Faculty of Science, Charles University in Prague

Institute of Microbiology, ASCR, v.v.i.

Faculty of Science
CHARLES UNIVERSITY IN PRAGUE

. 4
00’;

\

Heat-induced stress granules
of
Saccharomyces cerevisiae

MSc. Tomas Grousl

PhD Thesis

Supervisor Jifi Hasek, PhD.

Prague 2014



I declare that I wrote the thesis myself, only with a help of referred literature.
The thesis serves only and exclusively for my PhD graduation on Faculty of Science of

Charles University in Prague.

Prague, 20.12.2013

Tomas Grousl



Rad bych na tomto misté podékoval vSem, kteti mi pomahali a podporovali m¢ v mém
védeckém usili. Specialni diky patii vSem cClenim Laboratofe reprodukce bunky, vedené
bezvadnym $éfem Jifim HaSkem. Druhé specialni diky patii mé rodiné, kterd to se mnou
nejenom celou tu dobu vydrzela, ale byla mi vzdy oporou. Stejné tak dekuji Martin€, ktera je

svétlem mého zivota. Jsem opravdu moc rad, ze vas vSechny okolo sebe mam.



Can science boldly go where “Star Trek” has already been?



Abstract (English)

In response to environmental stresses, cells try to adapt to changed living conditions.
Regulation of translation process provides fast-responding and versatile system enabling
execution of stress-induced expression program. Messenger ribonucleoprotein complexes
(mRNPs) engaged in translation and mRNA turnover are remodelled and may accumulate
into higher-order assemblies, in connection to stress-induced translational changes. Stress
granules (SGs) and processing bodies (PBs) are examples of such assemblies. Through them,
further fate of mRNA molecules and certain translation machinery components is determined.
In an effort to better understand the entire role of SGs in cellular metabolism, we performed
the analysis of heat-induced SGs in model organism Saccharomyces cerevisiae. We
contributed to the finding that SGs phenomenon is evolutionary conserved in eukaryotic
kingdom proving that SGs are formed also in unicellular yeast S. cerevisiae under robust heat
stress. The SGs reassemble their counterparts from higher eukaryotes in core composition and
proposed functions. However, they possess also unique nature, which seems to be specific to
the yeast. We further extended the data about heat-induced SGs, with a focus on additional
composition, dynamics, associated proteins and a relation to other cellular structures. One of
SGs-associated protein, Mmil, was characterized in detail. This multifunctional protein was
found to be engaged in heat stress response of the yeast, most probably, by its association
with both SGs and protein degradation machinery. Taken together, we established model of
heat-induced SGs in yeast S. cerevisiae and further contributed to the knowledge about SGs
phenomenon, which participates in cellular metabolism and stress response. Moreover, in an
effort to analyse connection of Reactive Species-producers to heat-induced SGs and to cell
physiology in general, we extended data about functioning of NOX (NADPH oxidase)
enzymes in cell physiology identifying and further characterizing a member of this protein
family in yeast S. cerevisiae, Ynol protein. Our evidence about this extramitochondrial

Reactive Species-producer brings new data about the protein role in the yeast physiology.



Abstrakt (cesky)

Jedna ze zakladnich charakteristik Zivych organismu je snaha adaptovat se na ménici
se zivotni podminky. Regulace translace poskytuje rychly a Siroce pouzitelny mechanismus
pro realizaci stresem indukovanych zmén. Komplexy mRNA molekul a asociovanych
proteinti, které se ucastni translace a dalSich procesi spojenych s mRNA molekulami,
podléhaji vlivem stresu strukturnim zménam. Tyto zmény mohou vést k akumulaci
zminénych komplexti do struktur vysSsiho tadu, jako jsou stress granules (stresové granule)
nebo processing bodies. O dal§$im osudu mRNA molekul a nékterych soucasti transla¢niho
aparatu bunky za stresu, se rozhoduje prostfednictvim pravé téchto akumulaci. Ve snaze
detailn¢ porozumét tloze stresovych granuli v bunééném metabolismu, jsme v nasi laboratofi
blize analyzovali teplem indukované stresové granule kvasinkového modelového organismu
Saccharomyces cerevisiae. Zjisténim, Ze se stresové granule tvoii také v tomto
jednobunééném eukaryotickém organismu, jsme piispéli k poznani, ze fenomén stresovych
granuli je evoluéné konzervovany napfiic¢ eukaryotickou fisi. Teplem indukované stresové
granule kvasinky S. cerevisiae se podobaji stresovym granulim evolu¢né vysSich eukaryot
slozenim a v navrhovanych metabolickych funkcich. Nicméné, tyto granule jsou také
v nékterych ohledech jedine¢né a tvoii tak kvasinkové specificky typ stresovych granuli.
Analyzou jejich slozeni, dynamiky, asociovanych proteinli a vztahu k dal§im bunéénym
strukturdm, jsme je dale detailn&ji charakterizovali. Nasledné jsme se zaméfili na jeden
z jejich asociovanych proteini, na protein Mmil. Navrhli jsme moZnou ulohu tohoto
multifunkéniho proteinu v bunééné odpovédi na stress, ve spojitosti s jeho asociaci s teplem
indukovanymi stresovymi granulemi a degrada¢nim systémem proteinti za teplotniho stresu.
V souhrnu, jsme zavedenim a bliz§im charakterizovanim modelu teplem indukovanych
stresovych granuli kvasinky S. cerevisiae ptispéli k detailn&jSimu pochopeni fenoménu
stresovych granuli, ktery hraje roli v odpovédi na stress a bunééném metabolismu obecné. Ve
snaze analyzovat vliv bunéénych producentii Reactive Species (volnych radikal) na teplem
indukované stresové granule a na fyziologicky stav builky obecné, jsme ptispéli k bliz§Simu
pochopeni funkce zastupce NOX (NADPH oxidazovych) enzymi a zaroven
nemitochondrialniho producenta volnych radikali u kvasinky S. cerevisiae, proteinu Ynol, v
bunééném metabolismu. Identifikovanim a blizs$i charakterizaci zastupce této proteinové
rodiny u kvasinky S. cerevisiae, jsme napomohli k detailn¢jSimu pochopeni ulohy NOX

enzymi v metabolickych procesech buniky.
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1. Introduction

Yeasts are surely ones of the most utilized organisms in biological and medical
research and in industrial applications. The yeast cells come along with the mankind for a
very long time. Primarily, yeasts were used for such processes as are those linked to food
production. Along with a development of the biological science, they became to be priceless
tool for a research of the eukaryotic cell. As a mostly single eukaryotic cell, yeasts provide
view to nearly all basic cellular processes, mechanisms and structures. Along with the
sophisticated arsenal of molecular biology and genetics techniques, yeasts are well established
and still promising model organisms.

Nowadays, people try to deal with broad range of biological treats, as are viral and
bacterial illnesses, prion and neurodegenerative diseases and cancer. All of these pathologies
represent a kind of stress for an organism. A discovery and a better understanding of cellular
processes accompanying a stress response help people in an effort to cope with mentioned
pathologies. Considering this, yeasts are useful model for a study of stress impact on
eukaryotic cell physiology. The research in Laboratory of Cell Reproduction of the Institute
of Microbiology of ASCR focuses on heat stress response of Saccharomyces cerevisiae
regarding translation and mRNA metabolism. In this respect, two major types of stress-
responsive intracellular entities are engaged. Those are stress granules and processing bodies.

Stress granules (SGs) appear inside cells upon influence of various stresses. Their
appearance reflects alteration in dynamics of translation process. Whilst translation is slow
down or completely shut off, certain components of its machinery and up to that time
translated mRNA molecules are sequestered into SGs. However, SGs seem to play more
diverse role in cellular physiology under a stress, than only as accumulations of translation
components. They have been shown to modulate cellular signalling pathways and other
processes of the cell participating thus actively on regulation of entire cellular metabolism and
cell fate decision. Therefore, SGs are possibly interconnecting sites which link signals
between translation and cell metabolism under a stress. Nevertheless, besides beneficial role
of SGs, they are also given in the context with certain pathologies, for example, with
neurodegenerative and other unfolded protein diseases.

In Laboratory of Cell Reproduction, I and my colleagues focused on heat-induced
stress granules of yeast S. cerevisiae. Despite the presence of SGs was for some time unsure

in yeasts, we and others proved that yeast SGs exist and thus that the SGs phenomenon seems



to be evolutionary conserved among eukaryotes. The core composition of the yeast heat-
induced SGs reflects constitution of their higher eukaryotes‘ counterparts. However, there is
even unique nature of yeast SGs concerning their additional composition and also dynamics.
It may suggest evolutionary older and possibly more versatile mechanisms of SGs functioning
and translation control under a stress. Nevertheless, we believe that a research on yeast SGs
will contribute even to better understanding of functions, dynamics and possible relation to
various pathologies of higher eukaryotes® SGs, including those of mammals.

Moreover, we additionally focused on cellular Reactive Species-producers and their
relation to heat-induced SGs and to cell physiology in general. In an effort to link heat-
induced stress granules with other cellular processes and structures, we analysed a proposed
interconnection between the SGs and the mitochondria. Despite we did not prove that the
mitochondria-interacting and the SGs-associated protein Mmil is directly engaged in
localization of the SGs onto the organelle, we proposed a role for this protein in heat stress
response of the yeast cell. Finally, the evidence and new data about extramitochondrial
Reactive Species-producer and NOX (NADPH oxidase) enzyme, Ynol, help in elucidating of
the protein functions in the yeast cell metabolism. Since Ynol NOX enzyme seems to
maintain similar roles in the yeast as are those of NOX enzymes in higher eukaryotes, we
believe that further research on Ynol protein will contribute even in an effort to undercover

missing parts in NOX enzymes functioning in cells of higher eukaryotes.
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2. Aims of the thesis

II.

I1I.

Analyse effects of heat stress on translation of Saccharomyces cerevisiae
regarding heat-induced accumulations of messenger ribonucleoprotein

complexes (MRNPs).
Define spatial and propose functional link between the microtubule and
mitochondria interacting protein 1 (Mmil) and heat-induced stress granules of

S. cerevisiae.

Analyse impacts of extramitochondrial Reactive  Species-producer,

Ynol protein, on selected aspects of the yeast physiology.
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3. Review of literature

One of basic characteristics of living organisms is adaptability to the environment.
Cells try to deal with changing environmental conditions by various mechanisms. In general,
an adaptation is primarily mediated by differential gene expression. Every environmental
change can be viewed as a kind of stress. With the respect to the intensity and the type of a
stress, an expression of gene groups is repressed, while transcription and translation of other
gene groups are induced. Common feature of the adaptation is also saving cell resources and
energy. On the level of proteosynthesis, it is achieved by selective translation of mRNA
molecules. The unneeded ones are stored or degraded and new ones are engaged in translation
in order to finally confer appropriate changes in the cell metabolism. Stress granules (SGs) are
assemblies of messenger ribonucleoprotein complexes (mRNPs), which are formed in
response to stress-induced alterations of mRNA metabolism. Upon severe stress conditions
when global translation is inhibited, certain components of translation machinery are
assembled into SGs to be sorted, stored or further forwarded to other subcellular locations.
Thus, SGs link cellular stress response and translation, or, in better words, they are executors
of stress response on the level of translation. In an effort to described stress granules in detail
in the thesis, a basic review of translation process and its regulation upon a stress follows
firstly. Secondly, the chapter about mRNPs in general and in yeast continues focusing on heat
stress-induced stress granules of S. cerevisiae. Then, the stress granule-associated protein
Mmil and its protein family are described. Finally, a brief overview about Reactive Species,
as mediators of oxidative and also heat stress, and about one of their producers, Ynol protein,

completes the Review of literature.

3.1 Translation

Translation is a multistep process which results in a synthesis of new protein. This
stage of gene expression enables, with the help of genetic code, to “translate” a sequence
stored in mRNA molecule into sequence of amino acids in the protein. The process is
catalysed by various protein factors and RNA molecules and can be generally divided into
four stages. They are translation initiation, elongation, termination and the recycling step.
Translation initiation of eukaryotic cellular mRNA molecules begins, in most cases, with a

protein complex assembly on the mRNA 5'-capped end. In the search for translation start
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codon, the formed ribonucleoprotein complex scans the mRNA molecule until proper, usually
AUG, codon is reached. The selection of the right start codon is facilitated by unique
nucleotide sequence (Kozak consensus sequence) situated around the codon. After a location
of translation start side, the 80S ribosome is formed and protein synthesis continues by
elongation stage of translation. Translation elongation concerns repeating creation of
polypeptide bond by the action of the ribosome, aminoacyl-tRNA molecules, translation
elongation factors and other associated molecules. When the translation termination codon is
reached, the newly synthesized protein is released with the help of translation release factors.
The final step of translation is detaching of ribosome from mRNA molecule and recycling of
ribosomal subunits for a new round of translation. According to a current view on the
translation process, it is generally believed that multiple ribosomes are positioned on one
mRNA molecule at a time and translation efficiency is increased by the “closed loop” mRNA

molecule architecture (adapted from Darnell et al., Molecular Cell Biology, 5™ edition).

3.1.1 Translation initiation

In general and for majority of eukaryotic cellular mRNA molecules, the process of
translation initiation begins when the initiator ternary complex binds to small ribosomal
subunit (40S) and all together is loaded to mRNA molecule on its 5" end. The ternary
complex consists of initiator methionyl-tRNA and GTP-bound form of eukaryotic translation
initiator factor 2 (elF2). The elF2 factor plays important role not only in an initiation of
translation, but also in regulation of entire translation process. The alpha subunit of the factor
can be phosphorylated in response to various conditions, which do not favour general and
efficient translation, leading to global translation inhibition (for a review see (Proud 2005)). A
joining of 40S ribosomal subunit with the ternary complex is mediated by translational
initiator factors elF1, elF1A, elF3 and elF5. The sum of them creates translational pre-
initiation complex (43S).

Subsequently, the 43S complex binds to mRNA on the mRNA cap structure by an
action of elF3, Pabl (PABP), elF4B, elF4H (in mammals) and elF4F forming 48S pre-
initiation complex. The elF4F complex is composed of the cap-binding protein elF4E, elF4G
factor and RNA helicase elF4A. elF4G factor binds together Pabl (PABP), elF4E, elF4A

(plus elF3 in mammals) and mRNA molecule. Thus, it facilitates establishing of
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the “closed loop* structure of mRNA molecule (Fig. I) (Wells, Hillner et al. 1998). At least
two models for an exact mechanism of the 43S complex recruitment onto mRNA (,,activated

mRNP* and ,,holoPIC*) exist (for a review see (Hinnebusch and Lorsch 2012)).

Closed-loop structure

Figure I — mRNA closed loop structure (MBL Life Science; http://www.mblintl.com/)

The next step in translation initiation process is “scanning™ of mRNA molecule by
newly formed 48S complex. When start codon is reached, GTP on elF2 is hydrolyzed, with
the help of elF5 factor. Simultaneously, elF2 and others are detached and 60S ribosomal
subunit assembles with 40S to form 80S ribosome and translational initiation complex. A
process of the joining is catalyzed by elF5B factor. In this state, the ribosome is prepared to
be engaged in an elongation phase of translation.

Nevertheless, the eukaryotic cells use even alternative mechanisms for translation
initiation when general cap-dependent mechanism is somehow compromised. It should be
stressed that these ways of beginning protein synthesis are in majority applied during periods
of stress. In that time, a significant fraction of elF2 is usually in phosphorylated form, thus
translation incompetent. In the respect to stress response-induced translation, it is noteworthy
to mention a mechanism, which is utilized across eukaryotic kingdom from yeast to
mammals. With the use of sequential structured 5" UTR of mRNA, which contains regulatory
upstream open reading frames (UORFs), it is possible to driven synthesis of stress-specific
proteins. The exact mechanism utilizes lower availability of translation competent form of
elF2 factor. It results in repression of the inhibition function of certain uORFs and rather
preferential translation of the protein ORF. The process is well documented for translation of
yeast gcn4 mRNA or mammalian atf4 mRNA (for reviews see (Hood, Neafsey et al. 2009)
and (Hinnebusch 2005)). As well as prokaryotes have Shine-Delgardo sequence-dependent

and independent mechanisms for initiation of translation, eukaryotes have alternatives to
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trigger process of translation independently of the cap-mRNA structure. Beside a possibility
to initiate translation directly on the start codon in so called "leaderless" mechanisms, another
alternative to cap-dependent translation initiation lies in utilization of the internal ribosome
entry sites (IRES). These special mRNA conformation structures located in 5' UTR of mRNA
molecule enable, with the help of canonical and non-canonical translation factors, load
translation pre-initiation complexes on the mRNA without help of the cap structure (for a

review see (Malys and McCarthy 2011)).

3.1.2 Translation - continuation

After the translation initiation complex is, in any way, formed on mRNA molecule,
translation continues with the elongation phase. Translational elongation factors have, besides
ribosome itself, the central role in translation elongation. eEF1 class factors bring aminoacyl-
tRNA molecules to ribosomes and eEF2 class factors mediate ,translocation® of the ribosome.
The mentioned eukaryotic factors have their counterparts (orthologs) even in prokaryotic
kingdom. The third evolutionary conserved class of translation elongation factors seems to be
represented by bacterial EFP and eukaryotic eIF5A proteins. The latter was firstly though to
be rather translation initiator factor, but contemporary results show that eI[F5A has unique role
in translation elongation (Gregio, Cano et al. 2009) (Saini, Eyler et al. 2009) (Gutierrez, Shin
et al. 2013). This uniquely post-translationally modified (hypusinated) protein plays role in
promotion of peptide bond formation on consecutive proline residues. Consistently, the
protein depletion abolishes translation of polyproline-containing proteins (Gutierrez, Shin et
al. 2013). In addition to aforementioned evolutionary conserved translation elongation
proteins, there exists also additional and fungal-specific translational elongation factor eEF3
(Chakraburtty 2001). In S. cerevisiae, this factor (Yef3) stimulates the binding of aminoacyl-
tRNA to the ribosome in eEFlo-dependent manner, probably by facilitating release of
(“empty”) eEF1la factor from the ribosome (Kamath and Chakraburtty 1989). Possible role for
eEF3 (Yef3) in recycling of translation post-termination complexes (see below) has also been
suggested (Kurata, Nielsen et al. 2010; Pisarev, Skabkin et al. 2010). Multiplicity of
translation elongation factors-operation is further documented by various observed functions
of these factors outside translation. eEF1A is probably the number one in this matter. It has
been reported that the factor is directly engaged in cellular processes, as are regulation of

actin and microtubule cytoskeleton dynamics, nuclear export, protein degradation, apoptosis
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and viral infection (for a review see (Mateyak and Kinzy 2010)). Similarly to eIF1A, a
connection between elF5A and the yeast actin cytoskeleton has been observed. Certain elF5A
mutants, which display also translation defects, show altered actin cytoskeleton dynamics
upon a heat stress (our unpublished data and Avaca-Crusca J.S. personal communication).

The next and the third stage in the order of “translation cycle* is translation
termination step. Once the termination codon enters into A-site inside the ribosome, two
eukaryotic translation release factors (eRF1 and eRF3) finish a synthesis of the protein.
Whereas eRF1 recognises termination codon, eRF3 is a GTP binding protein and both factors
together stimulate release of newly synthesized protein from the ribosome. However, the
ribosome is then still bound to mRNA, along with deaminoacetylated tRNA, eRF1 and
possibly also with eRF3 (Pisarev, Skabkin et al. 2010). The components of resulted post-
termination complex must be recycled before a re-use in another or in the same mRNA
molecule translation.

Thus, the final step of translation is recycling of translation post-termination
complexes. Whereas in prokaryotic kingdom the translation post-termination step is mediated
by specialized ribosome recycling factor RRF, together with translation elongation factor G
(Zavialov, Hauryliuk et al. 2005), further analyses of recycling mechanism are still required
for detailed understanding the process in eukaryotic kingdom. A couple of hypotheses, based
mainly on in vitro experiments, have been proposed. According to current view, the final step
of translation slightly differs between yeast and higher eukaryotes. However, in both cases,
the role of ATP binding cassettes containing-protein ABCE1/Yef3/Rlil seems to be essential.
A participation of eRF1 and eRF3 in the recycling step has also been suggested (Kurata,
Nielsen et al. 2010; Pisarev, Skabkin et al. 2010). In the light of these data, it is noteworthy to
mention that heat-induced stress granules of S. cerevisiae contain both eEF3 (Yef3) so eRF1
with eRF3 (Grousl, Ivanov et al. 2013). It may suggest that the stress granules contain

translation post-termination complexes (see below and Discussion).

3.2 Translation under a stress

In the terms of stress response, translation regulation offers fast-responding and
versatile system, how to reduce both energy- and source-consuming global protein synthesis
under stress conditions and simultaneously engage stress-specific translation program. This

chapter focuses on translation initiation, as on main regulatory step of entire translation, and
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concurrently describes basic mechanisms, how translation initiation can be regulated upon
certain stresses. In addition, the effect of heat stress on yeast translation process and

individual components of translation machinery is described.

3.2.1 Regulation of translation initiation

Although translation can be affected in many ways, translation initiation seems to be
the key step in a regulation of the entire process. One possibility how to regulate the rate of
translation initiation is modulation of the initiator ternary complex availability. Under certain
conditions, elF2a is phosphorylated by its kinases in higher eukaryotes or by its exclusive
kinase in yeast S. cerevisiae, Gen2 (for a review see (Proud 2005)). Since the phosphorylated
form of elF2 factor has higher binding affinity to its nucleotide exchange factor eI[F2B than
non-phosphorylated form of elF2 (Pavitt, Ramaiah et al. 1998) (Hinnebusch 2005), a capacity
of elF2B enzyme to regenerate non-phosphorylated and translation competent form of elF2
factor is depleted. Consequently, the availability of the initiator ternary complex drops down
and translation initiation is globally repressed. This phenomenon is commonly linked to stress
granule assembly (see below and for a review see (Anderson and Kedersha 2002)). An
alternative mechanism how to decrease the ternary complex availability and abolish
translation initiation is direct inhibition of elF2B factor. It reassembles an effect of elF2a
phosphorylation, but, in this case, el[F2B factor is primary engaged. It was shown that fusel
alcohols directly target yeast e[F2B factor and inhibit its enzyme activity (Ashe, Slaven et al.
2001).

Besides modulation of the ternary complex availability, translation initiation can be
regulated on the level of elF4F complex formation. elF4E-binding proteins (eIF4E BPs)
compete with mRNA cap structure for association with elF4E factor. These competitive
inhibitors of elF4E can thus sequestrate the factor, which leads, in a consequence,
to less efficient eIF4F complex formation and reduction of translation initiation process. In
mammalian cells, e[F4E BPs association with eIF4E is regulated by TOR (Target of
Rapamycin) pathway. However in the yeast, the regulation is not so clear and is still not
completely understood (for a review see (Simpson and Ashe 2012)).

The next possible way how to regulate translation initiation process concerns elF4A
helicase and its function in “scanning” of mRNA molecule. It was shown that drugs inhibiting

function of elF4A helicase provoke inhibition of translation and subsequent stress granules
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formation in mammalian cells (Dang, Kedersha et al. 2006) (Mazroui, Sukarieh et al. 2006).
Similarly, glucose depletion leads to release of elF4A factor from translation pre-initiation
complexes and inhibition of translation initiation in the yeast (Castelli, Lui et al. 2011). In
general, it can be summarized that translation initiation is regulated by, at least, three main
mechanisms. Those include either functionality of elF2B factor, which can be influenced
either directly or via elF2 phosphorylation, eI[F4A helicase or e[F4E and its binding proteins
(Fig. IT) (for a review see (Simpson and Ashe 2012)).

Fusel Alcohols,
Volatile Anaesthetics

/ Rapamycin
/ Oxidative
stress

RNA™ }—eIFZ-PT-d—
g'v ‘\. Amino Acid/
K Purine Starvation
Salt stress

Membrane
Stress Rapamycin

J Lithium
Caf20p Glucose
Starvation

Oxidative
stress

G - 60S
Heat shock - ribosomal
" e
el
80S initiation
Complex

Figure II — Translation initiation regulatory mechanisms in S. cerevisiae ((Simpson and Ashe

2012)

3.2.2 Yeast translation upon a heat stress

Concerning process of translation and RNA turnover, yeast cells react to heat stress by
different mechanisms depending on the intensity and duration of the stress. Exact mechanism
or mechanisms how translation is regulated upon a heat stress are still not completely
understood. Nevertheless, currently-known data point to complex regulatory system which
encompasses multiple aspects of protein synthesis.

The yeast translation is temporary slowed under mild heat stress at 37°C, as is shown
by both protein incorporation assays and polysome profile analyses (Meier, Deloche et al.
2006). Whereas inhibitory effect of mild heat stress at 37°C on translation process is minor

and translation early recovers to and even up to initial rate, exposition to higher temperatures
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seems to result in more severe alterations of translation process. However, the detailed
analysis of translation dynamics upon these elevated temperatures is missing. It has been only
shown that polysome fraction, which usually refers to efficient running of translation, is
continually diminished corresponding to increasing temperature (Grousl, Ivanov et al. 2009;
Cowart, Gandy et al. 2010; Grousl, Ivanov et al. 2013). It equally suggests that translation
initiation is a regulatory point in charge under these conditions. Despite these analyses imply
that translation is preferentially modulated on the level of the initiation upon severe heat
stresses, an accumulation of translation elongation and termination factors in the yeast stress
granules and elF2a factor phosphorylation-independence of the SGs formation open a
possibility that translation is also and rather primarily regulated on the post-initiation levels
under these conditions (see below and Discussion).

In addition to translation process per se, heat stress, as well as other stresses,
influences stability, integrity and subcellular localization of yeast translation machinery
components and mRNA molecules (mMRNAs). Nuclear export of maturated mRNAs of
housekeeping genes is inhibited upon cultivation at temperature of 42°C and upper (Saavedra,
Tung et al. 1996). On the contrary, heat shock mRNAs are actively exported from nucleus
under these conditions to ensure proper heat stress response. It is obvious that heat shock
mRNAs must utilize different exporting way(s) to reach cytoplasm. Indeed, it has been shown
that their export is not mediated by GTPase Ran/Gspl, which is necessary for a majority of
cellular mRNAs, but it is rather coupled to nucleoporin-related protein Ripl (Saavedra,
Hammell et al. 1997).

Heat and other stresses influence also stability and integrity of tRNA and rRNA
molecules. A cleavage of tRNA, preferentially in its anticodon loop, by Rnyl nuclease has
been observed upon heat stress and also under other stresses in S. cerevisiae cells (for a
review see (Thompson and Parker 2009)). These tRNA fragments seem to origin from
maturated tRNA molecules and thus do not represent by-products of aberrant tRNA
molecules decay. While the cleavage of tRNA is observed even in unstressed cells, this
process is potentiated upon a stress (Thompson, Lu et al. 2008). It is proposed that these heat-
induced tRNA fragments have physiological (“signalling”) function. Moreover, although
tRNA fragments-mediated stress response seems to be evolutionary conserved, it is restricted
only to certain stresses ((Thompson, Lu et al. 2008) and for a review see (Thompson and
Parker 2009)). The tRNA molecules are not only cleavaged upon a stress, but they are also
subjected to retrograde transport to the nucleus. A couple of hypotheses were suggested for a

reason of this phenomenon. One of them tells that a depletion of tRNA molecules from
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cytoplasm inhibits translation under a stress. It is analogy to a sequestration of mRNA
molecules within stress granules and processing bodies during translation unfavourable
conditions (see the 3.3 Stress granules and processing bodies chapter). Nevertheless, to
elucidate exact roles either for stress-induced tRNA fragments or for retrograde transport of
tRNA molecules upon a stress will surely need further research.

During periods of reprogramming cellular expression profile upon a stress, cells
usually inhibit energy- and resources-consuming synthesis of ribosomal proteins and rRNA. It
was shown that, in S. cerevisiae, expression of genes encoding ribosomal proteins is primary
regulated on the transcription level and that rates of transcription of individual ribosomal
genes are co-ordinated (for a review see (Planta 1997)). It was also shown that upon a mild
heat stress, levels of mRNAs for ribosomal proteins rapidly, co-ordinately and temporary
decrease (Herruer, Mager et al. 1988). The decline was later shown to be mainly caused by
inhibition of their transcription (Li, Nierras et al. 1999). Interestingly, unlike tRNA fragments,
rRNA fragments were not detected upon a heat stress, yet they have been observed in
oxidative-stressed cells (Thompson, Lu et al. 2008).

Finally, under heat stress conditions, the fate of already translated mRNA molecules
and certain translation machinery protein components, as are translation factors and ribosomal
subunits, is determined according to intensity and duration of the stress. A detailed view on
this phenomenon, which includes also a formation of stress granules and processing bodies, is

described in the next, 3.3 Stress granules and processing bodies, chapter.

3.3 Stress granules and processing bodies

In response to various stresses, cells try to adapt to changed living conditions.
Concerning translation phase of gene expression, global translation is often reduced or
completely shut down. On the contrary, translation of stress responsive genes is triggered.
Stress-induced messenger ribonucleoprotein complexes (mRNPs) are formed in distinct
cellular compartments, through which the fate of translation machinery components and
mRNA molecules is determined. Two major types of cytoplasmic mRNPs accumulations
formed upon a stress are stress granules (SGs) and processing bodies (PBs). Discovery of
these entities in cells from yeasts to mammals suggests that SGs and PBs belong to universal

and evolutionary conserved part of cellular stress response.
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3.3.1 Processing bodies

Under growth-favorable and non-stress conditions, global translation is running to
supply cells with protein demands. Certain messenger ribonucleoprotein complexes (mRNPs)
are formed as translation process goes through its particular steps (see the 3./ Translation
chapter). No more needed or damaged mRNA molecules (mRNAs) are continually degraded.
In general, two strategies of eukaryotic mRNA degradation exist. The process usually begins
with the poly(A)-end shortening and subsequent decapping of mRNA 5° end. After that,
mRNA molecule is begun to be degraded by exoribonuclease in 5" end to 3" end direction.
Alternatively, mRNA can be degraded after de-adenylation in oppose way (3" end to 5" end)
by the exosome (for a review see (Balagopal, Fluch et al. 2012)).

The mRNA decapping and degradation enzymes, together with translation repressors,
are concentrated in form of mRNPs in cellular entities, called processing bodies. Since mRNA
degradation occurs in the cell even under non-stress conditions, PBs are present also in
unstressed cells. Originally, in accordance with the fact that PBs contain mainly mRNA
decapping and mRNA degradation enzymes, PBs were described as sites where mRNA decay
actually occurs (Sheth and Parker 2003). Nowadays, it is more and more evident that a
function of PBs is not limited only to mRNA decay. They have also been connected to
translation repression, mRNA storage, mRNA quality control and even to other functions
(Brengues, Teixeira et al. 2005; Balagopal and Parker 2009; Arribere, Doudna et al. 2011;
Parker 2012). However, an entire role of PBs in mRNA metabolism is still not completely
understood (for a review see (Balagopal, Fluch et al. 2012)).

Formation of processing bodies is enhanced by such stresses which force the cell to
reprogram gene expression and translation profile to confer adaptation. In connection, the no
more needed mRNAs cease translation cycle and are sequestered in PBs to be degraded. After
engaging stress-specific translation profile and adaptation, PBs mostly disappear. However,
when the stress is more severe and the cells are not able to adapt to it, PBs persist and may be

remodelled to SGs.

3.3.2 Stress granules

Whereas processing bodies (PBs) exist in the cell even under permissive conditions

and their formation is enhanced by a stress, stress granules (SGs) are assembled in cells only

21



upon restrictive conditions. Despite of still not completely understood functions of SGs in
cellular metabolism, it is obviously evident that they fulfil evolutionary conserved roles in
regulation of translation, mRNA turnover and cellular signalling. The primary role of SGs
seems to consist in regulation of translation under a stress, in sorting and storage of mRNA
molecules (MRNAs) and in preservation of certain translation machinery components
(Anderson and Kedersha 2002) (Anderson and Kedersha 2008) (Balagopal and Parker 2009).
In connection, SGs thus help the cells to minimize the impact of a stress on translation
apparatus and they are also proposed to ensure efficient translation recovery after a stress
(Parker and Sheth 2007) (Grousl, Ivanov et al. 2013). Moreover, along with the fact that SGs
may also sequestrate proteins engaged in cellular signalling pathways and other factors and, in
connection, confer cell survival upon a stress, it is likely that SGs regulate not solely
translation upon stress conditions, but they also actively participate on regulation or
modulation of entire cellular metabolism and cell fate decision ((Kwon, Zhang et al. 2007)
(Arimoto, Fukuda et al. 2008) (Kim, Cooke et al. 2012) and for reviews see (Anderson and
Kedersha 2008) (Kedersha and Anderson 2009)).

Stress granules or SG-like bodies were found, besides yeasts (see below), across
eukaryotic kingdom, in Aspergilus oryzae (Huang, Maruyama et al. 2013), Trypanosoma
brucei (Kramer, Queiroz et al. 2008), Drosophila melanogaster (Farny, Kedersha et al. 2009),
Caenorhabditis elegans (Jud, Czerwinski et al. 2008), Brachionus manjavacas (Rotifera)
(Jones, Vanloozen et al. 2013), plant cells (Weber, Nover et al. 2008) and mammalian cells
(Kedersha, Gupta et al. 1999). Moreover, SGs were observed in chloroplasts of
Chlamydomonas reinhardtii suggesting that similar entities may be formed even in
prokaryotes (Uniacke and Zerges 2008).

The composition of SGs is closely connected with the mechanism of their assembly. It
is widely accepted that SGs are composed mainly by stalled translation pre-initiation
complexes (Kedersha, Chen et al. 2002; Kimball, Horetsky et al. 2003). These complexes are
formed in response to alteration of translation initiation kinetics. The best characterized
mechanism of their formation, so far, is stress responsive phosphorylation of translation
initiation factor 2 alpha subunit (elF2a) (Anderson and Kedersha 2002) (Anderson and
Kedersha 2008). The phosphorylation leads to reduction of the initiator ternary complex
availability (see the 3.2 Translation under a stress chapter). This reduction of ternary complex
availability is linked to translation repression and SGs assembly. However, elF2a-
phosphorylation independent mechanisms of SGs formation, e.g. an alteration of mRNA cap-

recognition complex dynamics, were also documented (see the 3.2 Translation under a stress
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chapter and for reviews (Anderson and Kedersha 2008) (Simpson and Ashe 2012)). Possible
alternative ways of SGs assembly may mean that these accumulations of mRNPs could be
formed also in response to other stimuli than primary inhibition of translation initiation. An
example of SGs formed independently on elF2a phosphorylation and proposed to be
primarily modulated on the level of translation elongation are heat-induced SGs of
S. cerevisiae (see below and Discussion) (Grousl, Ivanov et al. 2009) (Grousl, Ivanov et al.
2013).

In addition to stalled translation pre-initiation complexes, as “core” constituents of
SGs, SGs contain even other protein components. Among these, RNA-binding proteins
engaged in regulation of translation, mRNA stability or mRNA processing are present. Some
of them, as are TIA-1 and Ataxin-2 in mammalian cells, influence dynamics of SGs
(Kedersha, Gupta et al. 1999; Gilks, Kedersha et al. 2004; Nonhoff, Ralser et al. 2007).
Moreover, SGs can associates with several other proteins which lack direct connection to
RNA metabolism (for a review see (Anderson and Kedersha 2008)).

Despite multiplicity of SGs functions, they are not the only stress-induced mRNPs
accumulations in the cell. Equally, SGs are not the only stress-induced mRNPs assemblies
participating on translation regulation and mRNAs turnover during a stress. SGs usually act in
co-operation with PBs in this matter. Therefore, these two cellular entities are spatially and
compositionally intertwined. The interconnection of both entities and active translation is

described by the usage of the proposed “mRNA cycle” model.

3.3.3 The “mRNA cycle”

There is an increasing body of evidence that mRNA molecules (mRNAs) can shuttle
between polysomes (active translation) and processing bodies (PBs) (decay and possibly other
functions). This mRNA movement can be complemented by stress granules (SGs) (triage,
storage, signalling) when even SGs are formed. Cycloheximide-based experiments show that
mRNAs are in dynamic equilibrium between polysomes and PBs and between polysomes and
SGs (Brengues, Teixeira et al. 2005) (Kedersha, Cho et al. 2000). It suggests that mRNAs can
be sent back to active translation from SGs or PBs during a stress relief or even just upon a
stress. However, the phenomenon seems not to be universal, at least for PBs where only
limited number of specific mRNAs has been shown to be able to return to active translation

from PBs (Arribere, Doudna et al. 2011). Nevertheless, it is generally accepted that mRNA
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molecules and even protein components can migrate between SGs and PBs and vice versa.
Moreover, it has been shown that PBs directly promote assembly of SGs in yeasts, as well as
in higher eukaryotes ((Buchan, Muhlrad et al. 2008); (Grousl, Ivanov et al. 2009) and for a
review see (Anderson and Kedersha 2008)).

With the usage of model organism S. cerevisiae, the precise “mRNA cycle” model is
tried to be established. In general, two major hypotheses about the mRNA movement from
active translation to PBs, SGs and back to translation exist. According to the one, it is
believed that SGs serve as transient stage on the mRNA route from PBs back to active
translation (Brengues and Parker 2007; Buchan, Yoon et al. 2011). It anticipates that PBs are
always formed first and mRNA leaving active translation firstly accumulates in them.
Afterwards, the mRNA can be sent back to translation either directly or via remodelling of
PBs to SGs and subsequently forwarding SGs components to active translation. On the other
hand, the second hypothesis assumes that SGs are formed independently on PBs and serve as
transient storage sites for mRNA molecules and mRNP complexes during period of stress
(Hoyle, Castelli et al. 2007; Shah, Zhang et al. 2013). Regardless the case, stress granules and
processing bodies thus represent two distinct cellular entities, which concurrently and in co-
operation orchestrated cell stress response on the level of translation and mRNA metabolism.
The current knowledge about yeast stress granules, with the focus on heat stress-induced SGs

of S. cerevisiae, is described in the next chapter.

3.3.4 Yeast stress granules

Discovery of stress granules (SGs) in yeasts together with growing evidence about
SGs from new and new organisms support the hypothesis that SGs are evolutionary conserved
stress-response phenomenon. In yeasts, stress granules have been discovered and described
relatively recently. They were observed either in budding yeast Saccharomyces cerevisiae
(Brengues and Parker 2007; Hoyle, Castelli et al. 2007; Buchan, Muhlrad et al. 2008; Grousl,
Ivanov et al. 2009; Buchan, Yoon et al. 2011; Kato, Yamamoto et al. 2011; Hofmann,
Cherkasova et al. 2012; Iwaki, Kawai et al. 2013; Iwaki, Ohnuki et al. 2013; Shah, Zhang et
al. 2013; Yamamoto and Izawa 2013), or in fission yeast Schizosaccharomyces pombe
(Dunand-Sauthier, Walker et al. 2002; Wen, Stevenson et al. 2010; Nilsson and Sunnerhagen
2011).
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In general, yeast SGs seem to be analogous to SGs of higher eukaryotes in
composition and proposed functions. As well as their counterparts from higher eukaryotes,
yeast SGs contain components of translation initiation machinery. Typical examples of
budding yeast stress granules are those induced by robust heat shock (Grousl, Ivanov et al.
2009), ethanol (Kato, Yamamoto et al. 2011) or sodium azide (Buchan, Yoon et al. 2011).
However, yeast SGs possess even unique nature concerning additional constituents or missing
of otherwise core SGs components. In this respect, only SGs observed in heat-stressed,
ethanol-stressed or the combined stressed cells contain small ribosomal subunit (40S)'
(Grousl, Ivanov et al. 2009; Kato, Yamamoto et al. 2011; Yamamoto and Izawa 2013). The
only other case of SGs containing small ribosomal subunit are those induced by accumulation
of yeast metabolite furfural (Iwaki, Kawai et al. 2013). Heat stress-induced SGs also harbour
additional protein components, as are mRNA decay enzymes Dcp2 and Dhhl or translation
elongation and termination factors (Grousl, Ivanov et al. 2009) (Grousl, Ivanov et al. 2013).
On the other hand, ethanol-induced SGs contain only the one protein (Nipl/elF3c) of entire
translation initiation complex elF3 and SGs (EGP bodies) of glucose-deprived cells do not
harbour this complex at all (Hoyle, Castelli et al. 2007) (Brengues and Parker 2007) (Buchan,
Muhlrad et al. 2008). To complete a list of, so far, documented S. cerevisiae SGs, it has to be
mentioned that they are formed even under cold stress (Hofmann, Cherkasova et al. 2012), in
stationary phase of growth (Shah, Zhang et al. 2013) or in presence of lignin-degradation
product vanillin (Iwaki, Ohnuki et al. 2013).

What distinguishes, in essence, lower eukaryotes’ SGs from the majority of higher
eukaryotes® SGs is signalling which controls their assembly. Whereas mammalian SGs are
formed mainly is response to phosphorylation of elF2a factor (Anderson and Kedersha 2002)
and for a review see (Anderson and Kedersha 2008), an assembly of yeast SGs seems to be
independent on this signalling pathway. All of, up today, known S. cerevisiae SGs, which
were analysed in this way, are formed independently on elF2a phosphorylation (Grousl,
Ivanov et al. 2009; Buchan, Yoon et al. 2011; Kato, Yamamoto et al. 2011). Only SGs of S.
cerevisiae glucose-deprived cells are, at least, potentiated by elF2a phosphorylation (Buchan,
Muhlrad et al. 2008). However, it has been recently shown that assembly of glucose
deprivation-triggered SGs is mainly driven by releasing of eIF4A helicase from 48S pre-
initiation complex and subsequent alterations in the complex dynamics (Castelli, Lui et al.

2011). Despite other alternative mechanisms for higher eukaryotes’ SGs assembly were

! Despite this widely believed evidence, the presence of small ribosomal subunit in heat-induced SGs has been
recently impeached (Cherkasov et al., 2013).
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described (Dang, Kedersha et al. 2006; Mazroui, Sukarieh et al. 2006; Ohn, Kedersha et al.
2008; Li, Ohn et al. 2010) and several mechanisms of translation inhibition upon stresses
were characterized in yeasts (for a review see (Simpson and Ashe 2012)), processes which
lead to formation of a majority of yeast SGs are still largely unknown.

Since elF2a phosphorylation-independent mechanism for SGs assembly prevails in
yeasts and even in other lower eukaryotes (Trypanosoma brucei, Drosophila melanogaster), it
seems to be evolutionary older than that of mammals (Kramer, Queiroz et al. 2008; Farny,
Kedersha et al. 2009). The clue for elucidation of the mechanism(s) may be provided by heat-
induced stress granules of S. cerevisiae. Whereas heat stress triggers phosphorylation of elF2a
factor, formation of the SGs is independent on it. Moreover, an accumulation of translation
elongation and termination factor in the SGs may suggest that the SGs assembly is primarily
regulated by the post-initial level of translation (Grousl, Ivanov et al. 2009; Grousl, Ivanov et
al. 2013).

Heat stress-induced SGs are formed in response to robust heat-shock at 46°C (Grousl,
Ivanov et al. 2009) and are preformed just under heat stress at 42°C (Grousl, Ivanov et al.
2013). It is believed that they are engaged in the same roles, as are those of higher eukaryotes*
SGs, regarding sorting and storage of certain mRNA molecules and translation factors upon a
stress and providing help in efficient recovery of translation after a stress relief. Similarly to
higher eukaryotes® SGs, heat shock-induced SGs of S. cerevisiae contain stalled translation
pre-initiation complexes represented by small ribosomal subunit (40S), mRNA molecules,
certain translation initiation factors and other mRNA binding proteins. In addition, they
possess even unique components, as are proteins of processing bodies (PBs) or translation
elongation and termination factors. As mentioned earlier, an accumulation of yeast heat-
induced SGs, as well as other yeast's SGs, has been shown to be independent on elF2a
phosphorylation. Along with the evidence about unique composition of yeast heat-induced
SGs (especially presence of translation elongation and termination factors), it suggests that
process of yeast SGs assembly may be mediated by affecting other translation stages than
only translation initiation. Such a type of translation regulation seems to be engaged, for
example, during nutrient deprivation or oxidative stress (for details see Discussion).
Alteration of translation post-termination phase (recycling step) provide another possibility,
how translation can be regulated upon robust heat stress. In this step of translation, ribosome
subunits are released from mRNA molecule (and from the last deacetyled-tRNA molecule) by
the action of translation termination factors (eRF1, eRF3) and translation elongation factor

(eEF3) (see 3.1.2 Translation — continuation chapter). With the respect to the fact that all
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these factors are accumulated in the heat-induced SGs, it can be anticipated that just this
phase of translation cycle is influenced by robust heat stress (for details see Discussion).
Despite translation elongation and termination factors have never been observed to be
components of any SGs from any organism, the termination factors were found to be
associated with PBs (Dori and Choder 2007; Buchan, Muhlrad et al. 2008). Those authors
suggested that their presence in PBs is somehow coupled to PBs assembly. A similar role can
be assigned to translation elongation and termination factors concerning heat-induced SGs. In
accordance, some of these factors were found to accumulate just upon lower temperature than
those at which genuine SGs are formed and most probably prepare a platform for the SGs
assembly (Grousl, Ivanov et al. 2013). Recently, it has been documented that heat-induced
SGs also associate with molecular chaperons and co-accumulate with misfolded protein
aggregates (Cherkasov, Hofmann et al. 2013). Since formation of these aggregates precedes
assembly of the SGs, those authors believed that the aggregates serve as a scaffold for a
docking of the SGs. The main reason for the co-accumulation of the SGs and misfolded
protein aggregates is, however, declared to be co-regulation of heat stress response of the cell
(for details see Discussion).

Finally, heat-induced SGs were proposed to be sites where translation efficiently
recovers after a stress relief. This statement is also based on an observation that a-subunit of
key translation initiation factor elF2 (Sui2) is enriched on dissolving SGs during recovery
from a stress (Grousl, Ivanov et al. 2013). It is in a consistence with an earlier finding that
presence of SGs upon heat stress supports cell recovery during a period of stress relief
(Grousl, Ivanov et al. 2009).

The unique components of heat-induced SGs of S. cerevisiae can be either directly
involved in translation repression and the SGs assembly or their accumulation in the SGs is
only a consequence of these processes. Regardless the case, it can be anticipated that the
protein accumulation in SGs surely impacts all of processes in which the protein is engaged.
One such an example may be given by a sequestration of the target of rapamycin complex 1
(TORC1) in SGs upon heat stress in mammalian cells (Takahara and Maeda 2012). Those
authors conclude that a deposition of the complex in SGs during a period of the stress and
thus an inactivation of the signalling cascade may finally result in less damage caused by the
stress. Another evidence of SGs influence on cellular signalling cascades is a repression of
apoptosis via deposition of RACKI protein in SGs upon certain stresses (Arimoto, Fukuda et
al. 2008). The mentioned examples of protein sequestration in SGs point to inter-connection

of SGs with other cellular processes than only with translation and also with certain signalling

27



pathways. That is also the case of the protein, about which the next chapter dissertates. It is

microtubule and mitochondria interacting protein 1 (Mmil) of S. cerevisiae.

3.4 Mmil/ TCTP protein family

Mmil (microtubule and mitochondria interacting protein 1) or also Tmal9 (translation
machinery associated protein 19) is S. cerevisiae ortholog of mammalian TCTP
(translationally controlled tumor protein). These proteins, along with their counterparts from
other organisms, belong to evolutionary conserved, but structurally unique, protein family (for
a review see (Hinojosa-Moya, Xoconostle-Cazares et al. 2008)). The predicted protein
structure from Sch. pombe shows three distinct domains within the protein (Thaw, Baxter et
al. 2001). The flexible loop and the helical domains are Mmil / TCTP protein family specific,
whereas the B-stranded core domain is similar to those of Mss4/Dss4 proteins. The schematic
view on an arrangement of these domains is shown in Fig. IIl (Bommer and Thiele 2004).
Despite highly conserved protein structure, particular members of the family slightly differ
among each other. For example, in Plasmodium knowlesi, the protein has one extra a-helix in

its structure (for a review see (Hinojosa-Moya, Xoconostle-Cazares et al. 2008)).
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Fig. Il — The predicted structure of Mmil / TCTP family proteins (Bommer and Thiele
2004))
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The TCTP protein displays variety of cellular functions. It is engaged in cell division
control, regulation of growth and translation. In connection with that, it has been documented
to have stress-response regulatory and anti-apoptotic features. Moreover, the protein binds
tubulin and actin and it is also a calcium binding protein. Possible function as a chaperon has
also been suggested. Finally, TCTP serves as histamine-release factor in non-classical
secretion in mammals (for a review see (Bommer 2012)). However, the detailed and complex

understanding of TCTP / Mmil cellular function is still not complete.

3.4.1 Yeast members of Mmil / TCTP protein family

Members of Mmil / TCTP family have been identified also across fungi kingdom.
They are present in commonly used model organisms, as are yeasts S. cerevisiae or
Sch. pombe. In addition to them, a corresponding gene has been identified in Candida
glabrata, Cryptococcus neoformans, Yarrowia lipolytica and even others (for a review see
(Hinojosa-Moya, Xoconostle-Cazares et al. 2008)).

S. cerevisiae Mmil / Tmal9 protein was first described as translation machinery
associated protein. Deletion of mmil gene alters polysome profile of the cell and confers
decrease in protein synthesis rate (Fleischer, Weaver et al. 2006). However, the detailed
analysis of particular Mmil / Tmal9 function(s) in translation is still missing. Additionally,
Mmil has been shown to be stress-response modulator of the cell. In this respect, strains with
a deletion of mmil displays resistance to oxidative stress induced by H,O, and resistance to
robust heat stress (Rinnerthaler, Jarolim et al. 2006) (Rinnerthaler, Lejskova et al. 2013).
Moreover, Mmil has been identified as a regulator of the proteasomal activity. Finally, it has
been found in an association with de-ubiquitination system and also with heat-induced stress

granules, under a heat stress (see the next chapter) (Rinnerthaler, Lejskova et al. 2013).

3.4.2 Mmil in the time of heat stress

It was shown that cells which harbour mmil deletion are on the one hand more
sensitive to moderate heat stress (37°C) and on the other hand more resistant to robust heat
stresses (46°C), than the wild type cells (Sinha, David et al. 2008) (Rinnerthaler, Lejskova et
al. 2013). These contradictory phenotypes may arise from a qualitatively different cellular

response to milder or severe heat stress (for details see Discussion). Rinnerthaler et al. showed

29



that cells carrying mmil deletion better survive prolonged treatment under conditions of
robust heat stress (46°C) in comparison to the wild type cells. The same situation was
described for the mutant upon an oxidative stress. While, under an oxidative stress, Mmil
becomes to be enriched on the mitochondria and thus can influence mitochondria-related
stress-responsive pathways, under robust heat stress, no such an accumulation has been
observed (Rinnerthaler, Jarolim et al. 2006) (Rinnerthaler, Lejskova et al. 2013). However,
the protein translocates to the nuclear region and accumulates in cytoplasmic granules upon
the heat stress. The Mmil granules formed in the cytoplasm of heat-shocked cells were found
to co-localize with stress granule marker protein Rpgl (elF3a) (Rinnerthaler, Lejskova et al.
2013). Subsequent analysis revealed that the Mmil accumulation is reversible and partially
influenced by cycloheximide. This drug blocks translation by inhibiting the peptidyl-
transferase activity of ribosome (Campbell, Hoyle et al. 2005), thus “freezing” mRNA
molecules on polysomes. Consequently, it prevents assembly of stress granules in general and
thus also assembly of heat-induced stress granules of S. cerevisiae (Grousl, Ivanov et al.
2009). For above mentioned reasons, Mmil has been assigned as a heat stress-induced stress
granules associating protein (Rinnerthaler, Lejskova et al. 2013). In addition to that, the link
between the protein degradation system and Mmil was established in relation to the heat
stress. In other words, Mmil was co-localized with the proteasome in the nuclear region and
also with components of de-ubiquitination machinery upon the stress. The link between Mmi 1
and protein degradation system is further supported by the finding that Mmil associates with
Cdc48 chaperon under robust heat shock. Finally, the proteasomal activity was found to be
altered (increased) when Mmil is missing in the cell suggesting that Mmil itself may be an
inhibitor of the proteasome function (Rinnerthaler, Lejskova et al. 2013).

Inter-connection of heat-induced SGs and protein degradation system mediated by
Mmil reflects also global heat stress-induced changes in protein homeostasis per se. The
protein conformation, stability and integrity are influenced by heat stress, as well as by some
other kinds of cellular stresses. One such a protein damaging-condition is represented by
oxidative stress and its mediators Reactive Species (RS). Heat stress is inter-twined with
oxidative stress on multiple levels and RS were shown to be engaged in deleterious effects of
heat on the eukaryotic cells ((Davidson, Whyte et al. 1996) and references therein). The last
chapter is thus focused on RS and their particular producers in the cell - NOX (NADPH

oxidase) enzymes.
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3.5 Reactive species and NOX enzymes

In response to various stresses, cellular proteins and other cellular constituents are
usually subjected to altered physical and chemical conditions. To alleviate these noxious
effects on cell homeostasis, cells developed certain protective mechanisms. These
mechanisms comprise expression of stress-responsive proteins as well as non-protean-based
protective mechanisms, which together help to keep protein homeostasis balanced.

Reactive species (RS) are large group of agents which endanger cellular redox balance,
when escaping cellular antioxidant defence. The well-known members of those are reactive
oxygen species (ROS). However, other reactive agents as are nitrogen (RNS) and sulphur
species (RSS) also exist. All of them are mediators of oxidative stress, since they are able to
either oxidize others due to their own reactivity or can be metabolized to such a molecule. In
the class of RS, we can find inorganic molecules as are superoxide anion, hydrogen peroxide,
hydroxyl anion or nitric oxide and also organic metabolites as are reactive thiol groups or
organic hydroperoxides. It is widely believed that main source of ROS and eventually other
RS in aerobically living eukaryotic cell arises from mitochondrial respiration (Murphy 2009).
Additional “producers” of ROS are endoplasmic reticulum, B-oxidation pathway in
peroxisomes, oxidative deamination of amino acids and even others (for a review see
(Morano, Grant et al. 2012)). Besides intracellular generated RS, cells may be challenged
either to external RS exposition, such as immune reaction against pathogens, or to RS-
generating stimuli, as are UV and ionizing radiation, xenobiotics or heavy metal exposure. On
the other hand, RS production is not linked only to stress conditions. Enzymes generating RS
and RS themselves have even its physiological functions. Thus, RS are not only unwanted by-
products of cell metabolism, but they also actively participate in cellular metabolism and
signalling pathways. Such an example of enzymes generating ROS is NOX (NADPH
oxidases) protein family. The next chapter deals with NOX enzymes, with a focus on yeast

NOX enzyme - Ynol.

3.5.1 NOX enzymes and Ynol of S. cerevisiae

A catalytic component of phagocytic NADPH oxidase - gp91phox (NOX2) served as a
starting point to identify additional members of NOX enzyme family. Up today, the other six
NADPH oxidases have been defined according to sequence homology with NOX2 in higher
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eukaryotes. All of them, as well as NOX2, generate superoxide anion (O, ), by electron
transfer from NADPH through two heme groups to final acceptor, oxygen molecule.
However, in the case of Duox class, a production of (O,") is still under a debate. All of these
enzymes possess transmembrane domains, but they differ in their overall structure. NOXS,
Duox1 and Duox2 have additional calcium-dependent regulatory domain and Duox class has
also extracellular domain with predicted peroxidase activity (for a review see (Nauseef
2008)). A structure organization of NOX enzymes is depicted in the Fig. IV (Nauseef 2008).
Variety of NOX-generated ROS physiological functions encompasses participation in innate
immunity, cell differentiation, mitogenic regulation and others. Nevertheless, activity of NOX
enzymes and ROS production is also interconnected with various pathologies. These include
mainly age-related diseases as are atherosclerosis, hypertension, cardiovascular or
neurodegenerative diseases (for a review see (Lambeth 2007)). NOX enzymes do not operate
alone, but associate with several binding partners. These associated factors influence the
enzyme activity. NOX1 to NOX4, that those which do not harbour calcium binding regulatory
domain, form heterodimer with p22phox protein. This protein is not catalytically active, but it
is necessary for proper function of the NOX enzymes (Yu, Quinn et al. 1998) (DeLeo, Burritt
et al. 2000). Moreover, NOX organizing (NOXO1) and NOX activating (NOXA1) proteins
exist ((Nauseef 2008) and references therein). Finally, in addition to calcium ions, an activity
of the protein family members is regulated by direct phosphorylation or by small GTPases
(for a review see (Lambeth, Kawahara et al. 2007)).
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Figure IV — Structure organization of NOX protein family members (Nauseef 2008)

Recently, endoplasmic reticulum-localized member of NOX (NADPH oxidase)
enzyme family and ROS producer, Ynol protein, has been identified in yeast S. cerevisiae
(Rinnerthaler, Buttner et al. 2012). Ynol protein was first identified in a screen for homologs
of ferric reductases Frel and Fre2 and concurrently proposed to possess electron transport

capacity (Finegold, Shatwell et al. 1996). Despite the gene was assigned as an iron / copper

32



reductase-related gene, it was found that its expression is not regulated by an iron or copper
availability (Georgatsou and Alexandraki 1999). In connection, Rinnerthaler et al. proved that
Ynol / Aim14 does not have ferric reductase activity and instead, they showed that Ynol has
NADPH oxidase activity. In another screen, the protein was shown to be involved in
mitochondria inheritance and was named Aiml4, for altered inheritance of mitochondria
protein 14 (Hess, Myers et al. 2009).

According to sequence similarity of Ynol catalytic subunit with human NADPH
oxidase NOX2, Ynol was being identified and later on confirmed as an endoplasmic
reticulum-localized yeast NADPH oxidase. Moreover, in the search for ynolA-associated
phenotypes, it was found that the deletion confers both, sensitivity to actin-destabilizing drugs
and less sensitivity to apoptotic stimuli (Rinnerthaler, Buttner et al. 2012). Production of ROS
(superoxide) by Ynol was also shown to take part in inhibition of mitochondrial respiration
under presence of glucose. The process, mediated by superoxide dismutase enzyme Sodl,
leads to stabilization of certain casein kinases which, in turn, participate on repression of
mitochondrial respiration (Reddi and Culotta 2013). On the other hand, ROS production
mediated by Ynol has been shown to be altered when mitochondrial cytochrome ¢ oxidase
activity is compromised (Leadsham, Sanders et al. 2013). Leadsham et al. identified Ynol as
a major source of ROS production when mitochondria are not functional. The dysfunctional
organelle accumulates Ras2 signalling protein on its outer membrane and it consequently
leads to suppression of ERAD-mediated degradation of Ynol and thus aberrant production of
ROS.

Despite an identification of Ynol protein as a first member of NOX enzyme family in
hemiascomycetous yeasts is promising for further research of pleiotropic functions of the
protein family members and RS in the cell, the detailed role of Ynol in cellular metabolism

needs to be primarily established.
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4. Methods

For a purpose of a performance of experimental procedures, all of yeast cultures were
cultivated in liquid or on solid media using generally, either yeast pepton dextrose (YPD)
medium or synthetic complete (SC) medium.

Bacterial cultures used for propagation of plasmids and DNA cloning were cultivated
in liquid lysogeny broth (LB) medium or on corresponding solid medium.

The classical genetic and molecular biology methods, including the whole cell
manipulations (yeast mating, sporulation of diploids, spore dissection, selections for
auxotrophies), DNA manipulations (isolation of DNA, restriction of DNA by restriction
endonucleases, polymerase chain reaction — PCR, electroforetic separation of DNA) and
protein manipulations (protein isolation, electroforetic separation of proteins, Western blot
analysis) were used in appropriate analyses or to create and verify required strains.
Alternatively, the strains were prepared through direct genetic manipulations as are a
transformation and an integration of deletion or fusion DNA cassettes into yeast cells and
their genomes.

Live cell imaging fluorescence microscopy was one of prominent methods used
through the research papers in the thesis. For these experiments, strains with
GFP/RFP/mCherry-fused gene(s) of interest or treated with specific chemical compounds
were engaged. Upright or inverted, adequately equipped, visible light and fluorescence
microscopes enabled to perform mentioned experiments. Using additional equipment, the
Onix Microfluidic System (Millipore), the time-lapse heat-shock experiment described in
Grousl et al., 2013 was done.

Polysome profile analysis allows monitoring translation profile of cells. Briefly, this
method includes preparation of a lysate from cycloheximide-treated cells, fractionating of the
lysate, a separation on sucrose gradient and a measurement of certain light absorbance of the
sample.

Proteasome activity assay enables to quantified activity of the proteasome on the basis
of a fluorescence measurement. Briefly, fluorogenic substrate in combination with cell lysate
generates light, which can be measured, and activity of the proteasome is determined
according to the light intensity.

Other methods, as are mass spectrometry, electron microscopy and immunogold

labelling, protein structure prediction, iron and ROS detection assays, microsomes
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purification and phylogenetic analyses, are also mentioned in the research papers of the thesis.
However, these methods have not been done in our laboratory and I have participated on their

performance only partially or not at all.

List of Methods

(methods that have not been done in our laboratory are written in italic)

Yeast and bacteria cells cultivation

DNA cloning

Genetic modification of yeast cells

Live cell fluorescence microscopy

Polysome profile analysis

Protein purification

Western blot analysis

Proteasome activity assay

Electron microscopy and immunogold labelling
In-gel protein digestion and mass spectrometry
Protein structure prediction

Iron and ROS detection assays

Microsomes purification

Phylogenetic analyses
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Paper 1

The paper Robust heat shock induces elF2-phosphorylation independent assembly of
stress granules containing elF'3 and 40S ribosomal subunits in budding yeast, Saccharomyces
cerevisiae by Grousl et al. focuses on a description and analyses of heat-induced stress
granules (SGs) of Saccharomyces cerevisiae.

The main message of the paper is identification and characterization of yeast SGs
induced by robust heat shock. These SGs are in composition and in proposed functions
analogous to SGs of higher eukaryotes. Generally, stress granules are formed in a response to
environmental stresses. Their formation is one possible way, how to regulate translation upon
a stress. It is thought that SGs represent sites where certain translation machinery components
are sorted and subsequently stored or sent back to translation or designed for a degradation.

SGs are characterized by a presence of stalled translation pre-initiation complexes
represented by certain translation initiation factors, small ribosomal subunits (40S), mRNA
molecules and mRNA binding proteins. A presence of other constituents should vary
depending on the type and the intensity of a stress and the cell type. Indeed, heat-induced SGs
of S. cerevisiae were shown to contain, besides mentioned factors, also unique components as
are mRNA decay proteins. A formation of yeast heat-induced SGs is reversible and energy-
dependent process. In contrast to a majority of higher eukaryotes® SGs, their assembly is not
triggered by phosphorylation of translation initiation factor eIF2a. Authors of the paper also
compare heat-induced SGs with, in that time, only known SGs in S. cerevisiae, with glucose
deprivation-induced stress granules. It was shown that unlike SGs in glucose deprived cells,
heat-induced ones require different scaffolding proteins and have even different composition,
which more reassembles a composition of higher eukaryotes® SGs. The characterization is, so
far, completed with a comparison of heat-induced SGs with processing bodies. Processing
bodies (PBs) are another type of stress response-induced accumulations of ribonucleoprotein
complexes. They were originally characterized as sites where mRNA decay occurs. However,
their role in cell metabolism seems to be far more complex. Despite heat-induced SGs contain
components of PBs and PBs promote the SGs formation, the SGs are based on different
scaffolding proteins and represent separate and unique entities.

Authors of the paper performed variety of methodologies including live cell
fluorescence microscopy, polysome profile analyses and also certain genetic and biochemical

methods.
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The paper summarizes the data about newly discovered heat-induced stress granules in
S. cerevisiae. These granules possess similar dynamics and composition as their counterparts
from higher eukaryotes. Despite certain differences between yeast SGs and SGs of
evolutionary higher organisms, the first ones can offer valuable tool for a research of the

second ones.
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Summary

Environmental stresses inducing translation arrest are
accompanied by the deposition of translational components into
stress granules (SGs) serving as mRNA triage sites. It has
recently been reported that, in Saccharomyces cerevisiae,
formation of SGs occurs as a result of a prolonged glucose
starvation. However, these SGs did not contain elF3, one of
hallmarks of mammalian SGs. We have analyzed the effect of
robust heat shock on distribution of eIF3a/Tif32p/Rpglp and
showed that it results in the formation of eIF3a accumulations
containing other eIF3 subunits, known yeast SG components
and small but not large ribosomal subunits and elF20/Sui2p.
Interestingly, under these conditions, Decp2p and Dhh1p P-body

markers also colocalized with elF3a. Microscopic analyses of
the edc3Alsm4AC mutant demonstrated that different
scaffolding proteins are required to induce SGs upon robust
heat shock as opposed to glucose deprivation. Even though
elF2obecame phosphorylated under these stress conditions, the
decrease in polysomes and formation of SGs occurred
independently of phosphorylation of elF20. We conclude that
under specific stress conditions, such as robust heat shock, yeast
SGs do contain eIF3 and 40S ribosomes and utilize alternative
routes for their assembly.

Key words: P-bodies, Stress granules, Yeast

Introduction

Intracellular compartmentalization of specific mRNAs and
components of the translation machinery is an important mode of
regulation for gene expression in eukaryotic cells. In this respect,
formation of various mRNA-containing assemblies, such as stress
granules (SGs) or processing bodies (P-bodies), is a striking
illustration of this regulation (Anderson and Kedersha, 2008; Bond,
2006; Parker and Sheth, 2007).

Various stresses cause a fast and transient redistribution of
nontranslated mRNAs into SGs in mammalian as well as plant cells.
This effect is a result of a rapid repression of general translation
initiation, often mediated through phosphorylation of the alpha
subunit of the translation initiation factor 2 (elF2) (Holcik and
Sonenberg, 2005; Kedersha et al., 1999). Therefore mammalian SGs
are thought to represent abortive 48S complexes that include mRNA
linked to poly(A)-binding protein 1, translation initiation factors
(e.g. elF3, elF4A, elF4G) and 40S ribosomal subunits (Anderson
and Kedersha, 2008; Kedersha et al., 2002). SGs persist in
equilibrium with polysomes and this can be affected by translation
inhibitors, which either stabilize or destabilize the polysomes. It
has been proposed that the SGs serve as triage sites redirecting
mRNA to either translation, storage or degradation (Anderson and
Kedersha, 2008). Interestingly, SG-like structures, containing elF3,
have been found in heat-shocked fission yeast Schizosacchomyces
pombe (Dunand-Sauthier et al., 2002), but have not yet been reported
in Saccharomyces cerevisiae.

P-bodies were originally described as sites of mRNA decapping
and decay, which mainly contain the mRNA degradation
machinery components including the decapping enzyme complex
(Brengues et al., 2005). P-bodies and SGs share some proteins
and mRNA components, but also contain a number of unique
markers specific to each structure (Kedersha and Anderson,
2007). Unlike SGs, P-bodies are present even under non-stress
conditions (Mollet et al., 2008) and never contain elF3 and 40S
ribosomal subunits (Anderson and Kedersha, 2008; Brengues and
Parker, 2007; Parker and Sheth, 2007; Sheth and Parker, 2003;
Sheth and Parker, 2006). P-bodies are therefore believed to be
structurally distinct from SGs; however, their simultaneous
appearance in stressed mammalian cells showed a close spatial
connection perhaps indicating an intimate mutual communication
(Kedersha et al., 2005; Wilczynska et al., 2005). In addition,
because of these interactions, a role for pre-existing P-bodies in
the nucleation of SG assembly has been suggested recently
(Buchan et al., 2008; Mollet et al., 2008).

In the budding yeast S. cerevisiae, a number of small cytosolic
foci of accumulated Dcp2p can be observed also in normal
proliferating cells (Brengues et al., 2005; Teixeira et al., 2005).
Under various stresses, e.g. glucose starvation, hyperosmotic stress
and heat stress at 37°C, these foci increase in size to form enlarged
P-bodies (Brengues et al., 2005). Recently, novel mRNA assemblies
called EGP-bodies (for eIF4E, eIF4G and Pablp) that are distinct
from P-bodies were found to form under prolonged glucose
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starvation in S. cerevisiae (Hoyle et al., 2007). While this
manuscript was under a review process in this journal, additional
markers of mammalian SGs were identified within EGP-bodies
that led the authors to rename them yeast stress granules’ (Buchan
et al., 2008). In sharp contrast to mammalian SGs, however, the
reported yeast SGs of glucose-deprived yeast cells do not contain
elF3 and 40S ribosomal subunits (Buchan et al., 2008; Hoyle et
al., 2007).

In S. cerevisiae, numerous stresses including hyperosmolarity,
glucose deprivation and robust heat shock at 46°C were
demonstrated to stabilize many mRNAs (Hilgers et al., 2006).
Whereas the impact of hyperosmolarity on formation of P-bodies
seems to be identical to that of glucose deprivation (Brengues et
al., 2005), it is not known whether robust heat shock also elicits
similar effects. In this report, we show that robust heat shock at
46°C for 10 minutes applied to aerobically cultivated yeast cells
results in formation of accumulations containing elF3 subunits,
mRNA, elF4G2, Pablp, Ngrlp, Publp, 40S ribosomal subunits and
also typical P-body proteins such as Dcp2p and Dhhlp. Assembly
of these transient protein accumulations is eIF2a-phosphorylation
independent. We also demonstrate that they are not formed in
cycloheximide-treated and energy-depleted cells. Because of their
composition, irregular shapes and requirement for different
scaffolding proteins than are those needed for P-bodies, we posit
that these protein accumulations are yeast SGs specific for the robust
heat shock. We further propose that they can only be detected in
S. cerevisiae when transient severe stresses such as robust heat shock
are applied and the period of yeast mRNA triage is relatively
prolonged.

Results

Robust heat shock induces transient formation of elF3-
containing SGs

We showed previously that elF3a/Tif32p/Rpglp colocalized with
cytoplasmic microtubules in the fixed yeast cells (Hasek et al.,
2000). In order to examine intracellular distribution of elF3a in
living cells, we constructed wild-type strains expressing elF3a
fused either with RFP or GFP from its chromosomal locus. In
accord with previously published data (Brengues et al., 2005),
we found that distribution of both fluorescing elF3a fusions is
uniformly cytosolic in cells cultivated in complete YPD medium
at 30°C (Fig. 1A). In addition, this localization pattern was not
affected by a mild heat shock at 42°C for 10 minutes (data not
shown), which has been used to induce formation of SGs in fission
yeast S. pombe (Dunand-Sauthier et al., 2002). However, we
found that raising the temperature of the heat shock to over 42°C
has a dramatic effect on the elF3a distribution. In particular,
incubation of cells in YPD medium at 46°C for 10 minutes
resulted in formation of distinct e[F3a accumulations (Fig. 1B).
We observed that this rearrangement of elF3a was transient and
reversible (Fig. 1C), since the e[F3a became uniformly cytosolic
after cultivation of heat-shocked cells in YPD medium at 30°C
for 30 minutes.

To investigate whether these protein accumulations are limited
to elF3a in isolation or whether it is a common characteristic of
components of the eIF3 complex, we prepared strains
coexpressing elF3a-GFP with either eIF3b/Prtlp-RFP or
elF3c¢/Nip1p-RFP fusions from their chromosomal loci. As shown
in Fig. 1D, the elF3a-GFP foci always colocalized with the other
elF3 subunits, strongly suggesting that protein accumulations
induced by robust heat shock contain core components of the

elF3 complex. As confirmed by high values of the Pearson’s
correlation coefficient (Rr), over 0.9 (see Materials and Methods),
distribution for both elF3b and elF3c signals almost completely
matched that of elF3a.

In living yeast, accumulation of mRNA in P-bodies has been
assessed using a specific PGK 1 reporter mRNA containing multiple
Ul A-specific binding sites in its 3" untranslated region to which U1A-
GFP fusion protein binds (Brengues et al., 2005; Teixeira et al., 2005).
We employed this detection system in order to find out if mRNA
also accumulates in the eIF3a foci after robust heat shock. As shown
in Fig. 1E, the PGKI mRNA in unstressed cells was distributed across
the cytosol, as has previously been observed (Brengues et al., 2005).
In cells heat-shocked in a complete medium at 46°C for 10 minutes,
the cytoplasmic GFP signal corresponding to the accumulated PGK1
mRNA significantly overlapped with that of elF3a foci. Weak
background fluorescence was observed in the cytoplasm of control
cells expressing the U1A-GFP fusion protein only, without PGK/
mRNA under all tested conditions (data not shown).

elF3a foci contain typical components of the mammalian SGs
Stalled 48S pre-initiation complexes containing mRNA, elF3,
elF4G, PABP and 40S, but not 60S ribosomal subunits and elF2,
are the core constituents of the mammalian SGs (Kedersha et al.,
2002). To determine whether yeast elF3 foci are related to
mammalian SGs, we constructed strains coexpressing various RFP
and GFP fusion proteins, exposed the exponentially growing cells
to robust heat shock in YPD medium at 46°C for 10 minutes and
analyzed the distribution of fusion proteins using the Olympus Cell
R microscopic system.

First, we found that in the heat-shocked cells elF3a colocalized
with e[F4G2 and Pablp (Fig. 2A). Very high values of Pearson’s
correlation coefficient (Rr), over 0.8, confirmed a high degree of
colocalization. In addition, we also analyzed changes in the
distribution of Rps30A-GFP fusion protein that we used as a marker
of the 40S ribosomal subunit. We found that robust heat shock
induced formation of Rps30A-GFP foci, which clearly colocalized
with elF3a-RFP as illustrated by a high Rr (Fig. 2B). By contrast,
exposing cells to robust heat shock did not induce accumulation of
Rpl25-GFP that was used as a marker of the 60S ribosomal subunit
(Fig. 2C). Consistently, the frequency scatter plot analysis as well
as a small value of Rr confirmed a very weak colocalization of
Rpl25p with elF3a. These results imply that, in contrast to the 40S
ribosomal subunit, the 60S subunit is not actually accumulated
within the elF3a foci. No fluorescent foci were observed in heat-
shocked strains expressing e[F2a-RFP (Sui2p-RFP), GFP alone or
GFP fusions of the cytosolic metabolic enzymes Pgkl, Pfkl and
Pfk2 (Fig. 2D). Thus, we conclude that cytosolic accumulations of
elF3a, induced by robust heat shock in S. cerevisiae, contain
components typical of mammalian SGs. Therefore we refer to them
as SGs throughout the rest of this study.

P-body proteins colocalize with elF3a-containing SGs in heat-
shocked cells

Glucose deprivation and mildly elevated temperature (37°C) were
shown to induce formation of enlarged cytosolic P-bodies
(Brengues et al.,, 2005). Despite the fact that no elF3a
accumulations were observed upon glucose deprivation, we
decided to investigate the relationship of the SGs with P-bodies
upon robust heat shock. To do this, we constructed yeast strains
coexpressing elF3a-RFP together with GFP fusions of known P-
body proteins from their chromosomal loci. First, we analyzed
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colocalization of elF3a and the decapping enzyme Dcp2p that is
a core component of P-bodies. In contrast to uniform cytosolic
distribution of elF3a, Dcp2p accumulated in small cytosolic foci
in control cells cultivated in YPD medium at 30°C (Fig. 3A,
control) as described previously (Brengues et al., 2005).
Surprisingly, when these cells were heat-shocked in YPD medium
at 46°C for 10 minutes, Dcp2p colocalization with elF3a in
multiple enlarged cytosolic foci (Fig. 3A, HS). The very high
degree of colocalization of these fusion proteins in heat-shocked
cells was exemplified by high Rr values of over 0.8. A similar
pattern of colocalization in heat-shocked cells was also obtained
for another P-body-specific marker Dhhlp (Fig. 3B). These
findings thus suggest that components of SGs and P-bodies form
joint accumulations when the fermenting cells are exposed to
robust heat shock.

Differential centrifugation confirmed localization data from
microscopic examination

To confirm the in vivo localization data biochemically, we
performed immunochemical analyses of samples prepared from
control and the heat-shocked cells by differential centrifugation
using a protocol described elsewhere (Teixeira et al., 2005). Protein
accumulations from the non-stressed versus heat-shocked cells were
collected from the lysates as pellets and together with the
corresponding supernatants subjected to western blotting (see the
Materials and Methods). As shown in Fig. 4, the pellet from the
heat-shocked cells was specifically enriched for elF3a, Dcp2p,
elF4G2 and Pablp, as expected from our fluorescence microscopy
data. In addition, we also confirmed the presence of 40S ribosomal
subunits (Rps30Ap) in the pellets and the absence of 60S ribosomal

Recovery from HS

#e113a-REP

Fig. 1. Robust heat shock results in formation of the
elF3-mRNA colocalizing foci in yeast cells.

(A) Distribution of either GFP or RFP fusion of
elF3a/Tif32p/Rpglyp is cytosolic at 30°C (strains
CRY204, CRY255). (B) Upon robust heat shock (46°C,
10 minutes), both elF3a fluorescent fusions
accumulated in discrete foci. (C) elF3a foci are transient
assemblies and the elF3a-RFP signal becomes
uniformly cytosolic after a subsequent 30 minute
cultivation of heat-shocked cells (strain CRY255) in
YPD medium at 30°C on a rotary shaker. (D) Control:
Distribution of RFP fusions of eIF3b/Prt1p and
elF3c¢/Niplp is uniformly cytosolic at 30°C (strains
CRY344, CRY346). HS: In cells heat-shocked at 46°C
for 10 minutes in YPD medium, eIF3b and elF3c
fusions colocalize with elF3a foci with the high
Pearson’s correlation coefficient (Rr). (E) Control:
PGK1 reporter mRNA (via ULA-GFP) is uniformly
distributed in cells cultivated at 30°C. HS: In cells heat-
shocked at 46°C for 10 minutes, PGK/ mRNA
accumulates in foci colocalizing with aggregates of
elF3a-RFP (strains CRY774, CRY775). Scale bars:

5 um.

Rr0.93

Rr0.92

Rr0.7

subunits (Rpl25p). Similarly, elF2c., Pgklp and Ptklp, which did
not occur in the SGs, were not pelleted from lysates of the heat-
shocked cells. Hence, these biochemical data fully comply with our
microscopic observations.

Inhibition of translation initiation and formation of SGs upon
robust heat shock is Gen2p independent

It is well known that inhibition of general translation upon various
types of stress is mediated by phosphorylation of elF20., which is
sufficient for formation of mammalian SGs under various stress
conditions (Kedersha et al., 1999). In S. cerevisiae, Gen2p is the
only elF2a kinase (Proud, 2005). Interestingly, it was previously
shown that formation of P-bodies is independent of elF2o
phosphorylation (Kedersha et al., 2005). Thus we next decided to
examine whether elF2a phosphorylation is required for the
formation of SGs in heat-shocked cells. As shown in Fig. 5A,
incubation of fermenting wild-type GCN2" cells at 46°C for 10
minutes (HS) resulted in marked phosphorylation of the a-subunit
of eIF2 in contrast to the heat-shocked gcn2A cells. Accordingly,
the GCN2" cells incubated at 46°C for 10 minutes (HS) displayed
a dramatic polysome run-off, resulting in accumulation of the 80S
ribosomal species called monosomes (Fig. 5B). This redistribution
of ribosomes from polysomes to monosomes serves as a hallmark
of inhibition of translation initiation (Hartwell and McLaughlin,
1969). Strikingly, robust heat shock (HS) inhibited translation
initiation in gcn2A cells (unable to phosphorylate eIF2a) to the same
extent as in the wild-type GCN2" cells. In agreement with the
translational arrest induced by robust heat shock in gen2A cells,
formation of SGs was also found to be independent of the Gen2
kinase (Fig. 5C). To conclude, our results indicate that in S.
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cerevisiae, the inhibition of translation initiation and formation of
SGs triggered by robust heat shock are independent of elF2a
phosphorylation.

Cycloheximide prevents assembly of SGs in heat-shocked
cells

Cycloheximide (CYH) causes stalling of polyribosomes on mRNA
and as such has been shown to prevent formation of SGs in
mammalian cells (Kedersha et al., 1999) and assembly of P-bodies
or SGs in yeast cells starved of glucose (Brengues et al., 2005;
Buchan et al., 2008). Therefore we also analyzed its effect on
assembly of SGs during robust heat shock using the strain

A _ Control

B

Pk2-GFP

Rr0.81

Rr0.85

Rr0.82 Fig. 2. Robust heat shock-induced eIF3 foci contain
numerous translational components with the exception of
elF2 and the 60S ribosomal subunits. (A) Control:
Distribution of GFP fusions of eIF4G2 and Pablp is
uniformly cytosolic in fermenting cells at 30°C (strains
CRY340, CRY527). HS: Upon robust heat shock, both
fusion proteins colocalize with the foci of elF3a.

(B) Uniform distribution of the 40S ribosomal marker
Rps30Ap in fermenting cells at 30°C (Control) becomes
condensed (HS) and clearly colocalizes with elF3a foci
upon heat treatment (strain CRY887). (C) Distribution of
the 60S ribosomal marker Rpl25p remains uniform in both,
fermenting (Control) or heat-shocked (HS) cells (strain
CRY837). The very low Rr value further illustrates that
60S ribosomes do not accumulate within the elF3a foci in
heat-shocked cells. (D) Robust heat shock did not induce
accumulation of elF20/Sui2-RFP (strain CRY334), GFP

v alone (strain CRY836) or metabolic enzymes Pgkl1p, Pfklp
and Pfk2p (strains CRY431, CRY490, CRY491). Scale
bars: 5 um.

Rr0.14

coexpressing elF3a-RFP and Dcp2p-GFP from their chromosomal
loci. We treated exponentially growing cells with CYH (50 pg/ml)
in YPD medium at 30°C for 10 minutes before glucose deprivation
or robust heat shock. In accordance with previously published data
(Brengues et al., 2005), we observed the CYH-related inhibition of
the P-body assembly in glucose-deprived cells (Fig. 6A). Similarly,
no enlarged accumulations of either elF3a or Dcp2p were formed
when the culture of CYH-treated cells was subsequently heat-
shocked in YPD at 46°C for 10 minutes (Fig. 6B). Assuming that
CYH prevented formation of SGs by sequestration of mRNAs into
polysomes, these results suggest that the protein as well as mRNA
composition of SGs of heat-shocked cells is dynamic, similar to P-

Rr 0.84

Fig. 3. P-body markers, Dcp2p (A) and
Dhhlp (B), colocalize with SGs in wild-type
cells after robust heat shock. In fermenting
cells grown at 30°C, Dcp2p-GFP and
Dhh1p-GFP were uniformly distributed
(Control), whereas upon robust heat shock
(HS) they were accumulated in enlarged
cytosolic foci closely colocalizing with
elF3a-RFP (strains CRY522, CRY564).
Scale bars: 5 pm.

Rr0.89
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Fig. 4. Biochemical characterization of SGs confirms microscopic
observations. Samples containing SG components were prepared according to
a protocol described previously (Teixeira et al., 2005). Western blot analyses
show that elF3a, e[F4G2, Pablp as well as Rps30Ap (40S ribosomal subunit)
and Dcp2p are enriched in the pellet of the lysate prepared from the heat-
shocked cells (46°C, 10 minutes). Cell debris were pelleted at 2296 X g for
10 minutes and the supernatant was spun down at 18,000 X g for 10 minutes
(for the source of antibodies, please see the Materials and Methods). By
contrast, e[F20/Sui2p, Rpl25p (60S ribosomal subunit), as well as metabolic
enzymes Pgklp and Pfk1p remained predominantly in the supernatant of heat-
shocked cells (strains CRY336, CRY411, CRY423, CRY431, CRY490,
CRY837 and CRY887).

bodies and SGs of glucose-deprived yeast cells (Buchan et al., 2008;
Sheth and Parker, 2003) and mammalian SGs (Kedersha et al., 2000)
and, moreover, that their core components are also in equilibrium
with polysomes.

Assembly of SGs upon robust heat shock is an energy-
dependent process

To examine whether formation of heat shock-induced SGs in S.
cerevisiae depends on the energy supply, we analyzed changes in
distribution of Dcp2p and elF3a upon robust heat shock in energy-
depleted cells. Energy depletion was achieved by inhibiting both
glycolysis by 2-deoxy-D-glucose (Franzusoff and Cirillo, 1982),
and oxidative phosphorylation, by sodium-azide that blocks
cytochrome C oxidase (Duncan and Mackler, 1966). Under normal
conditions in fermenting cells, Dcp2p was localized into small
cytosolic foci and elF3a was uniformly cytosolic (Fig. 7A; control).
We found that simultaneous treatment of these cells with 20 mM
2-deoxy-D-glucose and 20 mM sodium azide for 20 minutes did
not significantly affect distribution of eIF3a; however, small
cytosolic foci of Dcp2p enlarged into obvious P-bodies (Fig. 7A,
ED). In contrast to heat-shocked fermenting cells in which there
is colocalization of foci of Dcp2p and elF3a (Fig. 7B, HS), the
energy-depleted and subsequently heat-shocked cells (Fig. 7B, ED
and HS) were unable to form SGs, but they displayed enlarged P-
bodies characterized by accumulated Dep2p. Interestingly, growth
rate analyses of the cells recovering from the robust heat shock
revealed that the outgrowth of ED/HS cells was significantly
delayed by several hours when compared with cells that were only
heat-shocked (Fig. 7C). These striking findings suggest that
assembly of SGs in heat-shocked S. cerevisiae is, in contrast to P-
bodies, an active process that requires energy. In addition, depletion
of the ATP and/or GTP pool in living cells significantly delays the
recovery phase of heat-shocked cells hinting that SGs could play
a key role in the adaptation and resilience of yeast to robust heat
shock.

GCN2  gen2A
30°C_ HS 30°C HS

anti-elF2o-P -

anti-IF20. ) S 9 e

B GCN2 - Control GCN2-HS

e )
\“"S \M”““ N \J\ J

sed\mentatlon

gen2A - Control genZA-HS

—b
sedimentation

C Control

iFP

Fig. 5. elF2a phosphorylation is not required for the polysome run-off and SG
assembly upon robust heat shock. (A) Robust heat shock at 46°C for 10
minutes (HS) induces the Gen2p kinase-mediated phosphorylation of elF2a. in
wild-type cells (GCN2Z; strain BY 4741) that is not detected in the gcn2A
mutant (strain CRY309). (B) Nevertheless, robust heat shock (HS) does result
in a polysome run-off with commensurate increase in the amount of
monosomes in both wild-type cells (GCN2; strain BY4741) as well as in the
gen2A mutant (strain CRY309), indicating that translation is inhibited in a
Gen2p-independent manner. (C) SGs are also assembled in heat-shocked
(46°C, 10 minutes) gcn2A cells (HS; strain CRY569). Scale bar: 5 um.

Robust heat shock elicits formation of Dcp2p accumulations
even in the absence of typical P-body scaffolding proteins
Edc3p and Lsm4p that overlap with elF3-containing SGs

The fact that elF3a and Dcp2p colocalize, prompted us to elucidate
whether formation of SGs in cells upon robust heat shock depends
on the same scaffolding proteins as P-bodies. To this end, in a strain
coexpressing elF3a-RFP and Dcp2p-GFP from their chromosomal
loci, we generated edc3A and Ism4AC mutations. The deletion of
the EDC3 gene and the deletion of 97 amino acids from the C-
terminal part of Lsm4p have been previously shown to prevent
formation of P-bodies (Decker et al., 2007) and SGs (Buchan et al.,
2008) in glucose-deprived yeast cells. Consistently, we found that
glucose starvation of cells at 30°C resulted in formation of several
enlarged P-bodies in wild-type cells but not in the mutant cells (Fig.
8A, top panels). The edc3A Ism4AC mutant cells had a stronger
Dcp2-GFP signal in the cytosol as well as an obvious accumulation
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Fig. 6. Cycloheximide (CYH) prevents formation of P-bodies (A) and SGs
(B). The cells coexpressing elF3a-RFP and Dcp2p-GFP (strain CRY564) were
grown in YPD at 30°C to an exponential phase and treated with CYH

(50 wg/ml) for 10 minutes before the medium was replaced with YP lacking
glucose (A; CYH GLU-); or prior the heat shock at 46°C for 10 minutes in the
YPD medium (B; CYH HS). Scale bars: 5 um.

of Dcp2-GFP in the nuclear region. As expected, distribution of
elF3a-RFP was uniformly cytosolic in both strains starved of
glucose for 30 minutes (Fig. 8A, middle panels). In the presence of
glucose, wild-type fermenting cells had small cytosolic foci of
Dcp2p-GFP, as expected (Fig. 8B, left-handed top panel), whereas
the edc3A Ism4AC mutant cells showed a dominant accumulation of
the Dcp2-GFP signal in the nuclear region (Fig. 8B, right-handed
top panel). Distribution of e[F3a-RFP was again uniformly cytosolic
in both strains grown in glucose as expected (Fig. 8B, middle panels).
Strikingly, when both strains were first starved of glucose for 30
minutes and subsequently heat-shocked at 46°C for 10 minutes in
the YP medium (in the absence of glucose), mainly enlarged P-bodies
developed in the wild-type cells (Fig. 8C, left-handed top panel),
whereas in the edc3A Ism4AC mutant cells there were only distinct
accumulations of Dcp2-GFP in the vicinity of nuclei (Fig. 8C, right-
handed top panel). In both strains, elF3a-RFP clearly colocalized
with Dcp2-GFP accumulations (Fig. 8C, middle panel). This novel
and rather surprising finding indicates that the robust heat shock
induces formation of Dcp2p accumulations qualitatively distinct from
P-bodies, at least with respect to scaffolding proteins, which overlap
with elF3a-containing SGs. In perfect agreement, Dcp2p-GFP
accumulations readily formed also in fermenting edc3Alsm4AC
mutant cells (in the presence of glucose) subjected to robust heat
shock (Fig. 8D, right-handed top panel).

Assembly of SGs upon robust heat shock requires different
scaffolding proteins than assembly of SGs in glucose-deprived
cells

Recently, it has been shown that a prolonged glucose starvation
results in assembly of yeast SGs that do not contain elF3 and 40S

A Control
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Fig. 7. Energy depletion preceding the robust heat shock prevents SG
assembly and delays the subsequent recovery phase (strain CRY564). (A) In
exponentially growing cells, Dcp2p forms small foci and elF3a is uniformly
cytosolic (Control). When a pool of energy was depleted by the simultaneous
treatment of wild-type cells with 2-D-deoxyglucose (20 mM) and sodium
azide (20 mM) for 20 minutes, Dcp2p accumulated in enlarged P-bodies but
the elF3a distribution remained uniform (ED). (B) Heat-shocked cells (HS)
show accumulation of Dcp2p in SGs as shown above; however, energy
depletion applied before robust heat shock (ED/HS) prevented formation of
Y SGs and Dcp2p accumulated in enlarged P-bodies. (C) Outgrowth of cells
during the recovery from energy depletion followed by robust heat shock was
delayed several hours compared to heat shock or energy depletion alone;
values are mean + s.e.m. Scale bars: 5 um.

ribosomal subunits (Buchan et al., 2008). In fact, these SGs were
proposed to be identical to previously described accumulations
called EGP bodies (Hoyle et al., 2007). To compare SGs assembled
in glucose-deprived cells with elF3-containing accumulations
evoked by robust heat shock we constructed several strains
coexpressing known yeast TIAR and TIA protein orthologs that
were shown to constitute yeast SGs such as Ngrl-GFP or Publ-
GFP with elF3a-RFP (Buchan et al., 2008). We found that both of
these yeast SG markers expressed from their chromosomal loci
colocalized with elF3a in cells exposed to robust heat shock at 46°C
in YPD medium for 10 minutes (Fig. 9A). As confirmed by high
values of the Pearson’s correlation coefficient of over 0.8,
distribution of both Ngrl-GFP and Publ-GFP signals almost
completely matched that of e[F3a-RFP. Interestingly, in addition to
that, both yeast SG markers were also enriched in the nuclear region
of the stressed cells.

To test whether deletions of the P-body scaffolding proteins
Lsm4 and Edc3 would or would not have an effect on the
accumulation of Ngrlp into robust heat shock-induced SGs (the
deletions do not affect accumulation of elF3a), we generated the
edc3A Ism4AC double-deletion strain coexpressing elF3a-RFP
with Ngr1-GFP from chromosomal loci. As predicted, we found
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Fig. 8. Wild-type and the edc3A Ism4AC mutant cells coexpressing Dcp2p-
GFP and elF3a-RFP (strains CRY564 and CRY977) reveal a different
requirement of elF3-containing SGs for scaffolding proteins. (A) Wild-type
cells starved for glucose in YP medium at 30°C for 30 minutes show enlarged
P-bodies (accumulation of Dep2p) unlike the edc3A Ism4AC mutant cells.
Distribution of eIF3a remains uniform under glucose starvation in both wild-
type and mutant cells. (B) Wild-type and edc3A Ism4AC mutant cells
exponentially grown in YPD medium at 30°C have Dcp2-GFP distributed in
small cytosolic foci. In addition, the mutant cells also accumulate the Dcp2-
GFP signal in the nuclear region. Distribution of eIF3a-RFP is uniformly
cytosolic in both wild-type and mutant fermenting cells. (C) Cells starved for
glucose at 30°C in the YP medium for 30 minutes were subsequently heat-
shocked at 46°C in YP medium for 10 minutes. There was colocalization of
Dcp2-GFP and elF3a-RFP in multiple cytosolic protein accumulations in both
wild-type and edc3A Ism4AC cells. (D) The cells exponentially growing in
YPD medium at 30°C were heat-shocked at 46°C for 10 minutes. Both wild-
type and the mutant cells show accumulation of the Dep2p signal in cytosolic
SGs. In addition, the mutant cells show an obvious accumulation of the Dcp2-
GFP signal in the nuclear region. Scale bars: 5 um.

that the heat-shocked edc3A Ism4AC mutant cells accumulated
Ngr1-GFP in the elF3-containing SGs (Fig. 9B). In addition to
this colocalization pattern, we also observed cells with the Ngrl-
GFP signal in the nuclear region. This may suggest an increased

level of degradation of this yeast SG marker upon robust heat
shock.

Publp but not Ngrlp was implicated in playing a crucial role in
yeast SG formation under glucose deprivation (Buchan et al., 2008).
To examine the role of Ngrl and Publ proteins in the assembly of
SG upon robust heat shock, we deleted the NGRI and PUBI genes
in the strain coexpressing Dcp2-GFP and elF3a-RFP from the
chromosomal loci. As shown in Fig. 9C, both heat-shocked mutants
displayed unchanged colocalization pattern of Dcp2-GFP foci with
elF3a-RFP accumulations when compared with wild-type cells (see
Fig. 3A) suggesting that neither Publp nor Ngrl are required for
assembly of yeast SGs upon robust heat shock, in contrast to
glucose-deprivation-induced SGs (Buchan et al., 2008).

Glucose starvation of heat shocked cells results in separation
of the Dcp2-GFP signal from elF3a-containing SGs

The fact that formation of eIF3 accumulations in fermenting cells
upon robust heat shock requires different scaffolding proteins than
assembly of P-bodies and SGs in glucose-deprived cells prompted
us to investigate links between elF3-containing SGs in glucose-fed
fermenting cells and P-bodies and/or SGs formed in glucose-
deprived cells. To do that, we used the strains coexpressing elF3a-
RFP and Dcp2-GFP or Pab1-GFP from their chromosomal loci. We
first exposed the exponentially growing cells to robust heat shock
at 46°C for 10 minutes in the YPD medium, washed them once
with YP medium without glucose and cultured them in YP medium
at 30°C for an additional 90 minutes. In sharp contrast to recovery
after heat shock in the presence of glucose (see Fig. 1C), the absence
of glucose in the medium prevented dissolution of elF3a
accumulations (Fig. 10). In these cells, the Dcp2-GFP signal did
not overlap with the persistent e[F3a accumulations after cultivation
for 30 minutes in the absence of glucose (Fig. 10A). By contrast,
the marker of the yeast SGs, Pabl-GFP, remained closely
colocalized with elF3a-RFP even after 90 minutes of subsequent
cultivation (Fig. 10B). Therefore our results provide strong support
for the idea that SGs and P-bodies are intertwined but distinct
accumulations (Mollet et al., 2008).

Discussion

In stressed eukaryotic cells, non-translating mRNAs are sequestered
into various transient granules or bodies depending on the type of
stress condition that the cells are subjected to and the cell type
(Anderson and Kedersha, 2008; Bond, 2006; Brengues et al., 2005;
Buchan et al., 2008; Hoyle et al., 2007; Kedersha and Anderson,
2007; Malagon and Jensen, 2008; Mollet et al., 2008; Parker and
Sheth, 2007). In this investigation we analyzed the impact of a robust
heat shock and employed live cell imaging fluorescence microscopy
to demonstrate for the first time that robust heat shock in budding
yeast, S. cerevisiae, induces assembly of SGs more similar in their
content to mammalian SGs than those that were described in
glucose-deprived S. cerevisiae (Buchan et al., 2008) while this
manuscript was under editorial review.

It should be emphasized that all tested proteins that were fused
to either green fluorescent protein (GFP) or red fluorescent protein
(RFP), were the only forms of those proteins expressed in the test
cells and they fully supported growth. In control experiments, neither
GFP alone nor GFP fusions of several cytosolic enzymes formed
any visible aggregates or accumulations upon robust heat shock,
indicating that the formation of large fluorescent foci is not a general
phenomenon of protein aggregation resulting from intense heat
treatment. Hence, we consider the ability of translational
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components to accumulate in detectable accumulations to be part
of their function in translational control of stressed cells. Whereas
studies on mammalian cells showed that SGs can be either deficient
in elF20 (Kedersha et al., 2002) or not (Kimball et al., 2003), the
fact that elF2c is not part of SGs in heat-shocked cells of S.
cerevisiae clearly indicates that SGs are not the same as the heat
shock granules containing elF20o. that were found as a result of
prolonged heat treatment (60 minutes) in plant cells (Weber et al.,
2008). In accord with the logic applied by Buchan et al. (Buchan
et al., 2008), we assume that elF2o does not accumulate with elF3-
containing SGs because it is believed to form yeast-specific
structures with its GTP/GDP exchange factor e[F2B under certain
stress conditions (Campbell et al., 2005).

In agreement with previously published data (Brengues et al.,
2005), PGKI mRNA was found uniformly distributed in the cytosol
of unstressed exponentially growing cells. However, upon robust
heat shock this mRNA clearly accumulated in eIF3 foci. Consistent
with this, cycloheximide prevents formation of SGs upon robust
heat shock in a similar way to that described for the formation of
P-bodies (Brengues et al., 2005) and SGs in glucose-deprived yeast
cells (Buchan et al., 2008). This suggests that mRNA may be an
essential component in the formation of SGs upon robust heat shock,
presumably by decreasing its availability. This conclusion is in
keeping with the idea that under robust heat shock, at least some
yeast mRNAs are protected in sub-cellular structures that are
inaccessible to deadenylases, retaining a portion of the cytoplasmic
mRNA pool for later use during recovery from the stress (Hilgers
et al., 2006).

SGs of mammalian cells have already been shown to interact
with P-bodies suggesting they are distinct but closely intertwined
assemblies sharing components, depending on cell type and type
of stress (Kedersha et al., 2005; Mollet et al., 2008; Wilczynska et

Rr0.85

Rr0.84

Fig. 9. Yeast TIAR and TIA protein orthologs, Ngrl
and Publ, colocalize with elF3a-containing SGs but
their absence does not affect SG assembly upon
robust heat shock. (A) Uniform distribution of Ngr1-
GFP or Pub1-GFP in fermenting cells at 30°C (YPD)
becomes condensed and both fusion proteins
colocalize with elF3a foci upon robust heat shock
(YPD, HS; strains CRY 1017, CRY1021). (B) Ngrl-
GFP accumulated at eIF3a-RFP foci also in the heat-
shocked edc3A Ism4AC mutant cells (strain
CRY1036). (C) Deletion mutant strains ngr/A and
publA coexpressing Dep2p-GFP and elF3a-RFP
(strains CRY'1027 and CRY 1028) that were heat-
shocked at 46°C for 10 minutes displayed similar
distribution of both markers as wild-type cells (see
Fig. 3A). Scale bars: 5 um.

al., 2005). In addition, preexisting P-bodies have been only recently
shown to directly promote assembly of SGs in glucose-deprived S.
cerevisiae cells (Buchan et al., 2008). We show here that in contrast
to glucose deprivation, robust heat shock does not result in formation
of typical enlarged P-bodies but rather in multiple small Dcp2p-
GFP accumulations containing other P-body markers as well. The
key question is whether these accumulations of Dcp2-GFP in heat-
shocked cells can still technically be considered as a different form
of P-bodies? We observed that both formations in question depend
on the availability of mRNA, but can be easily distinguished by

A Recovery from HS in Glu-

Pab1-GI'P

ell3a-RFP

merge

Fig. 10. (A) Heat-shocked wild-type cells starved of glucose for 30 minutes
following the robust heat shock show separation of the P-body marker Dcp2-
GFP from the elF3a-RFP accumulations (strain CRY564). (B) By contrast, the
SG marker Pab1-GFP remained colocalized with e[F3a-RFP, even after 90
minutes of glucose deprivation (strain CRY527). Scale bars: 5 um.
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their requirement for different scaffolding proteins; Edc3p and
Lsmdp are required for P-body formation in glucose-deprived cells
but not for the formation of Dcp2p accumulations upon robust heat
shock (see Fig. 8). Interestingly, similar requirements were also
found in glucose-deprivation-induced SGs (Buchan et al., 2008)
but not by SGs elicited by robust heat shock. Finally, it is also worth
noting that elF3-containing SGs in heat-shocked cells had distinct
morphologies and a different requirement for energy than P-bodies,
and that we observed a separation of Dcp2p and elF3a signals in
heat-shocked cells recovering in the glucose-free medium. Taken
together, the results presented herein clearly indicate that Dcp2p
accumulations and elF3-containing SGs induced by robust heat-
shock are also two discrete but closely intertwined assemblies
similar to but differing substantially from the P-bodies and SGs
induced by glucose deprivation as shown previously (Buchan et al.,
2008). Since SGs and P-bodies are generally considered to be
dynamic assemblies of mRNA-protein systems (mRNPs) (Brengues
et al., 2005; Hoyle et al., 2007), we suggest that these apparent
differences most probably reflect distinctions in the rate-limiting
steps in a given mRNP transition process that probably changes
under various stress conditions.

In keeping with this suggestion, assembly of mammalian SGs
was shown to be dependent on the RNA binding protein TIA-1. Its
overexpression induces SG formation without stress. Moreover, the
absence of TIA-1 results in a strong impairment of SG formation
under various stresses (Gilks et al., 2004). S. cerevisiae contains
potential TIA, TIAR and ATXN2 orthologs, namely Publp, Ngrlp
and Pbplp, respectively. Whereas pubIA and ngriA strains showed
a strong decrease in the number of SGs in glucose-deprived cells
(Buchan et al., 2008), we found that the absence of either Publp
or Ngrlp had no significant impact on the assembly elF3-containing
SGs following robust heat shock. These findings thus may suggest
that either the function of the latter proteins is more redundant under
robust heat shock conditions or that other non-homologous
scaffolding proteins are involved.

Despite the fact that yeast SGs that are formed upon robust heat
shock seem to contain most if not all components of mammalian
SGs, their formation is e[F2o-phosphorylation independent in the
budding yeast, unlike the situation in mammals (Kedersha et al.,
1999). Actually, in this respect, yeast SGs formed in heat-shocked
cells more closely resemble P-bodies of glucose-deprived cells, the
assembly of which also does not require phosphorylation of elF2
(Kedersha et al., 2005). Nevertheless, the most recent observation
from trypanosomes showing that assembly of SGs in response to
heat shock was also found to be independent of phosphorylation
of elF2a. (Kramer et al., 2008) might indicate that either the
biochemistry of the SG assembly induced by heat shock differs
substantially from that induced by other stresses (perhaps in
involvement of heat shock proteins) or that higher eukaryotes
acquired some novel aspect(s) of this control mechanism that has
imposed a need for e[F20-phosphorylation. Since interfering with
the activity of eI[F4G (Mazroui et al., 2006) or e[F4A (Dang et al.,
2006; Mazroui et al., 2006) seems to trigger SG formation
independently of elF20o. phosphorylation also in mammalian cells,
these factors could play some role in this process.

Along these lines, it was only recently shown that several
components of the hexosamine biosynthetic pathway, which
reversibly modifies proteins with O-linked N-acetylglucosamine (O-
GlIcNAc) in response to stress, are required for accumulation of
untranslated messenger ribonucleoproteins in SGs in mammalian
cells (Ohn et al., 2008). However, the hexosamine biosynthetic

enzymes are lacking in budding yeast and the authors suggested
that this fact may contribute to differences between mammalian
SGs and their closest relatives known in yeast so far, the SGs without
elF3 and 40S ribosomal subunits. Hence, in analogy, it could be
proposed that the absence of these proteins makes the yeast
translational machinery somewhat more resistant to mild stresses,
explaining why accumulation of e[F3a was not previously observed
in S. cerevisiae cells heat-shocked at 42°C, or subjected to
hyperosmotic stress (Brengues et al., 2005) or glucose deprivation
(Buchan et al., 2008). It will be intriguing in the future to investigate
what differentiates yeast cells from other cell types that produce
typical SGs in response to robust heat shock, and what roles these
accumulations play in stress survival.

Materials and Methods

Yeast strains and growth conditions

S. cerevisiae strains used in this study were derived either from the BY4742
background, S288C background (Huh et al., 2003) or SEY6210 background (Scott
Emr, Cornell University, Ithaca, NY) and are listed in Table 1. Yeast cultures were
grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose) or SC medium
(0.17% yeast nitrogen base medium without amino acids and ammonium sulfate,
0.5% ammonium sulfate, 2% glucose, supplemented with a complete or a strain-
specific mixture of amino acids) at 30°C. Solid media contained 2% agar. Standard
methods were used for all DNA manipulations (Sambrook and Russell, 2001). The
cells coexpressing UlA-GFP and PGK1 mRNA from the corresponding plasmids
were pre-cultured in an appropriate SC medium after several inoculation steps (1:10)
followed by an 8-hour culture to increase the homogeneity of the UlA-GFP
distribution pattern within the cell population. To subject yeast strains to robust heat
shock, cells were resuspended in YPD medium preheated to 46°C and incubated for
an additional 10 minutes while shaking. Cells were always washed with SC medium
before being mounted for microscopic inspection. Cycloheximide (Sigma) was added
at a final concentration of 50 ug/ml. Inhibitors 2-deoxy-D-glucose (Sigma) and sodium
azide (Sigma) were added as stock aqueous solutions to a final concentration of 20
mM into cultivation media.

Construction of strains with chromosome-derived expression of
GFP or RFP fusions

Integrative cassettes containing various RFP or GFP fusions were created by PCR
using template DNA pRFPKanMX or pGFPKanMX, respectively, as described
elsewhere (Malinska et al., 2003). Purified PCR fragments were transformed into
SEY6210 wild-type cells and the corresponding transformants were selected on YPD
plates containing 200 pg/ml of G418. The correct integration of the RFP or GFP
fusions was confirmed by PCR. The strains were generated by mating, subsequent
sporulation in liquid Fowel medium and spore dissection using the Singer
micromanipulator.

The mutant strain edcIA Ism4AC expressing DCP-GFP and elF3a-RFP from
chromosomal sites was constructed by the repeated one-step gene disruption technique
(Rothstein, 1991). The deletion cassettes loxP-URA3-loxP and loxP-LEU2-loxP were
amplified from pUG72 and pUG73, respectively (Gueldener et al., 2002), using the
ORF-specific primers. The Ism4AC designates a partial deletion of the C-terminal
97 amino acids of the Lsm4p (Decker et al., 2007).

Polysome profile analyses

Cells were grown to an ODggp. Approximately 1 and 50 pg/ml cycloheximide (Sigma)
was added to a culture 5 minutes before harvesting. Cells were chilled and washed
in GA buffer (20 mM Tris-HCI pH 7.5, 50 mM KCI, 10 mM MgCl,, | mM DTT, 5
mM NaF) containing 50 pug/ml cycloheximide. Lysates were prepared in GA buffer
(supplemented with 1 tablet/10 ml of Complete Mini Protease Inhibitor Mix EDTA-
free (Roche) and 50 pg/ml cycloheximide) using glass beads and Fastprep Biol01
at speed 5 for 20 seconds. 