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Misfolded PrP and a novel mechanism of proteasome inhibition
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rion diseases comprise a family of
fatal
caused by the conformational re-arrange-

neurodegenerative  disorders
ment of a normal host-encoded pro-
tein, PrP¢, to an abnormal infectious
isoform termed PrP%. Currently, the
precise cellular mechanism(s) underly-
ing prion disease pathogenesis remain
unclear. Evidence suggests a role for the
ubiquitin proteasome system (UPS),
a protein degradation pathway that is
critical for maintaining cellular proteo-
stasis. Dysfunction of the UPS has been
implicated in various neurodegenera-
tive diseases. However, the mechanisms
of this impairment remain unknown in
many cases, and evidence that disease-
associated misfolded proteins are able to
directly inhibit the function of the pro-
teasome has been lacking. Recently, we
have shown data describing a mechanism
of proteasome impairment by the direct
interaction of B-sheet-rich PrP to reduce
gate opening and inhibit substrate entry.
This novel mechanism may provide a
model for how other misfolded, disease-
associated proteins might interact with
the proteasome to disrupt its function.
Targeting the UPS to restore proteos-
tasis in neurodegenerative disorders in
which misfolded proteins accumulate
offers a possible target for therapeutic
intervention.

Prion diseases are associated with the con-
version of cellular prion protein (PrP¢) to
toxic [-sheet-rich isoforms (PrP%) that
are associated with disease pathogenesis.!
Their neuropathology is characterized by
tissue spongiosis, astrogliosis and extensive
neuronal loss. To date, however, the exact
cause(s) and underlying cellular events
of prion-mediated neurodegeneration are
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poorly understood. While PrP€ is critical
for disease-associated PrP conversion to
take place,? its loss is not the prime cause
of disease.? Therefore, prion disease patho-
genesis must be caused by a toxic gain-of-
function resulting from the actual PrP
conversion event. The conversion of PrP¢
to PrP* in cells following prion infection
is rapid, resulting in synthesis of PrP* at
the cell plasma membrane.® However, the
means by which misfolded PrP traffics
around the cell and its sub-cellular inter-
actions remain ill-defined. Nevertheless,
the PrP conversion process is associated
with various alterations in cellular func-
tion, including signaling, metabolism,
gene expression, and protein sorting and
degradation.

Proteostasis is a key homeostatic pro-
cess by which the amount and localization
of proteins in the cell is regulated. Thus,
all cells are able to selectively degrade
damaged or redundant proteins, which
could if they accumulated interfere with
normal cellular function. One of the
most important cellular mechanisms for
maintaining proteostasis is the ubiquitin
proteasome system (UPS). This pathway
catalyzes the rapid elimination of mis-
folded proteins, and regulates the levels
of many shortlived regulatory proteins
associated with cellular metabolism and
gene expression. It comprises a multi-step
process by which proteins are tagged for
rapid degradation by linkage to a chain
of ubiquitin molecules, which act to tar-
get the substrate for hydrolysis by the 26S
proteasome.’ These large proteolytic com-
plexes, resident in both the cytosol and
nucleus of eukaryotic cells, consist of a
20S core particle and up to two 19S regu-
latory particles. Protein substrates targeted
for degradation by the covalent linkage of
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Figure 1. The 20S proteasome comprises four rings of seven subunits each. The two inner

rings each contain seven B-subunits, including the 8, 3, and {3, sites that exhibit caspase-like,
trypsin-like and chymotrypsin-like activities respectively. The two outer rings each contain seven
a-subunits, the N-termini of which form the gate that prevents substrate entry in its closed state,
but when open allows substrate entry through the translocation pore into the catalytic core. The
19S ATPases dock into the intersubunit pockets of the a-ring to cause gate opening. Similarly,
11S activators, such as the PA26 shown here, also bind to the a-ring intersubunit pockets, but
cause gate opening by an alternative mechanism. The finding that aggregated B3-sheet-rich PrP
and PA26 do not bind to the same part of the 20S proteasome illustrates that such PrP species
cause their antagonistic effect on gate opening by binding to the proteasome’s lateral surface.
Figure adapted from Deriziotis P, et al. EMBO J 2011; 30:3065-77, courtesy of David M. Smith, West

a poly-ubiquitin chain are bound by the
19S particle, which disassembles the poly-
ubiquitin chain and recycles the individual
ubiquitin molecules. The substrate then
undergoes an ATP-dependent process by
which it is unfolded by the 19S particle
and translocated through a narrow gated
entry channel into the hollow cylindrical
core of the 20S proteasome. Once inside
this particle, the protein is cleaved into
small peptides, which are released from
the proteasome to be rapidly degraded by
cytosolic peptidases.

Neurodegenerative  diseases  such
as prion diseases, Alzheimer disease,
Parkinson disease, Huntington disease
and amyotrophic lateral sclerosis have
hallmarks that differ from one another,
but each is characterized by the accumula-
tion and aggregation of specific misfolded
proteins. These aggregated proteins may
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form inclusions such as Lewy bodies and
neurofibrillary tangles, which are gener-
ally characterized by the presence of ubig-
uitin. Indeed, ubiquitin is a good, albeit
non-specific, marker for many of the intra-
cellular inclusions and neuropil deposits
found in neurodegenerative disease. The
UPS, therefore, could be viewed as a path-
way that protects against neurodegenera-
tive disease, impairment of which during
on-going neurodegeneration may contrib-
ute to disease pathogenesis.® It is often
proposed that the UPS is usually able to
eliminate disease-associated misfolded
proteins, but under pathogenic conditions
such proteins gradually accumulate and
aggregate to an extent that overwhelms the
proteolytic capacity of a cell and impairs
normal function of the UPS. Such a fail-
ure of the cellular proteolytic machinery
could then cause an accumulation of other
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misfolded or abnormal proteins, leading
to a breakdown in normal neuronal func-
tion. Indeed, conditional depletion in
mice of 26S proteasomes in neurons of the
substantia nigra or forebrain leads to neu-
rodegeneration with inclusions resembling
Lewy bodies.” However, evidence that the
misfolded proteins in these various neuro-
degenerative diseases are able to directly
inhibit the function of the proteasome has
been lacking.

In prion diseases, the brains of mice
infected with prions have increased lev-
els of ubiquitin conjugates, which corre-
late with decreased proteasome function.®
Neuronal cells infected with prions have
reduced proteasomal activity against
model peptide and protein substrates.’
Moreover, cultured neuronal cells and
transgenic mice have a decreased capac-
ity to degrade ubiquitin-tagged fluores-
cent reporter proteins when infected with
prions. Such observations are consistent
with a loss of proteasomal activity, but
could also be due to defects in other parts
of the UPS pathway, such as ubiquitina-
tion. However, experiments using purified
26S proteasomes show a clear reduction
in activity when they are incubated with
recombinant PrP that is folded into a pre-
dominantly B-sheet-rich form similar to
PrP%, whereas a similar reduction is not
observed when the PrP is folded into the
a-helical structure of native PrP¢.” This
suggests that the changes in UPS func-
tion observed in prion disease are medi-
ated, at least in part, by the direct actions
of disease-associated PrP on the 26S
proteasome.

Until recently, however, it remained
unclear as to how exactly misfolded
B-sheet-rich PrP inhibited the degrada-
tion of substrates by the proteasome. The
20S proteasome is a hollow barrel-shaped
protein complex consisting of four stacked
rings, each containing seven sub-units
(Fig. 1). The two inner rings each com-
prise seven B-subunits, which together
contain the six proteolytic active sites.
These active sites differ in their specificity
toward peptide bonds in protein and pep-
tide substrates: two are chymotrypsin-like
and cleave after hydrophobic amino acid
residues; two are trypsin-like and cleave
after basic residues; and two are caspase-
like sites and cleave after acidic residues.
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Each of these proteolytic activities is
reduced when proteasomes are exposed to
B-sheet-rich PrP? The two outer rings of
the 20S particle contain seven a-subunits,
the N-termini of which interact to form a
gate that regulates substrate entry.!® This
gate is normally able to block substrate
entry, and is usually opened by the six
ATPase subunits (termed Rptl-6) that
comprise the base of the 19S regulatory
particle, leading to increased substrate
entry and hydrolysis. Therefore, for mis-
folded PrP aggregates to be able to directly
inhibit the proteolytic sites of the protea-
some, they would have to traverse both the
ATPase ring of the 19S regulator and the
even narrower (13 A) gated pore of the 208
particle. This is unlikely given the likely
size of the PrP aggregates and their prob-
able resistance to disassembly by the 19S
regulator. Thus, the most likely scenario
seemed to be that disease-associated PrP
aggregates act as a sticky plug that binds to
the proteasome to prevent entry of other
substrates into the 20S particle.

We tested this model, however, and
found that the inhibitory effects of B-
sheet-rich PrP on the 26S proteasome do
not occur by the PrP acting as a plug to
prevent substrate entry. Rather, the effect
occurs via a novel mechanism of antago-
nism of proteasome gate opening and
subsequent substrate entry.!! This was
demonstrated by examining the ability of
B-sheet-rich PrP species to inhibit variants
of the 20S and 26S proteasome that con-
tain a constitutively open gate, allowing
free access of substrates into the proteo-
lytic core. Such constitutively open 20S
particles are generated by a nine residue
truncation of the a3-subunit N-terminus
(a3AN) that prevents the formation
of the closed gate conformation. These
a3AN open-gated mutant proteasomes
are readily able to degrade substrates in
the absence of the activating 19S ATPases
and have a much higher basal proteo-
lytic activity than wild-type 20S protea-
somes. Proteasome inhibitors that block
the proteolytic sites readily inhibit a3AN
open-gated mutant 20S proteasomes in
the same way they do their wild-type
counterparts. The same would be true for
any agent acting as a sticky plug to block
substrate entry into the 20S proteasome
catalytic core. In contrast, however, if an
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agent directly affects the gate opening
mechanism, then it should not be able to
influence the peptidase activity of a3AN
open-gated mutant proteasomes. This is
exactly what was observed when B-sheet-
rich PrP was incubated with either «3AN
open-gated 20S or 26S particles, in con-
trast to the inhibitory actions seen in
wild-type proteasomes." These data sug-
gest that disease-associated misfolded PrP
isoforms inhibit gate opening in the 20S
proteasome, which accounts for the inhi-
bition of 26S proteasomal function.

The induction of 20S proteasome gate
opening by the 19S regulator is regu-
lated by two specific ATPase subunits,
Rptl and Rpt5. These subunits bind
ATP and then dock via their C-termini
into intersubunit pockets formed by
the a-subunits of the 20S particle in a
‘key-in-a-lock’ fashion to stimulate gate
opening and substrate entry.'” This pro-
cess can be mimicked using a synthetic
8-residue peptide corresponding to the
C-terminus of the Rpt5 ATPase, termed
CtRpt5, addition of which is sufficient
to induce 20S proteasome gate opening
and substrate hydrolysis. Misfolded PrP
aggregates are able to reduce substrate
hydrolysis by CtRpt5-activated 20S pro-
teasomes as they do the 26S proteasome
complex."! However, in the presence of
B-sheet-rich PrP, the CtRpt5 peptide is
still able to induce some increase in 20S
proteasome gate opening. Thus, rather
than directly blocking the actions of
CtRpt5, it appears that disease-associated
misfolded PrP conformers enhance the
closed state of the 20S proteasome gate,
which in the presence of the gate-opening
properties of CtRpt5 results in a partial
gate opening response.

Gate opening in the 20S proteasome
can also be stimulated by another family
of regulatory particles, the 118 activators.
These regulators, like the 19S regulator,
bind to the ends of the 20S proteasome
and induce gate opening, but they do so
by a mechanism that is different to the 19S
ATPases. It is intriguing, therefore, that
disease-associated PrP conformers are not
able to reduce the activity of 11S-activated
20S proteasomes, in stark contrast to their
effect on 20S proteasome gate opening
by the 19S ATPases (or their mimetic,
the CtRpt5 peptide)."! The 11S activators
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associate with the 20S proteasome by dock-
ing into the same intersubunit pockets of
the a-ring as the 19§ ATPases.”® However,
unlike the 19S ATPases, this is not suf-
ficient for the 11S activators to stimulate
20S proteasome gate opening, requir-
ing instead a separate activation domain.
Therefore, the means by which the 20S
proteasome gate is opened by either the
19S ATPases or 118 activators appears to
be quite different. Indeed, while the 11S
activators induce gate opening without a
major conformational change to the 20S
proteasome a-subunits," the 195 ATPases
do so with a large 4° rotation of the entire
a-ring.” It is conceivable, therefore, that
B-sheet-rich PrP acts to inhibit the 20S
proteasome by stabilizing its un-rotated,
closed-gate conformation, which would
reduce gate opening by the 19S ATPases,
but not gate opening without a-subunit
rotation by the 118 activators.

Taken together, these observations
raise an obvious question—how do dis-
ease-associated misfolded PrP conformers
bind to and inhibit the 20S proteasome?
Despite the fact that 11S-activated com-
plexes are not inhibited, B-sheet-rich PrP
remains bound to the 20S proteasome
in the presence of saturating concentra-
tions of the 11§ activator, PA26." Given
that these PrP aggregates are too large to
enter the 20S proteasome pore, and that
PA26 binds tightly to the a-subunits that
form the ends of the 20S proteasome bar-
rel, then by a process of exclusion it can
be concluded that B-sheet-rich PrP must
bind to the outer lateral surface of the
20S proteasome (Fig. 1). This explains
the inhibitory effect on 26S proteasomes
of these misfolded PrP aggregates without
any displacement of the 19S regulatory
particles,” which bind to the same end sur-
face of the 20S proteasome as PA26. This
association with the lateral surface of the
20S particle probably interferes with the
rotation of the a-subunits that is induced
by the 19S ATPases, but has no effect on
the ability of 11S activators to cause gate
opening via their activation loop with-
out a-subunit rotation. While a location
somewhere near the a-ring is most prob-
able, the exact site of B-sheet-rich PrP
binding to the 20S proteasome remains
to be elucidated. Further structural data
would be informative, but obtaining such
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information is difficult because of the het-
erogeneous and insoluble nature of the
protein aggregates involved.

The exact nature of the inhibitory PrP
species that interact with the 20S pro-
teasome also remains to be determined.
Structural studies of recombinant PrP
molecules folded into a B-sheet-rich con-
formation demonstrate a protease resistant
core that can either form insoluble amy-
loid fibrils or soluble prefibrillar oligo-
mers.'®"” The precise size and structure
of such oligomers remain poorly defined,
but PrP oligomers have been implicated
in prion disease toxicity and infectiv-
ity. In relation to the inhibitory effects
of B-sheet-rich PrP species on the pro-
teasome, they are abrogated by pre-incu-
bating such PrP preparations with an
antibody raised against protein aggrega-
tion intermediates, suggesting that they
are oligomeric.” Moreover, PrP amyloid
fibrils do not inhibit the proteolytic activ-
ity of the 26S proteasome. The apparent
IC, of the actions of aggregated recombi-
nant (3-sheet-rich PrP on 20S proteasomes
is 90—-180 nM monomeric PrP."! This cor-
responds to a molar ratio of 10-20 mono-
meric PrP molecules per 20S proteasome
in solution, but the concentration of PrP
aggregates must be much lower (although
the mean number of PrP monomers per
inhibitory aggregate remains unknown).
For the moment, however, precise struc-
tural characterization of the inhibitory
PrP species of the 20S proteasome is not
possible, again due to the heterogeneous
and insoluble character of PrP aggregates.

Although it is now clear that B-sheet-
rich PrP species can interfere with the
gating mechanism of the proteasome, the
degree to which this contributes to the
evident defect in protein degradation in
prion-infected cells remains unknown.
For example, it is possible that in addition
to its direct actions on the proteasome,
aggregating PrP may also sequester com-
ponents of the UPS such that its degra-
dative capacity becomes compromised,
or such species may perhaps exert other,
indirect effects on the UPS via altered cel-
lular metabolism and caspase activation.
Moreover, the degree to which dysfunc-
tion of the UPS per se is a critical toxic
mechanism in prion diseases remains
unknown. Recent findings that transgenic
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mice expressing mutant, albeit non-infec-
tious, forms of PrP associated with certain
inherited human prion diseases do not
show UPS impairment,'® contrast with
the clear accumulation of ubiquitinated
proteins and reporter substrates indicating
UPS dysfunction in prion-infected cells
and animals.®’ Certainly, prion disease
pathogenesis is likely to be multi-factorial,
but the critical nature of the UPS in serv-
ing as a quality-control system to main-
tain cellular proteostasis makes it easy to
envisage that a loss of proteasome function
could contribute to the perturbation and
loss of neurons characteristic of disease
pathogenesis. Indeed, it is unsurprising,
perhaps, that the addition of proteasome
inhibitors invariably promotes increased
neuronal dysfunction and death in cellu-
lar models of neurodegenerative diseases.
Moreover, several shortlived proteins
known to be UPS substrates have been
shown to accumulate in the brains of
prion-infected mice." Further studies to
determine how early in disease the UPS
dysfunction occurs will go some way to
establishing its likely importance in prion
disease pathogenesis.

The finding that B-sheet-rich PrP
impairs the UPS by interacting with the
20§ proteasome to antagonize gate open-
ing and inhibit substrate entry serves as
a model for how other misfolded pro-
teins associated with neurodegeneration
may impair UPS function. For example,
in Alzheimer disease, where transgenic
mouse models show impaired proteasome
activity that correlates with accumulat-
ing amyloid B-protein (AB) oligomers,'*°
in vitro studies have shown that AP
oligomers inhibit 20S proteasomes to
reduce their proteolytic activity.*** In
Huntington disease, UPS dysfunction is
observed following the induction of pro-
tein aggregation and inclusion formation
by mutant huntingtin.”> However, while
global changes in the cellular ubiqui-
tin system are observed in HD, with the
lysine-48-linked  poly-ubiquitin chains
associated with targeting substrates to
the proteasome being shown to accumu-
late early in disease pathogenesis,” this
appears in at least one transgenic mouse
model to be in the absence of any detect-
able impairment of proteasome catalytic
function.?® In a mouse model of another
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polyglutamine  disease,  spinocerebel-
lar ataxia 7, pathogenesis occurs in the
absence of any detectable UPS impair-
ment.” In Parkinson disease, it has been
shown that a-synuclein oligomers co-
precipitate with the 26S proteasome and
inhibit proteasomal activity,’®?” although
the mechanism of this inhibition has not
been elucidated. Therefore, it is feasible
that antagonistic actions on the 20S pro-
teasome, such as those by B-sheetrich
PrP, may account for the UPS dysfunc-
tion observed in other neurodegenerative
diseases. Given the recent description of
a selective small-molecule inhibitor of the
human proteasome-associated deubiquiti-
nating enzyme, USP14, which enhances
proteasome activity and the degradation
of tau, ataxin-3 and TDP-43 in cultured
cells,”® enhancing proteasomal activity
may offer a means of reducing the levels of
misfolded proteins associated with neuro-
degenerative diseases.
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