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Mutation processes at the protein level: is Lamarck back?
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Abstract
The experimental evidence accumulated for the last half of the century clearly suggests that inherited variation is not
restricted to the changes in genomic sequences. The prion model, originally based on unusual transmission of certain neurodegenerative diseases in mammals, provides a molecular mechanism for the template-like reproduction of alternative protein
conformations. Recent data extend this model to protein-based genetic elements in yeast and other fungi. Reproduction and
transmission of yeast protein-based genetic elements is controlled by the “prion replication” machinery of the cell, composed of the protein helpers responsible for the processes of assembly and disassembly of protein structures and multiprotein
complexes. Among these, the stress-related chaperones of Hsp100 and Hsp70 groups play an important role. Alterations of
levels or activity of these proteins result in “mutator” or “antimutator” affects in regard to protein-based genetic elements.
“Protein mutagens” have also been identified that affect formation and/or propagation of the alternative protein conformations.
Prion-forming abilities appear to be conserved in evolution, despite the divergence of the corresponding amino acid sequences.
Moreover, a wide variety of proteins of different origins appear to possess the ability to form amyloid-like aggregates, that in
certain conditions might potentially result in prion-like switches. This suggests a possible mechanism for the inheritance of
acquired traits, postulated in the Lamarckian theory of evolution. The prion model also puts in doubt the notion that cloned
animals are genetically identical to their genome donors, and suggests that genome sequence would not provide a complete
information about the genetic makeup of an organism. © 2001 Elsevier Science B.V. All rights reserved.
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1. “Gene” and “mutation” in classical and
molecular genetics
Genes were first thought of as structural and functional units of inherited information. Alternative
states of the genes (alleles) were postulated to control differences between alternative phenotypic traits.
“Mutations” were thought of as any changes in phenotype, which became inherited. In particular, gene mutations were defined as changes that convert one allele
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into the other allele. In classical genetics, the definition
of “gene” and “mutation” did not imply any specific
molecular basis of the carriers of genetic information,
least of all the nucleic acids (see [1–3]). Indeed, until
at least the mid 1940s it was generally agreed that the
carriers of genetic information are probably proteins.
Protein-based inheritance was at the heart of the early
models of replication of genetic material.
The “double helix” [4] and further developments
have changed the paradigm. The “central dogma” of
molecular biology identified the genes as pieces of
nucleic acids (in most cases, DNA). The most recent
textbooks (e.g. [5]) define genetics as “the study of
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to the peculiar nature of ciliates. Information obtained
in such a non-conventional system could unlikely be
commonly accepted as a demonstration of the general
rule.

2. Prion model

Fig. 1. Comparison of the structural and replication templates.
Replication template directs synthesis of a new sequence which
exactly corresponds to a pre-existing sequence. Structural template
directs shaping of the new structure which exactly corresponds to
a pre-existing structure.

genes” and gene as “a section of . . . DNA”. The term
“mutation” was now assumed to apply to the changes
affecting the sequence of nucleotides in DNA. While
functional assays such as the complementation test
remained in use, they were now held secondary to
molecular evidence. The roles seemed to be assigned
once and forever: genetic role — to nucleic acids, enzymatic role — to proteins. And while the discovery
of enzymatic properties of RNA did shake the principle of “power separation”, it had not cast any doubt in
that proteins cannot be information carriers and have
nothing to do with foundations of inheritance.
Such an unanimous acceptance of DNA’s genetic
monopoly becomes even more surprising, if we take
into consideration that the first credible evidence of
“non-nucleic acid” inheritance is almost as old as
the double helix. So-called cortical inheritance, or
cytotaxis in Paramecium, first described by Beisson
and Sonneborn [6], was shown to be controlled by
the structural organization of cortex, a multiprotein
complex forming the outer surface of the ciliate cell.
Surgical alterations of cortex became inherited in
cell generations, indicating that pre-existing high order structure can serve as a “template” directing the
formation of new structures (Fig. 1). A lot of information has been acquired that supports the “structural
inheritance” model (e.g. [7]; see also [8] for review).
However, all this evidence has been unable to slow
down the “nucleization” of genetic terminology. Apparently, the scientific community was unprepared to
recognize the universal importance of these data due

The convincing proof of the genetic function of
DNA has originated from experiments with infectious agents. The same is true for protein-based inheritance. The behavior of protein-based infectious
agents, called “prions” by Prusiner [9], could not
be explained completely within the framework of
the “central dogma”. Although the prion model was
initially applied to infection rather than inheritance,
it promoted the revolutionary idea that proteins can
transmit certain information directly from one protein
molecule onto another protein molecule.
Prion diseases are infectious, fatal and incurable
neurodegenerative diseases in mammals, including
humans. The oldest example described is scrapie
disease in sheep, and the most widely publicized
one is “mad cow disease”, or bovine spongiform
encephalopathy (BSE), which has apparently been
transmitted from sheep to cows (see [10,11] for review). The human equivalents of these diseases, such
as an exotic kuru disease transmitted by cannibalism, or Creutzfeldt–Jacob disease spread primarily
by medical mistreatment (see [10,11]), are relatively
rare, but they have gained a lot of publicity recently
due to the possibility of transmission of “mad cow
disease” from cows to humans through consumption
of the meat of infected animals. An unusual feature of
prion diseases is an extremely high resistance of the
infectious agent to anti-nucleic acid treatments. After
it was first reported by Alper and coworkers [12] that
the scrapie agent is UV-resistant, Griffith [13] came
out with a speculative model that could explain this
phenomenon. The current prion concept, which took
shape from the solid experimental material accumulated by Prusiner and other laboratories, has filled
the Griffith’s speculation with the material contents
and remains the only model which is able to explain
the peculiar nature of these diseases. Although the
prion concept still lacks formal proof, the amount of
circumstantial evidence collected was sufficient for
most researchers in the field to accept it, and for the
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Nobel Prize committee to award a Nobel Prize to
S.B. Prusiner in 1997. A few “dissenters”, remaining
sound in criticizing certain aspects of the concept (for
instance, see [14]), have so far failed to present an
equally convincing alternative explanation.
According to the prion concept, the infectious agent
is a protein in an altered conformation (called prion
protein) that can reproduce itself by converting the target cellular protein of the same amino acid sequence
into prion conformation. Indeed, the infectious units
isolated from the brains of sick animals are primarily
composed of a particular protein called PrPSc (from
“scrapie”), that represents an abnormal isoform of the
normal cellular protein PrPC (from “cellular”). Deletion of the gene coding for PrP makes mice immune
to the scrapie infection, apparently due to absence
of the target, on which PrPSc could act. In the prion
model, DNA remains a source of the primary material for conversion: the amino acid sequence of PrP
is translated from the cellular PrP gene. However, the
DNA sequence does not exclusively control a difference between phenotypic traits anymore. Both PrPSc
and PrPC can be expressed from one and the same
nucleotide sequence, even though they cause different
phenotypes. And while PrPC conformation remains
stable in the absence of PrPSc , it is converted into
PrPSc once the PrPSc “template” is present, despite
the fact that the sequence of nucleotides in the gene,
as well as the sequence of amino acids in the protein,
remains unchanged.
There are two principal molecular models proposed
to explain the mechanism of prion conversion (see
Fig. 2). The “heterodimer” model [15,16] postulates
that conversion occurs in the heterodimer PrPC –PrPSc ,
so that the shape of one partner (PrPC ) is changed according to the shape of the other partner (PrPSc ). Since
it is difficult to imagine that a stable protein conformation could be converted directly into another stable
protein conformation, it is more likely that the process
of conversion involves an unstable partially unfolded
intermediate. The “nucleated polymerization” model
[17] suggests that PrPSc is an insoluble polymer, which
can “seed” polymerization of the normally soluble
cellular protein (PrPC ), thus converting it into a prion
(PrPSc ). Indeed, PrPSc is insoluble and can form fiberlike polymerized aggregates, rich in ␤-structures and
possessing characteristic features of amyloids [18,19].
While it remains to be proven whether aggregation
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Fig. 2. Molecular models of prion propagation. ( ) Cellular isoform, ( ) partially unfolded intermediate, ( ) prion isoform. See
comments in the text. The “heterodimer” model is also known
as “template assistance” [16] or “monomer directed conversion”
[37]. For more detailed description of the models, see [37].

plays a causative role in prion conversion, it is clear
that molecules in prion form tend to aggregate. Certain steps of PrPC aggregation “seeded” by PrPSc
were reproduced in vitro [20], although numerous attempts to produce infectious material in the test tube
have failed so far. As the conformation of molecules
included into amyloid would necessarily be changed,
compared to their soluble counterparts, it is possible
that both models actually emphasize different aspects
of one and the same process.

3. Inherited prions as genetic elements
Further extension of the prion concept has been
initiated by Wickner [21], who has proposed that the
Saccharomyces cerevisiae non-Mendelian elements
[URE3] and [PSI] are prions, inherited at the cytoplasmic level. [URE3], discovered by Lacroute and
coworkers [22,23], confers to the yeast ura2 mutants
the ability to utilize ureidosuccinic acid as a source
of uracil. [PSI], discovered and extensively studied
by Cox and coworkers [24,25], increases nonsensesuppression (i.e. readthrough of termination codons).
Both elements have all the features of the “classical”
non-Mendelian genes, but also require a nuclear element, URE2 gene in case of [URE3] [21] or N-terminal
domain of the SUP35 gene in case of [PSI] [26,27], for
their maintenance. Further experiments confirmed that
[URE3] [28,29] and [PSI] [30,31] are associated with
aggregated protease-resistant isoforms of the Ure2 and
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Table 1
Comparison of the yeast and mammalian prions
Mammalian PrPSc

Yeast [PSI]

Yeast [URE3]

Genetic features
Transmission
Reversible curing
Maintenance gene
Phenotype of the maintenance gene mutation
Induction by overexpression of the maintenance gene

Extracellular
?
prn-p
Same as PrPSc
?

Cytoplasmic
Yes
SUP35 (N-domain)
Same as [PSI]
Yes

Cytoplasmic
Yes
URE2
Same as [URE3]
Yes

Protein features
Protease resistance
In vivo aggregation
In vitro amyloid formation

Yes
Yes
Yes

Yes
Yes
Yes

Yes
Yes
Yes

No
Yes
Yes
Membrane-bound protein
of unknown function

Yes
Yes
Yes
Translation termination
factor

Yes
No
Yes
Regulator in nitrogen
metabolism

Protein structure
N-terminal QN-rich stretch
Oligopeptide repeats
Unstructured N-proximal region
Protein function

Sup35 proteins, respectively. Similar to mammalian
PrP, prion-forming domains of the Ure2 and Sup35
proteins can produce ␤-rich amyloid-like polymers in
vitro, which can “seed” polymerization of the soluble
protein of the same sequence [32–36]. At least in case
of the prion-forming domain of Sup35, aggregation
starts from the unstructured rather than from the completely folded protein, and proceeds via oligomeric
intermediates [37]. Therefore, such a process (called
“nucleated conformational conversion”) combines
some features of the “heterodimer” and “nucleated
polymerization” models. “Seeded polymerization” of
the Sup35PSI+ aggregates was also reproduced in the
yeast cell-free extracts [32,38]. Transient overproduction of either complete Ure2 or Sup35 proteins or
prion-forming domains of these proteins in the yeast
prion non-containing cell leads to increased de novo
formation of prion isoforms of the respective proteins
[21,28,39,40]. In a similar way, the liposome-mediated
transfection of [psi− ] (prion non-containing) yeast
cells with the prion inducing fragments of the Sup35
protein, produced and aggregated in vitro, resulted
in low efficient but detectable conversion into the
[PSI+ ] (prion containing) state [41]. The genetic and
biochemical evidence leading to discovery of yeast
prions is summarized in recent reviews [42–45].
While the normal cellular function of mammalian
PrP is not clear yet, functions of Ure2 and Sup35 are

known (see Table 1). The Sup35 protein is a translation termination (release) factor, the yeast representative of the eukaryotic eRF3 family (see [42,44,45]
for review). The Ure2 protein is performing a regulatory function in the nitrogen metabolism pathway (see
[43,44] for reviews). Although PrP, Ure2 and Sup35
proteins are not homologous to each other, mammalian
and yeast prions have many features in common, from
phenomenology of the process to certain molecular
characteristics of the prion isoforms (see Table 1). The
major difference is that, in contrast to mammalian prions, [URE3] and [PSI] are transmitted by cytoplasmic
transfer rather than by extracellular infection. While
this generally follows the mode of transmission of
yeast viruses, which are usually not capable of extracellular infection, such a mechanism establishes yeast
prions as discrete genetic elements responsible for certain phenotypic traits. Formally speaking, this fits a
general definition of gene in “before DNA” era (see
[1–3]).

4. Prion conversion as an example of “protein
mutation”
As in the case of mammalian PrP, yeast prions are
not completely independent of the cellular genome,
since they require the nuclear genes to code for prion
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Fig. 3. Comparison of the traditional paradigm and prion paradigm.
In the traditional paradigm of inheritance, the protein change
becomes an inherited trait only in case if it is caused by the
change in the coding DNA sequence. In the prion paradigm,
one and the same sequence can take alternative shapes (“normal
shape” and “prion shape”), and prion isoform could be inherited
in a template-like fashion (see above, Figs. 1 and 2). Therefore,
the protein change can become an inherited trait even without a
corresponding change of DNA sequence.

proteins. However, differences between alternative
phenotypic traits are not determined by differences in
DNA sequence: both “prion containing” and “prion
non-containing” cells may have one and the same
sequence of nucleotides in DNA, nevertheless they
exhibit alternative phenotypic traits that are inherited in cell generations (see Fig. 3). Therefore, the
“cellular” or “wild-type” (non-prion) isoform and
prion isoform could be considered as alternative
“alleles” of the protein-based genetic element. Conversion of one allele into another would then be
analogous to “mutation” at the protein level.
While use of the word “mutation” in such a context could shock a DNA-minded geneticist of modern
times, this should be noted that “mutation” initially meant nothing more than “inherited change of
phenotype” (see [1–3]). It would also be misleading
to say that definition of mutation was specified and
clarified later. Indeed, the genetic events that have
very little in common except inherited change, such
as polyploidy on the one hand and base substitutions on the other hand, continue to be called by
one and the same name, “mutation”, in the modern
genetic literature (e.g. see [5]). Neither is the term

43

“mutation” reserved strictly for DNA or genomic
RNA. The recently described phenomenon of “transcriptional mutagenesis” [46,47] does not fit such a
restricted mode of usage. Some researchers suggest
the term “epimutation” for the inherited changes not
affecting DNA sequence [48]. However, the terms
“epimutations” and “epigenetics” are also associated
with DNA modifications such as methylation. Therefore, application of these terms to protein-based
inheritance could be a source of confusion.
The mechanism of the initial appearance of prion
isoforms (the process which we suggest to call
“prionization”, in order to distinguish it from the
propagation of pre-existing prion isoform) remains
a mystery. DNA mutations in the PrP coding gene,
leading to a protein with increased prion-forming potential, were shown to be associated with so-called
“genetic” forms of prion diseases in mammals, including humans. By analogy, it has been suggested
that prionizations could result from such DNA mutations in some somatic cells (see [10]). The mutant
proteins could spread extracellularly to the wild-type
cells, converting normal proteins into prions capable
of further spreading the infection. However, such a
mechanism is not applicable to yeast where extracellular prion infection is unlikely. Instead, it has
been shown that transient overproduction of the corresponding wild-type protein [21,39] or its fragments
encompassing the prion-forming domain [28,40] results in a sharp increase of prionization in yeast. This
observation, which served as one of the foundation
stones for the prion model of [PSI] and [URE3],
also proves that initial prionization in yeast occurs
at the “post-DNA” level and should be considered
as protein rather than DNA “mutation”. One cannot
rule out a possibility that accumulation of the aberrant misfolded translation products, which initiate a
process of prionization, is caused or facilitated by
transcription errors or transcript alterations, such as
ones described in [46,47]. However, it is also likely
that spontaneous misfolding and aggregation simply
become more probable with an increase of the cellular concentration of the corresponding protein. The
overproduction may also shift the balance between
the newly synthesized protein and chaperone helpers,
assisting in proper protein folding. This might facilitate protein misfolding, resulting in prion formation
(see below).
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Prion isoforms are usually dominant over “wild-type”
isoforms due to the ability of a prion to convert a
normal protein into the prion state. This is typical of
“gain-of-function” mutant alleles. Indeed, prionization confers a new function to the protein — that is,
the ability to reproduce the prion state. Meanwhile,
the normal cellular function of the same protein is
usually impaired or lost in the prion isoform. Due to
wild-type to prion conversion, the prion “alleles” of
course do not follow the Mendelian rule of equal segregation. However, deviation of this rule is a typical
characteristic of all cytoplasmic (i.e. non-Mendelian)
genes (see [5]).
In a striking parallel to DNA gene mutations, prionization can result in formation of multiple “protein
alleles” — so-called “prion strains”. Prion strains were
initially described in mammals as infectious agents
with different incubation periods [49]. They were
long considered as the major obstacle to the “protein
only” model of prion phenomena. However, it has
recently been shown that “strain-specific” prion phenotypes correlate with the “strain-specific” patterns
of PrPSc proteolytic digestion, which could be reproduced during in vitro propagation of PrP aggregates
[50]. The yeast prion [PSI] can also exist in multiple
states (“strains”), which differ from each other by
both the intensity of translational readthrough and the
frequency of mitotic loss [40]. Each “strain” of [PSI]
is capable of reproducing its strain-specific characteristics in cell generations. While the molecular basis of
the “strain” phenomenon is yet unknown, it is likely
to involve either type of conformational alteration of
the prion-forming protein, or certain properties of the
prion aggregates, or both.
If prionization is analogous to the “forward
mutation” in traditional terminology, “loss of prion”
(i.e. conversion from prion isoform back to the
“cellular”, or “wild-type” isoform) would be analogous to “reverse mutation”. Mitotic loss of the prion
state in yeast can sometimes occur spontaneously,
usually with low frequency. However, the “weak
strains” of the [PSI] prion loose [PSI] relatively frequently, sometimes up to 1% per generation [40].
Even higher frequency of the spontaneous [PSI] loss
was detected in the heterologous derivatives of [PSI],
composed of the Sup35 protein with a prion-forming
domain of the distant evolutionary origin [51–53]
(see below). Certain treatments can increase [PSI] or

[URE3] loss dramatically. Agents increasing loss of
[PSI] or [URE3] (that is, “curing” yeast cells of a
prion) could be considered as analogs of mutagens,
that increase the rate of DNA mutations.

5. Protein mutagens
Some valuable information has been accumulated about chemical and other treatments that induce “reverse mutations” from prion to non-prion
(“wild-type”) state. Examples of “protein mutagens”
that induce loss of [PSI] include both “conventional”
(DNA) mutagens (such as UV and radiation) and
agents potentially affecting protein folding (heat
shock, osmotic stress, dimethylsulfoxide, ethanol,
etc.) (see [25] for review) or assembly of the multiprotein cytoskeletal structures (latrunculin A) [54] (see
Table 2). It is logical that while “DNA mutagens”
affect nucleotide sequence of DNA, the “protein
mutagens” should affect protein conformation and
assembly — a “coding element” of the protein based
inheritance. It is less clear why should conventional
(DNA) mutagens affect protein based genetic elements as well. We will discuss one possible explanation for such a phenomenon later.
Probably the most efficient and most extensively investigated “cure” of [PSI] is guanidine-HCl (GuHCl)
[25,55]. GuHCl also cures yeast cells of [URE3] [21].
GuHCl is a protein denaturing agent; however, the
concentrations used in “prion-curing” experiments
(1–5 mM) are too low for significant protein denaturation. Recent data [56] confirm that GuHCl effect
on [PSI] is strictly generation dependent, suggesting that GuHCl is blocking proliferation of [PSI]
rather than converting pre-existing [PSI] back into the
“wild-type” form. GuHCl can possibly be compared to
mutagens which block replication and cause deletions
of genes or loss of whole DNA replicons. Whether
GuHCl achieves this by affecting the prion protein
directly or by inactivating the auxillary “helpers” (see
below), remains to be understood.
Most conventional mutagens influence both
“forward” and “reverse” DNA mutations. The agents,
which cause loss of the prion (“reverse protein
mutation”) in most cases were not characterized in
regard to their effect on prionization (“forward protein mutation”). In general, there is yet little known
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Table 2
Protein mutagens
“Mutagenic” factor

Environmental conditions
Low temperature
Heat or osmotic shock
Deep stationary phase
DNA damaging agents
(UV, radiation)
Chemical agents
Guanidine-HCl
DMSO
Ethanol, methanol
Latrunculin A

Effect on prion

Effect on DNA genome

[PSI]

[URE3]

Nuclear

Mitochondrial

Induction
Loss
Induction
Loss

Induction
?
?
?

None
None
None
Alteration

None
Loss
Alteration or loss
Alteration or loss

Structure assembly
Protein folding and stress response
Stress response
DNA structure and stress response

Loss
Loss
Loss
Loss

Loss
?
?
?

None
None
None
None

Loss
?
Loss
?

Protein folding
Protein folding and structure assembly
Protein folding and stress response
Actin cytoskeleton assembly

about the treatments or agents inducing prionization
(see Table 2). It appears that prolonged incubation in
the refrigerator (at about 4◦ C) increases appearance
of the yeast prions ([57]; M. Aigle, personal communication, cited and confirmed in [58]; Y. Chernoff,
A. Galkin and A. Borchsenius, unpublished data).
Growth at low temperature (20–25◦ C) increases [PSI]
induction by overproduced Sup35 protein of various
origins [51,59]. Prolonged incubation in the stationary phase also appears to facilitate [PSI] formation in
certain strains (Y. Chernoff et al., unpublished data).
In general, the environmental factors and agents affecting prionization are yet to be characterized.
6. Genetic control of prion formation and
propagation in yeast: protein mutators and
antimutators
Our understanding of the molecular mechanisms
of DNA mutagenesis has been driven by studying the
mutants that increase (mutators) or decrease (antimutators) rates of mutations in the other genes. DNA
mutators and antimutators have helped to elucidate
the principles of DNA replication and repair, and have
uncovered the role that replication and repair systems
play in mutagenesis (for recent reviews, see [60–62]).
A similar approach can be applied to studying
“protein mutagenesis”. In yeast, the proteins affecting
prion maintenance in trans were first identified by
studying the effects of transient protein overproduction, the same tool that helped to identify Sup35 and

Molecular process affected

Ure2 as prion carriers. Conventional genetic procedures allowing for inactivation of the corresponding
genes were used on further stages.
6.1. Hsp104 role in [PSI] maintenance
The first protein shown to affect [PSI] maintenance
in trans was the chaperone protein Hsp104. Increase in
Hsp104 levels inhibits nonsense-suppression by [PSI]
[58,63]. Moreover, yeast cells can be cured of [PSI]
as a result of transient Hsp104 overproduction [58].
Surprisingly, deletion of the HSP104 gene also results
in loss of the [PSI] state [58]. An “anti-PSI” effect of
the HSP104 deletion was recessive, while mutations
inactivating the ATP-binding domains of Hsp104 protein exhibited a dominant negative effect on [PSI].
Apparently, the mutant Hsp104 protein is somehow
outcompeting the wild-type Hsp104 protein and preventing it from performing its normal function on
[PSI]. We hypothesized [58] that this could be due to
a multimeric (hexameric) organization of the Hsp104
protein [64]. It is possible that “mutant” monomers
inactivate the whole hexameric unit. Experiments are
currently underway aimed at testing this hypothesis.
Overall, it looks like the Hsp104 chaperone plays
a unique role in [PSI] propagation. The correct balance between Hsp104 and the [PSI]-forming protein
Sup35 is extremely important. If this balance is shifted,
reproduction of the prion state is impaired (Fig. 4A).
The Hsp104 chaperone belongs to the evolutionary
conserved ClpB/Hsp100 family, members of which
participate in various cellular processes [65]. In yeast,
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Fig. 4. Role of the yeast Hsp104 protein in [PSI] propagation. (A) Effects of Hsp104 inactivation and Hsp104 overproduction on [PSI]
[58]. (B) Models explaining Hsp104 role in prion propagation [31,58]. The process of prion propagation is shown in accordance to the
nucleated polymerization model (Fig. 2) but includes a partially unfolded intermediate state as confirmed by the recent data (for example,
see [37]). According to Chernoff et al. [58], Hsp104 is required for the formation of this intermediate, which serves as a substrate for
prion conversion. According to Paushkin et al. [31], Hsp104’s role is to break prion polymers down into the oligomeric “seeds”, initiating
the next round of prion proliferation. Both models provide essentially the same explanation for the anti-prion effect of excess Hsp104. See
more detailed comments in the text.

Hsp104 is responsible for so-called induced thermotolerance, that is, adaptation to severe heat shock
induced by pre-incubation at mild heat shock conditions [66,67]. Hsp104 is also involved in the response
to some other environmental stresses, as well as in
the control of spore viability and long term viability
of starving vegetative cells [67]. In molecular terms,
Hsp104 is an ATPase [64], shown to promote solubilization of aggregated heat damaged proteins in vivo
[68] and in vitro [69]. This “disaggregation” function
of Hsp104 is achieved in cooperation with the other
chaperones, Hsp70-Ssa [69,70] and Hsp40-Ydj1 [69].
Certain features of the Hsp104 effect on protein aggregates could be understood from a comparison with
its E. coli homolog, ClpB. The bichaperone network,
including the ClpB protein and DnaK–DnaJ–GrpE
complex (a prokaryotic counterpart of the eukaryotic
Hsp70–Hsp40), is responsible for resolubilization and
refolding of misfolded proteins, previously aggregated
in the absence of chaperones [71]. The experimental
data suggest a model in which ClpB directly binds
protein aggregates and, as a result of ATP hydrolysis, undergoes structural changes which increase the

hydrophobic exposure of the aggregates. This allows
the DnaK–DnaJ–GrpE complex to bind and promote
disaggregation and refolding [71]. It is possible that
Hsp104 protein and Hsp70–Hsp40 complex act on
the yeast protein aggregates by a similar mechanism.
Initiation of protein “disaggregation” by Hsp104
could explain the fact that an excess of this protein interferes with propagation of prion aggregates. Indeed,
increased proportion of soluble (wild-type) versus
insoluble (prion) Sup35 protein has been detected in
the [PSI+ ] yeast cells overexpressing Hsp104 [30,31].
However, more difficult to explain is the observation
that the absence of Hsp104 activity is so damaging
for [PSI] reproduction. We initially hypothesized that
Hsp104 activity could be involved in generation of
the intermediate, a partially misfolded conformer of
Sup35, that serves as a source for prion conversion
[58]. For example, it is possible that alterations of the
Hsp104 shift the balance between completely folded
Sup35 protein and partly unstructured polypeptide
which serves as a substrate for the process of aggregation (Fig. 4B). The role of unstructured polypeptide in
the process of Sup35 aggregation has been supported
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by in vitro studies [37]. Another model suggests that
Hsp104 is needed for initiation of the “seeding” reaction: in the absence of Hsp104, prion aggregates can
grow but cannot be broken down into the oligomeric
“seeds” which initiate new rounds of prion reproduction. As a result, huge aggregates are eventually diluted
and lost in cell divisions [31]. In either model, lack
of Hsp104 activity blocks prion reproduction rather
than removes prion conformers instantly (Fig. 4B).
Therefore, Hsp104 inactivation should result in
generation-dependent loss of prion. Our preliminary
data support this prediction (Y. Chernoff, R. Wegrzyn
and K. Bapat, unpublished data). However, [PSI] loss
in the absence of Hsp104 appears to be more rapid
than this would be expected if Hsp104 would simply
block [PSI] proliferation without altering its structure.
Together with the observation that the presence of
Hsp104 influences two-hybrid interactions between
Sup35N and some other proteins [72], this suggests a
more complex role of Hsp104 in [PSI] maintenance.
Since Hsp104 levels are affected by certain environmental stresses, it was logical to suggest that some
“protein mutagens” curing yeast cells of [PSI] do so
by modifying levels or activity of Hsp104 [58]. Indeed, Hsp104 is induced by heat shock, ethanol and
osmotic stress [67] — treatments known to cure yeast
cells of [PSI] to a certain degree (see [25] for review).
Moreover, Hsp104 is also expressed in response to
UV or radiation induced DNA damage (T. Magee
and K. McEntee, personal communication, quoted in
[58]). Therefore, we have proposed that a “protein
mutagenic” effect of UV is mediated by Hsp104 [58].
This removes a major obstacle to the “protein only”
model of the [PSI] phenomenon: the observation
that a “[PSI]-curing” effect of UV can be partially
reversed by photoreactivation, that is, light-induced
repair of DNA damage (see [73]). Indeed, photoreactivation decreases remaining DNA damage, that
might in turn result in decreased Hsp104 induction.
Thus, the effect of the “protein mutagens” could be
mediated by chaperones in the same way as effects of
DNA mutagens are mediated by DNA repair systems.
The most extensively characterized [PSI] curing
agent, GuHCl, does also increase the levels of Hsp104
expression [58,74]. However, it is unlikely that the
GuHCl effect on [PSI] is explained by Hsp104 induction. While the Sup35 solubilizing and [PSI] curing
effect of overproduced Hsp104 could be relatively fast
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[30,75], the effect of GuHCl is generation dependent
[56]. The Hsp104 inducing stress treatments such as
ethanol stress or heat shock do not increase [PSI] curing effect of GuHCl [56]. Moreover, Hsp104 ATPase
activity is inhibited in vitro by millimolar concentrations of GuHCl [69] – the same concentrations
that are used to cure yeast cells of [PSI]. This means
that even though Hsp104 levels are elevated in the
presence of GuHCl, the Hsp104 activity is unlikely
to be increased. In fact, it is possible that GuHCl
could affect [PSI] propagation by inactivating (rather
than inducing) Hsp104. However, our preliminary
data indicate that kinetic parameters of [PSI] curing
by GuHCl treatment and by Hsp104 inactivation are
different from each other (Y. Chernoff, R. Wegrzyn
and K. Bapat, unpublished data).
On the other hand, it is clear that [PSI] loss in response to environmental treatments cannot be solely
explained by variations in Hsp104 levels or activity.
For example, [PSI] is not eliminated at any detectable
level by growth at increased but still permissive temperature (“mild heat shock”, in contrast to severe
heat shock) [76], by sporulation, or by incubation
in the stationary phase (see [25] for review), despite
the fact that all these conditions have been shown to
induce Hsp104 [67]. This suggests that other proteins
or physiological changes associated with these conditions could interfere with Hsp104 effects on [PSI].
Our further experiments in this direction were focused on the chaperones of the Hsp70 family, which
are shown to interact with Hsp104 in disaggregating
and refolding of heat damaged proteins (see above).
6.2. Effects of Hsp70 proteins on [PSI]
The major cytosolic subfamily of the Hsp70 family
in yeast is Ssa, which includes four very closely related
and highly homologous proteins, namely Ssa1, 2, 3,
and 4 [77]. The total level of Ssa proteins in the cell is
increased in response to high temperature, stationary
phase and sporulation, although different members of
the subfamily exhibit different modes of regulation. As
discussed above, the Ssa1 protein (and possibly other
members of the Ssa subfamily), together with Hsp104
and Ydj1, participate in disaggregating and refolding
of heat damaged protein agglomerates [69]. Surprisingly, we have shown that overproduction of Ssa1
increases translational readthrough, caused by [PSI],
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Fig. 5. Comparisons of the chaperone effects on heat-damaged aggregates and prion aggregates in yeast. Data on chaperone effects on
temperature tolerance are from [68–71]. Data on chaperone effects on prions are from [58,59,78,79]. The model suggests that Hsp104 is
responsible for the initial prion “seeding” (see Fig. 4B), while Hsp70-Ssa promotes prion conversion, and Hsp70-Ssb antagonizes it by
preventing accumulation of misfolded protein serving as a conversion substrate. Alterations in the balance of Hsp104 and Hsp70 proteins
result in prion loss. See more detailed comments in the text.

and prevents efficient [PSI] “curing” by overexpressed
Hsp104 [78]. It appears that effects of Hsp70-Ssa on
aggregates of heat damaged proteins and on prion
aggregates diverged from each other. One possible
explanation is that due to the high order structure of
prion aggregates, Hsp70-Ssa protein recognizes them
as legitimate subcellular structures rather than agglomerates of misfolded proteins. Therefore, Ssa1 helps to
convert Sup35 protein back to the prion state, thus reversing an Hsp104 effect. In this way, Hsp70-Ssa actually promotes prion propagation in vivo. Such a model
suggests that Hsp104 is responsible for the initial step
of prion propagation in vivo (that is, generation of conversion intermediates or aggregation “seeds”), while
Hsp70-Ssa works on the further step (that is, actual
conversion of the intermediates into prions) (Fig. 5).
Indeed, increased Ssa levels lead to increase of efficiency of nonsense-suppression in the [PSI+ ] strains,
apparently due to increased proliferation of the [PSI]
prion [78]. The ssa1 mutation has also been identified
recently which causes a defect in [PSI] propagation
[79]. Our preliminary data indicate that excess Ssa1
increases the efficiency of [PSI] induction by overproduced Sup35 (K. Allen and Y. Chernoff, unpublished

data). Interestingly, the mammalian Hsp70 homologs
have been shown to be involved in the protection of
high order structures (e.g. cytoskeletal networks) during heat shock, suggesting that Hsp70 may assist in
reassembly of the multiprotein complexes [80].
The “prion helper” effects of Hsp104 (at intermediate levels) and Hsp70-Ssa indicate that yeast prions
have “learned” how to use cellular stress defense
systems to their own advantage, in the same way as
viruses and transposons employ the cellular DNA
replication and repair machinery for their own reproduction. Since both Hsp104 and Hsp70-Ssa are induced during growth at high temperature, it is probable
that Hsp70-Ssa is one of the factors protecting [PSI]
from the curing effect of Hsp104 at these conditions.
Another yeast cytosolic Hsp70 subfamily, Ssb, includes two essentially identical proteins, namely Ssb1
and Ssb2. In contrast to the Ssa subfamily, the Ssb
subfamily is constitutively expressed, is not induced
in response to high temperature, and is not essential
for viability [81]. Biochemical data suggest that Ssb
proteins are associated with the translating ribosomes
and nascent polypeptides [81,82]. Alterations of Ssb
levels affect ubiquitin-dependent proteolysis [83,84],
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leading to the suggestion that one of Ssb functions
is the “proofreading” of protein folding, that is to
say, identification of newly synthesized misfolded
polypeptides and targeting them for degradation. We
have shown that increased levels of Ssb enhance the
“[PSI] curing” effect of excess Hsp104, while deletion
of both SSB genes decreases the efficiency of [PSI]
“curing” by excess Hsp104 and significantly increases
the rate of spontaneous [PSI] formation [59]. It is
possible that the Ssb protein normally antagonizes
prion formation and reproduction by recognizing misfolded polypeptides, which could potentially be converted into prions, and targeting them for degradation
(Fig. 5). Therefore, the double ssb deletion (ssb1, 2∆)
is the first example of a “protein mutator”, increasing
prionization (that is, “forward” protein mutation).
6.3. Universality and specificity of the chaperone
effects on prions
Both Hsp104 and Hsp70 proteins belong to evolutionarily conserved groups of chaperones with a wide
spectrum of action. This suggests that these chaperones could potentially affect prions other than [PSI].
Indeed, yeast Hsp104 has been shown to promote in
vitro conversion of the mammalian PrP protein from
the soluble to the insoluble (aggregated) isoform [85].
The Hsp104 inactivation also resulted in the loss of
[URE3] in some strains [86], but not in all the strains
(Y. Chernoff and S. Liebman, unpublished data,
quoted in [42,44]). On the other hand, overproduction
of Hsp104 failed to cure yeast cells of [URE3] ([86]; Y.
Chernoff and S. Liebman, unpublished data, quoted in
[42,44]). It has also been reported that “heterologous”
[PSI] prions with the Sup35N domain of distant evolutionary origin are less sensitive to the overproduced
Hsp104 than the endogenous S. cerevisiae [PSI]
[52], although the curing effect of excess Hsp104
on “heterologous” [PSI] was still observed at higher
Hsp104 concentrations (E. Lewitin and Y. Chernoff,
unpublished data). The [PIN] element, a potential
prion mentioned below, is also cured by Hsp104 inactivation but not by Hsp104 overproduction [94]. Effects
of the Hsp70 proteins on prions other than [PSI] are
yet to be tested. However, an excess of the Hsp40-Ydj1
protein, an Ssa cofactor, causes time-dependent loss
of [URE3] [86], although it has no comparable effect
on [PSI] (K. Allen and Y. Chernoff, unpublished data).
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Taken together, these data suggest that while Hsp104
indeed plays a role of the general regulator of prion
propagation in the yeast cell, a certain specificity of
prion-chaperone interactions can still be observed.
6.4. Other proteins and genetic elements, affecting
prion formation and reproduction
In addition to the chaperones, we have identified
another yeast protein affecting prion formation and
reproduction. This is the cytoskeletal assembly protein Sla1. The known function of Sla1 is to assist
in “nucleation” of microfilaments of actin cortical
cytoskeleton [87], although Sla1 is neither essential
for this process nor is proven to interact directly
with actin. The two-hybrid screen has identified the
C-terminal domain of Sla1 as a protein fragment interacting with the N-terminal (prion-forming) domain
of Sup35 [72]. Quite remarkably, the two-hybrid interaction between Sup35N and Sla1C was inhibited
by Hsp104 inactivation. Moreover, the mutant derivatives of the Sup35N bearing certain PNM (“[PSI] no
more”) mutations were unable to interact efficiently
with Sla1C. In the [psi− ] strain lacking the Sla1 protein, de novo [PSI] formation induced by Sup35 (or
Sup35N) overproduction, was significantly decreased,
compared to the isogenic Sla1+ strain [72]. Therefore, the sla1∆ manifests itself as an “antimutator” in
regard to prionization. While the [PSI+ ] strains lacking Sla1 protein were still able to maintain a prion,
the “[PSI] curing” effect of agents such as dimethylsulfoxide or overproduced Hsp104 was significantly
increased in such strains [72]. These results indicate
that Sla1 protein plays an important, although not essential, role in prion formation and “recovery” from
prion-curing treatments.
Molecular mechanisms of the Sla1 effect on [PSI]
remain unclear. There is evidence of direct interactions between the actin cytoskeleton and components
of the translational machinery, including elongation
factor EF-1␣ [88–91], which is partially homologous
to the C-terminal (release factor) domain of Sup35
[92,93]. Prolonged incubation of the yeast cells in the
presence of latrunculin A, an agent disrupting the actin
cytoskeleton, causes loss of [PSI] [54]. However, the
fluorescence microscopy assays failed to detect a direct association between Sup35PSI+ aggregates and
the cortical actin cytoskeleton [54]. On the other hand,
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the Sup35N aggregates formed in vitro represent the
amyloid-like fibers which resemble cytoskeletal networks [32,33]. It is possible that Sla1 protein is involved in assembly of the other intracellular fiber-like
structures, in addition to the cortical actin cytoskeleton. In any case, the cytoskeletal assembly proteins
play a role in assembly of multiprotein complexes, that
is similar to the role played by chaperone proteins in
assembly of the protein tertiary structures. This might
explain why a cytoskeletal assembly helper is able
to assist in prion assembly as well. This means that
prionization could result from errors in the processes
normally responsible for formation of the tertiary and
quarternary protein structures.
Another genetic element, which affects prionization, is a non-Mendelian element [PIN] [94]. De novo
[PSI] induction caused by overproduced Sup35 protein is efficient only in [PIN+ ] strains [94]. Only some
deletion derivatives of Sup35, bearing the Sup35N
(prion-forming) domain with certain non-Sup35 extensions but lacking the Sup35C region, can induce
[PSI] in the [pin− ] strains as well [57,94]. Neither
translational suppression nor maintenance of the
pre-existing [PSI] state are affected by [PIN] [57].
The [PIN] element is inherited in a non-Mendelian
(cytoplasmic) fashion and “cured” by GuHCl treatment and by hsp104 deletion (but not by Hsp104
overproduction) [94]. However, [PIN] maintenance
does not require the Sup35N region, indicating that
[PIN] is not controlled by the prion-forming domain
of Sup35 protein [94]. It is an intriguing possibility
that [PIN] could represent another prion, which is
distinct from [PSI] but can “seed” [PSI] formation.
In this case, we would have a protein-based genetic
element that acts as a “protein mutator”, increasing
the rate of prionization of the other protein.
Efficiency of [PSI] induction by the overproduced
Sup35 protein is also modified by variations in levels of another component of the yeast release factor complex, Sup45 (eRF1). Increased levels of the
Sup45 protein antagonize the nonsense suppressor
[95] and [PSI] inducing [96] effects of overproduced
Sup35 protein. Apparently, interactions with Sup45
molecules, which physically bind Sup35 [97,98] and
represent the normal partners of Sup35 in translation
termination reaction [95,99], prevent self-aggregation
and prion conversion of overproduced Sup35 protein.
Interestingly, Sup45 levels do not appear to affect

propagation and suppression efficiency of pre-existing
[PSI] [96]. Moreover, it has been reported that at
least in some [PSI+ ] strains, the Sup45 molecules appear to be included in the Sup35PSI+ aggregates and
sequestered from the translational machinery [97].
In the case of [URE3], initial prion formation is also
influenced by the protein which functionally interacts
with Ure2, that is, Mks1 [100]. The Mks1 protein is a
negative posttranscriptional regulator of Ure2 activity
[101]. It is likely that Mks1 physically interacts with
Ure2, although direct proof of such an interaction is
missing thus far. The de novo formation of [URE3]
is blocked, while propagation of pre-existing [URE3]
is not affected in the strains lacking Mks1. Similar
to the [PIN] element and Sup45 protein described
above, presence or absence of Mks1 activity does not
affect any characteristics of the pre-existing prion.
The Mks1 protein itself is regulated by the Ras-cAMP
pathway. Quite remarkably, Ras2Val19 mutation which
increases cAMP production, also blocks [URE3] formation, apparently due to inactivation of Mks1 [100].
These results point to a complex cellular control of
[URE3] formation.
Information on the cellular control of prion formation and propagation in yeast available to date is
summarized in Fig. 6.
6.5. DNA and protein repair systems: an overview
DNA mutators and antimutators uncover two
groups of genetic elements: (1) sequence-specific
cis-acting elements which control mutagenesis in the
local regions of genome (mutation “hot spots”, etc.);
(2) trans-acting genes coding for the proteins which
control the processes of DNA replication and repair
in general (see [60–62] for review). In a similar way,
protein “mutators” and “antimutators” target two
groups of proteins. Some proteins influencing initial
prion formation (“forward protein mutation”) are involved in normal physiological interactions with the
“prionized” substrates. Such proteins, namely Sup45
in case of [PSI] and Mks1 in case of [URE3], are
specific to the particular prionized substrates (Sup35
and Ure2, respectively). Quite remarkably, these
“protein-specific” factors have no effect on propagation of the pre-existing prion (defects of which result
in “reverse protein mutations”). Apparently, the initial
steps of prion formation involve competition between
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Fig. 6. Cellular control of prion propagation in yeast. (
) Positive effects, (
) negative effects. (A) Cellular control of [PSI] propagation.
Data are from [40,58,59,72,78,94–96,138]. Effects based on preliminary data are indicated by discontinuous arrows. (B) Cellular control
of [URE3] propagation. Data are from [86,100].

normal physiological partners and newly formed
prion nuclei. Therefore, normal physiological partners occupy a position in protein mutagenesis system,
that is equivalent to the cis-acting elements in DNA
mutagenesis. In both cases, these factors reflect the
normal location of the target within a certain region
of DNA (DNA mutagenesis) or certain multiprotein
complex (protein mutagenesis).
Once the stable prion is formed, the prion protein
is removed from its normal physiological network,

and its further behavior is controlled by trans-acting
proteins of wide action spectra, specifically chaperones and cytoskeleton assembly helpers. Some of
these proteins (e.g. Ssb and Sla1) appear to influence
initial prion formation as well. At least some of the
trans-acting proteins (e.g. Hsp104) effect prions of
different structures and origins, suggesting existence
of the general “prion replication” machinery operating
in the yeast cell. An interesting parallel between the
“DNA replication” and “prion replication” machiner-
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Table 3
Comparison of the genetic elements affecting DNA and protein mutability
Genetic elements

DNA

Protein

Gene (or protein) specific
Molecular basis
Role

Adjacent pieces of DNA
Control of local DNA structure

Physiological partners of the prion protein
Control of composition of the specific multiprotein complexes

Gene (or protein) non-specific
Molecular basis
Components of DNA replication
and repair machinery
Role
Reproduction of DNA sequence

ies could be observed. The trans-acting components
of the DNA replication/repair machinery control
reproduction of DNA sequence, that is, a coding material for nucleic-based inheritance. In a similar way,
the trans-acting components of the “prion replication”
machinery control processes of protein folding and
assembly of the multiprotein complexes, that is,
generation and reproduction of the protein conformation, a “coding material” for “structural inheritance”
(Table 3).

7. How widespread are protein-based genetic
elements?
7.1. Evolutionary conservation of prion-forming
potential
While Ure2 seems to be confined to fungi, Sup35 is
an evolutionarily conserved protein detected in various
groups of eukaryotes (see [102] for review). However,

Components of protein folding and assembly machinery
Reproduction of protein shape

various regions of the Sup35 protein exhibit various
modes of evolution. Deletion analysis [27,40,103]
revealed that the S. cerevisiae Sup35 protein consists of three regions with distinct functions: (1) the
C-proximal (Sup35C) region, which is essential for
viability and translational termination and is partly
homologous to translational elongation factor EF-1␣;
(2) the N-proximal (Sup35N) region, which is not
essential for viability and termination, but is required
for [PSI] induction and propagation; (3) the middle
(Sup35M) region of unknown function, which is required for neither viability and termination nor [PSI]
induction and propagation (see Fig. 7A). The Sup35N
and Sup35C regions can perform their functions in
trans (that is, when they are physically separated from
each other) [27]. Moreover, fusion of the Sup35N
region to an unrelated protein can lead to inactivation of such protein in [PSI+ ] strains, apparently due
to prion formation [104]. Evolutionary comparisons
demonstrate that while the Sup35C region is greatly
conserved from yeast to humans, the Sup35N and

Fig. 7. Structure and evolution of the yeast Sup35 protein. (A) Structural organization of the S. cerevisiae Sup35 protein [92]; QN: the
N-terminal Gln and Asn rich stretch [108], R: region of the oligopeptide repeats [73,109]. Since the exact boundary between the Sup35N and
Sup35M regions is not known, it is assigned arbitrarily to the second Met residue at the position 124 of the Sup35 sequence. The minimal
fragment of the Sup35 protein, shown to be able to maintain and induce [PSI] encompasses the first 113 amino acid residues [27,40,103].
(B) Evolution of the Sup35 (eRF3) protein from yeast to humans. Structural organizations of the Sup35 proteins of S. cerevisiae [92],
a distantly related yeast Pichia methanolica [106], and Homo sapiens [105,107] are compared to each other. While the Sup35C regions
are conserved in evolution. The Sup35N and Sup35M regions exhibit high level of divergence. However, the Gln/Asn rich stretch (QN)
and the region of oligopeptide repeats (R) are conserved to a certain extent between Saccharomyces and Pichia. Certain patterns of amino
acid composition of the Sup35N region appear to be conserved from yeast to humans. (C) Conservation of the prion-forming abilities
of yeast Sup35 protein. Chimeric constructs bearing the Sup35N or Sup35NM portions of the S. cerevisiae Sup35 protein substituted by
the corresponding regions of P. methanolica Sup35 protein, can be turned into a prion in S. cerevisiae by overproduction of the protein
constructs including the Pichia Sup35N domain. On the other hand, the chimeric proteins with the Pichia Sup35N (or NM) domain cannot
be turned into a prion by the pre-existing Saccharomyces prion, indicating existence of the “species barrier” in the yeast prion transmission.
Overproduced prion forming domain of Pichia can induce the Saccharomyces Sup35 protein into a prion. However, such a heterologous
induction is less efficient than the homologous induction. Data are from [51–53].
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Sup35M regions exhibit high degree of divergence
even among various yeast genera [53,102,105–107]
(see Fig. 7B). However, the Sup35N and Sup35M
regions of various origins in most cases have more or
less similar sizes and share highly unusual features
of amino acid composition. For example, the Sup35N
region is composed of mostly uncharged amino acids,
while the Sup35M region is enriched by charged
amino acids. Moreover, genetic analysis has identified two subregions of S. cerevisiae Sup35N which
are involved in [PSI] formation and propagation: the
Gln- and Asn-rich N-terminus [108] and the region of
imperfect oligopeptide repeats [73,109]. A high concentration of the Asn residues is also characteristic
for the N-proximal (prion-forming) domain of Ure2
[28], while oligopeptide repeats were found within
the N-proximal half of mammalian PrP [10] (see
above, Table 1). Both subregions can be found in at
least some representatives of the other yeast genera,
such as Pichia, Candida, Kluyveromyces, etc., despite
the low level of overall conservation of the Sup35N
amino acid sequences among these genera [53,106]
(see also Fig. 7B).
The question arises whether the prion-forming
potential of the Sup35N is conserved in evolution.
Indeed, it has been shown that the chimeric Sup35
protein, with its Sup35N (or Sup35NM) region substituted by the corresponding piece of its Pichia
methanolica or Candida albicans homolog, can form
a prion in S. cerevisiae [51–53]. Prion formation was
induced by overproduction of the homologous (i.e. P.
methanolica or C. albicans) Sup35N (or Sup35NM)
domain (see Fig. 7C), as shown previously for the
endogenous S. cerevisiae Sup35 protein [40]. This
strongly confirms evolutionary conservation of the
prion-forming ability of the Sup35N domain. Interestingly, interspecies prion conversion (for example,
from the Sup35 protein with S. cerevisiae Sup35NM
to the Sup35 protein with P. methanolica Sup35NM)
was inefficient [51–53], thus imitating the “species
barrier” previously described for the mammalian
PrP infection [110–112]. These results confirm that
reproduction of the prion conformation requires a
precise correspondence between the prion “seed”
and target cellular protein. However, the species
barrier could be partly overcome in some cases,
when the heterologous protein was overproduced
[51].

7.2. Fungal prions other than [PSI] and [URE3]
Conservation of the Sup35N prion-forming potential suggests that other proteins possessing the
features of amino acid organization, which are similar
to Sup35N and/or Ure2, could be able to form prions
as well. Indeed, two proteins with Gln- and Asn-rich
termini, New1 [53] and Rnq1 [113], were identified
in S. cerevisiae. The N-proximal domain of New1 and
the C-proximal domain of Rnq1 can promote aggregation and prion-like behavior when substituting for
the Sup35N. While it is not yet known whether or not
these proteins possess prion-forming ability on their
own (that is, when they are not fused to Sup35), these
results indicate that sequences with prion-forming
potential are not rare in the S. cerevisiae genome.
Indeed, the computer analysis identifies significant
number of ORFs with poly-Gln runs in the S. cerevisiae genome [114]. Moreover, a number of these
ORFs contain imperfect oligopeptide repeats as well
(Y. Chernoff, unpublished data, quoted in [51]).
Another approach to look for new prions is based
on the patterns of genetic behavior that are similar
to those of [PSI] and [URE3]. This is how the fungal prion [Hets ] was recently identified. [Hets ] is a
Podospora non-Mendelian element, which controls
cytoplasmic incompatibility [115]. Similar to [PSI]
and [URE3], [Hets ] requires the chromosomal gene
for maintenance, is induced by overproduction of the
corresponding cellular protein, and exhibits increased
protease resistance. However, aggregation of the prion
isoform of Hets protein has yet to be proven.
The S. cerevisiae non-Mendelian element [PIN],
described above, also possesses some features of
the prion [94]. Quite remarkably, the only phenotypic expression of [PIN] known to date is to control
initial formation of [PSI]. The [PIN] element is curable by guanidine-HCl [94], which also cures [PSI]
and [URE3]. Similar to the yeast prions [PSI] and
[URE3], [PIN] can appear de novo in the “cured”
cells at low frequency, that appears to be increased
during prolonged incubation at low temperature [57].
However, in contrast to [PSI], [PIN] is not sensitive
to the sup35NM deletion, indicating that [PIN] does
not depend on the Sup35 prion-forming domain [94].
While the molecular basis of [PIN] is not yet known,
its prion-like nature seems likely, especially taking
into consideration that [PIN], as does [PSI], requires
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Hsp104 for its propagation [94]. If [PIN] is a prion,
we might be dealing with a prion “cascade”, where
one prion influences the formation of another prion.
Whether this occurs via a “cross-seeding” mechanism
or through indirect regulatory effects, remains to be
seen.
7.3. Amyloidoses and “neural inclusion” diseases
The very fact that several proteins of different structures, functions and origins possess prion-forming
ability suggests that prion-like phenomena are
widespread in nature. Indeed, so-called amyloidoses
and other aggregation-related disorders in mammals
(including humans) possess remarkable similarities to
prion diseases. Aggregation-related disorders include
such important diseases as Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington disease (HD),
Amyotrophic Lateral Sclerosis (ALS), etc. [116–120].
Some of these diseases (e.g. HD and PD) are caused
by “classic” DNA mutations in the corresponding
genes, while others (e.g. AD and ALS) include both
genetic and sporadic forms. In each case, development
of the disease is associated with accumulation of abnormal aggregated proteins, deposited intracellularly
or extracellularly in the form of “inclusion bodies”
or amyloids. One type of DNA mutation leading to
amyloid formation is expansion of homoaminoacid
repeats, such as poly-Gln repeats in case of huntingtin,
a causative agent of Huntington disease. Amyloids are
generated by the “seeded polymerization” process,
reminiscent of prion propagation. Sporadic amyloidoses and “neural inclusion” diseases are usually characterized by a “late onset”, meaning that they appear
late in life, when the protein folding and degradation
system is apparently beginning to malfunction, and
accumulation of the misfolded proteins occurs. Therefore, aggregation-related disorders are associated with
cell aging. The major differences between prion diseases and other amyloidoses is the lack of infectivity
in the latter case. However, infectivity of PrP remains
a mystery and is probably related to unusually high
protease resistance of the prion isoform of PrP. One
should not expect that every protein with high aggregation potential would be capable of infection as well.
It is worth noting that the Hsp104 and Hsp70 proteins, which influence the yeast prion [PSI], as well
as Hsp40 protein, previously shown to interact with
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Hsp70 and Hsp104 in thermotolerance [69], were
also shown to interact with aggregates of poly-Gln
expanded mammalian huntingtin introduced into the
yeast cells [121,122]. In a similar way, it has been
shown that yeast Hsp104, Hsp70 and Hsp40 chaperones counteract aggregation of poly-Gln containing
proteins in C. elegans [123], and that Hsp70 and
Hsp40 influence poly-Gln aggregation and/or aggregate toxicity in Drosophila [124–126]. Therefore,
experiments on yeast prions can identify cellular proteins and conditions, which influence development of
other aggregation-related disorders. As tests based on
DNA-mutagenic activity in yeast and bacteria yielded
the detection assays for potential carcinogenes and
anti-carcinogenes [127], we believe that tests based
on prion formation and propagation in yeast can
produce the useful detection assays for identifying
the agents promoting or preventing amyloidoses and
neural inclusion disorders.
The examples discussed above indicate that a
number of different proteins are capable of forming
amyloid-like aggregates. Moreover, recent data suggest that most (if not all) proteins can form self-seeded
amyloids in vitro under certain conditions [128,129].
If so, one should expect that a huge variety of cellular proteins would be able to undergo “prionization”
(that is, “protein mutagenesis”). The actual question
is not why can some proteins be turned into prion
isoforms in vivo, but rather why does this normally
occur with such a low frequency? Indeed, the efficiency of spontaneous [PSI] formation in [PIN+ ]
strains of S. cerevisiae is at the level of 10−6 , while
in [pin− ] strains it is almost undetectable at the optimal growth conditions [59]. Apparently, the “folding
proofreading” systems of the cell are generally capable of keeping prionization processes at low levels in
the same way as “DNA proofreading” mechanisms
antagonize spontaneous DNA mutability and protect
the genome from destabilization.
7.4. Where to look for non-amyloid protein based
genetic elements?
It should be noted that aggregating proteins are
not the only proteins, which could potentially generate alternative self-reproducible isoforms. The selfmodifying proteins, for example protein kinases, could
in principle possess such an ability as well. Another
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example of a system in which prion-like phenomena could play an important role is the formation of
subcellular structures, such as cytoskeletal networks.
Similar to prion aggregates, cytoskeletal formations
are also generated and propagated by the “nucleated polymerization” process. It remains unknown
whether structural organization of the cytoskeleton is
completely determined by the information stored in
DNA sequence, or directed in a certain way by the
pre-existing cytoskeletal structure in a “template-like”
mechanism. A parallel with “cortical inheritance” described above suggests that a template-like mechanism
is rather more likely. Indeed, the cortical structure
actually represents a complex external cytoskeletal
formation. If structural features of such a formation
are inherited in a template-like fashion, it is logical to
expect that inheritance of the intracellular cytoskeletal structures would follow the same rules. Therefore,
one might expect that new prions could be found
among cytoskeletal proteins. The overlap between the
proteins controlling prion formation and propagation,
and the cytoskeletal assembly proteins, as demonstrated in case of the yeast Sla1 protein described
above [72], makes such a possibility even more likely.

8. Could prions be adaptive?
PrP-dependent transmissible encephalopathies, as
well as other amyloidoses and nuclear inclusion disorders, are dangerous diseases, that are usually fatal
and incurable. In contrast, [PSI] and [URE3] do not
kill yeast cells. However, the presence of [URE3] decreases growth rates [44]. The situation with [PSI] is
less clear. One would expect [PSI] to be deleterious
due to termination defect. However, no effect of [PSI]
on the exponential growth rates was detected [25,44].
One explanation could be that natural terminators,
protected by the nucleotide context [130], are probably less sensitive to shortage of the Sup35 function,
compared to the artificially induced nonsense mutations used to monitor [PSI]. This needs further investigation, since the effect of [PSI] on the natural yeast
terminators has never been systematically studied.
Our observations suggest that in some yeast strains,
the presence of [PSI] significantly reduces viability
in the deep stationary phase. Moreover, [PSI] dependent death of deep stationary cells is apparently

oxidation-dependent, since overproduction of the antioxidant proteins superoxide dismutase and catalase
could partly counteract the toxic effect of [PSI] (Y.
Chernoff, J. Kumar, and G. Newnam, unpublished
data). This effect could be compared to mammalian
prion diseases and other amyloidoses, which usually
affect terminally differentiated (that is, non-proliferating) cells and, in some cases, cause cell death in an
oxidation-dependent manner. However, [PSI] toxicity
in the stationary phase appears to be strain-specific.
Further investigations are required to uncover the
mechanism of this phenomenon.
Another situation in which [PSI] becomes deleterious is observed if Sup35 protein is overproduced
even at moderate levels, such as 5–10-fold. This
leads to severe inhibition of growth of the [PSI+ ]
cells [131–133]. Very high levels of the Sup35 protein or its fragments containing the prion-forming
domain can also inhibit growth of [psi− ] strains [40].
Quite remarkably, toxicity of Sup35 fragments correlates with their ability to induce [PSI] and with the
presence of genotypic elements required for [PSI]
formation and propagation, in particular, [PIN+ ] and
functional Hsp104 [40,94]. This suggests that toxicity
of hyper-overproduced Sup35 is mediated by efficient
[PSI] induction and further inhibition of growth of
the newly induced [PSI+ ] cells.
Evidence for the possible adaptive role of [PSI] is
less certain. In some genotypic backgrounds, [PSI+ ]
exponential cells were reported to exhibit increased
thermotolerance, compared to isogenic [psi− ] derivatives obtained by guanidine-HCl treatment [134].
This effect could be indirect, via induction of the
heat shock response prior to temperature treatment
due to accumulation of abnormal mistranslated proteins [135]. It should be noted that the [PSI] effect
on thermotolerance appears to be strain specific: in
some genotypic backgrounds, [PSI] decreases rather
than increases thermotolerance ([136]; Y. Chernoff,
unpublished data). It should also be kept in mind that
[psi− ] strains, obtained from [PSI+ ] by guanidine-HCl
treatment, could loose some other non-Mendelian
elements in addition to [PSI], as described above
for [PIN] and [URE3]. Differences in spectra of
such non-Mendelian elements might potentially affect some phenotypic characteristics. Therefore, it
could be premature to attribute the thermotolerance
variations to [PSI] alone with certainty.
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Another “adaptive” phenotype, associated with the
presence of [PSI], is slightly increased resistance to the
toxic effect of guanidine-HCl. This can be seen in ssb1,
2∆ strains which are hypersensitive to guanidine-HCl
[59]. A systematic analysis of [PSI] effects on growth
in various conditions, as well as on sensitivity to various stresses and toxic agents, was performed recently
in S. Lindquist’s laboratory [136]. Results suggest that
the effects of [PSI] are greatly dependent on genotypic background. In certain conditions, the presence
of [PSI] appeared to be “adaptive” in some strains
and “inadaptive” in the others [136]. One explanation for such a discrepancy could be that yeast strains
used in such experiments contain different spectra of
the “silent” genes, interrupted by nonsense-mutations.
Therefore, some of the effects attributed to [PSI] could
be due to activation of such genes in result of [PSI]
mediated translational read through. If such an ability
of [PSI] to activate the naturally silent genes is proven,
it would provide an important mechanism by which
[PSI] contributes to the fitness of yeast cells.
It remains to be seen to what extent this phenomenon reflects a situation occurring in the natural conditions. Studying of the “adaptive” and “inadaptive”
manifestations of [PSI] is greatly complicated by the
fact that these assays are usually performed in laboratory strains bearing long chains of the genetic markers.
The ancestors of these strains went through repeated
cycles of mutagenesis. As a result, the laboratory
strains may contain some unknown [PSI] suppressible
nonsense mutations, in addition to known mutations.
Different laboratory strains may have different combinations of the [PSI] suppressible nonsense mutations,
that may explain the strain-specificity observed. The
search for the presence of aggregated (prion) form
of Sup35 protein in various natural and industrial
isolates of yeast, which do not contain artificially
introduced nonsense mutations, yielded no positive
results thus far [51]. This outcome indicates that
[PSI] could be rare in natural yeast populations, an
observation that would rather be consistent with the
general “inadaptivity” of [PSI].
On the other hand, the structural elements of the
Sup35N region, which are responsible for [PSI]
formation and propagation, appear to be conserved
among the various yeast genera [53,106,109] (see
also above, Fig. 7B). The actual ability of the Sup35N
region to form a prion is also conserved in evolution as
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described above [51–53] (see also Fig. 7C). A comparative analysis of the polymorphism of Sup35NM
region among various isolates of S. cerevisiae and
S. paradoxus strongly suggests that the amino acid
sequence of this region remains under selective pressure [137], despite the fact that the Sup35NM region
is dispensable for viability. Since prion formation is
the only biological function of the Sup35N domain
known to date, such an analysis indicates that either
prion formation itself could be adaptive under certain circumstances, or that prion formation requires
the same structural elements of the Sup35 protein
that are involved in the other (yet unknown) adaptive
biological processes.
The first example of a prion clearly playing an
important biological function is a Podospora prion
[Hets ] [115]. Indeed, the [Hets ] prion is involved in the
control of cytoplasmic incompatibility in Podospora.
However, the prion fulfills its role by killing the cells
of the strain which does not contain a prion. In this
case, the “adaptive” role of the prion for one partner
is achieved by killing another partner. In this context,
this would be interesting to consider the possible relationship between prions and other amyloidoses, on
the one hand, and the process of cell aging and death,
on the other hand. As mentioned above, amyloidoses
are usually characterized by a “late onset”. In other
words, this means that disease develops primarily in
aging cells.
“Inadaptivity” of most prions and amyloid-like aggregates known to date raises a question: why is this
mechanism so conserved in evolution, if evidence for
its clear adaptive function is lacking? One could suggest that prions represent “selfish” genetic elements,
which learned to evade the protein turnover processes
and use cellular stress defense systems to their own
advantage. Such an explanation is not without merit.
In several cases (PrP, Ure2, Sup35), prion isoforms
are more protease-resistant than soluble cellular isoforms. This could protect the prion from degradation
by the cellular proteolytic systems. Moreover, short
fragments of Sup35 [40,138] and Ure2 [28], which encompass the prion-forming domain, are more efficient
in prion induction, compared to the complete protein.
This suggests that prionization could be initiated by
the proteolytic fragments seeking to evade further
degradation. Such an extension of the “selfish DNA”
model to the protein world might have interesting and
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far-reaching evolutionary implications. Protein-based
control elements like [Hets ] would then relate to
the “selfish” prions in the same manner as regulatory DNA elements based on site-specific recombination (e.g. “phase switch” element in Salmonella
[139]) relate to DNA based “selfish” phages and
transposons.
However, another dimension of the problem should
be mentioned as well. In considering prions as protein
“mutants”, one should not expect all (or even most)
of these mutants to be adaptive. Most DNA mutations
altering normal function of a gene lead to deleterious
effects. However, a small percentage of mutations are
neutral or beneficial and in such a way, they provide
material for evolution. It is quite logical to expect
that “protein mutations” would behave in the same
way. If this is true, we might expect new “adaptive”
prions to be found in the future. Moreover, the protein
based hereditary elements could in general be less
protected from the environmental changes, compared
to the DNA based genomes. As indicated above, most
“protein mutagenes” do not seem to affect DNA (see
Table 2). At the same time, some “protein mutagens”
(e.g. low or high temperature treatments) represent
conditions which organisms are very likely to frequently encounter in natural environments. Changes
in gene expression may also lead to very efficient
induction or loss of prions, as shown in the experiments with overproduced proteins discussed above. If
rapid restructuring of the population composition in
response to environmental changes is needed, protein
based genetic variation may provide an even more
flexible and efficient tool for this than DNA based
genetic variation. In general, the major function of
protein based genetic changes would then be equivalent to that of DNA based genetic changes: to generate
an inherited variability that produces material for new
rounds of evolution.
Assignment of the genetic role to protein molecules
removes the distinction between the genetic and enzymatic components of the cell, which seemed crystal
clear two decades ago. In this respect, the prion concept completes work that had begun with discovery of
RNA enzymatic functions [140]. One could ask a question: were not we too fast in rejecting the Lamarckian
concept of inheritance of acquired traits? In classical
genetics, it seemed evident that acquired phenotypic
traits should not be inherited since genes (responsible

for storage of genetic information) are distinct from
enzymes (responsible for actual expression of the phenotypic traits). If this distinction is no longer valid,
should not this mean that Jean-Baptiste Lamarck is
back?

9. Is Lamarck back?
To his partial acquittal, Lamarck’s sympathizers do
usually cite “epigenic” effects, such as DNA methylation, etc. (see [141] as an example). However, it
has been noted that “cortical memory”, described by
Beisson and Sonneborn [6], provides a mechanism
which is even more directly related to Lamarck’s concept [142]. The prion model extends this mechanism
even further, making it applicable to the wide range
of protein-based structures and phenotypic traits.
To avenge Lamarck completely, this should still
be proven that protein-based genetic variation could
generate newly acquired inherited traits, which are
adaptive and adequate to the inducing factor. This
postulate represented a foundation stone of Lamarckian evolutionary theory and was jealously defended by
Lamarck’s most fervent followers, such as the notorious Russian biologist T. Lysenko (see [143]). Proof
of an adequate inherited adaptive change in protein
structure is missing thus far. However, no one can now
exclude the possibility that such a proof can be obtained in the future. For example, chaperone proteins
involved in the stress response are capable of both regulating prion maintenance [58,59,78] and undergoing
oligomerization or polymerization in certain conditions [144–146]. If stress related chaperones are found
to acquire prion-like “seeding” abilities by themselves
in response to certain changes in environmental conditions, the Lamarckian direct adaptation mechanism
could finally be confirmed. Therefore, Lamarck is not
back — not yet. But watch for him coming.
One could argue that prions described to date represent relatively isolated and exceptional examples,
that would unlikely influence the general picture of
evolution. However, such a conclusion is premature.
Discovery of prions required sophisticated genetic (in
yeast) and biochemical (in mammals) tools that were
not available until recently. The materials discussed
above suggest that prion-like potential (that is, ability
to form stable alternative structures reproduced in a

Y.O. Chernoff / Mutation Research 488 (2001) 39–64

template-like fashion) is widespread in nature. It is
possible that some “maternal” and “non-Mendelian”
traits of unknown molecular basis, described previously in plants and animals, originate from prion-like
switches. Neither is the ability to form alternative
conformations restricted to proteins. Recent data suggest that one and the same RNA sequence is able
to fold into two different ribozymes with distinct
enzymatic activities [147]. Rather, all this evidence
indicates that traditional evolutionary concepts, not
taking a “non-DNA” inheritance into consideration,
can easily find themselves incomplete and outdated in
the near future. The process of rethinking has begun
among evolutionary biologists (e.g. [148,149]), but it
is moving slowly thus far.
The prion model also raises another important
question: does genome sequencing really tell us the
whole story about genetic composition of the organism? If we admit prions into the genetic family
(calling them and other such phenomena “epigenetic”
changes words, but not the content), we have also to
admit that large scale genomic projects should eventually fail to uncover all the information about genetic
makeup of the organism. The example of yeast strains
having identical DNA genomes but remaining genetically different in the prion-controlled traits proves this
statement. This also means that “cloning” techniques
would not necessarily produce genetically identical
multicellular organisms, since only the DNA genome
but not protein-based cytoplasmic inherited elements
are reproduced in the existing “cloning” protocols
[150]. As the ratio of “protein based” versus “nucleic
acid based” inherited traits remains unclear, it appears
that geneticists of the post-genomic and post-cloning
era will not run out of the things to study any
time soon.
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