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The cytoplasmic [PSI+] element of budding yeast represents the prion conformation of translation release factor eRF-3 
(sup35). Prions are transmissible agents caused by self-seeded highly ordered aggregates (amyloids). Much interest lies 
in understanding how prions are developed and transmitted. however, the cellular mechanism involved in the prion 
clearance is unknown. Recently we have reported that excess misfolded multi-transmembrane protein, Dip5Δc-v82, 
eliminates yeast prion [PSI+]. In this study, we showed that the prion loss was caused by enlargement of prion amyloids, 
unsuitable for transmission, and its efficiency was affected by the cellular balance between the chaperone hsp70-ssa1 
and sgt2, a small cochaperone known as a regulator of chaperone targeting to different types of aggregation-prone 
proteins. The present findings suggest that sgt2 is titrated by excess Dip5Δc-v82, and the shortage of sgt2 led to non-
productive binding of ssa1 on [PSI+] amyloids. clearance of prion [PSI+] by the imbalance between ssa1 and sgt2 might 
provide a novel array to regulate the release factor function in yeast.
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Introduction

Prions are transmissible agents caused by the self-propagating 
conformational change of proteins.1 According to the “protein 
only” hypothesis,1 the prion protein is the sole agent respon-
sible for causing numerous infectious diseases including scrapie 
(sheep), bovine spongiform encephalopathy (cow), chronic wast-
ing disease (deer, elk) as well as kuru and Creutzfeldt-Jakob dis-
ease (humans). In Saccharomyces cerevisiae, prions have also been 
characterized as non-Mendelian inheritable elements, notably 
[PSI+], [URE3] and [RNQ+].2-4 Molecular and genetic studies of 
these yeast prions have greatly facilitated the elucidation of the 
molecular basis for prion conversion and propagation.

The yeast prion [PSI+]2 is the amyloid-like structure of the eRF3 
polypeptide release factor, Sup35, which is essential for terminating 
protein synthesis at stop codons (reviewed by ref. 5). [PSI+] cells 
are marked by an altered catalytic protein conformation of Sup35 
whereby the Sup35 protein is converted from a soluble, active state 
to an aggregated, inactive state. When Sup35 is in the [PSI+] state, 

ribosomes exhibit an increased rate of stop codon readthrough, 
causing a non-Mendelian trait easily detected by nonsense sup-
pression.6 The biological (or functional) significance of [PSI+] and 
other yeast prions is not well understood. It is speculated that heri-
table prion-encoded information has been harnessed during evolu-
tion to confer selective advantages.7

Several chaperone proteins are involved in prion maintenance 
and propagation. Of these, the best characterized is the Hsp100-
family protein Hsp104, which facilitates the propagation of yeast 
prions by breaking apart amyloid filaments to generate prion 
seeds, which are transmissible to daughter cells.8,9 It is known 
that propagation of yeast prions depends on the balance between 
Hsp104 and the Hsp70-family protein Ssa1.10-12 The prion [PSI+] 
can be eliminated by excess Hsp104, and this effect is reversed 
by excess Ssa1.8,10 Recently, Chernoff and coworkers have found 
that the actions of Hsp104 and Ssa1 on [PSI+] are modulated 
by the small cochaperone Sgt2,13 which has previously been 
implicated in the guided entry of tail-anchored (TA) proteins 
(GET) trafficking pathway.14,15 Sgt2 is known to interact with 



e26574-2 Translation Volume 1 Issue 2

aggregation-prone proteins, such as heat-shock proteins (Hsps), 
cytosolic GET proteins, and tail-anchored proteins.16,17 They 
demonstrated that Sgt2 overexpression reverses the curing inhi-
bition effect in the presence of excess Hsp104 and Ssa1.13

We have conducted genome-wide screens for prion-eliminat-
ing factors or mutants using a multi-copy expression system in 
yeast.18-23 One of the newly found anti-prion agents was an excess 
of multi-transmembrane (MTM) mutant protein, Dip5ΔC-v82.24 
Dip5 is an 11-spanning MTM protein, and Dip5ΔC-v82 is trun-
cated at the 8th transmembrane domain and fused to a vector-
coded polypeptide v82. The genetic mutational studies indicated 
that the abnormal accumulation of Dip5ΔC-v82 in the endo-
plasmic reticulum (ER) compartment triggered prion clearance, 
independently of the unfolded protein response (UPR), through 
the GET pathway.24 In this study, we pursued genetic mechanis-
tic analysis of this phenomenon and found that the cellular bal-
ance between Ssa1 and Sgt2 plays an essential role for the [PSI+] 
clearance by excess Dip5ΔC-v82.

Results

Genetic evidence for the involvement of Sgt2 and Ssa1 in 
[PSI+] clearance by excess Dip5ΔC-v82

We have reported previously that overexpression of 
Dip5ΔC-v82 from pRS413GPDp in [PSI+] cells is prone to 
eliminate the yeast prion [PSI+], changing colony color from 
white to red in the ade1–14 strain (Fig. 1A, left).24 The clear-
ance of [PSI+] by excess Dip5ΔC-v82 is disabled by the get3Δ 
deletion, implicating the involvement of the GET pathway 
in the [PSI+] clearance phenomenon.24 In this regard, it war-
rants mentioning that a deletion of the GET2 gene, as well as 
a deletion of any other GET genes, impairs [PSI+] clearance by 
excess Hsp104.13 Importantly, this clearance is modulated by 
Sgt2, which is known to bind prion amyloids and other aggre-
gation-prone proteins.13 Collectively, these findings are inter-
preted as indicating that Sgt2 might preferentially bind excess 
Dip5ΔC-v82, resulting in the shortage of Sgt2.

Figure 1. Protective effects of excess sgt2 and ssa1Δ deletion on [PSI+] from clearance by excess Dip5Δc-v82. (A) [PSI+] clearance by excess Dip5Δc-v82. 
Plasmids pRs413GPDp-Dip5Δc-v82 (shown as [Dip5Δc-v82]) and pRs415GPDp-sgt2 (shown as [sgt2]) were transformed in NPK265 [PSI+] cells. 
Transformants were incubated on sc-his-Leu plate for 3 d, and selected colonies were re-grown on YPD for 4 d. empty vector was used as a negative con-
trol. (B) excess sgt2 attenuates [PSI+] clearance by excess Dip5Δc-v82. The frequency of appearance of red colonies from NPK265 [PSI+] cells transformed 
by pRs413GPDp-Dip5Δc-v82 with or without pRs415GPDp-sgt2 was monitored. The frequency is shown as the mean and standard deviation from 3 
independent experiments. (C) The ssa1Δ deletion protects [PSI+] from clearance by excess Dip5Δc-v82. Wild-type (NPK265) and ssa1Δ deletion (NPK608) 
[PSI+] cells were transformed singly or doubly with plasmids pRs413GPDp-Dip5Δc-v82, pRs415GPDp-ssa1 (shown as [ssa1]) and pRs415GPDp-sgt2, and 
transformants were monitored by color as shown in (A)
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This possibility was examined by 
overexpression of Sgt2. As expected, the 
frequency of [PSI+] clearance by excess 
Dip5ΔC-v82 is decreased upon over-
expression of Sgt2 from pRS415GPDp 
(Fig. 1A, right and B). This finding sug-
gests that the [PSI+] clearance is, at least 
in part, caused by the shortage of Sgt2 
under overexpression of Dip5ΔC-v82. 
This is consistent with the previous 
report that Sgt2 interacts with several 
types of aggregation-prone proteins, i.e., 
not only prion amyloids, Hsps and cyto-
solic GET proteins but also TA proteins, 
which include MTM proteins in a broad 
sense.13

The profound effect on [PSI+] 
clearance by excess Dip5ΔC-v82 was 
observed with Ssa1. First, the ssa1Δ 
deletion completely protects [PSI+] from 
clearance by excess Dip5ΔC-v82, which 
is reversed by Ssa1 expression from pRS-
415GPDp (Fig. 1C). Second, in the 
wild-type SGT2 strain, [PSI+] clearance 
by excess Dip5ΔC-v82 was enhanced 
by overexpression of Ssa1 from pRS-
415GPDp (Fig. 2A, left). In the sgt2Δ 
deletion strain, however, [PSI+] clear-
ance by excess Dip5ΔC-v82 was blocked 
and reversed by excess Ssa1 (Fig. 2A, 
right). Under the sgt2Δ deletion con-
dition, Ssa1 was expressed from three 
different promoters of weak (CYC1), 
moderate (ADH), and strong (GPD) expression to examine the 
dosage-dependency of the clearance frequency. As shown in 
Figure 2B, [PSI+] clearance by excess Dip5ΔC-v82 was reversed 
in proportion to the promoter strength. These findings suggest 
that, in the absence of Sgt2, Ssa1 binds [PSI+] amyloids to gen-
erate a non-productive form. On the other hand, excess Sgt2 
could not reverse [PSI+] clearance by excess Dip5ΔC-v82 in the 
ssa1Δ deletion strain (Fig. 1C, right). This implies that Sgt2 
does not function as a co-chaperone in the absence of Ssa1.

Enlargement of [PSI+] amyloids by excess Dip5ΔC-v82
We have shown previously that the average size of the [PSI+] 

amyloids slightly increased after expression of Dip5ΔC-v82 
when monitored by semi-denaturing detergent-agarose gel 
electrophoresis and this increase in the amyloid size was not 
observed in the get3Δ strain.24 Hence, we examined the dynam-
ics of [PSI+] amyloids by fluorescence correlation spectroscopy 
(FCS).20,26 FCS is a technique to determine the diffusion coef-
ficients of fluorescence molecules by calculating the autocorre-
lation function from fluorescence intensity fluctuation detected 
in a microscopic volume of detection under 10-15 L (1 femtoli-
ter), thereby providing an estimation of the size of aggregates. 
For these experiments, we used strains with GFP integrated 

in the endogenous SUP35 ORF.25 Dip5ΔC-v82 was expressed 
from the GAL1 promoter in [PSI+] and [psi-] strains.

Using this FCS technique, the size change of Sup35-GFP 
amyloid and the process of loss-of-[PSI+] were analyzed in sin-
gle living cells that express Dip5ΔC-v82. Single cell analysis 
showed that cells can be categorized into three diffusional types 
in terms of mother and daughter cell states 72 h after expres-
sion of Dip5ΔC-v82. The first type shows slow intracellular 
diffusion of Sup35-GFP in both mother and daughter cells, as 
would be expected for the [PSI+] state. The second type shows 
slow diffusion in mother cells and fast diffusion in daughter 
cells. The third type shows fast diffusion in both mother and 
daughter cells, as would be expected for the [psi-] state. Figure 3 
shows the second type of FCS measurement on a representa-
tive mother and daughter cell pair with Dip5ΔC-v82 expres-
sion (Fig. 3B represents the normalized data of Figure 3A). 
Strikingly, the mother cell had freely diffusing Sup35 aggregates 
with higher than average fluorescent intensity and the high-
broad peaks directly reflects the right-shifted correlation func-
tion in Figure 3B(red), which had a much larger diffusional 
component than [PSI+] cells without expression of Dip5ΔC-v82 
as a control (Fig. 3B). In contrast, the daughter cell only had 
stationary fluctuation of fluorescent intensity without high-
peaks of fluorescence and had fast diffusion similar to that of 

Figure 2. ssa1 reverses [PSI+] clearance by excess Dip5Δc-v82 in the absence of sgt2. (A) Wild-type 
(NPK265, left half) and sgt2Δ deletion (Na120, right half) [PSI+] strains were transformed with the 
indicated plasmids, transformants were monitored by colony color. (B) ssa1 dosage effects on [PSI+] 
clearance by excess Dip5Δc-v82. ssa1 expression plasmids from weak (CYC1), moderate (ADH), and 
strong (GPD) promoters in pRs413 derivatives were transformed into the sgt2Δ deletion (Na120) 
[PSI+] strain and transformants were monitored by colony color.
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[psi-] cells (Fig. 3B). This single cell analysis likely shows that, 
with expression of Dip5ΔC-v82, the size of the enlarged amyloids 
observed in mother cells are directly related to the physical size 
limitation of amyloids to be efficiently transmitted from mother to 
daughter cells, accounting for the [PSI+] elimination that occurred 
at this time point.25 A similar enlargement of [PSI+] amyloids was 
observed upon expression of N-terminal non-prion domain dele-
tion Rnq1Δ100, missense mutations of Rnq1, or Lsm4.20,23

Discussion

Propagation of yeast prions depends on the proper balance 
between several chaperone and cochaperone proteins. The prion 
clearance by excess Dip5ΔC-v82 is likely caused by the imbal-
ance between these proteins. An excess of Dip5ΔC-v82 triggers 
the stress response HSR, which induces Hsps including Hsp104 
and Ssa1, and most likely the shortage of the cochaperone Sgt2, 
which preferentially binds aggregation-prone proteins such as 
Dip5ΔC-v82.24 According to the model proposed by Chernoff and 
coworkers, Sgt2 increases access of Ssa1 to prion polymers, helps 
proper targeting of Hsp104 to polymer-bound Ssa1, and there-
fore results in normal prion fragmentation and propagation.13 We 
assume that, in the shortage of Sgt2, Ssa1 binds prion amyloids 
in a non-productive manner, which might prevent proper tar-
geting of Hsp104 (Fig. 4, middle). This is conceivable since the 
role of Sgt2 is to coordinate chaperone interactions with various 
types of aggregates.28,29 Additionally, we found that the prion is 
stably maintained in the Sgt2 deletion strain (Fig. 2A). This is 
interpreted as indicating that Ssa1 binds efficiently the aggregates 
in the Sgt2 deletion strain, allowing Hsp104 to access and disag-
gregate them (Fig. 4, right). On the other hand, excess of Sgt2 
might lead to prion curing, probably masking the binding site for 
Ssa1 and thereby preventing the access of Hsp104 to the aggregates 
(Fig. 4, left). Several lines of observations are consistent with this 
“Ssa1-coated non-productive amyloid” hypothesis. First, [PSI+] 
was partially protected from clearance by excess Dip5ΔC-v82 with 
an excess of Sgt2 (Fig. 1B). Second, the frequency of [PSI+] clear-
ance by excess Dip5ΔC-v82 was increased in proportion to the 
level of Ssa1 expression (Fig. 2B). Third, the size of [PSI+] amyloids 
increased by excess Dip5ΔC-v82 (Fig. 3). Fourth, it is known that 
excess Ssa1 increases the average size of prion polymers.11

The clearance of [PSI+] by excess Dip5ΔC-v82 is disabled by 
the get3Δ deletion24 as well as by get3Δ and get4Δ/get5Δ deletions 
(unpublished). In the GET pathway, Get5 and Get4 appear to 
regulate the handoff of substrates from Sgt2 to the downstream 
chaperone Get3, which functions in the ER integration of TA pro-
teins.17,30,31 Therefore, in view of the fact that the prion clearance 
ability of Dip5ΔC-v82 is nullified by mutations of components 
in the GET complex pathway, it is tempting to speculate that the 
GET-pathway dependent accumulation of Dip5ΔC-v82 in the ER 
compartment is prerequisite for the clearance of yeast prions. One 
might speculate that, in the get deletion strains, excess Dip5ΔC-v82 
might preferentially form cytoplasmic aggregates prior to access 
to Sgt2, and this in turn increases the fraction of free Sgt2 avail-
able for access to [PSI+] amyloids for normal prion propagation. 
Although further analysis of the mechanism underlying the yeast 
prion clearance of propagation is required, the take-home message 
from this study is that excess Ssa1 is able to eliminate yeast prions 
in the presence of Dip5ΔC-v82, and that the [PSI+] clearance by 
the imbalance between Ssa1 and Sgt2 might provide a novel means 
to regulate the release factor function in yeast.

Figure  3. Diffusional properties of [PSI+] aggregates upon expression 
of Dip5Δc-v82. (A) Traces of average fluorescence intensities (counts 
per second; cps) for sup35-GFP in a single [PSI+] cell pair of mother (M, 
red) and daughter (D, black) 72 h after Dip5Δc-v82 induction and traces 
of fluorescence intensities for sup35-GFP in a single [psi-] cell (blue) 
and a single [PSI+] cell (green) without Dip5Δc-v82. Insert: The fluores-
cent image shows the merge of confocal and light microscopic images 
of the mother and daughter cell pair used for Fcs measurement. The 
white and red circles show the positions of the Fcs measurement. (B) 
Normalized fluorescence autocorrelation functions of sup35-GFP in a 
single [PSI+] cell pair of mother (red) and daughter (black) cells, 72 h after 
Dip5Δc-v82 induction, and in a single [psi-] cell (blue) and a single [PSI+] 
cell (green) without Dip5Δc-v82 induction. each autocorrelation func-
tions were respectively calculated from the fluorescence intensity fluc-
tuations shown in (A). solid lines depict the fitting of the functions by a 
two-component model.
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Materials and Methods

Strains, plasmids and culture manipulations
S. cerevisiae strains used in this study are: NPK265 ([PSI+] 

[PIN+] MATa ade1-14 leu2Δ0 ura3-197 his3Δ200 trp1-289), 
NA120 ([PSI+] MATa ade1-14 leu2Δ0 ura3-197 his3Δ200 trp1-
289 sgt2::KanMX), NPK608 (MATa ade1-14 leu2-3,112 ura3-52 
his3Δ200 trp1-289 ssa1::KanMX) and ND21 ([PSI+] [pin-] MATa 
ade1-14 leu2 ura3 his3 trp1 sup35::SUP35-GFP) and ND20 ([psi-] 
[pin-] isogenic with ND21) (ND20 and ND21 are derivatives of 
G74-D694 [psi-]).25

Expression plasmids used in this study were constructed from 
pRS400 series vectors (Stratagene) carrying the CYC1, ADH and 
GPD promoters at the SacI-BamHI site and the CYC terminator at 
the XhoI-KpnI site. The SGT2 and SSA1 sequences were amplified 
by PCR using the following primers and cloned into the BamHI-
XhoI site: P1 (CGCGGATCCATGTCAGCATCAAAAGAAG, 
all the sequence shown here are from 5′ to 3′) and P2 
(CGCCTCGAGCTATTGCTTGTTCTCATTG) for wild-
type SGT2; P3 (CGCGGATCCATGTCAAAAGCTGTCGG) 
and P4 (CGCCTCGAGTTAATCAACTTCTTCAAC) for 
SSA1.

The yeast media used were YPD, synthetic complete medium 
containing glucose (SC), Ssuc and Sgal.24

Fluorescence correlation spectroscopy
All of the FCS measurements were performed at 25°C on 

LSM510 confocal microscope combined with a ConfoCor 2 
(Zeiss), as described in our previous studies.25-27 The fluorescence 
autocorrelation functions (FAF; G (τ)), from which the average 
diffusion time (τi), which is inversely proportional to the diffu-
sion coefficient and the absolute number of fluorescent proteins 
in the detection volume are calculated, are obtained as follows;

τ
τ
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+G I t I t
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where I (t+τ) is the fluorescence intensity obtained by the 

single photon counting method in a detection volume at a delay 
time τ (brackets denote ensemble averages). The curve fitting for 
the multi-component model is given by:
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Figure 4. Model for the effects of sgt2 and ssa1 on [PSI+] clearance by excess Dip5Δc-v82. chernoff and coworkers have proposed that in the wild-type 
strain sgt2 increases access of ssa1 to sup35 prion polymers, helps proper targeting of hsp104 to polymer-bound ssa1, and therefore results in normal 
prion fragmentation and propagation.13 however, excess Dip5Δc-v82 triggers hsR, which induces hsp104 (hexagons) and ssa1 (blue circles), and the 
shortage of sgt2 (closed triangles) due to the titration onto Dip5Δc-v82. Under these conditions, ssa1 binds sup35 prion polymers in a non-productive 
manner, which prevents proper entry of hsp104, resulting in enlarged prion polymers unsuitable for proper transmission (middle). On the other hand, 
excess sgt2 binds to the aggregates, allowing the entry of ssa1 and hsp104 onto the aggregates, leading to the prion propagation (left). In the sgt2Δ 
strain, ssa1 doesn’t bind to the aggregates efficiently compared with wild type strain. however, hsp104 might be able to bind to the aggregates, less 
efficiently but sufficiently to generate prion seeds for transmission (right).
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where yi and τi are the fraction and the diffusion time of the 
component i, respectively, N is the total number of fluorescent 
molecules in the detection volume defined by the beam waist w0 
and the axial radius z0, s is the structure parameter representing 
the ratio of w0 and z0. Structure parameter was determined with 
a standard Rh6G solution.27 The GFP fluorescence in living cells 
was excited by 488nm laser line with a minimal total power for 
enough signals to noise by adjusting the acousto-optical tunable 
filter. Five or ten sequential measurements of 10 s were performed 
in a single cell. The effect of photobleaching on FCS analysis was 

minimized by lowering the excitation intensity and by selecting 
cells with low fluorescence.
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