total cell lysates. (B) NP40 fractionation of HEK293 cells co-expressing GFP-Q23, 

GFP-Q43 or Q119-YFP and mCherry-tagged SOD1WT or SOD1A4V. Total cell lysates (T), NP40-soluble (S), NP40-insoluble 

(P) of SOD1 and α actin (loading control) are shown.
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Figure S2. Q43 expressed for 72 hours can enhance SOD1A4V aggregation.  NP40 fractionation of HEK293 cells 

co-expressing GFP-tagged Q23 or Q43 for 72 hours and mCherry-tagged SOD1WT or SOD1A4V for 48 hours. Total cell 

lysates (T), NP40-soluble (S), NP40-insoluble (P) of SOD1 and α actin (loading control) are shown.

Figure S3. SOD1A4V can accumulate as a ring around large polyQ aggregates. U2OS cells co-expressing GFP-

tagged Q74 (green) with FLAG-SOD1A4V (red) for 48 hours detected by fluorescence confocal microscopy. FLAG 

tagged SOD1A4V is stained anti-FLAG and Alexa 633 secondary antibody. Hoechst 33342 (blue) is used to stain nuclei. 

A single focal plane is shown as an individual z-stack image.

mergeHoechst 33342 GFP-Q74 FLAG-SOD1A4V
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Chaperones
PolyQ SOD1A4V

- ↓ ↑ - ↓ ↑

HSP110/HSPH

HSPH1

HSPH2

HSPH3

Hsp70/HSPA

HSPA1A

HSPA1L

HSPA2

HSPA5

HSPA6

HSPA8

HSPA9

DNAJ

DNAJA

HSP14

DNAJA1

DNAJA2

DNAJA3

DNAJB

DNAJA4

DNAJB1

DNAJB2a

DNAJB2b

DNAJB3

DNAJB4

DNAJB5

DNAJB6a

DNAJB6b

DNAJB7

DNAJB8

DNAJB9

Table S1. Effect of chaperone expression on polyQ or mutant SOD1 aggregation.

Data from Hageman et al, 2010 (polyQ) and Chapter 2 (SOD1A4V). Effect on aggregation is calculated from aggregation 

percentage relative to control: decrease is <90% (green), no change is 90-110% (grey), increase is >110% aggregation 

(orange).  



98

Chapter 3

Primer name Sequence 5’ to 3’ Used for Template

ecoRV xhoI 
SOD for

CAGTTCGATATCGCTCGAGCTGCGACGAAGG-
CCGTGTGCGTGCTG

for EcoRV-XhoI-SOD1 pEBB-FLAG-SOD1

SOD bamHI 
notI rev

CGGACGCGGCCGCGGATCCTTATTGGGCG-
ATCCCAATTACACC

rev BamHI-NotI-SOD1 pEBB-FLAG-SOD1

for hind-cherry
CGTCCAAGCTTATGGTGAGCAAGGGCGAG-
GAG

for HindIII-mCherry
pcDNA3.1(+)-mCherry-
alpha tubulin

rev cherry-ecoRV GCACTGATATCCTTGTACAGCTCGTCCATGC rev mCherry-EcoRV
pcDNA3.1(+)-mCherry-
alpha tubulin

for mut sod a4v GCGACGAAGGTCGTGTGCGTGCTGAAG for SOD1-A4V mutagenesis
pcDNA5-FRT/TO-
mCherry-SOD1

rev mut sod a4v CTTCAGCACGCACACGACCTTCGTCGC rev SOD1-A4V mutagenesis
pcDNA5-FRT/TO-
mCherry-SOD1

Table S2. List of primers used for cloning
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Abstract

DNAJB6 is a co-chaperone of the HSP70 system that can suppress aggregation of various 

aggregation prone proteins including polyglutamine and mutant parkin. Several mutations 

in the DNAJB6 gene have been identified as the cause of limb-girdle muscular dystrophy 

type 1D (LGMD1D), an autosomal dominant myopathy. Both isoforms expressed from 

DNAJB6 gene, the nuclear DNAJB6a and the cytoplasmic/nuclear DNAJB6b, carry the 

LGMD1D-associated mutations within a conserved G/F-rich region of uncertain function. 

Previous studies reported conflicting results regarding the impact of these mutations 

on the function of DNAJB6 against protein aggregation. Here, we show that DNAJB6b 

mutants exhibit only moderate loss of activity against polyQ or mutant parkin aggregation, 

a defect that is only detectable under high aggregation conditions. Surprisingly, we found 

that a LGMD1D-associated mutant of DNAJB6a, the nuclear isoform, could suppress 

cytoplasmic polyQ aggregation better than the wild type DNAJB6a. Our data confirm 

previous studies showing that LGMD1D mutations on DNAJB6 gene can have a negative 

impact on the function of DNAJB6b but not DNAJB6a. 
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Introduction

DNAJB6 belongs to the DNAJ family of molecular chaperones that mainly act as co-

factors of HSP70s, the central chaperones involved in protein quality control, by aiding and 

modulating the activity of HSP70s and recruiting unfolded or misfolded substrates to them 

(Kampinga and Craig, 2010). Although little is known about its endogenous substrates, 

DNAJB6 has been identified as a very effective suppressor of protein aggregation, 

including polyglutamine (polyQ) (Gillis et al., 2013; Hageman and Kampinga, 2009; Kakkar 

et al., 2016b; Månsson et al., 2014b), mutant parkin (Kakkar et al., 2016a), amyloid α (Månsson 

et al., 2014a) and α-synuclein (Aprile et al., 2017b). 

DNAJB6 is ubiquitously expressed in human tissues (Hageman and Kampinga, 2009) in 

two splice variants: a 326 amino acid long DNAJB6a, that harbours a C-terminal nuclear 

localization signal (NLS) and resides in the nucleus, and a 241 amino acid long DNAJB6b, 

that is both nuclear and cytoplasmic (Hanai and Mashima, 2003). All DNAJ family members, 

and hence also DNAJB6, are characterized by a conserved J domain, within which a crucial 

His-Pro-Asp (HPD) motif is responsible for interaction with HSP70s and stimulation of their 

ATPase activity (Tsai and Douglas, 1996). Besides a J domain, DNAJB6 contains a Gly/

Phe (G/F) -rich region of unknown function and a distinct C-terminal substrate binding 

domain, in which a Ser/Thr (S/T) -rich stretch was found to be required for binding to 

polyQ proteins (Kakkar et al., 2016b) (Fig 1).

Recently, several mutations were identified in the gene that encodes DNAJB6 as the 

cause of limb-girdle muscular dystrophy type 1D (LGMD1D), a dominant late-onset muscle 

disease (Couthouis et al., 2014; Harms et al., 2012; Nam et al., 2015; Palmio et al., 2015; 

Ruggieri et al., 2015; Sarparanta et al., 2012; Sato et al., 2013; Suarez-Cedeno et al., 2014; 

Tsai et al., 2017; Yabe et al., 2014), reviewed in (Ruggieri et al., 2016). The disease pathology 

Figure 1. DNAJB6 mutants causing LGMD1D. Scheme of the functional domain of the two DNAJB6 isoforms, a and 

b. In the G/F-rich domain, exon 5 deletion and the single amino acid substitutions (red) that cause LGMD1D are 

indicated.

J G/F S/TN C

J G/F S/TN C

GGSHFDSPFEF89G F91TF93RNP96DDVF100REFFGGRDPFSFDFF

I I/L I/L R/L V

DNAJB6a

DNAJB6b

NLS

Exon 5
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is characterized by large rimmed vacuoles and cytoplasmic protein aggregates in muscle 

cells, including DNAJB6 itself (Harms et al., 2012; Sandell et al., 2016). All of the LGMD1D-

related mutations reside in the G/F-rich region of DNAJB6. Most of these are point 

mutations that lead to a substitution of one of the (usually Phe) residues (F89I, F91I/L, 

F93I/L, P96R/L, F100V) and there is one splicing defect causing-mutation that results in 

exon 5 skipping and a complete loss of the G/F-rich domain (ΔG/F) (Fig 1, Table 1). This 

G/F-rich region, which is found in all DNAJAs and DNAJBs (Kampinga and Craig, 2010), is 

a structurally disordered flexible region (Pellecchia et al., 1996). Although its purpose has 

not been clearly determined yet, it has been previously suggested to be critical for activity 

of certain DNAJs in yeast (Yan and Craig, 1999) or play a role in substrate recruitment or 

transfer to HSP70s (Perales-Calvo et al., 2010; Stein et al., 2014; Wall et al., 1995). 

As stated above, the polyQ anti-aggregation activity of DNAJB6 is highly dependent on 

a S/T-rich region which serves as a polyQ peptide binding site (Hageman et al., 2010; 

Kakkar et al., 2016b) and interestingly enough, DNAJB6b mutants lacking the entire 

G/F-rich region were found to be largely unaffected in suppressing polyQ aggregation 

(Hageman et al., 2010). Contradictory to these findings though, other studies showed that 

the disease-associated G/F-rich region mutants do cause a defect in DNAJB6b activity to 

prevent aggregation of either polyQ aggregates (Palmio et al., 2015; Sarparanta et al., 2012; 

Tsai et al., 2017) or TDP-43 inclusions after heat shock (Stein et al., 2014). 

Moreover, despite both splice variants bearing the mutations, only expression of DNAJB6b 

isoform’s F93L mutant has been shown to generate an abnormal muscle phenotype in 

LGMD1D animal models; animals expressing DNAJB6aF93L mutation did not show any 

disease phenotype (Bengoechea et al., 2015; Sarparanta et al., 2012). Therefore, DNAJB6a 

mutants have not been considered as contributing factors to the disease development. It 

is, however, unclear if the function of DNAJB6a is altered by the mutations.

Our aim was to unravel this apparent controversy on DNAJB6b mutants, concerning their 

effect on polyQ aggregation, and to further elucidate the impact of LGMD1D-related 

mutations on DNAJB6b and DNAJB6a functions. Hereto, we investigated whether these 

mutations disturb DNAJB6a or DNAJB6b anti-aggregation activity using polyQ and mutant 

parkin aggregation models. We confirmed that some LGMD1D-associated DNAJB6b 

mutants show an impaired aggregation suppressing activity, suggesting that the G/F-

rich region does contribute to normal DNAJB6b function. Unexpectedly, we found that 

a LGMD1D-associated mutant of the nuclear isoform, DNAJB6a, led to a decrease of 

cytoplasmic polyQ aggregation. 
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Results

DNAJB6b mutations only moderately impair its anti-aggregation function 

Mutations in DNAJB6b were previously reported to cause impairment in the protein’s abil-

ity to suppress polyQ (Q109/Q120) aggregation but the magnitude of defect seemed to vary 

between these studies as well as between the different mutational variants (Palmio et al., 

2015; Sarparanta et al., 2012; Tsai et al., 2017, summarized in Table 1).

Table 1. Disease severity and anti-aggregation activity impairment of DNAJB6b LGMD1D-associated mutants.

DNAJB6b
mutant

Disease severity PolyQ120 anti-aggregation 
activity impairment*

Parkin anti-aggregation 
activity impairment*

Previously published Previously published Current study Previously published Current study

F89I Intermediate 1,2,3 Intermediate 1,4 Mild Mild

F91I Severe 4,5 Mild 4

F91L Severe 4,5,6 Intermediate 4

F93I Mild 7

F93L Mild 1,5,7,8,9 Mild 1,4 Mild Intermediate 10 Mild

P96R Intermediate 8 Intermediate Mild

P96L Intermediate 11 Severe 11

F100V Intermediate 5

ΔG/F Severe 5

* Anti-aggregation activity impairment level was calculated according to average % of activity lost relative to WT 

activity. Mild <20%, Intermediate 20-50%, Severe >50%. Data used are from the above-mentioned references or the 

current study. 

References: 1. Sarparanta, J. et al. Mutations affecting the cytoplasmic functions of the co-chaperone DNAJB6 cause 

limb-girdle muscular dystrophy. Nat. Genet. 44, 450–455 (2012). 2. Suarez-Cedeno, G. et al. DNAJB6 myopathy: A 

vacuolar myopathy with childhood onset. Muscle Nerve 49, 607–610 (2014). 3. Couthouis, J. et al. Exome sequencing 

identifies a DNAJB6 mutation in a family with dominantly-inherited limb-girdle muscular dystrophy. Neuromuscul. 

Disord. 24, 431–435 (2014). 4. Palmio, J. et al. Novel mutations in DNAJB6 gene cause a very severe early-onset 

limb-girdle muscular dystrophy 1D disease. Neuromuscul. Disord. 25, 835–842 (2015). 5. Ruggieri, A. et al. Complete 

loss of the DNAJB6 G/F domain and novel missense mutations cause distal-onset DNAJB6 myopathy. Acta Neu-

ropathol. Commun. 3, 44 (2015). 6. Nam, T. S. et al. A novel mutation in DNAJB6, p.(Phe91Leu), in childhood-onset 

LGMD1D with a severe phenotype. Neuromuscul. Disord. 25, 843–851 (2015). 7. Sato, T. et al. DNAJB6 myopathy in 

an Asian cohort and cytoplasmic/nuclear inclusions. Neuromuscul. Disord. 23, 269–276 (2013). 8. Harms, M. B. et al. 

Exome sequencing reveals DNAJB6 mutations in dominantly-inherited myopathy. Ann. Neurol. 71, 407–16 (2012). 9. 

Yabe, I. et al. Clinical Neurology and Neurosurgery Pathology of frontotemporal dementia with limb girdle muscular 

dystrophy caused by a DNAJB6 mutation. Clin. Neurol. Neurosurg. 127, 10–12 (2014). 10. Kakkar, V. et al. Versatile mem-

bers of the DNAJ family show Hsp70 dependent anti-aggregation activity on RING1 mutant parkin C289G. Sci. Rep. 

6, 34830 (2016). 11. Tsai, P. C. et al. A novel DNAJB6 mutation causes dominantly inherited distal-onset myopathy and 

compromises DNAJB6 function. Clin. Genet. 92, 150–157 (2017)
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We directly compared some of these mutants, DNAJB6bF89I and DNAJB6bF93L, and 

also included DNAJB6bP96R mutant that has not been previously tested. Firstly, using 

fluorescence microscopy, we examined the subcellular distribution of GFP-tagged 

mutants; DNAJB6bWT and all the mutants showed similar expression pattern throughout 

the cell in HEK293 cells (Fig S1A). Since these mutants are associated with muscle defects, 

we additionally expressed DNAJB6b mutants in C2C12, a muscle-derived cell line. Similar 

to what we observed in HEK293 cells, DNAJB6bWT and the LGMD1D-associated mutants 

did not show any divergence in their subcellular localization (Fig S2B).

To assess the capacity of DNAJB6b mutants to suppress polyQ aggregation, we co-

expressed V5-tagged DNAJB6b, wild type or the three mutants, with exon-1 fragment of the 

huntingtin protein that contains an expansion of 74 glutamines (GFP-polyQ74). Subsequent 

analysis of GFP-polyQ74 aggregation by filter trap assay demonstrated the great potential 

of DNAJB6bWT to suppress polyQ aggregation, as previously described (Hageman et al., 

2010). In contrast to our expectations, all DNAJB6b mutants exhibited suppressive activity 

of polyQ74 aggregation similar to DNAJB6bWT (Fig 2A). Similar results were obtained using 

an exclusively nuclear polyQ74 (GFP-polyQ74-NLS): DNAJB6bF93L and DNAJB6bF89I were 

equally good in suppression aggregation as DNAJB6bWT while DNAJB6bP96R on average 

showed a trend (albeit not significant) to be less effective (Fig 2A), suggesting that nuclear 

function of the mutants was also largely unaffected. Interestingly, the expression levels of 

DNAJB6bF93L and DNAJB6bP96R levels were significantly elevated compared to DNAJB6bWT 

(Fig 2B), suggesting that these mutations lead to DNAJB6 accumulation.

As polyQ aggregation propensity is proportionally linked to polyQ expansion size 

(Bennett et al., 2002; Chen et al., 2002; Georgalis et al., 1998; Scherzinger et al., 1999), we 

used a longer polyQ expansion with 119 glutamines (polyQ119-YFP) to examine whether 

increased aggregation would reveal some defects for the DNAJB6b mutants. Whereas 

the average aggregation suppressing performance of DNAJB6bF93L was lower than that 

of DNAJB6bWT, there was no statistically significant difference from DNAJB6bWT. In the 

case of DNAJB6bF89I, average anti-aggregation activity was even lower than DNAJB6bF93L 

but still not significantly different from DNAJB6bWT activity (Fig 2C). Only, the newly tested 

DNAJB6bP96R mutant, that causes a more severe disease phenotype than the DNAJB6bF93L 

mutant (Ruggieri et al., 2015), showed a significant loss of function in terms of preventing 

polyQ119-YFP aggregation, although it still retained significant activity when compared 

to control condition without any chaperone (Fig 2C). Taken together, these data suggest 

that, regarding their polyQ aggregation suppressive activity, DNAJB6bP96R is significantly 

affected but DNAJB6bF89I and DNAJB6bF93L display only minor defects. 
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DNAJB6b was previously shown to be capable of suppressing also parkinC289G aggregation 

and the DNAJB6bF93L mutant was found to be, if anything, only moderately impaired re-

garding this function (Kakkar et al., 2016a). Therefore, we aimed to examine whether other 

LGMD1D-related DNAJB6b mutations affected their ability to prevent parkinC289G aggrega-

tion. We used FLAG-parkinC289G and V5-tagged DNAJB6bWT or the mutants DNAJB6bF93L, 

DNAJB6bF89I and DNAJB6bP96R and monitored mutant parkin aggregation with Triton X-100 

Figure 2. DNAJB6b mutants show minor defects in their ability to suppress polyQ and mutant parkin aggre-

gation. (A) Filter trap assays (FTA) with serial 5-fold dilution of HEK293 cells co-expressing cytoplasmic or nuclear 

GFP-Q74 and DNAJB6bWT or disease-causing mutants DNAJB6bF93L, DNAJB6bF89I or DNAJB6bP96R. a-GFP is used for 

FTA blots. The percentage of aggregation of GFP-Q74 in the presence of DNAJB6bWT or the mutants DNAJB6bF93L 

(n=8), DNAJB6bF89I (n=2) or DNAJB6bP96R (n=2) is indicated on the left graph and percentage of aggregation of GFP-

Q74-NLS in the presence of DNAJB6bWT or DNAJB6bF93L (n=5), DNAJB6bF89I (n=2) or DNAJB6bP96R (n=2) on the right 

graph. Both graphs represent quantification of GFP-polyQ blots normalized to DNAJB6bWT (100%). (B) Western blot 

of GFP-Q74 or GFP-Q74-NLS and DNAJB6b mutants. a-GFP is used for polyQ, a-V5 for DNAJB6b and a-GAPDH as 

loading control. Graph shows ratio of DNAJB6b mutants relative to DNAJB6bWT (100%) from quantification of DNA-

JB6b (V5) blots (n=11 for DNAJB6bF93L, n=4 for DNAJB6bF89I and DNAJB6bP96R). (C) FTA as described in (A) but with 

co-expression of polyQ119-YFP (n=18 for DNAJB6bF93L, n=6 for DNAJB6bF89I and DNAJB6bP96R). (D) Western blots of 

1%TX100 fractionation of cells co-expressing FLAG-parkinC289G and V5-DNAJB6bWT or mutants. a-FLAG is used for 

parkinC289G, V5 for DNAJB6b and GAPDH as loading control. Graphs represent quantification of FLAG-parkinC289G blots 

normalized to DNAJB6bWT (100%). In the upper graph, percentage of aggregation is calculated as insoluble (P)/sol-

uble (S) percentile ratios. In the lower graph, soluble (S) and insoluble (P) fractions are presented separately (n=5 for 

DNAJB6bF93L and n=3 for DNAJB6bF89I and DNAJB6bP96R). Mean values are given with s.e.m.; * = p<0,05.
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fractionation. Overall, similarly to what we observed for polyQ119, average parkinC289G ag-

gregation was increased when the disease-related mutants were expressed but none of 

them showed a statistically significant difference compared to DNAJB6bWT (Fig 2D).

Nuclear isoform DNAJB6aF93L mutant decreases polyQ aggregation in the 
cytoplasm

The nuclear DNAJB6a isoform, although not effective against cytoplasmic polyQ, can 

suppress nuclear polyQ aggregation as efficiently as DNAJB6b (Hageman et al., 2010). 

However, it has not been examined whether DNAJB6a mutants show any difference in 

terms of aggregation suppressing action. Therefore, we tested whether F93L mutation 

has any effect on the anti-aggregation function of DNAJB6a and we co-expressed it with 

cytoplasmic polyQ (GFP-Q74) or nuclear polyQ (GFP-Q74-NLS). As expected, DNAJB6aWT was 

equally effective as DNAJB6bWT in protecting against nuclear GFP-Q74-NLS aggregation 

(Fig 3A). Similar to what we observed for DNAJB6bF93L, DNAJB6aF93L did not seem to be 

significantly affected in this function; although, on average, more Q74-NLS aggregation was 

observed with DNAJB6aF93L, there was no significant difference with DNAJB6aWT (Fig 3A). 

Unexpectedly, however, we found a protective effect of the nuclear DNAJB6aF93L on 

cytosolic polyQ74 aggregation (Fig 3A). Unlike DNAJB6bF93L, which exhibited significantly 

higher protein levels compared to DNAJB6bWT (Fig 2B), the nuclear DNAJB6aF93L mutant 

was expressed to the same level as DNAJB6aWT (Fig 3B), excluding the possibility that 

differential expression levels are responsible for the observed effect. For cytosolic Q119-YFP, 

however, DNAJB6aF93L was as ineffective as DNAJB6aWT (Fig 3C), meaning that this gain of 

function in the cytosol is only moderate. More importantly, though, these data imply that 

the G/F-rich region mutation does not directly lead to a loss of capacity to suppress polyQ 

aggregation; they rather suggest that changes on nuclear-cytoplasmic distribution of the 

mutant could underlay the observed difference in its chaperoning capacity.

DNAJB6aF93L shows normal nuclear localization 

As stated above, DNAJB6b mutants showed overall normal distribution, similar to the 

DNAJB6bWT (Fig S1), but DNAJB6a localization has not been investigated. To test whether 

the improved chaperone efficiency of DNAJB6aF93L to suppress cytoplasmic polyQ 

aggregation is due to an altered nuclear/cytoplasmic distribution, we used fluorescence 

microscopy to detect DNAJB6aWT or DNAJB6aF93L when co-expressed with GFP-Q74. Both 

DNAJB6aWT and DNAJB6aF93L were indistinguishable and almost exclusively expressed 

in the nucleus (Fig 4A, 4B). Only a small percentage of cells showed partial cytoplasmic 

localization for both DNAJB6aWT and DNAJB6aF93L (Fig 4B) and this mostly included cells 
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with abnormal nuclear staining (dividing, dead or necrotic/apoptotic cells). Therefore, 

within the resolution of our current imaging experiments, we find no direct evidence for 

the hypothesis that the increased cytoplasmic activity of DNAJB6aF93L can be attributed to 

an altered nucleocytoplasmic shuttling of the protein.

Figure 3. DNAJB6aF93L mutant suppresses cytoplasmic polyQ74 aggregation. (A) Filter trap assays with serial 5-fold 

dilution of cells co-expressing cytoplasmic or nuclear GFP-Q74 constructs and DNAJB6aWT or disease-causing 

mutant DNAJB6aF93L. Graphs show the percentage of aggregation of GFP-Q74 (left) or GFP-Q74-NLS (right) in the 

presence of DNAJB6aWT or DNAJB6aF93L mutant. Both graphs represent quantification of polyQ-GFP blots of DNA-

JB6aF93L (n=8 for GFP-Q74, n=5 for GFP-Q74-NLS) normalized to DNAJB6aWT (100%). (B) Western blot of GFP-Q74 or 

GFP-Q74-NLS and DNAJB6aWT or DNAJB6aF93L. a-GFP is used for polyQ, a-V5 for DNAJB6a and a-GAPDH as loading 

control. Ratio of DNAJB6aF93L relative to DNAJB6bWT (100%) from V5 blot quantification is shown on the graph (n=14). 

(C) As described in (A) but using Q119-YFP (n=3). Mean values are given with s.e.m., * = p<0,05. 
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Discussion

Several DNAJB6b LGMD1D-associated mutants have been already assessed by different 

labs for their ability to suppress protein aggregation but results were variable (Table 1), 

possibly due to different cell lines or other experimental conditions used. Consistent 

with most studies, we also found that DNAJB6bF93L mutation only mildly affects its anti-

aggregation function, both in the case of polyQ and mutant parkin (Fig 2). We also found 

DNAJB6bF89I to be only mildly affected in anti-aggregation capacity (Fig 2), although in 

literature this mutation was found to cause a more pronounced effect (Table 1). However, 

the newly tested DNAJB6bP96R caused a significant increase in polyQ aggregation, that 

could only be detected when a long polyQ119 fragment was expressed (Fig 2C), implying 

that its defects are minor and only become apparent under increased proteotoxic stress 

conditions. Although two out of the three mutants tested showed no significant functional 

impairment compared to the DNAJB6bWT, the average aggregation protection loss 

positively correlates with the disease severity (Table 1), which still suggests that a (minor) 

impairment in anti-aggregating function could accumulate over years into a significant 

defect and thus be an important factor contributing to the disease.

But what is the molecular defect caused by these LGMD1D-associated mutants that all 

reside in the G/F-rich region of DNAJB6? This region is unlikely the prime substrate binding 

Figure 4. Nuclear localization of DNAJB6aF93L. (A) Fluorescence microscopy of V5-tagged DNAJB6aWT or DNA-

JB6aF93L co-expressed with GFP-Q74 in HEK293 cells. Immunostaining for DNAJB6a was performed with a-V5 and 

Cy3-αconjugated secondary antibody. GFP is shown in green, V5 in red and DAPI (nuclei) in blue in the merged image. 

(B) Quantification of subcellular distribution of cells expressing DNAJB6aWT or DNAJB6aF93L when co-expressed with 

GFP-Q74. Graph shows percentage of DNAJB6a expressing cells with nuclear (nuc, black) or nuclear plus cytoplas-

mic (nuc/cyt, grey) distribution (n=1, 867 cells for DNAJB6aWT and 753 cells for DNAJB6aF93L).
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site for polyQ, as evidenced by our previous studies with G/F-rich domain deletions 

mutants that were mostly unaffected in their polyQ suppressive activity (Hageman et al., 

2010). Rather, as demonstrated recently, an S/T-rich region at the C-terminus of DNAJB6 

has been identified as the polyQ substrate interacting region (Hageman et al., 2010; 

Kakkar et al., 2016b). Our unanticipated data about nuclear DNAJB6aF93L even reducing 

cytoplasmic polyQ further support the notion that the G/F-rich region mutations, most 

likely, do not directly impede on polyQ binding. We, however, cannot exclude that the 

G/F-rich domain may play a role in binding of different conformations of substrates, as 

it was previously proposed (Perales-Calvo et al., 2010; Stein et al., 2014). Especially since 

phenylalanines are known to form aromatic-aromatic interactions that are, among others, 

implicated in protein folding and stability (Makwana and Mahalakshmi, 2015) and have 

even been proposed to stabilize aggregation-prone beta-strand structures in proteins, 

possibly to avoid aggregation (Budyak et al., 2013). Therefore, this region may act as a 

support in order to prevent aggregation or stabilize certain (conformations of) substrates 

together with the S/T-rich region. 

Alternatively, the G/F-rich region mutants could impede DNAJB6 communication with the 

HSP70s. Interestingly, in vitro experiments using the bacterial DnaJ revealed that a G/F-

region mutant was impaired in transferring substrates to DnaK (HSP70), although it could 

still bind to and stimulate ATPase activity of DnaK (Wall et al., 1995). This potential client 

transfer defect of the LGMD1D mutants may explain why the defects on polyQ aggregation 

are only marginal, as DNAJB6b dependency on HSP70 is only limited regarding polyQ 

suppression (Kakkar et al., 2016b). Moreover, it can be further supported by our findings 

that these mutants had no significant effect on suppression of parkinC289G aggregation (Fig 

2D). As suggested before (Kakkar et al., 2016a), in the case of mutant parkin, the mode of 

action of DNAJB6b (and several other DNAJs) is not specific and is mostly depending on 

the ability of DNAJs to stimulate HSP70 ATPase activity, an ability that, for bacterial DnaJ, 

was shown not to be influenced by the G/F-rich region (Wall et al., 1995). Impaired client 

transfer could also relate to our observations that the expression levels of the DNAJB6bF93L 

and DNAJB6bP96R mutants, were increased compared to that of DNAJB6bWT (Fig 2B). Such 

increased levels of DNAJB6bF93L have been also reported in a mouse model of LGMD1D, 

where it was found that the degradation rate of mutant DNAJB6b was lower than that of 

the wild type (Bengoechea et al., 2015). Due to a possible inefficient transfer, clients may 

bind longer to DNAJB6, on one hand preventing its normal turnover and, on the other 

hand, increasing the chance of co-aggregation. Consistent with this model, DNAJB6F93L 

was found in aggregates in the muscles of the patients along with other proteins that are 

possible DNAJB6 substrates (Harms et al., 2012; Sandell et al., 2016). 
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Finally, our results about the nuclear DNAJB6a isoform, that was found marginally 

weaker than DNAJB6aWT against nuclear Q74 aggregation but showed an unexpected 

(minor) protection against cytoplasmic Q74 aggregation, compared to DNAJB6aWT (Fig 

3A), suggested some possible localization changes. Even though our microscopy data 

(Fig 4) did not reveal any gross alterations in the intracellular distributions of the DNAJB6 

mutants (both a- and b- isoforms), the idea that the mutations affect nucleocytoplasmic 

shuttling and hereby function of DNAJB6 cannot be fully discarded yet and should be 

further investigated. Nevertheless, based on our preliminary data and under the conditions 

tested, a displacement of DNAJB6aF93L towards the cytoplasm does not seem to be the 

reason for the decrease in cytoplasmic Q74 aggregation. An alternative scenario could be 

the shift of Q74 aggregation towards the nucleus, for example by a distorted import/export 

to/from the nucleus caused by DNAJB6aF93L mutation. However, we did not observe any 

obvious accumulation of GFP- Q74 at the nucleus (Fig 4a) to further support this hypothesis. 

In any case, regardless of the underlying mechanism, these data strengthen the previously 

proposed idea that DNAJB6a mutations do not contribute to the disease pathology, 

considering that nuclear DNAJB6aF93L did not induce any muscle defect in animal models 

(Bengoechea et al., 2015; Sarparanta et al., 2012). We could speculate that DNAJB6 levels 

in the cytosol are more critical to muscle fitness and this is not negatively affected by 

mutations in the nuclear isoform.

To conclude, LGMD1D-associated mutations tested so far, lead to defects that impede cy-

tosolic protein homeostasis. Whether these are due to altered substrate interaction, mis-

localisation or HSP70 communication still remains unclear but experiments are ongoing to 

further substantiate these ideas.

Materials and Methods

Cell cultures, transfections and plasmids

Human embryonic kidney (HEK293) stably expressing the tetracycline repressor (Flp-

In T-REx HEK293, Invitrogen) and mouse myoblast (C2C12) cells were cultured using 

standard protocols in DMEM (Gibco) supplemented with 10% fetal bovine serum (Greiner 

Bio-One) and penicillin/streptomycin (Gibco). HEK293 cells were transiently transfected 

with Lipofectamine (Invitrogen) and C2C12 cells with Lipofectamine 2000 (Invitrogen), 

according to manufacturer’s instructions. Expression in HEK293 was induced by tetracycline. 

pcDNA5-FRT/TO-V5 or pcDNA5-FRT/TO-GFP plasmids containing DNAJB6b wild type, 

F93L, F89I or P96R mutants and DNAJB6a wild type or F93L mutant were a kind gift of Dr. 

Chris Weihl (Washington University, USA). The Q119-YFP, pEGFP-Q74, pEGFP-Q74-NLS were 
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described previously (Hageman et al., 2010). The pcDNA3-FLAG-parkin constructs (wild 

type and C289G) were a king gift from Dr. Michael Cheetham and previously described 

(Kakkar et al., 2016a). 

Filter trap assays

24 or 48 hours after transfection, cells were recovered by washed and recovered by either 

trypsinization or scraping in cold PBS, centrifuged at 3800 g for 3 minutes. Cell pellets 

were lysed in RIPA buffer [25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP40 (Igepal CA-630, 

Sigma), 1% sodium deoxycholate, 2% SDS, complete protease inhibitors cocktail (Roche)] 

and sonicated (50% input for 5 seconds). Protein concentrations were determined using 

DC protein assay (Bio-Rad). Concentrations were equalized and part of the samples was 

kept separate and diluted 1:1 with 2x Laemmli buffer (125mM Tris-HCl pH 6.8, 4% SDS, 20% 

glycerol, 20% 2-mercaptoethanol, 0.001% bromophenol blue) and boiled for 5 minutes for 

western blot analysis. The remaining part of the samples was diluted in FTA buffer (10 mM 

Tris-HCl pH 8.0, 150 mM NaCl and 50 mM dithiothreitol, 2% SDS), boiled for 5 minutes and 

prepared in three 5-fold serial dilutions into a final of 1x, 5x and 25x diluted samples for 

filter trap assay (FTA). FTA samples were loaded onto a 0.2 µm pore size cellulose acetate 

membrane prewashed with 0.1% SDS-containing FTA buffer. Membranes were washed 

three times with 0.1% SDS-containing FTA buffer, blocked with 10% non-fat milk and 

blotted with anti-GFP/YFP (JL-8, Clontech). After HRP-conjugated secondary antibody 

(Amersham) incubation, visualization was performed using enhanced chemiluminescence 

and Hyperfilm (ECL, Amersham).

Triton X-100 fractionations

24 hours after transfection, cells were washed once in cold PBS before adding TX100-

lysis buffer [PBS, 1% Triton X-100, complete protease inhibitor cocktail (Roche)]. Cell lysates 

were scraped and centrifuged at 20000 g for 15 minutes at 4°C. Supernatants with TX100-

soluble proteins were transferred to new tubes (S fraction). Pellets with TX100-insoluble 

proteins were further resuspended in SDS-buffer [PBS, 1% SDS, complete protease 

inhibitors cocktail (Roche)], sonicated (50% input for 5 seconds) and centrifuged at 20000 

g for 15 minutes at 4 °C. Supernatants were collected to a new tube (P fraction). Both S and 

P fraction samples were diluted with 2x Laemmli buffer (125mM Tris-HCl pH 6.8, 4% SDS, 

20% glycerol, 20% 2-mercaptoethanol, 0.001% bromophenol blue) and samples were used 

immediately or kept frozen at −20°C until western blot analysis.

Western blots

Equal amounts of proteins were loaded into 12% SDS-PAGE gels. Proteins were transferred 

onto nitrocellulose membranes and blotted with the primary antibodies: anti-GFP/
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YFP (JL-8, Clontech); anti-V5 (R960-25, Invitrogen); anti-FLAG (M2, Sigma), anti-GAPDH 

(10R-G109A, Fitzgerald). After incubation with the appropriate HRP-conjugated secondary 

antibody (Amersham), visualization was performed with enhanced chemiluminescence 

and Hyperfilm (ECL, Amersham). Quantification of western blots was performed with 

ImageJ (NIH, https://imagej.nih.gov/ij/) and graphs were prepared with GraphPad Prism 

(GraphPad Software).

Immunofluorescence and microscopy 

48 hours after transfection, cells grown on coverslips were fixed using 3.7% formaldehyde 

for 15 minutes, washed three times with PBS, permeabilized with 0.2% Triton X-100, 

incubated with 10mM glycine for 10 minutes and blocked with 3% BSA for 30 minutes. 

Coverslips were incubated with anti-V5 (Invitrogen) or anti-FLAG (Sigma) primary 

antibodies at 4oC overnight, washed again three times and incubated with Cy3-conjugated 

(Amersham) secondary antibody for 1-2 hours. Nuclei were stained using 0.2 µg/ml DAPI 

in PBS. Microscopy was performed with a Leica DM6000 M fluorescence microscope and 

image processing was done using ImageJ (NIH, https://imagej.nih.gov/ij/).
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Supplementary Information

Figure S1. Subcellular distribution of DNAB6b mutants. (A-B) Fluorescence microscopy of GFP-tagged  

DNAJB6bWT or mutants DNAJB6bF93L, DNAJB6bF89I and DNAJB6bP96R in (A) HEK293 and (B) C2C12 cells. GFP is 

shown in green and DAPI (nuclear staining) in blue in the merged image.
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The Hsp70 machinery is a highly conserved and central chaperone system involved 

in many different protein homeostasis related processes and, in humans, it consists of 

different families with several members each (Radons, 2016). Compared to prokaryotic 

cells or unicellular eukaryotes like yeast, there is increased complexity of the human 

chaperone systems (Table 1), with not only multiple members that can lead to multiple 

combinations but also different expression levels in different cell types which can favour 

certain combinations.

Table 1. Evolutionary expansion of the Hsp70 machinery

E. coli S. cerevisiae H. sapiens

Hsp70s

DNAK SSA1 HSPA1A

HSCA SSA2 HSPA1B

HSCC SSA3 HSPA1L

SSA4 HSPA2

SSB1 HSPA5

SSB2 HSPA6

SSC1 HSPA7

SSQ1 HSPA8

SSC3 HSPA9

KAR2 HSPA12A
SSZ1
(atypical)

HSPA12B

HSPA13

HSPA14

E. coli S. cerevisiae H. sapiens

NEFs

GRPE MGE1 GRPEL1

SSE1 GRPEL2

SSE2 HSPH1

SNL1 HSPH2

LHS1 HSPH3

FES1 BAG1

SIL1 BAG2

BAG3

BAG4

BAG5

BAG6

HYOU1

HSPBP1

SIL1

E. coli S. cerevisiae H. sapiens

DNAJA

DNAJ YDJ1 DNAJA1

CBPA APJ1 DNAJA2

DJIA XDJ1 DNAJA3

HSCB MDJ1 DNAJA4

DNAJB

DJIB SCJ1 DNAJB1

DJIC SIS1 DNAJB2

DJP1 DNAJB3

CAJ1 DNAJB4

ERJ5 DNAJB5

JJJ1 DNAJB6

JJJ3 DNAJB7

JAC1 DNAJB8

CWC23 DNAJB9

SWA2 DNAJB11

JEM1 DNAJB12

JID1 DNAJB13

JJJ2 DNAJB14

DNAJC

SEC63 DNAJC1

ZUO1 DNAJC2

MDJ2 DNAJC3

PAM18 DNAJC4

PAM16 (J-like) DNAJC5

HLJ1 DNAJC6

DNAJC7 - 
DNAJC30
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5.1 Different functionalities between Hsp70 family members

Hsp70s are highly conserved in sequence (Table 2). That is also why it has been assumed 

by many people in the field that most Hsp70s have a similar function and can be used 

interchangeably. And to a certain extent, based on in vitro studies, most of the different 

Hsp70s tested can perform the basic functions associated with them, like protein folding, 

holding and disaggregation (Daugaard et al., 2007; Radons, 2016; Vos et al., 2008; Mayer 

and Bukau, 2005; Mayer, 2013). 

However, functionalities amongst members can differ substantially. In yeast, it has been 

shown that different members of the Hsp70 family (containing SSA and SSB proteins) have 

distinct functions in de novo folding (SSBs) or stress response (SSAs) (Albanèse et al., 

2006; Yam et al., 2005). Differences between SSA and SSB proteins have been previously 

dissociated with their ability to interact with substrates but rather associated with 

differences in their NBDs (James et al., 1997). Even regarding human Hsp70s, there are a 

few reports that implicate only specific members with certain functions like involvement in 

viral replication (Taguwa et al., 2019, 2015) or refolding/aggregation suppression (Hageman 

et al., 2011; Kakkar et al., 2016a; Hageman et al., 2010).
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99,8 88,7 83,9 63,6 81,9 77,8 85,6 49,4 23,0 21,9 42,5 34,9 74,7 49,1 HSPA1A Cyto/Nuc

99,8 88,9 84,1 63,6 82,1 78,1 85,8 49,4 23,0 21,9 42,8 35,1 74,8 49,1 HSPA1B Cyto/Nuc

88,7 88,9 82,5 63,1 79,7 75,2 83,1 49,1 22,9 22,0 42,8 34,7 74,1 48,4 HSPA1L Cyto/Nuc

83,9 84,1 82,5 64,1 78,6 73,8 87,3 49,9 21,1 19,9 42,4 35,4 72,9 48,1 HSPA2 Cyto/Nuc

63,6 63,6 63,1 64,1 62,3 60,1 65,2 50,5 23,1 21,5 40,4 33,8 66,0 51,0 HSPA5 ER

81,9 82,1 79,7 78,6 62,3 90,2 78,0 50,6 23,3 21,8 42,6 35,5 71,1 48,5 HSPA6 Cyto/Nuc

77,8 78,1 75,2 73,8 60,1 90,2 73,1 48,5 22,9 22,0 35,6 39,3 70,2 46,9 HSPA7 Cyto/Nuc

85,6 85,8 83,1 87,3 65,2 78,0 73,1 50,2 21,7 21,7 42,1 34,1 75,9 47,9 HSPA8 Cyto/Nuc

49,4 49,4 49,1 49,9 50,5 50,6 48,5 50,2 21,5 20,9 35,5 31,1 50,6 60,3 HSPA9 Mito

23,0 23,0 22,9 21,1 23,1 23,3 22,9 21,7 21,5 62,6 19,7 18,9 22,5 23,8 HSPA12A Cyto/Nuc

21,9 21,9 22,0 19,9 21,5 21,8 22,0 21,7 20,9 62,6 21,0 18,7 21,2 21,6 HSPA12B Cyto/Nuc

42,5 42,8 42,8 42,4 40,4 42,6 35,6 42,1 35,5 19,7 21,0 30,8 41,2 35,5 HSPA13 Cyto/Nuc

34,9 35,1 34,7 35,4 33,8 35,5 39,3 34,1 31,1 18,9 18,7 30,8 33,7 31,0 HSPA14 Cyto/Nuc

74,7 74,8 74,1 72,9 66,0 71,1 70,2 75,9 50,6 22,5 21,2 41,2 33,7 49,4 Ssa1 S.cerevisiae

49,1 49,1 48,4 48,1 51,0 48,5 46,9 47,9 60,3 23,8 21,6 35,5 31,0 49,4 DnaK E.coli

Table 2. Percentage of HSP70 family member sequence identity and their subcellular localization*.

*Percentages were calculated using Clustal Omega protein sequence alignment program (EMBL-EBI) (https://www.

ebi.ac.uk/Tools/msa/clustalo/).
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In Chapter 2, we show that the within the human Hsp70 family of chaperones, there is 

a great variability in handling substrates, here in particular mutant SOD1. Retrospective 

analysis of other studies actually hinted towards these suggestions but never truly 

emphasized such differences. For example, different Hsp70s showed different effects on 

aggregation of various proteins, including polyglutamine proteins (Hageman et al., 2010), 

mutant parkin (Kakkar et al., 2016a) or heat denatured luciferase (Hageman et al., 2011). 

In most of these cases, overexpression of most Hsp70 family members did not alleviate 

aggregation of the mutant protein. However, other studies have shown that certain Hsp70 

family members can have some anti-aggregating effects (Aprile et al., 2017a; Kundel et al., 

2018; Kakkar et al., 2014).

In addition, there are more cases of conflicting results for Hsp70 functionality, for example 

in immune response (rev. in (Borges et al., 2012), aggregation and neuroprotection (rev. in 

(Turturici et al., 2011)) or ion channel misfolding and trafficking (rev in (Young, 2014)). These 

conflicts in literature may have been due to the fact that different members were used for 

these studies, as this was not specified in many cases. Alternatively, cell type dependent 

differences (e.g. in endogenous Hsp70 or co-chaperone levels) may lead to different 

outcomes in such experiments. However, in our studies, modulating expression of the 

different Hsp70 members for the same substrate using the same cellular background, 

led to a differential outcome; and this was confirmed for several different substrates like 

luciferase, polyglutamine, mutant Parkin and SOD1 (Chapter 2, (Hageman et al., 2011, 

2010; Kakkar et al., 2016a). Therefore, we conclude that the Hsp70 family members are 

not functionally identical. Hence, the general term “Hsp70” for human members should be 

avoided and the specific protein nomenclature should be used instead.  

5.1.1 Functional protein domains 

But why can proteins that are so similar in sequence differ so much in function and how is 

this determined? Specific protein domains are coupled with function and thus protein or 

domain conservation is largely conceived as a major determinant for a protein’s function. 

Especially for Hsp70, where family conservation is particularly high with most Hsp70s 

sharing > 50% residue identity.

The substrate binding domain (SBD) of Hsp70s is highly conserved and it is considered to 

be functionally similar in the different Hsp70s, all recognizing hydrophobic protein patches 

(Mayer and Gierasch, 2018; Clerico et al., 2015), although some specificity in substrate 

binding has been suggested by some studies (Fourie et al., 1994). However, there is a 

large overlap in these binding sequences and it was not clear whether the differences 

would truly transfer to altered functionality in vivo. This was why Hsp70s had been largely 
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considered as functionally similar, mainly serving as the “horsepower” of the Hsp70 

machinery and were largely ignored as determining factors for the fate of substrates that 

enter the cycle. However, in Chapter 2, we show that Hsp70s do play a role in the decision-

making process and fate of substrates. However, this was unrelated to their SBD but rather 

related to differences in their nucleotide binding domains (NBD) that was further found to 

differentiate the Hsp70 interaction with co-chaperones. In fact, we show that only a few 

amino acid changes in the very conserved NBD domain can have a major impact on the 

protein’s functionality. 

The NBD of Hsp70s is a multi-factor binding domain; besides nucleotides, many chaperone 

co-factors interact with this part of Hsp70 proteins. Via the NBD, these co-factors regulate 

ATP hydrolysis and nucleotide cycling, which require proximity to the nucleotide interaction 

site. The fact that all these different proteins interact with the same domain means that 

the interaction sites are not always available and that antagonism between them likely 

exists. For example, all DNAJs interact with a conserved J-domain with Hsp70s, which 

means that they are likely competing with each other for Hsp70 binding. The same applies 

for example to BAG family of NEFs, which all interact with Hsp70 via their conserved 

BAG-domain. And, although for example different NEF families (Hsp110, BAG, HSPBP1 

etc) have different binding sites on Hsp70-NBD, these are substantially overlapping and 

therefore also possibly compete with each other. But how do all these proteins ultimately 

form complexes? Is there a preference based on affinity, avidity and/or availability of 

chaperones? 

These questions still remained largely unanswered. In vitro, so far, no differences between 

different Hsp70 family members and NEF binding has been reported, at least between 

HSPA1A and HSPA8 that are the most studied and compared Hsp70s (Rauch and 

Gestwicki, 2014; Rampelt et al., 2012). Even between HSPA1A and HSPA1L, interaction with 

Hsp110 NEFs is similar in vitro (unpublished data) although our data show that there is a 

clear preference between Hsp70s and Hsp110 interactions. This suggests that unknown 

factors regulate these interactions in vivo.

Finally, the NBD of the Hsp70s -via co-factor interactions- is likely a member-specifying 

determinant. The NBD has been also previously suggested as function-determining do-

main for refolding and anti-aggregation capacity differences between HSPA1A and HSPA6 

(Hageman et al., 2011). In Chapter 2, we went one step further showing how this is related 

to the co-factor binding to ultimately determine substrate fate.  
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5.1.2 Differential chaperone expression affects functional interactions

Our findings of functional differences between Hsp70 depending on (co)chaperone 

interactions, have multiple implications for evaluating the literature on this subject. There 

is a large variety in (co)chaperone expression levels in different tissues, cell types, and even 

subcellular compartments. This can significantly alter the partnering possibilities between 

these proteins. This can subsequently affect the outcome of results when manipulating 

their levels across different cell lines experimentally or when cells are naturally exposed 

to external stresses, deal with genetic mutations or undergo differentiation under 

physiological conditions.

The functionality of chaperones is not only determined by the expression levels but could 

also be affected by the occupancy of chaperones by certain substrates. For example, 

if certain chaperones are occupied or trapped by aggregating or misfolded proteins 

(Chapter 3), those specific ones will be unavailable from the general pool for this cell. 

This can then not only lead to a decreased ability of these chaperones to deal with other 

problematic proteins, but also alter their functionality, as stoichiometric ratios between 

Hsp70s and the different co-chaperones may have been changed. This model could 

-to some degree- explain tissue or cell-specific defects when genetic mutations lead 

to increased production of aggregation-prone proteins, although several other factors 

can also contribute (like different expression pattern of the mutated protein and the 

presence of other sensitive proteins). The fact that different protein aggregates lead to 

different diseases that affect different tissues may also, in part, be due to cell type-related 

availability of the optimal set of (co)chaperones needed to handle this mutant substrate. 

As stated above, differential co-chaperone expression between cell types may also affect 

how manipulations would have functional impact. For example, in Chapter 2 we show 

that overexpression of Hsp70 family members in different cell lines can have a different 

effect on SOD1 aggregation and this could be related to the different endogenous co-

chaperone levels in these different cell types. As another example, we show that Hsp110s 

interaction is important for Hsp70-mediated suppression of SOD1 aggregation. However, 

overexpression of Hsp110s in our cell model could not alleviate mutant SOD1 aggregation 

(Chapter 2), although Hsp110 family members have been reported to reduce mutant 

SOD1 aggregation or toxicity in cell and animal models (Nagy et al., 2016; Song et al., 2013; 

Yamashita et al., 2007).

5.1.3 Co-chaperone interactions impact functionality

As discussed previously, Hsp70 is involved in many different processes for protein handling 

like folding, degradation, disaggregation, transport (holding) etc. But what determines the 
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fate of a substrate entering the Hsp70s cycle? It was recently proposed that for client 

specificity especially DNAJ proteins play a role (Rüdiger et al., 2001; Kampinga and Craig, 

2010; Fan et al., 2003; Laufen et al., 1999; Hennessy et al., 2005; Vembar et al., 2010), whilst 

NEFs have been especially implicated in decision making regarding the fate of an Hsp70-

substrate (Mandal et al., 2010; Gowda et al., 2013; Kandasamy and Andréasson, 2018b; 

Gamerdinger et al., 2009; Minoia et al., 2014; Rauch and Gestwicki, 2014). This model fits 

the order of events that is long proposed for the Hsp70 cycle, which is that the NEFs are 

coming into action at the substrate release step of the Hsp70 cycle. We are the first to 

show, however that NEFs also play, at least a co-determining and crucial role in substrate 

entry into the Hsp70 machine (Chapter 2). However, this specific role could be limited to 

the Hsp110 NEFs. Hsp110s are distinctive compared to other NEFs as they are bona fide 

substrate interacting chaperones containing an SBD domain (Dragovic et al., 2006; Shaner 

et al., 2004; Raviol et al., 2006). Moreover, their ability to directly interact with substrates via 

their SBD might provide them with an advantage for specific functions, like disaggregation 

for example; in fact, it has been shown that they are way more efficient than BAG proteins 

in protein disaggregation (Rampelt et al., 2012). 

Surprisingly, whilst some DNAJs did and others did not suppress SOD1 aggregation 

(Chapter 2), the DNAJs did not seem to play a deciding role in the differential actions of 

HSPA1A and HSPA1L. All DNAJ interactions tested were found to be similar for HSPA1A and 

HSPA1L. In fact, this was also true for the above mentioned functional differences between 

HSPA1A and HSPA6 that were shown to bind with equal affinity to the same plethora of 

DNAJs (Hageman et al., 2011). 

In addition to the above, it is not known yet what is the involvement of the substrate itself 

in the outcome of the Hsp70 cycle. The nature of the substrate could influence its own 

fate by steering the Hsp70 machinery members towards specific partnerships. That could 

be achieved for example by a DNAJ “sensor” for specific substrate conformations that 

leads substrates to specific Hsp70s coupled with specific NEFs for folding, degradation or 

disaggregation. Alternatively, DNAJs could find the most available Hsp70 at this time and 

place and deliver the substrate to it. That would suggest, however, that substrates could 

activate another type of “sensor” that changes availability of Hsp70s (coupled with certain 

NEFs for a certain activity) via DNA, RNA, protein or PTM changes that regulate Hsp70/

NEF expression. This “sensor” could be for example the time that a substrate spends into 

the Hsp70 cycle or the rate of Hsp70 occupancy. 

Together, these data suggest that the Hsp70 cycle may have more (or other) modes of 

action than previously assumed. But many questions still remain unanswered. Does a 
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DNAJ always interact first with the substrate and does it always dissociate when a NEF 

binds? Can all three components form a complex with the substrate at the same time? 

If yes, is it possible that DNAJs play a role in selecting the appropriate NEF and together 

determine substrate fate. If not, that means that Hsp70-NEF affinities alone can have such 

independent, substrate determining, roles as well.  

To further elucidate the precise mechanism and timing of substrate-chaperone complex 

formation, it will be needed to perform in vitro sequence-of-addition and competition 

assays with different combinations of these 3 partners as this could reveal their importance 

in substrate fate determination. Emerging single molecule techniques (like single molecule 

FRET or molecular tweezers for example) would be ideal methods to study this, as they 

can provide the time resolution needed as well as the conformational changes of proteins 

at a single molecule level. For instance, it could be studied if in the context of Hsp70-NEF 

partnership, addition of a DNAJ would play a role for substrate folding or disaggregation. 

Or the other way around, if addition of a NEF would play a role in Hsp70-DNAJ partnership. 

And this could be done combining different types of DNAJs and NEFs. Moreover, so far 

most of the in vitro studies have been done with the bacterial or yeast proteins of the 

Hsp70 system using only single family members. It would be interesting to study different 

combinations of the human chaperones and understand if there are indeed preferred 

combinations for certain activities. In this line of thought, it has been shown in vitro that 

different Hsp70-DNAJ-NEF combinations (and even ratios) can be more efficient than 

others for certain functions like disaggregation (Rampelt et al., 2012) or (re)folding (Rauch 

and Gestwicki, 2014). However, a combined in vitro and in vivo approach would be ideal for 

future studies since in vitro studies can give a closer look into the mechanistic aspect of 

the system and in vivo studies can confirm whether these are biologically relevant. 

5.1.4 How is differential Hsp70-NEF interaction established?

How is then the partnership within the Hsp70 cycle regulated, since there are only few 

Hsp70s available for multiple DNAJs and multiple NEFs? In cells, we found different 

binding (co-IP) between HSPH2 and either HSPA1A or HSPA1L. However, in vitro data 

using HSPA1A and HSPA1L suggest that purified proteins have very similar functioning 

and Hsp110 dependence (unpublished data - not shown). This suggest that factors other 

than affinity between these proteins must play a role in the interaction and functional 

differences observed in cells. Such factors could include post translational modifications 

(PTMs), intracellular-proximity, competition with other Hsp70s, partnering with other 

proteins or substrate interaction, which all could change the preference of Hsp70s towards 

partnering with certain co-chaperones. Indeed, several post translational modifications for 

Hsp70s have been reported (Cloutier and Coulombe, 2013). However, most were done in 
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high through-put studies largely without follow-up for functional relevance. Interestingly 

though, it has been discovered that C-terminal phosphorylation of HSPA1A regulates CHIP 

or HOP co-chaperone binding and thus the substrate fate towards degradation or folding 

(Muller et al., 2013), showing one example of in vivo regulation of functional partnerships.

For our major finding that HSPA1L shows decreased interaction with HSP110s, PTMs may 

also be implicated: Hsp110 binding sites might be “masked” by PTMs that -on the other 

hand- do not affect binding with the other NEFs (BAG and HSPBP1), for which we found no 

differential co-IP for HSPA1A or HSPA1L. Indeed, although they all interact with the NBD of 

the Hsp70s, the mode of actions and binding of these different NEFs to Hsp70 are different 

(Bracher and Verghese, 2015; Sondermann et al., 2001; Schuermann et al., 2008; Arakawa 

et al., 2010; Polier et al., 2008; Shomura et al., 2005; Xu et al., 2008).

Besides PTMs, competitive binding with other proteins, like the co-chaperone Hip for 

example, may also play a role. Hip keeps Hsp70s in the ADP-bound conformation and 

therefore attenuates Hsp70 cycle (Höfeld et al., 1995; Li et al., 2013). Hip has been previously 

found to compete with NEFs like BAGs for Hsp70 binding (Nollen et al., 2001) and also has 

some overlapping binding sites with Hsp110 (Li et al., 2013). 

Finally, collaborations with other chaperones machines, like the Hsp90 machine (via the 

linking chaperone HOP), may explain differences between HSPA1L and HSPA1A. Hsp90 

machinery has been suggested to act together with Hsp70 system to promote protein 

handling, with the Hsp90 acting after the substrates have exited the Hsp70 cycle (Karagöz 

and Rüdiger, 2015). Taken this into account, some Hsp70s might transfer certain substrates 

to the Hsp90 machinery for further processing while others not. And since the NEF is 

acting at the release step of the Hsp70 cycle, it might facilitate (or not, depending on the 

NEF) this transfer. It would be interesting to perform in vitro or in vivo binding assays with 

different members of the Hsp70 family and the Hsp90 family and investigate if there are 

specific Hsp70s that work with Hsp90s for substrate processing. 

5.2 Mechanism of SOD1 handling by the HSPA1A cycle

We show in Chapter 2 that HSPA1A, at least DNAJB1 (and possibly other DNAJs) and 

HSPH2 are involved in mutant SOD1 aggregation suppression. But how does HSPA1A cy-

cle lead to a decrease in mutant SOD1 aggregation? 
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5.2.1 Accelerated degradation

One possibility of how HSPA1A leads to decrease in SOD1 aggregation would be through 

degradation. This could be achieved either by degrading misfolded monomeric SOD1 or by 

disaggregation of SOD1 aggregates and subsequent degradation. A role for degradation 

is supported by the fact that total SOD1 expression levels are also lower in the presence 

of HSPA1A (Chapter 2). HSPA1A has been previously suggested to suppress aggregation 

by promoting degradation of SOD1 mutants (Urushitani et al., 2004) or other aggregating 

proteins like polyglutamine proteins (Wang et al., 2013; Bailey et al., 2002). Moreover, 

Hsp110s in yeast were shown to directly interact with the proteasome and target Hsp70 

substrates for degradation (Kandasamy and Andréasson, 2018b). 

Other partners, like E3-ligases, are most likely involved as well in the degradation pathway 

after the Hsp70 cycle. For example, the decision for degradation vs refolding could 

involve specific E3-ligases, that might interact anyway with Hsp70s but only be able to 

ubiquitinate specific misfolded substrates; alternatively, ubiquitination by E3-ligases might 

happen only when the substrates are handled by specific Hsp70 family members. One 

candidate that could be involved in SOD1 handling here, which is possibly associated 

with degradation, is CHIP, an Hsp70 interacting E3-ligase (Murata et al., 2001). CHIP has 

been previously reported as a protein involved in SOD1 aggregation suppression together 

with Hsp70 (Urushitani et al., 2004). Although CHIP interaction site is at the C-terminus of 

Hsp70 (Zhang et al., 2015) and this region is conserved between HSPA1A and HSPA1L, 

allosteric communication between the different Hsp70 domains might also play a role in 

this interaction in vivo. HSPA1A is not the only chaperone working with CHIP. HSPA1A and 

HSPA8 both work with CHIP to promote degradation of substrates; however, HSP70 has 

higher affinity to CHIP (Ballinger et al., 1999) and also gets co-degraded by CHIP as well 

while HSPA8 not (Qian et al., 2006). Since HSPA1A expression levels are increased with 

heat stress, it can be a preferred solution for fast degradation of substrates under these 

conditions, beyond the normal “housekeeping” degradation of physiological substrates 

that could be taken care by constitutively expressed chaperones like HSPA8. It would be 

interesting to check whether HSPA1L is also involved in protein degradation and whether 

it interacts differently with CHIP or other E3-ligases compared to HSPA1A. 

5.2.2 Co-translational processing

Another explanation for decreased total SOD1 levels in the presence of HSPA1A (but not 

HSPA1L) may be via specific actions at the level of the ribosome to decrease translation 

of the mutant protein or aid to its immediate co-translational degradation. Possible 

collaboration of HSPA1A with ribosome associated E3-ligases like Listerin or others (Wang 

et al., 2015; Gandin and Topisirovic, 2014), could lead to a more efficient ubiquitination 
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and degradation of newly synthesized misfolded SOD1. However, the co-translational 

degradation of misfolded proteins and the factors involved in it is something that is in still 

not well understood, especially in human cells. Therefore, more research is needed in 

order to establish whether HSPA1A is somehow involved in this process.

5.2.3 SOD1 refolding

Finally, there is the possibility that HSPA1A specifically enables mutant SOD1 (partial) 

refolding. HSPA1A has been shown to be more effective than any other Hsp70 family 

member tested in refolding of heat-denatured luciferase (Hageman et al., 2011). And 

since refolding of a mutant protein like SOD1 might be even more challenging than heat-

denatured unfolded proteins like luciferase, HSPA1A cycle might be more efficient for 

this process. Restoration of (partial) folding for mutant SOD1 could lead to an increased 

SOD1 dimer formation, possibly together with endogenous wild type SOD1, leading to 

an increased solubility and less exposed, aggregation-prone, misfolded monomers. This 

idea could be tested by checking, for example, SOD1 activity levels in the presence of 

the different Hsp70 family members, as more refolded SOD1 should lead to an increased 

SOD1 activity.

5.3 What is the physiological function of HSPA1L?

Since our data showed that HSPA1L lacks functions like aggregation suppression, which 

are normally attributed to Hsp70s like HSPA1A (Chapter 2, (Hageman et al., 2011; Kakkar et 

al., 2016a; Hageman et al., 2010)), one wonders what its normal function would be. HSPA1L 

is mainly expressed in testis and is strongly stress-inducible in other cells, whilst HSPA1A 

is low but present in most human cell types and very stress-inducible as well (Hageman 

et al., 2011). 

Up-regulation of HSPA1L (like that of HSPA1A) can increase the ability of cells to refold heat 

denatured luciferase (Hageman et al., 2011; Takahashi et al., 2017), suggesting that it can 

function in protein (re)folding. Moreover, it was shown to be able to stabilize cellular prion 

protein (PrPC), a prion protein mainly expressed in the nervous system, by inhibiting GP-78 

E3-ligase binding and subsequent ubiquitination (Lee et al., 2017), suggesting it could also 

play a role as a “holdase”.  Our results of HSPA1L on mutant SOD1 (Chapter 2) may also 

be explained by a blockage of SOD1 ubiquitination or degradation, which in this case is an 

unfavourable outcome. However, for proteins like prion proteins, interaction with HSPA1L 

might have a protective role, protecting them from both degradation and aggregation and 

possibly assisting their intracellular transport to their functioning location. As an example, 
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in testis, that HSPA1L is highly expressed, there are prion proteins like Doppel (PRND) 

(Allais-Bonnet and Pailhoux, 2014) which might serve as HSPA1L’s chaperone clients. 

5.4 Protein aggregation and protein homeostasis: a vicious 
self-perpetuating disaster? 

Aggregation generally refers to the formation on non-native, non-functional protein 

assemblies. It clearly is a very generic terms and many different types of aggregates can 

be found in cells like amorphous, disordered or porous aggregates and dense amyloids. 

Amyloids in some cases may even be functional assemblies (Fowler et al., 2007) and the 

condensation of proteins into membrane-free compartments (phase separated liquid 

droplets (Alberti, 2017; Strzyz, 2015)) also should be clearly distinguished from non-

functional aggregates, although proteins inside such liquid droplets may easily convert 

from functional (fluid) to pathogenic (solid/crystals) (Molliex et al., 2015). In terms of 

structural properties, amyloids generally consist of ordered cross beta sheets that form 

a dense core that cannot be taken apart even by strong denaturing detergents. On the 

other hand, amorphous aggregates are mostly disordered and not so dense and can be 

dissociated by strong detergents such as SDS. Hydrophobic interactions play a role in both 

types of aggregate formation but there are other factors like h-bond formations that likely 

contribute to the formation of a stronger and more structured amyloid type (Vetri and 

Foderà, 2015; Chiti and Dobson, 2017; Dobson, 2003).

The fact that there are different types of aggregates already suggests that aggregation is 

not a uniform process and therefore impose different challenges upon the protein quality 

control systems of the cells and inflict pathogenic damage via different routes. In turn, 

different aggregates may have a different impact of the PQC system, and as such have a 

different impact on the cellular protein homeostasis. In fact, in Chapter 3, we show that the 

impact of polyglutamine aggregates has direct consequences for the ability of the cells 

to handle mutant SOD1 aggregation, whilst SOD1 aggregates do not affect the capacity of 

PQC system to handle polyglutamine proteins. This suggests that different PQC systems 

or chaperone modules can function as independent units to some extent. 

Indeed, various chaperones may be crucial for suppression of aggregation of different 

proteins (Kakkar et al., 2014) but these not necessarily overlap and may have different 

requirements in terms of critical availability of their individual constituents. For example, 

both polyQ and SOD1 aggregates can trap chaperones like Hsp70 that are crucial and rate-

limiting for handling SOD1 and many other proteins. For polyQ on the other hand, levels of 
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certain DNAJ proteins are more rate-limiting and those are potentially not trapped in SOD1 

aggregates, possibly explaining the absence of an effect of SOD1 on polyQ aggregates. 

This is only one aspect of why one cannot simply translate findings (like toxicity) for one 

aggregating protein to findings for another aggregating protein.

In any case, however, reduced chaperone availability due to aggregating proteins, will 

most likely impede on the PQC systems in a way that it will progress into a vicious, self-

perpetuating, disaster, the collapse of protein homeostasis. Normal protein folding and 

transport could become affected or/and cells might become more sensitive to proteotoxic 

stress and be unable to deal with conditions that would normally be tolerated. Therefore, 

heat stress in neurons due to fever, or oxidative stress in muscle cells due to increased 

physical activity, could have a greater impact in cells that already carry an aggregation-

prone protein and actually become a trigger for disease progression. 

Such scenarios are likely exacerbated during normal aging where the PQC capacity of 

the cells is reduced even more (Douglas and Dillin, 2010; Higuchi-Sanabria et al., 2018; 

Ben-Zvi et al., 2009), either via epigenetic effects leading to lower expression of these PQC 

components (Yang et al., 2014b; Naidoo et al., 2008) or/and due to an increase in the PQC 

need, e.g.,  because of accumulated mutations, molecular misreading or protein oxidation 

products over time. Such may have an even greater impact on post-mitotic tissues, as 

differentiated cells have lower PQC capacities than (proliferating) stem cells (Buckley et 

al., 2012; Vilchez et al., 2012; Saretzki et al., 2004; Battersby et al., 2007) and lack the ability 

to rejuvenate via asymmetric segregation of aggregates during cell division (Lindner et al., 

2008; Rujano et al., 2006; Moore and Jessberger, 2016; Ogrodnik et al., 2014; Bufalino and 

van der Kooy, 2014). Indeed, most protein aggregation diseases and chaperonopathies 

mainly affect tissues with mostly post-mitotic cells, like neurons or muscles (Behl, 2016; 

Kakkar et al., 2012; Macario and De Macario, 2007; Macario and Conway de Macario, 2007; 

Macario and de Macario, 2005). 

5.5 Chaperonopathies

As stated earlier, an increasing number of (rare) diseases are being related to mutations in 

molecular chaperones (chaperonopathies).  Both dominant and recessive chaperonopa-

thies have been described (Kakkar et al., 2014; Macario and Conway de Macario, 2007) and 

a majority of them is also associated with protein aggregation, emphasizing again protein 

aggregation as being a disease-causing event and not a mere epi-phenomenon. 



134

Chapter 5

The phenotype (and tissue) specificity of the recessive chaperonopathies (involving 

mostly co-chaperones DNAJs or HSPBs) and the related loss of function highlights again 

that many of these co-chaperones are functionally distinct and have selected numbers of 

(tissue-specific) targets. The dominant diseases can have different underlying mechanisms: 

a) toxic gain of function, for example protein aggregation of the mutant proteins, b) (partial) 

loss of function leading to haploinsufficiency, and c) dominant negative effect of the 

mutant on other protein quality control proteins or systems.

For some chaperonopathies, as for example in the case of mtHsp60 (Hansen et al., 2002; 

Bross et al., 2008), DNAJC5 (Nosková et al., 2011) and (recessive) HSPB1 mutations (Lewis 

et al., 1999; Boncoraglio et al., 2012), a loss of function of the protein leads to the disease. 

In other cases, however, the mechanism leading to the disease is more complicated. For 

instance, our lab has demonstrated that BAG3 mutations lead to a combination of loss of 

function and dominant negative effects of the mutant proteins on the Hsp70 cycle which 

then actually results in a gain-of-toxicity causing a collapse of other protein quality control 

systems (Meister-Broekema et al., 2018).

5.5.1 DNAJB6 mutations leading to LGMD1D

DNAJB6 mutations leading to the dominantly inherited disease LGMD1D are likely an 

exception to the above-mentioned rule and likely cause the disease via a minor loss of 

function (partial haplo-insufficiency). So far, all LGMD1D-causing DNAJB6 mutation have 

been identified in the G/F-rich region of the protein. Earlier data (Hageman et al., 2010) 

had revealed that this G/F region as such was largely dispensable for DNAJB6 action on 

polyQ aggregation and that this activity rather required a S/T-rich region of the protein 

(Hageman et al., 2010; Kakkar et al., 2016b). However, it has been suggested by others 

that these LGMD1D-associated mutants may display reduced chaperone function (Palmio 

et al., 2015; Sarparanta et al., 2012; Stein et al., 2014; Tsai et al., 2017). We now confirm in 

Chapter 4 that these mutations of DNAJB6 show indeed some, but mostly mild, loss of 

function, which is only statistically significant in the case of the most severely aggregating 

polyQ client. Ongoing work in the lab, further supports significant, but minor loss of 

function for these and other DNAJB6 mutants as well. This would be consistent with the 

genetic data suggesting that full loss of function of the mutant allele may not be tolerated. 

It also suggests that a minor change in DNAJB6 levels and activity for a prolonged period 

can have devastating degenerative effects, highlighting the important physiological role of 

this co-chaperone, especially for muscle cells.

5.5.2 Molecular mechanism of loss of function of DNAJB6 G/F mutations 

As stated above, deletion of the G/F region has only limited effect on the anti-aggregation 
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function of DNAJB6. So, the question remains: how do the G/F region mutations affect 

DNAJB6 function? This region can be important for interaction with other partners or 

flexibility of the protein as it is a flexible disordered region (Pellecchia et al., 1996). One 

option is that the mutations allosterically affects the substrate-biding/stabilizing region, 

interfering with either substrate interaction and/or the DNAJB6-Hsp70 communication. 

For example, J domain and CTD of DNAJs have been shown to be crucial interaction sites 

between DNAJAs and DNAJBs in a disaggregation machinery involving HSP70s, DNAJs 

and HSP110s (Nillegoda et al., 2015). In this proposed machine, a J domain from one 

subfamily (DNAJA or DNAJB) interacts with a CTD of the other subfamily. Since between 

these two crucial domains lies the flexible G/F-rich region, this part could be critical to 

keep the DNAJ structure flexible in order to adapt these complex conformations. So far 

only DNAJB1 from the DNAJB subfamily has been shown to be part of such a complex. 

However, it cannot be excluded that DNAJB6 can also be involved in a similar setup for 

different substrates and possibly these G/F-rich region mutations decrease the flexibility 

and functionality of the complex.

5.5.3 Consequences of the G/F mutants in DNAJB6-related functions

DNAJB6b has been found to co-localize and/or being associated with RNA-binding 

proteins like hnRNPA1, hnRNPA2/B1, TIA1 and TDP43 and suggested to play a role in stress 

granule formation and clearance after stress, hereby preventing these phase separations 

to progress from the fluid (physiological) to the (solid, aggregated and pathological) state  

(Stein et al., 2014; Bengoechea et al., 2015; Li et al., 2016). LGMD1D-associated mutants 

did not interact and could not recover accumulation of RNA-binding proteins after stress 

in the cytoplasm (Bengoechea et al., 2015) or the nucleus (Stein et al., 2014). Moreover, 

in a LGMD1D mouse model with the DNAJB6F93L mutation, RNA-binding proteins were 

accumulating in muscle cells and co-localizing with mutant DNAJB6 (Li et al., 2016). 

Overall, these data suggest that DNAJB6 might be a component of the stress granule 

dynamics or the dynamics of stress granule-associated proteins (e.g. nucleo-cytoplasmic 

shuttling). The latter would be consistent with DNAJB6 being a protein that is shuttling 

between cytoplasm and nucleus, where it might be involved in chaperoning RNA-binding 

proteins.

Finally, our finding that G/F mutants of the nuclear DNAJB6a actually lead to a decreased 

(rather than increased) cytoplasmic polyglutamine aggregation remains puzzling. Whereas 

we did not detect it, this suggests that there has been a subtle increase in cytoplasmic to 

nuclear ratio of the mutant DNAJB6a. Given the low stoichiometry needed for DNAJB6 to 

suppress polyQ aggregation (Månsson et al., 2014b) and the minor loss of function of the 

mutant, traces of DNAJB6a leaking to the cytosol may indeed suffice to lead to suppression 
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of aggregation of polyQ. This finding is also in line with previous studies showing that 

DNAJB6a mutations do not contribute to the disease phenotype (Sarparanta et al., 2012; 

Bengoechea et al., 2015). That could be explained, for example, if DNAJB6b and DNAJB6a 

have overlapping functions and only differ in their localization. In that case, if DNAJB6a is 

mutated, DNAJ6b could still compensate for DNAJB6a function in the nucleus, since it is 

present in both cytoplasm and nucleus. However, the other way around is probably not 

possible due to the strictly nuclear expression of DNAJB6a. That would also suggest that 

the cytoplasmic functions of DNAJB6b are of critical importance. 

It would be important to investigate what the relationship between DNAJB6a and DNAJB6b 

is. Do they collaborate with each other, with DNAJB6a transferring/receiving substrates 

to/from DNAJB6b that is shuttling between cytoplasm and nucleus? Or are they acting 

independently on (different) substrates (at different locations)? It would be interesting to 

express both proteins with different tags and track them in the same cell to see if they 

colocalize and check with immunoprecipitation if they interact (or at least be part of the 

same complex).

5.5.4 Specific effect of DNAJB6 mutants on muscle cells

As previously discussed, an interesting fact is that chaperonopathies often affect only 

specific tissues, generally neurons or muscle cells (Kakkar et al., 2014; Macario and Conway 

de Macario, 2007). This could be related to their different expression in the different tissues, 

in order to achieve different combinations of chaperones for specific functions. This 

expression may also reflect the abundance and the type of substrates present in each cell 

type/tissue that need these specific chaperones for their maintenance. 

In Chapter 4 we discuss about mutations of DNAJB6 that cause a muscular dystrophy, 

suggesting that, although the mutations are present in all cell types, there is a specific 

vulnerability of the muscle cells for these mutants. One explanation for this is that DNAJB6 is 

crucial for muscle cell homeostasis, possibly because it is involved in chaperoning specific 

proteins crucial for muscle cell function. Another explanation could be that DNAJB6 is 

involved in specific processes that are of high importance in these cell types, for example 

stress granule formation. Stress granule regulation can be important in a post-mitotic cell 

that undergoes increased levels of oxidative and possibly other type of stresses. Hsp70 

is also involved in stress granule formation (Alberti et al., 2017) and mutation in one of the 

Hsp70 machinery components (like DNAJB6 in our case) could cause an imbalance in 

Hsp70 complexes, and possibly a dominant negative effect as seen in the case of BAG3 

mutations (Meister-Broekema et al., 2018).
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Interestingly, mutations in other chaperone genes also cause muscle-associated diseases, 

like small HSPs (e.g. HSPB8) and BAG family of NEFs (Kakkar et al., 2014; Macario and 

Conway de Macario, 2007; Lupo et al., 2016). This suggests that there might be a connection 

between the defects caused by the mutations in these different genes. Interestingly, 

HSPB8, BAG3 and DNAJB6 have all been implicated in stress granule homeostasis (Alberti 

et al., 2017), which makes this an interesting hypothesis to investigate further. It would 

be interesting to experimentally combine different mutant chaperones (like DNAJB6 and 

BAG3 for example) and investigate their combined effect in stress granule formation. A 

combination of mutants would reveal if they act together in the same pathway (in which 

case a combined mutant would be as bad as the single mutants) or if they are involved 

in different pathways (in which case the combination would create a larger effect). Finally, 

since muscles seem to be mostly affected by these mutations, it would be interesting to 

establish a muscle cell model to execute the above-mentioned experiments. This could 

potentially reveal a tissue-specific function for these chaperones.

5.6 The process of aggregation drives degenerative diseases

While many neuro- or muscle- degenerative diseases are associated with protein 

aggregates, there is still a debate whether aggregates are actually the cause of the disease 

or they are protective for the cells (Baloh, 2011; Todd and Lim, 2013; Takalo et al., 2013). 

Much of the confusion about this is related to inaccurate usage of nomenclature and 

definitions. As stated previously (5.4), aggregation generally refers to the formation on non-

native, non-functional protein assemblies. These are distinct from a) functional amyloids 

(Fowler et al., 2007) b) phase separation of proteins into membrane-free compartments 

(Alberti, 2017; Strzyz, 2015) c) other types of inclusions in which aggregates can be actively 

sequestered (Weisberg et al., 2012; Kaganovich et al., 2008; Miller et al., 2015a; Sontag et 

al., 2014; Alberti, 2012; Miller et al., 2015b; Roy et al., 2015; Kamhi-Nesher et al., 2001) and 

may have pro-survival effects in dividing cell populations, e.g. by supporting asymmetrical 

aggregate segregation during cell division (Lindner et al., 2008; Rujano et al., 2006; 

Ogrodnik et al., 2014; Spokoini et al., 2012; Zhou et al., 2014; Sontag et al., 2014).

Moreover, many different types of aggregates exist (amorphous, disordered or porous 

aggregates and dense amyloids), all with different properties of interaction with 

biomolecules, which implies that they could affect cell function via different mechanisms. 

In addition, effects of protein aggregates on toxicity are often only evaluated by external 

addition of aggregates on cells, which may be highly distinct from the way the aggregates 
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would act when generated inside the cells. Finally, clonogenic or apoptotic cell death 

assays -often used to measure toxicity- may be a wrong endpoint as they can be irrelevant 

for differentiated cells (clonogenic assays) and/or because they are actually only a late 

manifestation of the cellular adaptions happening in response to the actual functional 

deficit aggregation can cause.

To sum up, there is a myriad of data strongly arguing that protein aggregation and loss of 

protein homeostasis is the driving force in many of the late-onset degenerative diseases 

in post-mitotic tissues (Chapter 1 and Fig 1). This evidence includes the observations that 

a) in all aggregation diseases, mutants (substrates) that generate an earlier onset of the 

disease are aggregation-prone, for example Huntingtin, SOD1, ataxin, α-synuclein and 

many more (Soto, 2003), b) chaperone modulations can delay the onset of these diseases, 

for example overexpression of DNAJB6 in Huntington’s disease animal models (Kakkar 

et al., 2016b; Bason et al., 2019), and c) chaperone mutations cause aggregation diseases 

(earlier collapse) (Kakkar et 

al., 2014; Macario and Conway 

de Macario, 2007; Lupo et al., 

2016). 

The data from this thesis have 

further contributed to this evi-

dence and thus argues that a 

better understanding of the 

PQC systems that control pro-

tein homeostasis may facilitate 

its specific and more effective 

use as a therapeutic or pre-

ventive approach for many 

degenerative diseases. It also 

denotes that a more careful 

approach should be used as 

the human PQC system is of-

ten complicated and special-

ized but with limited resources 

that are efficiently combined in 

different ways to serve differ-

ent purposes. A great example 

of this is the use of chaperones 

Figure 1. Adapted protein homeostasis model. During aging, protein 

damage levels increase due to accumulated mutations and proteotox-

ic stress (red line). On parallel, the protein quality control capacity of the 

cell declines with aging (green line), eventually leading to a collapse of 

the system and onset of sporadic neurodegenerative diseases (meet-

ing point of the red and green line). In the case of genetic mutations 

of the disease-associated proteins (substrates-upper blue line) or the 

PQC components (e.g. chaperones-yellow line), there is an increased 

burden of protein damage already since birth, which leads to an earlier 

collapse of the system (meeting point of blue & green line and yellow & 

red line) and disease onset. Intervention with supplemental PQC com-

ponents (e.g. chaperones) can eventually lead to a delay of the disease 

onset (lower blue line).
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of the Hsp70 system in preventing or treating these diseases (Fig 1). However, even the 

Hsp70 chaperone machinery, which is only a part of the whole PQC system, is a complex 

system involved in many functions and the exact mechanism of action in these different 

functions must be well understood in order to optimally use this therapeutically against 

a disease. Further studies are required to decipher the exact way this system works and 

how a functional interplay with other chaperone systems and protein quality control com-

ponents, like degradation machineries, is achieved in order to maintain a functional protein 

homeostasis under different circumstances.
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Elk levend organisme, van bacterie tot mens, bestaat uit een of meer cellen.  Cellen zijn 

samengesteld uit verschillende moleculen zoals DNA, RNA, lipiden, koolhydraten en ei-

witten. Vrijwel alle cellulaire processen zijn afhankelijk van eiwitten die moeten worden 

geproduceerd, gevouwen en onderhouden in een cel die vol zit met heel veel moleculen, 

waardoor er een hoog risico dat eiwitten botsen met deze moleculen (waaronder met 

andere eiwitten) en daardoor niet-functionele eenheden vormen. Om dit te voorkomen 

beschikken cellen over een uitgebreid netwerk voor de kwaliteitscontrole van eiwitten. Dit 

netwerk zorgt voor de juiste productie, het onderhoud en de tijdige afbraak van (niet meer 

benodigde) eiwitten, afhankelijk van de behoeften van de cel – dit is een delicate balans 

die eiwithomeostase wordt genoemd.

Verstoringen in de eiwithomeostase leiden tot grote risico’s voor een cel, waaronder de 

vorming van eiwitaggregaten, een klontering van eiwitten als gevolg van niet-functionele 

interacties. Het proces van eiwitaggregatie kan nadelige gevolgen hebben voor een cel. 

Dit komt o.a. tot uiting in ongeneeslijke neurodegeneratieve ziekten, waaronder de ziekte 

van Huntington (HD), Spinocerebellaire Ataxieën (SCA’s), de ziekte van Parkinson (PD) , De 

ziekte van Alzheimer (AD), amyotrofische laterale sclerose (ALS), maar ook van degener-

atieve spierziektes, bijvoorbeeld verschillende soorten spierdystrofieën. Al deze ziektes 

worden gekarakteriseerd door eiwitklontering. Sommige ervan, zoals HD en SCA, heb-

ben een duidelijke genetische oorzaak, waarbij een erfelijke mutatie in één gen leidt tot 

ziekte-specifieke, aggregatie-gevoelige eiwitten. Andere ziekten, zoals AD, PD en ALS, 

hebben nog veelal een onduidelijke oorzaak, hoewel ook hier zeldzame erfelijke gevallen 

bekend zijn. Voor deze zeldzame genetische gevallen geldt eveneens dat de mutaties 

ook leiden tot mutante eiwitten die aggregatie-gevoelig zijn of tot een te hoge productie 

van eiwitten, waardoor hun waarschijnlijkheid van eiwitaggregatie wordt verhoogd. Begrip 

over hoe de eiwitkwaliteit controlesystemen van de cel werken is daarom van groot be-

lang omdat het de sleutel kan zijn om aggregatie en vervolgens de neurodegeneratie bij 

deze ziekten te voorkomen.

 

Voor al deze neurodegeneratieve ziekten, inclusief de erfelijke vormen, is het ook opval-

lend dat ze niet al vanaf de geboorten tot problemen leiden, maar pas naar mate we ouder 

worden. Dit betekent dat de cellen de (genetisch) aggregatie gevoelige eiwitten geduren-

de een lange periode van het leven van de patiënt goed kunnen verwerken en dat cellu-

laire veroudering een belangrijke factor is die bijdraagt aan het in onbalans geraken van 

de eiwithomeostase. Er zijn verschillende theorieën over hoe veroudering de homeostase 

van eiwitten kan beïnvloeden, waardoor aggregatie begint en deze uiteindelijk leidt tot 

neurodegeneratie. Eén daarvan is dat, tijdens het ouder worden, er een algemene toe-

name is van de hoeveelheid van defecte eiwitten (bijvoorbeeld als gevolg van omgev-
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ingsstressomstandigheden: “erosie”). Tegelijkertijd neemt de capaciteit van het eiwitkwal-

iteitscontrolesysteem van de cel af (“verminderd herstelvermogen”). Er ontstaat zo een te 

grote “werklast” voor de verminderde kwaliteitscontrole: een onbalans. Terwijl dit gebeurt, 

blijven die andere die normaliter worden verzorgd door dit kwaliteitscontrole systeem “on-

beheerd” achter en kunnen ook die gaan aggregeren. Zo ontstaat er een sneeuwbaleffect 

waarbij steeds meer eiwitten onbewaakte raken en beginnen te aggregeren. Uiteindelijk 

leidt dit tot een ineenstorting van het systeem en verliezen cellen hun functie en beginnen 

de betrokken weefsels (hersenen) te degenereren. Belangrijk is dat in dit “eiwit-homeo-

stase-onbalans” model, zoals tot dusverre beschreven, ook wordt aangenomen dat alle 

componenten van het systeem voor de kwaliteitscontrole van eiwitten hieraan onderhevig 

zijn en dat voor elke ziekte-specifiek eiwit de gevolgen altijd min of meer gelijk zijn. Het is 

echter bekend dat dit niet altijd het geval is.

 

De centrale componenten in de kwaliteitscontrole van eiwitten wordt gevormd door een 

netwerk van eiwitten die moleculaire chaperonnes worden genoemd. Er zijn verschillende 

soorten van deze chaperonnes, die samen verschillende “machines” vormen. Van deze 

verschillende machines is gevonden dat zij ieder een selecte set groep van kwetsbare 

eiwitten (hun “klanten”) hebben die ze helpen om ongewenste interacties te voorkomen. 

Zo helpen ze hun klanten om te (her) vouwen in hun “oorspronkelijke” staat, hun function-

eel gevouwen vorm. Daarnaast beschermen ze hun klanten (“door ze vast te houden”) 

als de omstandigheden in de cel ongunstig zijn. Wanneer bijvoorbeeld de temperatuur 

wordt verhoogd ontvouwen eiwitten een beetje, waardoor hun risico aggregatie wordt 

verhoogd. Door het vasthouden door chaperonnes wordt dit aggregeren voorkomen en 

kunnen eiwitten weer terugvouwen zodra de stress over is. En als (her)vouwen van ei-

witten niet (meer) lukt, kunnen chaperonnes hun klanten ook overdragen aan de eiwit 

degradatiemachines waarover onze cellen beschikken. Hier worden de eiwitten vernietigd 

zodat ze geen schade kunnen aanrichten (o.a. via aggregatie). Op een vergelijkbare manier 

helpen chaperonne machines bij de begeleiding van eiwitten naar hun eindbestemming 

in de cel, waarbij ze soms ook ontvouwen moeten worden (bijvoorbeeld bij transport over 

membranen) waardoor ongewenste interacties onderweg tot een minimum wordt bep-

erkt.

Zoals hierboven geformuleerd impliceert het eiwithomeostase model dat voor alle de-

fecte eiwitten hun aggregatie tot een algemene ineenstorting van het systeem kan leiden 

(ongeacht welke eiwit “klant” defect was). Het was echter ook bekend uit eerdere stud-

ies dat er voor sommige aggregerende eiwitten juist hele specifieke chaperonnes nodig 

waren (juist “klant-specificiteit”). De eerste gedachte zou betekenen dat bij elke klant (X) 

die aggregeert ook iedere andere klant (Y) uiteindelijk in de problemen zou komen omdat 
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de chaperonnes hun handen vol hebben aan het mutante eiwit X. Als deze twee klanten X 

en Y echter niet dezelfde chaperonnes nodig zouden hebben, zou de aggregatie van de 

ene (X) niet van invloed hoeven zijn op de aggregatie van de andere (Y). Om dit te testen 

zijn in ons onderzoek twee verschillende ziekte-geassocieerde en aggregerende cliënten 

tegelijkertijd ingebracht in dezelfde cel. Dit waren een mutant SOD1-eiwit (dat een erfeli-

jke vorm van de ziekte ALS veroorzaakt) en een mutant polyglutamine (polyQ) eiwit (dat 

de ziekte van Huntington veroorzaakt). We ontdekten dat de polyQ aggregatie leidde tot 

versnelde aggregatie van SOD1, maar dat andersom SOD1 aggregatie geen effect had op 

de aggregatie van polyQ. Dit suggereert dat polyQ aggregatie leidt tot het verlagen van 

beschikbare componenten, kritisch voor hanteren van SOD1 (bijvoorbeeld HSPA1A). An-

dersom echter, leidt de aggregatie van SOD1, niet tot depletie van chaperonnes (bijvoor-

beeld DNAJB6) die nodig zijn voor het omgaan met polyQ-aggregaten. Deze bevinding 

waren consistent met de andere waarnemingen uit ons lab die aantoonden dat niet alle 

aggregatie-gevoelige eiwitten de eiwit homeostase op dezelfde manier beïnvloeden en 

dat niet alle eiwitten die aggregatieziekten veroorzaken hetzelfde zijn en dezelfde types 

chaperonnes nodig hebben om te kunnen worden verwerkt.

De chaperonne-machines die een centrale rol spelen in de eiwit homeostase zijn de zo-

genaamde Hsp70-systemen. Er kunnen verschillende Hsp70-systeem worden gevormd; 

zo’n Hsp70 systeem bestaat minimaal uit drie componenten: één lid van de Hsp70 familie, 

één lid van de DNAJ-familie en één lid van de zogenaamde NEF-families (de nucleo-

tide-uitwisselfactor). Hsp70-eiwitten, waarvan er 13 verschillende zijn in mensen, fungeren 

als de motor van de machine: ze hydrolyseren ATP, de belangrijkste energiebron van de 

cel, hetgeen de energie geeft aan het systeem en  een cyclus van associatie-dissociatie 

aan hun eiwit klanten stuurt. De DNAJ-chaperonnes (ongeveer 50 bij mensen) funger-

en als “herkenningseenheid”: dat wil zeggen, door eerst aan de eiwit klanten te binden 

en deze dan aan te leveren aan het Hsp70 eiwit. Deze DNAJs, samen met hun klanten, 

stimuleren de ATPase-activiteit (omzetting van ATP naar ADP) van de Hsp70s waardoor de 

klant beter aan het Hsp70 bindt. Hierna binden de NEF’s (13 in mensen) aan de Hsp70s en 

verwisselen de ADP in de Hsp70 weer uit voor een nieuw ATP molecuul. Daardoor kan de 

(inmiddels weer opgevouwen klant) weer loslaten van Hsp70 en is Hsp70 zelf weer gereed 

voor een nieuwe cyclus.

 De 13 menselijke Hsp70-eiwitten lijken erg op elkaar (en zijn ook gedurende de 

evolutie sterk gelijk gebleven (geconserveerd)). Daarom werd tot nu toe aangenomen 

dat alle Hsp70s op dezelfde manier werken: dat wil zeggen ze herkennen, binden en 

behandelen dezelfde cliënten op dezelfde manier en werken ook samen met dezelfde 

co-chaperonnes, zonder onderscheid. In dit proefschrift hebben we getest of dit ook zo 

is, waarbij verschillende Hsp70s gebruikt om te kijken hoe de het aan ALS-geassocieerde 
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mutant SOD1 kunnen verwerken. Wat blijkt is dat de verschillende Hsp70-eiwitten zeer 

verschillende effecten hebben op de snelheid van aggregatie van dit mutante SOD1. Het 

blijkt zelfs zo te zijn dat twee zeer vergelijkbare, 90% identieke Hsp70-eiwitten (HSPA1A 

en HSPA1L) leiden tot volledig tegengestelde effecten: in aanwezigheid van HSPA1L nam 

de aggregatie van mutant SOD1 toe terwijl in aanwezigheid van HSPA1A aggregatie van 

mutant SOD1 af nam. Wat bleek is dat beide Hsp70s de mutante SOD1-mutant even goed 

kunnen herkennen en binden, maar dat ze niet even goed met een specifiek type NEF 

(HSPH2) kunnen samenwerken. Deze gegevens laten voor de eerste keer zien dat er 

voorkeuren zijn van de Hsp70s voor specifieke partners (zoals NEF’s) en dat - via deze 

verschillende partnerschappen- de Hsp70s andere effecten hebben op dezelfde klant. Dit 

voegt een nieuw niveau van functionele differentiatie toe aan de chaperonne-machines in 

cellen.

Het belang van chaperonnes voor het welzijn van de cellen blijkt ook uit het feit dat er veel 

ziekten zijn die worden veroorzaakt door mutaties in chaperonne-genen: deze ziektes, die 

daarom ook wel “chaperonopathieën” worden genoemd kenschetsen zich ook vaak door 

eiwit aggregaties in de aangedane cellen. Begrip hoe zulke mutatie (s) in een chaperonne 

leiden tot een specifieke chaperonopathie, is niet alleen van belang om therapieën te 

ontwikkelen voor de betreffende chaperonopathie, maar ook om beter te kunnen begri-

jpen hoe deze chaperonne werkt in de context van het grotere chaperonne netwerk. In 

dit onderzoek zijn dominante mutaties in de Hsp70 co-chaperonne DNAJB6 onderzocht. 

Mutaties in DNAJB6 veroorzaken een myopathie, waarbij de spiercellen vol zitten met ei-

witaggregaten. Met behulp van een bekende DNAJB6-klant, het polyQ eiwit, wordt gez-

ien dat de ziekte-veroorzakende DNAJB6-mutanten volledig stabiel en functioneel zin en 

maar iets minder actief dan het normale DNAJB6. Dit suggereert dat slechts een klein 

verlies van DNAJB6-activiteit in cellen voldoende is om een   eiwitaggregatieziekte te vero-

orzaken. Dit onderstreept het grote belang van de werking van deze DNAJB6 co-chaper-

onne aan voor het handhaven van eiwithomeostase in het bijzonder in spiercellen.

Samenvattend: het werk dat in dit proefschrift wordt gepresenteerd toont aan hoe chap-

eronnes in het algemeen, en het Hsp70-systeem in het bijzonder, belangrijk zijn voor een   

gezonde eiwithomeostase van cellen. Dit is niet alleen het geval als er (nog) geen ziekte is, 

maar is ook vooral cruciaal bij het ophopen van eiwitten die ziekten zoals AD, PD, ALS en 

HD veroorzaken. Ons onderzoek  benadrukt daarnaast de zeer hoge mate van complex-

iteit en specialisatie van deze chaperonnetwerken voordoen en dat deze goed begrepen 

moeten worden alvorens  ze mogelijk preventief of therapeutisch te kunnen gebruiken 

voor de veelheid van eiwithomeostase verstorende ziektes.
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From bacteria to humans, every living organism consists of cell(s), which is the basic unit 

of life. The cells themselves are composed of different molecules like DNA, RNA, lipids, 

carbohydrates, and proteins. Virtually all cellular processes depend on proteins that have 

to be produced, folded and maintained in a very crowded environment with a high risk 

that they collide into non-functional entities. Therefore, an elaborate protein quality control 

network has evolved, which ensures the correct production, maintenance and disposition 

of proteins depending on the needs of the cell – a delicate balance that is termed protein 

homeostasis. 

Imbalances in protein homeostasis could lead to various challenges for a cell, one of 

which is protein aggregation, the accumulation of proteins as a result of non-functional 

interactions. The process of protein aggregation can have detrimental consequences for 

a cell and this is mainly manifested by the fact that it is a common hallmark of many in-

curable neurodegenerative diseases, including Huntington’s disease (HD), spinocerebel-

lar ataxias (SCAs), Parkinson’s disease (PD), Alzheimer’s disease (AD), amyotrophic lateral 

sclerosis (ALS), but also of muscle degenerative diseases e.g. various types of muscular 

dystrophies. Some of these diseases, like HD and SCA, have a clear genetic cause, an in-

herited mutation in one gene that leads to specific defective, aggregation-prone proteins. 

Other diseases, like AD, PD and ALS, have a still unclear cause, although also here rare 

heritable cases are known. For all these genetic cases, the mutations lead to mutant or 

overproduced proteins, which result in an enhanced probability of protein aggregation. 

Therefore, understanding how the protein quality control mechanisms of the cell work is 

of great importance as it could be the key to prevent aggregation and subsequently the 

neuronal degeneration in these diseases.

All these neurodegenerative diseases are late onset, which means that the affected cells 

of a patient can handle the (genetically) defective aggregation-prone proteins for a long 

period of the patient’s life and that aging is a contributing factor to the cells’ failure to keep 

up with this situation. There are many theories as to how aging can affect protein homeo-

stasis, leading to aggregation and finally neurodegeneration. One of this is that during 

aging, the overall burden of defective proteins in general is increased (e.g. due to environ-

mental stress conditions), and at the same time, the capacity of the protein quality control 

system of the cell declines. This leads to imbalance in the workload that overwhelms the 

(declining) protein quality control components. While this happens, defective proteins, that 

would normally be tolerated and taken care of by the protein quality control system, are 

left “unattended” and can start aggregating. In turn, this can cause a snowball effect: more 

unattended defective proteins start aggregating and eventually reach a point of collapse 

of the system when the aggregates start impeding normal cellular processes and initiate 
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the disease. Importantly, this “protein-homeostasis-imbalance” model, as described so far, 

implies that components of the protein quality control system are common and generally 

used by proteins. It is known, however, that this is not always the case.

One of the most important components of the cellular protein quality control against ag-

gregation is a network of proteins called molecular chaperones. Different types of these 

chaperones combine to form different ”machines”, which are assigned to aid other vulner-

able proteins (their “clients”) to avoid any unwanted protein interactions. They do this by 1) 

helping the clients (re)fold into their “native” state – their functionally folded form – avoid-

ing unwanted interactions with other proteins, 2) holding the clients if the conditions in the 

cell are unfavourable (e.g. heat stress) and the clients become unfolded (with increased 

risk of aggregation) until they can get repaired (e.g. refolded), 3) hand  over of clients to the 

degradation machines of the cells so they can get destroyed if they cannot be repaired, or 

4) escort difficult clients to their final destination in the cell, minimising unwanted interac-

tion on the way there. 

As explained earlier, the protein homeostasis model proposed implies that components of 

the protein quality control system are commonly used for all defective proteins and thus 

aggregation of a protein can cause a general collapse of the system. However, it is known 

by previous studies that there are different chaperones needed for different aggregating 

clients. That suggests the following hypothesis: if specific chaperones (and/or other pro-

tein quality control components) are occupied by an aggregating client, they will become 

unavailable for a second client that also depends on them and eventually increase the ag-

gregation of this one as well. However, if these two clients do not require the same chap-

erones, aggregation of one should not be influencing aggregation of the other. To test the 

latter hypothesis, we used two different aggregating clients in the same cell, mutant SOD1 

(that is associated with ALS disease) and polyglutamine (polyQ, that is associated with HD), 

which rely on a different set of chaperones for suppression of their aggregation. We found 

that the polyQ influenced SOD1 aggregation, but not the other way around. This suggests 

that polyQ might incapacitate some protein quality control components that are important 

for handling SOD1, but that chaperones required for dealing with polyQ aggregates are 

not depleted by mutant SOD1. This finding shows that not all aggregation-prone proteins 

affect protein homeostasis in the same manner and thus that not all aggregation diseases 

are the same and can be treated in the same way. 

One of the chaperone machineries that is involved in many different, protein homeostasis-

related, processes, is the Hsp70 system. A minimal Hsp70 system consists of three types 

of chaperones: one member of the Hsp70, one of the DNAJ and one of the NEF (nucleo-
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tide exchange factor) family of proteins. Hsp70 proteins (13 different in humans) act as the 

main horsepower of the machine as they have an ATPase activity; they hydrolyse ATP, the 

main power source of the cell, to ADP to power a cycle of association-dissociation with 

their clients. The DNAJ chaperones (around 50 in humans) act to bind and recruit clients 

to the system and (together with the clients) stimulate the ATPase activity of Hsp70s. Fi-

nally, the NEFs (13 in humans) interact with the Hsp70s after ATP hydrolysis, exchange the 

ADP bound to the Hsp70 for a new ATP, which enables the dissociation of the clients from 

Hsp70s and prepares the Hsp70 for a new cycle. 

The 13 human Hsp70 proteins are very similar and they have been highly conserved 

through evolution. That is why it was assumed so far that all Hsp70s act in the same way, 

i.e. they recognise, bind and handle the same clients without being involved in their fate 

and also work with the same co-chaperones indistinguishably. Here, we used these dif-

ferent Hsp70s in combination with ALS-associated mutant SOD1, an Hsp70 client that has 

been shown to aggregate. We show that different Hsp70 proteins have very different ef-

fects on the rate of aggregation of mutant SOD1. In fact, two very similar (90% identical) 

Hsp70 proteins can lead to completely opposite effects: the one was increasing and the 

other was decreasing mutant SOD1 aggregation. By investigating this further, we discov-

ered that the reason behind this was not the different binding to the clients, but a differ-

ent partnering with a specific type of NEF. These data are the first to show that there are 

preferences of the Hsp70s for specific partners (e.g. NEFs) and that – via these differential 

partnerships – an Hsp70 can determine the fate of the client. This adds another level of 

functional differentiation to the chaperone machines in cells. 

The importance of chaperones for the well-being of the cells is also evident by the fact that 

there are many diseases that are caused by mutation in chaperone genes, and therefore 

called chaperonopathies. Understanding how mutation(s) in a chaperone lead to a specific 

chaperonopathy, can help us not only cure the chaperonopathy but also understand how 

this chaperone works in the context of the greater protein quality control network. Here, 

we specifically investigate dominant mutations in the Hsp70 co-chaperone DNAJB6 that 

cause a protein aggregation-associated myopathy. Using a known DNAJB6 client, polyQ, 

we find that the DNAJB6 mutants are still stable and functional, but slightly less active 

than the normal DNAJB6. This suggests that only a minor loss of DNAJB6 activity in cells 

suffices to cause a protein aggregation disease, underscoring the importance of this co-

chaperone for maintaining protein homeostasis, in particular in muscle cells.  

Overall, the work presented in this thesis outlines the importance of chaperones in gen-



159

English summary

A
II

eral, and of the Hsp70 system in particular, in controlling a healthy protein homeostasis for 

the cell, to avoid relevant diseases like AD, PD, ALS, HD and many more. More importantly, 

it highlights the very high level of complexity and specialisation that occurs in these chap-

erone networks and the importance of understanding them in order to potentially use 

them preventively or therapeutically for the associated diseases.
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Από τα βακτήρια μέχρι τον άνθρωπο, η βασική μονάδα της ζωής είναι το κύτταρο. 
Τα κύτταρα αποτελούνται από μια πλειάδα μακρομορίων, όπως DNA, RNA, λιπίδια, 
υδατάνθρακες και πρωτεΐνες. Πρακτικά όλες οι κυτταρικές διεργασίες εξαρτώνται από 
πρωτεΐνες, οι οποίες παράγονται, αναδιπλώνονται στη λειτουργική τρισδιάστατη δομή 
τους και συντηρούνται σε ένα συνωστισμένο κυτταρικό περιβάλλον. Η πολυπλοκότητα 
αυτών των διεργασιών  αυξάνει το ρίσκο να συγκρουστούν μεταξύ τους δημιουργώντας 
μη-λειτουργικά πρωτεϊνικά συσσωματώματα. Για την πρόληψη και αποφυγή αυτών των 
εν δυνάμει τοξικών συσσωματωμάτων, έχει αναπτυχθεί ένα εκτενές δίκτυο κυτταρικού 
ποιοτικού ελέγχου πρωτεϊνών. Το δίκτυο αυτό διασφαλίζει τη σωστή παραγωγή, 
διατήρηση και αποκομιδή των πρωτεϊνών, ανάλογα με τις ανάγκες του κυττάρου 
διατηρώντας την λεπτή ισορροπία που αποκαλείται πρωτεϊνική ομοιόσταση.

Ανισορροπίες στην πρωτεϊνική ομοιόσταση μπορούν να οδηγήσουν σε διάφορες 
προκλήσεις για το κύτταρο, μια από τις οποίες είναι η δημιουργία πρωτεϊνικών 
συσσωματωμάτων – συσσώρευση πρωτεϊνών λόγω μη-λειτουργικών αλληλεπιδράσεων. 
Η διαδικασία της συσσωμάτωσης πρωτεϊνών μπορεί να έχει πολύ επιβλαβείς συνέπειες 
για το κύτταρο και αυτό καταδεικνύεται από το γεγονός ότι είναι το κοινό χαρακτηριστικό 
πολλών ανίατων νευροεκφυλιστικών νόσων, συμπεριλαμβανομένων των χορεία του 
Huntington, νωτιαιοπαρεγκεφαλιδικές αταξίες (SCA), νόσος του Πάρκινσον, νόσος του 
Αλτσχάιμερ, αμυοτροφική πλευρική σκλήρυνση (ALS), αλλά και κάποιων μυοεκφυλιστικών 
νόσων, όπως κάποιοι τύποι μυϊκών δυστροφιών. Κάποιες από τις ασθένειες αυτές 
έχουν μια ξεκάθαρη γενετική αιτία, συνήθως μια κληρονομούμενη μετάλλαξη σε κάποιο 
γονίδιο που οδηγεί στην παραγωγή μιας συγκεκριμένης ελαττωματικής πρωτεΐνης με 
τάση για συσσωμάτωση. Άλλες ασθένειες από τη άλλη, όπως Αλτσχάιμερ, Πάρκινσον και 
Αμυοτροφική πλευρική σκλήρυνση, δεν έχουν ξεκάθαρη αιτία, αν και υπάρχουν κάποιες 
σπάνιες περιπτώσεις κληρονομικότητας. Για όλες αυτές τις γενετικές περιπτώσεις, 
οι μεταλλάξεις οδηγούν είτε στην παραγωγή μεταλλαγμένων πρωτεϊνών είτε στην 
υπερπαραγωγή πρωτεϊνών, με αποτέλεσμα να αυξάνεται η πιθανότητα δημιουργίας 
συσσωματωμάτων. Συνεπώς, είναι πολύ σημαντική η κατανόηση των μηχανισμών 
ποιοτικού ελέγχου πρωτεϊνών του κυττάρου, καθότι θα μπορούσε να είναι το κλειδί για 
την πρόληψη των συσσωματωμάτων και ακολούθως του νευροεκφυλισμού σε αυτές τις 
νόσους. 

Όλες αυτές οι νευροεκφυλιστικές ασθένειες εμφανίζονται κυρίως σε μεγαλύτερες 
ηλικίες. Αυτό σημαίνει αφενός ότι τα κύτταρα του ασθενούς μπορούν να διαχειριστούν 
με επιτυχία τις (γενετικά) ελαττωματικές πρωτεΐνες για ένα μεγάλο μέρος της ζωής του 
και αφετέρου ότι η γήρανση του οργανισμού είναι ένας παράγοντας που συμβάλλει 
στην αποτυχία των κυττάρων να διατηρήσουν αυτή την ισορροπία. Υπάρχουν πολλές 
θεωρίες για το πώς η γήρανση επηρεάζει την πρωτεϊνική ομοιόσταση, οδηγώντας στην 
παραγωγή συσσωματωμάτων και τελικά στο νευροεκφυλισμό. Μία από αυτές είναι 
ότι κατά τη διάρκεια της γήρανσης, το συνολικό φορτίο ελαττωματικών πρωτεϊνών 
αυξάνεται (π.χ. λόγω περιβαλλοντικών παραγόντων που προκαλούν κυτταρικό στρες) 
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και παράλληλα η ικανότητα του συστήματος πρωτεϊνικού ποιοτικού ελέγχου του 
κυττάρου μειώνεται. Αυτό μπορεί να οδηγήσει σε αυξημένο φόρτο εργασίας για τα 
μέλη του συστήματος πρωτεϊνικού ποιοτικού ελέγχου, τα οποία αποτυγχάνουν να 
ανταπεξέλθουν. Καθώς συμβαίνει αυτό, ελαττωματικές πρωτεΐνες οι οποίες υπό άλλες 
συνθήκες θα ήταν «ανεκτές» και διαχειρίσιμες από το σύστημα πρωτεϊνικού ποιοτικού 
ελέγχου, μένουν «αφύλακτες» και σχηματίζουν συσσωματώματα. Αυτό ακολούθως 
οδηγεί σε μια χιονοστιβάδα αντιδράσεων: όλο και περισσότερες ελαττωματικές 
πρωτεΐνες συσσωματώνονται με τελικό αποτέλεσμα την κατάρρευση του συστήματος 
και την έναρξη της ασθένειας, όταν  πλέον τα συσσωματώματα αρχίσουν να 
παρεμποδίζουν τις φυσιολογικές διεργασίες των κυττάρων. Αξίζει να σημειωθεί ότι 
αυτό το μοντέλο «ανισορροπίες πρωτεϊνικής ομοιόστασης», με βάση τις μέχρι τώρα 
περιγραφές, υποθέτει ότι τα μέλη του συστήματος πρωτεϊνικού ποιοτικού ελέγχου είναι 
κοινά και χρησιμοποιούνται γενικώς από όλες τις πρωτεΐνες. Όμως είναι ήδη γνωστό 
ότι δε συμβαίνει ακριβώς αυτό.

Ένα από τα σημαντικότερα μέρη του κυτταρικού ποιοτικού ελέγχου πρωτεϊνών κατά των 
συσσωματωμάτων είναι ένα δίκτυο πρωτεϊνών που ονομάζονται μοριακές «συνοδοί» 
(σαπερόνες). Διαφορετικοί τύποι αυτών των σαπερονών συνδυάζονται μεταξύ 
τους και δημιουργούν διαφορετικές «μηχανές», οι οποίες βοηθάνε άλλες ευπαθείς 
πρωτεΐνες-στόχους να αποφύγουν ανεπιθύμητες πρωτεϊνικές αλληλεπιδράσεις. Αυτό 
το επιτυγχάνουν 1) βοηθώντας τους πελάτες τους να αναδιπλωθούν σωστά στην 
«φυσική» τους κατάσταση – τη λειτουργικά αναδιπλωμένη τους μορφή – αποφεύγοντας 
ανεπιθύμητες αλληλεπιδράσεις με άλλες πρωτεΐνες, 2) σε δυσμενείς κυτταρικές συνθήκες 
(π.χ. θερμικού στρές) που προκαλούν ξεδίπλωμα των πρωτεϊνών (με αυξημένο ρίσκο 
δημιουργίας συσσωματωμάτων), δεσμεύουν τις πρωτεΐνες-στόχους παρεμποδίζοντας 
την συσσωμάτωση μέχρι να επιδιορθωθούν (π.χ. να επαναναδιπλωθούν), 3) 
μεταφέροντας πρωτεΐνες-στόχους στις μηχανές αποδόμησης πρωτεϊνών ώστε να 
καταστραφούν αν δε μπορούν να επιδιορθωθούν και 4) συνοδεύοντας ευπαθείς 
πρωτεΐνες-στόχους στον τελικό τους προορισμό μέσα στο κύτταρο, ελαχιστοποιώντας 
τις ανεπιθύμητες αλληλεπιδράσεις με άλλες πρωτεΐνες στη διαδρομή. 

Όπως αναφέρθηκε προηγουμένως, το μοντέλο πρωτεϊνικής ομοιόστασης υποθέτει ότι 
τα μέλη του συστήματος πρωτεϊνικού ποιοτικού ελέγχου είναι κοινόχρηστα για όλες 
τις ελαττωματικές πρωτεΐνες, έχοντας ως συνέπεια συσσωματώματα μιας πρωτεΐνης 
να μπορούν να προκαλέσουν γενική κατάρρευση του συστήματος. Αλλά είναι γνωστό 
από προηγούμενες μελέτες ότι χρειάζονται διαφορετικές σαπερόνες για διαφορετικές 
πρωτεΐνες-στόχους. Αυτό οδηγεί στην υπόθεση ότι αν συγκεκριμένες σαπερόνες (ή/και 
άλλα μέλη του συστήματος πρωτεϊνικού ποιοτικού ελέγχου) χρησιμοποιούνται από 
μια πρωτεΐνη-στόχο που δημιουργεί συσσωματώματα, αυτές θα είναι μη διαθέσιμες 
για μια δεύτερη διαφορετική πρωτεΐνη-στόχο που τις χρειάζεται, με αποτέλεσμα να 
αυξηθεί η δημιουργία συσσωματωμάτων και για τη δεύτερη πρωτεΐνη. Αν από την 
άλλη, αυτές οι δύο διαφορετικές πρωτεΐνες δεν εξαρτώνται από τις ίδιες σαπερόνες, 
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συσσωματώματα της μίας δε θα πρέπει να επηρεάζουν την άλλη. Για να εξετάσουμε 
αυτήν την υπόθεση, χρησιμοποιήσαμε στο ίδιο κύτταρο δύο διαφορετικές πρωτεΐνες-
στόχους που δημιουργούν συσσωματώματα: μεταλλαγμένη SOD1 (η οποία σχετίζεται 
με την εμφάνιση της ασθένειας ALS) και πολυγλουταμίνη (πολυγλουταμινική 
αλληλουχία, που σχετίζεται με την εμφάνιση της χορείας του Huntington). Για την 
καταστολή των συσσωματωμάτων αυτών των δύο πρωτεϊνών χρειάζονται διαφορετικά 
σετ από σαπερόνες. Ανακαλύψαμε ότι η παρουσία συσσωματωμάτων πολυγλουταμίνης 
επηρεάζει τη δημιουργία συσσωματωμάτων, αλλά όχι το αντίθετο. Αυτό υποδηλώνει 
ότι ίσως τα συσσωματώματα πολυγλουταμίνης απενεργοποιούν κάποια μέλη του 
συστήματος πρωτεϊνικού ποιοτικού ελέγχου τα οποία είναι σημαντικά για το χειρισμό 
της μεταλλαγμένης SOD1, αλλά οι σαπερόνες που χρειάζονται για την αντιμετώπιση 
των συσσωματωμάτων πολυγλουταμίνης δεν εξαντλούνται από τη μεταλλαγμένη 
SOD1. Αυτό δείχνει ότι δεν επηρεάζουν όλες οι πρωτεΐνες με τάση για συσσωμάτωση 
την πρωτεϊνική ομοιόσταση με τον ίδιο τρόπο. Κατ’ επέκταση, δεν είναι όλες οι 
ασθένειες που οφείλονται σε πρωτεϊνικά συσσωματώματα ίδιες και ίσως δε μπορούν αν 
αντιμετωπιστούν με τον ίδιο τρόπο. 

Ένα από τα συστήματα σαπερονών, που εμπλέκεται σε πολλές διαφορετικές διεργασίες 
που σχετίζονται με την πρωτεϊνική ομοιόσταση,  είναι το Hsp70 σύστημα. Ένα ελάχιστα 
δυνατό Hsp70 σύστημα αποτελείται από τρεις διαφορετικούς τύπους σαπερονών: από 
ένα μέλος της οικογένειας πρωτεϊνών Hsp70, ένα της οικογένειας DNAJ και ένα NEF 
(παράγοντα ανταλλαγής νουκλεοτιδίων). Οι πρωτεΐνες της οικογένειας Hsp70 (η οποία 
απαρτίζεται από 13 μέλη στον άνθρωπο) δρουν ως «κινητήρας» του συστήματος καθώς 
κατέχουν δράση ATPάσης: υδρολύουν ATP, την κύρια πηγή ενέργειας μέσα στο κύτταρο, 
και μετατρέποντας το σε ADP τροφοδοτώντας ένα κύκλο σύνδεσης-αποσύνδεσης με τις 
πρωτεΐνες-στόχους τους. Οι σαπερόνες DNAJ (αριθμούν γύρω στις 50 στον άνθρωπο) 
προσδένουν και στρατολογούν τις πρωτεΐνες-στόχους στο σύστημα και μαζί με τις 
πρωτεΐνες-στόχους, προωθούν τη δράση ATPάσης των Hsp70 πρωτεϊνών. Τέλος, οι 
NEF πρωτεΐνες (13 στον άνθρωπο) αλληλοεπιδρούν με τις Hsp70 πρωτεΐνες μετά την 
υδρόλυση του ATP, ανταλλάσσοντας το ADP που είναι συνδεδεμένο με τις Hsp70 
πρωτεΐνες με ένα καινούριο ATP, το οποίο επιτρέπει την απομάκρυνση των πρωτεϊνών-
στόχων από τις Hsp70 σαπερόνες και την προετοιμασία των Hsp70 πρωτεϊνών για ένα 
νέο κύκλο. 

Οι 13 Hsp70 που υπάρχουν στον άνθρωπο είναι πολύ παρόμοιες μεταξύ τους και έχουν 
διατηρηθεί κατά τη διάρκεια της εξέλιξης σε διαφορετικά είδη οργανισμών (υψηλό 
ποσοστό συντήρησης των γενετικών αλληλουχιών τους). Για το λόγο αυτό, εικάζονταν 
μέχρι τώρα ότι όλες οι Hsp70 δρουν με τον ίδιο τρόπο, δηλαδή ότι αναγνωρίζουν, 
προσδένονται και διαχειρίζονται τις ίδιες πρωτεΐνες-στόχους χωρίς να εμπλέκονται στη 
μετέπειτα πορεία τους, και επίσης ότι δουλεύουν με τις ίδιες σαπερόνες-συνεργάτες 
(DNAJ και NEF) αδιακρίτως. Στην παρούσα εργασία, χρησιμοποιήσαμε διαφορετικές 
Hsp70 πρωτεΐνες σε συνδυασμό με μια μεταλλαγμένη μορφή της πρωτεΐνης SOD1 (που 



165

Περίληψη

A
III

σχετίζεται με την ασθένεια ALS), η οποία είναι μια από τις πρωτεΐνες-στόχους για τις 
Hsp70 πρωτεΐνες και δημιουργεί συσσωματώματα. Δείχνουμε ότι διαφορετικές Hsp70 
πρωτεΐνες έχουν διαφορετική επιρροή στη δημιουργία συσσωματωμάτων μεταλλαγμένης 
SOD1. Για παράδειγμα, δυο σχεδόν όμοιες (90% ταυτόσημες) Hsp70 πρωτεΐνες οδηγούν 
σε εντελώς αντίθετα αποτελέσματα: η μία προκαλεί αύξηση και η άλλη μείωση των 
συσσωματωμάτων μεταλλαγμένης SOD1. Ερευνώντας το περεταίρω, ανακαλύψαμε ότι 
αυτή η διαφορά δεν υπήρχε λόγω της διαφορετικής τους πρόσδεσης στην SOD1 αλλά 
λόγω δημιουργίας διαφορετικών συνεργασιών με σαπερόνες της οικογένειας των NEF. 
Αυτά τα αποτελέσματα δείχνουν για πρώτη φορά ότι υπάρχει προτίμηση μεταξύ των 
σαπερονών-συνεργατών (π.χ. NEFs) και ότι μέσω αυτής της διαφορετικής συνεργασίας 
μια Hsp70 πρωτεΐνη μπορεί να καθορίσει τη μετέπειτα πορεία της πρωτεΐνης-στόχου. 
Αυτό προσθέτει άλλο ένα επίπεδο λειτουργικής διαφοροποίησης στα συστημάτων 
σαπερονών μέσα στο κύτταρο. 

Η σπουδαιότητα των σαπερονών για την ευημερία των κυττάρων είναι επίσης εμφανής 
από το γεγονός ότι υπάρχουν και πολλές ασθένειες που προκαλούνται από μεταλλάξεις 
σε γονίδια σαπερονών και οι οποίες ονομάζονται σαπερονοπάθειες. Κατανοώντας πώς 
μεταλλάξεις σε μια σαπερόνη οδηγούν σε μια συγκεκριμένη σαπερονοπάθεια, μπορεί να 
μας βοηθήσει όχι μόνο στο να θεραπεύσουμε την ασθένεια αλλά και να κατανοήσουμε την 
ακριβή λειτουργία αυτής της σαπερόνης στο ευρύτερο σύστημα πρωτεϊνικού ποιοτικού 
ελέγχου. Στην παρούσα εργασία συγκεκριμένα μελετάμε επικρατείς μεταλλάξεις της 
σαπερόνης DNAJB6, οι οποίες προκαλούν ενός είδους μυοπάθεια, η οποία σχετίζεται 
με τη δημιουργία συσσωματωμάτων. Χρησιμοποιώντας πολυγλουταμίνη, μια από τις 
πρωτεΐνες-στόχους της σαπερόνης DNAJB6, ανακαλύψαμε ότι οι μεταλλαγμένες DNAJB6 
πρωτεΐνες που προκαλούν την ασθένεια είναι σταθερές και λειτουργικές αλλά ελαφρώς 
λιγότερο ενεργές σε σχέση με τη φυσιολογική DNAJB6 πρωτεΐνη. Αυτό υποδηλώνει ότι 
ήδη μια ελάχιστη απώλεια στη δραστικότητα της πρωτεΐνης DNAJB6 στο κύτταρο αρκεί 
για να προκαλέσει μια ασθένεια με συσσωματώματα πρωτεϊνών, υπογραμμίζοντας τη 
σπουδαιότητα αυτής της σαπερόνης στην διατήρηση της πρωτεϊνικής ομοιόστασης, 
κυρίως σε μυϊκά κύτταρα. 

Εν κατακλείδι, το ερευνητικό έργο που παρουσιάζεται σε αυτή τη διατριβή περιγράφει 
τη σπουδαιότητα των σαπερονών γενικά, και του Hsp70 συστήματος ειδικότερα, στη 
διατήρηση μιας υγειούς πρωτεϊνικής ομοιόστασης για το κύτταρο, ώστε να αποφευχθούν 
οι σχετικές ασθένειες όπως η χορεία του Huntington, η νόσος του Πάρκινσον, η νόσος 
του Αλτσχάιμερ, η αμυοτροφική πλευρική σκλήρυνση και πολλές άλλες. Σημαντικότερα 
όμως, περιγράφει την υψηλού επιπέδου πολυπλοκότητα και ειδίκευση αυτών των 
δικτύων των σαπερονών και την αναγκαιότητα της κατανόησης τους ούτως ώστε να 
μπορέσουν να χρησιμοποιηθούν στο μέλλον είτε προληπτικά είτε θεραπευτικά για τις 
προαναφερθείσες συσχετιζόμενες ασθένειες.
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... and the chaperones took care of the 

aggregating proteins and the cells lived 

happily ever after.

The end


