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Abstract 
The C-terminus of Hsc70 interacting protein (CHIP) is a dimeric co-chaperone and E3 

ubiquitin ligase encoded by the STIP1 homology and U-box containing protein 1 

(STUB1) gene. As a major player in the protein quality control system, CHIP acts to 

regulate ubiquitination and elimination of chaperone-bound, misfolded and damaged 

proteins. The primary structure of CHIP consists of an N-terminal tetratricopeptide 

repeat (TPR) domain which mediates interaction of CHIP with molecular chaperones 

and a C-terminal U-box domain that functions as E3 ubiquitin ligase and facilitates 

ubiquitination of substrates. A central coiled coil region is responsible for dimerization 

and stability of CHIP structure. 

Several bi-allelic mutations, scattered over all domains of the STUB1 gene, are 

reported in patients with the autosomal recessive spinocerebellar ataxia type 16 

(SCAR16) disease. SCAR16 is characterized by early-onset and progressive cerebellar 

atrophy, mainly resulting in gait disturbance and lack of coordination in muscles. We 

studied the pathogenic effect of six selected STUB1 mutations in a heterologous system 

and reported profound impacts for some of these mutations on the ubiquitin ligase 

activity, structural stability and dimerization of CHIP.  

Heterozygous mutations in the STUB1 gene have been lately described in 

association with a dominantly inherited cerebellar ataxia disease called spinocerebellar 

ataxia type 48 (SCA48). SCA48 patients present adult-onset ataxia phenotypes often 

associated with cognitive-psychiatric features. We reported novel STUB1 mutations in 

three families affected with SCA48. In vitro functional analyses of these variants 

revealed significant biochemical impacts on CHIP structure and function, similar to 

those previously reported for the recessive STUB1 variants associated with SCAR16. 

However, the healthy status of SCAR16 carriers is not consistent with the reported 

pathogenicity of heterozygous STUB1 variants in SCA48 patients, and should be further 

investigated. 

Zebrafish animal models are being increasingly utilized in the genetic studies of 

neurodegeneration due to the strong similarity of their genome to that of mammalian 

orthologs, and a simple yet highly conserved structure of their nervous system. There is 

a high degree of conservation in the amino acid sequence of CHIP as well as its ubiquitin 
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ligase activity and expression pattern between zebrafish and human orthologs. We have 

generated zebrafish animals with mutated STUB1 gene (stub1), causing a truncation in 

the U-box domain of Chip. Characterization of the mutant zebrafish indicated 

development of phenotypes overlapping with those of mammalian models with CHIP 

deficiency and SCAR16 patients. These phenotypes include significant reduction of 

body size, altered morphology of Purkinje cells of cerebellum and changes in anxiety-

like behavior. Our findings provide the first evidence of zebrafish potential in modeling 

STUB1-mediated diseases, and may improve our knowledge regarding the pathogenic 

role of an impaired U-box domain in the development of SCAR16/SCA48 diseases. 
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1. Introduction 
 

1.1. Neurodegeneration 
Proper activity of multiple cellular protein networks is an essential requirement for the 

well-being of cells and organisms and depends on the correct folding and 

conformational structure of thousands of proteins in these networks. Protein 

conformational disorders, including the most common types of neurodegenerative 

diseases (NDs), develop due to protein misfolding and accumulation in the brain. 

Neurodegenerative diseases are a diverse group of heterogenous disorders in which 

neuronal cells of specific subtypes lose their function, structure, or both. Selective 

neuronal loss in motor, sensory, and cognitive systems affect memory, movements, 

emotional feelings and other abilities in ND patients. NDs can develop both hereditary 

and sporadic, with slow progression over time (1).  

 

1.1.1. Protein aggregation in neurodegeneration 

Despite variations in clinical symptoms and disease progression, a wide range of 

neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s disease 

(PD), polyglutamine (polyQ) diseases (including Huntington’s disease (HD) and several 

forms of spinocerebellar ataxia (SCA)), amyotrophic lateral sclerosis (ALS), and Prion 

diseases are reported with the common hallmark feature of cellular protein aggregates 

(2). These protein aggregates were first described in AD as amyloid plaques and 

neurofibrillary tangles. Later, it was found that sequential proteolysis of amyloid 

precursor protein (APP) results in the formation and accumulation of amyloid-b protein 

(Ab) as the main component of amyloid plaques in the brain parenchyma and around 

cerebellar vessel walls (3), while tangles are aggregates of abnormally 

hyperphosphorylated forms of tau protein in the cytoplasm of degenerating neurons (4). 

In PD, inclusion bodies called Lewy bodies are mainly composed of aggregated a-

synuclein proteins, and are widely distributed in the cytoplasm of substantia nigra and 

cortical neurons (5). Expansions of a CAG repeat encoding polyglutamine are known to 

form polyglutamine-rich deposits of proteins as the typical feature of brains with polyQ 

diseases. For example, polyglutamine stretches of 36 and more in the N-terminal of 
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huntingtin protein cause intracellular inclusions in the degenerating regions of a brain 

with HD (6), and SCA1 is associated with intranuclear inclusions containing ataxin-1 

with expanded polyglutamine tracts (7). ALS patients are characterized by the 

aggregates of superoxide dismutase enzyme (SOD1) in the cytoplasm of motor neurons 

(8), and finally, extracellular accumulation of prion protein (PrP) in the form of 

aggregates and amyloid-like deposits are a common characteristic of animals and human 

brains with prion diseases (9). 

Misfolded proteins and protein aggregates cause neurodegeneration by activating 

programmed cell death and neuronal apoptosis (10). Selective neuronal loss in different 

regions of the brain determines the clinical symptoms of associated neurodegenerative 

disease. The loss of memory in patients with AD, for example, is connected with 

neuronal death in hippocampus, amygdala, and entorhinal cortex (11). There are three 

main hypotheses regarding the role of protein aggregates in neuronal apoptosis and 

neurodegeneration (12). According to the first hypothesis, “The loss-of-function 

hypothesis”, neurodegeneration develops due to the loss of activity of a native protein 

following its depletion during protein misfolding and aggregation. This model has been 

used to describe pathogenesis of HD (13). Huntingtin is a caspase substrate, and in vitro 

studies have shown that wild-type huntingtin protects neurons from several death 

receptors and pro-apoptotic proteins. Homozygous knock-out mice for huntingtin have 

been shown to die early in embryonic development, while heterozygous mice displayed 

normal phenotypes in adulthood (13). The similarity of clinical features observed in HD 

patients carrying homozygous and heterozygous huntingtin mutations, however, stands 

as a strong argument against the loss-of-function hypothesis (12).  

The second and most widely accepted hypothesis, called “The gain-of-function 

hypothesis”, suggests acquisition of a neurotoxic function by the misfolded and 

aggregated proteins through different cellular pathways. Aggregates of expanded 

polyglutamine proteins are found to resist proteasomal degradation (14) and induce cell 

toxicity through various mechanisms such as impaired protein homeostasis, 

mitochondrial dysfunction, and genotoxic stress (15). Extracellular aggregates are 

proposed to interact with cellular receptors and activate signaling pathways for 

apoptosis inside the cells. Fibrils of Ab and PrP have been reported to interact with a 
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multi-ligand cell surface receptor and trigger the nuclear factor-kB cellular stress 

pathway (16). The Ab and PrP neurotoxicity is also reported via depolarization of 

membrane by formation of ion channels, which results in disruption of ion homeostasis 

and cell death (17, 18). Induction of oxidative stress by producing free radical species 

is proposed as another cell toxicity mechanism by Ab, as well as a-synuclein 

aggregates, which results in oxidation of proteins and lipids, and further dysfunction of 

mitochondria (19, 20). The toxicity of protein aggregates has been questioned lately as 

clinical symptoms have been detected before formation of protein aggregates in 

transgenic mice with mutant ataxin-1 and APP (21, 22). Also, inhibitors of protein 

aggregation did not prevent cell death in a number of studies, indicating that misfolding 

and oligomerization of proteins could have a more deleterious effect than mature 

aggregates on cells (23, 24). This theory was further supported by studies showing a 

similar or more toxicity of purified oligomers and protofibrils compared to amyloid-like 

fibrils (23, 25, 26). In fact, formation of protein deposits is suggested to serve as a 

protective cellular mechanism for sequestering and isolating toxic misfolded 

intermediates (27). However, it is also possible that fibril deposits damage the cells 

through other ways such as destroying neuronal connections and occupying tissue space 

(12).  

Finally, abnormal protein aggregates are thought to cause inflammatory reactions 

in the brain as irritants, leading to synaptic alterations and neuronal death (28). The third 

hypothesis, termed as “The brain inflammatory hypothesis”, is evidenced by the 

presence of activated microglia and astrocytes around protein deposits (29), 

accumulation of released inflammatory proteins such as cytokines, proteases and 

protease inhibitors in cerebral protein aggregates (28), and decreased incidence of AD 

in animal models and humans treated by anti-inflammatory drugs (30). In contrast, 

inflammation has been reported to be beneficial in neurodegeneration by other studies 

describing increased plaque load in response to inhibition of the inflammatory 

component C3 in mice (31), and improved behavioral and cognitive impairments in 

animal models vaccinated with Ab (32). Although, the latter approach resulted in several 

cases of meningoencephalitis in human (33). Brain inflammation is, therefore, suggested 
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to act as a double-edged sword with both negative and positive effects in 

neurodegenerative diseases (34). 

 

1.1.2.  Protein misfolding and aggregation processes 

Several studies have been performed to elucidate the mechanism of protein misfolding 

and aggregation in human diseases (35). In spite of process complexity and the presence 

of various types of aggregates involved in different diseases, in vitro structural studies 

have proposed a common molecular basis during protein aggregation. According to this 

theory, a native protein structure, usually containing a-helices and random structures, 

undergoes large conformational rearrangements and secondary structural alterations 

which lead to acquisition of a b-sheet-rich conformation (35). However, it is still unclear 

whether conformational changes trigger protein aggregation or if oligomerization of 

proteins induces misfolding and further aggregation. Kinetic modelling studies suggest 

that formation of protein aggregates might follow a nucleation-dependent 

polymerization mechanism, in which protein oligomers induce conformational 

rearrangements by acting as a nucleus and directing further polymerization and growth 

of aggregates (36). From an opposite point of view, induced conformational changes 

have been proposed to form misfolded proteins that might eventually aggregate (37). 

The most widely accepted hypothesis represents an intermediate viewpoint and suggests 

formation of intermediate oligomers by misfolded proteins to be essential for further 

growth of aggregates (38). According to this hypothesis, slight conformational changes 

in the structure of a native protein lead to the formation of a misfolded intermediate that 

is highly unstable due to the exposure of its hydrophobic segments to the aqueous 

environment. The misfolded intermediate has a high tendency for stabilization through 

interactions with other molecules. The small b-sheet oligomers formed from these 

intramolecular interactions will further grow by incorporation of additional monomers 

and produce protofibrils and amyloid-like fibrils (38). Exposure of certain hydrophobic 

fragments to the surface of the misfolded protein has been shown to be critical for 

aggregation of Ab, PrP, and a-synuclein (39-41). However, in HD and other polyQ 

diseases, b-sheets are suggested to be formed by both hydrophobic interactions and 

polar hydrogen bonds among side-chain amide groups of glutamine expansions (42). 



  18  

1.1.3.  Causative factors in protein aggregation and neurodegeneration 

Several genetic alterations and environmental factors can initiate protein misfolding and 

aggregation. Based on the nucleation hypothesis described in the previous section, 

mutations causing increased protein concentration can enhance the polymerization 

likelihood. For instance, triplication at the a-synuclein locus is known to cause familial 

PD (43), and an early deposition of Ab plaques has been reported in Down’s syndrome 

patients with an extra copy of the APP locus (44). Increased transcription and expression 

of disease-associated genes can also happen as a result of alterations in the promoter 

sites of these genes, or mutations that modify protein conformation and stability in favor 

of misfolding and aggregation (44). Expansion of the polyglutamine stretch in polyQ 

diseases are one such example.  

In addition to genetic modifications, environmental factors such as metal ions, pH 

and oxidative stress, as well as post-translational modifications and pathological 

chaperone proteins may facilitate protein aggregation (12). Many of these factors are 

associated with aging, and thus, in agreement with the late-onset development of 

sporadic neurodegenerative diseases (45). Oxidative modifications and phosphorylation 

can promote a-synuclein aggregation (46, 47). Phosphorylation has also been 

implicated in aggregation of ataxin-1 in SCA1 and tau protein in AD (48). Proteolytic 

cleavage is involved in formation of amyloid fibrils in AD, and short N-terminal 

fragments of huntingtin in HD (49).  

Molecular chaperones, together with several co-chaperones, play a major role in 

cellular protein quality control (PQC) system by regulating protein folding as well as 

preventing accumulation of damaged proteins (50). Different compartments of this 

system are described in more details in section 1.2. Deficiencies in the components of 

PQC machinery have been shown to impair the ability of cells to cope with protein 

misfolding and aggregation, and therefore promote neurodegeneration. For instance, the 

loss of E3 ubiquitin ligase activity of Parkin leads to accumulation of its substrates and 

development of PD (51). Also, polyglutamine expansions of the deubiquitinating 

enzyme ataxin-3 are reported to cause SCA3 following the induction of cellular stress 

(52, 53). Recently, several mutations have been identified in the STIP1 homology and 

U-box containing protein 1 (STUB1) gene encoding the co-chaperone and E3 ubiquitin 



 19 

ligase Carboxy terminus of Hsp70-interacting protein (CHIP) in connection with the 

recessive and dominant types of hereditary cerebellar ataxia (CA) diseases (54). These 

mutations are described in section 1.4.2. 

 

1.1.4.  Cerebellar ataxias 

Ataxia, or loss of coordination, can develop due to several diseases including metabolic 

disorders, cancer, brain injuries, as well as degeneration of neurons in the brain stem, 

cerebellar cortex, spinocerebellar tracts, and afferent/efferent connections (55). Ataxias 

involving cerebellum, brainstem, and spinocerebellar tracts are generally referred to as 

“cerebellar ataxias” (56). Gait impairments, poor balance, lack of upper limb 

coordination, eye movement abnormalities, and dysarthria (motor speech disorder) are 

considered as the main phenotypes of patients with CA (56). CAs mostly develop 

sporadic by non-genetic causative factors such as toxicity, immune-mediated diseases, 

and vitamin deficiencies (57). Hereditary ataxias are rare, and can develop through 

autosomal recessive, autosomal dominant, X-linked, and mitochondrial modes of 

inheritance (58). A complete list of currently known hereditary CA subtypes are 

provided in Appendix A (58). Various types of mutations contribute to the complexity 

of hereditary CAs. For example, CAG repeat expansions are responsible for 

development of more common inherited CA diseases including many forms of dominant 

CAs, while point mutations, deletions and duplications cause some rare dominant CAs 

and most of the recessive CAs (59).  

Autosomal recessive cerebellar ataxias (ARCAs), with the estimated global 

prevalence of approximately 3 per 100,000 individuals, are a large group of rare 

neurological disorders with early-onset usually before the age of 20 (58, 60). Several 

types of ARCAs with overlapping phenotypes have been discovered during the past few 

years following identification of associated genes and loci (Appendix A), and different 

classifications have been proposed based on clinical, pathological and genetic criteria 

(61). Many of these disorders are extremely rare, involving single families and few 

known pathogenic variants, but some are more common with well characterized genetic 

basis and pathogenic pathways (58). Friedreich’s ataxia (FA), with the estimated 

prevalence of 1:30,000 in Europe (56) and 1:176,000 in Norway (62), is the most 
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common type of ARCA mainly resulting from homozygous expansion of GAA repeats 

above a normal threshold in the first intron of the FXN gene. Mutated gene results in 

deficiencies of the mitochondrial protein frataxin (56), and dysfunction of mitochondria 

further provokes bioenergetics failure and leads to cell death in FA (63). Ataxia 

telangiectasia (AT) is the second most common type of ARCAs and develops due to 

defects in the DNA repair system. Missense mutations in the ATM gene encoding 

phosphatidylinositol-3 kinase (PI3K) have been identified in connection with AT (56). 

PI3K is involved in early cellular responses to DNA damage (64). Ataxia with 

oculomotor apraxia type 1 and 2 (AOA1, AOA2) are also considered as common 

ARCAs caused by mutations in the genes involved in DNA repair mechanisms and with 

neurological similarities to AT (56). In addition to those mentioned above, other disease 

mechanisms have been described for less common ARCAs including altered vesicular 

trafficking, malfunctioning of calcium-mediated chloride channels, mislocalization of 

synaptic nuclei and protein misfolding and aggregation following dysfunction of 

chaperones (56). The latter mechanism has been used to describe the pathogenesis of 

STUB1-mediated autosomal recessive cerebellar ataxia disease (56) (see section 1.4.2 

for more details).  

Autosomal dominant cerebellar ataxias (ADCAs) are a heterogenous group of 

progressive disorders with the estimated global prevalence of approximately 1-5 per 

100,000 and the mean age of onset in the third to fourth decade of life (58, 60). 

Additional phenotypes including pyramidal and extrapyramidal signs as well as 

cognitive impairment are often associated with the cerebellar ataxia symptoms in these 

diseases (65). The term “spinocerebellar ataxia (SCA)” is generally used to designate 

dominant CAs. CAG repeats above a specific threshold in the coding and non-coding 

regions of genes underlie the majority of SCAs where the number of CAG repeats 

negatively correlates with the age of onset (59, 65). SCA3, also named as Machado-

Joseph disease, is the most common subtype of the polyglutamine expansion SCAs 

which is associated with >51 CAG repeats in the ATXN3 gene encoding ataxin-3 (66). 

A small proportion of SCAs are caused by conventional mutations in various associated 

genes. Missense and deletion mutations in the SPTBN2 gene encoding B3-spectrin were 

reported for the first time in association with SCA5 (67). To date, more than 20 SCAs 
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have been reported due to mutations other than repeat expansions. A limited number of 

families identified with these mutations complicates correlations between genotype and 

phenotype in this group. Also, genetic heterogeneity among the subtypes results in 

difficulties in the pathogenicity analysis of these diseases (59, 65). A recently discovered 

subtype of this group, SCA48, has been reported in patients with heterozygous STUB1 

mutations (68) (see section 1.4.2 for more details). 

 

1.2. Cellular protein quality control system 
As mentioned in the previous section, proteins are continuously being subjected to 

misfolding and structural damages resulting from genetic alterations and environmental 

stressors. In a normal and healthy condition, misfolded and damaged proteins must be 

rapidly refolded into their native conformation or, alternatively, degraded before they 

start to accumulate and form toxic aggregates. At the same time, new polypeptide chains 

synthesized by cellular ribosomes ought to be properly folded and replace degraded 

proteins. The process of protein turnover is highly regulated by protein quality control 

(PQC) systems in the cytosol, endoplasmic reticulum, and other cell organelles (69). 

The PQC machinery allows for a selective and precise elimination of misfolded and 

damaged proteins through several common and compartment-specific mechanisms (69). 

Different components of the cytosolic PQC system in eukaryotic cells are described in 

the following subsections. 

 

1.2.1. Molecular chaperones 

At the first level of PQC, cells must be able to distinguish between native proteins and 

non-native structures including unfolded, partially unfolded, misfolded, and incorrectly 

modified proteins (70). Within the extremely crowded cellular environment, several new 

polypeptide chains and misfolded or damaged protein structures exist in close proximity, 

whose exposed hydrophobic residues and unstructured segments make them prone to 

interact with one another and form intramolecular aggregates. In order to avoid such 

dangers, a conserved network of molecular chaperones has evolved in both prokaryotic 

and eukaryotic cells, which can rapidly recognize the nascent chains of newly translated 
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polypeptides and hydrophobic surfaces of misfolded intermediates, and help them to 

fold/refold to their native conformation (71).  

In a eukaryotic cytosol, the majority of small polypeptide chains can fold upon 

ribosomal release in association with nascent chain-associated complex (NAC) and 

without further assistance from chaperons (72). NAC does not show any ATPase 

activity or chaperoning functions per se, but it is known to generally interact with the 

short nascent chains emerging from the ribosomal exit site, and give signals for further 

protection of growing polypeptides by chaperone components (50). About 25% to 30% 

of nascent chains including longer polypeptides require participation of other co- and 

post-translational chaperones to achieve their native structure (50). Some of these chains 

such as cytoskeletal proteins actin and tubulin, are folded by the TCP-1 [T-complex 1] 

ring complex (TRiC) chaperonin through mechanisms that are not fully understood yet 

(50). Chaperonins are large, cylindrical protein complexes that provide a physically 

distinct environment for folding proteins while protecting them from other 

aggregating/non-native proteins. These substrates are reported to be captured in the 

central cavity of TRiC through hydrophobic interactions with several chaperonin 

subunits and further fold in an adenosine triphosphate (ATP)-dependent manner (50). 

Other newly synthesized chains (15-20%) are folded in reactions assisted by the family 

of 70 kDa heat shock protein (Hsp70) chaperones (50).  

Hsp70s play major roles in the mammalian PQC by assisting a wide range of 

folding processes during the post-translational assembly of newly synthesized proteins 

as well as quality control of misfolded and damaged proteins. The human Hsp70 family 

consists of at least eight homologous chaperones with distinct biological functions, 

residing in the cytosol and nucleus (Hsp701a, Hsp701b, Hsp70-1t, Hsp70-2, Hsp70-6, 

and Hsc70) as well as endoplasmic reticulum and mitochondria (Hsp70-5, Hsp70-9) 

(73). Some of the Hsp70s including Hsp70-1a, Hsp70-1b, and Hsp70-6 are stress-

inducible proteins and cope with harmful aggregations and denatured proteins during 

stress (73). Yet, others are constitutively expressed, tissue-specific proteins with basal 

housekeeping functions. For example, the cognate Hsp70 family member (Hsc70) is 

known as an essential housekeeping protein with multiple chaperoning functions 

required for cell survival including folding new polypeptides, prevention of protein 
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aggregation, protein translocation across membranes, and chaperone-mediated 

autophagy (73).  

Hsp70 proteins display a highly conserved domain structure in human and other 

species containing an N-terminal nucleotide binding domain (NBD) and a C-terminal 

substrate binding domain (SBD), which enable them to bind and release the exposed 

hydrophobic amino acid stretches on protein substrates in an ATP-dependent manner 

(74). Hsp70s also bind to the tetratricopeptide repeat (TPR) domain of heat shock 

proteins and co-chaperones through an EEVD motif in their C-terminal domain (74). 

The variety of functions in the Hsp70 family members can be explained by reduced 

number of conserved amino acids in their C-terminal domains (74).  

Hsp70 chaperones function through cycling between two stable conformations 

with modulated affinities for polypeptide substrates (74) (Figure 1). In the ATP-bound 

state, Hsp70 has a “open” conformation with low affinity for the substrates and displays 

fast rates of peptide binding and release. Upon ATP hydrolysis, a conformational change 

in the lid traps the substrate within the substrate binding domain of Hsp70 and lowers 

the exchange rates for the substrates. Once adenosine diphosphate (ADP) is exchanged 

by ATP, Hsp70 switches back to its initial conformation which triggers substrate release 

and a new cycle of chaperoning (74). Unfolded chains released from Hsp70 are free to 

gain a native conformation. However, slow-folding intermediates often require 

rebinding to Hsp70 and further chaperoning cycles to avoid intramolecular misfolding 

and aggregation (50). Long polypeptide chain cycles are often mediated by the function 

of multiple Hsp70 chaperones on individual domains of the protein (50).  

The activity of Hsp70 chaperones is tightly regulated by several regulatory co-

factors (co-chaperones) which help Hsp70s to bind specific peptides and chaperones, or 

mediate substrate release through physical association with both Hsp70 and target 

proteins (75). The 40 kDa heat shock protein (Hsp40) family of J-domain proteins plays 

important co-chaperoning functions by recruiting Hsp70 to a distinct subset of client 

proteins and stimulating the ATPase activity of Hsp70 for subsequent binding to the 

substrate (76). Hsp40 and Hsp40-like proteins are defined by a common structural 

domain (J-domain) as the major binding site for their interacting partners, which 

contains structural features that determine the specificity of Hsp40-Hsp70 interactions 
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(76, 77). The ADP state of Hsp70 is stabilized by the Hsc70-interacting protein (Hip) 

which is a TPR domain-containing co-chaperone and keeps Hsp70 in the substrate-

bound conformation to prevent release of the client protein before it is completely 

processed (75). Hip is known to function through antagonizing the interaction between 

Hsc70 and the human Bcl-2-associated athanogen-1 (BAG-1) co-chaperone which, 

together with several other classes of nucleotide exchange factors, catalyze the ADP-

ATP exchange in the chaperone cycle (74, 75). 

 
Figure 1. Hsp70 chaperones function through ATPase cycles of binding and release. In the 
ADP-bound state (a), Hsp70 gains a “closed” conformation with a high affinity towards the 
substrate. Once ADP is replaced by ATP, a conformational change in the lid results in an “open” 
structure for Hsp70 (b), which facilitates fast substrate binding and release. Released substrates 
either refold to their native conformation, or rebind to Hsp70 for another chaperoning cycle 
through interactions with the Hsp40 and Hip regulatory co-factors. Following ATP hydrolysis, 
Hsp70 returns to its “closed” conformation (c) with a lower rate of substrate exchange. This 
figure is adapted from (78).  
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The second key molecular chaperone in the cellular protein folding machinery is 

90 kDa heat shock protein (Hsp90), which collaborates with Hsp70 and facilitates 

final maturation of proteins for a selected range of clients including protein kinases, 

transcription factors, and steroid hormone receptors (SHRs) (79). Therefore, it 

participates in various cellular processes including signal transduction and intracellular 

transport. Hsp90s are conserved homodimers containing an N-terminal ATP-binding 

domain (N-domain), a middle domain (M-domain), and a C-terminal dimerization 

domain (C-domain) (79). Residues in the M-domain contribute to ATP hydrolysis by 

formation of an ATPase site on Hsp90. M-domain is also essential for the interaction of 

Hsp90 with client proteins and some co-chaperones. Co-chaperones containing TPR 

domain interact with Hsp90 through a conserved MEEVD motif in the C-terminal of 

Hsp90 (79). 

Similar to the Hsp70 chaperones, a conformational plasticity in the structure of 

Hsp90 is critical for its chaperoning function on various client proteins and allows for a 

dynamic equilibrium between “open” and “closed” conformations under the regulation 

of different co-chaperone complexes (79) (Figure 2). The steps of Hsp90 functional 

cycle are well studied in case of SHRs: in the first stage, the client protein is transferred 

to Hsp90 from an “early complex” (where it was initially processed by Hsp70 and Hsp40 

chaperones) through collaborative activities of Hsp70-Hsp90 organizing protein (Hop), 

stress inducible protein-1 (StiI) and other client-specific co-chaperones. The Hop/StiI 

complex is also known to stabilize the “open” conformation of Hsp90 together with 

members of the peptidylpropyl isomerase (PPIase) family. Once ATP is bound, a series 

of conformational changes in the N-terminal of Hsp90 changes its orientation towards 

the M-domain and leads to the formation of a more compact Hsp90 conformation. 

Stabilization of the “closed” conformation of Hsp90 is assisted by p23 and other PPIases 

such as cyclophilin 40 (Cyp40) which interfere with binding of the Hop/StiI complex to 

Hsp90 and form a “late complex” in association with Hsp90. Maturation of the client 

protein is facilitated at this stage, and folded proteins together with the co-chaperones 

are released from Hsp90 after hydrolysis of ATP (79). The activator of Hsp90 ATPase 

(AhaI) is known to play critical roles in the progression of Hsp90 cycles including 
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releasing the Hop/StiI complex, promoting the “closed” conformation of Hsp90 and 

stimulating the inherent ATPase activity of Hsp90 (79, 80). 

 

 
 
Figure 2. Hsp90 chaperoning cycle involves a dynamic equilibrium between the “closed” 
and “open” conformations. In a conformationally open state (a), Hsp90 receives the substrate 
from the Hsp70 complex. The “open” conformation of Hsp90 is stabilized by the activity of 
Hop and other co-chaperones at this stage (b). In the ATP-bound state (c), conformational 
changes are induced to keep the substrate inside a compact Hsp90 structure, which is stabilized 
by p23 and Cyp40 co-chaperones (d). Upon ATP hydrolysis, Hsp90 undergoes further 
conformational changes (e) resulting in the mature substrate to release. Hsp90 regains its 
“open” conformation (f) to start another cycle of chaperoning. This figure is adapted from (81). 
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1.2.2.  The ubiquitin-proteasome pathway 

Proteins successfully (re)folded to their native states are removed from the pool of non-

native proteins in the cell. These proteins can no longer be recognized by components 

of the PQC system as their hydrophobic segments are buried inside the native structure. 

Other non-native proteins and folding intermediates, which are released from the 

chaperones without reaching their native forms, can rebind to the chaperones for another 

refolding attempt. However, some of these structures can be recognized by proteases 

before they get another chance of refolding, and thus be fated for complete degradation. 

Destruction of abnormal proteins had first evolved in the prokaryotic cells by 

intracellular proteolytic systems including different types of energy-dependent 

proteases which function in the cytosol or extracellular environment to digest a wide 

range of protein substrates (82). Throughout evolution, cells have been developed with 

an ability to destroy certain misfolded and damaged proteins without targeting non-

specific proteins and cellular elements via more complex systems (82).  

The ubiquitin-proteasome pathway (UPP) functions at the second level of the 

eukaryotic PQC system in a close relationship with the molecular chaperone networks, 

targeting unfolded or misfolded proteins for proteasomal degradation. In fact, 

components of the UPP and chaperones compete for recognition and further refolding 

or degradation of non-native substrates prior to formation of aggregates (70). In the 

UPP, substrates are selectively recognized in a ubiquitin enzymatic cascade which 

facilitates transfer of conserved 76-residue ubiquitin molecules on the substrates, 

marking them for subsequent degradation by proteasomes (83). The ubiquitination 

reaction, defined as the iso-peptide binding of ubiquitin through its C-terminal (Gly76) 

to the e-amino group of a lysine residue on the substrate, is mediated by sequential 

actions of three enzymes (Figure 3A). First a ubiquitin-activating enzyme (E1) forms 

a thiol ester with the carboxyl group of Gly76 and activates C-terminal of ubiquitin. 

Activated ubiquitin is then transiently carried by a ubiquitin-conjugating enzyme (E2), 

and ultimately transferred to a lysine residue on the substrate or other ubiquitin 

molecules by a ubiquitin-protein ligase (E3) (83). 

E1 activates ubiquitin through formation of a Mg-ATP-bound ubiquitin (ubiquitin 

adenylate) intermediate, which subsequently hydrolyzes ATP to adenosine 
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monophosphate (AMP) to form a thioester bond with a cysteine in the E1 active site 

(84). A high rate of ATP-AMP exchange by E1 allows for efficient activation of 

ubiquitin for the entire downstream conjugation reactions. Each E1 interacts with a 

significant, but limited number of E2s, and each E2 make interactions with a much larger 

number of E3s (85). In human, around 40 E2s are reported to participate in protein 

ubiquitination, all sharing a ubiquitin-binding core domain of 150 amino acids 

containing an E2 active site and an E3 binding site (86). Additional N- and/or C-terminal 

extensions on some E2s determine the specificity of their interactions with E3s (86). 

Ubiquitin transport from E1 to the cysteine residue of E2 is mainly catalyzed by side-

chain groups located in the E1 active site (85). The E2/E3 binding surface mediates the 

interaction through the really interesting new gene (RING) and homologous to the E6-

AP carboxyl terminus (HECT) domains of E3s (86).  

The majority of E3 ligases with more than 600 members are RING-type E3s, 

containing the RING domain or RING-related structures termed as U-box domain, 

which interacts with both E2-ubiquitin conjugate and a substrate, facilitating ubiquitin 

transfer directly from the E2 active site to the substrate without chemical participation 

in the reaction (83). However, HECT-type E3s (~30 members) together with a third 

smaller class of RING-between-RINGs (RBRs) are known to form an E3-ubiquitin 

intermediate prior to ultimate ligation to the substrate (83) (Figure 3B). Many E3s 

mediate both ubiquitin-substrate and ubiquitin-ubiquitin ligations. Yet, 

polyubiquitination of some substrates requires further catalytic activity of an elongation 

factor (E4) which enhances the activity of E3 ubiquitin ligases and ensures the assembly 

of polyubiquitin chains with sufficient length for proteasomal degradation of the 

substrate (87). E4s are also considered as specialized types of E3s with the ability of 

targeting the protein-bound, polyubiquitin chains for further ubiquitination (88).  

Protein ubiquitination regulates several intracellular mechanisms depending on the 

subcellular localization of the substrate, as well as the number and topology of 

conjugated ubiquitin molecules (85). For example, substrates bound to a polyubiquitin 

chain on Lys63 are implicated in autophagic degradation and non-proteolytic pathways 

including ribosomal function, DNA repair, and inflammatory responses. Polyubiquitin 

chains conjugated through Lys48 are destined for proteasomal degradation, although 
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certain substrates marked with one or a few ubiquitin molecules on Lys48 are 

alternatively degraded through endocytosis and lysosomal degradation pathways (see 

section 1.2.3 for more details) (85).  

Proteins modified with chains of at least four ubiquitin molecules can be 

recognized by the 26S proteasome as a major cellular protease in eukaryotic cells (89). 

(Figure 3C). The 26S proteasome is composed of two sub-complexes: the base and lid 

regulatory particle (19S) and the cylindrical-shaped core particle (20S). Small structural 

changes upon substrate binding initiate an unfolding process in the 19S proteasome lid. 

The polypeptide is then translocated to the 20S core for further degradation by the 

trypsin- and caspase-like peptidase activity of core subunits. In the end, small 

oligopeptides resulting from protein cleavage emerge from the proteasome, and are 

further broken down to free amino acids. The six ATPase rings located at the base of 

19S proteasome supply the energy for the whole process from protein unfolding to 

amino acid release (89, 90). Deubiquitinating subunits in the proteasome lid function to 

release ubiquitin chains from the target protein during or after its degradation, providing 

free ubiquitin molecules to be used in a new conjugating cascade (90).  

 

At another level of PCQ, deubiquitination by ubiquitin isopeptidases results in the 

disassembly of degradation signals and regeneration of the protein substrate as a final 

protection mechanism against proteolysis of poorly or perhaps wrongly ubiquitinated 

proteins (91). 
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Figure 3. The ubiquitin-proteasome system mediates selective degradation of misfolded 
and damaged proteins. A) Selected substrates are polyubiquitinated during an enzymatic 
cascade mediated by a sequential action of ubiquitin activating enzyme (E1), ubiquitin 
conjugating enzyme (E2), and ubiquitin-protein ligase (E3). B) RING-type E3 ligases act as 
scaffolds and facilitate direct transfer of ubiquitin molecules from E2s to the substrates, while 
HECT-type E3 ligases and RBR ligases participate in the ubiquitination reaction by formation 
of E3-ubiquitin intermediates. C) Substrates marked with four or more ubiquitin molecules are 
recognized by the 26S proteasome lid, and translocated to the core complex for ATP-dependent 
degradation by peptidases. Free amino acids and ubiquitin molecules released from the 
proteasome base will be reused in another ubiquitination reaction. Ub, Ubiquitin molecule; 
SBD, substrate binding domain; IBR, in-between RING. This figure is adapted from (92). 
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1.2.3.  Lysosomal degradation pathway 

In addition to the ubiquitin-proteasome system, which is mainly responsible for 

elimination of short-lived and damaged proteins, the eukaryotic PQC is equipped with 

another degradative pathway for destruction of long-lived, aggregated proteins and 

cellular organelles (including mitochondria, peroxisomes, and ribosomes), called 

autophagy (93).  

During autophagy, the target protein (cargo) is degraded by multiple enzymes 

inside the lysosomal lumen through three distinct mechanisms. Large portions of the 

cytoplasm and organelles are delivered to the lysosome through a pathway called 

macroautophagy where the substrates are first sequestered by a double membrane 

vesicle (autophagosome) which, subsequently, is fused with the lysosome (Figure 4A). 

During microautophagy, a small portion of the cytosol, together with its contents, is 

engulfed by the lysosomal membrane (Figure 4B). Higher eukaryotes have been 

characterized with a third autophagy pathway called chaperone-mediated autophagy 

(CMA) in which the target substrate is first recognized by the cytosolic chaperone Hsc70 

and associated co-chaperones (including BAG1, Hip, Hop, and Hsp40), and then 

delivered to the lysosome as the chaperone binds to the lysosomal associated-membrane 

protein 2A (LAMP2A) receptors on the lysosomal membrane (Figure 4C) (93).  

For a long period of time, the UPP and autophagy were regarded as two distinct 

pathways of the eukaryotic PQC. However, new findings are now strongly suggesting 

the presence of many interfering elements leading to several orchestrated activities for 

these pathways (94). At the first level of crosstalk, ubiquitination serves as a signal for 

both proteasomal degradation and selective autophagy. In this case, the fate of a protein 

for degradation via each pathway depends on the exact type of ubiquitin modification 

(94) (as mentioned in section 1.2.2), and is decided by certain co-chaperones with 

linking activity such as BAG family, CHIP and/or adaptor molecules like p62 and 

neighbor of BRCA1 (NBR1). These proteins are capable of interacting with both 

ubiquitin and components of proteasome/autophagic machinery, and thus provide the 

correct type of link for a given substrate (93, 94). Another association between the UPP 

and autophagy is through compensatory mechanisms, in which the impairment of one 

pathway can cause upregulation of the other pathway. Several hypotheses have been 
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proposed to explain this crosstalk. For example, accumulation of misfolded proteins has 

been suggested to induce the endoplasmic reticulum stress signaling pathway, resulting 

in the activation of autophagy (95). 

 

 
Figure 4. Aggregated proteins and larger organelles are eliminated through autophagy 
pathways. A) Macroautophagy: large organelles are isolated inside an autophagosome which 
subsequently fuses with the lysosome. B) Microautophagy: smaller portions of cytosol are 
directly engulfed by the lysosomal membrane. C) Chaperone-mediated autophagy: some 
substrates are delivered to the lysosome in complex with the chaperones binding to the 
LAMP2A receptors on the lysosomal membrane. This figure is adapted from (96). 
 
 

1.3. The Carboxy terminus of Hsp70-Interacting Protein (CHIP) 
In 1998, Ballinger and colleagues discovered a novel 35 kDa cytoplasmic protein while 

searching for all TPR domain-containing proteins in the human cDNA library. This 

protein was found to directly interact with the carboxy terminal of both Hsc70 and 

Hsp70 chaperones, thus it was termed as “the carboxy terminus of Hsp70-interacting 

protein (CHIP)” (97). Through this interaction, CHIP was reported to block the 
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Hsc70/Hsp70 substrate binding cycle, and therefore, negatively regulate their folding 

activity. In another study by the same group, CHIP was found to interact with Hsp90 

and inhibit activation of the glucocorticoid receptor (GR) substrate through dissociation 

of the Hsp90 co-chaperone, p23. Instead, CHIP induced ubiquitination followed by 

proteasomal degradation of the GR substrate (98). The ubiquitination activity of CHIP 

is mediated by the C-terminal U-box domain which functions as an E3 ubiquitin ligase 

towards protein substrates associated with Hsp90 and Hsc70 chaperones (99). 

Therefore, it was suggested that CHIP is a chaperone-dependent E3 ligase that acts as a 

link between protein folding and degradation of a chaperone substrate, regulating the 

balance between these two arms of the PQC system (98, 99).  

CHIP is a protein composed of 303 amino acids, and is encoded by the STIP1 

homology and U-box containing gene 1 (STUB1) located on chromosome 16 (100). The 

full-length STUB1 pre-mRNA (NM_005861.4) contains seven exons and six introns 

(Figure 5A). Another protein-coding isoform (NM_001293197.2) has been predicted 

with the start codon located in the second exon of STUB1, which encodes a protein 

isoform of 231 amino acids with a shorter TPR domain. However, no experimental 

evidence is available for this transcript (National Centre for Biotechnology Information 

[NCBI], available from: ncbi.nlm.nih.gov).  

 

1.3.1.  Structural organization of CHIP 

The primary structure of CHIP comprises an N-terminal TPR domain, a C-terminal U-

box domain, and a central helical hairpin (HH) region (Figure 5A) (97, 101). CHIP 

dimeric structure, in association with the Hsp90 chaperone and ubiquitin conjugating 

enzyme 13 (Ubc13), has been described by Zhang et al., using crystallized structure of 

mouse CHIP (102). For this reason, residues provided based on these data in this section 

correspond to the mouse CHIP amino acid sequence which differ from the human CHIP 

sequence by +1 amino acid from Ser20 (NCBI) (102). Equivalent residues in human 

CHIP are therefore assumed as (n-1), where (n) presents the amino acid position in the 

mouse CHIP. 

The TPR domain includes three pair of TPR repeats, each consisting of two 

antiparallel a-helices separated by a turn (Figure 5B). The ability of CHIP for protein-
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protein interactions with molecular chaperones is facilitated by the hydrophobic surface 

of the TPR motifs. The TPR binding site is provided by side chains of Lys31, Asn35, 

Phe38, Asn66, Leu69, Lys73, Lys96, and Asp135 as well as a hydrophobic pocket 

formed by side chains of Lys96, Phe99, Phe100, Phe132, and Ile136. Differences in the 

conformation of bound residues upstream of the EEVD motif explain the specificity of 

CHIP interactions with Hsp70 and Hsp90 chaperones (102).  

The U-box domain consists of a pair of b-hairpins followed by a short a-helix and 

another hairpin, leading to an a-helix at the C-terminal (Figure 5B). As mentioned in 

section 1.2.2, U-boxes are considered as members of the RING-type E3 ligases with 

minor structural modifications compared to the RING fingers. In the CHIP protein 

structure, this domain acts as a scaffold by positioning the chaperone substrate (bound 

to the TPR domain) in close proximity to the E2 conjugating enzyme for completing the 

ubiquitination process. The U-box domain interacts with E2s through a hydrophobic 

groove comprising the short a-helix (254-265) and small parts of two b-hairpins (234-

239 and 269-274) (102). The middle region of CHIP is formed of helical hairpins, and 

is known to be crucial for its structural stability, dimerization and functioning (101, 

102).  

The structure of a mouse CHIP is described as an asymmetric homodimer with 

each protomer adopting a different conformation in the dimer (102). CHIP dimerization 

occurs via two separate segments of polypeptides located at the helical hairpins and the 

U-box domain. At the U-box core of interface, dimerization happens via symmetrical 

interactions between Asn284 side chains and their surrounding hydrophobic clusters 

(Tyr231, Leu285, Ala286, Met287, Val290, and Phe294 and Ile246, Pro248, Gly250, 

and Ile282) in each protomer. Residues on the surface of helical hairpins from the N-

terminal arm of one protomer (Leu162, Tyr165, Leu166, Leu169, and Ile170) and the 

C-terminal arm of the opposite protomer (Tyr208, Met212, Leu215, Phe216, and 

Val219) pack against each other and form the second dimer junction. The asymmetric 

structure of the helical linker is demonstrated as a straight α-helix (from Asp134 to 

Arg183) in one protomer and another α-helix broken into two parallel helices (Asp134–

Arg155 and Glu161–Arg183) in the other protomer (Figure 5B). The broken α-helix 

causes the TPR domain to adopt a different orientation which inhibits binding of E2 
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enzymes to the associated U-box domain and results in a half-of-site activity for CHIP 

(102) (Figure 5C). Further investigations on the conformational dynamics of human 

CHIP revealed a symmetric dimer structure with a highly flexible broken segment in the 

middle domain, which might rapidly alternate between the helical and the unfolded state, 

and thus provide asymmetric and symmetric conformations sequentially (103). The 

interaction of CHIP with molecular chaperones can restrict this flexibility and lead to a 

stabilized TPR domain which overlaps partly with its attached U-box domain (103). 

 
 
Figure 5. CHIP is a 303-amino acid protein with an asymmetric homodimer structure. A) 
There are three main domains in the primary structure of human CHIP, translated from seven 
exons of the STUB1 mRNA (NM_005861.4). B) At the N-terminal, three pairs of antiparallel 
a-helices comprise the TPR domain (in blue). The central dimerization domain (in yellow) 
contains a helical hairpin with broken segments in one protomer, causing asymmetry in the 
conformation of CHIP. The U-box domain (in red) consists of three b-hairpins and two a-
helices. C) The asymmetric structure of dimerization domain causes one of the TPR domains 
to adopt a different orientation towards the associated U-box domain, and leads to half-of-site 
activity for CHIP. This figure is adapted from (102). 
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1.3.2.  CHIP interactions and mechanisms of function 

CHIP is a multifaceted protein with regulatory roles over a large network of substrates, 

both as a co-chaperone and an E3 ubiquitin ligase. CHIP can modulate the activity of 

chaperones and their associated co-factors in connection with various substrate proteins. 

As mentioned, CHIP inhibits folding activity of Hsp90 towards substrates like 

glucocorticoid receptor (98) and erythroblastic leukemia viral oncogene homolog-2 

(ErbB2) (104) by releasing the p23 co-chaperone. Similarly, CHIP can regulate Hsp70 

chaperoning functions by antagonizing the effect of its co-chaperones Hsp40 and Hip 

(97).  

CHIP associates with Hsp70 or Hsp90 through its TPR domain and, at the same 

time, participates in the ubiquitination and proteasomal degradation of the chaperone-

bound substrates by recruiting E2 enzymes to the chaperone complex. This mostly 

happens through direct interaction of the CHIP U-box domain, as an E3 ligase, with the 

E2 enzymes (Figure 6A). A vast array of proteins has been reported to be degraded by 

CHIP through this mechanism. These substrates are implicated in multiple cellular 

pathways and pathologies including development, transcription, signaling, 

neurodegeneration, and cancer (105) (Table 1). In addition to these proteins, CHIP has 

been reported to target Hsp70/Hsp90 chaperones and itself as a part of auto-regulation 

mechanism during stress recovery (106).  

In a few cases, CHIP has been shown to co-operate with other E3 ligases as an E4 

co-factor and facilitate ubiquitination of the chaperone substrates in a TPR domain-

mediated (U-box-independent) manner (Figure 6B). CHIP was first identified as an E4 

enzyme in complex with Hsp70, Parkin, and Parkin-associated endothelin receptor-like 

receptor (Pael-R), where it facilitates Parkin-mediated Pael-R ubiquitination through 

dissociation of Hsp70 from Parkin (107). The E4 activity of CHIP has also been reported 

in association with the S-phase kinase-associated protein1 (Skp1)/Cullin/F-box (SCF) 

ubiquitin ligase complex, where it cooperates with the F-box E3 ligase (Fbx2) for 

ubiquitination and degradation of Fbx2-bound glycoproteins like the N-methyl-D-

aspartate receptor subunit NR2A (108). 
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Table 1. CHIP substrates are involved in multiple cellular pathways.  

Cellular Pathway Substrate Degradation Mechanism ref. 
 Smad1/ Smad4 

Proteasomal 

(109)  
Akt (110)  
LKB1 (111)  
ErbB2 (112)  
c-Myc (113)  
P53 (114)  
MIF (115)  
eIF4E (116)  
PTEN (117)  
PTK6 (118)  
Src (119)  
Menin (120)  
AIF (121)  
Filamin Lysosomal (122)  

 

nNOS 

Proteasomal 

(123)  
Ataxin-3 (124)  
β-amyloid (125)  
Hsp70/Hsp90 (106, 126)  
Huntingtin (124)  
SOD1 (127)  
LRRK2 (128)  
BAG3 Lysosomal (129)  
Tau 

Proteasomal/Lysosomal 
(130)  

α-synuclein (131)  
 AR 

Proteasomal 

(132)  
ASK1 (133)  
Src (119) 
MEKK2 (134)  
DLK (135)  
SGK (136)  
GHR Lysosomal (137)  

 

FoxO1 

Proteasomal 

(138)  
c-Myc (113) 
GUCY (139)  
P53 (114) 
ER (140)  
SENP3 (141)  
HIF-1α Proteasomal/Lysosomal (142)  

 

Katanin p60 

Proteasomal 

(143) 
Profilin (144)  
RUNX (145, 146)  
SirT6 (147)  
Keratin (148) 
MKKS (149) 
Myocardin (150)  
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This table is adapted from (105). Abbreviations: Smad, Sma-mother against decapentaplegic; 
Akt, AKR/J thyoma protein kinase; LKB1, liver kinase B 1; c-myc, cellular myelocytomatosis 
viral oncogene homolog; MIF, migration inhibitory factor; eIF4E, eukaryotic translation 
initiation factor 4E; PTEN, phosphatase and tensin homolog deleted on chromosome 
TEN; PTK6, protein tyrosine kinase 6; Src, sarcoma viral oncogene homolog; AIF, apoptosis-
inducing factor; nNOS, neuronal enzymes like neuronal nitric oxide synthase; SOD1, 
superoxide dismutase1; LRRK2, leucine-rich repeat kinase 2; AR, androgen receptor; ASK1, 
apoptosis signal-regulating kinase 1; MEKK2, MAPK/ERK kinase kinase 2; DLK, dual leucine 
zipper- bearing kinase; SGK1, serum and glucocorticoid-regulated kinase-1; GHR, growth 
hormone receptor; FoxO1, fork head transcription factor 1; GUCY, guanylate cyclase; ER, 
estrogen receptor; SENP3, SUMO/sentrin protease 3; Runx1, runt-related transcription factor 
1; SirT6, Sirtuin6; MKKS, McKusick-Kaufman syndrome protein. 
 
 

While the majority of CHIP substrates are targeted to the proteasome, degradation 

of some proteins has been reported through the autophagy pathway (105). In these cases, 

CHIP binds to the substrate directly via its U-box domain and mediates ubiquitination 

and lysosomal degradation independent of the TPR domain and molecular chaperones 

(Figure 6C). For instance, degradation of the hypoxia-inducible factor-1 alpha (HIF1a) 

transcription factor in the lysosome has been reported to require CHIP to mediate the 

interaction between HIF1a and the LAMP2A receptor (142). CHIP is known to cause 

degradation of a few substrates such as HIF1a, a-synuclein and tau both in the TPR 

domain-dependent (proteasomal degradation) and U-box domain-dependent (lysosomal 

degradation) manners (131) (Table 1).  

 

Localization of the CHIP substrates in different cellular compartments 

consequently leads to a distributed cellular expression pattern for CHIP. CHIP was first 

identified in the cytoplasm as a component of the quality control system for cytoplasmic 

proteins (97). Later, it was found to ubiquitinate mitochondrial proteins like leucine-rich 

repeat kinase 2 (LRRK2) (128) as well as proteins localized in the Golgi complex such 

as b-APP (125). In addition, CHIP has been detected in the nucleus where it activates 

the heat shock factor-1 (HSF1) (151), and on the endoplasmic reticulum membrane in 

association with the cystic-fibrosis transmembrane-conductance regulator (CFTR) 

substrate (152).  
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Figure 6. CHIP participates in the ubiquitination and degradation of substrates through 
different mechanisms. A) In the majority of cases, CHIP acts as an E3 ligase to ubiquitinate 
substrates bound to the Hsp70/Hsp90 chaperones for further degradation by 26S proteasome. 
This mechanism is mediated both by the TPR domain and the U-box domain of CHIP. B) For 
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some substrates, CHIP functions as an E4 co-chaperone through its TPR domain, and facilitates 
ubiquitination and proteasomal degradation of substrates in complex with other E3 ligases. C) 
In a few cases, CHIP mediates ubiquitination of the substrate directly through its U-box domain 
and independent of the TPR domain. These substrates will further be degraded through the 
chaperone-mediated autophagy pathway. 
 
 

1.3.3.  Regulation of CHIP 

Expression profiling of STUB1 shows a ubiquitous pattern with the highest levels in the 

metabolically active tissues skeletal muscle, heart, and brain, which supports the 

regulatory function of CHIP in protein homeostasis pathways (153). Under normal 

conditions, the basal levels of Hsp70/Hsp90 chaperones and their co-chaperones are 

sufficient to maintain cellular protein homeostasis. However, the expression of these 

proteins must be rapidly adjusted in response to various stress conditions such as heat-

shock, oxidative damage and different human pathologies including neurodegenerative 

diseases, muscular dystrophies and heart diseases (154).  

Regulation of STUB1 expression at the transcriptional level has been linked to a 

number of human malignancies and inflammatory responses including Toll-like 

receptor (TLR) signaling, T-cell activation, and formation of dendritic-cell aggresome-

like inducible structures (154). The TLR2 receptor has been shown to upregulate 

expression of STUB1 through the c-Jun N-terminal kinases (JNK) inflammatory 

pathway (155). In addition, downregulated levels of STUB1 mRNA and protein are 

reported in tissues with breast (156), colorectal (157), and gastric cancer (158). At the 

post-transcriptional level, CHIP downregulation has been observed during osteoblast 

differentiation in calvarial and osteoblast progenitor cells, where the microRNA miR-

764-5p binds to the 3´-UTR of STUB1 mRNA and inhibits its translation (159). The 

activity of CHIP can be regulated at the post-translational level through different 

mechanisms. Posttranslational modifications (PTMs) are known to regulate the 

ubiquitination activity of CHIP by recruiting other co-factors to the chaperone complex, 

which modulate the type and length of ubiquitin chains on the substrate (154). For 

example, monoubiquitination of CHIP at Lys2 results in association of the 

deubiquitinating enzyme Ataxin-3 which limits the length of ubiquitin chains on CHIP’s 

substrates and terminates the ubiquitination reaction by deubiquitinating CHIP (160). 
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Regulation of CHIP by modifications other than ubiquitination is not directly evidenced, 

although associations have been reported between CHIP and phosphatase Laforin (161) 

as well as extracellular signal-regulated kinase-5 (ERK5) and Lim kinase-1 (LIMK1) 

(162, 163). The ERK5-CHIP interaction is proposed to be essential for CHIP ubiquitin 

ligase activity towards inducible cAMP early repressor (ICER) substrate, and the 

activity of CHIP is shown to be increased in the presence of ERK5 possibly due to 

changes in the conformation of CHIP (163).  

Other mechanisms of regulation involves CHIP interactions with a number of 

proteins including Ca2+/S100 protein (164), hepatitis B virus X-associated protein 

(Xap2) (165), Obg-like ATPase-1 (OLA-1) (166), Ataxin-3 (160) and members of the 

BAG family (154). Some of these proteins have been reported to regulate CHIP activity 

by competing either with protein substrates for binding to the TPR domain of CHIP 

(Ca2+/S100), or with CHIP for binding to Hsp70 (OLA-1) and Hsp90 (Xap2) through 

their own TPR domain. Other proteins modulate CHIP ligase activity through 

association with the chaperone complexes in a non-competitive manner. BAG1 and 

BAG3 are known to stimulate CHIP activity through simultaneous interaction with 

Hsc70 and proteasome (167, 168). By contrast, BAG2 is shown to inhibit ubiquitination 

process by interfering with the interaction between CHIP and E2s. (169). A similar 

inhibitory effect has also been reported for BAG5 towards a-synuclein, although the 

mechanism of this effect is not understood yet (170). 

 

1.4. CHIP and neurodegenerative diseases 

1.4.1.  CHIP as a guardian 

Inability of neuronal cells to regenerate themselves highlights the added value of protein 

quality control in the brain compared to other tissues. During neurodegeneration, 

different components of the PQC system are recruited to the sites of protein deposits, 

where they function to prevent or remove protein aggregates. From this perspective, 

CHIP has been linked to a number of diseases including AD, ALS, PD, and polyQ 

disorders (105). In AD, CHIP has been shown to ubiquitinate phosphorylated tau at 

Lys48 and Lys63, thus directing its degradation via both proteasome and autophagy 

pathways (130). In addition, CHIP has been reported to suppress accumulation of toxic 
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b-amyloid by stabilizing normal APP as well as proteasomal removal of toxic b-

amyloids (125). Lysosomal degradation of mutant SOD1 in ALS involves participation 

of CHIP in a complex with Hsc70, HspB8, and BAG3 (171). CHIP has also been found 

in association with the protein inclusions of Pael-R (107), a-synuclein (131), and 

LRRK2 (128) in PD. CHIP is known to switch between proteasomal and lysosomal 

degradation of a-synuclein by polyubiquitinating or monoubiquitinating this substrate, 

respectively (170). Oligomeric forms of a-synuclein are reported to be targeted 

preferentially for degradation in a TPR domain-dependent manner, suggesting an ability 

for CHIP to distinguish between different species of a-synuclein for processing via 

different pathways (172). The protecting role of CHIP in polyQ diseases has been 

demonstrated in connection with HD, SCA1, and SCA3, where CHIP was shown to 

promote ubiquitination and proteasomal degradation of polyglutamine aggregates of 

huntingtin, ataxin-1, and ataxin-3 as well as unexpanded forms of ataxin-1 in 

cooperation with Hsp70 (124, 173).  

 

1.4.2.  CHIP as a threat 

From a different point of view, failure or insufficient functioning of the PQC system to 

eliminate misfolded and damaged proteins can result in the development of many 

neurodegenerative diseases. In a similar manner, STUB1 mutations have been reported 

in connection with cerebellar ataxia diseases (see section 1.1.4 for more details). 

Progressive cerebellar ataxias caused by homozygous and compound 

heterozygous mutations in the STUB1 gene are categorized in a rare group of ARCAs 

named as autosomal recessive spinocerebellar ataxia type-16 (SCAR16) (100). 

Similar to other forms of ARCA, SCAR16 most often begins around the age of 20, 

although earlier and later onset have been reported in some cases (174, 175). STUB1 

was first reported as a novel causative gene for ARCA by Shi et al. in 2013 (100). They 

identified one homozygous (c.493C>T/p.Leu165Phe) and two compound heterozygous 

STUB1 mutations (c.389A>T/p.Asn130Ile and c.441G>T/p.Trp147Cys; c.621C>G/ 

p.Tyr207* and c.707G>C/p.Ser236Thr) in three separate Chinese families with ARCA 

history. All affected patients showed cerebellar ataxia associated with cerebellar 

atrophy, and two related patients were detected with signs of cognitive impairment. 
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Impaired ability of CHIP to promote degradation of NR2A was further suggested as an 

underlying mechanism for development of SCAR16 in these patients (100).  

At the same time, another group reported a different homozygous STUB1 mutation 

(c.737C>T/p.Thr246Met) in two siblings with cerebellar ataxia from China (176). These 

patients displayed severe ataxia associated with clinical features overlapping with the 

Gordon Holmes syndrome including cognitive impairments and hypogonadotropic 

hypogonadism. Similar to the first report, loss of CHIP function was hypothesized to 

directly contribute to the disease phenotypes (176). Further studies revealed several 

other pathogenic mutations in STUB1 associated with SCAR16 including our previous 

study in which a homozygous (c.194A>G/p.Asn65Ser) and a compound heterozygous 

(c.82G>A/p.Glu28Lys and c.430A>T/p.Lys144*) mutation were identified in two 

families originally from Middle East (174).  

To date, more than 30 STUB1 mutations have been reported in association with 

SCAR16 in different domains of CHIP (177-179) (Figure 7). Many of these mutations 

are characterized by negative effects on the activity, interactions, and protein stability 

of CHIP (180). In paper I, the structural instability of CHIP has been investigated as an 

underlying mechanism of SCAR16 for six STUB1 mutations located in the TPR domain 

(Glu28Lys and Asn65Ser), the central HH region (Lys145Gln and Met211Ile) and the 

U-box domain of CHIP (Ser236Thr and Thr246Met) (Figure 7).  

 

 
Figure 7. Homozygous and compound heterozygous STUB1 mutations are associated with 
SCAR16. So far, 30 mutations are reported in association with SCAR16 (177-179). The six 
mutations characterized in paper I are indicated in red. This figure is adapted from (54). 



  44  

Heterozygous mutations in STUB1 have been recently reported to cause ADCA in 

a number of families with late-onset SCA and variably associated phenotypes (68). 

Genis et al. described Spinocerebellar ataxia type-48 (SCA48) for the first time in 

2018, following identification of a frame-shift heterozygous STUB1 variant 

(c.823_824delCT/ p.L275Dfs*16) in six patients from a Spanish family with developed 

cerebellar ataxia and cognitive impairment (68). MRI data showed atrophy in the 

cerebellar areas related to cognition and emotion. Spatial cognition disorder, language 

difficulties, and significant behavioral changes lead to characterization of the cerebellar 

cognitive/affective syndrome (CCAS) in addition to SCA in these patients.  

More SCA48 cases were further reported in ten Italian families with more complex 

syndromes including ataxia in all the patients and several associated phenotypes such as 

chorea, parkinsonism, dystonia, cognitive-psychiatric disorder, epilepsy, hypogonadism 

and other endocrine dysfunctions (181, 182). Some of these clinical features including 

movement and endocrine abnormalities have also been found in SCAR16, suggesting 

continuous and overlapping clinical spectra for the STUB1-related disorders.  

So far, 18 heterozygous STUB1 mutations have been reported in families with 

SCA48 (178) (Figure 8). We have reported and characterized three novel STUB1 

heterozygous mutations found in patients with SCA48 in paper II. 

 

Figure 8. Heterozygous STUB1 mutations have been reported in patients with SCA48. So 
far, 18 mutations are reported in association with SCA48 (178). The three mutations reported 
in paper II are indicated in red. This figure is adapted from (54). 
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1.5. Modeling neurodegeneration in zebrafish 
Zebrafish, Danio rerio, is a tropical bony fish belonging to the infraclass of teleost and 

native to south Asia. Zebrafish are found in a wide range of environmental conditions 

in clear or turbid water with temperatures from 10 to 40 °C, pH from 6 to 10, and 

conductivity from 10 to 271 µS/cm (183). Laboratory strains of zebrafish have been 

maintained in a stable husbandry conditions for at least 25 years (183).  

Zebrafish have been increasingly used as a model organism for the study of 

developmental processes and human diseases due to several advantages that these 

animals provide over other vertebrate models (184). The small body size and short 

generation time (2-3 months) of zebrafish facilitate quick and cheap production of large 

batches without requirements for large areas. Zebrafish produce large clutches of 

externally-fertilized eggs that are optically transparent and develop rapidly, allowing for 

direct in vivo visualization and large-scale analyses during early development (184). In 

addition, the small size and large clutches of zebrafish eggs enable high-throughput gene 

screening approaches for identification of mutations in genetic studies (185). 

 

1.5.1.  Anatomy of zebrafish cerebellum 

During recent years, zebrafish larvae have been found with neurological phenotypes 

comparable to those observed in human including sleeping, learning, and drug addiction, 

which rapidly drew the attentions to the use of these animals in neurobehavioral studies 

(186). The zebrafish central nervous system (CNS) is similarly organized to that of other 

vertebrates dividing into forebrain (Telencephalon and Diencephalon), midbrain 

(Mesencephalon), hindbrain (Cerebellum and Medulla oblongata), and spinal cord 

(Figure 9A and B). In spite of a major difference of scale, the main regions of the 

zebrafish CNS including spinal cord, medulla, cerebellum, hypothalamus, optic tectum 

(superior colliculus) and olfactory system show obvious structural homology to their 

human counterparts (187).  

The cerebellum mainly functions to control motor movements, and is also involved 

in several cognitive and emotional processes by integrating sensory inputs associated 

with motor commands (188). Different types of cerebellar neurons use either glutamate 

(glutamatergic/excitatory neurons) or gamma aminobutyric acid (GABA) and/or 
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glycine (GABAergic/glycinergic/inhibitory neurons) as their major neurotransmitter, 

and are arranged in a three-layer structure including the molecular layer (ML), the 

Purkinje cell layer (PCL), and the granular layer (GL) in both mammalian and zebrafish 

cerebellum (188) (Figure 9C and D). The Purkinje cells of PCL are key inhibitory 

neurons that receive and integrate information from outside of the cerebellum through 

excitatory neurons including climbing fibers and axons of granule cells (parallel fibers), 

as well as inhibitory stellate interneurons and project axons to the adjacent Purkinje cells 

or to other regions of brain via excitatory eurydendroid cells (188) (Figure 9E).  

 
 

Figure 9. The structure and function of the cerebellum is highly conserved between 
mammalian species and zebrafish. The central nervous system presents highly similar 
structures in human (A) and zebrafish (B), consisting the main regions of Telencephalon, 
Diencephalon, midbrain, Cerebellum, and Medulla oblongata. This similarity also includes 
different layers of the cerebellum indicated as: ML (molecular layer), PCL (Purkinje cell layer) 
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and GL (granular layer) in the cross sections of the human (C) and zebrafish (D) cerebellum. 
E) Schematic illustration of neuronal circuits and connections in three layers of zebrafish 
cerebellum, indicating Purkinje cells as key neurons involved in integration and projection of 
sensory information to other parts of nervous system. This figure is adapted from (188, 189). 
MO, medulla oblongata; Ce, cerebellum; H, hypothalamus; TeO, optic tectum; OB, olfactory 
bulb; SC, superior colliculus. 
 
 

A few structural differences have been reported between zebrafish and mammalian 

cerebellum such as the lack of eurydendroid cells for which the deep cerebellar nuclei 

(DCN) plays a functional homologous role in mammals (188). Yet, despite the 

differences, these species are reported with similar expression profiles of the 

GABAergic and glutamatergic neurons, indicating the presence of a similar molecular 

machinery for cerebellar development and functions (188). 

 

1.5.2.  Gene editing in zebrafish 

In addition to the advantages mentioned earlier, the zebrafish genome shows 50-80% 

homology with most human genes, which enables an effective and simplified 

manipulation of gene expression and function for many human gene orthologs (184). 

However, this process can be complicated due to duplication of many genes in zebrafish 

during evolution (184).  

To date, different tools have been introduced for genetic manipulation of zebrafish. 

Knock-out and knockdown techniques include chemical mutagenesis or injections with 

anti-sense morpholinos (MOs) which block translation or splicing of pre-mRNAs, as 

well as interfering RNAs that bind to and further destroy the mRNA of interest (190). 

Injection of synthetic protein-coding mRNAs or expression plasmids into early embryos 

are standard methods for global overexpression or transgenic expression of proteins of 

interest in zebrafish (191). Sequence-specific manipulation of zebrafish genome by 

designed endonucleases has been emerged as a golden technique for efficient targeted 

mutagenesis during recent years. In targeted genome editing techniques, different 

nucleases including zinc finger nucleases (ZFNs), transcription activator-like effector 

nucleases (TALENs), and clustered regularly interspaced short palindromic repeats 

(CRISPR) associated protein 9 (Cas9) endonucleases are used to generate a double-
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strand break (DSB) in the target site (191). DSB repair by non-homologous end joining 

(NHEJ) mechanism is error prone and can result in frameshifts and early stop codons 

by introducing random insertions/deletions. In a more precise method of mutagenesis, 

DSB repair can be directed through homologous recombination (HR)-mediated 

pathway, leading to site-directed integration or substitution of nucleotide(s) (191). 

 

The STUB1 zebrafish orthologue (stub1) encodes a 287 amino acid Chip protein 

(NP_955968.2, NCBI) with 77% sequence identity to the human CHIP. At the C-

terminal, zebrafish Chip is ten amino acids shorter than the human CHIP, however the 

U-box domain structure as well as key residues involved in the interactions with E2 

enzymes are reported to remain conserved in zebrafish (192). In paper III, we have 

characterized Chip expression pattern and enzymatic function in zebrafish and also 

generated and characterized mutant zebrafish with a truncated U-box domain of Chip 

for the first time by using CRISPR/Cas9 technique. 
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2. Aims of the study  
 

STUB1 mutations have recently been reported in spinocerebellar ataxia patients with 

recessive (SCAR16) and dominant (SCA48) types of inheritance. These mutations are 

located in regions encoding different domains of the CHIP protein (see section 1.4.2 for 

more details). The molecular mechanisms by which STUB1 mutations cause the disease 

and the relationship between STUB1 variants and different clinical manifestations are 

not well understood yet. Our group has recently described three novel STUB1 variants 

in families with SCAR16 (174). These mutations were suggested to impact CHIP 

protein expression levels as well as its ubiquitin ligase activity and interactions.  

 

The overarching aims of this thesis were to characterize the molecular properties 

of CHIP under the effect of recently reported recessive and dominant STUB1 mutations, 

and to establish a stable, mutant zebrafish line for investigation of the STUB1-mediated 

disease mechanisms. 

 

Specific objectives were determined as follows: 

1- To study the structural and functional significances of STUB1 mutations mediating 

SCAR16, using in vitro biochemical assays (paper I) 

2- To describe novel heterozygous STUB1 mutations in patients with SCA48 and 

further characterize the structural and functional consequences of these mutations, 

using in vitro biochemical assays (paper II) 

3- To investigate the pathogenic effects of impaired CHIP ubiquitin ligase activity by 

generation and characterization of mutant zebrafish lacking the Chip functional U-

box domain (paper III)  
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3. Summary of results 
 

3.1. Paper I  
In vitro characterization of six STUB1 variants in spinocerebellar ataxia 16 reveals 

altered structural properties for the encoded CHIP proteins. 

 

Several bi-allelic mutations have been described in the STUB1 gene in association with 

the autosomal recessive spinocerebellar ataxia 16 (SCAR16) disease. Some of these 

mutations have been proposed to cause SCAR16 through disruption of CHIP ubiquitin 

ligase activity, protein levels and interactions with the substrates (100, 174, 176). 

However, the effect of these mutations on the structural properties of CHIP has not been 

fully recognized yet. In this paper, we investigated the effect of six STUB1 mutations 

(Glu28Lys, Asn65Ser, Lys145Gln, Met211Ile, Ser236Thr, Thr246Met) on CHIP 

ubiquitin ligase activity, structural stability, and conformational states. These variants 

were expressed as recombinant proteins and examined in vitro by using ubiquitin ligase 

activity, limited proteolysis, size-exclusion chromatography, native gel electrophoresis 

and circular dichroism assays.  

We observed impaired ubiquitination of the Hsc70 substrate by the Asn65Ser and 

Thr246Met variants. The Thr246Met variant was also impaired for self-ubiquitination 

activity. However, the other variants of CHIP displayed similar activities as the wild-

type protein. Limited proteolysis data revealed decreased structural stability for five 

variants of CHIP (Glu28Lys, Lys145Gln, Met211Ile, Ser236Thr, Thr246Met) with 

increased rates of trypsin degradation among which, the Glu28Lys and Thr246Met 

variants had the highest degradation rates. On the other hand, the Asn65Ser variant was 

associated with slower degradation compared to the wild-type CHIP, indicating a more 

stable protein structure for this variant. The oligomeric structure of CHIP protein was 

mostly altered in case of the Glu28Lys, Asn65Ser, and Thr146Met variants: size-

exclusion chromatography of CHIP demonstrated increased amount of high-oligomeric 

forms and less dimers for the Glu28Lys variant compared to the wild-type CHIP. 

Asn65Ser, in contrast, showed elevated levels of dimeric structures and Thr246Met was 

associated with high levels of large oligomeric and monomeric structures, but little 
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amount of dimeric CHIP. Higher-order oligomers were also detected as the major 

conformational state of Thr246Met by native polyacrylamide gel electrophoresis, while 

other variants presented similar patterns of protein migration as the wild-type CHIP. 

Finally, using circular dichroism spectroscopy, increased molar ellipticity at 222 nm 

was observed for Asn65Ser compared to the wild-type protein and other variants, 

indicating elevated levels of secondary structure content for this variant. In contrast, 

Thr246Met was identified with a significant loss of secondary structures. This variant 

also displayed more alterations during thermal denaturation compared to what was 

observed for the wild-type CHIP and other variants. This was demonstrated by the 

absence of dimeric denaturation transition in the protein unfolding profile of Thr246Met 

which, in line with the previous findings, indicates less available dimeric structures for 

this variant.  

Taken together, our results illustrate a profound impact for some of the STUB1 

mutations on the ubiquitin ligase activity and structural properties of CHIP. These data 

can be beneficial to the growing knowledge about the mechanisms behind the 

pathogenicity of SCAR16 disease. 

 

3.2. Paper II  
Genetic dominant variants in STUB1, segregating in families with SCA48, display 

in vitro functional impairments indistinctive from recessive variants associated 

with SCAR16. 

 

Heterozygous mutations in the STUB1 gene have been recently described in association 

with a new form of dominantly inherited cerebellar ataxia disease, spinocerebellar ataxia 

type 48 (SCA48). To date, 18 families are reported with SCA48, presenting cerebellar 

ataxia phenotypes often associated with cognitive-psychiatric disorder and some 

expanding features like dystonia and parkinsonism. However, molecular investigations 

elucidating the pathogenic effects of these variants as well as mechanisms underlying 

their dominant inheritance are still unknown. In this study, we reported three novel 

heterozygous variants of STUB1 in families with SCA48, and for the first time, 
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characterized the structural and functional properties of these variants by in vitro assays 

on recombinant CHIP proteins. 

Using whole exome sequencing, we identified the heterozygous STUB1 variant 

c.152_158delinsCAGC (p.Arg51_Ile53delinsProAla) in the first proband, her father,  

and three siblings of the first family, the variant c.426_441delinsT (p. 

Lys143_Trp147del) in the second proband and her father, and the missense variant 

c.746G>T (p.Gly249Val) in the third proband and her mother. These patients presented 

with common SCA48 phenotypes including progressive cerebellar atrophy and 

dysarthria at the average age of 48, and some were also reported with cognitive and 

psychiatric disorders. However, phenotypes related to other organs such as eye 

movement abnormalities, urinary symptoms and hypergonadotropic hypogonadism 

were rarely reported.  

In vitro functional analysis showed a complete lack of ubiquitin ligase activity 

towards the Hsc70 substrate for all the variants as well as impaired self-ubiquitination 

activity for the Gly249Val variant. Using circular dichroism spectroscopy, we observed 

decreased molar ellipticity at 222 nm as well as loss of one or two unfolding transitions 

in the thermal unfolding profiles of all the variants, which indicate a profound impact of 

the STUB1 mutations on the structure and oligomerization of CHIP. Alterations in the 

oligomeric structure of CHIP variants were further verified by native polyacrylamide 

gel electrophoresis, where all the variants were associated with reduced dimeric 

structures and a remarkable increase in the amounts of higher-order oligomers compared 

to the wild-type CHIP. 

Overall, our findings demonstrate deleterious effects of heterozygous STUB1 

mutations on the ubiquitin ligase activity as well as conformational structure of CHIP. 

These molecular data are found to be similar to those of the previously reported 

recessive STUB1 variants associated with SCAR16. However, the healthy status of 

STUB1 carriers in SCAR16 families complicates speculations on the genotype-

phenotype correlations for these diseases. Therefore, we suggest performing additional 

genetic screenings as well as regular clinical follow-ups for carriers of SCAR16 

variants. Future studies should also aim to investigate molecular effects of more SCA48 
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variants in order to understand the underlying mechanisms and relationships between 

the SCAR16 and SCA48 diseases. 

 

3.3. Paper III 
U-box domain truncation in the Chip protein affects Purkinje neuron morphology 

and leads to behavioral changes in zebrafish. 

 

The pathogenic effects of CHIP deficiency have previously been investigated in vivo by 

using mammalian animal models (151, 176, 193-197). However, molecular mechanisms 

underlying CHIP-related diseases remain to be completely understood. In this study, we 

used zebrafish animals to investigate the phenotypes associated with impaired ubiquitin 

ligase activity of CHIP. We first characterized the zebrafish orthologue of STUB1 

(stub1) and further described zebrafish mutants of stub1 with a truncated U-box domain.    

Analysis of CHIP protein structure and function revealed a high degree of amino 

acid sequence similarity as well as conserved ubiquitin ligase activity between human 

and zebrafish. Transcripts of stub1 were found to be ubiquitously expressed in zebrafish 

tissues, ranging from high levels in reproductive tissues and brain to the lower levels in 

liver, kidney and thyroid. In situ hybridization of brain sections using stub1 cRNA 

probes demonstrated signals in the Purkinje cells and granular layer of the cerebellum, 

indicating a conserved expression pattern for STUB1 between mammals and zebrafish. 

Using CRISPR/Cas9 technique, we generated homozygous mutant zebrafish with a 7-

base pair deletion mutation in the last exon of the stub1 gene, resulting in early stop 

codon and truncation of 28 amino acids from C-terminal of the Chip protein. 

Recombinant Chip proteins produced from the cDNA library of the homozygous mutant 

zebrafish brains were found to be impaired for the ubiquitin ligase activity towards the 

Hsc70 substrate as well as Chip itself. These fish were studied up to the age of 24 

months, and examined for development of phenotypes associated with impaired activity 

of Chip. A progressive reduction of body size was observed for the mutant fish at 6, 12 

and 24 months compared to their wild-type siblings. Magnetic resonance imaging of 

mutant brains at 24 months revealed no major atrophy of the cerebellum or other parts. 

However, a disturbed growth pattern and morphology was detected by immunostaining 
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for the Purkinje cell dendrites of the mutant fish with a significant reduction in the total 

number of distal filaments in the molecular layer of cerebellum at 24 months. Detailed 

examination of mutant Purkinje cell dendrites indicated no significant swelling while 

the number of spines on these filaments were observed with an increasing trend as 

compared to the wild-type dendrites. A significant loss of Purkinje cell bodies was also 

detected in the mutant fish at 6 and 24 months, and mutant cell bodies at 24 months 

displayed decreased size and irregular shapes. Examination of the 26S proteasome 

activity in zebrafish brains indicated a reduced activity in the mutant fish at 24 months 

although this reduction was not associated with increased levels of amyloid oligomers 

nor some of the known CHIP substrates including NR2A, α-synuclein and ataxin-3. 

Finally, analysis of fish behavior indicated less anxiety-like behavior for the mutant 

animals at 12 and 24 months of age compared to the wild-type fish, demonstrated by 

increased amount of time spent in the top zone of a novel tank. The average swimming 

velocity of these fish was also significantly increased at 24 months. Investigation of the 

locomotor activity as well as social behavior did not reveal any significant differences 

between the wild-type and mutant fish. 

Overall, these findings demonstrate a conserved ubiquitin ligase activity as well as 

expression pattern of CHIP between human and zebrafish, and indicate that truncation 

of the Chip U-box domain in zebrafish results in the development of morphological, 

physiological, and behavioral abnormalities that are partially similar to those reported 

in CHIP-deficient mammalian models as well as SCAR16 human patients. Future 

studies on these models as well as knock-out zebrafish with total loss of Chip function 

will significantly improve our understanding of the pathogenic pathways behind 

SCAR16/SCA48 as well as other STUB1-mediated diseases.  
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4. Discussion 
 

Today, neurodegenerative diseases are a matter of great concern as major threats to 

human health, and effective treatments to overcome these destructive diseases require a 

deep understanding of the causes and underlying mechanisms. Therefore, it is important 

to study neurodegeneration from several perspectives to gain a better overview of how 

it affects the overall status of a healthy organism. To this end, we investigate 

spinocerebellar ataxia diseases (SCAR16/SCA48) mediated by variants of the STUB1 

gene through a set of in vitro, in vivo, and clinical studies. Our findings from this thesis 

add to the growing knowledge about protein characteristics of CHIP variants and 

introduce a new mutant animal model for future studies on SCAR16/SCA48 as well as 

other STUB1-related diseases. 

 

4.1. The unknowns of SCAR16 and SCA48 diseases 
In paper I, we characterized the biochemical consequences of six STUB1 mutations 

previously reported in SCAR16 patients (198). Our functional data confirmed previous 

studies where Asn65Ser mutation was shown to impair ubiquitination activity of CHIP 

towards the Hsc70 substrate (174), and Thr246Met variant was reported with a complete 

loss of ubiquitin ligase activity towards chaperone substrates as well as itself (176). We 

also provided the first in vitro evidence regarding the effect of these mutations on CHIP 

structural properties, which indicated significant structural alterations affecting CHIP’s 

stability for the Asn65Ser and Thr246Met variants. These data were later supported in 

a similar study by Kanack et al., indicating that the majority of STUB1 mutations affect 

the ubiquitin ligase activity of CHIP through reducing its structural stability and steady-

state levels (180). They further suggested that defects in the mutant CHIP structure and 

function are often correlated with the location of corresponding mutation(s). For 

example, a direct disruption of interactions through reduction of CHIP’s affinity for the 

chaperones was shown for some mutations located in the TPR domain such as 

Asn65Ser, explaining the inability of this variant to ubiquitinate Hsp70 chaperone 

despite being intact for self-ubiquitination (180). Likewise, the ability of the U-box 

variant Tht246Met, with a complete loss of ubiquitination activity, to maintain 
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chaperone interactions with Hsp70 was previously shown and suggested to be due to the 

presence of an intact TPR domain in this variant (176). In another study, the Lys145Gln 

variant, located in the central domain of CHIP, was predicted to affect CHIP structure 

and stability due to the critical location of the affected amino acid residue in CHIP 

dimerization interface (199). However, our data from size-exclusion chromatography 

and native gel electrophoresis did not indicate any changes in the oligomeric state of the 

Lys145Gln variant. We rather observed changes in oligomerization of Thr246Met and 

Glu28Lys, demonstrated by a significantly higher levels of oligomers for the Thr246Met 

variant and, to a lesser extent, Glu28Lys. Similar findings were also reported for these 

two variants in the study by Kanack et al.(180). 

Taken these data together, we suggest that mutation-specific loss-of-function in 

CHIP through impaired chaperone interactions and/or reduced protein levels is the 

underlying mechanism of several SCAR16 variants, while elevated levels of 

oligomerization in variants Glu28Lys and Thr246Met might also be deleterious through 

gain-of-a toxic function mechanism. The functional effect of some variants including 

Lys145Gln, Met211Ile, and Ser236Thr, with similar structural and functional properties 

to those of the wild-type CHIP, remains unknown. It could be speculated that the 

presence of the other STUB1 nonsense mutation in the compound heterozygous state 

acts together with these variants thereby contributing to the development of SCAR16 in 

these patients. 

 

In paper II, we reported three novel heterozygous STUB1 mutations detected in 

patients referred for genetic testing and investigated their putative role in SCA48. We 

characterized the biochemical effects of these mutations on the ubiquitin ligase activity 

and structural properties of CHIP, and noticed remarkable similarities in these data and 

our previous findings for the recessive SCAR16 variants. We found an intact ability of 

the Arg51_Ile53delinsProAla (located in the TPR domain) and Lys143_Trp147del 

(located in the dimerization domain) variants for self-ubiquitination, while being 

impaired for ubiquitination of the Hsc70 substrate. A complete loss of ubiquitin ligase 

activity was identified for the Gly249Val (located in the U-box domain) variant. These 

data are consistent with the previously suggested correlation between the location of 
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STUB1 mutations and resulting defects in the structure and function of CHIP (180). In 

addition, we observed a high tendency for formation of higher-order oligomers in these 

variants as we had reported for the recessive Thr246Met variant in paper I (198). The 

Thr246Met mutation was first described by Shi et al. in a family affected with ataxia 

and cognitive impairments (176). Cognitive involvement has also been frequently 

reported in SCA48 patients in paper III and other studies (178), which could point out a 

potential connection between aggregates of CHIP and development of this phenotype. 

However, current data regarding the functional implications of SCA48 variants are 

limited to our study, and further investigations on a larger number of mutations are 

required to examine these speculations. 

CHIP functions in a dimeric form. The reported pathogenicity of one mutated 

STUB1 allele in SCA48 patients suggests that, in heterodimers of CHIP, the product of 

the abnormal allele could adversely affect the functional monomer produced from the 

wild-type allele, resulting in CHIP total functional deficiencies. The so called “dominant 

negative effect” of SCA48 variants can be examined in heterozygous mutant systems 

(see section 6 for more details). On the other hand, in SCAR16 families, carriers of 

STUB1 variants do not seem to be affected by the disease while homozygous or 

compound heterozygous patients present cerebellar ataxia phenotypes with earlier onset 

and more severity than that of SCA48 patients. With this said, it would be rational to 

propose that STUB1 mutations lead to location-specific clinical features where, in some 

cases, the presence of one pathogenic allele is enough for the development of cerebellar 

ataxia while, in other cases, it seems as if both alleles need to be mutated in order for 

the disease to manifest. However, such assumptions can be questioned by our earlier 

observations indicating similar functional and structural impacts for the SCAR16 and 

SCA48 variants, as well as by two studies reporting previously described SCAR16 

variants to cause SCA48 in other families (54, 200).  

We suggest that the disease status of STUB1 carriers should be verified at least in 

these families, and clinical follow-ups should be planned to search for possible signs of 

late-onset phenotypes. Further functional investigations on other SCA48 variants will 

also be critical to gain a more complete overview of their biochemical significance 

compared to the SCAR16 variants. In addition, as suggested by Roux et al. (200), the 
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penetrance of STUB1 variants in SCA48 families could be influenced by other factors 

such as sex, variants of other ataxia-related genes or even the polygenic background of 

the person. Although this hypothesis has not so far been verified, future studies should 

still consider examining the potential contributing effect of these factors in the 

development of SCA48. 

 

4.2. The significance of U-box domain in the pathogenesis of CHIP 
In the studies by Heimdal et al. and Madrigal et al., it was hypothesized that mutations 

in certain domains of CHIP with specific biochemical activities are associated with 

distinct clinical features (174, 201). They found that variants of the U-box domain such 

as Thr246Met and Met240Thr can have severe effects on CHIP ubiquitin ligase activity, 

and are strongly associated with additional phenotypes related to cognitive dysfunction 

in SCAR16 patients. Likewise, our findings in paper I and II illustrate more severe 

biochemical impacts for the Thr246Met and Gly249Val variants compared to other 

variants examined, resulting in a complete loss of CHIP ubiquitination function and 

significant structural alterations (198).  

In an attempt to investigate the effect of a non-functional U-box domain on 

development of cerebellar ataxia, we, in paper III, developed the first mutant zebrafish 

with a truncation at the C-terminal of Chip. Our initial investigations indicate a high 

degree of conservation in the function and expression pattern of wild-type CHIP 

between zebrafish and mammalian orthologs, highlighting the potential of zebrafish as 

a model system in CHIP-related studies. Mutant zebrafish lacking the U-box domain 

presented significant deviations in the morphology of cerebellum as well as patterns of 

behavior, consistent with what was previously observed in SCAR16 patients and Stub1 

knock-out mouse models (176, 202).  

Purkinje cell pathology is a common observation in patients with cerebellar ataxia. 

The aberrant function and degeneration of Purkinje cells in spinocerebellar ataxias are 

suggested to be due to altered expression or activity of proteins and membrane channels, 

which result in downstream changes in calcium homeostasis and synaptic input from 

climbing and parallel fibers (203). Neuropathological examination of the cerebellum in 

SCAR16 patients with compound heterozygous mutations in STUB1 (Met211Ile and 
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Glu238*) indicates severe decrease in Purkinje cells and neurons of the granular layer 

(202). Stub1 -/- mice were also reported with loss of Purkinje cells and swollen dendrites 

in the cerebellum (176). Likewise, we could demonstrate a progressive disorganization 

of the dendrites with a decrease in the number and size of cell bodies in the Purkinje 

cells of the mutant fish up to 24 months of age, assuming that larger perturbations might 

happen at later ages. We did, however, not observe evidence of major atrophy of the 

cerebellum or other regions in mutant brains by 24 months of age, although this is a 

common phenotype in patients with STUB1-mediated cerebellar ataxia. Considering the 

average maximum lifespan of 3-5 years for laboratory zebrafish, observation of age-

related phenotypes can also be expected after 24 months. On the other hand, it cannot 

be ruled out that the MRI system of our choice could potentially limit our ability to 

detect smaller deviations between the cerebellum structure of wild-type and mutant 

zebrafish as it is primarily designed for visualization of the brain anatomy in larger 

animals such as mice and rats. Development of new imaging tools specialized for 

zebrafish brain would therefore be advantageous for a more precise characterization of 

the morphology of the cerebellum in these animals in future.  

Behavioral data indicated changes related to a reduced level of anxiety in the 

mutant fish, demonstrated by increased time spent in the top zone of a novel tank. 

Similar pattern of behavior has previously been reported for mice with total loss of CHIP 

function, and was suggested to indicate an abnormal exploration pattern in a novel 

environment (176). The exploratory behavior is known as an intrinsic behavior 

important for survival. Investigations of a novel environment or novel objects in a 

familiar environment require high levels of sensory processing in the cerebellum (204), 

and has been hypothesized to be related to cognitive functions (205). In addition, 

degeneration of the cerebellum and neuronal circuits can result in an increased activity 

or repetitive and stereotypical behaviors due to disruption of inhibitory control, and 

hyperactivity has been reported in patients with dementia and attention deficit disorders 

(206, 207). Although the locomotion behavior studies revealed similar findings in the 

overall activity of the wild-type and mutant fish, a significant increase was observed in 

the average velocity of these fish in the novel tank at 24 months of age, which might be 

an early indicator of a tendency for more activity. Thereby, we propose that the 
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abnormal behavior observed for the mutant fish in the novel tank diving experiment can 

possibly be related to the cognitive dysfunction often seen in SCAR16 patients with 

impaired U-box domain of CHIP. However, these data should be considered as 

preliminary and future studies are required on these fish to understand if the phenotypes 

persist and increase in severity at later ages. In addition, we do not exclude the 

possibility that the intact N-terminal of Chip in the mutant fish might have a 

compensating effect for the impaired U-box domain by targeting at least a few substrates 

for ubiquitination via the TPR domain, as previously reported for α-synuclein and NR2A 

substrates (108, 131). Therefore, future experiments should be designed to investigate 

the pathogenic effect of total loss of CHIP function as well as disease-associated variants 

of different CHIP domains by using knock-out and knock-in animal models (see section 

6 for more details).  

 

4.3. The power of zebrafish in neurodegeneration science  
While working at the University of Oregon in 1970s, George Streisinger recognized 

the vast potential of zebrafish for the first time in developmental and genetics research. 

He is known as the founding father of zebrafish research, and published the very first 

method for the use of zebrafish in screening mutants among a pathogenic population 

(208). His valuable discovery has been spread to over 300 research laboratories as of 

today. 

Modelling human diseases in primary model organisms with a completely 

sequenced genome allows for a fast screening of mutations and a better understanding 

of protein interactions and regulatory pathways within the context of a simpler 

biological system. For instance, worms and fruit flies are common transgenic systems 

to study toxic mechanisms underlying neurodegenerative diseases (209). Zebrafish, as 

a vertebrate, has developed a more similar nervous system to those of mammalian 

species. The anatomical and structural similarities of CNS, together with the presence 

of a more comparable genetic background containing orthologs of many human genes 

have led to the use of these animals in modelling a wide range of neurodegenerative 

diseases (187). 
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Zebrafish models of Alzheimer’s disease have been generated by loss of APP 

function, resulting in reduced body length and impaired movements during early 

development (210). Stable transgenic zebrafish lines expressing mutant human tau 

proteins have also been established that show pathologic phenotypes of tauopathies such 

as hyperphosphorylation and accumulation of tau within the brain and 

neurodegeneration in spinal cord. Zebrafish embryos expressing mutant tau are reported 

with disruption of escape behavior in response to touch stimulus (211, 212).  

Models of Parkinsonism are well established in zebrafish by injection with 

neurotoxins like 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine (MPTP) and 6-

hydroxydopamine6-(OHDA). These animals are reported with typical neurochemical 

and behavioral phenotypes of PD including reduced velocity and traveled distance, 

reflecting impaired motor coordination, as well as deficiencies in memory and learning 

(213, 214). Transgenic and knock-out zebrafish models of PD have also been generated 

for some disease-associated genes (215, 216). For example, knockdown of pink1 

resulted in reduced swimming behavior and alterations in mitochondrial function (217). 

Zebrafish with parkin deficiencies were reported with loss of dopaminergic neurons and 

impaired mitochondrial respiratory chain while transgenic overexpression of parkin 

suggested a protective role against cell death (218, 219). Transient expression of another 

PD-associated gene, snca, is reported to cause axon swelling followed by cell death in 

zebrafish sensory neurons, indicating the toxicity of the encoded protein, a-synuclein, 

in the axonal compartment (220). In addition, heterozygous zebrafish with 

glucocerebrosidase1 deficiencies showed degeneration of dopaminergic neurons and 

reduced motor activity (221).  

Huntingtin loss-of-function in zebrafish resulted in blood hypochromia and 

reduced hemoglobin production due to altered iron metabolism as a pathological 

mechanism of HD. Moreover, morphant zebrafish displayed reduced sensory neurons 

in telencephalic tissues where huntingtin is mainly believed to function (222). Loss of 

huntingtin function were associated with small eyes and head as well as abnormal jaw 

in other zebrafish models of HD (223).  

Zebrafish are also known to have a great potential in behavioral research by 

presenting conserved behavioral patterns, similar to what has been reported in 
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mammalian species. The recently developed powerful video-tracking tools enable high-

throughput screening of behavior for both larval and adult zebrafish. Several studies 

have described zebrafish responses to various drugs such as fluoxetine (224) and ethanol 

(225), and reported behavioral phenotypes of adult fish in connection to different 

diseases including social behavior (226), addiction (227), sleeping (228), memory and 

learning (229). The exposure of zebrafish to an unfamiliar environment, as well as some 

pharmacological agents, have been reported to evoke a robust response consistent with 

previous findings in rodents, supporting the capacity of zebrafish as a valid model of 

anxiety and exploratory behaviors (230, 231). 

Despite several advantages of zebrafish as a model organism for 

neurodegenerative diseases, one should also consider the limitations associated with 

these animals as a potential determining factor in translational research. The presence 

of more than one copy of several genes in the zebrafish genome as a result of a whole 

genome duplication complicates identification of human homologs and the process of 

gene editing in zebrafish (184). In such cases, the function of a gene could be divided 

between the two duplicated genes or completely lost for one of the genes. Therefore, it 

is important to consider a possible compensating effect of the duplicated gene for the 

loss of function of a homolog targeted for knockdown or knock-out (184). The lack of 

high-quality antibodies against various zebrafish proteins represents another obstacle 

for the use of these animals in different immunoassays such as immunohistochemistry, 

western blotting, and immunoprecipitation. Technical and economic investments for 

generation of new specific antibodies would, therefore, be beneficial to the use of 

zebrafish in an increasing number of research projects. As previously mentioned, the 

simple structure of nervous system in non-mammalian species enables a better 

understanding of human diseases. Although, this applies to conditions where the 

underlying mechanisms are phylogenetically conserved to a sufficient level. Several 

lines of evidence indicate that observations in zebrafish models of different diseases are 

clinically applicable due to the presence of conserved CNS structures between zebrafish 

and human (187). However, there are a few striking differences reported between 

mammalian and zebrafish brain. The ability of zebrafish nervous system for continued 

growth and generation of new neuronal circuits after injury or a disease, for instance, is 
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in contrast to the inhibitory environment of mammalian CNS for regeneration (232). It 

is not clear whether the repairing capacity of zebrafish brain can hamper the power of 

this organism in modelling degenerative diseases (187). 

 

Overall, initial zebrafish models of several neurodegenerative diseases indicate the 

development of key morphological and biochemical features shared with human 

diseases, which provide an excellent outlook for application of zebrafish to study the 

pathogenesis of these diseases. However, it is also possible that early findings could not 

yet fully represent the degree to which human diseases are acting. Optimization of 

current models and assays are hence critical to generate a valuable progress in this 

important field of neurology.  
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5. Concluding remarks 
 

The work presented in this thesis highlights the key role of the CHIP protein in the 

maintenance of protein homeostasis for normal cellular functions. Our findings illustrate 

the molecular basis of genetic defects in CHIP structure and function, and provide 

further insights into the role of aberrant ubiquitin ligase function in CHIP-mediated 

diseases by using stub1 mutant zebrafish. 

 

Characterization of the STUB1 mutations associated with the recessive SCAR16 

and dominant SCA48 diseases in paper I and paper II demonstrated similar 

biochemical impacts on CHIP ubiquitin ligase activity and oligomerization properties. 

However, the presence of unaffected heterozygous carriers reported in SCAR16 families 

opens up new questions regarding the validity of current data on the disease status of 

SCAR16 parents and highlight the importance of future studies focusing on the exact 

mechanisms behind the pathogenesis of each of these variants. 

 

The study of homozygous mutant zebrafish expressing Chip with a truncated, non-

functional U-box domain in paper III revealed severe alterations in the body size and 

cerebellum structure, as well as behavioral changes related to anxiety and exploration 

patterns. These findings indicate deleterious effects of impaired ubiquitin ligase activity 

of CHIP and moreover, suggest zebrafish as a new potential animal model for the study 

of STUB1-mediated cerebellar ataxias. 
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6. Future perspectives 
 

Our findings in paper I and paper II indicate that STUB1 mutations can affect ubiquitin 

ligase activity as well as the structural stability and oligomerization of CHIP to different 

extents. However, the underlying mechanisms through which these mutations cause the 

disease are not fully understood yet. Therefore, future work should focus on unravelling 

the pathogenesis of SCAR16 and SCA48 disorders, and also investigate how STUB1 

mutations of different type and location contribute to specific clinical expressions.  

STUB1 mutations have been mostly reported to cause a loss-of-function in CHIP, 

either directly through affecting its ubiquitination activity, or by impairing CHIP 

structure and interactions (180). In this respect, the use of high-throughput RNA 

sequencing and protein-protein interaction screenings can serve as a starting point to 

identify a wider range of substrates and cellular processes regulated by CHIP, and 

therefore, enable a better characterization of impaired interaction networks mediated by 

CHIP variants. On the other hand, formation of higher order oligomers and protein 

aggregates have been reported for some of the CHIP variants by our group as well as in 

other studies (180), which indicate a potential gain-of-function mechanism for the 

disease. This can further be investigated in neuronal cell cultures and animal models by 

using approaches such as cytotoxicity and cell viability assays.  

STUB1 variants have been suggested to cause a dominant negative effect on CHIP 

function in SCA48 patients (54). However, the healthy status of heterozygous parents 

to SCAR16 patients argues against this hypothesis. Therefore, we suggest that future 

functional studies aim to elucidate mutation-specific effects of STUB1 variants 

associated with both SCAR16 and SCA48 diseases. The dominant negative effect of 

mutations can be also examined in heterologous expression systems by using cell lines 

simultaneously transfected with wild-type and mutant STUB1 plasmids, as well as in 

vivo models heterozygous for the STUB1 mutations. On the other hand, carriers of 

recessive STUB1 variants should be verified for the disease status in the SCAR16 

families where heterozygous parents or siblings of the proband are available, and 

clinical examinations are required to check for the development of late-onset phenotypes 

in these individuals. Whole exome sequencing of heterozygous SCA48 patients in order 
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to search for variants of other ataxia-related genes, as was performed in paper II for 

families with Arg51_Ile53delinsProAla and Lys143_Trp147del variants, would also be 

beneficial to the identification of potential contributing factors in the development of 

SCA48. In addition, common genetic polymorphism has recently been suggested as a 

risk factor for the development of cognitive dysfunction in ALS patients. Therefore, 

investigations determining the polygenic risk score of SCA48 are highly suggested 

(233). 

 

We have reported a progressive development of abnormal phenotypes associated 

with impaired U-box domain of Chip in the homozygous mutant zebrafish in paper III. 

Our data highlight the potential for zebrafish as new models of SCAR16/SCA48. Future 

studies should focus on investigating the progressive effect of truncated U-box domain 

in these fish after 24 months of age, and to characterize cellular pathways behind their 

phenotypes. For example, severe disorganization of Purkinje cell dendrites and loss of 

Purkinje cell bodies in the mutant cerebellum should be studied more in-depth. Also, it 

would be interesting to analyze the differential expression of Chip and its substrates in 

these fish. Therefore, obtaining a specific antibody against zebrafish Chip is considered 

a priority.  

In an attempt to explore whether total loss of CHIP function may have different 

phenotypic consequences compared to CHIP with a non-functional U-box domain, we 

have recently established a stub1 knock-out zebrafish line by targeting the third exon of 

the stub1 gene for CRSPR/Cas9 mutagenesis. Preliminary results from characterization 

of the homozygous and heterozygous mutant offspring at 6 and 12 months of age show 

alterations in certain phenotypes, partly similar to those we reported for the U-box-

truncated fish in paper III. Further analyses of these fish will be necessary to determine 

the pathogenic effect of total loss of Chip function, and also to distinguish the clinical 

features of heterozygous and homozygous mutant fish. Moreover, generation of knock-

in zebrafish with disease-associated mutations in the stub1 gene could be a very 

powerful approach to study the connections between defects in different domains of 

CHIP and specific phenotype manifestations both in the heterozygous and homozygous 
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states. Such studies might also be useful for understanding of the underlying 

pathogenesis pathways and connections between SCAR16 and SCA48 diseases. 

 

From the broader perspective, CHIP acts as a key protein to regulate cellular 

homeostasis and ensure quality control in several pathways and networks. The 

possibility of using CHIP as a biomarker and therapeutic agent has been tested in a 

number of human cancers such as breast cancer and gastric cancer (234). Likewise, the 

protective role of CHIP during neurodegeneration calls attentions for its potential to 

benefit the treatment of neurodegenerative diseases. Upregulation of CHIP expression 

by small-molecule agonists of CHIP such as sulforaphane, for instance, has been 

suggested as a promising therapeutic target for the treatment of neurological disorders 

(235). Future work to understand the extent of CHIP ubiquitin ligase activity and co-

chaperoning functions in different cellular processes, and to improve current knowledge 

regarding the underlying mechanisms of CHIP functioning allows for the use of this 

multifaceted protein as a possible therapeutic molecule in various treatment strategies. 
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Appendix A. Classification of hereditary CA disorders. 
 

Disease  Associated Clinical Features Gene/locus OMIM 

 SCA1 Pyramidal/extrapyramidal signs 
Peripheral neuropathy 
Dementia 

ATXN1 164400 

SCA2 Pyramidal/extrapyramidal signs 
Peripheral neuropathy 
Dementia 
Retinal degeneration 

ATXN2 183090 

SCA3 (MJD) Pyramidal/extrapyramidal signs ATXN3 109150 

SCA4 Axonal sensory neuropathy 
Hypo/areflexia 

16q22.1 600223 

SCA5 Tremor 
Hyperreflexia 

SPTBN2 600224 

SCA6 Vibratory and sensory loss CACNA1A 183086 

SCA7 Pigmental macular dystrophy ATXN7 164500 

SCA8 Mild aspiration 
Spasticity 

ATXN8 608768 

SCA10 Seizures 
Pyramidal signs 

ATXN10 603516 

SCA11 Pyramidal signs TTBK2 604432 

SCA12 Pyramidal/extrapyramidal signs 
Dementia 

PPP2R2B 604326 

SCA13 Moderate intellectual disability 
Mild developmental delay 
Pyramidal signs 

KCNC3 605259 

SCA14 Cognitive deficits PRKCG 605361 

SCA15/16 Pyramidal signs 
Tremor 

ITPR1 606658 

SCA17 Pyramidal/Extrapyramidal signs 
Intellectual impairments 
Dementia 
Seizures 

TBP 607136 

SCA18 Early sensorymotor neuropathy 
Hyporeflexia 

7q22-q32 607458 

SCA19/22 Cognitive impairment /Pyramidal 
Extrapyramidal signs 

KCND3 607346 

SCA20 Spasmodic dysphonia 
Pyramidal signs 

11q12 608687 

AD
C
A 
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Disease Associated Clinical Features Gene/locus OMIM 

 SCA21 Cognitive impairment 
Extrapyramidal signs 

TMEM240 607454 

SCA23 Peripheral sensory neuropathy PDYN 610245 

SCA25 Peripheral sensory neuropathy SCA25 608703 

SCA26  EEF2 609306 

SCA27 Early-onset tremor FGF14 609307 

SCA28 Hyperreflexia AFG3L2 610246 

SCA29 Learning deficits 
Tremor 

ITPR1 117360 

SCA30 Hyperreflexia 4q34.3-q35.1 613371 

SCA31 Reduced muscle tone BEAN1 117210 

SCA34 Pyramidal signs ELOVL4 133190 

SCA35 Pyramidal signs 
Tremor 

TGM6 613908 

SCA36 Tongue atrophy 
Hyperreflexia 
Motor neuropathy 

NOP56 614153 

SCA37  1P32 615945 

SCA38 Axonal neuropathy ELOVL5 615957 

SCA40 Tremor 
Hyperreflexia 

CCDC88C 616053 

SCA41  TRPC3 616410 

SCA42  CACNA1G 616795 

SCA43 Peripheral neuropathy 
Hyporeflexia 
Tremor 

MME 617018 

SCA44 Dysphagia 
Hyperreflexia 
Spasticity 

GRM1 617691 

SCA45  FAT2 617769 

SCA46 Sensory neuropathy PLD3 617770 

SCA47 Dyplopia 
Hypotonia 

PUM1 617931 

SCA48 Cognitive-affective impairments 
Dysphagia 
Anxiety 
Urinary symptoms 

STUB1 618093 

AD
C
A 
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Disease Associated Clinical Features Gene/locus OMIM 

 
 

DRPLA Extrapyramidal signs 
Seizures 
Dementia 

ATN1 125370 

ADCADN Deafness 
Sensory neuropathy 
Psychosis, depression 

DNMT1 604121 

HLD6 Extrapyramidal signs 
Spasticity 
Learning disability 

TUBB4A 612438 

GRID2-
related SCA 

Cognitive delay 
Hearing loss 

GRID2 (236) 

Pure CA  C9orf72 (237)  

DEE47 Infantile seizures 
Axial hypotonia 
Microcephaly 
Intellectual disability 

FGF12 617166 

CAPOS Episodic encephalopathy 
Hypotonia 
areflexia 
Hearing loss 
Optic atrophy 

ATP1A3 601338 

EA1 Myokymia 
Tremor attacks 

KCNA1 160120 

EA2 Dizziness attacks CACNA1A 108500 

EA3 Vertigo 
Tinnitus 
Myokymia 

1q42 606554 

EA4 Vertigo attacks 
Diplopia 

— 606552 

EA5 Vertigo attacks CACNB4 613855 

EA6 Seizures 
Slurred speech 
Vertigo, diplopia, nausea, vomiting 

SLC1A3 612656 

EA7 Weakness 19q13 611907 

EA8 Weakness 
Tremor 

1p36.13-
p34.3 

616055 

EA9 Headache 
Dizziness 
Vomiting 

SCN2A 618924 

SPAX1 Spasticity, Hyperreflexia  
Pes cavus 
Dystonia/Hypertonia 

VAMP1 108600 

AD
C
A 
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Disease Associated Clinical Features Gene/locus OMIM 

 SCAR10 Hyperreflexia ANO10 613728 

EAOH 
(AOA 1) 

Oculomotor apraxia 
Choreoathetosis 
Peripheral neuropathy 

APTX 208920 

AT Conjuctival telangiectasia 
Oculomotor apraxia 
Immune deficiency 

ATM 208900 

IOSCA Sensory neuropathy 
Hearing loss 
Seizures 
Muscular hypotonia 
Thetosis 

C10orf2 271245 

CTX Pyramidal/extrapyramidal signs 
Cataracts 
Mental disability 
Tendon xanthomata 

CYP27A1 213700 

FRDA Babinski responses 
Cardiomyopathy 

FXN 229300 

RD Peripheral neuropathy 
Hearing loss 
Anosmia 
Cataracts 
Retinopathy 
Cardic dysfunction 

PHYN 
PEX7 

266500 

BNHS Hypogonadotropic hypogonadism 
Chorioretinal dystrophy 

PNPLA6 215470 

CANVAS Sensory neuropathy 
Impaired vestibular reflex 

RFC1 614575 

SACS Pyramidal signs 
Retinopathy 
Peripheral neuropathy 

SACS 270550 

SCAN2 
(AOA 2) 

Pyramidal/extrapyramidal signs 
Oculomotor apraxia 
Peripheral neuropathy 
sensory neuropathy 

SETX 606002 

MSS Cataracts 
Somatic and mental retardation 
Hypergonadotropic Hypogonadism 
Myopathy 

SIL1 248800 

BVVLS2 Deafness 
Tongue fasciculation 
Respiratory distress 

SLC52A2 614707 

SCAR20 Intellectual disability 
Absent speech 
Pyramidal signs 

SNX14 616354 

AR
C
A 
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Disease Associated Clinical Features Gene/locus OMIM 

 SCAR8 Extrapyramidal signs 
Optic atrophy 

SYNE1 610743 

VED Vitamin E deficiency 
Areflexia 
Friedreich’s ataxia 

TTPA 277460 

WFS1 Juvenile diabetes 
Optic atrophy 
Hearing impairment 
Dementia or Mental retardation 

WFS1 222300 

PHARC Refsum disease (RD) ABHD12 612674 

ICRD Hypotonia 
Muscle atrophy 
Seizures 
Optic atrophy 

ACO2 614559 

SCAR9 Seizures 
Intellectual/cognitive regression 
Extrapyramidal signs 

COQ8A 612016 

ATCAY Tremor ATCAY 601238 

SCAR25  ATG5 617584 

CAMRQ4 Mental retardation ATP8A2 615268 

SPG76 Spasticity  
Hyperreflexia 
Foot deformities 

CAPN1 616907 

LKPAT Visual defects 
Learning disabilities 
Headaches 

CLCN2 615651 

CLN5 Myoclonic epilepsy 
Dementia 
Visual failure 

CLN5 256731 

SCAR17 Hypotonia/dystonia 
Impaired intellectual development 

CWF19L1 616127 

AXPC1 Retinitis pigmentosa 
Sensory loss 

FLVCR1 609033 

SCAR27 Spasticity 
Cognitive impairment 

GDAP2 618369 

EMP6 Myoclonus epilepsy GOSR2 614018 

SCAR18 Intellectual disability 
Hypotonia 

GRID2 616204 

SCAR13 Intellectual deficits 
Poor/absent speech 
Hyperreflexia 

GRM1 614831 

AR
C
A 
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Disease Associated Clinical Features Gene/locus OMIM 

 SESAMES Hearing loss 
Seizures 
Mental retardation 

KCNJ10 612780 

SCAR15 Cognitive impairment 
Developmental delay 
Seizures 

KIAA0226 615705 

PTBHS Retinal dystrophy LAMA1 615960 

Early-onset 
ataxia 

Intellectual disability 
Seizures 

MTCL1 (238) 

DMJDS1 Intellectual disability 
Spasticity  
Dystonia 
Microcephaly 
Visual impairments 
Seizures 

PCDH12 251280 

SCAR2 Delayed cognitive development 
Intellectual disability 

PMPCA 213200 

AOA 4 Dystonia 
Oculomotor apraxia 
Peripheral neuropathy 
Cognitive impairment 

PNKP 616267 

MTDPS4A 
MTDPS4B 
SANDO 
PEOB1 

Epilepsy 
Mental retardation 
Axonal neuropathy 
Myopathy 
Sensory ataxia 

POLG 203700 
613662 
607459 
258450 

HLD7 
HLD8 

Spasticity 
Tremor 
Hypotonia 
Cognitive regression 
Hypogonadotropic hypogonadism 

POLR3A 
POLR3B 

607694 
614381 

PACA Neonatal diabetes 
Facial dysmorphism 

PTF1A 609069 

GDHS Cognitive decline 
Hypogonadotropic hypogonadism 
Chorea 

RNF216 212840 

LIKNS Sensorineural hearing loss SLC9A1 616291 

HMSN6B Optic atrophy 
Peripheral axonal neuropathy 
Myoclonus 

SLC25A46 616505 

SCAR14 Intellectual disability SPTBN2 615386 

SCAR12 Mental retardation 
Seizures 
Spasticity 

WWOX 614322 
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Disease Associated Clinical Features Gene/locus OMIM 

 NADGP Dystonia 
Athetosis 
Cognitive decline 

SQSTM1 617145 

SCAR16 Peripheral sensory neuropathy 
Cognitive impairments 
Pyramidal signs 

STUB1 615768 

SCAR11  SYT14 614229 

SCAN1 Sensorimotor neuropathy 
Hypo/areflexia 
Pes cavus 

TDP1 607250 

SCAR23 Epilepsy 
Intellectual disability 

TDP2 616949 

SCAR7  TPP1 609270 

COXPD3 Hypotonia 
Encephalomyopathy 
Cardiomyopathy 

TSFM 610505 

COXPD29 Microcephaly 
Spasticity 
Epilepsy 

TXN2 616811 

SCAR24 Cataracts UBA5 617133 

SCAR4 Oculomotor abnormalities 
Pyramidal/extrapyramidal signs 

VPS13D 607317 

CAMRQ1 Mental retardation 
Tremor 

VLDLR 224050 

SCAR22 Intellectual disability 
Pyramidal signs 

VWA3B 616948 

GAMOS1 
(SCAR5) 

Microcephaly 
Seizures 
Nephrotic syndrome 

WDR73 251300 

SPAX2 Spasticity KIFIC 611302 

SPAX3 Spasticity 
Hyperreflexia 
Urinary urgency 
Dystonia 

MARS2 611390 

SPAX4 Spasticity 
Optic atrophy 

MTPAP 613672 

SPAX5 Spasticity 
Oculomotor apraxia 
Dystonia 
Epilepsy 

AFG3L2 614487 

SPG7 Spasticity  
Hyperreflexia 

SPG7 607259 
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Disease Associated Clinical Features Gene/locus OMIM 

 ASAT Asymptomatic anemia ABCB7 301310 

SCAX1 Hypotonia ATP2B3 302500 

MICPCH Intellectual disability 
Microcephaly 

CASK 300749 

FXTAS Cognitive decline 
Parkinsonism 
Tremor 

FMR1 300623 

MRX60 Hypotonia 
Seizures 
Mental retardation 
Facial dysmorphism 

OPHN1 300486 

MRXSCH Mental retardation 
Microcephaly 
Hypotonia 
Epilepsy 

SLC9A6 300243 

SCAX5 Neonatal hypotonia Xq25-q27.1 300703 

 MERRF Myoclonic epilepsy 
Deafness 

MTTK 
MTTL1 
MTTH 
MTTS1 
MTTS2 
MTTF 

545000 

NARP Sensory neuropathy 
Retinitis pigmentosa 

MTATP6 551500 

KSS Retinopathy 
Cardiomyopathy 

MTTL1 530000 
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Spinocerebellar ataxia, autosomal recessive 16 (SCAR16) is caused by biallelic mutations in
the STIP1 homology and U-box containing protein 1 (STUB1) gene encoding the ubiquitin
E3 ligase and dimeric co-chaperone C-terminus of Hsc70-interacting protein (CHIP). It has
been proposed that the disease mechanism is related to CHIP’s impaired E3 ubiquitin lig-
ase properties and/or interaction with its chaperones. However, there is limited knowledge
on how these mutations affect the stability, folding, and protein structure of CHIP itself.
To gain further insight, six previously reported pathogenic STUB1 variants (E28K, N65S,
K145Q, M211I, S236T, and T246M) were expressed as recombinant proteins and studied
using limited proteolysis, size-exclusion chromatography (SEC), and circular dichroism (CD).
Our results reveal that N65S shows increased CHIP dimerization, higher levels of α-helical
content, and decreased degradation rate compared with wild-type (WT) CHIP. By contrast,
T246M demonstrates a strong tendency for aggregation, a more flexible protein structure,
decreased levels of α-helical structures, and increased degradation rate compared with WT
CHIP. E28K, K145Q, M211I, and S236T also show defects on structural properties com-
pared with WT CHIP, although less profound than what observed for N65S and T246M.
In conclusion, our results illustrate that some STUB1 mutations known to cause recessive
SCAR16 have a profound impact on the protein structure, stability, and ability of CHIP to
dimerize in vitro. These results add to the growing understanding on the mechanisms behind
the disorder.

Introduction
The recessively inherited group of cerebellar ataxias (autosomal recessive cerebellar ataxia, ARCA)
is commonly characterized by early onset and gradual worsening of gait, balance, and coordi-
nation over months and years. Friedreich ataxia (prevalence of 2–4/100,000) is known to be
the most frequent type of ARCA, followed by ataxia telangiectasia (prevalence 1–2/100,000) and
early onset cerebellar ataxia with retained tendon reflexes (prevalence 1/100,000) [1,2]. Many new
ARCA genes have been identified recently due to the use of whole exome sequencing (WES)
as routine in several diagnostics laboratories. Recently, it was shown that recessive mutations in
STUB1 can cause spinocerebellar ataxia, autosomal recessive 16 (SCAR16) in some families [3-10].

c© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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STUB1 encodes STUB1 (STIP1 homology and U-box containing protein 1), also known as C-terminus of
Hsc70-interacting protein (CHIP), an evolutionary conserved protein of∼35 kDa that is highly expressed as a dimeric
co-chaperone in tissues that are active in terms of metabolism and protein turnover, such as brain, heart, and skele-
tal muscle. The protein was first identified as a tetratricopeptide repeat (TPR) domain-containing protein during a
human cDNA library screening looking for proteins with a TPR domain possibly involved in stress regulation [11].
Further structural analysis revealed similarities between the C-terminus of CHIP (theU-box) and the E3 ligase com-
ponent of the ubiquitin–proteasome pathway, suggesting an active role in ubiquitination of chaperone substrates for
CHIP [12]. Thus,CHIPwas discovered as the first ubiquitin ligase that directly associates withmolecular chaperones.
CHIP labels non-native proteins unable to be refolded by chaperones for proteasomal degradation [12-14].
The primary structure of CHIP has two main domains: an N-terminal TPR domain mediating the interaction of

CHIP with Hsp70 and Hsp90 molecular chaperones; and a C-terminal U-box domain facilitating ubiquitination of
chaperone substrates through the interaction with different E2 enzymes. These domains are separated by a central he-
lical hairpin region (also termed the central coiled-coil (CC) domain), which influences the dimerization and stability
of the whole protein [15].

To date, 19 pathogenic STUB1 variants have been described associated with SCAR16 according to the Human
Gene Mutation Database [16]. Studies reporting the structural/functional consequences of these variants are few
and the protein folding and stability properties of CHIP variants have so far been poorly investigated. Six STUB1
variants, i.e. E28K, N65S, K145Q,M211I, S236T, and T246Mwere selected for the present study. The overall aim was
to characterize the structural properties of these CHIP mutants with special focus on protein structure, stability, and
CHIP’s ability to oligomerize in vitro, with the aim to discover newmechanisms for disease development of SCAR16.
The six STUB1 variants have been identified and reported as pathogenic in individuals with SCAR16 [3,5,7,10]; E28K
and N65S were identified in two families with ARCA and cognitive impairment by our group [3]. T246M was first
described by Shi et al. [9in a patient with ataxia and hypogonadotropic hypogonadism. This variant was included
in the study due to phenotypic similarity with patients carrying the E28K and N65S mutations. Variants K145Q,
M211I, and S236T were additionally selected to represent variants fromCHIP protein domains reported to be crucial
for CHIP dimerization or protein–protein interactions [5,7,10]. All these variants affect residues that are conserved
across eukaryotic species. The positions of these variants within the CHIP protein structure as well as their position
within the amino acid sequence alignment are shown in Figure 1.

Materials and methods
Plasmids and mutagenesis
Full-length cDNA encoding human CHIP was subcloned into the bacterial expression vector pETM-41 (EMBL) as
previouslydescribed [3]. All STUB1 variantsweremade usingQuikChangeXL Site-directedMutagenesis Kit (Agilent
Technologies).We verified the sequence of all constructs by Sanger sequencing.

Expression and purification of CHIP from Escherichia coli
The His-maltose-binding protein (MBP)-CHIP fusion proteins were expressed for 24 h at 25◦C in the
BL21-CodonPlus (DE3)-RP E. coli strain (Agilent Technologies). Cells were harvested by centrifugation at 4000×g
and lysed by sonication in 5ml/gwetweight lysis buffer (50mMNaH2PO4 ·H2O, 300mMNaCl, 10mM imidazole, 20
mM 2-mercaptoethanol, 0.1% Tween-20, pH 8). TheHis-MBP-tagged proteins were purified using Ni-NTA agarose
nickel resin (Qiagen), according to manufacturer’s instruction. To generate CHIP, theHis-MBP-tagged proteins were
cleaved by Tobacco etch virus (TEV) protease (molar ratio 1:10) for 2 h at room temperature. In order to choose an
appropriate buffer for protein storage and further experiments, TEV cleaved wild-type (WT) MBP-CHIP proteins
were dissolved in three different buffer compositions and centrifuged for 19 h at 200000×g (80000 rpm) at 4◦C. All
the pellets and supernatants were analyzed for CHIP protein content, using sodium dodecyl sulfate/polyacrylamide
gel electrophoresis (SDS/PAGE) and followed by Coomassie Blue staining.

CHIP ubiquitination activity assay
In vitro ubiquitination activity assay was set up for bothMBP-fusion and MBP-cleaved CHIP recombinant proteins.
The reactions were prepared in a total volume of 20 μl, containing 2.5 μM (MBP)-CHIP (E3), 2.5 μMUbcH5c (E2)
(Boston Biochem), 0.05 μM Ube1 (E1) (Boston Biochem), 250 μM ubiquitin (Boston Biochem), and 0.8 μM re-
combinant human His-HSPA8 (HSC71) (CHIP substrate) (Life Technologies AS, Thermo Fisher Scientific) in an
ubiquitination buffer (50 mM Tris HCl, pH 7.5, 0.6 mM DTT, 2.5 mM Mg-ATP) and incubated at 37◦C for 1 h.
Protein samples were analyzed by SDS/PAGE and immunoblotting using either anti-CHIP (LS-C137950, LifeSpan
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Figure 1. The position of the six selected variants in the CHIP protein

The position of selected variants is shown in (A) protein 1D structure and (B) 3D protein structure of the dimeric CHIP with colorful spheres.

The 3D protein structure was created by using PyMOL software (https://www.pymol.org) [Protein Data Bank (PDB) code: 2C2L]. Minor

modifications were performed in order to separate the two monomers of the dimer and to better visualize the location of each mutation as

well as different protein domains. (C) Alignment of CHIP protein sequences from human (H. sapiens), chimpanzee (P. troglodytes), mouse

(M. musculus), rat (R. norvegicus), chicken (G. gallus), frog (X. tropicalis), and zebra fish (D. rerio). Selected variants are shown in blue. The

alignment was performed using the NCBI HomoloGene tool (https://www.ncbi.nlm.nih.gov/homologene).

Bioscience) or anti-Hsc70 (ADI-SPA-815-F, Enzo Life Sciences) to monitor CHIP self-ubiquitination orHsc70 ubiq-
uitination respectively.

Limited proteolysis assay
Trypsin was added to 30 μg of the MBP-cleaved CHIP protein at a CHIP to trypsin ratio of 1:600 (by mass) in a
100 μl reaction mixture (50 mM NaCl, 20 mM Hepes, and 2 mM DTT) and incubated at 25◦C. The reactions were
terminated at different time points (0, 5, 10, 20, and 30min) by adding 18.5μl of the reactionmixture to 5μlNuPAGE
LDS Sample Buffer (4×) (ThermoFisher Scientific), 1.4 μl NuPAGE Sample Reducing Agent (10×) (ThermoFisher
Scientific), and 1 μl of the trypsin inhibitor (prepared at a trypsin to trypsin inhibitor mass ratio of 1:1.5). Samples
were analyzed by SDS/PAGE followed by SYPRO Ruby staining and further quantified by Image Processing and
Analysis in Java software (ImageJ, National Institutes ofHealth).

Size-exclusion chromatography
Different oligomeric states of theWT andmutantMBP-CHIP fusion proteins were studied by gel-filtration, using a
Superdex 200 Increase 10/300 GL column (GE Healthcare) on the BioLogic DuoFlowTM Medium-Pressure Chro-
matography System (Bio-Rad Laboratories). The column was first equilibrated overnight with phosphate buffer (20
mMNaH2P04, pH 7.4).One milligram ofMBP-CHIP protein diluted in running buffer was prepared by centrifuga-
tion (13000×g, 10 min) and gel filtrated at a constant flow rate of 0.3 ml/min. Protein fractions were collected and
analyzed using SDS/PAGE and Coomassie Blue staining.

c© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 2. Expression and purification of WT and mutant forms of MBP-CHIP

(A) The expression of MBP-CHIP proteins of both WT and mutant forms at time 0 and 24 h after induction of protein expression by 0.5

mM IPTG in BL21 E. coli cells. (B) Purified WT and mutant forms of MBP-CHIP after Ni-NTA purification procedure. (C) WT MBP-CHIP

fusion protein cleavage, using TEV protease to MBP-CHIP mass ratio of 1:10 and an incubation time of 2 h. All samples were analyzed by

SDS/PAGE (10% gel) and Coomassie Blue staining.

Native polyacrylamide gel electrophoresis
Different conformational states of the WT and mutant CHIP proteins were studied by native gel electrophoresis
and further analyzed by Coomassie Blue staining. Ten micrograms of MBP fusion protein (WT and mutants) was
analyzed by NativePAGETM Bis-Tris gels (12%) (ThermoFisher Scientific) in Native PAGETM sample buffer using
NativePAGETM Anode Buffer (1×) and light blue NativePAGETM Cathode Buffer (1×) as described by the manufac-
turer.

Circular dichroism spectroscopy
All the samples were prepared at a protein concentration of 6 μM in a buffer containing 10mM potassium phosphate
(pH 7.4) and 100 mM sodium fluoride. Protein concentrations were determined spectrophotometrically by using
the theoretical extinction coefficient at A280 of 1.224 M−1cm−1 for WT-CHIP (and mutants) and 0.512 M−1cm−1

forMBP. CD spectra were recorded at 20◦C in a Jasco J-810 spectropolarimeter equipped with a Peltier temperature
controlunit (Jasco Products). The far-UVmeasurementswere recorded from 185 to 260nmusing a light path of 1mm
and the spectra obtained were the average of four scans at a scan rate of 50 nm/min. The final spectra were presented
after buffer subtraction. Thermal denaturation profiles were obtained by recording the decrease in ellipticity at 222
nm as a function of temperature in the range 20–90◦C with a scan rate of 40◦C/h.

Results
Expression and purification of WT and mutant forms of CHIP
WT andmutant forms ofMBP-fused CHIP were expressed in E. coli, and successful protein expression was verified
for each mutant after IPTG induction as shown in Figure 2(A). Furthermore, fusion His-MBP-CHIP (WT andmu-
tants) were purified by nickel resin (Figure 2B) and cleaved by TEV protease (Figure 2C). For minimal aggregation
of CHIP recombinant protein, 100 mM HEPES (pH 8), 5 mM DTT, 100 mM NaCl, and 10% glycerol were selected
as the storage buffer (Supplementary Figure S1).
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Figure 3. Ubiquitination activity of recombinant WT and mutant CHIP proteins

In vitro ubiquitination activity assay was performed using WT and mutant CHIP as ubiquitin ligases and Hsc70 recombinant protein as

substrate. Hsc70-ubiquitination (A and C) and self-ubiquitination activities (B and D) were explored on MBP-CHIP fusion proteins (A and B)

and MBP-cleaved CHIP proteins (C and D). The reaction was incubated for 1 h at 37◦C and samples were analyzed for both Hsc70- and

self-ubiquitination by SDS/PAGE and immunoblotting using antibodies against Hsc70 and CHIP respectively. As a negative control, the WT

CHIP protein was used in a separate reaction without adding ubiquitin.

In vitro ubiquitination activity of WT and mutant forms of CHIP
CHIP participates in the ubiquitination of unfolded or misfolded substrates bound to chaperones via its U-box do-
main. In addition to the substrates, CHIP itself, and the heat shock protein chaperones are also known to be ubiq-
uitinated by CHIP. To examine the enzymatic activity of the variants, ubiquitination assays were performed on re-
combinant CHIP both asMBP-fusion (Figure 3A and B) and asMBP-free (cleaved) proteins (Figure 3C and D).We
investigated both the ability to ubiquitinate its substrateHsc70 (Figure 3A and C) and its self-ubiquitination capacity
(Figure 3B and D).

As seen from Figure 3(A) and (C), N65S and T246M displayed impaired Hsc70-ubiquitination activity for
both MBP-fusion and MBP-free forms. Hsc70 seemed to be mono-ubiquitinated by the N65S mutant, while no
Hsc70-ubiquitination was detected for T246M, confirming previous findings on these two variants [3,9]. Further-
more, T246M was unable to self-ubiquitinate both as MBP-fusion and cleaved proteins, while the N65S mutant
showed similar level of self-ubiquitination as the WT (Figure 3B and D). The ubiquitination activities of the other
mutants (E28K, K145Q,M211I, and S236T) were not overtly different fromWT CHIP.

Protein stability analysis by limited trypsin proteolysis
In order to elucidate the protein structure and folding of the mutants, limited proteolysis assay was performed us-
ing trypsin digestion (Figure 4). Compared with WT, increased rate of trypsin degradation was demonstrated for
all variants except N65S, with E28K and T246M being mostly affected. Interestingly, N65S presented a decreased
trypsin-degradation rate compared withWT, indicating that the N65S mutation leads to a more compact and stably
folded protein structure where the trypsin cleavage sites are most likely less accessible.

Oligomeric structures of MBP-CHIP fusion proteins analyzed by
size-exclusion chromatography
The effects of mutations on the oligomeric structures of theMBP-CHIP proteins were studied by size-exclusion chro-
matography (SEC) (Figure 5). As expected,WTMBP-CHIP exists mainly in a dimeric form. Other high multimeric
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Figure 4. Limited proteolysis by trypsin of WT and mutant CHIP proteins

The proteolytic susceptibility of MBP-free CHIP proteins was explored for WT and mutants using trypsin for protein digestion. (A) Proteins

were detected by SDS/PAGE and SYBRO Ruby staining after being subjected to trypsin proteolysis for various time periods (0–30 min). (B)

Full-length proteins were quantified by ImageJ software, and the data for the average of three individual experiments were plotted against

time. Each time point represents the mean of three readings conducted on three separate days +− SD (n=3).

Figure 5. SEC of mutant recombinant MBP-CHIP fusion proteins

All the experiments were performed on 1 mg of MBP-CHIP at 0.3 ml/min at 4◦C, using Superdex 200 10/100 GL columns and phosphate

buffer (20 mM NaH2PO4, pH 7.4) as the running buffer, while monitoring protein absorbance at 280 nm. The elution profile of fractions

corresponding to monomers, dimers, and higher oligomers are shown for the (A) WT CHIP and (B) mutants E28K, N65S, K145Q, M211I,

S236T, and T246M.
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Figure 6. Oligomeric states of the WT and mutant MBP-CHIP by native gel electrophoresis

Ten micrograms of WT and mutant MBP fusion protein was tested for migration on a 12% native-PAGE gel. Protein bands were visualized

following Coomassie Blue staining.

forms andmonomericWTMBP-CHIP could also be detected by SEC, although these forms were of low abundance
(Figure 5A).

In the chromatogram of E28K, the peak representing dimeric CHIP was less pronounced compared with WT
CHIP with relatively more monomers and possibly tetramers (Figure 5B). In contrast, for the N65S mutant, the re-
sults indicate large amounts of dimers and less high-oligomeric forms compared with WT. The chromatograms for
K145Q, M211I, and S236T were similar to WT. Finally, gel-filtration of the T246M mutant showed high levels of
large oligomeric structures as well as monomers, with very little dimericCHIP. Altogether, these data suggest that the
oligomeric structures of MBP-CHIP fusion protein are most prominently affected by mutations E28K and T246M,
demonstrated by reduced dimeric peaks (E28K and T246M) and higher oligomer peaks (T246M).

Oligomeric states of MBP-CHIP fusion proteins analyzed using native
polyacrylamide gel electrophoresis
Native polyacrylamide gel electrophoresis (native-PAGE) allows for a high-resolution analysis of the oligomeric state
and molecular mass of native protein structure by using Coomassie G-250 as a charge-shift molecule. Separation
of five major protein bands was observed for all the samples except for T246M (Figure 6). T246M migrated as a
higher-order oligomer form, suggesting formation of aggregates for this mutant. The E28K mutant exhibited lower
amounts of monomers (reduced by 67%), as seen by a faint monomer band in addition to lower amounts of dimers
(reduced by 28%), compared with the WT, indicating a small shift toward the lower-order in the dimer–oligomer
equilibrium for this mutant. Overall, these results suggest that while the higher-order oligomers serve as the major
conformational state of T246M, the other mutants displayed almost the same oligomeric patterns asWTMBP-CHIP
with small deviations observed for the E28K variant.

Secondary structure content of MBP-CHIP fusion proteins measured by
circular dichroism spectroscopy
Crystallographic analysis of mouse CHIP indicates high degrees of α-helical structure due to the presence of two
domains consisting mainly of α-helices (TPR and CC domains) [17]. Results from the far-UV circular dichroism
(CD) spectra of bothWT and mutantMBP fusion proteins demonstrated two minima at 208 and 222 nm, which is
typical of proteins with a high helical content (Figure 7A). The difference in ellipticity of CD signals ([]) observed for
the mutants indicates changes of the conformational properties of these proteins relative toWT.Minor changes were
observed for E28K, K145Q,M211I, and S236T, whereas a large loss of α-helicity was noticed for T246M. In contrast,
N65S was identified as the only mutant with increased α-helical content compared with theWT.

Thermal unfolding of MBP-CHIP fusion proteins as measured by circular
dichroism
The effect of mutations on the thermal stability ofMBP-CHIP protein was examined by investigatingmolar ellipticity
() at 222 nm as a function of temperature (Figure 7B). Themid-point of each of the three transitions (mid-point of the
thermal denaturation, Tm) for denaturation is given in Table 1 and was determined from the first derivatives of the
transition curve. Transition temperatures in the range of ∼41–45◦C, ∼55–57◦C, and ∼62–74◦C were observed for
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Figure 7. Secondary structure content and thermal unfolding profiles of WT and mutant CHIP proteins

(A) Far-UV CD spectra were recorded for 6 μMWT andmutant MBP-CHIP proteins in the range of 200–260 nm at 20◦C. (B) Thermal unfolding

curves were obtained for WT and mutant MBP-CHIP proteins by monitoring CD signal at 222 nm from 20 to 90◦C. All the spectra presented

in this figure are background corrected and smoothed.

Table 1 Mid-point of transitions for thermal unfolding of MBP-CHIP proteins

Tm WT E28K N65S K145Q M211I S236T T246M

Tm (1) 44.2 42.4 44.5 42.7 43.9 41.2 –

Tm (2) 55.8 55 56.2 57 56.2 56.2 55.4

Tm (3) 64.5 62.4 65.1 69.5 67.7 73.8 66.8

The transitions temperatures (◦C) were determined from the first derivative of the thermal unfolding curves using the Spectra Manager software (Jasco
products).

denaturation of all the protein samples, except for T246Mwith only two transitions at∼55 and 67◦C (Figure 7B, light
purple line andTable 1). Thismutant also demonstrated a decrease in ellipticity, indicating loss of secondary structure.
The loss in ellipticity, in addition to a more gradual unfolding with an apparent loss of the first transition seen forWT
and all othermutants, indicates an unstable protein structuremore prone to aggregation. The othermutants presented
unfolding profileswith similar shapes as comparedwith theWTcurve, althoughwith smaller changes in the transition
temperatures. For comparison, the thermal denaturation of MBP protein alone monitored by CD (Supplementary
Figure S2) exhibited one Tm value of 56◦C. This transition temperature corresponds well with the second transition
observed for theMBP-fusion protein samples (Table 1). Therefore, it is most likely that the first (∼41–45◦C) and third
transitions (∼62–74◦C) of the thermal denaturation curves ofMBP-CHIP proteins are associated with unfolding of
the CHIP protein itself and not MBP. We can only speculate that the first transition represents denaturation of the
dimeric CHIP, while the third transition represents unfolding of the monomeric CHIP. Comparing the Tm of ∼44◦C
(first transition) seen forWTMBP-CHIP, all of the mutants showed lower first transitions Tm values thanWT (Table
1), indicating decreased thermal stability of dimeric structures for the mutants.Hence, S236T with the first transition
Tm of ∼41◦C was regarded as the least stable protein in the dimeric conformation (Figure 7B, orange line and Table
1). Moreover, the absence of first transition on the thermal denaturation curve of T246M (Figure 7B, light purple
line) suggested a very small amount of dimeric structures for this protein. The apparent Tm of CHIP mutants varied
more in the third transition (possible monomeric phase) than the first transition (possible dimeric phase), as can be
seen by the melting transitions ranging from ∼62 to 74◦C in the third transition compared with ranging from 41 to
45◦C in the first transition (Table 1).

Discussion
The present study provides additional insight concerning the effect of STUB1mutations in the development of ARCA
disease through examining the activity and structural properties of the encoded CHIP protein mutants. Our results
illustrate that some STUB1 mutations known to cause recessive SCAR16 can affect the protein structure and stabil-
ity in addition to the ability of CHIP to dimerize in vitro. This provides an alternative mechanism to the previously
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suggested direct effects on CHIP’s E3 ubiquitin ligase properties and interaction with its chaperones [3].We specu-
late that at least some STUB1 mutations mediate disease by affecting the CHIP E3 ubiquitin ligase interactions and
function through modification of its oligomeric states and structural stability. As a result, the protein quality control
system fails to eliminate damaged proteins properly which, in turn, cause toxicity and cell death.

The effects of different STUB1 mutations on the E3 ubiquitin ligase
activity of CHIP
Reduced levels of Hsc70-ubiquitination activity were observed for N65S located in the TPR domain. This mutation
affects an asparagine residue that was previously reported to be involved in CHIP substrate binding [18]. However,
another mutation in the same domain (E28K) resulted in similar ubiquitination activity as the WT for both Hsc70
substrate- and auto-ubiquitination, indicating that the substrate binding of CHIP was not affected by this muta-
tion. Complete loss of ubiquitination activity was observed for CHIP-T246M for both Hsc70 substrate and CHIP
itself. The T246M substitution (located at the U-box domain of CHIP) can affect the interaction of CHIP with the
ubiquitin–proteasome pathway components and result in abolished ubiquitination activity of the CHIP protein as
also suggested by Shi et al. [9]. These findings are in complete accordance with previous results obtained from the
ubiquitination activity analysis of these three mutations [3,9].

The ubiquitination activity of the three variants K145Q,M211I, and S236T has to our knowledge not been investi-
gated before, and our results revealed that they haveWT-like ubiquitination activities in vitro (Figure 3). Interestingly,
M211I and S236T are not found in the Exome Aggregation Consortium (ExAC) and K145Q only in heterozygous
carriers (Minor allele frequency= 0.07%). All three variants affect highly conserved amino acid residues (Figure 1C)
and all were reported to co-segregate with the disease [4,7,10]. Altogether, this indicates that these missense variants
are pathogenic, but do not affect the ubiquitination activity in vitro. Furthermore, it was reported that CHIP pro-
tein levels are reduced inHEK293 cells transfected withM211I [4], supporting a loss-of-function mechanism. These
three mutations, together with E28K, have been found in ARCA patients in a compound heterozygous form together
with either a non-sense or a frameshift STUB1 mutation [3,5,7,10]. The premature stop codon in the second allele
probably leads to the truncation of the protein and/or to nonsense-mediated RNA decay.

Oligomerization studies discovered high aggregation propensity for
T246M
SEC showed that T246M forms aggregates, pointing to a conformational change in the structure of thismutant (Figure
5), and further confirmed by native-PAGE (Figure 6) and in corroboration with others [19]. The necessity of dimer-
ization for activity ofCHIPwas indicated by a study onCHIP fromHomo sapiens (hCHIP), where a deletionmutant
lacking the central CC domain, important for CHIP dimerization, was shown to have no E3 ligase activity [15]. An-
other study analyzing the crystal structure of Prp19 U-box suggested dimerization as a common architecture for the
U-box and RING-finger families of E3 ubiquitin ligases, which play an essential role in the stability and functionality
of these enzymes [20]. Thus, the complete loss of function observed in the in vitro ubiquitination activity assay for
the T246M mutant might be caused by both impaired ubiquitin ligase activity (as a result of impaired interaction
with ubiquitination enzymes) and formation of oligomeric protein structures. On the contrary, increased amount of
dimeric structures was observed for N65S with a dimer peak higher than that of theWT (Figure 5B).However, since
the mutation is not located in the CC domain of CHIP, which is important for dimerization, the mutation might
indirectly lead to general conformational changes that promote CHIP dimerization.

Mutants T246M and N65S displayed remarkable differences in secondary
structure content
The α-helical content ofWT CHIP obtained from its far-UV CD spectroscopy spectrum corresponds well with the
previously reported crystallographic data (Figure 7A)[17]. Reduced levels of ellipticity were, however, observed in
the spectra from the majority of mutants, suggesting decreased levels of α-helical structure content in these mutants
compared with WT. The largest loss of α-helicity was shown for the T246M mutant, which can be explained by its
tendency to aggregate as discussed above. On the contrary, the N65S mutation generated a CHIP structure with an
increased secondary structure content of α-helices, and corroborated the SEC findings for this variant (Figure 5B).
It is important to consider limitations associated with the use ofMBP fusion proteins while monitoring structural

properties. The remarkable ability ofMBP to increase the solubility of fusion partners has made it a commonly used
affinity tag for protein purification.Unfortunately, wewere not able to purifyCHIP fromMBPdespite several attempts
using both amylose and nickel affinity chromatography, and SEC (data not shown). The latter could probably be
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explained by the similar molecular weights of CHIP andMBP of 35 and 43 kDa respectively. Therefore, we cannot be
certain whether the overall protein folding and assembly may be different forMBP-CHIP fusion proteins compared
with purified MBP-free CHIP. It is, therefore, possible that our assay gives a conservative estimate of the mutational
effects on misfolding and aggregation due to the potential chaperone assisting properties of MBP [21]. However, as
the CD results ofWT CHIP are very comparable with two previous CD studies on purified MBP-free CHIP [15,22],
it is probable that theMBP does not have substantial effects on the results in our assay.

In addition, since ourmain focus was to investigate differences in protein structure/folding ofWTCHIP compared
with CHIP mutants, rather than the folding ofWT CHIP per se, we believe our structural analyses ofMBP fused to
CHIP are relevant.

N65S, the only mutant with increased structural stability against limited
proteolysis
Limited proteolysis of a globular protein occurs mostly at flexible loops, and regular secondary structures such as he-
lices are not subjected to cleavage (segmentalmobility). Thus, the decreased susceptibility identified for CHIP-N65S
against limited proteolysis is expected to be associated with a structure that contains a larger number of α-helices
compared with theWT, which is in corroboration with the far-UV CD spectra of this mutant (Figures 4 and 7). The
induced stability and proteolytic resistance in the structure of N65Smay also be a consequence of more dimeric states
discovered during gel-filtration analysis of this mutant (Figure 5B). In addition, a protein’s susceptibility to proteoly-
sis can be functionally linked to its energy landscape that is encoded within the amino acid sequence [23].With this
view, proteolytic susceptibility of folded proteins requires access to high-energy cleavable sites, making a compactly
folded protein a poor substrate for proteolytic digestion. Therefore, decreased susceptibility of N65S can be the result
of acquiring a more compact structure compared with theWT and the other mutants.

Mutants K145Q,M211I, and S236T displayed approximately the same degree of proteolytic digestion, being lower
than that of T246M yet higher compared with the WT. This suggests that the former proteins achieve a somewhat
looser, flexible structure, whichmakes themmore susceptible toward proteolysis. This is in agreement with the results
from far-UV CD where these mutants all showed similar loss of ellipticity compared with the WT at equal protein
concentrations, indicating a loss in secondary structure. An additional decrease in α-helical content in the structure
of K145Q, M211I, and S236T mutants could explain their reduced susceptibility against limited proteolysis. A loss
in ellipticity was also observed for E28K; however, this mutant presented high level of susceptibility toward limited
proteolysis similar to that of T246M. An explanationmight be the high amount of trimeric/tetrameric structures iden-
tified for this protein during gel-filtration analysis that could indicate that the high proteolytic susceptibility of E28K
is due to the unfolded/flexible structures of the protein molecule that appear during the formation of lower-order
oligomers [24].

Circular dichroism revealed new insights into the conformational
dynamics and thermal stability of CHIP protein mutants
Denaturation of small globular proteins generally follows a two-state mechanism involving a single unfolding tran-
sition (Tm), and two forms of fully native (N) and unfolded (U) proteins. However, many proteins have recently
been observed to stabilize intermediates between the N and U states, and therefore show more than one transition
during their unfolding profile [25,26]. This behavior is usually found in multi-domain/multimeric proteins where
different domains/meres unfold independently and at different temperatures. Analysis of data obtained from such
curves is often more complicated than that of a single-stage unfolding pattern. In the case of MBP-CHIP, the three
transitions detected during thermal denaturation of theWT protein are assumed to be associated with unfolding of
(in order) dimeric CHIP, MBP, and monomeric CHIP (Figure 7B). Dimeric CHIP is stabilized by both inter- (be-
tween the monomers) and intramolecular (within the monomers) forces. Therefore, it is possible that the disruption
of intermolecular interactions during the first transition temperature (∼44◦C) ofMBP-CHIP proteins generates both
dissociatedMBPs andmonomericCHIPs. Subsequently, increased temperature results in unfolding of eachMBP and
CHIPmonomers through disruption of interactions within the proteins (intramolecular interactions). By examining
the thermal denaturation of ‘MBP-only’ (Supplementary Figure S2), and based on other CD studies done on the un-
folding transition of this protein [21,27], the second transition of MBP-CHIP (∼56◦C) is interpreted to arise from
MBP alone. Therefore, CHIP itself (monomer) is expected to unfold at ∼64◦C corresponding to the last transition
temperature.

All investigatedmutants apart from T246M presented thermal unfolding curves similar toWT, indicating that the
whole conformation and dynamics of the protein were not largely affected by the mutations. Rather, differences are
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more pronounced between the dimeric andmonomeric unfolding transition temperatures that determine the thermal
stability of mutant protein structures. In the dimeric state, N65S has similar stability as WT, but higher than other
mutants (Tm of∼44◦C). The higher degree of dimerization observed during SEC analysis of this mutant can possibly
explain this observation. Moreover, N65S was the only mutant with an increased level of α-helicity and stability
against limited proteolysis. Taken together, these findings indicate a stabilizing effect for N65S mutation, resulting in
a more compact CHIP protein structure.

To summarize our data, we can conclude that the ubiquitination activity of CHIP was impaired under the effect of
mutations N65S and T246M while the other mutants showed intact activities. Increased amounts of dimeric struc-
tures, as well as higher levels of secondary structures, were discovered for N65S. In contrast, the T246M mutation
generated a flexible protein structure with decreased α-helicity and a high tendency for aggregation. Decreased sec-
ondary structure content and proteolytic stability was observed for K145Q,M211I, and S236T. Overall, these results
provide first in vitro evidence regarding the protein structural and folding properties, as well as new additions on the
ubiquitination activity of STUB1 mutations. Future studies should focus on the in cellulo characterization of muta-
tions, using appropriate cell lines and animal models. Since all the mutants were associated with altered stability in
vitro, it is likely that this will lead to reduced cellular levels of these variants, as was seen for E28K, N65S, and M211I
previously [3,4]. Therefore, further investigations are required in order to find out howmisfolding of CHIP itself can
lead to the development of SCAR16 in vivo.
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SUPPLEMENTARY FIGURES 

 

 
Figure S1. Aggregation analysis of the TEV cleaved WT MBP-CHIP protein  

Aggregation analysis was performed before (b) and after 19 hours ultracentrifugation of 
protein at 200,000 x g (80000 rpm) at 4°C, using four different buffer compositions: (1) 
100 mM Hepes pH 8, 5 mM DTT, 100 mM NaCl, 10% Glycerol, (2) 20 mM Tris HCl pH 
7.4, 200 mM EDTA, 1 mM Sodium azide, 1 mM DTT, (3) 50 mM NaH2PO4, 5 mM DTT, 
(4) 20 mM NaH2PO4 pH 7.4 

 

 

 

 

 



 
Figure S2. Thermal denaturation profile for MBP 

The thermal unfolding curve was obtained by monitoring CD signal at 222 nm from 20 to 
90°C. The spectrum presented in this figure is background-corrected and smoothed. 
  
 
	

	

 

 

 



Errata 

Page 21, line 14: “replaced by” is corrected to “replace”.  

Page 29, line 11: “ribosome” is corrected to “proteasome”. 

Page 54, line 10: “a-synuclein” is corrected to “α-synuclein”. 

Paper III, page 19, line 12: “6H” is corrected to “6I”. 

Paper III, page 19, line 16: “6I” is corrected to “6H”. 

Paper III, page 20, line 16: The reference number is updated to “21”. 

Paper III, page 20, line 19: “a-synuclein” is corrected to “α-synuclein”. 

Paper III, page 32, line 16: “H” is corrected to “I”. 

Paper III, page 32, line 16: “I” is corrected to “H”. 

Paper III, page 33, line 9: “A-G” is corrected to “A-C and E-G”. 
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