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The formation of insoluble protein aggregates in neurons is a
hallmark of neurodegenerative diseases caused by proteins with
expanded polyglutamine (polyQ) repeats. However, the mecha-
nistic relationship between polyQ aggregation and its toxic effects
on neurons remains unclear. Two main hypotheses have been put
forward for how polyQ expansions may cause cellular dysfunction.
In one model neurotoxicity results from the ability of polyQ-
expanded proteins to recruit other important cellular proteins with
polyQ stretches into the aggregates. In the other model, aggre-
gating polyQ proteins partially inhibit the ubiquitin–proteasome
system for protein degradation. These two mechanisms are not
exclusive but may act in combination. In general, protein misfold-
ing and aggregation are prevented by the machinery of molecular
chaperones. Some chaperones such as the members of the Hsp70
family also modulate polyQ aggregation and suppress its toxicity.
These recent findings suggest that an imbalance between the
neuronal chaperone capacity and the production of potentially
dangerous polyQ proteins may trigger the onset of polyQ disease.

Expansions of CAG trinucleotide repeats encoding polyglu-
tamine (polyQ) tracts in otherwise unrelated proteins are

responsible for at least nine different neurodegenerative dis-
eases (1–3). These diseases include Huntington’s disease (HD),
spinobulbar muscular atrophy, dentatorubral pallidoluysian at-
rophy, and spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, and
17. With the exception of spinobulbar muscular atrophy, these
neurodegenerative diseases are inherited in an autosomal dom-
inant manner. All nine disorders show late onset of neurological
symptoms with progressive neuronal dysfunction and eventual
neuronal loss, although the susceptible regions in the nervous
system differ among the various disorders. Generally, the patho-
logic length of the polyQ repeat is �40 or greater, whereas
healthy individuals have polyQ repeats with fewer residues.
Longer CAG repeats result in an earlier age of onset and a more
severe pathology, consistent with a disease mechanism by gain
of function. These fundamental observations point to a common
molecular mechanism underlying the pathology of polyQ dis-
eases. Exactly how polyQ expansions cause neuronal dysfunction
is still obscure, however.

A characteristic feature of polyQ diseases is the formation of
insoluble, granular, and fibrous deposits in affected neurons termed
neuronal inclusions, which have been studied extensively in HD (4).
HD is characterized by selective neuronal loss, primarily in the
cortex and striatum, leading to motor impairment, personality
changes, and dementia. The disease is caused by the expansion of
a polyQ segment located within the first exon of the gene encoding
huntingtin, an �350-kDa protein of unknown but essential function
(5, 6). The neuronal inclusions in HD have fibrillar morphology and
contain aggregated amino-terminal fragments of huntingtin (7).
Similar inclusions containing aggregated polyQ proteins are de-
tected also in other polyQ diseases (8, 9), suggesting a causal

relationship between these neurodegenerative disorders and amy-
loid fibrillogenesis (10). However, it remains unclear whether the
aggregates themselves are pathogenic, epiphenomenal, or even
beneficial. For example, large polyQ aggregates may provide an
advantage over small oligomers by exposing less potentially dan-
gerous protein surfaces.

It is thought that the aggregates result from the ability of long
polyQ stretches to form self-associating �-sheets (11, 12). Inter-
estingly, certain transcription factors containing polyQ segments
in the nonpathological range, such as TATA-binding protein
(TBP) and CREB-binding protein (CBP), are detected in neu-
ronal inclusions (13–15). It has been proposed that sequestration
of these essential proteins via polyQ–polyQ interactions may
cause neuronal toxicity. Additional proteins detected in neuro-
nal inclusions are ubiquitin, the 19S and 20S proteasome com-
plexes, and several molecular chaperones (8, 16–19). Impor-
tantly, the cellular components involved in protein folding and
degradation are associated also with intracellular inclusions in
other neurodegenerative diseases not caused by polyQ expan-
sion, including Alzheimer’s disease, Parkinson’s disease, and
the prion diseases (20), which suggests that common patho-
mechanistic principles may underlie these misfolding diseases in
general.

In this review, we focus mainly on the molecular mechanism
of polyQ aggregation and its cellular toxicity. The functional
relationship between molecular chaperones, the ubiquitin–
proteasome system, and polyQ aggregation will be discussed.

Mechanism of polyQ Aggregation
In 1994, Perutz proposed that long sequences of polyQ might be
able to form stable �-hairpins (11). These structures, also called
‘‘polar zippers,’’ consist of polyQ-containing �-strands held
together by hydrogen bonds between both main-chain and
side-chain amides. PolyQ-containing hairpins may self-associate,
forming stable �-sheet aggregates with fibrillar morphology. In
a recent, refined structural model, expanded stretches of polyQ
are proposed to form a cylindrical (helical), parallel �-sheet
rather than an antiparallel �-sheet (12). In this model, the
number of Q repeats per turn in polyQ fibrils is estimated at �20,
but a single 20-residue helical turn would be unstable. In
contrast, a polyQ segment with �40 residues could be stabilized
by amide hydrogen bonds between successive turns and could act
as a nucleus for further growth of a helical fibril. The external
and internal diameters of a cylindrical fibril are supposed to be
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�30 and 10 Å, respectively. Thicker amyloid fibers may consist
of two or more cylindrical �-sheet fibrils wound around one
another (10). A parallel �-sheet structure has been suggested
also for the amyloid fibrils formed by the yeast prion protein
Sup35 and the Alzheimer’s A� peptide (21–23).

The predicted length dependence of polyQ aggregation was
confirmed by in vitro experiments. Wanker and coworkers
showed that amino-terminal huntingtin fragments with polyQ
tracts exceeding a critical length of �40 residues form SDS-
resistant aggregates with a fibrillar morphology (24), similar to
that of A� amyloid and yeast prion protein Sup35 fibrils. It has
been proposed that fibril formation in general occurs by a
mechanism of nucleated polymerization (10, 25). This mecha-
nism is characterized by the rate-limiting formation of an
oligomeric nucleus from monomers that have undergone a
(transient) conformational change followed by rapid recruit-
ment of further monomers or oligomers into highly ordered
fibrils. A model of how such a mechanism may apply to polyQ
fibrils is shown in Fig. 1. In this model, the first step in the
aggregation process is proposed to be the repeat length-
dependent conformational change of polyQ monomers from
random coil to a parallel, helical �-sheet (12). This structural
conversion then results in the formation of ordered polyQ
oligomers that could function as nuclei for the rapid polymer-
ization of amyloid-like fibrils. Either the initial conversion or the
subsequent oligomerization may be the rate-limiting step in
polyQ fibrillogenesis, dependent on protein concentration. The
intramolecular formation of �-sheet structure is likely to be
rate-limiting only at high concentrations of polyQ protein, as
reported for the Sup35 protein (26). In the case of huntingtin
exon 1, proteolytic cleavage of the polyQ-containing segment
from a nonaggregating precursor construct in vitro initiates
aggregation, presumably by relieving steric restrictions and
facilitating both intramolecular conversions and formation of
oligomeric nuclei (24, 27). Thus, after cleavage, the concentra-
tion-dependent formation of soluble polyQ oligomers is likely to

be rate-limiting in the aggregation of this protein. Indeed, both
full-length huntingtin (350 kDa) and the SCA3 protein (ataxin-3,
42 kDa) are cleaved by as-yet-unidentified proteases in vivo (7,
28–30). The resulting production of polyQ-containing fragments
dramatically enhances the formation of intracellular inclusions
in both transgenic animals and cell-culture systems (28, 31, 32).

Relationship Between polyQ Aggregation and Toxicity
There are several lines of evidence that suggest a causal link
between polyQ aggregation and the disease process. The num-
bers of neuronal inclusions in patient brains and the severity of
neurological symptoms correlate with the polyQ repeat length of
the expressed protein (33). Furthermore, the inclusions are
present primarily in those neurons that are particularly vulner-
able to the disease (7–9). These phenomena have been repro-
duced in both transgenic animals and cell-culture systems. In
transgenic mice expressing polyQ-expanded HD exon 1, neuro-
nal inclusions containing aggregated HD protein form before
the onset of neurological symptoms (16). Regulated expression
of HD exon 1 in a conditional transgenic mouse model resulted
in a progressive neurological phenotype with polyQ inclusions in
the striatum and cortex (34). Unexpectedly, when expression of
HD exon 1 protein was switched off after polyQ aggregates had
formed, neurological symptoms disappeared along with the
intracellular inclusions. Although these observations do not
establish a causal relationship between the inclusions and either
disease initiation or progression, they link the process of polyQ
protein aggregation to cellular dysfunction and disease.

Elucidating the mechanism(s) by which polyQ aggregation
exerts cellular toxicity now represents one of the most challeng-
ing problems in the field. Interestingly, there are several reports
that the neuronal inclusions themselves are not necessary for the
initiation of symptoms and may even help to protect against
cellular dysfunction (35, 36). Saudou et al. showed that expres-
sion of a dominant-negative ubiquitin-conjugating enzyme in cell
culture reduces huntingtin aggregation but enhances its toxicity

Fig. 1. Hypothetical model for the pathway of polyQ aggregation and its modulation by molecular chaperones. The first step in the aggregation process is
thought to be the structural conversion of polyQ monomers from a random coil to �-sheet conformation, followed by oligomerization. Once oligomers have
formed, polymerization into amyloid-like fibrils occurs rapidly. Monomers or soluble oligomers with �-sheet conformation may be toxic intermediates in the
aggregation process, whereas amyloid fibrils as the end product of aggregation may be nontoxic. The Hsp70�Hsp40 chaperone system is proposed to prevent
the initial conformational conversion and eventually chaperone-associated disordered aggregates form. In contrast, Hsp104 is proposed to promote conversion
into �-sheet conformation at low relative concentration to polyQ protein but at high concentrations may dissociate soluble polyQ oligomers, thereby slowing
the aggregation process.
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(36). Zoghbi and coworkers reported similar results in SCA1
transgenic mice (37). These studies strongly indicate that micro-
scopically detectable inclusions are not necessary for disease
initiation. As mentioned above, the critical step in the aggrega-
tion process is thought to be an intramolecular conformational
change in the polyQ protein that precedes the formation of an
oligomeric nucleus (Fig. 1). It is possible that these nuclei or
other early, i.e., prefibrillar, oligomeric intermediates in the
aggregation process are the toxic agents. This idea parallels
the recent demonstration by two groups that early stages in the
process of protein misfolding and amyloid fibril formation are
important for cellular toxicity, whereas the fibrils themselves
are not toxic (38, 39). Specifically, soluble dimers and trimers of
the A� peptide impair neuronal functions in rat brains but not
A� monomers, protofibrils, and fibrils (39). The toxic aggrega-
tion intermediates of A� peptide accumulate extracellularly and
may damage cell surface structures. Similarly, the unprotected
�-sheets in intracellular polyQ oligomers or even in the mono-
meric polyQ fragments generated from full-length precursor
proteins may interact unfavorably with the surfaces of other
proteins, thereby impairing various cellular functions (Fig. 1). To
critically test this ‘‘toxic-intermediate’’ hypothesis of polyQ
disease, it will be important to define the biochemical and
biophysical properties of the exposed �-sheets in the soluble
states of polyQ proteins.

Transcriptional Dysregulation by polyQ Aggregation
Analyzing the cellular components contained in neuronal polyQ
inclusions may offer valuable clues as to how polyQ expansions
cause cellular dysfunction. To date, numerous proteins have
been shown to be sequestered into the inclusions using immu-
nohistochemical and biochemical approaches. One class of re-
cruited proteins comprises essential transcription factors with
nonpathological length polyQ tracts, such as TATA-binding
protein and CBP (13–15, 40). For example, Ross and coworkers
reported that CBP is depleted from its normal nuclear location
and becomes sequestered into polyQ aggregates in HD cell-
culture models, HD transgenic mice, and human HD postmor-
tem brains (15). The CBP homolog p300, lacking a substantial
polyQ stretch, is not recruited to neuronal inclusions, suggesting
that sequestration occurs via polyQ–polyQ interactions. Impor-
tantly, the expression of expanded polyQ proteins specifically
interfered with CBP-activated gene transcription, causing cel-
lular toxicity. Gene-array studies also showed that expression of
genes controlled by cAMP-response elements (CREs) is down-
regulated in HD transgenic mice or cell-culture models (41, 42).
More recently, transgenic mice with disruptions in two CRE-
binding proteins (CREB1 and CREM) in the adult forebrain
were shown to develop progressive neurodegeneration in the
dorsolateral striatum reminiscent of HD (43). Taken together, at
least in HD, dysregulation of CREB-mediated transcription by
sequestration of CBP into neuronal inclusions may cause cellular
toxicity.

Considering that alterations in gene expression have been
reported in several other polyQ disorders, including SCA1,
SCA3, and dentatorubral pallidoluysian atrophy (44, 45), se-
questration of transcription factors into neuronal inclusions
provides an attractive explanation for the toxicity common to
these diseases. Because transcription factors act in the nucleus,
this model also would explain the greater toxicity of intranuclear
versus cytosolic polyQ protein aggregation. Whether recruit-
ment is mediated by (toxic) intermediates in the aggregation
process or the final polyQ fibrils is still unclear. On the other
hand, additional, alternative mechanisms also may be involved in
polyQ-related transcriptional dysregulation. For example,
TAFII130, another important positive regulator of CREB-
mediated transcription, was shown to bind directly to long polyQ
stretches in SCA3 and dentatorubral pallidoluysian atrophy,

even though TAFII130 lacks a polyQ tract (45). Long polyQ
stretches also may cause a pronounced inhibition of the histone
acetyltransferase (HAT) activities of CBP and other proteins
such as P�CAF (p300�CBP-associated factor) by binding to their
acetyltransferase domains, not their polyQ tracts (46). Interest-
ingly, administration of histone deacetylase inhibitors had re-
markable beneficial effects in a fly model of HD (46). Although
it is unclear at the moment which mechanism(s) described above
is primarily responsible for alterations in gene expression by
polyQ expansion proteins, transcriptional dysregulation is clearly
one important element of polyQ toxicity (Fig. 2A).

Role of Molecular Chaperones in polyQ Aggregation
and Toxicity
Components involved in protein folding and degradation represent
another group of proteins frequently recruited to polyQ inclusions.
These factors include several molecular chaperones such as Hsp70
and Hsp40 as well as ubiquitin and the 20S and 19S proteasome
complexes (8, 16–19, 40). Their presence in aggregates suggests that
expanded polyQ tracts are recognized as misfolded conformers and
that cellular quality-control mechanisms are activated in an attempt
to prevent their accumulation (20).

Hsp70 chaperones promote protein folding by an ATP-
dependent process of binding and release of extended polypep-
tide segments enriched in hydrophobic residues that are typically
exposed by nonnative, i.e., fully or partially unfolded, proteins
(47, 48). These structural features often give rise to intermolec-
ular association (aggregation) mediated by hydrophobic inter-
actions and �-sheet formation (49). Hsp70 binding may prevent
protein aggregation directly by shielding the interactive surfaces
of nonnative polypeptides and indirectly by inhibiting or revers-
ing intramolecular misfolding. Hsp70 cooperates in this function
with members of the Hsp40 family. These cochaperones are
homologs of bacterial DnaJ and contain a so-called J domain.
They have a critical role in mediating substrate binding to Hsp70
but alone are inefficient in preventing aggregation. Most Hsp40s
recognize nonnative polypeptide segments and target them to
Hsp70 by a direct interaction. In addition, the J domain of Hsp40
activates the Hsp70 ATPase, thereby catalyzing the formation of
the ADP-state of Hsp70, which binds protein substrate tightly
(48). This Hsp40 effect may be particularly important for the
binding by Hsp70 of extended sequences not containing hydro-
phobic amino acid residues (50), such as polyQ. Expression of
Hsp70 and Hsp40 chaperones is induced under various condi-
tions of cell stress such as heat shock, which result in unfolding
and aggregation of certain proteins.

There are several reports that increased expression of the
Hsp70�Hsp40 chaperone system can suppress polyQ-induced
neurotoxicity in fly models (51–54) and a mouse model of polyQ
disease (ref. 55; Table 1) [reviewed by Bonini in this issue (ref.
56)]. These studies identified the Hsp40 protein dHdj1, the
Drosophila homolog of human Hdj1, and the J-domain cochap-
erone dTPR2 as well as dHsp70, a Drosophila homolog of human
Hsp70, as active components (51–54). Suppression of toxicity by
expression of Hdj1 or dTPR2 alone is most likely caused by the
ability of these cochaperones to activate the endogenous Hsp70
for polyQ protein binding, an effect that may be less pronounced
with other Hsp40 homologs. In contrast, expression of a dom-
inant negative mutant form of Hsp70 increased polyQ toxicity
(52). The finding by Cummings et al. that overexpression of
Hsp70 suppresses polyQ-induced toxicity in SCA1 transgenic
mice (55) validates molecular chaperones and the components
involved in regulating their expression as promising targets in
developing a possible therapy for polyQ diseases (57).

Surprisingly, in all cases studied, overexpression of Hsp70�
Hsp40 chaperones did not prevent the formation of polyQ
aggregates, although polyQ toxicity was suppressed. Experi-
ments by Muchowski et al. (58) helped to resolve this puzzle.
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They demonstrated that these molecular chaperones, when
present at sufficient levels, profoundly modulate the aggregation
process and the physical properties of the resulting polyQ
inclusions without significantly changing their appearance in the
f luorescence microscope. Purified mammalian Hsp70 and
Hsp40 (Hdj1) suppressed, in an ATP-dependent manner, the in
vitro assembly of polyQ-expanded HD exon 1 constructs into
ordered, SDS-insoluble amyloid fibrils and instead allowed the
formation of amorphous, SDS-soluble aggregates that were
associated with Hsp70 (ref. 58; Fig. 1). This effect of the
chaperones was reproduced in HD exon 1-expressing yeast (58)
and mammalian COS-1 cells (57) by coexpressing Hsp70 and
Hsp40 homologs. In addition, Bonini and coworkers demon-

strated in their Drosophila disease model that overexpression of
Hsp70�Hsp40 strongly increases the SDS-solubility of polyQ
aggregates (53). Considering that Hsp70 (in concert with Hsp40)
binds to extended polypeptide segments, it may inhibit the
formation of intramolecular �-sheet conformation and thus
block ordered oligomerization and fibril growth (Fig. 1). On the
other hand, binding of Hsp70 to the polyQ segments must be
transient and of relatively low affinity, because Hsp70 cycles its
substrates in an ATP-dependent manner, and glutamine is not a
preferred residue in Hsp70-binding peptides (59). Consequently,
the formation of irregular hydrogen bonds between polyQ
sequences, resulting in amorphous aggregation, might not be
suppressed efficiently except at a high molar excess of Hsp70.

Fig. 2. Two models for polyQ-mediated toxicity and its suppression by the Hsp70�Hsp40 chaperone system. (A) Transcriptional dysregulation. Intermediates
of polyQ aggregation recruit essential transcription factors, thereby inhibiting their transcriptional activities and causing cellular dysfunction. The Hsp70�Hsp40
chaperone system prevents this recruitment and thus mitigates polyQ toxicity. (B) Inhibition of the ubiquitin–proteasome system. PolyQ aggregation
intermediates trap the 19S regulatory complex (and other components of the degradative machinery), resulting in a partial inhibition of proteasome-dependent
proteolysis and eventually cellular dysfunction. The Hsp70�Hsp40 chaperone system may prevent or reduce this effect by stabilizing polyQ protein in a soluble,
degradation-competent state and shielding aggregates.
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Assuming that this proposed mechanism is correct in outline,
one would predict that Hsp70 and Hsp40 inhibit the recruitment
of other polyQ-containing proteins such as CBP and TATA-
binding protein into polyQ aggregates, explaining in part how the
chaperones may mitigate polyQ-induced neurotoxicity (Fig. 2 A).
In addition, the observed association of Hsp70 with the aggre-
gates may result in the coating of potentially dangerous surfaces.
Indeed, the normal cellular levels of Hsp70�Hsp40 (and other
chaperones) may be sufficient to control the damaging effects of
polyQ-expanded proteins for decades, but eventually aging
processes may result in a reduction of the available chaperone
capacity (20, 60). Thus, a shift in the balance between cellular
chaperone capacity and production of polyQ-expanded protein
may be crucial in triggering the onset of disease (‘‘chaperone
hypothesis of polyQ disease’’; ref. 58). Longer polyQ sequences
would require more chaperone binding to avoid a toxic aggre-
gation pathway, and therefore patients expressing such se-
quences would develop neuronal dysfunction earlier in life.

Interestingly, increased expression of Hsp70 also suppresses
the toxicity induced by the non-polyQ-containing protein
�-synuclein in a fly model for Parkinson’s disease, again without
altering the microscopic appearance of the neuronal inclusions
formed (61). This observation points to the exciting possibility
that the Hsp70�Hsp40 chaperone system has a general potential
in mitigating the toxicity caused by misfolding proteins.

Thus far only two other chaperones structurally unrelated to
Hsp70�Hsp40 have been identified as modulators of polyQ
aggregation (Table 1). Both belong to the Hsp100�Clp family of
AAA proteins (ATPases associated with various cellular activ-
ities; refs. 62 and 63). The yeast chaperone Hsp104 and its
bacterial homolog, ClpB, can solubilize small protein aggregates
in concert with Hsp70�Hsp40 (64, 65). Coexpression of Hsp104
with expanded polyQ protein reduced the formation of polyQ
aggregates in yeast (62) and Caenorhabditis elegans (66). In C.
elegans expression of polyQ protein in body wall muscle cells
strongly impairs the ability of the animals to move, an effect that
was shown to be alleviated by the expression of yeast Hsp104
(66). Interestingly, deletion of Hsp104 in yeast also prevented the
aggregation of expanded polyQ proteins (62, 67), thus recapit-
ulating the effects of Hsp104 on the aggregation of the yeast
prion Sup35, which contains a Q�N-rich amino-terminal domain

that mediates aggregation (68). It is proposed that Hsp104
catalyzes a structural change of Sup35 into an aggregation-prone
conformation (68). Similarly, Hsp104 may facilitate the conver-
sion of a polyQ random coil into �-sheet conformation, perhaps
by relieving a steric block exerted by sequences adjoining the
polyQ repeat (Fig. 1). Considering that overexpression of
Hsp104 also suppresses polyQ aggregation, it is possible that
excess amounts of the chaperone, in cooperation with Hsp70�
Hsp40, effectively dissociate polyQ oligomers that nucleate the
aggregation process (Fig. 1). A mammalian counterpart of
Hsp104 has not been identified yet, but VCP (valosin-containing
protein, the mammalian homolog of yeast Cdc48) is a distantly
related AAA protein involved in membrane fusion, protein
disassembly, and degradation (69–72). Higashiyama et al. re-
cently reported that loss-of-function mutants of VCP suppress
polyQ-mediated toxicity in SCA3 transgenic flies without inhib-
iting the formation of visible polyQ aggregates (63). Further in
vitro and in vivo studies will be required to investigate whether
VCP�Cdc48 affects polyQ aggregation by a mechanism similar
to that of Hsp104.

Role of the Ubiquitin–Proteasome System in polyQ
Aggregation and Toxicity
The ability of molecular chaperones to prevent (or reverse)
protein aggregation is also important in aiding the proteolytic
degradation of proteins that cannot be refolded (48). Most
cytosolic proteins destined for degradation are marked by co-
valent attachment of a polyubiquitin chain at lysine residues (73).
In this process, ubiquitin is activated first by the ubiquitin-
activating enzyme (E1) and then transferred to a ubiquitin-
conjugating enzyme (E2). The latter then links the activated
ubiquitin to the protein substrate in functional cooperation with
an E3 ubiquitin ligase, which acts as a specificity factor. Polyu-
biquitinated protein substrate is recognized and degraded by a
large molecular machine, the 26S proteasome, which consists of
a barrel-shaped proteolytic core complex of 20S, capped at both
ends by 19S regulatory complexes (74). The 19S cap can be
divided further into two subcomplexes, the ‘‘lid’’ and the ‘‘base.’’
The lid forms the distal part of the cap and functions in
recognition and binding of polyubiquitinated substrate proteins.
The base contacts the 20S core and contains a ring of six AAA

Table 1. Effects of molecular chaperones on polyQ aggregation and toxicity in vivo

Chaperones Organisms
PolyQ

disease model Aggregation Toxicity References

Hsp701 Mouse SCA-1 3 2 55
dHsp40 (dHdj1)1 Drosophila HD 3 2 51
dTPR21 Drosophila HD 3 2 51
dHsp701 Drosophila SCA-3 3 2 52
dHsp702 Drosophila SCA-3 n.d. 1 52
dHsp40 (dHdj1)1 Drosophila SCA-3 n.d. 2 53
dHsp40 (dHdj1)2 Drosophila SCA-3 n.d. 1 53
dHsp40 (dHdj2)1 Drosophila SCA-3 n.d. 2 53
dHsp701 � dHdj11 Drosophila SCA-3 3 22 53
dHsp40 (dHdj1)1 Drosophila HD n.d. 2 53
dHsp40 (dHdj2)1 Drosophila HD n.d. 3 53
dHsp40 (dHdj1)1 Drosophila SCA-1 3 (more compact) 2 54
dVCP�Cdc482 Drosophila SCA-3 3 2 63
dVCP�Cdc481 Drosophila SCA-3 3 1 63
Hsp1041 C. elegans DRPLA 2 2 66
Hsp70 (SSA1)1 S. cerevisiae HD 2 (�) 62
Hsp1041 S. cerevisiae HD 2 (�) 62
Hsp1042 S. cerevisiae HD 22 (�) 62
Hsp1042 S. cerevisiae SCA-3 2 (�) 67

n.d., not determined.
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ATPases that mediate unfolding and translocation of the sub-
strate into the proteolytic chamber of the 20S complex. Con-
comitantly with translocation, ubiquitin molecules are released
from the substrate and recycled. Importantly, the ubiquitin–
proteasome system does not only participate in normal protein
turnover, but its activity is required also for essential regulatory
functions in a variety of cellular processes (74). As shown
recently, these functions also include a role of the 19S complex
in transcriptional regulation (75), which may impact on the
transcriptional dysregulation in polyQ disease described above.

The finding that polyQ inclusions stain positively for ubiquitin
and the 20S and 19S complexes suggested that the ubiquitin–
proteasome system may be involved in polyQ pathogenesis
(17–19). There are several reports that formation of polyQ
inclusions is accelerated when proteasome inhibitors are added
to transfected cells (18, 19, 37). Indeed, soluble HD exon 1
proteins are degraded in a proteasome-dependent process, as
demonstrated by pulse–chase experiments in a Chinese hamster
ovary cell-culture model (P.B., unpublished results). Unexpect-
edly, in these experiments the half-lives of polyQ constructs were
found to be similar, independent of polyQ repeat lengths.
Comparable results were obtained after expression of polyQ
proteins in spinobulbar muscular atrophy cells (76). On the other
hand, a polyQ-expanded ataxin-1 protein translated in vitro was
shown to be more resistant to proteasome-dependent degrada-
tion than versions with polyQ repeats in the normal range,
although both short and long polyQ proteins seemed to be
ubiquitinated with similar efficiencies (37). Further experiments
will be necessary to resolve the differences between these
studies. Given that soluble polyQ proteins are degraded by the
proteasome, it is likely that this step is preceded by ubiquitina-
tion, although this has not been demonstrated yet in vivo.
Interestingly, in the cellular system mentioned above (76), Hsp70
and Hsp40 were observed to enhance the degradation of an
expanded polyQ protein. Transfer of polyQ-expanded proteins
to the degradation machinery may be mediated by Hsp70
together with the newly discovered protein CHIP (carboxy-
terminus of Hsp70-interacting protein), which is thought to act
as an E3 ligase in the ubiquitination of nonnative proteins in
cooperation with Hsp70 and Hsp40 (77, 78). Because Hsp70 is
likely to recognize an unstructured polyQ monomer (58), it will
be interesting to investigate whether CHIP is involved in the
ubiquitination of soluble polyQ proteins.

Intracellular aggregation of polyQ proteins has been proposed
to impair the ubiquitin–proteasome system (reviewed in ref. 20).
Once an expanded polyQ protein has escaped degradation and
�-sheet oligomers are initiated, 19S regulatory complexes, un-
able to unfold these oligomers, may become trapped in the
growing aggregates. This trapping of 19S particles may result in
a partial inhibition of proteasomal activity and eventually cel-
lular dysfunction (Fig. 2B). In contrast, large neuronal polyQ
inclusions, the final product of the aggregation process, are
compartmentalized in so-called aggresomes (ref. 19 and P.B.,
unpublished observations) and would no longer be able to trap
19S particles efficiently. Two recent reports generally support

this hypothesis (79, 80). Using a rapidly degraded version of
green fluorescent protein as a reporter, Bence et al. showed that
expression of an expanded polyQ protein partially inhibited the
ubiquitin–proteasome system in cell culture (79). Navon and
Goldberg provided proof of principle that a nondegradable
model substrate, unrelated to polyQ proteins, can function as a
dominant inhibitor of the unfolding and degradation of other-
wise proteasome-degradable proteins in vitro (80). Further bio-
chemical studies will have to reveal whether intermediates in the
process of polyQ aggregation indeed inhibit the unfolding and
degradation activities of the proteasome. Such a mechanism
could explain how protein misfolding may cause cellular toxicity
and how the Hsp70�Hsp40 chaperone system may mitigate this
toxicity. There are several reports that the Hsp70�Hsp40 chap-
erone system is not only essential for proper folding but also for
the rapid degradation of certain proteins (81–83). This effect
may be attributed to the activity of these chaperones in prevent-
ing the formation of intermolecular �-sheets by nonnative
proteins, maintaining them in a degradation-competent state
(Fig. 2B).

Perspectives
Recent years have seen major strides toward understanding the
molecular basis of polyQ diseases based on a combination of
biochemical studies in vitro and the analysis of numerous animal
and cell-culture models in vivo. However, the exact mechanisms
by which expanded polyQ proteins exert cellular toxicity remain
to be established. In testing current hypotheses, it will be
important to dissect the process of polyQ aggregation into
distinct steps. Significant progress would result from the devel-
opment of techniques that allow the accumulation and isolation
of aggregation intermediates at different stages of the process.
These intermediates then could be tested for their ability to
interact with molecular chaperones, to recruit other polyQ-
containing proteins, or to inhibit the proteasome system.

It is striking that many other neurodegenerative diseases includ-
ing Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral
sclerosis, and the prion diseases all involve the assembly of struc-
turally unrelated proteins into intracellular or extracellular amyloid
fibrils. Together with the recent finding that intermediates formed
early in the aggregation pathway can be inherently highly cytotoxic
(38, 39), even for proteins that are not disease-associated (38), it
seems likely that common fundamental mechanisms underlie the
toxicity of amyloid formation. This notion is strongly supported by
the observation that molecular chaperones can suppress the toxicity
of amyloidogenic proteins as different as �-synuclein in Parkinson’s
disease (61), Tau protein in Alzheimer’s disease (H. Xu, personal
communication), or the polyQ proteins. Searching for ways to
pharmacologically induce the expression of molecular chaperones
in neurons may open up a promising approach to the treatment of
these diseases (57).
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