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introduction and outline

Proteins are involved in the regulation of many cellular processes. Therefore, cells 

need to regulate their protein levels carefully for cellular homeostasis. Protein levels 

are determined by the balance between protein synthesis and degradation. For correct 

function of newly-synthesized proteins, they have to be correctly folded, modified and 

assembled. These processes are assisted by molecular chaperones that stabilize non-

native conformations, thereby preventing aggregation of non-native proteins. However, 

a considerable amount of newly-synthesized proteins is defective and therefore quickly 

degraded. Two pathways have evolved that can degrade intracellular proteins, the  

ubiquitin-proteasome system (UPS) and autophagy. The majority of intracellular 

proteins are degraded via the UPS, where selective poly-ubiquitination serves as a signal 

for proteasomal degradation. Proteasomes cleave proteins into peptides, which are 

recycled into amino acids by aminopeptidases acting downstream of the proteasome. 

Autophagy is the lysosome-dependent degradation of mainly long-lived cytoplasmic 

proteins, protein complexes and cell organelles. Despite the involvement of these path-

ways in protein quality control, various neurodegenerative diseases are hallmarked by the 

accumulation and aggregation of proteins leading to neuronal loss. These neurodegenerative 

diseases include Alzheimer’s disease, Parkinson’s disease and various polyglutamine (PolyQ) 

disorders such as Huntington’s disease (Goldberg, 2003; Li et al., 2008; Rubinsztein, 2006). 

In the present thesis, we focus on Alzheimer’s disease and polyQ disorders. These disor-

ders are initiated by the accumulation of protein fragments instead of full-length proteins. 

Alzheimer’s disease is the most common form of dementia and is hallmarked by extracellular 

senile plaques and intracellular neurofibrillary tangles in post-mortem brains of Alzheimer’s 

disease patients. Alzheimer’s disease is initiated by the aggregation-prone amyloid-β (Aβ) 

peptide, which is generated by sequential cleavage of the amyloid precursor protein. 

Extracellular plaques composed of Aβ peptides were considered to initiate toxicity, but 

evidence is accumulating that oligomeric intermediates of intracellular Aβ are associated with 

the early stages in the pathogenesis of Alzheimer’s disease (LaFerla et al., 2007; Selkoe, 2004). 

PolyQ disorders are a group of nine dominantly inherited, slowly progressive neurode-

generative disorders. These disorders are caused by an expansion of the polyQ tract over 40 

glutamines within the disease-related protein. The length of the polyQ tract is inversely related 

with the onset of disease, which becomes manifest around midlife (Orr and Zoghbi, 2007). 

Aggregates in brains of patients and mice suffering from various polyQ disorders mainly contain 

proteolytic fragments of the polyQ-expanded protein that includes the polyQ tract (Butler et 

al., 1998; DiFiglia et al., 1997; Schilling et al., 1999). These fragments containing the expanded 

polyQ tract are more aggregation-prone and more toxic than their full-length analogues 

(Cooper et al., 1998; Ellerby et al., 1999; Gafni et al., 2004; Haacke et al., 2006; Mangiarini et 

al., 1996; Schilling et al., 1999; Young et al., 2007). These data resulted in the toxic fragment 

hypothesis which states that proteolytic fragments initiate aggregation and cause toxicity. This 

is similar to Alzheimer’s disease where fragments initiate aggregation and toxicity.

The protein quality control system declines with age, even in the absence of disease 

(Morimoto and Cuervo, 2009). Therefore, aggregation-prone proteins, such as Aβ peptides and 

expanded polyQ protein fragments may become less efficiently cleared with increasing age 
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leading to their accumulation and subsequent aggregation. This may also explain why neurode-

generative disorders are late-onset disorders. So far, the majority of studies have been focused 

on the prevention of the generation of these toxic fragments (Gafni et al., 2004; Selkoe and 

Wolfe, 2007; Wellington et al., 2000). However, we aim to study the behavior of aggregation-

prone protein fragments in living cells and to stimulate their clearance via the UPS, peptidases 

and autophagy, as well as the assistance by chaperones. 

o
u

tlIn
e

The UPS can degrade most proteins efficiently into peptides, but little is known about 

the way cells deal with peptides that show resistance to degradation by downstream 

aminopeptidases. In chapter 2, we designed a fluorescent peptidase-resistant peptide. 

We introduced this peptide into living cells via micro-injection and analyzed whether 

cells have alternative mechanisms to cope with these peptides. 

Proteasomes are able to degrade polyQ-containing proteins, but fail to cleave within 

expanded polyQ tracts. As a result, polyQ peptides are released into the cytoplasm. 

In chapter 3, we mimic this proteasomal release of polyQ peptides in living cells and 

examine whether these polyQ peptides are resistant to degradation by cytoplasmic proteases. 

We show here that expanded polyQ peptides accumulate and are sufficient to induce aggrega-

tion and toxicity. Therefore, we focus in chapter 4 on prevention of aggregation and enhancing 

clearance of these expanded polyQ peptides by overexpression of various chaperones. In 

chapter 5, we study the dynamics of polyQ peptides in more detail and compare polyQ peptides 

with larger polyQ-expanded huntingtin fragments by studying their interactions with various 

components that are sequestered in aggregates. In chapter 6, we focus on the aggregation-

prone Aβ peptide causing Alzheimer’s disease and study whether cytoplasmic Aβ peptides are 

peptidase-resistant or become efficiently degraded. 

Finally, we review and discuss in chapter 7 how aggregation and cytotoxicity of intracel-

lular toxic fragments can be prevented, focusing on the UPS and autophagy as degradation  

machineries and on assisting chaperones.  
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Most cytoplasmic and nuclear proteins are degraded via the ubiquitin-proteasome 

system into peptides, which are rapidly recycled by downstream aminopeptidases. 

Inefficient degradation can lead to accumulation of protein fragments, resulting in their 

aggregation and toxicity. Aggregation is a hallmark of various neurodegenerative disor-

ders, such as Huntington’s disease and Alzheimer’s disease. Whereas the role of the 

proteasome and its impairment on aggregation has been intensively studied, little is 

known about how cells deal with proteasomal released peptides that show resistance 

to breakdown by aminopeptidases. Therefore, we micro-injected peptidase-resistant 

peptides with the length of average proteasomal products into living cells. We show that 

these peptides rapidly and irreversibly accumulate in the perinuclear region of cells. 

Accumulation seems to occur independent of the ubiquitin-proteasome system or chaperones. 

The accumulations colocalize with lysosomal and autophagosomal markers, suggesting that 

these peptides end up within lysosomes via macroautophagy. Surprisingly, the peptides also 

accumulate within lysosomes upon inhibition of macroautophagy and in macroautophagy- 

deficient cells. Because the peptides are degraded in lysosomes as well, suggests that cells clear 

peptidase-resistant proteasomal products by targeting them to lysosomes. Our data suggests 

a novel, yet undefined, autophagic pathway that is able to remove potential hazardous,  

peptidase-resistant peptides from the cytoplasm. 
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Eukaryotic cells use two distinct mechanisms to degrade cytoplasmic proteins, the 

ubiquitin-proteasome system (UPS) and macroautophagy. The UPS represents the major 

pathway for intracellular protein degradation as it is responsible for the turn-over of 

80-90% of the proteins (Craiu et al., 1997b; Lee and Goldberg, 1998). The proteasome 

is a multi-catalytic protease complex present in both cytoplasm and nucleus. It selec-

tively degrades regulatory proteins, but also aged, misfolded, and damaged proteins. 

Therefore, the UPS is a key component for continuous protein quality control and is 

involved in the regulation of many cellular processes. Degradation by the UPS is initi-

ated by selective poly-ubiquitination of proteins, which serves as a recognition signal 

for degradation by the 26S proteasome (Ciechanover, 1998). The proteasome degrades 

these proteins into peptides with an average length of 6-9 amino acids (Kisselev et al., 

1999), which are further processed into amino acids by downstream aminopeptidases 

(Craiu et al., 1997a; Mo et al., 1999). The half-life of most peptides is only a few seconds 

(Reits et al., 2003), which prevents the accumulation of potentially hazardous, aggrega-

tion-prone protein fragments. 

In contrast to specific degradation by the UPS in both cytoplasm and nucleus, macro-

autophagy is mainly the non-selective bulk degradation of mostly long-lived proteins, protein 

complexes and cell organelles within the cytoplasm. During macroautophagy, cytoplasmic 

components are enclosed by double-membrane structures, autophagosomes, which fuse with 

lysosomes resulting in the degradation of the enclosed components. Autophagy participates 

in many processes, such as cellular homeostasis, survival, differentiation, development and 

immune defense (Levine and Kroemer, 2008; Mizushima et al., 2002; Xie and Klionsky, 2007). 

Failure of complete degradation of poly-ubiquitinated proteins by proteasomes can lead 

to protein accumulation and subsequent aggregation. Protein aggregates are a recurring 

phenomenon in protein conformational disorders, including neurodegenerative diseases such 

as Alzheimer’s disease, and Parkinson’s disease, amyotrophic lateral sclerosis, and various poly-

glutamine disorders such as Huntington’s disease (Ross and Poirier, 2004). Aggregates cannot 

be degraded by the proteasome, as the proteasome can only degrade monomeric proteins 

(Goldberg, 2003). Recently, it became clear that aggregation-prone mutant proteins, including 

polyQ-expanded huntingtin, mutant forms of tau, α-synuclein, and copper-zinc superoxide 

dismutase 1 can be degraded via the autophagic machinery (Berger et al., 2006; Fornai et al., 

2008; Ravikumar et al., 2002; Webb et al., 2003). Degradation of these mutant proteins appears 

to depend more on the autophagic machinery rather than the proteasome. Both proteolytic 

systems appear to be closely linked, as proteasomal impairment can induce degradation of 

proteasomal substrates via macroautophagy (Iwata et al., 2005; Pandey et al., 2007). Selective 

degradation via macroautophagy may be coordinated by p62/sequestosome-1, which is a 

component of most protein aggregates in various protein conformational disorders (Zatloukal 

et al., 2002). p62 recognizes poly-ubiquitinated proteins and contains a microtubule-associated 

protein1 light-chain 3 (LC3)-binding domain, thereby targeting ubiquitin (Ub)-positive aggre-

gates to the autophagic machinery (Pankiv et al., 2007). Also, histone deacetylase 6 (HDAC6) 

has been suggested to link poly-ubiquitinated proteins to autophagy, since autophagy compen-

sates for impaired UPS function in a HDAC6-dependent manner (Pandey et al., 2007).
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Chaperones play an important role in both degradation pathways. Chaperones allow proteins 

to fold correctly into their native state by transiently binding and stabilizing non-native confor-

mations, thereby preventing aggregation of non-native proteins. When (re)folding fails, the 

protein becomes ubiquitinated and targeted to the proteasome for its degradation (Esser et al., 

2004; Goldberg, 2003). The function of chaperones is regulated by the interaction with various 

co-chaperones. For example, folding of a substrate by heat shock protein 70 (Hsp70) is stimu-

lated when it is associated with Hip and Hop, whereas association of Hsp70 with Bag-1 and CHIP 

promotes proteasomal degradation of the substrate (Hohfeld et al., 2001; Imai et al., 2003). 

Chaperones not only stimulate protein degradation via the UPS, but also target substrates to 

autophagic clearance (Carra et al., 2008; Majeski and Dice, 2004). Therefore, chaperones may 

play an important role in various neurodegenerative disorders. Various chaperones have been 

found in aggregates in brain tissue (Chai et al., 1999; Cummings et al., 1998; Jana et al., 2000; 

McNaught et al., 2002; Wilhelmus et al., 2006). Over-expression of the chaperones Hsp70 and 

Hsp40 reduce aggregate formation and toxicity in these disorders (Chai et al., 1999; Jana et 

al., 2000; Kobayashi et al., 2000). Furthermore, proteasomal degradation of polyQ-expanded 

androgen receptor is elevated when Hsp70 and Hsp40 are co-expressed (Bailey et al., 2002).  

While chaperones, the UPS and autophagy are intensively studied with respect to protein 

conformational diseases, little data is known about the role of aminopeptidases in these 

diseases. The function of aminopeptidases is mostly studied in relation with MHC class I antigen 

presentation, where aminopeptidases are involved in the processing of proteasomal generated 

peptides into antigens (Hattori and Tsujimoto, 2004). However, it has not been studied whether 

cells can cope with peptides generated by the proteasome that show resistance to immediate 

breakdown by aminopeptidases. Accumulation of these peptides may initiate aggregation and 

toxicity. Small protein fragments instead of the full-length protein can initiate disease, as is the 

case for the amyloid-β peptide in Alzheimer’s disease and expanded polyQ-containing frag-

ments in most polyQ disorders (Chiang et al., 2008; DiFiglia et al., 1997; Goti et al., 2004; 

Graham et al., 2006; Wellington et al., 1998). 

To examine how cells deal with peptidase-resistant peptides, we introduced fluorescent 

peptides of 9 amino acids into cells that have a modified N-terminus to prevent degradation 

by cytoplasmic aminopeptidases. Using this approach, we mimic the generation of peptides 

with the length of an average proteasomal product in cells with a functional UPS, as a compro-

mised UPS could lead to elevated levels of autophagy. Here, we show that peptidase-resistant 

peptides are rapidly sequestered into cytoplasmic structures that are transported to the 

perinuclear region of cells. Surprisingly, their accumulation was unaffected by expression of 

various chaperones. The peptidase-resistant peptides end up in lysosomal structures, where 

they are degraded. Taken together, these data suggest that cells can prevent cytoplasmic or 

nuclear accumulation of peptidase-resistant proteasomal products by targeting these peptides 

to lysosomes.
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resu
lts

PEPtiDasE-rEsistant PEPtiDEs forM CytoPlasMiC aCCuMu-
lations
The proteasome releases peptides of 3-22 amino acids into the cytoplasm and nucleus, 

with most peptides having a length of 6-9 amino acids (Kisselev et al., 1999). These 

peptides are normally degraded within seconds by cytoplasmic aminopeptidases (Reits 

et al., 2003; Reits et al., 2004). For our studies, we used an N-terminally modified version 

of a 9-mer peptide (TDNKTERYC) that mimics an average proteasomal cleavage product, 

which is normally rapidly degraded by peptidases (Reits et al., 2003). To prevent its 

degradation by aminopeptidases, we modified its N-terminus with a naftylsulfonyl group, as 

aminopeptidases require a free N-terminus of a peptide for degradation (Mo et al., 1999; 

Reits et al., 2003). A small fluorescent group, fluorescein (Fl), tetramethylrhodamine (TMR), or 

Alexa488 was attached to the peptide to allow its visualization in cells. 

Introduction of these peptidase-resistant peptides into human Mel JuSo cells via micro-

injection resulted in a diffuse distribution of the peptide throughout the entire cell (Figure 1A, 

left panel). However, within a few hours after introduction, the peptidase-resistant peptides 

started to form small fluorescent accumulations within the cytoplasm (Figure 1A, middle panel) 

that grew in amount in time. After 6 hours, most peptides were sequestered into numerous 

small cytoplasmic structures in the perinuclear region of cells (Figure 1A, right panel). The 

peptides were initially present in the nucleus as well, but fluorescent accumulations in the 

nucleus were never observed (Figure 1B). Accumulation was not observed when the degra-

dable version of the peptide was used (Reits et al., 2003). Note that different accumulation 

rates were observed between different cell types. Accumulation of peptides in the perinuclear 

region in Mel Juso cells was completed after approximately 6 hours after introduction, whereas 

accumulation in HeLa cells or mouse embryonic fibroblasts (MEFs) was already completed after 

3 hours (see below).

Protein aggregates are usually transported to the perinuclear region of cells via the micro-

tubule network (Johnston et al., 1998). Therefore, we disrupted the microtubule network with 

nocodazole directly after introducing the peptides into cells. The peptides still accumulated into 

fluorescent spots, but where spread around the nucleus instead of concentrated in the peri-

nuclear region of cells (Figure 1C, middle panel). Similarly, inhibition of transport towards the 

perinuclear region by over-expression of GFP-p50 dynamitin (Echeverri et al., 1996) resulted 

in peptide accumulations that were spread throughout the cytoplasm (Figure 1C, left panel). 

These findings suggest that peptides accumulate independently of a functional microtubule 

network, but subsequent transport of peptide accumulations occurs via microtubules. 

aCCuMulation ratE is inDEPEnDEnt of PEPtiDE sEquEnCE anD 
DEPEnDEnt on lEnGtH anD isoforM
To examine whether accumulation was dependent on peptide sequence, we either shuffled 

the amino acid sequence (YTERNDKTC) or used a hydrophilic peptide (SYNDATKQC). Both 

peptides accumulated in the perinuclear region of cells within similar time span as the original 

peptide TDNKTERYC (Figure 2A), suggesting that accumulation was a general phenomenon 

for peptidase-resistant peptides. Next, we tested whether the length of the peptide affects 
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Figure 2

9-mer peptide 25-mer peptide 33-mer peptide
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Figure 2. Peptide accumulation 
rates are dependent on peptide 
length and stereo-isoform, but 
not on sequence. Micro-injected 
Mel JuSo cells were analyzed by 
confocal microscopy at 37°C. Cells 
were injected with fluorescent pep-
tidase-resistant peptides having (A) 
different sequences: either shuffled 
(YTERNDKTC) (left panel), or hydro-
philic (SYNDATKQC) (right panel), 
(B) different lengths, with a 9-mer 
peptide TDNKTERYC, or an elongated 
version of the same peptide 
sequence as a 25-mer peptide, or 
a 33-mer peptide and (C) different 
stereo-isomer conformation, having 
L- or D-conformation of the 9-mer 
peptide, respectively. Scale bar: 20 
µm.
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Figure 1

Figure 1. Peptidase-resistant peptides 
accumulate in the perinuclear region of 
cells. Mel JuSo cells were micro-injected 
with fluorescent peptides and analyzed 
by confocal microscopy at 37°C. (A) Dis-
tribution of the 9-mer fluorescent peptide 
TDNKTERYC protected against degrada-
tion in cells at different time points after 
introduction. (B) Perinuclear distribution 
of peptide accumulations in cells stained 
with Hoechst to show nuclei. (C) Cells 
injected with peptidase-resistant peptides 
in control cells (left panel), cells treated 
with nocodazole directly after micro-in-
jection (middle panel) and cells transiently 
expressing GFP-p50 dynamitin for 48 
hours (right panel) to disrupt the microtu-
bule network. Scale bar: 20 µm.
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accumulation. We extended peptide lengths by repeating the sequence roughly 3-4 times, 

resulting in peptides of 25 and 33 amino acids, respectively. All peptides showed a similar 

diffuse intracellular distribution upon introduction (data not shown). After 5 hours, almost all 

9-mer peptides had accumulated in the perinuclear region of cells (Figure 2B, left panel). The 

25-mer peptide showed multiple accumulations in the perinuclear region after 5 hours (Figure 

2B, middle panel), but only a few accumulations were present for the 33-mer (Figure 2B, right 

panel). So, increasing the length of the peptide clearly slowed down its accumulation, whereas 

the sequence of the peptide did not affect the accumulation rate. 

A possible explanation for the slower accumulation of longer peptides could be interference 

of chaperones. Chaperones are known to shield aggregation-prone patches within a protein 

from the environment, allowing a protein to be folded correctly and to reduce aggregation of 

mutant proteins (Hartl and Hayer-Hartl, 2002). Therefore, we generated a peptide of D-amino 

acids with the same sequence. In contrast to the natural L-conformation, the stereo-isomer 

with an unnatural D-conformation is fully protease-resistant (Reits et al., 2003) and does not 

respond to the refolding capacity by the Hsp70/Hsp40 chaperone system (Bischofberger et al., 

2003). The 9-mer D-peptide accumulated much faster as compared to its L-variant (Figure 2C). 

Already at 2 hours after micro-injection, the D-peptide had almost completely accumulated in 

the perinuclear region (Figure 2C). Similar to the length-dependence, the differences in accu-

mulation speed between L- and D-peptides may be the result of interacting chaperones that 

delay accumulation. In conclusion, all peptidase-resistant peptides accumulate in the perinu-

clear region in time, but the accumulation rate is clearly dependent on both length and isoform 

of peptides. Increased length and L-amino acids may improve chaperone binding and delaying 

peptide clustering.
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Figure 3. Accumulation of 
peptidase-resistant peptides 
was not altered after expres-
sion of several chaperones. 
Mel JuSo cells micro-injected 
with the peptidase-resistant 
9-mer peptide were analyzed 
by confocal microscopy at 
37°C after 6 hours. (A) Either 
control cells or cells heat 
shocked for 15 minutes at 43°C 
were injected at 16 hours after 
inducing heat shock (upper 
panel). Heat shocked cells 
were harvested after heat 
shock at indicated time-points 
and upregulation of Hsp70 
protein levels was determined 
on Western blot. (B) Cells tran-
siently expressing GFP-tagged 
Hsp70 or control cells were 
micro-injected after 48 hours 
with the peptidase-resistant 
9-mer peptide. Scale bar: 20 
µm.
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ExPrEssion of HEat sHoCk ProtEins DoEs not affECt PEPtiDE 
aCCuMulation
To examine whether chaperones were able to affect accumulation rates of the 9-mer peptidase-

resistant L-peptide, cells were heat shocked during 15 minutes at 43°C to induce the expression 

of Hsps. Western blot analysis showed elevated levels of Hsp70 at 6 to 24 hours after the heat 

shock (Figure 3A, lower panel). Cells that were micro-injected at 16 hours after the heat shock 

showed however similar accumulation of peptides as control cells (Figure 3A, upper panel). To 

determine the effects of particular chaperones, we expressed Hsp40, Hsp70, Hsp40 and Hsp70 

together, or several small Hsps such as Hsp27 for 48 hours before micro-injection. None of 

these chaperones affected accumulation rates of peptidase-resistant peptides (Figure 3B upper 

panel; data not shown). These findings suggest that these chaperones are not involved in the 

accumulation of peptidase-resistant peptides. 

PEPtiDE aCCuMulations forM iMMobilE struCturEs
To examine whether peptide accumulation was irreversible, we tested the reversibility of 

peptide accumulations in two different ways. First, peptides were co-injected with fluorescent 

dextran of 70 kDa and cells were lysed with digitonin at 6 hours after micro-injection. Digitonin 

is a mild detergent and only disrupts the plasma membrane, leaving cell organelles intact 

(Adam et al., 1990). Fluorescence imaging in time using confocal microscopy showed that both 

cytoplasmic dextran and the free pool of peptides leaked out of cells (Figure 4A). In contrast, 

accumulated peptides showed only a minor reduction in fluorescence in time (Figure 4A). This 

suggests that peptides were sequestered into stable structures. 

Second, we measured the on/off rate of peptides using fluorescent recovery after photob-

leaching (FRAP) (Lippincott-Schwartz et al., 2001; Reits and Neefjes, 2001). At six hours after 

injection, a region of the cell (Figure 4B, region I) containing the accumulated peptides was 

bleached and the recovery of fluorescence was measured in time. The bleached region hardly 

showed any recovery of fluorescence, whereas the non-bleached areas showed almost no 

reduction in fluorescence (Figure 4B, region II and III). This finding suggests that the accumula-

tions were stable and peptides present in accumulations did not exchange with surrounding 

peptides. 

uPs CoMPonEnts anD CHaPEronEs arE not rECruitED to PEPtiDE 
aCCuMulations 
The irreversible nature of the peptide accumulations may represent aggregates, as observed in 

many neurodegenerative disorders. Most protein aggregates form inclusion bodies (IBs) that 

sequester chaperones and components of the UPS in time (Holmberg et al., 2004; Kim et al., 

2002). Therefore, we tested whether the peptide accumulations colocalized with GFP-tagged 

Hsp70, Ub and the proteasomal subunit LMP2 (Brown et al., 1993). LMP2 is incorporated into 

catalytically active proteasomes (Reits et al., 1997). Colocalization was not observed of any of 

the transfected constructs with peptide accumulations (Figure 3B, 5A-B), whereas GFP-tagged 

Hsp70, Ub and LMP2 colocalized with IBs induced by huntingtin-exon1-Q103 (Raspe et al., 
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2009). These findings indicate that peptide accumulations do not represent IBs. Peptides 

are normally degraded by aminopeptidases like puromycin-sensitive aminopeptidase (PSA) 

(Constam et al., 1995). No colocalization was observed either between peptide accumulations 

and GFP-tagged PSA (Figure 5C). Taken together, chaperones, components of the UPS, as well 

as aminopeptidases are not recruited to peptide accumulations. 

PEPtiDasE-rEsistant PEPtiDEs EnD uP in lysosoMEs
Since the accumulations did not represent classical IBs, electron microscopy (EM) was used to 

visualize the accumulated peptides at higher resolution. Only cells micro-injected with pepti-

dase-resistant peptides contained membrane-enwrapped structures (data not shown). We 

were not able to determine whether peptide accumulations colocalized with these membrane-

enwrapped structures using immunolabeling, because the peptide was lost during prepara-

tion of the cells for EM. Chemical fixation could not prevent this because of the small size 

of the peptide. Therefore, we performed correlative fluorescence and electron microscopy 
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Figure 4. Peptide accumula-
tions are immobile. (A) Mel 
Juso cells were injected with 
the peptidase-resistant 9-mer 
peptide (upper panel) together 
with 25 µg/mL dextran red of 
70kDa (lower panel). After 5 
hours, the plasma membrane 
was disrupted by mild lysis 
with 25 µM digitonin and fluo-
rescence was followed in time. 
(B) MelJuso cells were injected 
with the peptidase-resistant 
9-mer peptide and at 4 hours 
after injection region I was 
photo-bleached. Fluorescence 
recovery was measured in 
time in the indicated bleached 
(I) and non-bleached regions 
(II and III). Scale bar: 20 µm.
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(CLEM). Cells injected with peptides contained more electron dense structures in the peri-

nuclear region of the cell (arrow) than control cells (arrowhead) (Figure 6A). Overlaying the  

luorescent images with the corresponding EM images showed that the electron dense struc-

tures overlapped with most of the fluorescent spots (Figure 6B). Electron-dense structures in 

EM images often represent lysosomal organelles. To examine whether accumulated peptides 

were present within lysosomes, LysoSensor was added to injected cells. Colocalization of 

peptide accumulations and LysoSensor was observed (Figure 6C). Furthermore, peptide accu-

mulations were enwrapped by GFP-tagged lysosomal-associated membrane protein 1 (LAMP1) 

(Figure 6D). These findings indicate that peptidase-resistant peptides end up in lysosomes. 

PEPtiDasE-rEsistant PEPtiDEs Do not EnD uP in lysosoMEs Via 
MaCroautoPHaGy
Lysosomal uptake of peptidase-resistant peptides may be mediated by macroautophagy, as 

large protein complexes and aggregates can be cleared via this pathway. To determine the 

involvement of macroautophagy, we investigated whether the accumulated peptide structures 

recruited LC3, which is an autophagosomal marker (Kabeya et al., 2000). Since high expression 

of LC3 induces its aggregation (Kuma et al., 2007), we expressed low levels of LC3. When HeLa 

cells expressing GFP-tagged LC3 were monitored for 3 hours after peptide injection, a majority 

of the peptide spots colocalized with GFP-LC3 (Figure 7A). As huntingtin aggregates also recruit 

a LC3ΔG mutant that does not associate with autophagosomes (Tanida et al., 2008), we tested 
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Figure 5. Components of 
the UPS and peptidases are 
not sequestered in peptide  
accumulations. Mel Juso cells 
expressing GFP-tagged Ub 
(A), the proteasome subunit 
LMP2 (B) or the peptidase PSA 
(C) were micro-injected with  
the peptidase-resistant 9-mer 
peptide at 48 hours after 
transfection. Scale bar: 20 µm.
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C peptide mergeLysoSensor

D peptide mergeGFP-LAMP1

peptide EMphase

Figure 6

EM CLEMpeptide

Figure 6. Peptidase-resistant peptide accumulations end up in lysosomes. (A) HeLa cells were injected with 
the peptidase-resistant 9-mer peptide and fixed after 4 hours in 2% paraformaldehyde. Confocal and EM 
images of the same injected cells are compared. Arrow indicates a micro-injected cell and an arrowhead 
indicates a non-injected cell. Scale bar: 5 µm. (B) Overlay of a confocal image and the corresponding EM 
image of a representative cell. Red color in right panel represents accumulated peptides visualized in left 
panel. Scale bar: 5 µm. (C) Mel JuSo cells were micro-injected with the peptidase-resistant 9-mer peptide and 
lysosomes were stained after 5 hours with 1 µM LysoSensor Green. Scale bar: 20 µm. (D) HeLa cells expressing 
GFP-LAMP1 for 48 hours were micro-injected with peptidase-resistant peptides. Scale bar: 20 µm. 



26

Chapter 2

whether the colocalization to LC3 was specific. In contrast to functional LC3, GFP-LC3ΔG was 

not recruited to the peptide accumulations (Figure 7B). These findings suggest that uptake of 

peptide accumulations into lysosomes occurs by macroautophagy. 

The peptide accumulations still colocalized with GFP-LC3 when macroautophagy was inhib-

ited using Bafilomycin A1 (BafA1) (Figure 7C, upper panel). BafA1 inhibits lysosomal acidifi-

cation, thereby inhibiting degradation of the autolysosomal content (Klionsky et al., 2008). 

However, colocalization was strongly reduced when cells were treated with 3-methyladenine 

(3-MA) (Figure 7C, lower panel), which inhibits the formation of autophagosomes (Seglen and 

Gordon, 1982). However, the peptide still accumulated into spots in the perinuclear region that 

were LysoSensor positive (data not shown). This indicates that the accumulated peptides still 

end up within lysosomes despite inhibition of autophagosome formation. 

To examine this surprising observation in more detail, we used MEF cells that are macro-

autophagy-deficient (Atg5-/- MEFs), as Atg5 is an essential component in the formation of 

autophagosomes (Kuma et al., 2004; Mizushima et al., 2001). Similar to 3-MA-treated cells, 

Atg5-deficient cells still accumulated peptides into spots that colocalized with GFP-LAMP1 

(Figure 7D). The accumulation of peptides in Atg5-/- MEFs occurred in a comparable time span 

as in control MEFs (Figure 7E). Both 3-MA-treated cells and Atg5-/- MEFs showed no recruitment 

of LC3 to peptide accumulations (Figure 7C, E), whereas the peptide accumulations colocalized 

with LC3 in control MEFs (Figure 7E). WD-repeat protein interacting with phosphoinositides 

(WIPI-1) is the mammalian ortholog of Atg18 in S. cerevisiae (Proikas-Cezanne et al., 2004) and 

WIPI-1 puncta formation is an indication for macroautophagy (Proikas-Cezanne et al., 2007). 

Expression of GFP-WIPI-1 did not result in WIPI-1 positive puncta upon micro-injection of the 

peptide as well (Suppl. Figure 1). Together, these data suggest that cells use an alternative 

autophagic pathway to sequester these peptidase-resistant peptides within lysosomes.

PEPtiDasE-rEsistant PEPtiDEs arE DEGraDED in lysosoMEs
To examine whether uptake of peptidase-resistant peptides by lysosomes also leads to 

subsequent degradation by lysosomal proteases, we modified the peptide so that it only 

becomes fluorescent upon lysosomal degradation. In addition to a fluorophore, a Dabcyl 

quencher group was attached to another amino acid within the same peptidase-resistant 

peptide. When the peptide is degraded, the quencher is separated from the fluorophore, 

allowing the fluorophore to emit light (Reits et al., 2003). Since the peptide is N-terminally 

protected against degradation by aminopeptidases, it can only be degraded in lysosomes. At 

3 hours after introduction of quenched peptides into HeLa cells, fluorescent accumulations 

were visible in the perinuclear region of cells (Figure 8A, left panel). These accumulations 

were also LysoTracker positive (Figure 8B), indicating that peptidase-resistant peptides were 

indeed degraded in lysosomes. Addition of 3-MA to the cells before injection did not affect the  

appearance of fluorescent spots in the perinuclear region (Figure 8A, middle panel), confirming 

that these peptides do not need macroautophagy to end up in lysosomes. Lysosomal degrada-

tion was decreased by treating cells with BafA1 (Oda et al., 1991). Micro-injection of BafA1-

treated cells with the quenched peptide resulted in a reduced appearance of fluorescence in 



the perinuclear region (Figure 8A, right panel). These data suggest that the peptide is resistant 

against degradation in the cytoplasm, but upon entering the lysosome it becomes degraded. 

These findings suggest that the alternative route for clearance of peptidase-resistant peptides 

via lysosomes leads to efficient breakdown of the peptides.

d
IscussIo

n

Proteasomes within cells degrade millions of proteins per minute (Princiotta et al., 

2003). Therefore, aminopeptidases downstream of the proteasome recycle even larger 

amounts of peptides into amino acids. Recycling has to occur rapidly to prevent accu-

mulation of potentially hazardous peptides. Most peptides have a half-life of only a 

few seconds (Reits et al., 2003), but the sequence and secondary structure of peptides 

determines the rate of degradation (Raspe et al., manuscript in preparation). In the 

present study, we mimicked the generation of peptidase-resistant proteasomal peptides. 

These peptides accumulated into immobile structures in the perinuclear region of cells. 

Although the peptides were first present in both the cytoplasm and nucleus, peptides 

only accumulated within the cytoplasm. The colocalization of the peptide accumula-

tions and lysosomes suggests that peptidase-resistant peptides end up within lyso-

somes where they are subsequently degraded. This cellular process seems deliberately aimed 

to recycle the peptides by alternative means. 

Although the sequestration of peptides in the perinuclear region was dependent on an intact 

microtubule network, the formation of the LysoTracker-positive spots still occurred in cells with 

disrupted microtubules (data not shown). This suggests that the accumulation and membrane 

wrapping can occur everywhere in the cellular periphery. The most obvious pathway to be 

involved in the clearance of the peptides is macroautophagy. Indeed, we observed specific 

colocalization between the accumulated peptides and the autophagosome marker GFP-LC3. 

Colocalization was disrupted when a mutant LC3 was used, or when macroautophagy was 

impaired using either macroautophagy-deficient Atg5 knock-out cells or the macroautophagy 

inhibitor 3-MA. Surprisingly, accumulation of peptidase-resistant peptides in lysosomes 

was not prevented in macroautophagy-deficient cells or upon inhibition of autophagosome  

formation. The peptide accumulations did not colocalize to the autophagic marker GFP-WIPI-1 

either. Finally, whereas autophagosome-lysosome fusion requires an intact microtubule 

network (Ravikumar et al., 2005), the peptides did not need functional microtubules to end up 

in lysosomes. Together, these data indicates that an alternative autophagic pathway is involved 

in the clearance of peptide accumulations. Colocalization between peptide accumulations and 

LC3 is probably due to autophagosomal fusion with lysosomes.

Other known autophagic pathways, chaperone-mediated autophagy (CMA) and micro-

autophagy, are unlikely to be responsible for the clearance of peptidase-resistant peptides. 

Protein degradation via CMA requires a CMA-recognition motif, KFERQ, which is recognized by 

the cytoplasmic chaperone hsc70. This chaperone-substrate complex binds to the lysosomal 

membrane protein LAMP-2A, where the protein unfolds and subsequently translocates across 

the lysosome membrane (Dice, 2007). Since none of the peptides used in our study contain 
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Figure 7. Accumulation of peptidase-
resistant peptides is independent of mac-
roautophagy. Micro-injected cells were 
analyzed by confocal microscopy at 37°C 
after 3.5 hours. (A) HeLa cells transiently 
expressing low levels of GFP-LC3 (B) or 
GFP-LC3ΔG were injected with the pepti-
dase-resistant 9-mer peptide at 48 hours 
after transfection. (C) HeLa cells transiently 
expressing GFP-LC3 were treated with 
100 nM BafA1 (upper panel) or 10 mM 
3-MA (lower panel) 2 hours prior to micro-
injection to inhibit macro-autophagy. (D) 
MEF Atg5-/- knock-out cells transiently 
expressing GFP-LAMP1 were injected with 
the peptidase-resistant 9-mer peptide. (E) 
Wild-type and Atg5-/- knock out MEFs tran-
siently expressing GFP-LC3 were injected 
with the peptidase-resistant 9-mer peptide 
at 48 hours after transfection. The smaller 
image represents a sequential zoom-in of 
the same cell. Scale bar: 20 µm.
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Control 3-MA BafA1A

B quenched peptide lysotracker merge

Figure 8

Suppl. Figure 1
GFP-WIPI-1 peptide merge

Figure 8. Peptidase-resistant peptides 
are degraded within lysosomes. 
(A) HeLa cells were injected with a 
quenched version of the fluorescent 
peptidase-resistant 9-mer peptide and 
imaged 3.5 hours after injection (left 
panel). To inhibit macroautophagy cells 
were treated with either 10 mM 3-MA 
to block autophagosome formation 
(middle panel), or 100 nM BafA1 to 
increase the lysosomal pH (left panel) 
at 2 hours prior to injection. (B) HeLa 
cells micro-injected with the quenched 
peptidase-resistant peptide were 
treated with 100 nM LysoTracker Red 
to visualize lysosomes and imaged 
after 3.5 hours. The smaller image 
represents a sequential zoom-in of the 
same cell. Scale bar: 20 µm.

the CMA-recognition motif, CMA is unlikely to be responsible for the lysosomal take-up of 

peptidase-resistant peptides. Microautophagy involves direct uptake of cytoplasmic compo-

nents into lysosomes by invagination of the limiting membrane of the lysosome (Martinez-

Vicente and Cuervo, 2007). Although we cannot exclude that microautophagy is involved, it 

seems unlikely that this pathway is responsible for the selective uptake of peptidase-resistant 

peptides in lysosomes. Since the lysosomal uptake of peptidase-resistant peptides does not 

seem to depend on the known autophagic pathways, we propose that a novel autophagic 

pathway is responsible for the delivery of these peptides in lysosomes. Because the accumula-

tion rate of peptidase-resistant peptides was different in various cell types, suggests that the 

accumulation of the peptide is not only due to its own intrinsic characteristics, but that cellular 

factors are involved in the accumulation and subsequent clearance of these peptides. 

Recently, a similar phenomenon was reported (Katayama et al., 2008) using a GFP-like 

protein, mRFP1, known to aggregate within cells. They show that the fluorescent dots in the 

cytoplasm were in fact lysosomes containing mRFP1, similar to the peptides used in our study. 

Disruption of Atg5, which prevents autophagosome formation, did not inhibit accumula-

tion of mRFP1 into lysosomes (Katayama et al., 2008). This indicates that the cell may have  

alternative clearance pathways that remove both proteins and peptides from the cytoplasm. 

Further research will focus on identifying cellular factors involved in the accumulation and 

targeting of the peptides to lysosomes.
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DNA constructs. The following constructs were obtained as described before: LMP2-GFP (Reits et 
al., 1997), GFP-Ub (Raspe et al., 2009), GFP-PSA (Raspe et al., manuscript in preparation), GFP-LC3 
(Kabeya et al., 2000), GFP-LC3ΔG (Tanida et al., 2008), and GFP-p50 dynamitin (Hoogenraad et al., 
2001). Hsp70-GFP was kindly provided by Harm Kampinga (University Medical Center Groningen, 
Groningen, The Netherlands), GFP-WIPI-1 by Serena Cerra (University Medical Center Groningen, 
Groningen, The Netherlands) and GFP-LAMP1 by Jacques Neefjes (The Netherlands Cancer 
Institute, Amsterdam, The Netherlands).

Peptide synthesis. The various fluorescent peptides were synthesized by solid phase strate-
gies using an automated multiple peptide synthesizer (SyroII; MultiSyntech). At the position in the 
peptides where a fluorescent label should be incorporated, a cysteine was first coupled during 
solid phase synthesis. Subsequently, a fluorescein (Fl) or tetramethylrhodamine (TMR) label was 

introduced by covalent coupling of fluorescein-5-iodoacetamide (5-IAF; Fluka) or tetramethylrhodamine-
5-iodoacetamide dihydroiodide (5-TMRIA; Invitrogen) to this cysteine. Alexa Fluor 488 was coupled in 
a similar way using Alexa Fluor 488C5 maleimide (Invitrogen). To prevent degradation by aminopepti-
dases, the N-terminus of peptides was blocked with a 2-naphtylsulfonyl (2-NaphSul) group. The D-amino 
acid fluorescent peptide was synthesized as a peptide amide. Quenching of Alexa488 fluorescence was 
performed by a dabcyl group that had been introduced in the peptides by coupling of Fmoc-L-Lys(Dabcyl)-
OH (NeoMPS). All peptides were purified by size exclusion chromatography and RP-HPLC (>95% pure). All 
peptides showed the expected molecular mass as determined by mass spectrometry (Maldi Tof, Voyager; 
ABI).

List of peptides used: peptidase-resistant 9-mer peptide: [2-NaphSul-TDNKTERY(C-fluorophore)]; 9-mer 
peptide: [TDNKTERY(C-fluorophore)/(C-Fl)/(C-TMR)]; shuffled peptidase-resistant 9-mer peptide: [2-NaphSul-
YTERNDKT(C-fluorophore)]; hydrophilic peptidase-resistant 9-mer peptide: [2-NaphSul-SYNDATKQ(C-fluor-
ophore)]; peptidase-resistant 25-mer peptide: [2-NaphSul-TDNKTERYTDNKTERYTDNKTERY(C-fluorophore)]; 
peptidase-resistant 33-mer peptide: [2-NaphSul-TDNKTERYTDNKTERYTDNKTERYTDNKTERY(C-fluoro-
phore)]; D-amino acid peptide: [TDNKTERY(C-fluorophore)] (all D-amino acids); Quenched peptide-resist-
ant peptide: [2-NaphSul-TDN(K-Dabcyl)TERY(C-Al488)].

Cell culture and transfection. The human melanoma cell line Mel JuSo was cultured in Iscove’s Modified 
Eagle Medium (IMDM; Gibco) supplemented with 10% fetal calf serum (FCS) and 25 mM Hepes, penicillin/
streptomycin/glutamine (Gibco). Wild-type mouse embryonic fibroblasts (MEFs) and Atg5-/- MEFs (Kuma et 
al., 2004) were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with penicil-
lin/streptomycin/glutamine. Both cultures were maintained at 37°C in an atmosphere of 5% CO2. HeLa cells 
were cultured in DMEM supplemented as described. Cultures were maintained at 37°C in an atmosphere 
of 10% CO2.

Cells were dissociated using trypsinization and plated onto glass coverslips (24mm; Fisher Scientif-
ic) in 6-well plates. Cells were transiently transfected at 24 hours after plating and at 48 hours prior to  
micro-injection. All cell types were transfected using a mixture of 1 µg DNA and 3 µL FugeneHD (Roche) in 
OptiMEM (Gibco).

Cells were treated with the following compounds: 10 µg/mL nocodazole (Sigma), 10 mM 3-methylad-
enine (3-MA; Sigma), 100 nM BafilomycinA1 (BafA1; Sigma), 25 µM Digitonin (Sigma), 1 µM LysoSensor 
Green DND-189 (Invitrogen), 100 nM LysoTracker Red DND-99 (Invitrogen), and 1 µg/mL Hoechst 33342 
(Sigma).

Micro-injection and confocal microscopy. For living cell analysis, cells were seeded onto glass 
coverslips at 24 hours before micro-injection to obtain 40-60% confluency at time of injection. Cells were 
injected on a heated xy stage using a semi-automatic micro-injection apparatus (Eppendorf) and a Leica IRB 
inverted fluorescence microscope. Usually, 50-75 cells were injected with 1 mM peptide in a physiological 
micro-injection buffer (120 mM Kglutamate, 40 mM KCl, 1 mM MgCl2, 1 mM EGTA, 200 mM CaCl2, 10 mM 
Hepes, and 40 mM mannitol, pH 7.2), containing 25 μg/mL Texas Red or Fl labeled Dextran-70 (Invitrogen) 
as an injection marker. Confocal analysis of living cells was performed using a Leica TCS SP2 confocal system 
equipped with an Ar/Kr laser with a 63x objective. For FRAP analysis, part of the accumulated peptides was 
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bleached at full laser power and fluorescence recovery was measured and compared with fluorescence in 
the non-bleached part and cytoplasm.

Correlative light- and electron microscopy. For correlative light and electron microscopy (CLEM), HeLa 
cells were seeded onto 35 mm glassbottom dishes with grid (Mattek P35G-2-14-grid) and micro-injected 
with peptidase-resistant peptides. At 4 hours after injection, cells were fixed in 2% paraformaldehyde in 0.1 
M Na-cacodylate buffer (pH 7.4) for 10 minutes. After fixation, cells were washed in 0.1 M Na-cacodylate 
buffer (pH 7.4) and confocal image stacks were made from a number of injected cells at a resolution of 100 
nm in the x- and y-direction and 480 nm in the z-direction. After confocal imaging, cells were fixed again for 
1 hour in 2% glutaraldehyde in 0.1 M Na-cacodylate buffer (pH 7.4), washed in distilled water, osmicated for 
30 minutes in 1% OsO4 in water and washed again in distilled water. For contrast enhancement in the EM, 
cells were blockstained overnight in 1.5% aqueous uranyl acetate. Dehydration was done through a series 
of ethanols and the part of glassbottom dish with the injected cells was embedded in epon LX-112 (Ladd) 
by putting a beem capsule filled with epon on top of the cells. After polymerization, the beem capsule with 
epon, containing the cells and an imprint of the grid, was removed from the glassbottom dish. Ultrathin 
sections of 80 nm of the area with the injected cells were cut on a Reichert EM UC6 with a diamond knife, 
collected on formvar coated grids and stained with uranyl acetate and lead citrate. Sections were examined 
with a Fei Technai-12 EM. In general, 6 EM sections correspond to 1 optical confocal section.

Immunoblotting. Cells were harvested at indicated time points after heat shock and lysed with 
ice-cold 2x Tris-buffer (100 mM Tris-HCl pH 7.5, 300 mM NaCl, 10 mM EDTA; pH 8.0, 1% Triton X-100) 
supplemented with complete mini protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail 
(Sigma). Cell lysates were incubated for 30 minutes on ice and centrifuged for 15 minutes at 14,000 rpm 
at 4°C. Protein concentrations were determined using the Bradford protein assay (BioRad). Ten µg of 
protein lysate in sample buffer (3 mM Tris-HCl pH 6.8, 5% glycerol, 1% SDS, 2.5% 2-mercaptoethanol, 
0.05% (w/v) bromophenol blue) was boiled for 5 minutes at 98°C and loaded on 15% SDS-PAGE gels. After  
electrophoresis, proteins were transferred onto a 0.2 µm pore size nitrocellulose membrane filter (Sch-
leicher & Schuell) and blocked in 5% dry milk (Protifar Plus; Nutricia) in Tris-buffered saline (TBS) containing 
0.1% Tween-20. Western blots were incubated with primary antibodies against Hsp70/Hsc70 (1:1,000; Cal-
biochem) and β-actin (1:10,000; Sigma) and subsequently with horeseradish peroxidase (HRP)-conjugated 
secondary antibodies, anti-rabbit (1:10,000; Sigma) or anti-mouse (1:10,000; DAKO). Signal was visualized 
using Lumi-lightPLUS westernblotting substrate (Roche) and detected on film.
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Supplemantary Figure 1. HeLa cells 
expressing GFP-WIPI-1 were injected with 
peptidase-resistant peptides at 48 hours 
after transfection. Scale bar: 20 µm.
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Several neurodegenerative disorders, including Huntington’s disease, are caused by 

expansion of the polyglutamine (polyQ) tract over 40 glutamines in the disease-related 

protein. Fragments of these proteins containing the expanded polyQ tract are thought 

to initiate aggregation and represent the toxic species. Although it is not clear how 

these toxic fragments are generated, in vitro data suggest that proteasomes are unable 

to digest polyQ tracts. To examine whether the resulting polyQ peptides could initiate 

aggregation in living cells, we mimicked proteasomal release of monomeric polyQ 

peptides. These peptides lack the commonly used starting methionine residue or any 

additional tag. Only expanded polyQ peptides seem to be peptidase-resistant, and their 

accumulation initiated the aggregation process. As observed in polyQ disorders, these 

aggregates subsequently sequestrated proteasomes, ubiquitin and polyQ proteins in time, and 

recruited Hsp70. The generated expanded polyQ peptides were toxic to neuronal cells. Our 

approach mimics proteasomal release of pure polyQ peptides in living cells, and represents a 

valuable tool to screen for proteins and compounds that affect aggregation and toxicity.
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Numerous neurodegenerative diseases are manifested by the accumulation and aggre-

gation of intracellular proteins. These diseases include polyglutamine (polyQ) expansion 

disorders such as Huntington’s disease (HD), spinal bulbar muscular atrophy (SBMA) and 

various spinocerebellar ataxia’s (SCAs). PolyQ disorders are dominantly inherited and 

caused by expansions of CAG repeats. Normally, the disease-related proteins involved 

contain sequences of 6-40 glutamine repeats, but expansion of these tracts to 40-300 

repeats leads to disease. The age of onset of the disorder is inversely correlated with the 

repeat length of the polyQ tracts (reviewed by (Orr and Zoghbi, 2007). 

The presence of proteolytic protein fragments harbouring a polyQ tract in aggre-

gates (DiFiglia et al., 1997; Goti et al., 2004; Li et al., 1998; Schmidt et al., 1998) has led 

to the ‘toxic fragment hypothesis’, which states that proteolytic fragments of polyQ-

expanded huntingtin (Cooper et al., 1998), androgen receptor (Merry et al., 1998) or 

certain ataxins (Haacke et al., 2006; Ikeda et al., 1996; Young et al., 2007) initiate protein 

aggregation and induce neuronal toxicity. Full length polyQ proteins aggregate, but at 

a much slower rate than their proteolytic fragments (Merry et al., 1998). These fragments 

can be generated by proteases such as caspases, aspartic endopeptidases, calpains and the 

proteasome (Gafni et al., 2004; Goldberg et al., 1996; Graham et al., 2006; Lunkes et al., 2002; 

Wellington et al., 1998). Accumulation of these proteolytic fragments may therefore function 

as a nucleation centre that sequesters full-length polyQ proteins in time. The proteasome can 

degrade both wild-type and expanded forms of most polyQ proteins, as was demonstrated in 

cultured cells and animal models (Bence et al., 2001; Jana et al., 2005). Surprisingly, polyQ-

expanded proteins are not degraded to completion by the proteasome both in vitro and in 

vivo (Holmberg et al., 2004; Venkatraman et al., 2004). Venkatraman and colleagues (2004) 

showed that isolated proteasomes cannot digest polyQ tracts present within a protein, which 

will result in the release of polyQ peptides. While flanking amino acids may be removed by 

exo-peptidases, the polyQ tracts themselves accumulate when not efficiently cleared by down-

stream peptidases.

To examine the fate of these polyQ peptides downstream the proteasome, we mimicked 

proteasomal generation of polyQ peptides in living cells. If polyQ peptides are degradation-

resistant upon release into the cytoplasm, they may subsequently accumulate and initiate 

aggregation. Most studies investigating polyQ disorders use polyQ constructs that contain 

a starting methionine and/or fusion tags like fluorescent proteins. These polyQ constructs, 

including polyQ-GFP, huntingtin exon-1 or their short-lived variants, do not represent polyQ 

peptides generated by the proteasome. To mimic pure polyQ peptide generation, we gener-

ated a fusion protein containing green fluorescent protein (GFP), ubiquitin (Ub) and polyQ 

peptides (GFP-Ub-polyQ). This fusion protein efficiently releases non-tagged polyQ peptides 

upon cleavage by Ub C-terminal hydrolases (Johnson et al., 1995). We show that upon release, 

only polyQ peptides of disease-related lengths accumulated inside cells, and initiated intracel-

lular protein aggregation. Proteasomes were rapidly sequestered, followed by ubiquitinated 

proteins, and associated chaperones, as has been observed in various polyQ disorders (Haacke 

et al., 2006; Holmberg et al., 2004; Kim et al., 2002). Also various proteins containing either 

wild-type or expanded polyQ stretches were sequestered (Haacke et al., 2006; Perez et al., 

1998). In addition, accumulation of expanded polyQ peptides led to neuronal toxicity. 
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Polyq-ExPanDED PEPtiDEs aCCuMulatE anD inDuCE intra-
CEllular aGGrEGatEs
To examine the fate of proteasomal-released polyQ-peptides in living cells, we gene-

rated fusion proteins of fluorescently-tagged Ub with polyQ peptides of wild-type and 

disease-related lengths. Upon expression, the C-terminal polyQ peptide will be efficiently 

released from GFP-Ub by immediate cleavage via Ub C-terminal hydrolases (Johnson et 

al., 1995). As a result, the generated polyQ peptide does not contain a starting methio-

nine residue, which may affect degradation properties because of similarities with the 

N-terminus of a full-length protein (Bachmair et al., 1986). Also no tags (such as fluorophores 

or antibody epitopes) were directly attached to the polyQ peptide. As Ub was fluorescently 

tagged, the fluorescence intensity reflected the amount of generated polyQ peptides. PolyQ 

peptides of 16, 65 or 112 glutamine residues were fused to GFP-Ub resulting in GFP-Ub-Q16, 

GFP-Ub-Q65 and GFP-Ub-Q112, respectively (Figure 1A). 
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Figure 1. PolyQ-expanded peptides induce intracellular aggregates. (A) Schematic representation of GFP-
Ub-polyQ (Q16, Q65 and Q112) fusion proteins and the generation of polyQ peptides upon synthesis and 
cleavage by Ub C-terminal hydrolases. (B) Cytosolic cell lysates of HEK293T expressing the different GFP-
Ub-polyQ fusions were immunoblotted against GFP (left) or Ub (right) 48 hours after transfection. GFP-Ub 
migrated at the same height for all three fusion proteins, indicating efficient cleavage of polyQ from GFP-Ub. 
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Transfection efficiencies were lower for expanded polyQ peptide constructs. (C) Subsequent staining with 
an antibody against polyQ (1C2) revealed only the presence of polyQ peptides in cells expressing GFP-Ub-
Q65 and GFP-Ub-Q112, and not of GFP-Ub-Q16. The asterisk indicates potential oligomeric structures. 
(D) Confocal images of GFP-Ub and the various GFP-Ub-polyQ distributions in Mel JuSo cells. GFP-Ub-Q16 
showed a Ub distribution similar to free GFP-Ub, whereas a high percentage of cells expressing GFP-Ub-Q65 
and GFP-Ub-Q112 showed Ub redistribution into aggregates. Scalebar ~ 5 µm. (E) Percentage of transfected 
HEK293T cells exhibiting fluorescent aggregate at 48 and 72 hours after transfection of cells (data are mean 
± SEM of 3 different experiments). The amount of aggregates in cells expressing expanded polyQ peptides 
increased both in time and with polyQ length. (F) GFP-Ub was present in a ring around the aggregate induced 
by GFP-Ub-Q112 (left panel) that had a fibrillar structure at the ultrastructural level (middle panel), similar 
to structures induced by non-cleavable GFP-Q65 (right panel). Scalebar ~ 1 µm. (G) Filter retardation assay 
showed entrapment of aggregates in HEK293T cells expressing GFP-Ub-Q65, GFP-Ub-Q112 and httex1-Q103-
GFP after immunostaining using the 1C2 antibody. In contrast, GFP is only present when the non-cleavable 
fusion protein httex1-Q103-GFP is used (H) Confocal images of cells expressing GFP-Ub or the various GFP-
Ub-polyQ constructs after immunostaining using antibodies against polyQ (1C2). Mel Juso cells expressing 
GFP-Ub or GFP-Ub-Q16 showed no polyQ staining. Cells expressing GFP-Ub-Q65 and GFP-Ub-Q112 showed 
cytoplasmic polyQ staining when no aggregates were present. The presence of aggregates depleted the 
cells of free polyQ peptides, preventing polyQ staining. The arrows indicate an aggregate. Scalebar ~ 5 µm. 
(I) Protease K treatment dissolved the protein shells around the polyQ aggregate, resulting in labeling the 
outside of the aggregation core with the anti-polyQ antibody 1C2. Scalebar ~ 5 µm. (J) The Q-binding peptide 
QBP1-CFP was redistributed into aggregates induced by RFP-Ub-Q112. The arrow indicates the presence of a 
visible aggregate by phase contrast. Scalebar ~ 5 µm.
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Figure 2. PolyQ peptide aggregates recruit UPS compo-
nents and chaperones. Mel Juso cells were transfected 
with the indicated constructs and imaged at 48 hours 
after transfection. (A). Co-expression of GFP-Ub and 
RFP-Ub derived from RFP-Ub-Q112 resulted in identical 
redistribution into aggregates. (B). Proteasomes labeled 
with LMP2-GFP colocalized with the core of aggregates 
induced by RFP-Ub-Q112, with RFP-Ub surrounding 
the core. LMP2-GFP was freely distributed in nucleus 
and cytoplasm of cells expressing RFP-Ub-Q16. (C). The 
chaperone Hsp70-GFP was redistributed into aggregates 
induced by RFP-Ub-Q112, and formed an additional ring 
around the Ub-positive polyQ peptide aggregate. (D). 
Upon transfection with GFP-Ub-Q112 or httex1-Q103-
GFP together with the proteasomal subunit β7-RFP, cells 
were immunostained for endogenous Hsp70. The protea-
some was within the aggregate core, surrounded by Ub 
and an additional ring of chaperones. Scalebar ~5 μm.
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Expression of the different GFP-Ub-polyQ proteins and subsequent release of polyQ peptides 

were analyzed 48 hours after transfection. Western blot analysis demonstrated the presence 

of GFP-Ub (36kDa) separated from all polyQ proteins (Figure 1B, left panel). In addition, a large 

Ub conjugate was present, as shown before for GFP-Ub (Dantuma et al., 2006). No additional 

bands were detected that could represent uncleaved GFP-Ub-polyQ proteins. Efficient cleavage 

was also observed when the Western blot was analyzed for Ub (Figure 1B, right panel). These 

results indicate that all polyQ peptides were efficiently cleaved from the GFP-Ub protein. 

Subsequent immunoblotting against polyQ using the antibody 1C2 (Trottier et al., 1995) 

showed that polyQ peptides were present in the GFP-Ub-Q65 and GFP-Ub-Q112 lanes (Figure 

1C). The mobility on SDS-PAGE of expanded polyQ peptides was different from their calculated 

molecular masses, as has been observed before for polyQ-containing proteins (Holmberg et 

al., 2004; Servadio et al., 1995). Some additional high molecular mass bands were present, 

which may represent oligomeric polyQ structures as these bands are GFP and Ub negative 

(Figure 1B). The absence of Q16 peptides in cells expressing GFP-Ub-Q16 indicates that small 

Q peptides are efficiently cleared from the cytoplasm. It is unlikely that small Q peptides are 

not recognized by the 1C2 antibody, since a Q16-GFP fusion protein was recognized by the 1C2 

antibody with almost equal efficiency as expanded GFP-polyQ fusions (supplementary material 

Figure S1A). Accumulation of Q65 and Q112 peptides, but not of Q16 peptides, suggests that 

expanded polyQ peptides were not efficiently degraded in living cells. To our knowledge, these 

peptides are the first group of peptides to be found to be resistant to degradation. 

Since proteolytic protein fragments containing polyQ tracts are more prone to aggrega-

tion than the full-length protein, we examined whether the accumulation of Q65 and Q112 

peptides initiated aggregate formation. We observed a similar intracellular distribution of 

GFP-Ub in cells transfected with either GFP-Ub or GFP-Ub-Q16. GFP-Ub was enriched in the 

nucleus, but was also present in the cytoplasm and on vesicles (Figure 1D), similar to the distri-

bution of endogenous Ub (Dantuma et al., 2006; Qian et al., 2002). In contrast, expression 

of GFP-Ub-Q65 and GFP-Ub-Q112 resulted in the appearance in either the nucleus or cyto-

plasm of distinct intracellular structures decorated with fluorescent Ub in a high percentage of 

the transfected cells. The number of cells containing these structures increased both in time 

and with polyQ length (Figure 1E). To investigate whether the length-dependency of aggre-

gate formation also held true for polyQ lengths nearby the threshold, we expressed GFP-Ub 

fused to polyQ peptides of 33 or 48 glutamine residues. Whereas GFP-Ub-Q33-expressing cells 

showed no aggregates, cells expressing GFP-Ub-Q48 had aggregates, although in a much lower 

percentage of cells than those expressing Q65 or Q112 peptides (supplementary material 

Figure S1B, data not shown). GFP-Ub fluorescence was usually present in a ring around a dark 

core, indicating that Ub was recruited (Figure 1F). At the ultrastructural level, this structure was 

found to have a radiating dense core similar to aggregates formed by non-cleavable GFP-polyQ 

fusion proteins (Figure 1F) and expanded huntingtin (Qin et al., 2004). In cells expressing Q65 

and Q112 peptides, these dense structures were resistant to SDS and selectively trapped in 

a filter-retardation assay (Wanker et al., 1999). Immunostaining using 1C2 showed that the 

trapped structures contained polyQ peptides (Figure 1G), similar to huntingtin exon-1 Q103 

(httex1-Q103-GFP) (Wanker et al., 1999). This suggests that expanded polyQ peptides induce 
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intracellular SDS-resistant aggregates. Although Httex1-Q103-GFP was also positive for GFP, no 

GFP was present on filter trap with the GFP-Ub-polyQ constructs, indicating efficient cleavage 

of the GFP-Ub-polyQ fusion proteins (Figure 1G). Analysis of the soluble and insoluble fractions 

of cell lysates showed no uncleaved GFP-Ub-Q112 fusion proteins in either fraction (supple-

mentary material Figure S1C)To confirm the presence of polyQ peptides in intracellular aggre-

gates, we immunostained cells expressing Q16, Q65 or Q112 peptides with 1C2. As expected, 

no polyQ peptides were detected in cells expressing GFP-Ub or GFP-Ub-Q16 (Figure 1H). 

However, cells transfected with GFP-Ub-Q65 or GFP-Ub-Q112 showed two patterns of polyQ 

staining, dependent on the presence of aggregates. When aggregates were not present, polyQ 

staining was mainly cytoplasmic, whereas GFP-Ub localization was predominantly nuclear. By 

contrast, cells containing polyQ peptide aggregates were not recognized by the antibody 1C2 

(Fig 1H, arrows indicate an aggregate). A similar difference in immunostaining was obtained 

using the anti-polyQ antibody MW1 (Ko et al., 2001) (supplementary material Figure S1D). The 

absence of polyQ staining in cells containing aggregates was likely due to the dense aggregate 

structure and its surrounding protein layers that may shield the polyQ core. Indeed, pretreat-

ment with proteinase K degraded shielding proteins and resulted in positive immunostaining 

of polyQ peptide aggregates (Figure 1I), as has been observed previously for huntingtin aggre-

gates (Qin et al., 2004). To further confirm that the aggregates contain polyQ peptides, we used 

a cyan fluorescent protein (CFP) tagged Q-binding peptide (QBP1) which selectively binds to 

polyQ aggregates (Nagai et al., 2000). QBP1 showed a cytoplasmic distribution pattern when 

expressed alone or together with RFP-Ub or RFP-Ub-Q16 (data not shown). However, cells 

harboring aggregates initiated by Q112 peptides showed binding of QBP1 to aggregates (Figure 

1J). Taken together, these results indicate that expanded polyQ peptides are not efficiently 

degraded and subsequently initiate formation of aggregates that display all characteristics of 

disease-related polyQ aggregates.

Polyq PEPtiDE aGGrEGatEs rECruit ProtEasoMEs, ubiquitin 
anD CHaPEronEs
Aggregates formed by expanded polyQ proteins often sequester proteins involved in the 

ubiquitin proteasome system (UPS) and also chaperones (Holmberg et al., 2004; Kim et al., 

2002). We examined whether aggregates induced by expanded polyQ peptides showed a 

similar sequestration of UPS components. GFP-Ub was present in a ring around the aggre-

gates (Figure 1F). Absence of Ub in the aggregate core can be explained by the lack of lysine 

residues in polyQ peptides, thereby excluding ubiquitination of the polyQ peptides. The  

presence of GFP-Ub around the core was not due to inefficient cleavage of GFP-Ub-polyQ, since 

no uncleaved GFP-Ub-polyQ fusions could be detected by SDS-PAGE (Figure 1B and supplemen-

tary material Figure S1C) and filtertrap (Figure 1G). In addition, co-expression of GFP-Ub with 

RFP-Ub-Q112 showed a similar sequestration of both fluorescently-tagged Ub proteins into 

aggregates (Figure 2A), indicating efficient cleavage. This suggests that the presence of GFP-Ub 

is due to ubiquitination of sequestered proteins.

We examined whether proteasomes colocalized with polyQ aggregates in our model, by 

co-expressing the different RFP-Ub-polyQ constructs with GFP-tagged immuno-proteasomal 
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merged subunit LMP2. LMP2 is efficiently incorpo-

rated into active proteasomes (Reits et al., 

1997). Notably, LMP2-GFP was present in 

the core of polyQ aggregates, suggesting 

that proteasomes were recruited to aggre-

gates even before Ub sequestration (Figure 

2B). A similar recruitment was observed 

when using the constitutive proteasome 

subunit β7 (Figure 2D). This finding most 

likely reflects a proteasomal attempt to 

degrade accumulating polyQ peptides. The 

sequestered proteasomes and Ub seemed 

irreversibly trapped, which was revealed 

with fluorescence recovery after photob-

leaching (FRAP) to determine on/off rates 

of the sequestered molecules (Reits and 

Neefjes, 2001). Upon photobleaching of 

one half of an aggregate, no exchange 

between the sequestered proteasomes 

or Ub and the surroundings was observed 

(supplementary material Figure S2A). This 

indicates that the proteasome became 

immobilized, as has been previously 

observed (Holmberg et al., 2004). 

We also examined whether chape-

rones such as Hsp70 were bound to polyQ 

aggregates, as has been observed in polyQ 

diseases (Kim et al., 2002; Matsumoto et 

al., 2006). Upon co-transfection of the 

different RFP-Ub-polyQ fusion proteins 

with GFP-tagged Hsp70, we observed an 

additional ring-like structure of Hsp70-GFP 

around the Ub-positive aggregate (Figure 

2C). FRAP analysis revealed that Hsp70 

was not irreversibly trapped in the aggre-

gate (supplementary material Figure S2A), 

consistent with previous observations 

(Kim et al., 2002; Matsumoto et al., 2006). 

To compare the composition of aggregates 

initiated by Q112 peptides with aggregates 

formed by polyQ-expanded huntingtin 

exon-1, cells were transfected with either 

Figure 3. Sequestration of glutamine-containing 
proteins into polyQ peptide aggregates. Mel 
Juso cells were transfected with the indicated 
constructs and imaged at 48 hours after trans-
fection. (A) Expression of RFP-Ub-Q112 led to 
the sequestering of httex1-Q103-GFP into polyQ 
aggregates. (B) httex1-Q25-GFP became seques-
tered into polyQ peptide aggregates when cells 
were co-transfected with RFP-Ub-Q112. (C) 
The non-cleavable fusion protein Q16-GFP was 
diffusely distributed in cytoplasm and nucleus 
of cells expressing RFP-Ub-Q16, but colocalized 
with aggregates induced by RFP-Ub-Q112. (D) 
The Q-containing transcription factor TBP1 was 
recruited to aggregates induced by RFP-Ub-
Q112 peptides, but only when the polyQ peptide 
aggregate was localized in the nucleus. Scalebar 
~ 5 µm.
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GFP-Ub-Q112 or httex1-Q103-GFP together with β7-RFP-tagged proteasomes, and cells were 

subsequently immunostained for endogenous Hsp70. Triple color analysis showed that the 

core of the aggregate was positive for proteasomes (red). This core was surrounded by Ub or 

httex1-Q103-GFP (Greene et al.). Finally, Hsp70 was present within the most outer layer of the 

aggregate (blue) (Figure 2D). This suggests that various proteins associate at different stages or 

with different affinities during aggregate formation. The presence of GFP-Ub and httex1-Q103 

in a similar layer may suggest the recruitment of ubiquitinated proteins and polyQ proteins in 
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Figure 4. PolyQ peptides induce aggregates and toxicity in neuronal cells. (A) Confocal images of N2A neu-
roblastoma (upper panel) and immortalized SThdh+/+ striatal cells (lower panel) showed diffuse cytoplasmic, 
nuclear and vesicular distribution of Ub in cells expressing GFP-Ub or GFP-Ub-Q16. GFP-Ub was sequestered 
into aggregates when cells were transfected with GFP-Ub-Q65 or GFP-Ub-Q112. (B) Loss of GFP-Ub coincided 
with cell death induced by GFP-Ub-Q112 expression as visualized by PI uptake. Timescale is 30 minutes 
between images taken by automated fluorescence microscopy. (C) Loss of GFP-positive cells was determined 
by FACS analysis 24 (red) or 48 (blue) hours after transfection (mean ± SEM of 3 different experiments, each 
in triplicate). GFP-Ub-Q112 showed a significant increase in neurotoxicity in N2A neuroblastoma cells when 
compared to GFP-Ub or GFP-Ub-Q16 (p<0.05, two-tailed unpaired t-test). Scalebar ~ 5 µm.
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this stage of aggregate formation. Since aggregates initiated by expanded polyQ peptides also 

contained Ub, proteasomes and chaperones as has been described before, our model faithfully 

mimics aggregate formation in polyQ diseases.

sEquEstErinG of GlutaMinE-ContaininG ProtEins into Polyq 
PEPtiDE aGGrEGatEs
The presence of httex1-Q103 in ring-like structures around the aggregate and not within the 

core (Figure 2D) suggests recruitment of large polyQ fragments into aggregates in a later 

stage. To examine this hypothesis, we co-expressed RFP-Ub-Q112 and httex1-Q103-GFP. 

Indeed, we found that httex1-Q103-GFP was sequestered into aggregates induced by polyQ 

peptides (Figure 3A). In addition, the aggregation rate of httex1-Q103-GFP was also dramati-

cally increased when Q112 peptides were present (supplementary material Figure S2B), which 

suggests that polyQ peptides initiate aggregates that accelerate huntingtin aggregation. Similar 

results were obtained with truncated polyQ-expanded ataxin-3 (Atx3-Q85-GFP) and the SBMA-

related truncated androgen receptor with a Q84 repeat (AR-Q84-GFP) (data not shown). 

Aggregates induced by disease-related polyQ proteins also sequester the wild-type protein 

expressed by the non-expanded allele (Busch et al., 2003; Haacke et al., 2006). We examined 

whether polyQ peptide aggregates also sequester non-expanded, wild-type polyQ proteins. The 

non-expanded httex1-Q25-GFP remained freely distributed in cells that co-expressed either 

RFP-Ub or RFP-Ub-Q16 (supplementary material Figure S2B). In contrast, httex1-Q25-GFP was 

recruited into polyQ peptide aggregates when co-transfected with RFP-Ub-Q112 (Figure 3B 

and supplementary material Figure S2B). A similar entrapment of wild-type truncated ataxin 

3 (Atx3-Q28-GFP) (supplementary material Figure S2C) and the truncated androgen receptor 

(AR-Q19-GFP) was observed (data not shown). This sequestration of wild-type polyQ proteins 

may therefore lead to loss of function. Sequestering of non-expanded polyQ proteins was not 

limited to disease-related proteins, as other polyQ proteins were recruited into aggregates 

initiated by polyQ peptides, including Q16-GFP (Figure 3C), and also the Q-stretch containing 

transcription factor TBP1 when nuclear aggregates were present (Figure 3D). 

Polyq PEPtiDEs inDuCE aGGrEGatEs anD toxiCity in nEuronal 
CElls
To examine whether polyQ peptides also initiate aggregate formation in neuronal cells, we 

transiently transfected N2A neuroblastoma cells with the various GFP-Ub-polyQ constructs. 

N2A cells transfected with either GFP-Ub-Q65 or GFP-Ub-Q112 developed aggregates similar 

to those present in non-neuronal cells (Figure 4A), whereas GFP-Ub-Q16-expressing cells 

showed an Ub distribution comparable to GFP-Ub alone. Since HD mostly affects striatal cells, 

we also used immortalized SThdh+/+ striatal cells (Trettel et al., 2000), which similarly generated 

intracellular aggregates when transfected with GFP-Ub-Q65 or Q112 (Figure 4A). Many cells 

rounded up after expression of expanded polyQ peptides, suggesting toxicity, although this 

did not correlate with the presence of GFP-Ub-positive aggregates. To determine whether the 

expressed polyQ peptides were toxic, the viability of transfected N2A cells was tested using 

propidium iodide (PI). Expression of expanded polyQ peptides resulted in increased numbers 
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of PI-positive cells (data not shown). However, hardly any double-positive cells were observed. 

This is presumably explained by the fact that uptake of PI into polyQ peptide-expressing cells 

was often preceded by loss of GFP fluorescence (Figure 4B) as observed before (Arrasate and 

Finkbeiner, 2005). Because loss of fluorescence seemed to be associated with cell death, we 

used another approach to quantify polyQ peptide-induced toxicity. To determine changes 

in the number of GFP-Ub-positive cells with time, we used FACS analysis and compared cell 

populations expressing the different GFP-Ub-polyQ proteins at 24 and 48 hours after transfec-

tion. There was no difference in GFP-Ub fluorescence between cells expressing either GFP-Ub 

or GFP-Q16 with time. However, a significant decrease in fluorescence was observed in cells 

expressing GFP-Ub-Q112 when compared to GFP-Ub or GFP-Ub-Q16 (p<0.05), indicating that 

expression of Q112 peptides induced cell death (Figure 4C). GFP-Ub-Q65 had a mild, although 

not significant, effect on cell death. Taken together, these results showed that expanded polyQ 

peptides form aggregates and become toxic to neuronal cells.

Proteolytic fragments containing expanded polyQ tracts are more aggregation-prone 

than original full-length proteins, as has been shown for huntingtin (Cooper et al., 

1998), androgen receptor (Merry et al., 1998), ataxin 3 (Haacke et al., 2006) and ataxin 

7 (Young et al., 2007). Recently, it was also postulated that an expanded polyQ fragment 

was expressed in SCA8. because anti-sense transcription resulted in polyQ inclusions 

(Ikeda et al., 2007). These data suggest that polyQ fragments may be fundamental in 

initiating aggregation. However, it has been shown that expanded polyQ proteins are 

efficiently targeted to the proteasome (Holmberg et al., 2004), which can degrade entire 

proteins with the exception of polyQ tracts (Venkatraman et al., 2004). Degradation 

by the proteasome may result in the release of polyQ peptides, whose flanking amino 

acids may be removed by exo-peptidases. It is unknown whether the resulting pure 

polyQ peptides are rapidly degraded by peptidases. If resistant, their subsequent accumulation 

may initiate aggregation and toxicity as observed in polyQ disorders. In order to examine this 

toxic fragment hypothesis, we mimicked intracellular proteasomal polyQ peptide generation as 

closely as possible by fusing pure polyQ peptides to GFP-tagged Ub. Although Ub-polyQ fusions 

have been used before, these polyQ fragments also included either GFP tags (Kaytor et al., 

2004; Verhoef et al., 2002) or additional amino acids including a starting methionine residue 

(Marsh et al., 2000). Expression of our constructs resulted in the efficient release of “naked” 

polyQ peptides due to immediate cleavage by Ub C-terminal hydrolases. This was shown by 

SDS-PAGE, in which a GFP-Ub band was present at the same position irrespective of the original 

construct (Figure 1B), by a filter retardation assay (Figure 1G) and examination of the insoluble 

fraction (supplementary material Figure S1C) and different intracellular locations of GFP-Ub 

and polyQ peptides (Figure 1H). Since the released polyQ peptides do not contain a starting 

methionine or additional tags, they closely resembled peptide generated by the proteasome. 

All previous studies have relied on expression of polyQ fusions that did include such features, 
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which can significantly alter the in vivo behavior of polyQ fragments. Starting methionines will 

make the peptides resemble the N-terminus of proteins, possibly affecting the rate of degrada-

tion (Bachmair et al., 1986). Fluorescent tags contain lysine residues, which can serve as targets 

for ubiquitination and subsequent degradation by the proteasome. The intracellular release of 

monomeric polyQ peptides is also closer to the in vivo situation than the addition of synthe-

sized polyQ peptide aggregates to cells (Yang et al., 2002). 

We showed that only polyQ peptides with polyQ repeat lengths similar to disease-related 

peptides accumulated in the cell and initiated aggregation. The characteristics of aggregates 

induced by expanded polyQ peptides were similar to those of aggregates initiated by expres-

sion of expanded polyQ-containing proteins (Holmberg et al., 2004; Kim et al., 2002; Perez et 

al., 1998; Qin et al., 2004). These characteristics include sequestration of proteasomes, Ub and 

other polyQ-containing proteins such as TBP, and the presence of Hsp70. Although previous 

studies only speculated on the effect of proteasomal release of polyQ peptides in living cells, 

we show here that ‘proteasomal-derived’ expanded polyQ peptides by themselves are suffi-

cient to accumulate and initiate aggregation. Accumulation of expanded polyQ peptides is toxic 

to neuronal cells, but it remains to be established which particular step in aggregate formation 

is toxic. The toxicity seems to be induced by necrosis instead of apoptosis, as no apoptotic 

markers such as annexin 5 or activated caspases were detected (data not shown). The toxic 

species may be either small polyQ peptide oligomers or large polyQ aggregates. Further studies 

are required to determine whether the proteasome can indeed generate similar polyQ peptides 

from different polyQ proteins. If so, these released polyQ peptides may be the common feature 

of the different polyQ disorders. 

Figure 5. Model of polyQ peptide aggregate formation and sequestering of UPS components. Upon protea-
somal degradation of polyQ proteins, pure polyQ peptides are released into the cytoplasm, where peptidases 
should recycle them into amino acids. Expanded polyQ peptides show resistance to degradation, leading 
to accumulation and initiation of aggregate-formation. Proteasomes are rapidly recruited in an attempt to 
degrade the fragments. In time, other proteins including various polyQ proteins are irreversibly sequestered, 
which become subsequently ubiquitinated. Finally, chaperones like Hsp70 are recruited, possibly as seques-
tered proteins become partly unfolded.

Figure 5
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Based on our findings, we propose a model in which expanded polyQ peptides are resistant 

to degradation, and their accumulation leads to intracellular polyQ aggregates (Figure 5). 

Proteasomes are rapidly recruited into the polyQ core, possibly in a final attempt to degrade 

the expanded polyQ peptides. Subsequently, other proteins are sequestered and ubiquiti-

nated, perhaps due to (partial) unfolding. These events also lead to the binding of chaper-

ones like Hsp70 that may recognize denatured proteins. All these events result in concentric 

ring-like structures formed around the aggregate (Figure 5). Essential proteins are depleted 

from the cell, contributing to cellular dysfunction. We conclude that polyQ peptides may be 

fundamental in initiating aggregation and sequestration of different types of proteins including 

polyQ proteins. Although FRAP experiments indicated that UPS components were immobilized, 

we could not detect proteasomes or Ub in the SDS-insoluble fraction of cell lysates (data not 

shown) or on filter traps (Figure 1G). This suggests that the recruited UPS components can still 

be solubilized. 

We were able to detect expanded polyQ peptides containing Q65 or Q112 on Western 

blot and by immunostaining in fixed cells, but we were unable to detect any Q16 peptides. 

These short polyQ peptides are most likely rapidly degraded by downstream peptidases like 

PSA (Bhutani et al., 2007) that can digest short polyQ peptides and perhaps also extended 

peptides with less efficiency. Alternatively, a technical explanation for this result might be poor 

staining by the antibody 1C2. It has been suggested that anti-polyQ antibodies do not detect 

the polyQ peptide itself, but interact with the secondary structure created by the expanded 

polyQ peptide (Li et al., 2007). Nonetheless, we showed that the 1C2 antibody was able to 

recognize a Q16 peptide fused to GFP with almost equal efficiency as GFP-Q65 and GFP-Q112 

proteins. Similarly, the polyQ-antibody MW1 was able to detect a Q16-GFP fusion protein 

but no Q16 peptides derived from GFP-Ub-Q16 (data not shown). This shows our inability to 

detect Q16 peptides is not likely to be caused by the intrinsic inability of 1C2 to recognize this 

peptide species. Thus, our inability to detect any Q16 peptides in cells expressing GFP-Ub-Q16 

is most likely due to rapid and efficient degradation of non-expanded polyQ peptides. During 

the preparation of this article, work has been published that suggests that isolated protea-

somes are able to cleave multiple times within a short polyQ-containing peptide (Pratt and 

Rechsteiner, 2008). They argued that Venkatraman and colleagues (2004) underestimated the 

amount of cleaved polyQ-fragments as a consequence of their mass-spectrometry methods. 

However, their conclusion was also based on other experiments such as Western blot analysis 

of polyQ protein products generated by proteasomes, and are in line with the conclusions by 

Holmberg and colleagues (2004). The experiments of Pratt and Rechsteiner (2008) were done 

in the presence of a mutated PA28γ subunit, which alters proteasomal access and specificity 

to peptides. In addition, although isolated proteasomes may be able to cleave short polyQ 

peptides, our observation that Q65 and Q112 peptides readily aggregate suggests that the 

proteasome cannot efficiently degrade expanded polyQ peptides and thus cannot prevent 

their accumulation. 

PolyQ aggregation is commonly visualized using full-length or truncated polyQ-proteins 

that are GFP-tagged, which therefore represent proteins that require degradation by the 

proteasome. When such GFP-tagged proteins are degraded by the proteasome, this results 
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in the release of non-fluorescent polyQ peptides that will initiate aggregation and subse-

quently sequester GFP-tagged fragments or full-length polyQ proteins in time. Visualization 

of aggregation using GFP-tagged polyQ proteins thus represents a later stage in aggregate 

formation and does not reveal much about the initiation of aggregation. Long- or short-lived 

polyQ proteins have been used to link degradation to aggregation kinetics, where long-lived 

GFP-polyQ (Michalik and Van Broeckhoven, 2004; Verhoef et al., 2002) and GFP-tagged polyQ-

expanded huntingtin exon1 (Kaytor et al., 2004) fusion proteins were compared to short lived 

variants. In these studies, proteasomal degradation of short-lived expanded polyQ proteins 

resulted in reduced formation of GFP-positive aggregates compared to their long-lived coun-

terparts. Strikingly, toxicity was higher in cells expressing the short-lived expanded huntingtin-

exon1 when compared to long-lived version (Kaytor et al., 2004). Our model can explain this 

unexpected finding: short-lived polyQ proteins are more rapidly degraded than long-lived 

proteins, resulting in aggregation-prone and toxic polyQ peptides. However, such aggregates 

remain invisible as GFP fluorescence of the short-lived proteins is lost due to rapid breakdown, 

preventing its incorporation in the aggregates. Consequently, this has probably led to an under-

estimation of the real number of aggregates formed by short-lived proteins in these studies. 

The increased toxicity was in fact presumably caused by higher levels of generated polyQ 

peptides. The reduced toxicity in GFP-positive cells found by Verhoef and colleagues (2002) 

may similarly be explained by preferential loss of fluorescence by toxic fragments, since only 

toxicity of GFP-positive cells were analyzed.

Our method mimicking proteasomal release of polyQ peptides is also a valuable tool to 

investigate a number of important questions concerning the role of polyQ peptides in HD and 

related neurodegenerative disorders. It enables us to identify proteases or peptidases that can 

target intracellular polyQ peptides in vivo, providing a strategy to prevent accumulation of toxic 

polyQ peptides. Similarly, the role of alternative degradation pathways, such as autophagy, 

in clearance of polyQ aggregates can be investigated. Our approach may also be useful in 

screening for compounds that affect aggregation and decrease toxicity. We expect that the 

outcome of such studies using this tool, which expresses polyQ peptides in living cells, holds 

true for all expanded polyQ disorders.
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Plasmid Constructs. Ub was generated by PCR from GFP-Ub (Dantuma et al., 2006) with  forward 
primer 5’-CCCGAGCTCAGATGCAGATCTTCGTGAAG-3’ and reverse primer 5’-CTCGGGCCCT-
CACCCACCTCTGAGACGG-3’ and ligated into EGFP-C1 (Clonetech). The resulting construct GFP-Ub 
was again generated by PCR with forward primer 5’- CGCGGATCCATGGTGAGCAAGGGCGAG-3’ and 
a reverse primer 5’-CGGGAATTCCTGCAGCCCACCTCTGAGACGGAG-3’, and ligated into Ub-X-GFP-
Q16/65/112 (Verhoef et al., 2002) where the Ub-X-GFP insert was replaced by GFP-Ub, resulting 
in GFP-Ub-Q16/Q65/Q112. This procedure was required to remove the restriction site PstI present 
between GFP and Ub, since PstI was also required for Ub-polyQ ligation. The usage of restriction 
sites required the presence of some flanking amino-acids, resulting in an N-terminal Leu residue 
and a Glu-Thr-Ser-Pro-Arg sequence at the C-terminus. GFP was exchanged for mRFP to generate 
the different RFP-Ub-polyQ fusions. The alternative polyQ peptide lengths of Q33 and Q48 were 

generated by re-transformation of GFP-Ub-Q65, leading to altered polyQ lengths. Q16-GFP was generated 
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by inserting a Q16 repeat (derived from Ub-M-GFP-Q16) in front of GFP. Huntingtin exon-1 was kindly 
provided by Ron Kopito (Stanford University, Stanford USA), Ataxin-3 by Henry Paulson (University of 
Michigan, Ann Arbor, USA), androgen receptor by Paul Taylor (University of Pennsylvania, Philadelphia, 
USA), GFP-Ub, RFP-Ub, Ub-M-GFP-polyQ (used to express GFP-polyQ) and β7-RFP by Nico Dantuma (Karo-
linski Insitutet, Stockholm, Sweden), Hsp70-GFP by Harm Kampinga (University Medical Center Groningen, 
Groningen, the Netherlands), TBP1 by Rick Morimoto (Northwest University, Evanston, USA) and QBP1-CFP 
by Yoshitaka Nagai (Osaka University, Osaka, Japan). 

Transfections, cell-culture and toxicity assay. Human embryonic kidney cells (HEK293T) and Mel JuSo 
fibroblast cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) supplemented with 
10% FCS and penicillin/streptomycin/L-glutamine. The cells were transiently transfected with Fugene6 
(Roche) and analyzed at indicated time-points after transfection. Mouse STHdh+/+(Q7) cells (kindly provided 
by Marcy MacDonald) (Trettel et al., 2000) and N2A neuroblastoma cells were cultured in DMEM supple-
mented with 10% FCS and penicillin/streptomycin/L-glutamine. Neuronal cells were transiently transfected 
with Lipofectamine 2000 (Invitrogen). Mouse STHdh+/+(Q7) cells were incubated at 32°C. For toxicity mea-
surements, N2A cells were analyzed by FACS LSRII for GFP fluorescence 24 or 48 hours after transfection, 
and the percentage of GFP-positive cells was quantified.

Western blot analysis. Cytosolic extracts were generated by lysing cells with 0.1% Triton X-100 for 
30 minutes on ice, and supernatant was used after spinning down the lysate. 20 µg of cytosolic protein 
lysates were separated by 18% SDS-PAGE and transferred to Protan nitrocellulose membranes. Membranes 
were blocked in 5% dry milk (Protifar Plus, Nutricia) in TBS containing 0.3% Tween-20 and probed with 
1:1000 anti-GFP (Molecular Probes), 1:100 anti-Ub (Sigma) or the anti-polyglutamine 1C2 (MAB1574, 
Millipore). Polyclonal Horseradish Peroxidase (HRP)-conjugated secondary antibodies, anti-rabbit (Sigma) 
or anti-mouse (DAKO) were used at a 1:10.000 dilution to detect the primary antibodies in conjunctions 
with Lumi-lightPLUS Westernblotting substrate (Roche). Preparation of SDS-soluble and SDS–insoluble 
protein fractions was described before (Carra et al., 2008). Briefly, cells were trypsinized, homogenized, 
and heated for 10 min at 99°C in sample buffer [70 mM Tris pH 6.8, 1.5% SDS, 20% glycerol] supplemented 
with 50 mM dithiothreitol (DTT) 72 hours after transfection. Cell lysates were centrifuged for at least 30 
minutes at 20,800 g at room temperature. Bromophenol blue (0.05%) was added to supernatants, which 
were the SDS-soluble fraction. The pellets, the SDS-insoluble fractions, were dissolved in 100% formic acid, 
incubated 30 minutes at 37°C, lyophilized overnight in a speed vac (Eppendorf), and resuspended in a 0.25 
of the volume of sample buffer containing 0.05% bromophenol blue. Samples were separated on either 
18% SDS-PAGE (anti-polyQ), or 12.5% SDS-PAGE (anti-GFP) and further treated as for Western blots. 

Fluorescence, confocal and electron microscopy. HEK293T cells were transfected with indicated con-
structs and the percentages of aggregates were scored using an inverted fluorescence microscope (Leica 
DMR). For imaging, Mel Juso cells were transiently transfected with the indicated constructs and images 
were obtained using a confocal microscope (Leica SP2) using a 63x objective. Note that some pictures 
show ‘over-exposed’ fluorescent aggregates in order to visualize non-sequestered, cytoplasmic staining. 
For immunostaining, Mel Juso cells were fixed with 4% paraformaldehyde and permeabilized using 0.1% 
Triton X-100 in PBS containing 1% FCS and stained with the primary antibodies 1C2 or MW1 (Ko et al., 
2001) (1:1000), followed by goat anti-mouse Cy3 labeling (Jackson ImmunoResearch Laboratories). The 
MW1 antibody developed by Jan Ko, Susan Ou and Paul Patterson (Ko et al., 2001) was obtained from the 
Developmental Studies Hybridoma Bank under the auspices of the NICHD and maintained by the Univer-
sity of Iowa. For endogenous Hsp70 labeling, Mel Juso cells were stained for Hsp70/Hsc70 (Calbiochem, 
1:200) followed by anti-mouse AlexaFluor 633 (Invitrogen). For electron microscopy, Mel Juso cells were 
embedded in situ. Preceding fixation, cells were washed briefly in 20 mM PBS (pH 7.4). Fixation was done in 
a mixture of 4% paraformaldehyde, 1% glutaraldehyde in 0.1 M Phosphate Buffer (pH 7.4) for 60 minutes. 
After fixation cells were washed in distilled water, osmicated for 60 minutes in 1% OsO4 in water, washed 
again in distilled water, dehydrated through a series of ethanol baths and embedded in LX-112. After po-
lymerization the plastic was removed and small parts of the Epon block containing the cells were prepared 
for ultra-thin sectioning. Ultra-thin sections were cut, collected on formvar coated grids and stained with 
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uranyl acetate and lead citrate. Sections were examined with a Philips EM-420 electron microscope. 
Filter retardation assay. Filter retardation assays were performed as described before (Wanker et al., 

1999). Briefly, 72 hours after transfection, HEK293T cells were lysed for 30 minutes on ice in Nondinet P-40 
(NP-40) buffer [100 mM TrisHCl, pH 7.5, 300 mM NaCl, 2% NP-40, 10 mM EDTA, pH 8.0], supplemented with 
complete mini protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). After cen-
trifugation 15 minutes at 20,800 g at 4°C, cell pellets were resuspended in benzonase buffer (1 mM MgCl2, 
50 mM Tris-HCl; pH 8.0) and incubated for 1 hour at 37°C with 250U benzonase (Merck). Reactions were 
stopped by adding 2x termination buffer (40 mM EDTA, 4% SDS, 100 mM DTT). Aliquots of 30 μg protein 
extract were diluted into 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and filtered through 
a 2 μm cellulose acetate membrane (Schleicher and Schuell) pre-equilibrated in 2% SDS buffer. Filters 
were washed twice with 0.1% SDS buffer (0.1% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and subsequently 
blocked in 5% dry milk in TBS. Captured aggregates were detected by incubation with 1C2 antibody and 
further treated as for Western blots. Alternatively, GFP fluorescence of trapped aggregates was analysed 
by LAS3000.
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Supplementary Figure S1. (A) The anti-polyQ antibody 1C2 recognizes both short (Q16-GFP and GFP-Q16) and 
expanded (GFP-Q65 and GFP-Q112) polyQ-tracts fused to GFP with almost equal efficiencies. (B) The expres-
sion of GFP-Ub-Q33 did not induce aggregates, but the expression of GFP-Ub-Q48 led to aggregate formation 
in a low percentage of cells after 72 hours of transfection. (C) PolyQ peptides derived from GFP-Ub-Q112 
were present in both the soluble and insoluble fraction of transfected cells, these peptides are not positive 
for GFP, indicating efficient cleavage of GFP-Ub-Q112. (D) Cells transfected with GFP-Ub-Q112 showed only 
immunostaining with the anti-polyQ antibody MW1 when aggregates were not present, similarly as observed 
with the antibody 1C2 (Figure 1E). Scalebar ~ 5 µm.
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Supplementary Figure S2. (A) FRAP analysis of polyQ-induced aggregates showed recovery of fluores-
cence upon photo-bleaching of Hsp70, indicating a high on/off rate, whereas Ub and proteasomes were  
irreversibly sequestered. (B) The rate of aggregation of httex1-Q103-GFP was enhanced when co-expressed 
with RFP-Ub-Q112 (left panel). While httex1-Q25-GFP is freely distributed in cells co-expressing RFP-Ub or 
RFP-Ub-Q16, httex1-Q25-GFP was redistributed to aggregates initiated by RFP-Ub-Q112 (right panel). A 
representative graph shows the percentage of cells containing huntingtin-positive aggregates at three time 
points after transfection. (C) Atx3-Q28-GFP distribution was affected by the presence of polyQ peptide ag-
gregates, leading to sequestering into aggregates induced by RFP-Ub-Q112. Scalebar ~ 5 µm.
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abstr
act

Several neurodegenerative disorders, including Huntington’s disease, are caused by 

expansion of the polyglutamine (polyQ) tract over 40 glutamines in the disease-related 

protein. Protein fragments containing the expanded polyQ tract are thought to initiate 

aggregation and represent the toxic species. Although it is not clear how these toxic 

fragments are generated, in vitro data suggest that proteasomes release polyQ peptides 

upon degradation of polyQ-containing proteins. Mimicking polyQ peptide genera-

tion in living cells induces aggregation and toxicity when polyQ peptides of disease-

related lengths are expressed. Here, we show that DnaJB6 and DnaJB8, two members 

of the DnaJ (Hsp40) chaperone family that prevent aggregation and toxicity of polyQ-

containing proteins, are able to suppress aggregation of expanded polyQ peptides 

as well. In contrast, the classical chaperones HspA1A (Hsp70) and DnaJB1 (Hsp40) are less 

effective. DnaJB6 and DnaJB8 require its C-terminal serine-rich region to suppress aggrega-

tion, whereas a functional J-domain does not seem to be essential. This suggests that these 

chaperones do not depend on their interaction with the HspA family to suppress aggregation of 

polyQ peptides. Furthermore, DnaJB6 but not DnaJB8 reduces soluble levels of polyQ peptides, 

whereas the levels of polyQ-expanded huntingtin protein remain constant. This indicates that 

DnaJB6 intervenes at an earlier stage of aggregation than DnaJB8. Taken together, DnaJB6 

and DnaJB8 appear to act at the level of polyQ peptides to prevent aggregation and are the 

first examples of heat shock proteins that can reduce aggregation of toxic peptide species by 

improving their clearance. 
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In
tro

d
u

ctIo
n

Polyglutamine (PolyQ) disorders are a group of dominantly inherited, progressive neuro-

degenerative disorders. These disorders are caused by expansion of the polyQ tract over 

40 glutamines within coding regions of unrelated proteins. At least 9 different polyQ 

disorders are known, including Huntington´s disease (HD), various spinocerebellar 

ataxias, spinobulbar muscular atrophy, and dentatorubral-pallidoluysian atrophy (Orr 

and Zoghbi, 2007). These disorders are characterized by atrophy of certain regions in the 

brain and the presence of intracellular aggregates. Several studies showed that these 

aggregates contained shortened fragments of the disease-related protein including the 

expanded polyQ tract (DiFiglia et al., 1997; Goti et al., 2004; Lunkes et al., 2002). These 

fragments are generated by cleavage by caspases, calpains and aspartyl endopeptidases 

(Gafni et al., 2004; Graham et al., 2006; Lunkes et al., 2002; Wellington et al., 1998). 

Furthermore, it was shown that truncated forms of huntingtin (Htt), ataxin-3, ataxin-7, 

atrophin-1 and androgen receptor containing the expanded polyQ tract are more aggre-

gation-prone and enhance toxicity (Cooper et al., 1998; Ellerby et al., 1999; Graham 

et al., 2006; Haacke et al., 2006; Ikeda et al., 1996; Merry et al., 1998; Young et al., 2007). 

This was supported by the finding that transgenic mice expressing polyQ-expanded Htt, the 

protein causing HD, maintained normal neuronal function and did not develop any behavioral 

deficits or striatal neurodegeneration when the caspase-6 cleavage site was mutated thereby 

preventing the generation of toxic fragments (Graham et al., 2006). Proteasomes are able to 

degrade polyQ-containing proteins (Bailey et al., 2002; Iwata et al., 2009; Jana et al., 2005; 

Rousseau et al., 2009), but they are not able to cleave within polyQ tracts in vitro (Venkatraman 

et al., 2004). As a consequence, polyQ peptides may be released upon proteasomal degrada-

tion of expanded polyQ proteins. 

When mimicking this process in living cells, we observed that expression of expanded polyQ 

peptides is sufficient to induce aggregation and toxicity in cells (Raspe et al., 2009). Aggregates 

or inclusion bodies (IBs) initiated by expanded polyQ peptides as well as expanded polyQ-

containing proteins are decorated with various proteins, such as components of the ubiquitin-

proteasome system (UPS), chaperones, and polyQ-containing transcription factors such as 

TATA-binding protein (TBP), and the CREB-binding protein (CBP) (Chai et al., 1999; Cummings 

et al., 1998; Holmberg et al., 2004; Kazantsev et al., 1999; Kim et al., 2002; Matsumoto et al., 

2006; Raspe et al., 2009; Suhr et al., 2001). 

Molecular chaperones transiently bind and stabilize non-native protein conformations. 

Many fundamental biological processes are thus assisted by chaperones such as protein 

folding, assembly of proteins, prevention of misfolding and aggregation of damaged or unstable 

proteins and guidance of misfolded proteins to degradation machineries. Heat shock proteins 

(Hsps) function as molecular chaperones and are upregulated under stress conditions, such as 

heat stress (Esser et al., 2004; Hartl and Hayer-Hartl, 2002). Hsps have been classified into a 

number of families on the basis of their approximate molecular mass and presence of conserved 

domains (Fink, 1999; Vos et al., 2008). The HspA (Hsp70) family consists of 11 members, 

whereas the DnaJB1 (Hsp40) family consists of over 40 members in humans (Vos et al., 2008). 

Overexpression of several chaperones was shown to reduce aggregation of various disease-

related expanded polyQ proteins (Chai et al., 1999; Cummings et al., 1998; Jana et al., 2000; 
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Kobayashi et al., 2000; Stenoien et al., 1999). In a recent comparative screen of all members 

of the HspA, HspB (small Hsps), HspH (Hsp110), DnaJA and DnaJB (sub)families, DnaJB6 and 

DnaJB8 were identified as the two most potent suppressors of aggregation and related toxicity 

of expanded polyQ proteins (Hageman et al., submitted; Vos et al., in preparation). 

Here, we show that DnaJB6 and DnaJB8 can suppress aggregation of polyQ peptides. When 

aggregates are formed, these chaperones are irreversibly trapped in the core of aggregates. The 

more classical chaperones, HspA1A (Hsp70) and DnaJB1 (Hsp40) are less effective in preventing 

aggregation of polyQ peptides and are absent from the core of aggregates. Reducing aggrega-

tion does not increase the amount of soluble polyQ peptides. This suggests that the ability of 

DnaJB6 and DnaJB8 to reduce aggregation of expanded polyQ peptides is due to enhanced 

clearance of polyQ peptides, thereby preventing them to act as inducers of aggregation.

DnaJ6b anD DnaJb8 rEDuCE aGGrEGation of Polyq PEPtiDEs
To determine the effect of chaperones on polyQ peptide aggregation in living cells, we 

used GFP-ubiquitin-polyQ (GFP-Ub-polyQ) constructs that are immediately cleaved 

upon expression into GFP-Ub and polyQ peptides by Ub C-terminal hydrolases (Figure 

1A) (Johnson et al., 1995). Only expanded polyQ peptides induced aggregation, as quan-

tified by the sequestration of GFP-Ub into aggregates (Raspe et al., 2009). Here, we 

show that approximately 60% of cells expressing Q104 peptides contained aggregates 

after 72 hours. Co-expression of HspA1A had no significant effect on polyQ peptide 

aggregation, whereas DnaJB1 slightly reduced aggregation (Figure 1B). Similar results were 

obtained for Httexon1-Q103-GFP when HspA1A or DnaJB1 were co-expressed (Figure 1C), 

although DnaJB1 was more effective in reducing aggregation of Httexon1 when compared to 

polyQ peptides. In contrast, co-expression of DnaJB6b or DnaJB8 with GFP-Ub-Q104 resulted in 

a dramatic decrease in polyQ peptide aggregation (Figure 1B). DnaJB6 and DnaJB8 also reduced 

the aggregation of Httexon1-Q103 (Figure 1C), which is in agreement with data of Chuang et al. 

(2002) and Hageman et al. (submitted). 

To examine whether this effect was directly on polyQ peptide aggregation or indirectly by 

reducing GFP-Ub recruitment, polyQ peptides were tagged with a tetracysteine (C4) motif 

for direct visualization. The membrane-permeable biarsenical dye ReAsH can bind this small 

tag and only then becomes fluorescent (Martin et al., 2005). C4-tagging of Q99 peptides did 

not affect aggregate formation, as untagged and C4-tagged polyQ peptides induced similar 

amounts of aggregate-positive cells after 72 hours (data not shown). Upon co-expression 

of GFP-Ub-Q99-C4 and DnaJB8 or DnaJB6b, the number of ReAsH-labeled aggregates was 

reduced as compared to expression of Q99-C4 alone (data not shown). The aggregates that 

were present, were positive for both GFP-Ub and ReAsH (Figure 1D), indicating that DnaJB6b 

and DnaJB8 directly reduced aggregate formation of expanded polyQ peptides and not indi-

rectly by affecting sequestration of GFP-Ub to aggregates. 

resu
lts
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Figure 1. DnaJB6 and DnaJB8 reduce aggregation of expanded polyQ peptides. (A) Schematic representa-
tion of cleavage of GFP-Ub-polyQ constructs by Ub C-terminal hydrolases directly after Ub, thereby sepa-
rating GFP-Ub and polyQ. Percentage of transfected HEK cells that contained fluorescent aggregates at 72 
hours after transfection with GFP-Ub-Q104 (B) and Httexon1-Q103-GFP (Htt-Q103) (C) in combination with 
DnaJB6a, DnaJB6b, DnaJB8, HspA1A or DnaJ, respectively (data are mean ± SEM of three independent experi-
ments). DnaJB6a, DnaJB6b, DnaJB8 and DnaJB1 reduced aggregation of both Q104 and Httexon1-Q103-GFP 
(two-tailed unpaired t-test; *** p<0.001; ** p<0.01; * p<0.05). (D) Confocal images of HeLa cells expressing 
GFP-Ub-Q99-C4 in combination with DnaJB6b or DnaJB8, respectively, labeled with ReAsH to visualize Q99-C4 
peptides at 72 hours after transfection. Arrows indicate aggregates. All ReAsH-positive aggregates were also 
GFP-Ub positive. Scalebar: 25 µm. (E, F) SDS-soluble and SDS-insoluble fractions prepared at 72 hours after 
transfection with GFP-Ub-Q16 or GFP-Ub-Q104 (E) and Httexon1-Q103-GFP (F) in combination with DnaJB6b 
and DnaJB8 and analyzed by Western blotting. Blots were stained for polyQ using 1C2 antibody (upper panel), 
anti-GFP antibody (middle panel) and anti-actin antibody (lower panel). Asterisks indicate endogenous polyQ-
containing proteins, arrow and arrowhead indicate specific Q104 peptide bands. Star indicates an aspecific 
band.
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To examine whether expression of DnaJB6b and DnaJB8 also reduced the amount of 

SDS-insoluble polyQ aggregates, cells expressing GFP-Ub-polyQ in combination with DnaJB6 

or DnaJB8 were separated into SDS-soluble and SDS-insoluble fractions. Samples were loaded 

on SDS-PAGE and subsequently stained for polyQ. As the antibody 1C2 detects polyQ tracts 

in general, several bands were detected on Western blot that represent endogenously-

expressed polyQ-containing proteins (asterisks; Figure 1E). Expression of Q16 peptides did not 

lead to accumulation of Q16 peptides in the soluble fraction or of SDS-insoluble aggregates 

(Figure 1E), indicating efficient degradation of short polyQ peptides as shown before (Raspe 

et al., 2009). Expression of Q104 peptides resulted in specific polyQ-positive bands in both 

soluble and insoluble fractions (arrow and arrowhead; Figure 1E). Co-expression of DnaJB6b 

and DnaJB8 remarkably reduced the amount of polyQ peptides present in the SDS-insoluble 

fraction (Figure 1E), which is in agreement with the reduced number of aggregates  

visualized in cells. Although GFP-Ub was also sequestered into polyQ peptides-induced aggre-

gates, GFP-Ub was not detected in the insoluble fraction (Figure 1E). This indicates that seques-

tering of GFP-Ub into aggregates is not resistant to treatment with detergents such as SDS, as 

was shown before (Raspe et al., 2009). Actin was not sequestered into aggregates and was 

thus absent in the SDS-insoluble fraction (Figure 1E). Furthermore, expression of DnaJB6b 

also resulted in a marked decrease in polyQ peptides present in the lower specific Q104 band 

in the SDS-soluble fraction (arrowhead; Figure 1E). This suggests that DnaJB6b acted at an 

earlier stage of polyQ peptide aggregation than DnaJB8, where it prevents the formation of 

small oligomeric complexes. SDS-insoluble levels of Httexon1-Q103 were also decreased by 

co-expression of DnaJB6b or DnaJB8, as detected by both polyQ and GFP levels in the insoluble 

fraction. However, SDS-soluble Httexon1-Q103 protein levels were not affected (Figure 1F) 

(Hageman et al., submitted). Together, these data show that DnaJB6 and DnaJB8 are able to 

reduce aggregation of expanded polyQ peptides.  

nuClEar DnaJb6a rEDuCEs aGGrEGation in botH CytoPlasM 
anD nuClEus
The effect of DnaJB6b on SDS-soluble levels of polyQ peptides suggests that it counteracts early 

oligomerization steps of these aggregation-prone peptides. To examine this phenomenon in 

more detail, we reasoned that only monomeric or small oligomers can shuttle freely through 

the nuclear pore by diffusion. If correct, the presence of DnaJB6 in a restricted compart-

ment such as the nucleus should lead to a reduction in aggregation in both compartments, 

as DnaJB6 keeps polyQ peptides soluble. To test this hypothesis, we used two isoforms of 

DnaJB6: DnaJB6b which is present in both cytoplasm and nucleus, and DnaJB6a which contains 

a putative nuclear localization signal and is therefore localized in the nucleus only (Figure 2A) 

(Hageman et al., submitted). Expression of fluorescently-tagged DnaJB6a confirmed that its 

localization was indeed restricted to nuclei. Fluorescence was not observed in the cytoplasm 

(Figure 2B). Fluorescently-tagged DnaJB6b and DnaJB8 were present in both compartments, 

with DnaJB6b slightly enriched in the nucleus and DnaJB8 mainly present in the cytoplasm 

(Figure 2B). Despite the exclusive localization of DnaJB6a in the nucleus, expression of DnaJB6a 

was as effective as DnaJB6b and DnaJB8 in reducing polyQ-peptide aggregation (Figure 1B). 
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To examine whether DnaJB6a only reduced aggregation in the nucleus, polyQ peptides were 

expressed together with the various chaperones. Subsequently, specific localization of aggre-

gates in nucleus, cytoplasm, or both compartments was determined at 48 and 72 hours after 

transfection. Co-expression of the various chaperones reduced the amounts of aggregates as 

shown before (Figure 1A), but reduction in aggregate formation was not limited to the compart-

ment where these chaperones were residing. Co-expression of DnaJB8 did not alter the ratio of 

nuclear and cytoplasmic aggregates after 48 hours, whereas co-expression of DnaJB6b resulted 

in a slight change in this ratio in favor of nuclear aggregates (Figure 2C). Expression of DnaJB6b 

and DnaJB8 resulted in even a higher percentage of aggregates present in nuclei after 72 hours 

(Figure 2C). The nuclear localization of DnaJB6a did not lead to the exclusive presence of aggre-

gates in the cytoplasm, because the ratio of nuclear and cytoplasmic aggregates remained 

unaltered after expression of DnaJB6a (Figure 2C). It is concluded that although DnaJB6a is 

present in the nucleus only, its effect on aggregation is not limited to the nuclear compartment. 

Using fluorescence loss in photobleaching (FLIP) (Lippincott-Schwartz et al., 2001), we showed 

that upon repeatedly bleaching of a part of the cytoplasm, fluorescence loss was measured in 

the nucleus (Figure 2D). Expression of DnaJB6a, DnaJB6b or DnaJB8 did not affect the mobility 

of expanded polyQ peptides, as a similar loss in fluorescence was detected upon FLIP analysis 

(Figure 2D). This suggests that expanded polyQ peptides indeed easily diffuse from cytoplasm 

to nucleus and back. 

DnaJb6a, DnaJb6b, anD DnaJb8 arE irrEVErsibly sEquEstErED 
in Polyq PEPtiDE initiatED aGGrEGatEs
HspA1A and DnaJB1 are known to be recruited to aggregates of polyQ-expanded disease-

related proteins (Chai et al., 1999; Kobayashi et al., 2000; Stenoien et al., 1999; Suhr et al., 

2001). DnaJB6b is present in Lewy bodies (Durrenberger et al., 2009) and DnaJB6b and DnaJB8 

colocalize to Htt aggregates as well (Hageman et al., submitted) (Chuang et al., 2002). HspA1A is 

usually found in a ring around the core of aggregates (Figure 3A) (Kim et al., 2002; Matsumoto 

et al., 2006; Raspe et al., 2009). Here, we find that DnaJB1 is also associated with aggregates, 

but only weakly (Figure 3A). However, in the few cells that contained aggregates upon DnaJB6a, 

DnaJB6b or DnaJB8 co-expression, these three chaperones were present in the core of aggre-

gates (Figure 3A). This suggests that DnaJB6 and DnaJB8 are recruited in an early stage into 

aggregates induced by polyQ peptides. 

HspA1A is only transiently associated and not irreversibly trapped within aggregates (Kim et 

al., 2002; Raspe et al., 2009). To examine whether DnaJB6a, DnaJB6b and DnaJB8 were able to 

dissociate from the core of aggregates, we studied the mobility of the sequestered chaperones, 

using fluorescent recovery after photobleaching (FRAP) (Lippincott-Schwartz et al., 2001; Reits 

and Neefjes, 2001). Fluorescent recovery was observed of HspA1A, but not of DnaJB6a, DnaJB6 

and DnaJB8 (Figure 3B). Since most DnaJB6a, DnaJB6b, and DnaJB8 was sequestered into 

aggregates (Figure 3A), we also measured FLIP. Here, the entire cell was repeatedly bleached 

with exception of one fluorescent aggregate. The rate of fluorescence loss of that aggregate 

represents the on/off rate of chaperones. Similar to FRAP analysis, fluorescence loss was meas-

ured of HspA1A, whereas DnaJB6a, DnaJB6b and DnaJB8 present in the core of aggregates 
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Figure 2. DnaJB6 and DnaJB8 prevent aggregation of Q104 peptides by keeping them soluble. (A) Schematic 
representation of domains present in DnaJB6a, DnaJB6b and DnaJB8. (B) Confocal images of HeLa cells trans-
fected with DnaJB6a, DnaJB6b or DnaJB8, respectively that was stained with Hoechst and fixed at 72 hours 
after transfection. Scalebar: 20 µm. (C) Ratio of aggregates present in cytoplasm, nucleus or both compart-
ments at 72 hours after transfection with GFP-Ub-Q104 in combination with DnaJB6a, DnaJB6b or DnaJB8, 
respectively, in Mel JuSo cells (data are mean ± SEM of three independent experiments). Chaperones did not 
specifically reduce aggregation in the compartment where they reside. (D) A representative graph showed 
that repetitive bleaching of the cytoplasm resulted in fluorescence loss of Q99-C4-tagged peptides in the 
nucleus irrespective of co-expression with DnaJB6b or DnaJB8.

were hardly affected by bleaching (Figure 3C). These data show that DnaJB6a, DnaJB6b and 

DnaJB8 behave differently than HspA1A and DnaJB1, with HspA1A transiently associated to 

the periphery of aggregates and DnaJB1 only weakly associated to aggregates. In contrast, 

DnaJB6a, DnaJB6b and DnaJB8 were irreversibly sequestered in the core of polyQ-induced 

aggregates. This indicates that once the activity of these chaperones has failed to prevent 

aggregation, they are irreversibly trapped in the inert core of aggregates.  

sErinE-riCH rEGion in DnaJb6 anD DnaJb8 is EssEntial for 
rEDuCtion of aGGrEGation
The DnaJ family is defined by the presence of a J-domain that can regulate chaperone activity 

of the HspA family by stimulating ATP hydrolysis (Figure 2A) (Liberek et al., 1991; Qiu et al., 

2006). The sequence HPD in the J-domain is essential for accelerating ATPase activity of HspA 

(Tsai and Douglas, 1996). The C-terminus of DnaJ family members is involved in recognition 
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and binding of unfolded substrates (Qiu et al., 2006). To verify which domain(s) in DnaJB6 

and DnaJB8 were required to reduce polyQ peptide aggregation, we used several mutations 

within these chaperones. Mutating His to Glu (H31Q) in the HPD motif resulted in an inactivate 

J-domain (Tsai and Douglas, 1996), but only slightly impaired the ability of DnaJB6 and DnaJB8 

to reduce polyQ peptide aggregation (Figure 4A). This was also found when using expanded 

polyQ-containing Htt fragments (Hageman et al., submitted). In agreement, a similar reduction 

of polyQ peptides was detected in the SDS-insoluble fraction on Western blot when compared 

to expression with wild-type chaperones (Figure 4B). 

Figure 3. DnaJB6a, DnaJB6b and DnaJB8 are irreversibly trapped in the core of polyQ-induced aggregates. 
(A) HeLa cells were transfected with GFP-Ub-Q104 in combination with tagRFP-tagged DnaJB6a, DnaJB6b, 
DnaJB8, or DnaJB1 or with RFP-Ub-Q104 in combination with HspA1A-GFP, respectively. Confocal images 
were obtained after 72 hours. DnaJB6a, DnaJB6b and DnaJB8 were recruited into the core of aggregates. 
HspA1A was present in an additional ring around the RFP-Ub ring, whereas DnaJB1 was hardly attracted to 
polyQ-induced aggregates. Scalebar: 20 µm. (B) FRAP analysis of chaperones recruited into polyQ-induced 
aggregates at 72 hours after transfection. Fluorescent aggregates in the highlighted area were subjected to 
FRAP analysis. Images were taken before (pre-bleach) and at indicated time points after photobleaching. 
DnaJB6a, DnaJB6b and DnaJB8 did not recover after photobleaching, whereas HspA1A fluorescent levels 
recovered. Scalebar: 20 µm. (C) Fluorescence loss of aggregates was measured using FLIP analysis by repeti-
tive photobleaching of another part of the cytoplasm. Fluorescence loss of HspA1A was observed, whereas 
fluorescent levels of DnaJB6a, DnaJB6b and DnaJB8 were not affected.
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In the C-terminal region of DnaJB6 and DnaJB8 a conserved serine-rich region (SSF-TST and 

SSF-SST, respectively) is present, which is absent in DnaJB1 or its related subfamily members 

(Figure 2A) (Hageman et al., submitted). Deletion of this serine-rich region was found to be 

crucial for interaction of these chaperones with histone deacetylates (HDACs) that regu-

late their function as suppressors of expanded polyQ protein aggregation (Hageman et al., 

submitted). Similar to what was observed for polyQ-expanded Htt fragments (Hageman et al., 

submitted), deletion of this serine-rich region severely affected the ability of these chaperones 

to reduce polyQ peptide aggregation (Figure 4A), resulting in more SDS-insoluble material on 

Western blot (Figure 4B). This suggests that the serine-rich region within DnaJB6 and DnaJB8 is 

more important for their anti-aggregation properties than their J-domain. 

Various ProtEasE inHibitors Do not affECt anti-aGGrEGation 
ProPErtiEs of DnaJb6b anD DnaJb8 
We showed that the ability of DnaJB6a, DnaJB6b and DnaJB8 to reduce aggregation of 

expanded polyQ peptides was not restricted to the compartment where they resided. 

Furthermore, DnaJB6b reduced polyQ peptide levels not only in the SDS-insoluble fraction, 

but also in the SDS-soluble fraction. This suggests that these chaperones may assist in the 

disposal of polyQ peptides by keeping them in a monomeric and/or small oligomeric stadium 

that can be degraded. These monomeric or small oligomeric polyQ peptides can be degraded 

by peptidases that degrade monomeric peptides or via macroautophagy that can degrade 

oligomeric stages of aggregated polyQ peptides. To elucidate the degradation pathway of these 

polyQ peptides, cells co-expressing expanded polyQ peptides and DnaJB6b or DnaJB8 were 
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Figure 4. Serine-rich region within DnaJB6 and DnaJB8 is essential for reduction of polyQ peptide-induced 
aggregation. (A) Percentage of transfected HEK cells that contained fluorescent aggregates at 72 hours after 
transfection with GFP-Ub-Q104 in combination with DnaJB6b or DnaJB8 and their J-domain (H31Q) and 
serine-rich region mutants (ΔSSF/TST and ΔSSF/SST, respectively; data are mean ± SEM of three indepen-
dent experiments). An inactive J-domain induced a small increase in aggregation, whereas deletion of the 
serine-rich region severely increased aggregation of Q104 peptides (two-tailed unpaired t-test; *** p<0.001; 
** p<0.01; * p<0.05). (B) Western blot analysis of the SDS-insoluble fraction of HEK cells expressing GFP-Ub-
Q104 in combination with DnaJB6b or DnaJB8 and their mutants at 72 hours. Western blots were stained for 
polyQ with 1C2 antibody. Arrows indicate specific Q104 peptide bands. More polyQ peptides were present in 
SDS-insoluble fraction when mutant chaperones were expressed.
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incubated with various inhibitors. Macroautophagy was inhibited by 3-methyladenine (3-MA) 

(Seglen and Gordon, 1982). Various families of peptidases were inhibited: cysteine proteases 

by E64, aspartyl proteases by pepstatin A, aminoproteases by bestatin, serine proteases by 

phenylmethylsulfonyl (PMSF) and metalloproteases by phenanthroline. To exclude redun-

dancy between these peptidases, also a cocktail containing all peptidase inhibitors was used. 

Tripeptidyl peptidase II, a cytoplasmic peptidase with endopeptidase activity (REF), was 

inhibited by Ala-Ala-Phe-chloromethylketone (AAF-CMK). Addition of these inhibitors to cells 

expressing DnaJB6b and DnaJB8 did not affect the ability of these chaperones to suppress 

aggregation, as a similar percentage of cells containing aggregates was detected after 72 hours 

(Figure 5A). The reduction in aggregation of Q65 peptides upon expression of DnaJB6 or DnaJB8 

was not affected after incubation with any of the inhibitors or the cocktail of all inhibitors when 

analyzed by filtertrap analysis (Figure 5B). The fact that these protease inhibitors did not alter 

reduced aggregation by DnaJB6 and DnaJB8 suggests either that the included peptidases or 

marcoautophagy are not involved in polyQ peptide clearance, or that a reduced rate of polyQ 

peptide breakdown is not detectable by filter retardation assays or Western blotting.

Figure 5. Protease inhibitors do not affect ability of DnaJB6 or DnaJB8 to prevent polyQ peptide aggrega-
tion. (A) Percentage of transfected HEK cells that contained fluorescent aggregates at 72 hours after transfec-
tion with GFP-Ub-Q104 in combination with DnaJB6b (left panel) or DnaJB8 (right panel). Various protease 
inhibitors were added after 48 hours and cells were incubated for a subsequent 24 hours (data are mean ± 
SEM of three independent experiments). Similar amounts of polyQ-induced aggregates were measured when 
expressing chaperones with or without incubation with protease inhibitors (two-tailed unpaired t-test; *** 
p<0.001; ** p<0.01; * p<0.05). (B) Filter retardation assay of HEK cells expressing GFP-Ub-Q65 in combina-
tion with DnaJB6b (left panel) or DnaJB8 (right panel) at 48 hours after transfection. Cells were incubated 
during 24 hours with the autophagy inhibitor 3-MA and various peptidase inhibitors. Filtertrap was stained 
for polyQ. DnaJB6b and DnaJB8 reduced the amount of trapped polyQ-positive aggregates and addition of 
various inhibitors to DnaJB6b- or DnaJB8-expressing cells did not affect the amount of trapped aggregates.
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PolyQ disorders are hallmarked by aggregation and toxicity of polyQ protein fragments 

(Cooper et al., 1998; DiFiglia et al., 1997; Ellerby et al., 1999; Goti et al., 2004; Graham 

et al., 2006; Haacke et al., 2006; Ikeda et al., 1996; Lunkes et al., 2002; Merry et al., 

1998; Young et al., 2007). Improving the clearance of these toxic fragments should 

delay the age of onset and severity of the disorders. Clearance may be facilitated by  

chaperones that prevent aggregation, allowing proteases to remove hazardous frag-

ments. In this study, we examined mechanisms to prevent aggregation of polyQ frag-

ments, focusing on expanded polyQ peptides that can initiate aggregation and toxicity. 

We found that the DnaJ family members DnaJB6 and DnaJB8 were efficient suppressors 

of polyQ peptide aggregation. The classical chaperones HspA1A and DnaJB1 were less 

able to prevent aggregation of expanded polyQ peptides. At first sight, this is similar to 

their effects on aggregation of expanded polyQ proteins (Hageman et al., submitted). However, 

these chaperones are the first examples of Hsps that reduce aggregation of toxic peptides. 

A reduction in aggregates did not lead to an increase in soluble polyQ levels. This suggests 

that DnaJB6 and DnaJB8 inhibit oligomerization of polyQ peptides leading to improved clear-

ance of polyQ peptides. Expression of DnaJB6b, but not of DnaJB8, even resulted in a reduction 

in the level of soluble polyQ peptides. This indicates that DnaJB6 prevented aggregation of 

polyQ peptides at an earlier stage than DnaJB8 (Figure 6). It remains to be established whether 

DnaJB6 keeps polyQ peptides in a degradation-competitive state, or also control their degra-

dation by targeting them to proteases. Although inhibition of various degradation pathways 

showed little effect, it may be difficult to detect small differences in polyQ-peptide half-life by 

Western blotting experiments. In contrast, DnaJB6b did not affect detergent-soluble levels of 

Httexon1, suggesting that DnaJB6 acts on polyQ-containing fragments smaller than Httexon1.

In contrast to polyQ peptides, fluorescently-tagged expanded polyQ proteins such as 

Httexon1-GFP, were not present in the core of aggregates, but sequestered in a ring around 

the aggregate (Chai et al., 2002; Matsumoto et al., 2006; Raspe et al., 2009; Stenoien et al., 

1999; Wyttenbach et al., 2000). This suggests that smaller fragments containing the polyQ 

tract initiate aggregation and that the original expanded polyQ proteins are sequestered in 

a later stage. Different chaperones may therefore act at different levels, either by preventing 

sequestration of polyQ proteins into aggregates, or by preventing aggregate formation of the 

aggregate-initiating polyQ fragments. DnaJB6 and DnaJB8 reduced aggregation of expanded 

polyQ peptides, thereby preventing that these polyQ peptides can act as nucleators of aggre-

gation and subsequent sequestering of larger polyQ-containing fragments, such as Httexon1. 

Whereas DnaJB6 and DnaJB8 were trapped in the core of aggregates together with polyQ 

peptides, expanded polyQ proteins were absent from the core. This supports our model 

where these chaperones act on the level of aggregate-initiating polyQ peptides. In contrast, 

the recruitment of HspA1A to the outer ring of aggregates may be due to its recognition of 

sequestered, possibly unfolded proteins and its attempt to solubilize these proteins. Therefore, 

HspA1A may be more involved in prevention of recruitment of other proteins into aggregates, 

than in prevention of the initiation of aggregation. 

Deletion of the serine-rich region within DnaJB6 and DnaJB8 severely reduced the anti-

aggregation properties of these chaperones. This suggests that this region is essential to 
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recognize polyQ peptides and to reduce their aggregation. An active J-domain was less impor-

tant for DnaJB6 and DnaJB8 anti-aggregation properties. Aggregation of Httexon1 was simi-

larly affected by these DnaJB6 and DnaJB8 mutants (Chuang et al., 2002) (Hageman et al., 

submitted). Several other DnaJ family members with a deleted J-domain were still partially 

effective in the reduction of aggregation of polyQ-containing proteins (Chai et al., 1999; Jana 

et al., 2000). Since the J-domain is known to interact with HspA1A and stimulates its ATPase 

activity (Liberek et al., 1991; Qiu et al., 2006), DnaJB6 and DnaJB8 do not seem to absolutely 

require HspA1A to reduce polyQ peptide aggregation. Little is known about the function of 

the serine-rich region in DnaJB6 and DnaJB8, although this region is suggested to be involved 

in histone deacetylase (HDAC) binding (Hageman et al., submitted). Since the microtubule-

associated deacetylase HDAC6 interacts with polyubiquitinated proteins and is required for 

degradation of misfolded proteins via macroautophagy (Iwata et al., 2005; Pandey et al., 2007), 

DnaJB6 and DnaJB8 may be involved in stimulating autophagic degradation of expanded polyQ 

peptides. Since we did not observe an effect of the autophagy inhibitor 3-MA, the chaperonic 

effect of the serine-rich region may be exerted via other mechanisms. 

We show that the ability of nuclear DnaJB6a to reduce polyQ peptide aggregation was not 

restricted to the nuclear compartment, as aggregation within the cytoplasm was reduced simi-

larly. This suggests that DnaJB6a keeps polyQ peptides in a soluble intermediate, which allows 

these peptides to freely translocate between cytoplasm and nucleus. This is of importance as 

most clearance mechanisms such as peptidases and the autophagic machinery are present 

in the cytoplasmic compartment only (Reits et al., 2003; Rubinsztein, 2006). This may also 

explain our observation that the ratio of cytoplasmic versus nuclear aggregates decreased in 

time, as cytoplasmic aggregates may be more efficiently cleared as compared to aggregates in 

the nucleus. The presence of the microtubule network in the cytoplasm may contribute to the 

relative decrease in cytoplasmic aggregates in time as well, as concentration of aggregation-

prone proteins via microtubules in perinuclear inclusions facilitate their degradation (Taylor et 

al., 2003). 

Previous studies showed that DnaJB6 is highly enriched in the central nervous system 

(Chuang et al., 2002; Hageman and Kampinga, 2009) and colocalizes to Lewy bodies and 

aggregates induced by Httexon1 (Chuang et al., 2002; Durrenberger et al., 2009). However, 

expression of DnaJB8 is restricted to the testis (Hageman and Kampinga, 2009). Therefore, 

DnaJB6 may be the best candidate for potential therapeutic approaches in the fight against 

polyQ disorders, for example by inducing endogenous DnaJB6 expression. A combination of 

solubilizing polyQ peptides by expression of DnaJB6 and stimulating their subsequent degrada-

tion seems to be the most attractive alternative.
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DNA constructs. GFP-Ub-polyQ constructs were obtained in several steps. Generation of GFP-Ub-
Q16/65/112 was described before (Raspe et al., 2009), however the initial polyQ peptides started 
with a Leu residue and a Glu-Thr-Ser-Pro-Arg sequence at the C-terminus. This Leu residue was 
changed into a Gln using Quikchange II site directed mutagenesis (Stratagene) with forward primer 
5’-CTCAGAGGTGGGCAGCAGCAGCAGCAG-3’ and reverse primer 5’-CTGCTGCTGCTGCTGCCCACCTCT-
GAG-3’. At the C-terminus a stop-codon was introduced directly after the polyQ stretch using site 
directed mutagenesis with forward primer 5’-AGCAGCAGCAGCAGCAGCAATAAACTAGCCCCAG-3’ 
and reverse primer 5’-CTGGGGCTAGTTTATTGCTGCTGCTGCTGCTGCT-3’, resulting in GFP-Ub-Q16, 
GFP-Ub-Q54, and GFP-Ub-Q104, respectively.

To insert a C4-tag after the polyQ tract, a BamHI site was introduced at the N-terminus of 
polyQ peptides using site directed mutagenesis with forward primer 5’-AGCAGCAGCAGCAGCAG-

GATCCTAGCCCCAGGTAAGC-3’ and reverse primer 5’-GCTTACCTGGGGCTAGGATCCTGCTGCTGCTGCTGCT-3’ 
using GFP-Ub-Q16/65/112 where Leu was already changed into a Gln. The C4-tag containing the following 
sequence FLNCCPGCCMEP (Martin et al., 2005) was obtained by annealing of forward oligo 5’-GATCTGTT-
TCTTAATTGTTGTCCTGGTTGTTGTATGGAACCTTAAT-3‘ and reverse oligo 5’-CTAGATTAAGGTTCCATACAACAAC-
CAGGACAACAATTAAGAAACA-3’. Thereby overhangs were generated compatible with BamHI at N-terminus 
and XbaI at C-terminus. C4-tag was inserted into GFP-Ub-polyQ using BamHI and XbaI, thereby generating 
GFP-Ub-Q17-C4, GFP-Ub-Q56-C4, and GFP-Ub-Q99-C4, respectively. 

DnaJB6a, DnaJB6b (including H31Q),DnaJB8, (including H31Q, and ΔSSF-SST), HspA1A and DnaJB1 in 
pcDNA5 FRT/TO V5 vectors were kindly provided by Jurre Hageman (University Medical Center Groningen, 
Groningen, The Netherlands; Hageman and Kampinga, 2009). These chaperones were amplified by PCR, 
generating fragments containing EcoRI and BamHI sites for subsequent cloning into either pIRES-DsRed2 
(Invitrogen) to generate untagged chaperones or into tagRFP (Evrogen) to generate chaperones N-termi-
nally tagged with RFP. 
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Figure 6. Model of the interference of DnaJB6 and DnaJB8 with polyQ-induced aggregation. Upon protea-
somal degradation of polyQ proteins, polyQ peptides (red block) are released in the cytoplasm. Expanded 
polyQ peptides start to accumulate and aggregate, whereas short polyQ peptides are efficiently degraded 
by downstream proteases. DnaJB6 and DnaJB8 suppress aggregation by solubilization of expanded polyQ 
peptides thereby keeping them in a degradation compatible conformation. DnaJB6 probably acts earlier in 
the aggregation process than DnaJB8.
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DnaJB6b ΔSSF-TST was generated by deleting amino acids 155–195 within DnaJB6b via two successive 
PCRs. First, two fragments were generated containing either amino acids 1-154 fused to 195-199 using 
forward primer 5’-GA ATTCCCACCATGGTGGATTACTA-3’ (Δ1F) and reverse primer 5’-GCCATTAACCATTT-
TAAATCCACTTCCAAAAGACGG-3’ (Δ1R), or amino acids 150-154 fused to 195-241 using forward primer 
5’-CTTTTGGAAGTGGATTTAAAATGGTTAATGGCAGAAAAATC-3’ (Δ2F) and reverse primer 5’-GCTGCGCTT-
GGATAACAAGTAAGGATCC-3’ (Δ2R). These fragments were isolated using a PCR purification kit (Qiagen). 
Subsequently, a second PCR was performed to generate DnaJB6b ΔSSF-TST using primers Δ1F and Δ2R, 
thereby fusing the two fragments generated by the first PCR. Httexon1-Q103-GFP was kindly provided by 
Ron Kopito (Stanford University, Stanford USA), HspA1A-GFP by Harm Kampinga (University Medical Center 
Groningen, Groningen, the Netherlands).

Cell culture and transfection. Human Embryonic Kidney (HEK293T) cells and the human melanoma cell 
line Mel Juso were cultured in Iscove’s Modified Eagle Medium (IMDM; Gibco) supplemented with 10% FCS 
and 25 mM Hepes, penicillin/streptomycin/glutamine (Gibco) and maintained at 37°C in 5% CO2. HeLa cells 
were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented as described above, 
and maintained at 37°C in an atmosphere of 10% CO2. Cells were dissociated using trypsinization. HeLa and 
Mel Juso cells (0.15x106) were plated onto glass coverslips (24 mm; Fisher scientific) in a 6-well and were 
transiently transfected using Lipofectamine 2000 (Invitrogen) or FuGeneHD (Roche), respectively at 24 
hours after plating. HEK293T cells (0.1x106) were seeded in 6-well plates and transiently transfected with 
either FuGene6 (Roche) or polyethylenimine (PEI; Polysciences) at 24 hours after plating. 

HEK cells expressing GFP-Ub-Q104 and DnaJB6 or DnaJB8 for 48 hours or GFP-Ub-Q65 and DnaJB6 or 
DnaJB8 for 24 hours were treated with various inhibitors for a subsequent 24 hours: 500 µM 1,10-phenan-
throline (Sigma), 1 mM 3-MA (Sigma), 1 µM AAF-CMK (Enzo lifesciences AG), 5 µM bestatin (Enzo lifesci-
ences AG), 10 µM E64 (Sigma), 1 µM pepstatin A (Sigma) or 100 µM PMSF (Sigma). 

Biarsenical labeling. HeLa cells were transfected with GFP-Ub-Q99C4 and DnaJB6 or DnaJB8 and bi-
arsenical labeling was performed at 72 hours after transfection, as described before (Martin et al., 2005). 
Briefly, 1 mM ReAsH was pre-incubated in 10 mM 1,2-ethanedithiol (EDT; Sigma) in DMSO for 10 minutes. 
Cells were labeled with 1 μM ReAsH in 10 μM EDT in OptiMEM for 45 minutes at 37°C, 10% CO2, in the dark, 
and subsequently washed several times with 1 mM EDT in OptiMEM containing 10% FCS during 30 minutes 
at room temperature to remove unbound dyes.

Fluorescence and confocal microscopy. HEK293T cells were co-transfected with GFP-Ub-polyQ and 
various chaperones as indicated in figure legends and the percentage of aggregate-positive cells was de-
termined after 72 hours on a Leica IRB inverted fluorescence microscope. For determining the amount of 
aggregates present either in cytoplasm or nucleus, Mel Juso cells were transfected with GFP-Ub-Q104 and 
indicated chaperones. 1 µg/mL Hoechst 33342 (Sigma) was added prior to scoring to better discriminate 
between nuclei and cytoplasm. The number of cells containing aggregates in nucleus, cytoplasm or both 
compartments was determined at 48 and 72 hours after transfection on a Leica DM RA HC fluorescence 
microscope. Confocal images were obtained at 48 hours after transfection using a Leica TCS SP2 confocal 
system equipped with an Ar/Kr laser with a 63x objective. For FLIP analysis, either a part of the cytoplasm 
or the whole cell except for the aggregate was photo-bleached at full laser power repeatedly. Fluorescence 
loss was measured either within the nucleus or within the non-bleached region containing the aggregate, 
respectively. For FRAP analysis, fluorescently-tagged chaperones trapped in polyQ peptide-induced aggre-
gates were bleached at full laser power and fluorescence recovery was measured in time.

Immunoblotting. Preparation of SDS-soluble and SDS–insoluble protein fractions was performed as 
described before (Carra et al., 2008). Briefly, cells were trypsinized, homogenized, and heated for 10 min 
at 99°C in sample buffer (SB; 70 mM Tris pH 6.8, 1.5% SDS, 20% glycerol) supplemented with 50 mM 
DTT at 72 hours after transfection. Cell lysates were centrifuged for at least 30 minutes at 14,000 rpm at 
room temperature. Supernatants were used as SDS-soluble fraction to which 0.05% bromophenol blue 
was added. Pellets representing the SDS-insoluble fraction were dissolved in 100% formic acid, incubated 
30 minutes at 37°C, lyophilized overnight in a speed vac (Eppendorf) and resuspended in a quarter of the 
volume of SB (containing 0.05% bromophenol blue) added to soluble fraction. Samples were separated on 
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either 18% SDS-PAGE (anti-polyQ), or 12.5% SDS-PAGE (anti-GFP/anti-actin). After electrophoresis, proteins 
were transferred onto a 0.2 µm pore size nitrocellulose membrane filter (Schleicher & Schuell) and blocked 
in 5% dry milk in Tris-buffered saline (TBS). Western blots were incubated with primary antibodies against 
polyQ (1C2; 1:1.000; Millipore), GFP (1:1.000; Invitrogen), or β-actin (1:10,000; Sigma) in TBS containing 
0.1% Tween-20, and subsequently with secondary antibodies IRDye 680 or IRDye 800 (1:10,000; LI-COR 
Biosciences). Signal was detected using the Odyssey imaging system (Westburg).

Filter retardation assay. Filter retardation assay was performed as described before (Wanker et al., 
1999). Briefly, HEK293T cells expressing GFP-Ub-Q65 together with DnaJB6b or DnaJB8 for 72 hours 
incubated with the various inhibitors, were lysed for 30 minutes on ice in Nondinet P-40 (NP-40) buffer 
(100 mM TrisHCl, pH 7.5, 300 mM NaCl, 2% NP-40, 10 mM EDTA, pH 8.0, supplemented with complete 
mini protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). After centrifugation 
15 minutes at 14,000 rpm at 4°C, cell pellets were resuspended in benzonase buffer (1 mM MgCl2, 50 mM 
Tris-HCl; pH 8.0) and incubated for 1 hour at 37°C with 250U benzonase (Merck). Reactions were stopped 
by adding 2x termination buffer (40 mM EDTA, 4% SDS, 100 mM DTT). Aliquots of 30 μg protein extract 
were diluted into 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and filtered through a 0.2 
μm cellulose acetate membrane (Schleicher and Schuell) pre-equilibrated in 2% SDS buffer. Filters were 
washed twice with 0.1% SDS buffer (0.1% SDS, 150 mM NaCl, 10 mM Tris pH 8.0) and subsequently blocked 
in 5% dry milk in TBS. Captured aggregates were detected by incubation with 1C2 antibody and further 
treated like Western blots. 
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Various neurodegenerative disorders such as Huntington’s disease are caused by 

the expansion of the polyglutamine (polyQ) tract within the disease-related protein. 

Protein fragments containing the polyQ tract are thought to initiate aggregation. Other 

proteins, including proteasomal components and chaperones, are sequestered in these 

aggregates. To examine whether these sequestered proteins interact with aggregated 

polyQ fragments, we performed fluorescence lifetime imaging microscopy studies in 

living cells using polyQ peptides containing a short tetracysteine motif. This motif can be 

labeled with various small fluorescent dyes prior to imaging, allowing the visualization of 

polyQ peptide interactions and kinetics in living cells without interference of large fluo-

rescent tags. Here, we show that polyQ-polyQ interactions only occurred when peptides 

were irreversibly sequestered in aggregates, whereas diffusing expanded polyQ peptides were 

mostly monomeric. The proteasomal subunits LMP2 and β7 were both sequestered in the core 

of aggregates. However, aggregated polyQ peptides showed higher FRET efficiencies with ß7 

than with LMP2. The chaperones DnaJB6 and DnaJB8 are potent inhibitors of polyQ peptide 

aggregation. Their presence in the core of polyQ peptide-induced aggregates coincided with 

strong interactions with aggregated polyQ peptides. The chaperones Hsp70, which is found in 

a ring around trapped polyQ peptides, and Hsp40, that is hardly associated with these aggre-

gates, were less effective in inhibiting polyQ peptide aggregation. These chaperones also did 

not interact with aggregated polyQ peptides. Surprisingly, Hsp70 and Hsp40 altered the archi-

tecture of aggregated polyQ peptides more strongly than DnaJB6 and DnaJB8, despite their 

relative lack of inhibition of polyQ peptide aggregation.
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Polyglutamine (polyQ) disorders are a family of at least nine dominantly inherited neuro-

degenerative disorders caused by an expansion of the polyQ tract in otherwise unre-

lated proteins. When exceeding the threshold of 40 glutamines the polyQ-containing 

protein becomes pathogenic. The onset of the disease is irreversibly correlated with the 

length of the polyQ tract. Expansion of the polyQ tract is associated with aggregation, 

loss of cell function and cell death (Orr and Zoghbi, 2007). 

A number of studies in post-mortem brains of patients suffering from various polyQ 

disorders showed that aggregates are predominantly composed of proteolytic frag-

ments containing the expanded polyQ tract (DiFiglia et al., 1997; Goti et al., 2004; 

Lunkes et al., 2002). These fragments are generated by cleavage by various proteases, 

such as caspases, calpains and aspartic endopeptidases (Gafni et al., 2004; Goldberg et 

al., 1996; Graham et al., 2006; Lunkes et al., 2002; Wellington et al., 1998; Young et al., 

2007). Proteolytic fragments are more aggregation-prone and more toxic as compared 

to their full-length analogues. Therefore, these fragments are thought to initiate aggre-

gation and toxicity (Cooper et al., 1998; Ellerby et al., 1999a; Ellerby et al., 1999b; Haacke et al., 

2006; Ikeda et al., 1996; Merry et al., 1998; Wellington et al., 2000; Young et al., 2007). 

Both wild-type and expanded polyQ-containing proteins can be degraded by  

proteasomes (Bailey et al., 2002; Iwata et al., 2009; Jana et al., 2005; Michalik and Van 

Broeckhoven, 2004; Rousseau et al., 2009). However, proteasomes are unable to cleave 

within polyQ tracts (Holmberg et al., 2004; Venkatraman et al., 2004). As a consequence, 

polyQ peptides may be released in the cytoplasm after protein degradation. When mimicking 

proteasomal polyQ peptide generation by expression of polyQ peptides without tags or starting 

methionine residue, we observed that only polyQ peptides of disease-related lengths accu-

mulate and induce aggregation and toxicity (Raspe et al., 2009). This suggests that there is a 

common mechanism underlying these neurodegenerative disorders, where small proteolytic 

fragments containing the expanded polyQ tract initiate aggregation and toxicity. 

PolyQ-induced aggregates are decorated with various proteins, including chaperones, ubiq-

uitin (Ub), proteasomal components and polyQ-containing proteins, either wild-type or polyQ-

expanded, such as huntingtin (Htt), ataxin 3 (Atx3) and the transcription factors TBP and CBP  

(Cummings et al., 1998; Davies et al., 1997; Holmberg et al., 2004; Kazantsev et al., 1999; Kim 

et al., 2002; Matsumoto et al., 2006; Perez et al., 1998; Raspe et al., 2009). PolyQ-containing 

protein fragments tagged with GFP, such as Httexon1-GFP and truncated Atx3-GFP are often 

found in a ring around the aggregate core (Chai et al., 2002; Kim et al., 2002; Raspe et al., 

2009). These findings are in agreement with the hypothesis that short fragments of Htt and 

Atx3 containing the expanded polyQ tract initiate aggregation and than sequester the much 

larger GFP-tagged Htt and Atx3. 

Fusion of fluorescent proteins such as GFP with polyQ peptides may affect the behavior 

of these peptides, because these tags are relatively large when compared to polyQ peptides. 

To visualize aggregate formation by polyQ peptides in living cells without the interference of 

large fluorescent tags, we fused the small tetracysteine (C4)-motif to polyQ peptides. These 

motifs were labeled shortly before microscopical analysis using small fluorescent dyes. Various 

microscopical techniques such as fluorescence lifetime imaging microscopy (FLIM) and photo-

bleaching assays were used to measure polyQ peptide interactions and kinetics. 
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Here, we show that expanded polyQ peptides were immobilized upon aggregation and inter-

actions between polyQ peptides occurred only when they were trapped in aggregates. PolyQ 

peptides were found in the core of aggregates, interacting with the proteasomal subunits LMP2 

and β7 and the chaperones DnaJB6 and DnaJB8. Ub, Httexon1-Q103 and Hsp70 were found 

in a ring around the core of polyQ-peptide induced aggregates, resulting in weaker interac-

tions with polyQ peptides. Finally, DnaJB6 and DnaJB8 interacted stronger with trapped polyQ 

peptides than Hsp70 and Hsp40, but expression of Hsp70 and Hsp40 had a stronger effect on 

intermolecular interactions of sequestered polyQ peptides.

Visualization of Polyq PEPtiDE aGGrEGation
GFP-Ub-polyQ constructs were used recently to express polyQ peptides in cells. It was 

shown that polyQ peptides of disease-related lengths are resistant to degradation 

and induce aggregation and toxicity (Raspe et al., 2009). These polyQ peptides lacked 

a fluorophore and were visualized with the use of antibodies. Aggregation of polyQ 

peptides was visualized indirectly by binding of the Q-binding protein 1 (QBP1) (Nagai 

et al., 2000) or sequestration of GFP-Ub. To enable direct visualization of polyQ peptide 

aggregation in living cells, we tagged polyQ peptides at their C-terminus with the short 

tetracysteine C4 motif (FLNCCPGCCMEP; (Martin et al., 2005)), resulting in GFP-Ub-polyQ-C4. 

When the construct is expressed in cells, polyQ-C4 is released from the GFP-Ub moiety by 

cleavage by Ub C-terminal hydrolases (Figure 1A) (Johnson et al., 1995). The C4 motif is specifi-

cally recognized by membrane-permeable biarsenical dyes, such as FlAsH and ReAsH, which 

become green en red respectively. These dyes become fluorescent upon binding to the C4 

motif (Adams et al., 2002; Griffin et al., 1998). The C4 motif is a small tag of only 1.3 kDa and 

less likely affects aggregation of polyQ peptides (12.7 kDa for Q99), in contrast with fluorescent 

protein tags such as GFP (27.1 kDa). 

To examine whether the C4 tag affected the behavior of polyQ peptides, we transiently  

expressed GFP-Ub-polyQ and GFP-Ub-polyQ-C4 peptides and quantified the percentage of 

cells containing GFP-Ub-positive aggregates (Figure 1B). Expression of either C4-tagged or 

non-tagged polyQ peptides resulted in a similar percentage of aggregate-containing cells after 

72 hours. Therefore, fusion of polyQ peptides to the C4 tag did not affect their aggregation 

kinetics. Western blot analysis showed that GFP-Ub was efficiently separated from C4-tagged 

polyQ peptides as GFP-positive bands were present at 36 kDa, representing GFP-Ub, and no 

uncleaved GFP-Ub-polyQ-C4 was detected (Figure 1C, middle panel). PolyQ-positive bands 

were only present when peptides of disease-related lengths of more than 40 glutamines were 

expressed (Figure 1C, upper panel), similar as shown before (Raspe et al., 2009). However, 

the high molecular weight band that was present when expressing Q104 peptides was absent 

when C4-tagged Q99 peptides were expressed (Asterisk; Figure 1C, upper panel). 

To visualize polyQ peptides directly, HeLa cells expressing GFP-Ub-polyQ-C4 were labeled with 

ReAsH and either separated on SDS-PAGE or imaged by confocal microscopy. After separation 

resu
lts
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of ReAsH-labeled polyQ peptides on SDS-PAGE, the ReAsH signal was directly visualized with a 

Typhoon fluorescent gel imager. Only ReAsH-positive bands were present when polyQ peptides 

of disease-related lengths were expressed (Figure 1D). These bands ran at similar heights as 

compared to Western blots stained for 1C2 (Figure 1C). 

Expression of non-expanded GFP-Ub-Q17-C4 did not result in ReAsH-positive cells (Figure 

1E, upper panel). Because these cells were GFP-positive, indicates that Q17-C4 was efficiently 

degraded as shown before for non-expanded polyQ peptides (Raspe et al., 2009). Different 

distribution patterns of GFP-Ub and ReAsH were observed in cells expressing GFP-Ub-Q99-C4, 

depending on the presence of aggregates. In cells without aggregates, both GFP-Ub and 

expanded polyQ peptides were present throughout the cytoplasm and nucleus (Figure 1E, 

lower panel). However, aggregation led to the redistribution of both GFP-Ub and ReAsH-labeled 

Q99-C4, with ReAsH-labeled Q99-C4 sequestered in the core of aggregates and GFP-Ub in a 

ring around the core (Figure 1E, lower panel). Together, these data show that only C4-tagged 

polyQ peptides of disease-related lengths accumulated and initiated aggregation, whereas 

short C4-tagged polyQ peptides were degraded, similarly to untagged polyQ peptides.

Previously, we have shown that proteasomal components, Ub and different chaperones are 

recruited at different stages into polyQ peptide-induced aggregates (Gillis et al., manuscript 

in preparation; Raspe et al., 2009). To investigate whether these components colocalized with  

aggregated polyQ peptides, we co-expressed these proteins fused to GFP with C4-tagged 

polyQ peptides and labeled cells with ReAsH. Visualization by confocal microscopy showed 

that C4-tagged polyQ peptides were present in the core of aggregates and colocalized with 

the proteasomal subunits LMP2 and β7 and the chaperones DnaJB6 and DnaJB8 (Figure 1F). 

In contrast, Hsp70 and Ub were present in a ring around the core of aggregates (Figure 1F), 

similarly as observed when using non-tagged polyQ peptides (Gillis et al., manuscript in prepa-

ration; Raspe et al., 2009). 

Polyq PEPtiDEs bECoME iMMobilizED aGGrEGatEs anD stronGly 
intEraCt WitH otHEr sEquEstErED Polyq PEPtiDEs
Next, we studied the intracellular dynamics of expanded polyQ peptides in living cells by using 

the C4 tag to label polyQ peptides prior to imaging. To determine intracellular mobility of polyQ 

peptides, fluorescence recovery after photobleaching (FRAP) experiments were performed. 

The rate of recovery after photobleaching of a small area of interest is correlated with the 

mobility of proteins (Lippincott-Schwartz and Patterson, 2003; Reits and Neefjes, 2001). Q99-C4 

peptides that were freely distributed throughout the cytoplasm and nucleus showed a fast 

recovery after photobleaching, indicating a high mobility of diffuse Q99-C4 peptides (Figure 

2A). However, aggregated Q99-C4 peptides hardly showed any recovery (Figure 2A), indicating 

that polyQ peptides became immobile after aggregation. 

To visualize aggregation of polyQ peptides in time, HeLa cells expressing Q99-C4 were labeled 

with FlAsH after 24 hours, which labeled all polyQ peptides generated at that timepoint. After 

a subsequent 24 hours the pool of newly-synthesized Q99-C4 peptides were labeled with 

ReAsH. Confocal images of these cells showed the expansion of aggregates in time, with FlAsH-

labeled polyQ peptides present in the core, surrounded by sequestered, newly-synthesized 
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Figure 1. Tetracysteine (C4)-tagged polyQ 
peptides behave similarly as non-labeled polyQ 
peptides. (A) Schematic representation of 
cleavage of GFP-Ub-polyQ-C4 constructs by Ub 
C-terminal hydrolases directly after Ub, thereby 
separating GFP-Ub and polyQ-C4. (B) Percentage 
of HEK cells that contained fluorescent aggregates 
at 72 hours after transfection with GFP-Ub-Q16/
Q54/Q104 or C4-tagged GFP-Ub-Q17/Q56/Q99 as determined by sequestration of GFP-Ub in polyQ peptide-
induced aggregates (data are mean ± SEM of three independent experiments). Similar amounts of aggregates 
were detected with either non-tagged or C4-tagged polyQ peptides. (C) Western blot analysis of HEK cells 
expressing GFP-Ub-Q104 or ReAsH-labeled, C4-tagged GFP-Ub-Q17/Q56/Q99 at 72 hours after transfection. 
Blots were stained for polyQ (upper panel), GFP (middle panel) or actin (lower panel). Asterisk indicates oligo-
meric structures. Only polyQ-positive bands were detected when expressing polyQ-expanded peptides. (D) 
SDS-PAGE of ReAsH-labeled HeLa cells expressing C4-tagged GFP-Ub-Q17/Q56/Q99 at 48 hours after trans-
fection. ReAsH signal was imaged by a Typhoon gel imager. Arrows indicate ReAsH-labeled polyQ peptides. (E) 
Confocal images of ReAsH-labeled HeLa cells expressing C4-tagged GFP-Ub-Q17 or GFP-Ub-Q99 at 48 hours 
after transfection. ReAsH-positive cells were detected only when disease-related C4-tagged Q99 peptides 
were expressed (middle panel). The zoom-in shows a GFP-Ub-decorated aggregate (left panel). (F) Confocal 
images of ReAsH-labeled HeLa cells expressing Ub-Q99-C4 together with indicated GFP-tagged constructs 
at 48 hours after transfection. The insets in the lower right corners represent a sequential zoom-in of polyQ 
peptide-induced aggregates. Scalebar: 20 µm
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Figure 2. Dynamics of C4-tagged polyQ peptides. (A) FRAP analysis of ReAsH-labeled Q99-C4 peptides. 
Cells were imaged before photobleaching (pre-bleach) of the indicated area (white circle) and at indicated 
timepoints after photobleaching. The graph represents mean ± SEM of three different cells. Non- 
aggregated Q99-C4 peptides showed a rapid recovery after photobleaching, whereas aggregated Q99-C4 
peptides became immobilized. Scalebar: 20 µm. (B) Confocal images of Ub-Q99-C4-expressing cells were 
labeled with FlAsH at 24 hours after transfection. After an additional 24 hours, the same cells were labeled 
with ReAsH. Arrows indicate aggregates visible by phase-contrast. Scalebar: 5 µm. (C) EM images of ReAsH-
labeled Ub-Q99-C4-expressing cells without photoconversion (left panel) or after photoconversion of DAB by 
ReAsH (right panel). Scalebar: 2 µm. (D) FLIM analysis of FlAsH in HeLa cells expressing Ub-Q99-C4 labeled 
with either FlAsH alone or both with FlAsH and ReAsH, showing in each column, from left to right, repre-
sentative graphs of fluorescence intensity, false-color map of the fluorescence lifetime calculated from the 
phase shift (τφ) and histogram of lifetime distribution with the same false-color scale as the lifetime map. 
Scalebar: 20 µm. (E) Table summarizes the average phase (τφ ± s.d.), modulation lifetimes (τM ± s.d.) and FRET 
efficiencies (EFRET) based on phase lifetimes. The number of cells measured is indicated by n. Histogram repre-
sents average phase modulation lifetimes (data are mean ± SEM; two-tailed unpaired t-test; *** p<0.001; ** 
p<0.01; * p<0.05). Only aggregated polyQ peptides showed high FRET efficiencies.
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ReAsH-labeled peptides (Figure 2B). The reduced amount of ReAsH-positive peptides in the 

core of aggregates is in agreement with the FRAP data (Figure 2A), because the FlAsH-labeled 

polyQ peptides present in the core of aggregates were immobile.

The fluorophore ReAsH can also be used for photoconversion of diaminobenzidine (DAB). 

Only at sites where ReAsH is present, a local brownish electron-dense precipitate appears 

that can be detected by electron microscopy (EM). As a result, ReAsH-labeled proteins can 

be directly visualized by EM without immunogold-labeling (Gaietta et al., 2002). EM analysis 

showed fibril-rich aggregates in cells that contained ReAsH-labeled polyQ peptide aggregates, 

particularly after photoconversion of DAB (Figure 2C), similarly as shown before for Q112 

peptides and polyQ-expanded Htt (Qin et al., 2004; Raspe et al., 2009). 

To examine whether diffusing and aggregated polyQ peptides showed intermolecular inter-

actions, we performed fluorescence resonance energy transfer (FRET) experiments. FRET 

enables sensitive evaluation of protein-protein interactions in living cells. Only when proteins 

are in close proximity (<10 nm) FRET can occur and be measured, whereas proteins separated 

over 10 nm show no FRET (Miyawaki, 2003). FLIM was used to measure FRET, which is detected 

as a decrease in donor fluorescence lifetime (van Munster and Gadella, 2005). HeLa cells 

expressing Ub-Q99-C4 were simultaneously labeled with equal amounts of FlAsH and ReAsH at 

48 hours after transfection, leading to individual labeling of polyQ peptides with either FlAsH 

or ReAsH. When polyQ peptides were not clustered in aggregates, no reduction in lifetime of 

FlAsH was measured (Figure 2D-E), suggesting that polyQ-polyQ peptide interactions hardly 

occurred when not sequestered in aggregates. Importantly, it indicated that non-aggregated 

polyQ peptides were primarily monomeric. In contrast, aggregated polyQ peptides showed 

a remarkable decrease in both phase and modulation lifetimes of FlAsH (Figure 2D-E), which 

is indicative of FRET. Based on the phase lifetimes, a FRET efficiency of 39.6% was calculated 

(Figure 2E). Together, these data show that polyQ peptides are mainly monomeric when not 

present in aggregates, whereas aggregated polyQ peptides are immobile and only then strong 

polyQ-polyQ peptide interactions are observed.

Polyq PEPtiDEs intEraCt DiffErEntly WitH sEquEstErED ProtEins
The recruitment of proteasomes into the core of polyQ peptide-initiated aggregates suggests 

that proteasomes recognize polyQ peptides. To measure interactions between sequestered 

proteasomes and aggregated polyQ peptides, cells were co-transfected with Ub-Q99-C4 and 

the GFP-tagged proteasomal components β7 or LMP2. Prior to FLIM analysis, polyQ peptides 

were labeled with ReAsH. Co-expression of Q99-C4 with the proteasomal component β7 caused 

a decreased lifetime of GFP, resulting in a FRET efficiency of 14.5% (Figure 3A-C). The protea-

somal subunit LMP2 showed only a small decrease in lifetime resulting in a FRET efficiency of 

5.4% (Figure 3A-C). Although the orientation of GFP in relation to the fused protein may differ 

between ß7 and LMP2, the different subunits seem to interact differently with aggregated 

polyQ peptides.

The presence of GFP-Ub in aggregates most likely represents sequestered proteins that 

become ubiquitinated in time. PolyQ peptides are not likely ubiquitinated as no lysine resi-

dues are present. We tested whether Ub, present in a ring around aggregated polyQ peptides, 
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interacts with aggregated polyQ peptides. Because expression of GFP-Ub-Q99-C4 results in an 

efficient separation of GFP-Ub and Q99-C4 (Figure 1), cells expressing GFP-Ub together with 

Ub-Q99-C4 or GFP-Ub-Q99C4 should show similar interactions between polyQ peptides and 

GFP-Ub. Indeed, FRET efficiencies of approximately 5% were measured in both cases (Figure 

3A-C). 

Besides proteasomal subunits and Ub, various chaperones are recruited into polyQ-induced 

aggregates as well. We and others showed before that the chaperones DnaJB6 and DnaJB8, two 

members of the Hsp40 family, are potent inhibitors of polyQ-induced aggregation (Gillis et al., 

manuscript in preparation; Hageman et al., manuscript in preparation). The chaperone Hsp40 

also reduces aggregation of polyQ peptides, but less efficient, whereas Hsp70 does not affect 

aggregation at all (Gillis et al., manuscript in preparation). DnaJB6 and DnaJB8 are recruited in 

the core of polyQ peptide-induced aggregates (Figure 1F). Therefore, we examined whether 

these chaperones interacted with aggregated polyQ peptides. Both GFP-tagged DnaJB6 and 

DnaJB8 interacted strongly with polyQ peptides with FRET efficiencies of approximately 16% 

(Figure 3D-F). However, the recruitment of Hsp70 into polyQ peptide-induced aggregates did 

not result in a significant reduced lifetime of GFP-tagged Hsp70 (Figure 3D-F), suggesting that 

Hsp70 does not interact with polyQ peptides. FRET between Hsp40 and aggregated polyQ 

peptides was undetectable (data not shown), likely because Hsp40 is only weakly associated 

with aggregates induced by polyQ peptides (Gillis et al., manuscript in preparation). Thus, most 

proteins that sequester in the core of aggregates, such as ß7, DnaJB6 and DnaJB8, interacted 

with aggregated polyQ peptides. Ub, present in a ring around sequestered polyQ peptides, 

interacted less strongly with aggregated polyQ peptides, whereas Hsp70 did not interact with 

sequestered polyQ peptides at all.

intEraCtion of HuntinGtin WitH Polyq PEPtiDEs anD otHEr 
ProtEins sEquEstErED in aGGrEGatEs
Httexon1 is a polyQ-containing protein fragment that is sequestered into polyQ peptide-

induced aggregates (Raspe et al., 2009). Similarly to Ub, Httexon1-Q103-GFP is present in a 

ring around the polyQ peptide-containing core of larger aggregates (Figure 4A). Httexon1-

Q103-GFP is almost absent in the core, suggesting that polyQ-peptides initiate aggregation 

and larger fragments, such as Httexon1, are sequestered in time. To examine whether polyQ-

expanded Httexon1 interacted with ReAsH-labeled Q99 peptides, FLIM experiments were 

performed. A FRET efficiency of 8.3% was determined (Figure 3A-C), indicating that aggregated 

polyQ peptides interacted with Htt. Probably, Httexon1 interacts with polyQ peptides due to 

its polyQ repeat, as polyQ-polyQ interactions are strong. The observed interaction of polyQ 

peptides with Ub is probably indirectly due to binding of ubiquitinated proteins, because polyQ 

peptides are not likely to become ubiquitinated. 

PolyQ peptides are present in the core of polyQ-induced aggregates and Httexon1-Q103-GFP 

is found in an additional ring. Therefore, interactions between sequestered proteins and 

Httexon1-Q103 may be different as compared to their interactions with polyQ peptides. In order 

to perform FLIM analysis between Htt and sequestered GFP-tagged proteins, C4-tagged Htt was 

generated. Confocal analysis of cells co-expressing Httexon1-Q103-C4 and Httexon1-Q103-GFP 
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Construct τφ (ns) τM (ns) n EFRET (%) 

GFP + Q99-C4 (donor) 2.22 ± 0.06 2.57 ± 0.10 8 - 

GFP-DnaJB6 + Q99-C4 1.85 ± 0.09 2.23 ± 0.16 13 16.6 

GFP-DnaJB8 + Q99-C4 1.85 ± 0.08 2.33 ± 0.32 17 16.5 

Hsp70-GFP + Q99-C4 2.21 ± 0.06 2.42 ± 0.04 15 0.4 
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Figure 3. The chaperones DnaJB6 and DnaJB8 and the proteasomal subunits LMP2 and β7 interact with 
aggregated polyQ peptides. (A) FLIM analysis of GFP in HeLa cells expressing ReAsH-labeled Ub-Q99-C4 
together with indicated GFP-tagged constructs at 48 hours after transfection, first panel is not labeled with 
ReAsH to determine lifetime GFP. Showing in each column, from left to right, representative graphs of flu-
orescence intensity, false-color map of the fluorescence lifetime calculated from the phase shift (τφ) and 
histogram of lifetime distribution with same false-color scale as the lifetime map. Scalebar: 20 µm. (B) Table 
summarizes the average phase (τφ ± s.d.), modulation lifetimes (τM ± s.d.) and FRET efficiencies (EFRET) based 
on phase lifetimes. The number of cells measured is indicated by n. Histogram represents average phase 
modulation lifetimes (data are mean ± SEM; two-tailed unpaired t-test; *** p<0.001; ** p<0.01; * p<0.05). 
(C) FRET efficiencies (mean ± SEM) are calculated based on the phase lifetimes. FLIM analysis resulted in high 
FRET efficiencies between aggregated Q99-C4 peptides and the proteasomal subunit β7. (D) FLIM analysis of 
GFP in cells expressing ReAsH-labeled Ub-Q99-C4 together with indicated GFP-tagged chaperones at 48 hours 
after transfection. Scalebar: 20 µm. (E) Table summarizes the average phase (τφ ± s.d.), modulation lifetimes 
(τM ± s.d.) and FRET efficiencies (EFRET). The number of cells measured is indicated by n. Histogram repre-
sents average phase modulation lifetimes (data are mean ± SEM; two-tailed unpaired t-test; *** p<0.001; 
** p<0.01; * p<0.05). (F) FRET efficiencies (mean ± SEM) are calculated based on the phase lifetimes. FLIM 
analysis resulted in high FRET efficiencies between aggregated polyQ peptides and DnaJB6 and DnaJB8. No 
FRET was detected between aggregated polyQ peptides and Hsp70. 
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Hsp70-GFP + Htt-C4 2.17 ± 0.06 2.53 ± 0.27 17 3.6 

 

Figure 4. Aggregated Httexon1 strongly interacts with DnaJB6, whereas only moderate interactions were 
observed between aggregated Htt and DnaJB8 or Hsp70. (A) Confocal images of HeLa cells co-expressing 
ReAsH-labeled Ub-Q99-C4 and Httexon1-Q103-GFP (Htt-GFP) labeled at 48 hours after transfection, showing 
sequestration of Httexon1 around aggregated polyQ peptides. Scalebar: 20 µm (B) Confocal images of HeLa 
cells co-expressing Httexon1-Q103 tagged with either GFP or C4 and labeled with ReAsH at 48 hours after 
transfection. Whereas ReAsH-labeled Httexon1 was present in the core of aggregates, GFP-labeled Htt 
was present either in the core (upper panel) or in a ring around aggregated C4-labeled Htt (lower panel). 
Scalebar: 20 µm (C) FLIM analysis of FlAsH (upper two panels) or GFP (lower 5 panels) in HeLa cells expressing 
Ub-Q99-C4 together with indicated constructs labeled with either FlAsH (upper panel), FlAsH and ReAsH (2nd 
panel), or ReAsH alone (lower 4 panels) at 48 hours after transfection, showing in each column, from left to 
right, representative graphs of fluorescence intensity, false-color map of the fluorescence lifetime calculated 
from the phase shift (τφ) and histogram of lifetime distribution with same false-color scale as the lifetime map. 
Scalebar: 20 µm. (D) Table summarizes the average phase (τφ ± s.d.), modulation lifetimes (τM ± s.d.) and FRET 
efficiencies (EFRET) based on phase lifetimes. The number of cells measured is indicated by n. Histogram rep-
resents average phase modulation lifetimes (data are mean ± SEM; two-tailed unpaired t-test; *** p<0.001; 
** p<0.01; * p<0.05). (E) FRET efficiencies (mean ± SEM) are calculated based on the phase lifetimes. Similar 
FRET efficiencies were measured between aggregated FlAsH- and ReAsH-labeled Htt and between aggregated 
GFP- and ReAsH-labeled Htt. High FRET efficiencies were measured between aggregated Htt and DnaJB6, 
whereas only modest FRET efficiencies were measured between aggregated Htt and DnaJB8 or Hsp70.
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showed that C4-tagged Httexon1-Q103 labeled with ReAsH was present in the core of aggre-

gates, whereas GFP-tagged Htt was found either in the core of smaller aggregates or in an addi-

tional ring at a later stage (Figure 4B). This interesting result may be explained by the different 

sizes of C4-tagged and GFP-tagged Htt, ~22.5 kDa and ~48.1 kDa, respectively. The smaller 

C4-tagged Htt may represent a fragment that is more aggregation-prone, resulting in its pres-

ence in the core of aggregates, whereas the larger Httexon1-Q103-GFP is sequestered later. 

Interactions between ReAsH-labeled Httexon1-Q103 and GFP-tagged chaperones were 

measured. Interactions between DnaJB6 and Htt seemed somewhat stronger (E
FRET = 19.3%; 

Figure 4C-E) when compared to the interactions between DnaJB6 and aggregated polyQ 

peptides. In contrast, interactions between DnaJB8 and Htt were weaker (EFRET = 8.8%; Figure 

4C-E) when compared to interactions between DnaJB8 and aggregated polyQ peptides. 

Although Hsp70 does not interact with polyQ peptides, a FRET efficiency of 3.6% was measured 

between Hsp70-GFP and Httexon1-Q103-C4 (Figure 4C-E). This indicates that Htt interacted 

weakly with Hsp70. Together, these data suggest that the interactions between aggregated 

Httexon1 and DnaJB6 and DnaJB8 are different when compared to the interactions of aggre-

gated polyQ peptides with these chaperones. 

HsP40 anD HsP70 rEDuCE intErMolECular intEraCtions of 
traPPED Polyq PEPtiDEs
Both DnaJB6 and DnaJB8 strongly reduce aggregation of polyQ peptides (Gillis et al., manu-

script in preparation) and interact with polyQ peptides in the core of aggregates. These interac-

tions may affect aggregation of polyQ peptides directly. To examine whether chaperones were 

able to reduce the strong interactions observed between polyQ peptides, we co-expressed 

Q99-C4 peptides in combination with pIRES DsRed, containing DnaJB6, DnaJB8, Hsp40 or 

Hsp70. Double-labeling of C4-tagged Q99 peptides with FlAsH and ReAsH resulted in a FRET 

efficiency of 53.9% (Figure 5A-C). This FRET efficiency was higher than measured earlier 

(Figure 2E), which may be due to the lower phase lifetime of FlAsH in the presence of DsRed. 

Expression of DnaJB6 or DnaJB8 reduced interactions between aggregated polyQ peptides, as 

FRET efficiencies of 24.6 and 27.7%, respectively, were measured (Figure 5A-C). Surprisingly, 

Hsp40 and Hsp70 were more effective in reducing the interactions between aggregated polyQ 

peptides, as FRET efficiencies of 13.5% and 8.3%, respectively, were measured (Figure 5A-C). 

Together, these data suggest that these chaperones reduce intermolecular interactions of 

aggregated polyQ peptides, where Hsp40 and Hsp70 were more effective than DnaJB6 or 

DnaJB8 in disrupting polyQ-polyQ interactions.

88

Chapter 5



In the present study, the small C4 tag was used to visualize dynamics and interactions 

of polyQ peptides in living cells. Earlier studies fused fluorescent proteins such as GFP 

to the relative small polyQ peptides to study their aggregation and dynamics in living 

cells (Brignull et al., 2006; Desai et al., 2006; Holmberg et al., 2004; Kim et al., 2002). 

However, the size of GFP compared to the polyQ peptides is relatively large, which 

may affect aggregation kinetics and behavior of polyQ peptides. This effect was also 

suggested by the comparison of the behavior of GFP-tagged Httexon1 and C4-tagged 

Httexon1. The smaller C4-tagged Httexon1 was detected only in the core of aggregates, 

whereas the larger GFP-tagged Httexon1 was sequestered around the core. We assume 

that fragments rather than proteins containing the expanded polyQ tract initiate aggre-

gation. GFP-tagged peptides may behave as a polyQ-containing protein, being seques-

tered into aggregates instead of initiating aggregation. 

Another advantage of C4-tagged polyQ peptides is the possibility to perform double labeling 

of peptides with different biarsenical dyes, either simultaneously for FLIM analysis or sequen-

tial for pulse-chase experiments. Double labeling of polyQ peptides with FlAsH and ReAsH was 

used to study interactions between polyQ peptides and the effects of chaperones on these 

interactions. Sequential labeling of polyQ peptides revealed an increase in size of aggregates in 

time due to sequestration of newly-synthesized polyQ peptides. Sequestered polyQ peptides 

became immobilized. 

Interactions between polyQ peptides were only detected when these peptides were present 

in aggregates. This data is in agreement with studies that reported interactions between aggre-

gated fluorescently-tagged polyQ peptides by measuring FRET between donor and acceptor 

(Brignull et al., 2006; Desai et al., 2006; Holmberg et al., 2004; Kim et al., 2002). PolyQ peptides 

are primarily monomeric instead of small oligomers when freely diffusing within cells. We  

previously showed that polyQ peptides can easily diffuse between cytoplasm and nucleus 

(Gillis et al., manuscript in preparation). This supports our finding that non-sequestered polyQ 

peptides are monomeric, as only proteins up to 60 kDa can diffuse through nuclear pores 

(Gorlich, 1998). Together, these data indicate that dimerization and subsequent oligomeriza-

tion and aggregation of polyQ peptides occurs rapidly. We cannot exclude that a small propor-

tion of diffusing polyQ peptides are present in an oligomeric form, as it may be beyond detec-

tion levels of FLIM or Western blotting. 

It should be noted that high molecular weight bands were not present on Western blots 

when expressing C4-tagged polyQ peptides, irrespective of labeling cells with ReAsH (data 

not shown). This indicates that even the small C4 motif influences oligomerization of polyQ 

peptides, although similar percentages of aggregate-containing cells were present at 72 hours 

after transfection.  

Recruitment of proteasomal components into polyQ-induced aggregates (Chai et al., 1999; 

Cummings et al., 1998; Holmberg et al., 2004; Raspe et al., 2009; Stenoien et al., 1999; Verhoef 

et al., 2002), has led to the hypothesis that sequestered proteasomes may become clogged in 

the attempt to degrade polyQ-containing proteins (Goellner and Rechsteiner, 2003; Holmberg 

et al., 2004; Venkatraman et al., 2004). Depletion of functional proteasomes may subse-

quently contribute to cytotoxicity. Morimoto and colleagues (Holmberg et al., 2004) reported 
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B
Figure 5
A

Construct τφ (ns) τM (ns) n EFRET (%) 

FlAsH (donor) 2.19 ± 0.13 3.07 ± 0.04 5 - 

Q99-C4 + mock 1.01 ± 0.39 1.69 ± 0.49 21 53.9 

Q99-C4 + DnaJB6 1.65 ± 0.41 2.40 ± 0.48 9 24.6 

Q99-C4 + DnaJB8 1.58 ± 0.41 2.39 ± 0.48 22 27.7 

Q99-C4 + Hsp40 1.89 ± 0.20 2.62 ± 0.30 14 13.5 

Q99-C4 + Hsp70 2.01 ± 0.12 2.82 ± 0.16 15 8.3 
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Figure 5. The classical chaperones Hsp70 and Hsp40 are more effective in reducing intermolecular interac-
tions between aggregated polyQ peptides than DnaJB6 or DnaJB8. (A) FLIM analysis of FlAsH in HeLa cells 
expressing Ub-Q99-C4 together with indicated constructs labeled with FlAsH (upper panel) or both FlAsH 
and ReAsH at 48 hours after transfection, showing in each column, from left to right, representative graphs 
of fluorescence intensity, false-color map of the fluorescence lifetime calculated from the phase shift (τφ) and 
histogram of lifetime distribution with same false-color scale as the lifetime map. Scalebar: 20 µm. (B) Table 
summarizes the average phase (τφ ± s.d.), modulation lifetimes (τM ± s.d.) and FRET efficiencies (EFRET) based on 
phase lifetimes. The number of cells measured is indicated by n. Histogram represents average phase modu-
lation lifetimes (data are mean ± SEM; two-tailed unpaired t-test; *** p<0.001; ** p<0.01; * p<0.05). (C) FRET 
efficiencies (mean ± SEM; two-tailed unpaired t-test; *** p<0.001; ** p<0.01; * p<0.05) and quantification are 
calculated based on the phase lifetimes.

interactions between the proteasomal subunit LMP2-YFP and CFP-tagged polyQ peptides by 

FRET analysis. Whereas we observed a low FRET efficiency between LMP2 and aggregated 

polyQ peptides, a stronger FRET efficiency was found between aggregated polyQ peptides and 

the proteasomal subunit ß7. Although we cannot exclude that that different FRET efficien-

cies were measured due to different orientations of fluorophores, it may mean that different 

proteasomal subunits have different affinities for polyQ peptides. Changing the subunit compo-

sition of proteasomes (Kloetzel, 2001) may be an approach to increase degradation of aggre-

gation-prone polyQ tracts. Whether a higher affinity of the subunits for polyQ peptides is also 

correlated with the ability of these subunits to degrade polyQ peptides has to be examined.

DnaJB6 and DnaJB8 are potent inhibitors of polyQ peptide aggregation (Gillis et al., manu-

script in preparation). These chaperones colocalized with polyQ peptides in the core of aggre-

gates and seem to have stronger interactions with aggregated polyQ peptides as compared 
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to other sequestered proteins. No interaction between the more classical chaperones Hsp70 

or Hsp40 and aggregated polyQ peptides was observed. Despite the stronger interactions of 

DnaJB6 and DnaJB8 with aggregated polyQ peptides, DnaJB6 and DnaJB8 were less effective in 

reducing the intermolecular interactions of aggregated polyQ peptides than Hsp70 and Hsp40. 

A reason could be that DnaJB6 and DnaJB8 only solubilize monomeric polyQ peptides, thereby 

keeping these peptides in a degradation-competent state. Once an aggregate has been formed, 

DnaJB6 and DnaJB8 are sequestered in the core, but are then unable to alter the composition 

of polyQ peptides within aggregates. In contrast, Hsp70 did not affect aggregation of expanded 

polyQ peptides (Gillis et al., manuscript in preparation) and no interactions between Hsp70 

and aggregated polyQ peptides were observed, which is in agreement with other studies that 

also did not detect interactions between Hsp70 and fluorescently-tagged, aggregated polyQ 

peptides or polyQ-containing proteins (Kim et al., 2002; Matsumoto et al., 2006). Because 

Hsp70 has a high on/off rate when associated with polyQ-induced aggregates (Kim et al., 2002; 

Raspe et al., 2009), they may be only temporarily recruited in aggregates but thereby still able 

to modify polyQ peptide binding. This may be similar for Hsp40, which is not sequestered 

into polyQ peptide-induced aggregates. In conclusion, it can be stated that Hsp70 and Hsp40 

are less efficient in reducing aggregation of polyQ peptides compared to DnaJB6 and DnaJB8, 

but they do affect the composition of sequestered polyQ peptides. Whether it alters their  

cytotoxicity remains to be investigated.

DNA constructs. Generation of GFP-Ub-polyQ constructs was described before (Gillis et al., manu-
script in preparation). To add a C4-motif to GFP-Ub-PolyQ constructs a BamHI site was introduced 
at the C-terminus of polyQ peptides using Quikchange II Site directed Mutagenesis (Stratagene) 
with forward primer 5’-AGCAGCAGCAGCAGCAGGATCCTAGCCCCAGGTAAGC-3’ and reverse primer 
5’-GCTTACCTGGGGCTAGGATCCTGCTGCTGCTGCTGCT-3’. The C4 tag containing the following 
sequence FLNCCPGCCMEP (Martin et al., 2005) was obtained by annealing of forward oligo 
5’-GATCTGTTTCTTAATTGTTGTCCTGGTTGTTGTATGGAACCTTAAT-3‘ and reverse oligo 5’-CTAGAT-
TAAGGTTCCATACAACAACCAGGACAACAATTAAGAAACA-3’. In this way, overhangs were generated 
compatible with BamHI at the N-terminus and XbaI at the C-terminus. C4-tag was inserted into 
GFP-Ub-polyQ, thereby generating GFP-Ub-Q17-C4, GFP-Ub-Q56-C4, and GFP-Ub-Q99-C4, respec-
tively. Ub-polyQ-C4 constructs were generated by replacing M-GFP-Q65 for polyQ-C4 in Ub-M-GFP-

Q65 (Kindly provided by Nico Dantuma; Karolinski Insitutet, Stockholm, Sweden) (Verhoef et al., 2002), 
resulting in Ub-Q17-C4, Ub-56-C4, and Ub-Q99-C4, respectively. 

Httexon1-Q103-C4 was obtained by replacing GFP in Httexon1-Q103-GFP (kindly provided by Ron 
Kopito; Stanford University, Stanford, USA) by a similar C4 tag as described above. The annealed C4 motif 
was inserted into Httexon1-Q103-GFP generating Httexon1-Q103-C4. β7-GFP was obtained by PCR from 
β7-mRFP (kindly provided by Nico Dantuma) (Verhoef et al.) using forward primer 5’-GCGGAATTCCCAC-
CATGGAAGCGTTTTTGGGG-3’ and reverse primer 5’-GGGCCCTTCAAAGCCACTGATCATG-3’. PCR product was 
subsequently cloned in EGFP-N2 (Invitrogen) using EcoRI and ApaI, thereby generating β7–GFP. DnaJB6-GFP, 
DnaJB8-GFP and Hsp40-GFP were generated by cleavage of pIRES-DsRed2-DnaJB6, pIRES-DsRed2-DnaJB8 
and pIRES-DsRed2-Hsp40 (Gillis et al., manuscript in preparation) with BamHI and EcoRI. DnaJB6, DnaJB8 
and Hsp40 were subsequently cloned into EGFP-C3 (Invitrogen). Constructs were obtained as described 
before: LMP2-GFP (Reits et al., 1997), GFP-Ub (Raspe et al., 2009). GFP-Hsp70 was kindly provided by Harm 
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Kampinga (University Medical Center Groningen, Groningen, the Netherlands).
Cell culture and transfection. Human HeLa cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM; Gibco) supplemented with 10% fetal calf serum (FCS), penicillin-streptomycin-glutamine (Gibco) 
and maintained at 37°C in an atmosphere of 10% CO2. Human Embryonic Kidney (HEK293T) cells were 
cultured in Iscove’s Modified Eagle Medium (IMDM; Gibco) supplemented with 10% FCS, 25 mM Hepes 
and penicillin-streptomycin-glutamine and maintained at 37°C in 5% CO2. For microscopal analysis, HeLa 
cells (0.25x106) were plated onto glass coverslips (24 mm; Fisher Scientific) in a 6-well and were transiently 
transfected after 24 hours using Lipofectamine 2000 (Invitrogen). HEK293T cells (0.1x106) were seeded in a 
6-well plate and transiently transfected with FuGene6 (Roche) at 24 hours after plating.

Biarsenical labeling. HeLa cells were transfected with various GFP-Ub-polyQ-C4 constructs and biar-
senical labeling was performed at 24 or 48 hours after transfection, as described before (Martin et al., 
2005). Briefly, 1 mM FlAsH or ReAsH was pre-incubated in 10 mM 1,2-ethanedithiol (EDT; Sigma) in DMSO 
for 10 minutes. Cells were labeled with 1 μM FlAsH or ReAsH in 10 μM EDT in OptiMEM for 45 minutes at 
37°C, 10% CO2 in the dark and subsequently washed several times with 1 mM EDT in OptiMEM containing 
10% FCS during 30 minutes at room temperature to remove unbound dyes. For labeling simultaneously 
with FlAsH and ReAsH, cells were labeled with a mixture of 0.5 μM FlAsH and 0.5 μM ReAsH. For pulse-
chase experiments, cells were labeled with FlAsH at 24 hours and with ReAsH at 48 hours after transfection. 

Photoconversion of ReAsH-labeled cells. HeLa cells expressing various C4-tagged proteins were 
cultured on 35 mm glassbottom dished with grid (Mattek) and labeled with ReAsH before photoconversion 
of diaminobenzidine (DAB), which was performed as described before (Gaietta et al., 2002). Briefly, cells 
were fixed with 2% glutaraldehyde in cacodylate buffer (0.1 M Na-cocadylate; pH 7.4) for 15 minutes on 
ice. After washing cells 5 times with cacodylate buffer, cells were briefly rinsed in blocking buffer (50 mM 
glycine, 5 mM KCN, 20 mM aminotrizole, 0.001% H2O2 in 0.1 M Na-cocadylate; pH 7.4) and subsequently 
incubated for 30 minutes on ice in the same buffer to reduce nonspecific background. Subsequently, cells 
were imaged using confocal microscopy (Leica TCS SP2) in the presence of DAB solution (6 mM DAB in 
oxygenated blocking buffer) and cells were locally illuminated at 568 nm until a brownish reaction product 
became visible. Cells were subsequently prepared for EM analysis. Cells were washed in cacodylate buffer, 
post-fixed in osmium tetra-oxide (1% osmium tetra-oxide in 0.1 M Na-cacodylate; pH 7.4) for 30 minutes 
on ice and washed in distilled water. For contrast enhancement in EM, cells were block-stained overnight in 
2% uranyl acetate at 4°C and washed again in distilled water. Dehydration was performed through a series 
of ethanol solutions and cells were embedded in epon LX-112 (Ladd) by putting a capsule filled with epon 
on top of the cells. After polymerization, the capsule with epon, containing the cells and an imprint of the 
grid, was removed from the glassbottom dish. Ultrathin sections of 80 nm were cut on a Reichert EM UC6 
ultramicrotome with a diamond knife, collected on formvar coated grids and stained with uranyl acetate 
and lead citrate. Sections were examined with a Fei Technai-12 EM. 

Confocal and FRET microscopy. HEK293T cells were transfected with GFP-Ub-polyQ-C4 constructs 
and percentages of transfected cells containing aggregates were determined at 72 hours after transfec-
tion using a Leice IRB inverted fluorescence microscope. Confocal images were obtained at 48 hours after 
transfection using a Leica TCS SP2 confocal system and a 63x objective. Note that some images show 
‘over-exposed’ fluorescent aggregates, but this was done to enable visualization of diffuse cytoplasmic and 
nuclear staining. For FRAP analysis, a part of the cell containing either ReAsH-labeled free polyQ peptides 
or ReAsH-labeled aggregated polyQ peptides was bleached at full laser power and fluorescence recovery 
was measured in the bleached area at low laser power. 

FLIM was carried out after biarsenical labeling of living cells. To reduce interference of autofluores-
cence by DMEM, a special medium was added to cells (20 mM Hepes; pH 7.4, 137 mM NaCl, 5.4 mM KCl, 
1.8 mM CaCl2, 0.8 mM MgCl2 and 20 mM glucose). FLIM was performed using the wide-field frequency 
domain approach on a home-build instrument (Van Munster and Gadella, 2004a) using a RF-modulated 
image intensifier (Lambert Instruments II18MD) coupled to a CCD camera (Photometrics HQ) as detector. 
A 40x objective was used for all measurements. The modulation frequency was set to 75.1 MHz. Eighteen 
phase images with an exposure time of 20-200 ms were acquired in a random recording order to minimize 
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artifacts due to photobleaching (van Munster and Gadella, 2004b). Every FLIM measurement was followed 
by a reference measurement. From the phase sequence an intensity (DC) image and the phase and modu-
lation lifetime image were calculated using Matlab macros. From this data, the lifetime of individual cells 
was determined using ImageJ (http://rsb.info.nih.gov/ij/). Subsequently, average phase and modulation 
lifetimes (± s.d.) were calculated. For the presentation of lifetime maps, a 3x3 smooth filter was applied to 
the lifetime data. The false-color lifetime maps and 1D and 2D histograms were generated by an ImageJ 
macro.

The FRET efficiency E was calculated according to: E=(1–(τDA/τD))x100% in which τDA is the fluorescence 
lifetime of the donor in presence of the acceptor (i.e. samples labeled with both FlAsH or GFP and ReAsH) 
and τD is the fluorescence lifetime of the donor (i.e. FlAsH only or GFP only) in absence of the acceptor. 
Frequency domain FLIM yields a phase lifetime (τπ) and a modulation lifetime (τM). Since τπ is more sensitive 
than τM, the FRET efficiency was calculated on the basis of τπ.

Immunoblotting. Cytoplasmic cell extracts were generated by lysing cells with 0.1% Triton X-100 in PBS 
for 30 minutes on ice supplemented with mini protease inhibitor cocktail (Roche). Lysates were centrifuged 
for 15 minutes at 14,000 rpm at 4°C and protein concentrations of supernatants were determined using 
Bradford protein assay (BioRad). Twenty µg of cytoplasmic protein lysates were boiled in sample buffer (3 
mM Tris-HCl pH 6.8, 5% glycerol, 1% SDS, 2.5% 2-mercaptoethanol, 0.05% (w/v) bromophenol blue) for 5 
minutes and separated on 12.5% SDS-PAGE. After electrophoresis, proteins were transferred onto a 0.2 
µm pore size nitrocellulose membrane filter (Schleicher & Schuell) and blocked in 5% dry milk (Nutricia) 
in Tris-buffered saline (TBS). Western blots were incubated with primary antibodies against polyQ (1C2; 
1:1.000; MAB1574, Millipore), GFP (1:1.000; Invitrogen), or β-actin (1:10,000; Sigma) in TBS containing 
0.1% Tween-20 and subsequently with secondary antibodies IRDye 680 or IRDye 800 (1:10,000; LI-COR 
Biosciences). Signal was detected using the Odyssey imaging system (Westburg). For detection of ReAsH-
labeled polyQ peptides, cytoplasmic cell lysates were not boiled before loading on 12.5% SDS-PAGE gels, as 
this affected the conformation of ReAsH. After running SDS-PAGE gels were scanned using a Typhoon Trio 
imager (GE Healthcare) at 720 nm. 
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Alzheimer’s disease is hallmarked by the accumulation and aggregation of amyloid-ß 

(Aß) peptides in extracellular plaques. However, intraneuronal accumulation of Aß is 

thought to be an early and crucial event in Alzheimer’s disease and is associated with 

impairment of the ubiquitin-proteasome system. Aß peptides are generated in the 

secretory and endocytic pathway, but Aß can be translocated into the cytoplasm. To 

examine the fate of cytoplasmic Aß peptides, we used both GFP-Ub-Aß fusion constructs 

that efficiently release Aß peptides in the cytoplasm upon expression and quenched Aß 

peptides that become fluorescent upon degradation. Here, we show that cytoplasmic 

Aß peptides were efficiently degraded in living cells even upon inhibition of several 

classes of proteases either or not simultaneously. However, we found several peptidases 

that were responsible for Aß degradation in vitro, including tripeptidyl peptidase II and metal-

loproteases. In vitro, Aβ degradation was inhibited by its aggregation likely because peptidases 

can only degrade monomeric peptides. In conclusion, our data indicates that moderate cyto-

plasmic Aβ levels can be cleared efficiently, but too slow degradation of Aβ induces aggregates 

that cannot be degraded by peptidases.
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Alzheimer’s disease (AD) is the most common form of dementia, affecting 26.6 million 

people worldwide. The pathological hallmarks in brain tissue of AD patients are extra-

cellular senile plaques (SPs) containing fibrillar amyloid-β (Aβ) peptides, intracellular 

neurofibrillary tangles (NFTs) containing hyperphosphorylated tau and loss of synapses 

and neurons. Aβ is derived from the widely-expressed type 1 membrane protein 

amyloid precursor protein (APP), which is sequentially cleaved by β- and γ-secretases. 

Aβ is produced in a variety of subcellular compartments, including the ER, Golgi appa-

ratus, and the endosomal-lysosomal pathway (LaFerla et al., 2007; Selkoe, 2001). Aβ 

peptides of variable lengths are released, predominantly of 40 (Aβ
40) or 42 amino acids 

(Aβ42) (Thinakaran and Koo, 2008). The two additional amino acids at the C-terminus of 

Aβ42 make it more aggregation prone and therefore Aβ42 is considered to be involved in 

the initiation of AD (Jarrett et al., 1993). 

Autosomal dominant forms of AD are often caused by mutations that increase Aβ 

production, in particular Aβ
42. Since Aβ production is not increased in sporadic forms of 

AD, the increased levels of Aβ may be the result of decreased activity of Aβ-degrading enzymes 

during aging. Indeed, levels of insulin-degrading enzyme (IDE) and neprilysin (NEP) decrease 

with age (Caccamo et al., 2005). These metalloproteases degrade Aβ in the extracellular matrix 

in vivo (Farris et al., 2003; Iwata et al., 2001). Many other proteases, such as endothelin-

converting enzyme (ECE) and plasmin are also reported to degrade Aβ extracellularly (Eckman 

et al., 2003; Tucker et al., 2000; Wang et al., 2006). Furthermore, overexpression of IDE, NEP or 

sustained plasmin activity in APP transgenic mice retards plaque formation and cytopathology 

(Jacobsen et al., 2008; Leissring et al., 2003). 

Extracellular Aβ deposits have long been considered to be the primary cause of AD. However, 

intracellular Aβ
42 accumulation has been detected in neurons prior to the appearance of extra-

cellular Aβ deposits (D’Andrea et al., 2001; Gouras et al., 2000; Ohyagi et al., 2005; Wirths et 

al., 2001). Intraneuronal Aβ42 is associated with cytotoxicity  and dysfunction of mitochondria, 

lysosomes, multivesicular bodies  and synapses (Almeida et al., 2006; Busciglio et al., 2002; 

Glabe, 2001; Oddo et al., 2003; Shie et al., 2003; Takahashi et al., 2002; Zhang et al., 2002). This 

suggests that intraneuronal Aβ accumulation is an early and crucial event in the development 

of AD. 

Aβ has been found in the cytoplasm of post-mortem brains of AD patients and in AD transgenic 

mice (Billings et al., 2005; Gouras et al., 2000), whereas overexpression of APP or ER-targeted 

Aβ
42 resulted in cytoplasmic Aβ (Buckig et al., 2002; Grant et al., 2000). Furthermore, it has 

been demonstrated that cytoplasmic Aβ can induce apoptosis in cultured neuronal cells (Zhang 

et al., 2002). Aβ is generated in the secretory and endocytic pathway. Translocation of Aβ into 

the cytoplasm can occur via various routes (Li et al., 2007). ER-associated degradation (ERAD) is 

normally involved in the translocation of misfolded proteins from the ER to the cytoplasm and 

the subsequent degradation of these proteins by the ubiquitin-proteasome pathway (Scheper 

and Hoozemans, 2009). However, it is also able to transport ER-generated Aβ peptides into 

the cytoplasm (Buckig et al., 2002; Schmitz et al., 2004). Aβ can passively leak into the cyto-

plasm along the secretory pathway as well. Extracellular Aβ can enter the cytoplasm via passive 

diffusion through the plasma membrane or via internalization via endosomes which increases 
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membrane permeability of lysosomes. Furthermore, Aβ can be actively taken up via receptors 

such as α7 nicotinic acetylcholine receptors, apolipoprotein E (ApoE) receptors, and N-methyl-

D-aspartic acid (NMDA) receptors (LaFerla et al., 2007). 

Various Aβ degrading enzymes are known to be active in the extracellular environment, but 

less is known about degradation of intracellular Aβ peptides. The proteasome is the major 

pathway for intracellular protein degradation, which degrade proteins into peptides (Craiu et 

al., 1997). Within seconds after their generation by proteasomes, peptides are recycled into 

amino acids by downstream aminopeptidases (Reits et al., 2003). Several groups have reported 

proteasomal impairment in AD post-mortem brains (Keck et al., 2003; Keller et al., 2000) and 

inhibition of proteasomal activity by intracellular Aβ (Almeida et al., 2006). Furthermore, inhi-

bition of proteasomal activity results in accumulation of Aβ (Lopez Salon et al., 2003; Schmitz 

et al., 2004; Tseng et al., 2008). The proteasome can degrade long peptides like Aβ, but Aβ may 

be degraded by downstream aminopeptidase as well. Most peptidases can only handle small 

peptides up to 15 amino acids, but some peptidases like tripeptidyl peptidase II (TPPII) can 

degrade longer peptides as well (Reits et al., 2004). Since Aβ peptides have a heterogeneous 

sequence, various classes of proteases may be involved in their degradation when present in a 

monomeric form in the cytoplasm. 

In the present study, we mimicked Aβ release in the cytoplasm using a GFP-ubiquitin (Ub)-

Aβ
40/42 fusion construct. When this construct is expressed in cells, it causes immediate release 

of Aβ40/42 peptides from GFP-Ub due to cleavage by Ub C-terminal hydrolases (De Vrij, 2005; 

Johnson et al., 1995). We also applied a quenched Aβ peptide that becomes fluorescent upon 

degradation. Here, we show that cytoplasmic Aβ peptides are rapidly degraded and inhibi-

tion of proteasomes, IDE or most peptidases did not result in accumulation of Aβ peptides in 

the cytoplasm. However, inhibition of metalloproteases and knockdown of TPPII reduced the 

degradation rates of Aβ peptides in vitro.

CytoPlasMiC aβ is EffiCiEntly DEGraDED 
To study the fate of monomeric Aβ40 and Aβ42 in the cytoplasm, fluorescently-tagged 

Ub was fused N-terminally to Aβ40 or Aβ42, resulting in GFP-Ub-Aβ constructs. When 

these constructs are expressed in eukaryotic cells, Aβ is released within the cytoplasm 

by efficient cleavage of Ub C-terminal hydrolases between the C-terminal glycine of Ub 

and the N-terminal aspartic acid of Aβ (Figure 1A; De Vrij, 2005; Johnson et al., 1995). 

These GFP-Ub-Aβ fusion constructs produce Aβ peptides that have the same amino 

acid sequence as Aβ peptides generated in vivo, without additional amino acids or 

tags. Importantly, a starting methionine is not present, which may affect its stability according 

to the N-end rule (Varshavsky, 1996). Additional control constructs included GFP-UbG76V-Aβ
40, 

which cannot be cleaved by Ub C-terminal hydrolases (Butt et al., 1988; Johnson et al., 1992), a 

scrambled version of Aβ with the same amino acids but in a different order (GFP-Ub-AβScr) and 

an Aβ-GFP fusion protein (Ub-Aβ42-GFP). 

Expression of the various GFP-Ub-Aβ constructs and subsequent release of Aβ was veri-

fied by Western blotting. GFP-Ub derived from cleaved GFP-Ub fusion proteins was present in 
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all lanes when GFP-Ub or GFP-Ub-Aβ40/42/scr were expressed (Figure 1B). Even after prolonged 

exposure, no additional bands were detected that could represent uncleaved GFP-Ub-Aβ (data 

not shown), indicating that GFP-Ub-Aβ fusion proteins were efficiently cleaved. Expression of 

GFP-UbG76V-Aβ
40 or Ub-Aβ42-GFP resulted in a GFP-positive band at 42 kDa or 32.5 kDa, respec-

tively, representing uncleaved UbG76V-Aβ40 or Aβ42-GFP, respectively (Figure 1B). Subsequent 

blotting against Aβ did not shown positive bands when expressing GFP-Ub-Aβ40/42, with the 

exception of non-cleavable GFP-UbG76V-Aβ40 and Ub-Aβ42-GFP (arrows; Figure 1B). This data is 

in agreement with the data by Hol and colleagues, who also could not detect Aβ peptides after 

similarly expressing Aβ peptides in cells using HA-Ub-Aβ constructs (De Vrij, 2005). Together, 

these findings suggest that Aβ peptides are efficiently released from GFP-Ub after expression, 

leading to subsequent degradation of released monomeric Aβ peptides. As Aβ
42-GFP could be 

detected on Western blot, suggests that expression of Aβ as a fusion protein stabilized the 

Aβ peptide. A separately added synthetic Aβ was detected at 4 kDa (arrowhead; Figure 1B), 

suggesting that the small size of these peptides did not limit their detection on Western blots. 
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Figure 1. Cytoplasmic Aβ peptides are efficiently degraded. (A) Schematic representation of cleavage of 
GFP-Ub-Aβ by Ub C-terminal hydrolases directly after Ub, thereby separating GFP-Ub from Aβ peptides. (B) 
Cytoplasmic cell lysates of HEK cells expressing GFP-Ub, GFP-Ub-Aβ40/42/Scr, the uncleavable GFP-UbG76V-
Aβ40 or Ub-Aβ42-GFP for 48 hours were analyzed by Western blotting together with synthetic Aβ peptides. 
Blots were subsequently stained for Aβ, including a higher exposure of a part of the Western blot at the 
height of Aβ peptides (upper panel), GFP (middle panel) and actin (lower panel). Arrowheads indicate Aβ 
peptides, arrows UbG76V-Aβ40 (42 kDa) or Aβ42-GFP (32.5 kDa), respectively, and asterisks endogenous APP 
and aspecific bands. (C) Confocal images of differentiated SH-SY5Y cells transfected with various GFP-Ub-Aβ 
fusion constructs were fixed after 48 hours and subsequently immunostained for Aβ using the antibody 6E10. 
Scalebar: 20 µm.
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The various GFP-Ub-Aβ constructs were expressed in differentiated SH-SY5Y neuronal 

cells. Subsequent staining for Aβ only resulted in Aβ-positive cells when the non-cleavable 

GFP-UbG76V-Aβ40 or the Aβ42-GFP fusion protein were expressed (Figure 1C). Expression levels 

of all GFP-Ub-Aβ fusion constructs were similar, as shown by their GFP levels, indicating that 

the generation of monomeric Aβ40 and Aβ42 leads to their efficient and rapid degradation by 

cytoplasmic proteases. 

ProtEasE inHibition DoEs not rEDuCE intraCEllular DEGra-
Dation of aβ 
The absence of Aβ peptides upon expression of GFP-Ub-Aβ40/42 indicates that the Aβ peptides 

are rapidly degraded. We inhibited the proteasome, IDE and various classes of peptidases, 

which all reside mainly within the cytoplasm (Authier et al., 1996; Reits et al., 2003). HEK 

cells expressing GFP-Ub-Aβ
40/42 for 24 hours were incubated for a subsequent 20 hours in the 

presence of the reversible proteasome inhibitor MG-132, the irreversible IDE inhibitor baci-

tracin, or various peptidase inhibitors that cover the major classes of peptidases. Inhibition 

of proteasomes or IDE did not result in any detectable Aβ peptides (Figure 2), indicating that 

these proteases were not the primary Aβ-degrading enzymes. Treatment with the irreversible 

cysteine protease inhibitor E64, the irreversible aspartyl protease inhibitor pepstatin A, the 

reversible aminopeptidase inhibitor bestatin, the irreversible serine protease inhibitor phenyl-

methylsulfonyl (PMSF), or the reversible metalloprotease inhibitor phenanthroline also did not 

prevent rapid clearance of Aβ, as no Aβ peptides were detected on Western blots (Figure 2). 

Expression levels of GFP-Ub-Aβ were not affected by addition of any of these inhibitors, as 

GFP staining representing GFP-Ub levels were similar in untreated cells and cells treated with 

inhibitors (Figure 2). Since Aβ can be a substrate of various proteases due to its heterogeneous 

sequence, a cocktail containing all the individual inhibitors was added to cells as well. However, 

even simultaneous inhibition of various classes of proteases did not increase Aβ peptide levels 

(Figure 2), suggesting that Aβ was still efficiently degraded in the cytoplasm.
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Figure 2. Protease inhibitors do not prevent efficient clearance of cytoplasmic Aβ peptides. Western blot 
analysis of HEK cells expressing GFP-Ub, GFP-Ub-Aβ40 or GFP-Ub-Aβ42 that had been treated at 24 hours for a 
subsequent 24 hours with the following protease inhibitors: 10 µM E64, 1 µM pepstatin A, 5 µM bestatin, 100 
µM PMSF, 1 µM AAF-CMK, 1 µM MG-132, 200 µM bacitracin, 500 μM phenanthroline and a cocktail contain-
ing all inhibitors. Cytoplasmic cell lysates were analyzed by Western blotting and subsequently stained for Aβ 
(upper panel), GFP (middle panel) and actin (lower panel).
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tHE MEtalloProtEasE inHibitor PHEnantHrolinE rEDuCEs aβ 
DEGraDation 
Although various protease inhibitors did not prevent complete degradation of Aβ, they may 

have an effect on the rate of degradation. To examine whether inhibition of particular pepti-

dases affects the cytoplasmic half-life of Aβ, we designed an Aβ40 peptide containing a fluoro-

phore (F) at position 22 that was quenched by a Dabcyl group (Q) on position 12 (Figure 3A). 

The quencher and fluorophore thus flanked the KLVFF sequence present in the middle of Aβ 

peptides, which is a critical region for Aβ to aggregate (Tjernberg et al., 1996). The quenched 

Aβ peptide only becomes fluorescent upon separation of quencher and fluorophore, hence 

after degradation of Aβ. Quenched Aβ peptides were added to cytoplasmic fractions of mildly 

lysed cells, preventing contamination with extracellular membrane-bound proteases or lyso-

somal proteases. Fluorescence was measured in time. An increase in fluorescent signal was 

detected upon addition of quenched Aβ peptides to cell lysates, whereas no increase in fluo-

rescence was observed when the same amount of peptides was added to PBS (Figure 3B). This 

indicates that quenched Aβ is degraded by cytoplasmic proteases. Addition of proteasome 

or IDE inhibitors did not affect the degradation of Aβ peptides (Figure 3B). Furthermore, the 

majority of the peptidase inhibitors E64, bestatin, PMSF, pepstatin A or the inhibitor of puro-

mycin-sensitive peptidase PAQ-22 showed no effect on the half-life Aβ (Figure 3C). A cocktail 

containing E64, bestatin, PMSF and pepstatin A did not affect degradation of Aβ peptides either 

(Figure 3C). However, addition of the metalloprotease inhibitor phenanthroline clearly affected 

the degradation rate of Aβ (Figure 3C), suggesting that Aβ is degraded by metalloproteases. 

While IDE is a metalloprotease, the IDE inhibitor itself did not affect its degradation, suggesting 

that other metalloproteases degrade Aβ peptides. Phenanthroline is suggested to interfere Figure 3
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Figure 3. Inhibition of metalloproteases reduces degradation rates of Aβ peptides. (A) Model of detecting 
degradation of Aβ peptides using internally quenched Aβ peptides. Fluorescence can only be detected when 
the quencher group (Q) is separated from the fluorescein group (F) by protein degradation. Quenched Aβ 
peptides were added to PBS or 15 µg supernatant of mildly lysed HEK cells that were pre-incubated with no 
inhibitor, 10 µM MG-132 or 200 µM bacitracin (B) or with various peptidase inhibitors, 50 µM E-64, 50 µM 
bestatin, 100 µM PMSF, 10 µM pepstatin A, a cocktail containing the four inhibitors, 500 µM phenanthroline 
or 50 µM PAQ (C) for 30 min on ice. Degradation of quenched Aβ peptides in cell lysates was detected by 
measuring fluorescence increase in time. Representative degradation curves are shown.
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with fluorescence according to the manufacturer. However, addition of phenanthroline to cell 

lysates containing fully degraded, fluorescent Aβ did not affect fluorescence levels, excluding 

the interference of phenanthroline with spectrophotometric analysis (data not shown).  

knoCk-DoWn of tPPii rEDuCEs aβ PEPtiDE DEGraDation
Most peptidases have limited activity in degradation of peptides exceeding 10-15 amino acids, 

but the peptidase TPPII can degrade fragments longer than 20 amino acids (Reits et al., 2004). 

TPPII has both exo- and endo-peptidase activity and prefers lysine and arginine residues for 

endo-peptidase activity (Reits et al., 2004). Both amino acids are present in the Aβ sequence. 

To test whether TPPII is involved in Aβ degradation, we used TPPII-deficient mouse embry-

onic fibroblasts (MEFs) generated by Rock and colleagues. The degradation rate of quenched 

Aβ peptides was clearly reduced using cell lysates of TPPII-deficient MEFs, whereas Aβ was 

efficiently degraded in cell lysates of wild-type MEFs (Figure 4A). This indicates that TPPII is 

involved in degradation of quenched Aβ peptides. Furthermore, the aspecific irreversible TPPII 

inhibitor Ala-Ala-Phe-chloromethylketone (AAF-CMK) reduced degradation rates of Aβ using 

cell lysates of wild-type MEFs (Figure 4B). In TPPII-deficient cells, the inhibitor had hardly an 

effect (Figure 4B). Whereas TPPII seems to be involved in the degradation of Aβ peptides, its 

inhibition by AAF-CMK in HEK cells did not lead to accumulation of Aβ peptides upon expres-

sion of GFP-Ub-Aβ constructs, because Aβ was not detected on Western blots (Figure 2). The 

same counted for metalloproteases, because phenanthroline did not cause Aβ detection on 

Western blots.

Since Aβ is degraded in the absence of TPPII, other proteases are involved in its degradation 

as well, such as metalloproteases. To verify whether metalloproteases and TPPII act independ-

ently or sequentially on the degradation of Aβ, the metalloprotease inhibitor phenanthro-

line was added to TPPII-deficient cells and degradation rates of quenched Aβ peptides were 

measured. Metalloprotease inhibitors had an additive effect in TPPII-deficient cells (Figure 

4C), suggesting that TPPII and metalloproteases act independently in the degradation of Aβ 

peptides. 
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Figure 4. TPPII and metalloproteases affect degradation 
rates of Aβ peptides. Quenched Aβ peptides were added 
to lysates of wild-type (wt) or TPPII-/- MEF cell lysates (A) 
that were pre-incubated with either 5 µM AAF-CMK (B) or 
500 µM phenanthroline (C). Representative degradation 
curves are shown.
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aGGrEGation DEPlEtEs tHE Pool of DEGraDablE aβ
The Aβ degradation curves showed lower plateau levels in TPPII-deficient cells and when 

metalloproteases were inhibited, although variations between plateau levels was observed 

(compare Figure 4A with 4C). This suggests that a slower rate of degradation of Aβ peptides also 

results in lower amounts of totally degraded Aβ. This is surprising, because identical amounts 

of Aβ peptides were added to cell lysates. Degradation rates can be different depending on 

the added inhibitors, but should result in similar end-levels of fluorescence upon complete 

degradation. To examine whether degrading proteases became clogged or impaired when 

degrading Aβ peptides, Aβ peptides were added again to cell lysates that had already reached 

a degradation plateau level. The additional Aβ peptides were degraded in all conditions (Figure 

5A), indicating that the limited breakdown of Aβ is not due to protease impairment or clogging. 

An alternative explanation for the lower fluorescence levels is increased aggregation of Aβ 

peptides, as aggregated Aβ cannot be degraded by proteasomes and peptidases. As a result, 

inhibition of proteases that leads to reduced degradation rates of quenched Aβ peptides, also 

leads to less degradation of quenched Aβ, and thus reduced fluorescent plateau levels. To 

test this possibility, we pre-incubated quenched Aβ peptides for 2 hours before addition to 

cell lysates. When added to cell lysates, reduced fluorescence levels were found with pre-

incubated Aβ peptides (Figure 5B), suggesting that Aβ rapidly aggregated, thereby preventing 

degradation. Addition of the same amount of quenched Aβ peptides to half the amount of 

cell lysate caused a reduction in both degradation rates and plateau levels (Figure 5C). As only 

half the amount of peptidases was present, the rate of degradation was reduced as well. The 

reduced degradation rate allowed aggregation of Aβ peptides, leading to lower fluorescence 

levels. Together, these data show that cytoplasmic peptidases can only degrade monomeric Aβ 

peptides efficiently, whereas aggregated forms are resistant to degradation. This also explains 

the observed lower fluorescent plateau levels when Aβ peptides were slower degraded. 
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Figure 5. Aggregation prevents degradation of 
quenched Aβ peptides. (A) To examine whether dif-
ferences in final plateau levels was due to impaired 
protease activity, a second amount of quenched 
Aβ peptides were added after 5 hours (arrow). 
Degradation of the first amount of quenched Aβ 
peptides had reached its plateau level by this time. 
(B) Quenched Aβ peptides were pre-incubated for 0 
or 2 hours before being added to cell lysates. (C) The 
same amount of quenched Aβ peptides were added 
to either 15 µg or 7.5 µg lysates of wild-type or TPP-
deficient MEFs. Representative degradation curves 
are shown.
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Aggregation of Aβ depletes the pool of peptides that can be degraded and may subsequently 

induce proteasomal impairment and toxicity.

d
IscussIo

n

Both Alzheimer’s disease and polyglutamine (polyQ) disorders such as Huntington’s 

disease are neurodegenerative disorders that are initiated by aggregation of protein 

fragments (Orr and Zoghbi, 2007; Selkoe, 2001). These toxic protein fragments are Aβ 

peptides and truncated forms of polyQ-expanded proteins, respectively. These protein 

fragments aggregate both in vitro and in vivo (Chafekar et al., 2007; Scherzinger et al., 

1997; Wacker et al., 2004). Previously, we showed that expanded polyQ peptides are 

degradation-resistant and accumulate upon expression in cells (Raspe et al., 2009). 

In contrast, similarly released aggregation-prone Aβ peptides using GFP-Ub-Aβ
40/42 

constructs were efficiently degraded by cytoplasmic proteases. This difference between 

Aβ and polyQ peptides may be caused by two differences between these proteins, 

namely peptide length and sequence. PolyQ diseases are generally caused by polyQ 

repeats exceeding 40 glutamines (Orr and Zoghbi, 2007). Only expression of proteins with a 

polyQ tract above the threshold induces aggregation, which is also observed when expressing 

GFP-Ub-polyQ peptides of different lengths (Raspe et al., 2009). Expression of Q48 peptides 

results in aggregation in a low percentage of cells compared to expression of Q65 or Q112 

peptides. Whereas Q65 and Q112 peptides are easily detected on Western blot, Q48 peptides 

could not be detected (unpublished results). This suggests that cytoplasmic peptidases can 

degrade peptides within the range of 40-50 glutamines. This may be similar in the case of Aβ 

peptides with a length of 40-42 amino acids. Secondly, the difference in sequence between 

polyQ and Aβ peptides may favor clearance of Aβ peptides that contain multiple amino acids 

that can be targeted by various peptidases. For example, the presence of basic residues within 

the sequence should enable TPPII to digest amyloid peptides by its endo-peptidase activity 

(Geier et al., 1999).  

In order to find out which proteases are involved in the degradation of Aβ peptides, we 

either inhibited proteasomes, IDE or several classes of peptidases. Surprisingly, all inhibitors 

alone or in combination did not cause any significant accumulation of Aβ peptides in living 

cells. This may be explained by the heterogeneous structural character of Aβ peptides, enabling 

degradation by various proteases simultaneously. The quenched peptides enabled us to deter-

mine the effect of peptidase inhibitors on their degradation, which turned out to be more 

sensitive and informative than determining Aβ levels by Western blot analysis after expression 

of GFP-Ub-Aβ constructs and subsequent inhibition of several proteases. When using these 

quenched Aβ peptides, both TPPII and metalloproteases appeared to be involved in the degra-

dation of Aβ peptides in vitro. As mentioned earlier, the endo-peptidase activity of TPPII may 

be well suited to degrade Aβ peptides into smaller peptides. These smaller peptides may be 

subsequently recycled into amino acids by other aminopeptidases. It already has been shown 

before that metalloproteases degrade Aβ peptides, as increased accumulation of Aβ peptides 

was observed upon inhibition of metalloproteases (Naidu et al., 1995; Sudoh et al., 2002). 

106

Chapter 6



Efficient degradation of the quenched Aβ peptide in vitro appeared to be hindered in time 

by its aggregation. This was not observed when expressing GFP-Ub-Aβ40/42, which resulted in 

monomeric Aβ peptides that apparently were degraded before dimerization and aggregation 

could take place. This may be in contrast with micro-injection and in vitro degradation studies 

that introduce a bolus of Aβ peptides into the cytoplasm facilitating dimerization and aggrega-

tion. Together, this suggests that when Aβ peptides are not efficiently cleared they start to 

accumulate and aggregate. The presence of oligomeric structures may also explain why aggre-

gation and toxicity was observed upon micro-injection of Aβ peptides in living cells (Zhang et 

al., 2002). Two previous studies used similar constructs to express non-tagged Aβ peptides. 

One study used HA-Ub-Aβ and could not detect Aβ peptides in cells as well (De Vrij, 2005). 

Another study used GFP-Ub-Aβ42 constructs to express Aβ peptides in SH-SY5Y cells. It was 

found that Aβ42 peptides accumulated in half of the cells and this accumulation induced protea-

somal impairment (Lee et al., 2006). However, proteasomal impairment was detected using the 

short-lived proteasome reporter GFPu, which recently was shown to accumulate in response 

to proteotoxic stress such as aggregation (Salomons et al., 2009). Different levels of Aβ peptide 

expression may explain these contradictory results. High expression levels of Aβ peptides may 

exceed the capacity of cells to efficiently degrade these peptides, leading to their accumulation 

and eventually inducing toxicity and proteasomal impairment. 

When Aβ accumulates, stimulation of macroautophagy may be an alternative pathway to 

degrade aggregated Aβ in the cytoplasm. Macroautophagy is the bulk degradation of mainly 

long-lived proteins, protein complexes and cell organelles (Mizushima et al., 2008). However, 

aggregates can be degraded via autophagy as well, as stimulation of macroautophagy reduces 

aggregation and is protective in polyQ disease models (Berger et al., 2006). Because macro-

autophagy is impaired in AD brain and AD mice (Nixon et al., 2005; Yu et al., 2005), increasing 

autophagic clearance of Aβ peptides by improving autophagosomal-lysosomal fusion may be a 

good therapeutic strategy, instead of inducing macroautophagy.

Aβ is not generated in the cytoplasm, but Aβ has been found to be present in cytoplasm and 

nucleus in degenerating neurons in Tg mice and AD brain (D’Andrea et al., 2001; Gouras et al., 

2000; Ohyagi et al., 2005). Furthermore, cytoplasmic Aβ is able to induce apoptosis in trans-

genic mice, Drosophila, neuronal and nonneuronal cell lines and in primary human neurons 

(LaFerla et al., 1995; Lee et al., 2006; Ling et al., 2009; Ohyagi et al., 2005; Yan et al., 1997; 

Zhang et al., 2002). Aβ was shown to inhibit proteasomal activity, as determined by the degra-

dation of the fluorogenic proteasome peptide substrate Suc-LLVY-AMC (Almeida et al., 2006; 

Tseng et al., 2008). Although these studies suggest that cytoplasmic Aβ can induce toxicity and 

proteasomal impairment, we show that monomeric Aβ residing in the cytoplasm is efficiently 

degraded. It should be noted that in all studies except in this study and the study performed by 

Hol and colleagues (De Vrij, 2005), Aβ peptides were used either containing a starting methio-

nine (M-Aβ) or an ER signal peptide (sAβ). This may affect stability as endogenous generated Aβ 

and also Aβ peptides used in the present study, start with an aspartic acid and should therefore 

be rapidly degraded according to the N-end rule (Varshavsky, 1992). 

We have shown that cytoplasmic Aβ can be degraded by several proteases, including TPPII 

and metalloproteases, but a number of questions remain to be resolved. Does expression 
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of GFP-Ub-Aβ in TPPII-deficient cells lead to accumulation of Aβ peptides and will this be 

prevented by TPPII overexpression? More importantly, is the observed reduction in fluorescent 

levels of quenched Aβ peptides upon inhibition of various peptidases caused by aggregation? 

This question can be answered by using circular dichroism and electron microscopical analysis. 

Accumulation of Aβ peptides may be accompanied by proteasomal impairment and toxicity. 

Furthermore, degradation kinetics of quenched Aβ should also be studied in living cells. 

In conclusion, monomeric Aβ peptides are rapidly degraded by various cytoplasmic 

proteases, including TPPII and metalloproteases. Degradation of Aβ peptides is prevented by 

its aggregation and aggregated Aβ peptides may induce proteasomal impairment and toxicity.

DNA constructs. GFP-Ub and GFP-Ub-Aβ40/42 constructs were obtained in several steps. First, Ub 
was generated by PCR from GFP-Ub (Dantuma et al., 2006) using forward primer 5’- CGCGGA-
TCCATGCAGATCTTCGTGAAG-3’ containing a BamHI site and reverse primer 5’- CGGGAATTCATG-
CATCCCCACCTCTGAGACGGAG-3’. The PCR product contained besides Ub, the first nucleotides of 
Aβ followed by Mph1103I and EcoRI restriction sites at the 3’ region. This construct was ligated 
into pSuper puro (OligoEngine) using BamHI and EcoRI. Aβ40/42 were obtained from pCEP4-APP695 
Val-Phe (kindly provided by Wiep Scheper) using forward primer 5’-GCCTGCAGAATTCCGACATGA-3’ 
containing an PstI site and reverse primers 5’-ATAGTTTAGCGGCCGCTCAGACAACACCGCCCAC-3’ 
or 5’-ATAGTTTAGCGGCCGCTCACGCTATGACAACACCGCC-3’, respectively, containing an ApaI site. 
Aβ40/42 was ligated into the pSuper puro-Ub using PstI and NotI for Aβ and Mph1103I and NotI 
for pSuper puro-Ub, respectively. Finally, Ub and Ub-Aβ40/42 were ligated into pEGFP-C3 (Clontech) 

using SacI and ApaI. Mutant UbG76V-Aβ40 was generated by introducing a point mutation within glycine 
76 using Quikchange II Site directed Mutagenesis (Stratagene) with forward primer 5’-TCCGTCTCAGAG-
GTGTGGATGCAGAATTCCG-3’ and reverse primer 5’-CG GAATTCTGCATCCACACCTCTGAGACGGA-3’ following 
manufacturers protocol. Ub-Aβscr was obtained by PCR from HA-Ub-Aβscr (kindly provided by Elly Hol; Malin 
et al., 2001) using forward primer 5’-GCG GAG CTC ATG CAG ATC TTC GTG AAA ACC-3’ containing a SacI site 
and reverse primer 5’-GTG GCA CAA GTG GAA TTC TGA GGG CCC GCG-3’ containing an ApaI site. Ub-Aβscr 
was subsequently cloned into EGFP-C3 using SacI and ApaI. 

Cell culture and transfection. Human Embryonic Kidney (HEK293T) cells and the human melanoma cell 
line Mel JuSo were cultured in Iscove’s Modified Eagle Medium (IMDM; Gibco) supplemented with 10% 
fetal calf serum (FCS), 25 mM Hepes and penicillin/streptomycin/glutamine (Gibco). SH-SY5Y human neu-
roblastoma cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with 
10% FCS and penicillin/streptomycin/glutamine. SH-SY5Y cells were differentiated with 10 µM retinoic acid 
(Sigma) at 72 hours prior to plating. HEK and SH-SY5Y cells were maintained at 37°C in 5% CO2. Wild-type 
and TPPII-/- mouse embryonic fibroblast (MEF) cells were cultured in DMEM supplemented with 20% FCS 
and penicillin/streptomycin/glutamine and maintained at 37°C in 10% CO2. Cells were dissociated using 
trypsinization. HEK293T cells were plated (0.2x106 cells) in a 6-well and transfected after 24 hours with 
Fugene6 (Roche) or polyethylenimine (PEI; Polysciences). SH-SY5Y cells were plated (0.15x106 cells) onto 
glass coverslips (24mm; Fisher scientific) in a 6-well. Differentiated cells were transient transfected with 
various GFP-Ub-Aβ constructs at 24 hours after plating using Dreamfect Gold (OZ Biosciences).

Cells were treated with various inhibitors, concentrations are indicated in the figure legends, 1,10-phen-
anthroline (Sigma), AAF-CMK (Enzo lifesciences AG), bacitracin (Sigma), bestatin (Enzo lifesciences AG), E64 
(Sigma), MG-132 (Sigma), pepstatin A (Sigma) and PAQ-22 (Wako Chemicals), PMSF (Sigma).

Immunohistochemistry and confocal microscopy. SH-SY5Y cells were fixed in 4% paraformaldehyde 
in PBS for 15 minutes at room temperature at 48 hours after transfection. After washing with PBS cells 
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were permeabilized for 30 minutes in PBS containing 1% Triton X-100 and 1% FCS (TNBS). Cells were sub-
sequently stained for Aβ for 1.5 hours at room temperature using primary antibody 6E10 (1:500; Signet), 
followed by AlexaFluor (1:200; Invitrogen). Confocal analysis was performed using a Leica TCS SP2 confocal 
system equipped with an Ar/Kr laser with a 63x objective.

Immunoblotting. HEK293T cells were harvested at 48 hours after transfection and lysed with ice-cold 
2x Tris-buffer (100 mM tris-HCl pH 7.5, 300 mM NaCl, 10 mM EDTA; pH 8.0, 1% Triton X-100) supplemented 
with complete mini protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (Sigma). Cell 
lysates were incubated for 30 minutes on ice and centrifuged for 15 minutes at 14,000 rpm at 4°C. Protein 
concentrations were determined using the Bradford protein assay (BioRad). Protein lysates were separated 
on either SDS-PAGE gels (stained against GFP and actin) or Tris-tricine-SDS gels (stained against Aβ). Using 
Tris-tricine-SDS gels, a better detection of low molecular weight proteins and peptides is obtained. Equal 
protein levels in sample buffer (3 mM Tris-HCl pH 6.8, 5% glycerol, 1% SDS, 2.5% 2-mercaptoethanol, 
0.005% (w/v) OrangeG (SDS-PAGE), or (0.45 mM Tris-HCl pH 8.45, 10% glycerol, 4% SDS, 0.005% (w/v) 
OrangeG (Tris-tricine-SDS)) were boiled 5 minutes at 98°C and loaded on 12.5% SDS-PAGE gels, or 10% Tris-
tricine-SDS, respectively. As a control, 50 ng synthetic Aβ42 (Sigma) was also loaded on Tris-trince-SDS gels. 
After electrophoresis, proteins were transferred either onto a 0.45 µm pore size nitrocellulose membrane 
filter (Schleicher & Schuell) using a semi-dry transfer system (SDS-PAGE) or onto a 0.2 µm pore size nitrocel-
lulose membrane filter (Schleicher & Schuell) using wet blotting at 4°C for 3 hours (Tris-tricine-SDS). Blots 
probed against Aβ were boiled for 5 min in Tris-buffered saline (TBS) before blocking, to better detect Aβ 
peptides. Blots were blocked in 5% dry milk in TBS, incubated with primary antibodies against GFP (1:1,000; 
Invitrogen), β-actin (1:10,000; Sigma) and Aβ (1:1,000; Signet) in TBS containing 0.1% Tween-20, and sub-
sequently with secondary antibodies IRDye 680 or IRDye 800 (1:10,000; LI-COR Biosciences). Signal was 
detected using the Odyssey imaging system (Westburg).

Peptide synthesis. An Aβ40 peptide containing fluorophore and quencher was synthesized by solid 
phase strategies using an automated multiple peptide synthesizer (SyroII, MultiSyntech). A fluorescein (Fl) 
was introduced at amino acid 22 by covalent coupling of fluorescein-5-iodoacetamide (5-IAF, Fluka) to the 
cysteine. Quenching of Fl fluorescence (f) was performed by a dabcyl group (q) that had been introduced 
in the peptide at amino acid 12 by coupling of Fmoc-L-Lys(Dabcyl)-OH (NeoMPS), resulting in the following 
peptide DAEFRHDSGY EqHHQKLVFF AfDVGSNKGA IIGLMVGGVV. Peptides were purified by size exclusion 
chromatography and RP-HPLC (>95% pure) and showed the expected molecular mass as determined by 
mass spectrometry (Maldi Tof, Voyager, ABI). Quenched Aβ40 was dissolved in 100% 1,1,1,3,3,3,hexafluor-
2-propanol (HFIP; Sigma), aliquoted, dried under vacuum in a SpeedVac (Eppendorf) and stored at -20°C as 
described before (Chafekar et al., 2007). 

Degradation assay. HEK293T cells were lysed in 25 µM digitonin (Sigma) in KMH buffer (110 mM KAc, 2 
mM MgAc and 20 mM Hepes-KOH, pH 7.2) for 30 minutes on ice and centrifuged for 15 minutes at 14,000 
rpm at 4°C to release the cytoplasmic fraction. Protein concentrations were determined with a Bradford 
protein assay and 15 µg cytoplasmic cell lysate was added to 96-well. Various protease inhibitors were 
added to cell lysates (as indicated in figure legends) and incubated for 30 minutes at 4°C. Immediately prior 
to use, HFIP-treated aliquots of Aβ40 were resuspended in DMSO followed by sonication for 10 minutes, 
1 µL of quenched Aβ40 was added per well. Degradation of the peptide was analyzed using the FLUOstar 
OPTIMA (BMG Labtec.).
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The ubiquitin-proteasome system and autophagy are the two major pathways respon-

sible for turnover of intracellular proteins. Despite the efficiency of these pathways, 

neurodegenerative diseases, such as Alzheimer´s disease and various polyglutamine 

disorders are hallmarked by aggregation of protein fragments. Apparently, these intra-

cellular degradation machineries cannot efficiently clear these fragments leading to 

accumulation and toxicity. In the present review, we discuss several machineries, such 

as chaperones, proteasomes and autophagy that can potentially be manipulated to 

improve clearance or these toxic protein fragments.
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Newly synthesized proteins need to fold into a correct three dimensional structure to 

become functional. The information to obtain this correct conformation is encoded in 

its amino acid sequence. However, molecular crowding may hinder proteins to acquire 

their correct conformation. Also errors during RNA synthesis, splicing and transla-

tion may result in imperfect proteins. As a consequence, approximately 30% of newly 

synthesized proteins are defective and are degraded within minutes after synthesis. Two 

distinct pathways are known to degrade intracellular proteins in eukaryotic cells, the 

ubiquitin-proteasome system (UPS) and autophagy (Schubert et al., 2000; Yewdell et 

al., 2003). Figure 1 gives a schematic representation of the generation, maturation and 

degradation of proteins and the components that are involved. One of these compo-

nents are molecular chaperones that assist during protein folding to assure efficient 

folding through binding and stabilization of non-native conformations, thus preventing 

misfolding and intra- and intermolecular aggregation. Proteins can unfold due to envi-

ronmental stress, such as heat shock or oxidative stress. Also errors in proteins, such as 

mutations, can induce misfolding and aggregation, which may lead to cytotoxicity (Esser et al., 

2004; Hartl and Hayer-Hartl, 2002). 

Protein aggregation is a common hallmark of neurodegenerative disorders, including 

Alzheimer’s disease (AD), Parkinson’s disease, amyotrophic lateral sclerosis, prion diseases, 

and various polyglutamine (polyQ) disorders, such as Huntington’s disease (HD). In many of 

these disorders, processing of the disease-related protein into ‘toxic fragments’ underlies the 

induction of aggregation and toxicity. One of the therapeutic challenges is to improve clearance 

of these mutant protein fragments. In the present review we give an overview of intracellular 

pathways that are involved in degradation of these toxic fragments.

intraCEllular WastE ManaGEMEnt: ProtEasoMal VErsus au-
toPHaGiC ClEaranCE
The ubiquitin-proteasome system and downstream aminopeptidases

The majority of intracellular proteins are degraded via the UPS. Degradation via the UPS is 

highly selective and occurs both in nuclei and cytoplasm of cells. Mainly short-lived regula-

tory proteins as well as damaged proteins are degraded via this pathway. Proteins are ubiq-

uitinated via subsequent action of E1-activating enzymes, E2-ubiquitin-conjugating enzymes 

and E3-ligases that selectively bind ubiquitin (Ub) to lysine residues in substrate proteins. 

Proteasomes are energy-dependent multicatalytic protease complexes that degrade poly-ubiq-

uitinated proteins (Figure 1), although ubiquitination is not essential for proteasomal degra-

dation. The 26S proteasome is composed of the 20S core particle and one or two 19S regu-

latory caps. These ATP-dependent caps contain binding sites for polyubiquitinated proteins 

and unfold substrates, remove Ub and facilitate their entry into the narrow 20S core particle. 

Therefore, only monomeric, (partially) unfolded proteins can be degraded by 26S proteasomes. 

The 20S core particle contains three different catalytic domains, with different proteolytic 

activities: chymotrypsin-like, trypsin-like, and peptidylglutamyl-peptide hydrolyzing activities 

(Ciechanover, 1998; Goldberg, 2003). In the 20S particle, proteins are degraded to peptides 

with an average length of 6-9 amino acids (Kisselev et al., 1999). 
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Peptides generated by the proteasome diffuse out of the 20S core and are subse-

quently degraded to amino acids by aminopeptidases (Craiu et al., 1997; Mo et al., 1999). 

Aminopeptidases are typically absent in nuclei of cells (Reits et al., 2003). Various classes of 

aminopeptidases degrade peptides with different specificities and they are classified according 

to their catalytic activity (e.g. serine proteases, cysteine proteases, aspartate proteases, and 

metalloproteases). This diversity in catalytic activities ensures rapid degradation of peptides 

and prevents accumulation of potential aggregation-prone fragments that may be hazardous 

for cells. 

Autophagy

Autophagy is the lysosome-dependent degradation of intracellular proteins. Several types of 

autophagy are known, micro-, macroautophagy and chaperone-mediated autophagy (CMA). 

Macroautophagy involves the non-selective bulk degradation of long-lived proteins, protein 

complexes and cell organelles, which are enclosed in double membrane structures, called 

autophagosomes. Several conserved autophagy-related genes (Atg) have been identified that 
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Figure 1. Schematic representation of protein synthesis, (mis)folding and degradation. Newly-synthesized 
proteins are assisted by chaperones, e.g. Hsp70 and Hsp40, to obtain their native conformation. Mutations or 
environmental stress can result in misfolded, non-native proteins. Non-native proteins, but also ‘old’ native 
proteins are poly-ubiquitinated and subsequently degraded by the 26S proteasome in peptides. Peptidases 
recycle these peptides into amino acids. When misfolded proteins are not efficiently cleared by the ubiquitin-
proteasome system, they can induce aggregation. Aggregated proteins cannot be degraded by the ubiquitin-
proteasome system, as they only can degrade monomeric proteins. Aggregated proteins can be degraded via 
macroautophagy. Cross-talk between the two major pathways of intracellular protein degradation is been 
observed, as inhibition of proteasomal activity is compensated by macroautophagic clearance. However, in-
hibition of macroautophagy was not compensate by increased proteasomal degradation, but resulted in an 
accumulation of proteasomal substrates.
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coordinate this process. Upon fusion with lysosomes, the enclosed components are degraded 

by acidic hydrolases present in lysosomes (Martinez-Vicente and Cuervo, 2007; Mizushima et 

al., 2008; Xie and Klionsky, 2007). Basal levels of autophagy are important for maintaining 

normal cellular homeostasis. Under conditions of stress, like nutrient starvation, macroau-

tophagy is induced to ensure that sufficient nutrients are generated for the continuation of 

essential cellular processes. The activation of macroautophagy is controlled by several protein 

kinases, of which the kinase mammalian target of rapamycin (mTOR) is the best characterized 

negative regulator. Its activity is regulated by nutrient levels and growth factors like insulin 

(Rubinsztein, 2006).

Efficient clearance of aggregation-prone proteins via macroautophagy requires an intact 

microtubule network and functional multivesicular bodies, as this allows autophagosome-lyso-

some fusion (Filimonenko et al., 2007; Ravikumar et al., 2005; Webb et al., 2004). Prolonged 

induction of macroautophagy is not desirable, since proteins and organelles get withdrawn 

from the cytoplasm. In contrast to macroautophagy, microautophagy involves direct uptake of 

cytoplasmic components into lysosomes via invagination of the limiting membrane. However, 

much less is known about involved components and the mechanism of this process (Martinez-

Vicente and Cuervo, 2007). 

The third autophagic pathway is CMA, which degrades cytoplasmic proteins harboring a 

CMA-recognition motif. This motif is recognized by the constitutively expressed heat shock 

protein Hsc70, which targets the complex to the lysosomal membrane protein LAMP-2A where 

substrates are unfolded. Together with Hsc70 residing in the lysosomal lumen, CMA-substrates 

are translocated into lysosomes for subsequent degradation. Therefore, only monomeric 

proteins can be degraded via CMA (Dice, 2007; Martinez-Vicente and Cuervo, 2007; Mizushima 

et al., 2008). When nutrient starvation is prolonged, macroautophagy is switched off and CMA 

is upregulated. CMA can become responsible for the degradation of up to 30% of cytoplasmic 

proteins (Dice, 2007; Martinez-Vicente and Cuervo, 2007; Nixon et al., 2008).

Choosing between proteasomal and autophagic degradation

For a long time, it was assumed that proteasomal and autophagic degradation were two 

completely separate pathways. Degradation of cytoplasmic proteins via macroautophagy was 

thought to occur in bulk and not to be selective, in contrast to highly selective degradation via 

UPS. However, recently it is shown that macroautophagy compensates for degradation when 

the UPS is impaired and can selectively degrade ubiquitinated proteins (Iwata et al., 2005b; 

Pandey et al., 2007). Several proteins and cellular components are essential for selective degra-

dation via macroautophagy. The protein p62/SQSTM1 is required for degradation of ubiqui-

tinated proteins via macroautophagy (Pankiv et al., 2007) and can be found in cytoplasmic 

aggregates in various protein conformational disorders (Zatloukal et al., 2002). It recognizes 

ubiquitinated proteins and targets them to the autophagic machinery by binding to microtu-

bule-associated protein 1 light-chain 3 (LC3), an autophagosomal marker (Kabeya et al., 2000; 

Pankiv et al., 2007). Furthermore, an intact microtubule network and histone deacetylase 6 

(HDAC6) are essential as well for autophagic degradation of ubiquitinated proteins that are 

normally degraded via proteasomes (Iwata et al., 2005b; Pandey et al., 2007).

Since proteasomes only degrade monomeric proteins, degradation of aggregation-prone 
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proteins appears to depend more on autophagy. For example, mutant forms of α-synuclein, 

ataxin 1 (Atx1), Atx3, huntingtin (Htt), tau and superoxidedismutase 1 (SOD1) cause various 

neurodegenerative disorders. These mutant proteins are aggregation-prone and degraded via 

macroautophagy (Berger et al., 2006; Fornai et al., 2008; Ravikumar et al., 2002; Webb et al., 

2003). 

Although autophagy compensates for degradation when proteasomal degradation is 

impaired, the other way around seems not to be the case. Reduced lysosomal function does 

not increase proteasomal activity (Qiao and Zhang, 2009). Furthermore, inhibition of macro-

autophagy results in accumulation of p62 and impaired delivery of ubiquitinated proteins 

to proteasomes. As a result, UPS substrates accumulate in cells in a p62-dependent manner 

(Korolchuk et al., 2009).

Little is known about how cells deal with peptides released by proteasomes that show resist-

ance to breakdown by aminopeptidases. Recently, we have shown that peptidase-resistant 

peptides accumulate in lysosomes which lead to their subsequent degradation (Chapter 2). 

Both macroautophagy and CMA are not responsible for the lysosomal degradation of these 

peptides and microautophagy is not likely. This indicates that when degradation by aminopepti-

dases is impaired, a novel, yet undefined autophagic pathway can degrade cytoplasmic pepti-

dase-resistant peptides.

Molecular chaperones determine the route of clearance

Monomeric proteins are mainly degraded by the UPS and peptidases, whereas aggregation-

prone and aggregated proteins are preferentially cleared via the macroautophagic pathway. 

Molecular chaperones facilitate normal protein folding and protect proteins from misfolding 

and aggregation. Furthermore, they are involved in oligomeric protein assembly, transport 

of proteins towards subcellular compartments and directing misfolded proteins to degrada-

tion machineries. Chaperones and their co-chaperones participate in the determination of 

the fate of substrate proteins by stimulating either their (re)folding or degradation via UPS or 

autophagy. Many constitutively-expressed chaperones are heat shock proteins (Hsps). They 

are induced upon environmental stress, such as heating and hypoxia, to restore normal protein 

folding and enhance cell survival. When protein (re)folding fails, proteins are targeted for 

degradation (Esser et al., 2004; Goldberg, 2003; Vos et al., 2008). 

Chaperones hardly function by themselves and co-chaperones assist to stimulate either 

(re)folding or degradation. The best studied chaperone families are the Hsp70/Hsp40 family 

and Hsp90 family. Their major contributions to protein folding and degradation is summarized 

below. The Hsp70 chaperone activity is regulated by its ATPase activity, which can be stimulated 

by co-chaperones of the Hsp40 family (Liberek et al., 1991; Qiu et al., 2006). Protein folding 

is stimulated when Hsp70 is associated with co-chaperones such as Hsp70-interacting protein 

(Hip) and Hsp70/Hsp90-organizing protein (Hop). Association of Hsp70 with Bcl-2-associated 

athanogene 1 (Bag1) and carboxy-terminus of Hsp70-binding protein (CHIP) promotes protea-

somal degradation of substrates (Hohfeld et al., 2001; Imai et al., 2003; Nollen et al., 2001). 

The E3-ubiquitin ligase CHIP interacts with Hsp70, Hsp90 and proteasomes (McDonough and 

Patterson, 2003). Therefore, CHIP forms a bridge between the two major players in protein 
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quality control, the UPS and molecular chaperones. CHIP inhibits ATPase activity of Hsp70, 

thereby down-regulating its folding capacity (Ballinger et al., 1999). Besides stimulating ubiqui-

tination and proteasomal degradation of substrate proteins, CHIP also mediates stress recovery 

by regulating Hsp70 levels. CHIP enhances Hsp70 expression upon acute stress by inducing 

trimerization and transcriptional activation of the heat shock transcription factor 1 (Dai et al., 

2003). During stress recovery, CHIP restores endogenous Hsp70 levels by stimulating its protea-

somal degradation (Qian et al., 2006).  

Hsp90 is one of the most abundant cellular chaperones, accounting for 1-2% of the cyto-

plasmic proteins. Like other chaperones, Hsp90 stimulates folding and prevents aggregation. 

Although Hsp90 is not required for these functions, it is essential as regulator of activation 

and assembly of client proteins. These client proteins play critical roles in growth control, cell 

survival and developmental processes. Hsp90 is ATP-dependent and requires formation of a 

multichaperone complex. Similar to Hsp70, co-chaperones determine the fate of Hsp90-bound 

substrates. Interaction with CHIP targets client proteins to proteasomal degradation, whereas 

interaction with Hsp70 and Hop stimulates folding. Finally, association with Cdc37 or p23 stabi-

lizes client proteins (Wandinger et al., 2008; Whitesell and Lindquist, 2005). Deacetylation of 

Hsp90 by HDAC6 is important for its binding to p23. Hyperacetylatioin of Hsp90 results in a 

lower affinitiy for p23. Since interaction of Hsp90 with p23 stabilizes client proteins, increased 

proteasomal degradation of client proteins was detected (Kovacs et al., 2005). As far as we 

known, a link between expression of either Hsp70 or Hsp90 and macroautophagic degradation 

has not yet been described.

nEuroDEGEnEratiVE DisorDErs
Despite the presence of these pathways involved in protein quality control, many neurode-

generative disorders are hallmarked by accumulation and aggregation of proteins leading to 

neuronal loss. This indicates that the protein quality control system fails to (re)fold and/or 

clear these toxic proteins. Due to mutations, expansion of the polyQ tract or altered cleavage, 

disease-related proteins may adopt an abnormal conformation and become aggregation-

prone. This leads to the formation of various oligomeric intermediates that can assemble 

into fibrillar structures and form large aggregates. These aggregates can attract other cellular 

proteins such as chaperones, Ub, proteasomes and transcription factors to form large inclusion 

bodies (IBs) (Muchowski and Wacker, 2005; Ross and Poirier, 2004). In this aggregation process, 

the smaller oligomeric intermediates are thought to represent the toxic species, whereas the 

end-stage IB is suggested to be protective. This is supported by the following studies. Large Htt 

aggregates in mice were not associated with neuronal dysfunction and degeneration (Slow et 

al., 2005). Sequestration and concentration of aggregation-prone proteins via microtubules 

in perinuclear inclusions called aggresomes is cytoprotective. This sequestration of mutant 

proteins in the perinuclear region of cells facilitates their degradation (Taylor et al., 2003). 

Furthermore, neurons expressing polyQ-expanded Htt are more vulnerable to cell death when 

no aggregates are present, whereas aggregate formation improves cell survival (Arrasate et 

al., 2004). Similarly, SCA1 mice lacking Ube3a, an Ub-ligase, have fewer aggregates but a more 

severe SCA1 pathology (Cummings et al., 1999). 
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The protein quality control system declines with age (Morimoto and Cuervo, 2009). 

Interestingly, neurodegenerative disorders are typically late-onset disorders. This suggests that 

toxic proteins are normally efficiently cleared, but with increasing age cells fail to efficiently 

degrade these proteins, which may lead to their accumulation. Although proteins causing 

neurodegenerative disorders are ubiquitously expressed, mainly neurons are affected. Because 

neurons do not divide, they cannot dilute inclusions by cell proliferation (Krol et al., 2008; Rujano 

et al., 2006). Therefore, neurons may be more vulnerable to the effects of toxic, aggregated 

proteins as compared with dividing cells. Furthermore, aggregates of polyQ-expanded proteins 

can disrupt axonal transport, leading to neuronal dysfunction and pathology (Gunawardena 

and Goldstein, 2005).

Various neurodegenerative diseases, including AD and the majority of polyQ disorders, 

are initiated by protein fragments instead of the full-length protein. It is not clear why these 

fragments are generated and whether these fragments have any functionality. Cleavage of 

the amyloid precursor protein (APP) by β-secretases and γ-secretases results in the release 

of amyloid-β (Aβ) peptides, but also cytoplasmic APP intracellular domains (AICD). While the 

function of Aβ peptides is not known, the AICD fragment has been suggested to be involved in 

transcriptional regulation (Thinakaran and Koo, 2008). Processing of full-length expanded polyQ 

proteins by proteases upstream of the proteasome, such as caspases and calpains, precedes 

aggregate formation and neuronal toxicity in the majority of polyQ disorders (Cooper et al., 

1998; Ellerby et al., 1999a; Ellerby et al., 1999b; Gafni et al., 2004; Graham et al., 2006; Haacke 

et al., 2006; Ikeda et al., 1996; Lunkes et al., 2002; Merry et al., 1998; Wellington et al., 2002; 

Wellington et al., 2000; Young et al., 2007). It is not clear whether cleavage products including 

polyQ-containing fragments are solely degradation products or also have specific functions.

Many studies have focused on prevention of the generation of toxic fragments by inhib-

iting proteolysis of mutant proteins (Selkoe and Wolfe, 2007; Wellington and Hayden, 2000). 

However, proteases involved in generation of these toxic fragments, such as caspases and 

γ-secretases, are often involved in other cellular functions, such as regulation of apoptosis 

and transcription, respectively. Therefore, inhibition of these proteases may cause severe side 

effects. Another strategy is to enhance aggregation of these toxic fragments by concentrating 

them in IBs or aggresomes. Although this may initially be protective, it probably contributes 

to cellular dysfunction and toxicity in the long term. Therefore, stimulation of the clearance of 

toxic protein fragments seems to be an attractive alternative approach. In the present review, 

we focus on improvement of clearance of toxic fragments by the UPS, peptidases and/or 

autophagy either or not assisted by chaperones.

PolyQ disorders

Spinobulbar muscular atrophy (SBMA), dentatorubropallidoluysian atrophy (DRPLA), spinocer-

ebellar ataxia 1 (SCA1), SCA2, SCA3, SCA6, SCA7, and SCA17 and HD are all neurodegenerative 

disorders caused by an expansion of the polyQ tract within the disease-related protein (Orr and 

Zoghbi, 2007). However, polyQ tracts encoded by CAG-repeats are commonly found in proteins, 

such as transcription factors and protein kinases and are suggested to mediate protein-protein 

interactions (Hands et al., 2008). Hydrophilic repeats, like polyQ repeats, are more frequently 

present than repeats with hydrophobic amino acids (Katti et al., 2000; Marcotte et al., 1999). 
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Although expanded polyQ tracts are associated with several neurodegenerative disorders, 

polyleucine and polyalanine repeats are more toxic and aggregation-prone (Dorsman et al., 

2002; Ravikumar et al., 2002). This indicates that polyQ repeats are relatively harmless and 

therefore more frequently present.

Although disease-related proteins are ubiquitously expressed, each disorder has a distinct 

and selective pattern of neurodegeneration. Evaluation of the disease-related proteins revealed 

no structural or functional similarities besides sharing the polyQ tract. Normal function of 

each disease-related polyQ protein may therefore be critical for brain areas to be affected. 

The precise function of most disease-causing polyQ proteins is not known, with the exception 

of the proteins causing SBMA, SCA6 and SCA17. SBMA is caused by a polyQ expansion in the 

androgen receptor (AR) (La Spada et al., 1991). Ligand binding of cytoplasmic AR leads to trans-

location of the complex to the nucleus where it activates transcription of hormone-responsive 

genes (Lange et al., 2007). SCA6 is caused by a polyQ expansion in the α1A voltage-dependent 

calcium channel (CACNA1A) (Zhuchenko et al., 1997) and expansion of the polyQ tract in the 

transcription factor TATA-binding protein (TBP) causes SCA17 (Koide et al., 1999). Atx7, causing 

SCA7, is suggested to be involved in histone acetylation (Scheel et al., 2003). The majority of 

disease-causing polyQ proteins with unknown function are suggested to be involved in tran-

scriptional regulation, such as atrophin-1 (Zhang et al., 2002), Atx1 (Krol, 2009; Lam et al., 

2006; Okazawa et al., 2002; Yue et al., 2001) and Atx2 (Satterfield and Pallanck, 2006). 

The function of Htt is not known. Even though it is a large protein containing 3144 amino 

acids, Htt hardly contains known sequences or motifs and no functional domains. However, 

Htt is implicated in several cellular functions, such as vesicular and axonal transport, synaptic 

activity, transcription, cell survival and mitochondrial energy metabolism. Furthermore, dele-

tion of Htt in mice leads to embryonic lethality, indicating that Htt is essential for early embry-

onic development (Cattaneo et al., 2005). 

Atx3 is the only protein suggested to be involved in protein quality control. Although its 

exact function is unknown, Atx3 contains several Ub interaction motifs (UIMs) located near 

the polyQ tract that bind to poly-ubiquitinated proteins. Therefore, Atx3 has been suggested 

to function in the UPS (Burnett et al., 2003; Chai et al., 2004). Indeed, Atx3 preferentially binds 

and cleaves poly-ubiquitinated proteins (Burnett et al., 2003; Scheel et al., 2003). In several 

diseases, wild-type Atx3 is recruited into nuclear inclusions, including polyQ diseases such as 

HD, SCA1 and obviously SCA3 (Fujigasaki et al., 2000; Takahashi et al., 2001; Warrick et al., 

2005). Surprisingly, Warrick et al. (2005) showed that the normal function of Atx3 mitigates 

polyQ-induced neurodegeneration in Drosophila models of SCA1, HD as well as of SCA3.  

When a polyQ tract exceeds 35 to 40 glutamines it is associated with disease. The length of 

the polyQ tract is correlated with the severity and inversely correlated with the onset of disease. 

Expansion of the polyQ tract is associated with a gain-of-function of the disease-related protein 

that contributes to neurodegeneration. This is supported by the fact that loss of either AR or 

Htt function does not result in the phenotypes associated with SBMA and HD, respectively 

(Brinkmann et al., 1995; Duyao et al., 1995). PolyQ expansions may induce a conformational 

change in the protein, altering its function and rendering it aggregation prone. PolyQ disorders 

are slowly progressive and manifest around midlife. They are dominantly inherited, with the 

121

intracellular clearance of toxic fragments



exception of SBMA, which is an X-linked recessive disorder and therefore mainly affects males 

(Orr and Zoghbi, 2007). In Table 1, an overview is given of the disease-related proteins involved 

in the various polyQ disorders, their pathological repeat lengths, the clinical features and which 

(brain) regions are mostly affected.

Table 1. Overview of polyQ disorders including gene that causes disorder and its pathological polyQ-repeat 
length, clinical manifestations and which brain areas are most affected. Chorea is uncontrolled movements; 
dysarhtria is a motor speech disorder; dystonia is a neurological movement disorder; myoclonus is unvolun-
tary twitching of a muscle.

Disease
Gene 
product

Pathological 
repeat length

Main clinical features Areas affected

HD Huntingtin 35-300 Chorea, dementia, changes in 
personality, depression Striatum and cortex

SBMA Androgen 
receptor 38-62 Muscle weakness Brain stem and spinal 

cord

DRPLA Atrophin-1 49-88 Ataxia, myoclonus, dysarthria, 
chorea, epilepsy, dementia

Cerebellum, dentate 
nucleus and globus 
pallidus 

SCA1 Ataxin-1 41-88 Ataxia, dysarthria, chorea, Cerebellum, brain stem 
and spinal cord

SCA2 Ataxin-2 33-77 Ataxia, dysarthria, olfactory 
deficits

Cerebellum and brain 
stem

SCA3 Ataxin-3 55-86
Ataxia, tremor, dysarthria, 
ophthalmoplegia, mixed 
sensory and cerebellar ataxia

Cerebellum, basal 
ganglia, brain stem and 
spinal cord

SCA6 CACNA1A 21-33 Ataxia Cerebellum

SCA7 Ataxin-7 38-130 Ataxia, blindness Cerebellum, brain stem, 
spinal cord, retina

SCA17 TBP 47-63 Ataxia, dementia Cerebellum, brain stem 
and spinal cord

Proteolytic processing of disease-related polyQ proteins

Several studies showed that IBs in brains of HD patients mainly contain proteolytic fragments 

of Htt protein that include the expanded polyQ tract (DiFiglia et al., 1997; Lunkes et al., 2002). 

Furthermore, elevated levels of polyQ-containing Htt fragments were detected in brains of HD 

patients (Mende-Mueller et al., 2001). Also in other polyQ disorders, polyQ-containing trun-

cated forms of the proteins have been found, including AR and atrophin1 in SBMA mice and 

brains of DRPLA patients, respectively (Butler et al., 1998; Schilling et al., 1999b). This raises 

the question whether proteolytic processing of expanded-polyQ proteins is essential in the 

pathogenesis. For several polyQ disorders, it has been shown that fragments containing the 

polyQ tract are indeed more aggregation-prone than the full-length protein and induce cyto-

toxicity. Several proteases have been identified that generate toxic Htt fragments including 

the polyQ tract. Cleavage of mutant Htt by caspase 6 is required for neuronal dysfunction and 
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degeneration in mice (Graham et al., 2006). Inhibition of calpain cleavage of polyQ-expanded 

Htt reduces aggregation and toxicity (Gafni et al., 2004). An aspartic endopeptidase was also 

shown to generate toxic Htt fragments (Lunkes et al., 2002). Both calpains and caspases cleave 

mutant Htt independently of each other (Gafni et al., 2004), although it was also shown that 

caspase 3-cleaved mutant Htt is further processed by calpain (Kim et al., 2001). Other polyQ 

proteins are also processed by caspases and calpains, such as atrophin1, Atx3, Atx7 and AR 

(Ellerby et al., 1999a; Ellerby et al., 1999b; Miyashita et al., 1997; Wellington et al., 1998; Young 

et al., 2007). In general, fragments containing the polyQ tract play a central role in the induc-

tion of aggregation and/or neuronal toxicity (Berke et al., 2004; Cooper et al., 1998; Ellerby et 

al., 1999a; Ellerby et al., 1999b; Gafni et al., 2004; Graham et al., 2006; Haacke et al., 2006; 

Haacke et al., 2007; Igarashi et al., 1998; Ikeda et al., 1996; Li et al., 2000; Mangiarini et al., 

1996; Martindale et al., 1998; Merry et al., 1998; Schilling et al., 1999a; Warrick et al., 2005; 

Wellington et al., 2002; Wellington et al., 2000; Young et al., 2007). Tissue-specific proteolysis 

of polyQ-containing proteins may underly the specificity of affected brain areas in the various 

polyQ-dependent neurodegenerative diseases. Whether these fragments are formed solely in 

the process of expanded polyQ protein degradation is not clear yet.

ClEaranCE of toxiC Polyq fraGMEnts
Route I: degradation by the UPS and aminopeptidases

Both wild-type and expanded polyQ proteins can be degraded by proteasomes (Bailey et al., 

2002; Cummings et al., 1999; Iwata et al., 2009; Jana et al., 2005; Michalik and Van Broeckhoven, 

2004). However, Venkatraman et al. (2004) showed that proteasomes are unable to cleave in 

polyQ tracts. Therefore, expanded polyQ proteins are not completely degraded both in vitro 

and in vivo (Holmberg et al., 2004; Venkatraman et al., 2004). As a result, these polyQ peptides 

may be released. Several groups showed that fragments containing expanded polyQ tracts are 

more aggregation prone and more cytotoxic than their full-length analogues (Cooper et al., 

1998; Haacke et al., 2006; Ikeda et al., 1996; Merry et al., 1998; Wellington et al., 2000; Young 

et al., 2007). Therefore, polyQ peptides may be even more aggregation-prone and act as nucle-

ation centers for polyQ-containing proteins when not efficiently degraded by aminopeptidases 

acting downstream of proteasomes. Indeed, when mimicking proteasomal release of polyQ 

peptides, we showed that expanded polyQ peptides accumulate and are sufficient to induce 

aggregation and neuronal toxicity (Chapter 3). The accumulation of expanded polyQ peptides, 

but not of short polyQ peptides, may be due to limitations in efficient degradation of expanded 

polyQ peptides by the peptidases involved. 

Puromycin-sensitive aminopeptidase (PSA) was shown to digest polyQ peptides up to 30 

amino acids in vitro (Bhutani et al., 2007). Alternatively, proteasomal activators such as PA28γ 

may improve degradation of short polyQ tracts by the proteasome (Goellner and Rechsteiner, 

2003; Pratt and Rechsteiner, 2008). We do not exclude that proteasomes and aminopeptidases 

like PSA can digest polyQ peptides. However, their clearance is not efficient enough to prevent 

expanded polyQ peptides from aggregating (Chapter 3). 

Generation of polyQ fragments from the original polyQ protein can also be suggested from 

results in cellular models, as expression of fluorescently-tagged Htt, Atx3 and AR resulted in 

123

intracellular clearance of toxic fragments



ring-like structures with no fluorescence in the core of aggregates (Chapter 3&5)(Chai et al., 

2002; Matsumoto et al., 2006; Stenoien et al., 1999; Wyttenbach et al., 2000). This suggests 

that the core of these aggregates contain proteolytic fragments of the fluorescently-tagged 

proteins, indicating that smaller polyQ-containing fragments initiate aggregation. The tagged 

expanded polyQ proteins are sequestered in a later stadium. The context of disease-related 

proteins is not essential to initiate aggregation and toxicity of expanded polyQ tracts. Insertion 

of an expanded polyQ tract in a protein that is not associated with disease is sufficient to 

mimic aggregation and neurodegeneration in mice (Ordway et al., 1997). Expression of tagged 

expanded polyQ peptides, such as GFP-polyQ, flag-polyQ, or HA-polyQ, is sufficient to induce 

aggregation and toxicity as well (Chai et al., 1999a; Holmberg et al., 2004; Kim et al., 2002). 

Therefore, we conclude that polyQ tracts by itself initiate aggregation and toxicity. The context 

of the rest of the protein may alter the speed of aggregation.  

We assume that proteasomes generate toxic fragments, which is apparently in contrast 

to experiments in which inhibition of UPS activity increases aggregation of expanded polyQ 

proteins (Chai et al., 1999b; Cummings et al., 1999; Miyashita et al., 1998; Waelter et al., 2001; 

Wyttenbach et al., 2000; Zhou et al., 2003). Proteasomal inhibition does not only affect degra-

dation of expanded polyQ proteins, it affects the whole cellular proteome as well. Therefore, 

impairment of the overall cellular physiology may contribute to the observed increase in aggre-

gate formation. It should be noted that the kind of proteasomal inhibitors used is important, 

for example, lactacystin inhibits proteasomes but also cathepsin A activity and therefore affects 

lysosomal function as well (Ostrowska et al., 2000). Lactacystin increased the number of aggre-

gate-containing PC12 cells (Bence et al., 2001; Waelter et al., 2001; Wyttenbach et al., 2000), 

whereas inhibition of proteasomes by epoxomicin decreased aggregate formation (Ravikumar 

et al., 2002).

Several studies show that expression of expanded polyQ proteins in cells impairs UPS func-

tion (Bence et al., 2001; Bennett et al., 2005; Jana et al., 2001; Zhou et al., 2003). In R6/2 

mice, a transgenic mouse model of HD, Lys 48-linked poly-Ub chains accumulate in brains early 

in pathogenesis, suggesting UPS impairment (Bennett et al., 2007). Proteasomal activity is 

reduced in skin fibroblasts and several brain regions early in HD when little or no neuronal loss 

is observed (Seo et al., 2004), which suggests that impairment in proteolysis is an early event 

in pathogenesis. However, other studies did not detect compromised proteasome activity in 

cells expressing expanded polyQ proteins or in R6/2 and SCA7 mice (Bett et al., 2009; Bett et 

al., 2006; Bowman et al., 2005; Michalik and Van Broeckhoven, 2004). The difference between 

the observations can partially be explained by the UPS reporters used, as it was recently shown 

that GFPu accumulates in response to proteotoxic stress when proteasomes are still active 

(Salomons et al., 2009). Another possible explanation for the conflicting results was recently 

reported by Wang et al. (2008). In this study, UPS activity was measured in both cell bodies and 

synapses in the striatum of R6/2 mice. Significant differences in UPS activity were not detected 

in cell bodies, but UPS activity in synapses appeared to be impaired due to local accumula-

tion of short-lived proteasomal substrates. This suggests that UPS activity is locally affected, 

contributing to synaptic toxicity. Measuring overall UPS activity in cells may fail to detect these 

local effects. 
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Several explanations have been presented for the ways how UPS impairment contributes 

to disease pathology. Various components of the 20S and 19S proteasome and Ub are seques-

tered in aggregates induced by the various expanded polyQ protein fragments (Chapter 3 and 

5; Chai et al., 1999b; Cummings et al., 1998; Davies et al., 1997; Holmberg et al., 2004; Jana et 

al., 2001; Stenoien et al., 1999; Suhr et al., 2001; Verhoef et al., 2002; Wyttenbach et al., 2000). 

This is probably in an attempt to degrade these toxic fragments. This sequestering of UPS 

components may deplete functional Ub and proteasomes from cells, thereby affecting degra-

dation of other intracellular proteins as well. Clogging of the 20S core particle upon protea-

somal degradation of expanded polyQ proteins may be another explanation for the inhibition 

of proteasomal activity (Goellner and Rechsteiner, 2003; Holmberg et al., 2004; Venkatraman 

et al., 2004). Whether or not impairment or clogging of proteasomes occurs upon expression of 

expanded polyQ proteins, which may contribute to disease pathology, remains unclear. 

Route II: degradation by autophagy 

Aggregated proteins cannot be degraded by the UPS, because only monomeric proteins can 

be degraded by 26S proteasomes. Therefore, stimulating degradation via autophagy may be a 

good alternative to clear aggregated proteins. The UPS has been implicated in various neurode-

generative diseases for a long time (de Vrij et al., 2004; Meriin and Sherman, 2005; Rubinsztein, 

2006). However, the contribution of autophagy in neurodegenerative disorders gains attention 

in the last decade. Despite the relative late focus on autophagy, many therapeutic strategies 

that stimulate clearance via this pathway have already evolved and seem promising in the fight 

against polyQ disorders. 

Ravikumar et al. (2002) were among the first to describe that expanded polyQ proteins can 

be degraded by macroautophagy. Inhibition of autophagosome formation by 3-methyladenine 

(3-MA) increased aggregate formation of polyQ-expanded Htt, whereas induction of macroau-

tophagy by rapamycin decreased aggregate formation and cell death. Later, it was shown that 

other expanded polyQ proteins, mutant forms of tau, SOD1, and α-synuclein are degraded by 

macroautophagy as well, which reduces their aggregation and toxicity (Berger et al., 2006; 

Fornai et al., 2008; Montie et al., 2009; Webb et al., 2003). This suggests that clearance of 

aggregation-prone proteins is dependent on macroautophagy. 

Macroautophagy can be induced in several ways, including starvation. mTOR is the best 

know negative regulator of macroautophagy. Its inhibition by rapamycin induces macroau-

tophagy and reduces aggregation and toxicity induced by expanded polyQ proteins (Ravikumar 

et al., 2002). However, rapamycin does not only induce macroautophagy, it also inhibits protein 

synthesis (King et al., 2008), which may affect other cellular process as well. Therefore, an 

alternative pathway to induce macroautophagy should be independent of mTOR. Several 

screens identified enhancers of macroautophagy either dependent on or independent of 

mTOR (Sarkar et al., 2007a; Sarkar et al., 2007b; Sarkar and Rubinsztein, 2008; Williams et al., 

2008). Activation of the insulin-signaling pathway is an example of macroautophagy induction 

independent of mTOR. This induction leads to increased clearance of accumulated proteins 

by macroautophagy (Yamamoto et al., 2006). Combining inducers of both mTOR-dependent 

and mTOR-independent macroautophagy reduces aggregation and toxicity induced by polyQ-

expanded proteins even more then either compound alone (Sarkar et al., 2008; Sarkar et al., 
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2009). Therefore, both mTOR-dependent as -independent stimulation of macroautophagy at 

the same time may be a promising approach to reduce aggregation and toxicity in protein 

conformation disorders. Besides rapamycin, other drugs that have been approved for clinical 

trials are promising inducers of autophagy. Lithium is the major drug used to treat depressive 

illness and is neuroprotective in a variety of disease models (Chuang et al., 2002). Trehalose 

is a natural, nonreducing disaccharide protecting cells against various environmental stresses, 

including heat and oxidation (Chen and Haddad, 2004). Both compounds promote macroau-

tophagy independent of mTOR and ameliorate aggregation and toxicity of expanded polyQ 

proteins (Sarkar et al., 2007a; Sarkar et al., 2005; Tanaka et al., 2004). Compared to degrada-

tion via proteasomes and peptidases, stimulation of clearance via autophagy may be easier 

in terms of administration of therapeutic agents. Therefore, induction of autophagy may be 

considered as an attractive approach to clear expanded polyQ protein fragments that have 

already aggregated. 

Chaperones reduce aggregation and toxicity of expanded polyQ proteins

PolyQ expansions are suggested to induce conformational changes in proteins and promote 

misfolding and aggregation. Molecular chaperones, responsible for modulating protein folding 

within cells, may act to prevent aggregation. Several chaperones are associated with aggre-

gates induced by expanded polyQ proteins, probably in an attempt to solubilize sequestered 

proteins. In general, Hsp70 and Hsp40 family members are sequestered in aggregates induced 

by various expanded polyQ proteins, whereas other Hsps, such as Hsp27, Hsp60 and Hsp110 

are absent (Chapter 4; Bailey et al., 2002; Chai et al., 1999a; Cummings et al., 1998; Hageman 

et al., submitted;Jana et al., 2000; Kim et al., 2002; Kobayashi et al., 2000; Matsumoto et al., 

2006; Stenoien et al., 1999; Suhr et al., 2001; Wyttenbach et al., 2000). Additionally, Hsp90 is 

exclusively recruited to aggregates induced by polyQ-expanded AR (Stenoien et al., 1999). This 

is likely because the AR is a known client protein of Hsp90 (Caplan et al., 1995; DeFranco et 

al., 1998). Finally, the small heat shock protein (sHsp) HspB8 (Hsp22) colocalizes to aggregates 

induced by polyQ-expanded Htt (Carra et al., 2005). 

Several studies show induction of chaperones after expression of expanded polyQ proteins 

in various cell types, wheras others show induction of Hsp70 only or no induction at all (Bailey 

et al., 2002; Chai et al., 1999a; Cummings et al., 1998; Howarth et al., 2009; Jana et al., 2000; 

Kobayashi et al., 2000; Stenoien et al., 1999). The differences in induction of chaperones may 

be due to the type of expanded polyQ protein that is expressed, the levels of its expression 

and the different cell types that have been used. Whether or not a general stress response is 

induced in patients and whether it contributes to disease pathology remains elusive. 

The recruitment of chaperones in aggregates and the apparent induction of several chaper-

ones upon expression of expanded polyQ proteins led to the approach to over-express chaper-

ones to counteract polyQ-initiated aggregation. Aggregation and toxicity of various expanded 

polyQ proteins is reduced by overexpression of chaperones, especially by members of the 

Hsp70 family and their co-chaperones of the Hsp40 family (Bailey et al., 2002; Carra et al., 2005; 

Chai et al., 1999a; Chan et al., 2000; Cummings et al., 1998; Cummings et al., 2001; Howarth 

et al., 2007; Jana et al., 2000; Kobayashi et al., 2000; Stenoien et al., 1999; Wyttenbach et al., 

2000). In general, the Hsp40 family is more effective in suppression of aggregation than the 

126

Chapter 7



Hsp70 family (Chapter 4; Bailey et al., 2002; Jana et al., 2000). This may be explained by the 

fact that the Hsp40 family is involved in recognition of substrate proteins and directing them 

to the Hsp70 family, that subsequently stimulates its (re)folding. Hsp40 was also identified 

as suppressor of neurodegeneration in a Drosophila model of SCA1 and in Drosophila eyes 

expressing Q127 (Fernandez-Funez et al., 2000; Kazemi-Esfarjani and Benzer, 2000). Hsp40 is 

more effective than DnaJA1 in the Hsp40 family in reducing aggregation (Bailey et al., 2002) 

and toxicity (Chai et al., 1999a; Kobayashi et al., 2000); although DnaJA1 was shown to effi-

ciently reduce aggregation of expanded AR (Stenoien et al., 1999). 

Hsp40 family members seem to need a functional J-domain to reduce aggregation (Chai 

et al., 1999a; Chan et al., 2000; Cummings et al., 1998; Stenoien et al., 1999), although Jana 

et al. (2000) shows that Hsp40 lacking its J-domain still reduced Htt aggregation. A functional 

J-domain is necessary to interact with and stimulate ATPase activity of Hsp70, suggesting that 

the Hsp40 family cooperates with the Hsp70 family to reduce aggregation. Overexpression of 

several chaperones results in reduced aggregation and toxicity. However, a reduction in toxicity 

is not always accompanied by reduced aggregation upon overexpression of chaperones (Chan 

et al., 2000; Cummings et al., 2001; Warrick et al., 1999).

Besides Hsp70 and Hsp40 family members, few other chaperones were able to reduce 

polyQ aggregation. HspB8 reduced aggregation of several expanded polyQ proteins (Carra et 

al., 2005), whereas other sHsps like HspB1 (HspB27) and HspB5 (αB-crystallin) had no effect 

(Carra et al., 2005; Chai et al., 1999a). However, HspB1 was shown to suppress polyQ-medi-

ated cell death without reducing aggregation (Wyttenbach et al., 2002). In a screen to iden-

tify which chaperones repress polyQ-expanded Htt, DnaJB6 and DnaJB8, two members of the 

Hsp40 family, were identified as the most potent reducers of Htt aggregation (Hageman et 

al., submitted). Instead of preventing sequestration of proteins into aggregates, DnaJB6 and 

DnaJB8 act directly on polyQ fragments that initiate aggregation as these chaperones reduce 

aggregation of expanded polyQ peptides. DnaJB6 and DnaJB8 probably keep these toxic frag-

ments soluble, which allows their efficient clearance (Chapter 4). As a functional J-domain 

does not seem to be essential for their anti-aggregation properties (Chapter 4), suggests that 

DnaJB6 and DnaJB8 do not cooperate with Hsp70. Increasing chaperone function is therefore 

an interesting therapeutic approach in combating polyQ disorders. 

Induction of Hsps by oral administration of geranylgeranylacetone was observed in SBMA 

mice. Hsps are induced through the activation of the transcription factor HSF1 in the central 

nervous system, resulting in decreased accumulation of expanded AR and improved neuronal 

function (Katsuno et al., 2005). Geldanamycin is a classical small-molecule Hsp90 inhibitor, and 

a known anti-tumor agent. Because of its toxicity, its derivative 17-allylamino-17-demethox-

ygeldanamycin (17-AAG) is used in clinical trials. 17-AAG inhibits Hsp90 client protein stabi-

lization, resulting in enhanced proteasomal degradation of Hsp90 client proteins (Taldone et 

al., 2008). Additionally, Hsp90 inhibitors induce a heat shock response, thereby increasing the 

expression of Hsp70 and Hsp40 (Whitesell et al., 2003). In addition, geldanamycin was shown to 

activate protein degradation via CMA (Finn et al., 2005). Addition of 17-AAG to cells expressing 

full-length AR-Q97 or to SBMA-mice inhibits accumulation of expanded AR and ameliorates 

motor phenotypes in SBMA-mice by stimulating degradation of expanded AR specifically (Waza 
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et al., 2005). Furthermore, overexpression of p23 inhibits ARQ112 aggregation (Thomas et al., 

2006), indicating that association of AR with Hsp90-p23 stimulates its degradation. Recently, an 

analogue of apratoxin A, an anti-cancer drug, was shown to stimulate degradation of multiple 

Hsp90 client proteins via CMA (Shen et al., 2009). It would be interesting to investigate what 

the effects of these drugs are in the various polyQ disorders as well as in other neurodegenera-

tive disorders.     

Chaperones determine degradation of polyQ proteins via UPS or autophagy

Both the UPS and autophagy are involved in the degradation of aggregation-prone proteins. 

The decision which pathway degrades these proteins may depend on their aggregation stage. 

While several chaperones reduce aggregation induced by expanded polyQ protein, it remains 

unclear whether this is a result of stimulated refolding or increased degradation. Chaperones 

may also decide whether expanded polyQ proteins are degraded via the UPS or via autophagy. 

Bailey et al. (2002) shows that overexpression of Hsp70 and/or Hsp40 reduces aggrega-

tion of expanded AR by altering its solubility and stimulating proteasomal degradation. As 

mentioned before, co-chaperones can determine the fate of substrates, either by stimulation 

of their (re)folding or proteasomal degradation. CHIP associates with aggregates induced by 

several expanded polyQ proteins (Adachi et al., 2007; Al-Ramahi et al., 2006; Jana et al., 2005). 

Overexpression of CHIP increases ubiquitination and promotes proteasomal degradation of 

expanded polyQ proteins, accompanied by reduced toxicity (Adachi et al., 2007; Al-Ramahi 

et al., 2006; Jana et al., 2005; Miller et al., 2005). This makes CHIP an interesting target for 

therapy. Furthermore, CHIP selectively induces degradation of oligomeric α-synuclein, resulting 

in reduced cytotoxicity (Tetzlaff et al., 2008). It would be interesting to verify whether CHIP can 

also stimulate degradation of oligomeric expanded polyQ proteins, as these intermediates are 

thought to represent the toxic species in neurodegenerative disorders. 

Hsp-interacting proteins have also been shown to reduce aggregation of polyQ expanded 

proteins. Overexpression of the Hsp70 co-factor Hip is sufficient to reduce aggregation of 

expanded AR. Hip probably prevents aggregate formation by facilitating the Hsc70 refolding 

cycle, and not by targeting expanded polyQ proteins towards proteasomal degradation 

(Howarth et al., 2009). HSJ1a and HSJ1b are two neuronal enriched members of the Hsp40 

family and contain a J-domain and several UIMs. They prevent aggregation of ubiquitinated 

proteins and stimulate proteasomal degradation (Howarth et al., 2007; Westhoff et al., 2005), 

whereas Hsp70 and Hsp40 prevent aggregation by stimulating protein refolding of polyQ 

expanded AR (Howarth et al., 2007). 

The majority of studies in this field show that proteasomal degradation is stimulated by over-

expression of various chaperones and co-chaperones. Only two (co-)chaperones were shown 

to stimulate degradation of expanded polyQ proteins by macroautophagy. The autophagic 

degradation of mutant Htt is stimulated by overexpression of HspB8 and Bag3 (Carra et al., 

2008). Bag3 functions in concert with p62 to selectively degrade ubiquitinated proteins via 

macroautophagy (Gamerdinger et al., 2009). Interestingly, the ratio Bag3/Bag1 is increased in 

neurons during aging (Gamerdinger et al., 2009). This suggests that ubiquitinated proteins are 

normally degraded via the UPS, but during aging the turnover of these proteins becomes more 

dependent on macroautophagic clearance. 
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Therapies that combine improvement of chaperone function with stimulation of the activity 

of the degradation machineries may be an attractive way to efficiently clear expanded polyQ 

fragments. Improved chaperone function may reduce aggregation by solublizing expanded 

polyQ fragments that can then be degraded by either the UPS or autophagy.

alzHEiMEr’s DisEasE
AD is another neurodegenerative disorder where neurotoxicity is associated with protein frag-

ments. AD is the most common form of dementia and is hallmarked by the presence of extra-

cellular senile plaques and intracellular neurofibrillary tangles in brains. The major component 

of senile plaques is fibrillar Aβ peptides, which are generated in subcellular compartments 

including the ER, Golgi apparatus and endosomal-lysosomal compartments by proteolytic 

cleavage of the transmembrane protein APP (LaFerla et al., 2007; Selkoe, 2004). This results 

in Aβ peptides of variable lengths. Aβ42 peptides are most aggregation-prone and are consid-

ered to initiate AD (Jarrett et al., 1993). Although it was initially thought that the extracellular 

senile plaques were toxic, no correlation between plaque load and cognitive decline has been 

observed (Arriagada et al., 1992; Giannakopoulos et al., 2003; Terry et al., 1991). Accumulation 

of intracellular oligomeric intermediates of Aβ42 seems to be associated with synaptic loss, 

neuronal toxicity and severity of cognitive decline. Intracellular Aβ42 is therefore implicated to 

be involved early in the pathogenesis of AD (LaFerla et al., 2007; Walsh and Selkoe, 2007). Aβ 

oligomers are associated with neurotoxicity and not monomers or fibrils. Therefore, neutraliza-

tion of these toxic intermediates with antibodies is a good strategy to reduce toxicity (Klyubin 

et al., 2005).

Similar to aggregates associated with polyQ disorders, senile plaques colocalize with Ub, 

proteasomal subunits and chaperones, such as various sHsps (Fergusson et al., 1996; Perry et 

al., 1987; Wilhelmus et al., 2006a; Wilhelmus et al., 2006c). The extracellular colocalization of 

chaperones is remarkable and could be either due to cell death and subsequent release in the 

extracellular matrix or by secretion. Aβ has been shown to impair proteasomal activity (Almeida 

et al., 2006; Fratta et al., 2005; Gregori et al., 1995; Tseng et al., 2008), and proteasomal impair-

ment was described in AD post-mortem brains and AD mice (Keck et al., 2003; Keller et al., 

2000; Tseng et al., 2008). Furthermore, levels of Bag1M, a Bag1 isoform, are elevated in the 

hippocampus of early AD brains. Overexpression of Bag1M results in increased APP levels, prob-

ably by interfering with its proper processing and localization (Elliott et al., 2009). Therefore, 

increased levels of Bag1M may contribute to increased generation of Aβ peptides.  

In healthy brain, autophagy is constitutively active and intermediate stages such as 

autophagic vacuoles (AVs) are scarce because of their efficient maturation and clearance 

(Boland et al., 2008). Under normal circumstances, AVs produce Aβ peptides which are subse-

quently degraded in lysosomes (Yu et al., 2005). Although macroautophagy is induced in AD 

brain, fusion of autophagosomes with lysosomes is impaired. This leads to accumulation of 

autophagosomes and other pre-lysosomal AVs in dystrophic neurites (Nixon, 2007; Nixon et 

al., 2005; Yu et al., 2005). Macroautophagy is already induced before extracellular Aβ accu-

mulations are observed (Yu et al., 2005). This may play an essential role early in the patho-

genesis of AD, as Aβ is no longer degraded leading to increased Aβ levels. This supports the 
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fact that impairment of macroautophagy contributes to neuronal toxicity. Presenilin 1 (PS1) 

mutations cause early onset of familial AD which is explained by an increase in the Aβ42/Aβ40 

ratio. However, PS1 is also required for autophagic degradation of proteins (Nixon, 2007). 

Therefore, mutations within PS1 may also compromise macroautophagic turnover of proteins 

and contribute to AD pathology not solely by increasing the Aβ42/Aβ40 ratio. 

Expression patterns of mainly sHsps are altered in AD brain (Renkawek et al., 1993; Shinohara 

et al., 1993; Yoo et al., 2001). Several in vitro studies show that chaperones, such as Hsp70, 

Hsp90 and several sHsps, are able to reduce Aβ aggregation (Evans et al., 2006; Kudva et al., 

1997; Liang, 2000; Raman et al., 2005; Stege et al., 1999; Wilhelmus et al., 2006a; Wilhelmus 

et al., 2006b). Similar to polyQ-containing proteins, the effect of chaperones on Aβ aggrega-

tion is inconsistent and contradictory. CHIP and Hsp70 interact with APP, thereby stabilizing 

APP (Kumar et al., 2007). Therefore, these proteins may contribute to increased generation 

of Aβ peptides similar as Bag1M. CHIP, Hsp70 and Hsp90 also associate with Aβ peptides 

and expression of these proteins reduces accumulation of intracellular Aβ by promoting its 

degradation (Kumar et al., 2007). Expression of intracellular Aβ induces a stress response in 

neuronal cells, but not in glia cells. Furthermore, Hsp70 reduces neuronal toxicity induced by 

intracellular Aβ (Magrane et al., 2004). Also expression of Hsp16.2, homologues of human sHsp 

HspB5, suppresses Aβ-induced toxicity in C. elegans (Fonte et al., 2008). In a screen to identify 

Hsp90 inhibitors as suppressors of neuronal cytotoxicity, novobiocin analogues were identi-

fied. Novobiocin analogues induce Hsp90 and Hsp70 expression and protect neurons against 

Aβ-induced toxicity (Ansar et al., 2007; Lu et al., 2009).  

Although the UPS and chaperones may be involved in the pathogenesis of AD, these compo-

nents are mainly localized in the cytoplasm and nucleus, whereas APP and Aβ peptides are 

present in secretory and endosomal compartments. Expression of Aβ peptides in the cyto-

plasm of cells leads to their efficient clearance (Chapter 6). Various classes of cytoplasmic 

peptidases were involved in their degradation. Degradation was prevented by aggregation of 

Aβ peptides (Chapter 6). Therefore, we conclude that only monomeric Aβ peptides residing 

in the cytoplasm are efficiently degraded. It indicates that Aβ peptides that enter the cyto-

plasm via ER-associated degradation or via the endocytic pathway have already an oligomeric 

conformation.

ConCluDinG rEMarks
Cells are well adapted with different clearance mechanisms to degrade potential hazardous 

proteins. Chaperones assist these processes to prevent aggregation and direct these hazardous 

proteins to either the UPS or autophagy. Expanded polyQ proteins are more aggregation-prone 

and toxic upon cleavage by proteases and increased generation of especially Aβ42 peptides is 

associated with AD. Therefore, several studies focused on the prevention of the generation 

of these toxic fragments. However, improving clearance of these toxic fragments after their 

generation should be an attractive alternative to prevent aggregation and toxicity. Alternatively, 

modifications in the disease-related proteins may direct them to clearance. Post-translational 

modifications can determine the stability of expanded polyQ proteins, as acetylation of polyQ-

expanded Htt at lysine residue 444 facilitates its trafficking into autophagosomes, probably as 
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a substrate of p62. As a result, clearance of polyQ-expanded Htt is improved, accompanied by 

a reduction in toxicity in both primary striatal and cortical neurons and in a C. elegans model 

of HD (Jeong et al., 2009). Other modifications such as phosphorylation can affect toxicity as 

well, as Cdk5 phosphorylation of Htt reduces caspases cleavage, ameliorating aggregation 

and toxicity. Furthermore, Cdk5 activity is reduced in brains of transgenic HD mice (Luo et 

al., 2005). Whereas the polyQ tract itself is sufficient to induce aggregation and toxicity, the 

protein context and interacting proteins may determine the stability and thus aggregation and 

toxicity of expanded polyQ proteins (Dehay and Bertolotti, 2006; Duennwald et al., 2006a; 

Duennwald et al., 2006b; Nozaki et al., 2001). It would be interesting to study whether there is 

a relation between the stability of expanded polyQ proteins and/or fragments and their ability 

to aggregate and induce toxicity.  

Next to fragment generation and modifications, the localization of expanded polyQ frag-

ments in cells has been suggested as well to play a central role in the pathogenesis, as nuclear 

localization of expanded polyQ protein (fragments) seem to correlate with toxicity (Klement 

et al., 1998; Montie et al., 2009; Nucifora et al., 2003; Saudou et al., 1998; Yang et al., 2002). 

Nuclear inclusions are the major pathological structures observed in polyQ diseases, whereas 

cytoplasmic inclusions are only sporadically observed. This suggests that the nuclear environ-

ment enhances aggregation and toxicity. Recently, it was shown that the UPS is involved in 

intranuclear degradation of aggregated polyQ proteins (Iwata et al., 2009). Aminopeptidases 

and the autophagic machinery are absent in the nucleus and this may explain the increased 

toxicity of expanded polyQ protein (fragments) when present in the nucleus. In fact, it has been 

shown that cytoplasmic polyQ aggregates are efficiently degraded by macroautophagy when 

present in the cytoplasm (Iwata et al., 2005a; Montie et al., 2009). Improvement of nuclear 

degradation of expanded polyQ protein (fragments) or their translocation to the cytoplasm 

which may stimulate their degradation via macroautophagy are two possibilities for further 

therapy. 

Finally, age is an important risk factor for neurodegenerative disorders. Age-related decrease 

in protein quality control may contribute to reduced ability of cells to handle stress condi-

tions and to decreased removal of misfolded proteins and their subsequent aggregation (Dice, 

2007). Whereas improvement of autophagic clearance of expanded polyQ proteins may be 

beneficial to fight polyQ disorders, this will be detrimental for AD as autophagic clearance 

is impaired. However, neutralizing the impairment may be an alternative approach in AD.  

In order to efficiently clear toxic fragments, stimulation of proteasomal degradation of mono-

meric proteins, peptide degradation by aminopeptidases and/or autophagic degradation of 

aggregation-prone and oligomeric proteins may be the best options. Overexpression of chap-

erones is only effective when they solublize the aggregation-prone fragments and stimulate 

their degradation. 
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Cells can quickly adapt their protein levels to changing conditions. Protein levels are regu-

lated by synthesis of new proteins, which need to be correctly folded to be functional, and 

degradation of old, short-lived and misfolded proteins. Despite the presence of pathways, 

such as the ubiquitin-proteasome system and autophagy, it cannot be prevented that 

cells sometimes fail to degrade particular proteins or their fragments, which may lead 

to their accumulation and aggregation. Several neurodegenerative disorders, including 

Alzheimer’s disease and various polyglutamine (polyQ) disorders are initiated by the accumula-

tion of protein fragments which induce intracellular aggregation and toxicity. In chapter 1 we 

introduce the questions related to the balance between protein degradation and aggregation 

that are addressed in this thesis. 

To understand how cells cope with (aggregation-prone) protein fragments in living cells, 

we introduced three different model peptides into cells and studied their behavior. The first 

peptide is not disease-related and has been modified to prevent degradation by cytoplasmic 

aminopeptidases. In chapter 2 of this thesis, we micro-injected this fluorescently-tagged 

peptidase-resistant peptide into living cells. These peptidase-resistant peptides are translo-

cated into lysosomes where they are subsequently degraded. Transport into lysosomes was 

independent of Atg5, a protein that is essential for formation of autophagosomes. Therefore, 

macroautophagy probably is not involved in the degradation of peptidase-resistant peptides. 

Since the other autophagic pathways are not likely either, we concluded that a novel, yet unde-

fined autophagic pathway is responsible for the clearance of peptidase-resistant peptides from 

the cytoplasm. 

In the next chapters, we focused on disease-related protein fragments. Several polyQ 

disorders are hallmarked by aggregates, the formation of which is initiated by fragments of 

the original polyQ protein. Increased clearance of these toxic fragments is considered to be 

a good approach to treat these neurodegenerative disorders. PolyQ-containing proteins can 

be efficiently degraded by proteasomes, with the exception of the polyQ tract. Therefore, we 

examined in chapter 3 whether these polyQ tracts are peptidase resistant. When mimicking 

polyQ peptide release by proteasomes, we observed that only expanded polyQ peptides accu-

mulated and were sufficient to induce aggregation and neuronal toxicity. Aggregates induced 

by expanded polyQ peptides attracted similar cellular components as in aggregates associ-

ated with polyQ disorders, such as ubiquitin, proteasomal subunits, chaperones and polyQ-

containing proteins like the transcription factor TBP. 

To prevent accumulation of these expanded polyQ peptides, we investigated whether chap-

erones can reduce aggregation of polyQ peptides and facilitate their clearance. DnaJB6 and 

DnaJB8, two members of the DnaJ family efficiently reduce aggregation of expanded polyQ 

proteins, such as huntingtin-exon1. PolyQ-containing proteins are sequestered in time into 

aggregates that are induced by expanded polyQ peptides. Therefore, we examined whether 

these chaperones prevent aggregation of expanded polyQ peptides, or only prevent sequestra-

tion of polyQ-containing proteins. In chapter 4, we showed that DnaJB6 and DnaJB8 reduce 

aggregate formation of expanded polyQ peptides by keeping them in a soluble conformation, 

which allows the degradation of polyQ peptides. This suggests that these chaperones act on 

the level of polyQ tracts in order to reduce aggregation. Therefore, a promising therapeutic 
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approach to slow down or even prevent aggregation in polyQ disorders is to improve the 

activity of these chaperones to optimize clearance of polyQ peptides and reduce aggregation. 

Interactions between polyQ peptides and between aggregated polyQ peptides and asso-

ciating proteins were investigated in chapter 5. Expanded polyQ peptides are highly dynamic 

when present throughout the cell, but they become immobile after sequestration into the 

core of aggregates. PolyQ-polyQ interactions were only observed between aggregated polyQ 

peptides, indicating that non-aggregated polyQ peptides are mainly monomeric. Aggregated 

polyQ peptides interacted with the chaperones DnaJB6 and DnaJB8 that are also sequestered 

in the core of aggregates. No interaction between aggregated polyQ peptides and Hsp70 or 

Hsp40 was observed. Surprisingly, Hsp70 and Hsp40 were more effective in disrupting inter-

molecular interactions of aggregated polyQ peptides than DnaJB6 and DnaJB8, despite their 

relative lack in reducing polyQ peptide aggregation. 

Similar to several polyQ disorders, Alzheimer’s disease is associated with aggregation-prone 

protein fragments. The protein fragment involved is the amyloid-β (Aβ) peptide. Since these 

peptides were reported to accumulate in the cytoplasm and cause proteasomal impairment, 

we examined in chapter 6 whether Aβ peptides were also degradation-resistant. Surprisingly, 

Aβ peptides were efficiently degraded after expression of these aggregation-prone peptides 

in the cytoplasm. This is in contrast to aggregation-prone expanded polyQ peptides that accu-

mulate after being expressed. A wide range of protease inhibitors were not able to prevent 

clearance of Aβ peptides in cells, but inhibition of tripeptidyl peptidase II and metalloproteases 

in vitro reduced Aβ degradation rates. Aggregation of Aβ peptides prevented their degradation 

by cytoplasmic peptidases, as they can only handle monomeric peptide substrates. Therefore, 

aggregated Aβ peptides may still cause cellular toxicity, which has to be investigated in further 

studies. 

Finally, in chapter 7 an overview is given about the role of the ubiquitin-proteasome system, 

autophagy and chaperones in various polyQ disorders and Alzheimer’s disease. Several studies 

tried to prevent the generation of toxic fragments implicated in these disorders. However, we 

propose that improving efficient clearance of these toxic fragments via the ubiquitin-protea-

some pathway, peptidases or autophagy assisted by chaperones is an alternative, promising 

strategy in the fight against neurodegenerative disorders.

146

addendum



147

samenvatting

sam
en

vattIn
g

Velen hebben zich regelmatig afgevraagd waar ik me nu de afgelopen jaren precies mee 

bezig heb gehouden. Voor diegenen en andere geïnteresseerden heb ik geprobeerd mijn 

werk van de afgelopen jaren in (hopelijk) wat meer begrijpelijke taal op te schrijven. 

aCHtErGronD
Ons lichaam is opgebouwd uit miljarden cellen, die elk bestaan uit een celkern die 

omgeven is door het cytoplasma en een omsluitend celmembraan. De celkern bevat het 

erfelijke, genetische materiaal, het DNA, wat gezien kan worden als de blauwdruk van 

een cel. Het menselijk DNA bestaat uit ruim 25.000 genen welke vertaald kunnen worden 

in eiwitten. Eiwitten zijn ‘de uitvoerders’ van de cel en vervullen dan ook vele belangrijke func-

ties zowel binnen als buiten de cel. Zo zijn eiwitten belangrijk voor de structuur van de cel, 

betrokken bij het transport van stoffen binnen en buiten cellen en reguleren ze de activiteit van 

andere eiwitten door kleine aanpassingen in te voeren of door ze af te breken. Ook hormonen 

en enzymen zijn voorbeelden van eiwitten en zijn respectievelijk betrokken bij de communi-

catie tussen cellen en bij chemische omzettingen in cellen. In dit laatste geval worden onder 

andere voedingsstoffen omgezet in energie en bouwstoffen.

De regulatie van de hoeveelheid eiwitten in cellen is dus essentieel voor de instandhouding 

van een gezonde cel. Eiwitniveaus worden bepaald door de balans in hun aanmaak (synthese) 

en afbraak. Nieuw-gesynthetiseerde eiwitten moeten op de juiste manier gevouwen en 

aangepast worden om functioneel te zijn. Ze worden hierbij geassisteerd door chaperones, 

een familie van eiwitten die betrokken zijn bij de ‘kwaliteitscontrole’ van vele eiwitten. Zij 

helpen de niet geheel gevouwen structuur van de eiwitketen te stabiliseren, waardoor het 

klonteren ofwel aggregatie van het eiwit voorkomen wordt. Hierdoor krijgt het eiwit meer tijd 

om goed te vouwen. Een behoorlijk deel van de nieuw-gesynthetiseerde eiwitten blijkt echter 

niet hun bedoelde, functionele vorm aan te kunnen nemen. Deze eiwitten, maar ook ‘oude’ 

eiwitten moeten worden afgebroken. Er zijn twee routes bekend die er in de cel voor zorgen 

dat eiwitten worden afgebroken, namelijk het ubiquitine proteasoom systeem en autofagie. 

Het grootste gedeelte van eiwitten in cellen wordt afgebroken via het ubiquitine proteasoom 

systeem. Het markeren van eiwitten met een ubiquitine keten dient als een specifiek signaal 

voor afbraak door het proteasoom complex. Het proteasoom complex is een verzameling 

eiwitten dat andere eiwitten in kortere fragmenten, peptiden genaamd, knipt. Deze peptiden 

worden vervolgens door andere eiwitten, namelijk peptidases, gerecycled tot losse amino-

zuren. Deze aminozuren kunnen vervolgens weer gebruikt worden als bouwstenen tijdens de 

synthese van nieuwe eiwitten. Autofagie is de afbraak van voornamelijk eiwitten met een lange 

levensduur, eiwitcomplexen en organellen. Een organel is een specifiek onderdeel van een cel 

met een bepaalde functie, bv. lysosomen (een zuur compartiment in cellen die verschillende 

enzymen bevat die betrokken zijn bij de afbraak van eiwitten, suikers en andere organellen), 

mitochondriën (energie leveranciers in cellen) en de celkern (bevat het genetisch materiaal). 

Componenten die zich in het cytoplasma bevinden worden samengevoegd/opgenomen in een 

blaasje, het autofagosoom genaamd. Het autofagosoom fuseert vervolgens met een ander 

blaasje, het lysosoom, waarna de ingesloten componenten in het autofagosoom door het 

lysosoom afgebroken worden. Voor een overzicht van deze twee afbraakroutes in cellen kunt 
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u Figuur 1 op pagina 114 bekijken. Autofagie wordt onder andere geactiveerd wanneer cellen 

‘honger lijden’ en zorgt dan voor de afbraak van niet-essentiële componenten in cellen waar-

door er voldoende voedingstoffen en bouwstenen voor essentiële processen in de cel zijn. 

Ondanks het bestaan van deze afbraaksystemen gaat het soms toch mis. Het niet goed 

afbreken van bepaalde eiwitten kan leiden tot ongewenste ophoping en aggregatie. Vele 

neurodegeneratieve ziekten, wat betekent het verlies (= degeneratie) van neuronen (=hersen-

cellen), zoals de ziekte van Alzheimer, de ziekte van Parkinson en de ziekte van Huntington 

worden gekenmerkt door aggregatie van specifieke eiwitten in bepaalde gebieden in de 

hersenen en het verlies van neuronen. Een neuron is een zenuwcel en het grootste gedeelte 

van de neuronen bevindt zich in het centraal zenuwstelsel, dus in de hersenen en ruggenmerg. 

Neuronen ontvangen informatie door middel van signalen elders uit het lichaam, ze verwerken 

deze signalen om vervolgens aan andere cellen opdrachten door te kunnen geven. Neuronen 

zijn belangrijk bij het regelen van lichaamsfuncties en het denkvermogen. In een aantal van 

deze ziekten wordt aggregatie en toxiciteit niet veroorzaakt door het volledige eiwit, maar 

door bepaalde fragmenten hiervan. Daarom richten wij ons in dit proefschrift voornamelijk 

op de ziekte van Alzheimer en de zogenoemde polyglutamine (polyQ) ziekten, waar de ziekte 

van Huntington een voorbeeld van is. In deze ziekten is gebleken dat eiwitfragmenten een  

belangrijke rol spelen bij de vorming van aggregaten en het ontstaan van toxiciteit.

De ziekte van Alzheimer is de meest bekende en meest voorkomende vorm van dementie. 

Wereldwijd lijden ongeveer 25 miljoen mensen aan deze ziekte en men verwacht dat in de 

toekomst dit aantal enorm zal toenemen. Hersenen van patiënten die lijden aan de ziekte van 

Alzheimer worden gekenmerkt door de aanwezigheid van buiten de cel gelegen ophopingen 

van het amyloid-ß peptide (seniele plaques) en in de cel gelegen ophopingen van het eiwit 

tau (neurofibrillaire tangles). De ziekte van Alzheimer wordt veroorzaakt door een abnor-

male afbraak van het ‘amyloid precursor eiwit’, waarbij het aggregatie-gevoelige amyloid-ß 

peptide gemaakt wordt. Voorheen werden de seniele plaques beschouwd als aanstichters van  

toxiciteit, maar tegenwoordig wordt er steeds meer bewijs gevonden waaruit blijkt dat juist de 

aanwezigheid van minuscule aggregaten in cellen, ofwel oligomere tussenvormen van aggre-

gaten bestaande uit amyloid-ß peptiden, al in een vroeg stadium van de ziekte van Alzheimer 

correleren met toxiciteit. 

Polyglutamine (polyQ) ziekten zijn een groep van ten minste negen neurodegeneratieve 

aandoeningen, zoals de ziekte van Huntington, spinobulbaire musculaire atrofie (ook wel 

de ziekte van Kennedy genoemd) en verschillende spinocerebellaire ataxia’s. Deze polyQ 

ziekten worden veroorzaakt door een verlenging van een reeks glutamine (Q) aminozuren in 

het ziekte-gerelateerde eiwit. Korte polyQ ketens komen weliswaar in verscheidene eiwitten 

voor bij gezonde mensen, maar deze ketens zijn dan meestal niet langer dan 35 glutamines. 

Wanneer een polyQ keten in een eiwit langer dan 40 glutamines is, zal de persoon ziek worden. 

Deze verlengde polyQ ketens worden ook wel geëxpandeerde polyQ ketens genoemd. PolyQ 

ziekten zijn een dominante aandoening, wat inhoudt dat een expansie van de glutaminen in 

het ziektegerelateerde eiwit in 1 van de 2 kopieën van het gen voldoende is om de ziekte te 

veroorzaken. PolyQ ziekten openbaren zich meestal rond middelbare leeftijd en hoe langer 

de polyQ keten is, des te eerder de ziekte zich openbaart en des te ernstiger de ziekte zal zijn. 
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Het is gebleken dat aggregaten die aanwezig zijn in de hersenen van patiënten en muizen die 

lijden aan een van de polyQ ziekten met name eiwitfragmenten met de geëxpandeerde polyQ 

keten bevatten en niet het oorspronkelijke eiwit. Deze polyQ-bevattende fragmenten worden 

veelal gevormd tijdens de afbraak van het volledige eiwit. Deze fragmenten zijn gevoeliger voor 

aggregatie en toxischer voor cellen in vergelijking met het volledige eiwit. Deze bevindingen 

leidden tot de ‘toxische fragment hypothese’, welke verkondigt dat juist fragmenten en niet het 

oorspronkelijke eiwit aggregatie initiëren en toxiciteit veroorzaken.

HEt DoEl Van HEt bEsCHrEVEn ProMotiE onDErzoEk
De functie van het ‘eiwit kwaliteitscontrolesysteem’ vermindert naarmate men ouder wordt, 

ook al is men niet ziek. Dit zou een verklaring kunnen zijn waarom neurodegeneratieve ziekten 

zich meestal rond middelbare leeftijd openbaren, aangezien aggregatie-gevoelige eiwitten, 

zoals het amyloid-ß peptide en geëxpandeerde polyQ fragmenten slechter worden afgebroken 

als men ouder wordt. Dit kan tot ophoping leiden en vervolgens tot de vorming van aggre-

gaten. Veel studies hebben zich tot nu toe gericht op het verhinderen van het ontstaan van 

deze eiwitfragmenten. Wij denken echter dat juist de versnelde afbraak van deze aggregatie-

gevoelige fragmenten tot minder schade in cellen leidt dan het verhinderen van het ontstaan 

van deze fragmenten. In dit proefschrift bestuderen we het gedrag van aggregatie-gevoelige 

eiwitfragmenten in levende cellen. We proberen de aggregatie van deze toxische fragmenten 

te verminderen met behulp van de expressie van chaperones en de afbraak van deze frag-

menten via het ubiquitine proteasoom systeem, peptidases en autofagie te bevorderen.

bEVinDinGEn
Hoofdstuk 1 van dit proefschrift is een korte introductie op dit proefschrift, waar we een aantal 

vragen introduceren in relatie tot de balans tussen eiwitafbraak en aggregatie die aan de orde 

gesteld worden in dit boekje. 

Om te begrijpen hoe cellen met (aggregatie-gevoelige) eiwitfragmenten omgaan, hebben we 

drie verschillende modelpeptiden in cellen gebracht en hun gedrag in deze levende cellen bestu-

deerd. Het eerste peptide is niet ziekte-gerelateerd en is aangepast zodat het niet afgebroken 

kan worden door peptidases die zich in het cytoplasma van de cel bevinden. Deze peptiden 

noemen we afbraak-resistente peptiden. In hoofdstuk 2 hebben we deze afbraak-resistente 

peptiden fluorescent gelabeld en in levende cellen geïnjecteerd. Deze peptiden worden vervol-

gens getransporteerd naar lysosomen, waar ze afgebroken worden. Het transport van deze 

peptiden in lysosomen is onafhankelijk van Atg5, een eiwit dat essentieel is voor de vorming 

van autofagosomen. Daarom is het niet logisch dat macroautofagie verantwoordelijk is voor 

de afbraak van deze peptiden. Aangezien de andere bekende autofagieroutes ook niet voor de 

hand liggen, concluderen we dat een nieuwe, nog onbekende autofagieroute betrokken is bij 

het opruimen van afbraak-resistente peptiden uit het cytoplasma. 

In de volgende hoofdstukken focussen we op ziekte gerelateerde eiwitfragmenten. 

Verschillende polyQ ziekten worden gekenmerkt door de aanwezigheid van aggregaten. 

De vorming van aggregaten wordt geïnitieerd door eiwitfragmenten afkomstig van het 
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oorspronkelijke, polyQ-bevattende eiwit. Een verbeterde afbraak van deze eiwitfragmenten 

wordt gezien als een mogelijke aanpak om deze neurodegeneratieve ziekten te behandelen. 

PolyQ-bevattende eiwitten kunnen door het proteasoom afgebroken worden, echter met 

uitzondering van de polyQ keten. Daarom bestudeerden we in hoofdstuk 3 of deze polyQ keten 

vervolgens worden afgebroken in cellen door bijvoorbeeld peptidases. Als we het vrijkomen 

van deze polyQ ketens nabootsen, blijkt dat alleen polyQ peptiden langer dan 40 amino-

zuren ophopen in cellen en vervolgens aggregatie en toxiciteit in neuronale cellen induceren. 

Aggregaten die ontstaan zijn door geëxpandeerde polyQ peptiden trekken dezelfde eiwitten 

aan als aggregaten die gevonden worden in verschillende polyQ ziekten, zoals ubiquitine, 

verschillende bouwstenen van het proteasoom, chaperones en andere polyQ-bevattende 

eiwitten zoals de transcriptiefactor TBP. 

Om aggregatie van deze geëxpandeerde polyQ peptiden te voorkomen, hebben we onder-

zocht of bepaalde chaperones de aggregatie van polyQ peptiden kan verminderen en of ze hun 

afbraak kunnen bevorderen. DnaJB6 en DnaJB8 zijn twee leden van de DnaJ familie. Deze twee 

chaperones zijn erg effectief in het verminderen van aggregatie van geëxpandeerde polyQ-

bevattende eiwitten, zoals huntingtin exon1, het eiwit dat de ziekte van Huntington veroorzaakt. 

PolyQ-bevattende eiwitten worden pas op een later tijdstip aangetrokken door aggregaten die 

geïnduceerd zijn door geëxpandeerde polyQ ketens. Dit suggereert tevens dat inderdaad korte, 

polyQ peptiden eiwitfragmenten aggregatie initiëren en pas in een later stadium grotere frag-

menten en het gehele eiwit aantrekken. Daarom onderzochten we of deze chaperones ook 

de aggregatie van deze polyQ ketens kan verminderen, of dat ze slechts de aantrekking van 

polyQ-bevattende eiwitten voorkomen. In hoofdstuk 4 laten we zien dat DnaJB6 en DnaJB8 

juist de aggregatie van geëxpandeerde polyQ ketens verminderen door ze oplosbaar te 

houden, waardoor deze peptiden alsnog afgebroken kunnen worden. Dit suggereert dat deze  

chaperones acteren op het niveau van de polyQ keten om aggregatie te verminderen. Een veel-

belovende therapeutische aanpak om aggregatie te vertragen of zelfs te voorkomen is daarom 

een verhoging van de activiteit van deze chaperones. Dit resulteert in een betere afbraak van 

polyQ ketens en daardoor in een vermindering van aggregatie. 

Interacties tussen polyQ peptiden, maar ook tussen geaggregeerde polyQ peptiden en andere 

eiwitten die ook in het aggregaat zitten werden onderzocht in hoofdstuk 5. Geëxpandeerde 

polyQ peptiden zijn erg dynamisch wanneer ze niet geaggregeerd zijn, maar worden immo-

biel zodra ze ophopen in de kern van aggregaten. PolyQ-polyQ interacties worden alleen  

waargenomen tussen geaggregeerde polyQ peptiden, wat suggereert dat niet-geaggregeerde 

polyQ peptiden zich vooral in monomere vorm bevinden. Geaggregeerde polyQ peptiden 

interacteren met de chaperones DnaJB6 en DnaJB8, die zich ook in de kern van aggregaten 

bevinden, maar niet met de chaperones Hsp70 en Hsp40. Hsp70 bevindt zich in een additionele 

ring om de kern met geaggregeerde polyQ peptiden en een andere chaperone, Hsp40, wordt 

alleen maar een klein beetje aangetrokken tot het aggregaat. Tot onze verbazing hadden juist 

Hsp70 en Hsp40 een groter effect op het ontwrichten van de inter-moleculaire interacties van 

geaggregeerde polyQ peptiden dan DnaJB6 en DnaJB8, ondanks het feit dat Hsp70 en Hsp40 

minder effectief waren in het verminderen van polyQ peptide aggregatie. 

Net als de verschillende polyQ ziekten wordt de ziekte van Alzheimer ook veroorzaakt door 
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de aggregatie van een eiwitfragment, het amyloid-ß peptide. Het is beschreven dat amyloid-ß  

peptiden kunnen ophopen in het cytoplasma en dat ze de functie van het proteasoom kan 

verminderen. In hoofdstuk 6 bestudeerden we of deze amyloid-ß peptiden ook niet worden 

afgebroken, zoals geëxpandeerde polyQ ketens. Tot onze verbazing worden amyloid-ß peptiden 

snel afgebroken nadat we deze aggregatie-gevoelige peptiden in cellen tot expressie hadden 

gebracht. Dit is in tegenstelling tot de aggregatie-gevoelige geëxpandeerde polyQ ketens die 

ophopen nadat ze tot expressie zijn gebracht. Al waren diverse proteaseremmers niet in staat 

om de afbraak van amyloid-ß peptiden te verhinderen, remming van de peptidase tripeptidyl 

peptidase II en metalloproteases in vitro leidde wel tot vermindering van de afbraaksnelheid 

van amyloid-ß peptiden. Aggregatie van amyloid-ß peptiden verhindert hun afbraak door pepti-

dases die zich in het cytoplasma bevinden. Daarom zouden geaggregeerde amyloid-ß peptiden 

nog steeds cellulaire toxiciteit kunnen veroorzaken, maar dit moet nog verder onderzocht 

worden.

Ten slotte geven we in hoofdstuk 7 een overzicht van de rol van het ubiquitine proteasoom 

systeem, autofagie en chaperones in verschillende polyQ ziekten en de ziekte van Alzheimer. 

Verschillende studies hebben geprobeerd om de productie van toxische fragmenten te verhin-

deren. Wij stellen echter voor dat het stimuleren van efficiënte afbraak van deze toxische frag-

menten via het ubiquitine proteasoom systeem, peptidases of autofagie, eventueel met de 

hulp van chaperones, een alternatieve, veelbelovende strategie kan zijn in het gevecht tegen 

neurodegeneratieve aandoeningen. 
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Het is klaar! De resultaten van 4½ jaar onderzoek hebben uiteindelijk geresulteerd in dit 

boekje wat nu voor je ligt en ik ben er trots op! Natuurlijk hebben velen me geholpen bij 

het vervaardigen van mijn proefschrift. Via deze weg wil ik iedereen bedanken voor alle 

hulp, ondersteuning en interesse, maar ook voor de ontspanning en gezelligheid op z’n 

tijd. Een aantal mensen wil ik graag in het bijzonder bedanken. 

Eric, het is al weer een tijd geleden dat ik kwam solliciteren. Ik wil je bedanken voor 

de mogelijkheid die je me gegeven hebt om mijn promotieonderzoek onder jouw bege-

leiding uit te voeren. Ondanks dat we zo nu en dan verschillende visies hebben over 

de uitvoering van proeven en discussies soms wat fel waren, zijn we er samen goed uitge-

komen met een aantal mooie hoofdstukken als resultaat. Ik bewonder je enthousiasme voor 

de wetenschap, bedankt voor alles en ik wens je het allerbeste toe. 

Ron, bedankt voor de afgelopen 4½ jaar. Ook al is eiwitaggregatie en -afbraak niet je achter-

grond, je bent een prettige en goede coach/mentor. Je wist me te motiveren als ik het weer 

eens wat somberder inzag (dan het vaak werkelijk was) en je complimenteerde me en stimu-

leerde me om zo door te gaan als het goed was. Het was erg prettig om met je samen te werken 

en te weten dat je altijd voor me klaarstond!

Dan wil ik natuurlijk ook onze groep bedanken. Ten eerste Hilde en Marcel, mijn mede-aio’s 

vanaf (ongeveer) het begin. Dr. Hilde (althans daar ga ik wel vanuit!), samen hebben we veel 

lief en leed gedeeld. Bedankt voor alle (inspirerende) gesprekken. Hopelijk vind je een leuke 

baan waarbij je ook alle tijd hebt om van je gezinnetje te genieten! Marcel, ik vond het erg fijn 

dat onze projecten aan het eind dichter bij elkaar kwamen, waardoor we ook meer inhoudelijk 

konden discussiëren. Het was een erg prettige samenwerking, veel succes met jouw laatste 

loodjes. Dineke, als post-doc was je kennis erg prettig in de opstartende groep. Bedankt voor 

de discussies, je kritische blik en natuurlijk je gezelschap. Veel succes met ‘groep Verbeek’! 

Klazien, ook jij was er vanaf het begin bij. Bedankt voor al je hulp en gezellige gesprekken. 

Afgelopen jaar zijn er verschillende nieuwe mensen begonnen en ook hen wil ik bedanken. 

Alicia, thanks for all the help and the very nice sangria. Sabine, eerst 2x student en dan nu het 

echte werk, succes! Katrin, you only just started, hopefully you have a great time here.

Tijdens mijn promotie heb ik ook vier studenten mogen begeleiden en ik wil jullie natuurlijk 

bedanken voor al jullie werk en inzet. Marius, je was mijn eerste student. Ik wil je veel succes 

wensen met het afronden van je geneeskunde studie. Silvia, jouw project was niet makkelijk 

en het eerste half jaar heb je volgens mij wel geleerd hoe frustrerend het cloneren van polyQ 

constructen kan zijn, maar je zette door (!) en jouw werk vormt nu de basis van twee hoofd-

stukken. Succes met je eigen promotieonderzoek tussen de plantjes! Marianne, terwijl ik thuis 

druk aan het schrijven was heb jij nog heel veel werk voor mij gedaan, ik vond het een prettige 

samenwerking. Hopelijk vind je snel een leuke baan als analist. Last but not least, Anna, you 

are really a great student and I hope you will continue in science. Although I did not have the 

time to supervise you as I would have wanted to, you managed to organize your project very 

accurately. Ook wil ik alle andere studenten, Hessel, Laurie, Roy, Sabine, Jan-Tinus, Suzanne, 

Edith en Thanh bedanken voor hun gezelligheid op het lab en daarbuiten. Suzanne, erg gezellig 

dat je na je stage nog af en toe terugkwam om ons te verblijden met je Limburgse spontaniteit 

en gezelligheid.
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Przemek, thanks for all your help in the lab, your good suggestions and of course all the nice 

evenings accompanied by ‘one or two’ alcoholic consumptions. Also thanks for your patience, 

without you my figures would not look the same (tja, a woman behind her computer…) and 

of course you and Ola for the lay-out of this thesis. Tony, erg jammer dat je je promotie hier 

niet hebt afgemaakt, maar gelukkig wist je de weg naar de Ep en het Gasthuis zo nu en dan 

nog te vinden! Ook wil ik iedereen van de ‘dinsdagochtend werkbespreking’ bedanken voor 

alle discussies en gezelligheid op het lab, Jacob, Jan Stap (bedankt voor al je hulp bij life-cell 

imaging, bestellingen, etc.), Carel, Ron H., Henk (bedankt voor al je EM werk), Ilse (bedankt 

voor hoe je met me meedacht, helaas was er niet genoeg tijd van deze ideeën een project te 

maken), Ingeborg, Esther, John H., Rob, Martin, John C., Wikky, Art, Jan v. M. en Kees (Forza 

Willem II!). Cars, bedankt voor al de klussen die je voor ons gedaan hebt. Trees en Irene, zoveel 

dingen die jullie regelen, bedankt voor alles! Trees, natuurlijk ook bedankt voor alle hulp met 

het afronden van mijn proefschrift. Madelon, Sonja, Rebecca, Fonnet, Maho (thanks for all the 

help when we started and for all the materials you lend when we again did not order something 

in time… I really appreciate your patience with us), Wendy, Heike, Julien, Mark V., Angelic, 

Daisy en Jan W., bedankt voor alle gezellige uurtjes tijdens borrels, in de Epstein-bar en in het 

Gasthuis. Natuurlijk wil ik ook de rest van de afdeling bedanken voor alle hulp, het mogen 

gebruiken van spullen en stofjes en voor jullie gezelligheid in de afgelopen jaren. Ook wil ik de 

collega’s van K3 bedanken voor een geslaagde skivakantie en jullie gezelligheid onder het genot 

van (meestal) een alcoholische versnapering. Ilja, bedankt voor je slaapplekje, mocht je er zelf 

ooit een nodig hebben…  

Ook wil ik alle collega’s buiten dit lab bedanken voor alle hulp, discussies, tips en suggesties. 

Ten eerste, Willemien en Jan-Wouter, bedankt voor de synthese van al de peptiden. De ‘maan-

dagochtend neurowerkbepreking’ voor alle discussies en suggesties. Wiep en Elly, bedankt 

voor de keren dat ik bij jullie heb aan mogen kloppen. Harrie & Co., de werkbesprekingen met 

jullie waren/zijn prettig en inspirerend! Fulvio and Janice, unfortunately the EM did not work 

out, but thanks for your help en good suggestions. Alfred Meijer, bedankt dat je ons met de in’s 

en out’s van de autofagie wereld hebt kennis laten maken. Tania, bedankt voor de uurtjes die 

we samen achter de CD hebben doorgebracht. Jinte, Karin en Simone, bedankt voor de gezel-

lige AIO-retraites en de vele retourtjes AMC-Utrecht.

Naast werk zijn er (gelukkig) ook vele vrienden en vriendinnetjes die voor de nodige aflei-

ding hebben gezorgd. Volkert & Cristina, Dirk & Elles, Marjolijn, Birgit & Sipke, Rudy & Chantal, 

Suzanne, Johan & Merel, Hanneke & Martijn, Marije, Patrick, Lai Mei, Sander, Tania & Jochem 

en Tom & Wiea, bedankt voor jullie vriendschap, de (vele) gezellige middagen op ’t Ledig Erf 

of in het park, de avonden in de kroeg, de weekendjes weg, de etentjes en voor nog veel meer 

dan ik hier op kan noemen. Yvette & Roy, Susanne & Hans, Anke & Coen, al velen jaren kennen 

we elkaar, bedankt voor jullie vriendschap, de gezellige etentjes (hopelijk zullen er nog vele 

culinaire hoogstandjes volgen) en jullie interesse tijdens mijn onderzoek. Anne, Diane, Eef, 

Georgette, Marieke, Nynke en Tjar, wat een diversiteit aan karakters bij elkaar en toch een 

hechte vriendschap! Ondanks dat we elkaar niet zo heel vaak meer zien, blijft het altijd gezellig. 

Bedankt voor jullie gezelligheid en medeleven, vooral de afgelopen maanden, ik waardeer dat 

zeer! Jan & Sandra, Remco, Jesse & Céline en Stéphanie, natuurlijk wil ik ook jullie bedanken 

voor alle gezelligheid van de afgelopen jaren.
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Lieve Susanne, sinds de 2e klas zijn we al vriendinnetjes, we hebben samen gestudeerd en 

ook nog eens bijna 5 jaar huisgenoten geweest. Wat hebben we samen vele mooie herinner-

ingen! Lieve Dirk, tijdens de studie raakten we al snel bevriend, later ben je me ‘gevolgd’ naar 

het AMC waar we vele kopjes thee genuttigd hebben en vele gezellige uurtjes in de Ep en het 

Gasthuis doorgebracht hebben. Lieve Susanne en Dirk, ik waardeer onze vriendschap zeer en 

ik vind het een eer dat jullie op deze bijzondere dag als mijn paranimfen aan mijn zijde willen 

staan! 

Wim, Joke, Ruby en Dusty, het blijft gezellig om ‘even’ bij jullie binnen te wippen als ik weer 

eens in Hulten ben. Petra (binnenkort ‘collega’s’!), Jan, Debby en Kim, nu alle drukte voorbij 

is komen we snel weer ‘n keertje eten. A la famille en France et particulièrement á Mamie, 

merci pour tout les bons moments pendant l’été et Noël et aussi pour votre interêt pour ma 

recherche. Willy & Catherine, Rosalie & Thomas, Emilie en Magali, altijd even geïnteresseerd 

en de deur staat altijd voor me open, bedankt! Lieve Jac, bedankt voor je ‘luisterend oor’ als ik 

weer eens doorratelde aan de telefoon. Lieve Els, ook jouw studie is afgerond! Hopelijk heb je 

nu wat meer tijd om te genieten van je vrije tijd. 

Lieve papa & mama, bedankt voor alle onvoorwaardelijke liefde, steun en interesse, ook al 

was het soms moeilijk voor te stellen waar ik precies mee bezig was. En dan als laatste natuur-

lijk Martin, bedankt voor al je liefde en begrip. Je zette me regelmatig weer met beide benen 

op de grond. Hopelijk kan ik net zo’n steun voor jou zijn als jij straks je promotie gaat afronden!
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Judith Maria Elisabeth Petronella Gillis werd geboren op 23 maart 1980 te Gilze en Rijen. 

In 1992 behaalde zij haar VWO diploma aan het Theresialyceum te Tilburg. In datzelfde 

jaar begon zij aan haar studie scheikunde aan de Universiteit van Utrecht. In het studie-

jaar 2000-2001 vervulde zij de functie van secretaris van de scheikundige studievereni-

ging U.S.S. Proton. Tijdens haar studie liep ze stage bij de afdelingen Biomolecular Mass 

Spectrometry en Cellular Protein Chemistry aan de Universiteit van Utrecht en behaalde 

haar doctoraal diploma in 2003. In maart 2004 begon zij met haar promotieonderzoek 

naar de opruiming van aggregatie-gevoelige eiwitfragmenten onder begeleiding van 
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1 december zal zij haar carrière voortzetten als klinisch chemicus in opleiding in het 
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17-AAG  17-allylamino-17-demethoxygeldanamycin

2-NaphSul  2-naphtylsulfonyl

3-MA  3-methyladenine

AAF-CMK  Ala-Ala-Phe-chloromethylketone

Aβ  amyloid-β 

AD  Alzheimer’s disease

AICD  APP intracellular domains

ApoE  apolipoprotein E

APP  amyloid precursor protein

AR  androgen receptor

Atg  autophagy-related gene

atx  ataxin 

AV  autophagic vacuole

BafA1  bafilomycin A1

Bag1  Bcl2-associated athanogene 1

C4  tetracysteine

CACNA1A α1A voltage-dependent calcium channel

CBP  CREB-binding protein

CHIP  carboxy-terminus of Hsp70-binding protein

CLEM  correlative light and electron microscopy

CMA  chaperone-mediated autophagy

DAB  diaminobenzidine

DRPLA  dentatorubropallidoluysian atrophy

ECE  endothelin-converting enzyme

EM  electron microscopy

ERAD  ER associated degradation

Fl  fluorescein

FLIM  fluorescence lifetime imaging microscopy

FLIP  fluorescence loss in photobleaching

FRAP  fluorescent recovery after photobleaching

FRET   fluorescence resonance energy transfer

HD  Huntington’s disease

HDAC  histone deacetylase

Hip  Hsp70-interacting protein

Hop  Hsp70/Hsp90-organizing protein

Hsp  heat shock protein 

Htt  huntingtin

IB  inclusion body

IDE  insulin degrading enzyme

LAMP1  lysosomal-associated membrane protein 1

LC3  microtubule-associated protein 1 light-chain 3

MEF  mouse embryonic fibroblast
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mTOR  mammalian target of rapamycin

NEP  neprilysin

NFTs  neurofibrillary tangles

NMDA  N-methyl-D-aspartic acid

PMSF  phenylmethylsulfonyl

polyQ  polyglutamine

PS1  presenilin 1

PSA  puromycin-sensitive aminopeptidase

QBP1  Q-binding protein 1

SBMA  spinobulbar muscular atrophy

SCA  spinocerebellar ataxia

sHsp  small heat shock protein

SOD1  superoxide-dismutase 1

SP  senile plaques

TBP  TATA-binding protein

τ
M  modulation lifetime

TMR  tetramethylrhodamine

τφ  phase lifetime

TPPII  tripeptidyl peptidase II

Ub  ubiquitin

UIM  ubiquitin-interacting motif

UPS  ubiquitin-proteasome system

WIPI-1  WD-repeat protein interacting with phosphoinositides
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