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Prion diseases are associated with the conversion of cel-

lular prion protein (PrPC) to toxic b-sheet isoforms (PrPSc),

which are reported to inhibit the ubiquitin-proteasome

system (UPS). Accordingly, UPS substrates accumulate in

prion-infected mouse brains, suggesting impairment of the

26S proteasome. A direct interaction between its 20S core

particle and PrP isoforms was demonstrated by immuno-

precipitation. b-PrP aggregates associated with the 20S

particle, but did not impede binding of the PA26 complex,

suggesting that the aggregates do not bind to its ends.

Aggregated b-PrP reduced the 20S proteasome’s basal

peptidase activity, and the enhanced activity induced by

C-terminal peptides from the 19S ATPases or by the 19S

regulator itself, including when stimulated by polyubiqui-

tin conjugates. However, the 20S proteasome was not

inhibited when the gate in the a-ring was open due to a

truncation mutation or by association with PA26/PA28.

These PrP aggregates inhibit by stabilising the closed

conformation of the substrate entry channel. A similar

inhibition of substrate entry into the proteasome may

occur in other neurodegenerative diseases where mis-

folded b-sheet-rich proteins accumulate.
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Introduction

Prion diseases are fatal neurodegenerative disorders

whose pathogenesis is associated with a conformational

rearrangement of the normal cellular prion protein (PrPC)

to abnormal infectious isoforms (PrPSc) (Prusiner, 1982).

Neuropathological findings include spongiform change,

marked neuronal loss and astrogliosis, and the accumulation

of PrPSc in the brain. Although they share the same amino-

acid sequence, PrPC is mainly a-helical, whereas PrPSc is b-

sheet rich. Also, PrPSc is less soluble in detergents and more

resistant to proteases (Prusiner, 1998). To date, the cause

of prion-mediated neurodegeneration remains unclear.

Although PrPC is essential for prion disease development,

PrPC knockout mice show no gross pathology (Bueler et al,

1993; Mallucci et al, 2002). Therefore, loss of PrPC function is

not the cause of prion-mediated cell death and pathology

must result from a toxic gain-of-function associated with

conversion of PrPC to b-sheet-rich PrPSc. Indeed, many path-

ways have been proposed to explain precise mechanisms of

neuronal cell death in prion disease (Caughey and Baron,

2006; Collinge and Clarke, 2007; Tatzelt and Schatzl, 2007).

Evidence suggests that functional impairment in the ubi-

quitin-proteasome system (UPS) may be important in prion

diseases (Deriziotis and Tabrizi, 2008). This pathway cata-

lyses the rapid elimination of misfolded cell proteins and

many proteins critical in regulating gene expression and

metabolism (Goldberg, 2003). In the UPS, protein substrates

are covalently linked to a polyubiquitin chain, which leads to

rapid binding and degradation by the 26S proteasome

(Glickman and Ciechanover, 2002). This ATP-dependent

proteolytic complex consists of the 20S core particle and

one or two 19S regulatory particles. The 20S proteasome is

a barrel-shaped complex within which substrates are

degraded. It is composed of four stacked rings, containing

seven a-subunits in the two outer rings and seven b-subunits

in the two inner rings. Three of these b-subunits have

peptidase activity (Glickman and Ciechanover, 2002): the

b1-subunits have caspase-like activity, b2-subunits have

trypsin-like activity and b5-subunits have chymotrypsin-like

activity. The N-termini of the a-subunits function as a gate

into the proteolytic chamber and block substrate entry (Groll

et al, 2000; Smith et al, 2007; Gillette et al, 2008; Rabl et al,

2008). The six ATPase subunits that comprise the base of the

19S (Rpt1-6) regulate gate opening in the 20S proteasome,

which leads to increased entry and hydrolysis of peptides and

unfolded proteins (Kohler et al, 2001; Smith et al, 2005).

Impairment of the UPS has also been suggested to con-

tribute to the pathogenesis of neurodegenerative conditions

such as Huntington’s disease (HD), Parkinson’s disease (PD)

and Alzheimer’s disease (AD) (Rubinsztein, 2006). In these

diseases, misfolded proteins accumulate as aggregated intra-

neuronal inclusions or as neurofibrillary tangles, which con-

tain ubiquitin and proteasomes. Conditional depletion of 26S
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proteasomes in neurons of the substantia nigra or forebrain in

mice results in neurodegeneration with inclusions resembling

Lewy bodies in PD (Bedford et al, 2008). In prion disease,

prion-infected mouse brains have increased levels of ubiqui-

tin conjugates, which correlate with decreased proteasome

function (Kang et al, 2004); and the Hectd2 gene which

encodes a ubiquitin ligase, was identified as a gene influen-

cing incubation time for prion disease in mice (Lloyd et al,

2009).

Increasing evidence suggests that soluble micro-aggregates

of misfolded proteins, rather than larger protein inclusions,

are toxic to neurons in these diseases (Rubinsztein, 2006).

It is possible that the build-up of such aggregates eventually

overwhelms the UPS, causing a functional impairment. We

reported that aggregated b-sheet-rich PrP oligomers inhibit

the proteolytic activities of the 26S proteasome, an effect

specific to PrP in an aggregated, non-native b-sheet confor-

mation (Kristiansen et al, 2007). By contrast, the recombinant

protein in a PrPC-like conformation and other fibrillar amy-

loidogenic proteins was not inhibitory. Using a transgenic

mouse model expressing a short-lived reporter protein

(Lindsten et al, 2003), we presented further evidence for

impairment of the UPS in prion-infected brains (Kristiansen

et al, 2007). Therefore, impairment of the UPS may have an

important role in prion and other neurodegenerative diseases

characterised by accumulation of misfolded proteins, but the

biochemical mechanisms underlying this dysfunction remain

unclear.

Inactivation of any one of the three active sites of the 20S

proteasome slows, but does not block, protein degradation; in

fact, in order to impair protein degradation significantly, the

chymotrypsin-like sites as well as either the caspase-like or

the trypsin-like sites need to be inhibited (Kisselev et al,

2006). We found previously that aggregated b-sheet-rich PrP

isoforms inhibit peptide hydrolysis by all these sites, although

the trypsin-like activity was inhibited to a lesser extent

(Kristiansen et al, 2007). There are two possible explanations

for these effects. First, the aggregated PrP species may enter

the 20S particle and directly inhibit its three active sites. This

mechanism seems unlikely as the pore of the 20S barrel does

not exceed 2 nm in diameter (Groll et al, 2000); consequently,

aggregated proteins should not be able to enter this particle.

Alternatively, PrP isoforms may inhibit the entry of protein

and peptide substrates into the 20S proteasome perhaps by

blocking gate opening by the regulatory ATPases. Such an

effect should reduce its ability to digest proteins as well as

small peptide substrates, but to varying extents. In fact,

Kisselev et al (2002) showed that agents or mutations that

promote gate opening enhance most dramatically the hydro-

lysis of hydrophobic and acidic peptides whose breakdown is

limited by entry into the particle, but have lesser effects on

hydrolysis of basic peptides which is limited by the slow

turnover rate of the trypsin-like site (Kisselev et al, 2002).

Therefore, an inhibitory effect of the aggregated PrP on gate

opening should result in a more marked reduction in

the chymotrypsin-like and caspase-like activities, as was

observed (Kristiansen et al, 2007).

The aim of the present study was to determine how

aggregated b-sheet-rich PrP species interact with the protea-

some and inhibit its function. Here, we present evidence that

they inhibit by decreasing gate opening in the 20S particle,

leading to a reduced capacity of the proteasomes to degrade

peptides and proteins. We also demonstrate that PrP isoforms

directly interact with the 26S proteasome both in vitro and

in vivo, and cause an accumulation of key UPS substrates

in prion-infected mouse brains. This ability of aggregated

b-sheet-rich PrP isoforms to block substrate entry into the 20S

proteasome may be a model for understanding pathogenic

mechanisms in other neurodegenerative diseases, where

there is also an accumulation of misfolded b-sheet-rich

proteins and impairment of protein degradation.

Results

Key UPS substrates accumulate in prion-infected mouse

brain

Previously, we presented evidence that the UPS is impaired in

prion-infected brains of transgenic mice expressing a short-

lived reporter protein (Kristiansen et al, 2007). In order to

confirm that the UPS was impaired in vivo, we assayed the

levels of three important substrates. During inflammation,

IkB is a rapidly degraded proteasomal substrate that accu-

mulates upon treatment of cells with proteasome inhibitors

(Palombella et al, 1994). Assays of IkBa levels by western

blot in RML prion-infected mouse brains revealed a signifi-

cant accumulation above those in matched controls

(Figure 1A). Levels of two additional endogenous proteaso-

mal substrates, the cyclin-dependent kinase inhibitor, p27

(Figure 1B), and the p53 tumour suppressor protein

(Figure 1C), were also significantly greater in RML prion-

infected mouse brains than in matched controls. Since there

was no significant difference in transcript expression between

prion-infected and control brains (Supplementary Figure S1),

the increased levels of IkBa, p27 and p53 are most likely due

to reduced proteasomal function.

PrPSc and 26S proteasome components associate with

each other in vivo

To investigate whether PrPSc binds to the 26S proteasome

during infection in vivo, we tested if anti-PrP antibody (Ab)-

coated beads could co-immunoprecipitate 26S components

from prion-infected brain. We observed that PrP co-immuno-

precipitated both the 20S particle and the 19S subunit, Rpt1,

in RML prion-infected mouse brain (Figure 2A). It could also

be seen to co-immunoprecipitate another 19S subunit, Rpn7

(Supplementary Figure S2). In similar experiments, anti-20S

Ab-coated beads co-immunoprecipitated PrP from an RML

prion-infected mouse brain fraction (Figure 2B). The immu-

noprecipitate was then analysed by immunoblotting with an

anti-PrP antibody either directly (Figure 2B, middle) or after

proteinase K (PK) digestion (Figure 2B, bottom), which

revealed the triplet of protease-resistant bands characteristic

of prion disease-associated PrPSc. Control experiments using

BSA-coated beads did not precipitate any proteins (Figure 2A

and B). These results indicate a specific association between

PrPSc and 26S proteasome components in prion-infected

brains.

Aggregated b-PrP binds directly to human 20S and 26S

proteasomes

Full-length recombinant mouse PrP (aa23-231) was folded

into either an a-helical structure representative of native

PrPC (a-PrP), or a predominantly b-sheet species, termed

b-PrP, that has similar physico-chemical properties to PrPSc

Prions inhibit substrate entry into the proteasome
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Figure 1 Accumulation of substrates of the UPS occurs in prion-infected mouse brains. (A) IkBa, (B) p27 and (C) p53 levels are significantly
increased, assessed by immunoblot relative to b-actin expression, in four end-stage prion-infected mouse brain homogenates as compared with
four uninfected controls (***Po0.001, **Po0.01, and *Po0.05, respectively).

Figure 2 PrPSc and 26S components co-immunoprecipitate. (A) 20S proteasomes and 19S components co-precipitate with PrP from prion-
infected mouse brain using anti-PrP antibody-coated beads. Immunoprecipitated (IPanti-PrP), control (using beads coated with BSA alone; IPBSA-

coated) and unbound (supernatant) fractions, together with starting material (input) and antibody-coated beads alone (Ab-coated beads), were
immunoblotted with anti-PrP, anti-20S and anti-Rpt1 antibodies. Boxed areas highlight specific bands as distinct from immunoglobulin chains
eluted from the antibody-coated beads. An increased proportion of the IP fraction was loaded for detection of Rpt1. Separate panels showing
images as detected by the same antibody are from the same immunoblot. (B) PrPSc co-precipitates with the 20S particle from prion-infected
mouse brain using anti-20S antibody-coated beads. IPanti-20S, control (IPBSA-coated) and unbound (supernatant) fractions, and input starting
material, were immunoblotted with anti-20S and anti-PrP antibodies. The characteristic triplet of protease-resistant bands revealed by proteinase
K (þPK) digestion of the IPanti-20S fraction demonstrates the presence of PrPSc. Aggregated b-PrP binds directly to 20S and 19S components.
(C) 20S and 19S components co-precipitate with PrP when human 26S proteasomes are incubated with aggregated b-PrP for 1 h at 371C and
immunoprecipitated using anti-PrP antibody-coated beads. IPanti-PrP, control (IPBSA-coated) and unbound (supernatant) fractions, together with
input starting material, were immunoblotted with anti-PrP, anti-20S, anti-Rpt1 and anti-Rpn7 antibodies. (D) 20S proteasome co-precipitates
with PrP when human 20S proteasomes are incubated with aggregated b-PrP for 1 h at 371C, but not when incubated with aggregated a-helical
PrP. The IPanti-PrP fraction and input starting material were immunoblotted with an anti-20S antibody. No 20S subunits were detected in the
aggregated b-PrP-only control. The anti-20S antibody used to visualise the 20S recognises the following subunits: a5/a7, b1, b5 and b7.
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(Jackson et al, 1999b), as described previously (Kristiansen

et al, 2007). To determine whether PrP interacts directly with

the 26S proteasome, we incubated purified human 26S par-

ticles with aggregated b-PrP and then added anti-PrP Ab-

coated beads. 20S proteasome and 19S components (Rpt1

and Rpn7) were precipitated by the anti-PrP antibody

(Figure 2C). Control experiments using BSA-coated beads

did not precipitate significant amounts of any 26S proteasome

components (Figure 2C). In similar experiments, human 20S

proteasomes were incubated with either aggregated b-PrP or

heat-aggregated a-PrP before incubation with the anti-PrPAb-

coated beads. 20S subunits were precipitated by the anti-PrP

antibody in the presence of aggregated b-PrP, but not with

aggregated a-PrP (Figure 2D). These results demonstrate that

aggregated b-PrP has a high affinity for the 20S particle,

suggesting a strong interaction between b-sheet-rich PrP

species and 20S proteasomes.

b-Sheet-rich PrP isoforms inhibit degradation of casein

To assess the functional relevance of prion-induced inhibition

of the UPS, we measured the effects of different PrP isoforms

on the degradation of a model protein substrate, FITC-casein,

by purified 20S proteasomes (Kisselev et al, 1999).

Pre-incubating yeast 20S proteasomes with aggregated

b-PrP markedly reduced the degradation of casein and this

inhibitory effect was dependent on the amount of b-PrP

added (Figure 3A). When an equal amount of aggregated

a-PrP was added, there was little or no inhibition of FITC-

casein degradation (Figure 3B), showing that aggregation

per se is not sufficient.

Low concentrations of aggregated PrP inhibit peptide

hydrolysis by the 20S proteasome

Our previous data suggested that the inhibitory species

are small aggregates of oligomeric b-sheet-rich PrP

(Kristiansen et al, 2007). To further define this inhibition,

we monitored the chymotrypsin-like activity of wild-type

yeast 20S proteasomes after incubation with increasing

amounts of aggregated b-PrP. Half-maximal inhibition of

the 20S particles was observed at between 90 and 180 nM

aggregated b-PrP, where concentrations are calculated based

upon the total amount of free monomeric protein added

(Figure 4A). However, because most of the b-PrP is aggre-

gated, the actual number of free molecules in solution must

be much lower. Since the concentration of 20S proteasomes

in the reactions was 9 nM, the affinity of aggregated b-PrP for

the proteasome must be quite high.

b-Sheet-rich PrP isoforms inhibit wild-type 20S

proteasomes, but not an open-gated mutant

As protein aggregates cannot enter the narrow 13 Å channel

into the 20S proteasome, and therefore should not interact

directly with its proteolytic sites, we tested whether aggre-

gated b-sheet-rich PrP isoforms inhibit opening of the gated

substrate entry channel in the 20S proteasome a-ring.

To examine this possibility, we tested the ability of b-sheet-

rich PrP isoforms to inhibit a variant of the 20S proteasome

that contains a constitutively open gate (a3DN-20S) by means

of a nine residue truncation of its a3 N-terminus (Groll et al,

2000). This deletion prevents formation of the closed-gate

conformation. Proteasome inhibitors that block the proteoly-

tic sites can readily inhibit the ‘open-gated’ mutant 20S

proteasome, but if agents affect gate opening, they should

not be able to influence the peptidase activity of this mutant.

When aggregated b-PrP or PrPSc isolated from prion-in-

fected mouse hypothalamic neuronal cells (ScGT-1;

Kristiansen et al, 2007) were incubated with wild-type 20S

proteasomes, both caused a significant reduction in all three

peptidase activities (Figure 4B). By contrast, in the a3DN

mutant 20S particles, these PrP species had no effect on

peptide hydrolysis by the three different active sites

(Figure 4C). To confirm that the mutant a3DN 20S protea-

somes had an open gate, we compared its basal activity

with that of the wild-type 20S particle. As expected, these

Figure 3 b-Sheet-rich PrP species inhibit casein degradation by purified 20S proteasomes. (A) Increasing concentrations of aggregated b-PrP
(&¼ control; K¼ 250 mg/ml; &¼ 500 mg/ml; J¼ 1 mg/ml) decrease the degradation rate of FITC-labelled casein by wild-type yeast 20S
proteasomes. (B) Aggregated a-helical PrP causes much less inhibition than aggregated b-PrP (&¼wild-type 20S alone; &¼ 1 mg/ml a-PrP;
J¼ 1 mg/ml b-PrP). The molar ratio in these reactions of 1 mg/ml PrP to yeast 20S proteasomes is 69:1 based upon the total amount of free
monomeric PrP added. Each graph is representative of at least three independent experiments.
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open-gated mutants showed much higher basal activity

(Figure 4D). In addition, the peptidase activities we moni-

tored were specific to the proteasome, since addition of the

specific proteasome inhibitor, epoxomicin, completely abol-

ished the chymotrypsin-like activity of these preparations

(Figure 4E). These data imply that aggregated b-sheet-rich

PrP species inhibit gate opening in the 20S proteasome,

which can account for the previously described inhibition

of 26S proteasomal function (Kristiansen et al, 2007).

Aggregated b-PrP binds open-gated mutant 26S

proteasomes

As was found using the 20S particles (Figure 4), aggregated

b-PrP significantly reduced the chymotrypsin-like activity of

wild-type 26S proteasomes, but did not inhibit the activity of

open-gated a3DN 26S particles (Figure 5A). Possibly this

failure to inhibit the open-gated a3DN proteasomes could

be due to an inability to bind to the mutant particles.

To assess whether aggregated b-PrP associates directly

with open-gated a3DN 26S proteasomes, we used anti-PrP

Ab-coated beads to test if the a3DN mutant 26S could be

co-immunoprecipitated from these reactions. When wild-type

and a3DN 26S proteasomes were incubated with aggregated

b-PrP, and then incubated with anti-PrP Ab-coated beads, the

20S core components were precipitated (Figure 5B). Control

experiments using BSA-coated beads did not precipitate the

20S components (Figure 5B). Thus, although aggregated

b-PrP binds to the constitutively open-gated a3DN mutant

Figure 4 b-Sheet-rich PrP species inhibit wild-type yeast 20S proteasomes, but not an open-gated 20S mutant. (A) Half-maximal inhibition of
wild-type yeast 20S proteasomes (9 nM) is observed between 90 and 180 nM aggregated b-PrP (molar concentrations are based upon the free
monomeric protein added). (B) Aggregated b-PrP (20 mg/ml) or PrPSc semi-purified from RML prion-infected ScGT-1 cells (20 mg/ml) inhibits all
three peptidase activities of the wild-type yeast 20S proteasomes (Po0.001 versus respective controls). (C) Aggregated b-PrP and semi-purified
PrPSc have no inhibitory effect on the activities of the open-gated a3DN yeast 20S mutant. (D) As expected for an open-gated mutant, a3DN 20S
particles show much higher basal chymotrypsin-like activity compared with wild-type 20S. (E) Chymotrypsin-like activity is abolished in both
wild-type 20S and a3DN 20S mutant proteasomes after pre-treatment with 50mM epoxomicin (EPOX), a specific proteasome inhibitor. (F) The
inhibitory effect of aggregated b-PrP on the trypsin-like activity of the 26S proteasome was seen at low substrate concentrations and not at high
concentrations. Human 26S proteasomes were incubated with or without 20mg/ml aggregated b-PrP, before the addition of Boc-LRR-amc
substrate (ranging from 20 to 100mM) to monitor trypsin-like activity.
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proteasomes, it fails to inhibit substrate entry and degrada-

tion. Therefore, b-PrP must inhibit proteasome function by

acting on the gating mechanism.

Effects on trypsin-like activity also suggest reduced

substrate entry

These findings, and ones below, indicate that misfolded PrP

inhibits the 20S proteasome gating mechanism, and therefore

should reduce the hydrolysis of all substrates. However, in

most experiments, peptide substrates of the chymotrypsin

and caspase sites are inhibited more by aggregated b-PrP than

those of the trypsin sites (see Figures 4B and 6). In fact, the

rate of substrate cleavage by the chymotrypsin-like and

caspase-like sites is more sensitive to gate opening than by

the trypsin-like site (Kisselev et al, 2002). This is because gate

opening will only enhance substrate hydrolysis if its rate of

diffusion into the 20S particle is slower than its rate of

cleavage by the active sites, and the trypsin-like site has a

much lower turnover rate than the other active sites.

Consequently, the entry of its substrates is typically not rate

limiting for degradation, but can be made rate limiting by

lowering the concentration of its substrates, for example, Boc-

LRR-amc (Kisselev et al, 2002). If the b-sheet-rich PrP iso-

forms inhibit the cleavage of this substrate of the trypsin-like

sites by blocking gate opening, the aggregated b-PrP should

reduce its hydrolysis at low, but not at higher concentrations.

Accordingly, aggregated b-PrP was more inhibitory at lower

Boc-LRR-amc concentrations (Figure 4F), where entry into

the particle becomes rate limiting. These findings further

support our conclusion that the PrP species are inhibiting

proteasome function by reducing substrate entry into the 20S

particle.

Aggregated b-sheet-rich PrP isoforms inhibit Rpt5-

stimulated 20S proteasomes

Gate opening in the 26S proteasome is regulated such that

when the 19S ATPase subunits, Rpt2 and Rpt5, bind ATP,

their C-termini dock into intersubunit pockets in the 20S

particle a-ring and induce gate opening. This effect requires

a conserved HbYX motif in the C-termini (Smith et al, 2007;

Gillette et al, 2008; Rabl et al, 2008), which interacts with

residues in these pockets. To investigate whether aggregated

b-sheet-rich PrP isoforms can inhibit this gate opening pro-

cess, we used a synthetic 8-residue peptide (KANLQYYA)

corresponding to the C-terminus of the mammalian Rpt5

subunit (termed Rpt5), which has previously been shown

to induce gate opening (Smith et al, 2007). As expected, this

C-terminal peptide strongly induced gate opening in human

20S proteasomes, since it stimulated substrate cleavage by all

three proteolytic sites (Figure 6; Supplementary Figure S3).

We then examined whether pre-incubating these particles

with aggregated b-sheet-rich PrP species affects their

response to the gate opening peptide. Both aggregated

b-PrP (Figure 6A) and semi-purified PrPSc (Supplementary

Figure S3A) blocked much of the Rpt5-induced increase in

peptide entry, even though the Rpt5 peptide was present in a

25-fold molar excess over the total amount of b-sheet-rich PrP

isoforms added. Furthermore, when the Rpt5 activator was

added before the aggregated b-PrP or PrPSc, the aggregated b-

sheet-rich PrP species caused a similar reduction in activation

of 20S proteasomes (Figure 6B; Supplementary Figure S3B).

In agreement with our previous findings (Kristiansen et al,

2007), substrate entry was inhibited only by the specific

pathogenic conformation of b-PrP and PrPSc, as neither

heat-denatured b-PrP, denatured PrPSc nor heat-aggregated

a-PrP were inhibitory (Supplementary Figure S3C).

However, it should be noted, as shown in Figure 6A, the

inhibition of substrate entry by the aggregated b-PrP is

primarily due to a large decrease in basal gate opening.

When the b-PrP was present, the addition of Rpt5 peptide

still caused a large stimulation of the breakdown of all three

types of substrates, whose hydrolysis then resembled or

exceeded that seen in untreated control proteasomes

(Figure 6A). Thus, the aggregated species does not inactivate

this Rpt5 gate opening mechanism, but reduces markedly its

efficacy, most likely by helping maintain the closed state.

Aggregated b-sheet-rich PrP inhibits gate opening

in 26S proteasomes stimulated by polyubiquitin

conjugates

It has recently been reported that the binding of polyubiqui-

tin-conjugated proteins to the 19S activator stimulates sub-

strate hydrolysis by increasing gate opening in the 20S

proteasome (Bech-Otschir et al, 2009; Peth et al, 2009).

This mechanism appears to be important in enhancing the

selectivity of the 26S proteasome for ubiquitinated proteins.

To test whether b-sheet-rich PrP species are able to inhibit

Figure 5 Aggregated b-PrP binds directly to both wild-type yeast
26S proteasomes and an open-gated 26S mutant. (A) Aggregated b-
PrP (50mg/ml) inhibits chymotrypsin-like activity of wild-type yeast
26S proteasome (Po0.001 versus relative control), but not the
open-gated a3DN 26S mutant. (B) 20S components co-precipitate
with PrP when either wild-type or a3DN yeast 26S proteasomes are
incubated with aggregated b-PrP for 1 h at 371C and immunopreci-
pitated using anti-PrP antibody-coated beads. Immunoprecipitated
(IPanti-PrP) and control (IPBSA-coated) fractions, together with the
starting material (input), were immunoblotted with anti-PrP and
anti-20S antibodies.
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this induction of gate opening, they were incubated with

affinity-purified 26S proteasomes in the presence of the E3

ligase, E6AP, which had either been allowed to autoubiqui-

tinate by incubation with E1 and E2 ligases and ATP (Peth

et al, 2009) (Ub-E6AP), or which remained in its unconju-

gated state as a control. As expected, only Ub-E6AP increased

gate opening of the 26S proteasome, as assayed by its

chymotrypsin-like activity, by approximately two-fold.

However, the addition of aggregated b-PrP decreased the

activity of the 26S to the basal (unstimulated) levels

(Figure 7). Since the stimulation by Ub conjugates involves

the ATPase C-termini (Peth et al, 2009), this clear inhibition

of gate opening is in accord with the inhibition of gate

opening in the 20S particle by Rpt5 peptides.

Aggregated b-sheet-rich PrP isoforms do not inhibit

activation of 20S proteasomes by 11S regulators

Gate opening in the 20S proteasome can also be stimulated by

a very different molecular mechanism by the 11S family of

proteasome activators. PA26, the invertebrate 11S homologue

of mammalian PA28, binds tightly to the ends of the 20S outer

ring and stabilises the open-gate conformation (Whitby et al,

2000), but by a mechanism that is different to that of the

ATPase subunits (Smith et al, 2007; Rabl et al, 2008). PA26 is

a single subunit complex that can be easily expressed in an

active homogenous form in Escherichia coli (Whitby et al,

2000; Yu et al, 2010), and the crystal structure of PA26 in a

complex with the 20S particle and its mechanism of inducing

gate opening are well defined (Whitby et al, 2000; Forster

et al, 2005). If aggregated b-sheet-rich PrP isoforms bind

similarly to the ends of the 20S particle to inhibit gate

opening, then they should competitively inhibit the binding

of 11S activators to the 20S proteasome. Therefore, their

effects on PA26-activated proteasomes were tested. As

expected, the recombinant PA26 caused a dramatic stimula-

tion (420-fold) of peptide hydrolysis by the 20S particles

(Figure 8A). 20S proteasomes were incubated with both

aggregated b-PrP and increasing concentrations of PA26

until a maximal stimulation of 20S was exceeded, indicating

a saturation of the proteasomes’ ends with PA26 complexes.

Then peptide hydrolysis was monitored to assay gate open-

ing. Although aggregated b-PrP by itself inhibited peptide

hydrolysis by the three different sites in the 20S particle (also

Figure 6 Rpt5-mediated gate opening in 20S proteasomes is decreased by b-sheet-rich PrP species. (A) Pre-incubating human 20S proteasomes
with 50mg/ml aggregated b-PrP species before the addition of Rpt5 prevents Rpt5-mediated gate opening of the 20S (Po0.001, versus
respective Rpt5-activated 20S alone). (B) Incubating human 20S proteasomes with Rpt5 and 50mg/ml aggregated b-PrP at the same time results
in inhibition of Rpt5-mediated gate opening in 20S (chymotrypsin Po0.01, caspase and trypsin Po0.001, versus respective Rpt5-activated
20S alone).

Figure 7 Gate opening in 26S proteasomes stimulated by polyubi-
quitinated conjugates is decreased by b-sheet-rich PrP species.
Incubating rabbit 26S proteasomes with polyubiquitinated E6AP
(Ub-E6AP) enhanced peptide hydrolysis (i.e., gate opening above
levels with the non-ubiquitinated E6AP). Addition of 50mg/ml
aggregated b-PrP results in inhibition of Ub-E6AP-mediated gate
opening in 26S proteasomes (Po0.001, versus respective E6AP-
incubated 26S alone).
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see Figure 6A), it did not inhibit at all the PA26-activated 20S

complex at any concentration of PA26 used (Figure 8A).

In fact, in most experiments, the activity in the presence of

aggregated b-PrP slightly exceeded than that in its absence.

By contrast, in parallel control experiments, the b-PrP still

inhibited the gate opening induced by Rpt 5 C-terminal

peptides (data not shown). Thus, the stimulating effects of

PA26 dominate over and prevent gate closing by b-PrP

aggregates, in sharp contrast with the gate opening mechan-

ism of the 19S regulatory particle and its Rpt5 ATPase, which

are susceptible to b-PrP inhibition.

The absence of any inhibition of PA26-activated protea-

somes led us to reinvestigate the effect of aggregated b-PrP on

PA28-activated proteasomes, as has previously been de-

scribed (Kristiansen et al, 2007). The 20S particles were

incubated with aggregated b-PrP and with increasing concen-

trations of purified PA28a/b, and then peptide hydrolysis was

monitored to assay gate opening. However, the preparation of

purified PA28 used previously (obtained from the same

commercial source and used at the same concentrations)

did not induce gate opening (Supplementary Figure S4A).

At very high concentrations of PA28a/b (as high as was

achievable), some small stimulation of gate opening above

control levels was seen, but surprisingly, no inhibitory effect

of aggregated b-PrP was observed. Aggregated b-PrP inhib-

ited peptide hydrolysis only at concentrations of PA28a/b that

failed by themselves to cause any activation (Supplementary

Figure S4A) (as was seen in the absence of PA28a/b). We

conclude, therefore, that our earlier observations suggesting

that b-PrP could inhibit PA28-activated proteasomes were

obtained with preparations of PA28a/b that were inactive at

the concentrations used. To obtain a clearer answer, there-

fore, as to whether or not aggregated b-PrP can inhibit

proteasomes activated by PA28, similar experiments were

carried out with recombinant PA28a, which unlike the prior

preparation stimulated gate opening dramatically (Supple-

mentary Figure S4B). The resulting peptide hydrolysis by the

PA28-activated 20S complex was not inhibited at all by aggre-

gated b-PrP at any concentration of PA28a used (Supplementary

Figure S4B), in accord with the results obtained with PA26

(Figure 8A).

Aggregated b-sheet-rich PrP and PA26 do not bind to

the same site on the 20S proteasome

Because aggregated b-PrP did not inhibit PA26-activated 20S

particles at any concentration of PA26 used, it is unlikely that

PA26 competes with the PrP aggregates for binding to the 20S

proteasome. To confirm this conclusion, we did a pull-down

experiment to determine whether aggregated b-PrP, the 20S

proteasome and PA26 were all found in one complex, and

whether saturating amounts of PA26 decrease b-PrP binding

to the 20S. Therefore, we used anti-PrP Ab-coated beads to

Figure 8 b-Sheet-rich PrP species bind to 20S proteasomes in the presence of PA26, but fail to inhibit PA26-mediated gate opening.
(A) Incubating human 20S proteasomes with varying concentrations of PA26 (0–1mg/ml) and 50mg/ml aggregated b-PrP does not reveal
any inhibition of PA26-mediated gate opening in the 20S. (B) Incubating human 20S proteasomes with 1 mg/ml PA26 does not displace its
binding by co-immunoprecipitation to aggregated b-PrP (50 mg/ml). IPanti-PrP, and unbound (supernatant) fractions, together with input starting
material, were immunoblotted with anti-PrP and anti-20S antibodies. (C) Aggregated b-PrP inhibits the control, but not PA26-stimulated 20S
proteasomes used in the immunoprecipitation reaction mixtures.
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test if the 20S particles could still be co-immunoprecipitated

in the presence of a saturating concentration of PA26.

Figure 8B shows that b-PrP was co-immunoprecipitated

with 20S proteasomes even when they were bound at both

ends to PA26 (i.e., when saturated; Figure 8B). PA26 was also

present in the PrP precipitates (Supplementary Figure S5A).

Thus, PA26 does not block the association of prions with the

20S particle and, in fact, even more proteasomes appeared to

be associated with b-PrP in the presence of PA26. Additional

assays confirmed that under these conditions, the 20S particle

was strongly activated by PA26, and b-PrP did not reduce its

activity in the presence of PA26 (Figure 8C). In similar

experiments, in which a saturating concentration of the

Rpt5 peptide was used, there was also no reduction in the

amount of 20S proteasomes that co-immunoprecipitated with

aggregated b-PrP in the presence of Rpt5 (Supplementary

Figure S5B), as was seen with PA26. Since aggregated

b-sheet-rich PrP and PA26 are able to bind to the 20S particle

at the same time, and since PA26 binds on top of the a-ring,

these data imply that the PrP does not bind to this surface,

and therefore, probably associates with the 20S particle’s

cylindrical walls (see Figure 9 for schematic cartoon).

Discussion

The present studies have uncovered a novel mechanism for

inhibition of proteasome function that appears to contribute

to the pathogenesis of prion disease. We previously found

that prion infection impairs protein degradation by the UPS in

mouse brain and cultured neurons by inhibiting the function

of the 26S proteasome (Kristiansen et al, 2007). However, the

exact mechanism by which b-sheet rich PrP isoforms reduce

proteasome activity was unknown. Here, we demonstrate

that disease-associated aggregated b-sheet-rich forms of PrP

impair protein degradation by inhibiting gate opening and

substrate entry into the 20S particle. Accordingly, b-sheet-rich

PrP species were found to decrease hydrolysis of various

peptides and proteins by purified yeast and human 20S

proteasomes, but did not inhibit yeast open-gated mutant

20S (a3DN) particles. Furthermore, b-sheet-rich PrP species

bind to, but fail to inhibit, open-gated mutant 26S protea-

somes and the PA26-20S complex, in contrast to the inhibi-

tory effect on wild-type 26S particles.

When 20S proteasomes are in a latent (non-activated)

state, the gate is formed by interactions of the N-terminal

tails of its seven a-subunits (Groll et al, 2000). In 26S

proteasomes, the 19S ATPases regulate the opening of this

entry channel, but several other regulatory factors (PA200,

PA28 or, in certain invertebrates, PA26) are known to activate

the 20S particle by causing gate opening by distinct ATP-

independent mechanisms. In addition, when ubiquitinated

proteins bind to 26S particles, the substrate entry channel is

opened further to fully activate the degradation of ubiquiti-

nated substrates (Bech-Otschir et al, 2009; Li and DeMartino,

2009; Peth et al, 2009). The structural backbone of the 20S

proteasome gate is provided by the N-terminus of the 20S’s

a3-subunit, and its deletion in the a3DN mutant prevents

formation of the closed-gate conformation, leaving the pro-

teasomes in a continually activated (open-gated) form (Groll

et al, 2000). Since aggregated b-sheet-rich PrP can bind to,

but cannot inhibit open-gated a3DN particles, or 20S-PA26

complexes in which the gate is buried and inaccessible

(Whitby et al, 2000; Forster et al, 2005), these b-PrP species

cannot be binding directly to the gate, but must act indirectly

and allosterically to stabilise its closed form (e.g., as pro-

posed in Figure 9). By contrast, if the b-PrP aggregates were

able to traverse the narrow pore into the 20S particle, which

is sterically highly unlikely, and to directly inhibit the active

sites located within its central chamber, then the magnitude

of the inhibition of peptide hydrolysis would be equal to or

greater in the a3DN mutant 20S proteasomes than in wild-

type particles. However, the exact opposite results were

observed.

Another observation consistent with an effect on gating

was that b-PrP aggregates caused greater inhibition of the

hydrolysis of substrates by the chymotrypsin-like and cas-

pase-like sites than by the trypsin-like site, whose rate of

hydrolysis (under typical substrate concentrations) is limited

primarily by slow turnover rate of this active site rather than

by substrate entry (Kisselev et al, 2002). Accordingly, treat-

ments that promote gate opening (e.g., the a3DN deletion) or

inhibit it (e.g., incubation with intracellular levels of KCl) also

have smaller relative effects on the trypsin-like activity. This

novel mechanism of inhibition by aggregated b-sheet-rich PrP

species at the level of gate opening contrasts sharply with that

of the proteasome inhibitors widely used as research tools

and in the clinic for treatment of haematological malignan-

cies, all of which bind to the peptidase sites, particularly the

chymotrypsin-like site (Kisselev and Goldberg, 2001).

During proteolysis, the 19S complex carries out multiple

ATP-dependent processes resulting in the translocation of a

Figure 9 Schematic model proposing the location of aggregated
b-PrP binding to the 20S proteasome. Since aggregated b-PrP
species do not inhibit open-gated mutant 20S proteasomes
(a3DN), and because they remain bound to the 20S even in the
presence of saturating concentrations of PA26 (which completely
occludes the ends of the 20S), this indicates that they do not inhibit
the 20S proteasome either by entering the degradation chamber or
by binding at the end surface of the 20S a-ring to block substrate
entry or affect gate opening. Therefore, the most likely site of
binding is the outer lateral surface of the 20S particle, where PA26
does not bind. Since the aggregated b-PrP inhibits gate opening to
block proteasome function, it most likely makes contact with the
lateral side of the 20S a-subunits, as shown.
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polypeptide through the gated entry channel into the 20S

particle (Pickart and Cohen, 2004; Peth et al, 2009). When the

19S ATPases bind a nucleotide, their conserved C-terminal

HbYX motifs dock into the pockets between the adjacent

a-subunits, functioning like a ‘key in a lock’ to destabilise the

closed conformation and open the gate (Smith et al, 2007;

Rabl et al, 2008). Peptides that correspond to these C-termini,

such as the Rpt5 used here, function similarly to induce gate

opening (Smith et al, 2007; Gillette et al, 2008). Structural

analyses of the homologous complex from archaea indicate

that the HbYX residues interact with conserved residues in

the 20S proteasome, triggering a rotation of the a-subunits to

cause gate opening (Rabl et al, 2008; Yu et al, 2010). By

themselves, these C-terminal peptides have relatively low

affinities for the intersubunit pockets, and therefore under

these in vitro conditions must be continually binding and

dissociating, leading to a continual opening and closing of the

gate. This weak binding can explain why a similar inhibition

of gate opening was observed irrespective of whether the

b-PrP species were added before or after activation of the 20S

particle with Rpt5.

Though the b-sheet-rich PrP aggregates reduced the extent

of gate opening with Rpt5, it should be noted that in the

presence of the aggregated b-PrP, the Rpt5 peptide still

enhanced gate opening several fold. Thus, while b-PrP

favours the closed state, the Rpt5 peptide promotes gate

opening, and when both are present, a partial gate opening

response was observed. A similar partial inhibition of gate

opening was observed with 26S proteasomes, in which gate

opening was stimulated by the addition of a polyubiquitin-

conjugated protein. In addition to targeting protein to the 26S

complex, ubiquitin conjugates (e.g., the ubiquitinated E6AP

used here) have been shown to bind to the Usp14 subunit of

the 19S regulator to enhance gate opening and substrate

hydrolysis (Bech-Otschir et al, 2009; Peth et al, 2009).

Thus, polyubiquitinated substrates appear to activate the

proteasome and to allosterically stimulate their own degrada-

tion, a step coupled to the disassembly of the ubiquitin chain

by the Usp14 (Peth et al, 2009). Although b-sheet-rich PrP

aggregates clearly reduce the extent of gate opening induced

by polyubiquitin conjugates, the polyubiquitin was still able

to induce further gate opening in the presence of aggregated

b-PrP, as was also observed using 20S proteasomes and the

Rpt5 peptide.

It is especially intriguing that while aggregated b-sheet-rich

PrP decreases basal, Rpt5-stimulated 20S and polyubiquitin-

stimulated 26S activities, the PrP does not inhibit the activa-

tion of the 20S by PA26 or PA28. Although both 11S regulators

and the proteasome regulatory ATPases (e.g., Rpt5) associate

with the 20S particle via docking of their C-termini into the a-

ring pockets, they stimulate gate opening by distinct mechan-

isms (Whitby et al, 2000; Forster et al, 2005; Rabl et al, 2008;

Yu et al, 2010). Gate opening by PA26 also requires a separate

activation domain, which pushes on the base of the gating

residues, destabilising the closed conformation and stabilis-

ing the open gate. Interestingly, this mechanism involves only

a small (B1.5 Å) shift of Pro17 upon PA26 binding and does

not require large conformational changes in the a-ring

(Forster et al, 2005). In contrast, binding of the 19S

ATPases’ C-termini or peptides containing a HbYX motif by

themselves induce a 4o rotation of the entire a-subunits to

reposition the critical Pro17 so as to destabilise the closed

form and cause gate opening. Since aggregated b-sheet-rich

PrP inhibits basal and Rpt5-activated 20S proteasomes, and

the 26S proteasome, but not the 20S-PA26 (or 20S-PA28)

complex, they probably act by stabilising the ‘un-rotated’

(closed-gate) subunit conformation. Such an effect would

reduce gate opening and proteolysis induced by the C-termini

of the ATPases, but not by PA26, which induces gate opening

without a-subunit rotation. Latent 20S particles, when gently

isolated, are normally in the closed-gate conformation at

371C, but they exhibit a low level of peptidase activity due

to a spontaneous basal rate of gate opening in which the 20S

gate is constantly fluctuating between open and closed states

(Osmulski et al, 2009). Therefore, binding of aggregated

b-PrP species to the 20S particle presumably inhibits this

spontaneous opening to reduce basal activity by stabilising

the closed (‘un-rotated’) form of the a-subunits.

These results raise the obvious question—how does the

aggregated b-PrP species bind to and inhibit the 20S protea-

some? Our data show that aggregated b-sheet-rich PrP re-

mains bound to the 20S proteasome in the presence of

saturating concentrations of PA26, even though it does not

inhibit this PA26-20S complex. Given that the b-sheet-rich

PrP aggregates are far too large to enter the narrow 13 Å

channel of the proteasome, and that PA26 binds tightly to

both ends of the 20S barrel, then by exclusion the b-PrP

aggregates must bind to the outer lateral surface of the 20S

(as suggested in Figure 9). This model is also consistent with

our prior observations that these relatively large b-sheet-rich

PrP aggregates inhibit the 26S proteasome without displacing

the 19S regulatory particles (Kristiansen et al, 2007), which

bind to the same ends of the 20S particle as PA26. Binding to

the outer surface is compatible with a mechanism in which

aggregated b-PrP inhibits gate opening by the 19S ATPases by

interfering with a-subunit rotation (Rabl et al, 2008, Yu et al,

2010), but cannot inhibit gate opening by PA26, which uses

an activation loop to affect the gate directly without causing

subunit rotation. The lateral surface of the 20S particle has

deep crevices and pockets that could certainly act as potential

binding sites, and association with the lateral surface near the

a-ring is the most plausible location where the b-sheet-rich

aggregates could inhibit gate opening by the 19S complex

without displacing it from the 20S particle (Figure 9).

In other protein-misfolding neurodegenerative disorders,

there is evidence that soluble oligomeric aggregates, rather

than large insoluble aggregates, are the disease-causing pro-

tein species (Caughey and Lansbury, 2003; Haass and Selkoe,

2007). Indeed, subclinical models of prion infection, where

extracellular prion amyloid plaques accumulate but do not

cause disease (Hill et al, 2000), suggest that prion neurotoxi-

city is not due to extracellular PrPSc per se, but due to the

accumulation of cellular oligomeric intermediates produced

during prion conversion or breakdown of PrPSc (Collinge and

Clarke, 2007). Structural studies of recombinant PrP have

shown that its protease-resistant core can fold into both

amyloid fibrils and b-sheet-rich oligomers (Baskakov et al,

2002; Sokolowski et al, 2003), but the sizes of such b-

oligomers remain poorly defined (Martins et al, 2006;

Gerber et al, 2007). Moreover, unlike aggregated b-sheet-

rich PrP, PrP amyloid fibrils do not inhibit the 26S proteasome

(Kristiansen et al, 2007). The current observations also sup-

port the notion that the inhibitory species is small, although

structural characterisation at this stage is not possible due to
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the highly insoluble and heterogeneous nature of PrP aggre-

gates. When yeast 20S proteasomes were incubated with

increasing amounts of aggregated b-sheet-rich PrP, the

apparent IC50 was between 90 and 180 nM (monomeric

concentration), which corresponds to a molar ratio of 10–20

PrP monomers per 20S proteasome in the solution. Although

the mean number of monomers per b-PrP aggregate is

unknown, the aggregates of b-PrP must be present at much

lower concentrations approaching that of the 20S particle in

these experiments and must, therefore, have a high affinity

for the proteasome.

Several prior observations indicate a large impairment of

protein degradation by the UPS in prion-infected cells and

mouse brain (Kristiansen et al, 2007). Recent findings that

transgenic mice expressing mutant, albeit non-infectious

(Chiesa et al, 2003), forms of PrP associated with certain

inherited human prion diseases do not show UPS impairment

(Quaglio et al, 2011), contrast with the clear accumulation of

ubiquitinated proteins and reporter substrates indicating UPS

dysfunction when cells or animals are inoculated with in-

fectious prions (Kang et al 2004, Kristiansen et al 2007).

Differences may also be accounted for by acute versus

chronic expression of mutant proteins, and their aggregation

status, as found recently in cellular and transgenic models of

HD (Ortega et al, 2010). Furthermore, we found here that

aggregated b-sheet-rich PrP impairs 20S-mediated degrada-

tion of FITC-labelled casein in vitro, and causes accumulation

of several specific short-lived UPS substrates in vivo, includ-

ing IkBa (Alkalay et al, 1995), p27 (Pagano et al, 1995) and

p53 (Ciechanover, 1994). The accumulation of such critical

short-lived regulators of fundamental cellular processes

(Toyoshima and Hunter, 1994; Perkins and Gilmore, 2006)

could lead to impairment of neuronal function and contribute

to neurotoxicity. In this regard, the accumulation of IkBa
could be particularly important since it normally inhibits

NF-kB activation. Furthermore, increased levels of p27 in

prion-infected brain could lead to cell-cycle arrest by binding

cyclin and Cdk molecules and, in fact, proteasome inhibitors

are known to arrest cell proliferation in part by increasing p21

and p27 levels (Baiz et al, 2009). Similarly, as p53 is a key

regulator of apoptosis in response to DNA damage (Levine,

1997), its accumulation in neural cells could also have

detrimental consequences.

Here, we present evidence that prion disease-associated

aggregated b-sheet-rich PrP species inhibit the proteasome by

decreasing gate opening in the 20S particle. We also demon-

strate that PrP isoforms directly interact with the 26S protea-

some both in vitro and in vivo, and cause an accumulation of

key UPS substrates in prion-infected mouse brains. Our

findings, moreover, may have relevance beyond prion dis-

eases. For example, in AD, similar in vitro studies have

demonstrated a direct binding of amyloid b-protein (Ab) to

bovine 20S proteasomes resulting in a reduction in chymo-

trypsin-like activity (Gregori et al 1995, 1997). Furthermore,

AD transgenic mice show impaired proteasome activity that

correlates with an accumulation of intraneuronal Ab oligo-

mers (Tseng et al, 2008), but the precise mechanisms under-

lying these observations remain unknown. Our findings,

therefore, serve as a model for understanding how misfolded

b-sheet-rich proteins may impair proteasome function in

other neurodegenerative diseases that are also characterised

by the accumulation of such protein species.

Materials and methods

Reagents
Human 26S and 20S proteasomes, Suc-LLVY-amc, Boc-LRR-amc and
PA28 were from Enzo Life Sciences. Ac-nLPnLD-amc and Z-GGL-
amc were from Bachem, and recombinant PA28a was from Abcam.
Rpt5 peptides were synthesised by EZBiolabs. PA26 was synthesised
in B121 cells and purified by affinity with a Ni-NTA column, as
described (Yu et al, 2010). Wild-type yeast 20S proteasomes were
purified from the EUROSCAF Saccharomyces cerevisiae wild-type
strain BY4741 (MATa his3-D1, leu2-D0, met15-D0, ura3-D0), as
described (Bajorek et al, 2003). The a3DN yeast 20S mutant
proteasomes were a kind gift from Dr Alexei Kisselev, Dartmouth
Medical School, USA; wild-type and a3DN yeast 26S proteasomes
were from Dr Andreas Peth, Harvard Medical School, USA. Rabbit
26S proteasomes were isolated by affinity purification, as described
(Besche et al, 2009). Ubiquitin conjugates were prepared by
allowing the ubiquitin ligase, E6AP, to autoubiquitinate. GST-tagged
E6AP, expressed in E. coli, was incubated with E1, UbcH5 as the E2
and ATP, and the conjugates were eluted with 5 mM glutathione, as
previously described (Peth et al, 2009). Murine recombinant PrP in
either the oxidised (a-PrP) or reduced (b-PrP) form was prepared
and aggregated as described (Jackson et al, 1999a, b; Kristiansen
et al, 2007). PrPSc was semi-purified from RML-infected GT-1 cells
(Kristiansen et al, 2007).

Assaying proteasome activity with fluorogenic substrates
Unless otherwise specified, human 26S (0.4 nM) or 20S (1.4 nM)
proteasomes were assayed using fluorogenic peptides, as described
previously (Kristiansen et al, 2007). Briefly, proteasomes were
incubated in a reaction buffer containing 50 mM Tris–HCl (pH 7.4),
1 mM DTT and 100mM fluorogenic substrate (Suc-LLVY-amc, Ac-
nLPnLD-amc or Boc-LRR-amc). Human 20S proteasomes were
activated with 250mM Rpt5, or with PA28 or PA26 as indicated.
Yeast wild-type and a3DN 20S particles were used at 9 nM for yeast
proteasome assays. Yeast wild-type and a3DN, and human 26S
proteasomes were used at 0.4 nM in the presence of 2 mM ATP and
10 mM MgCl2. Rabbit 26S proteasomes were used at 5 nM in 25 mM
HEPES (pH 7.5), 2.5 mM MgCl2, 125 mM CH3CO2K, 0.05% Triton X-
100, 0.1mg/ml BSA, 0.5 mM DTT, 0.5 mM ATP and 10mM
fluorogenic substrate (Z-GGL-amc). Fluorescence was measured
every 30 s for 45 min (lex/lem¼ 360:460).

Casein degradation by yeast 20S proteasomes
Wild-type yeast 20S proteasomes (0.6mM) were incubated with
varying amounts of aggregated b-PrP or aggregated a-PrP for 1 h at
301C. HiLyteTM-488 casein conjugate was then added to each
reaction (AnaSpec). Fluorescence was measured every 5 min
(lex/lem¼ 492:535).

Co-immunoprecipitation
RML mouse prions were propagated in CD1 mice, which were
culled when terminally sick. Whole brains were homogenised in
PBS as described (Kristiansen et al, 2005), diluted to 1 mg/ml in
PBS/1% Tween-20 (PBS-T) and incubated for 20 min on ice. Debris
was removed by centrifugation at 2000 g (2 min). The supernatant
(500mg; starting material) was incubated overnight with 40ml
magnetic tosyl-activated beads (Invitrogen) coated with either
mouse monoclonal antibody to PrP (ICSM35; D-GEN), rabbit
polyclonal antibody to the ‘core’ 20S subunits, or with BSA alone
as a control, as per the manufacturer’s instructions. The beads were
isolated using a DynaMag magnet (Invitrogen), which allows the
removal of the unbound fraction (supernatant), and washed four
times with PBS-T before being resuspended and boiled in SDS
sample buffer (IP fraction). In similar experiments, human 20S
proteasomes (0.1mM) were incubated with 30 mg/ml aggregated
b-PrP or 30mg/ml aggregated a-PrP in 50 mM Tris–HCl (pH 7.4),
1 mM DTT for 1 h at 371C. The samples were then incubated with
either ICSM35-coated or control BSA-coated beads overnight and
the beads were then isolated and washed as described above.
Further experiments were performed using human 26S, wild-type or
a3DN yeast 26S proteasomes in 50 mM Tris–HCl (pH 7.4), 1 mM
DTT, 10 mM MgCl2 and 2 mM ATP. Immunoblotting was conducted
on starting material (input), unbound (supernatant) and IP
fractions, using rabbit polyclonal anti-20S (Enzo Life Sciences;
recognises a5/a7, b1, b5, b5i, b7) and ICSM35 anti-PrP antibodies.
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PrP was analysed by immunoblotting the IP fraction either directly
or after PK digestion (5 mg/ml PK for 45 min at 371C). 19S
components Rpt1 and Rpn7 were detected using specific mono-
clonal and polyclonal antibodies, respectively (Enzo Life Sciences).

SDS–PAGE and immunoblotting
Whole brains from terminally-ill RML-infected mice (CD1 for IkBa
and p27; C57BL/6 for p53) were homogenised and electrophoresed
as described (Kristiansen et al, 2005), blotting with a rabbit
polyclonal anti-IkBa antibody (Santa Cruz; 1:1000), a mouse
monoclonal anti-p27 antibody (F-8 clone, Santa Cruz; 1:200) or a
mouse monoclonal anti-p53 antibody (Cell Signaling Technology;
1:1000). Densitometry was performed using the Kodak Digital
ScienceTM Image station 440CF (IS440CF) system and analysed
using the Kodak ID Image Analysis Software (Perkin-Elmer Life
Sciences).

Quantitative PCR
RNA was isolated from whole brains from uninfected or RML prion-
infected end-stage mice using TRIzol (Invitrogen). Total RNA was
reverse transcribed using Superscript II Reverse Transcriptase and
random primers (Invitrogen). Ikba, P27 and P53 real-time PCR was
performed using 1 ml cDNA on a 7500 Fast Real-time PCR System
(ABI). ROX MegaMixGold (Microzone) was used for Ikba and SYBR
Green (ABI) for P27 and P53. Transcript-specific primers were used
for Ikba (forward 50-ACCTGCACACCCCAGCAT-30, reverse 50-CGT
GTGGCCATTGTAGTTGGT-30, probe 50-TCCACTCCGTCCTGC-30); P27
(forward 50-GTGGACCAAATGCCTGACTC-30, reverse 50-TTCGGA
GCTGTTTACGTCTG-30); and P53 (forward 50-GCGTAAACGCTTCGA
GATGTT-30, reverse 50-TTTTTATGGCGGGAAGTAGACTG-30). Mouse
b-actin was used as an endogenous control. The relative amount of
specifically amplified cDNA was calculated from standard curves
using the comparative threshold cycle method.

Statistical analysis
Data are expressed as mean±s.e.m. of at least three experiments,
unless stated otherwise. Data containing two groups were analysed
using an unpaired Student’s t-test; groups of three or more were
analysed by one-way analysis of variance with Tukey–Kramer
post hoc tests. For all statistical analyses, a value of Po0.05 was
considered significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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