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Abstract

Cellular responses to stress stem from a variety of different mechanisms, including transla-

tion arrest and relocation of the translationally repressed mRNAs to ribonucleoprotein parti-

cles like stress granules (SGs) and processing bodies (PBs). Here, we examine the role of

PKA in the S. cerevisiae heat shock response. Under mild heat stress Tpk3 aggregates and

promotes aggregation of eIF4G, Pab1 and eIF4E, whereas severe heat stress leads to the

formation of PBs and SGs that contain both Tpk2 and Tpk3 and a larger 48S translation initi-

ation complex. Deletion of TPK2 or TPK3 impacts upon the translational response to heat

stress of several mRNAs including CYC1, HSP42, HSP30 and ENO2. TPK2 deletion leads

to a robust translational arrest, an increase in SGs/PBs aggregation and translational hyper-

sensitivity to heat stress, whereas TPK3 deletion represses SGs/PBs formation, transla-

tional arrest and response for the analyzed mRNAs. Therefore, this work provides evidence

indicating that Tpk2 and Tpk3 have opposing roles in translational adaptation during heat

stress, and highlight how the same signaling pathway can be regulated to generate strikingly

distinct physiological outputs.

Introduction

In response to environmental stress conditions, the cellular proteome is readjusted through

signaling pathways that alter different processes connected to transcriptional, translational and

post-translational programs.

At suboptimal growth temperatures, Saccharomyces cerevisiae activates both transcriptional

and physiological protective mechanisms. Genomic expression patterns of S. cerevisiae have

identified several genes involved in carbohydrate metabolism, protein folding and degrada-

tion, cytoskeletal reorganization, protein synthesis, ribosome synthesis and processing as dif-

ferentially regulated upon heat stress [1]; [2]. A genome-wide analysis of the heat shock
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response has also revealed a positive correlation between the global transcription and transla-

tion profiles [3]. It has been demonstrated that heat shock invokes a general translational arrest

and mRNA ribonucleoprotein complex aggregation [4]; [5]. Global phosphoproteome studies

of S. cerevisiae have shown that heat stress is associated with extensive changes in protein phos-

phorylation, highlighting functions in transcription, protein folding and degradation, cell

cycle regulation and morphogenesis as particularly pronounced [6].

mRNA localization to mRNP granules is a key event that determines whether a particular

mRNA will be translated, silenced or degraded. In S. cerevisiae, stress induces the formation of

mRNA processing bodies (PBs) and stress granules (SGs). Typically, PBs contain translation-

ally repressed mRNA molecules and proteins involved in many functions including mRNA

degradation, translation repression, and mRNA quality control. In contrast, the composition

of SGs is influenced by the stringency of the particular stress condition that induces their for-

mation [7]; [8]; [4]; [9].

A number of studies in S. cerevisiae have explored the underlying mechanism of aggrega-

tion and composition of PBs and SGs evoked during different severities of thermal stress. For

instance, SG formation upon heat stress is independent of translation initiation arrest caused

by phosphorylation of eIF2α [10]. It has also been reported that under mild thermal stress con-

ditions (39˚C), S. cerevisiae cells accumulate mostly PBs; while severe heat stress (46˚C)

induces both PBs and SGs [4]; [5]. SGs evoked by such severe heat stress contain eIF3 subunits,

mRNA, eIF4G2, Pab1, Ngr1, Pub1, 40S ribosomal subunits and also typical PB proteins such

as Dcp2 and Dhh1 [4]; [10]. Although Dhh1, Dcp2, Pub1 and Ngr1 were found associated

with SGs evoked by heat stress, these are not required for SG assembly [4]. Following a milder

heat shock (42˚C), translation elongation factors eEF3 (Yef3) and eEF1Bγ2 (Tef4) and transla-

tion termination factors eRF1 (Sup45) and eRF3 (Sup35) accumulate in cytoplasmic foci and

provide a platform for assembly of genuine SGs at 46˚C. The sequestration of these factors at

42˚C would generate alterations in the translation elongation kinetics which could constrain

translation initiation. It has also been described that unphosphorylated eIF2α is recruited to

dissipate SGs reinforcing the hypothesis that SGs might act as sites where active translation

can initiate upon stress relief [10].

The cAMP–PKA pathway plays a major role in the control of metabolism, stress resistance

and proliferation in S. cerevisiae. PKA is a hetero-tetramer composed of two regulatory sub-

units encoded by BCY1 gene, and two catalytic subunits encoded by three partially redundant

genes, TPK1, TPK2 and TPK3 [11]. The cAMP–PKA pathway activity is controlled by ferment-

able sugars and other nutrients as amino acid and phosphate [12]; [13]; [14]. The inactivation

of PKA is important during stationary-phase or nutrient starvation [15], and the activation of

this pathway is required for a successful cell cycle resumption [16]. It has been documented

that the cAMP-PKA pathway plays a role in the transcriptional response to heat stress [17];

[6], but little is understood concerning the potential roles in translational adaptation to ther-

mal stress.

Our previous results indicate that Tpk2 and Tpk3 localize to both SGs and PBs in response

to glucose starvation, strong but not mild osmotic stress, and stationary phase [18]; [19], sug-

gesting that the localization of Tpks to SGs/PBs depends not only on the stress type, but also

on the stress stringency. Deletion of the TPK3 or TPK2 genes also impacts on the capacity of

cells to form PBs or SGs, and their ability to arrest translation properly in response to glucose

starvation or stationary phase [19]. A protein composition analysis of granules in the tpk3Δ
strain revealed an inherent similarity to SGs induced by sodium azide, heat shock or ethanol

stress [19]; [20]; [4]; [9]. Given that both the process of translational inhibition and the compo-

sition of mRNP granules evoked by mild and severe heat stress appear to be different [4], we

PKA and heat stress translation
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wondered whether distinct Tpk isoforms might be differentially involved in delineating the

cellular response to varying stress stringency.

In keeping with this idea, we find in this work that PKA subunits localize differently

depending on the severity of heat stress. After a mild heat stress, Tpk2 re-localizes from the

nucleus to the cytoplasm, while Tpk3 localizes to cytoplasmic foci which do not resemble

canonical SGs or PBs. In contrast, under severe heat stress conditions, both Tpk2 and Tpk3

associate with SGs. Analysis of PB/SG aggregation, global translation and mRNA translational

fitness following severe heat stress suggest that Tpk2 plays a positive role promoting mRNA

translation, whereas Tpk3 appears to be involved in translational repression.

Materials and methods

Yeast strains, plasmids, media, growth conditions and drug treatments

The strains and plasmids used in this study are listed in S1 Tables. Strains co-expressing

Tpk2-GFP or Tpk3-GFP and Rpg1-RFP were constructed essentially as described [21]. The

primers used in this study are listed in S1 Tables. The gene-specific cassette containing the C-

terminal coding region of RPG1 fused to RFP carrying the natNT2 selectable marker was

amplified by PCR using pYM42 as template and the primers Rpg1-RFP F and Rpg1-RFP R.

The resulting PCR product was transformed into TPK2-GFP and TPK3-GFP strains using the

lithium acetate method and selected in the presence of 200 mg/ml nourseothricin. Integration

at the appropriate locuswas tested by PCR using the primers: Tif32+183 F and Nat1158 R. The

constructed strains were analyzed for positive RFP signal by fluorescence microscopy. Expres-

sion of the fusion proteins was tested by immunoblot using anti-Rpg1 antibody. TPK1, TPK2
and TPK3 genes were deleted using a standard homologous recombination based method

[22]. Briefly, a PCR product carrying the URA3 gene flanked by 50bp of the corresponding

deletion target gene was transformed into strains carrying Rpg1-RFP Dcp2-GFP or Rpg1-RFP

Pab1-GFP. The primers used for the amplification were: Tpk1-URA For and Tpk1-URA Rev,

or Tpk2- URA For and Tpk2-URA Rev, or Tpk3-URA For and Tpk3-URA Rev. Deletions

were verified using a standard PCR strategy.

Strains were grown on rich medium containing 2% bactopeptone, 1% yeast extract and 2%

glucose (YPD). Synthetic defined medium containing (SD): 0.67% yeast nitrogen base without

amino acids, 2% glucose, plus the necessary additions to fulfil auxotrophic requirements was

used to maintain the selectable plasmids. Solid media contained 2% agar. Cells were grown

until exponential phase at 30˚C (OD600 0.4–0.6). Heat shock treatment was performed on

exponential cells for 30 minutes at 37˚C or 10 minutes at 46˚C. For the cycloheximide treat-

ment, cells were grown to exponential phase, treated with 100 μg/ml cycloheximide for 10

minutes at 30˚C before heat shock treatment. Cell viability was verified by serial dilution analy-

sis on SD plates, which were incubated for 48 hours at 30˚C before photography (S2 Fig).

Fluorescence microscopy

For fixed-time epifluorescence microscopy, cells were fixed with 3.7% formaldehyde in PBS

buffer. For nuclear staining, cells were resuspended in 0.05% Triton X-100 plus 1 μg/ml DAPI

(4,6-diamidino-2-phenylindol) for 30 min. 3 μl of cell suspension were applied to poly-lysine-

coated glass slides. Confocal images were taken at room temperature by a microscope Olym-

pus FV300 with objective Plan APO 60X, and the images were acquired using Flow View soft-

ware (FBMC Department, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos

Aires, Argentina). The images were processed using Image J (National Institutes of Health)

and Adobe Photoshop CS5 software. Representative cells are shown from independent cul-

tures as indicated in each figure. Two categories of localization were distinguished: N>C cells

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 3 / 22

https://doi.org/10.1371/journal.pone.0185416


with nuclear fluorescence stronger than cytoplasmic fluorescence (nuclear to cytoplasm ratios

of the signal >1.5) and N = C cells with fluorescence evenly distributed over nucleus and cyto-

plasm (nuclear to cytoplasm ratios of the signal�1.5). The data were represented as % of

nuclear GFP signal. Granules of approximately 0.8 μm diameter were counted in >100 cells.

For clarity the images shown are single Z-sections.

Crude extracts and immunoblotting

Whole cell lysates for immunoblot analysis with various antibodies were prepared according

to a protocol described elsewhere [23]. Proteins resolved by SDS-PAGE were transferred to

Protran (GE Healthcare Life Sciences) nitrocellulose membranes. The membrane blots were

blocked with 5% non-fat dried milk and incubated overnight with primary antibodies. The

antibodies used were: rabbit anti-Rpg1, eIF4E, eIF4G, mouse anti-Pab1 from [8], goat anti-

Pyk (Rockland, USA), rabbit anti-GFP was a gift from M. Monte (University of Buenos Aires,

Buenos Aires, Argentina), rabbit anti-Rps3 and Rpl35 were gifts from M. Pool (University of

Manchester, Manchester, UK). Secondary antibodies used were horseradish peroxidase-conju-

gated secondary anti rabbit HRP and anti mouse HRP (Sigma).

Analysis of protein composition in SG enriched fractions

Granule-enriched fractions were prepared as described previously [4]. Heat shock treated wild

type cells expressing Tpk2-GFP or Tpk3-GFP and tpk3Δ mutant cells expressing Tpk2-GFP

were harvested, washed and re-suspended in lysis buffer containing: 50 mM Tris-HCl (pH

7.6), 50 mM NaCl, 5 mM MgCl2, 0.1% NP-40, 1 mM β-mercaptoethanol and 1 tablet/10 ml of

Complete Mini Protease Inhibitor Mix EDTA-free (Roche). Alternatively, after heat stress and

before lysis the cultures were treated with 1% (v/v) formaldehyde during 1 hour on ice-water

bath, followed by 0.1 M glycine addition. When indicated, cultures were treated with cyclohex-

imide, as described above, before the heat stress. Cells were lysed by disruption with glass

beads at 4˚C for 25 minutes. Cell debris was pelleted at 2000 xg for 10 minutes at 4˚C. An ali-

quot of the supernatant was used for immunoblot, the rest was centrifuged at 10000 xg for 10

minutes at 4˚C. Supernatants (cytoplasmic fraction) and pellets (granular fraction) were ana-

lyzed by immunoblotting for the presence of translation factors, Tpk2-GFP or Tpk3-GFP and

Pyk1 protein.

Ribosome co-sedimentation analysis

Sucrose density gradients were performed as described previously [24]. Briefly, cells were

grown to exponential phase and heat shocked for 10 minutes at 46˚C. 10 μg/ml cycloheximide

was added and cells were lysed with glass beads. Three A260 units of pre-cleared lysate were

loaded onto 15–50% linear sucrose gradients. After centrifugation for 2.5 hours at 40.000 rpm

using SW41Ti rotor (Beckman), the gradients were fractionated from the top. The A254 was

measured continuously using an ISCO UA6 gradient collection apparatus. A total of 15 x 0.5

ml fractions were collected across the sucrose gradients. Proteins were precipitated with 10%

trichloroacetic acid, washed twice with acetone, resuspended in Laemmli buffer and used for

immunoblotting.

qRT-PCR

RNA was extracted from the collected fractions using a standard Trizol Reagent (Life Technol-

ogies, Carlsbad, CA) protocol and resuspended in 20 μl DEPC treated water. 10 ng of a Lucif-

erase mRNA control (Promega) was added to each fraction prior to RNA extraction to control

PKA and heat stress translation
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for any influence variable concentrations of RNA might have during the RNA isolation and

reverse transcription reactions. Monosomal or polysomal fractions were pooled together.

DNA was eliminated using DNAse (Promega). Aliquots of RNA (~10 μg) were reverse-tran-

scribed into single-stranded complementary cDNA using an oligo-dT primer, random primers

and M-MLV Taq RT (Promega). For quantitative Reverse Transcriptase (qRT) PCR experi-

ments, primer pairs were designed as presented in S1 Tables. The PCR products were visual-

ized using SYBR Green. Samples were run in triplicate. The proportion of each mRNA within

a polysomal fraction was normalised to the Luciferase mRNA control. Once normalised, the

total signal for a given mRNA across each fraction of the gradient was determined. Transla-

tional activity change was calculated as [(Pfraction 46˚C/Mfraction 46˚C)/(Pfraction 30˚C/Mfraction

30˚C)] ratio for each mRNA analyzed.

Kinase assay

Wild type cells expressing GFP-Tpk1-His6, GFP-Tpk2-His6 or GFP-Tpk3-His6 were grown in

SD medium at 30˚C and then shifted to 46˚ C during 10 minutes. Purification of His-tagged

Tpk was performed as described previously [25]. Protein kinase activity was assayed on puri-

fied Tpk. The kinase activity reaction was started by mixing the samples with assay mixture

containing 0.15 mM ATP, 1300 dpm.pmol-1 and 0.8 mM kemptide [23]. After 30 min at 30˚C

aliquots were processed according to the phosphocellulose paper method [26]. Protein kinase

assays were linear with time and the different protein amounts of each sample.

Results

Differential localization of PKA subunits depending on the severity of the

heat stress

Regulatory and catalytic subunits of PKA localize to the nucleus, cytoplasm or SGs/PBs

depending on a range of external factors including the carbon source, nutrient availability,

osmotic conditions or entry into stationary phase [27]; [18]; [19]; [28]. Here we study how

PKA subunits localization is affected by moderate and severe thermal stress.

We chose 37˚ C for 30 minutes and 46˚ C for 10 minutes as moderate and severe thermal

stress respectively based on: a) translational response to severe heat stress (10 minutes at 46˚C)

was already very well characterized [4], [29], [30]; b) exposure of the cells to 30 minutes at

46˚C drastically decreased cell viability (cell viability was verified by a spot assay of serial dilu-

tions on agar plates, S2 Fig), c) availability of transcriptome and mRNA translation correlation

data is available in cells submitted to a moderate thermal stress of 30 min at 37˚C [3]; an inhi-

bition of translation has been described [31] under this condition as well a greater difference

in the localization of Tpk2 and Tpk3 (our own results).

For this, strains expressing chromosomally tagged Bcy1-GFP, Tpk1-GFP, Tpk2-GFP or

Tpk3-GFP were grown to exponential phase in glucose at 30˚C and then shifted to 37˚C for 30

minutes (mild heat stress) or to 46˚C for 10 minutes (severe heat stress). Fig 1A and 1B show

that the regulatory subunit, Bcy1-GFP, remained localized mainly in the nucleus under both

heat stress conditions (80% nuclear). In contrast, we observed that Tpk1, Tpk2 and Tpk3 cata-

lytic subunits showed different subcellular localization dependent upon the heat stress severity.

Tpk1-GFP showed a mixed nuclear-cytoplasmic localization both at 30˚C and 37˚C (54%

nuclear and 48% nuclear respectively). In contrast, after severe heat stress, nuclear Tpk1 levels

decreased dramatically (5% nuclear) with a concomitant increase in cytosolic levels (Fig 1A

and 1B). Tpk2 also relocated from the nucleus to the cytoplasm when cells were shifted from

30˚C (78% nuclear) to 46˚C (20% nuclear), although for Tpk2 even a mild heat stress (37˚C)

PKA and heat stress translation
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treatment was sufficient to trigger the same drastic effect. In addition, while as a response to

mild heat stress Tpk2-GFP exhibited a homogeneous cytoplasmic distribution, after exposure

to 46˚C, Tpk2-GFP localized to cytoplasmic foci (Fig 1A and 1B). Tpk3-GFP also localized to

cytoplasmic foci upon both mild and severe heat stress. Indeed, mild stress elicited a higher

number of Tpk3-GFP granules per cell than severe heat stress (Fig 1A and 1B). The alterations

in localization were not linked to changes in overall expression levels of Tpk1-GFP, Tpk2-GFP

and Tpk3-GFP, as levels of protein were unchanged in response to the different severities of

thermal stress (S1A Fig).

These results suggest that the subcellular localization of the catalytic subunits of PKA is dif-

ferentially regulated in response to changing temperature conditions, and that for Tpk2 and

Tpk3 in particular, the degree of accumulation in cytoplasmic foci is dependent on the

strength of the heat stress.

Fig 1. PKA catalytic subunits show a different subcellular localization upon mild and severe heat stress. (A)

Subcellular localization of Bcy1-GFP, Tpk1-GFP, Tpk2-GFP or Tpk3-GFP in exponentially growing cells (30˚C) and after

heat stress at 37˚C 30 minutes or 46˚C 10 minutes visualized by fluorescence microscopy. Cell nuclei were stained with

DAPI. The left graph shows the % of nuclear GFP signal. Values are mean +/- SEM, n = 3. * p < 0.05 Tpk1-GFP 30˚C

versus 46˚C; Tpk2-GFP 30˚C versus 37˚C and 46˚C; Tpk3-GFP 30˚C versus 37˚C and 46˚C (ANOVA Bonferroni post-

test). (B) The panels show representative images. Numbers inside each photo indicate total granules/100 cells for each of

the conditions tested. The arrows show granular localization in the merge channel. Values are mean +/- SEM, n = 3. *
p < 0.05 Tpk2-GFP 30˚C versus 46˚C; Tpk3-GFP 30˚C versus 37˚C and 46˚C (ANOVA-Tukey HSD test).

https://doi.org/10.1371/journal.pone.0185416.g001
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Tpk2 and Tpk3 associate with PBs and SGs under heat stress

To further characterize the Tpk3 and Tpk2 foci observed after heat stress, we performed co-

localization experiments with PB and SG marker proteins (Fig 2A). We used strains expressing

Tpk2-GFP or Tpk3-GFP; and Dcp2-RFP (as a marker for PBs), or eIF4E-RFP, or Rpg1-RFP

(as markers for SGs). Cells were subjected to mild (37˚C) or severe (46˚C) heat stress and sub-

cellular co-localization was analyzed.

For the Tpk2-GFP and Tpk3-GFP granules that were induced by severe heat stress a partial

overlap was observed with the markers for SGs (40–50% overlap) (Fig 2A). However, for

Tpk3-GFP granules induced by mild thermal stress, virtually no overlap was observed with

Dcp2, eIF4E or Rpg1. Therefore, it seems unlikely that the Tpk3-GFP granules formed under

these conditions are either PBs or SGs. To further evaluate the connection between these

Tpk3-GFP granules induced by mild heat stress and translational control, we tested whether

the aggregation of Tpk3 observed at 37˚C is dependent on translation inhibition (Fig 2B). A

pretreatment of cells with cycloheximide causes polyribosome stalling on mRNAs preventing

the formation of both SGs and PBs in response to stress [32]; [7]; [4]. Similar to the SGs evoked

by heat stress, no Tpk3 foci were observed in mild heat stressed cells pre-treated with cyclohex-

imide, suggesting that Tpk3 accumulation in foci is due to the inhibition of translation in

response to the heat stress. As previously described [31], our experimental mild stress condi-

tions 30 minutes at 37˚C inhibits translation.

Equally, the Tpk2 and Tpk3 granules observed following severe heat stress did not form if

the cells were pretreated with cycloheximide, consistent with the partial overlap with SG com-

ponents described above.

In order to explore the composition of granules induced by the different severities of heat

stress, we performed a biochemical analysis on granule-enriched fractions obtained after a dif-

ferential centrifugation of unstressed or heat-stressed cells expressing Tpk2-GFP or Tpk3-GFP

(Fig 2C). The overall levels of a number of translation initiation factors, as well as Tpk2 and

Tpk3 were unchanged after the heat stress treatment (S1B Fig). As pre-treatment with cyclo-

heximide prevents formation of SGs evoked by heat stress (Fig 2B), cycloheximide pre-treat-

ment also prevented the enrichment of translation factors into the granule-enriched fraction

(S1C Fig). Granules from cells exposed to moderate thermal stress were enriched for eIF4G,

Pab1 and, to a lesser extent eIF4E (bars 30˚C versus 37˚C). No enrichment of eIF3 subunits

(Rpg1), ribosomal subunits (Rps3 and Rpl35) or PKA catalytic subunits (Tpk2 and Tpk3) was

observed. Pyk1 (a glycolytic enzyme) was used as a control for the absence of cytoplasmic con-

tamination in the pellet fractions and, as expected, was only detected in the supernatant frac-

tions. Therefore, as judged from the composition of the granules produced under mild

thermal stress conditions, it appears that the translational arrest is not leading to aggregates

that carry the ribosomal subunits or eIF3 complex. This is similar to what has been observed

for glucose starvation, where eIF4E, eIF4G, Pab1 and certain RNA binding proteins, but not

eIF3 or the ribosomal subunits, form EGP-bodies as a form of SGs in a kinetically distinct

manner to the production of PBs [8].

It is noteworthy that the degree of enrichment for the Tpk3 protein in granule fractions is

higher under severe heat stress than under mild conditions (Fig 2C bars 46˚C versus 37˚C),

whereas from the fluorescence microscopy it can be observed that the Tpk3 granules were sim-

ilar regardless of the severity of thermal stress (Fig 1B). One possible explanation is that the

Tpk3 granules formed at 37˚C are labile and a proportion does not survive the fractionation

procedure. Therefore, to stabilize interactions between Tpk3 and mRNP granules, we per-

formed formaldehyde crosslinking treatment post heat stress. As shown in Fig 2C, an enrich-

ment of Tpk3 in the granule fraction was observed under these conditions. This result suggests

PKA and heat stress translation
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Fig 2. Characterization of Tpk2 and Tpk3 granules evoked during mild and severe thermal stress. (A) Cells co-expressing Tpk2-GFP or Tpk3-GFP

and Rpg1-RFP or eIF4E-RFP and Tpk3-GFP and Dcp2-RFP were grown to exponential phase (30˚C) and then incubated at 46˚C for 10 minutes or 37˚C for

30 minutes. Co-localization was determined by confocal microscopy. Arrows indicate Tpk-GFP granular localization and merge. Lower graphs show the

PKA and heat stress translation
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that the nature of the Tpk3 interaction with mRNP granules is quite labile under mild heat

stress conditions.

Consistent with the microscopy and the cycloheximide results presented above, the bio-

chemical analysis of granule fractions after severe heat stress indicates that eIF4E, eIF4G, Pab1,

Rpg1 and Rps3 are enriched, whereas Rpl35 is not present in the granular fraction after 46˚C

treatment. These results are in agreement with previous descriptions of robust heat shock pro-

moting the formation of yeast SGs containing both eIF3 and the 40S ribosomes [4]. Moreover,

we observed that both Tpk3 and Tpk2 co-fractioned with these severe heat stress granules (Fig

2C). Overall, the results from this section indicate that Tpk2 and Tpk3 localize to SGs evoked

by severe heat stress, but following mild heat stress only Tpk3 localizes in a more labile manner

to granules harboring the eIF4G, Pab1p and eIF4E translation initiation factors.

To further characterize the mechanism by which Tpk2 and Tpk3 localize into heat stress

evoked foci, we performed experiments employing strains expressing kinase dead tpk2
(tpk2dead-GFP) or kinase dead tpk3 (tpk3dead-GFP) and Dcp2-RFP (as PB marker) (Fig 3).

Mutants and wild type cells were subjected or not to severe heat stress. After severe heat stress,

kinase dead tpk2-GFP was not accumulated, indicating that Tpk2 activity is required for its

association with Dcp2 granule evoked by severe heat stress. The strain carrying Tpk3 kinase

dead version showed significant aggregation of Dcp2-RFP even at optimal temperature, simi-

lar to that observed in tpk3Δ strain [19]. Dcp2 granule localization of mutant tpk3dead-GFP

increased in response to severe heat stress, showing that Tpk3 activity is not required for its

accumulation in response to heat stress.

To directly examine Tpks kinase activity under the unstressed and severe heat stress condi-

tions, we performed an in vitro PKA kinase assay (S1G Fig). The kinase activity of each puri-

fied Tpk was similar pre and post heat stress. These results suggest that heat stress did not

affect intrinsic Tpk catalytic activity.

Tpk2 and Tpk3 play different roles in SGs and PBs aggregation in

response to severe heat stress

Previously it has been described that severe heat stress resulted in the formation of foci con-

taining: mRNA, Rpg1, eIF4G2, Pab1, Ngr1, Pub1, 40S ribosomal subunits and also typical PBs

protein such as Dcp2 [4]. However, an intermediate level of heat stress induced the aggrega-

tion of the mRNA decapping enhancer and PB marker Edc3 [5]. Since Tpk2 and particularly

Tpk3 activity are required for the dynamic assembly of PBs and SGs in response to glucose

starvation [19], we evaluated the role of each PKA catalytic subunit in the localization of a

number of translation and mRNA decay factors. To this end, we constructed strains deleted

for each TPK gene that express proteins marking SGs (Pbp1-GFP, Pab1-GFP and Rpg1-RFP)

and PBs (Edc3-RFP and Dcp2-GFP). In wild type cells exposed to severe heat stress, Pbp1,

Pab1, Rpg1, and Dcp2 all showed significant localization to granules in terms of the number of

granules observed per 100 cells (Fig 4A, WT panels 30˚C versus 46˚C). Granules were observed

quantitation of Tpks, Dcp2, Rpg1, eIF4E and merge granules/100 cells under each thermal stress condition. Values are mean ± SEM, n = 3. * p < 0.05

Tpk3-GFP versus Tpk3-GFP/Dcp2-RFP merge; Tpk3-GFP versus Tpk3-GFP/Rpg1-RFP merge; Tpk3-GFP versus Tpk3-GFP/eIF4E-RFP merge at 37˚C

(ANOVA-Tukey HSD test). (B) Effect of cycloheximide on the Tpk2 and Tpk3 assembly on heat stress evoked SGs. Cells co-expressing Tpk2-GFP or

Tpk3-GFP and eIF4E-RFP were pre incubated or not with cycloheximide 100 μg/ml for 10 minutes before heat stress (CHX). Tpk2-GFP and Tpk3-GFP

granule formation was analyzed as described in A. (C) Biochemical analysis of Tpk2 and Tpk3 granules evoked by heat stress. Wild type cells expressing

Tpk2-GFP or Tpk3-GFP were grown to exponential phase in YPD and subsequently incubated at 30˚C, 37˚C for 30 minutes or 46˚C for 10 minutes. When

indicated, cells expressing Tpk3-GFP incubated at 30˚C or 37˚C 30 minutes were subsequently cross-linked by treatment with 1% (v/v) formaldehyde.

Representative blots are shown. The results for the translation markers in Tpk2-GFP cells or Tpk3-GFP cells were similar. Right graph shows the ratio P/S of

the abundance of each protein determined by densitometric quantification of the bands. Values are mean ± SEM, n = 2.

https://doi.org/10.1371/journal.pone.0185416.g002
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for Edc3, but the difference with unstressed cells was not significant. The tpk1Δmutant strain

exhibited, after heat stress, a profile of protein aggregation similar to the one of the wild type

strain (Fig 4A, tpk1Δ panels).

For the tpk2Δ strain, after severe heat stress an even higher degree of aggregation was

observed for the SG and PB marker proteins compared to wild type (Fig 4A, tpk2Δ panels). In

addition, in this strain the Pab1 granules in particular are larger when compared to those

observed in wild type cells as verified by size measurements of Pab1-GFP granules (S1F Fig).

Furthermore, a significant number of Edc3 containing granules were observed even in

unstressed exponential growth conditions. These results suggest that Tpk2 activity negatively

regulates SGs/PBs aggregation in cells.

The tpk3Δmutant cells also exhibited changes in SGs/PBs aggregation. In keeping with our

previous results [19], exponentially growing tpk3Δmutant cells exhibited a high number of

Dcp2 containing granules. Also in unstressed conditions, we observed a small increase in the

basal level of Rpg1 and Pbp1 containing granules, while Pab1 and Edc3 showed a diffuse cyto-

plasmic distribution (Fig 4A, tpk3Δ 30˚C panels). After severe heat stress, the number of Pab1

and Rpg1 containing granules increased in comparison with similarly stressed WT cells, while

Pbp1 and Dcp2 containing granules remained unchanged. As in WT cells, Edc3 remained dif-

fusely distributed in the cytoplasm in stressed tpk3Δmutant cells (Fig 4A, tpk3Δ 30˚C versus
46˚C), in agreement with previous studies that indicate that Edc3 as well as Lsm4 are not

required for Dcp2 accumulation upon severe heat shock [4].

An intriguing consideration is whether the absence of Tpk3 allows other granule associated

catalytic subunits of PKA, such as Tpk2, to become more heavily associated with any mRNP

granules. Therefore, while the constitutive translation initiation factor containing granules

observed under non-stress conditions in the tpk3Δ strain do not contain Tpk2, this PKA sub-

unit does accumulate in the granules observed after severe heat stress in a similar manner to

the wild type strain (Fig 4B). These changes in the subcellular distribution of Tpk2-GFP and

translation factors in a tpk3Δ background upon heat shock were further evaluated in granule-

enriched fractions. In contrast to WT cells and in agreement with the microscopy results (Fig

4A and 4B), the granule-enriched fraction from unstressed tpk3Δ cells shows a high level of

translation factors, such as Rpg1 and eIF4G (Fig 4C). After heat stress Tpk2-GFP was found in

the granule fraction for both WT and tpk3Δ strains, as expected from the microscopy results

(Fig 4B).

Fig 3. Characterization of kinase dead tpk2 and tpk3 granule localization evoked by severe heat stress. Cells co-expressing Tpk2-GFP,

tpk2dead-GFP, Tpk3-GFP or tpk3dead-GFP and Dcp2-RFP were subjected to severe heat stress as described in Fig 2A. Co-localization was

determined by confocal microscopy. Arrows indicate Tpk-GFP granular localization and merge.

https://doi.org/10.1371/journal.pone.0185416.g003
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Overall, these results suggest that the TPK3 gene deletion promotes the formation of abnor-

mal granules that contain several translation factors under non-stressed conditions, and that

this granule is remodeled in response to heat stress acquiring Tpk2.

Tpk2 and Tpk3 have different roles in translational regulation following

severe heat stress

As described above, deletion of TPK2 or TPK3 genes differentially affects the aggregation of

several translation factors upon severe heat stress. To analyze the role of Tpk1, Tpk2 and Tpk3

in translational regulation, we studied the distribution of translation factors across polysome

profiles in the tpk1Δ, tpk2Δ and tpk3Δ mutant strains. Deletion of TPK1, TPK2 or TPK3 indi-

vidually did not affect translation factor protein levels (S1B Fig). As expected from previous

studies, wild type cells subjected to severe heat stress exhibited an increase in the 80S mono-

some peak with a concomitant decrease in polysomes indicative of an inhibition of translation

initiation [4] (Fig 5A). The translation factors eIF4G, Pab1, Rps3 and Rpl35 were detected in

polysomal fractions in unstressed conditions (30˚C), as described previously [33]. For the

translation factors associated with mRNA selection to be translated, eIF4G and Pab1, the poly-

some association likely reflects initiation events occurring on mRNAs that are already being

translated by multiple ribosomes. After heat stress, ribosomal proteins Rps3 and Rpl35, as well

as eIF4G and Pab1 relocate to the monosomal and submonosomal fractions (Fig 5A, S1E Fig).

Similar polysomal profile and fractional distribution of translational factors between tpk1Δ
mutant strain and wild type cells were observed (S1D and S1E Fig). The polysomal profile

obtained from wild type cells was similar to those presented in Fig 5.

For the tpk2Δ mutant strain in unstressed condition, the polysome profile was similar to

that observed in wild type cells, while under heat stressed conditions the change in polysome

to monosome ratio was more pronounced in the tpk2Δ mutant than in wild type cells. No

major differences in fractional distribution of translation factors were observed (Fig 5B, S1E

Fig).

Deletion of TPK3 drastically altered the response to stress in terms of translational activity

and sedimentation patterns of the analyzed translational factors in a way opposite to TPK2
(Figs 5C and S1E). Under normal growth conditions, tpk3Δ strain showed a marked increase

in the eIF4G and Pab1 levels associated with submonosomal fractions in comparison with wild

type cells. Most strikingly, the tpk3Δmutant strain exhibited a weaken polysome/monosome

area ratio reduction in response to heat stress. The pattern of translation factor fractionation

across the polysome profile was almost unchanged in response to severe heat stress. Therefore,

in the tpk3Δmutant following severe heat stress, there was an impaired translation arrest and,

possibly as a result, a lack of translation factors re-localization. Similar to the result for tpk3Δ,

deficiencies in PKA activity have previously been shown to dramatically reduce the level of

inhibition of translation observed after other stresses, such as glucose depletion [24]. However,

Fig 4. PKA catalytic subunits differentially affect the SGs and PBs aggregation in response to severe heat stress.

(A) Wild type (WT), tpk1Δ, tpk2Δ and tpk3Δ expressing Pbp1-GFP, Edc3-RFP, Dcp2-RFP, Pab1-GFP or Rpg1-RFP were

grown to exponential phase in YPD (30˚C) and incubated at 46˚C during 10 minutes. PBs and SGs aggregation were

analyzed by fluorescence microscopy. The arrows show granular localization. The graph shows the amount of granules/

100 cells. Bars represent the mean ± SEM, n = 3. * p < 0.05, 30˚C versus 46˚C; # p < 0.05, tpk2Δ 46˚C or tpk3Δ 46˚C

versus WT 46˚C; & p < 0.05, Edc3 tpk2Δ versus Edc3 WT 30˚C; ^ p < 0.05, Pbp1, Rpg1, Dcp2 tpk3Δ versus Pbp1, Rpg1,

Dcp2 WT 30˚C (ANOVA Bonferroni post-test). tpk3ΔRpg1-RFP panel results from a montage of images. (B) WT and

tpk3Δmutant cells expressing Tpk2-GFP and eIF4E-RFP were incubated at 46˚C for 10 minutes. Tpk2-GFP and

eIF4E-RFP co-localization was analyzed by confocal microscopy. (C) Tpk2-GFP enrichment in granular fractions was

analyzed as described in Fig 2. Representative blots are shown. The graph shows the ratio P/S of the abundance of each

protein determined by densitometric quantification of the bands. Values are mean ± SEM, n = 2.

https://doi.org/10.1371/journal.pone.0185416.g004
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the deficient mutant phenotype used were considerably more severe than those used here.

Indeed, when single TPK1, TPK2 or TPK3 gene deletion strains were tested under glucose

depletion conditions, little or no deficiency in the translational inhibitory response was

observed [19].

Given the differences observed at the global translational level in the TPK2 and TPK3
mutants, we chose to delve deeper into the question as to whether the translational response to

severe heat stress was altered for a range of specific mRNAs that respond differently in terms

Fig 5. Tpk2 and Tpk3 show an opposite role in translational arrest in response to severe heat stress.

Polysomal profile analysis and immunoblots of 15–50% sucrose gradient fractions from WT (A), tpk2Δ and

tpk3Δ cells grown to exponential phase in YPD (30˚C) and subjected to severe heat stress (46˚C for 10

minutes). Free, monosome and polysome regions are indicated over the polysome profile. The numbers

represent the polysome/monosome area ratio (mean +/- SEM, n = 3). * p < 0.05 WT and tpk2Δ 30˚C versus

46˚C; # p < 0.05 tpk3Δ versus WT and tpk2Δ 46˚C (ANOVA Bonferroni post-test). Quantification of translation

factors in monosome fraction (M) and polysome fraction (P) are shown in S1E Fig.

https://doi.org/10.1371/journal.pone.0185416.g005
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of their translational response to heat shock. We chose to study the ENO2, CYC1,HSP30 and

HSP42 genes, as after heat stress, these genes/mRNAs are altered either in their abundance

(transcription rate and mRNA stabilization) or at the translational level [1], [34]; [3]; [6]. The

level of these selected mRNAs was assessed using qRT-PCR in wild type, tpk2Δ and tpk3Δ
mutant cells pre and post heat stress (Fig 6A).

ACT1mRNA levels were used as a control to normalize the mRNA targets, as this mRNA is

not altered by thermal stress [35, 36]. In wild type cells subjected to heat stress, each mRNA

showed a different expression profile. Upon severe heat stress, the level of CYC1 andHSP30
mRNAs remained relatively unchanged,HSP42mRNA was heavily induced and ENO2mRNA

levels were reduced dramatically. As described previously [35], deletion of either the TPK2 or

TPK3 genes did not affect significantly the mRNA levels of the analyzed genes in unstressed

conditions (Fig 6A). Furthermore, both tpk2Δ and tpk3Δmutant cells harbored similar levels

of mRNA compared to wild type cells after severe heat stress, suggesting that the Tpk2 and

Tpk3 catalytic subunits of PKA do not impact upon the transcript abundance via regulation at

the level of transcription or mRNA stability for this set of analyzed genes/mRNAs.

However, the global polysome profiles and microscopy described above suggest that Tpk2

or Tpk3 PKA catalytic subunits might also impact upon specific mRNA fate at the level of

translation and/or localization. To evaluate the translational response for ENO2,CYC1,HSP30
andHSP42mRNAs, their levels were determined from fractions across a polysomal gradient.

More specifically, gradient sedimentation was used to separate polysomal and monosomal

associated mRNAs before and after severe heat stress and the level of the selected mRNAs were

determined using qRT-PCR. The abundance of each mRNA was measured in polysome and

monosome fractions to give an assessment of the translation state: the ratio of mRNA level in

polysomes to mRNA level in monosomes. This ratio of translation states of stressed and

unstressed cells was taken as a measure of the change in translation activity and defined so in

Fig 6B [33], which depicts this change for each of the mRNAs analyzed. Wild type cells showed

a reduction in the translational activity of both ENO2 andHSP42mRNA, while CYC1mRNA

was less responsive. On the contrary,HSP30mRNA translational activity was dramatically

Fig 6. Tpk2 and Tpk3 affect the translational response to severe heat stress. (A) mRNA expression level was determined by q-RT-PCR on

samples before and after severe heat stress. The value represents mean +/- SEM, n = 2. ACT1 mRNA was used as a control. (B) The RNA

collected from sucrose gradient fractions was pooled into monosome (M) and polysome (P) fractions. The mRNA distribution was analyzed by

qRT-PCR and quantified relative to a luciferase mRNA control. Translational activity change was calculated as described in Materials and

Methods. The values represent mean from two independent samples. The value represents mean +/- SEM, n = 2.

https://doi.org/10.1371/journal.pone.0185416.g006

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 14 / 22

https://doi.org/10.1371/journal.pone.0185416.g006
https://doi.org/10.1371/journal.pone.0185416


increased following severe heat stress. These data parallel what happens forHSP30 and other

heat shock protein mRNAs after nutrient starvation where translation becomes activated fol-

lowing glucose starvation [37]. Therefore, it appears thatHSP30mRNA is an example where

translation is upregulated to facilitate adaptation to stress, even though global translation is

repressed. Deletion of the TPK2 gene promoted a severe reduction in the translational activity

change in response to heat stress for all of the transcripts analyzed, although the general trend

shown by wild type cells was retained (Fig 6B). It is possible that this reduction reflects the

greater level of inhibition that is observed in the global polysome profiles in this null strain

(Fig 4B). In contrast, the tpk3Δmutant strain showed distinct and varied alterations in the

translational activity in response to severe heat stress. With the exception of ENO2mRNA, all

of the other selected mRNAs exhibited changes. For instance, theHSP42mRNA showed a

very high and positive change in translational activity relative to the wild type. In contrast, for

theHSP30mRNA, less change in the translation activity was observed in the TPK3mutant rel-

ative to the wild type.

Thus, it appears that the Tpk2 and Tpk3 isoforms differentially affect translational activity

globally as well as at the level of specific mRNAs, where several different alterations to transla-

tional activity were observed.

Discussion

Differential PKA catalytic subunit localization as a response to heat

stress stringency

Different PKA subunits have been shown to display diverse subcellular localizations depending

on the quality of the carbon source, level of glucose, degree of osmotic stress and in stationary

phase [27]; [18]; [28]. Moreover, we have shown previously that two of the catalytic subunits of

PKA, Tpk2 and Tpk3, accumulate in PBs and SGs in response to glucose starvation and in sta-

tionary phase [18]; [19]. In this study, we demonstrate that the subcellular localization of the

catalytic subunits and the regulatory subunit of PKA is differentially controlled by thermal

stress. Tpk1 re-localizes from the nucleus to the cytoplasm after severe heat stress, whereas

Tpk2 and Tpk3 subunits show different granular localization patterns according to the severity

of the thermal stress. Our observations contribute to the concept that different severities of the

same stress induce distinct cellular responses, and highlight a potential role for different iso-

forms of PKA in these distinctions.

The granular localization of Tpk2 and Tpk3, evoked by heat stress, was not observed if cells

were pre-treated with cycloheximide. This indicates that, similar to PBs and SGs, the Tpk3 foci

induced by mild heat stress, and the Tpk2 and Tpk3 foci evoked by severe heat stress are

dependent on the repression of translation initiation. This raises the question as to the nature

of the relationship between these Tpk foci and PBs/SGs. SGs, in particular, vary composition-

ally according to the stress that causes their accumulation. For instance, glucose starvation

causes the formation of EGP-bodies, a form of yeast stress granules that contain eIF4E, Pab1

and eIF4G as well as some RNA binding proteins; whereas, severe heat stress and ethanol stress

have been characterized as being correlated with the formation of stress granules harboring

these same factors together with eIF3 and the 40S ribosomal subunit. So while EGP-bodies

appear to resemble the mRNA granules that are induced by ischemia in neurons [38], the yeast

stress granules formed upon severe heat stress are more akin to classical mammalian stress

granules [39].

In this study, upon mild heat stress eIF4G, Pab1 and eIF4E were enriched in granular frac-

tions. This suggests that mild heat stress could exert a translational arrest resembling the one

evoked by glucose depletion and leading to a mRNP granule comparable to an EGP body [8].
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In response to severe heat stress, granule enriched fractions did not contain Rpl35 -a compo-

nent of 60S ribosomal subunit- but contained translation factors from the pre-initiation com-

plex including eIF3 and the 40S ribosomal subunit. These results support previous reports that

demonstrate that the translational arrest after a severe heat stress occurs at the 48S complex

level [4]. We here describe for the first time, that Tpk2 and Tpk3 colocalize with SGs induced

by severe heat stress. This adds to a growing list of connections that have been discovered

between signaling pathways and SGs [39].

In response to heat stress, localization of Tpk2 was dependent on its catalytic activity while

the one of Tpk3 was not, suggesting that each catalytic subunit might have different mecha-

nisms of aggregation in response to severe heat stress. This would be different to the mode of

aggregation in response to glucose starvation [19], indicating that the same catalytic subunits

could be subjected to different aggregation mechanisms depending on the stress conditions.

A range of different signaling molecules, such as protein kinases, phosphatases, GTPases

and ubiquitin modifying enzymes localize to SGs. For instance, components of the TORC1

complex are sequestered to SGs upon heat stress, controlling TORC1 reactivation during

recovery of cells from heat stress [40]. Under certain stress conditions, the multi-functional

adaptor RACK1 is sequestered in SGs in order to prevent p38/JNK1 signaling and the activa-

tion of apoptosis [41]. Similarly, activated RhoA GTPase and its downstream kinase ROCK1,

which signal JNK-mediated apoptosis, are sequestered into stress granules to prevent this pro-

cess [42]. Thus, the punctate localization of Tpk2 and Tpk3 in cells exposed to 37˚C or 46˚C

could represent a mean to sequester specific isoforms of the kinase such that cytosolic activity

of some isoforms is limited, while others are active. Alternatively, given recent evidence on the

role of liquid phase transition in signaling [43] and cytosolic RNP granule formation [44], it is

possible that SGs might represent regions where the activity of enzymes or processes are con-

centrated. Hence, another overlapping possibility to sequestration is that the activity of specific

isoforms of PKA might be restricted to targets within the granules.

Tpk2 and Tpk3 role in translational response evoked by thermal stress

We have already reported that TPK3 or TPK2 deletions affect the capacity of cells to form gran-

ules and inhibit translation in response to glucose starvation or in stationary phase [19]. Here

we have found that the deletion of TPK2 or TPK3—but not TPK1- had differential consequen-

cies on the formation of SGs/PBs evoked by thermal stress. Deletion of the TPK2 gene caused

an increase in the number and size of SGs and PBs in comparison to wild type cells upon

severe heat stress. In addition, the level of translation inhibition in response to heat stress was

increased when compared to wild type cells, both at the global and mRNA-specific level. These

results suggest that Tpk2 catalytic subunit seems to have a negative role on translational inhibi-

tion, SGs/PBs formation and mRNA translation in response to heat stress.

It has been described that granule-enriched fractions from tpk3Δ mutant cells contain

Rpg1, Rps3, Dcp2, eIF4G, and Pab1 under normal growth conditions, yet ENO2mRNA does

not accumulate to these granules. So deletion of TPK3 appears to give rise to aberrant granules

under normal growth conditions [19]. Further characterization of tpk3Δ mutant cells reveals

that these aberrant granules contain Pbp1 and Rpg1. As noted previously [19], even though

these aberrant granules are present in the cells, the overall polysome profile of exponentially

growing tpk3Δ mutant cells is unaffected. Despite this, the translation factor distribution along

the polysome gradient suggests that deletion of TPK3 promotes a decrease in the level of eIF4G

and Pab1 associated with translating ribosomes. Previous results [19] together with those pre-

sented here, indicate that the deletion of TPK3 could lead to the accumulation of protein com-

plexes containing 48S translation factors under normal growth conditions.
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After heat stress in the tpk3Δmutant strain, the level of granule-localized Pab1 and Rpg1

translation factors increased, while those of Dcp2 and Pbp1 remained similar to those observed

under normal conditions. In addition, for the tpk3Δmutant strain, an impaired global inhibi-

tion of translation was evident following severe heat stress, although an analysis of specific

mRNAs shows that more subtle translational alterations are apparent. Overall, these results

suggest that the Tpk3 catalytic subunit seems to be required for translational inhibition, the

accurate translational regulation of mRNA and the formation of mRNP granules both under

normal growth conditions and in response to heat stress.

The results presented here demonstrate that Tpk2 and Tpk3 localize differently and their

mutants have opposite phenotypes in terms of the translational response to heat stress. Several

reports have shown that kinase isoforms can be differentially regulated or possess opposite

roles. For instance, Akt isoforms can be differentially regulated after stroke-induced neuronal

injury [45] and CK2-dependent phosphorylation contributes to Akt isoform-dependent sub-

strate specificity [46]. Isoforms of GSK3 positively and negatively modulate the expression of

IL-12p40 after stimulation of bovine endothelial cells with peptidoglycan [47]. Precedents also

exist for PKA in Candida albicans, where catalytic PKA isoforms have opposing roles in glyco-

gen metabolism [48] and in S. cerevisiae various regulatory mechanisms are targeted to partic-

ular Tpk isoforms. So while the different S. cerevisiae PKA isoforms can have similar substrate

specificity in vitro [49], several studies suggest that they can have different roles in vivo. For

example, Tpk1 and Tpk2 differentially control iron metabolism [35, 50]. The three catalytic

subunits of PKA play distinct roles in filamentous growth, with Tpk2 serving as an activator

and Tpk1 and Tpk3 functioning as inhibitors [51]. Furthermore, a negative isoform-depen-

dent autoregulatory mechanism has been described that controls the expression of TPK1,

TPK2, TPK3 and BCY1 [52]. In terms of their physical interactions, data available on the Sac-

charomyces Genome Database [53] indicates that Tpk1, Tpk2 and Tpk3 physically interact

with 320, 98 and 114 proteins, respectively, while 87.6% of these proteins interact with only

one of the Tpks. In terms of the varying isoform-specific functions of PKA, the relative locali-

zation of the catalytic subunits appears to play an important role: distinct nuclear-cytoplasmic

localization or PB/SG localizations have been observed for each Tpk in response to different

stimuli such as nutrient availability and hyperosmotic stress [18, 19, 28]. Also, differential

phosphorylation status of each Tpk could contribute to divergence in their catalytic activity

and cAMP-dependent regulation [25, 54].

Overall, our results show that PKA affects the translational response to heat stress, where

each Tpk catalytic isoform appears to have a different role, with Tpk2 and Tpk3 playing nega-

tive and positive roles in the translation response, respectively. The mechanism would not

appear to be the inactivation of enzymatic activity of Tpk2/3 since its intrinsic catalytic activity

is conserved after severe heat stress. Moreover, active Tpk2 molecules are necessary for their

location in SG. We favor a model where depending on the severity of an external stimulus,

such as heat stress, each catalytic isoform of PKA interacts with a complex network of distinct

protein factors and potential substrates. Furthermore, the isoforms may themselves be differ-

entially modified as a consequence of some of these interactions. Therefore, our developing

studies are focused on a global characterization of Tpk-associated protein complexes under

different conditions.

Supporting information

S1 Fig. Protein expression levels and biochemical analysis on granule-enriched fractions

experiments. (A) Expression levels of each PKA subunit under exponential growth (30˚C) or

after heat stress conditions as described in Fig 1A (37˚C or 46˚C) were determined by
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immunoblot with anti-GFP. (B) Expression levels of translation factors in WT, tpk2Δ and

tpk3Δ analysis, western blot from protein extracts obtained from exponentially growth cells

(30˚C) or mild heat stressed (37˚C for 30 minutes) and severe heat stressed (46˚C for 10 min).

The numbers under the blots represent the densitometric quantification relative to the Pyk1

bands. (C) Soluble and granular fractions from a WT strain after severe heat stress with or

without cycloheximide (+CHX or -CHX) treatment before heat stress. The graph shows the

ratio P/S of the abundance of each protein determined by densitometric quantification of the

bands. (D) Polysomal profile analysis and immunoblots of 15–50% sucrose gradient fractions

from tpk1Δ cells grown to exponential phase in YPD (30˚C) and subjected to severe heat stress

(46˚C for 10 minutes). The numbers represent the polysome/monosome area ratio. (E) The

graph shows the % of each translation factor in monosome/free fraction (M/F) and polysome

fraction (P) determined by densitometric quantification of the bands. (F) Pab1-GFP granule

size (μm2) of wild type and tpk2Δ cells after severe heat stress was measured by manual particle

analysis using Image J (National Institutes of Health) for at least 40 cells. The value represents

mean +/- SEM, n = 40. �p< 0.05 (Man-Whitney T test). (G) Upper panel. Protein kinase activ-

ity was assayed in equivalent aliquots of the purified GFP-Tpk1-His6, GFP-Tpk2-His6 or

GFP-Tpk3-His6 samples isolated from wild type cells pre and post heat stress 46˚C 10 minutes.

PKA specific activity of each Tpk was calculated as the total catalytic activity compared with

the amount of purified Tpk-tagged protein quantified by densitometric analysis from equiva-

lent samples subjected to SDS/PAGE followed by immunoblotting with anti-His (lower image,

an asterisk denotes unspecific bands). Total catalytic activity is expressed as U (units) in each

sample defined as pmol kemptide phosphorylated. min-1 under the standard conditions. The

value represents mean +/- SEM, n = 2.

(TIF)

S2 Fig. Cell viability assay. Strains were grown to exponential phase at 30˚C and subjected to

37˚C 30 minutes, 46˚C 10 minutes or 46˚ C 30 minutes. Cell viability was verified by spot

assay.

(TIF)

S1 Tables. Table A. Strains used in this study. Table B. Plasmids used in this study. Table C.

Primers used in this study.

(DOCX)

Acknowledgments

We are very grateful to Dr. J. Hasek, Dr. S. Irniger and Dr. R. Parker for kindly supplying yeast

strains and plasmids. Also, we thank to Dr. L. Castelli for experimental support.

Author Contributions

Conceptualization: Paula Portela.

Formal analysis: Carla E. Barraza, Clara A. Solari, Paula Portela.

Funding acquisition: Silvia Rossi, Mark P. Ashe.

Investigation: Carla E. Barraza, Clara A. Solari, Irina Marcovich, Christopher Kershaw, Fior-

ella Galello, Paula Portela.

Methodology: Carla E. Barraza, Clara A. Solari, Irina Marcovich, Christopher Kershaw, Fior-

ella Galello, Paula Portela.

Supervision: Paula Portela.

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185416.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0185416.s003
https://doi.org/10.1371/journal.pone.0185416


Visualization: Carla E. Barraza, Clara A. Solari, Paula Portela.

Writing – original draft: Clara A. Solari, Silvia Rossi, Mark P. Ashe, Paula Portela.

Writing – review & editing: Silvia Rossi, Mark P. Ashe, Paula Portela.

References
1. Gasch AP, Spellman PT, Kao CM, Carmel-Harel O, Eisen MB, Storz G, et al. Genomic expression pro-

grams in the response of yeast cells to environmental changes. Molecular biology of the cell. 2000; 11

(12):4241–57. PMID: 11102521; PubMed Central PMCID: PMC15070.

2. Gasch AP, Werner-Washburne M. The genomics of yeast responses to environmental stress and star-

vation. Functional & integrative genomics. 2002; 2(4–5):181–92. https://doi.org/10.1007/s10142-002-

0058-2 PMID: 12192591.

3. Preiss T, Baron-Benhamou J, Ansorge W, Hentze MW. Homodirectional changes in transcriptome

composition and mRNA translation induced by rapamycin and heat shock. Nat Struct Biol. 2003; 10

(12):1039–47. https://doi.org/10.1038/nsb1015 PMID: 14608375.

4. Grousl T, Ivanov P, Frydlova I, Vasicova P, Janda F, Vojtova J, et al. Robust heat shock induces eIF2al-

pha-phosphorylation-independent assembly of stress granules containing eIF3 and 40S ribosomal sub-

units in budding yeast, Saccharomyces cerevisiae. J Cell Sci. 2009; 122(Pt 12):2078–88. https://doi.

org/10.1242/jcs.045104 PMID: 19470581.

5. Cowart LA, Gandy JL, Tholanikunnel B, Hannun YA. Sphingolipids mediate formation of mRNA pro-

cessing bodies during the heat-stress response of Saccharomyces cerevisiae. The Biochemical journal.

2010; 431(1):31–8. https://doi.org/10.1042/BJ20100307 PMID: 20629639; PubMed Central PMCID:

PMC3804835.

6. Kanshin E, Kubiniok P, Thattikota Y, D’Amours D, Thibault P. Phosphoproteome dynamics of Saccha-

romyces cerevisiae under heat shock and cold stress. Molecular systems biology. 2015; 11(6):813.

https://doi.org/10.15252/msb.20156170 PMID: 26040289; PubMed Central PMCID: PMC4501848.

7. Buchan JR, Muhlrad D, Parker R. P bodies promote stress granule assembly in Saccharomyces cerevi-

siae. The Journal of cell biology. 2008; 183(3):441–55. https://doi.org/10.1083/jcb.200807043 PMID:

18981231; PubMed Central PMCID: PMC2575786.

8. Hoyle NP, Castelli LM, Campbell SG, Holmes LE, Ashe MP. Stress-dependent relocalization of transla-

tionally primed mRNPs to cytoplasmic granules that are kinetically and spatially distinct from P-bodies.

The Journal of cell biology. 2007; 179(1):65–74. https://doi.org/10.1083/jcb.200707010 PMID:

17908917; PubMed Central PMCID: PMC2064737.

9. Kato K, Yamamoto Y, Izawa S. Severe ethanol stress induces assembly of stress granules in Saccharo-

myces cerevisiae. Yeast. 2011; 28(5):339–47. https://doi.org/10.1002/yea.1842 PMID: 21341306.

10. Grousl T, Ivanov P, Malcova I, Pompach P, Frydlova I, Slaba R, et al. Heat shock-induced accumulation

of translation elongation and termination factors precedes assembly of stress granules in S. cerevisiae.

PloS one. 2013; 8(2):e57083. https://doi.org/10.1371/journal.pone.0057083 PMID: 23451152; PubMed

Central PMCID: PMC3581570.

11. Toda T, Cameron S, Sass P, Zoller M, Wigler M. Three different genes in S. cerevisiae encode the cata-

lytic subunits of the cAMP-dependent protein kinase. Cell. 1987; 50(2):277–87. PMID: 3036373.

12. Beullens M, Mbonyi K, Geerts L, Gladines D, Detremerie K, Jans AW, et al. Studies on the mechanism

of the glucose-induced cAMP signal in glycolysis and glucose repression mutants of the yeast Saccha-

romyces cerevisiae. Eur J Biochem. 1988; 172(1):227–31. PMID: 2831059.

13. Rolland F, De Winde JH, Lemaire K, Boles E, Thevelein JM, Winderickx J. Glucose-induced cAMP sig-

nalling in yeast requires both a G-protein coupled receptor system for extracellular glucose detection

and a separable hexose kinase-dependent sensing process. Mol Microbiol. 2000; 38(2):348–58. PMID:

11069660.

14. Donaton MC, Holsbeeks I, Lagatie O, Van Zeebroeck G, Crauwels M, Winderickx J, et al. The Gap1

general amino acid permease acts as an amino acid sensor for activation of protein kinase A targets in

the yeast Saccharomyces cerevisiae. Mol Microbiol. 2003; 50(3):911–29. PMID: 14617151.

15. Santangelo GM. Glucose signaling in Saccharomyces cerevisiae. Microbiol Mol Biol Rev. 2006; 70

(1):253–82. https://doi.org/10.1128/MMBR.70.1.253-282.2006 PMID: 16524925; PubMed Central

PMCID: PMCPMC1393250.

16. Gray JV, Petsko GA, Johnston GC, Ringe D, Singer RA, Werner-Washburne M. "Sleeping beauty": qui-

escence in Saccharomyces cerevisiae. Microbiol Mol Biol Rev. 2004; 68(2):187–206. https://doi.org/10.

1128/MMBR.68.2.187-206.2004 PMID: 15187181; PubMed Central PMCID: PMCPMC419917.

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 19 / 22

http://www.ncbi.nlm.nih.gov/pubmed/11102521
https://doi.org/10.1007/s10142-002-0058-2
https://doi.org/10.1007/s10142-002-0058-2
http://www.ncbi.nlm.nih.gov/pubmed/12192591
https://doi.org/10.1038/nsb1015
http://www.ncbi.nlm.nih.gov/pubmed/14608375
https://doi.org/10.1242/jcs.045104
https://doi.org/10.1242/jcs.045104
http://www.ncbi.nlm.nih.gov/pubmed/19470581
https://doi.org/10.1042/BJ20100307
http://www.ncbi.nlm.nih.gov/pubmed/20629639
https://doi.org/10.15252/msb.20156170
http://www.ncbi.nlm.nih.gov/pubmed/26040289
https://doi.org/10.1083/jcb.200807043
http://www.ncbi.nlm.nih.gov/pubmed/18981231
https://doi.org/10.1083/jcb.200707010
http://www.ncbi.nlm.nih.gov/pubmed/17908917
https://doi.org/10.1002/yea.1842
http://www.ncbi.nlm.nih.gov/pubmed/21341306
https://doi.org/10.1371/journal.pone.0057083
http://www.ncbi.nlm.nih.gov/pubmed/23451152
http://www.ncbi.nlm.nih.gov/pubmed/3036373
http://www.ncbi.nlm.nih.gov/pubmed/2831059
http://www.ncbi.nlm.nih.gov/pubmed/11069660
http://www.ncbi.nlm.nih.gov/pubmed/14617151
https://doi.org/10.1128/MMBR.70.1.253-282.2006
http://www.ncbi.nlm.nih.gov/pubmed/16524925
https://doi.org/10.1128/MMBR.68.2.187-206.2004
https://doi.org/10.1128/MMBR.68.2.187-206.2004
http://www.ncbi.nlm.nih.gov/pubmed/15187181
https://doi.org/10.1371/journal.pone.0185416


17. Verghese J, Abrams J, Wang Y, Morano KA. Biology of the heat shock response and protein chaper-

ones: budding yeast (Saccharomyces cerevisiae) as a model system. Microbiology and molecular biol-

ogy reviews: MMBR. 2012; 76(2):115–58. https://doi.org/10.1128/MMBR.05018-11 PMID: 22688810;

PubMed Central PMCID: PMC3372250.

18. Tudisca V, Recouvreux V, Moreno S, Boy-Marcotte E, Jacquet M, Portela P. Differential localization to

cytoplasm, nucleus or P-bodies of yeast PKA subunits under different growth conditions. Eur J Cell Biol.

2010; 89(4):339–48. https://doi.org/10.1016/j.ejcb.2009.08.005 PMID: 19804918.

19. Tudisca V, Simpson C, Castelli L, Lui J, Hoyle N, Moreno S, et al. PKA isoforms coordinate mRNA fate

during nutrient starvation. J Cell Sci. 2012; 125(Pt 21):5221–32. https://doi.org/10.1242/jcs.111534

PMID: 22899713; PubMed Central PMCID: PMCPMC3533396.

20. Buchan JR, Yoon JH, Parker R. Stress-specific composition, assembly and kinetics of stress granules

in Saccharomyces cerevisiae. Journal of cell science. 2011; 124(Pt 2):228–39. https://doi.org/10.1242/

jcs.078444 PMID: 21172806; PubMed Central PMCID: PMC3010191.

21. Huh WK, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS, et al. Global analysis of protein

localization in budding yeast. Nature. 2003; 425(6959):686–91. https://doi.org/10.1038/nature02026

PMID: 14562095.

22. Baudin A, Ozier-Kalogeropoulos O, Denouel A, Lacroute F, Cullin C. A simple and efficient method for

direct gene deletion in Saccharomyces cerevisiae. Nucleic Acids Res. 1993; 21(14):3329–30. PMID:

8341614; PubMed Central PMCID: PMCPMC309783.

23. Portela P, Howell S, Moreno S, Rossi S. In vivo and in vitro phosphorylation of two isoforms of yeast

pyruvate kinase by protein kinase A. J Biol Chem. 2002; 277(34):30477–87. https://doi.org/10.1074/jbc.

M201094200 PMID: 12063246.

24. Ashe MP, De Long SK, Sachs AB. Glucose depletion rapidly inhibits translation initiation in yeast.

Molecular biology of the cell. 2000; 11(3):833–48. PMID: 10712503; PubMed Central PMCID:

PMC14814.

25. Haesendonckx S, Tudisca V, Voordeckers K, Moreno S, Thevelein JM, Portela P. The activation loop of

PKA catalytic isoforms is differentially phosphorylated by Pkh protein kinases in Saccharomyces cerevi-

siae. Biochem J. 2012; 448(3):307–20. https://doi.org/10.1042/BJ20121061 PMID: 22957732.

26. Roskoski R Jr. Regional distribution of choline acetyltransferase activity and multiple affinity forms of

the muscarinic receptor in heart. Adv Exp Med Biol. 1983; 161:159–78. PMID: 6346814.

27. Griffioen G, Anghileri P, Imre E, Baroni MD, Ruis H. Nutritional control of nucleocytoplasmic localization

of cAMP-dependent protein kinase catalytic and regulatory subunits in Saccharomyces cerevisiae. The

Journal of biological chemistry. 2000; 275(2):1449–56. PMID: 10625697.

28. Baccarini L, Martinez-Montanes F, Rossi S, Proft M, Portela P. PKA-chromatin association at stress

responsive target genes from Saccharomyces cerevisiae. Biochim Biophys Acta. 2015; 1849

(11):1329–39. https://doi.org/10.1016/j.bbagrm.2015.09.007 PMID: 26403272.

29. Cherkasov V, Hofmann S, Druffel-Augustin S, Mogk A, Tyedmers J, Stoecklin G, et al. Coordination of

translational control and protein homeostasis during severe heat stress. Curr Biol. 2013; 23(24):2452–

62. https://doi.org/10.1016/j.cub.2013.09.058 PMID: 24291094.

30. Cherkasov V, Grousl T, Theer P, Vainshtein Y, Glasser C, Mongis C, et al. Systemic control of protein

synthesis through sequestration of translation and ribosome biogenesis factors during severe heat

stress. FEBS Lett. 2015; 589(23):3654–64. https://doi.org/10.1016/j.febslet.2015.10.010 PMID:

26484595.

31. Meier KD, Deloche O, Kajiwara K, Funato K, Riezman H. Sphingoid base is required for translation initi-

ation during heat stress in Saccharomyces cerevisiae. Mol Biol Cell. 2006; 17(3):1164–75. https://doi.

org/10.1091/mbc.E05-11-1039 PMID: 16381812; PubMed Central PMCID: PMCPMC1382306.

32. Kedersha NL, Gupta M, Li W, Miller I, Anderson P. RNA-binding proteins TIA-1 and TIAR link the phos-

phorylation of eIF-2 alpha to the assembly of mammalian stress granules. The Journal of cell biology.

1999; 147(7):1431–42. PMID: 10613902; PubMed Central PMCID: PMC2174242.

33. Castelli LM, Lui J, Campbell SG, Rowe W, Zeef LA, Holmes LE, et al. Glucose depletion inhibits transla-

tion initiation via eIF4A loss and subsequent 48S preinitiation complex accumulation, while the pentose

phosphate pathway is coordinately up-regulated. Molecular biology of the cell. 2011; 22(18):3379–93.

https://doi.org/10.1091/mbc.E11-02-0153 PMID: 21795399; PubMed Central PMCID: PMC3172263.

34. Shivaswamy S, Iyer VR. Stress-dependent dynamics of global chromatin remodeling in yeast: dual role

for SWI/SNF in the heat shock stress response. Molecular and cellular biology. 2008; 28(7):2221–34.

https://doi.org/10.1128/MCB.01659-07 PMID: 18212068; PubMed Central PMCID: PMC2268435.

35. Robertson LS, Causton HC, Young RA, Fink GR. The yeast A kinases differentially regulate iron uptake

and respiratory function. Proceedings of the National Academy of Sciences of the United States of

America. 2000; 97(11):5984–8. https://doi.org/10.1073/pnas.100113397 PMID: 10811893; PubMed

Central PMCID: PMC18545.

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 20 / 22

https://doi.org/10.1128/MMBR.05018-11
http://www.ncbi.nlm.nih.gov/pubmed/22688810
https://doi.org/10.1016/j.ejcb.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19804918
https://doi.org/10.1242/jcs.111534
http://www.ncbi.nlm.nih.gov/pubmed/22899713
https://doi.org/10.1242/jcs.078444
https://doi.org/10.1242/jcs.078444
http://www.ncbi.nlm.nih.gov/pubmed/21172806
https://doi.org/10.1038/nature02026
http://www.ncbi.nlm.nih.gov/pubmed/14562095
http://www.ncbi.nlm.nih.gov/pubmed/8341614
https://doi.org/10.1074/jbc.M201094200
https://doi.org/10.1074/jbc.M201094200
http://www.ncbi.nlm.nih.gov/pubmed/12063246
http://www.ncbi.nlm.nih.gov/pubmed/10712503
https://doi.org/10.1042/BJ20121061
http://www.ncbi.nlm.nih.gov/pubmed/22957732
http://www.ncbi.nlm.nih.gov/pubmed/6346814
http://www.ncbi.nlm.nih.gov/pubmed/10625697
https://doi.org/10.1016/j.bbagrm.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26403272
https://doi.org/10.1016/j.cub.2013.09.058
http://www.ncbi.nlm.nih.gov/pubmed/24291094
https://doi.org/10.1016/j.febslet.2015.10.010
http://www.ncbi.nlm.nih.gov/pubmed/26484595
https://doi.org/10.1091/mbc.E05-11-1039
https://doi.org/10.1091/mbc.E05-11-1039
http://www.ncbi.nlm.nih.gov/pubmed/16381812
http://www.ncbi.nlm.nih.gov/pubmed/10613902
https://doi.org/10.1091/mbc.E11-02-0153
http://www.ncbi.nlm.nih.gov/pubmed/21795399
https://doi.org/10.1128/MCB.01659-07
http://www.ncbi.nlm.nih.gov/pubmed/18212068
https://doi.org/10.1073/pnas.100113397
http://www.ncbi.nlm.nih.gov/pubmed/10811893
https://doi.org/10.1371/journal.pone.0185416


36. Causton HC, Ren B, Koh SS, Harbison CT, Kanin E, Jennings EG, et al. Remodeling of yeast genome

expression in response to environmental changes. Molecular biology of the cell. 2001; 12(2):323–37.

PMID: 11179418; PubMed Central PMCID: PMC30946.

37. Zid BM, O’Shea EK. Promoter sequences direct cytoplasmic localization and translation of mRNAs dur-

ing starvation in yeast. Nature. 2014; 514(7520):117–21. https://doi.org/10.1038/nature13578 PMID:

25119046; PubMed Central PMCID: PMC4184922.

38. Jamison JT, Kayali F, Rudolph J, Marshall M, Kimball SR, DeGracia DJ. Persistent redistribution of

poly-adenylated mRNAs correlates with translation arrest and cell death following global brain ischemia

and reperfusion. Neuroscience. 2008; 154(2):504–20. https://doi.org/10.1016/j.neuroscience.2008.03.

057 PMID: 18456413; PubMed Central PMCID: PMC2494580.

39. Kedersha N, Ivanov P, Anderson P. Stress granules and cell signaling: more than just a passing

phase? Trends in biochemical sciences. 2013; 38(10):494–506. https://doi.org/10.1016/j.tibs.2013.07.

004 PMID: 24029419; PubMed Central PMCID: PMC3832949.

40. Takahara T, Maeda T. Transient sequestration of TORC1 into stress granules during heat stress.

Molecular cell. 2012; 47(2):242–52. https://doi.org/10.1016/j.molcel.2012.05.019 PMID: 22727621.

41. Arimoto K, Fukuda H, Imajoh-Ohmi S, Saito H, Takekawa M. Formation of stress granules inhibits apo-

ptosis by suppressing stress-responsive MAPK pathways. Nature cell biology. 2008; 10(11):1324–32.

https://doi.org/10.1038/ncb1791 PMID: 18836437.

42. Tsai NP, Wei LN. RhoA/ROCK1 signaling regulates stress granule formation and apoptosis. Cellular

signalling. 2010; 22(4):668–75. https://doi.org/10.1016/j.cellsig.2009.12.001 PMID: 20004716; PubMed

Central PMCID: PMC2815184.

43. Chong PA, Forman-Kay JD. Liquid-liquid phase separation in cellular signaling systems. Current opin-

ion in structural biology. 2016; 41:180–6. https://doi.org/10.1016/j.sbi.2016.08.001 PMID: 27552079.

44. Brangwynne CP. Phase transitions and size scaling of membrane-less organelles. The Journal of cell

biology. 2013; 203(6):875–81. https://doi.org/10.1083/jcb.201308087 PMID: 24368804; PubMed Cen-

tral PMCID: PMC3871435.

45. Xie R, Cheng M, Li M, Xiong X, Daadi M, Sapolsky RM, et al. Akt isoforms differentially protect against

stroke-induced neuronal injury by regulating mTOR activities. Journal of cerebral blood flow and metab-

olism: official journal of the International Society of Cerebral Blood Flow and Metabolism. 2013; 33

(12):1875–85. https://doi.org/10.1038/jcbfm.2013.132 PMID: 23942361; PubMed Central PMCID:

PMC3851893.

46. Girardi C, James P, Zanin S, Pinna LA, Ruzzene M. Differential phosphorylation of Akt1 and Akt2 by

protein kinase CK2 may account for isoform specific functions. Biochimica et biophysica acta. 2014;

1843(9):1865–74. https://doi.org/10.1016/j.bbamcr.2014.04.020 PMID: 24769357.

47. Cortes-Vieyra R, Silva-Garcia O, Oviedo-Boyso J, Huante-Mendoza A, Bravo-Patino A, Valdez-Alarcon

JJ, et al. The Glycogen Synthase Kinase 3alpha and beta Isoforms Differentially Regulates Interleukin-

12p40 Expression in Endothelial Cells Stimulated with Peptidoglycan from Staphylococcus aureus.

PloS one. 2015; 10(7):e0132867. https://doi.org/10.1371/journal.pone.0132867 PMID: 26200352;

PubMed Central PMCID: PMC4511647.

48. Giacometti R, Kronberg F, Biondi RM, Passeron S. Catalytic isoforms Tpk1 and Tpk2 of Candida albi-

cans PKA have non-redundant roles in stress response and glycogen storage. Yeast. 2009; 26(5):273–

85. https://doi.org/10.1002/yea.1665 PMID: 19391100.

49. Galello F, Portela P, Moreno S, Rossi S. Characterization of substrates that have a differential effect on

Saccharomyces cerevisiae protein kinase A holoenzyme activation. J Biol Chem. 2010; 285

(39):29770–9. https://doi.org/10.1074/jbc.M110.120378 PMID: 20639203; PubMed Central PMCID:

PMCPMC2943320.

50. Pan X, Heitman J. Cyclic AMP-dependent protein kinase regulates pseudohyphal differentiation in Sac-

charomyces cerevisiae. Molecular and cellular biology. 1999; 19(7):4874–87. PMID: 10373537;

PubMed Central PMCID: PMC84286.

51. Pan X, Heitman J. Protein kinase A operates a molecular switch that governs yeast pseudohyphal dif-

ferentiation. Molecular and cellular biology. 2002; 22(12):3981–93. https://doi.org/10.1128/MCB.22.12.

3981-3993.2002 PMID: 12024012; PubMed Central PMCID: PMC133872.

52. Pautasso C, Rossi S. Transcriptional regulation of the protein kinase A subunits in Saccharomyces cer-

evisiae: autoregulatory role of the kinase A activity. Biochimica et biophysica acta. 2014; 1839(4):275–

87. https://doi.org/10.1016/j.bbagrm.2014.02.005 PMID: 24530423.

53. Cherry JM, Hong EL, Amundsen C, Balakrishnan R, Binkley G, Chan ET, et al. Saccharomyces

Genome Database: the genomics resource of budding yeast. Nucleic acids research. 2012; 40(Data-

base issue):D700–5. https://doi.org/10.1093/nar/gkr1029 PMID: 22110037; PubMed Central PMCID:

PMC3245034.

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/11179418
https://doi.org/10.1038/nature13578
http://www.ncbi.nlm.nih.gov/pubmed/25119046
https://doi.org/10.1016/j.neuroscience.2008.03.057
https://doi.org/10.1016/j.neuroscience.2008.03.057
http://www.ncbi.nlm.nih.gov/pubmed/18456413
https://doi.org/10.1016/j.tibs.2013.07.004
https://doi.org/10.1016/j.tibs.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/24029419
https://doi.org/10.1016/j.molcel.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22727621
https://doi.org/10.1038/ncb1791
http://www.ncbi.nlm.nih.gov/pubmed/18836437
https://doi.org/10.1016/j.cellsig.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20004716
https://doi.org/10.1016/j.sbi.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27552079
https://doi.org/10.1083/jcb.201308087
http://www.ncbi.nlm.nih.gov/pubmed/24368804
https://doi.org/10.1038/jcbfm.2013.132
http://www.ncbi.nlm.nih.gov/pubmed/23942361
https://doi.org/10.1016/j.bbamcr.2014.04.020
http://www.ncbi.nlm.nih.gov/pubmed/24769357
https://doi.org/10.1371/journal.pone.0132867
http://www.ncbi.nlm.nih.gov/pubmed/26200352
https://doi.org/10.1002/yea.1665
http://www.ncbi.nlm.nih.gov/pubmed/19391100
https://doi.org/10.1074/jbc.M110.120378
http://www.ncbi.nlm.nih.gov/pubmed/20639203
http://www.ncbi.nlm.nih.gov/pubmed/10373537
https://doi.org/10.1128/MCB.22.12.3981-3993.2002
https://doi.org/10.1128/MCB.22.12.3981-3993.2002
http://www.ncbi.nlm.nih.gov/pubmed/12024012
https://doi.org/10.1016/j.bbagrm.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24530423
https://doi.org/10.1093/nar/gkr1029
http://www.ncbi.nlm.nih.gov/pubmed/22110037
https://doi.org/10.1371/journal.pone.0185416


54. Solari CA, Tudisca V, Pugliessi M, Nadra AD, Moreno S, Portela P. Regulation of PKA activity by an

autophosphorylation mechanism in Saccharomyces cerevisiae. Biochem J. 2014; 462(3):567–79.

https://doi.org/10.1042/BJ20140577 PMID: 24947305.

PKA and heat stress translation

PLOS ONE | https://doi.org/10.1371/journal.pone.0185416 October 18, 2017 22 / 22

https://doi.org/10.1042/BJ20140577
http://www.ncbi.nlm.nih.gov/pubmed/24947305
https://doi.org/10.1371/journal.pone.0185416

