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Chapter 7

Many neurodegenerative diseases are hallmarked by intracellular protein aggregates, 

including the group of nine polyglutamine (polyQ)-related disorders such as Huntington’s 

disease. Proteolytic fragments of the polyQ-expanded proteins are considered to initiate 

aggregation and cytotoxicity. Improved clearance of these fragments should delay the 

onset of disease. However, the main intracellular protease, the proteasome, is inef-

ficient in degrading the polyQ repeats in these protein fragments, thereby releasing 

almost pure polyQ peptides. Previously, we have shown that these pure polyQ peptides 

can initiate aggregation and cytotoxicity, and should therefore be rapidly degraded by 

downstream peptidases to prevent their accumulation and subsequent sequestration 

of larger polyQ fragments. Here, we show that the peptidase tripeptidyl peptidase II (TPPII) 

can efficiently clear these polyQ peptides in the cytoplasm. TPPII can form exceptionally large 

complexes and displays both exo- and endo-peptidase activity. Exopeptidase activity is affected 

by the size of the complex. Whether endopeptidase activity is regulated by complex formation 

as well is unknown. nevertheless, here we show that the full tPPii complex is necessary for the 

degradation of polyQ peptides. Regulation of the activity or complex formation of TPPII may 

therefore be a promising treatment strategy against polyQ-related aggregation diseases.
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Tripeptidyl peptidase II degrades polyglutamine peptides

Polyglutamine (polyQ) diseases are a group of nine neurodegenerative diseases caused 

by an expansion of the glutamine repeat within the disease-related protein over a rela-

tively well defined threshold of approximately 40 glutamines. The length of the expan-

sion is inversely related to the age of onset, and is generally manifested during adult-

hood, but can be juvenile when the repeats are exceeding 100 glutamines. these polyQ 

diseases include Huntington’s disease (HD), Kennedy’s disease (SbMA), dentatorubal-

pallidoluysian atrophy (DRPLA) and spinocerebellar ataxias (SCAs) 1, 2, 3, 6, 7 and 17 

[1]. The cellular functions of most proteins involved are still not known, except for SMbA 

(androgen receptor), SCA6 (calcium channel subunit) and SCA17 (TATA-binding protein). 

the disease-related proteins can be both nuclear and cytoplasmic, and in the case 

of scA6 plasma membrane bound. All polyQ disorders are associated with intraneu-

ronal aggregates and the generation of aggregation-prone proteolytic fragments. For 

example, aggregates contain proteolytic fragments of polyQ-expanded huntingtin but not full-

length huntingtin in HD, as observed in both patients [2] and in HD mouse models [3]. Cleavage 

into huntingtin fragments can be performed by caspases [4-6], calpains [7] and a yet unidenti-

fied aspartatic protease [8]. For SCA2 [9], SCA3 [10, 11], SCA7 [12], DRPLA [13] and SbMA [14], 

truncated proteolytic fragments have been identified as well [15]. 

After the generation of these proteolytic fragments by proteases, the fragments have to be 

further degraded by the proteasome [8] into small peptides [16, 17]. Finally these peptides are 

degraded into single amino acids by a large pool of aminopeptidases [18, 19]. The eukaryotic 

proteasome has three distinct catalytic activities, chemo-tryptic, tryptic and caspase-like, each 

cleaving preferably after hydrophobic, basic and acidic residues, respectively [20]. However, 

the eukaryotic proteasome is unable to cleave between polyQ repeats as was demonstrated 

in vitro using purified proteasomes, non-expanded proteins and synthetic polyQ peptides 

[21]. Interestingly, archeal proteasomes, having six identical catalytic subunits, degrade polyQ 

peptides and polyQ proteins to completion [21]. The consequence is that eukaryotic protea-

somes release almost pure polyQ peptides that need to be rapidly degraded by downstream 

aminopeptidases to prevent their accumulation and aggregation [21, 22]. 

One potential polyQ cleaving peptidase is puromycin-sensitive aminopeptidase (PSA) which can 

degrade both fluorogenic Q-AMC substrates as well as polyQ-containing synthetic peptides by 

N-terminal monopeptidase activity [23]. However, PSA can target peptides up to approximately 

35 amino acids and may therefore not be well-suited to degrade expanded polyQ peptides. 

Moreover, recent experiments have shown that PsA over-expression upregulates autophagy 

and thereby induce polyQ clearance (Menzies et al., submitted). 

Here, we identifty another aminopeptidase besides PSA which can degrade expanded polyQ 

repeats, tripeptidyl peptidase II (TPPII). TPPII is an aminopeptidase that can form extremely 

large complexes up to 6 MDa [24-27], and displays both exo- and endo-peptidase activity 

[28-30]. TPPII exopeptidase activity cleaves preferably behind large hydrophobic residues [28], 

whereas the endopeptidase activity is tryptic-like and prefers cleaving behind basic residues 

[29, 30]. Here, we show that TPPII can degrade polyQ repeats by its endopeptidase activity, and 

the full complex is necessary for polyQ peptide degradation since TPPII mutations that affect 

the complex formation cannot degrade these polyQ peptides [31]. 
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PSA and TPPII overexpression reduce polyQ aggregation at different stages

Previously, we mimicked pure polyQ peptide generation by the proteasome in living cells 

and showed that this was sufficient to initiate aggregation [22] (figure 1A). The GFP-Ub-

polyQ shown in figure 1A is efficiently separated into GFP-Ub and polyQ peptides by 

de-ubiquitinating enzymes [22]. To examine which peptidases can degrade the released 

expanded polyQ peptides in living cells, we tested the effect of several peptidases on 

the degradation of polyQ peptides. Hek293T cells were co-transfected with GFP-Ub-Q65 

and with either PSA, TPPII, thimet oligopeptidase (TOP), leucine aminopeptidase (LAP) or 

bleomycin hydrolase (bH). The western blot was stained for polyQ with the 3b5H10 antibody 

(figure 1b) [32]. The polyQ peptides were detected at three different positions as indicated by 

the arrows, showing a high-molecular weight band (1) indicating aggregates, an intermediate-

molecular weight band (2) indicating intermediate aggregate structures, and a low-molecular 

weight band (3) indicating soluble, monomeric or dimerized polyQ peptides. Whereas the TOP, 

LAP and bH lanes showed no reduction in polyQ peptide levels, both the PSA and TPPII lanes 

showed reduced polyQ peptide levels albeit at different levels. PSA reduced both the high-

molecular weight polyQ fraction (1) and the intermediate polyQ fraction (2) (figure 1b, upper 

panel, arrows 1 and 2). Moreover, the ubiquitin levels were reduced by PSA overexpression 

(figure 1b, upper middle panel). The reduced intermediate-sized (2) polyQ levels are most likely 

the result of increased autophagy (Menzies et al., submitted) [33]. 

Similar to PSA, TPPII reduced the amount of high molecular oligomeric structures (Figure 

1b, upper panel, arrow 1). However, TPPII did not reduce the intermediate fraction of polyQ 

peptides and did not alter the expression of Ub, indicating that TPPII does not improve polyQ 

clearance via induction of autophagy. Interestingly, TPPII had the most distinct effect on 

decreasing the low molecular weight fraction of polyQ peptides, suggesting that TPPII can 

prevent the earliest stages of polyQ aggregation (figure 1b, upper panel, arrow1). 

both PSA and TPPII reduced the levels of SDS-insoluble aggregates trapped on a filtertrap 

membrane [34], indicating that both peptidases reduce polyQ aggregation although by a 

different mechanism (figure 1b, lowest panel). Similarly, co-transfection of GFP-Ub-Q65 with 

either PSA or TPPII reduced the numbers of aggregates as observed in living cells (figure 1C, 

D). Importantly, a similar effect was observed when a polyQ expanded fragment of huntingtin 

was expressed, huntington-exon1-Q103-GFP [35], as both PSA and TPPII reduced aggregation 

of this polyQ protein fragment (figure 1C, D).

Complex formation is essential for polyQ peptide degradation by TPPII

Since TPPII appears to be the only peptidase that can directly target polyQ peptides and prevent 

aggregation, we next examined whether TPPII activity is affected by its composition, Several 

mutations and spice variants of TPPII are known to affect complex formation as well as activity, 

including that of human tPPii
G252R which can only form dimers [36], mouse tPPii+39 (MmtPPii+39) 

which can form complexes even larger than the wild-type TPPII [37], a control mouse TPPII 

(MmtPPii) and tPPiidhum which is a chimeric construct containing the human catalytic center 

and a part of the mouse sequence [36] (Table 1). 

surprisingly, both the human tPPii mutant (tPPiiG252R) and the mouse splice variant (MmtPPii+39) 

did not reduce the polyQ peptide content after co-transfection with GFP-Ub-Q65, whereas 
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tPPiiwt, MmtPPii and the tPPiidhum were able to reduce the polyQ peptide levels (figure 2A). 

In accordance with the effects on soluble polyQ levels, also filtertrap analysis showed that the 

sds-insoluble aggregates were only reduced upon tPPiiwt, MmtPPii and the tPPiidhum co-expres-

sion (figure 2A, last panel). When analyzed in living cells, fewer aggregates were present in cells 

co-expressing tPPiiwt. Also MmtPPii+39 and tPPiidhum had fewer aggregates, although the effect 

was not as great as for the tPPiiwt. co-expression of the mutants tPPiiG252R and MmtPPii+39 led 

even to a higher percentage of aggregates (figure 2b), which is in agreement with the western 

blot where also higher polyQ peptide levels were observed (figure 2A). Possibly, the expressed 

TPPII mutants interacted with endogenous TPPII, thereby affecting TPPII complex formation 
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Figure 1: A) The GFP-Ub-polyQ constructs that were used in the present study [22]. The polyQ peptides were 
cleaved off from the GFP-Ub by de-ubiquitinating enzymes. With these constructs polyQ peptides were intro-
duced in cells without any flanking sequences that may affect aggregation properties. B) Western blots and 
filtertrap showing proteins form cell lysates co-expressing GFP-Ub-Q65 and either pcDNA3, PSA, TPPII, TOP, 
LAP and bH that were stained for polyQ (αPolyQ), Ub (αUbiquitin) and actin (αActin). PolyQ (upper panel) 
was detected at three different positions, indicated with the arrows: (1) high molecular weight aggregates, 
(2) intermediate weight aggregates and (3) low molecular weight dimers. upper middle panel, western blot 
stained for Ub (αUbiquitin). Lower panel, western blot stained for actin as a loading control. Lower panel, 
filtertrap membrane stained for polyQ. c) Fluorescence images of GFP-Ub-Q65 and Htt-exon1-Q103-GFP in 
control cells (control) or PsA overexpressing cells (PsA) or tPPii overexpressing cells (tPPii). d) Percentages 
of GFP-Ub-Q65 and Htt-exon1-Q103-GFP aggregates in cells co-transfected with the polyQ peptide or protein 
and pcDNA3 (control), TPPII or PSA. The pcDNA3 control was taken as 100%. Three different fields of view per 
sample with a minimum of 150 cells were analyzed. 
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Q8 peptide in MEFs
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Figure 2: A) Western blots and filtertrap of lysates of cells after co-transfection with GFP-Ub-Q65 and the 
five different TPPIIs. Upper panel, western blot stained for polyQ (αPolyQ). Arrow 1 indicates high molecular 
weight aggregates and arrow 2 indicates dimeric peptides. Middle three panels show staining for Ub (αUb), 
actin (αActin) and TPPII (αTPPII), respectively. Lower panel, a filtertrap membrane stained for polyQ (αPolyQ). 
B) Percentages of GFP-Ub-positive aggregates in Hek293T cells co-transfected with GFP-Ub-Q65 and the 
five different TPPII’s. Three different fields of view with a minimum for 150 cells per field were analyzed. c) 
Western blots of lysates of cells co-transfected with GFP and the five different TPPIIs. Upper panel, western 
blot stained for GFP (αGFP). Middle panel, western blot stained for actin (αActin). Lower panel, western blot 
stained for TPPII (αTPPII). d) Fluorescence as a consequence of TPPII exopeptidase activity in cell lysates of 
cells transfected with the five different TPPIIs and pcDNA3 using AAF-AMC hydrolysis. e) Schematic repre-
sentation of the synthetic polyQ-containing peptide used asd a fluorogenic substrate Q8. The N-teminus and 
c-terminus are protected against cleavage with d-amino acids (yellow), the glutamine amino acids are shown 
in green. f) Degradation of the fluorogenic Q8 peptide by wild-type and TPPII-/- mouse embryonic fibroblasts 
(MEF) lysates as measured by the increase in fluorescence. 

Table 1: The mouse and human TPPII variants and mutants used. 



111

Tripeptidyl peptidase II degrades polyglutamine peptides

and polyQ peptide degradation efficiency. 

To exclude that TPPII overexpression reduces the expression of polyQ peptides, we compared 

the levels of the co-expressed GFP-Ub (figure 2A) which showed identical expression levels 

indicating that there is no difference in GFP-Ub-Q65 expression between the different TPPII 

variants. In addition, co-transfection of GFP with the different TPPII variants also showed no 

differences in GFP levels (figure 2C), again indicating that expression levels were not differ-

ently affected by the TPPII variants and that TPPII improves clearance of polyQ peptides by its 

peptidase activity. 

All the TPPII variants display exopeptidase activity, as hydrolysis of the TPPII exopeptidase 

substrate H-AAF-AMC was increased in all lysates from cells overexpressing the different TPPII 

variants, including those TPPII variants that did not degrade polyQ peptides (figure 2D), indi-

cating that complex formation is affecting polyQ peptide degradation. 

To examine whether TPPII can degrade polyQ peptides by its endopeptidase activity, we 

synthesized a reporter peptide containing eight glutamines between a quencher and fluoro-

phore to measure polyQ peptide breakdown by TPPII endopeptidase activity (figure 2E). 

because the peptide contains uncleavable D-amino acids at both the N- and C-terminus to 

prevent exo- and carboxy-peptidase cleavage, the fluorophore and quencher can only be sepa-

rated by endopeptidase cleavage in the eight glutamines, resulting in increased fluorescence 

[18, 19]. The peptides appeared to be too slowly degraded in living cells upon micro-injection. 

Therefore, we added the reporter peptide to lysates of TPPII-/- mouse embryonic fibroblasts 

(MEFs) and compared the degradation rate with that in wild-type MEFs. The quenched polyQ 

peptide was not degraded in lysates of TPPII-/- cells, whereas wild-type MEF lysates degraded 

the Q8 peptide efficiently (figure 2F). Together, this indicates that TPPII can directly target 

polyQ peptides for degradation by its endopeptidase activity, and thereby reduces polyQ accu-

mulation and aggregation.

The TPPII inhibitor butabindide can reverse the effect of TPPII overexpression and the degra-

dation of polyQ peptides by TPPII is independent of the proteasome and autophagy

Inhibition of TPPII in cells expressing GFP-Ub-Q65 by the specific TPPII inhibitor butabindide led 

only to a small increase in low molecular weight polyQ peptide levels (figure 3A), which may be 

due to the low TPPII levels in HEK293T cells. However, the reduction in soluble polyQ peptide 

levels due to TPPII expression was prevented by butabindide (figure 3A). 

Since TPPII degrades peptides by its endopeptidase activity and not because of the activa-

tion of other clearance pathways such as autophagy as was observed for PSA (Menzies et al., 

submitted), we did not expect that TPPII activity is affected by autophagy inhibitors. This expec-

tation was further strengthened since we observed no reduction in ubiquitin levels and oligo-

meric polyQ levels (figure 1A) upon overexpression of TPPII, in contrast to PSA overexpression 

(figure 1A). Indeed, when we inhibited the autophagy pathway by 3-methyladenine (3-MA), 

the low molecular weight fraction of polyQ peptides was still reduced when TPPII was overex-

pressed, indicating that TPPII functions independently of autophagy (figure 3A). Proteasome 

inhibition did not affect clearance of polyQ peptides by TPPII either (figure 3A). However, both 

3-MA and MG132, increased the intermediate polyQ peptide fraction (figure 3A) which was 

unaffected by TPPII inhibition. Apparently, this fraction is mainly targeted by other clearance 
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Figure 3: a) Western blot of Hek293T cells co-trans-
fected with GFP-Ub-Q65 and pcDNA3 or GFP-Ub-Q65 
and tPPiiwt. the co-transfected cells were treated with 
butabindide, 3MA or Mg132. upper panel, western 
blot stained for polyQ (αPolyQ). Arrow 1 indicates high 
molecular weight aggregates, arrow 2 indicates inter-
mediate weight aggregates and arrow 3 indicates low 
molecular weight dimers. Arrow 4 points at the band that 
reappears after butabindide treatment of TPPII-overex-
pressing cells. the middle three panels show western 
blots stained for TPPII (αTPPII), Ub (αUb) and actin 
(αActin), respectively. Lower panel shows a filtertrap 
membrane stained for polyQ (αPolyQ). B) Western blots 
of Hek293T cells co-transfected with GFP-Ub-Q65 and 
pcDNA3 or GFP-Ub-Q65 and TPPIIwt. the co-transfected 
cells were treated with butabindide, 3MA or a combina-
tion of butabindide and 3MA. Upper panel shows the 
treated lysates stained for polyQ (αPolyQ). The arrows 
indicate high molecular weight aggregates, intermedi-
ate weight aggregates and dimmers, respectively. The 
lowest three panels show western blots stained for tPPii 
(αTPPII), Ub (αUb) and actin (αActin), respectively. c) 
Western blot of Hek293T cells co-transfected with GFP-
Ub-Q65 and pcDNA3 or GFP-Ub-Q65 and TPPIIwt. the co-
transfected cells were treated with butabindide, Mg132 
or a combination of butabindide and MG132. The arrows 
indicate high molecular weight aggregates, intermedi-
ate weight aggregates and dimmers, respectively. The 
lower three panels show western blots stained for tPPii 
(αTPPII), Ub (αUb) and actin (αActin), respectively.

pathways that can remove larger oligomeric 

structures. 

Inhibition of both autophagy and TPPII by 3-MA 

and butabindide did not alter the intermediate 

oligomeric lane, indicating that 3-MA and butab-

indide are affecting two independent pathways 

(e.g. autophagy and peptidase activity) (figure 

3b). Similarly, addition of both butabindide and 

the proteasome inhibitor Mg132 did also show 

no combinational effects (figure 3C), indicating 

that TPPII degrades polyQ peptides independ-

ently of the proteasome or autophagy and func-

tions as a regular peptidase downstream of the 

proteasome. The corresponding filtertrap (figure 

3A) shows that tPPii overexpression reduced the 

amount of sds-insoluble aggregates, whereas 

butabindide increased the aggregate content. 

Interestingly, inhibition of autophagy increased 

the Ub content, as opposed to the reduction of 
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Ub after PSA overexpression. Moreover, 3-MA resulted in a significant increase in the amount 

of the sds-insoluble aggregates, probably because high molecular weight aggregates cannot 

be degraded by proteases and peptidases and need to be cleared by autophagy. 

Proteolytic fragments downstream of the proteasome are processed by TPPII

Since TPPII can efficiently clear polyQ peptides downstream of the proteasome, we next exam-

ined whether TPPII can also degrade proteolytic polyQ protein fragments. Most polyQ proteins 

are cleaved by various proteases into fragments, and the polyQ-containing fragments have to 

be further degraded to prevent their accumulation and aggregation. 

Hek293t cells expressing ataxin1-Q92 showed both full-length ataxin-1 and several smaller 

proteolytic fragments on western blot stained for polyQ (figure 4A, upper panel, left lane). 

Inhibition of the proteasome by MG132 reduced the amount of these proteolytic fragments, 

suggesting that the proteasome is involved in the degradation of this protein into fragments 

(figure 4A, upper panel, middle lane). Inhibition of TPPII increased the levels of these proteolytic 

fragments (figure 4A, upper panel, right lane), suggesting that TPPII is involved in the clearance 

of polyQ fragments derived from proteasomal degraded ataxin-1-Q92. This effect was reduced 

when the tPPii mutant tPPii
G252R was expressed (figure 4b), indicating that the TPPII complex 

is needed for degrading these polyQ fragments, similarly as observed for polyQ peptides. Also 

a TPPII-induced reduction in insoluble polyQ fragments was observed by filtertrap analysis 
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Figure 4: A) Western blots of cells transfected with ataxin1-Q92 treated with DMSO, MG132 or butabin-
dide. Upper panel, western blot stained for polyQ (αPolyQ) and lower panel, western blot the stained for 
actin (αActin). B) Upper panel, western blot of cell co-transfected with ataxin1-Q92 in combination with 
either pcdnA3, tPPiiwt or tPPiiG252R and stained for polyQ (αPolyQ). Middle two panels, western blots stained 
for actin (αActin) and TPPII (αTPPII), respectively. Lower panel is the filtertrap membrane stained for polyQ 
(αPolyQ). c) Upper panel, western blot of cells co-transfected with Htt-exon1-Q103-GFP in combination with 
either pcdnA3, tPPiiwt or tPPiiG252R and stained for polyQ (αPolyQ). Middle panels are western blots stained 
for actin (αActin) and TPPII (αTPPII), respectively. Lower panel is the filtertrap membrane stained for polyQ 
(αPolyQ). 
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(figure 4b). TPPIIwt also reduced the amounts of proteolytic fragments derived from Htt-exon1-

Q103-GFP (figure 4C). Similar to ataxin-1, only TPPIIwt was able to improve clearance of proteo-

lytic fragments, leading to reduced aggregation as determined by filtertrap analysis (figure 4C). 

Together, this indicates that TPPII can not only target polyQ peptides but is also involved in the 

clearance of larger polyQ fragments, suggesting that its endopeptidase activity can prevent 

polyQ accumulation and aggregation in the various polyQ disorders.

PolyQ diseases are manifested by intracellular protein aggregates which contain mainly 

truncated proteolytic fragments with the polyQ expansion [2, 3]. Ventrakaman et al. 

[21] showed that the proteasome can degrade polyQ proteins, but during this process 

almost pure polyQ repeats are released as the proteasome cannot cleave efficiently 

between glutamines. These released polyQ peptides need to be rapidly degraded by 

downstream peptidases to prevent polyQ peptide accumulation and aggregation [22]. 

bhutani et al. [23] identified PSA as the sole peptidase responsible for the clearance of 

polyQ peptides in vitro. However, PSA can only cleave small fragments from a polyQ 

peptide by its exopeptidase activity and is unable to target expanded polyQ peptides. 

Resent data suggests that the major contribution of PSA in the clearance of polyQ frag-

ments is the induction of autophagy (Menzies et al., submitted). TPPII was not identified in 

the approach by bhutani et al. [23], probably because of difficulties to keep the TPPII complex 

intact during purification, low concentrations of the used butabindide and/or longlivety of 

tPPii blurring siRnA approaches.

We identified tripeptidyl peptidase II to be able to clear polyQ peptides as a “classical” peptidase 

downstream of the proteasome. To our knowledge, this is the first description of a peptidase 

downstream of the proteasome that can degrade polyQ peptides or the proteolytic fragments 

generated from longer polyQ protein precursors. TPPII is a homomeric supercomplex (~6 MDa) 

composed of 20 dimers that can display both exo- and endo-peptidase activity [24-27, 29, 

30]. TPPII endopeptidase activity may cleave expanded polyQ peptides into fragments suitable 

for clearance by other exopeptidases including PSA. The activity of TPPII is regulated via its 

complex formation [24, 31], which is essential for the clearance of polyQ peptides. Whereas 

human and mouse TPPII can clear Q65 peptides, the TPPII mutants TPPII
G252R and MmtPPii+39 

were unable to cleave polyQ peptides. Since complex formation is important for polyQ peptide 

clearance, a potential therapeutic strategy would be to improve TPPII complex formation in 

patients in order to increase polyQ degradation. 
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Chemicals and reagents
The following substrates and inhibitors were used: H-AAF-AMC (100 μM; bachem, bubendorf, Swit-
zerland), butabindide oxalate (100 μM; Tocris biosciences, Ellisville, MO, USA), 3-methyladenine 
(5 mM; Sigma, St. Louis, MO, USA) and MG132 (20 μM; Enzo Life Sciences, Farmingdale, Ny, USA).

Cell culture, DNA constructs and fluorescence microscopy 
Human embryonic kidney cells (Hek293T) and Mel JuSO fibroblasts were cultured in IMDM (Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS) and penicillin/streptomycin/
L-glutamine. the cells were transiently transfected with polyethylenimine (Polysciences europe, 
Eppelheim, Germany). Inhibitors were added at 24 hours after transfection and cells were harvested 

16 hours later. When inhibitors were not used cell were harvested at 48 hours post-transfection. TPP+/+ and 
tPPii-/- cells (kindly provided by Dr. Kenneth Rock, University of Massachusetts Medical School, Worcester, 
MA, USA), were grown in DMEM (Invitrogen) supplemented with 20% FCS and L-glutamine. The human 
tPPiiG252R, MmtPPii, MmtPPii+39 and tPPiidhum were kindly provided by Dr. birgitta Tomkinson (Uppsala Uni-
versity, uppsala, sweden). the human tPPii wild-type was made by site-directed mutagenesis with general 
molecular cloning techniques (Raspe et al., manuscript in preparation). The psct-PSA plasmid was a kind 
gift of Dr. A. Fontana (University Hospital Zurich, Zurich, Switzerland) [38] and subcloned into pcDNA3 as 
described by Menzies et al. (submitted). TOP, LAP and bH plasmids were a kind gift of Dr. Kenneth Rock. The 
GFP-Ub-Q65 and Q112 cloning is described by Raspe et al. (2009) [22]. The Ub-m-ataxin1-Q92 plasmid is a 
kind gift of Dr. Nico Dantuma (Karolinska Institutet, Stockholm, Sweden) [39].
For fluorescence images, cells were grown on coverslips, transiently transfected and images were obtained 
using a DM IRb inverted light microscope with a 20x objective (Leica, Mannhein, Germany). 
 
Fluorogenic activity assays
Cells were harvested and lysed in PbS with 100 μM digitonin for 30 minutes on ice, followed by a centrifu-
gation for 15 min at 20,800 xg at 4°C in a Eppendorf 5417R centrifuge (Eppendorf, Walldorf, Germany) 
to remove all membrane and nuclear fractions. Protein concentrations were determined by bradford 
colorimetric protein assay at 595 nm. Protein lysates (~20 μg) were suspended in PbS (96 wells plate) and 
H-AAF-AMC (100 μM) or the quenched peptides were added. The quenched Q8 peptide was synthesized 
as described by Reits et al. [19]. H-AAF-AMC and Q8 peptide fluorescence were measured with a Polarstar 
Galaxy (bMG Labtech, Offenburg, Germany) at 390 nm excitation and 460 nm emission for the H-AAF-AMC 
substrate and 485/520 nm for the quenched Q8-peptide.

Western blotting and filter retardation assay
cytosolic extracts were generated by lysing cells with PBs containing 0.1 % triton X-100 for 30 minutes on 
ice, and the supernatant was used after centrifugation of the lysate. Protein concentrations in the lysates 
were quantified by the bradford assay and separated on 12.5 % or 15 % SDS-PAGE and transferred to 
protran 0.2 µm nitrocellulose membranes (GE-healthcare, Piscataway, NJ, USA). Membranes were blocked 
in 5 % dry milk in Tris buffered saline (TbS), and incubated with anti-GFP in a dilution of 1/1000 (Molecular 
Probes, Invitrogen), anti-ubiquitin in a dilution of 1/100 (Sigma), anti-actin in a dilution of 1/10,000 (Sigma), 
anti-TPPII in a dilution of 1/500 (Santa Cruz biotechnologies, Santa Cruz, CA, USA), the anti-polyglutamine 
3b5H10 in a dilution of 1/1000 (Sigma) or 1C2 in a dilution of 1/1000 (MAb1574; Millipore, billerica, MA, 
USA) [40]. Secondary antibodies were IRDye680 and IRDye800 in a dilution of 1/15,000 (LI-COR bioscienc-
es, Lincoln, NE, USA). The blots were imaged with the use of the Odyssey imager (LI-COR biosciences). Filter 
retardation assays were performed as described previously [34]. briefly, at 48 hours after transfection, 
HEK293T cells were lysed for 30 minutes on ice in PbS containing 0.1 % Triton-X100. After centrifugation 
for 15 minutes at 20,800 xg 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 250 U benzonase (Merck, Darmstadt, Germany). 
Reactions were stopped by adding 2x termination buffer (40 mM EDTA, 4 % SDS, 100 mM DTT). Aliquots of 
60 μg protein extract were diluted in 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris; pH 8.0) and filtered 
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through a 0.2 μm cellulose acetate membrane (Schleicher and Schuell, Dassel, Germany) 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% nonfat milk (Protifar Plus, Nutricia, Zoetermeer, The Netherlands) 
in TbS. Captured aggregates were detected by incubation with 1C2 antibody and further treated as for 
western blotting. 
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