MOLECULAR AND CELLULAR BIOLOGY, Dec. 2000, p. 8916-8922
0270-7306/00/$04.00+0

Vol. 20, No. 23

[URE3] Prion Propagation in Saccharomyces cerevisiae: Requirement
for Chaperone Hsp104 and Curing by Overexpressed
Chaperone Ydjlp

HIROMITSU MORIYAMA, HERMAN K. EDSKES, axp REED B. WICKNER*

Laboratory of Biochemistry and Genetics, National Institute of Diabetes, Digestive and Kidney Diseases,
National Institutes of Health, Bethesda, Maryland 20892-0830

Received 3 July 2000/Returned for modification 29 August 2000/Accepted 11 September 2000

The [URE3] nonchromosomal genetic element is an infectious form (prion) of the Ure2 protein, apparently
a self-propagating amyloidosis. We find that an insertion mutation or deletion of HSP104 results in inability
to propagate the [URE3] prion. Our results indicate that Hsp104 is a common factor in the maintenance of
two independent yeast prions. However, overproduction of Hsp104 does not affect the stability of [URE3], in
contrast to what is found for the [PSI*] prion, which is known to be cured by either overproduction or
deficiency of Hsp104. Like Hsp104, the Hsp40 class chaperone Ydj1p, with the Hsp70 class Ssalp, can renature
proteins. We find that overproduction of Ydj1p results in a gradual complete loss of [URE3]. The involvement
of protein chaperones in the propagation of [URE3] indicates a role for protein conformation in inheritance.

An infectious protein (prion) can, in principle, arise by many
mechanisms, including production of a self-modifying protein
or a protein that positively regulates its own production (1, 26,
44). However, the known and suspected cases of prions all
appear to involve self-propagating protein aggregation (re-
viewed in references 33, 45, 55, and 57 to 59).

Like yeast viruses, an infectious protein in yeast is expected
to be transmitted as a nonchromosomal genetic element. The
nonchromosomal genetic elements of Saccharomyces cerevi-
siae, [URE3] and [PSI*], were identified about 30 years ago
(15, 31), but their molecular basis was long obscure. Three
unusual genetic properties, each expected of a prion but not
of a nucleic acid replicon, were used to identify [URE3] and
[PSI*] as prions of the Ure2 and Sup35 proteins, respectively
(56). First, if a prion can be cured, it should arise again in the
cured strain at some low frequency because the normal form of
the protein is still present. Second, overproduction of the nor-
mal form of the protein should increase the frequency with
which the prion form arises, simply because there is more of
the protein present to undergo the prion change. Third, mu-
tants in the gene for the protein should be unable to propagate
the prion but the phenotype of these mutants and that pro-
duced by the presence of the prion should be the same, be-
cause each of these conditions results in a deficiency of the
normal form of the protein. [URE3] and [PSI ] have each of
these properties as prions of Ure2p and Sup35p, respectively
(56). Confirming these assighments are experiments showing
that [URES3] truly arises de novo (37), that it is the Sup35 or
Ure2 protein (and not the mRNA or the gene) whose over-
production gives rise to [PSI"] or [URE3] (18, 37), and that a
regulatory loop is not the basis of the [URE3] phenomenon
(37).

Ure2p is a regulator of nitrogen catabolism involved in al-
lowing yeast to use the best nitrogen source available and to
turn off the genes involved in the assimilation of poor nitrogen
sources (13, 19, 36). A cascade of regulatory factors has been
found, with ammonia (a good nitrogen source) inhibiting
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Mkslp, which in turn inhibits Ure2p, which blocks positive
transcription factor GIn3p (14, 21). Gln3p activates transcrip-
tion of (among others) the allanoate permease gene, DALS
(47). Because of the chemical resemblance of ureidosuccinate
(USA), an intermediate in uracil biosynthesis, to allantoate, a
poor nitrogen source, DalSp can take up USA (54). Thus, the
inability of cells blocked in uracil biosynthesis before USA to
utilize USA in place of uracil can be used as a measure of
Ure2p activity. Schematically, the pathway is NH; — Mkslp
— Ure2p — GIn3p — DAL5 — USA uptake. Either ure2
mutants or cells carrying the [URE3] prion can use USA in
place of uracil in spite of the presence of ammonia in the
medium (31).

Sup35p and Sup45p are the subunits of the translation ter-
mination factor (52, 60). sup35 mutants allow weak nonsense
suppressor tRNAs to be more efficient because they have
weakened competition by the normal translation termination
factors. The presence of the [PSI"] prion confers a phenotype
similar to that produced by many recessive sup35 mutations.

Biochemical and cell biological studies indicate that the
prion mechanism for [URE3] and [PSI] is amyloid formation
(20, 24, 28, 38, 41-43, 53). Ure2p is protease resistant in ex-
tracts of [URE3] strains but not in wild-type cells (38), and
Ure2p is aggregated specifically in [URE3] cells (20). The
Ure2p prion domain readily forms amyloid in vitro and pro-
motes amyloid formation by the native soluble full-length mol-
ecule under conditions in which the latter would otherwise be
stable (53). Moreover, the pattern of protease-resistant frag-
ments of the in vitro amyloid form of Ure2p closely matches
that found for Ure2p in extracts of [URE3] strains (53). Frag-
ments of Ure2p that are unable to assume the prion form in
vivo do not form amyloid in vitro (53).

Amyloid is a linear filamentous protein form which is high in
B-sheet structure, shows yellow-green birefringence on staining
with Congo red, and has a characteristic protease resistance.
Over 20 proteins have been shown capable of forming amyloid,
and amyloid formation is a key feature of a variety of common
diseases, including type II diabetes mellitus (amylin), multiple
myeloma (immunoglobulin light chains), Alzheimer’s disease
(AB peptide), Parkinson’s disease (a-synuclein), and the trans-
missible spongiform encephalopathies (PrP). Although deter-
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TABLE 1. Strains of S. cerevisiae

Strain Genotype Source
1065 MATa/MATo ura2/ura2 [ure-o] F. Lacroute
3310 MATa karl argl [URE3-1] Cytoduction from MA116-8A (M. Aigle)
33108 MATa karl argl [ure-o] Spontaneous [ure-o] from 3310
4645-8C MATo karl his™ ade(2,5) [ure-o] This work
4645-8CU MATo karl his™ ade(2,5) [URE3-1] Cytoduction from 3310
HM6B MATa ura2 trpl canl karl This work
YHES35 MAT« ura2 leu2 his3 trpl [URE3-1] (21278b background) This work
YHE748 MATa ura2 leu2 his3 [URE3-1] (21278b) This work
YHEG64 MATo ura2 leu2 trpl [URE3-2] 20
4706-1A MATo ura2 leu2 his3 trpl [URE3-1] P86 (YHES35) X YHE748
4706-1B MATa ura2 leu2 his3 [URE3-1] P86 (YHES35) X YHE748
4706-1C MATa ura2 leu2 his3 trpl P86:LEU2 P86 (YHES35) X YHE748
4706-1D MATo ura2 leu2 his3 P86:LEU2 P86 (YHES35) X YHE748
11514 MATa ura3 his3 leu2 lys2 hspl04::G418 Research Genetics
4751-11A MATa ura2 his3 lys2 trpl canl karl hspl04::G418 This work
3687 MATa karl ura2 leu2 his— K* [URE3-2] 56
3686 MATo trpl ura2 leu2 [ure-o) 56
4131 MATo karl-1 ura2 leu2 his3 ade2 ure2 This work
DM628-3Aa+ MATa ura3 leu2 trpl ade2-1 SUQS5 [PSI+] D. C. Masison

mination of the structure of amyloid has been slowed by its
irregular form, it is clearly a kind of linear crystal, with some
regular features revealed by X-ray fiber diffraction studies,
solid-state nuclear magnetic resonance, and cryoelectron mi-
croscopy (reviewed in reference 29).

The propagation of [PSI*] requires Hsp104, and [PSI"] is
cured by excess Hsp104 (9, 10). This result at once provided
key support for the prion model for [PSI*] and indicated that
the mechanism of [PSI™] formation involves a conformational
change of Sup35p, not a covalent change. Hsp104 is unusual
among chaperones in that it does not prevent denaturation but
rather promotes renaturation of previously denatured or ag-
gregated proteins (40). It cooperates with Hsp40 (Ydjlp) and
Hsp70s in this process (25). The Ssa group of Hsp70 proteins
are also essential for [PSI™] propagation (27). Ydjlp is an Hsp40
that is involved in multiple functions, including import of pro-
teins into mitochondria, secretion of mating pheromones, and
regulation of the activity of the cytoplasmic Hsp70s (2, 4, 7, 34,
39). In cooperation with the Hsp70 protein Ssalp, Ydjlp can
induce the refolding of denatured protein in vitro even without
Hsp104 (34).

Mks1p, a component of the signal transduction cascade reg-
ulating nitrogen catabolism (21), is necessary for the de novo
generation of [URE3] but not for its propagation (22). We now
find that [URE3] requires Hsp104 for its propagation but that,
unlike what is found for [PST"], overexpression of Hsp104 does
not cure [URE3]. However, overexpression of Ydjlp results in
the gradual loss of [URE3].

MATERIALS AND METHODS

Strains and media. Strains used are shown in Table 1. Strain 11514 (MAT«
his3 leu2 lys2 ura3 hspl04::G418; Research Genetics) was crossed with strain
HM6B (MATa ura2 canl trpl karl), and URA3 ura2 hspl104::G418 meiotic
segregants were chosen for further study. Standard yeast media have been de-
scribed previously (50). Galactose media included 2% raffinose. USA medium
was synthetic dextrose (SD) containing required supplements and 100 pg of
sodium USA/ml in place of uracil. Uracil-negative dropout medium was gener-
ally not satisfactory for the [URE3] test. Transformation was carried out by a
variant of the lithium acetate method (23).

Cytoduction. Cytoplasm can be transferred from one strain (the donor) to
another (the recipient) using the karl mutant that fails to undergo karyogamy
(12). Cytoduction was conducted as described previously (37) using the [URE3]
MATa and MATa donor strains 3310 and 4645-8CU, respectively.

Tests for [URE3]. A ura2 strain blocked in USA synthesis can use USA in
place of uracil to grow if it carries [URE3]. This is the growth test. In the
presence of excess USA, a [URE3] strain takes up more USA than it needs,

converts it to uracil, and excretes the excess uracil. This secreted uracil can be
detected by the feeding of a lawn of a Ura™ strain. In this feeding test, one uses
minimal medium without uracil that includes 100 pg USA/ml and a seeded lawn
(1.0 ml of a suspension at 0.1 units of optical density at 550 nm) of a diploid
ura2/ura2 strain (1065; Table 1). Strains to be tested are streaked on the surface,
and plates are observed after 48 h at 30°C. The feeding test can also be used to
determine the [URE3] state of strains that do not have a ura2 mutation.

Plasmids. Plasmids pH218, pH219, pH220, and pH221 were constructed by
insertion of the NotI-Sall fragment carrying HSP104 from pFL44L-HSP104
(kindly provided by Magdalena Boguta, Warsaw, Poland) into pRS313, pRS314,
pRS423, and pRS424 (11, 51), respectively. pH316 has the GALI promoter
replacing the ADHI promoter in CEN LEU2 plasmid pH124 (20). p901 was
constructed by PCR amplification of the YDJI open reading frame from lambda
PM-2784 (ATCC 70080) (48) using oligonucleotides RW43 (5" ATATACCTC
TATACTTTAACGTCAAGGAGAAAAAACCCCGGATCCATGGTTAAAG
AAACTAAGTTTTACG 3') and RW44 (5" ACCTCTGGCGAAGAAGTCCA
AAGCTTCAGCTGCTGCAGGCTCGAGTCATTGAGATGCACATTGAAC
ACC 3') and cotransformation of the PCR product and BamHI-digested pH316
into strain 3687 (35). pA was constructed by PCR amplification of the HSP104
open reading frame from pH218 using oligonucleotides GAL>HSP104 (5’ ATA
TACCTCTATACTTTAACGTCAAGGAGAAAAAACCCCGGATCCATGA
ACGACCAAACGCAATTTAC 3’) and HSP104>MCS (5" ACCTCTGGCGA
AGAAGTCCAAAGCTTCAGCTGCTGCAGGCTCGAGTTATTAATCTAG
GTCATCATCAATTTCC 3') and cotransformation of the PCR product and
BamHI- and Xhol-digested pH316 into strain YHES35. Plasmids isolated from
Leu™ transformants by transformation of Escherichia coli were examined for
inserts and sequenced.

Identification of the genomic site of transposon insertion. Chromosomal DNA
was isolated from the mutant, treated with EcoRI, and ligated (to circularize it),
and the site of integration was amplified by PCR using primers within the LacZ
gene (cLacZ67 [5' TGTGCTGCAAGGCGATTAAGTTG 3'] and LacZ2946 [5'
ATGGCTGAATATCGACGGTTTCC 3']). This fragment was then sequenced.
A second method to accomplish the same goal was use of the “rescue plasmid”
pRSQ2 (6). Since the rescue plasmid uses the URA3 gene and our strain carried
ura2, we made our strain URA2" by transforming it with a URA2 gene DNA
fragment and then made it ura3 using 5 fluoro-orotic acid selection (5). By either
method, the same fragment of chromosomal DNA was detected and, as ex-
pected, the insert was in the same gene (see Results).

Western blotting. Strain YHES35 transformed with pH316 (CEN LEU2 GAL1
promoter) or pA (CEN LEU2 GALI-HSP104) was streaked for single colonies
and grown at 23 or 30°C on plates containing SD plus uracil, His, and Trp or with
galactose in place of glucose for 4 to 5 days. After the presence of [URE3] was
confirmed by the growth test, some of the single colonies were transferred to 20
ml of the respective media and were grown at 23°C for 12 h to an A5, of 0.5 to
0.8. Cells were collected, suspended in 200 wl of 50 mM Tris-HCI (pH 7.5)-100
mM NaCl-1 mM phenylmethylsulfonyl fluoride-0.001% aprotinin-0.001% pep-
statin, and lysed with glass beads. Extracts were centrifuged for 10 min at
15,000 X g at 4°C, and the supernatant fraction was retained. Each extract
included about 3 pg of protein per pl. Sample buffer (50 mM Tris-HCI [pH 6.8],
2% sodium dodecyl sulfate [SDS], 10% glycerol, 0.7 M 2-mercaptoethanol,
0.025% bromphenol blue) was added, and samples were boiled for 2 min. Sam-
ples (20 pg of protein per lane) were analyzed by electrophoresis on SDS-10%
polyacrylamide gel electrophoresis gel, transferred to Immobilon-P membranes
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FIG. 1. The uracil feeding test shows that the P86 mutant is complemented
by the HSP104 gene. HSP104 on a single-copy (pH218; CEN HIS3 HSP104) or
high-copy-number (pH220; 2um HIS3 HSP104) plasmid was introduced into p©
P86 mutant strain 4706-1D (MAT« ura2 his3 P86::LEU2). The transformants
were used as cytoduction recipients from [URE3] strain 3310, and four cytoduc-
tants of each were examined by the feeding test on minimal medium without
uracil that includes USA and a seeded lawn of diploid ura2 strain 1065. After
incubation for 48 h at 30°C, the cells transformed with the plasmids carrying
HSP104 grew on USA and showed the feeding phenomenon. Cells with the
control vectors (pRS313 [CEN HIS3] or pRS423 [2um HIS3]) could not grow on
USA and could not feed the lawn.

(Millipore), and probed with a polyclonal antibody to Hsp104 (Stress Gen Bio-
technologies Corp.). Proteins of hspl04::G418 strain 4751-11A were also ex-
tracted. Detection was with an alkaline phosphatase-based chemiluminescence
detection assay.

RESULTS

Mutant isolation. To determine what genes are necessary
for propagation of the [URE3] prion, we induced mutations in
the stably [URE3] haploid strain YHES835, which has the
2.1278b background (3), because [URE3] diploids with this
background produced meiotic spore clones with a high pro-
portion of [URE3] segregants, unlike many other strains. We
transformed YHES35 [URE3] with a bank of yeast DNA mu-
tagenized with a Tn3-based lacZ LEU2 transposon (6). Since
[URE3] makes cells grow slowly, the primary screen was to
choose transformant colonies of normal size. Among these,
colonies which could not grow on USA but which could grow
on uracil were selected. To confirm that these candidates could
not maintain [URE3], cytoplasm was transferred by cytoduc-
tion from strain 3310 (kar! [URE3]) and candidates whose
cytoductants were all USA™ were chosen. These cytoductants
were then used as donors to wild-type strain 3310S [ure-o]
[rho”] and those which did not transfer [URE3] (implying that
they had lost it) were examined further.

Candidate mutants were then mated with a [URE3] strain
also having the %1278b background (YHE748), and tetrad
analysis was carried out. One mutant (P86) for which Leu2™
and USA™ each showed 2:2 segregation and generally coseg-
regated was found. Several spore clones were Leu negative but
became USA™~. We suspected that these spore clones had
spontaneously lost [URE3] and were in fact able to maintain it,
as we confirmed by cytoduction experiments using the [URE3]
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donor strains 3310 and 4645-8CU. The combined results of the
cytoduction experiments and the original tetrad data showed
that Leu2™ and USA™ showed clear 2:2 segregation and co-
segregated perfectly in all 12 tetrads except for a single spore
clone carrying the mutation which grew poorly on USA. The
diploids formed between mutant P86 and the [URE3] strain
YHE748 were all stably [URE3], indicating that the P86 mu-
tation is recessive.

To test whether the P86 mutant results in loss of [URE3]
rather than, for example, loss of ability to convert USA to ura-
cil, cytoplasm from two USA™ spore clones and one USA™
spore clone was transferred to the [ure-o] [rho"] strains 3310S
and 4645-8C. Indeed, cytoplasm from the USA™ spore clones
could not donate [URE3], while the USA™ spore clone did,
showing that the mutants specifically lose [URE3]. Diploids
formed between mutant segregants and the wild-type [URE3]
strains 3310 and 4645-8CU were nearly all slow growing and
positive for uracil feeding on USA plates, indicating that the
mutation is recessive.

The transposon insertion is in HSP104. Mutant chromo-
somal DNA was digested with EcoRI and circularized by liga-
tion, and the site of integration was amplified by PCR using
primers in lacZ. The site of integration was also defined using
rescue plasmid pRSQ2 (6). By both methods, the site of inte-
gration was found to be immediately downstream of bp 1677 in
the center of the HSP104 open reading frame.

Complementation tests of P86 mutants with HSP104. To
confirm that the mutation producing loss of [URE3] was the
insertion in HSP104 and not a linked mutation, HSP104 on
single-copy or high-copy-number plasmids was introduced into
the [rho”] P86 mutant strains 4706-1C and 4706-1D (Table 1).
The transformants were used as cytoduction recipients from
the [URE3] strains 3310 and 4645-8CU, and the cytoductants
were subjected to growth and feeding tests. Cells with the
control plasmid could not maintain the [URE3] prion, but in
cells transformed with the plasmids carrying HSP104, whether
on single-copy or multicopy vectors, the mutation was comple-
mented, and on USA the feeding phenomenon was observed
(Fig. 1, Table 2). Furthermore, these cytoductants of the P86

TABLE 2. Complementation of the P86 mutation by HSP104*

Feeding on

b .

[URE3-1]  Recipient Plasmid | Growth USA” by:
donor P86 strain on USA  piiot cyto-  Second cyto-
ductants ductants

4645-8CU  4706-1Cp° CEN vector - 0/12
4645-8CU 2pum vector - 0/12
4645-8CU CEN HSPI104 + 12/12 2/2
4645-8CU 2pm HSP104 + 12/12 2/2
3310 4706-1Dp® CEN vector - 0/12
3310 2pum vector - 0/12
3310 CEN HSP104 + 12/12 14/24
3310 2pum HSP104 + 12/12 24/24

@ P86 strains 4706-1Cp© and 4706-1Dp® were transformed with the indicated
TRPI and HIS3 plasmids, respectively, and the transformants were used as
cytoduction recipients from the [URE3] strains 3310 and 4645-8CU. These first
cytoductants were tested for growth and feeding on USA and then used as
donors in a second cytoduction to wild type [ure-o] recipients (strains 3310S and
4645-8C). The resulting second cytoductants were then tested for feeding on
USA. Plasmids used were pH218 (CEN HIS3 HSP104), pH219 (CEN TRPI
HSP104), pRS423 (2um HIS3), pRS424 (2um TRPI), pRS313 (CEN HIS3),
pRS314 (CEN TRPI), pH220 (2 pm HIS3 HSP104), and pH221 (2um TRPI
HSP104).

® Values are numbers of colonies showing feeding/total number of colonies
tested.
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TABLE 3. Complementation of null mutants (hspl104::G418)
by HSP104-carrying plasmids®
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TABLE 5. Overexpression of Hsp104 from the GALI promoter
does not cure [URE3]*

Growth on USA of Uracil feeding of

Plasmid cytoductants cytoductants®
None =
pRS313 (CEN vector) - 0/24
pRS423 (2pum vector) - 0/24
pH218 (CEN HSP104) + 24/24
pH220 (2pum HSP104) + 24/24

“ The hsp104::G418 strain 4751-11A was transformed with the indicated plas-
mids, and [URE3-1] was introduced into the transformant by cytoduction from
[URE3-1] donor strain 4645-8CU.

> Numbers of colonies showing feeding/total number of colonies tested.

mutant complemented with the HSP104 gene could transfer
[URE3] by cytoduction to 3310S [ure-o] [rho"] or 4645-8C
[ure-o] [rho] (Table 2). For strain 4706-1D, transformants
with a high-copy-number plasmid (pH220) showed more-effi-
cient [URE3] transmission to the recipient than transformants
with a low-copy-number plasmid (pH218) (Table 2). When the
HSP104-carrying plasmid was lost from the mutant, none of
the cells could grow on USA and [URE3] was no longer trans-
ferred by cytoduction to the [ure-o] strains (data not shown).

hsp104 deletion mutants cannot maintain [URE3]. Trans-
ferring cytoplasm from [URED3] strains into an hspl104::G418
null mutant recipient produced cytoductants that were uni-
formly unable to grow on USA or to feed uracil to a Ura™ lawn
(the feeding test). When mutant cells were transformed with a
plasmid carrying HSP104, whether on single-copy or multicopy
vectors, and used as cytoduction recipients, cytoductants were
able to grow on USA and the feeding phenomenon was ob-
served (Table 3). As with the P86 mutants, using the hsp104::
G418 cytoductants (from the [URE3-1] donor) as donors in
cytoduction into a wild-type [ure-o] recipient (4645-8CG) gave
only [ure-o] cytoductants, showing again that [URE3] was lost
and not merely unexpressed (data not shown).

Crossing hsp104::G418 strain 4751-11A with ure2 strain 4131
showed that meiotic segregants with the Aspl04 deletion were
USA™ when carrying the ure2 deletion, and thus deficiency of
Hsp104 did not interfere with the USA™ phenotype produced
by deficiency of Ure2p.

Overproduction of Hsp104 does not cure [URE3]. To test
the effects of overproduction of Hsp104 on [URE3] stability,
we introduced single-copy (CEN-HSP104) or high-copy-num-
ber (2um HSP104) plasmids, in which HSP104 was controlled
by its own promoter, into [URE3] strain YHES835. Similar
proportions of transformants with each plasmid were USA™
(Table 4). USA™ transformants were further grown on me-
dium selective for the plasmid, and single colonies were
tested for [URE3]. There was no increased loss of [URE3]

TABLE 4. High-copy-number HSP104 plasmids
do not cure [URE3}"

No. of colonies positive for [URE3]/
total no. tested

Plasmid
Vector HSP104
CEN TRP1 50/52 41/49
CEN HIS3 49/55 40/44
2um TRPI 40/42 43/45
2um HIS3 41/44 41/41

¢ Transformants of YHES835 with the CEN and 2um plasmids with and without
HSP104 driven by its own promoter were tested for [URE3] by the feeding test.

No. of positive colonies/
total no. tested in:

Medium” Plasmid
Growth test ~ Feeding test
SDextrose Vector 150/150 24/24
GALI1-HSP104 150/150 24/24
SGalactose Vector 160/160 24/24
GALI1-HSP104 160/160 24/24
SGalactose + raffinose  Vector 95/95 24/24
GALI1-HSP104 112/112 24/24

@ Strain YHES35 was transformed on dextrose media with either the vector
(pH316) or the same plasmid containing F/SP104 under the control of the GALI
promoter (pA). Confirmed USA™ colonies of each were pooled and grown to
single colonies on the indicated media. These single colonies were then tested for
the ability to use USA for growth and for uracil feeding to a lawn of a ura2/ura2
strain.

> SDextrose, minimal medium with dextrose; SGalactose, minimal medium
with galactose.

compared to vector controls. Furthermore, the high-copy-
number HSP104 plasmids did not affect the strength of the
USA™ or uracil feeding phenotypes.

A plasmid overproducing Hsp104 from the strong GALI
promoter was introduced into [URE3] strain YHES35, select-
ing transformants on dextrose media where the promoter is
repressed. Confirmed USA™ transformants were then grown
on media containing galactose or galactose plus the non-
repressing sugar raffinose. There was no detectable loss of
[URES3] induced by these conditions (Table 5). Confirmation
that Hsp104 was indeed dramatically overproduced was ob-
tained by Western blot analysis using an antibody to Hsp104
(Fig. 2).

As another control, the same plasmids were introduced into
the [PSI"] strain DM628-3Aa+. [PSI] was lost from all trans-
formants with the 2um HSP104 plasmid (pH221) but not with
the parent vector. [PSI] remained in glucose-grown transfor-
mants with the GALI-promoted HSP104 plasmid but was
uniformly lost after 1 day of growth on galactose-raffinose

Wild type host

% g“
QQ‘\ .@‘ G Q%Qx Q\

Hsp104p—>

SD SGal SD

FIG. 2. Overexpression of HSP104 from the GALI promoter. Strain YHES35
was transformed with control vector pH316 (CEN LEU2 pGALI) or the plasmid
carrying HSP104 under the control of GALI promoter pA (CEN LEU2 GALI-
HSPI104). The transformants were grown on minimal medium (SD) or the same
medium with galactose in place of glucose (SGal). After galactose induction,
proteins were extracted and separated in SDS-10% polyacrylamide gels, trans-
ferred to the membranes, and probed with a polyclonal antibody to Hsp104.
Twenty micrograms of protein of each extract was used. Deletion strain 4751-
11A (hsp104A), which was cultured in minimal medium (SD), does not contain
any Hsp104 protein.
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TABLE 6. Two independent [URE3] prion strains both require Hsp104“

Results of growth test

Results of feeding test

Donor strain Recipient 1 of cytoductants® Recipient 2 of cytoductants®
4645-8CU [URE3-1] 4751-11Ap° hspl104::G418 0/100 4645-8Cp° [ure-o] 0/20
YHEG64 [URE3-2] 4751-11Ap° hspl04::G418 0/100 4645-8Cp©° [ure-o] 0/20

“ A two-stage cytoduction was carried out, like that in Table 2, with cytoplasm transferred from the donor to recipient 1 and then from those cytoductants to recipient

2.
® Number of cytoductants positive for USA/total number tested.

medium. Thus, the same conditions of Hsp104 overproduction
that did not affect [URE3] stability uniformly cured [PSI"].

Different [URE3] prion strains are cured by hspl04A. Most
of the experiments reported here used [URE3-1], the strain of
[UREZ3] that was isolated by F. Lacroute (31) and passed to
various strains by cytoplasmic mixing (cytoduction). To deter-
mine whether Hspl04 is necessary for propagation of other
independently isolated strains of [URE3], we used [URE3-2],
isolated in an earlier study by overproduction of Ure2p (56)
and transferred by cytoduction to strain 3686. When [URE3-2]
was transferred by cytoduction from 3686 to the hsp104::G418
[rho?] strain 4751-11A, all cytoductants were found to be
USA™ (Table 6). When these cytoductants were then used as
donors to strain 4645-8Cp° [ure-o], all 20 of these second-
generation cytoductants were also USA™ (Table 6). These
results indicate that Hsp104 is necessary for propagation of this
strain of [URE3] as well. That [URE3-1] and [URE3-2] are
indeed distinct strains of [URE3] is suggested by the fact that
the latter slows cell growth more in the same host than does the
former (data not shown). Introduction into the [URE3-2]
strain YHEG64 of the high-copy-number HSP104 plasmid p221,
which in control experiments cured [PSI ], did not result in the
loss of [URE3-2].

[URES3] is cured by overexpression of Ydjlp. The ability of
Ydjlp, with Ssalp, to renature proteins in vitro (34) and the
interaction of Hsp104 with Hsp70s and with Ydjlp (25) sug-
gested that Ydj1, like Hsp104, might be involved in [URE3]
propagation. We introduced p901, in which YDJI was tran-
scribed from the GALI promoter, or the parent vector, pH316,
into [URE3-2] strain 3687 and [URE3-1] strain YHES35, se-
lecting transformants on dextrose media. USA™ transformants
were picked and grown for about 20 or 40 generations by
subcloning on Leu™ plates containing dextrose or galactose
and raffinose. After 40 generations on glucose, each of 16
clones of each transformant retained [URE3], as indicated
by the uracil feeding test, as did the vector transformants on
either glucose or galactose media. After 20 generations on
galactose-raffinose, most colonies with p901 were negative or
weakly positive on the uracil feeding test. After 40 generations,
each of 16 clones with p901 grown on galactose-raffinose had
lost [URE3], as assessed by the uracil feeding test. In each case,
the feeding test was done on dextrose-containing media on
which overexpression of Ydjlp is repressed, so that Ydjlp inter-
ference with expression of [URE3] is not an issue. The ex-
tremely slow growth of ydjIA strains and their very inefficient
mating made it difficult to test their ability to maintain [URE3].

DISCUSSION

The biology of scrapie argues for the “crystal” view of prions
(reviewed in reference 32). One characteristic of crystals is that
closely related molecules interfere with each other’s crystal
formation. Indeed, overproduction of hamster PrP in trans-
genic mice slows development of mouse scrapie and vice versa
(46). Likewise, certain PrP peptides interfere with propagation

of scrapie in tissue culture cells (8). The curing of [URE3] by
overexpression of fragments of Ure2p may be similarly ex-
plained (20). Curing of [URE3] by even low-level expression of
fusion proteins consisting of part or all of Ure2p fused to
another protein can likewise be explained as interference with
growth of the amyloid crystal (20). The crystal model also
offers an explanation of the propagation of the alteration of
protein conformation which is believed to be central to prion
propagation. According to this model, normal Ure2p is driven
to change its conformation by the energy of interaction with
other Ure2p molecules in the amyloid filaments (Fig. 3). Fi-
nally, the in vitro formation of amyloid by Ure2p driven by the
prion domain suggests that this linear crystal is the basis of the
[URE3] phenomenon (53).

The first demonstration of a role for chaperones in prion
propagation was the finding that [PSI™] is lost from strains that
either overproduce or are deficient in Hsp104 (9, 10). Because
[URE3] was reported to be independent of Hsp104 (33), we
directly screened for chromosomal mutants defective in its
propagation. The first mutant identified had an insertion in the
middle of the HSP104 gene. We showed that this mutant was
actually unable to propagate the [URE3] genetic element.
Moreover, the Aspl104::G418 mutant with the coding sequence
completely deleted showed the same behavior. The hspl04:
G418 deletion is compatible with the USA™ phenotype result-
ing from a ure2 mutation, but the [URE3] prion cannot prop-
agate in such a strain. We showed that a second independent
[URES3] prion strain is also lost in Aspl04 strains, indicating
that this dependence is not unique to [URE3-1].

In contrast to what was found for [PSI*], we find that over-
production of Hsp104p does not eliminate [URE3]. Kushnirov
et al. likewise found that a “synthetic” hybrid prion formed
by the amino-terminal part of Pichia methanolica Sup35p and
the C-terminal part of Saccharomyces Sup35p also requires
Hsp104 for its propagation but is not cured by overexpression
(30). [PIN"] is a nonchromosomal genetic element that is
necessary for the induction of [PSI*] appearance by the over-

force of interaction
normal prion ?Hsp104? with prion seed
form  goeq changes normal form
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FIG. 3. The crystal seed model of prion generation and possible roles of
chaperones Hsp104 and Ydjl. The energy of interaction between the free-
normal-form and the abnormal-form molecules in the crystal drives the change
of the normal form to the abnormal form. Hsp104 may promote conversion of
normal Ure2p to an intermediate or break up aggregates to provide seeds for
daughter cells. Ydj1 may be involved in dissolving aggregates or may block a step
in aggregate formation.
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production of Sup35p (17). [PIN*] may be a prion and, like
[URES3], is cured by deletion of HSP104 but is not cured by
overexpression of Hsp104 (16).

The mechanisms by which Hsp104 is involved in prion prop-
agation are not entirely understood. Since Hsp104 is capable of
renaturing heat-denatured proteins both in vitro and in vivo
(40), it is likely that overproduced Hsp104 can depolymerize
the aggregated Sup35p and thereby reverse the [PSI"] state
(9). While this is certainly the end result and while Sup35p
interacts with Hsp104p in vitro (49), disassembly of Sup35p
amyloid by Hsp104 has not yet been demonstrated in vitro.
Hsp104 has been shown to cooperate with Hsp70s and Hsp40s
(25), and multiple components may thus be required to repro-
duce this reaction in vitro. Moreover, it is not yet certain that
amyloid is the prion form of either Ure2p or Sup35p.

The explanation for the requirement for Hspl04 for the
propagation of [PSI"] and now for [URE3] is less clear. One
model is that Hsp104 is necessary to convert the native protein
into an intermediate form that is then susceptible to conver-
sion to the prion (amyloid) form (9) (Fig. 3). An alternate
model suggests that Hsp104 is necessary to ensure segregation
of the aggregates to both daughter cells, thus ensuring the
stability of the prion (42, 43). This model holds that without
Hsp104’s conversion of large aggregates to many small aggre-
gates, daughter cells may fail to receive a “seed” to ensure
propagation of the prion. The formation of amyloid in vitro in
the absence of Hsp104 by both the recombinant prion domain
of Sup35p (24, 28) and either the prion domain of or full-
length native Ure2p (53) argues against a direct role for
Hsp104 in the amyloid formation process. However, under
physiological conditions or time constraints, there may be such
a requirement.

Why does overproduction of Hspl04 efficiently cure [PSI]
but does not detectably affect [URE3]? It is unlikely that
Hsp104 specifically recognizes aggregates of Sup35p and not
those of Ure2p. It is more likely that a difference in the form
of the aggregates or in their stability or amount explains this
difference. Possibly different chaperones or combinations of
chaperones are responsible for surveillance of [URE3] prions.

The curing of [URE3] by Ydjlp (an Hsp40) may involve the
interactions of Ydjlp with Hsp70s or with Hsp104 or both. Lu
and Cyr showed that guanidine-denatured luciferase could be
completely renatured by the in vitro action of Ydjlp and Ssalp
(34). Hsp104 can also promote the partial reactivation of de-
natured luciferase in a yeast crude extract in a reaction requir-
ing Ydjlp and Ssalp as well (25). Overproduced Ydjlp may
directly block the formation of amyloid by Ure2p without
cooperation with other chaperones and thereby prevent
propagation of [URE3] (Fig. 3). Alternatively, it is possible
that Ydjlp interferes with [URE3] propagation by occupy-
ing Hspl104 or Hsp70 in interactions not productive for
[URES3] propagation.

The involvement of the chaperones Hspl04 and Ydjl in
[URES3] propagation indicates that the mechanism of [URE3]
involves altered conformational states of Ure2p rather than a
covalent modification. It will be of interest to determine the
effects of these chaperones and others on in vitro amyloid
formation by Ure2p and its fragments.
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