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How a genotype and its environment interact to yield 
a phenotype poses a vast epistemological gap. Proteins 
that exhibit conformational diversity and contingent 
functional multiplicity increase the dimensions of PHE

NOTYPIC SPACE encoded by any given genome1. Protein 
folding can therefore radically alter the trajectories 
that connect genotype and phenotype, modify ADAP

TIVE LANDSCAPES and influence evolution. Extraordinary 
conformational diversity is embodied by prions2, which 
are unusual proteins that can traverse between, and exist 
stably in, many functionally distinct conformations, at 
least one of which is self-replicating. Prion CONFORMERS 
operate as a template for other conformers, usually of 
the same amino-acid sequence, to acquire the prion con-
formation, and these, in turn, are templates for others, 
creating a protein-folding chain reaction (FIG. 1a; BOX 1. 
This self-replication of conformational information ena-
bles prions to act as genetic elements with the ability to 
transmit disease2, encode heritable phenotypic traits3 or 
encrypt molecular memories4. That prions are a conduit 
for the replication of heritable information places them 
in the CODICAL DOMAIN, more commonly regarded as the 
territory of DNA or RNA, and potentially empowers 
prions to operate as units of selection.

Overwhelming evidence now supports the prion 
hypothesis and most scholars accept the existence 
of prions2–8. However, it is repeatedly suggested that 

the ultimate vindication of the prion hypothesis will 
lie in the de novo generation of prions in vitro using 
purely recombinant or synthetic polypeptides5. Here, 
we spotlight recent achievements that begin to realize 
this goal. Furthermore, we describe how information 
transmitted by prions can be regulated, confer evolu-
tionary advantages and might even underlie long-term 
memory formation. We then speculate on the poten-
tially widespread incidence of prion-encoded switches 
in cell behaviour, development and evolution.

Origins of the prion hypothesis 
Mammalian prions. Prions underpin several fatal 
transmissible, genetic and sporadic neurodegenera-
tive diseases that afflict mammals2,5. These spongiform 
encephalopathies include: Creutzfeldt-Jakob disease 
(CJD), Gerstmann-Sträussler-Scheinker syndrome 
and kuru in man; chronic wasting disease (CWD) in 
deer and elk; scrapie in sheep; and bovine spongiform 
encephalopathy (also called ‘mad cow’ disease) in 
cattle5. Disturbingly, prion diseases can be transmitted 
from cattle to humans by means of the food chain5. 
In the United Kingdom, more than 150 people have 
died of variant CJD, the prion disease transmitted 
to humans through prion-contaminated beef. In the 
United States, the horizontal transfer, increasing inci-
dence and broadening geographical range of CWD in 
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PHENOTYPIC SPACE 
A multi-dimensional 
continuum of all possible 
phenotypes.

ADAPTIVE LANDSCAPE
A graph of the average fitness of 
a population in relation to the 
frequencies of genotypes in the 
population.

CONFORMER 
Any of two or more isomers 
that differ only in their three 
dimensional conformation.
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CODICAL DOMAIN 
The domain of natural selection 
dealing solely with self-
replicating information as 
opposed to material entities.

cervids and its potential transmission to livestock and 
humans, looms as a serious public health threat5.

The causative agent of these diseases is unlikely to be 
nucleic-acid based because it is extraordinarily resistant 
to nucleases and UV radiation2,5,9. These observations 
invoked several diverse hypotheses concerning the 
composition of the infectious agent, which included 
the ‘protein-only’ hypothesis2,5. Infectivity is sensitive 
to agents that inactivate proteins, strongly indicat-
ing a protein-based infectious agent (abbreviated to 
prion)2,5. Speculations10 were found to be prescient 
once biochemical purification of the infectious agent 
revealed protein aggregates that were virtually devoid 
of nucleic acid and were composed principally of one 
protein2,5,11. The conundrum of how a protein could 
confer infectivity was solved when it was shown to be 
an endogenous host protein, termed prion protein2,5,11 

(PrP). Infectivity, therefore, only required PrP to 
encode self-templating conformational information.

PrP is ubiquitously expressed in its normal, α-heli-
cal cellular form, termed PrPC (see TABLE 1 for prion 
nomenclature), as a glycosylphosphatidylinositol-
anchored plasma membrane glycoprotein, the func-
tion of which is still obscure5. Although spontaneous 
prion diseases afflict about one in a million people 
per year, several independent missense mutations in 
the PrP ORF almost guarantee the development of 
disease12. Conversely, the deletion of the gene that 
encodes PrP renders animals resistant to prion dis-
eases13,14. When linked to infectivity, PrP generally 
adopts an altered, protease-resistant, β-sheet-rich, 
polymeric conformation known as PrPSc REFS 5,15 (see 
TABLE 1 for prion nomenclature). PrPSc propagates by 
converting PrPC molecules to the PrPSc state (FIG. 1a), 

Figure 1 | The prion hypothesis and the yeast prion [PSI+]. a | A nucleation event stabilizes protein conformers in an altered 
self-replicating prion conformation. The probability of nucleation is dictated by kinetic and thermodynamic considerations and is 
exceptionally unlikely for most proteins in physiological settings. Once formed, the nucleus, or ‘seed’, recruits other conformers 
(that are probably in a transiently unfolded state) and converts them to the self-replicating conformation. The nucleus then increases 
in size to become an AMYLOID fibre and continues to convert other conformers to the self-replicating conformation at the fibre ends. 
Amplification of conformational replication is achieved by the fragmentation of fibres to liberate new ends. Fragmentation also allows 
the dissemination of infectious material. b | In Saccharomyces cerevisiae [psi–] cells, the translation-termination factor Sup35 
functions with Sup45 to recognize stop codons and terminate translation. Cells that carry a premature stop codon in their ADE1 
gene do not make functional Ade1 and accumulate a red metabolite. By contrast, in [PSI+] cells most Sup35 protein is sequestered 
in self-replicating prion fibres, and is unable to participate in translation termination. Consequently, some ribosomes read through 
the stop codon and functional Ade1 is produced. [PSI+] cells therefore produce white colonies and can grow on adenine-deficient 
medium. The red/white colony assay is convenient and frequently used, but [PSI+] can also suppress a wide range of other stop 
codon mutations. [PSI+] increases the efficiency of readthrough by ~0.2–35%, depending on the specific [PSI+] variant, yeast strain 
and stop codon in question67–69. Modified with permission from REF. 156 © (2000) Elsevier Science. c | Prion fibres form only after a 
characteristic lag phase in reactions that are not seeded (blue). By contrast, prion fibres form rapidly without a lag phase in reactions 
seeded with small quantities (2% w/w) of prion fibres (red).
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HETEROKARYON 
Any cell with more than one 
nucleus and where the nuclei 
are not all of the same genetic 
constitution, or a tissue 
composed of such cells.

AMYLOID 
A general term for protein 
aggregates that accumulate as 
fibres of 7–10nm in diameter 
with common structural 
features including: β-pleated 
sheet conformation, resistance 
to detergents and proteases, 
and the ability to bind such 
dyes as Congo red and 
Thioflavin T and S.

and this process, once initiated in multiple cell types 
of the central nervous system (CNS), eventually elicits 
severe neurodegeneration13,14.

Fungal prions. Although the putative behaviour of 
PrP was initially considered highly anomalous, the 
transmissible character of mammalian prions proved 
instructive in understanding two non-Mendelian 
traits in Saccharomyces cerevisiae, namely: [PSI+] (see 
TABLE 1 for prion nomenclature), which suppresses 
nonsense codons16 (FIG. 1b), and [URE3] (see TABLE 1 
for prion nomenclature), which inhibits nitrogen cat-
abolite repression17 . Both traits were discovered ~40 
years ago and vexed yeast geneticists for just as long 
as prion diseases baffled neuropathologists. Attempts 
to attribute these traits to known non-Mendelian ele-
ments — including viruses, episomes or mitochondrial 
genes — failed. Instead, [PSI+] and [URE3] are due to 
self-replicating conformations of proteins encoded by 
chromosomal genes: Sup35 (a translation-termination 
factor6) in the case of [PSI+]; and Ure2 (an antago-
nist of the transcriptional activators Gln3 and Gat1) 
in the case of [URE3] REF. 7 TABLE 1. The fact that 
these traits are due to self-replicating conformations 
of endogenous proteins (prions) suddenly resolved a 
panoply of otherwise irreconcilable data6,7 BOX 2.

Since the revelation that [PSI+] and [URE3] are 
encoded by prions, another yeast prion, [RNQ+], has 
been elucidated18. Similar to [PSI+] and [URE3], the pro-
tein determinant of [RNQ+], Rnq1, contains a glutamine 
(Gln)/asparagine (Asn)-rich prion domain BOX 2. Other 
Gln/Asn-rich domains have also been shown to confer 
prion behaviour19,20 TABLE 1. However, not all prions 
contain a Gln/Asn-rich domain TABLE 1. For instance, 
the filamentous fungus Podospora anserina harbours the 
non-Mendelian genetic element [Het-s], which is com-
posed of prion conformers of the HET-s protein, which 

lacks a Gln/Asn-rich domain7,21 (see TABLE 1 for prion 
nomenclature). The [Het-s] prion functions in a geneti-
cally programmed cell-death phenomenon, termed 
HETEROKARYON incompatibility, which occurs when two 
fungal strains of different genotypes fuse7,21.

Unifying features of mammalian and fungal prions. 
A crucial unifying facet of prions is a high propensity 
to assemble into self-propagating AMYLOID fibres under 
physiological conditions, both in vitro18,22–25 BOX 2 and 
in vivo11,26–33. The amyloid conformation confers char-
acteristics of aggregation, protease-resistance, sodium 
dodecyl sulfate (SDS)-insolubility, Congo-red and 
Thioflavin-T binding, and β-sheet-rich structure22–25,34,35. 
For the known yeast prions, amyloidogenesis is driven 
by their Gln/Asn-rich domains18,23,24 BOX 2. In vitro, pri-
ons assemble into amyloid fibres after a characteristic lag 
phase, which is eliminated by the addition of preformed 
fibres (seeding)18,22–25,29 (FIG. 1c). This seeded catalysis of 
polymerization is crucial for prion infectivity and con-
formational replication. Furthermore, prions assemble 
into an ensemble of related, but structurally distinct, 
transmissible states15,22,33,36,37. Electron-microscopy 
studies have shown that Ure2 and NM (the N-terminal 
prion and middle domains of Sup35) fibre populations 
contain a diverse range of self-perpetuating fibres that 
have distinct morphologies23,24,38,39. Such differences in 
structure might help to explain23 the confusing prion 
‘strain’ or ‘variant’ phenomena BOX 3.

Definitive evidence for the prion hypothesis 
Recent advances validate the prion hypothesis and 
explain prion-strain phenomena. Definitive evidence 
for the prion hypothesis requires the nascence of 
prion conformers in vitro, using purely recombinant 
protein, to infect or transform cells that do not have 
the prion5,25,33,36,37,40. The failure to accomplish this with 
recombinant PrP and wild-type animals endures as the 
largest concern for the mammalian prion hypothesis. 
However it has been actualized for [Het-s] REF. 25 and 
[PSI+] REF. 33,36, and this leaves no doubt that amyloid 
fibres alone can harbour prion infectivity.

The feat was first accomplished for the [Het-s] 
prion. Transformation of prion-free P. anserina with 
amyloid fibres formed from recombinant HET-s protein 
(see TABLE 1 for prion nomenclature) induced [Het-s] 
with ~100% efficiency25. Importantly, neither soluble 
HET-s nor amorphous HET-s aggregates (formed by 
heat or acid denaturation) induced the prion, nor did 
amyloid conformers of other proteins25. Limited prote-
olysis of HET-s fibres produces fibres composed of the 
C-terminal fibre core (amino acids 218–289), which 
also induce [Het-s], confirming that the amyloid core 
drives conformational replication25.

Transformation of [psi–] yeast with amyloid fibres 
composed of the prion domain of Sup35 efficiently 
induces [PSI+] REFS 33,36. Soluble NM does not induce 
[PSI+]. Importantly, [PSI+] is induced by NM fibres 
with equal efficiency in [pin–] and [PIN+] cells36 BOX 
4, showing that [PSI+] is induced by prion conform-
ers of NM and not by simply increasing intracellular 

Box 1 | Related self-perpetuating protein-based phenomena

Other types of self-perpetuating protein-based phenomena not related to the 
conformational replication of prions are known. A transcription factor that activates 
its own transcription could create self-perpetuating heritable phenotypes if 
introduced into a system in which it is not usually expressed10. Examples include 
MyoD, which directs muscle differentiation and stimulates its own synthesis103; and 
MEC-3, a homeobox protein of Caenorhabditis elegans that also directs its own 
synthesis104. An autoactivating zymogen (or any autoactivating enzyme), such as 
protease B, can be self-perpetuating if the active form is introduced into systems that 
only contain the inactive form117. Self-perpetuating states can also be established in 
autophosphorylation reactions101 and are complex, emergent properties of signalling 
networks102. Several non-Mendelian elements in fungi might be attributable to 
these (or other) types of self-perpetuating phenomenon, or might be due to the 
conformational replication of prions, such as: [cif], a non-chromosomal element of 
Schizosaccharomyces pombe that engenders cell viability in the absence of calnexin 
(a chaperone that resides in the ER)118; [GR], a cytoplasmically transmitted element of 
Saccharomyces cerevisiae that confers glucosamine resistance119; [C+], a cytoplasmically 
inherited element of Podospora anserina that inhibits mycelial growth120; [KIL-d], an 
epigenetic factor of S. cerevisiae that regulates killer virus gene expression121; and 
[ISP+], a nonchromosomal element of S. cerevisiae that restores translation-
termination fidelity in cells that carry recessive mutations in their SUP35 gene (which 
encodes a translation-termination factor)122.
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NM concentration36. Furthermore, this transforma-
tion procedure has allowed the direct assessment of 
whether NM fibres of different conformations encode 
distinct prion variants33,36 BOX 3. 

Exciting progress has also been made in generat-
ing synthetic PrP conformers that induce disease in 
transgenic mice37,41,42 (and see Note added in proof). 
Inoculating amyloid conformers of a synthetic PrP 
peptide (comprising amino acids 89–143 (PrP 89–143) 
with the disease-associated P101L mutation) into 
the brains of mice expressing the PrP P101L mutant 
allele induces more rapid disease onset41. Non-amy-
loid conformers have no such effect41. Furthermore, 
recombinant mouse PrP 89–230 amyloid fibres induce 
neurodegenerative disease when they are injected 
intracerebrally into transgenic mice that overexpress 
PrP 89–231 REFS 37,42,43. Intriguingly, seeded and 
unseeded fibres might encode different prion strains37. 

The generation of synthetic prions will facilitate the 
precise definition of which protein conformations 
confer prion status. For example, are prions always 
amyloids BOX 5?

Primordial amyloid?
Clearly, amyloid conformers can embody prions, at least 
in yeast. Amyloid conformers of specific proteins are 
also connected with several devastating degenerative 
disorders including Alzheimer disease (AD), Parkinson 
disease (PD), Huntington disease, systemic amyloidoses 
and type II diabetes35. However, the amyloids connected 
with these disorders are not considered prions8,44. What 
distinguishes them BOX 5?

Remarkably, amyloidogenesis is an intrinsic 
property of polypeptides. Even archetypal globular 
proteins, such as myoglobin, can adopt this form35. 
However, extremes of pH, temperature, or incubation 

Table 1 | Protein determinants of known and potential prions and their phenotypes

Species Protein 
determinant

Non-
prion 
state‡ 

Prion 
state§

Gln/Asn-
rich prion 
domain

Oligopeptide 
repeats

Intrinsically 
unstructured 
regions ≥50 
amino acids 
(predicted)|| 

Requires 
Hsp104?

Cellular 
function

Prion-encoded 
phenotype

Mammals PrP, ~209 
amino acids 
in mature 
form

PrPC PrPSc No Yes, amino 
acids 51–91

Yes, amino 
acids 1–103

No Unknown Severe 
neurodegeneration 
and inexorable 
death

S. cerevisiae Sup35, 685 
amino acids

[psi–] [PSI+] Yes, amino 
acids 1–124

Yes, amino 
acids 41–97

Yes, amino 
acids 1–253 
(NM), amino 
acids 291–
340 

Yes Translation 
termination

Increase in the 
readthrough of 
stop codons 
(nonsense 
suppression)

S. cerevisiae Ure2, 354 
amino acids

[ure-o] [URE3] Yes, amino 
acids 1–80

No Yes, amino 
acids 1–103

Yes Transcriptional 
repressor

Uptake of poor 
nitrogen sources# 
in the presence of 
a good nitrogen 
source**

S. cerevisiae Rnq1, 405 
amino acids

[rnq–] [RNQ+] 
(usually 
acts as 
[PIN+])

Yes, amino 
acids 153–
405

Several 
degenerate 
repeat 
sequences

Yes, amino 
acids 201–
405

Yes Unknown Allows de novo 
induction of 
[PSI+] by Sup35 
overexpression

P. anserina HET-s, 289 
amino acids

[Het-s*] [Het-s] No No No¶ ? Unclear, but 
involved in 
heterokaryon 
incompatibility

Induces cell death 
in the presence of 
the HET-S protein

S. cerevisiae New1, a 
putative 
prion, 1,196 
amino acids 

— Can 
act as 
[PIN+]

Yes, amino 
acids 1–153

Yes, amino 
acids 50–100 

Yes, amino 
acids 1–118, 
amino acids 
878–984, 
amino acids 
1118–1196

? Translation 
elongation

Gln/Asn-rich 
domain can 
functionally replace 
the Sup35 Gln/
Asn domain and 
support [PSI+]. 
Overexpression 
allows de novo 
induction of 
[PSI+] by Sup35 
overexpression

A. californica ApCPEB1, 
a putative 
prion, 687 
amino acids 

— — Yes, amino 
acids 1–150

Yes, amino 
acids 84–138

Yes, amino 
acids 1–150

No Regulates 
translation 
of specific 
mRNAs

Regulates protein 
synthesis at 
activated synapses 
and stabilizes long-
term facilitation 

‡Protein determinant adopts non-replicating conformation. §Protein determinant adopts self-replicating conformation. ||Predicted using FoldIndex© (see Online links 
box). ¶Note that the prion domain of HET-s (the C-terminal 72 amino acids) has been shown experimentally to be intrinsically unstructured29. # For example 
ureidosuccinate. **For example ammonium ions. A. californica, Aplysia californica; NM, the N-terminal prion and middle domains of Sup35; P. anserina, Podospora 
anserina; S. cerevisiae, Saccharomyces cerevisiae.
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CHAOTROPE 
Any substance (usually ions) 
that increases the transfer of 
apolar groups to water by 
decreasing the ‘ordered’ 
structure of water. Chaotropes 
alter secondary, tertiary and 
quaternary protein structure.

with organic solvents, denaturants or CHAOTROPES are 
often required to generate amyloid35. This generic amy-
loidogenicity probably derives from the ‘cross-β’ struc-
ture of amyloid fibres, in which the β-sheet strands 
run perpendicular to the fibre axis. This architecture 
is stabilized primarily by hydrogen bonds that ema-
nate from the polypeptide backbone or main chain35, 
although side-chain interactions can also contribute45. 
By contrast, natural selection has operated such that, 
for most proteins, the main chain is unavailable for 
amyloidogenesis and is inaccessibly contorted within 
a mass of tightly packed side-chain interactions. This 
globular architecture provides greater malleability 
and has facilitated the functional diversification of 
proteins. However, amyloidogenesis endures as an 
inherent attribute of polypeptide chemistry. Amyloid 
fibres might even represent a primordial polypeptide 
conformation that was enforced by harsh prebiotic 
conditions35. The self-perpetuating conformational 

states of modern prions might even be a vestige of a 
mechanism for preserving self-replicating functional 
states in early life forms.

Amyloid conformers have since been disfavoured by 
natural selection for most proteins. However, humans 
now live long past reproductive age; this is a time frame 
during which natural selection acts less powerfully, so 
‘late-expressing’ harmful mutations can accumulate46. 
Therefore, some types of naturally occurring amyloid 
— that is, those associated with disease — are more likely 
to appear in post-reproductive age groups, as is seen for 
various late-onset amyloidoses, such as AD or PD.

Some proteins (for example, Sup35, Rnq1, Ure2) can 
switch between a soluble conformation and an amyloid 
conformation that is not disease-associated. These 
switchable states might have been selected because they 
were beneficial and in some cases have been conserved 
for hundreds of millions of years (REFS 4750 and L. Li 
and S.L., unpublished observations). We strongly suspect 

Box 2 | Characteristics of the [PSI+] and [URE3] prions

When cells that carry 
[PSI+] or [URE3] are 
mated to cells that do not 
carry the traits ([psi–] or 
[ure-o]), the diploid 
displays the trait and, 
when sporulated, all 
progeny do as well6,7. Both 
traits are metastable — 
they are reversibly gained 
and lost at a low 
spontaneous rate (10–5 to 
10–7) REFS 3,6,7,16,17. 
Crucially, the transient 
overexpression of Sup35 
or Ure2 increases the 
frequency of [PSI+] or [URE3] appearance by several orders of magnitude3,123 and induces self-perpetuating, 
dysfunctional, protease-resistant, aggregated conformations of Sup35 REFS 26,27 and Ure2 REF 28, respectively. 
Furthermore, loss of [PSI+] or [URE3] is accompanied by a return of Sup35 or Ure2 to functional, protease-sensitive, 
soluble conformations26–28. These alternative conformational states can be tracked by tagging Sup35 or Ure2 with 
GFP. In [psi–] cells, Sup35-GFP fluorescence is diffusely distributed throughout the cell (see figure, part a). By 
contrast, in [PSI+] cells, Sup35-GFP fluorescence is concentrated at a set of distinct foci (see figure, part a). [PSI+] 
and [URE3] inheritance is governed by the protein-remodelling factor Hsp104 BOX 6. Transient overexpression of 
Hsp104 eliminates [PSI+] REFS 26,59 and deletion of Hsp104 eliminates [PSI+] and [URE3] REFS 26,59,60. This 
enhanced sensitivity of [PSI+] to Hsp104 concentration might reflect the need to more tightly regulate the 
functional depletion of an essential protein, such as Sup35, by its prion conformation. By contrast, Ure2 (and Rnq1) 
are non-essential proteins and so their depletion by prion conformers might be more readily tolerated.

Sup35 and Ure2 possess unusual N-terminal domains that are enriched in uncharged polar residues, especially 
glutamine and/or asparagine TABLE 1. These domains are not required for normal protein function. Instead, they 
confer prion behaviour and are referred to as prion domains. Deletion of this domain in Sup35 or Ure2 eliminates the 
corresponding prion28,124, and the transient overexpression of this domain induces the corresponding prion26,28,123. 
Between the N-terminal prion domain (labelled N in the figure) and the C-terminal functional domain (labelled C in 
the figure) of Sup35, there is a conserved, highly charged middle domain (labelled M). The middle domain helps to 
keep Sup35 soluble, enabling it to switch between the prion and non-prion states125. Appending the N-terminal prion 
and middle domains (NM) of Sup35 to unrelated proteins is sufficient to confer all aspects of prion behaviour109.

In vitro, the Gln/Asn-rich domains of Sup35 and Ure2 drive their assembly into amyloid fibres. Electron 
microscopy of amyloid fibres formed by NM and full-length Sup35 are shown (see figure, part b). Note the smooth 
appearance of NM fibres and the protrusions emanating from the surface of fibres formed by full-length Sup35 (see 
figure, part b), which correspond to the C-terminal domain. The EM images in part b of the figure are reproduced 
with permission from REF. 23 © (1997) Elsevier Science. 
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BIOFILM 
A proliferation on an inert 
surface of aggregated microbial 
colonies that have increased 
resistance to antimicrobial 
therapies. Biofilms contribute to 
many human infections.

that self-replicating prion conformations will emerge in 
many functional aspects of biology51. Amyloid fibres 
also have tightly regulated structural roles in melano-
some biogenesis52 and in the colonization of inert sur-
faces and BIOFILM formation by Neurospora crassa53 and 
Escherichia coli54. Furthermore, amyloid conformers of 
fibrin-derived peptides activate tissue-type plasminogen 
activator, which cleaves the zymogen plasminogen to 
generate plasmin, a protease that degrades fibrin and 
dissolves blood clots55. Amyloid conformers of other 
proteolytic fragments, such as endostatin (a fragment of 
collagen, type XVIII), might exert antiangiogenic activity 
that is important in cancer therapeutics56. These broadly 
distributed functions of amyloid strengthen the possibil-
ity that prions might also function in specific settings. 
If so, a need would also have arisen to evolve systems to 
control switching to and from the prion conformation.

How are prions regulated?
Reduced toxicity of aggregation pathways. To be a 
functional prion (or amyloid), rather than a disease-
inducing amyloid, several mechanisms must be estab-
lished. One is specificity. Disease-related amyloids, 
such as those formed by polyglutamine proteins, often 
co-precipitate or selectively deplete essential proteins 
to the detriment of cell physiology57. By contrast, the 
Gln/Asn-rich yeast prion domains are highly selec-
tive in their interactions. Mechanisms would also be 

Box 3 | Prion ‘strain’ or ‘variant’ phenomena

The prion ‘strain’ concept originates from the multifarious distinct transmissible prion diseases that can be 
passaged in the same inbred mouse lines, which, of course, have identical prion protein (PrP)-encoding genes5. 
These strains have distinct neuropathologies and rates of disease progression, a feature common to viruses, and 
have therefore persistently been cited as evidence for an exogenous nucleic-acid genome that drives prion 
propagation. However, no clear evidence of such an agent has ever emerged5. Alternatively, self-perpetuating 
conformational diversity of PrPSc (see TABLE 1 for prion nomenclature) might cause these phenotypically diverse 
transmissible states5,15. Different strains yield characteristically different patterns of proteolytic-cleavage products 
and equilibrium unfolding profiles, strongly indicating a difference in PrP folding5,15. Differences in PrP glycoform 
ratios and PrPSc accumulation are also observed5. However, the inability to induce disease in wild-type animals (see 
Note added in proof) with PrPSc generated de novo from recombinant PrP has fuelled lingering doubts concerning 
the cause and effect of PrPSc strain diversity.

Pioneering work by Susan Liebman and colleagues demonstrated that [PSI+] also exists in distinct strains123, termed 
‘variants’ to distinguish them from different yeast genetic backgrounds, also known as strains68. [URE3] and [RNQ+] 
variants have also been elucidated86,126,127. [PSI+] variants produce intermediate colours in cells that carry a premature 
stop codon in the ADE1 gene and have different growth rates on adenine-deficient media (FIG. 1B). They arise 
spontaneously or after Sup35 overexpression, and are attributable to an epigenetic process123. Weak [PSI+] variants 
have greater mitotic instability and higher translation-termination fidelity than strong [PSI+] variants68,123. This 
difference reflects distinct prions with different efficiencies of Sup35 conversion, which leaves different quantities of 
soluble Sup35 available for translation termination68,123. Sup35 fibres purified from weak [PSI+] cells are up to 20-fold 
less effective at seeding recombinant NM (N-terminal prion and middle domains of Sup35) as are those from strong 
[PSI+] cells, indicating a conformational difference between Sup35 fibres of weak and strong [PSI+] variants68.

NM fibres assembled at different temperatures have distinct conformations36. At 4°C, NM fibres assemble more 
rapidly34, possess different protease sensitivities, and have a lower melting temperature in sodium dodecyl sulfate 
(SDS) than those generated at 37°C REF. 36. Remarkably, the transformation of [psi–] cells with NM fibres that were 
assembled at 4°C induced predominantly strong [PSI+] variants, whereas NM fibres assembled at 37°C induced 
predominantly weak [PSI+] variants36. Therefore, Sup35 folds into several independent self-replicating 
conformations that induce distinct [PSI+] variants. The length of the N domain that is incorporated into the 
cooperatively folded amyloid core and the specific residues that form intermolecular contacts differentiates these 
prion variants96. Crosslinking the protein to favour distinct contacts is sufficient to nucleate fibre formation and to 
drive the production of distinct strains96.

Box 4 | The [PIN+] prion

[PIN+] stands for [PSI+] inducibility. It was originally 
described as a non-Mendelian factor of unknown 
origin84 but was later established to be the prion form, 
[RNQ+], of the Rnq1 protein in Saccharomyces 
cerevisiae85. Rnq1 was identified independently in a 
search for prion-like proteins18. [PIN+] is required for 
[PSI+] induction by the overexpression of Sup35 or 
NM (N-terminal prion and middle domains of 
Sup35)84,85. Other Gln/Asn-rich proteins, including 
New1 and Ure2 can function as [PIN+] when expressed 
at high levels85,128. Moreover, aggregation-prone 
polyglutamine tracts (such as Q72 or Q103) can also 
function as [PIN+], indicating that it is not necessary to 
be a prion to function as [PIN+] REF. 129.

The most likely explanation for the influence of 
these proteins on [PSI+] induction is a low level of 
cross-seeding activity. Indeed, Rnq1 fibres can 
inefficiently seed the assembly of NM fibres in vitro129. 
However, once [PSI+] is formed the self-seeding 
activity of Sup35 is strong enough for [PIN+] to be 
dispensable for [PSI+] propagation130. Indeed, [PSI+] 
can actually impede the inheritance of some [PIN+] 
variants131. Furthermore, specific [PIN+] variants can 
disrupt the inheritance of weak [PSI+] variants, but 
not strong [PSI+] variants131. Delineating the 
underlying mechanisms for these complementary and 
antagonistic prion interactions will be fascinating.
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SPONGIOSIS 
A form of neurodegeneration 
involving the formation of large 
fluid-filled spaces (vacuoles) in 
the brain, which if widespread, 
induces a sponge-like 
appearance of the brain. This 
spongiform change is a general 
(but not universal) pathological 
hallmark of prion diseases.

needed to minimize the toxicity or half-life of toxic 
oligomeric intermediates that accumulate before fibre 
formation35,58. Conversely, toxicity might even have 
been selected for if a particular type of cell death was 
beneficial, as might be the case for the [Het-s] prion 
and heterokaryon incompatibility7.

Protein-remodelling factors and molecular chaperones. 
Prion-folding transitions can also be tightly regulated 
by protein-remodelling factors and molecular chaper-
ones. Hsp104, a protein-remodelling factor, governs 
the inheritance of [PSI+], [URE3] and [RNQ+] REFS 
18,59,60 BOX 6. Other molecular chaperones modu-
late yeast prion inheritance, although none do so as 
stringently as Hsp104 REFS 6,7. For example, deletion 
of the glycine (Gly)/phenylalanine (Phe)-rich domain 
of Sis1, a member of the Hsp40 family, eliminates 
[RNQ+] REF. 61. Moreover, Sis1 is incorporated into 
Rnq1 prion aggregates in equimolar quantities62. The 
precise molecular details and consequences of chap-
erone-prion interactions will prove to be extremely 
interesting.

Transcription and translation. Regulation might also 
occur at the levels of transcription or translation. In 
principle, transiently silencing the gene that encodes 

a prion protein might allow the clearance of prion 
conformers before the gene is reactivated. In mice, 
neuronal depletion of PrP after infection with PrPSc 
prevents disease and reverses SPONGIOSIS63. The advent of 
small interfering RNAs as therapeutics, and successes 
in their delivery to the CNS64,65, raise the possibility 
of transiently depleting PrP as a realistic therapeutic 
possibility for prion diseases.

In yeast, [URE3] is regulated by directing ribos-
omes to an internal AUG codon downstream of 
both the conventional 5’ start codon and the prion 
domain66. The resulting Ure2 product, comprising 
Ure2 amino acids 94–354, lacks the prion domain and 
cannot be captured by prion conformers. Therefore, 
the balance between Ure2 and Ure2 94–354 deter-
mines the degree of the [URE3] phenotype. This 
system might have evolved to alleviate or reinforce 
the [URE3] phenotype in response to environmental 
cues66. For example, downregulation of the transla-
tion-initiation factor eIF4E during the stationary 
phase yields more Ure2 94–354 and might facilitate 
a nutrient-sensitive switch to invasive filamentous 
growth66.

Given that at least some fungal prions seem to be 
both tightly regulated and highly conserved, we will 
now consider their biological significance.

Box 5 | When is a prion an amyloid and when is an amyloid a prion?

Not all amyloids are prions, but what differentiates them? It is not an inability to self-propagate, as most amyloid 
fibres can seed their own assembly in vitro35. Furthermore, injecting animals with amyloid conformers of specific 
proteins induces large and disseminated amyloidoses132–134.

Lack of transmissibility might occur for many reasons. Amyloid conformers might simply not encounter convertible 
substrates. Ingestion of PrPSc (see TABLE 1 for prion nomenclature) induces prion disease only because the prion form is 
so exceptionally protease-resistant that it survives the gut5, and because dendritic cells bring it into contact with 
sympathetic nerves, eventually allowing access to the central nervous system5,135. Amino-acid-sequence differences can 
also preclude inter-species transmission, a phenomenon known as the ‘species barrier’5,8. Species barriers might only 
be breached by specific amyloid structures that are compatible with different amino-acid sequences8,136.

Transmissible amyloids must continuously replicate their structures and disseminate their self-propagating 
activity. Once the specific activity for replication falls below a certain threshold, transmissibility is lost. For the 
[PSI+], [URE3], and [RNQ+] prions, growth and division must keep pace with mitosis, such that progeny inherit 
sufficient prion seeds. Furthermore, if the self-propagation rate diminishes below the lifetime of the soluble protein 
then any prion-encoded phenotype will be eliminated. Because amyloid fibres polymerize and replicate their 
conformation at their ends, prions must be more readily fragmented to continuously liberate new self-replicating 
fibre ends. Fragmentation might be inherent to specific amyloid conformers, or might be catalyzed by other factors, 
such as Hsp104 REFS 26,27,59,137. Alternatively, if nucleation predominates over polymerization, a population of 
short fibres would also ensue138. Mathematical simulations indicate that short, rapidly fragmenting fibres grow the 
fastest139, and strong [PSI+] variants consist of shorter polymers than weak variants32. Curing cells of [PSI+] and 
[RNQ+] with guanidium chloride (see also BOX 6) increases mean polymer length32,126. Therefore, conversion from 
prion to non-transmissible amyloid can involve increasing polymer lengths and consequent reductions in the 
specific activity of conformational replication.

Another parameter that might dictate prion status is the speed of conformational replication at fibre ends. Fibre 
ends with higher rates of conformational replication might allow longer fibres to retain transmissibility, whereas 
fibre ends with lower rates of conformational replication might allow only shorter fibres to retain transmissibility126.

Non-amyloid prions might also exist. Other self-replicating protein conformations certainly exist, for example, 
certain coiled-coil peptides140–142. Similarly, amyloidogenic oligomers — intermediates that form before fibres34,35,58 and 
that have a conformation that is distinct from amyloid fibres34,35,58 — can initiate fibre assembly137. Evidence from 
PrP also indicates the existence of non-amyloid prions. First, PrPSc does not seem to form amyloid fibres unless 
treated with proteinase K11,143. Second, prion fibres derived from PrPSc by proteinase K digestion are disrupted by 
1,1,1-trifluoro-2-propanol, but retain infectivity144. Third, preliminary data indicate that an octameric oligomer of 
PrP 89–230 (comprising amino acids 89–230), an off-pathway, non-amyloid β-sheet-rich conformer22, might transmit 
prion disease37.
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Conservation of [PSI+] and its biological impact
Cells employ a myriad of mechanisms to ensure trans-
lational fidelity. Therefore, it seems implausible that 
[PSI+]-mediated reductions in translation-termination 
fidelity (~0.2–35% readthrough67–69) (FIG. 1b) could be 
beneficial. However, the Sup35 prion domain has been 
conserved in both size and in its unusual composi-

tion of uncharged polar amino acids for at least several 
hundred million years (REFS 47,48,50 and L. Li and S.L., 
unpublished observations). Moreover, the capac-
ity of this domain to switch into the [PSI+] state has 
been conserved for a similar period48. By a common 
measure of selective pressure, Ka/Ks (the normalized 
ratio of amino-acid-altering substitutions to silent 

Box 6 | Control of yeast prion conformers by Hsp104

Hsp104 is a hexameric protein that has two AAA+ (ATPases 
associated with diverse activities) ATPase domains per monomer. 
Hsp104 promotes cell survival after exposure to environmental 
stress, such as heat shock or high ethanol concentrations, by 
dissolving denatured protein aggregates and, together with Hsp70 
and Hsp40, reactivating them145,146. Deletion of Hsp104 cures cells 
of [PSI+], [URE3] and [RNQ+] REFS 18,59,60. Strikingly, even 
transient overexpression of Hsp104 cures [PSI+], but not [URE3] 
and [RNQ+] REFS 18,59,60. Inactivating point mutations in the 
AAA+ domains of Hsp104 eliminate [PSI+] REFS 26,147149, as 
does growth on guanidium chloride (GdmCl), an uncompetitive 
inhibitor of Hsp104 ATPase activity146,147,150. Growth on GdmCl 
also cures cells of [RNQ+] and [URE3], presumably also because of 
Hsp104 inactivation84,151.

We recapitulated the direct effects of Hsp104 on Sup35 prion 
conformers137. In the absence of Hsp104, Sup35 assembles into 
prion fibres by nucleated conformational conversion34. During the 
lag phase (see figure, part a), the NM (N-terminal prion and 
middle domains of Sup35) is natively unstructured and assembles 
into molten oligomeric structures, a subset of which become 
obligate, on-pathway intermediates34,137. These oligomers allow 
segments of the N domain to sample intermolecular interactions. 
When specific juxtapositions occur, they nucleate conversion to 
an amyloidogenic state96. During the assembly phase (see figure, 
part a), natively unfolded NM conformers are recruited to the 
nuclei and templated to form amyloid fibres (NM 
fibrillization)34,152.

At low concentrations, Hsp104 promotes NM fibre assembly in 
two ways. First, on binding ATP, Hsp104 catalyzes the formation 
of amyloidogenic oligomers that rapidly nucleate NM 
fibrillization, thereby eliminating the lag phase137 (see figure, part 
a, b). Second, Hsp104 couples ATP hydrolysis to the severing of 
nascent NM fibres to generate extra surfaces for conformational 
replication, thereby accelerating assembly phase137 (see figure, 
part b). GdmCl cures cells of [PSI+] and inhibits Hsp104-driven 
fibre severing153,154. At high concentrations, Hsp104 couples 
ATPase activity to the disassembly of amyloidogenic oligomers 
and the disassembly and severing of NM fibres137 (see figure, part 
c). Therefore, Hsp104 might minimize the half-life of 
amyloidogenic oligomers that might be toxic intermediates in 
amyloidogenesis58. 

Together, these activities explain the otherwise baffling dosage 
relationship between Hsp104 and [PSI+] inheritance59. Similar 
activities might explain the essential role of Hsp104 in [RNQ+] 
and [URE3] inheritance, except that in these cases high levels of 
Hsp104 would not completely eliminate prion conformers, 
perhaps owing to different conformations of Rnq1 and Ure2 
fibres. Notably, by contrast to chemically denatured 
aggregates146, Hsp104 does not require Hsp70 or Hsp40 to make 
NM fibres soluble137. This might reflect the extremely different 
architecture of amyloid fibres, and the fact that soluble NM is 
intrinsically unstructured and so might not require Hsp70 and 
Hsp40 to refold155.
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PURIFYING SELECTION 
A mode of natural selection that 
preserves the adapted 
condition, and is observed as a 
large excess of synonymous 
substitutions over non-
synonymous substitutions in 
functionally important genes.

CRYPTIC GENETIC VARIATION 
Existing genetic variation that 
makes no contribution to the 
normal range of phenotypes, 
but which can modify 
phenotypes in response to 
environmental change or the 
introduction of novel genetic 
elements.

ISOGENIC 
Describing two or more 
individuals that possess exactly 
the same genotype.

VALLEY CROSSING
The process of moving from 
one adaptive peak to another on 
an adaptive landscape by 
crossing a valley. Valleys 
correspond to genotypic 
frequencies at which average 
fitness is low.

ADAPTIVE PEAK 
A region in an adaptive 
landscape corresponding to 
genotypic frequencies at which 
the average fitness is high.

substitutions), the Sup35 prion domain scores close 
(REF. 50 and L. Li and S.L., unpublished observations) 
to the average for all functional genes in S. cerevisiae70. 
This implies that the Sup35 prion domain is subject 
to strong PURIFYING SELECTION (REF. 50 and L. Li and S.L., 
unpublished observations). Over large evolution-
ary distances, specific amino-acid biases have been 
maintained, rather than specific amino-acid sequences 
(L. Li and S.L., unpublished observations). This 
unusual mode of evolution is compatible with amy-
loidogenesis but not with the maintenance of specific 
globular structures. Because the only known function 
of prion domains is in prion induction and propaga-
tion, their maintenance by purifying selection implies 
that the ability to form prions might confer some 
selective advantage.

Selective advantage of [PSI+]. What could this benefi-
cial function be? Subtle [PSI+]-mediated alterations in 
translation-termination fidelity can generate diverse, 
often beneficial, heritable phenotypes67,71. This phe-
notypic diversity stems from the exposure of CRYPTIC 

GENETIC VARIATION (CGV) induced by ribosomes read-
ing into regions that have not recently been subject to 
selective pressures and that are divergent in different 
yeast genetic backgrounds67,71,72.

The fitness of ISOGENIC [PSI+] cells and [psi–] cells 
from seven distinct genetic backgrounds was assessed 
in ~150 diverse growth conditions, including many 
that are likely to be encountered by yeast in their natu-
ral environments67. In ~25% of these conditions, [PSI+] 
increased the fitness of cells in at least one genetic 
background, and in another ~25%, [PSI+] decreased 
fitness67. Occasionally, [PSI+] induced profound altera-
tions in colony morphology67 or stress tolerance72. In 
competition experiments, fitness advantages conferred 
by [PSI+] or [psi–] led to a rapid change in population 
composition to the advantageous state71 (FIG. 2a). Most 
[PSI+]-induced phenotypes tested were elicited solely 
by increased readthrough71.

[PSI+] allows CGV to be sampled on a genome-wide 
scale, and all of the [PSI+]-induced phenotypes tested 
were multigenic in character71. Outcrossing experi-
ments revealed that CGV accessed by [PSI+] was read-
ily fixed and maintained in subsequent generations 
even after cells were purged of the prion71. This genetic 
assimilation was not due to the appearance of a new 
global nonsense suppressor71. Instead, it most probably 
entailed the reassortment of genetic polymorphisms 
and/or mutations that change stop codons to sense 
codons or modulate mRNA stability71.

Because [PSI+] is epigenetic, it produces new 
phenotypes without any permanent commitment or 
immediate fixation (in contrast to phenotypic variants 
produced by mutator alleles). This logically provides 
a survival advantage in the fluctuating environments 
that yeast occupy. Moreover, should [PSI+]-induced 
phenotypes prove advantageous, the number of cells 
that harbour those phenotypes would increase, rais-
ing the probability of genetic assimilation through 
new mutations, until eventually the trait becomes 

[PSI+]-independent. Fixation allows yeast to maintain 
the trait and restore normal levels of translation-ter-
mination fidelity (which is surely the preferred state). 
The metastability of [PSI+] means that large popu-
lations will probably harbour both [PSI+] and [psi–] 
individuals, each of which is predisposed to thrive 
in specific settings, and so potential VALLEYCROSSING 
ability is maintained (FIG. 2a). The low rate of switch-
ing to and from the [PSI+] and [psi–] states (10–5–10–7) 
ensures that the spontaneous appearance of variants 
that are not adaptive will have no significant effect 
on fitness.

[PSI+] can be conceptualized as an epigenetic switch 
that confers both phenotypic plasticity and evolvability 
by unleashing CGV. This allows individuals to access 
complex multigenic traits in a single step and conse-
quently to rapidly traverse valleys to new ADAPTIVE PEAKS 
in response to altered selective pressures enforced by 
environmental fluctuations. Fixation of these traits is 
consistent with ‘adaptive walks’ that proceed by the 
stepwise fixation of new mutations, where the prob-
ability of fixation is proportional to the probability that 
the mutation is adaptive73.

These proposals67 were originally greeted with 
scepticism74,75. One argument is that causality appears 
to demand that evolvability per se cannot be an object 
of natural selection because of its apparently anticipa-
tory nature74. However, evolvability patently exists76. 
Moreover, evolutionary simulations that have con-
servative assumptions indicate that [PSI+] is more likely 
to have been fixed due to its evolvability characteristics 
than due to chance alone, provided that environmental 
fluctuations make readthrough adaptive once every 
million years77. Other simulations indicate that rapid 
or drastic environmental alterations create selection 
pressures for increased evolvability78. Because yeast fre-
quently occupy fluctuating environments, [PSI+] might 
well be maintained to ensure evolvability, as well as to 
provide a mechanism to survive these environmental 
fluctuations.

Another argument is that [PSI+] has not been 
observed in natural yeast isolates7,47,79, some of which 
contain deletions in the Sup35 prion domain that pre-
clude [PSI+] propagation79. However, given that high 
rates of translation-termination fidelity have obvious 
long-term selective value, we predict that [PSI+] might 
be a transient state that predominates only under con-
ditions in which it confers a selective advantage67,71. 
In the long term, mutations that cause the trait to 
become [PSI+]-independent would be favoured and 
would allow cells to become [psi–] and restore normal 
translation-termination fidelity without incurring any 
selective disadvantage.

On another level, it does not matter whether 
[PSI+] has been maintained because of the phenotypic 
plasticity and evolvability it confers80. Even if it were 
conserved for some other, as yet completely unknown, 
reason, the fact that it affects the relationship between 
genotype and phenotype so profoundly, and often in 
beneficial ways, indicates that it must affect survival 
and adaptation in the wild.
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The specific details of the [PSI+]-induced pheno-
types remain mysterious. How might [PSI+]-mediated 
readthrough generate phenotypic diversity (FIG. 2b)? 
There are some hints as to which genes might contrib-
ute to the various phenotypes in individual strains81,82, 
but the combinatorial effects of [PSI+] are likely to be 
specific to individual genetic backgrounds.

Beneficial roles for [Het-s], [RNQ+] and [URE3]? 
[Het-s] functions in heterokaryon incompatibility, and 
is often suggested to be a beneficial prion7,25,29. However, 
the biological relevance of heterokaryon incompat-
ibility is unclear, but might reduce the transmission of 
viruses or other infectious agents7. Curiously, the het-s 
allele (which encodes the HET-s protein) is a MEIOTIC 

DRIVE element83. Therefore, het-s might be maintained 
even if [Het-s] is detrimental7.

The function of the [RNQ+] prion and Rnq1 protein 
are unknown. Deletion produces no obvious pheno-
type except for a reduction in the de novo appearance 
of [PSI+] and other prions84–86. However, the Ka/Ks 
value of the prion-determining region indicates that 
it is subject to strong purifying selection (L. Li, S.L., 
unpublished observations). Moreover, in contrast to 
[PSI+], [RNQ+] is commonly found in natural yeast 
isolates and various laboratory strains79. One possibil-
ity is that [RNQ+] exists to facilitate protein-folding 
transitions that include, but are not limited to, those 
that regulate [PSI+] induction BOX 4.

The potential benefits of [URE3] are less obvi-
ous, but, similar to [RNQ+], [URE3] can function as 
[PIN+] REF. 85 BOX 4. Unlike [PSI+] and [psi–] cells, 
which grow equally well under standard growth con-
ditions67,71,72, [URE3] cells have a slight disadvantage 
compared with [ure-o] cells17. [URE3] uncouples nitro-
gen-supply signals from downstream transcription. 
This can be cost ineffective if poor nitrogen sources are 
used despite the availability of good nitrogen sources. 
However, some ure2, and perhaps [URE3] strains, pro-
liferate more rapidly than wild-type strains in grape 
juices87 or during salt stress88. Therefore, the use of 
poor and good nitrogen sources simultaneously might 
confer fitness advantages in specific settings87,88.

Prions as evolutionary capacitors
Most, if not all, genes expose some phenotypic vari-
ation when they are functionally compromised, and 
loss-of-function mutations might accelerate evolu-
tion to new optimum phenotypes89. Therefore, any 
prion that mimics a loss-of-function mutation in its 
protein determinant might function in the same way. 
Documentation of the effects of deleting each yeast 
gene on growth rates and the expression of all other 
yeast genes90, indicates that deletions tend to increase 
variation in the expression of other genes, even when 
those genes are not regulatory targets of the deleted 
gene90. Furthermore, this variation in gene expression 
is linked to phenotypic variation, as deletions with 
lower fitness tend to be those with the greatest varia-
tion in gene expression89. In evolutionary simulations, 
loss-of-function mutations that reveal phenotypic 

Figure 2 | [PSI+] reveals hidden genetic variation and can confer selective advantages. 
a | Starting from top, [PSI+] individuals (white cells with red dots) appear spontaneously in a 
population of [psi–] cells (red cells), as determined by the low intrinsic rate at which Sup35 
acquires the prion conformation de novo. If the environment gives [PSI+] individuals a selective 
advantage (condition B), they will begin to dominate the population. [psi–] individuals will appear 
in this population of [PSI+] cells owing to the metastability of [PSI+] inheritance (10–5 to 10–7). If 
the environment changes so that the prion state is not favoured, but [psi–] cells are (condition 
A), the prion-containing cells will die and [psi–] individuals will then begin to increase in 
frequency. However, if the trait conferred by [PSI+] has a long-term selective advantage, cells 
will accumulate mutations that fix the trait and allow cells to return to normal levels of 
translation-termination fidelity. Certain environmental conditions might specifically induce the 
[psi–] individuals to become [PSI+] or vice versa. b | There are several mechanisms by which 
readthrough enhances the expression of the usually silent genetic information that exists 
beyond stop codons and might create new traits: (1) Restoring the expression of ordinarily 
silent pseudogenes that contain premature stop codons and, in their silent state, have 
accumulated mutations that alter function. (2) Producing C-terminal extensions on 
polypeptides, perhaps altering protein function. (3) Merging two open reading frames to yield 
new hybrid proteins81. (4) Stabilize mRNAs by repressing nonsense-mediated decay 
pathways157. (5) Destabilize mRNAs by inducing non-stop decay, which occurs when the 
ribosome fails to recognize any stop codons158. Therefore, not only will a distinct set of 
polypeptides be expressed in the [PSI+] state, but the expression levels of proteins will also be 
altered owing to differential mRNA stability. Modified with permission from REF. 71 © (2004) 
Macmillan Magazines Ltd.
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MEIOTIC DRIVE 
Any process that causes some 
alleles to be over-represented in 
gametes formed during meiosis.

EVOLUTIONARY CAPACITOR 
An entity (for example, Hsp90) 
that buffers genotypic variation 
under neutral conditions, 
thereby allowing the 
accumulation of hidden 
polymorphisms.

LONGTERM FACILITATION 
The long-lasting increase in 
synaptic activity that contributes 
to long-term memory and 
results from prolonged or 
iterated exposure of synapses 
to neurotransmitters, which 
induce the synthesis of new 
proteins leading to the 
stabilization of new 
synaptic connections.

variation facilitate more rapid evolution to new adap-
tive peaks89. Therefore, EVOLUTIONARY CAPACITORS might 
accelerate adaptation to new phenotypic optima. A key 
tenet of these simulations is that a gene that is inacti-
vated would, at a low rate, be restored to function89. 
This feature echoes the characteristic metastability 
of prion inheritance. Therefore, prions that mimic 
loss-of-function mutants can potentially function 
as evolutionary capacitors similar to Hsp90 REF. 91, 
although they might or might not depend on the envi-
ronment89.

Characteristics of prion domains
Gln/Asn-rich domains. Prokaryotic and eukaryotic 
proteomes have been scoured for prion domains using 
search algorithms (REFS 18,19,92,93 and L. Li and S.L., 
unpublished observations). An initial scan for 80-amino-
acid stretches that contain 30 or more glutamines and 
asparagines revealed a paucity of this type of domain 
in prokaryotes92. However, 1–3.5% of proteins that 
have diverse functions have this type of domain in 
S. cerevisiae, Caenorhabditis elegans, and Drosophila 
melanogaster, indicating that prion-type switches 
might be more widespread92. Similar domains have 
been found in ~200 proteins in Arabidopsis thaliana 
and humans93. Candidate yeast prion domains have 
been appended to MC (the middle and C-terminal 
domains of Sup35) in place of the N (the N-terminal 
prion domain of Sup35). The Rnq1 and New1 Gln/Asn-
rich domains could replace N and support a [PSI+]-like 
prion, whereas the Gln/Asn-rich domain of Pan1 could 
not18,19,92. Therefore, Gln/Asn-richness is insufficient 
to confer prion activity. The Sup35, Rnq1, and New1 
prion domains also have a negative bias for glutamate, 
aspartate, arginine, and lysine and a positive bias for 
glycine, tyrosine and serine93.

The Sup35, Rnq1, and New1 prion domains also 
contain oligopeptide repeat sequences TABLE 1. 
Residues 41–97 of Sup35 comprise five imperfect repeats 
(R1–R5) and one partial repeat (R6) of the nonapeptide 
PQGGYQQYN. This is the only sequence similarity 
between Sup35 and PrP. PrP has five imperfect copies of 
an octapeptide PHGGGWGQ repeat in its N-terminal 
domain. Increasing the number of PrP repeats induces 
spontaneous prion disease12, whereas repeat deletion 
retards disease and diminishes PrPSc formation94, 
although some inherited prion diseases are associ-
ated with PrP-encoding alleles with repeat deletions12. 
Deletion of two or more Sup35 repeats eliminates [PSI+] 
REFS 20,95, whereas two extra copies of R2 increase the 
spontaneous appearance of [PSI+] 5,000-fold REF. 95. In 
vitro, two extra copies of R2 cause NM to fibrillize with 
an abbreviated lag phase, whereas deletion of R2–R5 
extends the lag phase95,96. Therefore, the repeats might 
facilitate the correct alignment of intermolecular con-
tacts between NM molecules that drive conformational 
replication96. Although many repeat deletion mutants 
cannot maintain [PSI+], they can form amyloid fibres 
in vitro, aggregate in vivo, induce [PSI+], and join pre-
existing Sup35 fibres20,95. Repeat deletion mutants might 
therefore be defective in their dissemination to progeny, 

possibly owing to altered interactions with Hsp104 REF. 
20. Corroboratively, appending a polyglutamine tract 
(Q62) to MC does not support [PSI+], but append-
ing Q62 plus the Sup35 repeats does support [PSI+], 
although extensive aggregates form in both cases20. 
This reinforces that amyloid fibres are not necessarily 
prions BOX 5. Therefore, an important challenge is to 
distinguish putative prion domains that encode self-
replicating conformations from those that represent 
simple aggregation modules.

Curiously, the Ure2 prion domain lacks oligopep-
tide repeats, but does contain two poly-Asn tracts6,7. 
The Ure2 prion domain can be scrambled and still 
form amyloid fibres in vitro and support [URE3] 
induction and propagation, albeit with varying effi-
ciency and stability97. Therefore, the specific amino 
acid content and biases of the Ure2 prion domain 
are essential for prion inheritance, rather than the 
precise amino-acid sequence, as indicated by the 
purifying selection acting on this domain (L. Li, S.L., 
unpublished observations).

Other prion domains. Notably, the PrP and [Het-s] pri-
ons lack a Gln/Asn rich domain, indicating that other 
prion domains might exist and that prion phenomena 
might be even more widespread. The prion domain of 
HET-s comprises its C-terminal 72 amino acids, a region 
that forms amyloid fibres in vitro, and which, similar 
to the prion domains of Sup35 and Ure2 REFS 23,39, 
is unstructured before fibre assembly29. Similarly, the 
N-terminal domain of PrP is also unstructured, but does 
not comprise part of the proteinase-K-resistant amyloid 
core of PrPSc REF. 5. A census of particularly amyloido-
genic proteins revealed that many contain intrinsically 
unfolded portions, and this flexibility — that is, the 
absence of side-chain interactions — might facilitate the 
key backbone interactions that drive fibrillization98.

It is obvious that we are only beginning to under-
stand and recognize prion domains. Applying these 
often highly conserved biases to refine algorithms might 
help pinpoint new prions93. However, the knowledge 
accrued has allowed the identification of a novel prion 
domain that might function in long-term memory 
formation4,99.

Prions in long-term memory formation
Any molecular basis for long-term memory formation 
must explain its endurance (for many years) despite the 
continuous turnover (every few hours) of the proteins 
that might encode them100. Information storage despite 
molecular turnover is traditionally explained by auto-
phosphorylation loops101, self-sustaining feedback loops 
in complex signalling networks102, or transcription fac-
tors that stimulate their own synthesis once they cross 
a threshold concentration103,104 BOX 1. The conforma-
tional replication of prions provides another durable 
form of molecular memory51. Moreover, as is clear from 
studies in yeast, prion conformations are not usually 
toxic6. Incredibly, prion-based mechanisms might oper-
ate in individual neuronal synapses to maintain their 
growth and contingent LONGTERM FACILITATION4,99.
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A neuronal isoform of Aplysia californica CPEB 
behaves like a prion. CPEBs are highly conserved, 
sequence-specific RNA-binding proteins that bind 
short 3’ RNA motifs termed cytoplasmic polyadenyla-
tion elements (CPEs) and that regulate the activation of 
translationally dormant mRNAs by modulating polya-
denylation as well as affecting mRNA localization105. In 
the California sea hare, A. californica, a neuronal form 
of CPEB, ApCPEB, elicits the localized translation 
of otherwise dormant CPE-containing mRNAs that 
encode structural proteins (for example, N-actin) and 
regulatory proteins (for example, ephrins) that maintain 
long-term synaptic growth and plasticity99,100. Crucially, 
ApCPEB translation is induced by the neurotransmit-
ter serotonin, and selectively inhibiting this burst of 
ApCPEB translation abolishes long-term facilitation99.

Strikingly, ApCPEB possesses an N-terminal 
domain (residues 1–150) that is rich in Gln (~48%) and 
uncharged polar residues (~63%), and that contains six 
imperfect Gln-Gln-Gln-Leu (leucine) repeats4. Many 

characteristics of the ApCPEB prion-like domain are 
conserved in neuronal CPEBs of other metazoa. Some 
mammalian (for example, CPEB3) and D. melanogaster 
(for example, CG5735-PA) homologues of neuronal 
ApCPEB also contain a Gln-rich N-terminal domain 
and are also enriched in serine, another uncharged polar 
amino acid4. Furthermore, these domains are predicted 
to be natively unstructured, a key trait of prion domains 
and one which does not necessitate being Gln-rich106. 
Intriguingly, long-term potentiation of mouse hippoc-
ampal neurons is induced by dopamine107, which also 
induces CPEB3 expression108.

ApCPEB behaves as a prion in yeast. Appending 
the ApCPEB prion domain to a constitutively active 
glucocorticoid receptor (GR) allows GR to behave as a 
yeast prion4,109. Full-length ApCPEB also adopts several 
heritable, functional states in yeast associated with dis-
tinct conformational states of ApCPEB4. Intriguingly, 
ApCPEB that lacks its prion domain can also exist in 
alternative active states, although these are much less 
stable4. This indicates that the CPEB domain has an 
intrinsic propensity to exist in alternative states, which 
might be stabilized by the prion domain4.

Although ApCPEB has not yet been shown to form 
a prion in neurons, the fact that it does so in yeast 
leaves little doubt that it could also do so in specific 
synapses of A. californica4 (FIG. 3). Remarkably, ApCPEB 
prion conformers bind and activate otherwise dormant 
CPE-containing mRNAs (for example, N-actin and 
ephrins), whereas unpolymerized ApCPEB does not4. 
Therefore, in contrast to [PSI+] and [URE3], ApCPEB 
prion conformers are the biochemically active spe-
cies. This is not unprecedented because other proteins 
appended to a prion domain, such as GFP or gluta-
thione S-transferase, retain activity in assembled 
fibres26,39. This is because only the prion domain is 
sequestered in the amyloid core and the appended 
domains project outwards on the fibre surface23,39 (see 
figure in BOX 2). Therefore, steric effects imposed by 
their fibrous states might compromise diffusion-
limited Sup35 and Ure2 functions39. In ApCPEB, the 
CPE-binding site might be orientated optimally for 
RNA binding only on the exterior of prion fibres. 
Additionally, soluble ApCPEB might only weakly 
bind CPEs, and the localized concentration of several 
ApCPEBs in the context of a fibre might ensure RNA 
binding and/or assembly with cofactors into a larger 
cooperatively functioning complex (FIG. 3). However, 
how would prion formation be initiated (FIG. 3)?

Long-term memories can be forgotten, but how 
could this apply to prion-based memories? Yeast pri-
ons provide several clues. For example, A. californica 
neurons might express a second CPEB isoform that 
lacks the prion domain and antagonizes the prion phe-
notype, as in the case of yeast prions28,66,110. ApCPEB 
fibre ends might become inactive for conformational 
replication or the number of actively replicating fibre 
ends might become too low to sustain the prion. Unlike 
[PSI+], ApCPEB prion propagation in yeast does not 
require Hsp104 REF. 4, indicating that ApCPEB fibres 
might readily fragment and disseminate to progeny 

Figure 3 | Maintenance of long-term facilitation by the ApCPEB prion. CPEBs are RNA-
binding proteins that bind short 3′ RNA motifs termed cytoplasmic polyadenylation elements 
(CPEs). Just as yeast prions are induced by the overexpression of their protein 
determinants3,26,28,123, localized bursts of translation of a neuronal CPEB in Aplysia californica at 
specific synapses in response to neurotransmitter cues induces ApCPEB prion conformers. 
Therefore, ApCPEB prions might partially constitute the engram (or memory trace) of neuronal 
tissues. In serotonin-stimulated neurites, ApCPEB adopts a punctate distribution, perhaps 
representing aggregates99. Once formed, ApCPEB prions trigger the translation of otherwise 
dormant CPE-containing mRNAs that are essential for long-term facilitation exclusively at 
specific stimulated synapses. This active ApCPEB prion state is self-perpetuating, transcends 
many generations of molecules, and persists without any further extraneous signals. The 
stability and Gln-rich character of prion fibres means that they are less likely to be turned-over 
than soluble proteins159,160. Therefore, the prion switch is particularly perdurant and less easily 
reversed than more traditional molecular memories that require continuous kinase and/or 
phosphatase activity. The aggregated nature of ApCPEB prion conformers restricts them to 
activated synapses, such that unstimulated synapses of the same neuron would not become 
activated. Furthermore, ApCPEB prion strains might contribute to the strength and/or durability 
of long-term facilitation at different synapses, with weak strains perhaps being reversed more 
readily than strong strains. The huge conformational diversity characteristic of prion conformers 
(‘strains’ or ‘variants’) might permit a corresponding diversity in the strength of long-term 
facilitation events at different synapses.
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or that ApCPEB has a high frequency of spontaneous 
nucleation. However, Hsp104 overexpression elimi-
nates the ApCPEB prion, perhaps by disassembling it4. 
Similarly, disassembly of ApCPEB fibres at synapses 
might reverse long-term facilitation. Hsp104 has no 
obvious metazoan homologues, but other AAA+ 
(ATPases associated with diverse activities) proteins 
or chaperones could perform an analogous function, 
and might even modulate ApCPEB prion conformers 
in response to stress.

Widespread prion-based molecular memories? 
The widespread occurrence of Gln/Asn-rich domains 
in eukaryotes92,93 raises the possibility that similar 
mechanisms to those outlined for ApCPEB could 
operate in settings as diverse as transcription or 
development in which physiological or environ-
mental cues might trigger self-perpetuating prion 
states51. Cell-fate decisions are frequently made at the 
transcriptional level in response to developmental 
stimuli. Furthermore, several key regulatory proteins 
are expressed only transiently, but the gene expression 
patterns that they establish persist. Such transient 
bursts of expression could allow the nucleation of prion 
conformers, which would then be stably inherited 
through developmental lineages.

Polycomb- and trithorax-group proteins. For exam-
ple, the expression patterns of homeotic genes in 
D. melanogaster must be precisely maintained through-
out development, but the gap, pair-rule and segment-
polarity transcriptional modulators that establish these 
patterns disappear after a few hours of embryogen-
esis111. The Polycomb and trithorax groups of proteins 
subsequently maintain these established states111. Once 
Polycomb- or trithorax-induced patterns of repressed 
or activated transcription are established, they fre-
quently spread over large areas of the genome and 
persist through many rounds of cell division, a phe-
nomenon termed ‘transcriptional memory’111. This is 
achieved through complex multistep mechanisms that 
involve several dynamic multiprotein complexes that 
assemble at specific DNA sequences and coordinate 
nucleosome modification, chromatin remodelling 
and interactions with transcription factors111. Several 
Polycomb- and trithorax-group proteins contain Gln/
Asn-rich domains and/or unstructured regions (for 
example, the proteins brahma, trithorax-like, zeste, 
polyhomeotic, Polycomb and trithorax) and we won-
der whether self-replicating prion conformations that 
can be dynamically regulated might also participate in 
the construction of transcriptional memory. The gap, 
pair-rule and segment-polarity gene products recruit 
Polycomb- and trithorax-group proteins, and, by 
concentrating them locally, might drive a conforma-
tional change to a self-perpetuating form. Intriguingly, 
transcriptional repressors such as anterior open (also 
known as yan), an ETS family member, and polyhome-
otic (a Polycomb -group protein) contain a sterile 
α-motif (SAM) domain that folds into a small 
five-helix bundle and assembles these proteins 

into linear helical polymers, which might facilitate 
the spreading of repressional complexes to both 
local and distant sites along the chromosome112,113. 
Oligomerization is often crucial for the function of 
Polycomb-group proteins and is not always medi-
ated by SAM domains112,113. Perhaps analogous 
mechanisms exist, driven not only by SAM domains 
but also by prion-like domains.

Snf5 and Swi1. Two very interesting yeast proteins with 
putative Gln/Asn-rich prion domains are Snf5 and 
Swi1 REF. 92, members of the evolutionarily conserved, 
multi-subunit SWI/SNF complex that mobilizes nucle-
osomes and remodels chromatin114. Approximately 
6% of all yeast genes are transcriptionally regulated 
by SWI/SNF REF. 114, and SWI/SNF can repress or 
activate gene expression115. The inactivation of Snf5 
or Swi1 through a self-replicating prion conformation 
would have extensive repercussions for transcription 
on a genome-wide scale. Alternatively, the assembly 
of Swi1 or Snf5 prion conformers on chromatin might 
potentiate SWI/SNF remodelling.

TIA1. TIA1 is a metazoan RNA binding protein that 
contains a Gln/Asn-rich, putative prion domain116. This 
domain mediates its appearance in discrete cytoplasmic 
and nuclear aggregates, termed stress granules, which 
sequester stalled translation-initiation complexes in the 
cytoplasm following environmental stress116. It is unclear 
whether this Gln/Asn-rich domain confers a self-repli-
cating conformation or represents a simple aggregation 
module20. However, the prion domain of Sup35 can 
replace the Gln/Asn-rich domain of TIA1 to promote 
stress granule formation116. Stress granules might protect 
mRNAs during cell stress by preventing their unproduc-
tive translation and/or splicing116. Here it might seem 
that ordered aggregation and general stability are the 
key functional features of the prion-like domain, rather 
than any need for a long-term self-perpetuating struc-
ture. The fact that the functional alterations of TIA1 are 
governed by environmental conditions is just one case of 
what might prove to be many, in which prion-like states 
are dynamically regulated.

Conclusions
A multitude of proteins that harbour putative prion 
domains are positioned at crucial regulatory nodes and 
could exert important effects on the connection between 
genotype and phenotype. We propose that prions and 
the molecular memories that they convey will continue 
to be revealed in more and more beneficial and crucial 
junctures of information storage, in cell and develop-
mental biology and evolution51. The challenge is to 
recognize, decode and comprehend this information.

Note added in proof
Castilla et al.161 recently succeeded in inducing prion 
disease in wild-type animals using a prion generated 
in vitro using a PCR-like amplification system. These 
findings bring us ever closer to a definitive proof for 
the mammalian prion hypothesis162.
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