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ABSTRACT The aggregation of huntingtin fragments with expanded polyglutamine
repeat regions (HttpolyQ) that cause Huntington’s disease depends on the presence of
a prion with an amyloid conformation in yeast. As a result of this relationship, HttpolyQ
aggregation indirectly depends on Hsp104 due to its essential role in prion propagation.
We find that HttQ103 aggregation is directly affected by Hsp104 with and without the
presence of [RNQ1] and [PSI1] prions. When we inactivate Hsp104 in the presence of
prion, yeast cells have only one or a few large HttQ103 aggregates rather than numer-
ous smaller aggregates. When we inactivate Hsp104 in the absence of prion, there is no
significant aggregation of HttQ103, whereas with active Hsp104, HttQ103 aggregates
accumulate slowly due to the severing of spontaneously nucleated aggregates by Hsp104.
We do not observe either effect with HttQ103P, which has a polyproline-rich region down-
stream of the polyglutamine region, because HttQ103P does not spontaneously nucleate
and Hsp104 does not efficiently sever the prion-nucleated HttQ103P aggregates. Therefore,
the only role of Hsp104 in HttQ103P aggregation is to propagate yeast prion. In conclusion,
because Hsp104 efficiently severs the HttQ103 aggregates but not HttQ103P aggregates, it
has a marked effect on the aggregation of HttQ103 but not HttQ103P.
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Huntington’s disease, caused by the polyglutamine (polyQ) expansion repeat region
of the Huntingtin (Htt) protein, is a neurodegenerative disease affecting muscle coordi-

nation. The Htt protein with an expanded polyglutamine repeat region is cleaved to pro-
duce fragments that form amyloid plaques in the cerebral cortex and corpus striatum (1, 2).
The longer the polyQ repeat region was, the faster the formation of the amyloid fibers was
and, perhaps in a related effect, the younger the age of onset of Huntington’s disease was
(3–5). The Htt fragments have an amyloid polyQ core, flanked by an N-terminal 17 amino
acids, which promote aggregation (3, 6–10), and a C-terminal polyproline region, which
inhibits aggregation (10–14). In addition to in vitro studies using purified proteins, tissue cul-
ture studies and animal models of Huntington’s disease have provided insights into the con-
ditions that affect aggregation and the causes of the pathophysiology (15–18). Yeast is a
uniquely useful model system for studying the aggregation involved in Huntington’s disease
due to its ease of culture and genetic manipulation (19–21).

Unlike in other organisms, prions in yeast play a critical role in aggregating Htt fragments
with expanded polyglutamine repeats (22–26). The Sherman laboratory found that the aggre-
gation of HttpolyQ fragments depends on the presence of [RNQ1] prion (22). They observed
numerous HttQ103 aggregates in [RNQ1] cells, whereas either in yeast cured of the [RNQ1]
prion or in an rnq1 deletion strain, there were far fewer cells with aggregates. Furthermore,
since prion propagation and, thus, [RNQ1] propagation are dependent on the severing activity
of Hsp104, an hsp104 deletion yeast strain also showed a marked reduction in the number
of cells with aggregates. The Lindquist laboratory extended this observation by looking at
the aggregation of different Htt fragments in yeast (23). They observed that the
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aggregation of HttpolyQP fragments, which have a polyproline region downstream of the
polyglutamine region, depends on the presence of the [RNQ1] prion (26). Regardless of
the amino acids flanking the HttQ103 fragment, they found markedly fewer HttQ103
aggregates in both yeast cured of [RNQ1] and an rnq1 deletion strain than in [RNQ1] yeast.
Interestingly, not only does prion induce HttpolyQ aggregation, but inversely, the expres-
sion of extended polyQ repeat regions also induces the formation of [RNQ1] and [PSI1]
prions (27–29).

While in yeast, the aggregation of HttpolyQ and HttpolyQP fragments depends on the
presence of a prion with an amyloid conformation, these fragments differ in their morpholo-
gies and toxicities (22, 23, 30). In [RNQ1] yeast, the HttQ103 fragments form multiple rela-
tively small aggregates that are toxic to the yeast, while the HttpolyQP fragments tend to
form a large aggregate that is not toxic (30). The difference in aggregation for HttQ103 and
HttQ103P is attributed to the polyproline-rich region of HttQ103P binding to microtubules,
recruiting the HttQ103P aggregates into a large aggresome that colocalizes with the spindle
body. Disruption of the microtubule machinery causes HttQ103P to form numerous smaller
aggregates (30).

In the present study, we examined the role(s) of Hsp104 in the aggregation of the
HttpolyQ fragments. Although previous studies reported the requirement of prion with
an amyloid conformation for Htt aggregation in yeast, the only clearly defined role of
Hsp104 in Htt aggregation has been an indirect one: to propagate the yeast prion by
severing the prion seeds. Formerly, there was no evidence that Hsp104 can sever the
polyQ fragments, and in fact, several studies previously suggested that the HttpolyQ
fragments are poor substrates for the severing activity of Hsp104. For example, the
Weissman laboratory showed that a polyQ62-Sup35 chimera was not a substrate for
Hsp104 unless the chimera included the Sup35 oligopeptide region, which spans residues
40 to 112 and is adjacent to the Q/N-rich tract (25). Similarly, the Kushnirov laboratory found
that only when hydrophobic residues, particularly tyrosine, are interspersed within the
extended polyQ repeat region was the chimera efficiently severed by Hsp104 (29).

In contrast, we now find that Hsp104 efficiently severs HttQ103 aggregates nucleated
by prions with an amyloid conformation or spontaneously nucleated in cells without
prion. Although, in contrast to HttQ103, Hsp104 poorly severs HttQ103P aggregates
nucleated by prion, it forms a large aggregate in yeast with prion regardless of Hsp104
activity. Furthermore, unlike what occurs with HttQ103, there is no significant spontaneous
aggregation of HttQ103P in the absence of prion. Thus, the primary function of Hsp104 in
the aggregation of the HttQ103P fragment is to propagate the yeast prion. Therefore, the
ability of Hsp104 to sever the spontaneously or prion-nucleated HttQ103 aggregates, but
not the prion-nucleated HttQ103P aggregates, has a marked effect on the aggregation of
these fragments.

RESULTS
Effect of Hsp104 on HttQ103 aggregates in yeast with prion. To examine whether

Hsp104 has a role other than prion propagation in aggregating HttpolyQ fragments,
green fluorescent protein (GFP)-labeled HttQ103 under the control of the GAL1 pro-
moter was integrated into the genome of the 779-6a Saccharomyces cerevisiae yeast
strain to obtain uniform expression of HttQ103 throughout the yeast population. We
first verified that, as shown previously in other yeast strains (22, 23), the aggregation of
HttQ103 is dependent on the presence of yeast prion in our engineered yeast strain
containing the [RNQ1] [PSI1] prions. After growth overnight in galactose medium, con-
focal imaging showed that all cells had hundreds of small HttQ103 aggregates (Fig.
1a). Most of these aggregates were below the diffraction limit of the microscope, indi-
cating that their size was #0.15 mm. Consistent with previous studies, HttQ103 was dif-
fuse with no detectable aggregates in .97% of the cells cured of the [RNQ1] [PSI1]
prions with guanidine (Fig. 1b). Cells with and without prion grew at the same rate in
galactose medium, indicating no toxic effects from expressing the HttQ103 fragment
in [RNQ1] yeast. In contrast, the Sherman laboratory found that HttQ103 was toxic
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when expressed from the GAL1 promoter on a 2mm plasmid (22). This is likely due to
the much higher expression levels of HttQ103 in their experiments.

Since the severing activity of Hsp104 is necessary to propagate prions in yeast, to
examine whether Hsp104 had another function in the presence of prion, galactose and
guanidine were added at the same time to [RNQ1] [PSI1] yeast. This induces HttQ103
expression while simultaneously inactivating Hsp104 activity. Although aggregates
were detected both in the control and guanidine-treated cells after 9 h (;3 generations) in
galactose medium, there were many more aggregates per cell in the control than in cells
incubated with guanidine. The results, quantified in Table 1, are clearly visible in the images
in Fig. 1c and d of yeast grown in the presence of galactose and galactose plus guanidine,
respectively. After 3 generations in galactose and guanidine, the prions have not yet cured;
i.e., the yeast cells still have the [RNQ1] [PSI1] prions. As expected, this effect of guanidine
on HttQ103 aggregation was reversible. When we grew cells for 6 h (;2 generations) in
guanidine, followed by washing out the guanidine and then growing the cells for another 3
h in galactose, the majority of cells had numerous aggregates (Fig. 1e). These results show
that the nucleation of HttQ103 by the [RNQ1] [PSI1] prions is independent of Hsp104 activ-
ity, but the number of aggregates per cell is dependent on Hsp104 activity.

We observe an even more pronounced effect of guanidine on HttQ103 aggregation
after growth overnight. In contrast to the control cells, where the aggregates significantly
proliferated overnight (Fig. 1a), we noticed a notable reduction in the number of aggregates
per cell with increasing incubation time in galactose and guanidine. As shown in Fig. 1f, after
overnight growth of cells at a relatively high density to minimize the number of cell divisions
and the loss of prion seeds, most guanidine-treated cells had only a few HttQ103 aggregates
along with a diffuse pool of HttQ103. Quantification of the aggregates in the guanidine-

TABLE 1 Effect of Hsp104 on the aggregation of HttpolyQ fragmentsa

Construct Condition(s) % of cells with foci % of cells with>10 foci per cell
Htt-Q103 9 h Gal .95 90
Htt-Q103 9 h Gal1Gdn .70 5
Htt-Q103 6 h Gal1Gdn, 3 h Gal .95 70
Htt-Q103P 9 h Gal .95 80
Htt-Q103P 9 h Gal1Gdn .78 3
Htt-Q103P 6 h Gal1Gdn, 3 h Gal .80 12
aExperiments were performed in triplicates under each condition. A total of 350 cells were counted for each
sample. Gal, galactose; Gdn, guanidine.

FIG 1 Maximized z-stack confocal images of the HttQ103 and HttQ103P fragments expressed under different
conditions. (a and A) HttQ103 and HttQ103P fragments in [RNQ1] [PSI1] yeast following growth overnight in
galactose medium. (b and B) HttQ103 and HttQ103P fragments in yeast cured of prions by guanidine following
growth overnight in galactose medium. (c and C) HttQ103 and HttQ103P fragments in [RNQ1] [PSI1] yeast
expressed for 9 h (;3 generations) in galactose medium. (d and D) HttQ103 and HttQ103P fragments in
[RNQ1] [PSI1] yeast expressed for 9 h in galactose and guanidine medium. (e and E) HttQ103 and HttQ103P
fragments in yeast grown for 6 h with galactose and guanidine, spun, and resuspended in galactose medium
for 3 h. (f and F) HttQ103 and HttQ103P fragments in [RNQ1] [PSI1] yeast grown overnight at a relatively high
density (starting OD of ;0.4) in galactose medium with guanidine. The insets are an enlargement of the profile
drawn through an aggregate. Images of HttQ103 and HttQ103P are shown in panels a to f and A to F, respectively.
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treated cells showed that 80% of the total cells (n = 150) had HttQ103 aggregates. However,
unlike the control cells, 75% of the cells with aggregates had ,5 aggregates per cell, and
one-third of the guanidine-treated cells had a large aggregate of .500 nm (average size of
770 nm 6 164 nm [n = 52]). The large aggregates form from the coalescence of smaller
aggregates, as shown by the multiple peaks in the profile line drawn through a large aggre-
gate in the inset of Fig. 1f. Therefore, HttQ103 still forms aggregates in cells with prion in the
absence of active Hsp104, but there are marked reductions in the number of aggregates
and the extent of aggregation. As expected, with continued growth in medium with guani-
dine, there is a reduction in the number of cells with HttQ103 aggregates until none of the
cells have detectable aggregates.

Effect of Hsp104 on HttQ103P aggregates in yeast with prion. Next, we examined
whether Hsp104 affects the aggregation of HttQ103P, which has a polyproline region down-
stream of the polyglutamine region. Similar to HttQ103, previous reports suggest that
HttQ103P aggregation in yeast is also dependent on the presence of a prion with an amy-
loid conformation (23), making it indirectly dependent on Hsp104 to propagate the prion.
As shown previously (23, 30, 31), the expression of HttQ103P tends to form one large inclu-
sion or aggresome, unlike the numerous aggregates of HttQ103. When we integrate this
fragment on the GAL1 promoter into the genome of [RNQ1] [PSI1] 779-6a yeast (Fig. 1A),
the large HttQ103P aggregate is visible after growth overnight in galactose medium.
Interestingly, in addition to a large aggregate, almost all the cells had smaller aggregates, and
some cells had only small aggregates in a pool of diffuse HttQ103P. These cells, with small
aggregates, are evidently the newly budded daughter cells since it takes time to form a large
aggregate, and the preexisting large aggregates cannot pass through the bud neck when
yeast cells divide. As expected, when cells were in late log phase, all cells contained large
aggregates. In contrast, .98% of the cells did not have a detectable HttQ103P aggregate in
yeast cured of prion (Fig. 1B), consistent with previous results (23, 30, 31).

As described above, to determine the role of Hsp104, the [RNQ1] [PSI1] yeast cells were
grown in galactose medium in both the presence and absence of guanidine to determine
whether Hsp104 severs the HttQ103P aggregates. After inducing HttQ103P expression for 9
h, there were small aggregates and a large diffuse pool of HttQ103P present in the yeast
cells regardless of the presence of guanidine. However, the cells grown in guanidine had
markedly fewer aggregates per cell (Table 1). In fact, unlike the control (Fig. 1C), most of the
guanidine-treated cells had only one or two aggregates per cell (Fig. 1D). When we washed
out the guanidine after 6 h and the cells were grown for another 3 h in galactose medium,
there was an increase in the number of aggregates per cell (Fig. 1E), indicating that the
effect of inactivating Hsp104 is reversible. However, compared to the guanidine washout
experiment with HttQ103, far fewer cells accumulated numerous aggregates of HttQ103P
(Table 1). Therefore, the HttQ103 aggregates are a much better substrate for the severing ac-
tivity of Hsp104 than the HttQ103P aggregates.

With continued growth in medium containing galactose with guanidine overnight
using yeast in late log phase to inhibit cell division and, in turn, the loss of prion seeds,
.90% of the cells had one large aggregate (Fig. 1F). These large aggregates form from
the coalescence of the smaller aggregates, as shown by the profile line drawn in the inset
of Fig. 1F, in agreement with previous results (31). Since HttQ103P formed aggregates in
the presence of [RNQ1] [PSI1] prions even when Hsp104 was inactivated by guanidine,
this shows that only prion is necessary for aggregate formation.

Factors that affect the aggregation of the HttpolyQ fragments in yeast with
prion. Since [RNQ1] [PSI1] yeast was used in the above-described experiments, we
next examined whether the [RNQ1] and [PSI1] prions are equally effective in nucleating
these HttpolyQ fragments. The yeast cells with the integrated HttpolyQ constructs
were cured of either the [RNQ1] or [PSI1] prion (as described in Materials and Methods)
to examine the nucleation of the individual prions. First, we examined the aggregation of
HttpolyQ in [RNQ1] yeast. As shown in Fig. 2A and B, after growth overnight in galactose
medium, the aggregation of both the HttQ103 and HttQ103P fragments in [RNQ1] yeast
was similar to that observed in [RNQ1] [PSI1] yeast. However, the aggregation of HttQ103
and HttQ103P fragments in yeast with only [PSI1] prion was very different from that in yeast
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with both [RNQ1] and [PSI1] prions. After growth overnight in galactose medium to induce
the expression of the HttpolyQ fragments, 75% and 98% of the [PSI1] yeast cells had no
HttQ103 and HttQ103P aggregates, respectively (Fig. 2C and D). Therefore, the [RNQ1] prion
is much better than the [PSI1] prion in nucleating both the HttQ103 and the HttQ103P frag-
ments. Since previous studies, including one from our laboratory, showed that the [PSI1]
prion effectively nucleates both HttQ103 and HttQ103P when these Htt fragments are
expressed at much higher levels from a 2mm plasmid (32–34), this indicates a concentration
dependence of the nucleation of the HttpolyQ fragments by the [PSI1] prion.

We next examined whether there was a similar dependence on the Htt concentration in
yeast with the [RNQ1] prion when we expressed the Htt constructs at much lower levels.
The HttpolyQ fragments were expressed from a centromeric plasmid with the copper-induc-
ible CUP1 promoter to reduce the expression level of the Htt fragments below that of the
GAL1 promoter. This promoter expresses at very low levels in the absence of copper since
the CUP1 promoter is leaky (35). When yeast cells were grown in the absence of copper, the
expression level of the Htt fragments was only 10% of the level obtained with the integrated
constructs on the GAL1 promoter based on quantifying the GFP intensity. After growing the
[RNQ1] yeast cells in the absence of copper, .50% of the cells had no detectable HttQ103
aggregates (Fig. 2E), and this percentage was even higher in cells expressing HttQ103P,
where.90% had no detectable aggregates (Fig. 2F). Therefore, we observe a marked reduc-
tion in the nucleation of HttQ103 and HttQ103P by [RNQ1] when we express these frag-
ments at very low levels. Furthermore, this effect is greater for HttQ103P than for HttQ103,
which indicates that the polyproline-rich region, which forms a helical structure (13), inhibits
prion nucleation of the HttpolyQ fragments just as it inhibits spontaneous nucleation.
Apparently, the structure of the polyproline region inhibits nucleation, the accessibility of
antibody binding to the polyQ amyloid core (36), and severing by Hsp104.

Surprisingly, when HttQ103 was expressed in [RNQ1] yeast in the absence of copper,
most cells with aggregates had only a few or even just one or two aggregates (Fig. 2E).
Based on the above-described results obtained with [PSI1] yeast (Fig. 2C), we expected

FIG 2 Effects of different prions and concentrations of Htt fragments on the aggregation of HttpolyQ
fragments. (A to D) Htt fragments on the GAL1 promoter, which were integrated into the chromosome,
were induced overnight with galactose medium. (A and B) Maximized z-stack projections of HttQ103 (A)
and HttQ103P (B) in [RNQ1] yeast. (C and D) maximized z-stack projections of HttQ103 (C) and HttQ103P
(D) in [PSI1] yeast. (E and F) HttQ103 (E) and HttQ103P (F) fragments were expressed in [RNQ1] yeast from
the CUP1 promoter grown in copper-free medium.
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that once HttQ103 was nucleated by prion, the cells would all accumulate numerous
aggregates due to the severing activity of Hsp104. However, the lack of numerous aggre-
gates suggests that at low HttQ103 expression levels, there is slow growth of the HttQ103
fibers nucleated by [RNQ1]. This behavior, in turn, produces short fibers that are severed
very slowly, and then, because cell division also dilutes the fibers, there are only a few
fibers or aggregates per cell. Collectively, these results show that prion nucleation of both
HttQ103 and HttQ103P depends on the concentration of these fragments and the specific
prion present in the yeast.

Hsp104 and aggregation of HttpolyQ fragments in yeast cured of prions. The
fact that active Hsp104 proliferates the HttQ103 aggregates that were nucleated by
the [RNQ1] [PSI1] prions, perhaps by severing them, raises the possibility that Hsp104
also proliferates the HttQ103 aggregates formed by spontaneous nucleation in the ab-
sence of prion. To test this possibility, we examined the aggregation of HttQ103 in cells
cured of prion over an extended period. As shown in Fig. 3A, after growth overnight in gal-
actose medium, ,3% of these cured cells had HttQ103 aggregates. However, with contin-
ued growth, the percentage of cells with aggregates and the number of aggregates per cell
markedly increased (Fig. 3B to D). After 4 days in galactose medium, approximately one-half
of the cells had numerous aggregates (Fig. 3D). This percentage increased to .90% after 1
week in galactose medium. Similarly, when cured cells were directly resuspended from gal-
actose plates and grown overnight in galactose, .90% of the cells had numerous aggre-
gates (Fig. 3E). The images of HttQ103 aggregates in yeast cured of prions are indistinguish-
able from those of the aggregates in yeast with the [RNQ1] [PSI1] prions. As expected, when
we added guanidine to the cured cells with aggregates, the inactivation of Hsp104 caused
the numerous aggregates to coalesce into a few large aggregates (Fig. 3F). With continued
growth in galactose and guanidine, there was a decrease in the percentage of cells as the
cells divided until only an occasional cell was left with an aggregate. Together, these results
suggest that Hsp104 severs the HttQ103 aggregates, whether nucleated spontaneously or
by prion.

In contrast to HttQ103, cured yeast did not accumulate HttQ103P aggregates even after
growth for a week in galactose medium. This phenomenon was also the case when yeast
with the integrated HttQ103P construct was grown on galactose plates and resuspended
overnight in galactose medium. Only ;2% of the cured cells had HttQ103P aggregates,

FIG 3 Maximized z-stack images of HttQ103 fragments expressed in yeast cured of prions by
guanidine as a function of time in galactose medium. (A to D) Yeast cells were grown in galactose
medium for 1 to 4 days. (E and F) A colony from a galactose plate was resuspended in galactose
medium and grown overnight in galactose medium (E), followed by growing cells overnight in 5 mM
guanidine (F).
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probably due to the polyproline region inhibiting the spontaneous nucleation with HttQ103
(10–14). Therefore, these results show that prion is necessary for the nucleation of HttQ103P,
and the only role of Hsp104 is to propagate the yeast prion.

Role of Hsp104 in severing HttQ103 aggregates in cured yeast. To further validate
that Hsp104 is severing the spontaneously nucleated HttQ103 aggregates, we examined the
effect of different Hsp104 mutants on the proliferation of HttQ103 aggregates. Previous
studies show that substrate threading through the Hsp104 channel is essential for several
Hsp104 activities, particularly its ability to sever and thus proliferate the [PSI1] prion (37, 38).
Furthermore, Hsp104 retains severing activity when the Y662 residue located in the central
Hsp104 channel is mutated with conserved but not nonconserved residues. This result pre-
dicts that if Hsp104 is indeed severing the HttQ103 aggregates, only Hsp104 with conserved
channel mutants would be able to sever and, thus, proliferate the spontaneously nucleated
HttQ103 aggregates.

To test this prediction, we first crossed the yeast strain with the integrated HttQ103
construct with an hsp104 deletion strain to eliminate the expression of Hsp104 (see
Materials and Methods). This deletion strain was then transformed with plasmids to
express different Hsp104(Y662) channel mutants from the HSP104 promoter. After
inducing HttQ103 expression for 4 days with galactose, imaging showed that cells
expressing Hsp104 with the conserved point mutation Y662F or Y662W had numerous
HttQ103 aggregates (Fig. 4). In contrast, there was no significant HttQ103 aggregation in
yeast expressing Hsp104 with the nonconserved point mutation Y662K or Y622A (Fig. 4).
These results confirm that just as Hsp104 severs prions having an amyloid conformation, it
also severs spontaneously nucleated HttQ103 aggregates, which, in turn, markedly increases
both the number of HttQ103 aggregates and their transmission to daughter cells when the
yeast cells divide.

Does Hsp104 sever the spontaneously nucleated aggregates as rapidly as it severs the
aggregates nucleated by the [RNQ1] [PSI1] prions? Based on our imaging data, numerous
aggregates accumulated over a period of 2 generations (;6 h) after the induction of
HttQ103 expression in [RNQ1] [PSI1] yeast with active Hsp104. This time period includes a
generation before the levels of HttQ103 are sufficiently high to detect aggregates and then
another generation for numerous aggregates to accumulate. To determine whether sponta-
neously nucleated aggregates are severed with a similar time course, we first transformed
an hsp104 deletion strain with HttQ103 on the GPD promoter. In the absence of Hsp104
expression, .95% of the cells had no aggregates. In the occasional cell in which there was
spontaneous nucleation, there was an aggregate in a pool of diffuse cytosolic HttQ103.
When we imaged a microcolony over the course of 5 h, there was an increase in the number
of cells but not aggregates (Fig. 5A).

Consistent with the role of Hsp104 in proliferating aggregates, when the hsp104 de-
letion strain was transformed with a plasmid to express Hsp104, cells accumulated
numerous HttQ103 aggregates. To determine the time course of this aggregation, cells
constitutively expressing HttQ103 were transformed with a plasmid to express Hsp104
from the GAL1 promoter. Following the induction of Hsp104 expression, we imaged a
cell with no detectable aggregates at 10-min intervals. Maximized z-stack images taken
every 30 min (Fig. 5B, top) show a marked proliferation of aggregates, followed by their

FIG 4 Maximized z-stack images of the effect of expressing different Hsp104(Y662) channel mutants
on the aggregation of HttQ103. HttQ103 was expressed from the GAL1 promoter for 4 days in an
hsp104 deletion strain transformed to express the different Hsp104(Y662) point mutants from the
HSP104 promoter, as indicated.
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transmission to the daughter cells in 2.5 h (see Movie S1 in the supplemental material). We
also imaged a cell with one large aggregate following the induction of Hsp104 expression. As
shown in Fig. 5B (bottom), Hsp104 rapidly severed the HttQ103 aggregates in this cell just as
it severed the aggregates in the cell that did not initially have a detectable aggregate (Movie
S2). Comparing images from cells with and those without an initial aggregate, it appears as if
there is a more rapid proliferation of aggregates in the former than in the latter cells. This dif-
ference may be due to aggregates being produced from Hsp104 severing the rim of the large
aggregate since projections are emanating at the edge of the aggregate (Fig. 5B, arrow).
However, the large aggregate is still present after 10 h, suggesting that Hsp104 cannot com-
pletely disassemble it. These results show that the rate of severing of aggregates that were
spontaneously nucleated is comparable to the rate of severing of aggregates nucleated by
[RNQ1] [PSI1] prions. Furthermore, regardless of the presence of a large aggregate, once
Hsp104 is induced, aggregate proliferation in a cell is relatively fast compared to the many
days required for all cells to accumulate numerous aggregates. Therefore, the low rate of
HttQ103 aggregation in cured cells is due to a low rate of spontaneous nucleation and not to
a low rate of severing by Hsp104. Once a nucleus forms, it is rapidly severed by Hsp104 so
that the cell quickly accumulates many HttQ103 aggregates.

Biochemical properties of spontaneously and prion-nucleated HttQ103 aggregates.
Even though the nucleation rates are markedly different between the prion-nucleated and
spontaneously nucleated HttQ103 aggregates, fluorescence images show no differences in
their structures. However, it is not clear whether these aggregates have the same biochemical
properties, i.e., whether they both are typical polyglutamine-type aggregates that are heat sta-
ble and SDS resistant. Unlike the polyglutamine-type aggregates, yeast amyloid-based prion
aggregates are readily solubilized when boiled in SDS. To determine if the spontaneously and
prion-nucleated HttQ103 aggregates shared or differed in these characteristics, we used a
standard filtration retention assay to retain the polyglutamine aggregates present in heat-
denatured lysates on a 0.2-mm filter (39, 40). This assay has been used to detect the polyglut-
amine aggregates in cell lysates, homogenates of tissues prepared from Caenorhabditis elegans
and mice, and yeast expressing HttQ103 on a 2mm plasmid (41–47). Surprisingly, regardless of
whether the lysates were prepared from yeast in which the HttQ103 aggregates were prion
nucleated or spontaneously nucleated, HttQ103 was not detected on the filter after

FIG 5 Time course of the formation of HttQ103 aggregates in the absence and presence of Hsp104. (A) Time
series obtained in an hsp104 deletion strain constitutively expressing HttQ103. (B) Time series obtained in an
hsp104 deletion strain constitutively expressing HttQ103 following the induction of Hsp104 expression from the
GAL1 promoter. (Top) No detectable aggregate was present in the cell at the start of the experiment; (bottom)
a large aggregate was present in the cell at the start of the experiment. The arrow in the cell at the 30-min
time point in the bottom panel indicates a flare-like projection coming off the aggregate. (See Movies S1 and
S2 in the supplemental material for images acquired at 10-min intervals.) In these experiments, the yeast cells
were immobilized on an agarose pad to acquire z-stack images of the same field at various times. Images are
all maximized z-stacks.
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denaturation of the lysates (Fig. 6A). We observed retention of HttQ103 in a lysate from yeast
expressing HttQ103 made from a 2mm plasmid, in agreement with previous studies (42, 43).
The 2mmplasmid produces more protein and larger aggregates than the chromosomally inte-
grated HttQ103 construct, which we used to obtain uniform expression in this study. Since
the confocal images showed that most of the HttQ103 aggregates were diffraction limited in
size (#0.15mm) with the integrated construct, it is not clear whether their lack of retention is
due to the small size of the aggregates or the solubilization of the aggregates after boiling in
SDS buffer.

To further characterize the biophysical properties of the HttQ103 aggregates in the
lysates, we took advantage of the property that polyglutamine-type aggregates are not solu-
bilized by boiling in SDS buffer but are solubilized by heating in formic acid (48). Therefore,
lysates were divided in half, with one fraction being directly boiled in SDS buffer, which solu-
bilizes the heat-labile SDS-sensitive HttQ103 in the lysate, and the other fraction being cen-
trifuged to sediment the HttQ103 aggregates, followed by resuspension of the pellet in for-
mic acid, which solubilizes all the aggregated HttQ103 (see Materials and Methods). The
differentially treated lysates were then run on SDS gels, followed by Western blotting. Figure
6B shows that treating the pellet with formic acid increased the intensity of the HttQ103
band 3-fold for both the prion-nucleated and spontaneously nucleated HttQ103 aggregates.
These results show that at least two-thirds of the prion-nucleated and spontaneously
nucleated HttQ103 aggregates are heat stable and SDS resistant, indicating they are both
typical polyglutamine-type HttQ103 aggregates and are biochemically similar.

DISCUSSION

The molecular chaperone Hsp104, a member of the AAA ATPase family, has disaggregase
activity functioning to dissolve protein aggregates and amyloids in yeast (49–51). Although
this chaperone is not present in higher eukaryotes, the purified protein has been shown to

FIG 6 Dot blot and Western blot assays of HttQ103. (A) Dot blot of HttQ103 from yeast lysates that
were either not treated with SDS buffer or boiled in 2% SDS. Lane 1, lysate prepared from [PRION1]
yeast cells expressing HttQ103 from the GAL1 promoter, which was integrated into the chromosome;
lane 2, lysate prepared from [prion2] yeast cells expressing HttQ103 from the GAL1 promoter
integrated into the chromosome that were cultured on galactose plates and then grown on
galactose medium; lane 3, lysate prepared from [PRION1] yeast cells expressing HttQ103 from the
GAL1 promoter on a 2mm plasmid. The same concentration of total protein was added to each well.
(B) Western blotting of HttQ103 from yeast lysates grown under different conditions. Lanes 1 and 3,
total lysates that were boiled in SDS buffer; lanes 2 and 4, lysates treated with formic acid before
boiling in SDS buffer. Lanes 1 and 2 are lysates prepared from [PRION1] yeast cells expressing
HttQ103 from the GAL1 promoter integrated into the chromosome. Lanes 3 and 4 are lysates
prepared from [prion2] yeast cells expressing HttQ103 from the GAL1 promoter integrated into the
chromosome that were cultured on galactose plates and then grown on galactose medium. [PRION1]
yeast contains both the [RNQ1] and [PSI1] prions. [prion2] yeast cells are cured of all prions.
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disaggregate many proteins that cause neurodegenerative diseases, including Tau, Ab ,a-
synuclein, TDP43, and polyglutamine fragments (52, 53). Based on this finding, it has been
proposed that Hsp104 has therapeutic potential, which has been examined by expressing
Hsp104 in both tissue culture cells and animals (53–56). Regarding Huntington’s disease,
Hsp104 has been shown to reduce aggregate formation and protect against cell death in tis-
sue culture cells (56). Furthermore, Hsp104 has been shown to inhibit aggregate formation
and reduce toxicity in models of Huntington’s disease in C. elegans and mice (54, 55,
57). Given the therapeutic interest in Hsp104, it is important to understand the effect
of Hsp104 on HttpolyQ aggregation in yeast, an organism that endogenously expresses this
chaperone.

Our results show that Hsp104 severs the HttQ103 aggregates regardless of whether
they are spontaneously nucleated or prion nucleated. The severing of aggregates
results in their proliferation and, in turn, enhances their transmission to the daughter
cells. In this regard, the role of Hsp104 in proliferating HttQ103 aggregates is very simi-
lar to its role in propagating prion. However, unlike prion, in which the soluble properly
folded conformation is stable, with HttQ103, the soluble form has slow spontaneous
nucleation. Once the nuclei form, they are severed by Hsp104, enhancing their trans-
mission to the daughter cells. Since Hsp104 proliferates the HttQ103 aggregates, this
suggests that with some pathological polyglutamine constructs, the expression of
Hsp104 may be detrimental instead of protective. In fact, this has been observed in a
Drosophilamodel of the polyglutamine disease spinocerebellar ataxia type 3 (58).

Although it has not been previously examined whether the HttQ103 fragment is a
substrate for the severing activity of Hsp104, this question was indirectly examined by
the Kushnirov laboratory using chimeras of Sup35 in which the prion domain of Sup35 was
swapped with polyQ residues of various lengths (29). The propagation and fragmentation of
the chimeras were analyzed by determining their size on partially denaturing SDS gels. In
cured yeast grown for an extended length of time, the Kushnirov laboratory observed frag-
mentation of a chimera containing extended polyQ repeat regions. However, based on the
large size of the partially denatured fragments, they concluded that the polyQ-Sup35 chimera
was a poor substrate for the severing activity of Hsp104 unless tyrosine residues were inter-
spersed among the polyQ repeats, in which case the size of the fragments was reduced.

In agreement with previous studies, the aggregation properties of HttQ103P are very differ-
ent from those of HttQ103 (23, 30, 59). In yeast with prions, HttQ103P tends to form a large
aggregate that comes from the coalescence of smaller aggregates, as suggested in a previous
study (31). In contrast to the latter study, we find that aggregate formation depends only on
prion and not directly on Hsp104. Instead, HttQ103P aggregation is indirectly dependent on
Hsp104 since Hsp104 is essential for prion propagation. Interestingly, in [RNQ1] [PSI1] yeast
expressing HttQ103 with inactive Hsp104, HttQ103 forms a large aggregate, similar to that
observed in cells expressing HttQ103P. This behavior suggests that the absence of severing
leads to the formation of large HttpolyQ aggregates in yeast cells.

Surprisingly, our results show a marked difference in the abilities of [RNQ1] and [PSI1]
prions to nucleate the HttpolyQ fragments. The expression of these constructs on the GAL1
promoter, when integrated into the chromosome, showed that the [RNQ1] but not the
[PSI1] prion nucleated both HttQ103 and HttQ103P fragments despite the [RNQ1] prion hav-
ing far fewer seeds than the [PSI1] prion in our yeast strain based on the rate of curing of
these prions in guanidine (60). This indicates that the prion conformation rather than the
prion seed number is the primary factor involved in the nucleation of Htt fragments. Since
prions exist as variants with different conformations, this suggests that the ability of a given
prion to nucleate Htt fragments may also depend on the prion variant.

As expected, the nucleation of HttpolyQ fragments also depends on their level of
expression. When these fragments were expressed from the CUP1 promoter in the absence of
copper in [RNQ1] yeast, there was a marked reduction in the aggregation of both the
HttQ103 and HttQ103P fragments. On the other hand, both HttQ103 and HttQ103P have
been reported to form aggregates in the absence of prion when expressed at very high levels
from the GAL1 promoter using a 2mm plasmid (23, 61). Notably, it is unknown whether the
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Htt aggregates formed at low and high expression levels have the same structure. Recent
cryo-electron microscopy (cryo-EM) studies showed that HttpolyQ fragments expressed at
high levels in yeast form assorted structures, including amyloid fibers, amyloid aggregates,
and amorphous structures (44, 61). It has been shown that the disaggregase activity of
Hsp104 works on both amorphous protein aggregates and amyloid fibrils (52). However, since
biochemical analysis showed that the HttQ103 aggregates were heat stable and SDS resistant,
in contrast to amorphous aggregates (31, 42, 43, 62, 63), this suggests that Hsp104 is severing
aggregates with an amyloid structure.

Interestingly, the prion-nucleated and spontaneously nucleated HttQ103 aggregates in
lysates prepared from yeast expressing the integrated HttQ103 construct were too small to
be retained on a 0.2-mm filter, the standard assay for detecting polyglutamine aggregates.
The small size of the aggregates is consistent with imaging that showed that the majority of
HttQ103 aggregates were diffraction limited in size, indicating that they were #0.15 mm.
Diffraction-limited aggregates have also been detected in tissue culture cells, but they are
typically obscured by the large inclusion body (64). HttpolyQ aggregates that were too small
to be retained by the filter assay were in brain homogenates from a mouse Huntington’s dis-
ease model, but they were detected using a fluorescence resonance energy transfer (FRET)-
based seeding assay (47).

In conclusion, the paradigm that prion is essential for the aggregation of different
Htt fragments with an expanded polyQ repeat region in yeast is an oversimplification.
Our results show that when integrated HttQ103 is expressed from the GAL1 promoter,
the extent to which this fragment forms aggregates is dependent on active Hsp104 to
propagate the aggregates and not prion. Thus, the role of prion is to significantly accel-
erate the rate of nucleation, as suggested previously (19). In contrast, the aggregation
of the integrated HttQ103P fragment on the GAL1 promoter is dependent on prion, which
in turn makes it only indirectly dependent on Hsp104. Thus, instead of yeast providing a sim-
ple model for HttpolyQ aggregation, many factors affect aggregation in yeast, including the
primary sequence, specific prion, and expression level. Finally, considering the complexity of
HttpolyQ aggregation, this may affect the therapeutic potential of Hsp104 in treating differ-
ent polyglutamine diseases.

MATERIALS ANDMETHODS
Strains and plasmids. The yeast strains were derived from the parental [RNQ1] [PSI1] 779-6a strain

(MATa kar1-1 SUQ5 ade2-1 his3D202 leu2D1 trp1D63 ura3-520) (65). For galactose-induced expression of
HttQ103 (strain 1786) or HttQ103P (1876), the genes were cloned into pNC1124 (66), and the SmaI frag-
ment was used for integration into the LYS2 chromosomal locus of 779-6a. His1 transformants identified
as lys2 were confirmed for proper integration by PCR. The hsp104 deletion strain 1854-5D came from a
backcross of 1786 with the hsp104 deletion strain J104NC (65). After mating the strains, the yeast cells
were sporulated, and the colonies were then analyzed to obtain the hsp104 deletion strain with the inte-
grated HttQ103 construct. Yeast strains were cured of all prion by growing the cells in 5 mM guanidine.
To cure yeast of the [PSI1] prion, yeast cells were cured by Hsp104 overexpression by expressing Hsp104
on a pRS316 plasmid. After plating cells on one-half-strength yeast extract-peptone-dextrose (1/2 YPD) plates,
a cured colony was selected by its red color. To cure yeast of the [RNQ1] prion, cells were grown overnight in
5 mM guanidine, followed by plating on 1/2 YPD plates. Several of the colonies that plated white, indicating
that they were [PSI1], were transformed with the pRS316-RNQ1-Rnq1-GFP plasmid. The transformed colonies
were imaged, and a colony with diffuse GFP was selected. After having obtained colonies with the desired
prion phenotype, cells were treated with 5-fluoroorotic acid to eliminate the pRS316 plasmids.

HttQ103 and HttQ103P were subcloned from the pYES2 vector (22, 67) to be integrated into the
yeast genome as described above. In addition, the HttQ103 plasmids were used for subcloning into a pRS316
centromeric plasmid with either a GPD promoter or a CUP1 promoter. All the HttpolyQ constructs had a FLAG
epitope tag at the N terminus and GFP at the C terminus. pRS315 Hsp104 with the GAL1 promoter and the
Hsp104(Y662) point mutants with the HSP104 promoter were described previously (65, 68).

Standard yeast media and growth conditions were used (69). YPAD contains 1% yeast extract, 2%
peptone, 2% dextrose, and 400 mg/liter adenine. 1/2 YPD is similar but lacks adenine and contains 0.5% yeast
extract. Synthetic defined (SD) glucose media contain 6.7% yeast nitrogen base (Difco), 2% glucose, and the
required nutrients. SD plates with limiting adenine contain 8 mg/liter adenine. SGal is medium with galactose
(Sunrise Science) in place of glucose. Cells were grown at 30°C unless indicated otherwise.

Analysis of HttQ103 in yeast lysates. When cells in an actively growing culture reached an optical
density at 600 nm (OD600) of 0.7 to 0.8, they were pelleted, washed in phosphate-buffered saline (PBS), and
then suspended in an equal volume of lysis buffer (50 mM Tris-HCl [pH 7.4], 200 mM NaCl, 0.5 mM EDTA
[pH 8.0], 0.5 mM dithiothreitol [DTT], and one tablet of a protease inhibitor cocktail [Roche, Indianapolis,
IN]). Cells were broken with 0.5-mm glass beads in a bead beater, followed by low-speed centrifugation to
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remove the debris. The protein concentration was determined using the Bradford reagent to load identical
amounts on either gels or cellulose filters for the filtration assay.

Biochemical analysis of lysates. Lysates were either not treated or boiled in 2% SDS prior to being
filtered through a cellulose acetate membrane (Whatman OE 66, with a 0.2-mm pore size) as described previ-
ously (39, 40). SDS gels (4 to 12%) were run on samples that were boiled in Laemmli buffer. An aliquot of the
sample was centrifuged, treated with formic acid at 37°C for 1 h followed by vacuum drying, and then resus-
pended in additional Laemmli buffer (59). Samples were run on SDS-PAGE gels, followed by transferring the
samples to a nitrocellulose membrane (Invitrogen, Carlsbad, CA). The following antibodies were used: anti-GFP
polyclonal antibody (Abcam) and anti-Pgk1 monoclonal antibody (Molecular Probes, Carlsbad, CA).

Microscopy. Images of the GFP fluorescence in live cells were obtained with the Zeiss LSM 880
Airyscan confocal microscope equipped with a 63� 1.4-numerical-aperture (NA) objective. z-stack confo-
cal images were taken of all cells and then maximized. The yeast cells were routinely imaged in 8-well
25-mm2 chambered coverslips (Lab-Tek, Rochester, NY). Imaging overnight was performed by placing
the yeast cells on an agarose pad slide. z-stack confocal images were obtained at 10-min intervals.
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