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Heat Shock-Induced Accumulation of Translation
Elongation and Termination Factors Precedes Assembly
of Stress Granules in S. cerevisiae
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Abstract

In response to severe environmental stresses eukaryotic cells shut down translation and accumulate components of the
translational machinery in stress granules (SGs). Since they contain mainly mRNA, translation initiation factors and 40S
ribosomal subunits, they have been referred to as dominant accumulations of stalled translation preinitiation complexes.
Here we present evidence that the robust heat shock-induced SGs of S. cerevisiae also contain translation elongation factors
eEF3 (Yef3p) and eEF1By2 (Tef4p) as well as translation termination factors eRF1 (Sup45p) and eRF3 (Sup35p). Despite the
presence of the yeast prion protein Sup35 in heat shock-induced SGs, we found out that its prion-like domain is not
involved in the SGs assembly. Factors eEF3, eEF1By2 and eRF1 were accumulated and co-localized with Dcp2 foci even upon
a milder heat shock at 42°C independently of P-bodies scaffolding proteins. We also show that eEF3 accumulations at 42°C
determine sites of the genuine SGs assembly at 46°C. We suggest that identification of translation elongation and
termination factors in SGs might help to understand the mechanism of the elF2a factor phosphorylation-independent

repression of translation and SGs assembly.
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Introduction

Reactivity to environmental changes is a key property of all
living organisms that enables them to survive and develop. Cells
undergo adaptation to stress conditions via various mechanisms.
To save energy, general translation is reduced and the expression
of stress response-specific genes is triggered. New ribonucleopro-
tein (RNP) complexes are formed, through which the fate of
mRNA molecules and translation machinery components is
regulated.

Major accumulations of cytoplasmic RNP complexes that have
been recognized in higher eukaryotes - processing bodies (P-
bodies) and stress granules (SGs) have also been found in yeasts
[1,2,3,4,5,6]. Whilst P-bodies are present even in unstressed cells
and they become dominant upon stress, SGs are formed only in
stressed cells. Besides translationally repressed mRINA molecules,
P-bodies also contain proteins involved in mRNA degradation,
translation repression, mRNA quality control and other functions
(for a review, see [7,8]). However, nowadays it is evident that the
function of P-bodies is far more complex than merely mRNA
degradation [9,10,11,12] and is still not well understood (for a
review, see [13]). The composition of SGs is influenced by the
particular stress conditions and depends on the organism being
subjected to the stress. It is generally accepted that major SGs
components are stalled translation preinitiation complexes (48S),

PLOS ONE | www.plosone.org

which contain molecules of mRINA, small ribosomal subunits and
several translation initiation factors. Besides these, they may
contain a few other factors, which could be found either in SGs or
P-bodies [2,14]. Thus, P-bodies and SGs represent two distinct
types of RNP assemblies, which can share some components and
can be in spatial contact, but differ in their role in cell adaptation
to environmental changes, which is realized via translation
regulation and mRNA metabolism.

Analogous to mammalian cells, it is thought that yeast SGs take
part in regulation of translation, sorting and storage of mRNA
molecules, and the preservation of selected translation factors and
mRNA molecules against an influence of a stress [10,14,15].
Recently, they have been shown to control TORCI signaling [16].
Typical examples of yeast SGs are those containing elF3
components. They are induced by robust heat shock [2], high
concentrations of ethanol [3] or NaNj [17]. However, only the
robust heat shock-induced SGs accumulate 40S ribosomal
subunits. Based on the analyses of the strains from the GFP
collection [18], none of the tested 60S markers formed foci upon
robust heat shock indicating that 60S ribosomal subunits were not
accumulated in these SGs [2]. Interestingly, these typical SGs
containing 40S and elF3 translation initiation factor have also
been observed in fission yeast S. pombe affected by heat shock or
glucose deprivation [4,19]. Other examples of RNP accumula-
tions, which are thought to be functionally analogous to SGs, are
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yeast EGP bodies [20], stress granules of glucose-deprived [1] or
cold-stressed [6] S. cerevisiae cells.

Heat stress is an example of stress conditions resulting in the
formation of either P-bodies or stress granules (SGs). In S. cerevisiae
cells, whose temperature optimum for growth is between 25°C and
30°C, cultivation at 39°C triggers the assembly of P-bodies [21]
and robust heat shock at 46°C. leads to the formation of SGs [2].
Here we report on the identification of novel components of heat-
induced SGs in yeast, translation elongation factors eEF3 (Yef3p)
and eEF1BY2 (Tef4p) and translation termination factors eRF1
(Sup45p) and eRF3 (Sup35p). Despite the presence of the yeast
prion protein Sup35, we proved that its prion-like domain is
necessary neither for SGs assembly nor for its localization into
SGs. Moreover, we showed that eEF3, eEF1By2 and eRF1 factors
accumulate even upon a milder heat shock at 42°C, possibly
preparing a platform for assembly of genuine SGs at 46°C.
Although RNP accumulations induced at 42°C contain some
components of P-bodies, they depend neither on P-bodies
scaffolding proteins nor on the Gen2 kinase activity.

The Gen2 kinase is so far the only known yeast kinase of o
subunit of translation initiation factor 2 (eIF2a) [22]. This factor
plays an essential role in translation initiation and its regulation.
The elF2 factor is a component of the “ternary complex”, which
brings the iitiator tRNA to 40S ribosomal subunits. The GTP-
bound to eIF2 is then hydrolyzed to GDP and the factor leaves the
ribosome. The active, GTP-bound, form of eIF2 is recovered by its
guanine nucleotide exchange factor elF2B [23]. Under stress
conditions, stress responsive kinases, e.g. Gen2, phosphorylate o
subunit of eIF2 factor [22]. Since the phosphorylated elF2 factor
has higher affinity for elF2B [24], it leads to reduction of
availability of eIF2B factor, eIF2-GTP and the “ternary complex”.
Thus, it results in inhibition of translation initiation, which is
commonly link to an accumulation of stalled translation preinitia-
tion complexes and stress granules assembly. Taken together, the
phosphorylation of elFF2a. factor is sufficient, but not necessary for
SGs formation (for a review, see [14]). The elF2a-phosphorylation
independent mechanisms of SGs assembly have also been
described from yeast to mammalian cells [2,25,26,27,28,29,30].
These mechanisms are mainly concerned with translation
Initiation factors, or are yet unknown [31].

Although, we found that assembly of heat-induced SGs at 46°C
and RNP accumulations formed at 42°C are not driven by elF2o
phosphorylations, we also observed that the translation initiation
factor ell200 (Sui2p), which is not a component of the heat-
induced SGs in S. cerevisiae, accumulates when SGs dissolve during
the cell recovery from the stress. Altogether, our data might help to
understand the elF2a factor phosphorylation-independent signal-
ing pathway of the SGs assembly and to reinforce the hypothesis
that SGs are the sites where translation initiates after stress relief.

Materials and Methods

Yeast Strains and Growth Conditions

The Saccharomyces cerevisiae strains used in this study were
derived either from the BY [32], S288C [18] or SEY6210 [33]
backgrounds and are listed in Table 1. Yeast cultures were
grown in YPD medium (1% vyeast extract, 2% peptone, 2%
glucose) or SC medium (0.17% YNB without amino acids and
ammonium sulfate, 0.5% ammonium sulfate, 2% glucose,
supplemented with a complete or appropriate mixture of amino
acids) at 30°C. The corresponding solid media contained 2%
agar. To select for auxotrophies, the respective amino acid was
omitted from the dropout mix. To select for resistance to
antibiotics, the appropriate antibiotic was added to the media.
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Standard methods were used for all DNA manipulations [34].
Strains and mutants expressing particular combinations of
various GFP/RFP/mCherry fusion proteins from the sites on
the chromosomes were generated by mating, sporulation on
solid Fowell medium and subsequent spore dissection by
Singer™ micromanipulator. To perform the heat shock, cells
were re-suspended in YPD medium preheated to 42°C or 46°C
and incubated under shaking at the given temperature for
additional 10 minutes. Cycloheximide (Sigma-Aldrich, USA) was
added to the final concentration of 50 pg/ml when appropriate.

Plasmids

Plasmids pRP2037 and pRP1187 for PGKT mRNA localization
by UIA-GFP fusion protein [5,9] were kindly provided by R.
Parker (University of Arizona, USA). For generation of strains
expressing only a C-terminal part of Sup35 protein and wild-type
form of Sup35 protein as a control, plasmids pLewi0512 and
pLewi0564 were used (a kind gift from E.I. Lewitin, Institute of
Industrial Genetics, Russia).

Escherichia cole strain DHbou [ rec A1 suplo44 endA1 hsdR17 (vk-,
mk+) gyrA96 reldl thi-1 A(laclYA-argF)U169 deoR (@80dA(lack)
M15] [35] was cultivated in LB medium (1% trypton, 0.5% yeast
extract and 1% NaCl) and used for plasmids propagation.

Construction of Strains with Chromosome-derived

Expression of mCherry Fusions

To create C-terminal genomic fusions of genes of interest, the
mCherry integrative cassette containing mCherry fluorescent
protein and the selection marker natN'T2 (nourseothricin) was
used. The cassette was amplified using ORF-specific primers by
PCR on the template plasmid pFM699 (kindly provided by M.
Farkasovsky, Slovak Academy of Sciences, Slovakia). Purified PCR
products were transformed into the appropriate cells and
transformants were selected on YPD plates containing 100 ug/
ml of nourseothricin (WERNER BioAgents, Germany). Correct
integration of the cassette was confirmed by PCR, fluorescence
microscopy and Western blotting.

Construction of edc34Ism44C Mutant Strain

The mutant strain ede3Alsm4AC was constructed by a repeated
one-step gene disruption technique [36]. The deletion cassettes
loxP-URA3-loxP and loxP-LEUZ2-loxP were amplified from
pUG72 and pUG73 respectively [37], using the ORF-specific
primers. The mutant lsm#AC denotes a partial deletion of 97 C-
terminal amino acids of Lsm4 protein [8].

Polysome Profile Analyses

Cells were grown to an ODggy ~1 and cycloheximide (CYH;
Sigma-Aldrich, USA) was added to the culture to a final
concentration of 50 pg/ml 5 min before harvesting. Chilled cells
were washed in the GA buffer (20 mM Tris-HCl pH 7.5,
50 mM KCI, 10 mM MgCly, I mM DTT, and 5 mM Nal)
containing 50 pg/ml CYH. Lysates were prepared in the GA
buffer (supplemented with 1 tablet of Complete Mini EDTA-
free Protease Inhibitor Mix (Roche, Switzerland)/10 ml of the
buffer and 50 ug/ml of cycloheximide) using glass beads in
Fastprep Biol01 (Savant Instruments, USA) at speed 5 for 20 s.
Lysates were precleared by centrifugation at 826 X g for 5 min
and at 13,224 x g for 10 min, and loaded on a 5-45% sucrose
gradient. Gradients were ultracentrifuged at 260,500 x g at 4°C
for 2.5 h. Fractions were collected from the top and Agsy was
recorded.
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Table 1. Yeast strains.

Strain Genotype Source
BY4741 MATa his341 leu240 met1540 ura340 [32]
BY4742 MATo. his3A41 leu240 lys240 ura340 [32]
BY4743 MAT a/o his341/his341 leu240/leu240 lys2A40/LYS2 MET15/met1540 ura340/ura340 [32]
5288C MATa SUC2 gal2 mal mel flo1 flo8-1 hap1 ho biol bio6 [56]
Sey6210 MATo. leu2-3, 112 ura3-52 his3-4200 trp1-4901 lys2-801 suc2-49 [33]
Sey6210.1 MATa leu2-3,112 ura3-52 his3-4200 trp1-4901 lys2-801 suc2-49 [33]
CRY255 Sey6210; MATo. RPG1-RFP::kanMX4 [2]
CRY309 BY4741; MATa gcn2::kanMX4 EUROSCARF
CRY412 $288C; MATa SUP35-GFP::HIS3MX6 [18]
CRY423 5288C; MATa PAB1-GFP::HIS3MX6 [18]
CRY437 $288C; MATa SUI2-GFP::HIS3MX6 [18]
CRY462 $288C; MATa NGRI1-GFP::HIS3MX6 [18]
CRY510 S288C; MATa YEF3-GFP:HIS3MX6 [18]
CRY521 $288C; MATa TIF11-GFP::HIS3MX6 [18]
CRY528 Sey6210 x S288C; MATo. RPG1-RFP:kanMX4 PAB1-GFP::HIS3MX6 This study
CRY552 $288C; MATa EFT1-GFP:HIS3MX6 [18]
CRY554 $288C; MATa TEF4-GFP:HIS3MX6 [18]
CRY564 Sey6210 x S288C; MATa RPG1-RFP:kanMX4 DCP2-GFP:HIS3MX6 [2]
CRY582 S288C x BY4742; MATo. gcn2::kanMX4 This study
CRY649 Sey6210 x S288C; MATa RPGTRFP:kanMX4 YEF3-GFP::HIS3MX6 This study
CRY977 Sey6210 x S288C; MATa RPGI1-RFP:kanMX4 DCP2-GFP:HIS3MX6 edc3:URA3 Ism4A4C::LEU2 [2]
CRY993 BY4743; MATa/a. sup35::kanMX4/SUP35 EUROSCARF
CRY998 BY4741 x BY4742; MATo. sup35::kanMX4+ pLewi0564 (Ura+) This study
CRY1001 BY4741 x BY4742; MATo. sup35::kanMX4+ pLewi0512 (Ura+) This study
CRY1007 BY4741 x BY4742 x S288C; MATo. sup35::kanMX4 RPG1-GFP::HIS3MX6+ pLewi0512 (Ura+) This study
CRY1011 BY4741 x BY4742 x S288C; MATa sup35::kanMX4 RPG1-GFP:HIS3MX6+ pLewi0564 (Ura+) This study
CRY1035 Sey6210 x S288C; MATa RPG1-RFP:kanMX4 PUB1-GFP:HIS3MX6 edc3:URA3 Ism4AC::LEU2 This study
CRY1041 Sey6210 x S288C; MATo. RPG1-RFP:kanMX4 NGR1-GFP:HIS3MX6 edc3:URA3 Ism4AC:LEU2 This study
CRY1043 BY4742; MATo. edc3:URA3 Ism4AC::LEU2 This study
CRY1146 S288C x BY4742; MATo. YEF3-GFP:HIS3MX6 edc3::URA3 Ism4AC:LEU2 This study
CRY1287 S288C; MATa YEF3-mCherry::natNT2 NGR1-GFP:HIS3MX6 This study
CRY1288 BY4742; MATo. DCP2-mCherry:: natNT2 This study
CRY1289 BY4742; MATo. NGR1-mCherry:: natNT2 This study
CRY1292 S288C x BY4742; MATa gcn2::kanMX YEF3-GFP::HIS3MX6 This study
CRY1315 BY4742 x S288C; MATa YEF3-mCherry:: natNT2 TEF4-GFP::HIS3MX6 This study
CRY1332 Sey6210 x S288C; MATa RPG1-RFP:KanMX4 SUI2-GFP:HIS3MX6 This study
CRY1336 S288C x BY4742; MATo YEF3-GFP:HIS3MX6 gcn2:kanMX4 This study
CRY1339 BY4742; MATo. YEF3-mCherry:: natNT2 This study
CRY1364 Sey6210 x S288C; MATa RPGT-RFP:kanMX4 SUP35-GFP::HIS3MX6 This study
CRY1516 $288C; MATa STM1-GFP:HIS3MX6 [18]
CRY1552 $288C; MATa SUP45-GFP::HIS3MX6 [18]
CRY1559 BY4742 x S288C; MATo. YEF3-mCherry:: natNT2 DCP2-GFP:HIS3MX6 This study
CRY1618 BY4742 x Sey6210.1; MATo. YEF3-mCherry:: natNT2+ pRP1187 (Trp+)+pPS2037 (Ura+) This study
CRY1627 Sey6210 x S288C; MATa/a RPG1-RFP::kanMX4 SUP45-GFP::HIS3MX6 This study
CRY1636 BY4742 x S288C; MATo. DCP2-mCherry:: natNT2 SUP45-GFP::HIS3MX6 This study
CRY1638 BY4742 x S288C; MATo. NGR1-mCherry:: natNT2 SUP45-GFP::HIS3MX6 This study
CRY1691 Sey6210 x S288C x BY4742; MATa RPGI1-RFP:kanMX4 SUI2-GFP:HIS3MX6 gcn2:kanMX4 This study
CRY1704 BY4741; MATa gcn2:kanMX4 EUROSCARF
CRY1760 Sey6210 x S288C x BY4741; MATa RPG1-RFP:kanMX4 PAB1-GFP:HIS3MX6 stm1::kanMX4 This study
CRY1764 $288C; MATa TEF1-GFP:HIS3MX6 [18]
doi:10.1371/journal.pone.0057083.t001
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Analyses of Protein Accumulations

Exponentially growing cells were heat-shocked at 46°Ci for
10 min and harvested. Cells were washed and resuspended in the
lysis buffer [9] containing 50 mM Tris-HC1 (pH 7.6), 50 mM
NaCl, 5 mM MgCly, 0.1% NP-40, I mM B-mercaptoethanol and
1 tablet of Complete Mini EDTA-free Protease Inhibitor Mix
(Roche, Switzerland)/10 ml of the buffer. The disruption of cells
was carried out twice in a Fastprep BiolOl (Savant Instruments,
USA) at speed 4 for 20 s. Cell debris were pelleted at 2,296 X g at
4°C for 10 minutes. The supernatant was centrifuged at 18,000 x
g at 4°C for 10 minutes. Resulting pellets and supernatants were
analyzed by SDS-PAGE and Western blotting for the presence of
GFP-tagged fusion proteins.

Western Blot Analyses

Proteins resolved by SDS-PAGE were transferred to a Protran
nitrocellulose membrane (Sigma-Aldrich, USA). The membrane
blots were blocked with 3% non-fat milk in TBS-T buffer and
incubated overnight with appropriate antibodies. Mouse mono-
clonal anti-GFP HRP-conjugated antibody (Santa Cruz Biotech-
nology, USA) was used at 1:2000. Rabbit polyclonal anti-Sup35
antibody was used at 1:2000. Donkey anti-rabbit IgG antibody
conjugated with a horseradish peroxidase (GE Healthcare;
England) was used as a secondary antibody.

Microscopy

The cells were inspected after washing with SC medium,
mounting on coverslips and coating with a slice of 1.5% agarose in
an appropriate medium. The distribution of various fusion
proteins (fused to GFP or RFP or mCherry) was analyzed with a
100x PlanApochromat objective (NA = 1.4) using an Olympus IX-
81 inverted microscope equipped with a Hammamatsu Orca/ER
digital camera and an Olympus CellR™ detection and analyzing
system (GFP filter block U-MGFPHQ), exc. max. 488, em. max.
507; RFP filter block U-MWIY?2, exc. max. 545-580, em. max.
610). Images were processed and merged using Olympus CellR™
and Adobe CS5 software. The quantitative co-localization
analyses were performed using NIH Image] software with the
Co-localization Finder plugin, available at http://rsb.info.nih.
gov/ij/plugins/. This software was used to determine the
Pearson’s correlation coefficient (R,), which describes the extent
of overlap between image pairs. It is a value between —1 and +1,
with —1 being no overlap and +1 being perfect overlap of the two
images. The time-lapse experiments were done using an ONIX
microfluidic perfusion system (Cell Asic Corp., USA; http://www.
cellasic.com).

In-gel Digestion and MALDI-TOF Mass Spectrometry

The spots of interest were cut from the CBB-stained SDS-
PAGE gels, destained by a mixture of 100 mM ethylmorpholine
acetate buffer and acetonitrile (1:1), and reduced with Tris(2-
carboxyethyl)phosphine hydrochloride. Reduced cysteines were
then alkylated with 50 mM iodoacetic acid. Gel pieces were
washed three times with acetonitrile and water. Trypsin protease
was added to the gel in the digestion buffer (50 mM ethylmorpho-
line acetate buffer, 10% acetonitrile, pH 8.3). After an overnight
incubation, tryptic peptides were extracted from the gel by the
addition of 80% acetonitrile, 0.1% trifluoroacetic acid.

Extracted peptides were desalted using a Peptide Microtrap
in the off-line holder (MichromBioresources, USA). Each sample
was spotted in one position of the 384-position ground steel
MALDI plate (Bruker Daltonics, USA). a-Cyano-4-hydroxycin-
namic acid was used as a matrix (Bruker Daltonics). Samples
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were ionized by matrix-assisted laser desorption ionization
(MALDI) using a Dual II ion source (Bruker Daltonics). Mass
spectra were acquired in an APEX-Qe Fourier transformation
mass spectrometry instrument equipped with a 9.4 T supercon-
ducting magnet (Bruker Daltonics). The cell was opened for
4 ms; accumulation time was set to 0.2 s, and one experiment
consisted of the average of four spectra. The acquisition data set
size was set to 512,000 points, with the mass range starting at
m/z 600 atomic mass units. The instrument was externally
calibrated using Bruker Daltonics calibration standard II. The
spectra were processed by Data Analysis 4.0 software (Bruker
Daltonics) and searched with the Mascot search engine (http://
www.matrixscience.com) against the data base (UniProt Knowl-
edgebase; http://www.ebi.ac.uk/uniprot) created from all
known S. cerevisiae proteins.

Results

Translation Elongation Factor eEF3 (Yef3p) is a Novel
Component of Heat-induced SGs of S. cerevisiae

In our previous work, we described that formation of the robust
heat shock-induced stress granules (SGs) 1s promoted by P-bodies
in S. cerevisiae [2]. In addition, we also described that these SGs are
formed even in the edc3Alsm4AC mutant, which is unable to form
visible P-bodies under glucose deprivation [8]. Therefore, we used
the edc3Alsm4AC mutant in our recent experiments to identify
additional components of SGs in heat-shocked cells. We applied a
biochemical approach combined with mass spectrometry analyses.
We stressed the exponentially growing ede3Alsm4AC mutant cells
either at 42°C or at 46°C for 10 minutes. The protein samples
from the heat-shocked cells were prepared by differential
centrifugation according to the protocol we used previously [2]
and proteins in the pellet were separated by SDS-PAGE. A 116-
kD protein appeared to accumulate predominantly in the pellet of
the mutant cells heat-shocked at 46°C (Fig. 1A). The protein band
was cut out of the gel and subjected to enzymatic digestion in
suspension followed by the mass spectrometry analysis, which
identified only peptides of the translation elongation factor eEF3
(Yef3p) (Table 2). This result was further confirmed by the
Western blot analysis of pelleted proteins prepared by differential
centrifugation of the lysate from the wild-type cells expressing
Yef3-GFP (Fig. 1B). To perform microscopic analyses of heat-
shocked cells, we used either the Yef3-GFP strain from the GFP
collection [18] or a newly prepared Yef3-mCherry expressing
strain. The distribution of both fusion proteins in wild-type cells
was uniformly cytosolic at 30°C (Fig. 1C). They both were
accumulated in cytoplasmic foci after heat-shock at 46°Ci for 10
minutes. In heat-shocked cells harboring the edc3Alsm4AC deletion
and the Yef3-GFP fusion, we observed a similar pattern of the
fluorescent foci-containing Yef3-GIP as found in wild-type cells
(Fig. 1C).

To investigate whether these Yef3-containing foci were
identical to previously identified heat-induced SGs, we prepared
a new strain co-expressing Yef3-GFP together with the stress
granule marker Rpgl-RFP. We observed that both proteins co-
localized in SGs of heat-shocked cells (Fig. 2A). Very high
values of the Pearsons correlation coefficient (R,), over 0.9,
confirmed the high degree of this co-localization. Similar results
were obtained in experiments with the strains co-expressing
Yef3-mCherry and other constituents of heat-induced SGs,
Ngr1-GFP or Dcp2-GFP proteins (Fig. 2B). The presence of the
Yef3 protein accumulations in heat-shocked cells of the gmn2A
mutant indicated that their assembly is also independent of the
elF200 factor phosphorylation, as we reported previously for
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Figure 1. Translation elongation factor eEF3 (Yef3p) accumulates in foci upon robust heat shock. (A) Pellet fractions from the
edc3AIsm4AC cell (CRY1043 strain) lysates taken upon control (30°C) and heat shock (42°C and 46°C) conditions were separated by SDS-PAGE and
stained with Coomassie Brilliant Blue. Yef3 protein, identified by MS analysis, is enriched in the pellet fraction from the cells heat-shocked at 46°C for
10 minutes. (B) Pellet and supernatant fractions from the lysates of cells expressing Yef3-GFP (CRY510 strain) were analyzed by SDS-PAGE and
Western blotting. Samples were prepared as described elsewhere [2]. The Yef3-GFP fusion protein was accumulated in the pellet fraction of heat-
shocked cells. (C) The Yef3 fusions were accumulated at cytoplasmic foci in wild-type cells (CRY510 and CRY1339 strains) as well as in the

edc3AIsm4AC mutant cells (CRY1146 strain) heat-shocked at 46°C for 10 minutes. Scale bar 4 um.
doi:10.1371/journal.pone.0057083.g001

Yef3-GFP

accumulations of elF3a (Rpglp/Tif32p) [2] (Fig. 2C). We
conclude that the translation elongation factor eEF3 (Yef3p) is a
novel component of the heat-induced SGs in S. cerevisiae.

SGs also Contain Translation Factors eEF1By2 (Tef4p),
eRF1 (Sup45p) and eRF3 (Sup35p)

Since we found that heat-induced SGs contain the translation
elongation factor eEF3, we wanted to know whether other
translation factors are also present. Using the strains from the
GFP collection [18], we analyzed the distribution of some other
translation factors and found that the elongation factor eEF1By2
(Tefdp) together with the termination factors eRF3 (Sup35p) and
eRF1 (Sup45p) also accumulate in distinct cytoplasmic foci under
heat shock at 46°C (Fig. 3A). Other microscopic analyses using the
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particular strains from the GIP collection [18] revealed that other
translation factors, elongation factor eEF1A (Teflp), elongation
factor eEF2 (Eftlp) and initiation factor eIF1A (Tifl 1p), remained
uniformly cytosolic when the robust heat shock was applied
(Fig. 3B).

To co-localize Tef4, Sup45 and Sup35 heat-induced foci with
SGs, we prepared a strain co-expressing Tef4-GFP and Yef3-
mCherry fusion proteins and strains co-expressing Sup45-GFP
or Sup35-GIP fusion proteins together with the stress granule
marker Rpgl-RFP. As shown in Fig. 3C, there is a near-perfect
overlap of accumulated Tef4-GFP and Yef3-mCherry fusion
proteins upon robust heat shock. Similarly, Sup35-GFP or
Sup45-GFP  significantly overlapped with the accumulated
Rpgl-RFP in heat-shocked cells (Fig. 3C). In addition, similar
results were obtained in the strains co-expressing either Sup45-
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Table 2. MS identification of Yef3 (eEF3) protein.
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Identified peptides: sequence start - end
K.AALLPHLTNAIVETNK.W 128-142
R.MPELIPVLSETMWDTKK.E 168-184
K.ATETVDNKDIER.F 197-208
K.LVEDPQVIAPFLGK.L 276-289
K.SNFATIADPEAR.E 296-307
K.IVVEYIAAIGADLIDER.I 360-376
K.AKDILDEFR.K 400-408
K.DILDEFR.K 402-408
K.DILDEFRK.R 402-409
R.YGICGPNGCGKSTLMR.A 459-474
R.YGICGPNGCGKSTLMR.A 459-474
R.TVYVEHDIDGTHSDTSVLDFVFESGVGTK.E 492-520
K.AAYEELSNTDLEFKFPEPGYLEGVK.T 637-660
K.FPEPGYLEGVK.T 650-660
K.QHAFAHIESHLDK.T 738-750
K.TPSEYIQWR.F 751-759
R.FQTGEDRETMDR.A 760-771
RJIAGIHSR.R 797-803
R.IAGIHSRR.K 797-804
K.MVAEVDMKEALASGQFRPLTR.K 852-872
K.EALASGQFRPLTR.K 860-872
K.ALKEFEGGVIIITHSAEFTK.N 938-957
K.EFEGGVIIITHSAEFTK.N 941-957
K.LSSAELRK.K 1014-1021
ORF translation sequence of Yef3 protein:
(matched peptides shown in bold)
MSDSQQSIKV LEELFQKLSV ATADNRHEIA SEVASFLNGN IIEHDVPEHF
FGELAKGIKD KKTAANAMOQA VAHIANQSNL SPSVEPYIVQ LVPAICTNAG
NKDKEIQSVA SETLISIVNA VNPVAIKALL PHLTNAIVET NKWQEKIAIL
AAISAMVDAA KDQVALRMPE LIPVLSETMW DTKKEVKAAA TAAMTKATET
VDNKDIERFI PSLIQCIADP TEVPETVHLL GATTFVAEVT PATLSIMVPL
LSRGLNERET GIKRKSAVII DNMCKLVEDP QVIAPFLGKL LPGLKSNFAT
IADPEAREVT LRALKTLRRV GNVGEDDAIP EVSHAGDVST TLQVVNELLK
DETVAPRFKI VVEYIAAIGA DLIDERIIDQ QAWFTHITPY MTIFLHEKKA
KDILDEFRKR AVDNIPVGPN FDDEEDEGED LCNCEFSLAY GAKILLNKTQ
LRLKRARRYG ICGPNGCGKS TLMRAIANGQ VDGFPTQEEC RTVYVEHDID
GTHSDTSVLD FVFESGVGTK EAIKDKLIEF GFTDEMIAMP ISALSGGWKM
KLALARAVLR NADILLLDEP TNHLDTVNVA WLVNYLNTCG ITSITISHDS
VFLDNVCEYI INYEGLKLRK YKGNFTEFVK KCPAAKAYEE LSNTDLEFKF
PEPGYLEGVK TKQKAIVKVT NMEFQYPGTS KPQITDINFQ CSLSSRIAVI
GPNGAGKSTL INVLTGELLP TSGEVYTHEN CRIAYIKQHA FAHIESHLDK
TPSEYIQWRF QTGEDRETMD RANRQINEND AEAMNKIFKI EGTPRRIAGI
HSRRKFKNTY EYECSFLLGE NIGMKSERWV PMMSVDNAWI PRGELVESHS
KMVAEVDMKE ALASGQFRPL TRKEIEEHCS MLGLDPEIVS HSRIRGLSGG
QKVKLVLAAG TWQRPHLIVL DEPTNYLDRD SLGALSKALK EFEGGVIIIT
HSAEFTKNLT EEVWAVKDGR MTPSGHNWVS GQGAGPRIEK KEDEEDKFDA
MGNKIAGGKK KKKLSSAELR KKKKERMKKK KELGDAYVSS DEEF
doi:10.1371/journal.pone.0057083.t002
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Figure 2. Heat shock-induced stress granules contain translation elongation factor eEF3 (Yef3p). (A) The distribution of fusion proteins
Yef3-GFP and Rpg1-RFP (CRY649 strain) was uniformly cytosolic at 30°C. Accumulations of Yef3-GFP fusion protein completely co-localized with

accumulations of the stress granule marker protein Rpg1-GFP in cells heat-shocked at 46°C for 10 minutes. The Scatter plot produced by
colocalization analysis software shows colocalized pixels along the diagonal. Very high values of the Pearsons correlation coefficient (R,), over 0.9,
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confirmed the high degree of this co-localization. (B) Localization of theYef3-mCherry fusion protein with Ngr1-GFP (CRY1287 strain) and Dcp2-GFP
(CRY1559 strain) fusion proteins under control conditions (30°C) and in heat-shocked cells at 46°C for 10 minutes. Yef3-mCherry protein co-localized
with heat-induced accumulations of stress granules marker proteins Dcp2-GFP and Ngr1-GFP. (C) Yef3-GFP accumulates in cytoplasmic foci in both,
wild-type (CRY510 strain) and gcn2A (CRY1292 strain), cells heat-shocked at 46°C. Scale bar 4 um.

doi:10.1371/journal.pone.0057083.g002
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Figure 3. Factors eEF1By2 (Tef4p), eRF1 (Sup45p) and eRF3 (Sup35p) are novel components of stress granules. (A) The distribution of
Tef4-GFP (CRY554 strain), Sup35-GFP (CRY412 strain) and Sup45-GFP (CRY1552 strain) proteins was analyzed in control (30°C) and heat-shocked
(46°C) cells. All of these fusion proteins accumulated in discrete cytoplasmic foci in heat-shocked cells. (B) Subcellular localization of Eft1-GFP (eEF2)
(CRY552 strain), Tif11-GFP (elF1A) (CRY521 strain) and Tef1-GFP (eEF1A) (CRY1764 strain) fusion proteins upon control and heat shock conditions. The
distribution of Eft1-GFP, Tif11-GFP and Tef1-GFP remained diffusely cytosolic even upon the stress condition. (C) Tef4-GFP fusion protein co-localized
with accumulations of the Yef3-mCherry fusion protein (CRY1315 strain). Similarly, Sup35-GFP and Sup45-GFP co-localized with the stress granule
marker protein Rpg1-RFP in cells heat-shocked at 46°C for 10 minutes (strains CRY1364; CRY1627 strains). High values of the Pearsons correlation
coefficient (R,) confirmed the high degree of this co-localization. Scale bar 4 um. (D) Pellet and supernatant fractions from the appropriate cell lysates
(strains CRY554; CRY412; CRY1552 strains) were analyzed by SDS-PAGE and Western blotting. Samples were prepared as described elsewhere [2]. All
tested fusion proteins were clearly accumulated in the pellet fraction of cells heat-shocked at 46°C for 10 minutes.
doi:10.1371/journal.pone.0057083.9003
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Figure 4. Full length Sup35 protein is not necessary for SGs
assembly and its localization into SGs. (A) The distribution of
Rpg1-GFP fusion protein under control (30°C) and heat shock (46°C)
conditions in either the wild-type strain (Sup35p; CRY1011 strain) or the
strain expressing only the N-terminal truncated form of Sup35 protein
(Sup35AN; CRY1007 strain). SGs (Rpg1-GFP) were formed even in the
mutant strain suggesting that the N-terminal part of Sup35 protein is
dispensable for the SGs formation. Scale bar 4 um. (B) Pellet and
supernatant fractions from the wild-type (CRY998 strain) and the Sup35
N-terminal truncated mutant strains (CRY1001 strain) were analyzed by
SDS-PAGE and Western blotting using the anti-Sup35 antibody.
Samples were prepared as described elsewhere [2]. The N-terminal
truncated form of Sup35 protein was enriched in the pellet fraction of
heat-shocked cells, as well as the wild-type form of Sup35 protein,
suggesting that only Sup35 C-terminal part is sufficient to localize this
protein to the heat-induced stress granules.
doi:10.1371/journal.pone.0057083.g004

30°C

GIFP and Dcp2-mCherry or Sup45-GFP and Ngrl-mCherry
fusions (Fig. Sl).

Changes in the subcellular distribution of Tef4-GFP, Sup35-
GFP and Sup45-GFP fusion proteins upon robust heat shock were
confirmed by SDS-PAGE and the Western blot analysis of samples
prepared by differential centrifugation (Fig. 3D). In agreement
with the results of microscopic analyses, the tested proteins were
found to be enriched in the pellet fraction of heat-shocked cells.
We thus established eEF1v2 (Tefdp), eRF1 (Sup45p) and eRF3
(Sup35p) factors to be novel constituents of SGs induced by robust
heat shock in S. cerevisiae.

The N-terminal Prion-like Domain of Sup35 Protein is not
Involved in SGs Assembly

As described above, we identified the translation termination
factor eRF3 (Sup35p) as a constituent of SGs induced by robust
heat shock at 46°C. Interestingly, this protein belongs to known
yeast prion proteins and its N-terminal part is indispensable for
[PSI+] prion formation and maintenance [38,39]. Since some

PLOS ONE | www.plosone.org
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proteins with prion-like domains have been referred to as affecting
development of SGs in mammalian cells [40], we wanted to
understand whether the prion-induction domain of Sup35 protein
affects accumulation of Rpgl/elF3a, the SGs marker protein. We
constructed the strain expressing only the essential C-terminal part
of Sup35 protein together with Rpgl-GIP. As a control, we used
the strain of the same genetic background co-expressing the wild-
type form of Sup35p and the Rpgl-GFP fusion protein. We
observed Rgpl-GFP accumulated in SGs of both, wild-type and
the mutant cells heat-shocked at 46°C for 10 minutes (Fig. 4A)
suggesting that assembly of heat-induced SGs does not require the
N-terminal part of Sup35 protein. In addition, using differential
centrifugation followed by SDS-PAGE and Western blotting we
observed that even in the absence of the Sup35 N-terminal
domain the truncated protein was still accumulated in SGs of the
cells heat-shocked at 46°C (Fig. 4B). This indicates that the full
length Sup35 protein can be accumulated in SGs in a non-prion
form. We conclude that the prion-induction domain of Sup35
protein is not necessary for SG assembly and the C-terminal part
of this protein 1s sufficient to recruit the whole Sup35 protein to
SGs.

Translation Elongation Factor eEF3 (Yef3p) Accumulates
in RNP Complexes Even at 42°C

Despite the fact that eEF3 factor (Yef3p) was not significantly
enriched in the pellet fraction of the cells heat-shocked at 42°C (see
Fig. 1A), we also analyzed the distribution of this protein by
fluorescence microscopy under these stress conditions. Surprising-
ly, Yef3-GFP or Yef3-mCherry accumulated in cytoplasmic foci
even upon heat shock at 42°C (Fig. 5A). It should be noted that
Yef3-mCherry fusion protein forms fewer granules in comparison
to Yef3-GFP protein under heat shock at 42°C. The accumula-
tions of eEF3 (Yef3-GFP) after heat shock at 42°C for 10 minutes
were transient and dissolved after releasing cells from the stress
conditions (Fig. 5B).

We also analyzed distribution of other newly identified
components of SGs, e.g. Tef4, Sup45 and Sup35 proteins, upon
the heat shock at 42°C. Despite we did not see accumulation of
Sup35-GFP, we were able to observe formation of visible
assemblies of Tef4-GFP and Sup45-GFP under these stress
conditions (Fig. 5C).

Subsequent microscopic analyses of strains co-expressing Tef4-
GFP with Yef3-mCherry, Dcp2-GFP with Yef3-mCherry, Sup45-
GIP with Dcp2-mCherry and Ngrl-GFP with Yef3-mCherry
from the chromosomal sites confirmed that all these proteins co-
localized in distinct foci in cells heat-shocked at 42°C for 10
minutes (Fig. 5D). Similar results were obtained for the strains co-
expressing Ngrl-GFP with Dcp2-mCherry and Publ-GIFP with
Dcp2-RFP fusion proteins (data not shown).

To determine whether the Yef3-containing foci formed at
42°C comprise mRNA, we used the PGKI mRNA/UIA-GFP
detection reporter system [9]. Initially, we observed that fine
granules of PGKI mRNA (UIA-GFP) were present even under
control temperature in a majority of cells. The heat shock at
42°C induced accumulation of some of these granules into
larger clusters. We observed co-localization of the PGR7 mRNA
(UIA-GFP) clusters with accumulations of Yef3-mCherry fusion
protein under these heat shock conditions (Fig. 6A). We used
the “Co-localization Finder” plugin (Image]) to express statis-
tically the overlaps. The value of the Pearson’s correlation
coefficient (R,) for both cultures about 0.5 indicates co-
localization, but also means that there is always a portion of
Yef3 translation elongation factor which is not directly
associated with the mRNA-UIA-GFP and vice versa. We
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Figure 5. Translation elongation and termination factors accumulate in the same foci at 42°C. (A) The distribution of Yef3-GFP or Yef3-
mCherry fusion protein was analyzed in wild-type cells (CRY510 strain: CRY 1339 strain) heat-shocked at 42°C for 10 minutes. Whereas the Yef3-GFP
and Yef3-mCherry fusion protein were uniformly cytosolic at 30°C, they formed discrete cytoplasmic foci in the cells heat-shocked at 42°C for 10
minutes. (B) Distribution of the Yef3-GFP protein (CRY510 strain) was analyzed in control, heat-shocked (at 42°C) and recovering cells. Yef3-GFP
accumulations were dissolved within 20 minutes of the cell recovery from the stress. (C) The distribution of Sup35-GFP (CRY412 strain), Sup45-GFP
(CRY1552 strain) and Tef4-GFP (CRY554 strain) was analyzed under control conditions at 30°C and under heat shock at 42°C. Whereas Sup35-GFP
protein remained uniformly cytosolic even upon the heat shock at 42°C, Sup45-GFP and Tef4-GFP proteins accumulated into discrete cytoplasmic foci
(D) Yef3-mCherry fusion protein was co-localized either with Tef4-GFP (CRY1315 strain), Dcp2-GFP (CRY1559 strain) or Ngr1-GFP (CRY1287 strain)
fusion proteins, as well as Sup45-GFP fusion protein was co-localized with Dcp2-mCherry fusion protein (CRY1636 strain), in cells heat-shocked at
42°C.

doi:10.1371/journal.pone.0057083.9005
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Figure 6. Heat shock at 42°C alters translation and triggers accumulation of mRNA in Yef3 foci. (A) Distribution of PGKT mRNA (PGK1
mRNA/U1A-GFP reporter system) at 30°C or upon heat shock at 42°C was analyzed in cells expressing Yef3-mCherry fusion protein (CRY1618 strain).
Fine granules of PGKT mRNA (U1A-GFP) were present at 30°C in a majority of cells. The heat shock at 42°C induced an accumulation of some of these
granules into larger clusters and formations of Yef3 foci. Arrows point to obviously overlapping signals of both fusions. Scale bar 4 um. (B) Polysome
profiles of wild-type strain (BY4741) at permissive temperature and after heat shock at 42°C for 10 minutes. Translation profile was altered in heat-
shocked cells. P/M stands for polysome/monosome ratio. (C) Distribution of Yef3-GFP (CRY510 strain) was analyzed in cells heat-shocked at 42°C for
10 minutes with or without preincubation in the presence of cycloheximide (CYH). When this drug was added before the heat shock, no
accumulations of Yef3-GFP protein were formed. Scale bar 4 um.

doi:10.1371/journal.pone.0057083.9006
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Figure 7. RNP accumulations formed at 42°C serve as “‘seeds’’ for genuine SGs. (A) Distribution of Dcp2-GFP was analyzed in wild-type
(CRY564 strain) and edc3AIsm4AC mutant (CRY977 strain) cells after incubation at 30°C, 37°C and 42°C for 10 minutes. These wild-type cells exhibited
increasing number of enlarged accumulations of the Dcp2-GFP fusion protein corresponding to raising temperatures of the heat shock. In contrast,
edc3AIsm4AC mutant cells did not exhibit any cytoplasmic accumulations of the Dcp2-GFP fusion protein upon incubation at 30°C or 37°C. However,
these mutant cells displayed accumulations of Dcp2-GFP upon heat shock at 42°C for 10 minutes. (B) The distribution of fusion proteins Pub1-GFP,
Ngr1-GFP and Yef3-GFP was analyzed in edc3Alsm4AC mutant cells (CRY1035, CRY1041 and CRY1146 strains) either at 30°C or upon heat shock at
42°C for 10 minutes. All of these proteins accumulated in the mutant cells at 42°C, thus independently of P-body scaffolding proteins Edc3 and Lsm4.
(C) Time lapse experiment using the cells co-expressing Yef3-GFP and Rpg1-RFP fusion proteins (CRY649 strain) showing the formation of Yef3-GFP
foci after 10 minutes at 42°C, accumulation of Rpg1-RFP protein during the temperature rise from 42°C to 46°C and after 10 minutes at 46°C. Yef3-
GFP foci were first formed at 42°C, whereas the localization of the Rpg1-RFP protein was still uniformly cytoplasmic at this temperature. During
heating from 42°C to 46°C and upon cultivation at 46°C, the Rpg1-RFP protein only accumulated at the preformed Yef3-GFP foci. Scale bar 4 um.
doi:10.1371/journal.pone.0057083.g007
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supposed that the translation polysome profiles of the heat-
shocked cells would be altered at 42°C. Indeed, as shown in
Fig. 6B, the polysomal fraction was smaller and the 80S peak
enlarged for cells heat-shocked at 42°C comparing the polysome
profile of non-stressed cells. This suggested that mRNA
molecules leave the active translation cycle and accumulate in
cytoplasmic Yef3-containing RNP complexes. To support these
results, we performed experiments in which mRINA was trapped
in polysomes after cycloheximide (CYH) pretreatment. As
expected, Yef3-containing accumulations were not assembled
in cells pretreated with CYH and heat-shocked at 42°C for 10
minutes (Fig. 6C). This confirms that free mRNA outside the
ribosome (polysome) is a prerequisite for the formation of RNP
accumulations upon heat shock at 42°C.

We published earlier [2] that formation of heat-induced SGs
and translation arrest accompanying robust heat shock are
independent of Gen2 kinase. In accordance with these findings,
we observed that formation of Yef3-containing foci at 42°C and
the alteration of polysome profile seen at 42°C are also Gen2
independent (Fig. S2).

Accumulations of RNP Complexes Formed at 42°C
Determine Sites for SGs Assembled at 46°C

To analyze the RNP accumulations formed at 42°C in detail,
we used the edc3Alsm4AC mutant, which is unable to form visible
P-bodies [8]. We prepared appropriate ¢dec3Alsm4AC mutant
strains expressing GFP fusion variants of some proteins found to
accumulate in joint assemblies under heat shock at 42°C (see
above), e.g. Yef3p, Dcp2p, Ngrlp and Publp. We found that in
contrast to wild-type cells, the edc3Alsm4AC mutant did not exhibit
any accumulations of the Dcp2-GFP fusion protein under control
conditions at 30°C or upon heat shock at 37°C (Fig. 7A). These
cells only displayed the Dcp2-GFP signal in the nuclear region.
However, the mutant cells displayed distinct accumulations of
Dcp2-GFP under heat shock at 42°C. We conclude that these
Dcp2-GFP accumulations at 42°C do not depend on P-bodies
scaffolding proteins Edc3 and Lsm4. Interestingly, we found that
also accumulations of other proteins Ngrl-GIFP, Publ-GIFP and
Yef3-GFP at 42°C was independent on Ede3 and Lsm4 proteins
(Fig. 7B). The distribution pattern of these protein accumulations
in the mutant was similar to that of wild-type cells. We conclude
that Dcp2-containing accumulations at 42°C, similarly to other
components of SGs, do not require P-bodies scaffolding proteins.

The similarity of RNP accumulations formed at 42°C to SGs
formed at 46°C indicated that they are structurally related. We
performed a time-lapse experiment using the strain co-expressing
Yef3-GIP with the SGs marker protein Rpgl-RFP (Fig. 7C). The
cells were pre-heated to 42°C and then continuously heated up to
46°C. The Yef3-GFP fusion protein was accumulated during the
initial cultivation at 42°C and also later on. In contrast, the Rpgl-
RFP fusion protein began to accumulate around Yef3-GFP foci
only after raising the temperature above 42°C, with most focused
accumulations being observed at 46°C. We conclude that the RNP
accumulations formed at 42°C serve as “seeds” for genuine SGs
assembled upon robust heat shock at 46°C.

Translation Initiation Factor elF2a. Subunit is Recruited to
Heat-induced SGs Upon a Stress Relief

In contrast to P-bodies, the composition of SGs suggests that
SGs might be sites where translation initiates during the cell
recovery from a stress. In our previous work [2], we described that
o subunit of the translation initiation factor eIF2 (Sui2p) is not a
constituent of the robust heat shock-induced SGs in S. cerevisiae.
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Here we analyzed distribution of the Sui2 protein in cells
recovering from the heat shock using a strain co-expressing
Sui2-GFP fusion protein with the stress granule marker Rpgl-
RFP. In contrast to the cells heat-shocked at 46°C, where
distribution of Sui2-GFP was uniformly cytosolic, the cells
recovering from the heat shock displayed accumulations of Sui2-
GFP overlapping with dissolving SGs (Rpgl-RFP) (Fig. 8A).

To analyze whether accumulation of Sui2-GFP on SGs during
the recovery from the stress is dependent on a phosphorylation
status of Sui2p, we used a new strain carrying Sui2-GFP and
Rpgl1-RFP proteins together with the gen2 deletion. We found that
Sui2-GFP accumulated on dissolving SGs even in the absence of
the Gen2 kinase (Fig. 8B). It means that Sui2p accumulated on
SGs is present also in its non-phosphorylated form, thus
translation competent. Our data thus support the hypothesis that
SGs serve as sites to initiate translation after a stress relief.

Discussion

It is widely accepted that stress granules (SGs) are composed of
stalled translation preinitiation complexes (48S) containing
mRNA, small ribosomal subunits and some translation initiation
factors [15,41]. Here we provide evidence that the heat-induced
SGs formed at 46°C in S. cerevisiae also contain certain translation
elongation and translation termination factors. Some of them,
elongation factors eEF3 and eEF1By2 and the termination factor
eRF1 accumulate already at 42°C on Dcp?2 foci independently of
P-bodies scaffolding proteins. We also showed, on the example of
eEF3 factor, that an accumulation of the protein at 42°C is
independent on the Gen?2 kinase activity. However, these foci still
determine sites for assembly of SGs upon heat shock at 46°C. Our
data suggest that assembly of these SGs might be controlled by
translation elongation and termination factors released from
ongoing translation. Furthermore, recruitment of the key transla-
tion initiation factor elF2a (Sui2p) to dissolving SGs points to the
recovery of translation at these sites after stress relief.

Although SGs are referred to as stalled translation preinitiation
complexes, it is generally accepted that the composition of SGs
varies depending on organisms and cell types, as well as on
intensity and type of the stress [42]. For example, SGs induced by
a high concentration of ethanol in S. cerevisiae contain only the
elF3c/Nipl subunit of the elI'3 complex [3] and SGs induced by a
prolonged glucose deprivation do not harbor the elF3 complex at
all [1]. With respect to the intensity of the stress, treatment with a
low concentration of NaNj does not affect the distribution of eIF3a
(Rpglp/Tif32p) [2] but at higher concentration this drug induces
elF3a accumulation in SGs [17]. We show here that SGs induced
by the robust heat shock in S. cerevisiae contain translation
elongation factors eEF3 (Yef3p) and eEF1By2 (Tef4p) together
with translation termination factors eRF1 (Sup45p) and eRF3
(Sup35p). These factors have never been observed in SGs of any
other eukaryotic cell. However, the termination factors have been
found to accumulate in P-bodies [1,43]. Those authors have
concluded that presence of translation termination factors in P-
bodies is coupled to the P-bodies assembly. A similar role could be
suggested for presence of these factors in heat-induced SGs.

The proteins with self-aggregation (prion-like) domain, like
TIA-1 or TIAR in mammalian cells, have been described to
influence dynamics of SGs [40]. A newly identified component of
the heat-induced SGs in S.cerevisiae, Sup35p, possesses a prion-like
domain at the N-terminus. Sup35p can thus convert into the prion
form, known as [PSI+]. The N-terminal part of the protein is
indispensable for the prion formation and maintenance [38,39].
Similarly to a situation in mammalian cells [40] we found that
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rather a non-prion part of Sup35p is responsible for accumulation
of the protein in SGs. However, observations that SGs are formed
even in the absence of the N-terminal prion-like domain of
Sup35p indicate that unlike in mammals, the assembly of heat-
induced SGs in S. cerevisiae is not driven by these “prion” structural
elements. This hypothesis is also supported by our earlier findings
that heat-induced SGs are formed even in the absence of yeast
orthologs of mammalian TIA-1 and TIAR proteins, Ngrl and
Publ proteins in S. cerevisiae [2].

Translation termination factors eRF1 (Sup45p) and eRF3
(Sup35p) are responsible for effective termination of translation
[44]. In addition, they seem to be required for an effective function
of the fungal-specific elongation factor eEF3 (Yef3p) [45] in
recycling of the translation posttermination complexes after the
release of newly synthetized peptide chains [46,47]. In this respect,
identification of elongation and termination factors in heat-
induced SGs may indicate that these SGs are composed of
translation posttermination complexes stalled before the ribosome
recycling step. However, we did not observe any accumulation of
several essential proteins of the 60S ribosomal subunits under
robust heat shock [2] and Grousl et al. (unpublished data). In
addition, all the published information on recycling of the
translation posttermination complexes comes from in vitro exper-
iments only. Therefore, it is currently unclear, how recycling is
catalyzed in vivo and the reasons for presence of the translation
elongation and the termination factors in robust heat shock-
induced SGs remain to be elucidated.

Whereas different roles for SGs and P-bodies in cell survival
upon heat stress conditions could be suggested, both accumula-
tions are always closely spatially and functionally intertwined. In .
cerevisiae cells, P-bodies promote formation of SGs [1,2]. The
assembly of P-bodies is connected with changes in expression
profiles and adaptation to changed environmental conditions,
when the translation of certain transcripts is inhibited and, on the
other hand, the translation of new transcripts is induced [11].
They are present in cells even under non-stress conditions and
they enlarge under various stresses, such as a heat shock at 39°C
[21] and 42°C [48]. However, one of the major components of P-
bodies, Dcp2p that is engaged in mRNA decapping [5,9,10], is
also a component of the robust heat shock-induced SGs, which
may form independently of the P-bodies scaffolding proteins Edc3
and Lsm4 [2]. On the contrary to glucose-deprived cells [1,8] and
cells heat-shocked at 37°C, we show here that Dcp2 foci formed in
cells heat-shocked at 42°C do not depend on these scaffolds. These
Dcp2 accumulations do not contain translation initiation factors
and still serve as sites for assembly of SGs upon continuous and
more robust heat stress. They might be considered as “premature
SGs”, as well as Dcp2-containing structures related to P-bodies.

The stress-induced phosphorylation of translation initiation
factor elF2a is the best characterized mechanism of stress granule
assembly [14,15]. However, there are other ways, how to induce
SGs or influence their dynamics. Apart influencing other
translation initiation factors, they concern the metabolism of
polyamines or hexosamines and the stress-induced tRNA derivates
[29,31,49,50]. Moreover, since elF2a-phosphorylation indepen-
dent mechanisms of SGs assembly prevail in lower eukaryotes, it
scems that these are evolutionary older. We show here that
accumulations of translation elongation factor eEF3 (Yef3p) on
Dcp?2 foci at 42°C precede assembly of elF3-containing SGs in
cells heat-shocked at 46°C. This suggests that the translation
elongation phase is affected first in the stressed cells. It is
conceivable that there might be a shortage of the eEI3 factor
due to its sequestration into cytoplasmic foci at 42°C. This may
cause an alteration of kinetics of the translation elongation, which
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results in a deceleration of translation initiation. Such regulation of
translation at the elongation step has also been proposed as a
possible function of the Stml protein, which is able to stall
ribosomes after the 80S complex formation i vitro and to promote
decapping of a subset of mRNA [51]. Moreover, Stm1p has been
shown to regulate interaction of eEF3 factor with ribosomes and to
play a complementary role to eEF3 in translation under nutrient
stress conditions [52]. Interestingly, we did not observe an
accumulation of Stm1-GFP fusion protein neither upon heat
shock at 42°C nor under heat shock at 46°C (Figure S3).
Additionally, we did not see any effect of the stmI/A on assembly of
SGs in cells heat-shocked at 46°C (Figure S4). Therefore, the roles
of Stml protein and eEF3 factor in the Gen2-independent
signaling and translation repression resulting in SGs assembly in
heat-shocked cells remain elusive.

Meanwhile assembly of P-bodies is generally connected with
reprogramming of cells to new growth conditions, SGs are formed
in response to severe stresses when the translation of housekeeping
genes is completely shut down. Although SGs are thought to be
sites where mRNA molecules are sorted, selected, and together
with translation factors, sheltered from the effects of a stress
[15,53], the fate of SGs components after a stress relief is mainly
unknown [42]. However, it is conceivable that at least some SGs
protein components may also return back to the active translation.
In this respect, our observation of accumulation of the key
translation initiation factor elF2a (Sui2p) on dissolving SGs during
cell recovery from the heat stress suggests that SGs may help cells
to effectively recover after a stress relief. To recover, a fast restart
of translation is facilitated by increasing a local concentration of
translation initiation and elongation components in SGs, where
only the key regulator, elF2o factor (Sui2p), is missing and
recruited after a stress relief only. There is a supporting evidence
from mammalian cells where a phospho-variant of the ell”2a
factor subunit was found to be recruited to disassembling SGs and
considered as important for SGs disassembly [15]. On the
contrary, we found that the ell2o factor (Sui2p) accumulation
on SGs does not depend on the phosphorylation status of this
factor. It implies that the elF2a factor is recruited to dissolving
SGs also in its unphosphorylated state, thus translation competent.
Taken together, it reinforces the hypothesis that SGs serve as sites
where translation is effectively initiated at the time of a stress relief.

We showed here that a portion of the key translation initiation
factor ell2at (Sui2p) is recruited to dissolving SGs, but some of the
Sui2-GFP foci did not co-localize with SGs markers in these cells.
We suggest that these particular Sui2-GFP foci may represent the
ell2B bodies [54]. In accordance with our assumption that
translation is restored on dissolving SGs, the elF2B bodies should
also be formed under recovery from the stress. The eIF2B bodies
most probably serve as sites, where guanine nucleotide exchange
of the ell2a factor takes place and the ell20-GDP form is
converted to the translation competent elF20-GTP form. The
elF2B bodies would then help to regenerate efficiently the
translation competent form of the elF2o factor as suggested
previously [55]. The elF2a-GTP form would then be recruited to
sites on dissolving SGs.

Altogether, our data support the current view that the
composition of stress granules depends on the type and the
intensity of the applied stress. We confirmed that formation of
yeast heat shock-induced SGs is not dependent on the translation
initiation arrest caused by phosphorylation of elF2o and we
propose that translation machinery in heat shocked-cells seems to
be primarily modulated at the level of translation elongation since
also some translation elongation and termination factors accumu-
late within SGs. Our data further indicate that SGs reflect the sites
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where translation initiates after a stress relief. We also show that
RNP accumulations formed upon heat shock at 42°C and
containing translation elongation and termination factors may
develop into genuine SGs upon robust heat shock at 46°C.
Although we confirmed that all these accumulations depend on
mRNA released from translation, links between heat-induced
repression of translation and SGs assembly still remain to be
elucidated.

Supporting Information

Figure S1 Factor eRF1 (Sup45p) co-localizes with Dcp2
and Ngrl proteins in stress granules. (A) The subcellular
distribution of Sup45-GFP and Dcp2-mCherry (CRY1636 strain)
or (B) Sup45-GFP and Ngrl-mCherry (CRY1638) fusion proteins
under heat shock at 46°C. Both pairs of proteins co-localize within
stress granules. Values of the Pearsons correlation coefficient (R,)
over 0.5 confirmed the co-localization. Scale bar 4 um.

(TIF)

Figure 82 An accumulation of eEF3 factor and an
alteration of polysome profile at 42°C are gcn2A
independent. (A) The distribution of Yef3-GFP protein in gen2A
strain (CRY1336 strain) at 30°C and under heat shock at 42°C.
The protein accumulates in the same extend as the wild-type strain
(compare with Figure 5) upon the heat shock. (B) Polysome profiles
of gen2A strain (CRY309 strain) at permissive temperature and
after heat shock at 42°C for 10 minutes. Translation profile was
altered in heat-shocked cells. P/M stands for polysome/mono-
some ratio.

(TIF)
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Figure S3 Subcellular distribution of Stm1-GFP fusion
protein is not altered upon heat shock at 42°C and 46°C.
The distribution of Stm1-GFP fusion protein (CRY1516 strain)
remains diffusely cytosolic under all tested conditions. Scale bar
4 um.
(TTF)

Figure S4 Deletion of the STMI gene does not affect
assembly of heat-induced SGs. (A) The distribution of Pabl-
GFP and Rpgl-RFP proteins in wild-type cells (CRY528 strain) at
30°C and upon heat shock at 46°C for 10 minutes. Both proteins
are accumulated in stress granules. (B) The stm/A mutant
(CRY1760 strain) displayed a similar pattern of stress granules
as the wild-type cells. Scale bar 4 pm.

(TTEF)
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