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Abstract—Prions were originally defined as infectious agents of protein nature, which caused neurodegenerative diseases
in animals and humans. The prion concept implies that the infectious agent is a protein in special conformation that can
be transmitted to the normal molecules of the same protein through protein—protein interactions. Until the 1990s, the
prion phenomenon was associated with the single protein named PrP. Discovery of prions in lower eukaryotes, the yeast
Saccharomyces cerevisiae and fungus Podospora anserina, suggests that prions have wider significance. Prions of lower
eukaryotes are not related to diseases; their propagation caused by aggregation of prion-like proteins underlies the inheri-
tance of phenotypic traits and most likely has adaptive significance. This review covers prions of mammals and lower
eukaryotes, mechanisms of their appearance de novo and maintenance, structure of prion particles, and prospects for the
treatment of prion diseases. Recent data concerning the search for new prion-like proteins is included. The paper focuses
on the [PSI'] prion of S. cerevisiae, since at present it is the most investigated one. The biological significance of prions is

discussed.

DOI: 10.1134/S0006297907130081

Key words: prion, PrP, neurodegenerative disease, non-chromosomal inheritance, conformational rearrangement

Animal and human prion diseases are classified as
“conformational” ones. Diseases of this type are caused
by alterations in three-dimensional structure of certain
proteins leading to changes in cell physiology. Along with
prion diseases, amyloid diseases like Alzheimer’s,
Huntington’s, and Parkinson’s diseases are also consid-
ered as “conformational”. All these diseases are charac-
terized by extra- or intracellular accumulation of fibrillar
protein aggregates consisting of cellular proteins that are
normally soluble.

The term “prion” appeared at the end of the XX cen-
tury, but prion diseases such as sheep scrapie were known
already in the middle of XVIII century. Among prion dis-
eases, there are mammalian spongiform encephalo-
pathies like bovine spongiform encephalopathy or mad
cow disease, sheep scrapie, and some human neurode-

Abbreviations: aa) amino acid; GuHCI) guanidine hydrochlo-
ride; GFP) green fluorescent protein; ORF) open reading
frame; PrD) prion-forming domain; prion) proteinaceous
infectious particle; PrP) prion protein; PrP€) normal form of
prion protein; PrP5) infectious form of prion protein; PrP™) in
vitro created infectious form of prion protein; Prup) gene
encoding PrP; SDS) sodium dodecyl sulfate.

* To whom correspondence should be addressed.

generative diseases such as Creutzfeldt—Jakob and
Gerstmann—Straussler—Scheinker diseases, familial fatal
insomnia, and kuru. At present all known prion diseases
are fatal. They may be hereditary (~15%), acquired
(<1%), and sporadic (~85%), but independently of the
disease nature they can be infectious. The infectivity of
prion diseases was demonstrated for the first time by R.
Chandler [1] who infected laboratory mice with a sheep
scrapie, and later by Gajdusek who infected a chim-
panzee with the human disease kuru [2]. The infection
with human and animal prions usually happens after con-
suming meat and especially brain or by an iatrogenic
pathway, i.e. via not properly sterilized neurosurgical
instruments. Experimental infection is carried out by
intraperitoneal or intracerebral injection of brain
homogenate from a sick animal to the healthy one.

PRIONS ARE A NEW TYPE
OF INFECTIOUS AGENTS

The nature of the infectious agent causing prion dis-
eases remained unknown for a long time. It was found in
1966 that the pathogen of scrapie exhibited unusual prop-
erties, namely resistance to ionizing radiation and UV
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light [3]. This cast doubt on the hypothesis popular at that
time that scrapie was caused by a virus. In 1967, D.
Griffith [4] supposed that the infectious agent did not
contain genetic material, but was an altered form of a cel-
lular protein, self-maintained by an autocatalytic mecha-
nism. In the beginning of the 1980s, S. Prusiner et al. iso-
lated the scrapie-causing agent from the brain of sick ani-
mals and described its properties. It turned out that the
scrapie-causing agent was resistant to heating, retained its
activity after treatment with proteinase K, urea,
chaotropic salts, SDS (sodium dodecyl sulfate), DNA-
damaging agents such as nucleases and psoralens. It was
also found that this infectious agent was sensitive to ion-
izing radiation in the presence of oxygen, i.e. exhibited
properties typical for lipid-bound hydrophobic proteins
[5].

The pathogen of scrapie was named “prion” (pro-
teinaceous infectious particle). This agent was a protein
named PrP (Prion Protein). After determination of its
primary structure, the PrP encoding gene was identified
and named Prup [6, 7]. The Prnp is present in the
genome of all mammals as well as in birds [8] and fishes
[9].

PrP is a membrane protein expressed mainly in cells
of the central nervous system and lymphoreticular tissue.
The normal form of PrP protein was designated as PrP¢.
The pathological form of this protein responsible for its
infectivity was named PrP5¢ (the PrP form associated
with scrapie). PrP* is indistinguishable from PrP€ in
amino acid sequence [10] but has a different conforma-
tion. The three-dimensional structure of recombinant
PrP¢ was determined for the first time by nuclear mag-
netic resonance [11]. The amino-terminal region of PrP¢
in solution is not structured; its C-terminal part forms a
globule and consists of three a-helices and a short region
with B-structure. It was found that PrP¢ contains 42% o.-
helix and 3% B-structure, whereas PrP5° contains 30%
o-helix and 43% B-structure [12]. Owing to this, it was
supposed that the acquisition of infectious properties by
PrP is caused by the conformational rearrangement in
which formation of §-sheets takes place. Unlike the nor-
mal PrP form, its pathological form is resistant to pro-
teinase K. The treatment of PrPS¢ with proteinase K gen-
erates a protease-resistant fragment [13] with molecular
mass of 27-30 kD (molecular mass of PrP varies from 33
to 35 kD depending on the extent of glycosylation).
Detection of the PrP5¢ protease-resistant 27-30 kD frag-
ment after treatment with proteinase K of the amyg-
daloid gland tissue is still used in the diagnostics of prion
diseases.

Based on experimental data available by 1982, S.
Prusiner formulated the prion concept [14]. This concept
implied the following:

— the PrP*¢ protein is the infectious agent;

— infectious agent PrP% can replicate itself in the
absence of nucleic acid;
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— the transition of the protein from normal form
(PrP®) to the infectious one (Prp®) happens via confor-
mational conversion;

— conformational conversion from PrP¢ to PrP*
can be spontaneous, resulting in sporadic forms of prion
diseases. It can be caused by entering an organism of a
pathological PrP% form from the outside (acquired
forms of prion diseases). Finally, the transition can be
due to mutations in the Prup gene stimulating the gener-
ation of PrP% from PrP€ (hereditary forms of prion dis-
eases).

The prion concept has been convincingly confirmed
experimentally. If the propagation of PrP% after entering
an organism proceeds by means of induction of patholog-
ical conformation on PrP®, then organisms devoid of
PrP€ should be resistant to prion infection. Just this was
shown using transgenic mice homozygous for deletion of
Prnp gene (Prup”?). Injection of mouse brain homo-
genate from animals with scrapie to transgenic Prup??
mice did not result in the development of the disease due
to the absence of normal PrP¢ [15]. Moreover, it turned
out that in the absence of PrP¢ neither prion replication
nor damage of nervous tissue takes place [16]. PrP€ is also
necessary for the transport of the pathogen by peripheral
nerves to the central nervous system [17, 18].

Final proof of the prion concept was delayed for a
long time by the impossibility to obtain a significant
amount of PrP™, in vitro generated form of PrP%, which
is resistant to partial proteolysis and is able to cause the
disease upon injection into experimental animals. It has
been recently shown that the 89 to 231 aa fragment of
mouse recombinant PrP, expressed in Escherichia coli,
forms amyloid fibrils in vifro which cause the appearance
of neurological symptoms of prion disease upon injection
into transgenic mice expressing the same PrP fragment
[19].

The elaboration of a system for cyclic amplification
of the PrP prion form [20], which can be used for in vitro
production of a significant amount of PrP™, allowed
Soto et al. [21] to obtain and demonstrate its infectivity.
The original template for the formation of PrP™ was
PrP%¢, a pathological protein from the brain homogenate
of hamsters infected with scrapie. Incubation of a mini-
mal amount of PrP5 (brain homogenate of hamsters suf-
fering of scrapie was diluted 10* times) with an excess of
PrP¢ resulted in formation of PrP™ aggregates. The
PrP™ aggregates were disintegrated by sonication to
smaller ones, diluted tenfold by a suspension containing
the PrPC excess, and incubated again. The many times
repeated cyclic process including incubation of PrP™
with PrPC, disintegration of aggregates by sonication,
and following dilution resulted in the decrease of the ini-
tial infectious agent concentration in the reaction mix-
ture from 10* times (in the first cycle) to 10> times (in
the final one). The formation of PrP™ in the first cycle
proceeded on the PrP% template, whereas in following
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cycles the conversion of PrPC to the infectious form was
stimulated by PrP™ obtained in vitro. The biochemical
and structural characteristics of PrP™ were identical to
those of PrP% isolated from the brain of sick animals.
Intracerebral injection of PrP™ to healthy hamsters
caused disease and death. Histological analysis of the
brain of dead animals showed the spongiform degenera-
tion of brain tissue indistinguishable from that in animals
infected with PrP5, formed in vivo. However, it turned
out that PrP™ is far less infectious than the pathological
protein produced in vivo. The reasons for such differ-
ences in infectivity are still unclear. The method of cyclic
amplification of the prion form of PrP is efficient for
diagnostics of human spongiform encephalopathies,
because it allows the detection of PrP% in human tissues
and biological fluids at early stages of the disease pro-
gression.

The transmission of prion infection between mam-
malian species is restricted by interspecies barriers [22].
Spongiform encephalopathies are transmitted between
members of the same or closely related species. For
example, Creutzfeldt—Jakob disease is transmitted from
one human to another and to a chimpanzee, whereas
scrapie is transmitted between sheep and goats, but is not
transmitted to chimpanzee. Also, no cases of human
infection with scrapie are known [23]. However, inter-
species barriers are not absolute. Thus, the infection of
hamsters with scrapie and goats with Creutzfeldt—Jakob
disease is possible. Interspecies barriers can be exhibited
not only in the impossibility of transmission of disease
between unrelated species and increased incubation peri-
od, but also in emergence of disease only in a portion of
infected animals [24]. It is assumed that interspecies bar-
riers are caused by differences in the primary structure of
PrP in mammals of different species. The following
observations confirmed this. Unlike the wild-type mice,
transgenic mice expressing hamster PrP appeared to be
highly susceptible to infection with hamster prions [25].
Transmission of Creutzfeldt—Jakob disease from human
to mouse is restricted by interspecies barrier, but trans-
genic mice expressing human PrP are susceptible to this
infection [26]. Later it became clear that transmission of
prion infection is restricted not only by differences in the
PrP primary structure but also depends on the prion
strain [27, 28].

PRION STRAINS

Strain variability is a fundamental property of prions.
Strain variability is related to the ability of prion protein
to acquire and induce different prion conformations. The
amino acid sequence of PrP defines a set of conforma-
tions that it can acquire. If sets of possible prion confor-
mations in organisms of two different species intersect,
then the interspecies barrier can be crossed [28].
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Propagation of PrP with different conformations
causes the differences in the course of prion diseases: dif-
ferent incubation periods, clinical symptoms, and lesions
of different brain regions are possible. The existence of
different conformational states of prions was first sup-
posed during investigation of laboratory hamsters infect-
ed with two strains of the mink spongiform encephalopa-
thy, HY and DY. Upon injection into hamsters, these two
strains caused different incubation periods and clinical
symptoms of the disease. After partial proteolysis of
PrP®¢, isolated from the brain of hamsters infected with
HY and DY strains, by proteinase K, it turned out that
the molecular mass of the protease-resistant fragment of
HY prion was 2 kD larger than the molecular mass of the
corresponding fragment of DY prion [29]. Hence in HY
and DY prions, different parts of PrP polypeptide chain
were accessible for proteolysis, and therefore the differ-
ence between strains represents the different three-
dimensional structure of PrP%°. It was shown that the PrP
conformations corresponding to HY and DY strains are
reliably reproduced in vitro [30]. The incubation of PrP¢
with PrP% preparations corresponding to HY and DY
strains resulted in conversion of PrP¢ to PrP%¢ with two
different conformations typical of HY and DY strains.
Analysis of secondary structure of HY and DY strains of
PrP%° has shown that they differ in character of B-struc-
tures [31].

Several PrP% strains and corresponding phenotypes
were identified for Creutzfeldt—Jakob disease [32, 33].
Prion strains are stably maintained in vivo. In other
words, laboratory animal infected with a particular PrP*
strain will propagate only the strain used for its infection
[34].

Recently data have appeared concerning a possible
role of PrP glycosylation in the acquisition of strain
specificity by a prion. PrP is a sialoglycoprotein with two
sites of N-glycosylation in the C-terminal region. Along
with unglycosylated form, there are mono- and diglyco-
sylated PrP forms. Analysis of many cases of human
Creutzfeldt—Jakob disease has shown that the prion
strains can differ by the extent of PrP% glycosylation
[32]. However, it is still unknown how glycosylation
influences the PrP5 conformation and pathological
symptoms.

MECHANISMS OF PRION CONVERSION

The prion hypothesis can now be considered as
proved. However, the mechanism of PrP¢ — PrP% con-
version is still unclear. Several models of prion conversion
have been proposed.

According to the heterodimer model [35], prion
state is inherent to the PrP monomer, and the physical
interaction of PrP% with PrP¢ catalyzes the PrP¢ — PrPs°
conversion (Fig. 1a). Spontaneous transition PrP¢ —
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Fig. 1. Models of prion conversion: a) heterodimer model; b) two variants of polymerization model. Formation of PrP “seed” proceeds

slowly and polymerization process proceeds quickly.

PrP% is unlikely due to a high energy barrier. As a result
of PrP¢ — PrP% conversion, homodimers PrP5/PrP5
are formed, which may dissociate, initiating new rounds
of conformational rearrangement, or aggregate.
Formation of an aggregated form of the protein is not
obligatory for prion conversion and is considered as a sec-

ondary process, not associated with conformational
rearrangement as such. There are experimental data con-
sistent with this model [36], but it cannot be considered
as proved.

An alternative mechanism of prion conversion is dis-
cussed in the polymerization model [37] according to
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which prion conversion is inseparable from aggregation,
because only PrP oligomer or multimer can reliably sup-
port prion conformation. The rate-limiting step of the
PrP¢ — PrP*¢ conversion is the formation of a “seed”—
the PrP5 oligomer that is an intermediate of prion con-
version (Fig. 1b). This model assumes the existence of two
possible variants for the mechanism of prion conversion.
The first variant of prion conversion suggests coexistence
of PrP¢ and PrP% in thermodynamic equilibrium shifted
towards PrP¢, and PrP%¢ is formed before PrP monomer
joins the “seed”. Stabilization of the PrP%° state takes
place upon monomer attachment to the PrP% “seed”,
which results in the PrP5¢ incorporation into PrP*¢ poly-
mer. If PrP% monomer does not join the PrP% “seed”,
then the reverse conversion happens—PrP% — PrP¢ con-
version. The second variant of polymerization model sug-
gests that conformational rearrangement takes place not
before but at the moment of the PrP¢ monomer attach-
ment to PrP5 oligomer. The polymerization model is
supported by experiments showing that the converting
activity is associated just with PrP% polymers [38].

Another model of prion conversion was proposed
later which is the second variant of the polymerization
model with additional assumptions [39]. Oligomer inter-
mediates which are less structured than prion fibrils and
resemble micelles were found. To be able to catalyze prion
conversion, such oligomer complex has to form a stable
“seed” with prion conformation. Both monomer and
oligomer complexes can undergo conformational conver-
sion upon attachment to the stable “seed” serving as a
template for formation of prion conformation.

PRIONS OF LOWER EUKARYOTES

In 1994, R. Wickner used the prion concept to
explain the nature of the two cytoplasmically inherited
determinants of the yeast Saccharomyces cerevisiae:
[URE3] and [PSI7] [40]. He called yeast prions “proteins
acting as genes”, pointing to the ability of prions to store
and transmit conformational information. Several genet-
ic criteria were proposed for evaluation of prion proper-
ties of the cytoplasmically inherited determinants. First,
the prion determinant should be reversibly curable, i.e.
conditions causing prion loss should exist. However,
unlike irreversible virus elimination, a prion determinant
can appear again, because its “encoding” protein is
always present in the cell. Second, overproduction of
prion protein should increase the frequency of the prion
determinant appearance de novo, because the increase in
the intracellular protein concentration promotes its
incorrect folding. Third, the maintenance of the prion
state should depend on the presence of the wild-type
prion protein encoding gene in the genome.

Unlike mammalian prions, yeast prions do not cause
cell death; on the contrary, they can increase cell viabili-
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ty under unfavorable conditions [41]. The discovery of
[Het-s] prion of the fungus Podospora anserina [42]
resulted in the notion that prions may fulfill physiological
functions. A possible biological significance of prions is
also implied by their broad natural occurrence. Rather
recently the prion [PIN*] of S. cerevisiae, necessary for
de novo [PSI'] induction, was discovered [43, 44], and
data appeared pointing to the existence of prion-like
determinants [ISP*] [45], [GAR"] [46] of S. cerevisiae,
and [cif] determinant of Schizosaccharomyces pombe [47,
48].

PRION [URE3] OF S. cerevisiae

[URE3] was discovered in the 1970s as a dominant
genetic element inherited in a non-chromosomal manner
[49]. In 1994, a hypothesis was proposed according to
which [URE3] determinant is maintained due to the auto-
catalytic propagation of alternative states of the Ure2 pro-
tein [40]. [URE3] is fully consistent with criteria of yeast
prions. The determinant [URE3] can be eliminated using
guanidine hydrochloride (GuHCIl)—a protein-denatur-
ing agent. In this case, GuHCI is used in a low concen-
tration (5 mM) that is far from enough for protein denat-
uration [50]. [URE3] loss is reversible, because after loss
[URE3] can appear again at the same frequency as in the
original strain. Overproduction of Ure2 protein results in
20-200-fold increase in the [URE3] induction frequency.
The presence of URE2 gene is necessary to maintain
determinant [URE3]. [URE3] is transmitted by cytoduc-
tion (the method of crossing using karyogamy-deficient
mutants in which fusion of the cell takes place without
nuclear fusion), which confirms its cytoplasmic localiza-
tion [51].

URE?2 gene responsible for the maintenance of
[URE3] determinant is not essential. The URE2 gene
product, Ure2 protein, is a transcription regulator
involved in nitrogen catabolite repression. In the presence
of “rich” nitrogen sources like ammonium salts and glut-
amine, transcription of genes responsible for import of
“poor” sources of nitrogen like allantoin is repressed [52,
53]. The allantoin import into the cell requires synthesis
of its transporter protein Dal5 [54]. Transcription of the
Dal5 encoding gene is under positive control of factor
GIn3 [55], activity of which is under negative influence of
protein Ure2 [56]. In the presence of ammonium salts
cytoplasmic protein Ure?2 binds to the transcription factor
GIn3 and prevents its transport into the nucleus, thus
inhibiting activation of many genes, including Dal3,
which results in cessation of allantoin import into the cell.
In the absence of ammonium salts both Dal5 synthesis
and allantoin transport into the cell are activated. Along
with allantoin, Dal5 is able to import into the cell ureido-
succinate resembling allantoin in chemical structure [57].
Prion [URE3] was discovered due to detection of mutants
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capable of ureidosuccinate uptake from medium rich with
ammonium salts [49]. The bulk of mutations were reces-
sive and one “mutation”, [URE3] was dominant. Besides,
it was inherited in non-Mendelian fashion [51]. It was
supposed that [URE3] is the prion form of Ure2 protein.
Accordingly Ure2 may exist in two inherited states—
native, able to inactivate transcription factor, and inactive
prion state [40]. Ure2 in prion state does not prevent
GIn3 transport into the nucleus, and as a result transcrip-
tion of the allantoin/ureidosuccinate transporter is acti-
vated and yeast cells are able to take up ureidosuccinate
from the medium independently of the presence of
ammonia. The assumption about two different Ure2 con-
formations corresponding to [URE3] and [ure3] (the
absence of prion determinant) phenotypes was confirmed
later. It was found that Ure2 protein from lysates of the
[URE3] containing cells was more resistant to proteinase
K treatment than Ure2 from lysates of [ure3] cells [58]. In
addition, protein Ure2 was aggregated in the [ URE3] car-
rying cells [59].

The prion domain of Ure2 protein is its amino-ter-
minal domain, rich in asparagine and glutamine residues
and including amino acids from 1 to 94 [60]. The C-ter-
minal catalytic domain (94-354 aa) is responsible for
catabolite repression [61]. The conversion of the N-ter-
minal domain to the prion state inactivates Ure2 protein.
There are regions in the C-terminal domain that influ-
ence the ability of the amino-terminal domain to under-
go prion rearrangement [62].

The prion nature of [URE3] is now considered as
proven. The conversion of Ure2 to the prion state can be
modeled in vitro. Ure2 is capable of oligomerization and
formation of amyloid fibrils in vitro. Yeast cells can be
“infected” with [ URE3] by transformation with Ure2 fib-
rils formed in vitro [63].

THE [Het-s] PRION OF P. anserina

Unlike Ure2 protein of S. cerevisiae, conversion of
the HET-s protein of the filamentous fungus P. anserina
to prion form is not associated with its inactivation. On
the contrary, only in prion form protein HET-s is able to
cause the reaction of vegetative incompatibility revealed
in the death of heterokaryotic cells formed upon parasex-
ual process [42].

The colony of P. anserina is a syncytium in which
cells can exchange cytoplasm and even nuclei. Hyphae of
two fungal colonies can fuse with each other, and this
allows exchange of the cytoplasm and formation of het-
erokaryons. The fusion of hyphae is potentially unsafe,
because it can result in rapid dissemination of fungal
viruses from one colony to another. Thus fusion of
hyphae is genetically regulated in such a way that two
colonies can fuse only when they have at least nine iden-
tical het loci [64]. If hyphae fusion happened between two
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colonies differing by at least a single ket locus, then the
reaction of programmed cell death takes place.

One of these loci, het-s, appeared to have unusual
properties. The locus is represented by alleles het-s and
het-S§, products of which (proteins HET-s and HET-S)
differ by 14 amino acids. Cells expressing HET-s protein
can exist in two states: [Het-s] in which they are incom-
patible with fungal cells carrying the het-S allele (HET-S
protein), and the [Het-s*] state when there is no incom-
patibility with het-S strains. It was shown that [Het-s]
behaved as a non-chromosomal genetic element, and
[Het-s*] as its absence [42]. Maintenance of [Het-s]
requires the presence of the her-s gene and overexpres-
sion of the latter increases the frequency of [Het-s]
appearance de novo. [Het-s] is inherited via the cyto-
plasm because fusion of [Het-s*] mycelium with myceli-
um of [Het-s] transforms the [Het-s*] to the [Het-s]
state independently of nucleus transfer. Deletion of the
het-s gene results in formation of colonies compatible
with the het-s and het-S partners, thus showing that the
prion form of the protein is responsible for incompatibil-
ity.

Prion properties of HET-s protein were also con-
firmed by biochemical experiments. Overproduction of
HET-s protein in [Het-s] cells results in the aggregation
of the protein [65]. The prion domain of HET-s is local-
ized in the C-terminal region and in aggregated form
HET-s is resistant to proteinase K [66]. Protein HET-s
forms amyloid fibrils in vitro [67], and the [Het-s] state
in fungus P. anserina can be achieved through “infec-
tion” with the HET-s amyloid polymers obtained in vitro
[68].

THE [PSI'] PRION OF S. cerevisiae

[PST"] determinant was described for the first time as
a factor leading to an increase in the efficiency of a weak
ochre-suppressor SUQS5, which encodes serine-specific
tRNA containing anticodon complementary to non-
sense-codon UAA [69]. Later it became clear that [ PST*]
increases the efficiency of read-through of all three non-
sense-codons [70]. Suppressor mutations were found in
the SUP35 gene, which like [PSI*] caused omnipotent
suppression (suppression of three types of nonsense
mutations) [71, 72]. However, unlike recessive suppressor
mutations in the SUP35 gene, [PSI'] determinant was
dominant and inherited in non-Mendelian fashion.
[PST*] was transmitted via cytoduction and therefore was
localized in the cytoplasm. It was assumed for a long time
that [PSI*] is encoded by nucleic acid, although it was
known that [PSI"] was independent of mitochondrial
DNA and of 2 um DNA [73]. It was supposed that simi-
larly to [URE3], [PST"] phenotype exists due to the abili-
ty of Sup35 protein to switch to the self-maintaining
prion state [40]. [PST*] is the most studied yeast prion,
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and for this reason it will be considered here in more
detail.

The Sup35 protein consists of three regions (Fig. 2)
[74]. Its amino-terminal region designated as N (1-
123 aa) has an unusual amino acid composition, because
it contains more than 55% of asparagine and glutamine
residues. This domain is necessary to maintain Sup35
prion state and therefore it is often called PrD (Prion
forming Domain). Deletion alleles of the SUP35 gene,
which do not encode amino-terminal sequence, do not
maintain [PST] [75]. Besides, all known mutations in the
SUP35 gene, leading to the loss of [PST], are localized in
Sup35 PrD [76, 77]. The role of this Sup35 region for cell
physiology is still not clear, but recently its interaction
with the poly(A)-binding protein PABP [78, 79] resulting
in mRNA degradation [80] has been shown.

Sup35 middle region designated as M (124-253 aa) is
rich with charged amino acids (42%), namely with lysine
and glutamic acid. The function of this region is not clear,
but its involvement in [ PSI] stability was shown [81, 82].

It was shown in 1995 that the yeast Sup35 protein is
an ortholog of the translation termination factor eRF3 of
higher eukaryotes, which interacts with the Sup45 pro-
tein (an ortholog of translation termination factor eRF1)
thus forming the translation termination complex [83,
84]. The essential C-terminal region of Sup35, designat-
ed as C (254-685 aa), is responsible for function of the
yeast translation termination factor eRF3. The sequence
of this C-terminal region is highly conserved and homol-
ogous to the translation elongation factor eEF1A [85].
The stop-codon recognition by protein Sup45 results in
the polypeptide chain release [83, 84, 86]. Sup35 is a
GTP-binding protein that stimulates translation termi-
nation. The mechanism of this process is not clear.
Conversion of the Sup35 amino-terminal domain to the
prion form results in Sup35 aggregation and inhibition of
its termination function, which in turn causes the non-
sense-codon readthrough and can be detected by sup-
pression of nonsense mutations. Most likely, the Sup35
aggregation creates steric hindrances for involvement of
its C domain in translation termination.

The role of Sup35 is not restricted to its participation
in the translation process. The interaction of the N region

254 685
41 98

Fig. 2. Structural organization of the Sup35 protein. The protein
consists of N and C regions separated by M region. Within N
region NR and NQ domains are distinguished, which are essential
for the prion properties of Sup35. Numbers designate positions of
amino acid residues used for distinguishing different protein
domains and regions.
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of Sup35 protein with the Slal protein, involved in for-
mation of actin microfilaments, was shown [87]. It is
notable that this interaction could be violated by factors
lowering the stability of [PST*]. The role of Sup35 in for-
mation of actin cytoskeleton was also shown [88].
Repression of the SUP35 gene resulted in actin depoly-
merization, defect of mitotic spindle formation, and as a
result in abnormalities of cyto- and karyokinesis.

[PST"] determinant completely fits all genetic crite-
ria of a yeast prion. In fact, [PSI'] is lost at a high fre-
quency in the presence of non-mutagenic agents like
GuHCI and methanol [50]. [PST*] can appear again in
the strains in which it existed previously and was lost [89].
Normally [ PSI'] appears de novo at a frequency of 1:107>.
Overproduction of Sup35 or its prion domain increases
the frequency of [PSI'] appearance by a factor of 100 or
more [90-92]. The maintenance of [PSI*] depends on the
presence of the 5'-terminal part of SUP35 gene.

[PSIT] is dominant and is inherited in non-
Mendelian fashion [69], which is easily explained in the
framework of the prion concept. If [PST*] appears, it is
constantly maintained due to continuous transfer of prion
conformation from Sup35 prion form to its normal mol-
ecules. Crossing of [PSI] cell with the [psi~] cell, devoid
of the [PSI"] determinant, causes cytoplasm mixing and
the hybrid cells became [PST*]. All mitotic and meiotic
progeny of such hybrid receives a certain amount of
Sup35 in the prion form. Therefore [PST*] is inherited in
a non-Mendelian fashion and is transmitted between cells
by cytoduction.

Prion properties of Sup35 are confirmed by bio-
chemical experiments. It was shown that Sup35 isolated
from the [PSI'] strains is characterized by enhanced
resistance to proteinase K [93, 94]. Sup35 in [PSI7] cells
is within large aggregates, whereas in [psi~| cells most
Sup35 is soluble [93, 94]. The Sup35 aggregates can be
visualized in cells using green fluorescent protein (GFP)
[93]. To achieve this it is necessary to construct a chimeric
gene encoding the Sup35 fused to GFP sequence. Such
protein may contain not the complete Sup35 sequence
but only its fragment including N and M regions
(Sup35NM). Introduction of plasmids encoding Sup35-
GFP or Sup35NM-GFP into [PSI*] cells results in
incorporation of these proteins into the Sup35 prion
aggregates, owing to which visualization of the aggregates
becomes possible. In [psi~] cells diffuse fluorescence of
Sup35-GFP or Sup35NM-GFP proteins is observed. It
should be noted that it is possible to observe only large
Sup35 aggregates in such a way, whereas fluorescence of
small aggregates is indistinguishable from diffuse fluores-
cence of GFP.

The Sup35 polymerization can be modeled in vitro
[95, 96]. The purified full-size recombinant Sup35 pro-
tein and its NM fragment are capable of spontaneous for-
mation of amyloid fibrils in vitro. The structure of Sup35
fibrils is analogous to that of fibrils of AB-peptide involved
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in pathogenesis of Alzheimer’s disease. Amyloid fibrils
have B-structure in which B-sheets are perpendicular to
the fibril axis [97]. Such structure was detected in the
crystallized peptide GNNQQNY of the prion-forming
domain of Sup35 [98]. This peptide, like the whole
domain of Sup35, forms amyloid fibrils in vitro. The X-ray
diffraction pattern of these fibrils is similar to that of amy-
loid fibrils formed by other proteins. Sup35 amyloid fibril
formation is a process extended in time and can last up to
60 h [95]. It is dependent on temperature and protein
concentration and has a lag-phase from 10 to 30 h. It is
assumed that the lag-phase is the period necessary for
spontaneous formation of polymerization “nuclei” [39].
The lag-phase can be reduced to zero if preformed fibrils
or lysates of [ PST"] strains are added to the purified Sup35
or Sup35NM [95, 99].

Quite recently infectious properties of the Sup35
amyloid fibrils have been demonstrated. A method was
elaborated for “infection” of [psi~] cell spheroplasts with
in vitro obtained amyloid fibrils of recombinant Sup35
[100, 101]. Incubation of the [psi~] cell spheroplasts with
such fibrils resulted in [PSI*] appearance in these cells,
and the efficiency of such “infection” depended on the
amount of the Sup35 fibrils used.

[PST'] de novo APPEARANCE, PRION [PIN"]

[PST'] can appear de novo not in every strain of S.
cerevisiae upon Sup35 overproduction. A necessary con-
dition for the appearance of [PST*] de novo is the pres-
ence of an epigenetic element called [PINT] ([PSI']
inducibility) [44]. However, if [PSI'] already exists,
[PINT] is not required for its maintenance [102]. The
appearance of [PIN*] in a cell is associated with conver-
sion of the Rnql protein with an unknown function to
the aggregated state [43]. [PIN'] is characterized by
dominant manifestation, is inherited in non-Mendelian
fashion, is reversibly cured in presence of GuHCI,
appears upon Rnql overexpression, and disappears upon
deletion of the RNQI gene. All the above-mentioned
properties show that [PIN*] is the prion form of Rnql
protein [43, 102, 103]. The existence of inherited [ PIN*]
variants (strains) (see about prion variants in section
“Variants of [PSI*]”) differing from each other by the
efficiency of [PST'] induction [104] was shown.

Two hypotheses explaining how the prion form of
Rnql induces [PSI'] prion generation were put forward
[102]. According to the first hypothesis, soluble protein
Rnql is an inhibitor of [PSI"] appearance de novo and
conversion of this protein to the aggregated prion form
reduces the efficiency of such inhibition. The second
hypothesis suggests the possibility of formation of Sup35
prion form on the template of Rnql aggregates. This
hypothesis is supported by co-localization of Sup35NM-
GFP aggregates with aggregates of Rnql during [PSI']
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induction de novo [105]. Besides, the Sup35NM polymers
contain Rnql protein [106], and Rnql fibrils formed in
vitro accelerate conversion of Sup35NM into the prion
form in vitro [105].

It was shown that [PIN*] increases the frequency of
induction of both [PSI'] and [URE3] [104], whereas
[PST"] and [URE3] stimulate prionization of Rnql [102].
The [PIN*] phenotype can be defined not only by the
prion state of Rnql protein. Overexpression of eleven dif-
ferent proteins, including Ure2, Newl, as well as Lsm4,
that controls mRNA degradation, and Stel8, involved in
the pheromone signal pathway, was accompanied by their
aggregation and resulted in appearance of the [PIN¥]
phenotype [43].

ROLE OF CHAPERONS IN YEAST PRION
APPEARANCE AND INHERITANCE

A surprising feature of yeast prions is their ability to
be reliably maintained in dividing cells. It is known that
the aggregated state of Sup35 protein corresponds to the
presence of [PSI'] determinant [93, 94]. Here questions
arise how such aggregates are inherited and whether they
are units of [PST"] inheritance. It is evident that the sta-
ble maintenance of a prion requires that each mitosis is
accompanied by doubling of units of prion inheritance.

It has been shown that [PST"] can only exist in the
cells where Hsp104 chaperone, a member of Hsp100 pro-
tein family, is present [107]. It is notable that not only
absence of Hsp104 protein, but also Hsp104 overproduc-
tion causes [PSI] loss. The fact that all known yeast pri-
ons are unable to be propagated in the absence of Hsp104
supports the notion of a common mechanism of their
inheritance.

The yeast Hsp104 and its bacterial ortholog ClpB are
the main heat shock proteins providing the possibility of
survival under stress conditions such as elevated tempera-
ture and high ethanol concentration in the medium.
Hsp104/ClpB is a hexamer that does not prevent denatu-
ration of cellular proteins caused by elevated tempera-
ture, but disintegrates large aggregates of already dena-
tured proteins and thus stimulates their refolding and
functional recovery [108]. It was shown that Hsp104 in a
complex with Hsp40 and Hsp70 completely restores
activity of denatured luciferase in vitro [109].

There are two models considering the mechanism of
[PST*] maintenance. One of them suggests that Hsp104
facilitates the process of prion conversion interacting
with Sup35 molecules and stimulating the monomer to
acquire some intermediate conformation [110]. It should
be noted that Sup35 conversion to the prion form in vitro
does not require the presence of Hsp104 [95]. However,
it was shown that Hsp104 at a low concentration (the
ratio of Hsp104 hexamers to the Sup35 monomers is 1 :
250) eliminated the lag phase of fibril formation and

BIOCHEMISTRY (Moscow) Vol. 72 No. 13 2007



PRIONS

increased the rate of Sup35NM polymerization in vitro
[111].

The other model (Fig. 3), maintained by the bulk of
experimental data, suggests that Hsp104 is necessary not
for prion conversion but rather for shearing large Sup35
aggregates into smaller particles, which is necessary for
the stable [ PST] inheritance [94, 112].

The mechanism of Hspl104 action in the mainte-
nance of the yeast prion was studied in parallel with the
mechanism of prion curing in presence of GuHCL. [PST*]
curing by GuHCI occurs only in dividing yeast cells [113],
and the appearance of [psiT] cells is preceded by a lag-
phase equal to approximately four or five cell generations.
Studying the kinetics of [ PST] loss suggested that GuHCl
blocks replication of [PSI*] “seeds”, i.e. units of prion
inheritance called also propagons. If prion “seeds” are
not replicated, then the culture growth is accompanied by
gradual decrease in their number in each cell. Tracing the
process of [PSI'] loss in the presence of GuHCI during
20-30 h, Eaglestone et al. [113] determined the mean
number of propagons present in the cell before the action
of this substance. It was equal to 62 + 10. It became clear
later [114] that the number of propagons can vary from 30
to 1000 depending on the [ PST*] strain (variant) (see sec-
tion “Variants of [PSI*]” below). It was shown that the
cell growth in the presence of GuHCI does not cause
destruction of already existing prion aggregates and does
not result in proteolysis of Sup35 that forms these aggre-
gates. Also, GuHCI does not block further polymeriza-
tion of Sup35 catalyzed by “seeds” present in the cell.
Only the number of intracellular propagons gradually
decreases [115].

At the same time, it was found that growing of cells
in the presence of GuHCI results in inactivation of
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Fig. 3. Role of the Hspl04 chaperone in [PSI*] maintenance.
Hsp104 fragments prion polymers of Sup35, thus increasing the
number of polymer ends involved in polymerization (figure taken
from [112]).
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Hsp104 [116]. Tt was supposed from these data that [PST']
curing under the influence of GuHCI was the result of the
inactivation of this chaperon. This assumption was con-
firmed by obtaining mutations in the HSP104 gene con-
ferring the resistance of [PST'] to GuHCI [117] and also
by demonstration of the inhibitory effect of GuHCI on
the Hspl04 ATPase activity in vitro [118]. It was also
shown in vitro that Hsp104 disaggregates Sup35 fibrils
into smaller ones (at the ratio of Hspl104 hexamers to
Sup35 monomers of approximately 1 : 50) [111]. The
decrease in intracellular Hsp104 level or inhibiting its
activity result in a decreased number of Sup35 aggregates
and increase of their size [119], whereas overexpression of
Hsp104 reduces the size of prion aggregates [120].
Stronger evidence in favor of the ability of Hsp104 to
fragment Sup35 aggregates was obtained later [121]. It
turned out that Sup35 aggregates consist of SDS-resistant
polymers, each of which, in turn, contains from approxi-
mately 10 to 50 Sup35 molecules. In the case of cell
growth in the presence of GuHCI, the mean size of the
Sup35 polymers was doubled during a single cell genera-
tion, which can be explained only by the block of their
fragmentation. After transferring cells into GuHClI-free
medium, the polymer size gradually returned to the initial
level. Gradual decrease of Hsp104 amount also increased
the size of polymers. These data are in favor of the model
according to which Hspl104 fragments prion polymers,
providing the stability of their inheritance [112]. Thus,
the stable maintenance of prions requires the balance of
two processes: conversion of monomers into polymers
(polymerization) and polymer breakage into smaller ones
(fragmentation). Efficient fragmentation of polymers
provides the necessary number of free polymer ends
involved in polymerization.

Chaperons of the Hsp70 and Hsp40 families were
also found to take part in the process of [PST'] mainte-
nance. Heat shock proteins of the Hsp70 family are the
main chaperons required for protein folding in yeast cells.
In addition to the protein folding, Hsp70 carry out vari-
ous functions such as protein stabilization upon heat
shock, polypeptide chain translocation through mem-
branes [122], and assembling and dissociation of macro-
molecular complexes [123]. The chaperons of Hsp40
family are cofactors of Hsp70 [124]. The family of Hsp70
chaperons of S. cerevisiae includes SSA4 and SSB subfam-
ilies.

Overexpression of the Ssal protein prevents [PST']
loss upon Hspl04 overexpression [125] and enhances
[PST'] induction de novo approximately tenfold [126].
The increase in intracellular amount of Ssal increases the
size of prion polymers and simultaneously increases the
level of Sup35 monomer. Other proteins of the SSA sub-
family, namely Ssa2, Ssa3, and Ssa4, exert the same influ-
ence on [PST'] as Ssal [126]. Physical interaction of Ssa
and Ssb proteins with Sup35 was shown in vifro and in
vivo. Thus, the family of SSA chaperons evidently carries
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out the function of [PST'] “helper”. A possible mecha-
nism of such action of Ssa proteins is the stabilization of
intermediate conformation of Sup35 molecules.
Stabilization of such partially folded intermediate state
increases the probability of prion conversion during inter-
action of Sup35 molecule with a prion “seed”.

In contrast to the SSA subfamily, the subfamily of
Hsp70 SSB chaperons behaves as [PSI'] antagonist [120,
127]. Overproduction of Ssb1 protein enhances the prob-
ability of [PST] loss observed at increased level of
Hsp104. Deletion of the non-essential SSBI and SSB2
genes makes the [PSI'] curing effect caused by overpro-
duction of Hspl104 weaker [127]. Efficiency of [PSI]
induction increases in the strains with deletions of the
SSB1 and SSB2 genes. Data concerning the effect of Ssbl
on the protein proteasomal degradation [128] suggest that
Ssbl interacts with Sup35 molecules and thus stabilizes
their in the native state, but if this impossible then Ssb1
facilitates their degradation.

The maintenance of [PIN*] depends not only on
Hsp104 [103], but on the Sisl chaperon of the Hsp40
family as well [129, 130]. However, unlike [PST'], over-
production of Hsp104 chaperon does not result in the loss
of [PIN*] [44]. At the same time, it was found that over-
production of the Ydj chaperon of the Hsp4(0 family
results in the loss of some [PIN*] variants [104].

Stable maintenance of [UREJ3] requires the Hsp104
chaperon and Ssa2 chaperon of Hsp70 family [131].
Deletion of the HSPI04 gene results in the loss of
[URE3], whereas overproduction of Hspl104 does not
destabilize it [132]. The loss of [URE3] is also caused by
overproduction of another member of Hsp70 family, Ssal
protein [131], as well as of Ydjl chaperone from the
Hsp40 family [132].

INTERSPECIES BARRIERS
OF TRANSMISSION
OF Sup35 PRION PROPERTIES
AND MECHANISM OF [PST'] CURING

The prion domain Sup35 can be divided into two
regions with different structures and functions. The
region designated as NQ (from 1 to 40 aa) is enriched
with asparagine and glutamine residues. The second
region, NR (from 41 to 97 aa) contains five complete and
one incomplete copies of oligopeptide repeats with con-
sensus sequence PQGGYQQ-YN.

Mutations in SUP35 gene causing [PST'] loss (PNM
mutations) or those interfering with its phenotypic mani-
festation result mainly in amino acid substitutions in the
PrD region from 8 to 26 aa [76]. Later it became clear
that this protein region is the determinant of the prion
species specificity [133]. Like barriers restricting the
prion transmission between unrelated mammalian
species, there are also barriers of [PSI'] transmission
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between distantly related yeast species such as . cerevi-
siae and Candida albicans. The transmission of [PST']
between unrelated yeast species was modeled using
chimeric proteins in which prion domain of Sup35 of .
cerevisiae was replaced by amino-terminal regions of
Sup35 of C. albicans, Kluyveromyces lactis, and Pichia
methanolica. Chimeric proteins containing prion
domains of C. albicans, K. lactis, and P. methanolica are
capable of aggregation in vivo and formation of amyloid
fibrils in vitro, but they cannot incorporate into the prion
aggregates of S. cerevisiae Sup35. Overproduction of
Sup35 of S. cerevisiae did not result in aggregation and
induction of prion state of chimeric proteins, and vice
versa, overproduction of chimeric proteins did not cause
induction of S. cerevisiae Sup35 prion state. Thus, the
transmission of prion state between Sup35 proteins from
different yeast species did not take place. At the same
time, replacement of the region from 8 to 26 aa in
chimeric protein, carrying prion domain of Sup35 from
C. albicans and MC region from Sup35 of S. cerevisiae,
for the same region of S. cerevisiae made the chimeric
protein compatible with prion state of Sup35 from S.
cerevisiae [133]. In this work, a model of prion polymer
was proposed, according to which the region from 8 to
26 aa is located on the polymer surface and thus provides
the polymerization of only those Sup35 molecules that
contain a region of homology with this region. Recent
data are in favor of this model: the Sup35NM molecules
are oriented along an amyloid fibril in such a way that N-
terminal parts of prion domains of adjacent molecules
interact with each other [134].

Another PNM mutation was found in a site of the
SUP35 gene corresponding to the second repeat of the
NR region. This mutation, resulting in the replacement
of glycine by aspartic acid in position 58, was dominant
[77]. The mutant protein was capable of conversion to
prion state, but the rate of such conversion in vitfro was
approximately two times lower [92]. The most probable
mechanism of [PSI'] elimination in the presence of
mutant Sup35 is the following: mutant protein molecules
are able to join the growing Sup35 polymer and retard its
further growth. This hypothesis is confirmed by the
decrease in size of prion polymers of Sup35, which is
observed in the case of simultaneous expression of mutant
and the wild-type Sup35 proteins (D. Kryndushkin,
unpublished).

Deletion analysis of the Sup35 prion domain [135]
has shown that the PrD region from 1 to 93 aa, which
includes the NQ region and five repeats of the NR region,
is necessary for the maintenance of [PSI*]. Removal of
the sixth incomplete repeat (R6) of NR region resulted in
a slight weakening of the [PST"] suppressor phenotype
and decrease in its mitotic stability. Replacement of the
wild-type allele SUP35 by the allele carrying deletion of
the fifth (R5) and sixth (R6) repeats resulted in the loss of
[PST']. Nevertheless, successive removal of repeats R6,
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R5, R4, and R3 had no effect on the abilities of mutant
Sup35 to co-aggregate with the full-length Sup35 protein
in [PST"] cells. Overproduction of mutant chimeric pro-
teins, in which GFP sequence was fused with Sup35NM
with deletions of a part of amino acid repeats in prion
domain, could induce [PST"] de novo in the cells express-
ing the wild-type Sup35 [136]. Thus, Sup35 molecules
with reduced number of amino acid repeats may co-
aggregate with the full-length Sup35 and even stimulate
[PSI'] induction de novo, but they are not able to main-
tain [PSI'] (except Sup35 containing five repeats in the
prion domain).

Based on these observations, a model was proposed
according to which the region including the NQ and the
beginning of the NR of Sup35 prion domain is necessary
and sufficient for aggregation and growth of prion poly-
mers. Meanwhile the largest part of the NR region pro-
vides the interaction of Sup35 polymers with chaperons
and, as a result of this, their fragmentation and propaga-
tion [136]. On the other hand, the results point to the sig-
nificance of amino acid repeats of the NR region for the
process of Sup35 polymerization [137]. The shortened
Sup35 from which four repeats were removed (from sec-
ond to fifth) formed polymers in vitro at a considerably
lower rate compared with the full-size Sup35. The recom-
binant Sup35, containing two additional copies of the
second repeat, polymerized in vitro at a rate exceeding
that of the wild-type Sup35 due to reduction of the prion
conversion lag phase, i.e. to a more rapid formation of
“seeds”.

According to the proposed model, the curing of
[PSI'] by the mutant Sup35 protein in the case of its co-
expression with normal Sup35 can be mediated either by
a defect in Sup35 polymerization or by disturbance in
fragmentation of formed polymers [136].

VARIANTS OF [PSI]

As noted above, strain variability is one of main fea-
tures of prions. The phenomenon of prion variability is
also characteristic of yeast prions. Strains of yeast prions
are called variants. [ PSI*] variants differ in mitotic stabil-
ity and the strength of suppressor phenotype [91]. [PST*]
variants characterized by high mitotic stability and strong
suppression of nonsense mutations are called strong. The
[PSI'] variants with low mitotic stability and weak sup-
pression level are called weak. The strength of suppressor
phenotype is inversely proportional to the level of soluble
Sup35 [138-140]. The amount of soluble Sup35 may dif-
fer several times in cells with different [PSI'] variants.
[PSI*] variants also differ by the size of prion polymers
[121]. The stronger is a [PSI*] variant, the smaller are
Sup35 polymers. The difference in the Sup35 polymer
size between [PST'] variants most likely points to their
different susceptibility to fragmentation. Sup35 polymers
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of strong [PSI*] are fragmented more intensively com-
pared with polymers of weak [ PSI']; therefore, polymers
of strong [ PST*] are smaller than polymers of weak [ PST].
In fact, the efficiency of [PST'] elimination upon Hsp104
overproduction depends on the variant of the prion being
lost. In addition, there was observed variant-specific loss
of [PST'], maintained by chimeric protein in which the
amino-terminal region of S. cerevisiae Sup35 was
replaced by an analogous region of Sup35 of P. methano-
lica, upon overproduction of Ssbl, Ssal, and Ydjl chap-
erons [120]. [PST] variants also differ by the ability of
prion “seeds” to catalyze conversion of soluble Sup35 to
the polymer state: Sup35 aggregates from cells with strong
[PST'] induce prion conversion of soluble Sup35 more
efficiently than aggregates from cells with weak [PST]
[138, 139].

[PSI'] variants are reliably maintained in vivo. This
means that the strength of suppressor phenotype and the
level of [PSI'] variant mitotic stability do not change in
cell generations. The M region of Sup35 protein plays an
important role in ensuring stable inheritance of [PST']
variants, because the removal of the beginning of this
region resulted in appearance of undifferentiated [PSI],
i.e. of such [PSI] in which suppression strength and
mitotic stability varied from one cell to another [81].
There is only a single described case concerning structur-
al instability of [PSI'] maintained by the full-length
Sup35: the generation of a strong variant from a weak one
[138]. Such structural instability is characteristic of very
weak [PSI'] variants.

It has been recently shown that [PSI*] variants can
be stably maintained in vitro [100]. Polymers of chimeric
protein containing a shortened PrD of Sup35 (1-61 aa)
and GFP (Sup35-1-61-GFP), isolated from yeast cells
containing three different [PST] variants ([VH], [VK],
[VL]) were used as a “seed” for prion conversion of puri-
fied recombinant Sup35-1-61-GFP produced in E. coli.
With the use of prion [VH], [VK], and [VL] “seeds”, in
vitro fibrils were obtained which were then used for trans-
formation (infection) of [psi~] yeast cells. This resulted in
appearance of [ PSI'] colonies with three phenotypes cor-
responding to the original variants. The experiment also
showed that the region of the Sup35 prion domain from 1
to 61 aa was sufficient to maintain in vitro differences in
properties of Sup35 prion.

Most likely, the [PSI'] variants are different stably
maintained prion conformations of Sup35. The following
experimental data are in favor of this statement.

Amyloid fibrils spontaneously formed in vitro by the
NM fragment of Sup35 protein may differ in growth rate
and polarity. Amyloid fibrils formed by Sup35NM in vitro
are able to grow in two directions, but the rate of the fib-
ril growth in different directions is different [141].
Besides, amyloid fibrils formed at different temperatures
(4 and 37°C) are characterized by different thermostabil-
ity in the presence of SDS and resistance to proteolysis
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[101]. Data on different structure of Sup35NM fibrils
formed at different temperatures were obtained using
EPR spectroscopy [101]. Analysis of such Sup35NM fib-
rils using a fluorescent label has shown that Sup35NM
molecules forming fibrils at 25 or 37°C have a more
extended region of the prion domain involved in prion
fold as compared with Sup35NM molecules within fibrils
formed at 4°C [134].

The recently developed method of transformation
of [psi~] cell to the [ PSI] state with the in vitro obtained
amyloid fibrils [100, 101] made it possible to show that
infection with amyloids formed at 4°C results in appear-
ance of mainly strong [PSI'] variants, whereas cell
infection with amyloids formed at 25 or 37°C usually
results in weak [PST"] variants [101]. Thus, it was shown
that the variability of [ PST*] properties is caused by con-
formational differences of corresponding prion poly-
mers.

STRUCTURE OF AMYLOID FIBRILS

Fibrils formed in vitro by Sup35, Ure2, and HET-s
proteins or their prion domains are structurally similar to
amyloids involved in pathogenesis of human diseases. To
date, about 20 human proteins have been described which
are able to form amyloids in vivo [142], like insulin, frag-
ments of light immunoglobulin chains, a-sinuclein, AB-
peptide, and PrP protein. Amyloid fibrils interact with
thioflavin T and Congo Red [143] and are resistant to
treatment with SDS detergent at room temperature [39].
In addition, regardless of the protein that formed amyloid
fibrils, they are structurally similar: they are formed by [3-
sheets perpendicular to the fibril axis, and hydrogen
bonds, binding polypeptide chains, are oriented along the
fibril axis [144].

The ability of proteins to form amyloids depends on
their charge and hydrophobicity [145] and is evidently an
inherent feature of polypeptide chains, because in vitro
under conditions of partial denaturation many peptides
and proteins form similar structures. However, such con-
ditions significantly differ from physiological ones [146,
147].

Atomic structure of amyloid fibrils including those
formed by Sup35 is unknown. The X-ray diffraction pat-
tern of fibrils formed by the glutamine-asparagine-rich
peptide of the Sup35 prion domain, poly-L-glutamine, as
well as by the huntingtin fragment [148], made possible a
model of the amyloid fibril structure [149]. According to
this model, amyloid fibril consists of several protofibrils
intertwined with each other. An amyloid protofibril is a
cylindrical B-sheet, a hollow nanotube of 3 nm in diam-
eter, in which the polypeptide chain is “wound” (coiled)
around the fibril axis and forms a helix. One turn of such
helix includes 20 amino acids, and the turns interact with
each other by hydrogen bonds between amides of the
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main and side chains (each CO of a previous turn inter-
acts with NH of the following one). The orientation of
side chains of amino acids of each turn alternate: neigh-
boring side chains are positioned at different sides from
the main chain (they are directed inside the helix and
outside). In the case of a nanotube formed by Sup35, its
C-domain is not involved in this structure, but overhangs
from it. One turn of such helix is unstable, because it is
stabilized due to interaction with the next turn. Thus, the
minimal number of turns forming a stable structure is
equal to two, i.e. 40 amino acids comprise a minimal
amyloid-forming fragment. The recently obtained X-ray
diffraction pattern of fibrils formed by fragments of
Sup35 protein (Sup35NM and Sup35N) favors this
model [150].

It has been recently shown that the Sup35NM
monomers forming a protofibril are oriented relative to
each other in such a way that intermolecular hydrogen
bonds are formed between identical regions of these mol-
ecules [134]. Thus, Sup35NM are positioned relative
each other in the orientation “head” (from 25 to 38 aa) to
“head” and “tail” (from 91 to 106 aa) to “tail”.

Another model of amyloid protofibril was suggested
for the Ure2 protein [151], but it is probably also applica-
ble for Sup35. The structure considered in this model was
called B-serpentine. According to this model, the prion
domain of one Ure2 (or Sup35) molecule forms a super-
pleated B-structure—serpentine. Serpentines of Ure2 or
Sup35 are oriented in register with a slight shift (of
approximately 1°) and stabilized by inter- and intramole-
cular hydrogen bonds. C-Terminal domains of these pro-
teins are not involved in superpleated structure and form
a helix around the serpentine.

NATURAL OCCURRENCE OF PRIONS

A general feature of sequences of all S. cerevisiae
prion proteins known to date is a high content of
asparagine and glutamine residues. This feature is also
characteristic of amyloidogenic sequence of human pro-
teins such as huntingtin. It was shown that glutamine-rich
sequences tend to form amyloid fibrils in vitro [152], that
suggested the possibility of prediction of prion properties
of proteins on the basis of their enrichment with gluta-
mine and asparagine residues. The presence of 30 gluta-
mine or asparagine residues over a continuous sequence
of 80 aa residues was used as a criterion for identification
of such proteins [153]. Analysis of frequency of gluta-
mine-asparagine-rich sequences in different species has
shown that in the S. cerevisiae genome 1.69% of ORF
(Open Reading Frames) encode such proteins (107 pro-
teins). In Drosophila melanogaster, 472 such proteins were
found, which corresponds to 3.47% of all ORE Taking
into account the broad natural occurance of glutamine-
asparagine-rich sequences, one can suppose that prions
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are not rare in nature. However, it should be noted that
not all prion-forming sequences are enriched with
asparagine and glutamine residues. For example, they do
not include prion domains of PrP and HET-s proteins.
Thus, there is still no reliable criterion for evaluation of
prion-forming ability of polypeptide sequences, which
significantly hinders the prediction of proteins with prion
properties.

Recently there appeared data on cytoplasmically
inherited phenotypes that may depend on the presence of
the yeast prion determinants. At the present time prion
proteins responsible for these traits are being intensively
searched for. Among them there are the S. cerevisiae
determinants [ISP*] and [GAR"] and determinant [cif] of
Schizosaccharomyces pombe.

The [ISP*] determinant of S. cerevisiae was discov-
ered in two sup35 mutants with mutations in the 3’ termi-
nal region of the gene [45]. [ISP*] exhibits antisuppressor
activity towards these mutations ([ZSP*] — Inversion of
Suppressor Phenotype). However, [ISP] is independent
of the Sup35 prion domain and may be a prion form of an
unknown protein interacting with Sup35. [LSP*] is char-
acterized by dominant manifestation, non-Mendelian
type of inheritance, and is reversibly curable using
GuHClI, but unlike [ PST"] its maintenance is independent
of the Hsp104 chaperon.

S. cerevisiae cells are capable of spontaneous acquir-
ing of the [GAR'] phenotype resistance to the non-
hydrolyzed glucose analog D-(+)-glucosamine [46]. The
[GAR™] trait exhibits genetic properties of yeast prions. It
is inherited as a cytoplasmic determinant, transmitted via
cytoduction, and disappears upon deletion of the SSA7
and SSA2 genes encoding chaperons of the Hsp70 family.
The protein whose prion properties may define the
[GAR™] phenotype is not yet identified.

The prion-like determinant [cif] (calnexin inde-
pendence factor) of the yeast S. pombe provides the cell
viability in the absence of calnexin (Cnxl protein), a
vitally important chaperon of the endoplasmic reticulum.
Phenotype Cin (Calnexin independence) is dominantly
inherited and upon sporulation is transmitted to the
majority of meiotic segregants. It is also transmissible
upon transformation of cells with cell extracts free of
nucleic acids [48]. At the same time, treatment of extracts
of cells with Cin phenotype with proteinase K significant-
ly decreased the efficiency of transmission of the Cin
state, which indicated the protein nature of the calnexin
independence factor [cif]. The cifl gene was identified,
whose expression from the multicopy plasmid induces
calnexin independence. This gene product was called cal-
nexin independence factor Cifl [47]. The Cifl protein
forms fibrillar aggregates in vitro, which in the case of
infection of calnexin-independent cells induces the Cin
phenotype. Thus, facts were obtained which show that
Cifl protein, the intracellular function of which is still
unknown, is a prion.
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PROSPECTS FOR THERAPY
OF PRION DISEASES

Prion diseases are presently considered as incur-
able, although approaches to their therapy are in
progress. Spongiform encephalopathies are character-
ized by the absence of immune response to prion infec-
tion. This is due to the fact that the normal PrP form is
always present in the organism, including in T and B
lymphocytes. However, it was shown in vitro that anti-
bodies to several PrP epitopes inhibit the propagation of
PrP5¢ [154, 155]. Vaccination by recombinant PrP before
or immediately after infection and passive immunization
by antibodies to some PrP epitopes resulted in inhibition
of prion replication and in delay of the disease onset
[156, 157]. These experiments confirmed the efficiency
of intervention into the immune system for therapy of
prion diseases.

The propagation of PrP*° can be stopped using “[-
structure blockers” —peptides enriched with proline and
having homology to PrP¢ [158]. There is also another
approach based on the Prup gene polymorphism. It is
known that substitutions Q171R in sheep PrP and
E219K in human PrP are inconsistent with formation of
the PrP%¢ prion form. Mutations resulting in such amino
acid substitutions in sheep and human PrP were inserted
into the mouse Prup gene [159]. Corresponding recom-
binant mutant mouse proteins were not converted into
the pathological PrP isoform and also inhibited PrP
formation in the wild-type cell cultures [159]. These
mutations had the dominant-negative manifestation,
because they hindered conversion of the normal mouse
PrP protein to the prion state. To use the dominant-neg-
ative PrP mutants in gene therapy of prion diseases,
lentivirus vectors for in vivo delivery of DNA encoding
them were constructed. It was shown that cell trans-
duction by lentivirus virions, containing the above-
described mutant Prup alleles, results in a significant
decrease of PrP% level in mouse neuroblastoma cultures
[160].

Yeast is a convenient model for search and study of
factors able to cure cells of prions. Upon expression in
yeast cells mammalian PrP most likely has a tendency to
be converted into the prion form, because it is accumu-
lated in the aggregated and protease-resistant form
[161]. It would be possible to use yeast containing prion
PrP5 for searching drugs with anti-prion properties, but
such works either have not been carried out or are not yet
published. At the same time, yeast has been used for
searching for chemical compounds curing [PSI*] and
[URE3] prions. The ability to eliminate [PSI] was
checked for 2500 chemical compounds. Mammalian
cells do not contain the Hsp104 chaperon. Therefore, to
reveal compounds active towards mammalian prions, the
search for anti-prion compounds in yeasts was carried
out under conditions of decreased Hsp104 activity. As a



1532

result, six compounds eliminating [PSI"] were discov-
ered. Five of them belonged to a new class of molecules,
kastellpaolitines, and the sixth one was phenanthridine.
All these compounds also cured [URE3] and inhibited
formation of PrP% in mouse neuroblastoma cell culture
[162]. It is interesting that two other compounds, anti-
prion activity of which was shown previously in mam-
malian cell culture, namely quinacrine (used as a drug
against malaria) and chlorpromazine (used as an
antipsychotic drug) cured yeast cells of [PSI"] and
[URE3]. It should be noted that all these compounds are
active only in mitotically dividing cells and the presence
of these agents during several cell generations was neces-
sary for prion curing. Phenanthridine, kastellpaolitines,
quinacrine, and chlorpromazine do not act on prion
aggregates. They rather affect mechanisms maintaining
prion state of proteins. Thus the mechanisms controlling
the prion maintenance in mammals and yeasts most
likely have features in common. The experiments have
shown the efficiency and validity of using the yeast
model for searching for agents that cure mammalian pri-
ons.

The discovery of prions in yeast and P. anserina has
extended our views of prions. It turned out that prions are
not only infectious agents, but a universal biological phe-
nomenon as well. In lower eukaryotes, the prion phe-
nomenon is the basis of epigenetic heredity and regula-
tion of gene expression at the posttranslational level. The
presence or absence of the [PST'] determinant in S. cere-
visiae can provide adaptive advantages in changing envi-
ronmental conditions, for example, the presence of
[PSI*] inhibits growth in the presence of some sources of
nitrogen in some strains, but allows cells of other strains
to grow on galactose [41]. Besides, the presence of [PSI]
prion enhances the cell resistance to heat shock [163].
The prion mechanism has potentially useful distinctions
compared to the mechanisms of genetic variability.
Conversion of proteins to the prion state may occur more
frequently than mutations, and manifestation of the prion
phenotype may depend on the prion variant. The reverse
conversion from prion state to the non-prion one also
may be more frequent than reversion of mutations,
because cells with the prion phenotype retain information
concerning the original state of the protein. This is espe-
cially important for adaptive lability of the population,
because the temporary phenotype correction in response
to the environment variations is often more important
that stable phenotype change.

Taking into account the wide occurrence and signif-
icance of prions in lower eukaryotes, one can suppose
that in higher organisms as well prions can be not only
pathogens, but be involved in carrying out physiological
functions. Quite recently it has been found that PrP is
probably not the only protein of higher eukaryotes with
prion properties. The prion-like properties of neuronal
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isoform of CPEB protein (cytoplasmic polyadenylation
element binding protein) of the sea slug Aplysia californi-
ca have been demonstrated [164]. CPEB is a translation
regulator stimulating polyadenylation of cytoplasmic
mRNA and in this way activating their translation. The
process of mRNA polyadenylation is switched on by the
CPEB binding to CPE (cytoplasmic polyadenylation
element) located in the 3’-UTR (3’-non-translated
region) of activated mRNA. Prion-like properties of
CPEB were discovered during heterologous expression
of the gene encoding this protein in yeast cells, since S.
cerevisiae is a convenient genetic system for verification
of the prion properties. The amino-terminal region of
CPEB is extremely rich in glutamine and asparagines
(48%) which suggests its prionization ability. It was
shown that CPEB could exist in two states—native and
aggregated, and just in the aggregated state it was able to
bind the CPE signal sequence and thus activate transla-
tion of “silent” mRNA. The aggregated active state of
CPEB is inherited in yeast as a dominant non-
Mendelian determinant and is transmitted from cell to
cell via the cytoplasm.

The level of CPEB increases several fold in the pres-
ence of serotonin, a mediator of synaptic plasticity
involved in the processes of learning and memory [165].
A model was proposed according to which the increase
in the expression level of CPEB neuronal form caused by
serotonin causes its conversion to the prion state [164].
Thus, synaptic stimulation, accompanied by CPEB
multimerization, can cause local activation of transla-
tion of “silent” mRNA. The mechanism of signal trans-
duction, including prion conversion, has an advantage,
because as the prion state is achieved, it is self-main-
tained without additional stimulation, providing the
possibility of “storage” of information coming from the
original impulse. However, up to now no prion proper-
ties of CPEB in A. californica neurons were demonstrat-
ed.

Four homologs of the CPEB gene were found in the
mouse genome [166]. The product of one of these genes,
CPEB-3, has an amino-terminal glutamine-rich domain,
a product of another CPEB-4 carries a proline-rich
domain at the N-terminus, and both proteins are able to
aggregate upon expression in yeast cells and neuronal cell
culture [167]. It is possible that the existence of mam-
malian prions involved in the processes of learning and
memory soon will be proved.

Originally prions were discovered as infectious agents
of new type. However now there is no doubt that signifi-
cance of prions is much wider and most likely prions are
carries of biological information of a specific type—infor-
mation stored in protein conformation.
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