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ABSTRACT

It is over 40 years since it was first reported that the yeast Saccahromyces cerevisiae
contains two unusual cytoplasmic ‘genetic’ elements: [PSF] and [URE3]. Remarkably the
underlying determinants are protein-based rather than nucleic acid-based, i.e., that they
are prions, and we have already learnt much about their inheritance and phenotypic
effects from the application of ‘classical’ genetic studies alongside the more modern
molecular, cellular and biochemical approaches. Of particular value has been the
exploitation of chemical mutagens and ‘antagonistic’ mutants which directly affect the
replication and/or transmission of yeast prions. In this Chapter we describe what has
emerged from the application of classical and molecular genetic studies, to the most
intensively studied of the three native yeast prions, the [PSF] prion.

INTRODUCTION

Genetic studies with Saccharomyces cerevisiae first revealed the existence of non-
Mendelian traits in this species over half a century ago with the discovery of the mitochon-
drial petite mutation.> A decade after the realization that the yeast cytoplasm contained
such a nucleic acid-based genetic determinant, two other cytoplasmic ‘genetic’ elements
referred to as [PS/*] and [URE3] emerged from yeast genetic laboratories in the UK and
France, respectively.>* These new determinants were also originally identified by their
non-Mendelian pattern of inheritance, but confounded researchers because they were not
associated with mitochondrial DNA nor with twoo other non-Medelian determinants,
namely “killer dsSRNA” and the 2-micron circle. There followed a period of considerable
speculation about the molecular nature of the underlying genetic determinants® and
it was not until some 30 years later that the ‘genetic’ determinants [PS/*] and [URE3]
were shown to be proteinaceous in nature rather than nucleic acid based i.e., they were
prions.® In this chapter we describe what has emerged from the application of classical
and molecular genetic studies, to the most intensively studied of the yeast prions, namely

the [PSI*] prion.

A SHORT HISTORY OF THE “y FACTOR’, A NOVEL NON-MENDELIAN ELEMENT

Discovery of the ‘Y factor’. As with many of the most important discoveries in science,
the ‘y factor’ (as the [PSI*] prion was originally known), was discovered by serendipity,
emerging from a genetic analysis of mutants of S. cerevisiae that suppressed nonsense
mutations. In these studies Brian Cox, then at the University of Oxford, was following
the inheritance of SUQ5 (also referred to as SUP16) a dominant nonsense suppressor and
was using suppression of the nonsense (UAA-ochre) ade2-1 allele to monitor inheritance
of the SUQS5 suppressor.? Cells carrying the ade2-1 allele usually form red colonies and are
adenine auxotrophs (i.e., Ade’) but in the SUQ5-carrying strains being studied by Cox,
this allele was suppressed by SUQ5 thereby giving Ade* cells that gave white colonies.
However, in genetic crosses in which SUQS5 was segregating, an unexpectedly high number
of haploid spores gave rise to white Ade* colonies with small red, Ade sectors. Subsequent
genetic analysis of these ‘nonsuppressed’ mutants led to the discovery of the “y factor’®”
with the nonsuppressed cells being designated Wy~ and the suppressed cells, y*.

The key genetic cross that resulted in Cox concluding that the ‘Y factor was a
non-Mendelian trait was one in which he crossed cells from one of the red sectors (with
the genotype SUQS5 ade2-1 ") to a white suppressed progenitor strain (with the genotype
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SUQ5 ade2-1 y*). The resulting diploid showed the suppressed
phenotype i.e., Y* was dominant to W, and all the haploid spores
emerging from the diploid after meiosis showed the same nonsense
suppression phenotype and a 4:0 pattern of inheritance (Fig. 1).
As expected, when the SUQ5 ade2-1 y* strain was crossed to an
ade2-1y strain lacking the SUQS5 suppressor, each tetrad contained
two white Ade* to 2 red Ade spores confirming that the SUQ5
mutation was still present in the strain and that the Wy* mutation was
not itself an efficient suppressor of ade2-1 in the absence of SUQ5.
Following up on his original observation, Cox went on to demon-
strate that a number of different laboratory strains were W, and that
the SUQ5 suppressor could also suppress other nonsense mutations
(e.g., his5-2, canl-100, lysI-1), but only if the strain carried the y*
‘mutation’. Subsequently it was shown that SUQ5 encoded a mutant
form of a serine-inserting tRNA with an altered anticodon sequence
such that it can decode the UAA (ochre) codon albeit inefficiently.’
The ade2-1 allele and the other suppressible alleles studied by Cox
contained premature ochre mutations within their coding sequences.
Certain nonsense alleles (e.g., ¢ycI-72) could also be suppressed by
[PSF] in the absence of a defined suppressor tRNA.?

The cytoplasmic location of the y factor. While a 4:0 pattern of
inheritance is entirely consistent with the Y factor having a genetic
determinant located outside the nucleus, nevertheless additional
evidence to support this hypothesis was needed, especially as genetic
studies by Young and Cox!® had shown that the y* mutation
was inherited independently of mitochondrial genome markers
such as erythromycin resistance (ery). The ‘classical’ method for
demonstrating transmission of a cytoplasmically-located genetic
determinant in fungi is cytoduction, but the formation of hetero-
karyons is not part of the yeast life cycle. The availability of the
karyogamy-defective mutant (the 427/ mutant, ref. 11) which blocks
the fusion of haploid nuclei from different parents during mating
but has no affect on plasmogamy, provided such a genetic tool with
which to confirm the cytoplasmic inheritance of the Y factor. In a
karl x KARI* cross, the parent cells fuse to form a cell containing
two haploid nuclei in a mixed cytoplasm and are the equivalent
of a dikaryon. New haploid daughter cells can emerge from the
binucleate cell, which contain one or other of the parental nuclei,
but in a cytoplasm contributed by both parents (Fig. 1). Applying
this cytoduction assay to an analysis of the inheritance of the y factor
showed that all haploid cytoductants segregating in a karl x KARI*
cross were ' irrespective of which parental nucleus was inherited
from the binucleate ‘heterokaryon’.!?

The unambiguous demonstration that the W factor was inherited
through the cytoplasm, but was not linked genetically to the mito-
chondrial genome, presented a new dilemma; what was the molecular
nature of the W factor? Several other nucleic acid species are found
in the cytoplasm of S. cerevisiae with the linear double-stranded
(ds) RNA genome of the ‘killer’ virus'? and the circular ds DNA
2 um plasmid'# being the two major species present. Yet a variety of
physical and mutagenesis studies failed to link the W factor with any
known nucleic acid ‘genome’’ although some intriguing prelimi-
nary evidence that Y~ cells could be transformed to y* using a DNA
fraction enriched for circular extrachromosomal forms of ribosomal
DNA (rDNA) repeats, the so-called 3 wm circles, was subsequently
reported by Dai et al.!®

Mutagenesis studies on the y factor. Early studies on chemical
or physical agents that caused a W' to Y~ mutation proved to be
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Figure 1. The yeast [PSH] prion is transmitted as an extrachromosomal
genetic element. The cytoplasm of [PSI*] cells contains a number of distinct
physical entities—propagons—that are necessary for the continued propaga-
tion of the [PSF*] state. When a [PSI] cell is mated to a propagon-free [psi]
cell (left panel) the diploid is [PSI*] and all four haploid meiotic progeny are
also [PSF]. When a [PSF] cell is mated to a [psi] kar1cell that is defective in
nuclear fusion (right panel) the resulting unstable heterokaryons generate new
haploid cells—cytoductants. At a frequency approaching 100%, such cyto-
ductants are [PSI*] irrespective of the haploid nucleus carried. NB: The nuclei
arising from fusion between two parental nuclei are shown with hatches.

haploid {
spores

informative albeit with the benefit of hindsight. On the one hand,
known DNA active mutagens such as ultraviolet light (UV) and
ethyl methane sulphonate (EMS) could induce this mutation but
only at a frequency expected of a single nuclear gene.>!” These data
strongly suggested that the y factor was dependent in some way on
a single nuclear gene and that single hit mutations could result in
permanent loss of the W factor. We now know that the gene is most
likely SUP35.

In contrast to the findings with classical nuclear mutagens, certain
non DNA active agents, in particular guanidine hydrochloride
(GdnHCI) a protein denaturant, and methanol, were found to
efficiently induce the Wy* to Y ‘mutation’ without any apparent
underlying mutagenic damage to DNA or RNA.!8 One of the
possible implications of the discovery of a class of mutagens active
against the W factor but not DNA was that the phenotype associated
with the presence of the y factor was the result of an “epigenetic
self-sustaining system” that could result in the cells adopting one
of two meta-stable states i.c., y* and y.> The self-sustaining y*
state could be perturbed either by mutation of a gene encoding a
component of that system or by chemically perturbing the system in
some other undefined manner.” As we now know, that ‘state’ (now
more typically referred to as [PSI*]) reflects the presence of altered but
self-perpetuating conformers of Sup35p, a cellular protein involved
in translation termination, that is encoded by the SUP35 gene.
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THE [PSI+] PHENOTYPE
As described above, the phenotype of a [PSI¥]

cell that is most widely exploited is that of nonsense
suppression and this phenotype is a direct consequence

of a defect in the translation termination machinery
in [PSI*] cells. The relative efficiency with which a

Weak suppression

Antisuppression

¥ =={NNN:UGA = UAA = ¥ % TTINNNZUGA |
aa-aa-aa-aa-aa-aa-aa-COOH aa-aa-aa-aa-aa-aa-aa-COOH
aa-aa-aa-aa-aa-aa-aaa-aa-aa-CClOH (<1%) I_."'"'--
[psi'] Allosuppression [PSP]
Efficient termination : > Inefficient termination

Strong suppression

P 0y .
COOH (5-25%) suppressor tRNA can translate any stop codons be it a

natural terminator ora premature stop codon, isdirectly
related to the ability of the tRNA to out-compete the
termination machinery in binding to the ribosomal A
site where the codon is positioned (Fig. 2). Yeast, as
for other eukaryotes, encodes two proteins, eRF1 and
eRF3, which constitute the functional release factor
that plays the central role in terminating protein

Figure 2. The molecular basis of the [PSI*]-associated nonsense suppression

When a stop codon arrives at the ribosomal A site it is efficiently recognised by the release

factor which in yeast and other eukaryotes is comprised of two proteins, eRF

eRF3 (Sup35p). There are some near-cognate tRNAs able to translate termination codons
albeit inefficiently and these are only usually detected when the termination machinery
is impaired as, for example, is the case in [PSH] cells or in sal mutants. Translation then
proceeds to the next inframe stop codon, which here is UAA. Right) If the cell encodes a
mutant tRNA which is able to recognise a defined stop codon i.e., a cognate nonsense
suppressor tRNA such as the SUQ5-encoded tRNASer 8, this tRNA is able to compete more
efficiently than a near-cognate tRNA with the release factor for the termination codon at the A

site. Again the efficiency with which the cognate suppressor tRNA competes g
if termination machinery is impaired.

[PSI*] is the prion form of Sup35p. In addition to proposing
that the non-Mendelian inheritance of the phenotypically unrelated
[URE3] determinant could be explained by the prion-like behavior
of the Ure2 protein (Ure2p), Wickner® also suggested that the
[PSI*] determinant might be due to a prion. Three independent
reports pointed firmly at the product of the SUP35 gene (the Sup35
protein-Sup35p) as the most likely candidate for the prion protein
associated with [PSF*]:'? (a) the discovery that mutations in the
SUP35 gene could result in cells no longer being able to maintain the
[PSI*] determinant i.e., they become [psi],2%2! (b) that mutations in
the SUP35 gene (originally known as sz/3 mutants, ref. 19) gave the
same phenotype as cells carrying [PS/*], and (c) that overexpression of
the SUP35 gene led to the de novo appearance of [PSI*] strains.??

Within three years of the original Wickner paper,® a number of
independent studies were published that provided important genetic
and biochemical data that supported the hypothesis that the [PSI*]
determinant (i.e., Cox’s mysterious W factor) is the prion form of
Sup35p?3-2> (recent reviews). The definitive proof of a protein-only
(prion) based mechanism for [PSI*] came with the demonstration
that introduction of a purified recombinant ‘prion-like’ form of
Sup35p into a [psi] cell by ‘protein transformation’ triggers a high
rate of conversion of those cells to a stable [PSI*] state.20:27

With the recognition that [PSI*] is the prion form of Sup35p,
many if not all of the unusual genetic properties that Cox described
for the  factor could be accounted for: non-Mendelian inheritance,
dependency on a nuclear gene, cytoduction and failure to associate
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synthesis in response to an in-frame stop codon.?8

eRF1 (encoded by the SUP45 gene in yeast) recog-
nises the stop codon positioned in the ribosomal A
site via its N-terminal domain. The central domain
of eRF1 interacts with the peptidyl-transferase centre
of the ribosome to trigger the hydrolysis of the pepti-
dyl-tRNA ester bond with the concomitant release of
the completed polypeptide chain and interacts with
eRF3 through its C-terminal domain.?® eRF3 stimu-
lates the termination reaction in a GTP-dependent
manner and although the precise role of eRF3 in
the termination reaction is not well defined, it may

phenotype. Left)

1 (Sup45p) and

reatly increased

be required for the coupling of stop codon recognition by eRF1 to
release of the polypeptide chain from the ribosome.?! Deletion of
cither the SUP35 or SUP45 gene is lethal although it is conceivable
that cell death is because one or both of these proteins may also
play essential nontranslational roles in the cell (example in ref. 32).

The strength of the nonsense suppression phenotype used
to monitor the presence of the [PS/*] prion, is the net result of
the interplay between three parameters (Fig. 2). Of paramount
importance is the relative efficiency with which a cognate (nonsense
suppressor) or near cognate (wild-type) tRNA is able to compete with
the translation termination machinery for the target nonsense codon.
In a [PSI*] strain, the termination machinery is defective most likely
because a high proportion (>90%) of Sup35p is present in the form
of prion aggregates,33’34 possibly preventing a functional interaction
between Sup35p and Sup45p (eRF1). Mutations in either the
SUP35 or SUP45 genes can also give the same termination-defective
phenotype. The other two parameters that can influence suppres-
sion efficiency are the compatibility of the amino acid inserted in
response to the stop codon with function of the encoded polypeptide
chain, and the nucleotide sequences immediately 5' and 3" to the
suppressible stop codon.3%-30

In practical terms the most straightforward measure of termination
efficiency is via a colony level analysis using strains carrying a
nonsense allele of either the ADET (e.g., adel-14YGA) or ADE2
(e.g. ade2-1UVAA) gene. In such strains high efficiency nonsense
suppression gives white Ade* colonies, while low efficiency nonsense
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Table 1 Nuclear genetic antagonists of the [PSI*]-
associated nonsense suppression phenotype
Gene Gene Product/Function

Antisuppressors (ASU)
ASUIT-8 tRNA modification
MOD5  Delta 2-isopentenylpyrophosphate:tRNA isopentenyl transferase,
tRNA modification
PSI-No-More (PNM)

PNM1  Hsp104, a molecular chaperone implicated in protein disaggre-

gation

PNM2  Allele of SAL3 (SUP35)

suppression gives pink colonies showing a weak adenine prototrophy.
Nonsuppressed strains will be red and adenine auxotrophs. A more
quantitative means of determining the efficiency on nonsense
suppression can be achieved through the use of plasmid-borne gene
fusions in which two assayable open reading frames (ORFs) are
separated by a stop codon; e.g., PGK-stop-lacZ,37 lacZ-stop-luc.?®
While the ability of the SUQ5 mutation to suppress ochre alleles
is absolutely dependent upon the cells being [PSI*], this is not
the case for a large number of other well characterised nonsense
suppressors. For example, there are several tyrosine-inserting ochre
suppressor tRNAs described e.g., SUP4, that can suppress ade2-1 and
other ochre alleles in a [psi] strain, but are lethal when crossed into
a [PSI] genetic background.?” This lethal phenotype presumably
reflects a synergism between the suppressor tRNA and the weakened
termination mechanism in the [PS/*] background that also leads to
efficient readthrough of naturally-occurring termination codons at

the end of ORFs.

NUCLEAR GENETIC ANTAGONISTS OF [PSI™]

The nonsense suppression phenotype that registers the presence
of the [PSI*] prion in a given strain provides a simple yet effective
means of screening for mutations that affect the ability of a cell to
propagate [PSI*]. Thus starting with either an adel-14 [PSI*] strain
or an SUQS5 ade2-1 [PSI*] strain, mutations that result in loss of
the diagnostic white Ade* phenotype can be readily detected by a
visual screen for red Ade™ colonies. Alternatively, positive selection
of nonsuppressed mutants can be achieved by using the suppressible
canl-100 allele; [psi] cells expressing this allele are resistant to
the toxic arginine analogue canavanine whereas in [PSI*] cells the
canl-100 allele is suppressed and cells become canavanine sensi-
tive. An alternative positive selectable marker for the loss of [PSI*]
has also been developed, based on #723-14, a nonsense allele of the
URA3 gene.40

Using such phenotypic screens, two basic classes of nuclear genetic
antagonists of [PSI*] have been identified that have arisen either
spontaneously or as a consequence of chemical or UV mutagenesis
(Table 1):

* ‘Psi-no more’ (PNM) mutants which lead to a loss in the ability
of a cell to propagate the [PSI*] prion and which in turn leads to loss
of the [PSI*] phenotype; and

* ‘Antisuppressor’ (ASU) mutants which mask the [2S7*] phenotype,
but retain the ability to propagate the prion form of Sup35p.

For both classes of modifier either dominant (gain-of-function)

104

Prion

l PNM mutants ‘ ‘ ASU mutants ‘

X al[PSPF] x
a [psi] ' a
PNM
zygote [PSF]
* formation ASU
]
RED .
@ diploid RED
o/a PNM/+ i alo ASU/+
[ps] [PSH]

P reo

[PSF] @ RED

AsSU haploid

[PSF] HITE spores
+

[PSr] WHITE

RED[Pff"]

haploid
spores

Figure 3. A genetic cross can differentiate between mutations that eliminate
the [PSI*] prion (PNM, ‘PSI-No-More’ mutants) and dominant antisuppressor
mutants (ASU). The diploid formed between a PNM mutant and a [PSH]
strain loses the ability to replicate the [PSI*] prion because it can no longer
efficiently produce the new propagons required. Consequently all of the
haploid meiotic spores do not inherit the ability to propagate the [PSI*] state
i.e., are [psi]. In contrast, in a cross between an ASU mutant and a [PSH]
strain, although the phenotype is the same as the PNM/+ diploid, the ASU/+
diploid still has the ability to generate new propagons. The reason the
nonsense suppression phenotype is not expressed is because these cells also
produce a significant level of soluble and functional Sup35p which ensures
that efficient translation termination occurs. Consequently those meiotic
spores that inherit the ASU mutation show a red nonsuppressed phenotype
whereas those that do not, show the [PSI*] phenotype.

or recessive (loss-of-function) mutants have been described and can
be differentiated on the basis of the different patterns of inheritance
shown (Fig. 3). Each class of mutant will be described in detail
below.

PNM Mutants. The first ‘PNM mutant to be described was
designated ‘R’ (red) and carried a dominant chromosomal muta-
tion that eliminated [PSI*] from cells.4! When the R mutant was
crossed to a [PSI*] strain not only was the resulting diploid [psi],
but so were all four spores (Fig. 3). However, for a given tetrad only
two of the spores retained the dominant PNM character whereas the
other two spores gave rise to cells with the normal genetic behavior
of a [psi'] strain i.e., were no longer ‘PNAM. The underlying genetic
defect in the R mutant was therefore nuclear in nature but resulted
in loss of the extrachromosomal [PSI*] determinant. The loss of the
[PSI*] determinant was not immediate because if a newly formed
[PSI*] x [psi] PNM zygote was abruptly induced to go into meiosis
i.e., without further rounds of cell division, a significant number
of [PSI*] spores can be found and the longer the diploid is grown
before meiosis is induced, the fewer the number of [PSI*] spores are
observed until most if not all spores give rise to [psi] cells.742

To date only two PNM genes (PNM1 and PNM?2) have been
identified via the genetic analysis of dominant ‘PNAM alleles. A
comprehensive screen for non-suppressing revertants of a [PSI*]
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specificity? & hydrolysis modulator & hydrolysis co-chaperones
Mutation  Hsp104 Defect Dominant/Recessive Ref
D184Y NBD1? ND 66
K218T NBD1 Recessive' 44
T317A NBD1, sensor 1 Recessive 81
K620T NBD2 Recessive' 44
E645T NBD2 ND 47,81
Y662A/K substrate threading ND 47,81
F722S NBD2 ND 80
N728A NBD2, sensor 1 Recessive 80
RB826M sensor 2 Recessive 83

Figure 4. Mutations within the molecular chaperone Hsp104 can give rise
to a ‘PSI-No-More’ phenotype. Upper: A schematic representation of the key
functional domains of Hsp104 showing the two nucleotide binding domains
(ATP; NBD1/NBD2) and the N-terminal (NTD) and C+erminal (CTD) domains
plus the linker region between the two NBDs. The proposed functional roles
of the different domains are indicated below. See refs. 45 and 46 for further
discussion on the functional organisation of Hsp104. Lower: mutations that
have so far been described which give a ‘PNM’ phenotype. The location of
the mutations is given together with an indication of whether the mutation
in question is dominant or a recessive with respect to the ‘PNM’ phenotype.
ND indicates that the dominance/recessive character of the mutant was
not reported.! The single mutations K218T and K620T are also dominant/
semi-dominant PNMs in some genetic backgrounds.

strain!? has also identified a large number of recessive pnm mutants
although the number of complementation groups these define is
not known. In contrast to a dominant PNM mutant, a recessive
pnm mutant yields a suppressed [PSI*] diploid when crossed with a
[PSI*] strain and the resulting diploid yields suppressed ([2S5/*]) and
nonsuppressed ([psi]) spores in various ratios but most typically 2
[PSI*]:2 pnm [psi].

The PNM1I gene. The PNM 1 gene is allelic to the HSP104 gene43
a finding that is in keeping with the earlier discovery that the product
of this gene, the molecular chaperone Hspl04, is essential for the
maintenance of the [PSI*] prion.44 Hsp104 is an ATPase that works
in combination with the Hsp70 and Hsp40 chaperone to remodel
proteins that have aggregated in stressed cells. Hspl04 therefore
plays an important role in helping cells recover from temperature
stress, but also functions at much lower temperatures to facilitate the
propagation of all three yeast prions. 546

A number of mutations in the HSP104 gene have been described
which result in a defect in [PSI*] propagation and these mutations
are usually located in one of the two domains implicated in ATP
binding and/or hydrolysis (Fig. 4) which is to be expected given
that this activity is crucial to Hsp104’s role as a protein disaggregase.

www.landesbioscience.com
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Some of the PNM alleles of HSP104 so far described, including a
gene disruption, are recessive with respect to the [PSI*] propagation
defect. However other alleles, for example the original PNM -1 allele
(described by Young and Cox, ref. 41) and a double mutation that
inactivates both nucleotide binding domains (the K218T/K620T),%4
both show a dominant phenotype with respect to [PSI*] loss.
Sequence analysis of the PNMI-1 allele has revealed mutations in
both nucleotide binding domains NBD1 and NBD2.43 A dominant
PNM phenotype is probably due to a defect in Hsp104 oligom-
erisation and/or the generation of nonfunctional Hsp104 hexamers
containing both mutant and wild-type Hsp104.

Recent studies have shown that the N-terminal region of Hsp104
(residues 1-147) is dispensable not only for [PS/*] propagation but
also protein refolding and thermotolerance?” indicating that this
region of the protein is not required to carry out these functions.
In contrast, any mutation in the HSP104 gene that leads to a PNM
phenotype impairs the disaggregase function of the chaperone and is
consistent with current models for the role of Hsp104 in prion prop-
agation, namely that the chaperone breaks down prion aggregates to
generate new prion seeds necessary for continued propagation of the
prion state. 4240

The PNM2 gene. The PNM2 gene is allelic to SUP35%' and
the discovery that a mutation in the SUP35 gene could affect the
maintenance of the [PS/*] determinant provided a crucial piece
of evidence that linked Sup35p with the [PSF*] prion.?021:23 The
PNM2-1 allele sequenced by Doel et al.?! contains a Gly to Asp
substitution at residue 58 near the amino terminus of the protein
in a region shown by deletion studies to be required for [PSI*]
propagation, i.e., in the prion-forming domain (PrD)20-48 (Fig. 5).
The mutation was in the second of five oligopeptide repeats located
between residues 41 and 97 of Sup35p; the so-called oligopeptide
repeat (OPR) region. This region of the Sup35p protein together
with the amino terminal Gln/Asn-rich 40 residues (also known as the
QN-rich-QNR-region) constitute the prion-forming domain that is
essential for the aggregation (the QNR region) and the continued
propagation (the OPR region) of the [PSI*] prion.*” Why the
mutant Sup35p encoded by the PNM2-1 allele (i.e., Sup35pTNM2-1)
has a dominant negative property with respect to prion propagation
remains to be established, but it has been noted that the degree of
dominance shown by this allele with respect to its PNM’ phenotype
is sensitive to the genetic background of the strain or the [PSI*]
variant present in the strain in which it is introduced.>®

As for the wild-type Sup35p, the Sup35p"NM21 protein is able
to induce [PSI*] de novo when overexpressed in a [PIN*][psi]
strain,®>! and can also form protein aggregates in vivo and
self-seeding amyloid-like aggregates in vitro.#*>! This shows that the
mutant Sup35pPNM2-1 protein is able to take up its prion form
but once established that form is not efficiently propagated. This in
turn leads to a mitotic instability and loss of [PSI*]. In a PNM2-1/+
heterozygote presumably mixed prion aggregates are formed which
are impaired in their role in propagation of the prion state.

In addition to the original PNM2-1 allele, several other PNM
alleles of SUP35 have been generated by random or site-directed
mutagenesis.’>>> Among the mutants described by De Pace et
al.32 were PNM alleles which contained single amino acid substitu-
tions located between residues 9 and 33 in the QNR region of the
Sup35p-PrD important for protein aggregation, rather than in the
OPR region where the PNM2-1 mutation lies. In the QNR region
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Figure 5. The prionforming domain of the Sup35p protein. (A) The 685
residue Sup35p protein has three regions defined by the locations of the first
three inframe AUG (Met) codons: the amino terminal N domain (residues 1-
123) that is absolutely required for the prion behaviour of the protein; the
highly charged middle region (M; residues 124-253) and the carboxyl-ter-
minal domain (C; residues 254-685) which carries the essential release
factor activity.2048 (B) Within the N domain lies a region, the so-called pri-
on-forming domain-which contains a region important for aggregation and
a separate but overlapping region important for propagation of the prion
state.48 The aggregation element contains a short peptide sequence based
around residues 7 to 13, that is highly amyloidogenic. The propagation
element contains five imperfect copies of an oligopeptide repeat sequence
(R1-R5). (C) The 'PSI-No-More’ mutant PNM2-1 carries a single amino acid
substitution (Gly to Asp) within repeat R2 of the propagation element. This
single substitution leads to a form of Sup35p that can still aggregate but can
no longer be efficiently propagated in most laboratory strains.20.48.50

mutants, the soluble mutant Sup35pPNM2-1

recruited into the prion-like aggregates of Sup35p but, importantly
also prevent the generation of new prion seeds required for continued
propagation of the [PSI*] prion.>> The PNM mutants reported by
King>? were single amino acid substitutions within the Sup35p-QNR
region, but these mutations had differing PNM properties depending
on the [PS/*] variant present in the strain (see below).

Surprisingly, even though single amino acid substitutions in either
the Sup35p-QNR or Sup35p-OPR regions can lead to a defect in the
propagation of the [PS/*] prion, the primary amino acid sequence of
the QNR+OPR regions of Sup35p per se, does not seem to be critical

for prion formation. This has recently emerged from a study in which

, molecules are poorly

the amino acid sequence of Sup35p between residues 3 and 114 were
‘randomized’ and the new ‘scrambled’ sequence used to replace the
wild type sequence. That these engineered Sup35p ‘mutants’ were
still mostly able to form and propagate the [PSI*] prion suggest that
it is the length and/or amino acid composition of the Sup35p-PrD
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that is critical for the prion-like behaviour of Sup35p, a conclusion
that emerged from parallel studies with the Ure2p prion protein.54
The apparent contradiction between these two sets of observations
remains to be resolved. Certainly large scale substitutions or deletions
within the adjacent OPR region can generate ‘pnm’ alleles of
SUP35.20:5%56 What the findings of Ross et al.>* may indicate is that
when Sup35p (and Ure2p) form amyloid-like fibres, the interacting
prion protein molecules may take up a parallel in-register B-sheet
structure rather than an anti-parallel structure.”’

Antisuppressor (ASU) mutants. While studies on the PNM
mutants have made important contributions to our understanding
of what makes a Sup35p a prion protein and the role of Hspl104
in propagation of the prion state, much less work has been done
on antisuppressor mutants which prevent the [PSI*] phenotype
from being expressed but without impairing propagation of the
[PSI*] prion (Table 1). Such mutants are distinct from the recessive
antisuppressor mutants originally described by McCready and Cox>®
since this latter class (which map to at least eight different loci,
designated ASUI-ASUS8) are most likely mutations that affect the
structure and/or function of the suppressor tRNA. For example, one
of the ASU genes (also called MOD?3) is required for the synthesis
of N6-delta 2-(isopentenyl) adenosine, a modified tRNA nucleoside
important for codon-anticodon recognition.>® Another class of yeast
antisuppressor described by Chernoff and colleagues®® were single
nucleotide changes in the 18S ribosomal RNA that reduced the
efficiency of the nonsense suppression associated with certain sup35
and sup45 alleles that give rise to an omnipotent suppression pheno-
type that results in suppression and hence readthrough of all three
stop codons. The molecular basis for the recessive antisuppression
phenotype seen in both the tRNA modification and 18S rRNA
mutants is most likely that they reduce the efficiency with which a
suppressor tRNA or a naturally-occurring suppressor tRNA competes
with the release factor-mediated termination event for the premature
nonsense codon (see Fig. 2). There is no evidence that these recessive
antisuppressors affect the propagation of the [PSI*] prion.

Single amino acid substitutions within the Sup35p-PrD>?
or deletion of the Sup35p-PrD?0,%855 can lead to a dominant
antisuppressor phenotype in a [PSI*] cell. This is because these
mutations generate forms of Sup35p that remain largely soluble
because the efficiency with which they are seeded by the endogenous
[PSI*] Sup35p seeds in vivo and their ability to form amyloid fibrils
in vitro are dramatically reduced.>? The soluble Sup35p™SY molecules
still contain the functional C-terminal region of the Sup35p mole-
cule required for translation termination and their presence in a cell,
irrespective of whether or not the cell is [PSI*], results in a shift in
the balance towards termination and against nonsense suppression
i.e., antisuppression. This contrasts with Sup35pP NM2-1 molecules
which can interact with the endogenous [PS7*] seeds but, in so doing,
block the ability to generate the new seeds required for continued
propagation. 41,52

Guanidine hydrochloride-induced [psi] mutants. Even before
the [PSI*] determinant had been identified as a ‘protein-only’
element, a number of chemical agents that were not mutagenic for
DNA or RNA-based determinants, had been identified that resulted
in efficient elimination of the [PSI*] determinant from growing
cells. These agents include methanol, dimethyl sulphoxide,18 high
osmolarity,®! the kastellpaolitines®?
disruptor, latrunculin A03

and the actin cytoskeleton
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By far the most effective [PSI*] ‘curing agent’ described, and the
one we best understand in terms of mode of action, is the protein
denaturant guanidine hydrochloride (GdnHCI). When GdnHCI is
added to growing [PSI*] cells this results in an essentially prion-free
[psi’] culture after 10 to 12 generations of growth with the [psz] cells
appearing only after 4 or 5 generations of growth. 804 The emergence
of [psi] cells appears to be a consequence of the GAnHCI inhibiting,
even at low concentrations (1-5 mM), the key ATPase activity of
the molecular chaperone Hsp104.95-%7 This in turn results in an
inability of the [PSI*] cell to generate the new prion seeds required
for continued propagation of the [PSI*] prion. Consequently, the
seeds present in the [PSI*] cell at the time the GdnHCI is added,
are diluted by cell division and, eventually, seed-free and hence
prion-free [psi] cells emerge. For a detailed discussion of this mecha-
nism and how it can be exploited to gain insights into the nature of
the [PSI*].

[psi] mutants generated by treatment of [PSI*] cells with these
chemically diverse collections of compounds do not undergo any
permanent change in their nuclear genotype that blocks prion
propagation.'® This can be shown by the reintroduction of prion
seeds back into the [psi] mutant by either genetic back crossing or
cytoduction (Fig. 1) which in both cases reestablishes a stable [PSI*]
cell. While the [psi] mutants induced by most of these agents are able
to revert spontaneously to [PSI*] at a frequency of approximately 10>
to 1079, those induced by GdnHCI treatment do not revert sponta-
neously back to [PSI*] at any detectable frequency.%$%° Although at
the time this observation was made it was thought that this was due
to a physical deletion of the [S/*] ‘determinant’, we now know that
the reason is that the GdnHCI treatment also eliminates all other
prions from the yeast cell including the [PIN*] prion that facilitates
the de novo formation of [PS/*].7%71 That spontaneous reversion to
[PSI*] is seen with other chemically-induced [psi] mutants would
suggest that these ‘mutagens’ act on a different target that only affects
the [PSI*] prion and do not generate [pin] cells.

[PSI*] ‘'VARIANTS': MUTANTS WITHOUT GENETIC CHANGE

One of the more remarkable properties of prions both in yeast
and in animals is that they can exist in different conformational states
that modify the associated neuropathology of the disease (for animal
PrP) or the associated phenotype (as is the case for all three yeast
prions).”? In yeast such prion strains are referred to as ‘variants in
order not to confuse them with yeast ‘strains’ that may have different
phenotypes due to underlying differences in genotypes: yeast prion
variants show different phenotypes but the amino acid sequence of
the prion protein is identical in the different variants.

Yeast prion variants were first described for [PS*] by the Liebman
group when they noted that [PS/*] strains generated de novo in the
same experiment often had different yet stably inherited phenotypes
as defined using suppression of the adel-14 marker i.e., colony color
and degree of adenine prototrophy.”%”! Two basic [PSI+] variants
have been described and are usually referred to as ‘weak’ and ‘strong’
reflecting directly the efficiency of nonsense suppression: weak
variants show low efficiency of suppression (i.e., strong translation
termination) while strong variants show efficient suppression.”%/173
Prion variants also show other readily scorable differences; for
example weak variants show reduced mitotic stability and an elevated
amount of soluble Sup35p compared with a strong variant.”?
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The first clue to the physical basis for distinct yeast prion variants
came from in vitro seeding studies which showed that the Sup35p
aggregates found in a weak [PS/*] variant are less efficient at seeding
soluble Sup35p than aggregates from a strong [PSI*] variant.” This
difference in the efficiency of Sup35p conversion would therefore
lead to weak variants having higher levels of soluble Sup35p,
which is the case.”?> The higher proportion of soluble-and therefore
functional-Sup35p in the weak variants would give the characteristic
antisuppressor, low efficiency suppression phenotype (see Fig. 2 and
previous section). Direct conformation that the different [PSI*]
variants result from distinct yet heritable conformers of Sup35p came
from two groups using novel ‘protein transformation’ assays.2%%’
Tanaka et al.?® generated in vitro, distinct amyloid-like forms of
a recombinant fragment of Sup35p derived from the N-terminus
(Sup35NMp; Fig. 5), by using different temperatures for the
polymerisation. When these different forms of Sup35NMp were
introduced into [psi] cells, they gave rise to distinct [PS/*] variants
that were stably propagated over many subsequent generations of
growth. For example, Sup35NMp aggregates formed at 4°C gave rise
to strong variants whereas aggregates that formed at 37°C gave rise
to weak variants. Therefore the Sup35p protein can take up at least
three different self-replicating conformational states each of which
results in different levels of soluble Sup35p in the cell and hence
different [PSI*]-associated phenotypes.

An elegant model to explain the physical basis of prion variants in
yeast has recently been presented by Weissman and colleagues.”* In
this model—which they validate experimentally—different variants
are generated as a consequence of the dynamic interplay between
several different parameters including conformation-dependent
differences in the rate prion aggregates are formed in the cell and
the rate of fragmentation. The Sup35p aggregates in a strong variant
grow more slowly than the aggregates found in the weak variants,
but the key difference is the fragility of the aggregates formed; in the
strong variant these aggregates are much more susceptible to breakage
than the faster forming aggregates in the weak variants and so the
number of prion seeds was greater in the strong variants.”# It remains
to be seen whether this model can also explain different mammalian
prion strains.

While most studies on [PSI*] variants compare weak vs. strong,
several other [PS/*] variants have also been described. For example
King53 described three different [PS/*] variants that showed distinct
phenotypes when introduced into a series of different yeast strains
carrying defined s#p35 mutations. As with the weak and strong
variants, protein aggregates from strains carrying these [PS/*] variants
(called [VH], [VK] and [VL]) could be used to infect [psi] cells
and the resulting [PSI*] cells had the phenotype associated with the
original variant. Sup35p fibrils formed by these variants also show
distinct conformational differences.”>

The existence of stable [PSI*] prion variants which have identical
nuclear genotypes but which show significant differences in the
efficiency with which the translation termination machinery can
recognise a stop codon amply illustrates the epigenetic nature of the
yeast [PSI*] prion and also the potential and varied impact the prion
can have on cell phenotype.
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TRANSLATION TERMINATION IN [PSI*] STRAINS

The [PSI*] prion provides the yeast cell with a novel epigenetic
mechanism with which to modulate translation termination thereby
facilitating the translation of in-frame stop codons. This of course
raises two important evolutionary questions: “Why would such
a mechanism have evolved?” and “What evolutionary benefit—if
any—does it confer?” These questions are addressed in the chapters
by Wickner et al. and Zhouravleva et al.

As is now well established, [PSI*] strains show a measurable defect
in translation termination as defined by their ability to suppress a
range of nonsense alleles i.e., in [PSI*] strains the ribosome is able to
translate stop codons, albeit inefficiently (see above). Yet it must be
remembered that all 6000+ ORFs in the yeast genome are terminated

by a stop codon. Any efficient translation of a natural terminator ~ '°
would result in the addition of C-terminal sequences to the encoded  ;
polypeptide chain. This in turn could have an adverse effect on
function, turnover and/or localisation of that polypeptide. This — '2
presumption is well supported by several observations; for example, 3
the reported lethal interactions between certain efficient suppressor
tRNAs and [PSF*]?? (see above) and between sa/3 alleles of SUP35 4
and [PSL+].19 s

Can translation readthrough of a natural terminator actually
occur in a [PSI*] strain? Analysis of natural terminators at the 3' ends 16
of validated yeast ORFs has indicated that there is an over represen- 7
tation of in-frame stop codons 3' to the authentic terminator. Such
‘tandem stops’ should reduce any potentially detrimental effects of '8
efficient readthrough.”®77 This is not the case for all natural termi- 19
nators however; for example the yeast genome contains a number of 20
instances of two ORFs separated by a stop codon and in 8/58 cases
reported by Namy et al.3378 there was a high level of readthrough ;.
of the terminator separating the two ORFs (efficiency between 3
and 25%). Intriguingly only two of these eight showed a significant .
reduction in readthrough in a [psi] strain suggesting that there might
also be [PSI*]-independent modulation of termination in yeast. There
has also been a report that readthrough of the UAG terminator of the ;z
S. cerevisiae PDE2 gene that encodes a high affinity cAAMP phosphodi- 5.
esterase generates a modified form of the protein that is C-terminally
extended by 20 residues and is unstable compared to the ‘normal’ 2%
Pde2p product.®® In a [PSI*] strain translation readthrough of the ;.
‘natural’ PDE2 stop codon was elevated some 20-fold compared to
a [psi’] strain and the consequence of readthrough was an increase 2
in the cellular concentration of cAMP38 [PSI*] may have its pheno-
typic effects via changing readthrough of only a small number of
‘natural’ terminators in yeast mRNAs. A further possibility is that 2
the [PSI*]-induced phenotypic variation may also reflect changes
in the rate of decay of mRNAs whose natural terminators are being 30
readthrough, so-called ‘nonstop mRNA decay’.””

The very existence of the [PSI*] prion in laboratory strains of 31
S. cerevisiae is therefore something of an evolutionary puzzle, but
nevertheless provides researchers with a powerful tool with which 2
rapidly to explore some of the key questions in prion biology: what
makes a prion, how is the prion state propagated and how does a cell 3%
react to the presence of a prion? Discovering why it exists may be
somewhat more of a challenge. 34,

35.
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