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INTRODUCTION Ure2p and Sup35p, respectively (102). If a genetic element is a

Based on their genetic properties, we proposed that two
non-Mendelian genetic elements of Saccharomyces cerevisiae,
called [URE3] and [PSI], are prions (infectious proteins) of
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prion, it is a gene composed of protein instead of nucleic acid.
Here we examine the basis for these proposals and what is
known of the mechanism by which these prion genes propa-
gate. The idea of an “infectious protein” arose in 1967 from
studies of the mammalian transmissible spongiform enceph-
alopathies (TSEs) (2, 48), and considerable evidence has
accumulated that scrapie is caused by such an agent (83, 99).
However, the difficulty of studying these systems has so far
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precluded obtaining proof of the “protein-only” model for the
mammalian diseases.

The known infectious proteins are altered forms of a cellular
protein which have lost their normal functions but have ac-
quired the ability to convert the normal form of the protein
into the same abnormal form (Fig. 1). [URE3] makes cells
derepressed for nitrogen catabolism (1, 59), while [PSI] ele-
vates the efficiency of weak suppressor tRNAs (23, 24). The
same genetic approach led to identification of the non-Men-
delian element [Het-s] of the filamentous fungus Podospora
anserina as a prion of the het-s protein (21). The prion form of
the het-s protein is required for heterokaryon incompatibility,
a normal fungal function, suggesting that other normal cellular
functions may be controlled by prions.

[URES3] and [PSI] involve a self-propagating aggregation of
Ure2p (37, 68) and Sup35p (77, 79, 81), respectively. In vitro,
Ure2p (90) and Sup35p (46, 55) form amyloid. Amyloid is a
filamentous protein structure, high in B-sheet structures and
with a characteristic green birefringent staining by the dye
Congo red. Amyloid deposits are a cardinal feature of Alzhei-
mer’s disease, non-insulin-dependent diabetes mellitus, the
TSEs, and many other diseases.

Chaperones, particularly Hsp104, are critical for [PSI] prop-
agation (14, 15, 71). Either elevated or depressed levels of
Hsp104 interfere with the propagation of [PSI]. Both [URE3]
and [PSI] are cured by growth of cells in millimolar guanidine
HCI (M. Aigle, cited in reference 24; 96, 102). [URE3] is cured
by overexpression of fragments of Ure2p or fusion proteins
including parts of Ure2p (37). The prion domain of Ure2p
consists of Asn-rich residues 1 to 80 (65, 68), but either of two
nonoverlapping fragments of the molecule can, when overpro-
duced, induce the de novo appearance of [URE3] (65). The
prion domain of Sup35p consists of residues 1 to 114, also rich
in Asn and Gln residues (92). While runs of Asn and Gln are
important for [URE3] (65) and [PSI] (31), no such structures
are found in PrP or the Het-s protein.

Many excellent reviews of this subject have appeared, and
they should be consulted for different views and areas of em-
phasis (28, 58, 61, 63, 95, 103-105, 107, 108).

BACKGROUND AND HISTORY

Before Avery, McCloud, and McCarty showed that DNA
could be the genetic material, many believed that all genes
were made of proteins. The reemergence of the notion that
proteins can mediate inheritance begins with even earlier
events, with the recognition of scrapie, a uniformly fatal dis-
ease of sheep, in several countries in Europe in the early 18th
century. The name of the disease derives from the apparent
itching which leads the affected animals to rub their fur against
trees or other structures, scraping off much of their coats. The
human form of the disease was first described in the 1920s by
German and Austrian physicians, whose names are immortal-
ized in the various clinical forms of the conditions, Creutzfeldt-
Jakob disease (CJD) and Gerstmann-Straussler-Scheinker dis-
ease (GSS) (25, 41, 42). At the time, there was no suspicion
that these conditions were related to scrapie.

In 1936, the infectivity of scrapie by intraocular injection of
sheep was demonstrated by Cuille and Chelle in France (27).
Transmission from sheep to goats was demonstrated, the first
of many interspecies transmissions that were to be achieved in
later years (26). These results were extensively reproduced and
extended in the United Kingdom by groups at Compton and
Edinburgh (47, 109). It soon became clear that the scrapie
agent was extraordinarily resistant to treatments, such as heat
or fixation with formaldehyde, which affect most known bac-
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FIG. 1. Definition of a prion. “Prion” means an infectious protein. Many
mechanisms can be imagined for such an entity (48), including a protein that
induces its own gene’s transcription (A); a self-propagating covalent protein
modification, such as acetylation, in which the modified form of the protein is
much better at self-acetylation than the unacetylated form (B); and a self-
propagating change in conformation, such as amyloid formation—the likely
mechanism for the known prions (C).

teria and viruses (78). However, since the assays involved in-
oculation of sheep or goats and waiting for over 1 year,
progress in purification of the agent was slow.

In 1957, Zigas and Gajdusek discovered kuru, an epidemic
fatal neurological disease among the Fore, a Stone Age tribe in
the New Guinea highlands (112). Infection was considered,
among many other possible etiologies, but the animals inocu-
lated with pathological material were discarded after they
failed to develop disease in the first few months.

Hadlow noted the similarity of the pathology of kuru to that
of scrapie and suggested that the diseases might be related
(50). He suggested that an infectious etiology of kuru again be
examined but that the animals be kept much longer in view of
the long incubation times for scrapie transmission. Gibbs and
Gajdusek inoculated monkeys and found that they indeed suc-
cumbed to a disease with all of the signs and pathologic find-
ings typical of kuru or scrapie (43, 44). Klatzo et al. noted the
similarity of kuru to CJD and GSS (56), and autopsy mate-
rial from patients with CJD and GSS was likewise found to
be infectious (43, 44).

These diseases became known as the transmissible spongi-
form encephalopathies (TSEs), spongiform because the large
vesicles and extensive neuronal loss in the affected tissue gave
the brain a spongy appearance in pathologic sections. Deposits
of amyloid, a homogeneously staining material composed of
protein (in spite of its name), was also typical of kuru, although
this feature is actually unusual in other forms of the human
TSEs. As discussed below in some detail, amyloid is a special
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filamentous protein structure composed of B-sheets, which
may prove to be the unifying feature of a large group of diseases,
including those due to the yeast prions [URE3] and [PSI].

Early Findings That Suggest an Infectious-Protein
Etiology of the TSEs

The human TSEs could appear in an epidemic form (kuru),
a familial form (including GSS), and, most commonly, an ap-
parently spontaneous form (generally called CJD). Gajdusek
and coworkers found that all three forms were infectious for
monkeys (43, 44). This result is difficult to explain by classical
disease patterns, but, as appreciated only much later, this is a
pattern expected for an infectious protein (prion).

In 1966, Alper et al. showed that the scrapie agent was
remarkably resistant to UV irradiation, far more resistant than
DNA or RNA viruses (3). This led to speculation that the
scrapie agent might replicate without an essential nucleic acid
(2). These findings also led Griffith to suggest several means by
which a protein could be infectious without an essential nucleic
acid and not violate the essential tenets of molecular biology
(48). One suggestion was essentially the prion model as under-
stood today and was summed up by the author as follows:
“There is an obvious analogy between the idea presented here
and the idea that a gas can only condense on nuclei which are
already present: many of the more general schemes could be
summed up by saying that the subunits can only polymerize by
utilizing ’condensation nuclei’ of polymer which are already
there.” As apt as this formulation may appear today, it seems
to have had little impact at the time. One has difficulty finding
mention of this notion through the 1970s, and even Prusiner’s
1982 review coining the term “prion” does not mention this
concept as a possible explanation of the “protein-only” model.

Amyloid plaques were well known in scrapie and kuru, and
studies in the late 1960s defined amyloid as a protein structure
rich in B-sheet (reviewed in reference 45), but just as amyloid
is often secondary to chronic infections, it was not considered
the central feature of scrapie at the time.

PrP and Scrapie

PrP, the protein central to scrapie, was first identified as a
mouse gene controlling the scrapie incubation period and
therefore was named Sinc by Dickinson et al. (35). However, it
was not suspected that the product of this gene was itself the
infectious element. Merz et al. identified filamentous struc-
tures specifically in infectious materials, the “scrapie-associat-
ed filaments” (69). The purification of the infectious material
by Prusiner and coworkers identified PrP, a 27- to 30-kDa
species which was relatively resistant to protease digestion (8).
This protease-resistant species was not found in uninfected
brain. With the cloning of the PrP gene (17, 73), it was clear
that PrP was a host-encoded protein whose form but not ex-
pression was tied to the disease. The identification of Dickin-
son’s Sinc gene as the PrP gene (12) and the finding that
patients with familial CJD had mutations in their PrP gene (52,
74) showed that PrP was central to the disease process.

The demonstration that making mice transgenic for hamster
PrP (84) made them susceptible to hamster scrapie agent sug-
gested that PrP was actually essential for this disease. This was
proven when it was shown that PrP knockout mice were im-
mune to scrapie (10).

Is PrP5¢ the scrapie agent?

Since PrP is necessary for the propagation of scrapie and
since an altered form of the protein (PrP%°) is found in the
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purified infectious material, it is believed that PrPS is identical
to the infectious material. This conclusion has been quite con-
troversial (16, 39), however, because efforts to demonstrate
that PrP5° is sufficient for scrapie were unsuccessful. Overpro-
duction of PrP in certain transgenic lines leads to death, but
the dead animals contain no infectious material (100). Expres-
sion in mice of PrP with mutations that lead to CJD in man
result in death with classical scrapie pathology, but again no
infectivity for normal mice (53). Attempts to create infectious
material from PrP produced in bacteria or yeast have failed
(see, e.g., reference 98). However, this type of negative evi-
dence does not prove that PrP is not the infectious agent, and
no other candidates have been found.

GENETIC CRITERIA FOR A PRION

In yeast and other fungi, viruses are infectious via the cyto-
plasmic mixing that occurs on mating or heterokaryon forma-
tion (reviewed in references 101 and 106), not by going out of
one cell and into another. They are, in effect, sexually trans-
mitted diseases. Some mammalian viruses, particularly those
of the herpesvirus group and human immunodeficiency virus,
are known to be transmitted in this way as well. The sigma virus
of Drosophila was first found as a non-Mendelian genetic ele-
ment conferring sensitivity to CO, (91). This implies that an
infectious protein in a yeast or fungus should appear as a
non-Mendelian (nonchromosomal) genetic element.

We started with the concept of an infectious protein (prion)
as an altered form of a cellular protein which has lost its
normal function but which can convert the normal form of the
protein into the same abnormal form, and we proposed three
genetic criteria by which one could recognize prions in micro-
organisms such as yeast (Fig. 2) (102). The main purpose of
these criteria was to distinguish prions from nucleic acid rep-
licons such as viruses and plasmids.

Reversible Curability

If a prion can be cured, it should be possible for the prion to
arise again spontaneously in the cured strain. Whatever the
spontaneous change that gives rise to the prion originally can
occur again in the cured strain. This is generally not the case
for viruses and plasmids, which, once cured, will not arise again
at measurable frequencies without being reintroduced from
outside.

Appearance of the Prion Induced by Overproduction
of the Protein

Overproduction of the protein produces more molecules
that have the potential to undergo the spontaneous prion
change. This should increase the frequency with which the
prion arises spontaneously. In contrast, overproduction of a
chromosomally encoded polymerase or other factor involved
in propagation of a plasmid or virus would not be expected to
induce the appearance of the nucleic acid replicon.

Phenotypes of the Presence of the Prion and Mutation of
the Gene for the Protein

The chromosomal gene for the protein that has the potential
to become a prion is necessary for the propagation of the prion
because it propagates by converting the normal form into the
prion form. Both mutation of the gene and the presence of the
prion form result in absence of an active protein. In the first
case, the protein is not made; in the second, it is made but is
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FIG. 2. Genetic criteria for a prion illustrated by [URE3]. These genetic properties are expected of a prion but not of a nucleic acid replicon (102). Reversible
curability means that a cured strain can again develop the prion de novo. Overproduction of the normal form of the protein increases the probability that the prion
will arise. The presence of the prion causes the same phenotype as deletion of the chromosomal gene for the protein, because both lack the normal form, and the
chromosomal gene for the protein is necessary for propagation of the prion. The requirement for a chromosomal gene for propagation of a nonchromosomal genetic
element or infectious entity is frequently seen and is not an indication that the genetic element is a prion.

quickly inactivated by being converted to the prion form. Thus,
the phenotypes are the same.

The presence of a nucleic acid replicon generally confers the
opposite phenotype on cells to that conferred by mutation in a
chromosomal gene needed for its propagation. For example,
mutation of a gene for a DNA polymerase needed for propa-
gation of mitochondrial DNA results in loss of the mitochon-
drial DNA and inability of the cells to grow on glycerol or
ethanol. In contrast, the presence of the mitochondrial DNA
makes cells able to grow on glycerol (Table 1).

As described below, we used these genetic properties to
identify two prion systems in Saccharomyces (102), and Cous-
tou et al. have identified a third prion in Podospora (21). It is
remarkable that none of these are known to be properties of
scrapie, so that this approach has contributed evidence for the
existence of prions not yet available in the mammalian system.

[URE3], A PRION FORM OF Ure2p AFFECTING
NITROGEN CATABOLISM

Discovery of [URE3]

The first step in uracil biosynthesis is catalyzed by aspartate
transcarbamylase, and its product is ureidosuccinate (Fig. 3).
Ureidosuccinate (USA) is normally not taken up from the
medium in the presence of ammonium. Francois Lacroute

isolated mutants that could take up ureidosuccinate under
these conditions (USA™) and named them wure for ureidosuc-
cinate. Most mutants had recessive chromosomal defects, in-
cluding ure2 (Fig. 3). One mutant was dominant and showed
irregular segregation in meiosis (59). The USA™ trait from this
strain was also transmissible by transfer of cytoplasm from cell
to cell by cytoduction, indicating that it was due to a nonchro-
mosomal genetic element (1).

Prion Genetic Criteria Satisfied by [URE3]

Aigle and Lacroute showed that although the phenotypes of
[URES3] strains were the same as those of ure2 mutants, the
ure2 mutants could not propagate [URE3] (1). In his thesis,
Aigle recognized that this is a paradoxical finding and sug-
gested that perhaps “the [URE3] factor renders inactive the
product of URE2.” We confirmed this result (102) and, as
discussed above, suggested that this is one of the properties
expected if [URE3] is a prion of Ure2p (Fig. 2). Since ure2
deletion mutants can be complemented by a plasmid carrying
the URE2 gene (20), [URE3] is not a defective interfering
derivative of some putative wild-type nucleic acid replicon de-
pending on URE?2 (see above and the footnote to Table 1).

[URES3] is curable by growth in the presence of low concen-
trations of guanidine HCI, but cells which have again acquired
[URES3] can be isolated from the cured strains (102). This is
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TABLE 1. Relationship of phenotypes of a prion and mutations in the gene encoding the protein®

Phenotype due to:

Does replacing the

Non-Mendelian element

Relation of the two
gene restore the

Presence of non-Mendelian Chromosomal mutant that phenotypes N

element loses the element phenotype?
M dsRNA Killer + Killer — Opposite No
mitDNA Glycerol + Glycerol — Opposite No
Suppressive petite mitDNA Glycerol — Glycerol — Same No
Prion Defective Defective Same Yes
[URE3] USA uptake + USA uptake + Same Yes
[PST] Suppressor ) Suppressor ) Same Yes

“ Usually the presence of a nucleic acid replicon produces the opposite phenotype to that produced by a mutation in a gene needed for its propagation. However,
there is a circumstance in which the phenotypes for a nucleic acid replicon and mutation in one of its maintenance genes could be the same. Certain deletion mutants
of mitochondrial DNA (mitDNA) (called suppressive petites) make their presence known by efficiently eliminating the normal mitochondrial DNA and thus producing
the same defective phenotype as the absence of the mitochondria DNA. Such a mutant mitochondrial DNA depends for its replication on the same chromosomal genes
as does the wild-type mitochondrial DNA. The difference is that these mutant mitochondrial DNAs are dominant to the wild type, so that they appear as the presence
of a non-Mendelian genetic element. However, this type of mutant may be distinguished from a prion by the result of replacing the chromosomal maintenance gene.
Deletion of the potential prion protein produces the defective phenotype, and replacement of the gene restores the normal phenotype. Deletion of the gene needed
for propagation of the defective mitDNA gives the defective phenotype, but replacement of the gene does not repair the defect, since mitochondrial DNA is still missing.

another property expected of a prion but not a nucleic acid
replicon. [URE3] arises in the cured strains with about the
same frequency as it arose in the original parent strain (102).
This shows that the isolation of [URE3] strains does not gen-
erally select a chromosomal mutant which is predisposed to
give rise to the prion. The analogous problem in mammals has
long been an unresolved question. The inherited forms of CJD
are due to a dominant mutation in the gene for PrP, which
results in the patient developing the disease with almost 100%
certainty instead of the 1 in 10° per year chance of spontaneous
CID. It has often been speculated that the “spontaneous” form
of CJD may be due to somatic mutation producing one of the
changes in the PrP gene identical to those seen in the inherited
form. However, the cells in which the disease starts would be
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among the first neurons killed, and so this speculation can
never be verified. In yeast, the [URE3] disease is not lethal and
the curability of [URE3] permits this question to be answered.
It should also be emphasized that the fact that [URE3] is
curable by the protein denaturant guanidine does not imply
that it is a prion. The concentrations used in the curing are only
1 to 5 mM, not enough to denature any known protein. More-
over, RNA replication of poliovirus has long been known to be
inhibited by similar low concentrations of guanidine, and mu-
tants resistant to this “curing” are altered in the poliovirus
RNA-dependent RNA polymerase (89).

The third property expected of a prion is that overproduc-
tion of the protein should increase the frequency with which
the prion form arises. Overproduction of Ure2p results in a 20-

Ureidosuccinate

Allantoate

FIG. 3. How ureidosuccinate uptake is controlled by the nitrogen source. Yeast cells growing on a rich source of nitrogen (such as ammonia or glutamine) repress
the expression of transporters and metabolic enzymes needed for utilization of poor nitrogen sources. This is called nitrogen catabolite repression (19, 66).
Ureidosuccinate (USA) is the product of aspartate transcarbamylase (ura2), the first step in uracil biosynthesis. The chance chemical resemblance of USA to the poor
nitrogen source allantoate results in the ability of the allantoate transporter, Dal5p, to import USA. The presence of a rich nitrogen source, such as ammonia, is
transmitted to Ure2p, which then blocks the action of the positive transcription factor, Gln3p. Thus, ammonia represses USA uptake, preventing ura2 cells from using
USA in place of uracil. Modified from reference 105 with permission of the publisher.
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to 200-fold increase in the frequency with which [URE3] ap-
pears de novo (102). A more detailed examination of this
important experiment is given below.

Protease Resistance of Ure2p in [URE3] Strains

Extracts of isogenic [URE3] and [ure-o] strains were treated
with proteinase K as a test of whether Ure2p was altered in
[URES3] strains, a strong prediction of the prion hypothesis for
[URES3]. It was found that Ure2p was more protease resistant
in [URE3] strains, with 30- to 32-kDa fragments of the 40-kDa
Ure2p showing persistence for longer times in the extracts of
prion-carrying strains. One [URE3] strain showed a very stable
10-kDa fragment (68). Curing [URE3] resulted in the pattern
returning to that of the wild-type extract. Mixing an extract of
[URES3] cells with that of [ure-o] cells resulted in an additive
result, indicating that the protease resistance of Ure2p was not
due to the absence of a protease or the presence of a protease
inhibitor in the [URE3] cells (68). The state of nitrogen reg-
ulation does not affect the protease resistance of the Ure2p.
[ure-o] cells grown on proline or ammonia as the nitrogen
source have the same protease sensitive form of Ure2p (67).
This indicates that [URE3] has an abnormal form of Ure2p
and this causes the derepression of nitrogen catabolism.

Prion Domain(s) of Ure2p

Deletion analysis showed that the N-terminal 65 amino acid
residues are sufficient, when overexpressed in a strain with an
intact chromosomal copy of URE2, to induce the appearance
of [URE3] at high frequency. While overexpression of the
intact Ure2p increases the frequency of [URE3] arising to 20-
to 200-fold above the background rate, overexpression of this
65-residue fragment results in a 2,000- to 10,000-fold increase
in the rate (68). In contrast, the C-terminal part of Ure2p,
lacking precisely this N-terminal 65 residues, is capable of
carrying out nitrogen regulation (20, 68). This N-terminal do-
main was therefore named the prion-inducing domain, and the
C-terminal domain from residues 66 to 354 was dubbed the
nitrogen regulation domain (Fig. 4A). The fact that a domain
sufficient to induce [URE3] at high efficiency and the nitrogen
regulation domain can be separated completely argues that
[URES3] is not a stable transcriptional state. Transcriptional
regulation and prion induction are apparently separate func-
tions of a single molecule.

More detailed studies showed that the prion-inducing activ-
ity is not restricted to residues 1 to 65. The prion domain
consists of 40% asparagine residues with several runs and
includes 20% serine plus threonine. In fact, the asparagine-rich
character of Ure2p extends to residue 80, and it was found that
residues 1 to 80 induce the appearance of [URE3] significantly
more efficiently than do residues 1 to 65 (65, 67). Deletion of
any of the asparagine-rich regions (including, as one case,
residues 66 to 80) from the full-length molecule reduces the
prion-inducing ability of the remaining part, indicating that the
asparagine runs are important (65). One deletion in the C-
terminal part of the molecule, residues 221 to 227, abolishes
the prion-inducing activity of Ure2p without affecting the ni-
trogen regulation function (65). This region has no asparagine
or glutamine residues.

Further studies of Ure2p have shown two nonoverlapping
regions of Ure2p capable of inducing the de novo appearance
of [URE3] when overexpressed (65). Deletion of either resi-
dues 151 to 158 or the C-terminal 7 residues results in a
marked increase in prion-inducing activity by the remaining
molecule. These regions were interpreted as prion-inhibiting
domains. Starting with a molecule lacking the original prion
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domain (residues 1 to 65), deletion of these two prion-inhib-
iting domains results in a second fragment of Ure2p that can
induce the appearance of [URE3] (65). Thus, two parts of
Ure2p, not overlapping except for the N-terminal Met-Met
sequence, can induce the appearance of [URE3].

Further Properties of [URE3] Support Its Being a Prion

The genetic evidence described in the preceding sections
indicates that [URE3] is not a nucleic acid replicon, such as a
virus or plasmid. However, other “epigenetic” phenomena that
are not prions have been described. A stable transcription
regulation state can appear as a non-Mendelian genetic ele-
ment. Escherichia coli may be unable to grow on low levels of
lactose because the lac operon begins in an uninduced state
and the levels of lactose in the medium are insufficient to
induce it. However, if the same cells have been induced by a
high level of lactose and then transferred to medium with the
same low level, they could grow because the lac permease is
already induced and can concentrate the lactose in the me-
dium. Thus, once induced, the cells pass on this induced state
to their progeny while growing on this medium (72). Since
Ure2p is a transcription regulator, it was particularly important
to determine whether [URE3] was a stable transcription state
of this type. We have obtained several lines of evidence to
show that this is not the case.

Selection of [URE3] strains from a [ure-o] parent was done
with cells grown on a repressing nitrogen source (ammonia) or
a poor (derepressing) nitrogen source (proline). There was no
difference in the frequency of [URE3] colonies (67), suggesting
that [URE3] is not a stable transcription state based on nitro-
gen regulation. This point is discussed in more detail below.

We have mentioned above that the possibility of separating
the prion functions and nitrogen regulation functions of Ure2p
argue against the “stable-transcription-state” model.

Interactions of Prion and Nitrogen Regulation Domains

Introduction of [URE3] into a cell expressing only the C-
terminal nitrogen regulation domain has no effect. Nitrogen
regulation is not interrupted. This shows that the fragment of
Ure2p lacking the prion domain is not inactivated by [URE3].
Furthermore, it has been shown that [URE3] is not propagated
by such cells (67). In cells expressing only the prion domain,
Ure2p'™®, nitrogen regulation is completely defective.
[URE3] can be introduced by cytoplasmic mixing (cytoduc-
tion) and is stably propagated, as shown by the fact that it can
be passed by cytoduction to a wild-type strain (67).

When both the prion domain and the nitrogen regulation
domain are expressed as separate molecules in the same cell,
nitrogen regulation is normal and is unaffected by the intro-
duction of [URE3]. The prion is also propagated stably, even
though the cells remain in the nitrogen-repressed state (67).
Thus, the [URE3] prion can be stably propagated in cells that
are either repressed or derepressed for nitrogen degrada-
tion systems, indicating again that [URE3] is not a stable
regulatory state.

These results give the impression of the two domains having
no interaction with each other. However, the fact that dele-
tions of the C-terminal domain dramatically increase the fre-
quency with which [URE3] is induced suggests that the C-
terminal domain stabilizes the N-terminal prion domain (68).
Two-hybrid studies show that C-terminal and N-terminal parts
of Ure2p can interact, supporting this view (40).
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[URE3] Induction De Novo Due to Ure2 Protein
Overproduction

One of the central pieces of evidence for the prion explana-
tion of scrapie is that the purified infectious material is highly
enriched for the protease-resistant form of PrP, called PrP™*
or PrP%¢, Critics have repeatedly pointed out that the highly
aggregated and heterogeneous nature of this material makes
complete purification impossible, making it possible that a

conventional virus is the basis of infectivity. None of the yeast
or fungal prions has been purified as infectious material.
Expression of high levels of Ure2p increases the frequency
with which [URE3] arises by 20- to 200-fold. This was done by
introducing URE?2 on a high-copy-number plasmid. It was im-
portant to show that it was the overproduction of Ure2p, and
not the overproduction of URE2 mRNA or the gene itself in
high copy number, that produced this effect. Since introducing
URE?2 under the control of the GAL1,10 promoter induced
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FIG. 5. Ure2p is aggregated in [URE3] cells. A Ure2p-GFP fusion was expressed from a single-copy plasmid with the URE2 promoter, and the distribution of
fluorescence was examined in [ure-o] (wild-type), [URE3], and guanidine-cured strains. Aggregation was detected specifically in [URE3] strains (37).

[URES3] to arise only when cells were grown on galactose, it
was not the gene in high copy number that had this effect (102).
To show that it was the Ure2 protein, and not the mRNA, we
introduced frameshift mutations in the gene, altering a large
part of the prion domain (67). A single —1 frameshift mutation
at codon 44 changed the amino acid sequence of most of the
prion domain and completely eliminated prion-inducing activ-
ity. In contrast, a single +1 frameshift at codon 80 gave very
high prion-inducing activity. Adding the frameshift at codon 44
to that at 80 completely inactivated the prion-inducing activity,
but because the frame was restored at codon 80, a full-length
protein was made with full activity in nitrogen regulation (67).
The level and size of the mRNA of this double mutant were
the same as those of the wild-type mRNA. To determine
whether the single base eliminated at codon 44 was in itself of
special importance for prion induction, we deleted the entire
codon 44 and found that this did not significantly alter prion
induction by either the full-length Ure2p or the prion domain
fragment (65). Thus, it is not the mRNA or the gene in high
copy number but the overproduced Ure2p itself that induces
the high-frequency appearance of [URE3]. This experiment is
the molecular biological equivalent of transmission of [URE3]
by protein alone. The Ure2 protein is sufficient to initiate the
appearance of the infecitous [URE3] prion.

Ure2p Aggregation in [URE3] Strains

Fusions of full-length Ure2p or the prion domain, Ure2p’~
65, or the C-terminal nitrogen regulation domain, Ure2p®—3>%,
with the green fluorescent protein (GFP) were expressed in
strains carrying [URE3], and the location of the fusion protein
was monitored by fluorescence microscopy (37). In [URE3]
cells, the fusion proteins that included the prion domain were
seen in clumps, distributed throughout the cells (Fig. 5). Each
cell had several clumps. When [URE3] was cured by growth in
the presence of low concentrations of guanidine, the distribu-
tion of Ure2p returned to the same even distribution seen in
wild-type strains. The C-terminal nitrogen regulation domain
of Ure2p, when fused to GFP, did not appear clumpy, whether
in a [UREZ3] strain or in a wild-type strain. These results sug-
gest that the transcriptional regulator Ure2p is normally dis-

tributed throughout the cytoplasm and that [URE3] involves
an aggregation of Ure2p (37).

Amyloid Formation In Vitro by Native Ure2p Initiated by
the Prion Domain

Because the 65-residue amino-terminal fragment of Ure2p is
capable of inducing the de novo formation of [URE3] in vivo,
the properties of the synthetic peptide with this sequence were
examined. Ure2p'™ spontancously and rapidly formed fila-
ments 40 to 45 A in diameter with essentially pure B-sheet
structure (Fig. 6) (90). These filaments stained with Congo red
to give the green birefringence diagnostic of amyloid (Fig. 7)
and were resistant to digestion with proteinase K (90). Thus,
the filaments formed by Ure2p'~® have all of the characteris-
tics of amyloid. A peptide from the C-terminal nitrogen regu-
lation domain of Ure2p does not form such filaments, and
amyloid formation is well known to be a reaction specific for a
limited number of peptides and proteins.

Mixing Ure2p'® with native full-length Ure2p produces
filaments consisting of a 1:1 mixture of the two proteins (Fig.
6b) (90). Under the same conditions, intact Ure2p itself does
not form filaments or any other specific structure. Ure2p'~®°
specifically forms filaments only with Ure2p and not with a
number of other proteins tested. In addition, amyloid forma-
tion by the Alzheimer’s disease peptide AR’ does not result
in cofilament formation with Ure2p. These Ure2p'~®3/Ure2p
cofilaments are also high in B-sheet structure and show the
green birefringence on staining with Congo red (Fig. 7) (90).
The Ure2p'~%3/Ure2p cofilaments are 180 to 220 A in diame-
ter, wider than those formed of Ure2p'~® alone (Fig. 7). Pro-
tease digestion of the cofilaments leaves Ure2p fragments of 7
to 10 kDa that include the N-terminal part of the molecule, the
prion domain. In showing the partial protease resistance of
Ure2p in [URE3J] strains, it was found that one strain of
[URE3] resulted in precisely this pattern (68). Examination of
the protease-digested cofilaments by electron microscopy
shows that they have become thinner, almost as thin as the
filaments formed from Ure2p'~* alone (Fig. 6¢c). These results
indicate that, as with the prion induction and prion propaga-
tion process in vivo, this in vitro amyloid formation involves the
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FIG. 6. Amyloid is formed in vitro by Ure2p. (a) Filaments (45 A) formed by Ure2p'~%5. (b) Ure2p'~%%/Ure2p 1:1 cofilaments 200 A in diameter. (c) Ure2p!~®%/
Ure2p cofilaments digested with proteinase K, leaving the prion domain protease resistant in the form of narrow filaments. (d) Filaments (280 to 400 A) of native Ure2p
formed by seeding with Ure2p'~®3/Ure2p cofilaments. Modified from reference 90 with permission of the publisher.

interaction of the N-terminal parts of the prion-inducing
Ure2p' ™ and the native Ure2p.

Addition of a small amount of the Ure2p'~>/Ure2p cofila-
ments to a large amount of native Ure2p results in the forma-
tion of filaments which are 290 to 400 A in diameter, thicker,
and more irregular than the cofilaments (Fig. 6d) (90). This
shows that the filament formation is self-propagating.

Several lines of evidence indicate that these reactions reflect
the events in the generation and propagation of [URE3]: (i)
filament formation is initiated by the part of Ure2p that ini-
tiates [URE3] formation; (ii) cofilaments are formed with na-
tive Ure2p but not with other proteins tested; (iii) AR protein
does not form cofilaments with Ure2p; (iv) the part of native
Ure2p that becomes protease resistant in the cofilaments is the
same part that is needed for participation in the [URE3] prion,
namely, the N-terminal domain; (v) the cofilaments, once
formed, can promote filament formation by native Ure2p with-
out added Ure2p'~®%; and (vi) Ure2p-GFP fusion protein is

aggregated in vivo in [URE3] strains but evenly distributed in
[ure-o] cells.

Thus, we have proposed that [URE3] involves amyloid for-
mation and propagation (Fig. 8). Identifying a genetic element
as a prion (propagating by whatever mechanism) implies that
this element is a protein acting as a gene, as shown in Fig. 9.
However, final proof that [URE3] is an amyloid form of Ure2p
requires isolation and further characterization of the [URE3]
form of Ure2p or demonstration that the amyloid formed in
vitro can be introduced into [ure-o] cells and can make them
convert to [URE3] cells at a frequency higher than does the
native protein.

Curing of [URE3] by Fragments of Ure2p
and Fusion Proteins

In the course of studying the distribution of Ure2p-GFP
fusion proteins in [URE3] strains, it was noted that some such
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FIG. 7. Ure2p filaments show birefringence on staining with Congo red.
Filaments composed of Ure2p'~%°, cofilaments of equimolar Ure2p'~°° and full-
length Ure2p, and full-length Ure2p seeded with cofilaments were stained with
Congo red and observed under bright-field conditions (left) or in a polarizing
microscope (right). The green-yellow birefringence seen here is typical of amy-
loid. Reprinted from reference 90 with permission of the publisher.

fusions resulted in the efficient curing of [URE3] (37). In fact,
if sufficiently strongly overproduced, any of the Ure2p-GFP
fusion proteins examined could cure [URE3]. Overexpres-
sion of the full-length Ure2p only rarely cured [URE3], but
similarly overexpressed fragments, such as Ure2p'™® or
Ure2p®*, cured most of the cells in which they were ex-
pressed (37). These results were explained by supposing that
these fragments acted as terminators of the growing “crystal”
of Ure2p. The nitrogen regulation domain, when present in
excess, may interact with the C-terminal domain of full-length
molecules, preventing their incorporation into the growing fil-
aments.

[URE3] is also cured by millimolar concentrations of gua-
nidine. Meiosis of stable [URE3] diploids often gives rise to
meiotic segregants, few of which carry [URE3], although all
are capable of propagating [URE3] if it is introduced by cyto-
duction. The reasons for the instability of [URE3] under these
conditions remain to be elucidated.

[PSI], A PRION FORM OF Sup35p, A TRANSLATION
RELEASE FACTOR

Discovery of [PSI]

In 1965, Cox discovered a nonchromosomal genetic element
that made the weak ochre suppressor, SUQS5, become more
efficient (23, 24). This genetic element, which he named [PSI],
made strong suppressors into lethal suppressors (23a). Al-
though [PSI] seemed at first to be specific for ochre (UAA)
suppressors, later studies showed that suppression of all ter-
mination codons was affected (62, 75). In fact, [PSI] could
result in a low level of nonsense suppression in strains without
a recognizable suppressor tRNA mutation (62).

Not long before the discovery of [PSI], Inge-Vechtomov and
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FIG. 8. Model of [URE3] amyloid formation. The protease-resistant core of
amyloid formed by Ure2p'™ and full-length Ure2p is the N-terminal prion
domain. The prion domain alone can form amyloid (left) and promotes amyloid
formation by the full-length molecule (right and below).

Andrianova (54) and Hawthorne and Mortimer (51) had de-
scribed sup35 mutations which led to the “omnipotent suppres-
sor” phenotype. The sup35 mutants suppressed all types of
nonsense mutations, much like [PSI]. There was, however, no
apparent connection between SUP35 and [PSI].

Recently, Sup35p and Sup45p were shown to be the subunits
of the translation termination factor, responsible for recogniz-
ing termination codons and cleaving the completed peptide
from the final tRNA (88, 111). In the presence of a suppressor
tRNA, there is competition between (i) the recognition of a
termination codon by this suppressor tRNA, leading to inser-
tion of an amino acid and continuation of the peptide chain,
and (ii) recognition of the termination codon by the termina-
tion factor (Sup35p-Sup45p), and the resultant termination of
the peptide chain. Any sup35 or sup45 mutation that impairs
the function of these proteins will have the effect of increasing
the apparent efficiency of suppression of the nonsense muta-
tion.

Efforts to locate a nucleic acid corresponding to [PSI] were
unsuccessful (reviewed in references 22 and 24). The mito-
chondrial DNA, 2pm DNA, and the L-A and M double-
stranded RNA (dsRNA) viruses were easily ruled out, but the
L-BC dsRNA virus and 20S and 23S single-stranded RNA
(ssRNA) replicons were not tested. Early evidence that the
rDNA plasmid called 3p.m DNA was involved in [PSI] has not
been confirmed.
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FIG. 9. A prion in yeast or fungi is a protein acting as a gene. Prions pass
information from cell to cell by the transfer of the altered form of the protein.
They are, in that sense, proteins acting as genes. w.t., wild type.

Prion Genetic Criteria Satisfied by [PSI]

The precise parallel of the genetic properties of [PSI] to
those of [URE3], outlined above, led to the proposal that
[PSI], like [URES3], is a prion (102).

Reversible curing of [PSI]. Growth of cells carrying [PSI] in
high-osmotic-strength medium results in the curing of [PSI]
(87). Even without substantial cell growth, these conditions
result in the conversion of [PSI*] cells to [psi~]. Further in-
vestigation of this phenomenon showed that the [psi~ ] cells
generated were capable of becoming [PSI™] again at some low
frequency (64). Growth in the presence of 1 to 5 mM guanidine
HCl was found to also cure [PSI] (96), and it appeared that this
curing was irreversible, but later studies showed that even the
most thoroughly guanidine-cured strains could again become
[PSI*] without its introduction from another cell (13).

[PSI] induction by overproduction of Sup35. Overproduc-
tion of Sup35p, by introducing the gene on a high-copy-num-
ber plasmid, results in a suppressor effect in all cells. However,
after the plasmid has been lost from the cells, many of the
colonies are found to have become [PSI*], and the rate of
conversion to [PSI"] was estimated to be about 100-fold higher
than the spontaneous rate (13). That it is overproduction of
Sup35p and not the SUP35 mRNA or the gene in high copy
number that induced the de novo appearance of [PSI] was
shown by introducing a frameshift mutation in SUP35 which
abrogated the induction of [PSI] formation but had little effect
on SUP35 mRNA levels (34).

Phenotypes of sup35 mutants and [PSI] strains. As de-
scribed above, either the presence of [PSI] or a sup35 mutation
gives an “omnipotent-suppression” phenotype, with increased
readthrough of any translation termination codon. However,
certain sup35 mutants are unable to propagate [PSI] (92), and
a mutant selected for its inability to propagate [PSI] is altered
in SUP35 (36). As discussed above, this is the relationship
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expected if [PSI] is a prion of Sup35p, not if [PSI] is a nucleic
acid replicon dependent on Sup35p for its replication (102).

Dominance of [psi~] to [PSI*] in vitro

Extracts of yeast programmed with model mRNAs and sup-
pressor tRNAs read through the termination codons only if the
extracts are made from cells carrying [PSI] (93). Although the
[PSI] non-Mendelian genetic element, conferring increased
readthrough, is dominant to the wild type in vivo, the result in
the in vitro system is, surprisingly, the opposite. Mixing extracts
of [PST"] and [psi~] strains gives a mixture that behaves like
the [psi~ | extract alone, with very little readthrough (94). If
[PSI] were a nucleic acid replicon whose phenotype resulted
from its encoding a protein promoting readthrough, the in
vitro result should be like the in vivo result, with [PST*] dom-
inant to [psi~ |. We interpret this result as support for the prion
model for [PSI] (108). If [PSI] is a prion, it produces a phe-
notype by inactivation of the normal protein. The wild-type
extract should have the normal active protein and so should be
dominant in vitro. However, in vivo the altered prion form
appears dominant because it inactivates the normal form be-
fore the assay is done. The prion form could be dominant in
vitro only if conversion of normal to prion forms occurred
more rapidly than the reaction being measured. This appar-
ently was not the case.

Purification of the component from [psi | extracts that pro-
moted chain termination resulted in isolation of a ribosome-
associated factor (94) that fractionated like Sup35p (38).

N-Terminal Prion Domain of Sup35p

The C-terminal part of Sup35p is essential for growth and
has homology to elongation factor la (EF-1a), indicating that
it is this part of the molecule that is responsible for the trans-
lation termination function. In contrast, the N-terminal 253
residues are not essential for growth, and it is mutations in the
N-terminal 123 residues that result in failure to propagate
[PST] (31, 36, 92) (Fig. 10). By expressing fragments of Sup35p
from a plasmid in an initially [psi ] host, it was shown that
overexpression of the N-terminal domain is sufficient to induce
[PSI] (13, 34) and that deletions of the C-terminal part in-
crease the efficiency of prion induction by the remaining N-
terminal fragment (57). This result parallels that found in
[URE3], where deletions of the C-terminal part of Ure2p
dramatically increase the efficiency with which the N-terminal
prion domain induces the appearance of [URE3] (68).

The N-terminal prion domain of Sup35p, like that of Ure2p,
is quite rich in Asn and Gln residues, and Perutz et al. have
shown that polyglutamine, such as is found in some of the
triplet repeat diseases, can promote the aggregation of pro-
teins (82). In fact, the Asn and Gln residues of Sup35p are
critical for propagation of [PSI] (31).

Sup35p Aggregation in [PSI] Strains

Extracts of [PSI™] strains have most Sup35p in a rapidly
sedimenting form (77, 81). Moreover, Sup35pN-GFP fusion
proteins are aggregated in vivo specifically in strains with [PSI]
(77). In each case, the aggregation depends on the N-terminal
prion domain. This indicates that [PSI] concerns an aggregated
state of Sup35p.

Hsp104 and Other Chaperones and [PSI]

In a screen for plasmids whose overproduction altered the
efficiency of a weak suppressor in a [PSI™] strain, a clone of
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Hsp104 which eliminated the [PSI] effect was isolated (15).
Further investigation showed that overexpression of Hsp104
cured [PSI] while deletion of Hspl104 also cured [PSI] (14).
Hsp104 is one of the few true heat shock proteins in that it is
specifically involved in protecting the cell from heat shock and
is not otherwise necessary for growth (86). Hsp104 promotes
the disaggregation of proteins aggregated as a result of the
heat treatment (76).

The fact that Hsp104 levels are critical for propagation of
[PSI] both supports the prion model for [PSI] and suggests a
new avenue for treatment of prion diseases. While there have
been many suggestions that chaperones might be involved in
scrapie, the work of Chernoff et al. (14, 15) was the first proof
for involvement of a chaperone in any prion.

The mechanism of Hsp104 involvement in [PSI] is not com-

pletely resolved (Fig. 11). Overproduction of Hsp104 probably
eliminates [PSI] by disaggregation of the Sup35p complexes.
However, the positive role of Hspl104 in [PSI] propagation
could be either a direct role in catalysis of the formation of the
[PSI] form of Sup35p (14) or by facilitating the segregation of
the aggregated form to the daughter cells by breaking up a
single large aggregate into many smaller aggregates (81).
Although overexpression of Hsp104 cures [PSI] in up to 90%
of cells (14), heat shock and other treatments that induce the
high-level synthesis of Hsp104 do not detectably eliminate
[PSI] (87, 96). One possible explanation for this paradox is that
heat shock denatures many proteins, so that Hsp104 cannot
concentrate its efforts on Sup35¥S". Another explanation is that
other chaperones induced by heat shock prevent Hsp104 from
curing [PSI] (71). Specifically, overproduction of Ssalp, a
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FIG. 11. Possible roles of Hsp104 chaperone in [PSI] propagation. Hsp104
may be directly involved in the prion propagation reaction (top) or act to ensure
the segregation to all cells of some of the altered form by breaking a few large
aggregates into many smaller aggregates (bottom).

member of the Hsp70 family, partially blocks curing of [PSI] by
overproduction of Hsp104 (71).

In Vitro Propagation of [PSI]: Filament Formation
by Sup35p

Using lysates of a [psi™ ] strain as a source of normal Sup35p,
Paushkin et al. found that addition of small amounts of an
extract of a [PSI"] strain would induce the aggregation of the
normal Sup35p (79). The aggregation-inducing material was
purified and corresponded to the aggregated Sup35p in the
[PSI*] extract (79). The aggregated product of the conversion
reaction could be used to prime a new reaction, so that the
reaction could be continued apparently indefinitely.

In another approach, it was shown that the N-terminal prion
domain peptide of Sup35p, made in E. coli, could form fila-
ments in vitro with the properties of amyloid (55). Treating the
peptide at pH 2 with acetonitrile led to the formation of fila-
ments which were slightly protease resistant, had B-sheet struc-
ture, and showed green birefringence with Congo red. Al-
though no details were reported, it was said that similar results
were obtained with the Ure2p prion domain (55).

A third approach used Sup35p made in E. coli as the sub-
strate. This material, on dilution from denaturant into buffer,
spontaneously formed filaments after prolonged incubation
(46). It was shown that only fragments of Sup35p that con-
tained the prion domain could form filaments. The filament
formation was accelerated by addition of an extract from a
[PST*] strain but not by addition of an extract from a [psi~ ]
strain. Both of these facts argue that the filament formation
observed was related to the [PSI] phenomenon

The filaments formed by Sup35p'~'?* are 87 A in diameter,
while those of Sup35p'~> and the full-length protein are 115
and 170 A in diameter, respectively, although the value for the
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latter species varies depending on the ionic conditions (46).
Circular dichroism spectra indicate that the fibers have a struc-
ture rich in B-sheet. The Sup35' > fibers bind Congo red and
show the yellow-green birefringence typical of amyloid fibers
(63a).

Inhibition of [PSI] Induction by Sup45p Overexpression

Sup35p is one of two subunits of the translation termination
factor, the other being Sup45p. Sup35p has two binding sites
for Sup45p, one in the C-terminal essential domain and the
other requiring the N-terminal (N) prion domain and the mid-
dle (M) joining region (80). There is disagreement about
whether Sup45p is present in the Sup35p aggregates formed in
strains containing [PSI]. One group found Sup45p in such
aggregates, but only if the aggregates include Sup35p contain-
ing binding sites for Sup45p (80). The authors suggested that a
component of the suppression produced by [PSI] is the seques-
tration of Sup45p. Another group reported no difference in
sedimentation properties of Sup45p in [PSI] strains (77). A
third study showed that Upfl, a component of the nonsense-
mediated mRNA decay pathway, is also present in these [PSI]
aggregates (29).

Overexpression of Sup45p blocks the de novo formation of
[PSI] induced by the overexpression of Sup35p (32). This effect
is not due to lethality of [PSI"] strains with Sup45p overex-
pression, and [PSI] is not impaired in its ability to promote
suppression. On the contrary, overexpression of Sup35p slows
cell growth, particularly in [PSI"] strains, and this slowing is
reversed by overexpression of Sup45p. Furthermore, overex-
pression of Sup45p actually increases the efficiency of suppres-
sion in strains already carrying [PSI"], so that it is not
blocking detection of [PSI] or curing [PSI]. Finally, overex-
pression of Sup45p does not affect the [PIN] status of the
cell (see below) (32).

Because Sup35p is normally found as a heterodimer with
Sup45p, the blocking of [PSI] generation (but not propagation)
by overexpression of Sup45p suggests that it is free Sup35p that
is more likely to initiate the conversion to the prion form (32).

[ETA] and Strains of [PSI]

Scrapie strains, which show reproducible differences in in-
cubation time, distribution of brain lesions, and, in some cases,
physical properties of the PrPS¢ molecule, have been described
by several groups (see, e.g., references 7 and 9).

It has now been shown that there are different strains of
[PSI] (34). Different isolates of [PSI] from the same strain can
vary in their efficiencies of suppression, stability as judged by
frequency of spontaneous loss, and sensitivity to curing. [PSI]
isolates are classified as strong, moderate, or weak, depending
on their level of suppression. Strong isolates are more stable
and resist curing better than weak isolates do. Elimination of
[PSI] from strong and weak isolates and reisolation of new
[PSI] derivatives yields the same spectrum of strong and weak
isolates in each cured strain as in the original parent. This
shows that the differences among strains of [PSI] is not due to
a chromosomal mutation but is a difference of the [PSI] ele-
ment itself (34).

Liebman and All-Robyn have previously described a non-
Mendelian genetic element [ETA] as a factor that produced
lethality in combination with certain sup35 mutations (60).
[ETA] is, like [PSI], readily curable by guanidine HCI, but the
phenotypic properties of [ETA] are clearly distinguished from
those of [PSI]. It is now clear that [ETA] is a strain of [PSI],
since it depends on the N-terminal part of Sup35p for its
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propagation and is lost on overproduction or elimination of
Hsp104 (61, 110).

[PIN*], a Non-Mendelian Genetic Element Controlling
Inducibility of [PSI]

Although it is stated above that curing of [PSI] is reversible,
there is an apparent exception. Curing [PSI] by growth in the
presence of guanidine results in two types of cured colonies:
those that will again become [PSI"] when Sup35p is overex-
pressed (called Pin™ for [PSI] induction), and those that will
not (Pin™) (33). The Pin™ phenotype is dominant to Pin~ and
segregates 4Pin-+:0Pin~ in seven tetrads of a cross of a Pin™
strain with a Pin~ strain. Growth of Pin* cells on 5 mM
guanidine HCl results in conversion of over 90% of colonies to
Pin~. These results indicate that Pin™ is determined by a
nonchromosomal genetic element that the authors named
[PIN™] (33).

The curability by guanidine suggests that [PSI*] is a prion,
but it should be noted that growth in guanidine also frequently
results in mutations of mitochondrial DNA and that guanidine
blocks poliovirus replication (89). The prion model for [PIN™]
is supported by the finding that deletion of HSPI104 leads to
loss of [PIN*] (33). Unlike [PSI], [PIN"] does not depend on
the Sup35p N-terminal prion domain, leading to the suggestion
that it is a prion form of the C-terminal domain (33). This
possibility is difficult to test because the C-terminal domain is
essential for growth.

[Het-s] PRION CONTROL OF VEGETATIVE
INCOMPATIBILITY IN PODOSPORA

The [Het-s] non-Mendelian genetic element has been known
since the 1940s, but a recent reinvestigation of this phenome-
non has led to the proposal that it is in fact a prion necessary
for normal functioning of the fungal cell (21).

Discovery of [Het-s]

Filamentous fungi are capable of two forms of mating. Sex-
ual mating is designed to generate diversity through meiosis
and so occurs only between strains of different genotypes,
ensured by a requirement for differences at one or more mat-
ing type loci. Heterokaryon formation (or vegetative anasto-
mosis or hyphal anastomosis [anastomosis = fusion]) is a pro-
cess designed for the purpose of cooperation between
genetically identical individuals. When two fungal colonies
grow toward each other, their hyphae (cellular processes) fuse
to allow exchange of cytoplasm (and even nuclei, hence “het-
erokaryon formation”) between the two colonies. This hetero-
karyon formation allows sharing of nutrients, but it also allows
fungal viruses to pass from one colony to the other, a poten-
tially harmful event. Perhaps to prevent this infection, hyphal
anastomosis is genetically controlled so that only colonies iden-
tical at many different loci (nine et loci in Podospora) are able
to join. These close relatives would presumably already be
carrying the same viruses. When hyphal anastomosis occurs
between two individuals with differences at one or more het
loci, the first fused hyphae rapidly undergo degeneration and
death and form a barrier to further hyphal fusions. This is
called vegetative incompatibility and is a normal function of
most filamentous fungi (reviewed in reference 4).

Most of the ket loci controlling vegetative incompatibility are
unremarkable in that they show no unusual genetic behavior,
but one such locus, het-s, is different. There are two alleles of
het-s, called het-s and het-S, whose products differ by 14 amino
acids in a protein of 289 residues (97). Remarkably, a single
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Hyphae
fusing

het-s [Het-s*]
(no prion)

Hyphae fuse,
lethal reaction,
barrier formation

het-s [Het-s]
(prion-containing)

FIG. 12. The [Het-s] prion of Podospora and heterokaryon incompatibility.
Only cells carrying the [Het-s] prion can carry out heterokaryon incompatibility
(21). Modified from reference 103 with permission of the publisher.

difference at residue 33 is sufficient to impart the incompati-
bility (30). Rizet discovered that het-s strains could have either
of two phenotypes (85). Those called [Het-s] showed the in-
compatibility when paired with a het-S strain but could fuse
with any other het-s strain. In contrast, those designated [Het-
s*] were “neutral,” forming anastomoses equally with other
het-s strains or with het-S strains (Fig. 12).

[Het-s] acts like the presence of a non-Mendelian genetic
element, and [Het-s*] acts like its absence. When a het-s [Het-
s] strain undergoes hyphal anastomosis with a het-s [Het-s*]
strain, the [Het-s] trait quickly spreads through what was the
het-s [Het-s*] colony.

Two Prion Genetic Criteria Satisfied by [Het-s]

[Het-s] can be, in effect, cured by mating [Het-s] males with
[Het-s*] females. Because the male gametes are microspores
with essentially no cytoplasm, the nonchromosomal genetic
element [Het-s] is largely excluded and lost. However, from
these cured meiotic segregants, cells which have again acquired
the [Het-s] trait, which arises spontaneously with a frequency
of about 1077, can again be isolated (6). This is equivalent to
the reversible-curing criterion for prions.

Overproduction of the het-s protein leads to an increase in
the frequency with which [Het-s] arises (21). Indeed, deletion
of het-s leads to loss of [Het-s] and inability to propagate this
genetic element (21). This is the second of the expected prop-
erties of a prion.

Since deletion of the het-s gene does not result in the same
phenotype as the presence of the putative prion, [Het-s], the
third genetic criterion is not available in this system. This does
not, however, argue against [Het-s] being a prion of the het-s
protein. It means that [Het-s], like PrP5¢, produces a pheno-
type by a positive action, not simply by preventing the het-s
protein from carrying out its function.

Immunoblotting of protease-treated extracts of [Het-s*] and
[Het-s] extracts showed that the het-s protein in the latter was
substantially more resistant. This further supports the prion
model for [Het-s].
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Requirement of [Het-s] Prion for Normal Cell Function

The unique importance of the [Het-s] system is that the
prion form of the protein is required for a normal function of
the fungal cell. While scrapie, [URE3], and [PSI] are diseases,
[Het-s] makes cells able to carry out a function that is necessary
for their health. This suggests that other normal cellular func-
tions may involve a prion-like mechanism.

STRUCTURE-BASED INHERITANCE: CORTICAL
INHERITANCE IN PARAMECIUM
AND OTHER CILIATES

Paramecium and other single-celled ciliates have an outer
cellular layer called the cortex, on which is arrayed a specific
pattern of cilia. These organelles function in motility and ac-
quisition of food. Beisson and Sonneborn showed that acci-
dental disruptions in the normal pattern of cilia that occurred
in the process of cell division or mating were generally passed
on to the progeny of the cell which had the original altering
event (5). In an extension of this work, it was found that
surgical alterations of the pattern of cilia could be carried out
and would likewise be inherited. Similar results were later
obtained with other ciliates (49).

This constitutes inheritance of a cellular structure, and is
quite analogous to the inheritance of protein structures seen in
[URES3], [PSI], and [Het-s]. It is tempting to speculate that
other cellular structures that similarly template their own du-
plication will be found.

COMPARISON OF PRION SYSTEMS

Disease versus Normal Function

Scrapie is clearly a disease, and [URE3] causes slow growth
of yeast on media with a good nitrogen source. [PSI] does not
slow the growth of cells on the usual media, but it seems likely
that inappropriate readthrough of translation termination
codons is not adaptive except in rather exceptional circum-
stances. Indeed, Chernoff, Newnam, and Kumar (cited in ref-
erence 105) have found that [PSI™] cells are significantly less
viable in deep stationary phase (that is, in expired medium)
than are isogenic [psi | cells. [Het-s] is clearly a case in which
a prion is helping to carry out a normal cellular function.

Source of Prion Phenotype

[URE3] and [PSI] were identified as prions in part because
the phenotype of the presence of the prion corresponded to
that resulting from the absence of or insufficiency of the nor-
mal protein. In contrast, deletion of the Prnp gene encoding
PrP results in little or no change in phenotype (11). Likewise,
unlike [Het-s] strains, those with the het-s gene deleted have a
“neutral” phenotype, in which the fungus is able to form het-
erokaryons with either het-s or het-S strains. This implies that
while the phenotypes of [URE3] and [PSI] are produced by
simple inactivation of Ure2p and Sup35p, respectively, PrP*
and the Het-s protein are positively doing something that the
normal protein does not do, resulting in the observed pheno-
type or disease. All these prions are functionally dominant, in
a genetic sense, but in the case of [URE3] and [PSI], they are
dominant because of the propagation of the abnormal protein
form, while for scrapie and [Het-s] the prion form does some-
thing directly that produces the phenotype, much like the usual
genetic meaning of dominance.
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Prion Domain Sequences

For Ure2p and Sup35p, the prion domains have been well
delimited by extensive genetic studies, and in each case aspar-
agine and glutamine residues are important for prion genera-
tion and propagation (Fig. 10). However, neither PrP nor the
Het-s protein has asparagine-rich or glutamine-rich regions.
The sequences responsible for amyloid formation by several
proteins have been studied extensively, but it is not yet possible
to predict which sequences will form this special structure. The
availability of yeast prion systems promises to allow the isola-
tion of prion-forming sequences from a library of genomic
sequences, and this may lead to an understanding of what the
requirements are for amyloid structure.

Identification of Prions

Efficient, self-propagating in vitro amyloid formation has
been demonstrated for the Alzheimer’s disease AR peptide, for
amylin (non-insulin-dependent diabetes mellitus), for frag-
ments of immunoglobulin light chains such as cause amyloid
accumulation in multiple myeloma, for transthyretin, and for
others. In spite of intensive study, there is no evidence that any
of these diseases is infectious. Recently, it has been suggested
that many (or even most) proteins can form amyloid under
some in vitro conditions (18). Thus, this type of in vitro crite-
rion does not seem useful in identifying prions, although it is
certainly critical in studying the mechanisms of prion propa-
gation, since all prion proteins seem to form amyloid.

If one can purify and characterize the infectious material,
the biochemical route is available to demonstrate the presence
of a prion. This was the main approach taken initially for the
TSEs, but the experimental difficulties of this system left con-
siderable doubt.

The genetic approach to identifying prions has so far been
reliable. No known phenomenon satisfying the genetic require-
ments has been found to operate by another mechanism. While
both [URE3] and [PSI] appear to propagate by filament for-
mation, the genetic approach is independent of the precise
mechanism of propagation and may turn up prions based on
other mechanisms, such as covalent self-modification.

The basic mechanism that appears to underlie the scrapie,
[URES3], and [PSI] prions is that of formation of a linear crystal
that appears as a filament. The free energy released in joining
the crystal drives each of PrP, Ure2p, and Sup35p to change
their conformation substantially. What other cellular struc-
tures would be determined in this way? Microtubules are ca-
pable of assembling from tubulins in a number of different
forms in vitro, with the structure formed patterned after a
seed. Any regularly repeating structure might display this type
of feature.

Conclusions and Future Directions

It is evident that the study of yeast and fungal prions has had
a dramatic impact on the prion field. While doubts remain
about whether the infectious agent of scrapie is “protein only,”
this issue seems to have been settled for the yeast systems. A
role in heredity for prions was first detected in the yeast sys-
tems, largely because infection and heredity are the same thing
in yeast. Thus, there are genes composed of altered proteins
rather than nucleic acids. The involvement of chaperones in
scrapie has often been proposed, but the first clear evidence
for a role for a chaperone in a prion was that shown for Hsp104
in the [PSI] system. That both yeast prions appear to cause
amyloidoses is striking. Although mammalian prions are in-
triguing and important, they are a relatively rare cause of
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human disease. Amyloidoses are thousands of times more fre-
quent than are prion diseases, and these yeast systems are now
a useful model for these common disorders. The [Het-s] sys-
tem shows that normal functions can be determined by prions
and raises the possibility that such a mechanism is widely used.
Many problems are posed by these interesting systems. Is
Ure2p in [URE3] cells or Sup35p in [PSI] cells present in the
form of amyloid? Must all prions be amyloids or filaments?
Are other amyloid diseases due to prions? Can all amyloids be
prions? How does guanidine cure [URE3] and [PSI]? How
does high osmolarity cure [PSI]? What other prions are there?
Where are they likely to be found? What is the structure of the
Het-s protein in [Het-s] cells? Because of the difficulty of
carrying out structural studies on filaments, the detailed struc-
ture of amyloid (in all systems) remains a subject of conjecture.
It is expected that the yeast and fungal systems will continue to
contribute to the broader prion and amyloid fields.
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