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Evidence is now accumulating that 
damaged proteins are not randomly 

distributed but often concentrated in 
microscopically visible and functionally 
distinct inclusion bodies. How misfolded 
proteins are organized into these com-
partments, however, is still unknown. 
We have recently begun to investigate 
stress-inducible protein quality control 
(PQC) bodies in yeast cells. Surprisingly, 
we found that protein misfolding and 
aggregation were not sufficient to trigger 
body formation under mild heat stress 
conditions. Rather, compartment assem-
bly also required the concerted action of 
molecular chaperones, protein-sorting 
factors and protein-sequestration fac-
tors, thus defining a minimal machin-
ery for spatial PQC. Expression of this 
machinery was limited to times of acute 
stress through rapid changes in mRNA 
abundance and a proteasomal feedback 
mechanism. These findings demonstrate 
that yeast cells can control the amount of 
soluble misfolded proteins through regu-
lated phase transitions in the cytoplasm, 
thus allowing them to rapidly adapt to 
changing environmental conditions.

Cellular Strategies to Counteract 
Protein Misfolding

Proteins misfold because of random fluc-
tuations in protein conformations, the 
presence of destabilizing mutations, stress 
conditions, or global alterations in cel-
lular physiology. Protein misfolding is 
also emerging as a major cause of human 
disease. Diseases that are caused or exac-
erbated by misfolding events include lyso-
somal storage disorders, cystic fibrosis, 
cancer and a range of neurodegenerative 
disorders, such as Alzheimer, Huntington 
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or Parkinson disease. Finally, protein mis-
folding and aggregation are hallmarks of 
aging. Together, these examples illustrate 
that protein homeostasis is a key require-
ment for cellular and organismal health 
and survival.

Organisms have evolved an elaborate 
PQC machinery to preserve the function-
ality of their proteomes. Three different 
strategies are employed to counteract pro-
tein damage: refolding of misfolded pro-
teins by molecular chaperones, removal of 
misfolded proteins by energy-dependent 
proteases or degradation by autophagy, a 
process of selective uptake and degrada-
tion of damaged proteins in membrane-
enclosed compartments.1 As a result 
misfolded proteins are either repaired or 
eliminated.

In recent years, evidence of yet another 
PQC mechanism has been accumulat-
ing.2 Organisms as diverse as bacteria and 
humans have the ability to reversibly con-
strain misfolded proteins in specialized 
membrane-free compartments or inclusion 
bodies. Not surprisingly, the formation of 
these compartments is strongly enhanced 
by environmental stress. Inclusions are 
also commonly associated with protein 
misfolding diseases. In addition to dis-
ease-associated proteins, they can contain 
ubiquitylated proteins, defective ribo-
somal products or oxidatively damaged 
proteins. However, whether these proteins 
reside in the same compartment or are tar-
geted to different compartments had long 
remained undetermined.

This situation changed in 2008 when 
a seminal report described two distinct 
stress-inducible compartments for mis-
folded proteins termed IPOD (insoluble 
protein deposit) and JUNQ (juxtanuclear 
quality control) in eukaryotic cells.3 The 
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depleted. Thus, analogous to what has 
been proposed for other prions, mainte-
nance of [NRP1C+] is strictly dependent 
on Sis1. This finding lends further support 
to the notion that Sis1 has an indispens-
able function in promoting the propaga-
tion of most, if not all yeast prions.11

The functional relationship between 
Sis1, Btn2 and Cur1 suggested that these 
proteins could be interacting with each 
other. Co-immunoprecipitation experi-
ments with yeast cell lysate and in vitro 
binding studies indeed revealed that Sis1 
forms a complex with Btn2 or Cur1. From 
these findings, we concluded that Btn2 
and Cur1 alter the activity or availability 
of Sis1.

Btn2 and Cur1 Alter the  
Subcellular Localization of Sis1

Using a phenotypic assay for a synthetic 
yeast prion, we were able to identify Btn2 
and Cur1 as interactors and functional 
modifiers of Sis1. To investigate the func-
tional significance of this interaction, we 
first explored the behavior of GFP-tagged 
Sis1 in yeast cells that were subject to a 
mild temperature increase. In stressed 
cells, Sis1 accumulated in the nucleus and 
in peripheral and juxtanuclear puncta. 
Remarkably, we observed very similar pat-
terns in unstressed cells that overexpressed 
Btn2 and Cur1. Furthermore, localiza-
tion of Sis1 to the nucleus and to cyto-
solic compartments was strongly reduced 
in stressed cells that lacked Btn2 and/or 
Cur1. Thus, we concluded that Btn2 and 
Cur1 determine the subcellular distribu-
tion of Sis1 during acute heat stress.

Nuclear accumulation of Sis1 was 
dependent on Btn2 and Cur1, suggest-
ing that Btn2 and Cur1 could be nuclear 
targeting factors for Sis1. Indeed, we were 
able to identify classical nuclear localiza-
tion signals in Btn2 and Cur1. Mutants 
lacking the NLS motif showed dimin-
ished targeting to the nucleus and to the 
juxtanuclear compartment. The mutant 
proteins were also no longer able to enrich 
Sis1 in the nucleus. Further experiments 
revealed that complex formation between 
Sis1 and Btn2 or Cur1 was a prerequisite 
for sorting to the nucleus. Moreover, we 
found that nuclear targeting was depen-
dent on Srp1, the only member of the 

or propagons, which can be passed from 
mother to daughter cells.7 The remodel-
ing reaction requires a minimal chaperone 
machinery consisting of Hsp40, Hsp70 
and Hsp104.8,9 Thus, in the context of a 
living cell, prions and chaperones form an 
intricate network of physical and func-
tional interactions that ensures faithful 
replication of the prion state.

The genetic tractability of S. cerevisiae 
has favored the discovery of a large set of 
prion-forming sequences in the yeast pro-
teome.10 This repertoire of diverse prion-
forming sequences provides a unique 
opportunity to study the interactions 
between amyloids and molecular chaper-
ones in the cellular milieu. Because the 
expression of many chaperones is subject 
to dramatic changes during heat shock, 
we investigated the effect of heat stress 
on the inheritance of various prions. To 
our surprise, we found that even mildly 
increased temperatures destabilized many 
of them (our unpublished results). The 
prion that showed the strongest response 
to heat was a synthetic construct con-
sisting of the prion-forming domain of 
the RNA-binding protein Nrp1 fused 
to a prion reporter. Through subsequent 
genetic experiments we could demonstrate 
that prion loss was caused by upregulation 
of the stress-inducible protein Cur1. Btn2, 
a paralogue of Cur1, was also induced 
under heat stress, but the amount of stress-
induced Btn2 was not sufficient to cause 
prion loss. However, Btn2 was able to 
destabilize the prion (termed [NRP1C+]) 
when overexpressed. These findings indi-
cate that stressed yeast induce the expres-
sion of two related proteins that interfere 
with prion maintenance.

A first hint that pointed toward the 
molecular function of Btn2 and Cur1 
came from the discovery that Sis1 acted as 
a very potent suppressor of heat-induced 
prion loss. Further experiments dem-
onstrated that [NRP1C+] fibers recruit 
large amounts of Sis1. Because prion 
fiber remodeling requires the activ-
ity of Hsp40s,8,9 we hypothesized that 
Sis1-decorated prion fibers could attract 
Hsp104. Indeed, subsequent experiments 
confirmed that prion fragmentation was 
more pronounced in cells that overpro-
duced Sis1. Moreover, we found that 
[NRP1C+] was destabilized when Sis1 was 

juxtanuclear compartment was associ-
ated with the nuclear envelope and con-
tained ubiquitylated proteins that rapidly 
exchanged with the surrounding cyto-
sol. Additional constituents were iden-
tified as proteasomes and chaperones. 
Consequently, the JUNQ was proposed 
to provide a specialized environment for 
chaperone-mediated refolding or protein 
degradation.3,4 The IPOD on the other 
hand was identified in the perivacuolar 
region of yeast cells. It contained largely 
immobile aggregates of amyloid-forming 
proteins. Sequestration in the IPOD may 
reduce aberrant interactions between mis-
folded proteins and essential cellular com-
ponents. This led to the proposal that the 
IPOD could serve a cytoprotective func-
tion.3,4 Despite these advances, however, 
the molecular mechanisms that govern 
the formation of aggregate deposition sites 
have so far remained largely elusive.

We used a yeast prion reporter assay to 
identify cellular factors involved in protein 
aggregation.5 Our study identified Btn2 
and Cur1, two members of the Hook fam-
ily of transport factors, as potent modifiers 
of a synthetic yeast prion. Surprisingly, we 
found that the effects of Btn2 and Cur1 
were not direct—as previously suggested 
for a different prion6—but largely medi-
ated by nuclear targeting of Sis1, a chap-
erone of the Hsp40 family that is required 
for prion maintenance. Further investi-
gations revealed that Btn2 and Cur1 are 
important protein-sorting factors that 
physically and functionally interact with 
Sis1 or the small heat shock protein Hsp42 
to coordinate the accumulation of aggre-
gates in deposition sites in times of acute 
stress. In the following, I shall describe 
how these findings have advanced our 
understanding of spatial PQC in yeast.

Using Yeast Prions to Identify 
Modifiers of Protein Aggregation

Prion proteins have the remarkable ability 
to self-assemble, a property that is con-
ferred by the presence of natively unfolded, 
amyloidogenic regions. Once a prion has 
formed a replication-competent struc-
ture, it undergoes a self-sustained cycle 
of growth and division. Hence, a critical 
aspect of a prion’s life cycle is the remodel-
ing of prion polymers into heritable seeds 
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technology, we could demonstrate that the 
spatial overlap between Btn2 and prions 
was very limited. In agreement with our 
finding, Kryndushkin et al. (2008) could 
not detect a direct interaction between 
purified Btn2 and prion proteins in an 
in vitro binding assay.6 Moreover, Btn2 
had no effect on the assembly kinetics of 
Ure2. Therefore, current evidence is argu-
ing against a direct role of Btn2 in prion 
sequestration.

Although a direct role of Btn2 in prion 
sequestration is unlikely, Btn2 could 
still cooperate with other factors such as 
Hsp42 to promote the sequestration of 
misfolded prion proteins in a peripheral 
location. In agreement with this idea, 
Hsp42 has recently been shown to inter-
fere with prion inheritance by binding to 
prion fibers.14 Therefore, aggregated prion 
proteins that associate with Hsp42 could 
in principle be targeted to a peripheral 
deposition site in a Btn2-dependent man-
ner. However, cells that lacked Btn2 and/
or Hsp42 showed no discernable defects 
in localizing prion aggregates to a periph-
eral location (Specht et al. and our unpub-
lished observations).12 This suggests that 
prion targeting to the peripheral compart-
ment is largely independent of Btn2 and 
Hsp42. These findings and considerations 
further reinforce our conclusion that 
nuclear targeting of Sis1 is the predomi-
nant mechanism of prion curing by Btn2 
and Cur1. Future experiments with Btn2 
and Cur1 mutants carrying specific Sis1-
binding defects are required to determine 
whether prion loss is entirely due to Sis1 
depletion or might involve other molecu-
lar mechanisms.

Btn2 and Cur1 are  
Stress-Inducible and Short-Lived

Juxtanuclear and peripheral aggregate 
deposition sites are hardly detectable in 
cells growing under normal conditions, 
but strongly enlarged when cells experi-
ence acute stress. In line with this observa-
tion, the transcripts of BTN2 and CUR1 
are upregulated in yeast that are exposed 
to different stresses such as ethanol, high 
salt concentrations or heat.15-18 In addi-
tion, Btn2 is strongly induced in cells 
that overexpress proteotoxic proteins.19,20 
Consistent with this, the promoter regions 

event that determines whether a mis-
folded protein is sorted to a juxtanuclear 
or a peripheral site. In contrast to Btn2, 
we could not, however, find evidence for 
a direct role of Cur1 in aggregate sorting.

The Molecular Mechanism  
of Prion Curing by Btn2 and Cur1

In the course of our studies, we noticed 
that the nuclear targeting potential of 
Btn2 and Cur1 was very different: while 
Btn2 caused only a slight nuclear enrich-
ment of Sis1, Cur1 expression led to 
almost complete nuclear accumulation. 
Given that Btn2 also had a lower prion-
curing capacity than Cur1, this suggested 
that cytosolic depletion of Sis1 could be 
the underlying mechanism of prion loss. 
To test this assumption, we generated a 
variant of Sis1 (NLS-Sis1) that was able 
to target endogenous Sis1 to the nucleus. 
Overexpression of NLS-Sis1 indeed led to 
destabilization of [NRP1C+], suggesting 
that redistribution of Sis1 to the nucleus is 
sufficient to induce prion loss. Additional 
genetic experiments showed that NLS-
deficient Btn2 and Cur1 had a reduced 
prion-curing potential. Thus, by target-
ing Sis1 to the nucleus, Btn2 and Cur1 
limit the amount of Sis1 that is available 
for prion binding and fragmentation. 
Reduced prion fragmentation rates, how-
ever, cause a net increase in prion polymer 
length. This could eventually lead to prion 
loss in populations of dividing yeast cells. 
Consistent with this hypothesis, Btn2- 
and Cur1-dependent prion loss was found 
to require cell division.6 Moreover, we dis-
covered that prion polymers were signifi-
cantly shorter in cells that overexpressed 
Sis1 or lacked Btn2 or Cur1. Based on 
these findings, we concluded that Btn2 
and Cur1 interfere with prion propaga-
tion through depletion of Sis1 from the 
cytosol.

A previous study proposed an alterna-
tive mechanistic explanation for prion 
curing by Btn2.6 According to this view, 
Btn2 directly promotes the sequestration 
of prion aggregates and could potentially 
induce a pathway that facilitates the dis-
posal of prions by autophagy. Consistent 
with such a direct role in prion sequestra-
tion, Btn2 was shown to colocalize with pri-
ons.6,13 However, using improved imaging 

α-importin family in yeast. Thus, sort-
ing of Sis1 to the nucleus requires nuclear 
localization sequences in Btn2 or Cur1 
and the α-importin Srp1.

Aggregate Deposition Requires 
Btn2, Sis1 and Hsp42

In stressed yeast cells, Sis1 not only accu-
mulated in the nucleus but also coalesced 
into foci, which were reminiscent of previ-
ously described PQC compartments. To 
determine whether Sis1 is sorted to these 
compartments, we used the misfolding-
prone marker proteins VHL and Ubc9ts.3 
Indeed, we found that Sis1 showed sub-
stantial overlap with both aggregated 
VHL and Ubc9ts. In addition, Sis1-
positive sites contained various chaperones 
such as Hsp42, Ssa1 and Hsp104. Thus, 
during acute stress, Sis1 accumulates in 
cytosolic deposition sites that contain 
aggregation-prone proteins and compo-
nents of the PQC machinery.

A property that distinguished Btn2 
from Cur1 was that Btn2 strongly local-
ized to a peripheral protein deposition 
site. Given the central role of Hsp42 in 
controlling the formation of this compart-
ment,12 we hypothesized that Btn2 could 
be accumulating in the peripheral site in 
an Hsp42-dependent manner. Indeed, 
we found that Btn2 and Hsp42 formed 
a complex in the periphery. In cells that 
were eliminated for Hsp42, Btn2 no 
longer accumulated in peripheral deposi-
tion sites. This indicates that association 
of Btn2 and Hsp42 is a prerequisite for 
accumulation of Btn2 in the perivacuolar 
region.

Collectively, these data suggested a role 
for Btn2 and Cur1 in aggregate sorting. To 
investigate this possibility, we performed 
a time-resolved analysis of VHL aggrega-
tion in cells that were eliminated for Btn2 
and/or Cur1. In Btn2-deficient cells, VHL 
was no longer sorted to juxtanuclear sites, 
and the size of peripheral sites was strongly 
reduced. Remarkably, we found that over-
expression of Btn2 alone was sufficient 
to induce the formation of aggregate 
deposition sites. Additional experiments 
revealed that association of Btn2 with Sis1 
or Hsp42—where the two chaperones 
serve as adaptors for the recognition of 
misfolded proteins—is the key molecular 
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protein levels in unstressed and stressed 
yeast. Indeed, Cur1 and Btn2 expres-
sion was strictly limited to times of stress. 
This was not only due to changes in gene 
expression, but also resulted from the fact 
that Btn2 and Cur1 were rapidly turned 
over by the proteasome.

Acute heat stress causes a rapid accu-
mulation of insoluble ubiquitylated pro-
teins.21 Hence, we reasoned that a sudden 
buildup of substrate proteins could inter-
fere with proteasomal degradation, caus-
ing a slower turnover of Btn2 and Cur1. 
To determine whether stress affects the 
half-life of Btn2 and Cur1, we expressed 
them from a non-inducible promoter. 
Remarkably, under these conditions Btn2 
and Cur1 were strongly stabilized. This 
indicates the presence of a dynamic feed-
back mechanism that couples induction of 
Btn2 and Cur1 to the activity of the pro-
teasome. Thus, changes in gene expres-
sion and a transient decrease in overall 
proteasomal activity jointly restrict Btn2 
and Cur1 expression to periods of acute 
stress.

Genome-wide screens have identified 
many genetic modifiers of prion induction 
and inheritance.22,23 Among these posi-
tive hits, genes associated with the PQC 
machinery or stress response pathways 
were particularly prominent. For example, 
a deletion of the gene for the non-essential 
proteasome subunit Pre9 had a very pro-
nounced inhibitory effect on prion induc-
tion.22,23 Remarkably, we found that the 
expression levels of Btn2 and Cur1 were 
strongly increased in Pre9-deficient cells 
(unpublished results). Chronic induction 
of short-lived sorting factors such as Btn2, 
Cur1 or Lsb224 could therefore provide a 
plausible explanation for the frequent dis-
covery of PQC-related modifiers in prion 
screens. Thus, stress conditions are not 
only able to trigger the birth of prions but 
they can also cause their demise.

A Model for Spatial Protein  
Quality Control in Yeast

Our previous experiments revealed an 
important function for Btn2 in aggregate 
sorting. Unexpectedly, however, we found 
that the paralogue Cur1 did not share 
this ability. To investigate the function 
of Cur1, we performed a series of genetic 

Btn2 and Cur1 could be involved in the 
environmental stress response. To deter-
mine whether Btn2 and Cur1 are induced 
in times of acute stress, we compared their 

of BTN2 and CUR1 were found to con-
tain heat shock sequence elements, similar 
to those in other stress-inducible genes.6 
Collectively, these findings suggested that 

Figure 1. a model for the coordinated action of sorting factors and molecular chaperones during 
acute heat stress. (A) Yeast cells growing under normal conditions, (B) cells exposed to acute heat 
stress and (C) cells that are recovering from stress. the events that induce sorting (association with 
a factor or assembly into an amyloid structure) are indicated in red. a bound misfolded protein is 
depicted in blue. Please note that only the complexes containing Btn2 are involved in aggregate 
sorting, while the Cur1 complex mediates sorting of Sis1 to the nucleus. See text for more details.
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suggest that the spatial PQC machinery 
could have additional functions that go 
beyond its role in protein quality control. 
Additional studies will be required to 
explore this exciting possibility.

Conclusion

Protein aggregation was long considered 
to be a chaotic process that is only initi-
ated when the capacities of the cellular 
PQC machinery are exhausted. Recent 
evidence, however, suggests that protein 
aggregation can also be the result of an 
elaborate cellular program. Our study has 
provided insight into the molecular mech-
anisms that determine the spatiotemporal 
distribution of protein aggregates and their 
sequestration in membrane-free compart-
ments during mild heat stress. Related 
protein bodies such as RNA-containing 
granules might use very similar mecha-
nisms to form. Thus, a new theme is 
emerging that suggests that environmen-
tally challenged cells can compartmen-
talize the cytoplasm through controlled 
phase transitions of vast numbers of indi-
vidual macromolecules.
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whether aggregated proteins are stored in 
the periphery, or shuttled to a juxtanuclear 
site, most likely to facilitate their refolding 
or degradation.

What happens when the temperature 
returns to normal levels? In the recov-
ery phase, aggregate dissolution is facili-
tated by Hsp104.12 Hsp104 is most likely 
assisted by members of the Hsp70 and 
Hsp40 families, which play an important 
role in providing Hsp104 with access to 
substrate proteins.8,9 Therefore, when Sis1 
reenters the cytosol, it could engage with 
substrate proteins to promote their release 
from the disintegrating peripheral com-
partment. Association with Btn2 could 
then promote their targeting to the juxta-
nuclear site.

Surprisingly, despite their important 
role in regulating the aggregation of pro-
teins, Hsp42, Btn2 and Cur1 are not 
essential for thermotolerance (Haslbeck 
et al. 2004 and our unpublished obser-
vations).25 This suggests that the spatial 
PQC machinery has additional func-
tions that have yet to be uncovered. 
Interestingly, Btn2 was initially reported 
to be involved in vesicular trafficking 
and late Golgi-endosome sorting.13,26,27 
In agreement with such a role, Btn2 was 
found to restore intracellular amino acid 
levels and vacuolar functionality in a 
yeast model for Batten disease, a lyso-
somal storage disorder.15,28 These findings 

experiments. In these experiments Cur1 
overexpression had a strongly detrimental 
effect on the growth of yeast cells. This 
growth defect was completely reversed by 
co-expression of Sis1 or deletion of the 
nuclear localization sequence. We there-
fore concluded that the main function of 
Cur1 is to control the cytosolic availability 
of Sis1.

On the basis of our collective find-
ings, we proposed the following model 
to describe stress-induced alterations in 
the subcellular distribution of misfolded 
proteins (Fig. 1). When yeast cells are 
exposed to heat stress, they first form a 
juxtanuclear site, while the formation of 
the peripheral compartment is delayed. 
These changes are predominantly deter-
mined by temporal changes in the rela-
tive cytosolic concentrations of Sis1 and 
Hsp42. At the onset of a stress stimulus, 
relative Sis1 levels are high. Under these 
conditions, Btn2 associates with Sis1 to 
target misfolded proteins to the juxta-
nuclear site. However, over time induc-
tion of Cur1 leads to a depletion of Sis1 
from the cytosol. As a consequence, sub-
strate flux to the juxtanuclear compart-
ment is gradually reduced. At the same 
time, however, aggregate transport to the 
periphery increases through upregula-
tion of Hsp42. Thus, temporal changes 
in the cytosolic concentration of chaper-
ones and protein-sorting factors determine 
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