










with Hsp70 or Hsp40. In a dot-blot assay, 2 �g of recombinant
Hsp40 or of Hsp70 purified from bovine liver (that was fully
active in luciferase refolding assays) did not react with A11
(supplemental Fig. S4A), in contrast to the results of a previous
study (35). Interestingly, the purified substrate-binding domain
of Hsp70 alone was strongly A11-reactive (supplemental Fig.
S4A). SEC analysis and small angle x-ray scattering revealed
that the substrate-binding domain of Hsp70 readily oligomer-
izes but that of full-length Hsp70 does not (supplemental Fig.
S4B and data not shown).

A11 reportedly has chaperone-
like refolding activity (35). In a clas-
sical refolding assay for molecu-
lar chaperones, Hsp70 and Hsp40
robustly refolded denatured lucifer-
ase in the presence of ATP, but A11
did not (supplemental Fig. S4C).
Moreover, stoichiometric concen-
trations of A11 did not impair lu-
ciferase refolding by Hsp70 and
Hsp40.
Hsp70 and Hsp40 Inhibit Mutant

htt Aggregation in an ATP-depen-
dent Manner—Although we showed
that Hsp70 and Hsp40 inhibit olig-
omer formation by a mutant htt
fragment in an ATP-dependent
manner (7), we did not know
whether they functionally interact
with soluble mutant htt oligomers.
To confirm the ATP dependence of
the inhibition, we added Hsp70,
Hsp40 (DNAJB1), or both, along
with protease, to mutant htt aggre-
gation reactions at time 0. Coincu-
bation of 6 �M HD53Q with an
equimolar concentration of Hsp70
and Hsp40 in the presence of ATP
and an ATP-regenerating system
markedly reduced the formation of
insoluble aggregates, shown by
Western blotting with MW8 anti-
body (supplemental Fig. S5A).
Hsp40 or Hsp70 alone inhibited
mutant htt aggregation less effi-
ciently, and ATP was necessary for
chaperone-mediated inhibition of
mutant htt aggregation (supple-
mental Fig. S5A).
Hsp70 and Hsp40 Interact Dy-

namically with Soluble Mutant htt
Oligomers in an ATP-dependent
Manner Mediated by Hsp40—Pre-
vious studies by us (7, 15) and others
(17, 23, 36) used indirect ap-
proaches to suggest that Hsp70
and Hsp40 interact directly with
monomeric or early oligomeric

forms of mutant htt. Here we wanted to determine whether
Hsp70 and Hsp40 interact directly with soluble oligomers.
After allowing HD53Q to aggregate for 3 h (under conditions
in which HD53Q predominantly forms oligomers), Hsp70
alone or in combination with Hsp40, and with or without
ATP, was added to the reaction and incubated for 45 min.
Aggregation reactions were centrifuged at 20,000 � g for 30
min, and the supernatants were separated on a Superdex
200 column. Analysis by SDS-PAGE and Western blotting
with mutant htt antibody (EM48) detected oligomeric

FIGURE 3. A11 detects soluble mutant htt oligomers with a globular structure. A, AFM images of SEC
fraction 16 from HD20Q and HD53Q aggregation reactions (3 h) (see Fig. 2). Scale bars, 400 nm. B, subunit
composition of A11-reactive HD53Q oligomers. Based on corrected volume measurement and the molecular
mass of HD53Q, the numbers of molecules/oligomers in A11-reactive fractions were calculated for each frac-
tion from AFM images. Darker shades represent a greater abundance of oligomers composed of that number of
molecules. Arrows indicate the size range where �200 –500-kDa A11 reactive oligomers would be observed.
C, fraction 16 was applied to nitrocellulose (100-nm pore size) through a slot-blot manifold and analyzed with
A11 and MW1 antibodies. D, number of aggregates/�m2 in AFM images. The values are the means � S.E.
E, height, volume, and diameter histograms of oligomers from fraction 16 observed by AFM.
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HD53Q species in several fractions, including species that
eluted at an apparent molecular mass of �500 kDa (Fig. 4A)
and overlapped partially with oligomers in fractions detected
by A11. When a mixture of HD53Q oligomers and Hsp40
was run on SEC, a significant amount of Hsp40 coeluted with
mutant htt oligomers (Fig. 4A), consistent with the forma-
tion of a stable complex of the two proteins. This binding
was independent of ATP. When Hsp70 alone was incubated
with HD53Q oligomers and examined by SEC, no comigra-
tion was observed; however, when added together, Hsp70
and Hsp40 coeluted with high molecular mass mutant htt
oligomers (�500 kDa) in a trimeric complex that was not
formed in the absence of ATP (Fig. 4A and supplemental Fig.
S5B). Thus, Hsp40 recruits Hsp70 to mutant htt oligomers,
an interaction that is likely to be functional, given its strict
dependence on ATP.

Hsp70 and Hsp40 Inhibit Forma-
tion of A11-reactive Mutant htt Olig-
omers in Vitro—We next used SEC
to analyze the effects of Hsp70 and
Hsp40 on the formation of A11-re-
active mutant htt oligomers when
added prior to initiating aggregation
reactions. Interestingly, these chap-
erones inhibited only the formation
of the A11-reactive subset of olig-
omers (Fig. 4B). Surprisingly, the
levels of other oligomeric species
detected with an anti-htt antibody
(c-Myc) were unchanged (Fig. 4B).
These results suggest that Hsp70
and Hsp40 either suppress the for-
mation of A11-reactive mutant htt
oligomers or refold them to a con-
formation that is not recognized by
A11.
Mutant htt Oligomers Inhibit

Hsp70 and Hsp40 Refolding Activity
in a Dose-dependent Manner—We
then determined whether mutant
htt oligomers influence the refold-
ing activity of the chaperones by
competing with luciferase as a
substrate. Although BSA (nondena-
tured) did not affect Hsp70/Hsp40-
dependent luciferase refolding, mu-
tant htt oligomers (formed after 3 h
of aggregation) potently inhibited
chaperone-mediated refolding ac-
tivity in a dose-dependent manner
(Fig. 5). This inhibition is probably
due to direct interaction with the
chaperones because mutant htt
oligomers did not affect intrinsic
luciferase refolding activity, nor did
they affect the native luciferase
activity (supplemental Fig. S5,C and
D).We calculated the oligomer con-

centration by estimating that A11 oligomers have a subunit
composition of �10 molecules/oligomer after 3 h of aggrega-
tion (Fig. 3B). A starting concentration of 20�MHD53Qmono-
mers for the aggregation reaction (chaperone concentration in
the refolding reaction was 5 �M) results in an oligomer:chaper-
one molar ratio of 1:2.5. Therefore, a mutant htt oligomer con-
centration of less than half of the chaperone concentration
results in complete inhibition of refolding activity (Fig. 5), sug-
gesting that more than one chaperone complex binds to each
mutant htt oligomer. Fibrils also inhibited chaperone-depen-
dent luciferase refolding, but to a lesser extent than oligomers
(data not shown).
Expression of Hsp70 and Hsp40 Inhibits the Formation of

A11-reactive Mutant htt Oligomers and Toxicity in PC12
Cells—To determine whether mutant htt forms A11-reactive
oligomers in mammalian cells, we examined soluble lysates

FIGURE 4. Hsp70 and Hsp40 associate specifically with soluble mutant htt oligomers and attenuate their
formation in an ATP-dependent manner. A, analysis of the Hsp70/Hsp40 interaction with soluble HD53Q
oligomers. Supernatant of HD53Q aggregation reaction (3 h) alone or a mixture of HD53Q with Hsp70, Hsp40,
or both, was loaded onto a Superdex 200 column, and the fractions were analyzed by SDS-PAGE/Western blot
with the indicated antibodies. Molecular chaperones were added after 3 h of HD53Q aggregation (when
oligomers predominate) and incubated for 45 min before fractionation by SEC. Arrows indicate positions of
molecular mass standards (kDa). B, effect of Hsp70/Hsp40 on formation of A11-reactive oligomers. Superna-
tants from 3 h HD53Q aggregation reactions in the absence or presence of Hsp70 and Hsp40 (chaperones
added at 0 h) were loaded onto a Superdex 200 column. Fractions were placed on a nitrocellulose membrane
(100-nm pore size) and probed with A11 or anti-htt (Myc) antibodies.
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from PC12 cells that stably and inducibly express a mutant htt
fragment fused at the C terminus to enhanced GFP (HD103Q-
EGFP) that leads to insoluble aggregate and inclusion body for-
mation (31) (Fig. 6A and supplemental Fig. S6A). Lysates were
analyzed by SEC before and 36 h after HD103Q-EGFP induc-
tion (SDS-insoluble aggregates first appear at 12 h and reach
maximum at 48 h). Slot-blot analysis with an antibody to GFP
showed that HD103Q-EGFP formed oligomers that fraction-
ated by SEC at apparent molecular masses of �100–400 kDa
(Fig. 6B and supplemental Fig. S6B). In contrast, A11 detected
oligomers of �270–600 kDa (Fig. 6B, boxed area, and supple-
mental Fig. S6B), at similar apparent molecular masses to that
observed with HD53Q under cell-free conditions (Fig. 2A).
Because only a minority of the A11-reactive fractions were
detected with a GFP antibody (supplemental Fig. S6B) but were
readily detected with other htt-specific antibodies (data not
shown), we presume that theGFP epitope ismasked or partially
occluded in the majority of A11-reactive oligomers in PC12
cells.
We next cotransfected PC12 cells with Hsp70 and Hsp40

plasmids driven by the CMV promoter to determine whether
these chaperones influence the formation of HD103Q-EGFP
oligomers. Overexpression of Hsp70 and Hsp40 reduced the
total levels of SDS-insolublemutant htt as observed byWestern
analysis (Fig. 6C), confirming findings in yeast and flies (15, 16).
Interestingly, Hsp70/Hsp40 overexpression significantly de-
creased the levels ofA11-reactive oligomers but not the levels of
lower molecular mass oligomers detected with a GFP antibody
(Fig. 6, B and D).

Next, we investigated the effect of molecular chaperones on
mutant htt toxicity in these cells. Althoughmutant htt does not
cause cytotoxicity per se in this cell line, caspase 3 activity
increases progressively up to 4 days after induction relative to
control cells (37). Overexpression of Hsp70 and Hsp40 sup-
pressed caspase 3 activity to levels found in noninduced cells
(Fig. 6E). Thus, soluble A11-reactive oligomers form in PC12

cells in a manner that correlates with toxic metabolic changes
and levels of Hsp70 and Hsp40.

DISCUSSION

In this study, we show that a mutant htt fragment with an
expanded polyQ repeat formed soluble oligomers of 60–600
kDa in vitro and in cells. These oligomers were fractionated
readily by SEC, and a subset of them displayed an epitope rec-
ognized by the anti-oligomer antibody A11. In addition, the
molecular chaperones Hsp70 andHsp40 acted cooperatively in
an ATP-dependent manner to interact with mutant htt olig-
omers and interfere with their formation.
Soluble mutant htt oligomers resolved by SEC displayed dif-

ferential reactivity to a panel of monoclonal antibodies, sug-
gesting that they aremisfolded into discrete higher order struc-
tures in which specific epitopes are exposed, buried, or absent.
Reactivity to some antibodies also changed with incubation
time in vitro and in PC12 cells. Thus, soluble mutant htt
oligomers appear to be highly dynamic and heterogeneous
structures, consistent with recent AFM analyses (2). In our
recent studies, monoclonal antibodies that recognize expanded
polyQ repeats had diverse effects on the aggregation of mono-
meric mutant htt (1). This finding suggested that the polyQ
repeat in mutant htt monomers also samples different confor-
mations that can be discriminated readily by antibodies. Com-
pelling support for this hypothesis came from a study in which
x-ray crystallography showed that the polyQ repeat in a wild-
type htt fragment stably adopts multiple independent second-
ary structures, including random coil and �-helix (38, 39). In
line with these studies, one attractive hypothesis is that it is the
chameleon-like nature of mutant htt that results in the numer-
ous abnormal protein-interactions that mediate pathogenesis
in HD. However, some subsets of misfoldedmutant htt confor-
mations might be more chemically reactive/toxic than others,
depending on their secondary, tertiary, and quaternary struc-
tures. Consistent with this hypothesis, here we showed that
solublemutant htt oligomers of�272–545 kDa, but not smaller
oligomers, react with the conformation-specific antibody A11,
which neutralizes the toxicity of oligomers formed by synthetic
polyQ peptides (12).
Molecular chaperones (e.g. Hsp70 and Hsp40) ensure that

proteins fold properly and prevent them from misfolding and
are thus potent suppressors of polyQ toxicity in vivo (16, 18).
However, the molecular mechanisms by which they suppress
the toxicity of mutant htt are not clear. Our previous studies
suggested that Hsp70 andHsp40 attenuate oligomer formation
by partitioningmonomers (7).Herewe showed that these chap-
erones also associate directly and dynamically with soluble
mutant htt oligomers. Importantly, these chaperones had vari-
able affinities for different subsets of oligomers. Hsp70 and
Hsp40 were completely absent from some SEC fractions that
contained mutant htt oligomers and were most strongly asso-
ciated with oligomers in fractions that also showed A11 reac-
tivity. Moreover, when overexpressed in PC12 cells expressing
a toxic mutant htt fragment, Hsp70 and Hsp40 suppressed the
formation of A11-reactive oligomers but not other mutant htt
oligomers coincident with suppression of caspase 3 activation.
In yeast andmammalian cells, the chaperonin TRiC suppresses

FIGURE 5. Mutant htt oligomers inhibit Hsp70/Hsp40-dependent lucifer-
ase refolding. Denatured luciferase (100 nM) refolded by Hsp70/Hsp40 after
30 min in the presence and absence of HD53Q oligomers from a 3-h aggre-
gation reaction or control protein. The molar ratios (chaperone:oligomer)
were estimated based on predicted subunit composition of A11 oligomers
after 3 h of aggregation (�10 molecules/oligomer) in Fig. 3B. The values are
the means � S.E. of three independent experiments. ***, p � 0.001; ns, not
significant (one-way analysis of variance).
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mutant htt aggregation and toxicity (40, 41). An independent
study in yeast showed that TRiC interacts synergistically with
Hsp70/Hsp40 to modulate the formation of A11-reactive olig-
omers by mutant htt (24, 41). Although confirmation of these
studies in more physiologically relevant models of HD is
needed, these results are consistent with the hypothesis that
soluble A11-reactive mutant htt oligomers might be a patho-
genic conformer that is recognized by these chaperones.
Hsp70 and Hsp40 suppressed mutant htt aggregation far

more efficiently then either chaperone alone, as reported (15–
17). However, we demonstrated that Hsp70 alone does not
interact with soluble oligomers. Rather, the interaction of
Hsp70 with mutant htt oligomers was mediated entirely by
Hsp40 (DNAJB1), which is required for productive folding of
model substrates by Hsp70 (26, 42–44). In these reactions,
Hsp40 (themore abundant protein) stabilizes the substrate in a
conformation suitable for interaction with Hsp70, which then
transiently interacts with the substrate in a manner that allows
it to reach a folding- or degradation-competent state (43, 44).

Importantly, just as with model substrates, ATP was required
for the interaction between Hsp70/Hsp40 and soluble mutant
htt oligomers. Given the conformational flexibility exhibited in
mutant htt monomers, it is tempting to speculate that Hsp40
recognizes an unfolded/misfolded motif in mutant htt exposed
on the surface of soluble oligomers and that Hsp70 refolds this
sequence in anATP-dependentmanner to a nontoxic fold, thus
converting a toxic oligomer to one that is benign (Fig. 7). Con-
sistent with our results, a recent study showed in mammalian
cells that DNAJB members of the Hsp40 family might play a
central role in early recognition and binding of polyQ protein
aggregates (36).
We propose a model of how Hsp70 and Hsp40 modulate

mutant htt misfolding in HD (Fig. 7). Expansion of the polyQ
repeat in mutant htt causes misfolding and formation of differ-
ent subsets of intermediate species (monomers and oligomers),
some of which adopt toxic conformations recognized byHsp40
that are presented to Hsp70 (Fig. 7A). Hsp40 would then stim-
ulate theATPase activity ofHsp70, resulting in the formation of

FIGURE 6. Hsp70 and Hsp40 suppress formation of A11-reactive mutant htt oligomers and toxicity in PC12 cells. A, analysis of HD103Q-EGFP inclusion
bodies by fluorescence microscopy. The addition of hormone (5 �M ponasterone A) to cell medium induced HD103Q-EGFP expression and caused the
formation of GFP-positive inclusion bodies. B, the soluble supernatant of a homogenate from HD103Q-expressing PC12 cells (60 �g) in the absence and
presence of Hsp70/Hsp40 overexpression was fractionated by SEC on a Superdex 200 column. Fractions were analyzed by slot-blot manifold with GFP and A11
antibodies. The boxed area indicates A11-reactive fractions. C, Western blot analysis of PC12 cell lysate (20 �g) with anti-GFP, anti-Hsp70 (inducible form), and
anti-Hsp40 antibodies before and after HD103Q-EGFP expression. Overexpression of Hsp70 and Hsp40 increased the level of these chaperones and slightly
reduced insoluble HD103Q-EGFP aggregates that remain in the well (anti-GFP). D, A11 reactivity in fractions 14 –20, quantified by densitometry. The values are
the means � S.D. of three experiments. **, p � 0.01; ***, p � 0.001 (Student’s t test). E, expression of a mutant htt fragment in PC12 cells causes an increase in
caspase 3 activity that is suppressed when Hsp70/Hsp40 is overexpressed. Caspase 3 activity is shown as the ratio of values from induced relative to nonin-
duced cells.
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a high affinityADP�Hsp70�mutant htt oligomer complex (Fig. 7,
B and C). Although not addressed in this study, it is likely that
nucleotide exchange factors are responsible for ATP replace-
ment and release of benign mutant htt conformations that can
either be degraded or transferred to other chaperone systems
(Fig. 7D).
One perplexing feature of HD and other polyQ disorders is

their relatively late age of onset. Molecular chaperones and
other factors with important roles in proteostasis (45)
appear to robustly cope with the burden of mutant htt mis-
folding for decades but clearly become overwhelmed as a
function of age. Because the activities of most molecular
chaperones and the proteasome are strictly ATP-dependent,
the late onset of HD might reflect, in part, pronounced def-
icits in ATP production in HD patients (46). Therefore, in a
symptomatic state in HD, decreased ATP levels would lead
to a decrease in productive interactions between Hsp70 and
substrates and would increase the concentration of ADP-
bound Hsp70 (closed state), causing it to become trapped
in complexes with misfolded mutant htt conformations or
other Hsp70 substrates that would lead to Hsp70 aggregation/

sequestration with mutant htt aggregates. Consistent with
such a model, Hsp70 coaggregates with �-synuclein in the
presence of ADP (47). Moreover, when combined with
impairment of the protein degradation systems that is
thought to occur in HD and related disorders, decreased
chaperone function would lead to an overwhelming increase
of toxic mutant htt species and cell death. In parallel, the
accumulation of benign mutant htt aggregates (such as
amorphous and fibrillar structures) under these conditions
may initially represent a cellular coping response to prevent
an increase of toxic oligomers. It is also important to note
that under these conditions, all of the normal functions of
chaperones in protein folding and other cellular processes
are likely to become profoundly impaired (48).
In summary, we provide the first direct evidence that Hsp70

and Hsp40 functionally interact with subsets of soluble mutant
htt oligomers that may play a pathogenic role in HD. Under-
standing the molecular mechanisms of chaperone functions in
mutant htt misfolding may provide insights that will catalyze
the development of novel strategies to combat this and other
devastating neurodegenerative diseases.

FIGURE 7. Proposed model for Hsp70/Hsp40 function in mutant htt misfolding in HD. Expansion of the polyQ repeat of mutant htt causes misfolding and
formation of discrete subsets of misfolded species (toxic and benign monomers and oligomers), with only toxic conformations recognized specifically by
Hsp40 (DNAJB). A, Hsp40 transfers mutant htt substrates to ATP-bound Hsp70 (open conformation). B, in the open state, Hsp70, with Hsp40, forms a trimeric
complex with misfolded mutant htt species, and Hsp40 stimulates the ATPase activity of Hsp70. Hydrolysis of ATP leads to ADP-Hsp70 bound state (closed
state) and release of Hsp40 and Pi. C, in the ADP-bound state, Hsp70 shows a high affinity for misfolded mutant htt species. Nucleotide exchange factors (NEF)
likely mediate the exchange of ADP for ATP, resulting in an open state of Hsp70 and conversion of toxic to benign conformers. D, the benign conformers are
transferred to another chaperone system or are competent for degradation by the proteasome or by autophagy.
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