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Prion-based memory of heat stress in yeast
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ABSTRACT. Amyloids and amyloid-based prions are self-perpetuating protein aggregates which
can spread by converting a normal protein of the same sequence into a prion form. They are
associated with diseases in humans and mammals, and control heritable traits in yeast and other
fungi. Some amyloids are implicated in biologically beneficial processes. As prion formation
generates reproducible memory of a conformational change, prions can be considered as molecular
memory devices. We have demonstrated that in yeast, stress-inducible cytoskeleton-associated
protein Lsb2 forms a metastable prion in response to high temperature. This prion promotes
conversion of other proteins into prions and can persist in a fraction of cells for a significant number
of cell generations after stress, thus maintaining the memory of stress in a population of surviving
cells. Acquisition of an amino acid substitution required for Lsb2 to form a prion coincides with
acquisition of increased thermotolerance in the evolution of Saccharomyces yeast. Thus the ability to
form an Lsb2 prion in response to stress coincides with yeast adaptation to growth at higher
temperatures. These findings intimately connect prion formation to the cellular response to
environmental stresses.
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INTRODUCTION

This extra-view is related to our recent paper
describing a new yeast prion that can carry cel-
lular memories of stress.' Highly ordered fibrous
cross-B protein aggregates (amyloids) and/or
oligomers (protofibrils) involved in amyloid
generation are associated with a variety of
human and animal diseases, including Alz-
heimer (AD), Parkinson (PD) and Huntington
diseases.>> Amyloids spread by immobilizing
the protein molecules of the same sequence into
amyloid fibrils and converting them into an
amyloid form. Frequently, amyloids can be
transmitted between cells within one organism,
and sometimes even between organisms, result-
ing in protein-based infection.® The prototype of
an infectious amyloid is the prion protein (PrP),
associated with transmissible spongiform
encephalopathies (TSEs), such as sheep scrapie,
mad cow disease, and human Creutzfeldt-Jakob
and kuru diseases.* Recent data show that many
amyloid diseases possess at least some prion-
like properties. ' Many amyloidoses, including
the majority of the cases of AD and PD, are
idiopathic and not associated with any DNA
mutations.*® Although environmental agents
have been linked to amyloidoses, e. g. certain
pesticides to PD'® and certain metal ions to
AD,'!" systematic information about environ-
mental factors promoting or inhibiting amyloids
formation is lacking, resulting in the absence of
clearly defined prophylactic strategies.

Notably, some amyloids play biologically
positive functions. Amyloids help in the attach-
ment of bacterial or fungal cells to the substrate
and/or to other cells, possess structure-forming
properties (e. g. silks), are used for storage (e. g.
peptide hormones), and form scaffolds of cova-
lent polymers, such as melanin.'*'® Possibly
the most fascinating example of the biological
consequences of amyloid-style polymerization
is the role of self-perpetuating oligomers of
CPEB protein in long-term memory.'>">"?
Indeed, amyloids and prions are capable of fix-
ing and propagating change in protein confor-
mation, making them efficient “memory
machines.” How then can a prion-like mecha-
nism be used for maintaining a memory of envi-
ronmental changes?
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A simple tractable model system is needed
to investigate the impact of environmental
factors on amyloids. Endogenous amyloids
of the yeast Saccharomyces cerevisiae
(termed “yeast prions”) provide such a sys-
tem.?® About 10 yeast proteins convert to the
amyloid-based prion form in vivo, and many
more candidate prion proteins are sus-
pected.?'>* Some yeast prions control detect-
able phenotypic traits, making them an
excellent model system for studying general
mechanisms of amyloid formation and prop-
agation. At least 1/3 of wild or industrial
isolates of yeast possess traits that are inher-
ited in a prion-like fashion.>* Most yeast
prion proteins contain domains (usually
Q/N-rich), responsible for prion properties
and termed prion domains, or PrDs.?' Nota-
bly, yeast cells can also form multimolecular
assemblies that are not heritable but are
maintained by a mother cell and carry a
“memory” of certain events; memory of the
deceptive mating encounter depends on the
Whi3 protein.”> Prion-like QN-rich domains
are involved in the formation of a maternally
retained super-assembly in case of Whi3.
This indicates that stably inherited yeast
prions may represent only a tip of the ice-
berg, providing extreme examples of phe-
nomena involved in a broader spectrum of
cellular memories.

In spite of a heated discussion regarding the
biological roles of prions, it is now becoming
clear that both pathogenic,'®?%?” and benefi-
cial**?® prions can be found in yeast and other
fungi. Some yeast prions control phenotypic
traits that can be easily monitored.’>*' For
example, [PSI"] a prion form of the yeast trans-
lation termination factor Sup35 (eRF3), causes
a partial defect of translation termination due to
aggregation of a termination factor. Formation
of the prion results in translational readthrough
of nonsense-codons (so called nonsense-sup-
pression), allowing prion detection by growth
on selective medium and/or by color on com-
plete medium in the specially designed yeast
strains.”’ The availability of such convenient
assays makes yeast a powerful system for
studying the mechanisms of prion formation
and maintenance.
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HETEROLOGOUS PRION CROSS-
SEEDING

Formation of a yeast prion de novo can be
induced by a transient overproduction of the
prion-forming protein or its PrD.?*>° However,
typically this process is efficient only if there is
another Q/N-rich protein aggregate in the same
cell.>!3* For example, de novo formation of the
Sup35 prion, [PSI"] after transient overproduc-
tion of Sup35 protein is promoted by the pres-
ence of a non-Mendelian element named
[PIN"], for [PSI"] inducibility.*'** This [PIN™]
element, initially defined in genetic experiments,
was later identified as a prion form of Rnql pro-
tein and named [RNQWL].3 23335 Furthermore,
overproduction of other aggregating Q/N-rich
proteins can substitute for [RNQ "] and confer
the [PSI*] inducibility) (Pin™) phenotype to the
yeast cells lacking the Rngl prion.?*343¢7
Some of these proteins are known to form prions
by themselves, however such evidence is lacking
for others.?'® Increased amyloid formation by
one protein in the presence of the amyloid form
of another protein has also been reported or sus-
pected in mammalian systems, for instance, for
tau and A proteins in case of AD.%°

The molecular foundations of cross-seeding
on prion formation by other prion proteins are
still insufficiently studied. Proposed models
include: a) direct heterologous cross-seeding of
one prion by another, and b) sequestration of
folding cofactors (such as chaperones) that pro-
motes misfolding and prion formation.>*** Evi-
dence exists for both mechanisms, and it is
possible that different prions may act in differ-
ent Ways.40

One of QN-rich proteins whose overproduc-
tion is shown to promote formation of the
[PSI"] prion by excess Sup35 in strains lacking
the [RNQ™] prion is the Lsb2 protein, also
called Pin3***'. Lsb2 is a stress-inducible
short-lived protein that is degraded via the
ubiquitin-proteasome system.*' Lsb2 interacts
with overproduced Sup35 protein and promotes
its accumulation and aggregation at actin
patches. Apparently Lsb2 can also promote for-
mation of other QN-rich prions, as [RNQ™] iso-
lates have also been obtained from cultures
overproducing Lsb2*'. Lsb2 is associated with
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actin cytoskeleton through interaction with the
Las17 protein (yeast homolog of WASP)** via
SH3 domains. Mutations in Lsb2 abolishing
this interaction also abolish its ability to form
cytologically detectable puncta, promote aggre-
gation of Sup35 and formation of the Sup35
prion.*! Our new (previously unpublished) data
confirm that excess Lsb2 is not able to promote
[PSI"] induction in the lasI7A strain (Fig. 1).
Thus, association of Lsb2 with actin cytoskele-
ton via Las17 is crucial for prion induction by
Lsb2. Apparently, Lsb2 confines misfolded
Sup35 (and possibly some other misfolded pro-
teins) to the cytoskeleton-associated deposits,
thus increasing local concentrations of Sup35
and facilitating prion nucleation. Notably, Lsb2
has a close paralog, Lsb1, which also interacts
with Lasl7 but is not capable of promoting
prion formation by Sup35.*'+3

Prion Cross-Seeding by LSB?2 is due to
Formation of a Metastable Prion, [LSB™]

Despite its ability to cross-seed other pro-
teins into a prion state, earlier studies failed to
detect prion formation by Lsb2 itself.*® In our
recent paper,’ we have shown that transient
overexpression of Lsb2 results in generation of
a fraction (3—4%) of the cells that retain ability
to induce conversion of Sup35 into [PSI'] after
overexpression of Lsb2 is turned off. This
prion-inducing phenotype was inherited
through an indefinite number of mitotic divi-
sions, however only in a fraction of the prog-
eny, indicating a low mitotic stability. The
prion-inducing phenotype was dominant and
inherited in a non-Mendelian fashion through
mating and meiosis, being retained by a frac-
tion (17%) of ascospores. Semi-denaturing
detergent agarose gel electrophoresis, SDD-
AGE™* confirmed that cultures that inherited
the prion inducing phenotype contain a small
but detectable fraction of Lsb2 protein in the
form of detergent-resistant polymers, similar to
those formed (in a larger amount) in the cells
containing overproduced Lsb2'. We have des-
ignated this heritable aggregated state of Lsb2
protein as a metastable prion, [LSB™]. The low
stability of the [LSB™] prion could be due at
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FIGURE 1. Association with Las17 is required
for prion induction by Lsb2. A. Lsb2 cannot
induce formation of prion [PSIT] by overex-
pression of Sup35 in the strain depleted of
Las17 (las17A). Depletion of Las17 does not
affect formation of [PSIt] by overexpression
of Sup35 in the presence of prion aggregates
of Rng1 protein ((RNQ")). [PSI"] formation is
manifested by growth on SD-Ade medium. B.
Total levels of Lsb2 protein are slightly
decreased in Las17 strain as detected by
western blotting. Different time of Lsb2 induc-
tion from plasmid copper inducible promoter
is indicated. C. Wild type Lsb2 and more sta-
ble ubiquitination deficient mutants (K80;
K80R, K41R; P124A, P125A) do not form
detergent resistant amyloid-like aggregates in
the strain depleted of Las17 as detected by
SDD-AGE. Lsb2 W91S mutant unable to bind
Las17 does not form amyloid-like aggregates
in the presence of Las17 (WT).
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least in part to the proteolytic instability of
Lsb2 protein, resulting in low levels of this pro-
tein in non-stressed cells. Indeed, mutants of
Lsb2 that are deficient in ubiquitination, form
[LSB*] aggregates that are inherited by a larger
fraction of cells, compared with the aggregates
formed by a wild type protein.' This agrees
with our finding that the efficiency of [PSI']
induction by Lsb2 is increased by a defect in
protein ubiquitination.*' Also, in agreement
with previous data*> we have shown that the
replacement of 8Q stretch by 8N stretch in the
Lsb2 protein significantly increases prion-
inducing efficiency and decreases average size
(as typical of more efficiently propagated
prions) of the [LSB™] aggregates. This agrees
with the findings that an increase in the propor-
tion of N residues versus Q residues favors
more efficient prion propagation by QN-rich
proteins.

Effects of Environmental Stresses on
Yeast Prions

Propagation of yeast prions in cell division
occurs via repetitive cycles of fibril fragmen-
tation and growth.?**®*’ Prion fragmentation
depends strictly on the cellular chaperone dis-
aggregation machinery, composed of the
Hsp104, Hsp70 and Hsp40 proteins.?%-2348-52
Certain environmental conditions destabilize
prions and cause prion loss, possibly due to
alterations in the chaperone balance.”*">*
Different prions, and even different variants
(“strains”) of a prion formed by one and the
same protein may exhibit different responses
to stress. Probably the best studied case of
prion destabilization by an environmental
stress is an effect of a short-term mild heat
shock (39-42°C) on some “weak” variants of
the Sup35 prion, [PSPL].55 Yeast [PSI] cells,
exponentially growing at 25-30°C, then heat
shocked for a short period of time (30-60
min) and shifted back to normal temperature,
produce a small fraction of colonies that have
lost prion and a large fraction (30-40%) of
mosaic colonies, pointing to high frequency
of prion loss in cell divisions following stress
treatment. If yeast cells are incubated at high
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temperature for longer periods of time
(24 hrs), prion destabilization is decreased.
Maximal destabilization coincides with the
period of maximal imbalance between the
Hsp104 chaperone (that is present at very low
background levels in exponential cultures and
quickly accumulated during heat shock) and
the Hsp70-Ssa chaperone (that takes a longer
time to achieve a significant fold increase
over relatively high background levels). This
agrees with data showing that the stoichio-
metric Hspl104/70/40 complexes promote
prion fragmentation and proliferation, while a
selective increase in Hsp104 leads to [PSI']
loss.>®>7 Analysis of individual cells indi-
cates that prion loss is associated with an
asymmetric distribution in post-heat shock
cell divisions,**7>->® that was explained either
by asymmetry in distribution of prion aggre-
gates per se”*° or by asymmetric distribution
of the chaperone Hspl104°%. These explana-
tions are not mutually exclusive, as Hsp104
is known to be associated with asymmetri-
cally distributed aggregates after stress,”® and
excess Hspl04 promotes asymmetric parti-
tioning of the [PSI"] prion units.*

Importantly, Lsb2 protein is induced dur-
ing the short-term heat shock,*'®' while its
paralog Lsbl1 is released from the association
with ER membrane into a cytosol via heat
shock inducible proteolytic processing.*> In
the absence of either Lsbl or Lsb2, heat
shock mediated destabilization of [PSI'] is
significantly increased.*> Moreover, cells
lacking both Lsb proteins do not show an
amelioration of prion destabilization during a
longer exposure to high temperature. These
data indicate that Lsb proteins antagonize the
effect of stress on prion aggregates and/or
asymmetric distribution of prion/chaperone
complexes in cell divisions after stress.

Various environmental stresses were also
reported to increase de novo formation of yeast
prions, such as [URE3], [RNQ™], [PST"] and
[MOT3+].20’22’23’62'65 However, the molecular
basis of the effects of environmental conditions
on prion formation remains unknown in most
cases. As Lsb2 is a stress-inducible protein, we
have investigated if its prion-inducing proper-
ties are influenced by stress.
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[LSB™] Prion Is Induced by Stress

Indeed, our results (1) show that about 0.1%
of colonies produced by yeast cells that were
heat shocked at 39°C exhibited a metastable
[PSI"]-inducibility phenotype, indicative of the
[LSB™] prion. The frequency of such colonies
was increased up to 0.6% in the strain contain-
ing the 8Qto8N derivative of Lsb2, but they
were not detected in the Isb2A strain. These
data confirm that the [LSB™] prion can be gen-
erated (without an artificial protein overproduc-
tion) as a result of the physiological increase of
Lsb2 levels in response to heat stress.

Thus, Lsb2 serves as a sensor of stress,
which can maintain a cellular memory of
stress in subsequent generations via convert-
ing into a heritable (but metastable) prion
form. It should be noted that while Lsb2 was
proposed to play a role in endocytosis,®® this
role is obviously minor and dispensable. In
contrast, our data show that Lsb2 facilitates
the assembly of other misfolded proteins at
specific cytoskeleton-associated sites.*' This
mechanism may have arisen as a protective
tool intended to minimize the pathogenic
effects of inducing misfolded proteins
throughout the cell, and may also help pre-
vent degradation of essential proteins under
unfavorable conditions, as proposed previ-
ously.®® Indeed, analysis of individual cells
shows that heat shock induced cell death is
increased in the absence of both Lsbl and
Lsb2*’. As assembly of other aggregates
occurs through interaction with punctate
structure formed by aggregated Lsb2, this
process is likely to be facilitated by the con-
version of Lsb2 into a prion form. In addi-
tion, prion aggregates of Lsb2 are likely
more proteolytically stable, compared with a
non-prion protein, as judged from analogy
with other known prions.®”®® Thus, cells
bearing the [LSB™] prion likely contain more
Lsb2 protein compared with [Isb™] cells, and
also contain it in the form that is ready for
performing its stress-related functions. The
biological consequence of the formation of
the metastable [LSB™] prion is a subpopula-
tion of cells, which “remember” the stress
and are therefore, may be better prepared for
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the return of stress conditions. This increases
the possibility of survival of the population
as a whole in such a case.

Notably, the protective aggregate assembly
mediated by Lsb2 in a prion form may generate
self-perpetuating amyloid forms (prions) of
other proteins as a by-product, as we observe in
case of [PSI] induction, and possibly, for
[RNQ“L].41 Indeed, increased de novo formation
of the [PSI"] prion has been detected in certain
stress conditions, including incubation at high
temperature.®* It is possible that induction of
the transient [LSB™] prion contributes to this
phenomenon. Other prions triggered by [LSB™]
could be pathogenic, however the fast degrada-
tion of Lsb2 protein after stress (or after adapta-
tion to stress conditions) and the metastable
nature of the [LSB™] prion ensure induction of
such prions would occur only in a fraction of
the population and therefore minimize potential
negative effects. On the other hand, stress-
dependent induction of prion formation
increases overall phenotypic variability and
may generate prion-controlled traits that
become enhance survival of a subpopulation of
cells. Known examples of yeast prion increas-
ing survival in certain stressful conditions
include: [MOT3+],22 that increases resistance
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of yeast cells to ethanol stress, and [MOD™],
that increases resistance to fluconazole.”®

Evolutionary Acquisition of Prion-
Forming Properties by LSB2

The Lsb2 paralog, Lsbl also directly inter-
acts with Sup35 PrD in the yeast 2-hybrid
assay® and forms puncta that colocalize with
the Sup35 aggregates.*’**> However in contrast
to Lsb2, overproduction of Lsb1 does not pro-
mote prion formation.*® Surprisingly, we have
found that the difference in a single amino acid
residue N213 (Lsb2) vs. S239 (Lsb1) within the
otherwise conserved C-terminal region confers
the prion-inducing ability to Lsb2 in compari-
son to Lsbl (Fig. 2).] The N213S substitution
completely abolished the ability of overpro-
duced Lsb2 to promote [PSI*] induction (and
therefore, its ability to form an [LSB™] prion),
while the reciprocal S239N substitution
enabled overproduced Lsbl to become [PSI']
inducer. Remarkably, the N to S substitution
disrupts an “amyloid stretch” consensus
sequence formed by the C-terminal hexapep-
tide of Lsb2. Hexapeptides conforming to this
consensus were shown to be a characteristic

FIGURE 2. Prion—inducing activity of Lsb2 coincides with yeast adaptation to higher growth temper-
ature. Schematic shows phylogenetic relationships among some members of the Saccharomyces
sensu stricto genus. The preferred growth temperature of each species is indicated.”*"®
CLUSTALW-formatted multiple sequence alignment of C-terminal of Lsb1/Lsb2 is shown. Difference
in amino acids is indicated in red (Lsb2) and blue (Lsb1). Residue essential for prion induction is
bordered. Amyloid stretch hexapeptide is underlined.
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feature of the proteins capable of forming amy-
loids in vitro.”' Lsb2 and Lsb1 possess 2 addi-
tional amyloid stretch hexapeptides, however
only the presence of the third, C-proximal amy-
loid stretch (found only in Lsb2) strongly corre-
lates with the prion-inducing ability (Fig. 2).
Notably, only the Saccharomyces sensu
stricto clade contains 2 paralogs of Lsb, while
other Saccharomyces species possess only Lsbl
(data available at http://www.yeastgenome.org).
Moreover, within the S. sensu stricto clade,
only the Lsb2 proteins of S. cerevisiae and its
sister species, S. paradoxus contain N residue
at the position 213, while Lsb2s of more
distantly related species, S. mikatae and
S. bayanus bear S (Fig. 2). This indicates that
the prion-inducing activity of Lsb2 is a rela-
tively recent evolutionary acquisition. It has
been reported previously that the prion forming
ability can be confined to some yeast proteins
by individual amino acid substitutions in these
proteins.””> We demonstrate that the substitu-
tions producing a prion-forming potential
indeed arise and can be fixed in real phyloge-
netic lineages. It is worth noting that both
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S. cerevisiae and S. paradoxus are character-
ized by increased optimal growth temperatures,
compared with other species of the S.
sensu stricto clade. Thus, acquisition of the
prion-forming ability by the Lsb2 protein coin-
cides with the acquisition of increased thermo-
tolerance in evolution of Saccharomyces yeast.

A switch of the S. cerevisiae / S. paradoxus
branch to the increased growth temperatures
should have resulted in an increased exposure
to the high temperature stress conditions. As
described above, prion-forming potential of
Lsb2 and prion-mediated stress memory could
have become beneficial for the population sur-
vival in such conditions. Therefore, it is possi-
ble that the acquisition of prion-forming
capabilities by Lsb2 protein played an adaptive
role in yeast evolution.

CONCLUSIONS AND PERSPECTIVES

Our data uncover a new mechanism of
stress memory that is based on the ability of
a stress-inducible protein Lsb2 to acquire a

FIGURE 3. Model “Metastable prion [LSB*] controls stress memory.” Subpopulation of cells with
[LSB"] maintains a memory of stress and is better adapted to it. See comments in the text.
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metastable prion state in response to stress
and to maintain it for the indefinite number
of cell divisions but only in a fraction of the
clonal population (Fig. 3). The ability of
aggregated Lsb2 to promote assembly of
other aggregated proteins in the cytoskele-
ton-associated deposits indicates that the
prion-forming potential of Lsb2 may play a
protective role during a proteotoxic stress,
and that prion-mediated stress memory can
produce a subpopulation that is better pre-
pared for the return of stressful conditions.
Acquisition of the prion-forming potential by
Lsb2 is a relatively recent evolutionary event
that coincides with the adaptation of Saccha-
romyces yeast to higher growth temperatures.
Further work will show if such a prion-based
stress memory could also be mediated by
other proteins. Remarkable similarities
between amyloidogenic formations of yeast
and higher eukaryotes suggest that prion-
based stress memories could be applicable
beyond yeast. Understanding general mecha-
nisms of the environmental and physiological
modulation of prion aggregation may pave
the way for developing the anti-amyloid pro-
phylactic strategies in humans.'®**"
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