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Abstract

[PSIþ] is a prion of Saccharomyces cerevisiae Sup35, an essential ribosome release factor. In [PSIþ] cells, most Sup35 is sequestered into in-
soluble amyloid aggregates. Despite this depletion, [PSIþ] prions typically affect viability only modestly, so [PSIþ] must balance sequester-
ing Sup35 into prions with keeping enough Sup35 functional for normal growth. Sis1 is an essential J-protein regulator of Hsp70 required
for the propagation of amyloid-based yeast prions. C-terminally truncated Sis1 (Sis1JGF) supports cell growth in place of wild-type Sis1.
Sis1JGF also supports [PSIþ] propagation, yet [PSIþ] is highly toxic to cells expressing only Sis1JGF. We searched extensively for factors
that mitigate the toxicity and identified only Sis1, suggesting Sis1 is uniquely needed to protect from [PSIþ] toxicity. We find the C-terminal
substrate-binding domain of Sis1 has a critical and transferable activity needed for the protection. In [PSIþ] cells that express Sis1JGF in
place of Sis1, Sup35 was less soluble and formed visibly larger prion aggregates. Exogenous expression of a truncated Sup35 that cannot
incorporate into prions relieved [PSIþ] toxicity. Together our data suggest that Sis1 has separable roles in propagating Sup35 prions and in
moderating Sup35 aggregation that are crucial to the balance needed for the propagation of what otherwise would be lethal [PSIþ] prions.
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Introduction
Prions are infectious misfolded proteins associated with pathol-
ogy in many organisms (McGlinchey et al. 2011; Chernova et al.
2017; Chiti and Dobson 2017; Soto and Pritzkow 2018). The [PSIþ]
prion of Saccharomyces cerevisiae propagates as insoluble amyloid
of the essential ribosome release factor Sup35 (Stansfield et al.
1995; Zhouravleva et al. 1995; Tuite and Cox 2007; Wickner 2016).
Sup35 contains a dispensable N-terminal region, separable from
the functional domain, that forms the amyloid core of prion
fibers (Ter-Avanesyan et al. 1994; King et al. 1997; Paushkin et al.
1997a). This prion-determining region of Sup35 is followed by a
dispensable charged middle region and the C-terminal domain
(CTD ) that functions in translation termination (Ter-Avanesyan
et al. 1994; Liebman and Chernoff 2012). Cells propagating [PSIþ]
display a nonsense suppressor phenotype caused by reduced
ability of Sup35 to promote release of ribosomes at termination
codons of mRNAs. This obvious phenotype makes yeast an ideal
system for monitoring cellular processes that promote or inhibit
the ability of prions to propagate in cells.

Sup35, like other amyloid-forming proteins, can form amy-
loids with different physical characteristics (Toyama et al. 2007).
Variants of [PSIþ] prions display different strength and mitotic
stability phenotypes that reflect such differences in the underly-
ing Sup35 amyloids (Derkatch et al. 1996; Tanaka et al. 2006). A
stronger nonsense suppressor phenotype reflects a greater

reduction in efficiency of translation termination, which corre-
lates with the extent Sup35 is depleted into prion aggregates
(Zhou et al. 1999; Jung et al. 2000; Uptain et al. 2001). In turn, the
degree of aggregation of Sup35 depends on the rates of assembly
and division of Sup35 amyloid (Tanaka et al. 2004, 2006). The divi-
sion rate determines the number of prion “seeds” per cell, which
often correlates with strength of phenotype as it determines the
number of amyloid ends available to recruit Sup35 into insoluble
prion polymers. This seed number also can determine the effi-
ciency by which the seeds are transmitted as cells divide, and
therefore, the mitotic stability of a prion. Replication of prions by
division depends on the same Hsp104-driven machinery that
resolubilizes proteins from aggregates to help cells recover from
protein-denaturing stresses (Chernoff et al. 1995; Paushkin et al.
1996; Glover and Lindquist 1998; Lum et al. 2004; Hung and
Masison 2006; Tipton et al. 2008; Reidy et al. 2012). Hsp104 func-
tion requires the Hsp70 system and various components of this
machinery influence prion propagation and elimination (Masison
and Reidy 2015; Chernova et al. 2017).

Hsp70 is a key player in protein quality control that acts in
protein translation, folding, degradation, and translocation
across membranes (Sharma and Masison 2009; Craig 2018;
Rosenzweig et al. 2019). Hsp70 function relies on J-proteins that
recruit substrates to Hsp70 and stimulate its ATP hydrolysis (Fan
et al. 2003). Altering J-proteins and many other Hsp70 co-
chaperones that prions depend on can perturb prion propagation,
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possibly through effects on Hsp104 activity (Moriyama et al. 2000;
Sondheimer et al. 2001; Kryndushkin et al. 2002; Jones et al. 2004;
Kryndushkin and Wickner 2007; Reidy and Masison 2011; Reidy
et al. 2012). Among J-proteins, only Sis1 is essential for both cell
viability and for the propagation of the most widely studied yeast
prions (Luke et al. 1991; Higurashi et al. 2008). It possesses an N-
terminal J-domain that binds Hsp70 and activates Hsp70 ATPase,
adjacent glycine-phenylalanine (GF) and glycine-methionine
(GM) rich regions that contribute to functional specificity, and a
C-terminal substrate-binding domain (CTD) that ends in a dimer-
ization domain (DD) (Yan and Craig 1999; Li et al. 2009). Although
some prions are exquisitely sensitive to alterations in Sis1 func-
tion (Reidy et al. 2014), propagation of [PSIþ] and [PINþ] is sup-
ported by Sis1 lacking all but its J and GF regions (Lopez et al.
2003; Kirkland et al. 2011; Harris et al. 2014), here designated
Sis1JGF. Sis1 lacking only its GF region (Sis1DGF) supports propa-
gation of [PSIþ], but not [PINþ] or [URE3] (Sondheimer et al. 2001;
Higurashi et al. 2008; Reidy et al. 2014). Together these findings
suggest that Sis1 assists propagation of different prions by coop-
erating with Hsp70 and Hsp104 and that [PSIþ], [PINþ], and [URE3]
differ in their degree of need for chaperone-mediated replication
or a specific J-protein activity (Lopez et al. 2003; Harris et al. 2014;
Reidy et al. 2014; Sporn and Hines 2015).

Cells propagating [PSIþ] do not show obvious growth defects
under routine culture conditions, so although much Sup35 is in-
corporated into prion aggregates, Sup35 activity remains high
enough to support normal growth. We earlier showed, however,
that while a strong variant of [PSIþ] could propagate in cells
expressing Sis1JGF in place of Sis1, the prion was highly toxic in
such cells (Kirkland et al. 2011). Thus, Sis1JGF possess enough
Sis1 function to propagate [PSIþ], but not enough to prevent a la-
tent toxicity of [PSIþ]. Subsequently, others using a different
strain and prion variants found that strong [PSIþ] prions are toxic
in cells with Sis1 lacking only its CTD and that such cells propa-
gate weak [PSIþ] poorly (Stein and True 2014). Still, others showed
that Sis1JGF propagates strong variants of [PSIþ] without appar-
ent toxicity, but it does not support weak [PSIþ] variants (Harris
et al. 2014). Here, we aimed to identify the basis of our observed
prion toxicity, to define more clearly the activities of Sis1 or other
possible factors that are important for protecting cells from this
toxicity, and to resolve the apparent discrepancies. Our extensive
genetic screening indicated that no other cellular factor could
compensate for Sis1 to relieve the toxicity and that the CTD of
Sis1 has a critical, unique, and transferable activity needed for
the protection. Our findings also suggest that the toxicity is due
to over-depletion of Sup35 and that Sis1 counteracts this effect
by moderating aggregation of Sup35 in [PSIþ] cells.

Materials and methods
Strains, media, and culture conditions
Strains are listed in Table 1; all are [pin–]. Our base strain 779-6A
is related to but not isogenic to S288C. Our strong and weak var-
iants of [PSIþ] are designated by superscripts “S” and “WSL,” respec-
tively. For example, 970T, 970TS, and 970TWSL are the same
strain, but have no prions ([psi–]) or propagate [PSIþ]S or [PSIþ]WSL,
as indicated. The source of the strong prion variant in this strain,
inherited from 779-6A, is uncertain. Weak variant [PSIþ]WSL (SL
designates its source as Sue Liebman) was from strain L1759, iso-
genic to 74-D694 (Vishveshwara et al. 2009). Strain W303a and 74-
D694, each with resident strong ([PSIþ]STR) and weak ([PSIþ]Sc37)
Sup35 prions were from Justin Hines (Harris et al. 2014). Prions
were cross-infected among the three strain backgrounds by

cytoduction (Jung et al. 2000). Yeast were cured of prions by grow-
ing on medium containing 3 mM guanidine (Ferreira et al. 2001;
Jung and Masison 2001). Mutants of Ade1 and Ade2 produce red
phenotypes due to the accumulation of a byproduct of the dis-
rupted adenine pathway. All strains have nonsense alleles of
ADE1 or ADE2 that are suppressible by [PSIþ], so [psi–] cells are red
and ade–, [PSIþ]W cells are pink and grow slowly without adenine
and [PSIþ]S cells are white and adeþ.

Media and growth conditions were as described (Sherman
2002). Cells were grown at 30� unless indicated otherwise. YPAD
rich medium contains 1% yeast extract, 2% peptone, 400 mg/L ad-
enine, and 2% glucose. 1/2YPD (limiting adenine) is the same but
contains 0.5% yeast extract and lacks supplemented adenine.
Synthetic complete media (SC) contain all nutrients except those
needed for plasmid or prion selection. Solid media contain 2%
agar and SC plates contain limiting adenine (8–10 mg/L) when
monitoring prions. Where indicated (SGal, SRaf, SGalRaf), 2% ga-
lactose and raffinose were used in place glucose. Ingredients for
growth media were from Difco, Becton Dickinson, and Sunrise
Science. All other chemicals were from Sigma-Aldrich.

Plasmid shuffle (counter-selection for
complementation of Sis1 function)
Counter-selection was done on SC plates supplemented with uracil
and 1 g/L of 5-fluoroorotic acid (FOA). FOA does not destabilize plas-
mids or cause plasmids to be lost or evicted. FOA is converted by
Ura3 enzyme to 5-fluorouracil, which becomes incorporated into
RNA and thus kills cells that express Ura3. Single-copy CEN plas-
mids mis-segregate in roughly 2% of cell divisions (Masison and
Baker 1992), so a small proportion of cells in any population, even
under selection for the plasmid, will lack the plasmid. A sis1D strain
with SIS1 on a URA3 plasmid was transformed by test plasmids and
grown as patches on medium containing uracil to relieve selection
for the URA3 plasmid. If the protein expressed from the test plasmid
provides Sis1 function needed for growth, then cells having lost the
URA3 plasmid are not at a growth disadvantage and there is little
consequence of losing it. When replica-plated as thin layers of cells
onto FOA plates, there typically will be enough Ura– cells to form
confluent growth in 1 day. If the gene encoded on the test plasmid
provides only partial Sis1 function, then the frequency of cells hav-
ing lost the URA3 plasmid encoding SIS1 will be lower because cells
having lost it will divide more slowly than those that retain it.
When transferred to FOA, such cells will develop less dense patches
because fewer of them will be Ura– and those that are Ura– will
grow slower. If the test protein does not provide enough Sis1 func-
tion to support growth, then cells that lose the URA3 plasmid will
not grow, while those that retain it will die when transferred to
FOA, so no cells will be recovered on FOA.

All shuffle experiments were done using freshly transformed
cells. For each test plasmid, we assess 6–12 transformants on
FOA and for further experiments, we select and pool 3 or 4 from
the pre-FOA plate that display the consensus FOA phenotype.
Because yeast are highly adaptable and there are several ways
strains can bypass FOA toxicity, we consider complementation
inadequate if FOA-resistant cells are not recovered consistently
and evenly spread among patches of individual transformants
within 3–4 days at 30�. By this time, patches of even very slowly
growing cells (>3 h/cell division) show clearly detectable growth.

Plasmids
Plasmids used are listed in Table 2. All our constructs are single-
copy plasmids that contain genes regulated by the Sis1 promoter.
The J-domain, GF/GM region, and carboxy-terminal domain

2 | GENETICS, 2021, Vol. 219, No. 2



(CTD) of Sis1 and corresponding three domains of Ydj1 were
swapped to create the hybrid constructs (Reidy et al. 2014). Point
mutations were created using QuikChange Lightning mutagene-
sis kit (Agilent). Plasmid pJE236 and pJE237 were made by moving
the BamHI-SalI fragment from pYW62 into pRS313 and pRS315,
respectively. Plasmid pRS314Sis1FRT was constructed by moving
the BamHI-SalI fragment containing SIS1 from pYW65 (Yan and
Craig 1999) into pC4FMCS (Park et al. 2011). Plasmid pJE160 was
made by subcloning the BamHI-PmeI fragment from pCM189 (Gari
et al. 1997) into pH403 (Edskes and Wickner 2013). Plasmid pJE241
was made by cloning Sup45, amplified by PCR on a BamHI-SalI
fragment, into pRS315.

Yeast two-hybrid plasmids were constructed according to the
manufacturer’s instructions using empty bait and prey vectors
provided with the DUALhunter system (Dualsystems Biotech AG).
Briefly, alleles (including promoters) were cloned using the two
different SfiI sites provided in the multiple cloning site of the
DUALhunter bait (pDHB1) and prey (pPR3-N) plasmids. All con-
structs were sequence verified.

Overexpression suppressor screening
Strain 970TS, which is sis1D, propagates [PSIþ]S and carries
pYW17 (URA3, Sis1 wild type) and pYW62 (TRP1, Sis1 amino acids

1–121) was transformed by a high-copy LEU2-based tiling array
library (Jones et al. 2008) that contains �1600 independent
plasmids encoding defined segments of the yeast genome (func-
tionally 95% of genome). Transformants were selected on
plates lacking tryptophan and leucine and containing uracil.
These plates were replica-plated onto FOA medium and FOA-
resistant colonies were isolated. Genes present on the LEU2
plasmids were identified by sequencing. We repeated the screen
using a separate, randomly assembled yeast genomic library
on a TRP1-based high-copy plasmid obtained from ATCC (cat.
no 77162). For the TRP1-based screen, we used strain 970LS, which
is identical to 907TS except it has pJE237 (LEU2) in place of
pYW62.

Sis1 depletion using Flp/FRT and fluorescent
microscopy
Sis1 was depleted in strain 1362 using the Flp/FRT recombination
system (Park et al. 2011). Versions of strain 1362 carry
pRS314Sis1FRT (TRP1, SIS1 flanked by Flp Recombinase Target
sequences), pRS315Flp (LEU2, galactose inducible Flp), and
pRS313 (HIS3) empty vector or carrying wild-type Sis1 or Sis1JGF.
Cells grown overnight in liquid SC medium selecting for the TRP1,
LEU2, and HIS3 plasmids were transferred to SRaf medium, grown

Table 1 Yeast strains

Strain Genotype Source

779-6A MATa kar1-1 ade2-1 SUQ5 his3D202 leu2D1 trp1D63 ura3-52 Jung and Masison (2001)
W303a MATa ade1-14 his3-11,15 leu2-3,112 sis1::LEU2 trp1-1 ura3-1/pRS316SIS1 (URA3, SIS1) Harris et al. (2014)
74-D694a MATa ade1-14 his3D-200 leu2-3,112 trp1-289 ura3-52 sis1::LEU2/pRS316SIS1 (URA3, SIS1) Harris et al. (2014)
930 779-6A MATa sis1::KanMX4/pYW1 7 (URA3, SIS1) [psi–] Kirkland et al. (2011)
930S 930, [PSIþ]S (endogenous prion)
970L 930þpRS315Sis1JGF (LEU2, sis1JGF)) [psi–] This study
970LS 970L, [PSIþ]S (endogenous prion) This study
970LWSL 970L, [PSIþ]WSL (prion donor L1759) This study
970LSTR 970L, [PSIþ]STR (prion donor 1930 via 779-6A MATa) This study
970LSc37 970L, [PSIþ]Sc37 (prion donor 1932 via 779-6A MATa) This study
970T 930þpYW62 (TRP1, sis1JGF) [psi–] This study
970TS 970T, [PSIþ]S (endogenous prion) This study
1930 W303a, [PSIþ]STR (endogenous prion) Harris et al. (2014)
1932 1930, [PSIþ]Sc37 (endogenous prion) Harris et al. (2014)
1916 1930, [psi–] (cured of prions) This study
1919 1930, [PSIþ]WSL (prion donor L1759) This study
1920 1930, [PSIþ]S (prion donor 779-6A) This study
1935 74-D694, [PSIþ]STR (endogenous prion) Harris et al. (2014)
1937 1935, [PSIþ]Sc37 (endogenous prion) Harris et al. (2014)
1917 1935, [psi–] (cured of prions) This study
1922 1935, [PSIþ]WSL (1917, prion donor L1759) This study
1923 1935, [PSIþ]S (1917, prion donor 779-6A) This study
1362 MATa sis1::KanMX SUP35NGMC/pRS314Sis1::FRT, [PSIþ]S This study
JS131 1362þpRS313þpRS315, [PSIþ]S This study
JS134 1362þpRS313þpC5GAL1-FLP, [PSIþ]S This study
JS133 1362þpJE240 (HIS3, SIS1) þ pRS315, [PSIþ]S This study
JS132 1362þpJE240 (HIS3, SIS1) þ pC5GAL1-FLP, [PSIþ]S This study
JS124 1362þpJE236 (HIS3, sis1JGF) þ pRS315, [PSIþ]S This study
JS127 1362þpJE236 (HIS3, sis1JGF) þ pC5GAL1-FLP, [PSIþ]S This study
JS136 1362þpRS313þpRS315, [psi–] This study
JS135 1362þpRS313þpC5GAL1-FLP, [psi–] This study
JS139 1362þpJE240 (HIS3, SIS1) þ pRS315, [psi–] This study
JS140 1362þpJE240 (HIS3, SIS1) þ pC5GAL1-FLP, [psi–] This study
JS138 1362þpJE236 (HIS3, sis1JGF) þ pRS315, [psi–] This study
JS137 1362þpJE236 (HIS3, sis1JGF) þ pC5GAL1-FLP, [psi–] This study
628-8Cc MATa ade2-1 can1 kar1 leu2 lys2 SUQ5 [rho–] (cytoduction tester) This study
MR1118 930þHO::Sup35NM-mKate2 yTRAP sensor This study

All strains are [pin–] and all [psi–] strains were obtained by guanidine curing. Strains with designations 1362, 930, 970, and JS are isogenic to 779-6A. The SUP35 allele
(NGMC) in strain 1362 has GFP between the N and M domains (Song et al. 2005).
a 74-D694 received from Harris et al. was denoted 74D-694 by them. It is the same 74-D694 first described by Chernoff et al. (1995).
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overnight, and then diluted into SGalRaf medium to OD600 ¼ 0.25.

Depletion of Sis1 during subsequent outgrowth was monitored by

western analysis (see below). Cultures of cells with empty pRS315

vector in place of pRS315Flp were treated similarly as nonde-

pleted (mock) controls.
Microscopic observation of Sup35-GFP (NGMC) in log-phase

cells was done immediately after the shift to galactose and 24 h

later using a Nikon E-800 microscope. Images were captured us-

ing Nikon software with a Q-Imaging Retiga EXi digital camera,

Plan APO VC 60X oil immersion DIC optics, and GFP filter. Images

were processed for presentation using Adobe Photoshop soft-

ware.

Protein expression and western analysis
Cell lysates were prepared as described (Reidy et al. 2014). Briefly,

harvested cells were suspended in tris-HCl lysis buffer and bro-

ken by agitation with zirconium beads using a BioSpec bead

beater. Protein concentration was measured using Bradford re-

agent. For western analysis, 10–15 mg of protein from cell lysates

was separated on 4–20% SDS-PAGE gels and transferred to PVDF

membranes. Primary antibodies were rabbit anti-Sis1 raised

against an epitope in the carboxy-terminal domain of Sis1 and

rabbit anti-Sup35 (a gift from Sue Liebman). Blotted membranes

were subsequently stained with amido-black (Sigma # A-8181) as

a loading and transfer control.

Yeast two-hybrid interaction assay
An established split-ubiquitin-based DUALhunter system was

used to assess protein interactions in vivo (Mockli et al. 2007).

Versions of Sis1 (bait) were fused at the N-terminus to the small

membrane protein Ost4p to anchor at the membrane or at the C-

terminus to a reporter module encoding the C-terminal half of

ubiquitin (Cub) followed by transcription activator LexA-VP16.

Sup35 and Sis1 (prey) were expressed as fusions to N-terminal

half of ubiquitin (Nub). An interaction between bait and prey

brings Nub and Cub close enough to reconstitute “split-ubiqui-

tin,” which is recognized by ubiquitin-specific proteases that re-

lease LexA-VP16 to activate transcription of HIS3, ADE2, and lacZ

reporter genes. Transformants of strain NMY51 [MATa, his3D200,

trp1-901, leu2-3,112, LYS2::(lexAop)4-HIS3, ura3::(lexAop)8-lacZ,

ade2::(lexAop)8-ADE2, and Gal4] were maintained on SC selecting

for plasmids and then replica-plated onto similar medium lack-

ing histidine and adenine or containing X-gal (5-bromo-4-chloro-

3-indolyl-b-D-galactopyranoside). Empty bait and prey plasmids

were used as a negative control. Full-length Sis1 forms dimers, so

Sis1 bait and prey plasmids were used as a positive control.

Table 2 Plasmids

Plasmid Description Marker Source

pRS313 Empty vector HIS3 Sikorski and Hieter (1989)
pRS314 Empty vector TRP1 Sikorski and Hieter (1989)
pRS315 Empty vector LEU2 Sikorski and Hieter (1989)
pRS316 Empty vector URA3 Sikorski and Hieter (1989)
pYW17 SIS1 (wild type) on YCp50 URA3 Yan and Craig (1999)
pYW65 SIS1 (wild type) TRP1 Yan and Craig (1999)
pJE240 SIS1 (wild type) HIS3 This study
pYW62 SIS1D122-352 (DGMCTD ¼ JGF) TRP1 Yan and Craig (1999)
pYW66 SIS1D171-352 (DCTD) TRP1 Yan and Craig (1999)
p108 SIS1D70-121 (DGF) TRP1 Yan and Craig (1999)
pJE236 SIS1D122-352 (DGMCTD ¼ JGF) HIS3 This study
pJE237 SIS1D122-352 (DGMCTD ¼ JGF) LEU2 This study
pGCH1 SIS1K199A TRP1 Kirkland et al. (2011)
pAK1 SIS1D338-352 (DDD) TRP1 Kirkland et al. (2011)
pAK50 PSIS1::HDJ1::terSIS1 TRP1 Kirkland et al. (2011)
pMR266T SIS1cmyc TRP1 Reidy et al. (2014)
pMR266DDD SIS1DDDcmyc TRP1 Reidy et al. (2014)
pMR267 YDJ1cmyc TRP1 Reidy et al. (2014)
pMR274 YSScmyc TRP1 Reidy et al. (2014)
pMR274DDD YSSDDDcmyc TRP1 Reidy et al. (2014)
pMR275 SYYcmyc TRP1 Reidy et al. (2014)
pMR276 SYScmyc TRP1 Reidy et al. (2014)
pMR276DDD SYSDDDcmyc TRP1 Reidy et al. (2014)
pMR277 YSYcmyc TRP1 Reidy et al. (2014)
pMR278 SSYcmyc TRP1 Reidy et al. (2014)
pMR279 YYScmyc TRP1 Reidy et al. (2014)
pMR279DDD YYSDDDcmyc TRP1 Reidy et al. (2014)
pMR293 PGPD::YYScmyc TRP1 Reidy et al. (2014)
pJE160 SUP35 codons 254-685 HIS3 This study
pJ528 SUP35 codons 124-685 LEU2 Kirkland et al. (2011)
pJE161 SUP45 LEU2 This study
pC5GAL1-FLP PGAL1::FLP LEU2 Park et al. (2011)
pRS314Sis1FRT FRT::SIS1::FRT TRP1 This study
pJE270 PR3-N-Sis1 TRP1 This study
pJE271 PR3-N-Sup35 TRP1 This study
pJS272 DHB1-Sis1 LEU2 This study
pJE273 DHB1-Sis1JGF LEU2 This study
pJE274 DHB1-Sis1-D36N LEU2 This study
pJE275 DHB1-Sis1JGF-D36N LEU2 This study

All plasmids are single-copy vectors. All except pYW17 and JE270-275 are derived from pRS313, pRS314, pRS315, or pRS316. All Sis1 and Sis1/Ydj1 hybrid constructs
are regulated by the SIS1 promoter except where indicated. All other genes are regulated by endogenous promoters except where indicated (Pxxx).
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Centrifugal fractionation of cell lysates
Two similar methods were used. In one, log-phase cells collected

by centrifugation were lysed by agitation with zirconium beads

using a BioSpec bead beater in buffer “B” (10 mM NaPO4, 250 mM

NaCl, 2% SDS, 1% TritonX-100, and PMSF) containing cOmplete

Mini Protease Inhibitor Cocktail (Roche). Supernatants of lysates

that were cleared by centrifugation for 8–9 min at 500 �g repre-

sent “Total” lysates. Protein in Total lysates was normalized to

12 mg/mL by diluting with buffer “B.” A portion of Total lysate

was centrifuged for 45 min at 80,000 rpm in rotor TLA-120

(Beckman Coulter). The supernatant (“Soluble” fraction) was col-

lected, and the “Pellet” was suspended in a volume of buffer “B”

equal to the fractionated portion of the Total lysate. Equal vol-

umes of Total, Soluble, and Pellet fractions representing 10 mg of

Total lysate were separated by SDS-PAGE, blotted, and probed us-

ing anti-Sup35 antibody (Bagriantsev et al. 2008).
In the other fractionation method, cells were broken in 1X TBS

containing 0.1% Triton X-100, 1 mM PMSF, and cOmplete prote-

ase inhibitor cocktail (Roche) and cleared by centrifugation for

3 min at 3000 �g. The soluble (“S”) sample was the supernatant of

a subsequent centrifugation for 20 min at 21,000 �g. After re-

moval of the supernatant, the pellet (“P”) was dissolved in an ap-

propriate volume of 1X SDS loading dye (50 mM Tris-HCl pH 7.5,

1.5% SDS, 0.5% beta-mercaptoethanol, 5% glycerol, and brom-

phenol blue). All steps were performed at 4� or on ice.

FACS analysis
To monitor aggregated Sup35 in derivatives of strain 930, chro-

mosomal integration of yTRAP mKate fluorescent reporter at the

HO locus was done by transforming 930S with NotI-digested

pSK260 (Addgene #129252; Newby et al. 2017). The resulting strain

MR1118S was made [psi–] (strain MR1118) via passage on 3 mM

guanidine-HCl. MR1118 and MR1118S were cotransformed with

plasmid pJE160 (Sup35MC) and either pYW65 (full-length Sis1) or

pYW62 (Sis1JGF). FOA-resistant isolates were then obtained as

described above. Log-phase cultures in SC medium lacking histi-

dine and tryptophan and containing 100 mg/L adenine were ana-

lyzed using FACS as described (Newby et al. 2017). DAPI (1 mg/L)

was used as a vital stain. A BD Fortessa equipped with 407, 488,

532, and 633 laser lines was used for sample acquisition and data

were analyzed using DIVATM 6.1.2 software (BD) and FlowJo

(FlowJo, LLC).

Results
No substitute for Sis1 in protecting from [PSI1]
toxicity
As a first approach to understand how [PSIþ] prions cause toxicity

in cells expressing Sis1JGF, we used a genetic “plasmid shuffle”

screen to search for factors other than Sis1 whose overexpression

might mitigate the toxicity. Strain 970TS is a sis1D strain that has

a URA3 plasmid encoding wild-type SIS1 (pYW17) to ensure via-

bility, a TRP1 plasmid to express Sis1JGF (pYW62), and the strong

prion variant [PSIþ]S. If 970TS cells lose the URA3 plasmid they

stop growing because Sis1JGF cannot protect them from the tox-

icity of [PSIþ]S. We transformed 970TS using pools of a LEU2-based

genomic library and selected transformants on medium contain-

ing uracil to allow loss of the URA3 plasmid. We then replica-

plated the transformants to medium containing FOA, which kills

cells that express URA3. Only transformants encoding proteins

that alleviate the toxicity enough to allow cells to lose the URA3

plasmid and survive with Sis1JGF in place of Sis1 can grow (see
Materials and Methods).

Among roughly 6000 transformants (covering roughly three to
four genomes), we isolated two candidates. The library plasmids
recovered from both of them carry YJL055W (LOG1). Log1 allows
the growth of URA3þ cells in the presence of 5-FOA by reducing
incorporation of 5-fluorouracil into RNA, so it was possible the
isolated candidates still had the URA3 plasmid encoding wild-
type Sis1. Indeed, both FOA-resistant isolates were Uraþ. We did
not isolate SIS1 because the library we chose (see Materials and
Methods) did not contain an intact SIS1 gene. Using the same ap-
proach with a separate genomic library containing randomly as-
sembled inserts averaging 8–12 kb, we recovered six FOA-
resistant candidates among roughly 10,000 colonies screened.
Library plasmids isolated from all six contained SIS1. These geno-
mic screening results strongly suggest that no other yeast gene
can function in place of SIS1 to prevent the toxicity caused by
[PSIþ]S.

CTD of Sis1 was needed to counteract [PSI1]
toxicity
Much data show that altering structural regions of Sis1 and its
closest human homolog DnaJB1 (here designated Hdj1), which
supports the growth of yeast in place of Sis1, can influence the
propagation of various yeast prions (Higurashi et al. 2008;
Kirkland et al. 2011; Harris et al. 2014; Reidy et al. 2014; Stein and
True 2014; Killian and Hines 2018). Yet, a systematic analysis of
how different regions of Sis1 and Hdj1 contribute to protecting
cells from toxicity of [PSIþ] prions has not been done. Moreover,
few reports resolve whether altered Sis1 or other protein quality
control factors fail to support prions because they are unable to
promote prion propagation or to protect from prion toxicity.
Earlier we showed that transient inhibition of Hsp104 activity,
which reduces seed numbers of [PSIþ]S, reduces [PSIþ]S toxicity
enough to prevent it from killing cells expressing Sis1JGF in place
of Sis1 (Kirkland et al. 2011). When the inhibition is withdrawn
and Hsp104 activity is restored, [PSIþ]S seed numbers recover,
and toxicity reappears. These observations suggest that “weak”
variants of [PSIþ] prions, which have fewer seed numbers per cell
and a concomitant higher amount of soluble Sup35 than strong
variants (Zhou et al. 1999; Uptain et al. 2001), might not be toxic
enough to kill Sis1JGF cells.

We therefore tested if Sis1JGF could support the growth of
cells propagating a weak [PSIþ] variant by using the same strategy
as in the screen. In addition, we tested which parts of Sis1 (Figure
1A) were able to protect cells expressing only Sis1JGF from toxic-
ity caused by strong [PSIþ]. Among these is the K199A substitu-
tion of a residue involved in interaction with both substrates and
the Hsp70 C-terminus (Lee et al. 2002; Li et al. 2006), and deletions
of the CTD and GF regions (DCTD, DGF). We also included Hdj1.
All test proteins are expressed from single-copy plasmids regu-
lated by the SIS1 promoter to mimic expression of Sis1. Since
they are expressed from a TRP1 plasmid, we used strain 970L,
which is identical to 970T except it expresses Sis1JGF from a LEU2
plasmid. 970L is [psi–], 970LS propagates [PSIþ]S and 970LWSL prop-
agates a weak [PSIþ] variant from Sue Liebman (see Materials and
Methods).

Strains 970L, 970LS, and 970LWSL were transformed by the
TRP1 plasmids encoding the test proteins and selected on -trp
plates that lack leucine to maintain selection for the plasmid
encoding Sis1JGF and contain uracil to allow loss of the URA3
plasmid encoding wild-type Sis1. Three to four individual trans-
formants (see Materials and Methods, Supplementary Figure S1)
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were pooled and grown as patches of cells on similar medium
and then replica-plated onto the same medium containing FOA
(Figure 1B, see Materials and Methods). Any strains that grow on
FOA express only Sis1JGF from the LEU2 plasmid and a test pro-
tein from a TRP1 plasmid. FOA-resistant cells with the empty
TRP1 plasmid express only Sis1JGF. This configuration allows us
to test which parts of Sis1 prevent the toxicity of [PSIþ] indepen-
dently of the degree to which the test proteins provide Sis1 activ-
ity needed for growth. The growth requirement is always
supplied by Sis1JGF, but Sis1JGF cannot prevent [PSIþ] toxicity.

For the [psi–] version of strain 970L (lacking prions), we recov-
ered FOA-resistant cells (having lost the URA3 plasmid encoding
wild-type Sis1) from all transformants (Figure 1B, left panels,
“FOA”). Cells from the FOA plates that express only Sis1JGF (i.e.,
with the empty TRP1 vector) grew noticeably more slowly than
those expressing both Sis1JGF and Sis1. These cells were mildly
sensitive to low temperature (15�), inviable at high temperature
(37�), and grew best at the suboptimal 25� (Figure 1C). These
results are consistent with those found earlier showing that
Sis1JGF does not provide full Sis1 activity needed to support opti-
mal growth (Yan and Craig 1999).

For strain 970LS, we did not recover FOA-resistant cells of
empty vector transformants (Figure 1B, center panels), which is
in line with our earlier work showing Sis1JGF cannot protect cells
from toxicity caused by [PSIþ]S (Kirkland et al. 2011). Additionally,
coexpressing Hdj1 with Sis1JGF failed to allow recovery of FOA-
resistant cells. We also failed to recover FOA-resistant cells coex-
pressing Sis1DCTD and Sis1JGF, suggesting the substrate-binding
CTD provides the protection from toxicity. In contrast, transform-
ants expressing wild-type Sis1 from the TRP1 plasmid were recov-
ered on FOA after 1 day. The K199A and DGF mutants showed

wild-type Sis1 phenotypes, indicating these alterations do not
hinder the ability of Sis1 to protect from the toxicity. Note that
the FOA plates contain adenine, indicating that failure to grow is
not due to prion loss.

For strain 970LWSL, we recovered FOA-resistant colonies of all
transformants, including those with the empty TRP1 vector that
express only Sis1JGF (Figure 1B, rightmost panels). Because weak
[PSIþ] prions are modestly unstable, we used cytoduction to con-
firm that all strains with weak [PSIþ] variants recovered from
FOA had not lost the prion (see Materials and Methods,
Supplementary Figure S2). [PSIþ]WSL cells expressing only Sis1JGF,
and those expressing both Sis1JGF and Sis1DCTD, formed colo-
nies more slowly than their isogenic [psi–] variants (Figure 1, B
and D), which indicates that [PSIþ]WSL had noticeable toxicity that
is revealed when the Sis1 CTD is absent. Thus, as anticipated,
[PSIþ]WSL was toxic in a way that Sis1JGF could not counteract,
but it was not toxic enough to be lethal.

These results show that Sis1JGF can propagate weak [PSIþ]
prions and they are consistent with our earlier finding that toxic-
ity of [PSIþ] is diminished in cells with reduced prion seed num-
bers, an observation seen by others (Harris et al. 2014). For [psi–]
transformants, cells with Sis1JGF that coexpressed any of the test
proteins grew faster than cells with Sis1JGF and the empty TRP1
vector (Figure 1B), which indicates all the test proteins possess
Sis1 activity important for growth that is lacking in Sis1JGF.

Ydj1, a class A J-protein and the other major yeast cytosolic
J-protein, cannot support growth in the absence of Sis1 (a class B
J-protein) even when overexpressed. Using Sis1/Ydj1 hybrid pro-
teins with swapped J, GF, and CTD domains (see Figure 2A), we
earlier showed that a hybrid containing only the CTD of Sis1
(YYS) supports the growth of sis1D cells and propagates [PSIþ]S

Figure 1 Sis1JGF supports propagation of weak [PSIþ]. (A) Domain structures of Sis1, Hjd1, and mutant versions of Sis1. Numbers indicate amino acid
positions. The CTD (amino acids 172–336 of Sis1) is the substrate-binding domain and the J-domain (amino acids 1–68) binds and regulates Hsp70. (B)
Plasmid shuffle to assess the ability of proteins to support growth and prions in place of Sis1. Strain 970L (relevant genotype at top) lacks chromosomal
SIS1, expresses Sis1JGF from a LEU2 plasmid (pJE237), and wild-type Sis1 from a URA3 plasmid (pYW17). It lacks prions ([psi–]) or propagates [PSIþ]S

(strong) or [PSIþ]WSL (weak) as indicated. Cells were transformed by a TRP1 vector encoding the versions of Sis1 or Hdj1 (pAK50) as indicated on the left
(ev is empty TRP1 vector). Transformants were grown on medium lacking only leucine and tryptophan (-LT) and replica-plated to similar medium
containing FOA, which kills cells that have not lost the URA3 plasmid encoding wild-type Sis1. FOA plates, which contain adenine to allow the growth of
cells without prions, were incubated 2 days at 30�. All cells growing on FOA express Sis1JGF and the proteins indicated on left; those with empty TRP1
vector express only Sis1JGF. Patches are pools of 3–4 individual transformants (see text and Supplementary Figure S1). (C) Cells of [psi–] strain 970L
expressing Sis1 from a TRP1 plasmid (wt, express both Sis1 and JGF) or with empty TRP1 vector (ev, express only JGF) were recovered from FOA plate in
(B), grown in YPAD and dilutions were inoculated onto YPAD plates and incubated at the indicated temperatures for 3–4 days. (D) FOA-resistant [psi–]
and [PSIþ]WSL cells expressing Sis1JGF in place of Sis1 were recovered from FOA and grown similarly. Generation times of these two strains are 154 and
193 min/div as indicated.
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(Reidy et al. 2014). In contrast, all Sis1/Ydj1 hybrids that contain
the CTD of Ydj1 do not support the growth of sis1D cells, regard-
less of prion status. Those findings show that the CTD of Sis1
possesses an essential and transferable function unique to Sis1
and data herein suggest this CTD also has a unique ability to sub-
due toxic effects of [PSIþ]. We used our system to test the extent
that the three Sis1/Ydj1 hybrids containing the CTD of Sis1 (SYS,
YSS, or YYS) might protect cells expressing Sis1JGF from prion
toxicity.

Coexpressing SYS, YSS, or YYS with Sis1JGF in [psi–] cells im-
proved growth compared with cells expressing Sis1JGF alone
(Figure 2B). Additionally, all full-length hybrids supported normal
growth of cells with [PSIþ]S or [PSIþ]WSL. Thus, when appended to
Ydj1 in place of the Ydj1 CTD, the Sis1 CTD was enough to confer
Sis1 function needed for normal growth and for complete protec-
tion from the toxicity of both prion variants.

The same three Sis1 CTD-containing hybrids that lack the di-
merization domain (SYSDDD, YSSDDD, or YYSDDD) also sup-
ported normal growth of [psi–] cells and cells propagating
[PSIþ]WSL (Figure 2). These results show Sis1 monomers function
in prion propagation and they align with the ability of Sis1JGF
and Sis1DCTD, which also lack the dimerization region, to

support a weak [PSIþ] variant. However, the DDD hybrids with the
GF region of Ydj1 (SYSDDD and YYSDDD) failed to support the
growth of cells with [PSIþ]S, suggesting they can support a [PSIþ]S

variant but cannot protect from [PSIþ]S toxicity. Although cells
expressing Sis1DDD also propagated [PSIþ]S, they grew noticeably
more slowly than [PSIþ]S cells expressing full-length Sis1 (Figure
2, third row, center panel), indicating dimerization of Sis1 is
needed to fully counteract the toxicity caused by [PSIþ]S.
Together these results suggest the CTD of Sis1 is the major con-
tributor to the protection and they point to an interaction be-
tween the Sis CTD and GF regions as necessary for monomers to
provide complete protection. Earlier findings show an interaction
between CTD and GF is important for function of class B J-pro-
teins (Yu et al. 2015; Faust et al. 2020), and an interaction between
the Sis1 CTD and Ydj1 GF regions can be expected to be less func-
tional.

All of the test proteins evaluated here that were previously
shown to support growth and prions on their own also supported
growth and prions for cells expressing Sis1JGF in place of Sis1.
These results are more consistent with the conclusion that
Sis1JGF cannot mitigate the toxicity than the interpretation that
expressing Sis1JGF makes [PSIþ] toxic.

Curiously, an extra copy of wild-type YDJ1 reduced the ability
of Sis1JGF to support the growth of cells with or without prions
(Figure 2). Even the transformants without prions grew so poorly
on FOA that we had no confidence in using them. In line with
these results and our data above, we failed to recover [PSIþ]S cells
coexpressing Sis1JGF and the extra Ydj1. Our results agree with
earlier work showing elevated expression of Ydj1 fails to support
growth when Sis1 is absent (Luke et al. 1991). Further work will be
needed to determine how the added dosage of Ydj1 interferes
with Sis1JGF function.

Sup35C alleviated [PSI1]S toxicity
We earlier found that toxicity of [PSIþ]S in cells expressing only
Sis1JGF was not overcome by coexpressing Sup35MC, which is a
truncated Sup35 that lacks the amyloid-forming NTD and should
not become incorporated into prion aggregates (Kirkland et al.
2011). We therefore concluded that [PSIþ]S toxicity was not due to
excessive depletion of the essential Sup35 protein into prion
aggregates. Our data above, however, suggest the toxicity of
[PSIþ]S could be due at least in part to depletion of Sup35. We
therefore re-examined the degree to which Sup35 lacking its
amyloid-forming domain could suppress the toxicity. In addition
to Sup35MC, we tested Sup35C, which lacks the adjacent M-re-
gion, and Sup45, an essential protein that interacts with Sup35 to
promote translation termination and is found in [PSIþ] prion
aggregates (Stansfield et al. 1995; Paushkin et al. 1997b;
Vishveshwara et al. 2009; Pezza et al. 2014).

When Sup35C or Sup35MC was coexpressed with Sis1JGF, we
recovered FOA-resistant cells that propagated [PSIþ]S (Figure 3).
These cells grew more slowly than [psi–] cells expressing only
Sis1JGF (Table 3), however, showing that rescue from the toxicity
was only partial. Coexpressing Sup45 with Sis1JGF did not over-
come the toxicity enough to allow growth, but when Sup45 and
Sup35C were both coexpressed with Sis1JGF the FOA-resistant
cells that we recovered grew as fast as the [psi–] Sis1JGF cells
(Figure 3 and Table 3). Note that expression of Sup35C or
Sup35MC restores translation termination, and thus ade– and red
phenotypes, without affecting the propagation of prions com-
posed of the endogenous full-length Sup35 (Figure 3 and
Supplementary Figure S3). These results suggest that the toxicity
of [PSIþ]S is due primarily to depletion of Sup35 into prion

Figure 2 Sis1 CTD (see Figure 1) is enough to propagate weak [PSIþ]
prions. (A) Sis1 domains J (amino acids 1–68), GF/GM (69–172), and CTD
(173–352) were swapped with analogous Ydj1 domains J (1–70), GF (71–
106), and CTD (107–409). Numbers indicate amino acid residue positions.
Ydj1 has a CaaX box prenylation site at its carboxy terminus. (B) Sis1/
Ydj1 hybrid proteins with swapped J, GF, or CTD regions as indicated
were assessed in strain 970L (relevant genotype at top) by plasmid
shuffle as in Figure 1 for the ability to support [PSIþ]S and [PSIþ]WSL prions
in cells expressing Sis1JGF in place of Sis1.
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aggregates. The ability of extra Sup45 to improve growth, but
only when Sup35C is present, suggests that the residual toxicity
in cells expressing Sup35C is due to partial depletion of Sup45
into the aggregates of full-length Sup35, which limits its avail-
ability to function with Sup35C.

Sis1 maintains Sup35 solubility in [PSI1]S cells
Differences in the strength of [PSIþ] nonsense suppression pheno-
types correlate with differences in the extent that Sup35 is de-
pleted into insoluble prion aggregates (Jung et al. 2000; Uptain
et al. 2001). Excessive depletion of Sup35 into [PSIþ] prion aggre-
gates can be lethal (McGlinchey 2011, #43). Accordingly, although
there is evidence that Sup35 in prion aggregates might retain
some function (Baxa et al. 2011; Pezza et al. 2014), it is generally
accepted that the Sup35 in prion aggregates has little release fac-
tor activity. The viability of [PSIþ] cells therefore depends mostly
on the residual soluble Sup35.

To test the importance of Sis1 in maintaining the solubility of
Sup35 in [PSIþ] cells, we depleted Sis1 and then visually moni-
tored the aggregation status of a functional GFP-tagged version of
Sup35 (designated NGMC) expressed in place of Sup35 from the

endogenous chromosomal locus (Song et al. 2005). Fluorescent
prion aggregates of NGMC are seen as many small, disperse foci
(Figure 4) that are highly mobile (Song et al. 2005).

We used [PSIþ]S versions of NGMC strain 1362, which is sis1D

and carries a TRP1 plasmid encoding a SIS1 gene flanked by FRT
sites. This SIS1 gene can be excised by galactose-induced expres-
sion of Flp recombinase encoded on a separate LEU2 plasmid (see
Materials and Methods; Park et al. 2011). Sis1 protein then becomes
depleted by normal turnover and dilution among cells of the
growing population. We excised the FRT-flanked SIS1 gene in
cells that also carry an HIS3 plasmid encoding wild-type Sis1 or
Sis1JGF, or the empty HIS3 vector.

As anticipated, the amount of Sis1 remaining 24 h after induc-
ing excision of the SIS1 gene was essentially undetectable for cells
with the empty HIS3 vector and was reduced to a one-gene
amount in cells with the extra copy of wild-type SIS1 (Figure 4A).
Cells expressing Sis1JGF had a detectable, but considerably re-
duced amount of full-length Sis1.

After depleting Sis1 in cells carrying the empty HIS3 vector, we
observed a visually obvious change in the fluorescence of prion
aggregates. The aggregates became strikingly brighter in 70% of

Figure 3 Sup35C restores growth of [PSIþ]S cells expressing Sis1JGF.
Strain 970TS (sis1D expressing Sis1JGF from TRP1 plasmid pYW62 and
Sis1 from URA3 plasmid pYW17) was transformed by empty vector (ev)
or plasmids encoding Sis1 (pJE240, HIS3), Sup35C (pJE160, HIS3),
Sup35MC (pJ528, LEU2), or Sup45 (pJE161, LEU2) together with
appropriate empty vectors to maintain all strains on the same selection
plate. Transformants were assessed for the ability of Sis1JGF to support
growth in place of Sis1 (i.e., on FOA) as in Figure 1. -LHT contains uracil,
but lacks leucine, histidine, and tryptophan. YPD and -ade plates show
relevant prion phenotypes of transformants. All FOA-resistant strains
lack pYW17 and express Sis1JGF from plasmid pYW62. The rightmost
column shows cells recovered from FOA, diluted to the same cell
density, and grown on rich medium for 2 days to show color and growth
phenotypes.

Table 3 Growth rates (min/cell div)

Proteins, plasmids [psi–] [PSIþ]S

JGFþevþev 155 na
JGFþSis1þev 110 117
JGFþSup35Cþev 160 175
JGFþSup35MCþev 150 168
JGFþSup35CþSup45 nd 149

Strain used is 970T (sis1D expressing Sis1JGF from a TRP1 plasmid) with
combinations of indicated empty vectors (ev) or plasmids encoding indicated
proteins (see Figure 3). Cells were grown in YPAD at 30� with constant shaking
at 220 rpm. OD600 was measured at 10-min intervals for 24 h. na, not
applicable as Sis1JGF [PSIþ]S cells are not viable; nd, not determined.

Figure 4 Sup35GFP forms brighter foci in cells depleted of Sis1. Flp-FRT-
based recombination was used to deplete Sis1 by excising a plasmid-
borne SIS1 gene in sis1D strain 1362, which propagates [PSIþ]S and
expresses NGMC (Sup35GFP) in place of Sup35 from the chromosomal
SUP35 locus. (A) Western analysis showing abundance of Sis1 in cells
immediately after (0) and 24 h after inducing depletion. (B) Fluorescent
images of Sup35GFP were obtained at the same time points, as indicated
above. Cells also carry an empty vector (ev) or the same vector encoding
wild-type Sis1 or Sis1JGF (JGF) as indicated on the left. “Mock” columns
are identical except cells carry the empty vector in place of the one
encoding the inducible Flp recombinase.
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cells (Figure 4B, top rows, Table 4). Thus, in a large proportion of
cells the size of [PSIþ]S aggregates increased when abundance of
Sis1 decreased. In contrast, after similarly depleting Sis1 in cells
that also express wild-type Sis1 from the HIS3 plasmid, we saw
no increase in the proportion of cells with brighter foci (Figure 4B,
middle rows, Table 4). After depleting Sis1 in cultures that ex-
press Sis1JGF from the HIS3 plasmid, however, foci in half of the
cells had the brighter phenotype. This high proportion of Sis1JGF
cells with the brighter aggregates is nine times greater than that
of cells that retained a copy of wild-type SIS1, and it was similar
to cultures with the empty HIS3 vector (Figure 4B, bottom rows,
Table 4). These results provide clear visual evidence suggesting
that Sis1JGF is much less capable than Sis1 at limiting incorpora-
tion of Sup35 into prion aggregates of [PSIþ]S cells.

In matching [PSIþ]S cultures that were treated similarly but
had an empty LEU2 vector in place of the one encoding Flp
recombinase (Figure 4B, “mock”), or in [psi–] cells with or without
Sis1 depletion (Supplementary Figure S4), there were no notice-
able fluorescence changes in any of the strains after switching to
excision-inducing medium. Thus, the observed differences in
NGMC aggregation seen in Figure 4 required the presence of the
prion and were not due to notable differences in extent of Sis1 de-
pletion or to unrelated physiological effects caused by the shift to
galactose medium.

It is widely reported that most Sup35 in [PSIþ]S cells is incorpo-
rated into insoluble prion aggregates that are readily separated
by centrifugation. We used an established centrifugation assay
(see Materials and Methods) as another way to compare the solubil-
ity of Sup35 in [PSIþ]S cells expressing Sis1JGF or wild-type Sis1.
Because Sup35C is needed to maintain the viability of [PSIþ]S cells
expressing Sis1JGF in place of Sis1, we coexpressed it in wild type
and Sis1JGF strains.

In lysates of Sis1JGF cells, we observed a noticeable reduction
in soluble Sup35 and a corresponding increase in the relative
amount of insoluble Sup35 in pellet fractions (Figure 5A). For
[psi–] cells, we saw very little difference in amounts or proportions
of Sup35 in the different lysate fractions from cells expressing
Sis1JGF or wild-type Sis1. Thus, coexpressing Sup35C had little ef-
fect on abundance or solubility of full-length Sup35.

As an additional approach to compare amounts of soluble
Sup35 in [PSIþ] cells, we used the yTRAP system (Khalil et al. 2012;
Newby et al. 2017). yTRAP is a fluorescence-based tool to monitor
and quantify aggregation states of proteins in vivo. It was devel-
oped using Sup35 and [PSIþ] to demonstrate its usefulness. In the
yTRAP system, a Sup35NM-transcription factor fusion protein
activates the expression of the mKate2 reporter. This fusion

protein can incorporate into Sup35 prion aggregates, and when it
does it loses its ability to activate mKate expression. The extent
to which mKate fluorescence becomes diminished reports on the
extent that Sup35 is aggregated. We integrated the Sup35NM-
mKate2 (red) sensor at the HO locus of our base 930S strain to cre-
ate strain MR1118S and we obtained MR1118 ([psi–]) by guanidine
curing. We then isolated cells with plasmids that express Sis1 or
Sis1JGF and the Sup35C plasmid using the plasmid shuffle.

We first repeated the fractionation assay with these cells and
got similar results showing reduced solubility of Sup35 in Sis1JGF
cells (Figure 5B). Quantitation of the combined data from experi-
ments in Figure 5, A and B showed that cells expressing Sis1JGF
in place of Sis1 had a significant 5.7-fold reduction in amount of
soluble Sup35 (Figure 5C). These results add to the confidence in
concluding that Sup35 is less soluble in [PSIþ] cells expressing
Sis1JGF and show that the Sup35NM-mKate sensor system does
not affect aggregation of Sup35 differently in [PSIþ]S cells express-
ing Sis1 or Sis1JGF.

The fractionation experiments in Figure 5A used denaturing
lysis buffer (containing SDS) while those in Figure 5B used buffer
without SDS. If Sis1 was limiting incorporation of Sup35 into
SDS-sensitive aggregates such as Sup35 “gels” or
“biocondensates” (Franzmann et al. 2018), then the amount of
Sup35 in the soluble fraction of Sis1JGF lysates made using non-
denaturing conditions would be less than in lysates using dena-
turing conditions. In fact, the differences in solubility we
observed using both conditions were so similar that the data
from the different experiments were combined to calculate the
5.7-fold difference in solubility between wild type and Sis1JGF
strains. These results are in line with Sis1 limiting incorporation
of Sup35 into toxic amyloid rather than into condensates from
which functional Sup35 could be recovered.

Using the yTRAP system to monitor Sup35 aggregation by fluo-
rescence, we found that [PSIþ]S cells expressing Sis1JGF in place
of Sis1 produced less fluorescence than cells expressing wild-type
Sis1 (Figure 5D). Thus, more Sup35 is aggregated in the [PSIþ]S

cells expressing Sis1JGF. These results were anticipated on the
basis of the fluorescence and fractionation assays, and they fur-
ther support the conclusion that Sis1JGF is less able than wild-
type Sis1 to moderate aggregation of Sup35 in [PSIþ]S cells.

Sis1 interacts with Sup35 in vivo; Sis1JGF does not
Sis1 is detected in aggregates of Sup35 from lysates of [PSIþ] cells,
suggesting it binds Sup35 prions in vivo, and it binds the soluble
and amyloid forms of Sup35NM in vitro (Bagriantsev et al. 2008;
Barbitoff et al. 2020). We considered that Sis1JGF might bind less
well to Sup35, which could underlie its reduced ability to moder-
ate Sup35 aggregation in [PSIþ] cells. To assess binding of Sis1JGF
to Sup35 in live cells, we used an established two-hybrid system
with yeast strain NMY51 that depends on physical interactions
between two proteins to produce a transcriptional readout. Strain
NMY51 is [psi–], so any interaction detected is presumed to be
with soluble Sup35. An interaction between proteins being tested
results in activation of reporter genes that include HIS3, ADE2,
and bacterial lacZ, which encodes b-galactosidase.

We coexpressed bait and prey-tagged versions of Sup35 with
wild-type Sis1 or Sis1JGF and tested for interactions by monitor-
ing growth on medium lacking both histidine and adenine or con-
taining X-gal, a chromogenic substrate of b-galactosidase (Figure
6A). We included versions of Sis1 with the D36N mutation in the
J-domain that disrupts binding to Hsp70 to determine if any Sis1
interaction with Sup35 could be direct or mediated by an

Table 4 Cells with large Sup35 foci (%) after Sis1 depletion

Sis1 Depleted? 2nd copy of Sis1 Hours Sis1 depleted

0 24

Yes Wild type 14 6 2 6 6 3
No Wild type 8 6 3 2 6 1
Yes None 14 6 1 75 6 8
No None 5 6 2 7 6 2
Yes JGF 14 6 3 56 6 7
No JGF 12 6 3 20 6 5

Values are average percentages of cells (6SD) with visually obvious bright foci
of fluorescent Sup35NGMC from cultures shown in Figure 4. Different pools of
200–420 cells were scored blindly by two people and the data were combined
to derive each value. Cells carry pRS314Sis1FRT, the indicated second copy of
Sis1, and either pRS315Flp (yes) or pRS315 empty vector (no). Sis1 was depleted
by galactose-induced Flp-mediated excision of SIS1 from RS314Sis1FRT. Cells
were scored immediately after the shift to galactose (0) and 24 h later.
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interaction with Hsp70. We quantified the strengths of interac-
tions using a standard b-galactosidase assay (Miller 1972; Figure
6B).

Combining wild-type Sis1 with itself, which served as a posi-
tive control because Sis1 acts as a dimer, produced 1000 Miller
units of b-galactosidase activity. Combining Sis1 with empty vec-
tor produced less than 12 units of background activity, while
combining it with Sup35 produced about 90 units, an increase
over sevenfold. In contrast, combining Sis1JGF with Sup35 pro-
duced a similar amount of b-galactosidase (27 units) as when
combining it with empty vector (33 units). The D36N mutation in
Sis1 affected b-galactosidase values only modestly while

including D36N in Sis1JGF only reduced the apparent back-

ground. Growth on plates without histidine and adenine corre-

lated with these measured activities, as did the development of

color on the plates with X-gal. These results suggest that Sis1 can

interact with Sup35 in vivo independently of Hsp70 and that

Sis1JGF was unable to do so with or without Hsp70.

Phenotypes of Sis1JGF are consistent across strain
backgrounds and prion variants
Harris et al. (2014) found that Sis1JGF (there designated Sis1-121)

and Hdj1 support strong [PSIþ] variants without apparent toxicity,

and that neither supported weak variants .Those findings differ

Figure 5 Sup35 is less soluble in cells expressing Sis1JGF in place of Sis1. (A) Shown is an immunoblot of whole lysates (T) of cells expressing Sis1JGF
(JGF) or wild-type Sis1 (wt) separated by centrifugation into supernatant (S) and pellet (P) fractions, probed with Sup35 antibody. Cells coexpress Sup35C
to ensure viability of Sis1JGF [PSIþ]S cells. [psi–] cells, with and without Sup35C, are shown for comparison. The upper band (FL) is full-length Sup35,
lower band (C) is Sup35C (amino acids 254–685). The lower panel shows relevant portion of the blotted membrane stained by amido-black as a loading
and transfer control. (B) Relevant sections of blots from three additional replicates using [PSIþ]S cells and a slightly modified version of the fractionation
assay (see Materials and Methods) and yTRAP sensor strain MR1118S. (C) Relative proportions of soluble Sup35 in [PSIþ]S cells expressing wild-type Sis1
(19.5 6 5.8) or Sis1JGF (3.4 6 2.2) were measured using Image-J. Values are averages of the four [PSIþ]S replicates shown; error bars indicate SD (**P< 0.01;
t-test). (D) Sup35NM-mKate2 yTRAP sensor was used to monitor Sup35 aggregation in MR1118S (105 live cells) expressing wild-type Sis1 or Sis1JGF.
Profile of Sis1JGF [psi–] cells is shown; wild-type Sis1 [psi–] cells were essentially indistinguishable.
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from our results here and earlier (Kirkland et al. 2011). Although
we both use a similar Sis1JGF plasmid, they expressed Hdj1 to a
much higher level. They also used different genetic strain back-
grounds and prion variants. They kindly provided their yeast
strains W303 and 74-D694, each carrying their plasmids and
propagating strong ([PSIþ]STR) and weak ([PSIþ]Sc37) prions. Using
cytoduction, we cross-infected prions among strains W303, 74-
D694, and 930 to obtain each of the three strains propagating
[PSIþ]S, [PSIþ]WSL, [PSIþ]STR, [PSIþ]Sc37, or no prions. All of these 15
combinations are sis1D, carry a URA3 plasmid encoding wild-type
Sis1, and express the test proteins wild-type Sis1, Sis1JGF, or Hdj1
from a TRP1 plasmid.

For each of the 930, W303, or 74-D694 strains, we performed
the plasmid shuffle to compare the ability of Sis1JGF or the two
expression levels of Hdj1 to support both cell growth and propa-
gation of the four prions in the absence of Sis1. As expected, re-
gardless of prion status the control cells in all three strain
backgrounds that express wild-type Sis1 from the TRP1 plasmid
showed heavy confluent growth on FOA after 1 day. This efficient
recovery of cells on FOA reflects lack of dependence on the URA3
plasmid encoding wild-type SIS1 and thus maximal loss of the
URA3 plasmid. Controls with the empty TRP1 vector, with or with-
out prions, showed no growth on FOA after 4 days, reflecting the
dependence of SIS1 on the URA3 plasmid for growth.

Also as expected, all [psi–] transformants expressing Sis1JGF or
Hdj1 similarly showed obvious growth on FOA after 1–2 days. In

line with the reduced Sis1 activity of Sis1JGF, the transformants
expressing Sis1JGF showed noticeably lighter density on FOA in
all strain backgrounds. For all transformants, the presence or ab-
sence of growth on FOA was unambiguous after 4 days.

As we saw with our strain 930, Sis1JGF did not support growth
of strains W303 or 74-D694 propagating either of the two strong
[PSIþ] variants, but it did support growth of 930, W303, and 74-
D694 propagating either of the two weak variants. The growth of
all three strains that propagate weak [PSIþ] and express only
Sis1JGF lagged somewhat behind their isogenic [psi–] counter-
parts, which is consistent with both of the weak prion variants
causing toxicity in W303 and 74-D694. Using cytoduction, we con-
firmed these FOA-resistant cells did not lose the weak prions
(Supplementary Figure S2C). Therefore, all conclusions we make
here regarding the ability of Sis1JGF to propagate weak and strong
variants of [PSIþ] prions, and the degree of toxicity of the prion
variants, holds for two strong prions and two weak prions in
three different strain backgrounds.

To confirm the prions were responsible for any observed reduc-
tion of growth, we replica-plated the same master plates of cells
onto plates containing 3 mM guanidine and grew the cells overnight
before replica-plating to FOA. The guanidine inactivates Hsp104,
which arrests replication of prions (Eaglestone et al. 2000; Ferreira
et al. 2001; Jung and Masison 2001). The nondividing prions are di-
luted among dividing cells and eventually lost as they become out-
numbered by the cells. For all combinations of transformants and

Figure 6 Sis1 interacts with Sup35 in vivo. (A) Example of interactions of wild Sis1 (wt) with Sup35 expressed from LEU2 (bait, top) plasmids or TRP1 (prey,
left) plasmids that were assessed by growing transformants on medium lacking leucine and tryptophan (-LT) and then replica-plating onto medium also
lacking histidine and adenine (-LTHA) or containing x-gal (-LT þ x-gal), where amount of blue color reflects degree of b-galactosidase activity. (B)
Quantitation of strength of interactions of Sis1 with Sup35 was done by measuring lacZ expression as Miller units of b-galactosidase activity (Miller
1972). In addition to wild-type Sis1, we included empty vector (ev) controls and versions of Sis1 with the D36N mutation that disrupts functional
interaction with Hsp70. ev, empty vector; wt, Sis1 wild type; S35, Sup35; JGF, Sis1JGF; wt-36N, Sis1D36N; and JGF-36N, Sis1JGFD36N. By one-way ANOVA
test: ****P< 0.0001; ***P< 0.001; ns, not significant. Data for both panels were from [psi–] strain NMY51.
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prions, except those with the empty vector, we recovered cells on
FOA after incubating only 1 day (Figure 7, rightmost panels). Thus,
aside from the empty vector controls, any reduced growth or failure
to recover cells on FOA was due solely to the presence of toxic
prions. Note that these results imply that proteins tested here that
do not support growth of cells with prions are able to support prop-
agation of the prion that is preventing growth.

Recovery of guanidine-treated W303 and 74D strains with STR
prions was least efficient. This reduced efficiency could be
explained most simply if the average numbers of prion seeds per
cell of the STR prion variant were highest in these strains. More cell
divisions would be required to dilute the seeds enough to result in a
similar extent of prion loss.

For strains W303 and 74-D694, high-level expression of Hdj1
was required to recover FOA-resistant cells propagating strong
[PSIþ] variants (Figure 7, compare Hdj1-hi with Hdj1-lo). Even
so, these cells were less confluent on FOA than wild-type cells
after 1–2 days. Thus, Hdj1 possesses a Sis1-like activity that
can protect cells from [PSIþ] toxicity, but it was very much less
effective. We suspect this reduced effectiveness is related to a
reduced ability of the human Hdj1 to cooperate with the yeast
Hsp70 system.

Even with high expression of Hdj1, we did not recover cells of

strain 930 propagating either strong prion. Thus, ability of Hdj1 to

overcome toxicity of strong [PSIþ] was strain-dependent.

Discussion
It is widely observed that in [PSIþ] cells most of the essential

Sup35 is depleted into prion aggregates, yet the presence of the

prion causes only a modest stress (Jung et al. 2000) and has little

effect on growth under optimal conditions. Thus, enough Sup35

must remain soluble in [PSIþ] cells to support near-normal cell

growth or Sup35 retains some of its function even when it is

within prion aggregates (Baxa et al. 2011; Pezza et al. 2014).

Abundant data show that the range of strengths of [PSIþ] pheno-

types, whether due to prion variation, altered protein quality con-

trol or environmental factors such as temperature, correlate with

the degree that Sup35 is depleted into prion aggregates.

Therefore, despite any residual function Sup35 might have in

prion aggregates, the degree of nonsense suppression that under-

lies the strength of phenotype primarily reflects function of the

nonaggregated Sup35.

Figure 7 Sis1JGF phenotypes are consistent across yeast strains and prion variants. Plasmid shuffle as in Figure 1B. The left column shows strains 930,
W303, and 74-D694 (all sis1D) each with two weak [PSIþ] variants (W is WSL; 37 is Sc37), two strong variants (STR, S), or no prions (�) indicated above.
Each expresses the proteins indicated on the left from a TRP1 plasmid (ev is empty TRP1 vector) and all express wild-type Sis1 from a URA3 plasmid. Hdj-
lo is expressed from a single-copy plasmid, while Hdj-hi is overexpressed from a high-copy plasmid. Patches of cells that each contain three pooled
transformants were grown on -trp medium containing uracil and limiting adenine (leftmost column) and then replica-plated onto FOA. FOA plates were
imaged after incubating 2 days at 30� (2 days) and again after two additional days at 23� (4 days) as indicated. Panels in rightmost column (via Gdn) are
from the same -trp lim. ade plates (leftmost column) that were first replica-plated onto YPAD containing 3 mM guanidine and grown overnight. The
YPAD plates were then replica-plated onto the FOA plates shown, which were incubated 1 day at 30�. Centers of some patches of 74-D694 cells did not
transfer well when replica-plated.
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There is an upper limit to how much Sup35 can be depleted
into prion aggregates for cells to remain viable. This limit was
shown by the finding that many spontaneously arising variants
of [PSIþ] fail to become established because they kill cells by de-
pleting too much Sup35 or they are supplanted by less toxic var-
iants (McGlinchey et al. 2011). Persistent [PSIþ] prions must
therefore attain a balance of propagating efficiently enough to be
stable without depleting too much Sup35.

Our findings point to Sis1 as having an important role in deter-
mining this balance by moderating incorporation of Sup35 into
prion aggregates. The requirement of the CTD in this role sepa-
rates it from the role of Sis1 in [PSIþ] propagation, in which the
CTD is dispensable (Kirkland et al. 2011; Harris et al. 2014; Stein
and True 2014). Whereas Sis1JGF might act in the disaggregation
reaction needed for [PSIþ] propagation, the Sis1 CTD is required
to maintain solubility of Sup35 in [PSIþ] cells. Harris et al. (2014)
observed that after depleting Sis1 in otherwise wild-type cells,
strong and weak [PSIþ] prions inhibited growth to an extent that
correlated with strength of prion phenotype. Those findings are
in complete agreement with our conclusions here and earlier
about [PSIþ] toxicity and the unique role of Sis1 to protect cells
from it.

The CTD is recognized as the substrate-binding region of Sis1
and other Hsp40 J-proteins (Lu and Cyr 1998; Yan and Craig 1999;
Johnson and Craig 2001; Li et al. 2009). Therefore, the ability of
Sis1JGF to support growth in place of Sis1, while no other J-pro-
tein can do so (Sahi and Craig 2007), suggests that the essential
function of Sis1 can be provided by a specific regulation of Hsp70
rather than by specific or general substrate binding by the CTD
(Yan and Craig 1999). Our findings and those of others that show
Sis1 lacking its CTD can support prion propagation suggest a sim-
ilarly specific Hsp70-regulating activity can be enough to provide
Sis1 function needed for the Hsp104 machinery to promote repli-
cation of prions (Sondheimer et al. 2001; Lopez et al. 2003;
Higurashi et al. 2008; Hines et al. 2011; Harris et al. 2014; Stein and
True 2014). However, the possibility that Sis1JGF supports growth
in place of Sis1 while another Hsp40 provides the J-protein func-
tion needed for [PSIþ] replication, has not been ruled out.

Like other Hsp40 family J-proteins, Sis1 combines delivering
its CTD-bound substrates to Hsp70 with activating the Hsp70
ATPase cycle to help proteins fold to their native state. Each ex-
traction cycle of the Hsp104 machinery that divides a [PSIþ] prion
fiber should release a Sup35 monomer, which then would be
expected to require assistance from Hsp70 to refold to its native
state. Our findings here support our earlier proposal that the
roles of Sis1 in helping the Hsp104 machinery promote prion rep-
lication and in helping non-native proteins fold properly are sep-
arable. While Sis1JGF might still be able to regulate Hsp70 in a
way that helps it activate Hsp104 for protein disaggregation
(Seyffer et al. 2012; Chamera et al. 2019), it could fail to coordinate
regulation of Hsp70 ATPase with capture of its clients, which is
needed to help Hsp70 refold them. Misfolded Sup35 extracted
from prion aggregates that is not captured properly by Hsp70
might aggregate in a nonprion manner or rejoin the aggregates
more readily.

When considering that Sis1JGF propagates [PSIþ], questions
arise about an earlier proposal that the role of Sis1 in [PSIþ] prop-
agation is to recruit the Hsp104 machinery to prion aggregates
(Tipton et al. 2008), which requires Sis1 to bind Sup35 prion aggre-
gates before Hsp70 and Hsp104. By that scenario, the GF region of
Sis1JGF would have to be the part that binds Sup35 prions, and
this interaction must be specific since Sis1JGF does not propagate
[URE3] prions (Reidy et al. 2014). Another interpretation

consistent with the data of that study is that a necessary action
of Sis1 can occur after engagement of the machinery with prion
aggregates. Accordingly, Hsp104 can bind Sup35 without help
from Sis1 and Hsp70 can compete with Hsp104 for binding to
Sup35 prions (Inoue et al. 2004; Helsen and Glover 2012; Winkler
et al. 2012).

Although coexpressing YYS restored viability of [PSIþ]S cells
expressing Sis1JGF, coexpressing additional Ydj1 did not, which is
consistent with substrate binding specifically by the CTD of Sis1
being necessary to keep Sup35 soluble enough for viability.
Beyond influencing the fate of Sup35 monomers extracted from
prion aggregates, this requirement might be met in different
ways. We present evidence indicating Sis1 can bind soluble
Sup35 in vivo, while Sis1JGF cannot. Such Sis1 activity might limit
the ability of Sup35 to adopt a conformation that facilitates its
joining to prion fibers. Sis1 also binds [PSIþ] prion aggregates
(Bagriantsev et al. 2008) and might reduce the ability of fibers to
sequester Sup35 from the soluble pool by binding at fiber ends. It
is also possible that Sis1JGF, unhindered by binding to misfolded
protein or prion aggregates, is freer to promote higher than nor-
mal activity of the Hsp104 machinery to replicate prions, which
would result in more fiber ends that can soak up Sup35.

Despite the dispensability of the CTD for many Sis1 functions,
YYS supports cell viability and promotes Hsp104-driven [PSIþ]
replication in sis1D cells (Yan and Craig 1999; Reidy et al. 2014). So
the CTD of Sis1 is enough to provide Sis1 functions needed for
growth and prion propagation. In line with work showing the
CTD must act in cis with a JGF region (Johnson and Craig 2001),
we did not observe protection from prion toxicity by expressing
the Sis1 CTD alone (unpublished observation). When appended
to the heterologous JGF regions, the CTDs of Sis1 and Ydj1 also
determine specific J-protein requirements for certain Hsp90 func-
tions and for efficiency of Hsp104 functions needed for prion rep-
lication and for disaggregating heat-denatured protein
aggregates (Reidy et al. 2014). Altogether, the data suggest that
the role of Sis1 in prion replication can be accomplished either by
Sis1JGF regulating a specific functional interaction between
Hsp70 and Hsp104 or by the CTD of Sis1 modifying function of a
related JGF to confer a similar activity to that JGF.

Sup35 binds to Sup45 to promote release of ribosomes from
mRNA and Sup45 is found in [PSIþ] aggregates (Stansfield et al.
1995; Paushkin et al. 1997b). Our data suggest that reduced avail-
ability of Sup45 due to its binding to prion aggregates can explain
why Sup35C rescued cells from the [PSIþ] toxicity only partially.
Therefore, if Sis1 protects cells from [PSIþ]S by moderating deple-
tion of Sup35 into prion aggregates, then there would be less ag-
gregated Sup35 to deplete Sup45. Others found that
overexpressing intact Sup35 is toxic in wild-type [PSIþ] cells and
that this toxicity can be overcome by expressing Sup45 (Chernoff
et al. 1992; Vishveshwara et al. 2009; Pezza et al. 2014). Depletion
of Sup45 is therefore primarily responsible for that toxicity.
Under those conditions, the excess Sup35 apparently increases
the mass of aggregated Sup35, which causes lethal depletion of
Sup45, without limiting the functional Sup35 needed for growth.
The toxicity caused by artificially overproducing Sup35 is qualita-
tively different than that caused by deleting the CTD of Sis1.

Sis1JGF clearly supported propagation of several weak and
strong variants of [PSIþ] and the relative toxicity of all the differ-
ent variants was very similar across three different yeast strain
backgrounds. Sup35 aggregated more extensively in cells
expressing Sis1JGF in place of Sis1 and, consistently, the degree
of [PSIþ] toxicity was proportional to the strength of prion pheno-
type, and thus the degree to which Sup35 is depleted by the
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individual prion variants. The ability of Sis1 to protect from [PSIþ]

toxicity by moderating Sup35 aggregation is thus a general prop-

erty that we expect to be found with other strain backgrounds

and possibly other prions.
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