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Abstract

The cytosolic chaperone network of Saccharomyces cerevisiae is intimately associated with the emergence and maintenance
of prion traits. Recently, the Hsp110 protein, Sse1, has been identified as a nucleotide exchange factor (NEF) for both
cytosolic Hsp70 chaperone family members, Ssa1 and Ssb1. We have investigated the role of Sse1 in the de novo formation
and propagation of [PSI+], the prion form of the translation termination factor, Sup35. As observed by others, we find that
Sse1 is essential for efficient prion propagation. Our results suggest that the NEF activity is required for maintaining
sufficient levels of substrate-free Ssa1. However, Sse1 exhibits an additional NEF-independent activity; it stimulates in vitro
nucleation of Sup35NM, the prion domain of Sup35. We also observe that high levels of Sse1, but not of an unrelated NEF,
very potently inhibit Hsp104-mediated curing of [PSI+]. Taken together, these results suggest a chaperone-like activity of
Sse1 that assists in stabilization of early folding intermediates of the Sup35 prion conformation. This activity is not essential
for prion formation under conditions of Sup35 overproduction, however, it may be relevant for spontaneous [PSI+]
formation as well as for protection of the prion trait upon physiological Hsp104 induction.
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Introduction

Prionsareinfectiousconformersof proteinsthat canconvertthe
natively foldedspeciesto the prion form. The yeastSaccharomyces
cerevisiaecarriesepigeneticdeterminantsthat behaveasprions by
adoptinga conformationcapableof self-propagation[1]. The best
characterizedyeast prion, [PSI+], is the altered form of the
translationalreleasefactor, Sup35,which forms large insoluble
aggregates.Conformational conversion and sequestrationof
Sup35into prion polymerslimits the amount of natively folded
Sup35availablefor the translationprocess,resultingin a readily
detectablenonsensesuppressionphenotype.The currentmodelof
denovo[PSI+] formation suggeststhat conformationallyaltered
Sup35oligomersemergein a spontaneousand Sup35-concentra-
tion dependentprocess[2]. In turn, the oligomericspeciescanact
as a seed that is capable of nucleating the conformational
conversionof non-prion polypeptides[3]. In vivo, the nucleation
requirementis often fulfilled by another prion, [PIN+], which is
thought to enhancenucleationby cross-seeding[4,5]. Propaga-
tion, defined as stable transmissionof the prion trait to the
progeny,involves[PSI+] polymer elongationaswell as fragmen-
tation [6]. Thus, both emergenceand propagationof the prion
phenotypeare constitutedby protein folding and remodeling
events,requiring the action of chaperones.Consequently,prion

physiologyis sensitiveto changesin the cellular levelsof certain
chaperonesor their regulatoryfactors.

The chaperone with the most prominent role in prion
propagation is the AAA+-ATPase Hsp104 that functions to
dissolve large protein aggregatesand refold proteins [7,8].
Hsp104is essentialfor the propagationof all knownyeastprions,
asdeletionor inactivationleadsto formation of largeaggregates
that arenot transmittedto the progeny,and likely representdead-
endsof the prion cycle[9,10]. It is thought that the disaggregase
activityof Hsp104cleaves[PSI+] aggregatesinto seeds,which can
subsequentlypropagatethe conversionof normal Sup35[11,12].
Interestingly,cellscan alsobe cured of the [PSI+] phenotypeby
Hsp104 overproduction [11,13], perhaps through excessive
fragmentation of [PSI+] polymers which yields non-seeding
Sup35species[14]. However,mutationalanalysishasled to the
suggestionthat Hsp104-mediatedcuring of [PSI+] may not solely
be the result of aggregatefragmentation,but involvesa distinct
activity requiring additional functional domains of Hsp104
[15,16]. As other prions are unaffectedby increasedlevelsof
Hsp104,this may reflecta specificinteractionwith Sup35[14].

The two classesof cytosolicHsp70chaperonesin yeast,Ssa1-4
and Ssb1,2, also affect de novoprion formation as well as
propagation, although with opposing effects.[PSI+] formation
inducedupon Sup35overexpressionis stimulatedby overexpres-
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sionof Ssaor reducedlevelsof Ssb1[17,18], while propagationis
inhibited by overexpressionof Ssb1 or reduced levels of Ssa
[19,20]. Further, curing of [PSI+] by Hsp104 overexpressionis
inhibited by Ssa1overproduction,or by the absenceof Ssb1
[2,17,18,21]. It has been proposedthat theseopposingeffects
reflect the cellular roles of these chaperones;Ssa1 stabilizes
misfoldedproteinssuchthat theycanserveassubstratesfor prion
conversion,while Ssb1may stimulatethe productive folding of
newly synthesizedproteinsto the native state[17]. Thus, prion
propagationand maintenanceare sensitiveto changesin Hsp70
activities.

The Hsp110proteins,a sub-groupof the Hsp70 superfamily,
are representedby Sse1and Sse2in yeast.Their essentialcellular
role is illustratedby the impaired growth of sse1D cellsand the
lethal phenotypeof sse1D sse2D cells [22,23]. We and others
recentlyreportedthat Sse1servesasa nucleotideexchangefactor
(NEF)for membersof both classesof cytosolicHsp70chaperones,
Ssa1and Ssb1[23,24]. The NEF function is the essentialactivity
of Sse1andSse2proteins,asoverexpressionof anotherNEF,Fes1,
restoresviability of the sse1D sse2D strain [23]. However, the
structuralsimilarity of Hsp110proteinswith Hsp70 chaperones,
and particularly the existenceof a putative substratebinding
domain [25,26], suggeststhat Hsp110 proteins may also be
capableof binding substrate.Indeed, an in vitroholdaseactivity
that preventsproteinaggregationhasbeenreportedfor Sse1[27].
Thus,studyingthe role of Sse1within the contextof prion biology
can providea novelperspectiveof its precisefunction within the
cytosolicHsp70chaperonenetwork.

In agreementwith recentreports[28,29], Sse1is required for
efficientdenovo[PSI+] formationaswell asfor stablepropagation
of the [PSI+] phenotype.The requirementis for the nucleotide
exchangeactivity of Sse1,asoverexpressionof anotherNEF for
Hsp70chaperones,Snl1DN [30], can suppresssse1D deficiencies
in [PSI+] propagation.Moreover,Sse1ismorepotentthanSsa1in
counteracting[PSI+] curingby Hsp104overproduction,suggesting
a direct promotion of the Sup35prion conformationby Sse1.In
fact, Sse1 enables more efficient in vitro fiber assemblyby
decreasingthe lag phase.Thus, Sse1is a nucleotideexchange
factorwhoseactivityon theHsp70chaperoneSsa1iscentralto the
establishmentand maintenanceof [PSI+]. In addition, Sse1may
promoteprion conversionof Sup35by directly stabilizingfolding
intermediates.

Materials and Methods

Assays for [PSI+] formation and curing
The presenceof [PSI+] wasassessedthroughthe inability of the

Sup35 prion form to terminate translation.The resultingread-
through of the ade1-14(UGA) mutant allele enablesadenine
biosynthesisand abolishesthe accumulationof a red pigment.
Thus,[psi2] and[PSI+] cellsgrowasredor pink/white colonieson
rich media,respectively[11]. The OT55 and OT56 strainsdiffer
in degreeof nonsensesuppression,yielding ÔweakÕor ÔstrongÕ
[PSI+] phenotypes,respectively[31]. Strainsusedin this studyare
listedin Table 1.

Quantitationof Hsp104-mediatedcuringof [PSI+] aswellasthe
quantitativeassessmentof [PSI+] formation upon Sup35overex-
pressionwereperformedasdescribed[32].

Transformantswere grown as suspensionculturesin selective
media, and expressionof Hsp104 from pHG28 or Sup35from
pLA1-SUP35wasinducedalongwith that of (co-)chaperonesby
inoculating log-phasecells into selectivemedia containing 2%
galactoseand 2% raffinose.Ssa1and Ssb1wereexpressedfrom
p316-GALplasmids,whileSse1andSnl1DN wereexpressedfrom

p315-GAL plasmids(pleaserefer to Table 2 for plasmidsusedin
thisstudy).After differentinductionperiods,cellswereplatedonto
selectivemedia and [PSI+] phenotypeswere scoredafter replica
plating onto rich media as well as media lackingadenine.Data
presentedareanaverageof at leastthreeindependentexperiments
with the standarderror of the mean.

Aggregation analyses of Sup35 and Rnq1
Culturesweregrown in appropriateselectivemediato mid-log

phaseand protein lysateswere prepared as described[32,33].
Sup35 aggregateswere separated with a low-speed spin
(16,0006g, 20 min.), while Rnq1 and potential Sse1aggregates
werepelletedby ultra-centrifugationat 280,0006g, 30 min.

Antibodies and protein analysis
Analysisof chaperoneprotein levelsandcentrifugationanalyses

of Sup35and Rnq1 wereperformedby SDS-PAGEand Western
Blotting usingstandardtechniques.Analysisof polymericSup35
by semi-denaturingdetergent-agarosegel electrophoresiswas
performedasdescribed[34]. PolyclonalantibodiesagainstSsa1,
Ssb1and Sse1wereraisedagainstpurified proteins,aswere the
Rnq1 and Sup35 antibodiesas described[33,35]. The rabbit
polyclonal antibody recognizingG6PDH was purchasedfrom
Sigma.

Protein purification
Sse1wasexpressedand purified as describedpreviously[36].

The geneencodingSnl1 lacking the N-terminal transmembrane
domain (1-39aa)(Snl1DN) wasclonedinto a pProEX Htb vector
(Invitrogen)using standardprocedures.Snl1DN was expressed
with a TEV-cleavableN-terminal His6-tagin BL21 Star bacteria
(Invitrogen) and purified by Ni-IDA affinity chromatography
(Protino, Macherey-Nagel) following standard protocols. N-
terminally GST-taggedFes1wasexpressedfrom the pGEX-4T-
2 vector(AmershamBiosciences)and purified asdescribed[37].

Stopped-flow analysis:
Stopped-flowanalysiswasperformedusingan Applied Photo-

physics(Surrey,UK) SX-18MV instrument.0.5 mM Ssa1waspre-
incubated with 0.5 mM MABA-ADP (N8-(4-N9-methylanthrani-
loylaminobutyl)-ADP) in HKM buffer (25mM Hepes-KOH
pH 7.6, 50 mM KCl, 5 mM MgCl2) for 30 minutes at 30uC
[38]. For determinationof dissociationrates,equal volumesof
Ssa1-MABA-ADPcomplexand HKM buffer supplementedwith
500mM ATP with or without 2.5 mM nucleotideexchangefactor
wererapidly mixedin the stoppedflow deviceand the decreasein
fluorescentsignalwasmonitored(time scalesrangedfrom 0.1 to
10 sec).The kinetic rate constantswere obtainedby fitting the
data usingthe Applied PhotophysicsSpectraKineticWorkstation
v4.56-1.

In vitro fiber assembly
Untagged Sup35NM was expressedin E. coli BL21[DE3]

(pLysS)(Stratagene)and purified asdescribed[12,32]. Sup35NM
fiber assemblywas initiated by diluting 0.5 mM Sup35NM (in
20 mM TrisHCl pH 7.4, 8 M urea) to 2.5 mM with Sup35NM
assemblybuffer (NAB) (40mM Hepes-KOH pH 7.4, 150 mM
KCl, 20 mM MgCl2, 5 mM ATP, 1 mM DTT) plus ATP
regenerationsystemasdescribed[12]. All purified proteinsadded
into the assemblyreactionswereexchangedinto NAB, and were
presentupon resuspensionof Sup35NMfrom denaturant.For the
no-nucleotidecondition,nucleotideandMgCl2 wereomittedfrom
NAB and NaEDTA (20mM) wasadded.

Role of Sse1 in Prion Biology
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Results

Sse1 NEF activity is critical for [PSI+] propagation
Two recentstudieshavedemonstratedthat Sse1is requiredfor

efficientpropagationof [PSI+] asSSE1deletionresultsin thelossof
a weak [PSI+] phenotype([PSI+]w) and impairment of a strong
[PSI+] phenotype([PSI+]s) [28,29].Weexaminedthesephenotypes
under our experimentalconditions,and confirmed that meiotic
segregantslacking the SSE1gene exhibited a weakenedprion
phenotypein both [PSI+]w and [PSI+]s backgrounds(Fig.S1A,C).

Further, centrifugationanalysisof cellular lysatesestablishedthat
sse1D strainshavean increasedlevelof solubleSup35ascompared
to wild-type cells (Fig. S1B, compare lanes 8 and 11). This
disruptionof Sup35aggregatesdid not reflecta generaleffecton
all yeastprions,astheRnq1proteinwasstill pelletablein thesse1D
cells(Fig.S1Blowerpanel).Theseobservationsareconsistentwith
a generalimpairment in [PSI+] propagationin the sse1D strains.

We soughtto define the preciseactivity of Sse1required for
prion propagation.As Sse1is a potentNEF for both the Ssaand
the Ssbclassesof Hsp70s,this is putatively the key activity for

Table 1. Strains used in this study

Strain Name [PSI+] phenotype Genotype Reference

OT60 [psi2PIN+] 74-D694 (MATa ade1-14(UGA) his3-D 200 leu2-3,112 trp1-289 ura3-52) [28]

GT17 [psi2pin2] 74-D694 [16]

OT56 [PSI+PIN+]s 74-D694 [28]

OT55 [PSI+PIN+]w 74-D694 [28]

OT60 sse1D [psi2PIN+] 74-D694 sse1D::KAN This study

OT56 sse1D [PSI+PIN+] 74-D694 sse1D::KAN This study

OT55 sse1D [psi2PIN+] 74-D694 sse1D::KAN This study

OT56 sse1,2D SSE1 [PSI+PIN+] 74-D694 sse1D::KAN sse2D::HIS pCUA-SSE1 This study

GT81C [PSI+PIN+]s MATa ;ade1-14; his3-D200 or 11,15; leu2.3,112; lys2; trp1D; ura3-52 [16]

GT81C sse1D [PSI+PIN+] GT81C sse1D::KAN This study

GT146 [PSI+PIN+]s GT81C ssb1D::HIS ssb2D [16]

GT146 sse1D [PSI+PIN+] GT146 sse1D::KAN This study

doi:10.1371/journal.pone.0001763.t001

Table 2. Plasmids used in this study

Name Type Marker Promoter-Expression cassette Reference

pPROEX-Htb-SNL1DN Protein expression HIS-SNL1DN This study

pLA1 CEN HIS3 - [17]

pHG28 CEN HIS3 PGAL-HSP104 [16]

pLA1-SUP35 CEN HIS3 PGAL-SUP35 [16]

pCUA-SSE1 CEN URA3 PADH-SSE1 This study

pRS316 CEN URA3 - [45]

pRS316-GAL-SUP35 CEN URA3 PGAL-SUP35 This study

pRS316-GAL-SSA1 CEN URA3 PGAL-SSA1 This study

pRS316-GAL-SSB1 CEN URA3 PGAL-SSB1 This study

pRS315 CEN LEU2 - [45]

pRS315-GAL-SSE1 CEN LEU2 PGAL-SSE1 This study

pRS315-GAL-SNL1DN CEN LEU2 PGAL-SNL1DN This study

pRS315-GPD-SSA1 CEN LEU2 PGPD-SSA1 This study

pRS315-GPD-SSB1 CEN LEU2 PGPD-SSB1 This study

pRS315-GPD-SSE1 CEN LEU2 PGPD-SSE1 This study

pRS315-GPD-SNL1DN CEN LEU2 PGPD-SNL1DN This study

pRS425-GPD-FES1 2m LEU2 PGPD-FES1 This study

pRS425-GPD-SNL1DN 2m LEU2 PGPD-SNL1DN This study

p2H-GPD-FES1 2m HIS3 PGPD-FES1 This study

p2H-GPD-SNL1DN 2m HIS3 PGPD-SNL1DN This study

doi:10.1371/journal.pone.0001763.t002
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prion propagation.Alternatively,Sse1mayexecutechaperone-like
functionswithin the cell that supportthe maintenanceof [PSI+].
While others have proposed that a potential chaperone-like
activity of Sse1is not involved in [PSI+] formation [29], the
nucleotidebinding (G233D)and hydrolysis(K69Q) mutantsused
do not excludea putativeholdaseactivityand theydo not directly
address the role of the NEF activity in this process.We
approachedthis issueby replacing Sse1with two other NEF
proteins.First, we constructedan sse1D sse2D strain expressing
Sse1from a URA3 marked plasmid. Viability of this strain is
dependenton the plasmid-encodedSse1,asevidentby the lackof
growthwhencellswereplatedon 5-FOA,a Ura+ counter-selection
medium(Fig.1A).Other NEFscanreplacetheessentialroleof Sse
proteins,sinceboth overexpressionof Fes1or thecatalyticdomain
of Snl1 (Snl1DN) [30] supported strain growth. In contrast,
upregulationof either Ssa1or Ssb1was insufficient to restore
viability, indicatingthat any potentialchaperone-likerole of Sse1
is secondaryto its NEF activity.

Having establishedthat overexpressionof either Fes1 or
Snl1DN is sufficientto replacethe essentialactivity of Sse1,we
directly tested if these NEFs could replace Sse1 in prion
propagation. The [PSI+] phenotype was assessedby color
developmenton rich medium and growth on adenine-deficient
medium.In this assay,[PSI+] is scoredasnonsensesuppressionof
the ade1-14adenineauxotrophyallele, resultingin coloniesthat
can grow on medialackingadenineand appearpink or white on
rich media(seeMaterials& Methods).A [PSI+]s sse1D straingrows
poorly on adenine-deficientmedia due to a weakenednonsense
suppressionresulting from the sse1D (Fig. 1B). However,
overexpressionof Sse1,Fes1or Snl1DN improvedgrowth of the
strain under adenine-limitingconditions, indicating that prion
propagationdoesnot appear to specificallyrequire Sse1but a
generalincreasein NEF levels.

An NEF functionsto catalyzethe ADP to ATP exchangeof
Hsp70s,resultingin substratereleasefrom the chaperone[24].
This raisesthe possibilitythat sse1D cellsare impaired in prion
propagationdueto limiting amountsof freeHsp70.We testedthis
by overexpressingSsa1in the [PSI+]s sse1D strain and indeed
foundthat theimpairedprion propagationwasalleviated(Fig.1B).
Thus, propagationappearsto not require Sse1specifically,but
rather an increasedlevelof freeSsa1in the cytosol;a statewhich
canalsobeachievedwith upregulationof anNEF.The correlation
betweenNEF levelsand substratebinding by Hsp70shas been
demonstratedby Yam et al. [39], who observedthat higher levels
of Ssa and Ssb in sse1D cells remain bound to substrate
polypeptides.

We consideredthat differencesin the degreeof complementa-
tion seenby Sse1,Fes1and Snl1DN in the [PSI+]s sse1D strain
might be due to their respectivenucleotideexchangeactivities.
Thus, we measurednucleotideexchangeratesby stoppedflow
analysisusing a 5-fold excessof NEF to Ssa1 (Fig. 1C). In
agreementwith previousreports[23,24],Sse1is a potentNEF for
Ssa1that acceleratesthe basalADP releaserate about 81-fold
(koff= 40 s21). Fes1 acceleratesnucleotide releaseonly 8-fold

Figure 1. Nucleotide exchange by Sse1 is required for efficient
[PSI+] propagation. (A) Complementation of the sse1D sse2D double
deletion by overexpression of chaperones or nucleotide exchange
factors. sse1D sse2D cells expressing Sse1 from pCUA-SSE1 were
transformed with plasmids encoding chaperones or nucleotide
exchange factors under control of the GPD promotor. Ssa1, Ssb1 and
Sse1 were expressed from p315-GPD-plasmids, while Fes1 and Snl1DN
were expressed from p425-GPD-plasmids. Transformants were spotted
onto selective media (left panel) or media containing 5-FOA (right
panel) to select against the SSE1 plasmid. (B) Complementation of the
[PSI+]s phenotype of sse1D cells. [PSI+]s sse1D cells were transformed
with plasmids encoding chaperones or nucleotide exchange factors
from p315-GPD-plasmids (Ssa1, Ssb1 and Sse1) or p2H-GPD-plasmids
(Fes1 and Snl1DN) and [PSI+] phenotypes were assessed by growth on
rich media (YPD) after 2 days and media lacking adenine (-Ade) after 3–
6 days. (C) Nucleotide exchange activities of Sse1, Fes1, and Snl1DN on
Ssa1. NEF activities of a 5-fold excess of nucleotide exchange factors

r

(2.5 mM) over the Hsp70 chaperone Ssa1 (0.5 mM) were determined
using stopped-flow analysis. Determined koff values in the presence of
NEF were related to the basal koff for release of MABA-ADP from Ssa1 to
yield the fold stimulation. (D) [PSI+] phenotype of sse1Dssb1,2D cells.
[PSI+] sse1D cells were crossed with the corresponding [PSI+] ssb1D
ssb2D cells. Diploids were sporulated and [PSI+] phenotypes of
segregants were assessed as stated above.
doi:10.1371/journal.pone.0001763.g001
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(koff= 4 s21). We find that Snl1DN possessesan intermediate
activity,stimulatingnucleotidereleaseabout30-fold(koff= 14 s21).
Furthermore,Snl1DN is more effectivethan Fes1in its ability to
stimulate nucleotide releasefrom Ssb1 (data not shown).The
higher NEF activity of Snl1DN as comparedto Fes1providesan
explanationfor themoreefficientsuppressionof theSSE1deletion
(Fig 1B). Thus, in further experimentswe used Snl1DN as a
control for nucleotideexchangeactivities.

Sse1 antagonizes Ssb in prion propagation
While Sse1is a NEF for both Hsp70 chaperones,Ssa1and

Ssb1,in vitro[23,24], it is uncertainhow this interplayis regulated
within the cell.Ssa1and Ssb1affectprion propagationdifferently
and therefore provide a means to delineate the relationships
betweenSse1and the Hsp70s.Doubledeletionof ssb1and ssb2in
a [PSI+]s strainleadsto increasednonsensesuppression,consistent
with an antagonisticinfluenceof Ssb1,2on the [PSI+] state[18]
(Fig. 1D). We examinedthe [PSI+] phenotypesof progenyfrom
crossesbetweenthe sse1D strain and the ssb1Dssb2D strain. Cells
with the triple deletionssse1D ssb1D ssb2D exhibited a [PSI+]
phenotypethat wasstrongerthan for sse1D cells,yet weakerthan
for ssb1D ssb2D cells.Thus, the reducednonsensesuppressionof
sse1D cellsappearsto be counteractedby the ssb1D ssb2D double
deletion.Taken togetherwith the observationthat Ssa1,but not
Ssb1overexpression,suppressesthe prion propagationdefectof
sse1D cells,the data suggestthat Sse1mainly functionstogether
with Ssa1.

Increased NEF activity increases efficiency of [PSI+]
formation

Asidefrom its role in propagationof [PSI+], Sse1hasrecently
beendemonstratedto be involved in [PSI+] formation [29]. We
examinedwhether it is the NEF activity of Sse1that promotes
[PSI+] formation. As seenby others[17], co-expressionof Ssa1
with Sup35 increased[PSI+] formation as comparedto Sup35
alone(Fig.2A).Ssb1suppressedconversionto the[PSI+] stateby a
factorof about4, consistentwith the antagonisticeffectsof higher
Ssb1 levels in prion propagation [19]. Similar to Ssa1, co-
expressionof either Sse1or Snl1DN with Sup35had a modest
positiveeffecton [PSI+] formation, resultingin an approximately
1.4 fold or 1.2 fold increasein [PSI+] cells, respectively,as
comparedto overexpressionof Sup35alone(Fig.2A) [29]. Thus,
whileSsb1upregulationconsistentlyantagonizes[PSI+] formation,
increasedlevelsof NEF mimic theability of Ssa1to stimulateprion
formation. Analysisof [PSI+] induction by Sup35overexpression
in [psi2PIN+] sse1D cells confirmed previous observationsthat
[PSI+] is inducedto only 50% of the levelachievablein wild type
cells(Fig.2B)[29]. This suggeststhat Sse1is requiredfor efficient
[PSI+] formation or propagation once the seed is formed.
Importantly, this deficiencywassuppressedwith constitutiveco-
expressionof either Sse1or Snl1DN (Fig.2B).Thesefindings,in
additionto confirmingthe recentobservationthat Sse1is required
for efficient[PSI+] formation [29], indicatethat the NEF activity
aloneis important in this process.

Sse1 strongly inhibits Hsp104-mediated curing of [PSI+]
Sse1appearsto influenceprion formation and propagationby

preferentiallystimulatingSsa1overSsb1,however,anotheraspect
of propagationto consideris the polymerfragmentationmediated
by Hsp104.The cycleof [PSI+] propagationis extremelysensitive
to Hsp104 levels, such that up- or downregulation of the
chaperoneleadsto curing of [PSI+] [11]. Furthermore,overex-
pressionof Ssa1and Ssb1havestrikinglydifferenteffectson the

curing of [PSI+] mediated by Hsp104 overexpression.We
quantitatedthe effect of Ssa1,Ssb1,Sse1and Snl1DN overex-
pressionon Hsp104-mediatedcuring of both a weakand a strong
[PSI+] strain(Fig.3A, B).Chaperoneexpressionfrom centromeric
plasmidswasinducedwith galactosefor 24 hours,and the [PSI+]
statuswasassessed.As previouslyobserved,upregulationof Ssa1
suppressesthe curativeeffectof Hsp104overexpression[17,21],
and directly contrastswith the increasedcuring of [PSI+] cells
when Ssb1is co-overexpressed[18,19]. Strikingly, the combined

Figure 2. Nucleotide exchange by Sse1 is important for de novo
[PSI+] formation. (A) Quantitation of [PSI+] formation upon overex-
pression of (co-)chaperones. [psi2PIN+] cells were transformed with
pLA1-SUP35 and p316-GAL-SSA1, p316-GAL-SSB1, p315-SSE1 or p315-
GAL-SNL1DN. Transformants were grown as suspension cultures in
selective media and expression of Sup35 along with (co-)chaperones
was induced with galactose for 2 days. Cells were plated onto selective
media and [PSI+] phenotypes were scored after replica plating onto rich
media as well as media lacking adenine. Error bars represent the
standard error of the mean. (B) Quantitation of [PSI+] formation in wild-
type vs. sse1D cells. [psi2PIN+] wild-type or sse1D cells were transformed
with pLA1-SUP35 expressing Sup35 under control of the GAL promotor,
as well as with p315-GPD-SSE1 or –SNL1DN. Quantitation of [PSI+]
induction was performed as stated above. Error bars represent the
standard error of the mean.
doi:10.1371/journal.pone.0001763.g002
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upregulationof Sse1and Hsp104resultedin a markedresistance
to curing ascomparedto overexpressionof Hsp104alone.Thus,
Sse1suppressesthe curativeabilitiesof Hsp104similar to Ssa1,
althoughthe effectof Sse1wasdramaticallygreater;this is most
evidentin the weakstrain.

The increasedeffectivenessof Sse1over Ssa1 in inhibiting
Hsp104-mediatedcuring may be the result of an insufficient
endogenousNEF activity that is rate-limitingfor Hsp70activities.
If this is the case,then upregulationof an NEF would overcome
these limitations, both for Ssa1 and Ssb1. Indeed, combined

overexpressionof Ssa1andSse1further inhibitedcuring,although
the co-expressionof both Sse1and Ssb1lessenedthe increasein
Hsp104-mediatedcuring as comparedto Ssb1alone.The latter
finding isconsistentwith a closerworkingrelationshipof Sse1with
Ssa1,suchthat any stimulationof Ssb1may be overshadowedby
the more dominant Ssa1 activities. This hypothesis is not
consistent,however,with the marginal influenceof Snl1DN on
eitherSsa1or Ssb1effects,or the fact that in previousassays(i.e.
[PSI+] formation (Fig. 2)),Ssa1activitieswere similar or greater
than those observedfor Sse1and did not appear limited by
endogenousNEF levels.Therefore,an alternativeinterpretation
for the increasedeffectivenessof Sse1over Ssa1in inhibiting
Hsp104-mediatedcuring is that Sse1somehowpromotes the
Sup35prion conformation;this activity would competewith the
continuousdestructionof seedsandfacilitatepropagationof prions
rather than their loss.

Sse1 stimulates de novo Sup35NM fiber assembly in vitro
To directly evaluatethe possibilitythat Sse1may promotethe

Sup35prion conformation,weexaminedthekineticsof Sup35NM
in vitrofiber assembly.This systemhasbeenusedto delineatethe
preciseroleof Hsp104-mediatedeffectson differentstagesof prion
assemblyand disassembly[12,14]. The resultsobtainedwith the
NM fragment,consistingof the N-terminal and middle regionof
Sup35 protein, are similar to those for the full-length protein,
however,complicatingfolding and chaperonesequesteringeffects
of the C-terminal domainare avoided.Sup35NM assemblesinto
fibers after a lag phase of 45Ð60min and fiber assemblyis
completeafter , 6 hrs asdeterminedby thioflavin-T fluorescence
or acquisitionof SDS-resistance(Fig.4, datanot shown)

When Sse1was included at equimolar levels into the fiber
assemblyreaction,a significantstimulatoryeffectwasobserved.
The lag phasewas decreasedsuch that assemblywas , 30%
completeafter 45 min, whereasno assemblyhad yet occurredin
reactionscontainingSup35NMalone.This stimulatoryeffectwas
not observed when Sup35NM assembly was seeded with
preformed Sup35NM fibers (data not shown), indicating that
Sse1stimulatedthe initial nucleationof Sup35NM fibers rather
than an elongationstep.Furthermore,stimulatoryeffectswerenot
observedwith Ssa1 or other Hsp70s (data not shown), nor
another NEF, Snl1DN. The ability of Sse1to stimulate fiber
formation was dependent on the presenceof ATP. This is
somewhatunsurprising,as Sse1in the ATP-state has a more
compact conformation as comparedto the structurally flexible
nucleotide-freestate[36,40]. In the absenceof nucleotide,Sse1
delayed Sup35NM fiber assembly;the flexible nucleotide-free
form of Sse1 may interact non-specificallywith Sup35NM,
therebyimpedingprion nucleation.

Sse1 and Ssa1 can induce [PSI+] formation in the absence
of [PIN+]

One possibleexplanationfor the ability of Sse1to stimulate
spontaneousSup35NMfiber assemblyisan ability to promotethe
folding eventsthat nucleateSup35NM fibers. Such an activity
might facilitate[PSI+] inductionevenin the absenceof [PIN+]. To
addressthis possibilityweexaminedwhetherthe ability of Sse1to
induce [PSI+] formation is dependentupon the [PIN+] stateof
Rnq1. Others have observeda Rnq1-independentinduction of
[PSI+], however,thisonly occurredwith overexpressionof another
Q/N rich domain [5]. Remarkably,after an induction period of
8 daysfollowedby 2 weeksof selectionon adenine-lackingmedia,
papillaewereobservedupon overexpressionof Sse1togetherwith
Sup35,but not in the control (Fig.5A). Surprisingly,overexpres-
sion of Ssa1and Sup35 causedthe same effect (Fig. 5A). A

Figure 3. Hsp104 mediated curing of [PSI+]. (A) Quantitation of
[PSI+] curing by Hsp104 overexpression in a [PSI+]w strain. [PSI+]w cells
were transformed with pHG28 for expression of Hsp104, as well as with
p316-GAL-SSA1, p316-GAL-SSB1, p315-SSE1 or p315-GAL-SNL1DN and
combinations thereof. Transformants were grown as suspension
cultures in selective media and expression of Hsp104 along with (co-
)chaperones was induced with galactose for 1 day. Cells were plated
onto selective media and [PSI+] phenotypes were scored after replica
plating onto rich media as well as media lacking adenine. Error bars
represent the standard error of the mean. (B) Quantitation of [PSI+]
curing by Hsp104 overexpression in a [PSI+]s strain. Quantitation of
Hsp104 mediated-curing was performed as stated above.
doi:10.1371/journal.pone.0001763.g003
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previous study did not observe [PSI+] induction upon Ssa1
overexpression[17], however, this is likely due to the shorter
periodof selectionon adenine-deficientmedianormallyemployed.
Cellsfrom the papillaedemonstratedthe classicalsignsof a [PSI+]
phenotype,including strong growth on media lacking adenine,
and curability by GuHCl-treatment (Fig. 5B). However, they
remain[pin2] asobservedby a lackof Rnq1 aggregation(Fig5C).
Furthermore, these cells, once cured of [PSI+] by Hsp104
overexpression,were unable to form [PSI+] upon Sup35
overexpression(datanot shown).Importantly, thedenovoinduction
of [PSI+] doesnot appearto resultfrom a self-seedingtendencyof

Sse1,asthesecellsshowedno differencein the levelof pelletable
Sse1reactivematerial after ultra-centrifugationas comparedto
[pin2] strains(Fig.5C).Thus,overexpressionof Ssa1or Sse1with
Sup35can obviate the requirementfor [PIN+] in denovo[PSI+]
induction.

Discussion

The influencesof the cellular chaperonenetwork on prion
propagationare intricateand not well understood.An extra level
of complexityhasbeenaddedwith the identificationof the yeast

Figure 4. Sse1 stimulates spontaneous Sup35NM fibre assembly. Kinetics of rotated (80 rpm) Sup35NM (2.5 mM) fibre assembly in the
absence or presence of Snl1DN (2.5 mM), Sse1 (2.5 mM) plus ATP (5 mM), Sse1 (2.5 mM) in the absence of nucleotide, or Ssa1 (2.5 mM) plus ATP
(5 mM). Fiber assembly was determined by thioflavin T fluorescence. Error bars represent the standard deviation.
doi:10.1371/journal.pone.0001763.g004

Figure 5. [PSI+] formation in [pin2] cells. (A) [psi2pin2] cells were transformed with pLA1-SUP35 and p316-GAL-SSA1, p316-GAL-SSB1 or p315-
SSE1. Transformants were grown on selective media and expression was induced by replica plating onto selective media containing galactose. After
8 days of induction, plates were replicated onto media lacking adenine and growth was assessed after incubation at 30uC for 13 days. (B) Verification
of [PSI+] induction in [pin2] cells. Papillae from adenine-deficient media were streaked to single colonies and the [PSI+] phenotype was verified by
growth on rich media and media lacking adenine as well as by loss of the nonsense suppression phenotype on media containing 3 mM guanidinium
hydrochloride. (C) Centrifugation analysis of Rnq1 and Sse1 from [PSI+] cells. Aggregation of Rnq1 and Sse1 in [PSI+] cells was assessed by
centrifugation analysis and Western Blotting.
doi:10.1371/journal.pone.0001763.g005
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Hsp110,Sse1,asa NEF for the cytosolicHsp70family members
[23,24]. Recentreportshavesuggestedthat Sse1hasa significant
role in prion propagation[28,29]. Our data supportand extend
these conclusions,and moreover, we suggestthat Sse1 has
additional NEF-independentactivitiesthat facilitate denovoseed
formation.

The current models of the prion propagation cycle, based
mainly on studiesof the [PSI+] prion, involvegrowthand division
phasesthat aredependenton nucleatingseeds.The growthphase
comprisesthe binding and conversionof monomersby the prion
seeds,resulting in fiber elongation[41]. The division phaseis
constitutedby severingof theprion fibersby Hsp104,possiblywith
the assistanceof Ssa1,sothat thereisa continuoussupplyof seeds
for elongation[7,8,11,12,14].If changesin chaperonelevelsresult
in excessivefiber growthwithout division,thenthe prion isunable
to segregateevenlyinto the daughtercells,and is lost during cell
division[9,17].

One would anticipate that theability of Sse1 to actasa NEF for
the Hsp70 members would influenceprion propagation, if only by
facilitating Sup35 releasefrom Ssa1and Ssb1. Consistent with
recent studies [28,29] we show that cells lacking Sse1exhibit a
weakened prion state. We elucidate the mechanism behind this
phenomenon by providing novel evidence that the levels of
substrate-free Ssa1 are critical to prion propagation. Specifically,
wedemonstrate that upregulation of either another NEF or Ssa1 is
sufficient to restore nonsensesuppression in a strong [PSI+] strain
(Fig. 1B). Furthermore, we observe similar effects on prion
formation when Sse1 or the NEF Snl1DN are overexpressed
(Fig. 2). In contrast to our observations,Fan etal. [29] report that
Sse1 stimulates prion formation more effectively than Ssa1. There
are several notable experimental differences between the studies
which arelikely to impacton the final results;a primary one being
that we, in contrastto Fanetal., used full-lengthSup35rather than
the NM fragment. In conclusion, it is clear that Ssa1 levels play a
central role in regulating prion propagation, and NEFsarecritical
in the regulation of substrate (i.e. Sup35)releasefrom Ssa1 [39].

Our dataalsosuggestthat Sse1influencesprion propagationin
an NEF-independentmanner. First, Sse1activities differ from
thoseof Snl1DN in the inhibition of Hsp104-mediatedcuring.
Second,Sse1directly affectsfiber assemblyin an in vitrosystem.
This remarkablefeatof significantlydecreasingthe lagphaseof in
vitrofiber assemblyhaspreviouslyonly beenobservedfor Hsp104
[12]. While the precisemechanismis unclear,it is thought that
Hsp104acceleratesthe formationof obligatefoldingintermediates
that nucleatethe first seedswhich are then elongatedinto fibers.
AsSse1is structurallyrelatedto the Hsp70chaperonefamily [26]
and wasinitially proposedto be a holdase[27], we speculatethat
Sse1binds and stabilizesSup35 folding intermediates.Such an
activity is specificfor folded and active Sse1,as the nucleotide
dependenceof Sse1on fiber assemblycanbedirectlycorrelatedto
the folding stateof the protein [23,40].

The primary differencebetweenthe experimentswhere Sse1
appearsto exerta NEF-independentrole, and thosewhereonly a
NEF is required, is that the latter situations involve Sup35
overexpression.Overexpressionhasbeenusedextensivelyto study
[PSI+] formation as it increasesthe frequency of nucleation
sufficientlyfor experimentalquantitation.However,this bearsthe
risk that nucleationceasesto be a limiting factor [2]. Thus, we
believe that under these conditions, any nucleation-promoting
activityof Sse1will bemarginalizedby theincreasein spontaneous
seedformation amongan artificially expandedpool of available
Sup35.This is supportedby the observationthat both Ssa1and
Sse1can induce [PSI+] formation in [pin2] cellsoverexpressing
Sup35(Fig.5). Evenin the absenceof [PIN+], Sup35overexpres-

sion appears to generatesufficient seedsfor elongation and
propagationby high levelsof freeSsa1.Similarly, propagationof
pre-existing[PSI+] doesnot require denovoseedformation, and
accordingly,weobservea requirementfor only theNEF activityof
Sse1in this setting.In contrastto formation and propagationof
[PSI+], however, Hsp104-mediatedcuring may represent a
situationwheredenovoseedformation is more relevant.The final
Sup35speciesgeneratedby the Hsp104-mediatedcuring process
cannot seedin vitropolymer formation [14]. One can speculate
that Sse1mayactasa holdaseto stabilizeobligateintermediatesof
the Sup35 prion conformation and thereby facilitate seed
formation. Thus, in vivo, overexpressionof Sse1would accelerate
the prion formation step so efficiently as to outcompetethe
Hsp104-mediateddisaggregationprocess.

Alternatively,Sse1may act by directly inhibiting Hsp104fiber
severingactivities,a mechanismthat hasbeenproposedfor Ssa1-
21 mediatedimpairmentof the [PSI+] phenotype[42,43].Genetic
evidence indicates that the SSA1-21allele has an enhanced
substrate binding activity that supports normal growth, but
interfereswith [PSI+] propagation [44]. The avid binding of
Ssa1-21to Sup35polymershasbeensuggestedto directly impair
Hsp104-mediated[PSI+] remodelling by sterically restricting
Hsp104access[42,43]. A similar hypothesishas beenproposed
for the observationthat high levelsof Ssa1inhibit Hsp104curing
[21], and correlateswith our and othersobservations(Fig. S1C)
[17], that SSE1deletionor high Ssa1levelsincreasepolymersize.
Correspondingly,an affinity of Sse1for the prion conformationof
Sup35would explain our observations;associationof Sse1with
obligate[PSI+] conformationalintermediatespromotesconversion
to theprion state,whilebindingof Sse1to existing[PSI+] polymers
would stericallyhinder the curing by Hsp104overproduction.

In conclusion, we propose that Sse1 primarily influences prion
propagation asanNEF for Hsp70, but hasan additional novel role
in stabilizing folding intermediates during denovo prion formation.
This activity is relevant in the context of spontaneous [PSI+]
formation (i.e. in theabsenceof Sup35overexpression).In addition,
the potent inhibition of Hsp104-mediated curing by Sse1 may
account for prion stability upon physiological Hsp104 induction; a
rolealsoproposedfor Ssa1 [21]. Our resultshighlight thelimitations
of our understanding of the molecular processesinvolved at each
step of theprion propagation cycle.Clearly, there remainsmuchto
bedoneto fully understand thecomplexinvivodynamicsunderlying
the processof prion formation and propagation.

Supporting Information

Figure S1 Deletion of SSE1impairs [PSI+] propagation. (A)
Tetrad analysisof [PSI+] sse1D crosswith [PSI+] wild-type cells.
Wild-typecellsof theweak([PSI+]w) or strong([PSI+]s) phenotypes
were crossedwith the corresponding[PSI+] sse1D cells.Diploids
weresporulatedand[PSI+] phenotypesof segregantswereassessed
by growth on rich media (YPD) after 2 daysand media lacking
adenine (-Ade) after 3Ð6days. Upper panels: [PSI+]w tetrad.
Lower panels:[PSI+]s tetrad.(B)Centrifugationanalysisof Sup35
and Rnq1. Aggregationof Sup35and Rnq1 in [PSI+]w wild-type
andsse1D cellswasassessedby centrifugationanalysisandWestern
Blotting. (C)Agarosegelelectrophoresisof Sup35monomersand
polymers.Monomeric and polymer forms of Sup35in different
strainswere analyzedusing SDD-AGE (semi-denaturingdeter-
gent-agarosegel electrophoresis)and Western Blotting. (D)
Chaperoneprotein levels in sse1D cells or cells overexpressing
Sse1.Levels of the chaperonesHsp104, Ssa1and Ssb1 were
determined by Western Blotting using G6PDH as a loading
control.
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Foundat: doi:10.1371/journal.pone.0001763.s001(5.86MB EPS)
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