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Ssb to the cytosol in certain unfavorable growth conditions, 
and Ssb contributes to increased prion loss in these condi-
tions. This indicates that the circulation of Ssb between the 
ribosome and cytosol may serve as a physiological regu-
lator of the formation and propagation of self-perpetuating 
protein aggregates. Indeed, RAC and Ssb modulate tox-
icity of some aggregating proteins in yeast. Mammalian 
cells lack the Ssb ortholog but contain a RAC counterpart, 
apparently recruiting other Hsp70 protein(s). Thus, amy-
loid modulation by ribosome-associated chaperones could 
be applicable beyond yeast.

Keywords  Amyloid aggregation · Protein folding · 
Hsp70 · Saccharomyces cerevisiae · Translation

Introduction

The Hsp70/DnaK chaperones are evolutionarily conserved 
proteins that are found from bacteria to humans and play a 
key role in a variety of protein folding processes, as well as 
in protection from stress. In yeast Saccharomyces cerevisiae, 
a model organism frequently employed in genetic and bio-
chemical studies, the major cytoplasmic subfamilies of the 
Hsp70 family include the evolutionarily conserved Ssa sub-
family, coded by 4 genes, SSA1-4, and the fungal-specific 
Ssb subfamily, coded by 2 almost identical genes, SSB1 and 
SSB2 (for review, see Reidy and Masison 2011; Rikhvanov 
et al. 2007; Sharma and Masison 2009). The Ssa subfamily 
consists of both constitutive and stress-inducible proteins, 
and the presence of at least one Ssa protein is essential for 
cell viability (Werner-Washburne et al. 1987; Werner-Wash-
burne and Craig 1989). Ssa chaperones are aided by the 
Hsp40 proteins Sis1 or Ydj1, and participate in a variety of 
posttranslational protein folding events, as well as (together 

Abstract  Chaperones of the diverse ubiquitous Hsp70 
family are involved in the regulation of ordered self-perpet-
uating protein aggregates (amyloids and prions), implicated 
in both devastating diseases and protein-based inheritance. 
Yeast ribosome-associated chaperone complex (RAC), 
composed of the Hsp40 protein Zuo1 and non-canonical 
Hsp70 protein Ssz1, mediates association of the Hsp70 
chaperone Ssb with translating ribosomes. Ssb participates 
in co-translational protein folding, regulation of premature 
translation termination, and ribosome biogenesis. The loss 
of Ssb or disruption of RAC results in the increased forma-
tion of [PSI+], a prion form of the translation termination 
factor Sup35 (eRF3). This implicates co-translational pro-
tein misfolding in de novo prion formation. However, RAC 
disruption also destabilizes pre-existing [PSI+] prions, as 
Ssb, released from ribosomes to the cytosol in the absence 
of RAC, antagonizes the function of the major cytosolic 
chaperone, Ssa, in prion propagation. The mechanism of 
the Ssa/Ssb antagonism is currently under investigation and 
may include a competition for substrates and/or co-chaper-
ones. Notably, yeast cells with wild-type RAC also release 
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with chaperone Hsp104) in disaggregation and refolding 
of proteins damaged by stress (Reidy and Masison 2011; 
Rikhvanov et  al. 2007). In contrast, Ssb is not essential, is 
not induced by heat shock, and is associated with translat-
ing ribosomes. This association is mediated by the Hsp40 
co-chaperone Zuo1 and non-conventional Hsp70-derived 
co-chaperone Ssz1, together constituting the ribosome-asso-
ciated chaperone complex, RAC (Fiaux et al. 2010; Gautschi 
et  al. 2001; Huang et  al. 2005). RAC and Ssb have been 
shown to participate in co-translational folding of nascent 
polypeptides (Fiaux et al. 2010; Gautschi et al. 2001; Huang 
et al. 2005; James et al. 1997; Nelson et al. 1992). Coupling 
of co-translational folding with peptide elongation (Zhang 
et  al. 2014) has been demonstrated to modulate premature 
termination of translation on the unusual mRNA regions 
causing ribosome stalling, such as in the case of polylysines 
(Chiabudini et al. 2012, 2014). Zuo1 and Ssb also play a role 
in ribosome biogenesis (Albanese et  al. 2010). In addition, 
Zuo1 and Ssz1 proteins are implicated in the modulation of 
drug resistance and quorum sensing via regulation of a mem-
brane transporter (Prunuske et al. 2012). RAC dissociation as 
a result of deletion of ZUO1 and/or SSZ1 leads to release of 
Ssb from the ribosome to the cytosol (Willmund et al. 2013). 
Zuo1/Ssz1 deficiency or Ssb depletion leads to accumula-
tion of misfolded aggregated proteins in the yeast cell (Kop-
lin et  al. 2010; Willmund et  al. 2013). This set of proteins 
is enriched in longer and slowly translated polypeptides that 
possess intrinsically disordered regions, are characterized by 
increased hydrophobic exposure and aggregation potential, 
and have a higher propensity for forming β-structures.

Aggregation of β-sheet rich proteins is known to produce 
ordered self-perpetuating protein polymers (amyloids). A 
variety of proteins from various organisms, encompassing 
the whole evolutionary spectrum from bacteria to humans, 
have been shown to form amyloids (Aguilar-Calvo et  al. 
2015; Blanco et al. 2012; Buxbaum and Linke 2012; Fowler 
et al. 2007; Wickner et al. 2015). Amyloids and their trans-
missible (infectious or heritable) forms termed prions are 
associated with devastating mammalian and human dis-
eases, such as Alzheimer’s, Parkinson’s, and Huntington’s 
diseases, and transmissible spongiform encephalopathies. 
However, some amyloids also play biologically positive 
roles. Endogenous transmissible amyloids in yeast (yeast 
prions) were shown to be associated with pathogenic pro-
cesses, but are also implicated in some potentially adaptive 
functions. Yeast prions manifest themselves as non-Mende-
lian elements that control cytoplasmically inherited traits. 
About 10 amyloid-based yeast prions are described to date 
(for review, see Chernova et al. 2014; Liebman and Chernoff 
2012). Among them, the prion [PSI+], formed by the trans-
lation termination factor Sup35 (eRF3), is arguably the best 
studied. [PSI+] formation leads to a defect in termination of 
translation, which provides a convenient phenotypic assay 

for [PSI+] based on the readthrough of nonsense mutations 
(nonsense-suppression). This phenotype is easily detectable 
by growth or color of specially designed strains on certain 
media (see Liebman and Chernoff 2012) and similar to the 
phenotype caused by mutations in the SUP35 gene (see 
Nizhnikov et  al. 2014; Protacio et  al. 2015). Propagation 
of almost all known yeast prions depends on the chaperone 
machinery, which is composed of the AAA  +  (ATPases 
associated with a variety of cellular activities) chaperone 
Hsp104 and cytosolic members of the Hsp70 (Ssa) and 
Hsp40 (Ydj1 or Sis1) families (for review, see Chernova 
et al. 2014; Liebman and Chernoff 2012; Reidy and Masi-
son 2011). This chaperone machinery promotes fragmenta-
tion of prion polymers into oligomeric seeds (“propagons”), 
thus initiating new rounds of prion propagation (Fig.  1a), 
which is required for the “vertical” prion transmission to 
daughter cells and, potentially, for the “horizontal” trans-
mission between neighbor cells via extracellular vesicles 
(Kabani and Melki 2015a, b). A lack or decreased activity of 
Hsp104 results in a polymer fragmentation defect and segre-
gational loss of prion polymers in cell divisions (Fig. 1b). 
When present in excess of Ssa, Hsp104 may bind some 
prion aggregates on its own, however, it cannot generate 
propagons (Fig.  1c). This leads to destabilization and loss 
of the [PSI+] prion, although most other prions remain unaf-
fected (Chernova et al. 2014; Liebman and Chernoff 2012). 
Ribosome-associated chaperones, participating in folding of 
aggregation-prone nascent polypeptides, are naturally posi-
tioned to regulate prion formation and abundance. However, 
the scope of impact of ribosome-associated chaperones on 
prions was poorly understood till now. This paper, written as 
an extension of our recent experimental work (Kiktev et al. 
2015), reviews data from our and other labs to decipher the 
impact of ribosome-associated chaperones on the formation 
and propagation of a yeast prion.

Differential effects of Ssa and Ssb chaperones 
on the [PSI+] prion

The current model states that the Hsp104/Ssa/Sis1 (or 
Ydj1) machinery is responsible for the fragmentation of 
prion aggregates initiating new rounds of prion propaga-
tion (for review, see Chernova et  al. 2014; Liebman and 
Chernoff 2012). When the Hsp104/Ssa ratio is impaired 
by either decreasing or increasing the Hsp104 levels or 
activity, the [PSI+] prion is destabilized (Fig. 1). Notably, 
simultaneous overproduction of Ssa partly restores [PSI+] 
propagation in the presence of high levels of Hsp104 
(Newnam et al. 1999). Previously, we have shown that, in 
contrast to Ssa, the overproduction of Ssb facilitates [PSI+] 
elimination by excess Hsp104, while double deletion of 
the SSB1 and SSB2 genes (ssb1/2∆) ameliorates [PSI+] 
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loss in these conditions (Chernoff et  al. 1999). Continu-
ous overproduction of Ssb also destabilizes some variants 
of [PSI+] prion (Chacinska et  al. 2001; Kushnirov et  al. 
2000). Moreover, de novo [PSI+] formation is significantly 
increased in the ssb1/2∆ strain, implicating ssb1/2∆ as a 
“protein mutator”, increasing the frequency of heritable 
conformational change in another protein (Chernoff et  al. 
1999). Each Hsp70 protein consists of three major regions 
(Fig.  2): N-terminal nucleotide-binding domain (NBD), 
substrate- (or peptide-) binding domain (SBD), and C-ter-
minal variable domain (CTD, or “lid”) (Rikhvanov et  al. 
2007; Sharma and Masison 2009). Our experiments with 

chimeric constructs pointed to SBD as the major determi-
nant of differences in the effects of Ssa and Ssb on a prion 
(Allen et al. 2005).

Role of ribosome‑associated chaperone complex 
(RAC) in de novo prion formation

Recently, we (Kiktev et al. 2015) and others (Amor et al. 
2015) demonstrated that deletion of either ZUO1 or SSZ1 
increases both spontaneous de novo [PSI+] formation and 
induction of [PSI+] formation by transient overproduc-
tion of the Sup35 prion domain (PrD) in a manner simi-
lar to ssb1/2Δ. This effect is more pronounced in the pres-
ence of Rnq1 prion, [PIN+], which is known to facilitate 
de novo formation of [PSI+] (Derkatch et  al. 1997, 2001; 
Osherovich and Weissman 2001). However, in certain 
experimental designs, an increase in [PSI+] formation 
could also be detected in RAC-deficient cells lacking the 
Rnq1 prion. The effects of ssb1/2Δ and triple deletions 
(ssb1/2Δ zuo1Δ and ssb1/2Δ ssz1Δ) on [PSI+] forma-
tion were identical to each other, indicating that all of these 
proteins influence prion induction via the same pathway. 
Increased [PSI+] formation can be explained by accumu-
lation of misfolded proteins, potentially convertible into a 
prion, on the ribosomes lacking Ssb (Fig. 3a, b), and is con-
sistent with the role of Ssb-RAC in the folding and quality 
control of nascent polypeptides.

Effects of the RAC disruption on prion 
propagation

Unexpectedly, our data have shown that the Ssb-RAC 
disassembly interferes with prion propagation in a man-
ner similar to the effect of Ssb overproduction rather than 
to the effect of ssb1/2Δ (Kiktev et  al. 2015). Deletion of 
ZUO1 and/or SSZ1 facilitated [PSI+] elimination by excess 
Hsp104, and increased spontaneous loss of the weak [PSI+] 
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variants even at normal levels of Hsp104. Moreover, the 
“anti-prion” effect of zuo1Δ or ssz1Δ was eliminated in 
combination with ssb1/2Δ, indicating that it is mediated 
by Ssb rather than resulting from the accumulation of mis-
folded proteins due to Ssb-RAC disassembly. In agreement 

with this notion, Ssb overproduction, known to antagonize 
weak [PSI+] variants (Chacinska et  al. 2001; Kushnirov 
et al. 2000), further increased [PSI+] loss in the zuo1Δ or 
ssz1Δ strains. The size of Sup35 prion polymers was some-
what increased in RAC-deficient cells compared to iso-
genic wild type cells, suggestive of a prion fragmentation 
defect (Kiktev et al. 2015). Levels of Sup35, Ssb, Hsp104, 
Ssa and other major chaperones were not altered in the 
zuo1Δ or ssz1Δ strains, ruling out the possibility of an 
indirect effect on [PSI+] via induction of stress response. 
However, the anti-[PSI+] effects of RAC dissociation and/
or Ssb overproduction were partly suppressed by overpro-
duction of Ssa1. Overall, these data show that the release of 
Ssb from the ribosome to the cytosol in cells with RAC dis-
ruptions counteracts the propagation of pre-existing [PSI+] 
prion by antagonizing an essential component of the prion 
fragmentation machinery, Ssa (Fig. 3b).

Physiological role of prion regulation by RAC 
and Ssb

Taken together, our data show that Ssb-RAC dissociation 
increases de novo prion formation, probably due to increased 
protein misfolding in the absence of Ssb on the ribosome. 
However, Ssb-RAC dissociation also antagonizes propaga-
tion of prion aggregates generated in this process, appar-
ently because cytosolic Ssb antagonizes the binding of Ssa to 
prion aggregates. This generates a regulatory circuit in which 
Ssb released from ribosomes to the cytosol can interfere with 
the propagation of prion aggregates that are generated as a 
result of its release. Is this circuit an artifact of mutational 
RAC disruption, or does it reflect a physiological mecha-
nism regulating protein aggregation in yeast cells? We have 
found that Ssb is partially released into cytosol in wild-type 
cells growing in certain conditions, for example in poor syn-
thetic medium, SC (Kiktev et al. 2015). Notably, spontane-
ous [PSI+] loss was increased at more than 104-fold in the 
wild-type strain continuously growing in SC, compared to 
complete organic (YPD) medium. While growth in SC also 
increased [PSI+] loss in the ssb1/2∆ strain, this effect was 
about 170 times less efficient than in the wild-type strain. 
Thus, prion destabilization in SC medium is due in a sig-
nificant part to the presence of Ssb and, possibly, due to its 
release from the ribosome. This indicates that the Ssb-based 
regulatory circuit is physiologically relevant (Fig. 3b).

Transcription of SSB genes is co-regulated with the ribo-
somal protein genes, and their expression is decreased in 
unfavorable conditions when protein synthesis is slowed 
down (Lopez et  al. 1999). Typically, downregulation of 
overall protein biosynthesis is accompanied by an increased 
synthesis of specific proteins, making such proteins prone 
to misfolding and, potentially, to prion formation due 
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to a shortage of Ssb on the ribosomes. It is possible that 
the release of Ssb to the cytosol in unfavorable conditions 
represents a general mechanism modulating aggregate 
formation and protecting cells from potentially toxic self-
perpetuating protein aggregates. Such a mechanism would 
provide an important complement to other regulatory path-
ways linking stress defense to control of growth and prolif-
eration (for example, see Ho and Gasch 2015).

Notably, RAC components (Zuo1 and Ssz1) are identified 
among proteins forming insoluble aggregates at heat shock 
and are solubilized during recovery after return to normal 
temperature (Wallace et al. 2015). Ssb is also partly shifted 
to the aggregated fraction in heat-shocked cells, possibly in 
association with arrested ribosomes; however, a significant 
fraction of Ssb remains soluble. It is an intriguing possibil-
ity that cytosolic Ssb could antagonize propagation of amy-
loid-like aggregates induced by heat shock, thus preventing 
accumulation of prions in these conditions. Previous data 
indicate that heat stress may both induce [PSI+] formation 
(Tyedmers et  al. 2008) and destabilize pre-existing [PSI+] 
prions (Ali et al. 2014; Chernova et al. 2011; Klaips et al. 
2015; Newnam et  al. 2011). Further studies should clarify 
whether or not Ssb release plays a role in these processes.

It is worth mentioning that the RAC defect increases tox-
icity of a polyQ construct or the construct bearing the QN-
rich prion domain (PrD) of the Sup35 protein in the strain 
bearing a pre-existing endogenous prion which promotes 
the aggregation of such constructs (Amor et al. 2015). This 
confirms that the RAC-Ssb complex is indeed involved in 
detoxification of amyloidogenic misfolded proteins. Moreo-
ver, RAC disruption also makes high levels of Sup35 PrD 
toxic to strains lacking both endogenous prion and the prio-
nogenic protein Rnq1, known to promote prion formation 
by Sup35 (Amor et al. 2015). This suggests that at high lev-
els of an aggregated protein, uncontrolled non-prion aggre-
gation could be more toxic to the yeast cells than formation 
of proliferating prions that could be diluted in cell divisions. 
However, reintroduction of the [PSI+] prion into the strains 
lacking both Zuo1 and Rnq1 and overexpressing Sup35 PrD 
restores viability only slightly (Amor et al. 2015). Our data 
(Kiktev et  al. 2015), showing that cytosolic Ssb interferes 
with prion propagation in zuo1∆ cells, explain why this res-
toration is so inefficient. Thus, in an artificially generated 
situation with a highly expressed amyloidogenic protein in 
a prion-containing culture, the anti-prion action of cytosolic 
Ssb may become detrimental for the cell.

Potential mechanisms of the antagonism 
between Ssa and Ssb

While Ssb was not co-purified with the Sup35 prion aggre-
gates in significant amounts, the proportion of Ssa bound 

to the Sup35 aggregates was decreased by several fold in 
zuo1∆ or ssz1∆ cells compared to wild-type cells (Kiktev 
et al. 2015). Thus, the Ssb-RAC disassembly inhibits bind-
ing of Ssa to a prion. There could be several (not necessar-
ily mutually exclusive) mechanisms of such inhibition (see 
Fig. 3b).

1.	 Direct competition for prion aggregates between Ssa 
and Ssb. In vitro, both proteins can interact with Sup35 
(Allen et al. 2005; Shorter and Lindquist 2008), how-
ever, only Ssa is specifically co-purified with Sup35 
from extracts of [PSI+] cells (Bagriantsev et al. 2008; 
Kiktev et al. 2015). It is possible that Ssb outcompetes 
Ssa for binding to the Sup35 prion polymers, but can-
not form stable complexes and thus quickly dissociates 
from aggregates. While initial binding of a substrate by 
an Hsp70 protein occurs via SBD, formation of a sta-
ble complex with a substrate requires ATPase cataly-
sis by NBD of the Hsp70 (Flynn et al. 1989; Palleros 
et  al. 1991). One possibility is that amyloid-like pol-
ymers can stimulate ATP catalysis by Ssa but not by 
Ssb. Notably, in vitro data show that incorporation of 
Ssa into Sup35NM aggregates decreases, while incor-
poration of Ssb increases an anti-aggregation effect of 
Hsp104 (Shorter and Lindquist 2008). This could be 
explained by the data showing that “productive” bind-
ing of Hsp104 to Sup35 aggregates, resulting in their 
fragmentation and proliferation, requires Ssa, while 
“non-productive” binding, resulting in aggregate elimi-
nation, does not (Winkler et al. 2012). Possibly, when 
Ssb outcompetes Ssa for aggregate binding, it cannot 
promote “productive” binding of Hsp104 and therefore 
causes a shift of Hsp104 to the “non-productive” path-
way.

2.	 Inhibition or sequestration of Ssa co-chaperones by 
Ssb. Ssb is known to interact in  vivo and/or in  vitro 
with a variety of Ssa cofactors, including cytosolic 
Hsp40s, Sis1 and Ydj1, nucleotide exchange fac-
tors (NEFs) such as Sse1/2 (which also possesses its 
own chaperone activity), Fes1 and Snl1 (Dragovic 
et  al. 2006; Sharma and Masison 2009; Shorter and 
Lindquist 2008), although in the cell at least Fes1 
preferentially interacts with Ssa (Abrams et al. 2014). 
Whether or not such a preference is altered when Ssb is 
released into cytosol remains to be seen. Notably, these 
Hsp70 cofactors primarily interact with regions other 
than SBD. For example, nucleotide exchange factors 
(NEFs) interact with NBD (Shaner et al. 2006; Sharma 
and Masison 2009). Although the situation with Hsp40 
proteins is less clear, at least type II Hsp40 (yeast Sis1) 
interacts with CTD (Li et al. 2006; Qian et al. 2002). 
It is possible that cytosolic Ssb binds co-chaperones of 
Ssa but cannot be activated by them, and therefore is 
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not capable of assisting Hsp104 in prion propagation, 
thus shifting the balance towards a “non-productive” 
pathway.

3.	 Inhibition of Ssa activity by Ssb in a heterodimer. 
Recent data suggest that DnaK, a bacterial homolog 
of Hsp70, works as a dimer (Sarbeng et al. 2015). It is 
possible that yeast Hsp70s also dimerize. If heterodi-
mers between Ssa and Ssb are formed after the release 
of Ssb into the cytosol, they could be less functional in 
prion binding, compared to Ssa homodimers.

Although available data are insufficient to distinguish 
between these explanations, certain clues are provided by 
the analysis of chaperone/cochaperone interactions and 
studies of chimeric Ssa-Ssb constructs. Our new data (Kik-
tev and Chernoff, previously unpublished, Fig. 4a) demon-
strate that the amount of Sis1 protein co-purified with His-
tagged Ssa is decreased by about two-to threefold in the 
strains with RAC defects. This agrees with the model pro-
posing that there is competition for co-chaperones between 
Ssa and cytosolic Ssb, although it is also possible that this 
could be a secondary effect of decreased binding of Ssa to 
Sup35 aggregates, as prion-bound Ssa is expected to also be 
associated with Sis1. Notably, we observed the non-tagged 
Ssa protein being co-purified with His-tagged Ssa, in agree-
ment with the notion that Ssa can form a dimer (Fig. 4a).

We have previously shown that SBD is a primary deter-
minant of differences between the effects of Ssa and Ssb on 
[PSI+] in strains with functional RAC (Allen et al. 2005). We 
have now extended these studies to strains deficient in RAC 
complex, in which most Ssb is relocated into the cytosol 

(Kiktev and Chernoff, previously unpublished data; Fig. 4b, 
c). Such an approach is more sensitive and enables us to 
identify some effects that may have been overlooked previ-
ously. All chimeric constructs possessing the SBD domain of 
Ssb1 indeed exhibited a [PSI+] curing effect at levels com-
parable to complete Ssb1 (or higher) in such a system, with 
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Fig. 4   Investigation of possible mechanisms of the Ssa-Ssb antago-
nism. a Amount of Sis1 pulled down with His-tagged Ssa1 from 
extracts of RAC-deficient cells is reduced, as compared to the wild-
type (WT) cells. The amount of Sis1 in total lysates was the same for 
all three strains (not shown). Note that non-tagged Ssa (lower band) 
is co-isolated with His-tagged Ssa1 (upper band), suggestive of the 
existence of Ssa dimers. b, c Effects of chimeric Ssa/Ssb constructs 
on [PSI+] propagation in the WT and RAC-deficient strains bear-
ing the “weak” variant of [PSI+] prion. For each construct, indicated 
under the X axis, results are shown in the following order from left 
to right: wild-type (WT) strain; zuo1∆ strain; ssz1∆ strain. d, e 
Effects of chimeric Ssa/Ssb constructs on [PSI+] propagation in the 
WT and ssb1/2∆ strains bearing the “weak” variant of [PSI+] prion. 
(Data for WT are repeated from panels b and c respectively). For 
each construct, indicated under the X axis, results are shown in the 
following order, from left to right: WT; ssb1/2∆. Chimeric constructs 
with swapped NBD (first position), SBD (second position) or CTD 
(third position) of Ssa1 (designated as A) or Ssb1 (designated as B) 
were expressed from SSA1 (constructs with Ssa NBD) or SSB1 (other 
constructs) promoters (panels b and d), or from strong PTEF1 pro-
moter (panels c and e). Individual transformants were streaked out, 
and frequencies of [psi−] colonies were determined. 3–6 independent 
cultures were tested for each strain/plasmid combination. Bars cor-
respond to standardized errors. The * symbol indicates that the fre-
quency of [psi−] colonies was below 1 %
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partial exception of BBA bearing NBD and SBD of Ssb1 in 
combination with CTD of Ssa1. This construct cured [PSI+] 
efficiently when it was expressed from the strong promoter 
of the TEF1 gene, but not when it was expressed from the 
endogenous SSB1 promoter. One possible explanation could 
be that the replacement of the Ssb CTD region with the 
respective region from Ssa could partly restore activation of 
the ATPase activity by a cytosolic co-chaperone (e.g. Sis1).

Notably, we have found out that chimeric constructs 
BAA and BAB, including the SBD domain of Ssa1, also 
exhibited a [PSI+]-curing effect that was either noticeable 
only in the RAC deficient strains or drastically more pro-
nounced in these strains, depending on the construct and 
promoter. This result is consistent with the potential inhi-
bition in a heterodimer, as computational modeling indi-
cates that the Hsp70 monomers could interact with each 
other through both NBD–NBD and NBD-SBD interactions 
(Malinverni et al. 2015). Another explanation could be that 
cross-talk between NBD and SBD, which is important for 
promoting an ATP hydrolysis and stabilizing binding, is 
defective in such chimeric constructs.

An additional observation was that the anti-[PSI+] 
effects of BAA and BAB proteins were significantly 
increased in the absence of wild-type Ssb in the strain 
with functional RAC (Fig.  4d, e). In contrast, no such an 
increase was detected for the extra copy of wild type Ssb1. 
Among chimeric constructs with Ssb1 SBD, only BBA 
showed a consistent but not dramatic increase in [PSI+] 
curing in the strains lacking wild-type Ssb1, while data 
for ABA and ABB were inconsistent, demonstrating an 
increase with one promoter but not with the other. This 
indicates that in cells with functional RAC, wild-type Ssb 
interferes with the anti-prion activity of some chimeric 
constructs, especially in the case of constructs lacking SBD 
of Ssb1. One plausible explanation of these results is that 
the ribosome-associated wild-type Ssb forms heterodimers 
with chimeric proteins and decreases their accumulation in 
the cytosol, which interferes with their ability to antagonize 
Ssa and counteract prion propagation. The impact of this 
interaction is most pronounced for chimeras lacking SBD 
of Ssb1 and therefore incapable of binding the ribosome-
associated nascent polypeptides on their own.

While further experiments are needed to completely eluci-
date the mechanism of Ssb-Ssa antagonism in prion propaga-
tion, our data suggest that this mechanism may involve inter-
actions within the chaperone (and co-chaperone) complexes.

Future perspectives

So far, our knowledge of prion modulation by ribosome-
associated chaperones is based on experiments with 
one yeast prion, [PSI+], which itself is a prion form of a 

ribosome-interacting protein, the translation termination fac-
tor Sup35. Most of the other known yeast prions also require 
the Hsp104-based chaperone machinery for their propaga-
tion, however, they differ in their responses to Hsp104 over-
production, as well as to variations in levels and/or activity 
of the other components of this machinery, e.g. Ssa and cyto-
solic Hsp40s (for review, see Chernova et al. 2014; Liebman 
and Chernoff 2012). While it is expected that the dissociation 
of Ssb from the ribosome would increase formation of vari-
ous prions, the effects of cytosolic Ssb on their propagation 
could vary due to differential responses to the consequences 
of its interference with Ssa. Experiments aimed at the char-
acterization of the effects of RAC and Ssb on various prions 
are currently underway.

Notably, recent data suggest that some yeast prions 
might not be detrimental but rather provide a selective 
advantage to yeast cells in certain conditions. One example 
is the [MOT3+] prion, which is induced by ethanol stress 
and promotes resistance to high ethanol via facilitating 
the formation of filamentous “multicellular” assemblies 
(Holmes et  al. 2013). Mechanisms of how growth condi-
tions may promote this formation of potentially “adaptive” 
prions are poorly understood. The RAC-Ssb complex, sen-
sitive to the conditions influencing translational rates and 
playing a dual role in prion formation and propagation, is 
a likely candidate for the link between prions and environ-
mental conditions.

While the orthologs of Zuo1 and Ssz1, named MPP11 
and HSP70L1 respectively, are present in mammals and are 
partly interchangeable with RAC protein in yeast (Jaiswal 
et  al. 2011), the Ssb subfamily is specific for fungi (e.g. 
see Kominek et  al. 2013). It appears that the role of Ssb 
is played by other member(s) of the Hsp70 family. Is the 
human ribosome-associated chaperone apparatus as instru-
mental in regulating human amyloids as its yeast counter-
part? Future experiments should answer this question.
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