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ABSTRACT

Yeast prion determinants are related to polymerization of some proteins into
amyloid-like fibers. The [PSI*] determinant reflects polymerization of the Sup35 protein.
Fragmentation of prion polymers by the Hsp104 chaperone represents a key step of
the prion replication cycle. The frequency of fragmentation varies depending on the
structure of the prion polymers and defines variation in the prion phenotypes, e.g., the
suppressor strength of [PSI*] and stability of its inheritance. Besides [PS*], overproduction
of Sup35 can produce nonheritable phenotypically silent Sup35 amyloid-like polymers.
These polymers are fragmented poorly and are present due to efficient seeding with the
Rng1 prion polymers, which occurs by several orders of magnitude more frequently than
seeding of [PSI*] appearance. Such Sup35 polymers resemble human nonprion amyloids
by their nonheritability, mode of appearance and increased size. Thus, a single protein,
Sup35, can model both prion and nonprion amyloids. In yeast, these phenomena are
distinguished by the frequency of polymer fragmentation. We argue that in mammals
the fragmentation frequency also represents a key factor defining differing properties of
prion and nonprion amyloids, including infectivity. By analogy with the Rnq1 seeding of
nonheritable Sup35 polymers, the “species barrier” in prion transmission may be due to
seeding by heterologous prion of nontransmissible type of amyloid, rather than due to
the lack of seeding.

PRION AND NONPRION AMYLOIDS OF MAMMALS

Prions were originally defined as a unique class of infectious agents, whose infectivity
relates solely to protein. In mammals, they cause fatal neurodegenerative diseases, such as
Creutzfeldt-Jacob disease of man, sheep scrapie and bovine spongiform encephalopathy
(reviewed in refs. 1 and 2). All these diseases are related to the PrP protein, whose confor-
mationally altered form (PrP5) is able to convert the normal host-encoded protein (PrPC)
into this altered prion form. While only one prion protein is known in mammals, the
prions appear to represent just a part of a much wider phenomenon, amyloidoses.

Amyloid diseases represent a group of more than 30 human diseases, which are
characterized by deposition in different tissues of fibrous aggregates of conformationally
altered proteins.? Some of these diseases, like Alzheimer’s and Parkinson’s disease, repre-
sent a major challenge for the public health care in the developed countries. Although
amyloidogenic proteins are structurally and functionally unrelated, they form morpho-
logically similar amyloid fibers which reproduce the key properties of prions: the normal
and polymer forms of amyloidogenic proteins are structurally different and the latter can
promote polymerization of normal proteins into amyloid fibers. Unlike prion diseases,
amyloid diseases are generally not transmissible.

Lately, the prion and amyloid phenomena acquired a more general significance
for biology due to the finding of prions in lower eukaryotes and observations that in
multicellular organisms they may be used in important biological mechanisms. It was
shown that amyloid polymers of Pmell7 template and accelerate the polymerization of
melanin precursor into melanin. Melanin precursor is toxic, while its polymers protect
cells from a broad range of cytotoxic insults including UV and oxidative damage. A very
important candidate for prion-like mechanism relates to long-term memory in animals.
The translational regulator CPEB of Aplysia californica, which plays a key role in the
long-term synaptic changes associated with memory storage, demonstrated prion-like
properties in yeast.5
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YEAST PRIONS

Prion-like protein behavior underlies the inheritance of some
phenotypic traits in the yeast Saccharomyces cerevisiae® and filamen-
tous fungus Podospora anserina.” In yeast, there are several proteins,
which can undergo prion-like structural conversion. The most
studied of them are translation termination factor eRF3, also called
Sup35, and Ure2 involved in regulation of nitrogen metabolism.® The
prion state of these proteins can propagate stably for many cellular
generations. This may be observed by characteristic phenotypes,
[PSI*] and [URE3], which reflect reduced function of the respective
proteins, Sup35 and Ure2, due to aggregation of their prion form.
In particular, the prion state of Sup35 results in low levels of soluble
functional Sup35 and impaired translation termination, which is
manifested as a nonsense-suppressor [PSI*] phenotype. Unlike [PSI*]
and [URE3], the phenotypic manifestation of the third yeast prion,
[PIN], is not related to inactivation of the corresponding protein.
This prion determinant was originally described as a factor required
for the [PSI*] de novo generation by transient Sup35 overproduc-
tion.® Later it was found that it also facilitates the de novo appearance
of [URE3].° Unlike the appearance, propagation of [PSI*] and
[URE3] does not depend on the presence of [PIN'].

The prion properties of the described yeast proteins rely on their
areas rich in glutamine and/or asparagine (QN), which apparently
reflects an increased ability of QN-rich sequences to form prions.
Analysis of selected yeast proteins with QN-rich regions uncovered
Rnql prion, but other candidates showed only some of prion prop-
erties. When overproduced, the Ybr016w and Hrpl proteins form
aggregates evident by coalescence of their GFP fusions, but their
prion abilities were not reported.!® QN-rich region of the Newl
protein formed prion when fused to Sup35, but prion formation by
NewT itself was not shown.!! A screen for a protein responsible for
the [PIN'] phenotype revealed Rnql, Ure2, Newl and nine other
candidate proteins. Overproduction of these proteins, together with
Sup35, allowed [PSF*] appearance in [pin’] [psi] cells.!? This relied
on the observation that overproduction of a prionogenic protein
greatly increases the probability of its switch into prion form. In
this experiment, a prion-like switch of a candidate protein facilitated
an analogous switch of Sup35. All candidates possessed QN-rich
regions, but only Rnql and Ure2 are known to exist in a prion mode.
Possibly, other candidates aggregate stably only when they are over-
produced. [PIN*] in most cases is related to the prion state of Rnql,
for which Rnq1 is usually implied as a protein underlying the [PIN*]
determinant. However, it should be kept in mind that the Ure2 prion
also exhibits the Pin* phenotype. Interestingly, both [URE3] and

1,12 when

[PSI*] facilitate the appearance of the prion form of Rnq
Rnql is overproduced. Thus, QN-rich prions promote one another’s

de novo appearance.

MODULAR STRUCTURE OF YEAST PRION PROTEINS

The Sup35 protein has a clear three-domain structure. The
nonessential N-terminal domain is responsible for [PSI*] appear-
ance and maintenance.!>14 The charged middle (M) domain, is
important, though not required for [PSI*] propatgrzltion.li16 The
C-terminal domain performs the essential translation termination
activity.!” In [PSI] cells, Sup35 polymerizes via its prion domain,
which strongly reduces its function in termination (Fig. 1). The levels
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Figure 1. Structure of Sup35 polymers. Amyloid-like fiber is formed by the
Sup35N domains. N, M and C, domains of Sup35.

of soluble Sup35 decrease, in some cases to less than 1% of the [ps7]
level.!819 This causes increased nonsense codon readthrough, which
may be conveniently detected using the ade2-1 UAA or adel-14
UGA nonsense mutations. In these mutants the [psi] cells are
adenine requiring and accumulate red pigment related to impaired
adenine biosynthesis. [PSI*] cells are adenine-independent and form
white (strong suppressor [PSI*] variants) or pink (weak variants)
colonies.

The Ure2 protein has a similar structure, which includes the
N-terminal prion-forming domain and the C-terminal functional
domain structurally similar to glutathione transferases.”’ In contrast
to Sup35 and Ure2, Rnql lacks conservative or presumed functional
domains. The prion-forming region involves C-terminal two thirds
of Rnq1.10

The modular structure of Sup35 allows convenient adaptation of
the yeast [PSI*] system to test the prionogenic potential of various
proteins or protein domains. This is performed by replacing the
Sup35 prion domain, via DNA manipulations, for polypeptide
sequences of interest, and studying the ability of fusion proteins to
cause the [PSI*]-like phenotype. In another type of fusion, the C
domain of Sup35 is replaced for green fluorescent protein (GFP),
which allows visualization of prion aggregates by the appearance of
bright fluorescent foci.?!

TWO-LEVEL STRUCTURE OF PRION AGGREGATES

The available data strongly suggest that yeast prions are composed
of amyloid-like fibers. In vitro, purified Sup35, Ure2 and Rnql form
fibers of uniform structure, which share the key properties of amyloid
fibers.?2-24 Furthermore, such fibers of Sup35 and Ure2 can transform
yeast cells from [psi] to [PSI*] and from [ure3] to [URE3] states,
respectively.?>?” A simple treatment was discovered, which allows
distinguishing prion particles from the vast majority of other cellular
protein complexes. Unlike these complexes, prion polymers of Sup35
and Rnql are insoluble in the presence of SDS at room tempera-
ture,?82% which is likely to represent a general property of amyloids.

The treatment of Sup35 aggregates with SDS reduced their size
about 35-fold. This led to the conclusion that the aggregates contain
muldiple SDS-resistant particles, prion polymers, which are likely
to represent amyloid-like fibers. In addition, the aggregates should
contain a significant amount of associated nonprion proteins and
complexes, since even in a [psi] state a large portion of Sup35
is found in high molecular mass fraction, being associated with
polyribosomes?® (Fig. 2).

2007; Vol. 1 Issue 3



Prion and Nonprion Amyloids

Pnlymer

Aggregate

Figure 2. Prion polymers and aggregates. The aggregates represent irregular
complexes containing multiple prion polymers and some additional proteins.
In case of Sup35 these are presumably Sup35 functional partners, polyribo-
somes and chaperones.

A procedure for analysis of the size of prion polymers using
SDS-agarose gels was developed, called semi-denaturing deter-
gent-agarose gel electrophoresis (SDD-AGE). This method revealed
that the Sup35 polymers of [PSI*] cells comprise on average from
10 to 50 Sup35 molecules, depending on the prion variant.?® Thus,
yeast prion aggregates represent higher order complexes of relatively
short amyloid-like polymers and some nonprion molecules.

ROLE OF Hsp104 CHAPERONE IN YEAST PRION PROPAGATION

[PSI*] propagation may be affected by chaperones of the Hsp70
and Hsp40 families (for review, see ref. 30), but the most significant
role is played by Hsp104, which is shown to be strictly required for
maintenance of [PSI*]3! and other yeast prions.®32 Hsp104 breaks
large aggregates of denatured protein into smaller pieces, which allows
their further refolding by Hsp70 and Hsp40 and solubilization.3334
A similar action of Hsp104 applied to filamentous prion particles
should yield a strikingly different effect. Every break of a filament
should accelerate the prion conversion by creating new ends of prion
polymers, where the conversion occurs, and multiply prion particles,
which is required for their stable inheritance.?® In fact, fragmentation
completes the replication cycle of a prion. The other part of this cycle
represents prion growth by polymerization, which does not require,
at least in vitro, the help of additional factors (Fig. 3).

An alternative model for the role of Hsp104 was also proposed,
presuming that Hsp104 facilitates prion conversion by helping to
obtain some unfolded intermediate form of prionogenic protein.?!-3¢
However, studies of Hspl04 inhibition indicate strongly in favor
of the former model. The activity of Hsp104 may be inhibited by
growing yeast cells in the presence of low concentrations of guani-
dine-HCI (GuHCI).3” This treatment is known to efficiently cure
[PSI*]38 and other known yeast prions. Study of the kinetics of [PSI*]
loss in the presence of GuHCI led to the conclusion that it blocks
the replication of prion “seeds,” named propagons,® while not inter-
fering with incorporation of monomers into prions.4?

Similar data were obtained using SDD-AGE analysis of the
Sup35 polymer size.”® Addition of GuHCI to medium caused a
rapid increase in the size of polymers, while not interfering, at least
for the first cell generation, with Sup35 polymerization. The size of
Sup35 polymers grew twofold per cell generation, a rate that may
only be achieved on conditions of the full block of fragmentation and
complete incorporation of newly synthesized Sup35 into polymers.
The [PSI*] curing by GuHCI could be prevented by mutations in
the HSP104 gene.*! Most probably, this indicated that Hsp104 was
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Figure 3. Replication of yeast Sup35 prion polymers. Polymers grow by
joining Sup35 monomers and multiply by fragmentation with the Hsp104
chaperone.

solely responsible for the block, though did not rule out involve-
ment of other proteins, as such a mutation could affect interaction
of Hsp104 with other proteins. Repression of Hsp104 synthesis also
increased the size of Sup35 polymers, although repression does not
cause immediate inactivation of Hsp104. Thus, Hsp104 is required
for polymer fragmentation, but does not affect polymerization.

DIFFERENT ACCESSIBILITY OF Sup35 POLYMERS
TO FRAGMENTATION DEFINES [PS/*] PRION VARIABILITY

Different variants or “strains” were observed for both mammalian
and yeast prions. The variation was observed for [PSF),14 hybrid
prion [PSI*,¢] based on Sup35 prion domain from yeast Pichia
methanolica,? [URE3]*3 and [PIN'].° The [PSI'] variants are
distinguished by the strength of nonsense suppressor phenotype and
mitotic stability. Usually, stronger suppression correlates with higher
stability. Tt was proposed!®4445 and recently confirmed®47 that
the variation in [PSI*] properties reflects difference in the structure
of prion particles. This may result in variation of prion polymeriza-
tion speed and the frequency of fragmentation of prion polymers,
and, therefore, in their different size. A comparison of the size of
Sup35 polymers in different [PSI*] isolates indeed revealed a signifi-
cant variation, with the size generally being inversely related to the
strength of [PSI*]. The cells harboring strong [PS/*] have smaller
polymers, which means that their number should be higher.?8 This
explains both the higher mitotic stability of such [PSI*] and their
stronger suppressor phenotype, which results from more efficient
polymerization and lower levels of soluble functional Sup35.!8:1°
However, this logic disregards possible variation of polymerization
speed. If the speed varies significantly, the correlation of the polymer
size and [PSI*] strength would be violated. Of the eight [PSI*] and
[PSI* ] variants tested, one variant violated the correlation: strong
[PSI*pg ] possessed large polymers.?® This shows that the polymer-
ization speed can vary significantly, but in most cases this variation
may be neglected compared to variation in fragmentation frequency,
which plays a dominant role in defining the variability of [PSI*]
properties.

A putative uncertainty in correlation of the polymer number
and stability of their inheritance should be noted. Prion stability
depends on the number of prion seeds, or propagons, which prob-
ably correspond to prion aggregates, rather than to polymers. These
considerations are supported by the effects of the SSA7-21 mutation.
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This mutation, which alters the Ssal chaperone, increases the size
of Sup35 aggregates, and, therefore, decreases their number, while
not affecting the Sup35 polymers.*® It also greatly reduces [PSI*]
stability, which shows that aggregates, rather than polymers, define
prion inheritance. However, normally the numbers of polymers and
aggregates correlate. Larger polymers seem to have higher propensity
to aggregate, so an increase in the polymer size should cause an even
greater increase in the size of prion aggregates.?

NONPRION AMYLOIDS OF Sup35

It may be proposed that some Sup35 amyloid structures possible
in vitro would not propagate in vivo, being harmful to cells or nonher-
itable. Variants of [PSI*] that are too strong would interfere with the
cell viability due to the lack of soluble Sup35. At the other extreme,
polymers may be fragmented too rarely, which would interfere with
their heritability. Such unconventional Sup35 polymer variants may
be uncovered in cells with altered Sup35 levels and/or structure.

Overproduction of Sup35 in cells with conventional [PS/*] causes
severe growth inhibition.4> This may be related to the impairment
of translation termination due to both the reduced levels of soluble
Sup35 and titration of the Sup45 (eRF1) partner termination factor
by functionally inactive Sup35 polymers. Any [PSI*] compatible
with Sup35 overproduction would represent a new prion variant not
existing under standard conditions.

Two such novel types of [PSI*] were obtained in a [PIN*] strain
overproducing Sup35: (1) [PSI*] compatible with Sup35 overpro-
duction, but stable at standard Sup35 levels; (2) [PSI*] existing
only at increased Sup35 levels. In addition, a category of Sup35
amyloid-like polymers was discovered, which does not manifest itself
as [PSI*].59 Surprisingly, these polymers were present in cells before
the selection for suppressor phenotype, as revealed by SDD-AGE.
Cells containing these polymers did not show suppressor effect due
to significant levels of soluble Sup35. About 15% of Sup35 was
soluble, which, accounting for 20-fold overproduction, exceeded
three-fold the Sup35 levels in [psi] cells. Increased levels of soluble
Sup35 indicate its inefficient polymerization, which may be related
to the size of Sup35 polymers increased several-fold compared to
conventional [PS/*]. In cells with any given Sup35 levels an increase
in polymer size would mean a proportional decrease in the number
of Sup35 polymers and polymerization speed.

Another property of these polymers was poor heritability.
Their appearance required the presence of [PIN'] determinant.
Furthermore, [PIN*] elimination via disruption of RNQ! eliminated
the amyloid-like Sup35 polymers in the cells which already have
possessed them. Thus, in contrast to [PSI*] polymers, which propa-
gate very stably in the absence of [PIN'], these polymers are not
heritable. This may be related to small number of these polymers due
to their inefficient fragmentation, which is evident from their large
size. Then, the only reason for existence of these polymers is their
efficient appearance de novo. This is likely to occur via seeding by
Rnql polymers, since about 1/5 of total Rnql was bound to Sup35
polymers. This bond was resistant to cold SDS, and thus these Rnq1
and Sup35 belonged to the same polymers. It appears unlikely that
Rnq1 was dispersed along the Sup35NM polymers, since homotypic
polymerization should be much more efficient than heterotypic.
More probably, this Rnql represented Rnql prion seeds attached to
the Sup35NM polymers, which they initiated.
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Finally, the nonheritable Sup35 amyloid-like polymers appear
with very high frequency compared to its prion variants. A clear
inverse correlation between the frequency of appearance and the
“strength” was observed: stronger variants appeared less frequently.>”
The reason for this correlation is not fully clear. It may be presumed
that this is due to the preferential survival of prion seeds corre-
sponding to weaker [PSI*], because they are less recognizable by the
cellular chaperones. In this connection, it is noteworthy that among
the Sup35 fibers spontaneously formed in vitro, a significant propor-
tion apparently belongs to the prion type, since these fibers could
transform yeast cells to the [PS*] phenotype.?

Thus, Sup35 forms amyloid variants covering the full spectrum
of related phenotypes, from highly stable strong suppressor [PSI*]
to nonheritable phenotypically undetectable polymers. The key
parameter, distinguishing these variants is the frequency of polymer
fragmentation, which is highest in strong [PS*] polymers and lowest
in nonheritable amyloid-like polymers. The ability of Sup35 to form
both prions and nonheritable amyloids convincingly supports the
idea that prion and amyloid phenomena are related. Notably, another
amyloid-forming protein does not make full spectrum of variants:
the Sup35 fusion protein with its prion-forming domain replaced
with a stretch of 66 glutamine residues can form SDS-insoluble
amyloid-like polymers, but is unable to form prions.>

AMYLOID CROSS-SEEDING AND THE “SPECIES BARRIER”

Observations that the prion state of Sup35 may be seeded by
polymers of Rnql and some other proteins lead to the suggestion
that cross-seeding may play a role in the appearance of amyloids in
mammals.!? Recent work>® showed that the Sup35 prion represents
a very small fraction of all seeded Sup35 amyloid-like polymers, and
thus the efficiency of cross-seeding is much higher than it was consid-
ered previously. This suggests that amyloid cross-seeding in mammals
is not just possible, but plays a significant role in amyloid appearance.
In agreement with this assumption, injection of synthetic amyloid
fibers made of transthyretin or islet amyloid polypeptide caused
deposition of amyloid A fibers.>!

It is known that the transfer of PrP prion between different species
occurs with difficulty or does not occur at all even in the cases when
the inter-species difference in the sequence of prion proteins consti-
tutes only few amino acids.? This effect, known as the “species barrier,”
is considered to result from inefficient copolymerization of differing
prion proteins. The Rnq1-Sup35 pair provides a good model for this
effect and uncovers an additional reason for it. In vitro, Rnql fibers
seeded Sup35 polymerization, though about 100-fold less efficiently
than did Sup35 fibers.?* In vivo, such efficiency of seeding would be
sufficient to cross the “species barrier,” because, once appeared, the
Sup35 prion will replicate independently. Yeast cell contains more
than 1,000 of Rnql molecules,’> most of which polymerize per
generation. Then, about ten events of Sup35 seeding by Rnql may
be expected per generation. However, as we mentioned, the majority
of these events results in nonprion Sup35 amyloids.>® Thus, the addi-
tional barrier for prion transmission is the loss of a specific prion fold,
required for efficient fiber fragmentation. It should be noted that
the sequence similarity between heterologous PrP proteins is much
higher than the similarity between the prion domains of Sup35 and
Rnql. Therefore, in the PrP case the “polymerization” barrier may
be lower, while the loss of fragmentable prion fold may become the
main reason for prion “species barrier.”

2007; Vol. 1 Issue 3



Prion and Nonprion Amyloids

PRIONS AND NONTRANSMISSIBLE AMYLOIDS:
TWO MODES OF THE POLYMERIZATION PROCESS

Prions of higher eukaryotes are infectious, while other amyloids
are not. What are the reasons for this difference? The basic prereg-
uisite of infectivity, the ability of polymers to catalyze further
polymerization, is common for all amyloids. Another significant
requirement is the ability of polymers to migrate between different
organs and from one organism to another. The intracellular location
of some amyloids (e.g., formed by o.-Synuclein, Huntingtin) should
restrict their infectivity, since amyloids, unlike viruses, do not have
specific mechanisms for leaving and entering cells. However, the
majority of amyloids are extracellular. A reason for noninfectivity
may be the inability of consumed amyloid to pass the digestive tract
and reach the appropriate organ. Apparently, in the PrP case these
tasks are facilitated by its very high protease resistance and associa-
tion with B-cells, which carry it around an organism.>? Such specific
properties are not modeled in yeast. However, usually the lack of
infectivity is evident upon direct injection of amyloid material into
appropriate tissue. This excludes these properties and allows consid-
ering the infectivity in terms of the factors acting in yeast.

For the yeast Sup35, we observed two modes of amyloid-like
polymerization. In the “prion” mode, new amyloid particles appear
from the existing ones by fragmentation. In the “nonprion amyloid”
mode, new particles appear de novo. The fragmentation efficiency
appears to represent the key difference between prion and nonprion
amyloids in both yeast and mammals. The nonprion amyloid mode
is noninfectious, because this process does not replicate old seeds, but
generates new ones. The process does not depend on the introduc-
tion of external infection but depends on intrinsic propensity of an
organism to generate and accumulate new amyloids. This propensity
is known to increase with age, presumably due to age-dependent
alterations of chaperone and/or protease systems. Consideration of
physical properties of these amyloids also reveals reasons for their
noninfectivity. Due to infrequent fragmentation, nonprion amyloid
fibers are long and tend to precipitate. The commonly observed
amyloid plaques represent an evident example of such behavior.
If such amyloid polymers can not migrate to new locations, they can
appear there only by formation de novo.

The mammalian PrP prion is distinguished by very low frequency
of de novo appearance and should multiply via fragmentation. The
animal fragmentation factor is not known, since HSP104 homologues
are not present in the sequenced animal genomes. Nevertheless, PrP
prion particles appear to be fairly small in size,”* which suggests the
existence of efficient fragmentation factor. The lack of evident PrP
deposits in many cases of Creutzfeldt-Jacob disease? may also be
related to the small size of PrP polymers.

It is not clear why mammalian amyloidogenic proteins do not
produce, like Sup35, efficiently fragmented polymer variants. One
possible explanation is that the proteins with such ability would
form polymers too easy and fast, thus being detrimental for an
organism. Such properties should be counterselected by evolution
and such proteins “fine tuned” to exclude prion formation by them.
An example of such amyloid-only behavior in yeast is given by
polyglutamine fusions to Sup35MC, which form only nonheritable
polymers.® Another explanation could be insufficient fragmenting
activity in the extracellular space. The efficient fragmentation of PrP
may be related then to its specific life cycle, which includes both
extracellular and intracellular phases.
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The prion and amyloid polymerization modes represent two
ideal extremes, while actual amyloids are likely to have intermediate
properties, being fragmented, but infrequently. Intermediate prop-
erties may allow some amyloids to show infectivity under certain
conditions. For example, polymerization of amyloid protein A,
known as secondary systemic amyloidosis, may be induced by
so-called amyloid enhancing factor, the active ingredient of which
was identified as fibers of amyloid protein A.>> However, the induc-
tion required additionally an inflammatory stimulus, such as silver
nitrate. The mouse senile amyloidosis, related to polymerization of
apolipoprotein A-II, showed properties principally similar to prions.
This disease was transmitted by oral administration of apolipo-
protein A-II fibers,”® whose infectious potential was enhanced by
ultrasonic fragmentation.
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