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Yeast and fungal prions are infectious proteins, most being self-propagating amyloids of
normally soluble proteins. Their effects range from a very mild detriment to lethal, with
specific effects dependent on the prion protein and the specific prion variant (“prion
strain”). The prion amyloids of Sup35p, Ure2p, and Rnq1p are in-register, parallel, folded
B-sheets, an architecture that naturally suggests a mechanism by which a protein can tem-
plate its conformation, just as DNA or RNA templates its sequence. Prion propagation is
critically affected by an array of chaperone systems, most notably the Hsp104 /Hsp70/Hsp40
combination, which is responsible for generating new prion seeds from old filaments. The
Btn2/Cur1 antiprion system cures most [URE3] prions that develop, and the Ssb antiprion

system blocks [PSI+] generation.

n 1989, I was writing a review of nonchromo-
Isomal genetic elements of yeast (Wickner
1991). At that time, the infectious protein
concept had been proposed to explain the trans-
missible spongiform encephalopathies (TSEs)
(Alper et al. 1967; Griffith 1967; Dickinson et
al. 1968; Bolton et al. 1982; Prusiner 1982; Chese-
bro et al. 1985; Oesch et al. 1985), but there
remained considerable debate. In reviewing the
nonchromosomal genetic element [URE3],
I noted that Aigle and Lacroute (1975) had re-
ported that ure2 strains were unable to propa-
gate the [URE3] element, but that the pheno-
types of ure2 and URE2™" [URE3] strains were
essentially identical—namely, de-repression of
nitrogen catabolism genes. As I had been study-
ing the mak mutants unable to propagate the
killer virus (Wickner 1978), I recognized that
the relation of ure2 and [URE3] was not what
was expected of a chromosomal gene important

for propagation of a nucleic acid replicon, but
that this was the relation expected if [URE3]
was an inactive form of Ure2p able to inactivate
the normal form and, thus, act as a prion. This
was the beginning of our work showing that
[URE3] was a prion of Ure2p, and our inference
that [PSI+] was a prion of Sup35p based on
the re-interpretation of published experiments
(Wickner 1994).

DISCOVERY OF YEAST PRIONS

The genetic criteria that identified yeast prions
(infectious proteins) (Wickner 1994) distin-
guish them from nucleic acid—based infectious
elements such as viruses, plasmids, and mito-
chondria. Assuming that the prion change
would inactivate the normal function of the
protein, the phenotype of the prion should re-
semble that of a recessive mutation in the gene
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for the prion protein, and elimination of the
prion protein gene should result in failure of
prion propagation (Wickner 1994). Overpro-
duction of the prion protein should result in
increased de novo generation of the prion.
Finally, if the prion can be cured, it should be
possible for it to arise again in the cured strain
(at low frequency) because the normal form of
the protein is still being produced (Wickner
1994). These genetic criteria are not true for
any known mammalian prion, in part because
the TSEs are not a consequence of PrP defi-
ciency and in part because some of the required
experiments are not feasible in mammals.
[URE3] is a nonchromosomal genetic ele-
ment that produces failure of nitrogen catabo-
lite repression (Lacroute 1971), as does recessive
chromosomal ure2 mutation (Aigle and Lac-
route 1975). Most importantly, ure2 mutants
cannot propagate [URE3] (Aigle and Lacroute
1975). [URE3] can be cured by growth in low
concentrations of guanidine (Wickner 1994)
(much later shown to act by inhibiting Hsp104
[Ferreira et al. 2001; Jung and Masison 2001;
Jung et al. 2002]), but it can rarely arise again
in the cured strain (Wickner 1994). Finally,
transient overproduction of Ure2p increases
the frequency with which the [URE3] nonchro-
mosomal genetic element arises. Thus, [URE3]
has all of the properties expected of a prion of
Ure2p (Fig. 1) (Wickner 1994). DALS5, encoding
the allantoate transporter, is the most strongly
nitrogen-regulated gene (Turoscy and Cooper
1987), and [URE3] is typically assayed by mea-
suring activity of the DAL5 promoter, either
directly as uptake of ureidosuccinate in the
presence of ammonia, or fused to the ADE2
gene as adenine prototrophy/auxotrophy (La-
croute 1971; Schlumpberger et al. 2001).
[PSI+] is a nonchromosomal genetic ele-
ment that produces elevated readthrough of
nonsense codons (Cox 1965), like chromosom-
al sup35 mutations, and is typically monitored
by readthrough of a nonsense mutation in
ADEI or ADE2. Overexpression of Sup35p in-
creases the frequency of [PSI+] arising de novo
(Chernoffetal. 1993), and the curing of [PSI+]
by high osmotic strength (Singh et al. 1979) is
reversible (Lund and Cox 1981). Finally, [PSI+]

propagation requires the N-terminal part of
the Sup35 protein (Ter-Avanesyan et al. 1994).
Thus, [PSI+] is a prion of Sup35p (Fig. 1)
(Wickner 1994).

These genetic criteria continue to be useful
in more recent searches for new prions (Der-
katch et al. 2001; Du et al. 2008; Alberti et al.
2009; Patel et al. 2009; Rogoza et al. 2010; Su-
zuki et al. 2012), and prion induction by prion
protein overproduction is a standard method
for making new prions for study. In some cases,
the prion has a novel phenotype distinct from
that due to absence of the normal form of the
protein. The [PIN+] prion of Rnqlp was de-
tected by its ability to rarely seed formation of
the [PSI4] prion (Derkatch et al. 1997), but
rnqlA has neither this effect nor any other
(Fig. 1) (Sondheimer and Lindquist 2000).
This Pin+ phenotype was also used in isolation
of other prions (Du et al. 2008; Patel et al. 2009;
Suzuki et al. 2012).

The presence of protease-resistant Ure2p in
extracts of cells carrying the [URE3] prion (Ma-
sison and Wickner 1995), the aggregation of
Sup35p specifically in [PSI4] strains (Patino
et al. 1996; Paushkin et al. 1996) and Ure2p in
[URE3] strains (Edskes et al. 1999), the ability
of extracts from [PSI+] cells to seed aggregate
formation by Sup35p (Glover et al. 1997; Paush-
kin et al. 1997), and the formation of amyloid
in vitro by Sup35p (Glover et al. 1997; King et al.
1997) and by Ure2p (Taylor et al. 1999) suggest
that amyloid of these proteins constitutes their
prion forms. Transmission of [PSI+] (King and
Diaz-Avalos 2004; Tanaka et al. 2004) and later
of [URE3] (Brachmann et al. 2005) by amyloids
formed in vitro from recombinant Sup35p and
Ure2p, respectively, confirmed this conclusion.

PRION DOMAINS

The prion properties of Ure2p and Sup35p are
determined by Q/N rich N-terminal domains
of these proteins, and these regions have proven
to comprise the core of the amyloid structures
that are the basis of the [URE3] and [PSI+]
prions (Ter-Avanesyan et al. 1994; Masison
and Wickner 1995; King et al. 1997; Taylor
et al. 1999). Prion domains can be linked to
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Figure 1. The yeast and fungal prions [URE3], [PSI+], [PIN+], and [Het-s]. Formation of amyloid by Ure2p,
Sup35p, Rnqlp, and HET-s results in either the loss of their normal functions (for Ure2p and Sup35p) or the
appearance of novel activity (in Rnqlp and HET-s), all of which are heritable because the amyloid catalyzes the
conversion of the nonamyloid to the amyloid form. Most variants of [URE3] are also toxic to the cell, and most
[PSI+] prions are lethal or severely impair growth because the essential function of Sup35p is impaired or lost
(McGlincheyetal. 2011). The prion domains of Ure2p and Sup35p that form the amyloid cores also have normal

nonprion functions (see text).

other proteins, with the other protein serving as
a reporter of prion formation (Li and Lindquist
2000). This approach has also been useful in
searching for new prions (Alberti et al. 2009).
Of course, it must be confirmed that a segment
acting as a prion domain in a fusion can also do
so in its native context.

Surprisingly, the sequence of the prion do-
mains of Ure2p and Sup35p are of minimal
importance in their ability to form prions, as
randomly shuffling these segments, fusing the
shuffled segments to the remainder of the gene,

and integrating these constructs in place of the
normal gene uniformly (each of five shuffles
for each protein), results in proteins that can still
form prions (Ross et al. 2004, 2005a). This work
made it clear that it is the amino acid com-
position, and not the sequence, that determines
prion-forming ability; and within the Q/N-
rich context, this method showed that hydro-
phobic, aromatic, and hydrophilic residues fa-
vor prion formation, whereas charged residues
or prolines are unfavorable (Toombs et al. 2010).
In fact, artificial prion domains, designed based
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on these results, actually worked as a prion
(Toombs et al. 2012). The oligopeptide repeats
in the Sup35 prion domain, reminiscent of the
PrP octapeptide repeats, were proposed to play
a key role in the [PSI+] prion, but shuffling
the amino acid residues of this region did not
affect prion propagation or generation, show-
ing that it was the composition of this domain,
not the repeats, that made it a prion (Toombs
etal. 2011).

THERE ARE MANY YEAST PRIONS

Swilp, a component of a chromatin-remodel-
ing complex, can form the [SWI+] prion, re-
sulting in poor growth on raffinose, galactose,
or glycerol, like an swil mutation (Du et al
2008). Cyc8p, a subunit of a transcription re-
pressor complex, can form the [OCT+] prion,
with phenotypes like those of cyc8 mutants (Pa-
tel et al. 2009). A large screen of proteins with
domains similar in composition to known pri-
on domains revealed several protein domains
capable of acting as a prion domain, and the
transcription factor Mot3p was shown to actu-
ally form a prion called [MOT3+] (Alberti
et al. 2009). Like mot3 mutants, [MOT3+] cells
show pseudohyphal growth and biofilm for-
mation (Holmes et al. 2013). Sfplp, a tran-
scription factor regulating expression of many
translation-related proteins, can form a prion,
[ISP+], named for its phenotype, which is the
reverse of [PSI+] (Rogoza et al. 2010). [ISP+]
is a largely nuclear-limited prion and therefore
shows limited infectivity in cytoplasmic mix-
ing experiments (Rogoza et al. 2010). Mod5p,
a tRNA-isopentenyltransferase, can form the
[MOD+] prion with a fluconazole-resistant
phenotype similar to mot5 mutants (Suzuki
etal. 2012). In contrast to the other known yeast
prions, the prion domain of Mod5p is not Q/N
rich (Suzuki et al. 2012). [Het-s] is a prion
of the filamentous fungus Podospora anserina
(Fig. 1) and is of interest as a clearly functional
prion (for a review, see Saupe 2011).

The definition of the word “prion” as an
infectious protein (Prusiner 1982) does not re-
quire amyloid formation as its basis. Indeed,
the vacuolar protease B, Prblp (Jones 1991),

can form a prion called [B] (Roberts and Wick-
ner 2003), which is simply the active form of
the protease. Prb1p is made as an inactive pre-
cursor, which is activated by cleavage by
protease A. In the absence of protease A, active
Prblp itself can cleave and activate the precur-
sor. This process is self-propagating, and [f]
has all of the properties of a prion (Roberts
and Wickner 2003). In the absence of protease
A, this prion is important for survival in sta-
tionary phase and required for meiotic sporu-
lation (Roberts and Wickner 2003). The [GAR]
nonchromosomal genetic element conferring
glucosamine-resistance (Ball et al. 1976; Kunz
and Ball 1977) is also proposed to be a prion
based on a self-propagating physiological state
(Brown and Lindquist 2009), but the nature of
the state and the mechanism of resistance to
glucosamine are still unclear.

PRION VARIANTS/STRAINS AND PRION
CLOUDS

A single protein sequence can be the basis for
many different prion variants (called strains
in mammalian prions), with differing biologi-
cal and structural properties. Derkatch et al.
(1996) first recognized strong (fully Ade+)
and weak (leaky Ade+) variants of [PSI+],
but there are now variants of [PSI+] and
[URE3] differing in their strength and stability
(Schlumpberger et al. 2001; Tanaka et al. 2004;
Brachmann et al. 2005), the effects of over-
production or deficiency of various chaperones
(Kushnirov et al. 2000b; Kryndushkin et al.
2002; Borchsenius et al. 2006), prion—prion in-
teractions (Bradley and Liebman 2003), their
ability to be transmitted to other prion protein
sequences (interspecies or intraspecies barriers)
(King 2001; Edskes et al. 2009; Vishveshwara
and Liebman 2009; Chen et al. 2010; Bateman
and Wickner 2012), their lethality/toxicity to
the host (McGlinchey et al. 2011), and their
sensitivity to curing by the Btn2/Curl anti-
prion system (Wickner et al. 2014). Moreover,
combinations of these differences multiply the
number of possible strains. There are both
strong and weak variants with each of the four
possible intraspecies transmission variants of
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[PSI+], all propagated with the same Sup35p
sequence (Bateman and Wickner 2012, 2013).
Although prion variants are propagated
with relative stability, changes in variant prop-
erties can occur under selection pressure in both
mammals and yeast, such as in crossing a spe-
cies barrier or application of a drug (Kimberlin
et al. 1987; Vishveshwara and Liebman 2009; Li
et al. 2010). However, even without evident se-
lection pressure, variant properties can change,
and a mixture of variants can segregate during
growth (Bateman and Wickner 2013). Extensive
clonal isolation appears to purify single vari-
ants, but on further propagation, all of the other
variants arise again, showing that variant mu-
tation also occurs, even under nonselective con-
ditions (Fig. 2) (Bateman and Wickner 2013).
These results provide strong direct support for
the “prion cloud” model proposed by Collinge
to explain the selectability of new variants (Col-
linge and Clarke 2007). Previous data were con-
sistent with this model but could also have been
explained by induction of new variants as a re-
sult of effects of the selection scheme (new pro-

¥

Yeast and Fungal Prions

tein sequence or amyloid-binding drug) on the
amyloid structure.

PRION AMYLOID STRUCTURE EXPLAINS
INHERITANCE OF PRION VARIANT
INFORMATION

Solid-state nuclear magnetic resonance (NMR)
and electron microscopic studies of infectious
amyloids of the prion domains of Sup35p,
Ure2p, and Rnqlp have shown that each has
an in-register parallel-folded B-sheet architec-
ture (Fig. 3) (Shewmaker et al. 2006; Baxa et al.
2007; Wickner et al. 2008; Gorkovskiy et al.
2014; for a review, see Tycko and Wickner
2013). Shuffled versions of the Ure2p and
Sup35p prion domains also had this architec-
ture (Shewmaker et al. 2008). Indeed, the fact
that shuffled prion domains remained able to
form prions was the basis for an early proposal
that these domains must have an in-register par-
allel architecture (Ross et al. 2005b). Mass per
unit length measurements show that these fila-
ments have one monomer per ~4.8 A, the dis-

Variant purification
by random segregation

% ‘ - Rare

emplating

" -

Figure 2. The prion cloud model. A cell with a single predominant prion variant is generally a mixture of variants
as a result of occasional mistemplating, and these variants will gradually be purified from each other by random
segregation during growth. This model was proven for the yeast prion [PSI+] (Bateman and Wickner 2013) but
was first hypothesized to explain the properties of mammalian prions (Collinge and Clarke 2007).
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prion variant
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must align, forcing turns in the same
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Figure 3. Protein templating mechanism of prions. Solid-state nuclear magnetic resonance (NMR) experiments
show that the infectious amyloids of the prion domains of Sup35p, Ure2p, and Rnqlp have an in-register parallel
{3-sheet conformation with the sheets folded along the filament long axis as shown (Shewmaker et al. 2006; Baxa
et al. 2007; Wickner et al. 2008; Gorkovskiy et al. 2014). The energetically favorable interactions between
identical hydrophobic or hydrophilic (H-bonding) side chains keep the structure in-register. The same inter-
actions ensure that a new monomer joining the end of the filament will assume the same conformation as
molecules already in the filament. This ensures that the location of the folds/turns in the newly joining molecule
will be the same as the previous molecules. We have suggested that prion variants differ in the location of the
folds/turns in the B-sheet, and by this mechanism (Wickner et al. 2007, 2010, 2013), a protein can template its
own conformation, just as DNA templates its own sequence.

tance between [ strands in a B-sheet (Baxa et al.
2003; Diaz-Avalos et al. 2005; Chen et al. 2009).
Electron micrographs of the infectious fila-
ments of the prion domains of Ure2p, Sup35p,
and Rnqlp showed filaments that were too nar-
row to be a single broad 3-sheet, implying that
the sheet must be folded several times along the
long axis of the filaments.

The folded, in-register parallel 3-sheet ar-
chitecture of the yeast prion amyloids of Ure2p,
Sup35p, and Rnqlp is different than the two-
turn B-helix structure of the HET-s prion am-
yloid (Ritter et al. 2005; Wasmer et al. 2008).
These yeast prions have multiple prion variants
for a given prion protein sequence, whereas only
a single variant of the [Het-s] prion is known.
A functional prion such as [Het-s] is expected
to have only a single variant, selected for the
ability to perform this function. In contrast,
the yeast prions appear to be pathological (see
discussion below) and are not constrained by
the demands of prion function. A knee bends
only at one place in one way, but a leg can break
at many sites in many ways.

Perhaps the central issue in the prion field is
how conformational templating occurs. How
can a single protein sequence encode and trans-
mit any of many different amyloid conforma-
tions? At present, the only model to explain
this phenomenon is our proposal based on the
folded, in-register parallel 3-sheet architecture
of the yeast prion amyloids (Fig. 3) (Wickner
et al. 2007, 2010, 2013). We suggest that a pri-
mary determinant of prion variants is the lo-
cations of the folds/loops in the B-sheet. The
parallel in-register architecture is maintained
in-register by favorable interactions between
identical side chains along the long axis of the
filaments. A line of hydrogen bonds between
aligned (identical) hydrophilic residues (Q, N,
S, T) all along the filament long axis, or hydro-
phobic interactions between aligned hydropho-
bic residues (V, L, I, E Y, W, M), would be pos-
sible only if the register was maintained. Only
charged amino acid side chains cannot have
favorable side chain—side chain interactions
with an identical residue, and there are almost
no charged residues in these prion domains.
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The unstructured prion domain of the soluble
form of the prion protein (e.g., Pierce et al.
2005) joins the end of the filament in such a
way as to maximize these favorable interactions
among identical residues, and that requirement
results in the new molecule on the end of the
filament adopting the same conformation as the
molecules already in the filament, with its turns
in the same places as the molecules already in
the filament (see Fig. 3). Just as DNA templates
its sequence, a prion amyloid can template its
conformation by this mechanism and so can act
as a gene with many different heritable alleles
(variants/amyloid conformations). Our recent
data identify the locations of some of these folds
in the sheets in support of this model (Gorkov-
skiy et al. 2014).

PRION BIOLOGY: PATHOLOGICAL YEAST
PRIONS AND A FUNCTIONAL FUNGAL
PRION

The [Het-s] prion of P anserina is necessary
for heterokaryon incompatibility, a process by
which the fungus limits fusion of hypae to fu-
sion partners that are genetically identical at a
dozen chromosomal loci to limit the spread
of detrimental viruses and plasmids (Saupe
2011). This prion plainly serves a function use-
ful for the host and is a case study in what to
expect for such “functional prions.” There is
only one known variant of [Het-s], presumably
because the HETs protein sequence has been
selected during evolution to form a prion with
the desired characteristics. Accordingly, amy-
loid of HETs made in vitro has a uniform struc-
ture, reflected in sharp peaks in solid-state NMR
studies (Wasmer et al. 2008). This functional
prion is found in >90% of wild isolates with
the het-s allele, as expected for a beneficial prion
(Debets et al. 2012).

Lethal or toxic variants of [PSI+] and
[URE3] are more common than the mild vari-
ants usually studied (McGlinchey et al. 2011).
The yeast prions [PSI+], [URE3], and [PIN+]
form many variants (see above), and even the
mildest variants are rare in wild populations
(Chernoff et al. 2000; Resende et al. 2003;
Nakayashiki et al. 2005; Halfmann et al. 2012),

Yeast and Fungal Prions

both implying that they are pathological. Re-
ports of marginal benefits of carrying the mild-
est [PSI+] prion variants (Eaglestone et al.
1999; True and Lindquist 2000; Halfmann
et al. 2012) have not been reproduced (True
and Lindquist 2000; Namy et al. 2008; Wickner
et al. 2015).

Sup35p from several different species can
form [PSI+] prions (Chernoff et al. 2000;
Kushnirov et al. 2000a; Santoso et al. 2000; Na-
kayashiki et al. 2001; Chen et al. 2007; Afana-
sieva et al. 2011), but many others cannot
(Edskes et al. 2014). Ure2p of most species of
the genus Saccharomyces can form the [URE3]
prion (Edskes and Wickner 2002; Baudin-Bail-
lieu et al. 2003; Edskes et al. 2009), but that of
Saccharomyces castellii cannot (Edskes et al.
2009). A careful study showed that the Kluyver-
omyces lactis Ure2p cannot form [URE3] even
in K. lactis itself (Safadi et al. 2011). Ure2p of
Candida albicans, although closely related to
that of Saccharomyces cerevisiae, cannot form
[URE3], whereas that of Candida glabrata,
more distant from the S. cerevisiae Ure2p, can
form [URE3] with all of its properties (Edskes
et al. 2011; Engel et al. 2011; Edskes and Wick-
ner 2013). Thus, [PSI+] and [URE3] prion-
forming ability appears to be sporadically dis-
tributed. The prion domains of these proteins
have nonprion functions, for example, roles in
mRNA turnover of the Sup35 prion domain
(Hoshino et al. 1999; Hosoda et al. 2003) and
microtubule binding (Li et al. 2014) and stabi-
lization of the full-length protein in the case
of the Ure2p prion domain (Shewmaker et al.
2007). These functions may explain the persis-
tence of these domains in evolution despite
their occasional formation of prions.

PRION ECOLOGY AND EVOLUTION

Yeast and fungal prions are determined by two
levels of inheritance. First, the chromosomal
gene encoding the prion protein is under posi-
tive or negative selection pressure to maintain
its normal function and to maintain or lose its
ability to form a prion. Second, having formed
a prion, the prion itself is under positive or
negative selection pressure depending on the
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phenotype it confers on the cell and its stability.
In considering whether prion formation by a
particular protein is beneficial or detrimental,
one must consider the full range of prion vari-
ants that can arise, their relative frequencies,
and the frequencies with which yeast will en-
counter an environmental condition under
which there is a prion-specific beneficial or det-
rimental effect. Likewise, the nonprion func-
tions of the protein may be affected by the prion
conversion. This is quite unlike most genes,
whose encoded protein usually has one basic
heritable state, determined by the protein se-
quence. The protein activity may be regulated
by the environment, but generally not heri-
tably so. The preceding program may be impos-
sible to execute, but a beginning effort has been
made to examine some aspects of the evolu-
tion and ecology of prion proteins and prions
themselves.

It is not difficult to find detrimental viruses
and prions in wild populations. For example,
the uniformly fatal chronic wasting disease
(CWD) prion is found in ~10% of wild deer
and elk in several areas of the United States. The
infectivity of CWD can outweigh the fatality of
the disease. For a beneficial virus or prion, in-
fectivity and benefit to the host are working in
the same direction, so the infection should
spread rapidly in the wild, resulting in a high
prevalence of the prion. Mitochondria began as
bacterial endosymbionts, infectious elements.
Although the mitochondrial genome is rather
unstable, it is so beneficial that nearly all wild
isolates carry this nonchromosomal DNA. The
2-pm DNA plasmid replicates and, like the yeast
prions, is spread by mating. Although three
groups have found that the 2-pum DNA plasmid
mildly slows growth of yeast about 1%—3%
(Futcher and Cox 1983; Mead et al. 1986;
Futcher et al. 1988; Kelly et al. 2012), it was
found in 38 of 70 wild strains examined (Na-
kayashiki et al. 2005). This provides a standard
of comparison against which prions may be
judged. [URE3], [PSI+], and [SWI+] were
not found in any of the same 70 wild strains,
indicating that they must confer a substantially
greater detriment than does 2-um DNA (Na-
kayashiki et al. 2005; Bateman and Wickner

2012; Kelly et al. 2012). Note that this is the
detriment of the most mild variants of [URE3]
or [PSI+] or other prions. The [PIN+] prion
was found in ~15% of these wild strains (Na-
kayashiki et al. 2005), and [MOT3+] was de-
tected in ~6% of a different set of 96 wild iso-
lates (Halfmann et al. 2012), indicating that
both are also detrimental on the net.

The preceding discussion shows that even
the mildest variants of the prions examined are
detrimental to their hosts. Nonetheless, they are
found in nature at frequencies above their fre-
quency of de novo generation. For [PIN+], two
possible scenarios were considered: (1) there
may be some part of the ecological niche of
S. cerevisiae in which [PIN+], should it arise,
would be beneficial to its host, and this has led
to expansion of the line in which it arose because
of this benefit; and (2) [PIN+] is mildly detri-
mental in all niches, but it has spread by mating
despite this detriment. Detailed examination of
the occasional wild [PIN+] strains has shown
that the presence of [PIN+] is associated with
the recent occurrence of outcross mating, as
shown by heterozygosity (Kelly et al. 2014).
This result favors the second explanation.

The polymorphs of Sup35 among wild
S. cerevisiae that limit the spread of [PSI+]
are also a reflection of the ecology of this prion
(Bateman and Wickner 2012). It would be of
interest to know whether certain ecological
niches favor certain prion domain sequences.

ANTIPRION SYSTEMS

Ribosome-Associated Hsp70s (Ssbs) Inhibit
[PSI+] Generation

Ssb1 or Ssb2 are members of the Hsp70 family
associated with the ribosome and involved in
folding of nascent proteins (Fig. 4) (Nelson
et al. 1992; Pfund et al. 1998). Hsp104 overpro-
duction cures the [PSI4] prion by an as-yet
uncertain mechanism (Chernoff et al. 1995).
Overproduction of Ssblp or Ssb2p facilitates
the curing of [PSI+] by overproduced Hsp104
(Chernoff et al. 1999). Moreover, in an ssblA
ssb2A strain, the frequency of [PSI+] formation
is elevated, whether spontaneous or induced by
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Figure 4. Prion-handling systems. Prion protein monomers are synthesized and are soon incorporated into
amyloid fibers (see Fig. 2). These fibers grow and are split by the ability of the Hsp104—Hsp70—Hsp40 machine
to remove a monomer from the middle of the fiber. This ensures sufficient prion seeds to distribute to daughter
cells, allowing prion propagation. Some filaments are sequestered by the Btn2p—Hsp42 system. If the seed
number is sufficiently low, this results in curing the prion from progeny cells. The Ssb1/2 Hsp70s act to inhibit
conversion of the normal form (of Sup35p) to the prion form, an inhibition of prion generation not of

propagation (Chernoff et al. 1999).

Sup35p overexpression (Chernoff et al. 1999).
Restoration of Ssb levels to [PSI+] strains gen-
erated in the ssbIA ssb2A strain did not cure
[PSI+], indicating that Ssb1 and Ssb2, at their
normal levels, inhibit the generation of [PSI+]
rather than its propagation (Chernoff et al.
1999). Since yeast prions are genes and the gen-
eration of [PSI+] constitutes a “mutation”
from [ psi-], it is proposed that Ssbs are analo-
gous to DNA repair systems, or an antimutator
system (Chernoff et al. 1999).

Btn2/Cur1 at Normal Levels Cure Most
[URE3] Variants

Overproduction of Btn2p, or its paralog Curlp,
efficiently cures [URE3-1], the original [URE3]
variant isolated by Lacroute (Kryndushkin et al.
2008). Remarkably, in the process of curing,
Ure2p aggregates are concentrated at a single
cellular site, co-localized with Btn2p, suggesting
that overproduced Btn2p collects the prion ag-
gregates, preventing their distribution to both
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daughter cells (the sequestration model) (Fig. 4)
(Kryndushkin et al. 2008). Btn2p also dramat-
ically co-localizes with several nonamyloid ag-
gregates in yeast (Kryndushkin et al. 2012). Di-
rect measures of [URE3] seed-number by the
methods developed by Cox et al. (2003) showed
that normal levels of Btn2p and Curlp lower the
seed number of [URE3-1] without curing it
(Kryndushkin et al. 2008). Nearly all [URE3]
variants isolated in a bm2A curlA strain were
cured by restoring normal levels of either or
both of these proteins by mating with a wild-
type strain or introducing a single-copy plasmid
with the normal gene(s) (Wickner et al. 2014).
This shows that these proteins are normally cur-
ing most [URE3] variants as they arise, so that
usually one only sees those variants whose cur-
ing requires overproduction of Btn2/Curl.
What distinguishes those [URE3]s curable by
normal levels of Btn2/Curl from those only
cured by overproduction of these proteins?
Again, seed ( propagon) number measurements
(Cox et al. 2003) showed that [URE3] variants
eliminated by just restoring normal levels of
Btn2 and Curl were several-fold lower than
those only cured by overproduction of those
proteins (Wickner et al. 2014). This result is
also what one would predict from the sequestra-
tion model of curing. Normal levels of the pro-
teins would only be able to sequester a limited
number of prion seeds/propagons and so
should only be able to cure variants with a low
seed number. Other variants with higher seed
number would require overproduction of the
curing proteins, as observed (Wickner et al.
2014).

Btn2p interacts with and co-localizes with
Hsp42 (Malinovska et al. 2012), Hsp42 co-
localizes with and sequesters certain nonamy-
loid aggregates (Specht et al. 2011), Hsp42 is
necessary for curing of [URE3] by overproduc-
tion of Btn2p (Wickner et al. 2014), and over-
production of Hsp42p itself cures [URE3]
(Wickner et al. 2014). Thus, Btn2p appears to
be part of a group of proteins involved in aggre-
gate sequestration.

Btn2p was first identified as a protein over-
produced in mutants lacking Btnlp, the yeast
homolog of human CLN3, whose mutation

leads to juvenile neuronal ceroid lipofuscinosis,
also known as Batten disease (Pearce and Sher-
man 1997; Pearce et al. 1999). Btn2p is loca-
lized to late endosomes, binds to endocytic
v-SNARESs, and is necessary for proper retrieval
of Kex2p and Yiflp from late endosomes to the
Golgi (Kama et al. 2007). Overexpression of
Btn3p interferes with both the protein-traffick-
ing role of Btn2 and its ability to cure [URE3]
(Kanneganti et al. 2011). Does Btn2p move
Ure2p aggregates to the endosomes or Golgi?

Chaperones and Yeast Prions

Chaperones play diverse roles in prion propaga-
tion (see Chernova et al. 2016). The Hsp104—
Hsp70—Hsp40 machine breaks amyloid fila-
ments by extracting a molecule from within the
filament and thereby creates new prion “seeds”
or “propagons” (Fig. 4) (Chernoff et al. 1995;
Paushkin et al. 1996; Glover et al. 1997; Jung
et al. 2000; Higurashi et al. 2008; Haslberger
et al. 2010; for a review, see Reidy and Masison
2011). Overproduction of Hsp104 cures [PSI+]
(Chernoft et al. 1995), whereas overproduction
of Ydj1p or Sselp cures [URE3] (Moriyama et al.
2000; Kryndushkin and Wickner 2007). Hsp90
and Stilp are involved in the Hsp104 overpro-
duction curing of [PSI4] (Reidy and Masison
2010). As mentioned above, the small heat-
shock protein Hsp42 is involved in the Btn2/
Curl system of aggregate segregation, and its
overproduction cures [URE3] (Wickner et al.
2014).

FUTURE DIRECTIONS

With the growing evidence that the common
human amyloidoses involve prion or prion-
like mechanisms, study of the yeast prions has
taken on added importance. The ease with
which genetic manipulations are performed in
yeast and the vast array of genomic tools avail-
able have made rapid progress in the yeast prion
area possible. It is unlikely that the existence of
many prions in S. cerevisiae is unique to this
organism, and the prion-like features of many
human amyloidoses may reflect this fact.
Searches for new prions in other organisms
will certainly reveal interesting new biology
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(e.g., the P anserina [Het-s] prion) and pathol-
ogy. Structural work on yeast prions has pro-
duced for the first time a working model that
can explain how prion variants are inherited,
but additional structural detail will require ex-
tensive further studies. The mechanisms of the
Btn2/Curl prion curing will be particularly im-
portant because this antiprion system normally
cures prions as they arise, and enhancement
of homologous or analogous human system(s)
may be utilized for treatment of amyloidoses.
Continued dissection of the mechanisms by
which chaperones shape prion formation and
propagation is revealing important aspects of
these complex systems.
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