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Adaptation of microorganisms to the environment is regulated by genetic systems
and epigenetic factors. Phenotypic suppression performed by the yeast S. cerevisiae
epigenetic factor, prion [PSI*], was investigated as a possible adaptive mechanism
of the cells. Spontaneous [PSI*] induction has been shown to proceed more effi-
ciently in stressful conditions and to cause the formation of a heterogeneous
population of [PSI*] variants. Analysis of the growth and viability of isogenic
[PSI*] and [psi-] strains has shown that in a model system strong variants of [PSI*]
can suppress cell death and have a positive influence on the growth rate. It has
been suggested that prion induction and propagation can be used to improve cell
adaptability: strong [PSI*] prions formed in the process of [PSI*] induction can
ensure a higher plasticity of part of cells in the population when adapted to the
environmental conditions.
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INTRODUCTION

The adaptability of microorganisms to the environ-
ment is regulated by various genetic mechanisms. A
possible participation of the epigenetic yeast fac-
tors, prions, in the adaptive processes of the cell,
which gives phenotypic advantages to the whole po-
pulation has been recently discussed (Chernoff, 2001;
Uptain, Lindquist, 2002).

Prions are infectious proteins that cause mamma-
lian neurodegenerative diseases (Aguzzi et al., 2001;
Harris, 1999). They are also found in eucaryotic
microorganisms, such as various yeast genera, e.g.,
Saccharomyces, Candida, Pichia, Kluyveromyces, and
filamentous fungi Podospora anserina (Uptain, Lind-
quist, 2002). There are certain similarities between
mammalian prions and prions of microorganisms,
which are, infectivity, a species barrier that protects
from the spreading of an infectious protein, the exis-
tence of different prion strains, and structural simi-
larities of prion proteins determined by a prion do-
main responsible for prion properties (Bousset, Mel-
ki, 2002).

The best characterized epigenetic factors of the
model microorganism Saccharomyces cerevisiae [PSI*]
and [URE3] are the respective prion forms of the
proteins Sup35 and Ure2 (Derkatch et al., 1996;
Serio and Lindquist, 1999; Uptain and Lindquist,
2002; Wickner, 1994). Sup35p is homologous to the
translation termination factor eRF3 in higher euka-
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ryotes (Serio, Lindquist, 1999; Stansfield et al., 1995;
Zhouravleva et al., 1995). Ure2p is a product of
the chromosome gene URE2, which participates in
nitrogen metabolism regulation of the yeast cell (Up-
tain and Lindquist, 2002; Wickner, 1994). Prion iso-
forms of these proteins aggregate in yeast cell cy-
toplasm and propagate to turn a soluble form of
the protein into its misfolded form (Patino et al.,
1996; Paushkin et al., 1996; Thual et al., 1999). The
purified Sup35p and Ure2p are capable of forming
amyloid fibrils and thus allow suggesting the amy-
loid nature of the aggregates formed in vivo (Glover
et al., 1997; Serio et al., 2000; Taylor et al., 1999).
Overexpression of SUP35 and URE?2 genes or over-
expression of Sup35 and Ure2 proteins induce de
novo appearance of the respective prions [PSI*] and
[URE3] (Derkatch et al., 1996; Wickner, 1994). Be-
sides, overexpression of SUP35 induces appearance
of various [PSI*] variants, which retain their pro-
perties in individual cell clones (Derkatch et al.,
1996; Uptain et al., 2001). Sup35p aggregates of
different [PSI*] strains differ in their seeding effi-
ciency in vitro (Uptain et al., 2001; Kochneva-Per-
vukhova et al., 2001).

Appearance of [PSI*] in yeast cells is possible, if
other prions, such as [PIN*] — a product of the
gene RNQI, [URE3] are present, or it proceeds
under an enhanced expression of the proteins pos-
sessing a certain number of repeats of polar amino
acids characteristic of yeast prion proteins (Derkatch
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et al., 2001; Osherovich and Weissman, 2001). Be-
sides, the presence of [PIN*] has been shown to
predetermine a negative interaction of prions [PSI7]
and [URE3], when one prion represses the appea-
rance and de novo propagation of the other (Brad-
ley et al, 2002; Schwimmer and Masison, 2002).
Appearance and de novo propagation of prions de-
pend not only on their interaction, but also on the
expression level of a series of factors encoded by a
yeast genome (Uptain and Lindquist, 2002).

The growth and viability of microorganisms are
two related physiological processes, which reflect the
capability of a cell population to adapt to the envi-
ronmental conditions. The modeling of stress situa-
tions in laboratory conditions enables to evaluate
the adaptive potential of epigenetic factors of the
cell. We analyzed how induction of prion [PSI*] and
[PSI*] itself can influence the growth and viability
of cells.

MATERIALS AND METHODS

The yeast Saccharomyces cerevisiae strain 12A-DV201 —
MATa leu2V** his7-1 [PIN*] [psi-], which displays a
phenotype of reduced viability in minimal media was
investigated. 12A-DV201 is a segregant of diploid
DV201 (Rakauskaite and Citavicius, 2003). The wild
type stain 15B-P4 MATa was used for control. For
[PSI*] prion determination by expression of Sup35p
and green fluorescent protein (GFP) fusion, plasmids
SUP35G and pRS316CG (a gift from S. Lindquist)
were modified as follows: for Sup35-GFP expression
and GFP expression the Nhel-Xhol-bordered P .,
URE2N-GFP fragment from pVTG12 plasmid (Ed-
skes et al., 1999) based on centromeric LEU2 vector
pRS315 was substituted by Xhol-Pdil-bordered P,
SUP35-GFP and P, GFP fragments from plasmids
CSUP35G and pRS316CG, respectively. The yeast
transformants were grown at 30 °C in a minimal (MD-
Leu) medium (2% glucose, 0.5% (NH,),SO, 0.05%
MgSO, x 7TH,0, 0.023% K,HPO,, 0.01% NaCl, 0.01%
CaCl,, 2% Bacto agar) saturated with 20 mg/1 histidi-
ne and a 0.25 pM residual CuSO, concentration for
Cu?* ion induction of Sup35-GFP and GFP expres-
sion. Cells with Sup35-GFP aggregates were identified
using a fluorescence microscopy system: Olympus Pro-
vis AX70TRF (Olympus, Japan); magnification x1000.
Cells were photographed with a Hamamatsu C4742-
95-10NR digital camera.

The [PSI*] prion was either induced spontane-
ously or the frequency of [PSI*] induction was mo-
nitored by growing the 12A-DV201 strain on MD-
Leu medium for 8 days at 30 °C. Cells were cured
of prion by subculturing [PSI*] clones on YPD me-
dium (2% glucose, 2% peptone, 1% yeast extract,
and 2% Bacto agar) with 5 mM guanidine hydro-
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chloride three times every 24 hours at 30 °C. Strain
growth specificity at 30 °C was determined in a li-
quid MD medium saturated with respective amino
acids according to the genotype as indicated above
and otherwise specified monitoring cells density every
24, 48, 72, and 97 hours. At the same time points
the viability of the culture was determined as a per-
centage of colony-forming units on YPD medium
from at least 800 cells.

RESULTS AND DISCUSSION

Prion [PSI*] restores the gene function by phenoty-
pic suppression of nonsense mutation without re-
version of the mutation (Serio and Lindquist, 1999).
Existence of [PSI*] prion in yeast S. cerevisiae strain
12A-DV201 was confirmed by analysis of the phe-
notypic suppression of leu2Y** mutation and satisfies
the criteria of prion concept proposed by R. Wickner
in 1994: 1. Prion [PSI*] was spontaneously induced
at low frequency (107); 2. Prion [PSI*] was cured
by 5 mM guanidine hydrochloride; 3. In clones once
cured of the prion, [PSI*] reappeared spontaneous-
ly. When expressing the fusion protein Sup35-GFP,
fluorescent aggregates of different shapes were
formed in the cells bearing a [PSI*] prion, while
the protein was distributed evenly in the cytoplasm
when expressing only GFP (Fig. 1). Since appearan-
ce of [PSI*] prion is indispensable for prion [PIN*],
strain 12A-DV201 is of the [PIN*][psi-] phenotype.

After spontaneous induction of prion [PSI*], co-
lonies of different size were formed (Fig. 2), show-
ing that variants differing in growth rate were cha-
racteristic of phenotypic suppression of leu2V** mu-

Fig. 1. In vivo detection of [PSI*] prion state in yeast.
(A) fluorescent aggregates of Sup35-GFP fusion protein
indicate cells with [PSI*] prion; (B) no aggregates are
formed from GFP alone

Fig. 2. Heterogeneity of spontaneous induction of [PSI*]
prion. [PSI*] colonies differ in size: big and small colo-
nies represent strong and weak [PSI*] variants, respecti-
vely
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tation present in 12A-DV201 strain.
Big colonies corresponded to strong 6 1
variants that grew faster because of
a more effective nonsense suppres-
sion, which is known to be deter-
mined by a more optimal amount
of prionized Sup35 protein in the 2
cell (Uptain et al., 2001). Small co- 1]
lonies were weak variants. It is
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much harder to cure strong [PSI*] 0 24
variants by guanidine hydrochloride
treatment (Derkatch et al., 1996).
The examined case also led to this
conclusion, because the subculturing
of the colony for three times on
guanidine hydrochloride showed no
elimination of prion from big colo-
nies, whereas small colonies were effectively cured
in this way.

In order to determine the rate of prion [PSI*]
spontaneous induction in response to environmental
conditions, two conditions for 12A-DV201 strain
culturing in minimal medium were created: simu-
lating stress (leucine concentration was reduced to
15 mg/l) and growth optimal (75 mg/l of leucine).
After 97 h of cultivation, the number of [PSI*] clo-
nes that appeared in the population for 10° cells in
stress conditions was higher by a factor of 5.4 (P <
< 0.001 according to the t (Student) criterion). It
proved that stress of leucine deprivation more ef-
fectively induced appearance of [PSI*] prion. The
viability of strain 12A-DV201 in minimal medium
was lowered: after 97 h of cultivation in stress and
optimal conditions the viability decreased to [B0O and
40%, respectively, while the viability of the wild type
strain remained high ([(D7%). The increased frequ-
ency of prion [PSI*] appearance in stress conditions
could show [PSI*] to be beneficial for cells. Giving
sense to leu2YA* mutation and restoring the activity
of the LEU2 gene, the [PSI*] prion produces clo-
nes of cells that are best adapted to the environ-
ment.

When analyzing the influence of [PSI*] factor
on the adaptability of 12A-DV201 strain in stress
conditions, examined were the growth and viability
of isogenic derivatives:

1. [PIN*][PSI*] clones, obtained after induction
of strong [PSI*].

2. [PIN*][psi-] and [pin-][psi-] derivatives, obtai-
ned by removing [PSI*] and [PIN*][PSI*] respecti-
vely from [PIN*][PSI*] by guanidine hydrochloride
treatment.

Six strong [PSI*] variants were selected and their
growth and viability monitored in conditions selec-
tive for [PSI*] prion (MD-Leu medium) (Fig. 3).
Existence of strong [PSI*] had a different effect on

48 72 96 0 24 48 72 96
hours

hours

Fig. 3. Growth (A) and viability (B) of strong [PSI*] variants in MD-Leu
medium. 15B-P4 - wild type. 12A-DV201 strain was cultivated in optimal
conditions (75 mg/l leucine in MD medium). Means of optical density and
viability percentage obtained from three independent experiments are indi-
cated. Bars represent standard deviations

cells growth. It restored the biosynthesis of leucine,
and the growth rate of cultures became close to or
even exceeded the growth rate of strain 12A-DV201
in optimal conditions. It should be noted that the
exponential growth of two best growing [PSI*] va-
riants was identical to that of the wild type strain
15B-P4.

The profile of viability curves of all strong [PSI*]
variants was similar, but the [PSI*] variants were
more viable when compared to the isogenic strain
12A-DV201 cultivated in optimal growth conditions
(Fig. 3B). Compared to strain 12A-DV201, strong
isogenic [PSI*] variants also retained their viability
for a longer period of time. Their viability of expo-
nential growth and post-diauxic shift (48 h of culti-
vation) corresponded to the viability of the wild ty-
pe strain, showing that strong [PSI*] variants can
sustain the viability of yeast culture.

The analyzed strong [PSI*] variants were indu-
ced spontaneously and selected according to the si-
ze of colonies. More detailed investigations of indi-
viadual [PSI*] clones revealed physiological diffe-
rences that confirmed the heterogeneity of the cell
population, determined by the activity of [PSI*] fac-
tor. [PSI*] variants could temporarily adapt the cell
and sustain its viability in critic conditions. Eventu-
ally, in the process of cell division, selection of [PSI*]
variants optimal for growth and viability can take
place. This statement was confirmed by the results
obtained by analyzing the frequency of [PSI*] appe-
arance in stress conditions. Cells from the exponen-
tial phase and post-diauxic shift formed [PSI*] co-
lonies of various sizes, whereas cells from deep sta-
tionary phase culture formed only big colonies re-
sembling strong [PSI*] variants. Differences in
growth and especially in viability that developed in
stationary phase between strong [PSI*] variants and
wild type strain could show toxicity of the [PSI]
aggregates that accumulated inside the cells during

5
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prolonged cultivation. This explanation is consistent
with the facts of [PSI*] prion toxicity reported in
stationary phase cultures (Chernoff et al., 1998; Der-
katch et al., 2001).

The adaptive value of [PSI*] phenotypic suppres-
sion could be confirmed by the situation when the
loss of prion could influence the viability of yeast
culture. To test this hypothesis, the best-growing
[PSI*] variants were cured of prions by guanidine
hydrochloride treatment, and 12A-DV201 isogenic
strains [PIN*][psi-], [pin-][psi-], and [PIN*][PSI*], we-
re subjected to further investigations.

[PIN*][psi-] was selected as a variant that could
not grow in selective conditions for [PSI*] prion
but spontaneous induction of [PSI*] took place in
it. [pin-][psi-] did not grow in selective conditions
and could not induce prion [PSI*]. These strains
allowed to evaluate separately the impact of [PSI*]
and [PIN*] prions on the growth and viability of
cells.

Isogenic [psi-] variants obtained from [PSI*]
were cultivated in stress conditions (Fig. 4A). Both
[psi-] variants displayed a slow growth phenotype

3. Prion [PIN”] had no influence on the growth
and viability of cells, because the loss of [PSI*] alo-
ne as well as of both prions from the [PIN*][PSI*]
variant caused the same effect on the growth and
viability of the cultures.

The obtained data showed that in stress condi-
tions limiting leucine, an essential nutrient in the
growth medium strong variants of [PSI*] prion could
in part compensate the deprivation of leucine by
suppressing leu2A* mutation. The operation of such
adaptive mechanism is likely to be time-limited, be-
cause [PSI*] aggregates can accumulate and beco-
me toxic in stationary phase cells (Derkatch et al.,
2001; Chernoff et al., 1998). On the other hand,
there is a possibility of [PSI*] prion interaction with
other protein, which can be advantageous to the
cell; also, it is possible that prion can cause pheno-
typic suppression of other “silent” mutations pre-
sent in the genome. Increased viability characteris-
tic of the isogenic [PSI*] variants studied can be a
consequence not only of leucine biosynthesis resto-
ration, but also of phenotypic suppression of non-
sense mutation/-s in other gene/-s, which lowers via-
bility of the cells. Although until
present prions have not been found

A B
6 - —o—[PINH[PSIHL - in natural and industrial yeast isola-
—O—[PIN+][PSI+]2
o | s tes (Chernoff, 2001; Chernoff et al.,
e Baovaot . 80 1998), our data have shown that pri-
4 1 —e—15B-P4 3 . . .
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Fig. 4. Comparison of growth (A) and viability (B) of isogenic [PSI*] and
[psi-] variants. [psi-] variants and 12A-DV201 strain were grown in stress
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conditions (15 mg/l leucine in MD medium). 15B-P4 — wild type. Means of

optical density and viability percentage obtained from three independent
experiments are indicated. Bars represent standard deviations

as compared to isogenic [PSI*] variants. Besides,
differently from 12A-DV201 strain, the lag phase
of both analyzed [psi-] variants was prolonged and
lasted 24 h. Compared to [PSI*], the viability of
[psi-] variants was lower (Fig. 4B). In spite of
that, both cured [psi-] variants retained an incre-
ased viability as compared to 12A-DV201 strain
even in stress conditions. The obtained results
showed that:

1. Removal of [PSI*] caused prolongation of lag
phase dispensable of [PIN*] presence.

2. Removal of strong [PSI*] had a negative in-
fluence on the viability of cells, therefore [PSI*]
could provide adaptive advantages to a population
of the cells when their growth is limited.

6

Received
10 December 2002

References

1. Aguzzi A., Montrasio F, Kaeser P. S. Prions: health
scare and biological challenge. Nature. 2001. Vol. 2.
P. 118-126.

. Bousset L., Melki R. Similar and divergent features
of mammalian and yeast prions. Microbes and Infec-
tion. 2002. Vol. 4. P. 461-469.

. Bradley M. E., Edskes H. K., Hong J. Y., Wickner
R. B., Liebman S. W. Interactions among prions and
prion “strains” in yeast. Proc. Natl. Acad. Sci. 2002.
Vol. 99. P. 16392-16399.

. Chernoff Y. O. Mutation processes at the protein le-
vel: is Lamarc back? Mutation Research. 2001. Vol. 488.
P. 39-64.

. Chernoff Y. O., Galkin A. P, Kumar J., Newmam G. P,
Chernova T. A. Evolution and biological effects of [PSI]



Influence of [PSI*] prion on the adaptability of yeast Saccharomyces cerevisiae cells

10.

11.

12.

13.

14.

15.

16.

17.

prion. Abstract 585. In: Proceedings of Yeast Genetics
and Molecular Biology. 1998. College Park, Maryland,
August 1998.

. Derkatch 1. L., Bradley M. E., Hong J. Y., Lieb-

man S. W. Prions affect the appearance of the other
prions: the story of [PIN*]. Cell. 2001. Vol. 106.
P 171-182.

. Derkatch 1. L., Chernoff Y. O., Kushnirov V. V,, In-

ge-Vechtomov S. G., Liebman S. W. Genesis and va-
riability of [PSI] prion factors in Saccharomyces cere-
visiae. Genetics. 1996. Vol. 144. P. 1375-1386.

. Edskes H. K., Gray V. G., Wickner R. The [URE3]

prion is an aggregated form of Ure2p that can be
cured by overexpression of Ure2p fragments. PNAS
USA. 1999. Vol. 96. P. 1498-1503.

. Glover J. R.,, Kowal A. S., Schirmer E. C., Patino M.

M., Liu J. J., Lindquist S. Self-seeded fibers formed
by Sup35, the protein determinant of [PSI*/, a heri-
table prion-like factor of S. cerevisiae. Cell. 1997.
Vol. 89. P. 811-819.

Harris D. A. Cellular biology of prion diseases. Cli-
nic. Microbiol. Rev. 1999. Vol. 12. P. 429-444.
Kochneva-Pervukhova N. V., Chechenova M. B., Va-
louev 1. A., Kushnirov V. V,, Smirnov V. N., Ter-Ava-
nesyan M. D. [PSI*] prion generation in yeast: cha-
racterization of the ‘strain’ difference. Yeast. 2001.
Vol. 18. P. 489-497.

Osherovich L. Z., Weissman J. S. Multiple Gln/Asn-
rich prion domains confer susceptibility to induction
of the yeast [PSI*] prion. Cell. 2001. Vol. 106.
P. 183-194.

Patino M. M., Liu J. J, Glover J. R., Lindquist S.
Support for the prion hypothesis for inheritance of a
phenotypic trait in yeast. Science. 1996. Vol. 273.
P. 622-626.

Paushkin S. V., Kushnirov V. V., Smirnov V. N., Ter-
Avanesyan M. D. Propagation of the yeast prion-like
[psi+] determinant is mediated by oligomerization of
the SUP35-encoded polypeptide chain release factor.
EMBO J. 1996. Vol. 15. P. 3127-3134.

Rakauskaite R., Citavicius D. The genetic control of
cell growth and development in yeast Saccharomyces
cerevisiae: disturbed sporulation in diploids with a dec-
reased activity of the Ras/cAMP signal transduction
pathway. RJ of Genetics. 2003. Vol. 39(6) P. 610-617.
Schwimmer C., Masison D. C. Antagonistic interac-
tions between yeast [PSI*] and [URE3] prions and
curing of [URE3] by Hsp70 protein chaperone Ssalp
but not by Ssa2p. Mol. Cell. Biol. 2002. Vol. 22.
P. 3590-3598.

Serio T. R., Cashikar A. G., Kowal A. S., Sawicki G. J.,
Moslehi J. J., Serpell L., Arnsdorf M. E, Lindquist S. L.
Nucleated conformational conversion and the replica-
tion of conformational information by a prion determi-
nant. Science. 2000. Vol. 289. 1317-1321.

18. Serio T. R., Lindquist S. L. [PSI*]: an epigenetic mo-
dulator of translation termination efficiency. Annu. Rev.
Cell. Dev. Biol. 1999. Vol. 15. P. 661-703.

19. Stansfield 1., Jones K. M., Kushnirov V. V., Dagkesa-
manskaya A. R., Poznyakovski A. I., Paushkin S. V,
Nierras C. R., Cox B. S., Ter-Avanesyan M. D., Tui-
te M. F. The products of SUP45 (eRF1) and SUP35
genes interact to mediate translation termination in
Saccharomyces cerevisiae. EMBO J. 1995. Vol. 14.
P. 4365-4373.

20. Taylor K. L., Cheng N., Williams R. W, Steven A.
C., Wickner R. B. Prion domain initiation of amyloid
formation in vitro from native Ure2p. Science. 1999.
Vol. 283. P. 1339-1343.

21. Thual C., Komar A. A., Bousset L., Fernandez-Bellot
E., Cullin C.,, Melki R. Structural characterization of
the Saccharomyces cerevisiae prion-like protein Ure2.
J. Biol. Chem. 1999. Vol. 274. P. 13666-13674.

22. Uptain S. M., Lindquist S. Prions as protein-based
genetic elements. Annu. Rev. Microbiol. 2002. Vol. 56.
P. 703-741.

23. Uptain S. M., Sawicki G. J., Caughey B., Lindquist S.
Strains of [PSI*] are distinguished by their efficien-
cies of prion-mediated conformational conversion.
EMBO J. 2001. Vol. 20. P. 6236-6245.

24. Wickner R. B. [URE3] as an altered URE2 protein:
evidence for a prion analog in Saccharomyces cerevi-
siae. Science. 1994. Vol. 264. P. 566-569.

25. Zhouravleva G., Frolova L., Le Goff X., Le Guellec R.,
Inge-Vechtomov S., Kisselev L., Philippe M. Termina-
tion of translation in eukaryotes is governed by two
interacting polypeptide chain release factors, eRF1 and
eRF3. EMBO J. 1995. Vol. 14. P. 4065-4072.

Rasa Rakauskaité, Donaldas Citavicius

MIELIU SACCHAROMYCES CEREVISIAE [PSI*]
PRIONO ITAKA LASTELIU ADAPTYVUMUI

Santrauka

Mikroorganizmy prisitaikyma aplinkoje reguliuoja geneti-
nés sistemos ir epigenetiniai veiksniai. Epigenetinio veiks-
nio — mieliy S. cerevisiae [PSI*] priono — fenotipiné su-
presija nagrineta kaip galimas lasteliy adaptacinis mecha-
nizmas. Parodyta, kad stresinémis sglygomis spontaniné
[PSI*] priono indukcija vyksta efektyviau ir dél jos susi-
daro heterogeniSka [PSI*] varianty populiacija. Atlikta izo-
geniniy [PSI*] ir [psi-] kamieny augimo ir gyvybingumo
palyginamoji analizé parodé¢, kad modelinéje sistemoje stip-
ris [PSI*] variantai gali slopinti lasteliy Zitj bei turi tei-
giamos itakos augimo greiiui. ISkelta prielaida, kad mieliy
lastelése prionizacija gali buti panaudojama adaptaciniams
tikslams: [PSI*] indukcijos metu susidarantys stipriis [PSI*]
prionai gali suteikti daliai populiacijos lasteliy didesnj plas-
tiSkuma prisitaikant prie aplinkos salygy.
RaktaZodziai: mielés, prionas, [PSI*], adaptyvumas



